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Abstract

In order to better assess the role of agriculture within the global climate-vegetation system,
we present a model of the managed planetary land surface, Lund-Potsdam-Jena managed
Land (LPJmL), which simulates biophysical and biogeochemical processes as well as
productivity and yield of the most important crops worldwide, using a concept of crop
functional types (CFTs). Based on the LPJ-Dynamic Global Vegetation Model, LPJmL
simulates the transient changes in carbon and water cycles due to land use, the specific
phenology and seasonal CO, fluxes of agricultural-dominated areas, and the production of
crops and grazing land. It uses 13 CFTs (11 arable crops and two managed grass types), with
specific parameterizations of phenology connected to leaf area development. Carbon is
allocated daily towards four carbon pools, one being the yield-bearing storage organs.
Management (irrigation, treatment of residues, intercropping) can be considered in order to
capture their effect on productivity, on soil organic carbon and on carbon extracted from the
ecosystem. For transient simulations for the 20th century, a global historical land use data
set was developed, providing the annual cover fraction of the 13 CFTs, rain-fed and/or
irrigated, within 0.5° grid cells for the period 1901-2000, using published data on land use,
crop distributions and irrigated areas. Several key results are compared with observations.
The simulated spatial distribution of sowing dates for temperate cereals is comparable with
the reported crop calendars. The simulated seasonal canopy development agrees better with
satellite observations when actual cropland distribution is taken into account. Simulated
yields for temperate cereals and maize compare well with FAO statistics. Monthly carbon
fluxes measured at three agricultural sites also compare well with simulations. Global
simulations indicate a ~24% (respectively ~10%) reduction in global vegetation (respec-
tively soil) carbon due to agriculture, and 6-9 Pg C of yearly harvested biomass in the 1990s.
In contrast to simulations of the potential natural vegetation showing the land biosphere to
be an increasing carbon sink during the 20th century, LPJmL simulates a net carbon source
until the 1970s (due to land use), and a small sink (mostly due to changing climate and CO,)
after 1970. This is comparable with earlier LPJ simulations using a more simple land use
scheme, and within the uncertainty range of estimates in the 1980s and 1990s. The fluxes
attributed to land use change compare well with Houghton’s estimates on the land use
related fluxes until the 1970s, but then they begin to diverge, probably due to the different
rates of deforestation considered. The simulated impacts of agriculture on the global water
cycle for the 1990s are ~5% (respectively ~20%) reduction in transpiration (respectively
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interception), and ~44% increase in evaporation. Global runoff, which includes a simple

irrigation scheme, is practically not affected.
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Introduction

Agriculture profoundly affects global carbon, water and
nutrient cycles, as well as the planetary surface energy
balance (Feddema et al., 2005; Foley et al., 2005).
Accounting for croplands, pastures and rangelands,
nearly 50% of the potentially vegetated land surface
has been affected by agriculture (from Foley et al.,
2005). The global cropland area increased from ~4 x
10°km* in 1700 to ~18x10°km* in the 1990s,
but ~2 x 10°km? were abandoned in the same period
of time (Ramankutty & Foley, 1999). Both clearing and
abandonment of agricultural land use is continuing in
many places. Earth system-wide feedbacks from this
perturbation have been identified (e.g. Avissar & Werth,
2005; Gordon et al., 2005), which may affect the stability
of the climate system in the future — but they are at
present incompletely quantified and may imply non-
linear features in time or space.

Spatially explicit global parameterizations of land used
for agriculture have been produced for the estimation of
biophysical and biochemical features such as land sur-
face albedo, energy balance, roughness, greenhouse gas
(GHG) emissions, crop yields and carbon stocks. Differ-
ences in albedo and surface roughness between natural
and cultivated vegetation alter atmospheric circulation,
temperature and rainfall in coupled vegetation-climate
modelling experiments (Xue, 1996; Bonan, 1999; de Nob-
let-Ducoudré et al., 2000; Betts, 2001; Brovkin et al., 2004,
2006). Global vegetation models running under historical
or future climate scenarios generally show deforestation
as generating enhanced carbon emission to the atmo-
sphere, while regrowth is sequestering carbon (e.g.
McGuire et al., 2001; Brovkin et al., 2004; Cramer et al.,
2004; Levy et al., 2004). In these experiments, agricultural
land use is usually described simply as harvest of a
biomass fraction or as a replacement of forests by grass-
lands. Actual crops differ from grasslands, however, with
respect to phenology and biogeochemical cycling. Land
management (irrigation, fertilization, straw and residue
processing, tillage/no tillage, etc.) alters the physical
land surface and biogeochemical cycles, causing feed-
backs to the climate (Boucher et al., 2004; Lal, 2005; Ogle
et al., 2005). There are examples where land is managed
purposefully towards atmospheric effects, in order to
enhance carbon storage (Leahy et al., 2004).

Planetary food production capacity has been esti-
mated with global crop yield models (e.g. FAO, 1978;

Fischer et al., 2002), which simulate the potential yield of
major crops as a function of soil and climate. Actual
yields are derived from potential ones through a ‘man-
agement factor’ based on FAO statistics. This method is
used (e.g. by the integrated Earth system model IM-
AGE2, IMAGE team, 2001) to assess land use change in
a context of climatic, demographic and socioeconomic
change. In order to improve the representation of feed-
back mechanisms between crop biogeochemistry and
climate, crop models with process-based representation
of important biogeochemical cycles are now being
used in several global assessments (e.g. EPIC, Tan &
Shibasaki, 2003; or DayCent, Parton et al., 1998; Stehfest
et al. manuscript in preparation). Some large-scale crop
models are being especially designed for this purpose
(Challinor et al., 2004, 2006).

In order to integrate agriculture into a comprehensive
land biosphere model, Kucharik & Brye (2003) have
added crop process modules to IBIS (Foley et al., 1996),
using algorithms from the EPIC crop growth model
(Williams et al., 1989). The resulting Agro-IBIS model
simulates climate and management effects on biogeo-
chemistry, as well as yields for maize and soybean in
the United States (Donner & Kucharik, 2003; Kucharik,
2003). Gervois et al. (2004) have coupled the crop model
STICS (Brisson et al., 2003) to the land biosphere model
ORCHIDEE (Krinner et al., 2005). The resulting ORCH-
IDEE-STICS model improves the seasonal dynamics of
the biophysical parameters of the land surface and
biogeochemical cycles for wheat and maize in Western
Europe (de Noblet-Ducoudré et al., 2004).

These approaches share the property that they are
either static (prescribed spatial properties of agricul-
ture), are derived from computations of potential nat-
ural vegetation or grass (i.e., use a crop proxy), or link
the separate modelling philosophy of crop production
models into the respective land surface model. In con-
trast, we derive a biogeochemically consistent dynamic
and flexible, parameter-scarce representation of global
agriculture from the concept of plant functional types
for inclusion in a Dynamic Global Vegetation Model
(DGVM, Prentice et al., 2006). DGVMs were initially
developed to investigate the role of the terrestrial bio-
sphere within the global carbon cycle, including climate
feedbacks, considering potential rather than actual
vegetation. They simulate the spatial and temporal
dynamics of generic plant functional types (PFTs;
tree/grass, evergreen/deciduous, broadleaf/evergreen,
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etc.), as well as of important ecosystem functions (net
primary production, heterotrophic respiration, evapo-
transpiration, runoff, etc.), making them suitable for
broad-scale assessments in any biome (Cramer et al.,
2001). Importantly, DGVMs allow the assessment of
direct and indirect (climatic) effects of CO, enrichment
on plant growth.

In addition to natural PFTs, we implement generic
crop functional types (CFTs). CFTs are generalized and
climatically adapted plant prototypes designed to cap-
ture the most widespread types of agricultural plant
traits. Although they contain specific new functional
formulations related to the development of yield-bearing
organs, CFTs are directly compatible to PFTs for potential
natural vegetation. Our approach permits the simulation
of transient impacts of expanding (or declining) global
agricultural areas on the terrestrial carbon and water
cycles, here on the basis of the well-established Lund-
Potsdam-Jena—-DGVM (LPJ-DGVM; Sitch et al., 2003).
Natural and agriculturally perturbed vegetation are si-
mulated within the same biogeochemically consistent
numerical framework. The annual land fractions occu-
pied by different crops, natural or abandoned vegetation
can be varied dynamically on the basis of land use. As
we represent the global biosphere under human influ-
ence, we call this model version LPJmL (‘LP] managed
Land’). The version presented here focuses on agricul-
tural and grazing land only, without forest management.

The development of LPJmL serves two major pur-
poses. First, it addresses nonlinear biophysical and
biogeochemical features of continuing large-scale repla-
cement of natural vegetation by agroecosystems, under
CO; increase and climate change. Second, human socie-
ties worldwide make substantial economic and cultural
use of ecosystem services (food, fibre and energy crops,
but also climate regulation, water purification, etc.)
— but the assessment of their future provision is still in
an early stage (Alcamo et al., 2005). LPJmL is designed
for the consistent quantification of multiple drivers
(climate, CO,, land management, land use change) on
the future provision of these services.

