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Abstract. We ran the terrestrial ecosystem model (TEM) for the globe at 0.5 ø resolution for 
atmospheric CO2 concentrations of 340 and 680 parts per million by volume (ppmv) to evaluate 
global and regional responses of net primary production (NPP) and carbon storage to elevated 
CO2 for their sensitivity to changes in vegetation nitrogen concentration. At 340 ppmv, TEM 
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estimated global NPP of 49.0 10 g (Pg) C yr- and global total carbon storage of 1701.8 Pg C; 
the estimate of total carbon storage does not include the carbon content of inert soil organic 
matter. For the reference simulation in which doubled atmospheric CO2 was acco .mpanied with 
no change in vegetation nitrogen concentration, global NPP increased 4.1 Pg C yr -1 (8.3%), and 
global total carbon storage increased 114.2 Pg C. To examine sensitivity in the global responses 
of NPP and carbon storage to decreases in the nitrogen concentration of vegetation, we com- 
pared doubled CO2 responses of the reference TEM to simulations in which the vegetation ni- 
trogen concentration was reduced without influencing decomposition dynamics ("lower N" 
simulations) and to simulations in which reductions in vegetation nitrogen concentration influ- 
ence decomposition dynamics ("lower N+D" simulations). We conducted three lower N simu- 
lations and three lower N+D simulations in which we reduced the nitrogen concentration of 
vegetation by 7.5, 15.0, and 22.5%. In the lower N simulations, the response of global NPP to 
doubled atmospheric CO2 increased approximately 2 Pg C yr '1 for each incremental 7.5% re- 
duction in vegetation nitrogen concentration, and vegetation carbon increased approximately an 
additional 40 Pg C, and soil carbon increased an additional 30 Pg C, for a total carbon storage 
increase of approximately 70 Pg C. In the lower N+D simulations, the responses of NPP and 
vegetation carbon storage were relatively insensitive to differences in the reduction of nitrogen 
concentration, but soil carbon storage showed a large change. The insensitivity of NPP in the 
N+D simulations occurred because potential enhancements in NPP associated with reduced 
vegetation nitrogen concentration were approximately offset by lower nitrogen availability asso- 
ciated with the decomposition dynamics of reduced litter nitrogen concentration. For each 7.5% 
reduction in vegetation nitrogen concentration, soil carbon increased approximately an addi- 
tional 60 Pg C, while vegetation carbon storage increased by only approximately 5 Pg C. As 
the reduction in vegetation nitrogen concentration gets greater in the lower N+D simulations, 
more of the additional carbon storage tends to become concentrated in the north temperate- 
boreal region in comparison to the tropics. Other studies with TEM show that elevated CO2 
more than offsets the effects of climate change to cause increased carbon storage. The results of 
this study indicate that carbon storage would be enhanced by the influence of changes in plant 
nitrogen concentration on carbon assimilation and decomposition rates. Thus changes in vege- 
tation nitrogen concentration may have important implications for the ability of the terrestrial 
biosphere to mitigate increases in the atmospheric concentration of CO2 and climate changes as- 
sociated with the increases. 
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Introduction 

The atmospheric concentration of CO2 continues to increase 
because of human activity [Watson et al., 1990, 1992]. The 
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1995 assessment of the Intergovemmental Panel on Climate 
Change (IPCC) indicates that atmospheric levels of CO2 could 
be greater than 800 parts per million by volume (ppmv) by the 
year 2100 if there is no change in the trend of fossil fuel use 
[IPCC Working Group I (WGI), 1996]. The buildup of CO2 in 
the atmosphere has the potential to affect net primary produc- 
tion (NPP) and carbon storage of terrestrial ecosystems. Net 
primary production is the rate at which vegetation in an ecosys- 
tem fixes carbon from the atmosphere (gross primary produc- 
tion) minus the rate at which it returns carbon to the atmosphere 
(plant respiration). The responses of NPP and carbon storage to 
elevated CO2 are important to understand because they may 
have substantial effects on humans. Because NPP represents 
food, fuel, and fiber for human consumption [Vitousek et al., 
1986], the response of NPP may affect the availability of these 
resources. Rising levels of atmospheric CO2 have the potential 
to increase global surface air temperature and change precipita- 
tion and solar radiation patterns over the next century [Mitchell 
et al., 1990]. Because the response of carbon storage will affect 
the rate of CO2 accumulation in the atmosphere, it may influ- 
ence the rate at which climate might change. Thus it is impor- 
tant to identify the potential range and spatial distribution of 
NPP and carbon storage responses to elevated atmospheric CO2. 

A major uncertainty about the responses of NPP and carbon 
storage to elevated atmospheric CO2 concerns the role of the 
nitrogen cycle in these responses [McGuire et al., 1995a]. At 
the tissue level, an approximate doubling of atmospheric CO2 
reduces leaf nitrogen concentration an average of 21% but has a 
smaller effect on nitrogen concentrations in stems and fine roots 
of woody plants [McGuire et al., 1995a]. On average, overall 
nitrogen concentration of woody plants decreases an average of 
15% in response to an approximate doubling of atmospheric 
CO2 [McGuire et al., 1995a]. Although experimental research 
has confirmed that soil nitrogen availability often constrains the 
response of plant growth to elevated CO2, our knowledge of 
how CO2-induced changes in plant nitrogen concentration in- 
fluences the response of NPP and carbon storage is based on a 
small number of studies [McGuire et al., 1995a]. Decreases in 
plant nitrogen concentration are hypothesized to influence NPP 
and carbon storage through the dynamics of carbon assimilation 
and decomposition. 

