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ABSTRACT

This paper presents the results of a simulation with a mechanistic terrestrial ecosystem model, focusing
on the atmosphere–biosphere exchange and stable isotope composition of carbon. The simulation was
performed from 1953 to 1999 on the basis of observed climate data and atmospheric carbon dioxide
(CO2) concentration and stable carbon isotope ratio (δ13C). The model, termed Sim-CYCLE, captures
carbon dynamics from photosynthetic assimilation to microbial decomposition, including seasonal and
interannual variability. Photosynthetic discrimination effect on δ13C was considered at three levels:
(1) leaf-level fractionation, (2) canopy-level CO2 recycling and (3) continent-level C3/C4 pattern. The
47-yr simulation estimated that the average gross CO2 flux was 121 Pg C yr−1, and that the average
photosynthetic δ13C discrimination coefficient (�) was 18.2%. A sensitivity analysis indicated that the
estimated � depends heavily on the parameterization of stomatal conductance and C3/C4 composition.
In spite of their small biomass, C4 plants contributed considerably to the biospheric productivity and
belowground carbon supply. The estimated net CO2 and isotopic exchange of the terrestrial ecosystems
corresponded, at least qualitatively, with observed atmospheric CO2 and its δ13C seasonal patterns in the
Northern Hemisphere. The gross CO2 fluxes of photosynthesis and respiration indicated a wide range
of interannual variability, which was in a sufficient magnitude to induce anomalies in the atmospheric
CO2 growth rate. The estimated � showed a wide range of latitudinal and longitudinal variations and
seasonal oscillation, but little interannual change. However, during the 47-yr period, the estimated δ13C
of carbon pools decreased by 0.3%, while the δ13C of atmospheric CO2 decreased by 0.7%. These
results carry implications for the application of a top-down approach, i.e. the double-deconvolution
method, to inferring the global terrestrial CO2 budget.

1. Introduction

The terrestrial biosphere is one of the most impor-
tant components of the global carbon cycle, and the
net CO2 exchange through photosynthesis and respi-
ration largely affects the spatial and temporal patterns
of atmospheric CO2. However, there remains a large
uncertainty in our ability to estimate gross and net CO2

exchange rates of the terrestrial ecosystems, because
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of their complexity and heterogeneity (Cramer et al.,
1999; Knorr and Heimann, 2001a). It is generally ac-
knowledged that the elucidation of the global carbon
cycle, particularly that of terrestrial ecosystems, is a
problem of the highest priority (Prentice, 2001), in the
face of the global warming induced by human activi-
ties (e.g. fossil fuel combustion and land-use change).

The most reliable estimate of the net carbon budget
of the terrestrial biosphere was derived from atmo-
spheric data, such as concentration and isotopic com-
position of CO2 and O2/N2 ratio (Battle et al., 2000).
An approach based on the observed atmospheric CO2
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concentration and stable carbon isotopic ratio, the so-
called double-deconvolution method, was developed
to to estimate the net terrestrial and ocean CO2 budget
during the last several decades (Tans et al., 1993; Ciais
et al., 1995; Keeling et al., 1995; Francey et al., 1995;
Rayner et al., 1999; Morimoto et al., 2000). Hereafter,
the stable carbon isotopic composition (12C and 13C)
is expressed in parts per thousand (δ13C in per mill,
%), defined as follows:

δ13Cmaterial =
(

(13C/12C)material

(13C/12C)standard
− 1

)
× 1000 (1)

where 13C/12C is the isotopic ratio, and the standard is
carbon dioxide obtained from the PDB. The double-
deconvolution method is based on there being signifi-
cant difference in the magnitude of the δ13C discrim-
ination effect between the terrestrial–atmosphere and
ocean–atmosphere CO2 exchange processes. Because
this is a top-down approach, we can obtain a set of si-
multaneous equations with respect to the net CO2 ex-
change rate between the land biosphere and the ocean.
It is important that we should, at least ideally, know the
spatio–temporal distribution of both the concentration
and stable carbon isotope ratio of the atmospheric CO2

at an equivalent level of precision. However, compared
with the concentration, we have much less information
on the stable carbon isotope composition, because of
practical difficulties in quantification with mass spec-
trometers. We are aware that the relative weakness of
δ13C precision may be partly responsible for the dis-
crepancies among the double-deconvolution studies
(e.g. Keeling et al., 1995; Francey et al., 1995). More-
over, there are a relatively small number of modeling
studies on the isotopic features of the atmosphere–
biosphere CO2 exchange (Lloyd and Farquhar, 1994;
Ciais et al., 1995; Fung et al., 1997; Wittenberg and
Esser, 1997; Ciais et al., 1999; François et al., 1999).
For example, Fung et al. (1997) adopted the Simple
Biosphere-2 and Carnegie–Ames–Stanford Approach
(SiB2/CASA), coupled with an atmosphere model, to
evaluate the effect of terrestrial ecosystems on the δ13C
of atmospheric CO2. However, among the more than
20 models developed to date (Cramer et al., 1999),
only a few models apply to the estimation of both
carbon exchange and isotopic dynamics of the terres-
trial biosphere (e.g. SiB2/CASA by Fung et al., 1997;
BIOME-3.5 by Buchmann and Kaplan, 2001; Lund–
Potsdam–Jena model by Sitch, 2000). Thus, develop-
ing models and performing simulations of terrestrial

effects on the δ13C of atmospheric CO2 is a challenge
for us.

In this study, the atmosphere–biosphere exchange
and stable carbon isotopic ratio of CO2 were simulated
on a global scale by using a mechanistic model. The in-
clusion of the isotopic ratio into the model is expected
to supply additional aspects of the functioning of ter-
restrial ecosystems, and then is effective for the valida-
tion of the model with other supporting evidence. We
could include processes related to δ13C into the ter-
restrial ecosystem model, referring to physiological,
ecological and biogeochemical studies. Spatial distri-
bution, seasonal change, and interannual changes are
addressed on the basis of a biome map and climate
time-series data for a recent 47-yr period. The response
of the terrestrial carbon budget to the past rapid CO2

increase and δ13C decrease is also discussed in terms of
disequilibrium between the atmosphere and biosphere.

