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Abstract

The equilibrium carbon storage capacity of the terrestrial biosphere has been
investigated by running the Lund-Potsdam-Jena Dynamic Global Vegetation Model
to equilibrium for a range of CO, concentrations and idealized climate states. Local
climate is defined by the combination of an observation-based climatology and
perturbation patterns derived from a 4x CO, warming simulations, which are linearly
scaled to global mean temperature deviations, ATg,. Global carbon storage remains
close to its optimum for ATg,, in the range of +3°C in simulations with constant
atmospheric CO,. The magnitude of the carbon loss to the atmosphere per unit change in
global average surface temperature shows a pronounced nonlinear threshold behavior.
About twice as much carbon is lost per degree warming for AT, above 3 °C than for
present climate. Tropical, temperate, and boreal trees spread poleward with global
warming. Vegetation dynamics govern the distribution of soil carbon storage and
turnover in the climate space. For cold climate conditions, the global average
decomposition rate of litter and soil decreases with warming, despite local increases
in turnover rates. This result is not compatible with the assumption, commonly made in
global box models, that soil turnover increases exponentially with global average surface
temperature, over a wide temperature range.
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Introduction

Increased atmospheric CO, concentrations caused by
anthropogenic emissions are expected to lead to a large
change in climate by the end of this century (Houghton
et al., 2001). The projected CO, concentrations depend
on future emissions but they also depend on the ability
of the ocean and the terrestrial biosphere to sequester
carbon (Prentice et al., 2001). An important point of
reference for terrestrial (and oceanic) carbon uptake is
the equilibrium capacity for carbon storage under a
given atmospheric CO, concentration and climate
regime (Meyer et al., 1999), here termed equilibrium
carbon storage capacity (ECSC). The global terrestrial
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biosphere will be close to its ECSC for carbon storage if
climate and atmospheric CO, varies slowly compared
with the typical time scales of terrestrial carbon over-
turning and in the absence of anthropogenic land use.
For fast changes in climate and CO,, such as the present
anthropogenic perturbation, the terrestrial biosphere
will be out of equilibrium with the atmospheric forcing.
The ECSC can, however, be considered as a reference
point towards which the biosphere is relaxing, as long
as nonlinear interactions and/or irreversible thresholds
do not dominate.

Terrestrial uptake and ECSC are governed by a range
of processes and feedbacks between the physical
climate system and the land biosphere (Prentice et al.,
2001). Increasing temperatures will tend to decrease
carbon storage in soils by enhancing soil respiration
rates (Trumbore et al., 1996). Warmer conditions in
high-latitude and other temperature-limited regions for
plant growth, will stimulate additional plant growth
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and carbon uptake. Increasing atmospheric CO, will
tend to increase water use efficiency, photosynthesis,
and, hence, carbon uptake. Changes in rainfall regimes
or temperature stress might lead to forest dieback and
carbon loss.

Previous studies have investigated the transient
terrestrial carbon uptake under anthropogenic forcing
by evaluating carbon emission scenarios in coupled
climate—carbon cycle models (Cox et al., 2000; Friedling-
stein ef al., 2001; Joos et al., 2001; Leemans et al., 2002) or
by running terrestrial models offline from the climate
model under prescribed climate and CO, forcing (Cao
& Woodward, 1998; Meyer et al., 1999; Cramer ef al.,
2001). The ECSC has been evaluated with spatially
resolved terrestrial models for a few different climate
states and CO, levels only (Melillo et al., 1993; Meyer
et al., 1999; Cramer et al., 2001). Lenton & Huntingford
(2003) have recently estimated ECSCs for a range of
climate and atmospheric CO, applying a simple two-
box model of the terrestrial biosphere.

Here, the ECSC is systematically investigated by
simulating the equilibrium carbon storage for a range of
climate regimes and CO, levels applying the Lund-
Potsdam-Jena Dynamic Global Vegetation Model (LPJ-
DGVM) in a highly idealized experimental setting. The
model is appropriate for such an analysis because its
treatment of terrestrial carbon cycle processes is based
on first principles of plant physiology and ecology and
does not assume that key processes of interest, such as
net photosynthesis, are uniquely optimized under the
present climatic conditions.

Model and methods

Model description

The LPJ-DGVM (Sitch et al., 2003) simulates photo-
synthesis, plant distribution, and competition of nine
plant functional types (PFTs). The PFTs considered are
tropical broad-leaved evergreen trees, tropical broad-
leaved raingreen trees, temperate needle-leaved ever-
green trees, temperate broad-leaved evergreen trees,
temperate broad-leaved summergreen trees, boreal
needle-leaved evergreen trees, boreal summergreen
trees, C; grasses/forbs, and C, grasses. The plant
distribution is based on bioclimatic limits for plant
growth and regeneration. PFT-specific parameters
govern competition for light and water among the
PFTs. Dispersal processes are not explicitly modeled,
and an individual PFT can invade new regions if its bio-
climatic limits and competition with other PFTs allow
establishment. Carbon is stored in seven PFT-associated
pools, representing leaves, sapwood, heartwood, fine
roots, a fast and a slow decomposing above-ground

litter pool, and a below-ground litter pool; and two soil
carbon pools for each gridcell, receiving input from the
litter pools of all PFTs present. Photosynthesis is a
function of absorbed photosynthetically active radia-
tion, temperature, atmospheric CO, concentration, day
length, canopy conductance, and biochemical pathway
(G5, Cy), using a form of the Farquhar scheme (Farquhar
et al., 1980; Collatz et al., 1992), with leaf-level optimized
nitrogen allocation (Haxeltine & Prentice, 1996a) and an
empirical convective boundary layer parameterization
(Monteith, 1995) to couple carbon and water cycles. The
burning flux of carbon is calculated based on litter
moisture content, a fuel-load threshold, and PFT-
specific fire resistances (Thonicke et al., 2001). Decom-
position rates of soil and litter organic carbon depend
on soil temperature (Lloyd & Taylor, 1994) and
moisture (Foley, 1995). Soil temperature is calculated
(Sitch et al., 2003) from surface air temperature and
follows the surface temperature annual cycle with a
damped oscillation and a temporal lag. Temperature
diffusivity depends on soil texture and soil moisture.
The spatial resolution is set here to 3.75°x2.5°.