In this paper, we describe and demonstrate LPJmL by
investigating the impact of agriculture on the global
carbon and water cycles in the 20th century, using histor-
ical climate and land use data, and by analysing present-
day performance against selected benchmarking data.

Material and methods
A generic model for the world’s arable and managed
grassland ecosystems

A considerable range of simulation results from LP] has
been successfully compared with observations, such as

© 2007 The Authors

the monitored seasonal cycle of atmospheric [CO,]
(Sitch et al., 2003; Zaehle et al., 2005), the interannual
variability in atmospheric [CO,] growth rate (Prentice
et al., 2000; Peylin et al., 2005), the interannual variations
in vegetation activity at high northern latitudes (Lucht
et al., 2002), the runoff of major river catchments (Gerten
et al., 2004b) and soil moisture (Wagner et al., 2003). This
enhances our confidence in the representation of the
coupled carbon and water cycles within LPJ for natural
vegetation. We adapt LPJ to include those dynamics of
croplands and grazing lands that are of relevance at the
global to continental level.

As an alternative to the detailed parameterizations of
agricultural crop cultivars used in crop production
models (e.g. STICS, Brisson et al., 2003), which are
difficult to apply on the global and century scales, we
develop a ‘CFT” concept, which is analogous and com-
patible to the ‘PFT’" concept used by LPJ and other
biosphere models. Following, LPJmL can be used to
estimate changes in basic stocks and fluxes of carbon
and water, caused by land use, such as net primary
productivity (NPP), net biome productivity (NBP),
heterotrophic respiration (R,) and evapotranspiration.
In order to cover the major types of plants existing
in agricultural ecosystems (arable crops and managed
grasslands) worldwide, 13 CFTs were added, all sharing
the fundamental biophysical and physiological func-
tions of natural PFIs, but with additional specific
agro-ecosystem-oriented functions and/or parameters
(Table 1).

CFTs correspond to particular crops/grasses, or
groups of crops with broadly similar functions. They
do not mimic one specific cultivar of a crop, because this
would limit the applicability of the model to only those
sites where this cultivar exists, and because including
all existing cultivars into the framework of a global
model is impossible. To nevertheless account for vari-
ety-dependent plasticity, variety-specific crop character-
istics (e.g. summer vs. winter cultivars, heat
requirements) are determined internally to reflect the
selection of an ‘optimal’ variety under the given local
circumstances. Pastures and rangelands are represented
by two basic grass CFTs, C3- and C4-managed grasses.
In contrast to PFTs, a daily carbon allocation scheme is
used for CFTs, in order to better capture the environ-
mental and management influence on crop develop-
ment and yield (see ‘Crop development and growth’).

Spatio-temporal arrangement of land cover types within a
spatial unit

In agricultural landscapes, fields are separated from
each other, usually containing a single crop only. LPJmL
uses a number of distinct land segments: one natural
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segment, where LPJ is run without further modifica-
tions (natural PFTs and barren land coexist in a homo-
geneous mixture), and one to 26 (see ‘Input data’)
managed segments, where LPJmL simulates the phe-
nology and growth of each individual CFT. All fluxes
and pools are updated independently for each segment,
although all share the same macroclimate and soil
texture for the grid cell. Management, such as irrigation,
is applied for the appropriate segments only.

Land use change (prescribed from historical recon-
structions or scenarios) affects the relative size of the
segments in each grid cell on an annual time scale
(Zaehle, 2005). Expanding agricultural land removes
natural vegetation. Abandoned agricultural land is
added to the natural segment and immediate recoloni-
zation occurs following the establishment rules in LPJ.
The accounting of carbon in the biosphere in response
to changing land use follows McGuire et al. (2001),

adapted by Zaehle et al. (2005): for agricultural expan-
sion, the root biomass of the removed vegetation in-
creases the litter pool, while the removed aboveground
biomass is allocated to two carbon pools which are
returned to the atmosphere with turnover times of 1
year (67%), and 25 years (33%). To simulate crop rota-
tions, soil and litter carbon pools of new and existing
agricultural land are mixed after harvest. For aban-
doned land, new vegetation is immediately mixed
proportionally with the natural segment of the grid cell;
soil and litter carbon pools are added to the correspond-
ing pools. Figure 1 illustrates the fluxes between the
different carbon pools.

Crop development and growth

All crops considered in LPJmL have annual life cycles
or are harvested within 1 year, controlled by climate

Atmosphere

H 4 P4 H 4 4 H
Rp i P GPP: GPP: i Rp i

: : disturbances v iRy : :
(Fires) NPP v
NPP
;5 yearly allocation
: and allometry Human Harvest Daily allocation l :
used Grazing .
H Natural Products Agricultural :
vegetation —— CFTs
: : Sowing :
: PFTs ot . (Crops + pasture) :
: Fire : Logging :
: * Leaves : « Storage organs :
* Sapwood land use change * Leaves
: * Heartwood )  Stems and reserves :
: * Roots Residues * Roots :
I Management Resid
: establishment mortality : esidues E
E ...... WTTVET Litter Management ...... .:
decomposition l

: E(y) Soil (fast and slow pools)

(y+1):
-
Natural vegetation fraction N
Land use Agricultural fraction
change

Fig. 1 Carbon pools and carbon fluxes simulated by Lund-Potsdam-Jena managed Land. Gross primary production (GPP),
autotrophic respiration (R,), net primary production (NPP) are computed separately for each plant functional type (PFT) and crop
functional type (CFT). Carbon pools are vegetation (four different pools for natural vegetation and four for agriculture), litter, soil and
human ‘harvested” products. Natural vegetation and agriculture occupy distinct parts of the grid cell, yearly fractions are provided by
land use. Product pools result from the regular human appropriation of organic material from agricultural areas, and eventually from
land use change. The figure illustrates the case where a part of the natural fraction is converted to agriculture (see the limits at year y and
at year y + 1), implying carbon emission (fires + logging) and changes in the amount of carbon of the litter and soil pools of the
agricultural area. Dotted arrays represent CO, fluxes, continuous arrays organic material. Ry,, heterotrophic respiration.
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and human actions. In LPJ, growth is modelled using a
combination of processes with daily time-steps (photo-
synthesis, respiration, evapotranspiration, applying a
phenological scalar for seasonal variation), and pro-
cesses with annual time-steps, in particular the alloca-
tion of photosynthates to various plant organs. Seasonal
canopy development and the allocation of carbon to
various organs in crops are crucial for yield, therefore,
additional processes including daily allocation are
taken into account for the CFTs. We base our imple-
mentation on concepts developed in the crop growth
modelling of SWAT (Arnold et al., 1994), EPIC (Williams
et al., 1989) and SWIM (Krysanova et al., 2000, 2005). The
robust, process-based representation of the coupled
CO; and H,O exchanges in LPJ (Farquhar et al., 1980;
Haxeltine & Prentice, 1996; Gerten et al., 2004b) is
maintained in LPJmL. In contrast, many crop models
reduce the potential crop-specific light-use efficiency
due to environmental factors using empirical relation-
ships (e.g. Stockle et al., 1992, for EPIC).

Sowing date. In agricultural management, the
phenological cycle is initiated by planting or sowing
(for simplicity referred to as ‘sowing’ in the remaining
text), on a date chosen by the farmer under essentially
pedo-climatic constraints. Most crops have climatic
requirements which limit sowing date options to only
a part of the year, (e.g. winter cereals with vernalization
requirements; Harrison et al., 2000). We model sowing
date deterministically as a function of climate,
assuming rational decisions by farmers, based on their
recent experience, for crops that are grown in a broad
range of temperate and/or tropical latitudes (maize,
sunflower), are known to range from winter to spring
types (temperate cereals, rapeseed), or are managed
according to water availability (groundnuts, tropical
cereals, tropical roots). Parameters for temperature
and/or rainfall dependencies are listed in Table 1.
Besides providing a realistic spatial distribution of
sowing dates, this allows to represent a key aspect of
adaptation of crop management to climate change.
Sowing dates determined by temperature are
modelled on the basis of the 20 previous years’
average date on which mean daily temperature falls
under (‘winter’ types) or rises over (‘spring’ types) a
CFT-specific threshold value determined empirically
(Table 1). Temperate cereals and rapeseed are winter
types, or summer types if the winter is too long, (e.g. at
northern latitudes). As a result, temperate cereals are
sown in LPJmL from the beginning of October (most
‘winter’ types) to the end of April (late ‘spring’ types) in
the northern hemisphere, with differing subsequent
phenological developments. Sowing date determined
by water availability is modelled on the basis of

the precipitation accumulated during the last 10 days
(Table 1). For maize that grows in both temperate and
tropical latitudes, temperature and/or precipitation
thresholds are considered depending on latitude. Rice
is assumed to grow twice per year in tropical Asia.
Where no sowing-date climatic dependence could be
established, a fixed sowing-date for each hemisphere is
used (see fixed sdate in Table 1).