2. Methods

2.1. Carbon dynamics in terrestrial ecosystems

A process-based model, Sim-CYCLE (Simulation
model of Carbon cYCle in Land Ecosystems), was
used to capture the carbon dynamics of terrestrial
ecosystems. In the model (Fig. 1), carbon storage is di-
vided into five compartments: WF, leaves; WC, stems;
WR, roots; WL, litter, or dead phytomass; and WH,
humus, or soil organic matter. Atmospheric CO2 is
conveniently divided into that in the free atmosphere
and that within the canopy boundary layer. Sixteen car-
bon flows among the carbon pools represent ecosys-
tem processes, including photosynthetic production,
reproduction, respiratory metabolism, mortality and
decomposition. Importantly, plant carbon pools and
fluxes are divided into C3- and C4-plant components,
because of discrepancies in environmental respon-
siveness and stable carbon isotopic composition be-
tween the two plant groups [here, crassulacean acid
metabolism (CAM) plants were not explicitly consid-
ered]. The ecosystem processes (production, growth
and succession) are parameterized in a mechanistic
manner, on the basis of dry-matter production theory
and physiological regulations (Ito and Oikawa, 2002).
Sim-CYCLE includes a water and energy budget sub-
module, in which net radiation, evaporation, runoff and
soil moisture content are estimated with an arbitrary
time-step. The model has actually been used to an-
alyze the relationship between climatic perturbations
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Fig. 1. Schematic diagram of the atmosphere–biosphere
CO2 exchange and intraecosystem carbon dynamics, as
adopted in a process-based model, Sim-CYCLE. Note that
plant compartments (foliage, stem, and root) were internally
separated into C3- and C4-plant components for herbaceous
biomes (see Table 1). All carbon fluxes and pools are char-
acterized by the stable carbon isotope ratio (δ13C), simulta-
neously calculated with the carbon dynamics simulation.

and the net ecosystem CO2 budget (Ito and Oikawa,
2000a, b).

Gross photosynthetic production (GPP) is primarily
a function of available photosynthetically active radi-
ation, and is modulated by several environmental fac-
tors, such as leaf temperature, ambient air humidity,
soil moisture availability and atmospheric CO2 con-
centration. These environmental dependencies were
basically formulated at the leaf level, and then scaled
up to the level of canopy, taking light attenuation
within the canopy into account. Ecosystem respiration
(ER) is composed of plant and soil components, i.e. au-

totrophic respiration (AR) and heterotrophic respira-
tion (HR). AR is a function of surface temperature and
biomass growth rate, and HR is a function of soil tem-
perature and soil moisture content. For example, AR
and HR are expected to increase exponentially with in-
creasing temperature. The specific respiration capacity
under the standard environmental condition is differ-
ent among the carbon compartments and biomes. To
characterize biomes and C3/C4 plants, different eco-
physiological parameters were given.

Net exchange of CO2 between the atmosphere and
terrestrial ecosystems is termed net ecosystem produc-
tion (NEP):

NEP = GPP − AR − HR (2)

Clearly, NEP is a compound function of temperature,
moisture, radiation and atmospheric CO2 concentra-
tion. Net primary production (NPP), frequently used
in ecological and carbon cycle research, is readily de-
rived as the difference between GPP and AR. It is
noted that the present simulation does not consider
carbon flows caused by disturbances and human activi-
ties, such as wildfire and exploitation. Other ecosystem
processes, such as senescence, allocation and phenol-
ogy, are also included in Sim-CYCLE, and are fully
described by Ito and Oikawa (2002). Because Sim-
CYCLE is a simple one-dimensional model, one can
easily perform a long-term integration for decades and
centuries.

2.2. Stable carbon isotopes

2.2.1. Inclusion of the stable carbon isotopic ra-
tio. The δ13C values of the various biospheric carbon
pools were denoted with subscripts, e.g. δ13CF for fo-
liage and δ13CAR for CO2 respired from plant biomass
(see Fig. 1). Therefore, along with the net ecosystem
CO2 exchange, isotopic flux (isoflux) is conveniently
defined as a δ13C-weighted NEP (NEPisoflux):

NEPisoflux = δ13CGPP · GPP − δ13CAR · AR
− δ13CHR · HR

= δ13CGPP · GPP − δ13CER · ER.

(3)

While a negative NEP means a net CO2 emission from
the biosphere, a negative NEPisoflux means a net dis-
crimination against 13C.

As an approximation, it was assumed that signifi-
cant δ13C fractionation takes place in photosynthetic
CO2 assimilation, and that fractionation in biosyn-
thesis, respiration and decomposition is sufficiently
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small to be neglected by the simulation study (Lin and
Ehleringer, 1997; Ågren et al., 1996). Therefore, δ13C
values of respired CO2 (e.g. δ13CAR and δ13CHR) are
identical to those of the source carbon pools, whose
δ13C values are updated at every time-step. Here, iso-
topic composition of assimilated carbon (δ13CGPP) is
calculated as follows:

δ13CGPP = δ13Ca − �

= (
δ13Ca − �canopy

) − �leaf

= δ13Cb − �leaf

(4)

where �, �canopy and �leaf denote the total canopy-
level, and leaf-level photosynthetic δ13C discrimina-
tion coefficients, respectively. [Note that the defini-
tion of � is slightly different from that of Farquhar
et al. (1989), but this may not lead to a significant
difference]. Globally, δ13CGPP depends on three fac-
tors: (1) leaf-level fractionation due to different diffu-
sion velocities and enzymatic affinity, (2) the degree
of re-uptake of respired CO2 within the canopy, lead-
ing to condensation of the lighter isotope and (3) ge-
ographic distribution of C3 and C4 plants. Each factor
was parameterized as described below, and their rel-
ative importance is addressed by a sensitivity study.
Here, sensitivity of � was examined in response to
±10% change in these parameters: stomatal conduc-
tance, canopy recycling and C4 plant coverage, related
to 13C discrimination, and plant mortality and soil de-
composition rate, related to carbon turnover in terres-
trial ecosystems.