Model input and experimental setup

The model is driven by monthly temperature, pre-
cipitation and cloud cover and by atmospheric CO,.
The climate input consists of a monthly climatology
(Leemans & Cramer, 1991; Cramer et al., 2001), overlaid
with a 31-year interannual variability record obtained
from a HadCM2 control run (Johns et al., 1997).
Changes in climate are expressed by spatial patterns
of the perturbations in temperature, precipitation, and
cloud cover. These patterns represent the first empirical
orthogonal function (EOF) from a 4 x CO, scenario
simulated with ECHAM3/LSG (Cubasch et al., 1995;
Hooss et al., 1999; Voss & Mikolajewicz, 1999) (Fig. 1).

The climate variable V in year y and month m at
the location x is determined as superposition of a base-
line climate, interannual anomalies, and a climate
perturbation:

Vi(x, y, m) =Vaim(x, m) + AVyar(x, y, m)
EOFy (x
X
Vaim represents the baseline climatology, AV, the
interannual climate anomalies obtained from the
HadCM2 simulation and repeated after each 31 years,
EOF,y is the first EOF representing the spatial
perturbation pattern for each variable, ATgop is the
global mean surface temperature perturbation, and ray
is a SCaling factor (rAtemperature: 1/ rAprecipitation:
252mmyr ' °C™', Fadoud cover =—0.352% °C~'. The

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239



SENSITIVITY OF A DGVM TO CLIMATE AND CO, 1225

BO*N

40N

40°5

BO"E -

80N

40°N

40°8

80°5

Temperature EOF

Precipitation EOF

Cloud Cover EOF

BO°N

A0°N

o

40°5

a0°s

180°W GOW

40°E 140°E

Fig. 1 The spatial patterns of temperature (top), precipitation (middle), and cloud cover (bottom) perturbations associated with a
change in global mean surface temperature of 1°C as derived from a 4 x CO, simulation with the ECHAM3/LSG Atmosphere Ocean
General Circulation Model (Hooss et al., 2001). These spatial perturbation patterns have been used to force the Lund-Potsdam-Jena

dynamic global vegetation model in combination with a climatology.

scaling factors link the perturbations in precipitation
and cloud cover to the global surface temperature
perturbation. Interannual variability, AV,,, is required
to drive the fire routines of the model, however, results
presented in the following do not depend critically on
its exact specification.

Figure 1 shows the spatial climate change patterns.
The ECHAM/LSG model yields the typical amplifica-
tion of global warming in high northern latitude and in
the interior of the Eurasian and North American
continents where local temperature perturbations are
well above the global average perturbation (Cubasch

et al., 2001). Precipitation increases globally with global
warming. Pronounced regional increases are simulated
for tropical South America and the Indian subcontinent,
whereas a decrease is obtained for the Mediterranean
region and parts of western North America. Cloud
cover changes are within a few percent.

In total, 246 simulations were carried out, where
ATgop was varied between —10 and +10°C, and
atmospheric CO, between 190 and 1000 ppm. It is
intentional that this experimental setup represents a
highly idealized situation. Changes in seasonality or in
the distribution and frequency of extreme events are

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239
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not considered. Vegetation—climate feedbacks and
changes in land ice cover, which might significantly
alter the pattern of climate change, are likewise not
considered. In reality, patterns also depend on the
magnitude and sign of climate change and the type of
radiative forcing. For each experiment, the LPJ]-DGVM
is spun up from bare ground for 1000 years under
constant CO, and the specified climate. At year 400, soil
carbon pool sizes are calculated analytically from
annual mean litter inputs in order to reduce the time
to reach equilibrium. The model is run for another 631
years. Then, averaged over the interannual cycle of the
last 31 years, net biome production is well below 1%o of
the total inventory. Model results presented in the next
sections are temporal averages over the last 31 years of
each simulation.

Results

Global ECSC and global carbon fluxes

We begin our discussion by a factorial analysis to
estimate the dependency of the ECSC on individual
climate drivers and atmospheric CO,. Changes in
global carbon inventories in vegetation, soil, and litter,

and changes in gross primary productivity (GPP), net
primary productivity (NPP), heterotrophic respiration
(RH), and the burning flux, are evaluated for changes
in temperature, precipitation, cloud cover, and CO,
(Table 1). The driving factors are varied individually
and in various combinations. Points of reference are the
preindustrial situation (CO,: 280 ppm) and a world
where atmospheric CO; is 490 ppm and global surface
temperature is 2 °C above the preindustrial value. This
combination of drivers corresponds to a midrange
equilibrium climate sensitivity of 2.5 °C for a doubling
of atmospheric CO, (Ramaswamy et al., 2001).