Phenology. Phenological development towards maturity
is modelled using the heat unit theory (Boswell, 1926) by
accumulating daily mean temperatures above a specific
base temperature up to a maturity threshold. Instead of
specific phenological phases (as in detailed crop models,
e.g. Weir et al., 1984), we derive a phenological scalar
increasing from 0 at sowing to 1 at maturity. We account
for breeding or cultivar selection implicitly, assuming
that the farmer will select the cultivar that is best
adapted to the local pedo-climatic environment. For
temperate cereals, rapeseed and sunflower, we
determine the heat requirement, or phenological heat
units (PHU), as a function of the sowing date, reflecting
the length of the growing season. CFIs sown in
relatively warm climate are modelled with higher heat
requirements than in cooler climates. For temperate
cereals or rapeseed, PHU is calculated from the fit of a
quadratic curve to prescribed minimal and maximal
PHU values that correspond to cultivars adapted to
the coldest areas (earliest possible sowing date for
winter crops or latest possible sowing date for spring
crops) and to the warmest areas (winter sowing date).
For sunflowers, PHU decreases linearly between a
maximum value adapted to warm areas (early sowing
date), and a minimum value adapted to cooler areas
(late sowing date). The resulting variations of the PHU
depending on the sowing date (i.e. on the climate) are
shown in Fig. 2. For other CFTs, heat requirements are
fixed, using standard values from the literature (Table 1).
For temperate CFTs that benefit from winter dormancy
(cereals and rapeseed), the vernalization requirement is
also adjusted to the climate conditions (Table 1) and acts
as a reduction factor on heat unit accumulation, slowing
down progress on the phenological scale.

As for natural PFTs, the base temperature (T3,) for
heat unit scheduling is the temperature value found to
give the best linear fit of development rate to mean daily
temperature. We use the values from SWAT (Neitsch
et al., 2002) for all CFTs (Table 1), except for maize where
a large base temperature range is allowed and
determined from the sowing date (Fig. 3), permitting
cultivar differences between tropical (T, 15°C) and
temperate maize (T, 5°C for the northern areas in
northern hemisphere, i.e. the latest sowing dates).
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Fig. 2 The relationship between sowing date and heat require-
ments for three crop functional types. PHU, phenological heat
units; °Cd, degrees-days; temp. cs, temperate cereals. Monthly
values correspond to the Northern hemisphere (a shift of 6
months must be applied for the Southern hemisphere).
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Fig. 3 Base temperature for heat requirement calculation in
maize as function of sowing date.

Leaf area, growth and carbon allocation. CFTs in LPJmL use
a daily carbon allocation scheme, rather than the year-
end annual scheme used for PFTs (Sitch et al., 2003), for
several reasons. First, allocation of photosynthates
to the different organs depends on the whole crop
cycle, which can extend over 2 different years. Second,
multiple cropping may occur through two cycles with
different climate and/or management, leading to
different maximum leaf area index (LAI) levels. Third,
allocation to the yield-bearing organ occurs only during
the final part of the development, depending on LAI
development during the entire growth cycle.

The daily fraction of photosynthetically active
radiation (fPAR) absorbed by the canopy is computed

© 2007 The Authors

from daily LAI using Beer’s law (Monsi & Saeki, 1953)
fPAR = 0.95(1 — elh>LAD), (1)

where k; is the light extinction coefficient, fixed here
to 0.5.

Assuming that 50% of the solar radiation is photo-
synthetically active (Monteith, 1972), we compute
absorbed PAR (APAR) from fPAR which drives gross
assimilation through photosynthesis and evapotrans-
piration assuming a ‘big-leaf’ approach. We constrain
the shape of the LAI growth curve, by using sigmoid
and quadratic functions to parameterize the LAI
variations during the growth and senescent phases, as
in SWAT (Fig. 4). The optimal leaf area development
curve during the growth phase is expressed as

fPHU

fLAImaX = fPHU + e(ll—IZXfPHU) ’ (2)

where LA, is the fraction of the plant’'s maximum
LAI corresponding to a given fraction of PHU, fPHU. [,
and I, are two shape coefficients that are calculated
from the fLAI and fPHU values at the first and second
inflexion points on the leaf area development curve (see
Table A4 of the SWAT User’s Manual, Neitsch ef al.,
2002). During the senescence phase, the LAI decrease
of cereals, rapeseed and pulses follows the quadratic
curve:

1— fPHU)?
fLlAImax = (7)2 (1 - fLAImax harvest)
(1 — fPHUsen)
+ fLAImax harvest; (3)
while that of all other CFTs follows:
V1 — fPHU
fLIAXImax - m (1 - fLIAImax harvest)
+ fLAImax harvest» (4)
— temp.cs !
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Fig. 4 Leaf area development for selected crop functional type
as fraction of maximum leaf area index under optimal conditions
(non water-stressed). temp. cs, temperate cereals.
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where fPHUje,, is the fraction of the growing season at
which the senescence starts, and fLAl.x harvest the
fraction of crop maximal LAI still present at harvest.
CFT-specific values are from SWAT (Neitsch et al., 2002).
Water stress reduces LAI growth directly, while
temperature stress affects LAI growth through
photosynthesis.

At sowing, photosynthesis in LPJmL starts on the
basis of a small initial LAI supplied from seed reserves.
The daily assimilation is allocated to four carbon pools:
leaves, roots, harvestable storage organs (e.g. grains for
cereals), and a pool representing stems and mobile
reserves. The fraction of carbon assimilates entering
each compartment is a function of heat unit
accumulation (as in SWAT), adjusted for leaves and
storage organs in case of water stress. At harvest, the
biomass fraction of the storage organs is given by the
harvest index (hi). The CFT-specific optimum and
minimum (if water-stressed) hi are listed in Table 1. In
case of water stress, leaf growth may not achieve the
optimal LAI shape defined above, and the fraction
of LAl,.x reached at the peak of the canopy
development will be lower than 1. On the other hand,
leaf growth cannot exceed the value permitted by the
LAI shape defined above, and extra assimilates are
added to the unconstrained pool ‘stems and mobile
reserve’. Model runs for different CFTs under different
environmental conditions show that the size of this
unconstrained pool compares reasonably with the size
of the other pools.

Maximum leaf area. A maximum LAI value, LA, is
prescribed for each CFT, which is reached under
optimal climatic conditions. The values used in SWIM
are generally higher than in SWAT, as SWIM is typically
used for European intensive agriculture without
nutrient limitations, where dense canopies are
associated with high production. Using these values
worldwide leads to overestimated yields in regions
with more extensive management. Extensive
management characterized by low fertilizer inputs
leads generally to reduced canopy growth and lower
LAI (Meireles et al., 2002). As the model presently
contains no explicit nutrient cycles, we proxy these
processes by adapting the LAl,.« value to the
fertilizer use level for two dominant CFTs: temperate
cereals and maize. We use values provided for the year
2000 at the country level from IFA (2002) to scale the
LAlInax within the range given in Table 1: for countries
with very low (respectively high) fertilizer application,
the model uses the lowest (respectively highest) LAL .
For rice, such a proxy is not directly applicable, because
more information is required to characterize each of the
two cycles within a year.

Irrigation. Irrigated segments are prescribed from land
use data (see ‘Input data’). When irrigation occurs,
absence of water stress is assumed during the
growing season. Additional water is provided as soon
as the water content of the upper soil layer is
insufficient to maintain a ratio between plant canopy
water supply and atmospheric demand for trans-
piration of 0.7. The water balance routine determines
the daily amount of irrigated water required to meet
this condition. Owing to the additional water supply,
evapotranspiration, as well as CO, uptake increase.
Irrigation water is currently not depending on local
water supply and is subtracted from runoff on an
annual basis.

Harvest and residue management. Harvest occurs as soon
as maturity is reached. At harvest, the storage organs
are removed and their carbon content is assumed to
respire within the same year. The carbon of the roots is
added to the belowground litter pool. Different options
can be considered for the management of crop residues,
which depends on the regional agricultural system.
Straw may either be burnt (Yadvinder-Singh et al.,
2004), grazed (Fernandez-Rivera et al, 1989),
processed for animal feed or bedding (Lopez-Guisa
et al., 1991; Powell et al., 2004), or ploughed into the
soil (Caviness et al., 1986). This management may
change due to new policies, (e.g. by encouraged
removal of crop residues for the production of
bioenergy in areas where previously they were more
typically left on the fields; Sheehan et al., 2004; Wilhelm
et al, 2004; Lal, 2005). Residues may also be
incorporated into the soil in order to increase soil
carbon sequestration or to reduce risks or emissions
from fire (King et al., 2004).