2.2.2. Leaf-level discrimination. Through many
ecophysiological studies (e.g., O’Leary et al., 1986;
Farquhar et al., 1989), the relationships and mecha-
nisms of leaf-level gas exchange and isotopic fraction-
ation have been almost elucidated. In particular, we
should note that there are apparent differences in �leaf

between C3 and C4 plants. These studies suggest that
δ13C fractionation factor of C3 and C4 species (�leaf)
can be respectively given as functions of the ratio of
CO2 concentrations between ambient air ([CO2]a) and
intercellular space of the plant leaves ([CO2]i):

C3 : �leaf = a + (b − a)
[CO2]i

[CO2]a
(5)

C4 : �leaf = a + (c + φb − a)
[CO2]i

[CO2]a
(6)

where a denotes discrimination fraction related to
diffusion (4.4%), b denotes discrimination related to
carboxylation by ribulose bisphosphate carboxylase-
oxygenase (RuBisCO) (27% for C3 and 30% for C4),

c represents descrimination related to carboxylation
by phosphoenol pyruvate (PEP) carboxylase (−5.7%),
and φ is the leakage fraction from bundle sheath cells
(0.21). Equations (5) and (6) are applied to all C3 and
C4 plants, irrespective of biome types. The basic rela-
tionship among photosynthetic rate, stomatal conduc-
tance, and intercellular CO2 concentration was:

[CO2]i = [CO2]a − P

gs
(7)

where P denotes the single-leaf photosynthetic rate,
which is characterized by the light-saturated photosyn-
thetic rate, light-use efficiency and photosynthetically
active radiation (for details, see Ito and Oikawa, 2002).
Stomatal conductance (gs), one of the critical parame-
ters characterizing ecosystem function, was based on a
semi-empirical model by Leuning (1990). For scaling-
up, Sim-CYCLE regards canopy as a single big-leaf,
by integrating for leaf area index of the canopy (Ito
and Oikawa, 2002). In practice, P, gs and [CO2]i were
deduced by an iterative calculation to obtain an equi-
librium leaf-level gas exchange.

2.2.3. Canopy-level: CO2-recycling. If a part of
the respired CO2 from plants and soils is assimilated
within the canopy before escaping into the free at-
mosphere, the isotopic fractionation effect becomes
larger than would be expected solely at the leaf-level
(Keeling, 1961). For example, Sternberg et al. (1997)
suggest that up to 39% of respired CO2 can be as-
similated again in a dense tropical rain forest at a low
wind velocity. Thus, we should introduce a canopy-
level δ13C-discrimination coefficient (�canopy):

�canopy = δ13Ca − δ13Cb (8)

where δ13Ca and δ13Cb represent δ13C values of CO2

in the free atmosphere and canopy boundary layer,
respectively (cf. Fig. 1). Several model studies have
addressed CO2 recycling in the canopy (Lloyd et al.,
1996; Buchmann and Kaplan, 2001). Here, a simple
mixing-ratio model was used:

δ13Cb = (1 − σ ) δ13Ca + σδ13CER. (9)

It follows that the magnitude of CO2 recycling (σ )
would increase as (1) the canopy becomes dense and is
decoupled from the atmosphere; (2) wind velocity be-
comes low, reducing turbulent transportation; and (3)
plants and soils supplies CO2 actively, diluting atmo-
spheric CO2 with respired CO2. In this study, �canopy

was assumed to increase as the leaf area index, LAI,
and the ecosystem respiration rate, ER, increased. For
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Table 1. Biome classification and area distribution adopted for simulation (after Matthews, 1983)

Area (106 km2)

Cultivated Photosynthetic
Biome Potential Actual (pot. – act.) pathway

Tropical evergreen rainforest 16.5 15.5 1.0 C3
Ssubtropical evergreen rainforest 0.2 0.2 0.0 C3
Tropical/subtropical drought-deciduous forest 3.8 2.8 1.0 C3
Temperate evergreen seasonal broadleaved forest, summer rain 1.2 0.8 0.4 C3
Evergreen broadleaved sclerophyllous forest, winter rain 0.5 0.3 0.1 C3
Tropical/subtropical evergreen needle-leaved forest 0.7 0.6 0.1 C3
Temperate/subpolar evergreen rainforest 0.3 0.2 0.0 C3
Temperate/subpolar evergreen needle-leaved forest 10.3 9.9 0.5 C3
Cold-deciduous forest, with evergreens 15.4 11.3 4.2 C3
Xeromorphic forest/woodland 5.2 4.9 0.4 C3
Tropical/subtropical drought-deciduous woodland 5.1 4.1 1.0 C3/C4
Evergreen broadleaved shrubland, evergreen dwarf-shrubland 12.5 11.7 0.8 C3/C4
Ddrought-deciduous shrubland 0.9 0.8 0.1 C3
Cold-deciduous woodland 3.1 3.0 0.1 C3
Tall/medium/short grassland, 10–40% woody cover 18.6 15.4 3.2 C3/C4
Tall/medium/short grassland, <10% woody cover 13.5 10.6 2.9 C3/C4
Arctic/alpine tundra, mossy bog 6.5 6.5 0.0 C3
Desert 14.9 14.6 0.3 C3/C4
Ice 14.5 14.5 0.0 –

Total 143.6 127.6 16.0

example, in a typical tropical rain forest (LAI = 6),
about 16% of ecosystem respiration was fixed again,
leading to the �canopy value of 2.7%. Because the time-
step of the simulation (i.e. monthly) was too long to
capture the wind effect accurately, the upper limit of
CO2 recycling was arbitrarily limited to <20%.

2.2.4. Continent-level discrimination: geography
of C3 and C4 plants. The composition of C3 and C4

plants was considered to be their fractional area occu-
pancies, by which the mixed C3/C4 flux was weighted.
It could be assumed that forest ecosystems were ini-
tially composed exclusively of C3 plants, and that C4-
plant distribution was limited to savanna, grassland
and desert biomes (see Table 1).

Many observations suggest that temperature is the
most influential environmental factor affecting the ge-
ographical distribution of C3 and C4 plants in grassland
biomes, and that moisture availability exerts an ancil-
lary effect (Paruelo and Lauenroth, 1996; Sage et al.,
1999). Teeri and Stowe (1976) suggested that C4-plant
dominance in the North America may increase lin-
early, as temperature (e.g. the mean growing-period
temperature) becomes warmer. A similar relation-
ship has been observed in many regions: central Asia
(Winter, 1981), South America (Cavagnaro, 1988),

Australia (Hattersley, 1983), middle Afirica (Tieszen
et al., 1979), and East Asia (Takeda et al., 1985).
Ehleringer et al. (1997) attributed the physiological
mechanism of this robust relationship to the temper-
ature dependence of photosynthetic quantum yield,
or light-use efficiency. In addition to the geographic
gradient, several observations in temperate regions re-
vealed that there is a seasonal variation in the C3 and C4

composition, such that C4 plants are liable to dominate
the community in the dry summer season (Caldwell
et al., 1977; Saigusa et al., 1996).