The global ECSC increases from 2690 to 3460 GtC
when all drivers are changed. This increase by 770 Gt C
is primarily the model’s response to higher CO,,
whereas the combined changes in temperature, pre-
cipitation, and cloud cover without a CO, increase lead
to a carbon loss of 130 Gt C. An increase in temperature
alone leads to reduced carbon storage, primarily in soils
and litter, in response to increased soil turnover rates
and diminished carbon input. The carbon loss from
soils and litter is almost an order of magnitude larger
than the carbon loss from living vegetation. Carbon loss
due to fire decreases as less litter is available for
burning, although the rate of loss (loss per unit mass of

Table 1 Changes in global terrestrial carbon pools and fluxes for simulations with LPJ-DGVM where driving factors were changed
individually or combined for a nominal increase in global mean surface temperature of 2 °C and a CO, increase from 280 to 490 ppm

Inventories Vegetation (897) Soil (1361) Litter (434) All pools (2693)
(a) CO, and climate 480 148 140 768

(b) CO, only 423 316 179 918

(c) Climate only 47 —147 —31 —131

(d) ‘Nonlinearities” a—(b + ¢) 10 21 -8 -19

Climate only

(e) Temperature only -32 —194 —69 —295

(f) Precipitation only 85 10 20 115

(g) Cloud cover only 8 4 1 13

(h) ‘Nonlinearities’ c—(e +f+ g) -14 33 17 36

Fluxes GPP (134) NPP (66) RH (59) Fire (7.3)
(a) CO, and climate 62.8 29.0 27.0 2.0

(b) CO, only 50.1 24.6 21.0 3.6

(c) Climate only 7.9 23 3.2 —-0.9

(d) ‘Nonlinearities” a—(b + ¢) 4.8 2.1 2.8 -0.7
Climate only

(e) Temperature only 0.5 -1.3 —-0.4 —-0.9

(f) Precipitation only 7.4 3.2 3.3 -0.1

(g) Cloud cover only -0.1 0.2 0.1 0.1

(h) ‘Nonlinearities” c—(e + f + g) 0.1 0.2 0.2 0.0

Units are GtC for inventories and Gt Cyr ! for fluxes. Inventories and fluxes for 280 ppm and preindustrial climate conditions are
given in parentheses. GPP and NPP are positive for terrestrial carbon uptake from the atmosphere and RH and fire are positive for a
carbon release into the atmosphere. LPJ]-DGVM, Lund-Potsdam-Jena Dynamic Global Vegetation Model; GPP, gross primary
productivity; NPP, net primary productivity; RH, heterotrophic respiration.

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239
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Fig. 2 Simulated global carbon inventories of vegetation, litter, soil, and all reservoirs as a function of global average surface
temperature and CO,. Global temperature has been varied between —10 and + 10 °C for six different levels of atmospheric CO, (190,
280, 370, 490, 700, and 1000 ppm; solid lines). Symbols denote individual simulations. The leave, sapwood, heartwood, and root
compartments of all plant functional types are combined to calculate total vegetation carbon. Litter includes the fast and slow
decomposing above ground and the below-ground litter compartments of all plant functional types, and soil carbon includes the fast
and slow decomposing soil compartments. Note different scale for total terrestrial carbon. In the previous work (Joos et al., 2004), the
Lund-Potsdam-Jena Dynamic Global Vegetation Model has been driven by the temperature and precipitation fields obtained with the
National Centre for Atmospheric Research Climate System, Model Version 1.4, a coupled atmosphere—ocean general circulation model,
for Last Glacial Maximum (LGM) boundary conditions (CO,, ice sheet extent, sea level). Simulated values for this LGM simulation are

shown by crosses.

litter) increases by about 4%. Changing precipitation
alone leads to an increase in GPP and NPP, in response
to reduced water stress, and consequently to an
increase in global vegetation, litter, and soil carbon
inventories. Changes in cloud cover alone have a minor
impact on simulated storage.

Next, the global ECSC is investigated in a systematic
way for a range of climate states and CO, concentra-
tions (Fig. 2). This is done by varying the global mean
temperature parameter, ATy, between —10 and
+10°C at individual CO, levels. For each CO, level,
temperature, precipitation, and cloud cover are varied
locally following the patterns shown in Fig. 1 and the
relationship given in Eqn (1).

The modeled carbon inventories show a strong
sensitivity to atmospheric CO,. The global ECSC is
more than twice as large for a CO, concentration of
1000 than for 190 ppm and preindustrial climate. The
sensitivity of the ECSC to climate variations, however,

is qualitatively similar for CO, concentrations in the
range of 190-1000 ppm (Fig. 2).

In simulations where CO, is kept constant, the
modeled global carbon storage in vegetation decreases
with cooling and increases slightly with a modest
warming (Fig. 2). When ATy, exceeds 3-4 °C, vegeta-
tion carbon starts to decline. Local maxima in vegeta-
tion carbon are found for AT, around —3 and +3°C.
These maxima are especially pronounced at high CO,
concentrations and are related to the regional sensitiv-
ity of vegetation carbon to climate. A modest decrease
ATgi0p leads to an increase in tropical storage and little
changes elsewhere, whereas a modest increase in ATgiop
leads to an increase in high-latitude storage as further
discussed in the next section. The simulated global
carbon inventory in litter and soils shows a maximum
at a global mean temperature deviation of —2°C. It
decreases rapidly with warming in response to accel-
erated soil respiration rates, despite a higher carbon

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239
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Fig. 3 As Fig. 2, but for global carbon fluxes.

input from vegetation (Fig. 3; NPP). The sensitivity of
global soil carbon storage to climate is much larger for
positive ATgiop than for negative ATgop. This point will
be further investigated in the section Global mean
turnover rates and simple box models.