The dynamics of carbon assimilation are influenced by leaf- 
level photosynthesis and ecosystem-level allocation responses 
to changes in tissue nitrogen concentrations. Among studies 
that manipulate both CO2 and nitrogen availability, a linear re- 
lationship exists between photosynthetic enhancement, change 
in leaf nitrogen concentration, and the amount of CO2 change 
according to the relationship: 

Pne/Pnb = 0.95924 + 0.00298 dLN + 0.00178 dCa 

where Pnb is net photosynthesis per unit leaf area for plants 
grown and measured at both baseline CO2 and the lowest level 
of fertilization in the experiment, Pne is the net photosynthesis 
rate for plants grown and measured at elevated CO2 and/or 
higher levels of nitrogen fertilization, dLN is the percent change 
in nitrogen concentration between leaves corresponding to the 
measurement of Pnb and those of Pne, and dCa is the concentra- 
tion difference in ppmv between elevated and baseline CO2 [see 
McGuire et al., 1995a]. For a 21% decrease in leaf nitrogen 
concentration associated with a 340 ppmv increase in atmos- 

pheric CO2, the leaf-nitrogen term indicates a relative photo- 
synthetic reduction of 6.2%, whereas the atmospheric-CO2 term 
indicates a relative photosynthetic increase of 60.5%. Therefore 
at the tissue level, the influence of reductions in leaf nitrogen 
appear to be secondary compared with the rise in atmospheric 
CO2. In contrast, soil nitrogen availability is an important factor 
that often constrains the response of woody plant growth to ele- 
vated CO2 [see McGuire et al., 1995a]. This observation is 
consistent with numerous studies that have demonstrated that 

net primary production in northern and temperate ecosystems is 
known to be limited by the availability of inorganic nitrogen in 
the soil [Mitchell and Chandler, 1939; Safford and Filip, 1974; 
Van Cleve and Zasada, 1976; Auchmoody and Smith, 1977; 
Dodd and Lauenroth, 1979; Ellis, 1979; Shaver and Chapin, 
1980; Risser et al., 1981; Miller, 1981; Aber et al., 1982; Peter- 
son, 1982; Pastor et al., 1984; Binkley, 1986; Chapin et al., 
1986; Shaver and Chapin, 1986; Chapin, 1991; Vitousek and 
Howarth, 1991]. Furthermore, it has been observed that pro- 
duction may increase substantially in response to increased soil 
nitrogen availability even when there is little response of tissue 
photosynthesis [see Vitousek et al., 1993]. The combination of 
evidence from CO2-manipulation studies and from nitrogen fer- 
tilization experiments suggests that the ecosystem-level re- 
sponse of carbon assimilation to elevated CO2 may depend on 
how nitrogen uptake by the vegetation and nitrogen recycling 
within the vegetation influence the ability of plants to incorpo- 
rate elevated CO2 in the construction of canopy, stem, and root 
biomass. If elevated CO2 leads to a reduction in the nitrogen 
concentration of plant tissues, then the response of NPP to ele- 
vated CO2 may be enhanced because less nitrogen is involved in 
the construction of new biomass. 

The effect of elevated CO2 in reducing nitrogen concentra- 
tion of plant tissue may alter soil nitrogen availability by influ- 
encing decomposition. Compared to leaf litter of woody plants 
grown at baseline CO2, decreased nitrogen concentration for 
leaf litter of plants grown at elevated CO2 has been observed for 
numerous species [see McGuire et al., 1995a]. Rates of leaf 
decomposition are often correlated with several indices of ni- 
trogen litter quality, which include nitrogen concentration, car- 
bon/nitrogen ratio, and lignin/nitrogen ratio [Melillo et al., 
1982]. Nitrogen concentration is generally positively correlated 
with decomposition, whereas the other two indices generally are 
negatively correlated. If decomposition is depressed because of 
CO2-induced changes in litter quality, soil nitrogen availability 
may be reduced in ecosystems. Because reduced nitrogen 
availability has the potential to limit productivity responses to 
elevated CO2, reduced litter quality resulting from elevated CO2 
has the potential to cause long-term negative feedback to con- 
strain the response of NPP. 

Reductions in vegetation nitrogen concentration may have 
important implications for the role of the terrestrial biosphere in 
stabilizing the concentration of atmospheric CO2. These reduc- 
tions may alter the CO2 response of NPP, which influences 
vegetation carbon storage, and the CO2 response of decomposi- 
tion, which influences soil carbon storage. The response of 
vegetation carbon storage will depend on whether the potential 
for lower vegetation nitrogen concentration to enhance the re- 
sponse of NPP to elevated CO2 is stronger or weaker than the 
potential for lower litter quality to depress the NPP response. 
The response of soil carbon storage will depend on the degree 
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to which decomposition rates are depressed by reductions in 
litter quality associated with lower vegetation nitrogen concen- 
tration. 