At present, there is no general mechanistic model
for estimating grassland C3/C4 composition, and then
an empirical model based on the above observations
was employed in this study. At first, the seasonal max-
imum C4 dominance f C4,max (fraction) was assumed
as a linear function of annual mean temperature (Tann),
as follows:

f C4,max = 0.15 + 0.04Tann. (10)

In consequence, C4 plants were almost precluded from
higher latitudes (>55◦N), and C3–C4 crossover (equiv-
alent dominance) occurred around 30◦N and S with
longitudinal and seasonal variations. Then, monthly
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value ( f C4) was obtained by modulating with coef-
ficients of monthly temperature (Tmon) and monthly
precipitation (Pmon):

f C4 = f C4,max fT(Tmon) fP (Pmon) (11)

fT (Tmon) = 1/{1 + exp [−0.22 (Tmon − 12.5)]} (12)

fP (Pmon) = 1/{1 + exp [0.0105 (Pmon − 400)]}. (13)

The coefficients fT(Tmon) and fP(Pmon) bring about a
seasonal change, such that warmer and drier condi-
tions favor C4 plants. In tropical grasslands, C4 plants
predominate all the year round.

2.3. Input data

Forcing environmental variables were given as a
prescribed scenario (i.e. no feedback from the sim-
ulation result), derived from observations. Climatic
conditions from 1953 to 1999 were derived from a
reanalysis dataset of the US National Centers for Envi-
ronmental Prediction (NCEP) and the National Center
for Atmospheric Research (NCAR). The dataset gives
monthly average values for surface meteorology, such
as downward short-wave radiation, cloud cover, air
specific humidity, precipitation, air temperature, sur-
face temperature, soil temperature (at 0–10 and 10–
200 cm depth) and wind velocity. Atmospheric CO2

concentration ([CO2]a) and stable carbon isotope ra-
tio (δ13Ca) was derived from observations by Keeling
and Whorf (2000) and GLOBALVIEW–CO2 (2000).
In this case, [CO2]a increased from 313 ppmv in 1953
to 369 ppmv in 1999, and δ13Ca decreased from −7.0%
to −7.8%, with a seasonal oscillation and latitudinal
gradient. During the spin-up period, a pre-industrial
[CO2]a (280 ppmv) and δ13Ca (–6.5%) were assumed,
based on ice-core analyses by Friedli et al. (1986),
Etheridge et al. (1996), and Francey et al. (1999).

Global maps of natural vegetation and cultivation
intensity (Matthews, 1983) were used to determine
the actual biome distribution. For the present purpose,
the biome classification was simplified into 19 types
(Table 1). Since the numerical experiment was car-
ried out at the spatial resolution of the NCEP/NCAR-
reanalysis dataset, i.e. a T62 Gaussian grid (94 latitu-
dinal zones and 192 longitudinal columns), the biome
dataset was adjusted to that resolution by re-sampling
of grid points. Calculations were carried out for nat-
ural vegetation and cropland independently, and their

area-weighted average represents the carbon dynamics
at each grid point (Ito and Oikawa, 2000b).

2.4. Calibration, validation and simulation design

Through two lines of comparison procedures, the
model parameters were calibrated (Ito and Oikawa,
2002): an extensive one at global 21 sites, and an
intensive one at four sites. In the extensive compar-
ison, the model results of net primary production,
plant biomass, leaf area index and soil carbon stor-
age were compared with observations. It was found
that the model indicates good agreements with ob-
servations, confirming model applicability to a wide
variety of terrestrial ecosystems from tropical rain for-
est to tundra. In the intensive comparison, all car-
bon flows and pools were individually compared with
observations at four sites (one each in a tropical,
temperate, boreal forest and grassland biome). This
confirmed the model reliability that Sim-CYCLE is
a robust tool to retrieve the atmosphere–biosphere
carbon exchange and intra-system carbon dynam-
ics. In this study, a top-down examination of model
performance was also carried out, to examine how
biospheric exchange affects atmospheric CO2. The es-
timated zonal mean NEP and NEPisoflux values (ac-
cumulated seasonally) were compared with observed
CO2 and δ13Ca, at Point Barrow (lat 71◦19′N) and
Niwot Ridge (lat 40◦03′N) (GLOBALVIEW–CO2,
2000). This test allowed us to examine correspondence
between seasonal phases and to compare two distant
sites, in a qualitative manner.

The numerical experiment during the period from
1953 to 1999 was carried out, after a sufficient length
of spin-up and transitional period. The spin-up integra-
tion as long as 4000 yr was performed, in order to ob-
tain an equilibrium state of terrestrial carbon dynamics
under a stationary condition (pre-industrial CO2 but no
difference in climate). Then, taking about 50 yr, atmo-
spheric CO2 condition was transitionally adjusted to
the level at the beginning of the experiment, i.e. in
1953, to avoid an artifact caused by an abrupt condi-
tional shift from spin-up to experiment.

3. Results and discussion

3.1. Overview of the carbon budget

Throughout the experimental period (1953–1999),
average gross CO2 fluxes between the atmosphere and
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Fig. 2. Distribution of estimated atmosphere–biosphere CO2 exchange properties, averaged for the period from 1953 to 1999.
Annual (a) gross CO2 exchange rate through photosynthetic uptake (GPP) or respiratory release (ER), (b) contribution of
C4 pathway to the gross fluxes, (c) mean residence time of the CO2-derived carbon in terrestrial ecosystems, and (d) δ13C
fractionation effect, weighted by C3 and C4 photosynthetic rates.

the terrestrial biosphere, GPP, AR and HR, were esti-
mated as 121.5, 59.4 and 60.5 Pg C yr−1 (Pg = 1015 g).
Therefore, the average global NPP was 62.1 Pg C yr−1.
The gross CO2 flux occurred heterogeneously over the
biosphere, with values ranging from those in the trop-
ical rain forest (>2.0 kg C m−2 yr−1) to tundra and
desert values (<0.1 kg C m−2 yr−1) (Fig. 2a). The con-
tribution ratio by C4 plants to the global annual GPP
was estimated as 21.1 ± 0.5% (standard deviation,
interannual variability); this is consistent with other
estimates, e.g. 20.8% by Lloyd and Farquhar (1994)
and 17.0% by Wittenberg and Esser (1997). As shown
in Fig. 2b, the C4 contribution was higher (>80%) in
hot arid grasslands, such as Australia, eastern Afirica,
Central Asia and central North America. This result is
consistent with observations that C4 plants have higher
contribution to ecosystem productivity in lower grass-
lands (Epstein et al., 1997).