Simulated global ECSC is close to its maximum for
present climate conditions and varies little for AT
between —3 and +3°C. In this climate range, the
sensitivity of the global terrestrial carbon inventory to
climate change is small. On the other hand, global
ECSC decreases for ATg., below —3°C and above
+3°C. The magnitude of the net carbon flux to the
atmosphere per unit change in global climate,
d(ECSC)/dTg10b, shows a pronounced nonlinear thresh-
old behavior. It undergoes large changes when crossing
a global average surface temperature deviation of
around —3°C and around + 3°C. Its value is around
170GtC°C™" for glacial-type conditions, around
—75GtC°C! for ATgop within £+ 3°C, and around
—~150GtC°C " above 3 °C and for an atmospheric CO,
concentration of 370 ppm. d(ECSC)/dTg, increases
with CO; for AT, below ~ —3°C.

Simulated GPP increases almost linearly with ATgop
between —10 and + 3 °C (Fig. 3). The rate of increase is
more pronounced for higher CO, concentrations.
Simulated NPP shows similar characteristics, except
that its maximum is at a slightly cooler climate. NPP is

Global temperature deviation [OC]

largely balanced by RH; simulated fire fluxes corre-
spond to about 1/10 of the global NPP. The dependency
of the global fire flux on ATy, is similar to that of the
litter carbon inventory. This suggests that modeled
global fire fluxes are primarily governed by fuel
availability.

Regional changes in carbon inventories and fluxes

The distribution of different PFIs (Figs 4 and 5),
terrestrial carbon inventories (Fig. 6) and carbon fluxes
(Fig. 7) show distinct response patterns to climate
change. The area populated by plants increases, and
boreal, temperate, and tropical trees spread polewards
with warming. Tropical trees are extremely restricted
for a ATge, of —10°C and are found as far north as
35°N for a AT of + 10 °C. Tree foliar projective cover
(FPC, i.e. the fraction of the ground area covered by
trees) increases in the tropics and subtropics with
warming. The simulated maximum in tree FPC is found
for present or somewhat warmer climate conditions
between ~ 35 and 60°N. Growth becomes less viable
for boreal tree types during hot summers and winter
conditions are locally too harsh for temperate trees to
establish in mid- to high latitudes, in particular in
central Siberia and Canada. Grasses spread northward
with warming and total FPC becomes close to 100% in

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239



SENSITIVITY OF A DGVM TO CLIMATE AND CO,

60°N 60°N
40°N 40°N
20°N 20°N
o0° o®
20°g 20°d
40°¢ 40°8
—20 —llﬂ L 0 10 20 -20 ‘ —;ﬂ ‘ 10 20
Boreal treclas Total tree cover
soon| 60°N
40°N 40°N
20°N 20°N
o | o
20°8 20°8
40°8 40°8
-20 ’ —lIO - o I.Jl} I 20 -20 I —IIO - 1'l.'l 20

Temperature deviation (°C)

Temperature deviation (°C)

1229

Fig. 4 Simulated zonally averaged foliar projective cover for tropical, temperate, boreal, and all tree types as a function of latitude and
the deviation in zonal mean land surface temperature. CO, concentration is set to 280 ppm. The near vertical lines relate the zonal mean
land surface temperature deviations to the global surface temperature deviations for AT, of —10, —8, —4,0, +4, +8,and + 10°C (For
example, a ATy, of 4°C corresponds to a zonal mean land temperature change of about 9 °C at 80°N).
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Fig. 5 As Fig. 4, but for C; and C, grasses.

many regions. A similar response of plant distribution
to warming was also found in transient scenario
calculations with the same model (Joos et al., 2001).
The largest changes in carbon inventories and carbon
fluxes are simulated in mid- to high latitudes. Poleward

-20 —-10 0 10 20
Temperature deviation (°C)

spreading of trees with warming leads to increased
storage and fluxes reflected in the pattern north of 40°N
(Figs 6 and 7). Except at high northern latitudes, total
carbon storage, and carbon storage in soils and litter
generally decreases with warming and increases with
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Fig. 6 As Fig. 4, but for simulated changes in zonally averaged carbon storage in kg Cm™2. Positive changes are indicated by solid

isolines and negative changes by dashed isolines.

cooling in response to altered organic matter decom-
position rates. Simulated fire fluxes decrease as well
with warming, as fuel availability decreases. Carbon
storage in vegetation, productivity, and RH show a
more latitude-dependent response to climate change.
Around 40°N, vegetation carbon, NPP, RH, and fire
fluxes undergo relatively small changes with climate. In
contrast, the carbon stored in litter and soils decreases
with warming at mid-latitudes in response to acceler-
ated organic matter decomposition rates. In the
subtropics, vegetation carbon and productivity in-
creases with warming in particular in response to
increased monsoonal precipitation, whereas total car-
bon storage remains relatively constant. In the tropics,
vegetation and total carbon storages are highest for a
climate that is a few degrees colder than today. Tropical
vegetation carbon decreases with warming, despite a
slight increase in tropical tree coverage. GPP decreases
with warming climates principally because, other
things being equal, the competition of O, with CO,
for the Rubisco carboxylation site becomes stronger
with increasing temperature, resulting in reduced
quantum efficiency and reduced photosynthesis in the
canopy as a whole.

The link between CO,, global warming, the ECSC, and
nitrogen requirements

Next, we explore the coupling between changes in
atmospheric CO,, climate, and total carbon storage
using the concept of radiative forcing and climate
sensitivity (Ramaswamy et al., 2001). The aim is to link
changes in terrestrial carbon storage to a mutually
consistent AT1,,~CO; space.