Although reductions in vegetation nitrogen concentration as- 
sociated with elevated atmospheric CO2 have the potential to in- 
fluence carbon storage, it is not clear whether vegetation or soils 
will have a stronger response. In addition, there is uncertainty 
about the degree to which vegetation nitrogen concentration 
may respond to elevated CO2. Most studies of plant responses 
to elevated CO2 have involved experimental manipulation of 
developing seedlings. Because vegetation nitrogen concentra- 
tion generally decreases during development, it has been argued 
that observed reductions in nitrogen concentration associated 
with elevated CO2 may, in part, represent accelerated growth 
[Agren, 1994]. In this study, we evaluate global and regional 
responses of NPP, vegetation carbon storage, and soil carbon 
storage to elevated CO2 for their sensitivity to changes in vege- 
tation nitrogen concentration. For evaluating the sensitivity of 
these responses, we use version 4.0 of the terrestrial ecosystem 
model (TEM) [McGuire et al., 1995b], which is a biogeochemi- 
cal model that makes geographically referenced estimates of the 
major carbon and nitrogen fluxes and pool sizes for the global 
terrestrial biosphere [see Melillo et al., 1993]. 

Model Description 
Overview 

The TEM uses spatially referenced information on climate, 
soils, and vegetation to make monthly estimates of important 
carbon and nitrogen fluxes and pool sizes for the terrestrial bio- 
sphere (Figure 1). The first two versions of TEM were used to 
examine patterns of NPP in South America [Raich et al., 1991 ] 
and North America [McGuire et al., 1992]. The third version of 
TEM was used to examine the response of NPP to elevated 
temperature and carbon dioxide for temperate forests [McGuire 
et al., 1993] and to general circulation model (GCM) predicted 
climate change for the terrestrial biosphere [Melillo et al., 
1993]. The carbon storage predictions of the third version were 
also evaluated for global terrestrial ecosystems [Melillo et al., 
1995] and for grasslands and conifer forests [McGuire et al., 
1996]. In this study, we use version 4.0 of TEM, which was 
modified from version 3 to improve patterns of soil carbon stor- 
age along gradients of temperature, moisture, and soil texture 
[see McGuire et al., 1995b; vegetation/ecosystem modeling and 
analysis project (VEMAP) Members, 1995; Pan et al., 1996; 
Xiao et al., 1997]. Because the NPP and carbon storage re- 
sponses of TEM to elevated CO2 and associated changes in 
vegetation nitrogen concentration will depend on the responses 
of both plant and soil processes in the model, we review the 
production and decomposition formulations in TEM. 

Production 

To understand how NPP estimated by TEM 4.0 responds to 
elevated atmospheric CO2, it is necessary to understand how 
NPP is determined. For each monthly time step in a model run, 
NPP is calculated as the difference between gross primary pro- 
duction (GPP) and plant respiration (R•). The calculation of RA 
considers both maintenance respiration [McGuire et al., 1992, 
1993] and construction respiration [Raich et al., 1991]. The 
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Figure 1. The Terrestrial Ecosystem Model (TEM). The 
state variables are carbon in the vegetation (Cv); structural 
nitrogen in the vegetation (Nvs); labile nitrogen in the 
vegetation (NvL); organic carbon in soils and detritus (Cs); 
organic nitrogen in soils and detritus (Ns); and available soil 
inorganic nitrogen (N^v). Arrows show carbon and nitrogen 
fluxes; GPP, gross primary production; R^, autotrophic 
respiration; Ri•, heterotrophic respiration; Lc, litterfall carbon; 
LN, litterfall nitrogen; NUPTAKEs, nitrogen uptake into the 
structural nitrogen pool of the vegetation; NUPTAKEt•, 
nitrogen uptake into the labile nitrogen pool of the vegetation; 
NRESORB, nitrogen resorption from dying tissue into the 
labile nitrogen pool of the vegetation; NMOBIL, nitrogen 
mobilized between the structural and labile nitrogen pools of 
the vegetation; NETNMIN, net nitrogen mineralization of soil 
organic nitrogen; NINPUT, nitrogen inputs from outside the 
ecosystem; and NLOST, nitrogen losses from the ecosystem. 

flux GPP considers the effects of several factors and is calcu- 

lated at each time step as follows: 

GPP = Cma x f(PAR) f(LEAF) f(T) f(Ca, Gv) f(NA) 

where Cma x is the maximum rate of C assimilation, PAR is 
photosynthetically active radiation, LEAF is leaf area relative to 
maximum annual leaf area, T is temperature, Ca is atmospheric 
carbon dioxide, Gv is relative canopy conductance, and NA is 
nitrogen availability. 

The response of GPP to atmospheric CO2 is affected by three 
aspects of leaf-level carbon assimilation [Farquhar et al., 1980; 
Wullschleger, 1993; Pettersson and McDonald, 1994; Sage, 
1994]: carboxylation, light harvest, and carbohydrate synthesis. 
Under saturating light conditions at low levels of intercellular 
CO2, assimilation is limited by the quantity and activity of 
ribulose bisphosphate carboxylase (rubisco), the enzyme that is 
primarily responsible for capturing atmospheric carbon in the 
production of sugars. Rubisco may accept either CO2 
(carboxylation) or O2 (oxygenation) as a substrate; oxygenation 
leads to photorespiration. Because CO2 competes with 02 for 
rubisco binding sites, enhancement of photosynthesis by ele- 
vated CO2 is possible through increased carboxylation and de- 
creased oxygenation. Carboxylation increases with rising inter- 
cellular CO2 until levels where the regeneration of rubisco, and 
thus the ability to fix carbon, is limited by the light harvesting 



176 MCGUIRE ET AL.: CO2, VEGETATION [N], AND GLOBAL CARBON STORAGE 

machinery of photosynthesis. At high levels of intercellular 
CO2, the enzymatically controlled rate of carbohydrate synthe- 
sis, which affects the phosphate regeneration that is necessary 
for harvesting light energy, may regulate the fixation of carbon. 
The assimilation-intercellular CO2 (A-CO relationship is the 
empirical observation of carboxylation-limited, light-limited, 
and synthesis-limited assimilation over the range of intercellular 
CO2 [Wullschleger, 1993; Sage, 1994]. In TEM, the A-Ci rela- 
tionship is represented by the product f(Ca, Gv) f(NA). 