Total carbon stocks in WF, WC, WR, WL and
WH were estimated as 40.7, 675.0, 132.5, 59.1 and
1448.4 Pg C, respectively. The stem and root biomass
was dominated by woody forest species, while C4

plants accounted for only 2.3% of the global biomass

storage, in spite of their wide area occupancy (Table 2).
However, 20.3% of total leaf mass was attributable
to C4 plants, and 8.7% of soil organic matter to
C4-derived carbohydrates. Accordingly, C4 plants may
play a quantitatively important role in the global car-
bon cycle. On the basis of gross flux and carbon accu-
mulation, we could infer a mean residence time (MRT)
of biospheric carbon storage. However, the single aver-
age MRT value, 19.7 yr (= total storage/gross flux), is
misleading, because MRT varies widely among terres-
trial ecosystems, from 5 to more than 100 yr (Fig. 2c).
Remarkably, in most ecosystems, the MRT for foliage
and litter was estimated as less than 2 yr, allowing
them to reflect changes in atmospheric CO2 param-
eters without delay. Because humus had the longest
MRT, the estimated δ13CH values were higher (less
negative) than δ13CL by 0.48‰ on an average, lead-
ing to a vertical gradient in δ13C in the profile of soil
organic carbon, as has been captured by field surveys
(Ehleringer et al., 2000).

The average stable carbon isotopic ratio of ecosys-
tem respiration (δ13CER) was estimated as −25.5‰;
this model estimation is in good agreement with
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Table 2. Summary of the simulation of atmosphere-biosphere CO2 exchange with a stable-C-isotope-coupled
Sim-CYCLE, for the first and the last 10 yr of the numerical experiment

Unit 1953–62 1990–99

Area coverage of vegetation 106 km2 129.1 129.1
(C4 plants) % 29.5 29.6

Plant biomass C, total Pg C 836 864
(C4-derived) % 2.3 2.3

Soil organic C, total Pg C 1492 1519
(C4-derived) % 8.8 8.6

Gross photosynthetic production, GPP Pg C yr−1 119.8 124.3
(C4-derived) % 20.6 21.1

Autotrophic respiration, AR Pg C yr−1 58.6 60.7
Net primary production, NPP Pg C yr−1 61.2 63.6
Heterotrophic respiration, HR Pg C yr−1 59.6 61.5
Net ecosystem production, NEP Pg C yr−1 1.6 2.1
δ13C of the biospheric C ‰ −27.8 −28.1
δ13C of C3 plant C ‰ −29.3 −29.8
δ13C of C4 plant C ‰ −10.5 −11.2
δ13C of soil C ‰ −27.6 −27.8

observational one by Buchman and Kaplan (2001),
−25.3‰. Thus, respired CO2 was isotopically heav-
ier than the average biospheric carbon storage (about
–28‰, Table 2), because C3-derived lighter carbon
predominates the biospheric carbon pools with longer
MRTs, such as woody stems and soil humus in higher
latitudes. The isotopic difference between carbon stor-
age and respired CO2 may lead to some estimation
error, if a double-deconvolution study neglect the dif-
ference (Tans et al., 1993).

3.2. Discrimination effect (�) and sensitivity
analysis

The biospheric average of photosynthetic δ13C dis-
crimination (�), 18.2±0.1‰, seems sufficiently close
to that commonly used in carbon cycle studies (18.0‰;
Keeling et al., 1989), but it is slightly larger than
that derived from a recent atmospheric observations
(16.8‰; Bakwin et al., 1998). This � value is equiv-
alent to a 13C/(13C + 12C) discrimination coefficient
of 0.98184, and a 13C/12C discrimination coefficient
of 0.98164. C3 and C4 plants exerted disparate ef-
fects on photosynthetic δ13C discrimination: on av-
erage 19.8‰ for C3 and 2.5‰ for C4 plants (Fig. 3).
The � value of C3 plants ranges from 12.0‰ to 26.5‰
in accordance with the wide distribution and diversity
of C3 plants (Fig. 2d). From eqs. (5) and (6), the av-

erage [CO2]i/[CO2]a ratio was calculated as 0.68 for
C3 plants and 0.51 for C4 plants. The lower [CO2]i

of C4 plants is attributable to their higher photosyn-
thetic rate (P) and lower stomatal conductance (gs)
than those of C3 plants [cf. eq. (7)]. Also, as can be
seen in Fig. 3, CO2 recycling within the canopy re-
sulted in larger δ13C discrimination (average 2.1‰).
The canopy-level effect (�canopy) was especially large

Fig. 3. Frequency distribution of photosynthetic δ13C frac-
tionation of the global land vegetation with C3 or C4 path-
ways, as captured by the Sim-CYCLE simulation for the pe-
riod from 1953 to 1999. Note that the discrimination effect
depends here on both leaf-level gas diffusion and CO2 recy-
cling in the plant canopy.
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Fig. 4. Sensitivity of the annual biospheric �, in response to
±10% uncertainties in processes relevant to photosynthetic
δ13C discrimination and carbon turnover.

in tropical forests with thick canopies and active res-
piratory efflux from plants and soil.

The sensitivity analysis implied that � is so sen-
sitive to the discrimination processes that their un-
certainty could lead to significant estimation errors
(Fig. 4). Increased stomatal conductance and canopy
recycling resulted in higher � values, whereas in-
creased C4 coverage lead to smaller discrimination
effect. It seems that stomatal conductance (gs) ex-
erted the largest effect on the estimated �; i.e. 10%
uncertainty in stomatal conductance resulted in up to
0.3‰ change in �, because gs can strongly affect the
[CO2]i/[CO2]a ratio [cf. eq. (7)]. Therefore, determin-
ing stomatal conductance should be important not only
for quantifying the CO2 assimilation rate, but also for
constraining the photosynthetic δ13C discrimination
effect, ranging from single-leaf to the global scale. The
canopy recycling and C3/C4 plant composition could
exert moderate influences on � (0.1 to 0.2‰ in re-
sponse to 10% variation). In addition, plant mortality
could moderately affect the estimated �, while soil
decomposition rate had little effect. The sensitivity to
plant mortality is due to altered C3/C4 contribution,
rather than single-leaf and canopy processes. In this
case, the impacts of increased mortality, leading to
smaller LAI and GPP, were more evident in sparse
grasslands than in dense forests. As a result, contribu-
tion ratio of C4 plants declined, enlarging the discrim-
ination coefficient. In sum, the sensitivity analysis was
effective for identifying critical processes and param-
eters, and implicative to internal uncertainties within
the model. Further analyses with respect to other car-
bon dynamics and ecophysiological parameters will
be done elsewhere.