As there are no reliable global data for residue
management practices, we here only compare two
extreme options, ‘residues in’ where the crop straw/
residues are left (and sent to the litter pool), and
‘residues out’” where they are removed almost entirely
(90% of the aboveground biomass after yield harvest).
In the latter case, the carbon content is respired to the
atmosphere within the same year, without considering
any carbon return from green manure or ash input.
LPJmL does not simulate carbon emission due to
different tillage practices.

Intercropping. In LPJmL, double-growing seasons within
1 year are at present allowed only for a monoculture
system rice-rice. There is currently no representation of
other multiple crops like the rice-wheat system widely
found in South Asia (Fujisaka et al., 1994), the wheat—
soybean or maize-soybean practices in North America,
or the use of nitrogen-fixing crops to enhance soil
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fertility. Fallowing which is practiced for water
conservation in some areas (e.g. the Great Plains in
North America) is another form of management
between crop cycles. After harvest of the main crop,
LPJmL optionally allows extensive grass growth to
simulate some form of intercropping growth. At the
beginning of the new crop cycle, carbon from leaves
and roots of this grass is added to the litter pool.

Managed grass/grazing. For the segment of the grid cell
covered by ‘managed grass’, we prescribe a ‘human’ or
‘livestock” disturbance. We do not distinguish between
hay/ensilage production and grazing by animals (for
simplicity, ‘grazing’ refers to both in the remainder of
this paper). LAI development is driven by the daily
carbon allocation to leaves, following the phenological
scale. When LAI reaches a threshold, grazing occurs at
high intensity, expressed as the removal of 50% of the
aboveground biomass. This fraction, which contributes
to animal metabolism, is modelled as a carbon flux to
the atmosphere, except for a small part (5%, mostly
faeces) that enters the litter pool. Livestock density is
not yet considered.

Input data

Climate and atmospheric CO,. Monthly data for mean
temperature, precipitation, number of wet days,
sunshine hours, gridded at 0.5° (longitude/latitude)
resolution for 1901-2000, are based on CRU05 (New
et al., 2000; Osterle et al., 2003). A weather generator is
used to determine the daily distribution of monthly
precipitation (Gerten et al., 2004b). Soil texture data and
atmospheric CO, concentrations are used as in Sitch
et al. (2003).

Land use. For the period 1901-2000, we have constructed
a land use data set containing the percentage cover of
each CFT, rain-fed and irrigated, within each grid cell,
on a yearly time step. We use the cropland data set of
Ramankutty & Foley (1999), which provides the
historical cropland fraction of 0.5° grid cells until
1992. In order to extend this series to 2000, we simply
assume the cropland fraction to remain constant after
1992. Leff et al. (2004) provide the distribution of 18
crops for 1990. A grazing grid-cell fraction is
determined after comparison of the initial cropland
fraction and the class ‘grass and fodder’ of the HYDE
data set (Klein Goldewijk & Battjes, 1997) for 1970. By
assuming no temporal change within the relative
distribution of the different crops, we derive the
annual distribution of the 13 CFTs for the entire period.

We use data on areas equipped for irrigation in 1995
(Doll & Siebert, 1999) to determine the irrigated

© 2007 The Authors

agricultural fraction of the 0.5° grid cells, assuming
irrigation to be efficient everywhere. In reality, some
crops may only be irrigated during short periods in
case of water scarcity or restriction, and irrigation
efficiency differs widely across countries. In the
absence of better information, we use these data as an
approximation. We assume that, in 1901, only rice was
irrigated. Then, the irrigated area of each grid cell
increases linearly to its 1995 value, following the linear
trend for global irrigation provided by Evans (1997).
Only the segments of the grid cell covered by crops or
managed grass may be irrigated. In order to estimate,
which CFTs are most likely to be irrigated, we have
established a priority list (derived mostly from European
agricultural practices, see Table 1) and apply it globally.
This rough approximation allows implementing both
rain-fed and irrigated crops in LPJmL.

Simulation experiments

Global and grid-cell level simulations were performed
with LPJmL and LPJ (where appropriate) to test essen-
tial model features (Table 2). A 900-year spin-up using
the first 30 years of the climate and land use data sets is
used to put carbon pools and fluxes in equilibrium. The
impact of agriculture on the global carbon cycle during
the 20th century was assessed in separate global simu-
lation runs (Table 3). To illustrate the impact of manage-
ment practices on the carbon cycle, we consider a range
of four cases (residues removed or not, and intercrop-
ping permitted or not) for LPJmL and compare them
with the original LPJ simulation.

Results

Comparison of model performance against observations

Sowing dates of temperate cereals. Figure 5 compares
sowing dates for temperate cereals simulated by
LPJmL to country-based crop statistics (USDA, 1994).
For countries allowing this comparison, the north-
south gradient of simulated sowing agrees well with
observations. The simulated border between late
summer types and early winter types occurs around
45° in the United States in agreement with the
observations. In Western Europe, the simulated limit
occurs further north than in North America because of
a milder climate, as confirmed by the observations.
However, LPJmL simulates summer cereals for
Poland, where statistics report winter cereals. In most
of Asia, simulations and observations agree well. For
the winter types, the simulated sowing dates in the
northern hemisphere show a large North-South range
from October to December. This trend is confirmed in
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Table 2 LPJmL simulations performed to test various model features

Land use change
considered

CFT fraction

Data used for comparison

Period run Variable analysed Period analysed

cover used

Global/local run

USDA crop calendar

[1990-1995] average

1971-2000 no spin-up Annual sdate

No

Yes
Global LPJmL and Yes

Global LPJmL
LPJ

(a) Sowing date
(b) Phenology

Boston Univ. fPAR (NOAA/

Monthly fPAR [1982-2000] average
AVHRR)

1901-2000 spin-up

Yes

FAO national statistics
Eddy flux data

[1991-2000] average

1971-2000 no spin-up Harvested yield

No

Global LPJml Yes

Local LPJml

(o) Yield estimation

(d) C fluxes

Individual years with eddy

flux data

1971-2001 no spin-up Monthly GPP, R,

No

No (CFT

and NEE

prescribed)

(e) Changes in carbon stocks/ Local LPJml and  Yes

fluxes due to agriculture and LPJ

Qualitative assessment from

literature

Soil and vegetation [1901-2000] trend

1901-2000 spin-up

Yes

carbon, annual carbon
fluxes (NPP, soil

land use change for specific

respiration, harvested

carbon)

grid cells

All simulations were made without intercropping, and with removal of residue. Intercropping affects fPAR (b), and all variables related to the carbon cycle (d) and (e). Residue

management affects only the variables related to the carbon cycle (d) and (e). LPJ simulations are made in order to compare results for natural vegetation with those for actual

vegetation.

LPJmL, Lund-Potsdam-Jena managed Land; fPAR, fraction of photosynthetically active radiation; CFT, crop functional type; NEE, net ecosystem exchange; GPP, gross primary

production; sdate, sowing date; NPP, net primary production; Rec,, ecosystem respiration.

Europe by the data for several small countries located
along that gradient, but cannot be tested in large
countries such as the United States. In the southern
hemisphere, simulated sowing dates (May) uniformly
correspond to southern hemisphere winter types, as is
also observed.

Satellite observations of monthly fPAR. The simulated
seasonal fPAR of each grid cell is determined by the
phenology of the different PFTs and CFTs that are
present, and can be compared with satellite fPAR.
Figure 6a shows the average seasonal fPAR for a large
area in the Northern US and Canada Great Plains, a
region characterized by rather homogenous climate and
land use. Land use in these grid cells is at least 25%
agricultural (cropland and grazing) and temperate
cereals account for at least 25% of the agricultural
fraction (37% on average). The satellite fPAR is
compared with the modelled fPAR from, respectively,
LP] for natural vegetation, LP] with natural grass
growing in the agricultural areas (for comparison),
and LPJmL. Natural vegetation in the region is
simulated by LP] as dominated by evergreen trees,
therefore, its simulated fPAR is high during all
months. When croplands are simulated as natural
grasslands, the simulated fPAR reproduces the
observed difference in the greenness activity of the
canopy between summer and winter, but it represents
higher activity in late summer than is observed.
Simulated fPAR better approaches observations when
crops are simulated by LPJmL: simulated fPAR is high
only during a short period in July when the fields are
covered by temperate cereals and rapeseed. Grassland,
natural vegetation and some summer crops like maize
explain why simulated fPAR remains around 0.4-0.5
until October. The satellite observations confirm the
seasonal representation of fPAR at the regional level
(including its mixture of natural vegetation, grassland
and different crops) in LPJmL.