Although the individual mechanisms of assimilation have 
been modeled [Farquhar et al., 1980; Farquhar and von 
Caemmerer, 1982], the A-Ci relationship can effectively be 
modeled with a hyperbolic relationship that collectively repre- 
sents the mechanisms of assimilation. In TEM, the overall hy- 
perbolic nature of the A-Ci relationship is represented in the 
function f(Ca, Gv) [Raich et al., 1991' McGuire et al., 1993' 
Melillo et al., 1993]: 

f(Ca, Gv)= C/(kc + Ci) 

where Ci is the concentration of CO2 within leaves of the can- 
opy and kc is the half-saturation constant for CO2 uptake by 
plants. The variable C, is the product of ambient CO2 (Ca) and 
relative canopy conductance to CO2 (Gv), a variable which in- 
creases from 0 to 1 with increasing water availability and de- 
pends on the ratio of actual evapotranspiration to potential 
evapotranspiration: 
Gv = -10 (EET/PET) 2 + 2.9 (EET/PET) EET/PET < 0.1 

Gv = 0.1 + 0.9 (EET/PET) EET/PET > 0.1 

where EET is estimated evapotranspiration and PET is potential 
evapotranspiration. The different form of Gv below EET/PET 
of 0.1 allows minimum possible Gv to be 0 instead of 0.1, a 
plant response that seems possible in extremely arid regions. 
Because Gv depends on the ratio of EET to PET, the response 
of f(Ca, Gv) to doubled CO2 is higher in dry environments. The 
value of the parameter ko 400 ppmv, has been chosen to in- 
crease f(Ca, Gv) by 37% for a doubling of atmospheric CO2 
from 340 ppmv to 680 ppmv for maximum relative canopy 
conductance, that is, Gv = 1 [McGuire et al., 1992, 1993]. 

Although the range of response of plant growth is between 
25 and 50% in studies that provide adequate nutrients and water 
to experimental plants [Kimball, 1975; Gates, 1985], soil nitro- 
gen is an important factor that often constrains the response of 
woody plant growth to elevated CO2 [McGuire et al., 1995a]. 
The constraining effects of nitrogen availability on the response 
of carbon assimilation to elevated CO2 represents, in part, the 
acclimation response of photosynthesis to elevated CO2. Be- 
cause ruNsco represents a substantial proportion of leaf nitro- 
gen [Evans, 1989], photosynthetic rate is generally correlated 
with the nitrogen content of leaves [Evans, 1989' Field, 1991 ]. 
Reduced nitrogen availability has often been observed to de- 
crease both leaf nitrogen content and photosynthesis [Wong, 
1979; Gulmon and Chu, 1981' Evans, 1983; Sage and Pearcy, 
1987a,b; Chapin et al., 1988' Lajtha and WhiOrord, 1989]. 
Lower nitrogen concentrations of leaves in response to elevated 
CO2 may represent the dilution of nitrogen by higher rates of 
carbon assimilation or may represent less allocation of nitrogen 
to rubisco and other enzymes that influence light harvest and 
phosphate regeneration. If lower concentrations primarily rep- 
resent dilution, then assimilation per unit leaf area should re- 

main unchanged over the carboxylation-limited range of inter- 
cellular CO2. Alternatively, if they represent less allocation of 
nitrogen to photosynthesis, then lower assimilation per unit leaf 
area is expected in plants grown at elevated CO2. This acclima- 
tion response of photosynthesis is categorized as down regula- 
tion, which occurs when the photosynthetic capacity of plants 
grown in elevated CO2 decreases in comparison to plants grown 
at baseline CO2, but the rate of photosynthesis for plants grown 
and measured at elevated CO2 is not less than the rate for plants 
grown and measured at baseline CO2 [see Luo et al., 1994]. 
Down regulation appears to be the predominant photosynthetic 
acclimation response of woody plants to elevated CO2 
[Gunderson and Wullschleger, 1994; McGuire et al., 1995a]. 