The global radiative forcing by CO,, RF(CO,), is taken
to be logarithmically related to CO, (Myhre et al., 1998):

_ CO,
_ 2
RF(CO;) =535W m <1n COz,o)' (2)

Global average surface temperature change, ATgip, is
linked to total radiative forcing by CO, and non-CO,
agents, RF(all), and the climate sensitivity, AT, here
expressed as the equilibrium change in global surface
temperature for a nominal doubling of CO,. At
equilibrium holds:

ATy,

ATgiob = RE2C Oy (alD- ®)

Rearranging Eqn (3) yields the climate sensitivity
divided by the relative contribution of CO; to the total

© 2004 Blackwell Publishing Ltd, Global Change Biology, 10, 1223-1239
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Fig. 7 As Figs 4 and 6, but for deviations in zonally averaged carbon fluxes in gCyr'm 2

radiative forcing, AT, as a function of CO, and ATy

RF(CO,)] "
AT}, = ATZX {W}

= AT - RE(2xCO2) - [RF(CO,)] .

(4)

RF(all) is taken to be the sum of global mean radiative
forcing from all greenhouse gases and from aerosols,
whereas the EOF patterns (Fig. 1) of the climate
substitute model were determined from a CO, only
simulation. This approximation seems justified because
the correlation between the fields obtained from
greenhouse gas only simulations and from simulations
with greenhouse gases and aerosols for a distinct
Atmosphere Ocean General Circulation Model
(AOGCM) is, in general, higher than the correlation
between output fields obtained with different
AOGCMs (Cubasch et al., 2001).

The modified climate sensitivity AT, has been
evaluated from Eqn (4) for each of our 246 simulations
and the global ECSC has been plotted as a function of
CO, and AT, (Fig. 8, upper panel). For CO, levels above
the preindustrial reference of 280 ppm, the global ECSC
increases with CO, for AT, of less than 5 °C. For larger
changes in AT,, the ECSC tends to become smaller with

«

Temperature deviation (°C)

2

increasing CO, in response to the related strong
increase in temperature. For CO, below 280ppm,
simulated global ECSC does only weakly depend on
AT, and decreases with CO,. Figure 8 (upper panel) also
illustrates that terrestrial carbon storage becomes
smaller with a higher contribution of non-CO, radiative
forcing to the total forcing, as found earlier (Joos et al.,
2001).

A potential terrestrial uptake associated with increas-
ing atmospheric CO, may in principal be limited by
nutrient availability (Oren et al., 2001; Finzi et al., 2002),
a feature not included in the model. Carbon to nitrogen
ratios in terrestrial organic matter vary over more than
two orders of magnitude (McGuire et al., 1992) and the
inputs of reactive nitrogen to ecosystems in the absence
of pollution, through N, fixation and N deposition
derived from NO, production by soil processes and
fires in nonlocal ecosystems, remain relatively poorly
quantified (Cleveland ef al., 1999; Vitousek & Field,
2001; Perakis & Hedin, 2002). These problems make it
difficult to estimate nitrogen demand for additional
carbon storage and to assess the impact of a potential
nitrogen limitation on carbon storage. The change in
nitrogen demand has been estimated for all experi-
ments by applying a carbon to nitrogen ratio of 200:1
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Fig. 8 Simulated changes in terrestrial carbon stocks (Gt C, top)
and nitrogen requirements (GtN, bottom) as a function of
atmospheric CO, and the modified climate sensitivity AT,. The
modified climate sensitivity (left-hand y-axis) is the climate
sensitivity for a nominal doubling of CO, divided by the fraction
of radiative forcing by CO, to the total radiative forcing. The
reciprocal of this fraction is shown on the right-hand y-axis for a
constant climate sensitivity of 2.5 °C. Moving vertically upward
in the figure corresponds to an increase in non-CO, forcing for a
constant climate sensitivity or to an increase in the climate
sensitivity for a constant fraction of non-CO, forcing of the total
forcing. Nitrogen requirements are calculated using a constant
N/C ratio for vegetation (1/200) and for soils (1/15). The dashed
line in the top panel indicates a global mean temperature
deviation of 3 °C.

for vegetation pools (leaves, fine roots, sapwood, and
heartwood) and 15:1 for all litter and soil pools
(Hungate et al., 2003). Nitrogen storage varies between
—20 and 60GtN, whereas the global ECSC varies
between —500 and 2000 Gt C relative to the preindus-
trial state (Fig. 8). Global nitrogen demand is modest or
negative if the modified climate sensitivity, AT, is larger
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Fig. 9 Global average soil temperature (bottom) and global
average turnover time t of the carbon stored in vegetation and in
the combined litter and soil carbon pools (top) as a function of
the global average surface temperature perturbation. Turnover
times are from Lund-Potsdam-Jena simulations with CO, set to
280 ppm (symbols) and calculated by dividing the global
vegetation carbon inventory, and the global litter and soil
carbon inventory by the global net primary productivity. Soil
temperature is calculated using Eqn (5). An exponential
relationship (¢ = cexpl +308/(61.02 + AT,,,)]) between soil
turnover and global average temperature as typically applied
in global box models (e.g. Lenton & Huntingford, 2003) is shown
for comparison (dash).

than 3°C. Global nitrogen demand becomes high if
the climate sensitivity is below the accepted lower limit
of 1.5°C. Our illustrative calculation suggests that
nitrogen limitation becomes potentially most important
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for high CO, concentrations in combination with low
warming (or cooling).