Fig. 5. Estimated latitudinal variations in (a) the gross pho-
tosynthetic CO2 uptake rates by C3 and C4 plants and (b) the
photosynthetic δ13C-discrimination coefficient (�) of terres-
trial ecosystems compared with atmospheric CO2. Averaged
over the experimental period from 1953 to 1999, for 94 lati-
tudinal zones.

3.3. Latitudinal variation

A latitudinal aggregation of the biospheric CO2 and
δ13C exchange clearly exemplifies the heterogeneity of
the terrestrial biosphere. The photosynthetic δ13C dis-
crimination coefficient varied latitudinally, such that
� was smaller near the subtropical latitudes (around
18◦N and S) (Fig. 5), where C4 plants predominate
in savanna and subtropical grasslands (Fig. 2b). Near
the equator, tropical rain forest dominated the zonal
GPP, and therefore zonal � came close to the values
for C3 plants. The latitudinal variation in the relative
abundance of C3 and C4 plants may be partly respon-
sible for the latitudinal change in the [CO2]a−δ13Ca

relationship, along with the effect of the oceanic ex-
change, as observed by Nakazawa et al. (1997).

Ecological surveys have also addressed the latitu-
dinal gradients in terms of the biospheric δ13C char-
acteristics. For example, in the Great Plains (North
America), Epstein et al. (1997) showed with a regres-
sion model a similar latitudinal change in the relative
dominance of C3 and C4 plants in terms of produc-
tivity. Tieszen et al. (1997) suggest that soil organic
matter also shows a δ13C gradient, from −14‰ at lat.
30◦N to −25‰ at lat. 50◦N, because of the C3/C4
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composition change. On the other hand, Körner et al.
(1991) showed that there is a latitudinal gradient in
the leaf-level discrimination factor, such that the �leaf

value of C3 plants becomes smaller with ascending lat-
itude and altitude. Bird et al. (1996) suggested that the
δ13C value of soil organic matter shows a latitudinal
gradient related to differences in mean residence time.
That is, soil organic matters at high latitudes is liable
to take higher (less negative) δ13C values, because of
slower decomposition and longer MRTs, allowing old
carbon to persist in the soil (Fig. 2c). Such ecological
evidence will serve to validate the model estimates.

3.4. Seasonal change

Total GPP changed seasonally from 6.6 Pg C
month−1 in February to 15.5 Pg C month−1 in July,
apparently driven by the seasonal change in the North-
ern Hemisphere (Fig. 6). The Northern Hemisphere

Fig. 6. Estimated seasonal changes in (a) photosynthetic
CO2 uptake by C3 and C4 plants, and (b) respiratory CO2 re-
lease from C3/C4 plants and soil. Contributions by the North-
ern and Southern Hemisphere are cumulatively divided in
each column.

was characterized by the apparent seasonal variation in
the relative C3 and C4 contributions, while the South-
ern Hemisphere had only a little seasonal change in
the C3/C4 contribution ratio. In the Northern Hemi-
sphere, GPP of both C3 and C4 plants became large
in summer, but the amplitude of C3 plants was quan-
titatively larger than that of C4 plants (Fig. 6a). In
consequence, the contribution ratio of C4 plants de-
creased in summer, leading to larger biospheric dis-
crimination. The marked increase in the C3-derived
GPP was attributable to the vast area with temper-
ate forest, boreal forest and spring-cultivated cropland.
Ecosystem respiration (ER) also changed seasonally,
in phase with the change in GPP (Fig. 6b). The contri-
bution by C4 plants to monthly plant respiration (AR)
became larger in the northern winter, leading to an iso-
topically heavier CO2 efflux into the atmosphere. The
seasonal change in the relative C3/C4 contribution led
to a seasonal oscillation in the photosynthetic frac-
tionation coefficient �, even at the global scale, from
17.0‰ in February to 18.8‰ in August (Fig. 7). When
examined in relation to latitudinal zone, seasonal vari-
ability in � reached as high as 5‰.

As clearly shown by previous observations
(Keeling et al., 1989; Nakazawa et al., 1997), at-
mospheric CO2 concentration ([CO2]a) and its sta-
ble carbon isotope ratio (δ13Ca) show similar seasonal
changes, but in the opposite phase. Also, the ampli-
tude of the seasonal changes becomes larger at higher

Fig. 7. Estimated seasonal changes in the photosynthetic
δ13C discrimination effect of terrestrial ecosystems (includ-
ing both C3 and C4 plants), averaged for the period from 1953
to 1999. Zonal and global averaged values are shown.
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Fig. 8. Comparison between the observed atmospheric CO2 trends and the estimated atmosphere–biosphere CO2 exchange,
left (a and c), at Point Barrow, Alaska and right (b and d), at Niwot Ridge, Colorado. Upper panels (a and b), cumulative
monthly NEP and atmospheric CO2 concentration; and lower panels (c and d), cumulative monthly NEPisoflux and atmospheric
δ13Ca−CO2. The average over 1990–1997, normalized by subtracting the annual-mean value, is shown (model estimates
show standard-deviation bars for the interannual variability during the experimental period).

latitudes in the Northern Hemisphere. The estimated
NEP and NEPisoflux approximately captured the sea-
sonal trend, at both the northern high (Point Barrow)
and middle latitudes (Niwot Ridge) (Fig. 8). At Point
Barrow, a steep decrease of [CO2]a and an increase in
δ13Ca from May to August were observed and simu-
lated. On the other hand, at Niwot, Ridge, the model
estimated an earlier onset of the phase shift, in March,
than the observed onset in April. Moreover, the simu-
lation estimates, at least qualitatively, a larger seasonal
amplitude at the higher–latitude site (Point Barrow).
Although generally we should take care that the obser-
vations are representative of the zonal CO2 exchange,

the comparison presented here offer some evidence
supporting the model’s validity.