In TEM, it is important to recognize that the response of GPP 
to doubled CO2 is not a constant 37% for 1% of 400 ppmv be- 
cause of the effects of f(NA) on the GPP calculation; f(NA) 
models the limiting effects of plant nitrogen status on GPP 
through the feedback of nitrogen availability on carbon assimi- 
lation [McGuire et al., 1992, 1993; Melillo et al., 1993]. This 
feedback is dynamically determined by comparing the calcula- 
tion of GPP based on nitrogen supply and the calculation of 
GPP for no constraints of nitrogen supply. Nitrogen supply is 
the sum of nitrogen uptake ((NUPTAKE), see Figure 1) plus 
nitrogen mobilized from the vegetation labile nitrogen pool 
((NMOBIL), see Figure 1). The C to N ratio of production, 
which is represented by the parameter PcN, is multiplied by the 
sum of NUPTAKE and NMOBIL to determine the amount of 

NPP that can be supported from the nitrogen supply. Nitrogen 
supply constrains production when the calculation of uncon- 
strained GPP, that is, potential GPP (GPPp) for f(NA) equal to 
1, exceeds the sum of autotrophic respiration (R^) and NPP that 
is determined from nitrogen supply. Therefore the feedback of 
nitrogen availability on carbon assimilation, f(NA), is the ratio 
of GPP to GPPp. The calculation of GPP, NPP, and f(NA) can 
be expressed as 
NPP = PcN (NUPTAKE+NMOBIL) 

GPP = Pcs (NUPTAKE+NMOBIL) + R^ 

f(NA) = GPP/GPPp PCN (NUPTAKE+NMOBIL) + R^ _< GPPp 

and 

NPP = GPPp - R A 

GPP = GPPp 

f(NA) = 1 PCN (NUFFAKE + NMOBIL) + RA > GPPp 

On first inspection these algorithms would appear to com- 
pletely constrain the response of NPP to elevated CO2 in nitro- 
gen-limited systems. However, it is important to recognize that 
there is seasonality in the degree of nitrogen limitation. Nitro- 
gen is generally in greatest supply early in the growing season 
when vegetation is able to mobilize nitrogen from storage. In 
this case, the vegetation in TEM is able to incorporate elevated 
intercellular CO2 into production. Higher levels of production 
cause greater litterfall to cause higher rates of decomposition 
and higher rates of nitrogen cycling. One consequence of 
greater nitrogen cycling is higher rates of nitrogen uptake. Ni- 
trogen cycling eventually equilibrates at a higher level consis- 
tent with the higher levels of production and nitrogen supply. 
Thus elevated CO2 alters the seasonal pattern of carbon- 
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nitrogen status in the vegetation of TEM to influence produc- 
tion. 

Decomposition 

The response of decomposition to elevated atmospheric CO2 
may directly influence soil carbon storage through effects on 
litter quality that alter heterotrophic respiration rates. Decom- 
position may also influence soil carbon storage through effects 
on inorganic nitrogen availability that alter NPP and inputs into 
the soil; inorganic nitrogen availability depends, in part, on the 
net nitrogen mineralization ((NETNMIN), see Figure 1) of soil 
organic nitrogen that is associated with decomposition. In 
TEM, decomposition is represented as heterotrophic respiration 
(RH): 

RH = Kd Cs f(M) e ø'ø693T 

where Kd is the heterotrophic respiration rate at 0 ø C, Cs is car- 
bon storage in soils, f(M) is a function defining the influence of 
soil moisture (M) on decomposition, and T is mean monthly air 
temperature. In TEM, R H is the only loss calculated from the 
detrital compartment Cs, which is an aggregated pool of organic 
carbon in detritus and soils. The function f(M) is a nonlinear 
relationship that models the influence of soil moisture on mi- 
crobial activity at low soil-moisture contents and the influence 
of oxygen availability on microbial activity at. high moisture 
contents [see Raich et al., 1991]). This relationship causes the 
highest rates of decomposition to occur when soils are 60% to 
80% saturated with water, which has been observed in numer- 
ous laboratory and field studies [Bartholomew and Norman, 
1946; Bhaumik and Clark, 1947; Miller and Johnson, 1964; Ino 
and Monsi, 1969; Hunt, 1977; Davidson, 1979' Sommers et al., 
1981' Van Veen and Paul, 1981' Stott et al., 1986]. The expo- 
nential function with T represents the temperature sensitivity of 
decomposition, which increases logarithmically with a Q•0 of 
2.0 over all temperatures; soil respiration in temperate forests 
soils has a Q•0 of 1.988 in relationships with mean daily air 
temperature and 1.983 in relationships with mean monthly air 
temperature [Kicklighter et al., 1994]. 

The parameter Kd, which represents the heterotrophic respi- 
ration rate at 0 ø C, is the rate-limiting parameter in the RH for- 
mulation. The value of Kd at a vegetation-specific calibration 
site I•2dc is one of several rate-limiting parameters that are deter- 
mined by calibrating TEM to the annual fluxes and pools at the 
calibration site for an ecosystem. To implement changes in lit- 
ter quality associated with changes in vegetation nitrogen con- 
centration, we relate Kd to a power function of the carbon to ni- 
trogen ratio of litterfall: 

md -- md c (Lc/LN) -0'784 / (Ccc/CNc) '0'784 
where Lc and LN are the annual fluxes of litterfall carbon and 
nitrogen (see Figure 1) and Lcc and LN• are the annual fluxes of 
litterfall carbon and nitrogen at the calibration site for the eco- 
system. The implementation of this power function is based on 
the relationship derived by Melillo et al. [ 1982] for the decom- 
position of 13 leaf and needle species in the laboratory study of 
Daubenmire and Prusso [1963]. The relationship identifies 
that an inverse curvilinear relationship exists between the rate 
constant for annual mass loss, k [see Jenny et al., 1949], and the 
initial lignin to nitrogen ratio according a power function with 
the exponent -0.784. We used this relationship instead of other 

relationships [see Melillo et al., 1982] because the data used to 
derive the relationship represents a wider range of lignin to ni- 
trogen ratios than data used to derive other relationships; in 
TEM, the aggregated nature of litter inputs into the soil requires 
a relationship appropriate to a broad gradient of litter quality. 
Our implementation of this relationship to determine the de- 
pendence of Kd on litter quality assumes that Kd is proportional 
to k [see Raich et al., 1991] and that the ratio of k to 
(lignin/nitrogen) -ø'784 is a constant [see Melillo et al., 1982]. Fi- 
nally, we use the carbon to nitrogen ratio of litterfall in place of 
the initial lignin to nitrogen ratio of litterfall. 