The above calculation is highly simplified and does
not take into account a potential change in C:N ratios
(Norby & Cotrufo, 1998; Van Kessel et al., 2000; Gill
et al., 2002) or changes in the allocation of carbon to
different compartments (McMurtrie et al., 2001; Schle-
singer & Lichter, 2001). For example, Gill et al. (2002)
find a significant increase in the C:N ratio of leaves,
crowns, root, soil organic matter, and soil particulate
matter together with an increase in NPP along a CO,
gradient from 200 to 550 ppm in a grassland study. Such
an increase as found in the field, in particular in soil
C:N ratios, would lower the necessary nitrogen
demand to support higher than present carbon storage.
This would also bring into agreement estimates of
nitrogen supply (Hungate ef al., 2003) and the nitrogen
required to support estimated terrestrial storage for the
range of the Intergovernmental Panel on Climate
Change (IPCC) emission scenarios (Joos et al., 2001;
Prentice et al., 2001).

Global mean turnover rates and simple box models

Soil and litter decomposition rates are important
controls on the ECSC as most of the terrestrial organic
carbon is stored in soils. Litter and soil organic matter
decomposition rates are assumed to depend on global
average surface temperature in several published
global box models (Sarmiento et al., 1995; Meyer et al.,
1999; Kheshgi & Jain, 2003; Lenton & Huntingford,
2003). In contrast, in the LPJ-DGVM decomposition
rates through RH and fire depend on local tempera-
tures and soil moisture. Hence, the global average de-
composition rate reflects the distribution of soil and
litter carbon in the climate space. Next, we investigate
to which extent the box-model assumption that global
average surface temperature governs soil organic car-
bon turnover is compatible with the LP]-DGVM results.

First, we evaluate global average turnover of soil and
litter organic carbon (Fig. 9). The turnover rate is the
inverse of the average decomposition rate and corre-
sponds at equilibrium to the mean residence time of
carbon in a pool (Bolin & Rodhe, 1973). Global soil
turnover, e glob is calculated by dividing the global
soil and litter organic matter inventory by its through-
put. The throughput equals the global NPP, i.e. the total
flux entering the soil and litter reservoirs, or the
combined RH and fire fluxes (i.e. the global flux leaving
the soil and litter reservoirs). 71 glob depends almost
linearly on the global average surface temperature
deviation for ATy, above —2°C. However, Tsiglob
remains almost constant for lower ATg., and asso-
ciated changes in local temperature, precipitation, and

cloud cover. The dependency of soil organic carbon
turnover as typically assumed in global box model is
shown for comparison in Fig. 9. The box-model
assumption that global soil organic carbon turnover
depends roughly exponentially on global surface
temperature (Sarmiento et al., 1995; Meyer et al., 1999;
Kheshgi & Jain, 2003; Lenton & Huntingford, 2003)
holds only over a limited temperature range. This
finding does not necessarily invalidate earlier conclu-
sions obtained by applying this class of box models. In
particular, the temperature dependence of soil turnover
is compatible with the LPJ results for the temperature
range found in typical IPCC global-warming scenarios.

The climate dependence of soil organic matter turn-
over is further analyzed by investigating soil tempera-
tures. An effective global average soil temperature,
Tsoit,globs is calculated from local soil temperatures and
using local soil (including litter) organic matter in-
ventories, SOM(x), as weights:

Z Tsoﬂ

_SOM(x)

Tsoi, glob = Z SOM(X) (5)

The global soil temperature deviation depends highly
nonlinear on the global average surface temperature
deviation (Fig. 9). In particular, the global soil tempera-
ture increases with decreasing global temperature for
ATgop below —3°C. The reason is that under cold
climate regimes a larger fraction of the total soil
and litter carbon is stored in the tropics and in
midlatitudes (Fig. 6), partly owing to high-latitude
forest dieback. Shifts in the location of production lead
to a situation where the litter and soil carbon pools
experience, on average, a warmer climate, even when
global mean temperature decreases. The consequence is
that soil turnover remains nearly constant for ATgiqp
below —2°C.

Discussion and conclusions

The LPJ-DGVM has been run to equilibrium for a range
of different climate states and atmospheric CO,
concentrations. Local deviations in temperature, pre-
cipitation, and cloud cover are obtained by scaling
spatial perturbation patterns with global average
surface temperature deviations. This highly idealized
setting allows us to simulate the first-order dependency
of the ECSC and vegetation distribution on climate
change.

Simulated production and terrestrial carbon inven-
tories show a strong response to increasing atmospheric
CO,, yet the sensitivity to CO, variations decreases
with increasing CO,. The response of the terrestrial
biosphere to increasing CO, may further be limited by
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nutrient availability (Hungate et al., 2003), a mechanism
not explicitly modeled in LP]. On the other hand,
increasing rates of RH in cold climates may promote
increased productivity by increasing nitrogen miner-
alization rates, thus alleviating nitrogen limitation,
and by shifting productivity towards more woody
plants with higher C:N ratios (e.g. Melillo et al., 1993;
Rastetter et al., 1997; Medlyn et al., 2000; Rastetter
et al., 2003).

In the absence of CO, fertilization, the modeled
global ECSC shows a weak sensitivity to climate change
for modest warming or cooling. This is compatible with
small century scale changes in atmospheric CO, of a
few parts per million only during the past millennium
and the Holocene (Indermiihle et al., 1999; Gerber et al.,
2003; Joos & Prentice, 2004). However, ECSC decreases
strongly with warming for global surface temperature
deviations above ~ 3°C, a value reached by the end of
the century for midrange greenhouse gas emission
scenarios (Houghton et al., 2001).