3.5. Interannual variability

An analysis of the relationship between interannual
climatic perturbations and anomalies in the CO2 bud-
get is regarded as an effective approach to exploring
the responsiveness of terrestrial ecosystems to envi-
ronmental change (Maisongrande et al., 1995; Ito and
Oikawa, 2000a, b). Both photosynthetic and respira-
tory CO2 flux varied substantially year by year, and
a continuously increasing trend was induced by the
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Fig. 9. Interannual change in atmosphere–biosphere CO2 exchange rates and their stable carbon isotope ratios, with respect
to (a) photosynthetic CO2 uptake, (b) respiratory CO2 release and (c) net CO2 budget derived from a and b.

atmospheric CO2 fertilization effect and climate
change (Figs. 9a and 9b). The relationship between cli-
matic perturbations (e.g. an El Niño event) and anoma-
lies in carbon fluxes has already been fully analyzed by
Ito and Oikawa (2000a, b). They showed that the esti-
mated CO2 fluxes responded to obvious climatic per-
turbations, such as the strong El Niño events in 1973,
1983 and 1998. As a result, NEP and NEPisoflux showed
a substantial range of interannual variability (Fig. 9c).
NEP was estimated as positive (i.e. a net carbon sink)
for almost the entire experimental period, whereas the
strong El Niño events in 1973 and 1983 resulted in
negative NEP values. It is important to note that inter-
annual changes in NEP and NEPisoflux howed a close
correlation (r2 = 0.91) but in opposite phase. Actu-
ally, a long-term observation of [CO2]a and δ13Ca in
the western Pacific (Nakazawa et al., 1997) clarified
that these parameters exhibited opposite interannual
changes, suggesting that they reflect the contribution
of the terrestrial biosphere. However, at present it is

uncertain whether the estimated NEPisoflux can account
for the flattening of the δ13C decrease from 1988 to
1990 observed at Cape Grim by Francey et al. (1995).

The photosynthetic fractionation coefficient � was
almost stable throughout the experimental period:
interannual variability was generally within 1‰
(Fig. 10). We found no significant long-term trend in
�, in spite of the rapid changes in atmospheric CO2

parameters. In other words, the [CO2]i/[CO2]a ratio
was nearly stable throughout the experimental period,
as has been suggested by ecophysiological studies
(Ehleringer and Cerling, 1995). The interannual stabil-
ity of � suggests that a double-deconvolution analysis
using a constant � value may not result in a signifi-
cant underestimation of the interannual variability of
the terrestrial and oceanic CO2 budgets. On the other
hand, the apparent latitudinal change in � may call
into question the spatial representativeness of [CO2]a

and δ13Ca data used in double deconvolution studies
(Keeling et al., 1995).
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Fig. 10. Estimated interannual changes in the photosyn-
thetic δ13C-discrimination coefficient (�) of the terrestrial
biosphere. Zonal and global average values are shown.

As shown in Fig. 11a, the terrestrial biosphere ac-
cumulated carbon through the experimental period,
38.5 Pg C in plant biomass and 31.5 Pg C in soil or-
ganic matter. This sequestration is equivalent to about
57% of the atmospheric CO2 increase (120 Pg C), and
33% of the fossil fuel CO2 emissions (210 Pg C; An-
dres et al., 1999) during the experimental period. The
net sink mostly occurred in forest ecosystems, partic-
ularly in the Northern Hemisphere. On the other hand,
δ13C in carbon pools decreased, but at different rates
(Fig. 11b). In a comparison between the first and the
last 10 yr of the experiment (Table 2), it can been seen
that biospheric δ13C decreased by 0.3‰, which was
less than half the decrease in δ13Ca. Although carbon
pools with shorter MRTs (foliage, litter and roots) in-
dicate a comparable rate of δ13C decrease, plant stems
and soil humus, which have longer MRTs, responded
reluctantly. Additionally, the faster pools show inter-
annual fluctuations, in response to climatic perturba-
tions affecting C3/C4 composition and [CO2]i/[CO2]a

ratio. As a result of the different responsiveness be-
tween litter and humus, the difference between δ13CL

and δ13CH was magnified from 0.2‰ in 1953 to 0.6‰
in 1999.

Tree-ring analyses may provide evidence for de-
creased biomass δ13C during recent decades, although
biomass δ13C can vary in response to both atmo-
spheric and plant physiological changes (Francey and
Farquhar, 1982; Leavitt, 1994; Monserud and

Fig. 11. Estimated changes in (a) atmospheric and bio-
spheric carbon storage, and (b) the stable carbon isotope ratio
(δ13C) of carbon pools accumulated from 1953 to 1999. Note
that the atmospheric CO2 values are taken from a prescribed
scenario, based on observational data (see text).

Marshall, 2001). For example, Stuiver et al. (1984)
analyzed samples of spruce from Alaska, and demon-
strated that woody δ13C decreased from −23‰ in
1880 to −26.5‰ in 1980. Some evidence can also be
obtained from archived plant materials; for example,
Zhao et al. (2001) showed that the δ13C of wheat grain
and straw samples collected since 1845 decreased by
about −2‰. From this evidence, we can reasonably
deduce that δ13C values of GPP and stored carbon de-
creased during the recent decades (Figs. 9 and 11),
although there remains an uncertainty in the temporal
agreement of the decrement rate. With respect to the
δ13C change in soil organic matter, Ehleringer et al.
(2000) summarized the vertical distribution of δ13C
with depth in terms of atmospheric change and bio-
logical fractionation processes. They stated that the
historical decrease in δ13Ca may be the primary cause
of the observed increase in δ13C with soil depth, and
that decomposition by microorganisms may amplify
the vertical gradient.
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3.6. Comparison with other studies and caveats

By comparing with other estimates, it was found
that the general features of terrestrial carbon dynam-
ics (storage and flux) were appropriately captured
by Sim-CYCLE. For example, the average NPP of
62.1 Pg C yr−1 obtained by Sim-CYCLE is feasible,
compared with other 16 model estimations (Cramer
et al., 1999). However, the existing models give a
wide range of NPP values (40–80 Pg C yr−1), and
then further constraints are needed for model valida-
tion. The estimated photosynthetic δ13C discrimina-
tion, 18.2‰, is slightly larger than those obtained by
other model studies: 14.8‰ by Lloyd and Farquhar
(1994), 15.7‰ by Fung et al. (1997), 16.4‰ by
François et al. (1999), and 15.6‰ by Buchmann and
Kaplan (2001). However, the leaf-level discrimina-
tion (�leaf) value of 16.1‰ is close to these previ-
ously obtained values. The previous sensitivity analy-
sis suggests that uncertainty in stomatal conductance
may not account for the difference between � values
(about 2‰), and then inclusion of the canopy recycling
may be chiefly responsible for the larger biospheric
discrimination effect. As mentioned above, the esti-
mated C4-plant contribution to global GPP and spa-
tial distribution of � were consistent with those of
other model studies. In summary, the simulation with
a process-based model gave a realistic estimation of
the atmosphere–biosphere exchange of CO2 and its
stable carbon isotope ratio.