Design of Sensitivity Analyses 

To examine sensitivity in the global responses of NPP and 
carbon storage to decreases in the nitrogen concentration of 
vegetation, we compare the reference doubled CO2 responses of 
TEM to the doubled CO2 responses of TEM for simulations in 
which the vegetation nitrogen concentration was reduced with- 
out influencing decomposition dynamics ("lower N" simula- 
tions) and simulations in which reductions in vegetation nitro- 
gen concentration influence decomposition dynamics ("lower 
N+D" simulations). We conducted three lower N simulations 
and three lower N+D simulations in which we reduced the ni- 

trogen concentration of vegetation by 7.5, 15.0, and 22.5%. We 
chose incremental reductions of 7.5% for the sensitivity analy- 
ses because the reduction is half of the average 15% reduction 
of nitrogen concentration in response to an approximate dou- 
bling of atmospheric CO2 [see McGuire et al., 1995a]. 

In modeling the acclimation response of GPP to elevated 
CO2, the assumption in TEM is that at monthly and annual 
timescales, there is a balance between canopy carbon assimila- 
tion and nitrogen economy of the vegetation. Thus in TEM, ni- 
trogen is allocated implicitly to represent the tradeoff between 
canopy development and acclimation of tissue-level photosyn- 
thesis so that carbon uptake is maximized in building vegetative 
biomass at a specific carbon to nitrogen ratio. Although vege- 
tative biomass is built at a specific carbon to nitrogen ratio, the 
overall ratio of carbon to nitrogen in vegetation may be differ- 
ent. For example, in tundra, the carbon to nitrogen ratio of new 
production is around 30 while the overall carbon to nitrogen ra- 
tio is around 50 [Shaver and Chapin 1991; McGuire et al., 
1992]. These ratios are representative for the aggregated vege- 
tation of a plant community, even though the ratios may be dif- 
ferent for individual species and growth forms within the com- 
munity [Shaver and Chapin, 1991 ]. The difference between the 
carbon to nitrogen ratios of new production and overall vegeta- 
tive biomass are caused by the processes of nitrogen resorption 
and mobilization in plants. In TEM, nitrogen resorption is rep- 
resented by the flux NRESORB and nitrogen mobilization is 
represented by the flux NMOBIL (see Figure 1). 

Patterns of nitrogen resorption from senescing tissue and of 
mobilization of nitrogen from storage suggest that plants allo- 
cate nitrogen to maximize carbon uptake. The nitrogen that ap- 
pears in new vegetative biomass comes from new uptake and 
from recycling, in which nitrogen is mobilized from storage. 
The resorption of nitrogen from senescing tissues is primarily 
responsible for the nitrogen in storage. In general, the degree of 
recycling is sensitive to the degree of nitrogen limitation. For 
example, production in tundra plants is more limited by nitro- 
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gen availability than is production in boreal forest, which is 
more limited than production in temperate conifer forest [see 
McGuire et al., 1992]. In tundra plants, 50 to 80% of nitrogen 
in new tissue comes from resorption [Shaver and Chapin, 
1991]. This is greater than the degree of recycling in boreal 
forest, in which approximately 45% of the nitrogen in new bio- 
mass comes from resorption [see McGuire et al., 1992]. In 
temperate conifer forest, the degree of recycling is less, with 
approximately 30% of nitrogen in new biomass derived from 
resorption [Sollins et al., 1980], and in tall grassland only 10% 
of the nitrogen in new biomass is derived from resorption 
[Risser et al., 1981]. These studies of nitrogen recycling indi- 
cate that plants are sensitive to carbon-nitrogen balance and 
suggest that plants are capable of conserving and allocating ni- 
trogen to maximize carbon uptake. Because the parameters re- 
lated to the nitrogen concentration of vegetation biomass in 
TEM define carbon-nitrogen balance in the model, it is impor- 
tant to understand the sensitivity of CO2 responses of TEM to 
potential changes that these parameters may experience in asso- 
ciation with elevated atmospheric CO2. 

Experimental studies that have measured the response of tis- 
sue nitrogen concentration in plants exposed to elevated CO2 
usually do not identify whether the measurements represent 
changes in new production or in overall vegetative biomass. 
Therefore, in both the lower N and the lower N+D simulations, 
we altered the parameters in TEM that control the vegetation 
carbon to nitrogen ratio (VcN, [see Raich et al., 1991 ]) and the 
production carbon to nitrogen ratio (PcN, [see McGuire et al., 
1992]). Because nitrogen concentration is inversely related to 
carbon to nitrogen ratio, we modified these parameters as fol- 
lows: 

VcN(d[N]) = 100 VCNo / (100 - d[N]) 

and 

PcN(d[N]) = 100 PCNo / (100 - d[N]) 

where VCNo and PcNo are the original values of VCN and PCN, and 
VcN(d[N]) and PcN(d[N]) are the values of VCN and PeN associ- 
ated with the percent decrease in nitrogen concentration (d[N]); 
therefore 7.5, 15.0, and 22.5% decreases in nitrogen concentra- 
tion increase VCNo and PCNo by 8.1, 17.6, and 29.0%, respec- 
tively. In the reference and lower N simulations, we set K• 
equal to Kdc so that decomposition is not influenced by litter 
quality. In the lower N+D simulations, we calculated Kd based 
on its relationship with litter quality, which is influenced by the 
parameter VcN(d[N]). 