Global warming leads to a pronounced poleward
spreading of tropical, temperate, and boreal trees. This
is compatible with available proxy data for the mid-
Holocene (Prentice et al., 2000; Bigelow et al., 2003;
Kaplan et al., 2003). The biome distributions simulated
by LPJ for mid-Holocene and Last Glacial Maximum
(LGM) conditions have been found to be comparable
with vegetation reconstructions based on pollen
and plant macrofossil data in an earlier study (Joos
et al., 2004).

Our results can be used to improve existing terrestrial
box models. A nonlinear threshold behavior is found
for the sensitivity of carbon storage to climate change.
The loss rate of carbon to the atmosphere per unit
change in global average surface temperature is
predicted to double when a threshold of ~ 3°C is
crossed. This nonlinearity is coupled to regional
changes in plant distribution and productivity.

Changes in plant distribution such as the poleward
spreading of trees with warming have an important
impact on the global average soil decomposition rate.
The global average turnover time of soil and litter
carbon increases with warming under cool climate
conditions to reach a maximum and then decreases for
warmer climate. This finding conflicts with the
assumption made in several published global terrestrial
box models (Sarmiento et al., 1995; Meyer et al., 1999;
Kheshgi & Jain, 2003; Lenton & Huntingford, 2003) that
soil decomposition rates depend exponentially on
global average surface temperature. This limitation of
global box models could be overcome by considering
latitudinal variations in their setup.

This study, with its focus on equilibrium responses,
complements the earlier work on transients. The

transient response behavior of LP] to changes in climate
has been studied in the context of multimillennial
changes over the past 20000 years (Kaplan et al., 2002;
Joos et al., 2004), decadal to century scale changes over
the past millennium (Gerber et al., 2003), the Younger
Dryas cold period (Scholze et al., 2003), and the
industrial period (McGuire et al., 2001; Joos et al.,
2001; Dargaville et al., 2002), and for projected future
climate perturbations (Joos et al., 2001). Typical adjust-
ment times of ECSC to a sudden perturbation in climate
(and related atmospheric CO, changes) are a few
decades for the main response (Gerber et al., 2003),
whereas it takes centuries to bring the slowly over-
turning soil pools into equilibrium. This is consistent
with the analysis of soil radiocarbon data (Trumbore
et al., 1996; Perruchoud et al., 1999).

The pathways towards equilibrium can be different
and depend on rates of changes in climate and CO..
High greenhouse gas emissions and high contributions
of non-CO, agents to radiative forcing favor a transient
terrestrial carbon source by enhancing warming and
the associated release of soil carbon in simulations with
LPJ (Joos et al., 2001). Experimental work (Oechel et al.,
2000) suggests that warming results in immediate
release of soil and litter carbon, because of increased
decomposition rates by heterotrophs; but delayed plant
responses, possibly associated with increases in nitro-
gen availability, may mitigate the initial carbon loss.

Results presented need to be interpreted cautiously
in the view of various uncertainties. Different DGVMs
forced by the same climate and CO, trajectories
(Cramer et al., 2001) or coupled to different climate
models (Cox et al., 2000; Joos et al., 2001) yield different
results for projected terrestrial carbon storage and
changes in vegetation distribution. Different bounding
assumption about the dependence of soil respiration on
global warming and on the strength of CO, fertilization
yield uncertainties in projected atmospheric CO, of —10
to +20% and in global average surface temperature of
—0.2 to +0.5°C by year 2100 for a range of IPCC
scenarios (Joos et al., 2001). Uncertainties in terrestrial
carbon storage are related to uncertainties (1) in the
pattern of climate change, (2) in the response of the land
biosphere to climate change, and (3) in the response to
atmospheric CO,. Further, anthropogenic land use
change, another important driver for terrestrial C
storage, is not taken into account in this study.

Shortcomings of the pattern scaling approach are
many, for example, that potential changes in the
frequency and magnitude of extreme climate events
(Schar et al., 2004), of climate modes such as the El Nifio
Southern Oscillation or the North Atlantic Oscillation,
and changes in ice sheet extent and sea level are not
considered. Similarly, feedbacks between changes in
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vegetation and associated changes in surface albedo,
roughness and evapotranspiration, and climate are
neglected. For example, such feedbacks are important
to correctly model the reduction of the Sahara desert
(de Noblet-Ducoudré et al., 2000) as reconstructed for
mid-Holocene conditions (Jolly et al., 1998). The spatio-
temporal patterns of climate change depend on the type
of forcing. However, the climatic response to solar,
greenhouse gas, and anthropogenic aerosol forcing is
primarily governed by the characteristics of the applied
AOGCM and to a smaller degree by the type of forcing
(Cubasch et al., 2001). The climate response patterns for
volcanic forcing show, in general, cooling, but show for
Northern Hemisphere winter time warming. Observa-
tion-derived patterns have been used to describe the
climate response to explosive volcanic eruptions in
earlier work with LPJ (Gerber et al., 2003). The
temperature pattern obtained from ECHAMS3/LSG
exhibits the typical structure (i.e. above-average warm-
ing in high northern latitudes and in the interiors of the
Northern Hemisphere continents) found in the state-
of-the-art AOGCMSs (Covey et al., 2000; Meehl et al.,
2000; Cubasch et al., 2001) forced with increasing
greenhouse gas and anthropogenic aerosol concentra-
tions. Uncertainties in precipitation patterns are large
and different AOGCM vyield qualitatively different
results (Cubasch et al., 2001). Some AOGCMs (e.g. the
Hadley Centre model) yield drier conditions in the
Amazon region under global warming, in contrast to
the ECHAMB3/LSG results. The resulting drought stress
caused dieback of extant forests in DGVM simulations
with climate input from the Hadley model (White ef al.,
2000) or in coupled AOGCM-DGVM simulations (Cox
et al., 2000).