Figure 6b is an example of an agricultural system
where simulated and observed seasonal fPAR agrees
less well. In this area in semiarid Pakistan, only little
grass grows naturally. Land use data indicate that the
grid cell is nearly entirely cultivated (with 60%
temperate cereals), and well irrigated. LPJmL
simulates a single-crop cycle, in phase with the first
fPAR cycle observed by the satellite. The satellite data
show a second cycle, as important as the first one. This
is probably explained by the double wheat-rice
cropping, common in that area, but not modelled in
LPJmL. Nevertheless, because of the irrigated crop
cycle, LPJmL performs better than LPJ.

Generally, the phenology simulated by LPJmL agrees
better with observations than the LPJ simulations not
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20th century

Land use data

Crop residue

global runs considered Intercropping management Period simulated Period analysed
(a) LPJ No n/a n/a 1901-2000 with spin-up 1901-2000 trend
(b) LPJmL Yes Yes In 19012000 with spin-up 1901-2000 trend
(c) LPJmL Yes Yes Out 19012000 with spin-up 1901-2000 trend
(d) LPJmL Yes No In 1901-2000 with spin-up 1901-2000 trend
(e) LPJmL Yes No Out 1901-2000 with spin-up 1901-2000 trend

LPJmL, Lund-Potsdam-Jena managed Land.

Temperate cereals—early 1990s

60

30

(@)

60

30

(b)

200 250

-120

100

150

300 350

Sowing date

(day of year)

Fig. 5 Sowing dates for temperate cereals simulated with Lund-Potsdam-Jena managed Land (LPJmL); (a) and recorded by USDA
(1994) statistics (b). Observed sowing dates are only shown for grid cells where land use data initiated LPJmL simulations for the
respective crop. In countries with large climatic variation, only the central value of the reported range is shown (United States, Former
Soviet Union, Mexico, Argentina, South Africa, Australia). Outside the areas of overlap Fig. 4b distinguishes winter and summer type
sowing dates in the same country (United States, China, UK), otherwise only the dominant type is considered. Countries that are not

reported by USDA are excluded.
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Fig. 6 Satellite-derived and simulated fraction of absorbed photosynthetically active radiation (fPAR) for a large area in the Northern
United States and Canada (a, 767 grid cells, 1.6 x 10°km?), and a dry area grid cell in Pakistan (b, 72°E, 30°N). Satellite data from the
Boston University NOAA-AVHRR product Myneni et al. (1997), averaged over the period 1982-2000, interpolated to the 0.5° grid (sat.).
Model simulations for Lund-Potsdam-Jena (LPJ) with natural vegetation, LP] with natural grasslands occupying agricultural areas (LPJ-

G), and with LPJ managed Land (LPJmL).

Normalized distances

I LPJ
[ LPJ-G
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Fig. 7 Distances between monthly satellite observed fraction of photosynthetically active radiation (fPAR) and simulated fPAR
(quadratic sum), for LPJ “potential natural’, LPJ ‘grassland as cropland’ (LPJ-G), and LPJ] managed Land (LPJmL), normalized to that
of LPJ ‘potential natural’. Seven groups are considered [grid cells contain at least 25% agriculture, 25% of which is dominated by one crop
functional type (CFT)], and the whole area with at least 25% agriculture. graz., grazing; temp.cs, temperate cereals; soyb., soybean;
trop.cs, tropical cereals; gr.nuts, groundnuts; agric., agriculture. Area totals in 10°km?.

representing the agricultural seasonal cycles. We
quantify this improvement by computing the sum of
the 12 monthly squared distances between simulated
and observed fPAR for CFT-specific dominated regions.
Figure 7 shows the results for the seven CFTs where
enough grid cells where available for the analysis, and
for the total area of grid cells with at least 25% of
agriculture coverage (53 x 10°km?, or a third of all
land grid cells).

For all CFTs, simulated fPAR is closer to observed
fPAR if LPJmL is used than otherwise. In most cases,
using natural grassland as a surrogate for agriculture
also improves the simulated fPAR of standard LPJ, but
to a lesser degree. The performance of different CFTs

varies, with the closest match observed for temperate
cereals and the weakest for rice. This could be due to
greater variability between the different rice varieties
(and their respective crop calendar) grown in Asia, and
mixtures with other crops. Modelling of the phenology
for these subtropical agricultural systems needs to be
improved. Overall, however, LPJmL clearly improves
the simulated phenology of all pixels with at least 25%
agricultural fraction.

Yield. FAO provides annual country yield statistics of
major crops since 1961. In the long term, yield levels
change mainly because of technological progress (plant
breeding, fertilizer and pesticide use, etc.). We,
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therefore, compare simulated and observed yields only
for the period 1991-1995 and for two dominant CFTs
worldwide; temperate cereals and maize. Rice is also
important, but we have seen that the simulated
phenology in rice areas is not well validated by the
satellite fPAR. LPJmL needs to be improved before rice
yields can be evaluated. Figures 8 and 10 show LPJmL-
simulated yields for temperate cereals and maize (rain-
fed only, and with irrigation). Figures 9 and 11 compare
national totals for 45 (respectively 41) countries against
FAO statistics. A number of yield-impacting processes
are represented only in simplified form (fertilizer input)
or not at all in LPJmL (pests and weeds), therefore only
a first-order qualitative comparison can be made.

Temperate cereals. As expected, the highest yields
are found in Western Europe, China, Japan, and Korea,
due to favourable climatic conditions and high fertilizer
inputs. Irrigation plays a particular role in some areas
(the Nile valley and delta, northern Pakistan, Israel and
Lebanon, and in some areas in Northern and Southern
Africa, South America and Australia, cf. Fig. 8b).

On a country basis, the highest yields are simulated
and observed in western Atlantic Europe, as confirmed
by the FAO (Fig. 9). The lowest yields are simulated for
countries under dry climate with limited irrigation and
low fertilizers inputs, also in agreement with observa-
tions (Caucasus, Central Asia, Australia). However,
under the more favourable climate of some former
USSR countries, LPJmL simulates higher yields than
reported. Large discrepancies are obtained for two
countries with prescribed large irrigation (Egypt and
Mexico). The rain-fed/irrigated ratio may be wrong in
our input data.

Maize. Maize is the second CFT on the irrigation
priority list (after rice, assumed to never encounter
water stress). The rain-fed simulation, therefore,
strongly differs from the one including irrigation (Fig.
10a and b). The high yields in the Mediterranean
regions and in drier regions in the United States, India,
China, Australia, southern Africa and southern Amer-
ica, clearly rely on irrigation. In the tropics, maize is
grown extensively, and resulting yields are mostly low,

Temperate cereals 1991-2000

Yield

1.-. ) """"" | (t DM ha"1)

-60

-120 -60 0

60 120

Fig. 8 Simulated yields for temperate cereals, averaged 1991-2000, rain-fed (a) and rain-fed plus irrigated (b).
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Fig. 9 Country-based comparison of simulated and observed yields for temperate cereals, based on FAO statistics. Internet country
codes are used: ar, Argentina; at, Austria; au, Australia; be, Belgium; br, Brazil; ca, Canada; cg, Congo; ch, Switzerland; cn, China; de,
Germany; dk, Denmark; eg, Egypt; es, Spain; fi, Finland; fr, France; gr, Greece; id, Indonesia; ie, Ireland; in, India; it, Italy; lu, Luxemburg;
ml, Mali; mx, Mexico; ng, Nigeria; nl, the Netherlands; no, Norway; ph, Philippines; pt, Portugal; ru, Russian Federation; se, Sweden;
th, Thailand; tr, Turkey; uk, United Kingdom; us, United States; ve, Venezuela; za, South Africa.

except for some highland areas in Cameroon, Eastern
Africa, Colombia and Venezuela, where the relatively
cool climate allows a longer cycle. LPJmL simulates the
highest yields for temperate areas under intensive
management, including irrigation if necessary (Western
Europe, Mediterranean, China, Korea, some areas in the
United States).

LPJmL generally overestimates yields for tropical
countries, and underestimates yields for rather cold
countries (Fig. 11). Simulations agree generally well
with observations in countries with warm temperate
climate and irrigation, with Greece having the highest
yields (above 8t DM ha'). Outliers are probably partly
explained by inadequate quantification of irrigation
(e.g. Portugal, South Africa, Georgia, Azerbaijan).

Seasonal CO, fluxes. Data from CO, flux measurements
over crops were available for three sites (Fig. 12): Ponca
and Bondville from the Ameriflux network (http://
public.ornl.gov/ameriflux), and Jokioinen in Finland
(Lohila et al., 2004). Daily values for gross primary
production (GPP) and ecosystem respiration (Reco,
sum of autotrophic and heterotrophic respiration)
were provided from net ecosystem exchange data
(NEE = R..c—GPP) by the algorithm of Reichstein et al.
(2005). As LPJmL is driven by monthly climatic data, we
compare monthly simulated fluxes with monthly totals
of observed fluxes. No local information regarding

sowing date and cultivar was used for the
simulations, because we assume that the sites are
typical for their respective regions and LPJmL is
designed to represent the typical crop of the area. The
same CFT (temperate cereals) is used to simulate winter
wheat in Ponca and spring barley in Jokioinen.