There remain, however, several methodological
problems in the present research. (1) A stationary
biome and land-use distribution was assumed, in spite
of accelerating land-use change in the developing
countries. (2) Ecosystem disturbances, such as wild-
fire and deforestation, were not included in the model,
leading to overestimated MRTs for carbon pools. (3)
Sim-CYCLE regards canopy as a mono-layer big-leaf,
and it therefore does not explicitly express the vertical
δ13C gradient of leaves within a canopy (Hanba et al.,
1997). Moreover, several observations show that there
is an inter-species variability in δ13C value within a
plot (Hemming et al., 1998), suggesting a limitation
of the compartment–model approach. (4) The simula-
tion period (47 yr) may not be sufficiently long, com-
pared with the turnover rate of biospheric carbon (up to
millennia). Then, there remains uncertainty in the esti-
mated δ13C values of carbon pools with slow turnover
rates. (5) The model needs further examination with
respect to whether the leaf-level δ13C discrimination,
formulated by eqs. (5) and (6), is applicable to all C3

and C4 species, irrespective of biome type. (6) Addi-
tional validation is also needed for the agreement be-
tween estimated NEP and observed atmospheric CO2

seasonality, although it still has intrinsic and practical
limitations (Knorr and Heimann, 2001b). In spite of
these caveats, this study carries several implications,
as follows.

3.7. Implications

It is clear that in many terrestrial ecosystems, car-
bon storage data indicate a mean residence time of
several decades or centuries (Fig. 2c). This implies
that some fraction of respired carbon could have se-
questered from the past atmosphere during the pre-
industrial era. As a result, an isotopic disequilibrium
may occur between the two carbon pools, the atmo-
sphere and the biosphere (i.e., the 13C Suess effect).
Based on the definition of Tans et al. (1993), the flux-
weighted isotopic disequilibrium can be calculated as
23.7 ± 5.9 Pg C ‰ yr−1 from the present model sim-
ulation. This value seems close to other estimations:
25.8 Pg C ‰ yr−1 by Francey et al. (1995), 23.4 Pg C
‰ yr−1 by Heimann and Maier-Reimer (1996), and
27.2 Pg C ‰ yr−1 by Morimoto et al. (2000), but
slightly larger than the 18.0 Pg C ‰ yr−1 estimated by
Wittenberg and Esser (1997). The critical implication
of the model simulation is the wide range of interan-
nual variability (SD ±5.9 Pg C ‰ yr−1). Heimann and
Maier-Reimer (1996) performed a sensitivity analysis
for the parameters used in double-deconvolution stud-
ies, and concluded that the 13C Suess effect was one
of the most influential parameters on accuracy. Al-
though the present simulation suggests that a constant
� value through time may be reasonable for double–
deconvolution studies, variability in the disequilibrium
term should be considered in analyses of interannual
change. The spatial and temporal distribution of the
disequilibrium term (cf. Fung et al., 1997; Ciais et al.,
1999), not presented here, will be described in detail
in a forthcoming analysis.

Terrestrial carbon cycle models have already been
coupled with atmospheric transport models in several
studies (Heimann et al., 1998), allowing us to validate
terrestrial models by using atmospheric data. Simi-
larly, the inclusion of the δ13C ratio into the coupled
atmosphere–terrestrial model will allow us to validate
additional features related to isotopic characteristics
of terrestrial CO2 exchange, such as the C3/C4 distri-
bution ratio and the mean residence time of carbon.
This may lead to improved precision in quantifying
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the global carbon cycle, in relation to global environ-
mental change. Actually, field experiments and obser-
vations suggest that elevated [CO2]a can alter stom-
atal gas exchange, leaf area index, and C3/C4 ratio
(Bazzaz, 1996; Collatz et al., 1998), all of which are
more or less related to terrestrial NEP and δ13C dis-
crimination. From this study, it was found that the spa-
tial heterogeneity in � was mainly attributable to the
distribution of C3 and C4 plants (Figs. 2 and 5); this
may imply that C3/C4 composition may largely influ-
ence the long-term variation in the biospheric δ13C
discrimination effect. Therefore, establishing a model
of C3/C4 composition, as well as a stomatal conduc-
tance model, is essential for elucidating the terrestrial
carbon dynamics.

4. Conclusion

This study presents spatial and temporal patterns of
the atmosphere–biosphere CO2 exchange, incorporat-
ing the stable carbon isotopic ratio, simulated with a
process-based model. This is one of a few attempts
to address spatial, seasonal and interannual patterns
of terrestrial carbon dynamics, on a basis of reliable
climatic data. The model was designed to estimate
CO2 and δ13C exchange with comparable precision,
because the double-deconvolution method demands
precise information on both [CO2]a and δ13Ca. The
present simulation, at least of the past 47 yr, implies
that the terrestrial biosphere is sensitive to global en-
vironmental changes, such as increasing atmospheric

CO2 and climatic perturbations. The present sim-
ulation also emphasized the spatial heterogeneity
of terrestrial ecosystems, in the carbon exchange
rate, carbon storage and the isotopic discrimination
effect.

Further interdisciplinary studies will be required to
refine our understanding of the carbon cycle, particu-
larly with respect to stable carbon isotopes: to deter-
mine the leaf-level discrimination, we need ecophys-
iological studies; to determine the canopy-level CO2

recycling, we need micrometeorological methods; and
to determine C3/C4 distribution, we need ecological
surveys. For example, a flux observation by the eddy
covariance method, coupled with the simultaneous
measurement of δ13Ca, will be an effective approach,
if it can be carried out in a wide range of terrestrial
environments. In conclusion, additional modeling re-
search is needed to further elucidate the atmosphere–
biosphere exchange and its stable carbon isotope ratio
of CO2.
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