Application of the Terrestrial Ecosystem Model 

The data sets used to drive TEM are gridded at a resolution 
of 0.5 ø latitude by 0.5 ø longitude. The variables required to run 
TEM 4.0 for a grid cell are mean monthly temperature, monthly 
precipitation, mean monthly cloudiness, vegetation, elevation, 
soil texture as percent silt plus clay, and several hydrological 
variables (potential evapotranspiration, estimated evapotrans- 
piration, and soil moisture). Mean monthly temperature, pre- 
cipitation, and cloudiness in this study are from the global data 
sets of Cramer and Leeroans (W. Cramer, personal communica- 
tion, 1995), which is a major update of Leemans and Cramer 
[1991 ]. Monthly percent cloudiness is calculated as 100 minus 

monthly percent sunshine duration in the Cramer and Leemans 
database. The vegetation data set, which identifies 18 dryland 
ecosystems, is similar to that of Melillo et al. [1993], but has 
been modified to represent the terrestrial boundaries defined by 
the Cramer and Leemans global database. The elevation data 
represent an aggregation to 0.5 ø resolution of the 10' National 
Center for Atmospheric Research (NCAR)/Navy [1984] data. 
Soil texture is based on the Food and Agriculture Organization 
(FAO)/Complex Systems Research Center (CSRC) (undated) 
digitization of the FAO-United Nations Educational, Scientific, 
and Cultural Organization (UNESCO) [1971] soils map. Hy- 
drological data for TEM are determined by a water balance 
model [Vorosmarty et al., 1989] that uses the same input vari- 
ables as TEM. 

The application of TEM to a grid cell requires the use of the 
monthly climatic and hydrological data and the soil- and vege- 
tation-specific parameters appropriate to the grid cell. Although 
many of the vegetation-specific parameters are defined from 
published information, some are determined by calibrating the 
model to the fluxes and pools sizes of an intensively studied 
field site. The run for each grid cell starts with the January val- 
ues of the variables that have monthly temporal resolution. 
Therefore the initial values of the pool sizes for a grid cell are 
set to those of the December values from the appropriate vege- 
tation-specific calibration. To determine a solution for baseline 
conditions, which in this study is defined as contemporary cli- 
mate at an atmospheric CO2 concentration of 340 ppmv, the 
model is run with an open nitrogen cycle, and nitrogen is annu- 
ally imported or exported through the inorganic nitrogen pool 
depending on whether soil organic matter is nitrogen poor or 
rich in comparison to the carbon to nitrogen ratio of the soil at 
the calibration site, SCN. This algorithm simulates the balance 
between long-term nitrogen inputs and outputs so that the grid 
cell has an equilibrium soil carbon to nitrogen ratio equal to 
SCN; it has the benefit of reaching equilibrium much faster than 
explicitly simulating nitrogen fixation, nitrogen deposition, de- 
nitrification, and nitrogen leaching losses. The grid cell is de- 
termined to have reached equilibrium when the annual fluxes of 
NPP, Lc, and Ri• differ by less than 1 g C m '2 yr -•, those of 
NETNMIN, LN, and total N uptake by vegetation differ by less 
than 0.01 g N m -2 yr -•, and those of NINPUT and NLOST differ 
by less than 0.01 g N m '2 yr -•. Because NINPUT and NLOST 
are determined annually, these fluxes are effectively 0 at equi- 
librium. 

For running a grid cell under doubled CO2 (680 ppmv), the 
initial values of the pools for the grid cell are set to the Decem- 
ber values of the equilibrium baseline solution for the grid cell, 
that is, the solution for 340 ppmv CO2. The nitrogen cycle is 
closed for the doubled CO2 run so that there is no nitrogen im- 
ported or exported from the grid cell. The conditions for deter- 
mining when the grid cell has reached equilibrium are the same 
as for the baseline solution. For the reference doubled CO2 
simulation, the mean amount of time for a grid cell to reach 
equilibrium was 76.6 years. For the lower N simulations asso- 
ciated with 7.5, 15.0, and 22.5 reductions in vegetation nitrogen 
concentration, the mean amount of time for a grid cell to reach 
equilibrium was 116.7, 144.3, and 169.2 years, respectively. 
For the lower N+D simulations associated with 7.5, 15.0, and 
22.5% reductions in vegetation nitrogen concentration, the 
mean amount of time for a grid cell to reach equilibrium was 
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157.8, 192.5, and 219.9 years, respectively. Because the turn- 
over time of the single-compartment soil carbon pool in TEM is 
approximately 16 years, the simulations in this study represent 
true equilibrium solutions by the model. Although soil carbon 
is represented as a single compartment, the equilibrium solution 
is representative of the solution in a multiple-compartment 
model that considers the same total pool of soil organic carbon 
with similar formulations for each compartment. The imple- 
mentation of the single-compartment model has the advantage 
of determining an equilibrium solution in less computational 
time than would be required by a multiple-compartment model 
(see Schimel et al. [1994] for analyses of single- versus multi- 
pie-compartment models of soil carbon dynamics). 