LPJmL successfully reproduces the observed
seasonal cycle for GPP, distinguishing the winter type
in Ponca (early growth, maturity in June) from the
spring type in Jokioinen (growth in late spring,
mature in late summer). For Bondville, the phase of
the seasonal cycle is also reproduced, both for soybeans
and for maize. This is a notable agreement, as sowing
dates are modelled rather than prescribed. The same
holds true to some extent for R..

At Bondpville, simulated Rec, is much higher than the
observations for both maize years 1997 and 1999. The
low-observed R, values are explained by the fact that
maize is grown in a maize/soybean rotation. As
soybean produces much less biomass than maize,
there is also less litter and root biomass, and soil
respiration in the year following soybean is low. As
there is no crop rotation in this LPJmL simulation, the
soil respiration simulated at Bondville in 1997 or 1999 is
based on a long-term simulation that grows maize each
year, and generates therefore constantly high soil
respiration. Despite the discrepancies for R, the
agreement between simulated and observed seasonal
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Maize 1991-2000
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Fig. 10 Same as Fig. 8 for maize.
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Fig. 11 Same as Fig. 9 for maize.
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Fig. 12 Simulated and observed fluxes of carbon (in g C m~?month ™) for agricultural crops for three sites, Jokioinen (Finland, 23°31'E/
60°54'N, 2001: spring barley), Ponca (Oklahoma, US, 97°08'W /36°46'N, 1997: winter wheat), and Bondville (IL, US, 88°17'W/40°00'N,
1997, 1999: maize, 1998: soybean). GPP, gross primary production, R, ecosystem respiration (sum of autotrophic and heterotrophic
respiration), and NEE, net ecosystem exchange.

NEE is rather good, although a good visual agreement 2002). We evaluate model simulations for natural
(as for Bondville in 1997) can also be obtained when vegetation LPJ and LPJmL in seven selected grid cells
simulated GPP and R, are both too high (see rmse with different climate, and different 20th century trends
values on Fig. 12g-i). in agricultural land use (Fig. 13).

Generally, carbon pools (vegetation, soil) are
Soil carbon content and carbon emission due to land use and considerably lower under cultivation, except for dry
land use change. We are unaware of any appropriate conditions, where the natural vegetation consists of
global data set for soil carbon content of agricultural grassland only (sites 4 and 5). NPP of croplands is
soils. Different data sets refer to different soil depths. similar to that of natural vegetation although is may
Past and present farming practices play an important be both higher (e.g. site 3) and lower (e.g. site 5).
role (tillage, residue management, crop rotation, etc.). Interannual fluctuation of NPP, R;, and NBP are
We, therefore, do not attempt to test simulated soil caused by climate variations.
carbon values under croplands or grazing land against For relatively stable land use, carbon pools and fluxes
literature data. Instead, we investigate the capability of remain mostly constant, reacting only to changes in
LPJmL to reproduce the effect of land use and land use atmospheric [CO,] and climate (e.g. sites 1 and 6).
change on soil carbon content as reported in the With increasing agricultural land use, carbon pools
literature (e.g. the meta analysis of Guo & Gifford, decrease as natural forest is replaced by cropland (sites 2
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Fig. 13 Twentieth century trends in agricultural land use (percent, top row), vegetation carbon content [kg C m 2, second row, Lund—
Potsdam-Jena (LP]) and LP] managed Land (LPJmL)], soil and litter carbon content (kng’z, third row, LPJ and LPJmL) and LPJmL
carbon fluxes (gCm 2yr !, bottom row, npp, net primary productivity; rh, heterotrophic respiration; har, harvest; and nbp, net biome
productivity; i.e. the net carbon exchange or the sum of all fluxes), for seven selected grid cells representing different responses to land
use change. Smaller order emissions from natural fires, or carbon sequestration through establishment or sowing are not shown. In the
top row, the percents cover of crops and managed grassland at the end of the 20th century are given, and the biome characterization of
the potential natural vegetation of the grid cell is indicated within brackets.

and 3). In natural grassland (site 4), vegetation carbon is
unaffected by land use change but soil and litter carbon
decline as additional carbon is removed by crop harvest.
In semiarid regions (site 5), irrigation is responsible for
the increased soil carbon. The increasing agricultural
land use share results in increasing harvested carbon
(f2-f5), and decreasing soil respiration following the
decreases in soil carbon stocks.

In managed grasslands (site 6), soil carbon is higher
than under natural vegetation (woody savanna), as parts
of the vegetation carbon are regularly exported to the
litter pool. This agrees with findings from Guo & Gifford
(2002) on forest conversion to pasture in regions with
this level of precipitation (annually ~ 350-400 mm).

In the case of agricultural abandonment (site 7),
carbon pools slowly start to build up, causing R; to
increase. However, the rate of the secondary forest
growth seems to be underestimated.

With deforestation or afforestation, the net carbon
balance (or NBP) tends to be either a small source or a
small sink, respectively.

© 2007 The Authors

Overall, carbon fluxes and pools shown for these
widely differing situations of land use and land use
change correspond well to expectations and literature
assessments, although many relevant processes are not
represented in the model (e.g. top soil erosion).

Global simulations for the 20th century

The evaluation of LPJmL indicates that the model is
robust enough to allow a mechanistic, process-based
first-order assessment of the combined effects of land
use change, climate change, atmospheric [CO;] increase
and changes in irrigation to be made at the global scale
for the 20th century. The dominant factors influencing
the magnitude of the agricultural perturbation of global
biogeochemical cycles and climate are accounted for: (i)
land use and land use changes (allocation of land to
specific crops, deforestation, afforestation), (ii) influence
of climate change and atmospheric [CO,] increase on
crop growth, (iii) irrigation increase. Significant man-
agement changes are not yet accounted for (plant
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breeding, fertilizer and pesticides application, machin-
ery), but the present model version can nevertheless be
used to assess the impact of agriculture on carbon and
water cycles. For the period 1901-2000, we have per-
formed four global simulations at 0.5° resolution (with/
without residue removal, with/without intercropping,
Table 3).

Where cropland replaces natural forests, vegetation
and soil carbon pools are reduced substantially (Fig. 14a
and b). In some areas, however, irrigation allows agri-
cultural areas to accumulate more vegetation carbon
than natural vegetation would have done (Pakistan,
Northern India, Egypt). In rangelands, LPJmL may
simulate higher soil carbon contents than LP] if pastures
dominate the agricultural land cover (Central Africa,
Australia, Argentina, Fig. 14b), but the difference is very
small. The increase of NPP (Fig. 14c) is generally
associated with irrigation and/or high fertilizer use.
In some places (Southeast United States, Argentina),
climate favours crops and pastures as simulated by
LPJmL in terms of their productivity rather than the
natural PFTs. In other areas, agricultural NPP decreases.

Total cropland area has increased during the first half
of the century (Fig. 15a), most rapidly during the 1950s
when several cropland extension programs were in-
itiated worldwide (e.g. Central Asia). It then slowed
down and reached quasi-stable conditions in the 1980s.
During that period, deforestation in the tropics is lar-
gely compensated by afforestation in the temperate
zones in the Ramankutty & Foley (1999) data set. Total
vegetation carbon (Fig. 15b) for natural vegetation
increased during the simulation due to CO, fertiliza-
tion, while actual vegetation carbon (simulated by
LPJmL) decreased when cropland areas increased most.
However, when the cropland extension rate declined
and the CO, effect became dominant, actual vegetation
carbon content increased once more to reach approxi-
mately 520 Gt C in the 1980s.

Management impacts are most visible for soil carbon
(Fig. 15¢): depending on residue management and on
intercropping, the overall reduction in total soil carbon
due to agriculture varies between 8% and 13%. As a
large amount of carbon belongs to a pool with long
turnover time, temporal changes are small.

The amount of harvested products increases during
the 20th century (Fig. 15d and e) as a consequence of
increasing agricultural area and productivity (Fig. 15f).
LPJmL simulates the global crop harvest to be
~22PgC yrfl in the 1990s, while grazing accounts for

~3.6PgCyr'. Residue management has a strong
impact on harvested carbon (Fig. 15e): between 6
and 9PgCyr ! are appropriated by humans in the
1990s.

Using the same model of CO, and water exchange,
simulated NPP of actual and natural vegetation re-
sponds similarly to CO, fertilization and climate change
during the 20th century (Fig. 15f). In the 1900s, LPJmL
simulated a global actual NPP 10% lower than the
potential NPP. This difference decreases with increasing
irrigation.

LPJ simulates a net sink of carbon in natural vegeta-
tion during the 20th century, especially in the second
half (Fig. 15g). In contrast, LPJmL simulates the actual
ecosystems to be a source until 1970, and then a small
sink. This is due to emissions from land use change in
the first half of the century, which are later compensated
by CO, ‘fertilization’. In the 1980s LPJmL simulates the
terrestrial biosphere to be nearly carbon neutral (slight
source) with values between 0.04 and 0.16PgCyr ',
and in the 1990s a net sink occurs with values between
—0.61 and -0.75Pg Cyr .