We compare results of this study with results from
previous equilibrium simulations for LGM boundary
conditions (Joos et al., 2004) to further investigate the
implications of our simplified setup. LP]-DGVM was
forced by precipitation and climate anomalies obtained
from a simulation with the state-of-the-art Climate
System Model of the National Center for Atmospheric
Research in which greenhouse gas concentrations, ice
sheet extent, and orbital forcing were prescribed from
paleoreconstructions (Shin et al., 2002). Then, global
carbon storage in vegetation, litter, soil, and global
fluxes (crosses in Figs 2 and 3) are similar to those with
the pattern scaling approach. The simulated increase in
ECSC of 850GtC since the LGM is compatible with
data-based reconstructions and their uncertainties as
discussed elsewhere (Joos et al., 2004).

The acclimation of terrestrial biological processes to
changed environmental conditions is crucial for the
long-term dynamics of the biosphere. Acclimation
occurs at several levels. For example, the adjustment

of plant-type composition and distribution to climate
change, as modeled in DGVMs, is a key homeostatic
mechanism for the biosphere as a whole. More subtle
acclimation processes act through physiological adjust-
ments within individual plants. Key physiological
acclimation processes are modeled, implicitly or ex-
plicitly, by LPJ-DGVM. GPP is not assumed to have a
fixed temperature optimum but rather adapts to
changing environmental conditions on a seasonal basis,
consistent with FLUXNET observations (Baldocchi
et al., 2001). Photosynthetic capacity and leaf nitrogen
content also adjust implicitly to changes in tempera-
ture, light availability and ambient atmospheric CO,
concentration (Haxeltine & Prentice, 1996b; Prentice,
2001), resulting in downregulation of carboxylation
capacity as CO, increases and homeostasis of carbox-
ylation capacity along temperature gradients. The
apparent acclimation of soil RH to temperature over 1
to 3 years as seen in soil warming experiments (Jarvis &
Linder, 2000; Rustad et al., 2001) can be explained by a
rapid re-equilibration of labile carbon pools which
account for most of the measured CO, efflux over a
time scale too short to allow measurable decay of the
slower soil fractions (Prentice et al., 2004). The apparent
temperature insensitivity of annual carbon loss in
incubation experiments (Giardina & Ryan, 2000),
similarly, is expected given the heterogeneity of turn-
over times in soil organic matter (Prentice et al., 2004).
These observations have little direct bearing on ECSC
and they are fully consistent with the predictions of
multicompartment soil carbon models, including the
relatively simple model (Foley, 1995) embedded in LPJ-
DGVM. Nevertheless, there is considerable scope for
systematic comparisons of DGVM predictions with
experiments and observations in order to evaluate and
improve the models’ simulation of carbon cycling
processes at the whole-ecosystem level.

The extent of stimulation of carbon storage in natural
ecosystems by CO, has been a matter of controversy
(Hattenschwiler et al., 1997; Luo et al., 1999). There is a
debate whether the current terrestrial sink of order 10—
20 Gt C per decade (Prentice et al., 2001) is indeed due to
CO, fertilization as suggested by terrestrial models
(McGuire et al., 2001). Other processes, such as nitrogen
fertilization (Schindler & Bayley, 1993; Townsend ef al.,
1996), climate variations (McGuire et al. 2001), and
forest regrowth (Caspersen et al., 2000; Joos et al., 2002)
might, in principle, be responsible for part or most of
the present terrestrial sink. It is also questioned whether
the CO, fertilization mechanism will continue to
operate under the projected CO, increase or whether
plant acclimation and nitrogen and other nutrient
limitations inhibit further CO,-driven carbon uptake
(Cowling & Field, 2003; Hungate ef al., 2003). A role for
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CO, fertilization in determining terrestrial carbon
storage at concentrations within the glacial-interglacial
range (180-280 ppm) has support from a range of data-
based studies (Peng et al., 1998; Bennett & Willis, 2000;
Cowling & Field, 2003; Harrison & Prentice, 2003;
Midgley et al, 2003). The magnitude of the CO,
fertilization response in LPJ is consistent with the
recent amplification of the seasonal cycle in atmo-
spheric CO, (McGuire et al. 2001; Dargaville et al., 2002)
and with the enhancement of NPP shown in free air
carbon dioxide enrichment experiments (DeLucia et al.,
1999; T. Hickler, unpublished results).

Although there is still considerable uncertainty about
the relative magnitude of fundamental ecosystem
processes, paleodata clearly indicate that terrestrial
carbon storage and biome distribution have varied
under different climatic regimes (Shackleton, 1977;
Cooperative Holocene Mapping Project Members,
1988; Bird et al., 1994; Crowley, 1995; Jolly et al., 1998;
Bigelow et al., 2003; Harrison & Prentice, 2003). This
study represents a first attempt to use a state-of-the-art
DGVM to explore the variations of potential terrestrial
carbon storage in a parameter space determined by CO,
and the climate changes linked to changing CO,, The
robustness and realism of the conclusions should be
assessed through the comparison of different formula-
tions of fundamental processes (particularly regarding
the interaction of carbon and nitrogen cycles) and
through comparisons of model results with observa-
tional and experimental data that test the correctness of
the model formulations across the widest possible
range of conditions.
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