The difference between the net carbon fluxes simu-
lated by LPJ and by LPJmL corresponds to the carbon
emission due to land use and land use change (Fig. 15h)
and can be compared with estimates made by Hought-
on (2003). Until the 1970s, LPJmL simulations follow the
curve of Houghton (2003) quite closely. After 1980,
croplands no longer increase in our land use data set
while they do in the analysis of Houghton. Following
Ramankutty & Foley (1999), deforestation is either re-
duced or compensated by afforestation that sequesters
carbon. In consequence, the net biospheric carbon
source remains lower than the Houghton’s estimate.
If LPJmL is run with the IMAGE land use data IMAGE
team, 2001), which display significant ongoing defores-
tation at the end of the 20th century, then the resulting
land use emissions are much higher (grey dashed line in
Fig. 15h), and closer to Houghton's estimate.

Owing to the tight coupling of transpiration and
carbon uptake, changes in carbon fluxes due to agricul-
ture are immediately associated with changes in water
fluxes as simulated in LPJmL. Because of shorter seaso-
nal cycles, global transpiration and interception are re-
duced when agriculture is simulated (Fig. 16a and b),
while there is more evaporation (Fig. 16¢). Intercropping
(extensive grass) has only a secondary effect. In contrast,
the impact on runoff is minimal (Fig. 16d). Using LPJmL
without irrigation, Gerten et al. (2004a) showed that

>

Fig. 14 Difference in vegetation carbon (a), soil carbon (b), and net primary productivity (c) due to agriculture, averaged for the period
1991-2000, between a simulation for present day vegetation [Lund-Potsdam-Jena managed Land (LPJmL)] and a ‘potential natural

vegetation’ simulation (LP]).
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Fig. 15 Global agriculture-related carbon trends in the 20th century. The range of different Lund-Potsdam-Jena managed Land
(LPJmL) results due to different management options (Table 3) is shown by filling the domain between the highest and the lowest
individual LPJmL curves: (a) global cropland area (10°km?) from Ramankutty & Foley (1999); (b) vegetation carbon content (PgC, LPJ
and LPJmL), O, Olson et al. (1985); W, WBGU (1998); S, Saugier et al. (2001); (c) soil and litter carbon content (PgC, LP] and LPJmL), P,
Post et al. (1982); E, Eswaran et al. (1993); B, Batjes (1996); (d) crops and grazing harvest (PgCyrfl, LPJmL), Ec, Erb and Kraussmann,
(personal communication) for crops; Eg, idem for grazing; (e) total harvested carbon (PgCyr~!, LPJmL), Wi, Wirsenius (2003); (f) net
primary productivity (PgCyr~', LP] and LPJmL); (g) net ecosystem exchange (PgCyr ', LP] and LPJmL), the grey-shaded regions
represent the uncertainty range of different estimates based on analyses of CO, and O, budgets in the 1980s and 1990s (see ‘Discussion’);
(h) net flux between land biosphere and atmosphere due to land use and land use change (PgCyr ™), estimated by Houghton (2003),
LPJmL with land use change from Ramankutty & Foley (1999), LPJmL with land use change from IMAGE (IMAGE team, 2001), the grey-
shaded regions represent the uncertainty range of different estimates provided by Schimel et al. (2001) for the 1980s and for the 1990s, and
House et al. (2003) for the 1990s.

agriculture slightly increases runoff. This very small water is taken out from the rivers and transpired by
difference is visible at the beginning of our simulation, plants. As a result, at the end of the 20th century actual
but as irrigation increases during the 20th century, more runoff is no longer higher than natural runoff.
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and LPJmL).

Discussion

LPJmL is a functional representation of the world’s
terrestrial ecosystems combining natural vegetation,
agricultural crops and grazing land. The model is
capable of assessing the physical and biogeochemical
responses of the land biosphere to changes in land
use, climate and atmospheric CO,, including the yields
of major crops under given conditions of agrotechnolo-
gical development. In this section, we compare our
global results with published estimates. We also
address remaining shortcomings of the approach and
we indicate steps towards further improvements.

NPP of agricultural areas

Using satellite data and a light use efficiency (LUE)
model, DeFries et al. (1999) provide a map of changes in
NPP due to land use for the late 1980s. These results are
sensitive to the LUE parameterization, but it is informa-
tive to compare them with LPJmL. Agreement is good
in many areas (Fig. 14c): agriculture increases NPP in
intensively managed or irrigated areas (Europe, China,
Pakistan, Argentina, southern United States), and de-

© 2007 The Authors

creases it elsewhere. But as temperate cereals and maize
are indicated to be grown extensively in United States
and Australia (IFA, 2002), we find reduced NPP both in
the US Central Plains and in the Australian wheat belt.
This is in contrast with both, regional studies demon-
strating high intensity in these regions (e.g. Bradford
et al., 2005), resulting in an increase of agricultural NPP
compared with natural NPP, and also with the satellite-
driven LUE model (DeFries et al., 1999). LPJmL cannot
reproduce these features as long as no management
data are available at the regional scale.

Global carbon pools

The simulated global biomass of the actual vegetation
(520 Gt C in the 1980s) is on the same order as published
estimates: 560 £ 100 GtC (Olson et al., 1985), 466 GtC
(WBGU, 1998), 652GtC (Saugier et al., 2001). Global
estimates of soil carbon remain uncertain and vary
strongly in the literature. Values of 1395 and 1576 GtC
are provided by Post ef al. (1982) and Eswaran et al.
(1993) respectively, but Batjes (1996) gives approxi-
mately 2400 Gt C. The six DGVMs compared by Cramer
et al. (2001) all simulate lower values, in the range 850-

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 679-706



700 A. BONDEAU etal.

1200 Gt C. Considering these uncertainties, we may only
say that the LPJmL total soil carbon and its depletion
due to land use change are plausible.

Harvested carbon

Compared against statistics derived from FAO data for
the year 2000 (K.H. Erb & F. Kraussmann, personal
communication) our global simulation of total crop
and grazing harvest appears too high, especially for
grazing (Fig. 15d). Wirsenius (2003) estimated the global
appropriation of terrestrial phytomass production by
the food system to be around 5.9 PgCyr ' for the early
1990s. This number includes removed by-products such
as straw, while we get a similar value without residues
(Fig. 15e lower curve). The main problem seems to be
grazing which LPJmL simulates with rather high in-
tensity everywhere. Results are expected to improve
when livestock density, as well as the impact of soil
degradation on NPP are accounted for (reduction in
extensively used or overgrazed areas).

Carbon fluxes

Previous studies using LP] show natural vegetation to
be a net carbon sink in the second half of the 20th
century (Cramer et al., 2001; Sitch et al., 2003; Schaphoff
et al., 2006). McGuire et al. (2001), using a very simple
representation of the effects of land use change on the
carbon cycle within LPJ, broadly showed a picture
similar to LPJmL: a net source until 1970, then a small
sink. LPJmL simulated values of 0.04-0.16 PgC yrf1 for
the 1980s and —0.61-—0.75PgCyr ' for the 1990s that
fit within the range of recent estimates (1980s/1990s):
—-02+07/-14 £ O.7PgCyr‘1 (Schimel et al., 2001),
~03+0.9/-12+09PgCyr ' (Bopp et al., 2002) and
0.4 +0.7/-0.7 £ 0.8PgCyr ' (Plattner et al., 2002).

Emissions due to land-use change until 1970 are
simulated by LPJmL to be in good agreement with
Houghton (2003). Despite the fact that different land
use data generate twofold changes in simulated emis-
sions for the following decades, the LPJmL simula-
tions remain within the range from other studies:
0.6-2.5 PgCyrf1 (1980s, Schimel et al., 2001) and 0.8—
2.4 PgCyrf1 (1990s, Schimel et al., 2001), and 1.4-
3PgCyr ' (1990s, House et al., 2003). The large uncer-
tainty expressed by the estimates of recent deforestation
rates and the size of the terrestrial carbon sink demon-
strates the large degree of uncertainty present in current
data and interpretation. Results from process-based
models such as LPJmL do not necessarily reduce this
uncertainty, but they offer insights into the potential
causes of the biogeochemical fluxes and their future
development.

Sowing date

Broadly, the simulated sowing dates, and the selection
of summer and winter types in cereals compare well
with observations, although the USDA country-level
sowing dates for temperate cereals allow only a quali-
tative comparison (Fig. 4). Better tests require gridded
observations rather than country data. Regional data
from a combination of local statistics and expert knowl-
edge are now being assembled for many countries (e.g.
Kucera & Genovese, 2004), and satellite derived data
may also become available (e.g. Liew et al., 1998). To
assess how simulated 20th century trends in sowing
date simulation are realistic is also difficult, as farming
practices, machine technology and cultivar availability
all play major roles.

Crop yield

Based on fertilizer use, we scaled a cultivation intensity
related parameter (LAl..) between countries. This
produced realistic LPJmL yield simulations for the
present (Figs 8 and 10). However, we do not consider
technological or management changes over time (except
irrigation) and, therefore, overestimate simulated yields
in earlier decades of the 20th century (not shown), for a
number of reasons. Most crops had much lower
harvests around 1900, as the development toward
high-yielding cultivars occurred mainly since 1960.
Industrial fertilizers were broadly applied only after
1950 and their use has increased dramatically since. To
account for such changes, the IMAGE team (2001)
considers an empirical dynamic management factor
that adjusts the simulated potential yields since 1970.
Regional studies using detailed information about cul-
tivars and farming practices are expected to provide
more process-related model improvements for later
generalization. In such a study with ORCHIDEE-
STICS, Gervois (2004) was able to reproduce the 20th
century observed yield trend for wheat in France.
Additional investigations are needed to represent such
temporal changes at the global scale in LPJmL.

While the global rate of increase of crop yields
appears to be declining (Wollenweber et al., 2005),
predictions of future trends in farming practices, plant
breeding, development of genetically modified organ-
isms, are all uncertain. Overall, global fertilizer use will
increase substantially, but its rate and geographic dis-
tribution may change due to environmental concerns,
differences in socioeconomic conditions, and technolo-
gical as well as political factors. Analysing several
economic scenarios in Europe for the 21st century,
Ewert et al. (2005) illustrated the importance of technol-
ogy development for crop productivity. LPJmL is struc-
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turally equipped to test hypotheses for the impact of
such developments in the future, as long as the relevant
information to parameterize these adequately is avail-
able.

Seasonal carbon fluxes

Monthly CO, fluxes simulated by LPJmL for specific
crops compared well with observations from three sites
(Fig. 11). For a more quantitative comparison against
measured fluxes, LPJmL will have to be constrained
with local information on the farming practices, as well
as a better soil type characterization, and then run with
daily meteorological data from the site. Additional tests
are planned for a greater number of crop sites now
becoming available, (e.g. from CarboEurope-IP; http://
www.carboeurope.org).

Land use data

The reconstruction of the distribution of rain-fed and
irrigated CFTs during the 20th century suffers from
several shortcomings. Inevitably, different published
data sets have some inconsistencies, (e.g. some grid
cells which were reported as being more than 70%
equipped for irrigation in the 1990s; DGll & Siebert,
1999) had no cropland areas according to Ramankutty
& Foley (1999). A number of such data problems are
being addressed now (e.g. Ramankutty, 2004). Another
problem is due to our assumption that the relative crop
distribution within a grid cell remains constant during
the 20th century. In reality, socioeconomic and political
factors determining land allocation have changed in
many areas. Soybean, for example, was still marginal
in Argentina in the early 1960s and it is now grown on a
larger area than wheat (FAOSTAT, 2004). The differen-
tiation between wheat and soybean croplands may have
little relevance for the first order estimation of GHG
emissions due land use change, but it becomes impor-
tant when their respective growing seasons and man-
agements impact differently on biogeochemical fluxes,
soil carbon and on climate. When crop production is
simulated for food/feed or bioenergy assessments then
this differentiation becomes imperative.

Some particular problems occur: for maize, the map
of Leff et al. (2004) does not distinguish grain maize
from fodder maize. Currently, the maize CFT in LPJmL
corresponds to grain maize, which achieves rather low
yields in northern areas (Fig. 9). Since in much of this
area in reality fodder maize is grown (and as good
spatial data for its distribution is missing), this under-
estimation of yield is difficult to overcome. In the
absence of reliable data, we also assume that only rice
was irrigated in 1900, but this is clearly not the case for

© 2007 The Authors

countries like Egypt where irrigation has occurred for
several millennia, and was already expanded during
the 19th century.

Better data are required for grassland, as we were not
aware of a published global data set providing the cover
fraction of managed grassland. Further, carbon dy-
namics under cutting or grazing management differ
(Orr et al., 1988). Many studies also showed that grazing
intensity impacts soil carbon (e.g. Frank ef al., 1995).
Therefore, the implementation of a better parameteriza-
tion for cutting/grazing within LPJmL will require
the use of available data sets on grassland manage-
ments, like maps on livestock distribution (Kruska et al.,
2003).

CFT diversity

The current list of CFTs in LPJmL represents an attempt
to cover the world’s major crops, but it could be
expanded or reduced for different purposes. Simulating
all CFTs indicated by the present land use data set is
computationally expensive. Global comparisons (not
shown here) show that comparable results can be
achieved for global stocks and fluxes when only the
three most important CFTs in each grid cell are con-
sidered. A trade-off exists between the availability of
historical information about the distribution of crops
and the need to differentiate between them. For exam-
ple, sunflower, soybean, groundnuts and rapeseed all
belong to ‘oil crops’ in the HYDE land use database
(Klein Goldewijk & Battjes, 1997), but their biogeochem-
ical functions differ substantially (e.g. the groundnuts
cycle depends on precipitation, while winter rapeseed
has vernalization requirements). We, therefore, assign
different CFTs to them. For assessments of food produc-
tion, additional diversity is required, [e.g. to distinguish
between potatoes and sugar beets (currently both in
‘temperate roots’)].

Water use

It is possible to use LPJmL for estimation of spatial and
temporal changes in crop water use in response to
changing CO, and climate. This is important as the
predicted increasing demand in land for food, feed and
bioenergy is expected to face water scarcity problems
(Postel, 1998). A river routine module is currently
implemented in a future model version, and this will
limit the amount of water available for irrigation. For
water supply from other sources (fossil groundwater
resources or reservoirs) no appropriate data could be
identified.
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GHG fluxes, soil fertility

The current version of LPJmL simulates only CO, fluxes
— other GHG fluxes will be implemented into the same
structure, beginning with emissions of methane from
rice paddies and grazing animals, and N,O emissions.
This is required for the assessment of various policies
(limitation of fertilizer use, temporary drainage of
flooded rice fields for methane emission mitigation,
e.g. Li et al., 2005), and is linked to the representation
of nutrient limitation in LPJmL. Soil organic matter, soil
fertility and carbon emission are also related to the
processing of residues, like tillage (Holland & Coleman,
1987), or straw burning, either in the fields or used as
biofuel (Yevich & Logan, 2003). In order to test the
impact of different management practices (related to
specific agricultural systems or environmental policies)
on soil conservation and GHG emissions, better man-
agement data are required at the global scale (Heister-
mann et al., 2006), but work is underway to improve the
situation (e.g. Bouwman et al., 2005).

Future land use

The present study uses input data that prescribe histor-
ical land use, but for scenario calculations land use
should be a dynamic variable. Land allocation is deter-
mined by potential crop productivity, and by socio-
economic and political factors including commodity
markets, technology and capital. As a first step, LPJmL
can replace crop suitability concepts such as the Agro
Ecological Zones (AEZ) model (Fischer et al., 2002) to
determine shifts in the most appropriate areas for the
cultivation of major crops due to changes in climate. It is
also possible to consider the yield level simulated by
LPJmL in an economic land use model that estimates
the land use shares at the grid-cell level and returns this
information to LPJmL for a consistent assessment of the
biogeochemical cycles. The results from a prototype
version of such a land use model are shown for
Germany by Lotze-Campen et al. (2005).

Conclusion

The LPJmL modelling strategy is simple enough to
allow for global assessments of agricultural impacts
on the terrestrial biogeochemical cycles, across multiple
decades, and for the majority of crop types worldwide.
Using an earlier LP] version and a crude representation
of croplands, McGuire et al. (2001), already showed the
significance of land use for the terrestrial carbon cycle.
By implementing a process-based representation of
crops growth and harvesting fully consistent with LPJ,
we account for most of the interactions between CO,,

climate, and land use to represent spatial and temporal
dynamics of important biophysical and biogeochemical
parameters, including the simulation of crop produc-
tivity. Unlike very detailed crop models requiring many
input parameters, LPJmL simulates significant para-
meters of the crop phenology directly on the basis of
the local climate, making the model widely applicable.

The benchmarking exercises have demonstrated the
validity of the concept. We could quantify the role of
land use on water and carbon cycles during the 20th
century, including a global estimation of carbon har-
vested for food. LPJmL can, therefore, be used to test
the impact of different management or land use scenar-
ios on the biogeochemical cycles as related to food /feed
production (Miiller et al., 2006). Even if predictions of
technology changes are very uncertain, it is expected
that LPJmL performs credibly under conditions that do
not exist today, such as under higher atmospheric
[CO,], to assess the future role of land use within the
climate-vegetation system (Zaehle et al., in press; Schro-
ter et al., 2005; Miiller et al., manuscript).
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