Results 

Baseline Estimates of NPP and Carbon Storage 

At an atmospheric CO2 concentration of 340 ppmv, TEM 4.0 
estimates global terrestrial NPP to be 49.0 10 •s g (Pg) C yr -• 
(Table 1). Much of the global NPP occurs in equatorial regions 
(Figure 2a) with 34.5% of global NPP in tropical evergreen for- 
est, which occupies 13.7% of the terrestrial area (Table 1). In 
contrast, temperate forests (coniferous, deciduous, mixed, and 
broadleaf evergreen), which occupy 11.3% of the terrestrial 
area, account for 19.2% of global NPP (Table 1). A trough in 
productivity occurs between latitudes 10 ø and 20 ø N (Figure 2a). 
These latitudes are largely occupied by deserts and arid shru- 
blands, which account for only 3.9% of global NPP although 
they occupy 20.2% of global land area (Table 1). Similarly, 
high-latitude ecosystems (polar desert, tundra, boreal woodland, 
and boreal forest), which occupy 22.6% of terrestrial area, ac- 
count for only 9.6% of global NPP (Table 1). The least pro- 
ductive vegetation types include polar desert, tundra, and desert, 
which collectively account for 2.4% of terrestrial NPP (Table 
1). 

For the baseline atmospheric CO2 concentration, global ter- 
restrial carbon storage is estimated by TEM 4.0 to be 1701.8 Pg 
C, with 771.7 Pg C in soils and 930.1 Pg C in vegetation (Table 
1). The estimate of vegetation carbon storage does not include 
the effects of land use. In previous studies, TEM estimates that 
land use reduces vegetation carbon stocks between 150 and 200 
Pg C (D. W. Kicklighter, unpublished data, 1994). Because soil 
organic matter is composed of material that represents a spec- 
trum of turnover times along the decay continuum [see Melillo 
et al., 1989a], we have designed TEM to exclude from its esti- 
mates of soil carbon storage that portion of soil organic matter 
which is biologically unreactive in the context of global change 
that might occur over the next century or so. In previous studies 
with TEM, we have estimated that the biologically unreactive 
soil organic carbon in this context represents 400 to 500 Pg C of 
the global soil carbon inventory [Melillo et al., 1995]. Several 
studies shed light on the spectrum of tumover times represented 
in soil carbon estimates of TEM. The terrestrial model of Sar- 

miento et al. [1995] estimates that approximately 350 Pg C of 
soil organic carbon has a turnover time ranging between 1 and 
20 years. Harrison et al. [1993] indicate that 50% of the soil 
column contains fast-cycling carbon and estimate the global 
fast-cycling pool to be 500 Pg C with components that have 
resident times ranging from 10 to 100 years. Trumbore et al. 
[1996] demonstrate fast rumover (7 to 65 years) for 50 to 90% 

of carbon in the upper 20 cm of soil. In the upper 20 cm of soil, 
the Century model estimates that approximately 10% of the soil 
organic pool is represented in the soil microbial and detrital 
pools with 0- to 10-year turnover, approximately 50% is repre- 
sented in a slow pool with 20- to 100-year turnover, and ap- 
proximately 40% is represented in a passive pool with 1000- to 
5000-year rumover [Schimel et al., 1994]. On the basis of the 
837.2 Pg C estimated by the third version of TEM for organic 
carbon stocks in the upper 20 cm of soil [Melillo et al., 1995] 
and the 60% estimate of soil carbon with 0- to 100-year turn- 
over, 502 Pg C of global soil carbon stocks has 0- to 100-year 
turnover, which agrees closely with the 500 Pg C estimate of 
Harrison et al. [1993]. On the basis of these estimates, we in- 
terpret that the 771.7 Pg C pool estimated by TEM represents 
soil carbon with turnover times minimally in the range from 0 to 
100 years and perhaps to several hundred years, but that the 
pool excludes soil carbon with millenial rumover. Therefore we 
feel that TEM minimally characterizes the decadal response of 
soil carbon up to about a century, which is an appropriate 
timescale for considering potential terrestrial responses to dou- 
bled atmospheric CO2. The model may characterize soil carbon 
responses beyond a century, but the timescale depends on what 
fraction of soil carbon with 100- to 1000-year turnover is repre- 
sented by the model; soil reservoirs with 400-year turnover may 
start to dominate soil carbon responses to rising atmospheric 
CO2 after about 100 years [Sarmiento et al., 1995]. 

In contrast to NPP, global carbon storage has a bimodal lati- 
tudinal distribution, with substantial carbon storage in both the 
equatorial and boreal regions (Figure 2b). Vegetation carbon 
accounts for most of the storage in the tropics (Figure 2b); 
74.5% of the carbon in tropical evergreen forest is stored in 
vegetation (Table 1). In contrast, soil carbon accounts for more 
than half of the storage in the boreal region (Figure 2b); 53.9% 
of the carbon in boreal forest is stored in soils (Table 1). Be- 
cause higher temperature causes soil organic matter to decom- 
pose at a higher rate, temperature is the most important variable 
determining the latitudinal pattem of the contribution of soil 
carbon to total carbon storage, although soil moisture also plays 
a role [see McGuire et al., 1995b]. 

Reference Responses of NPP and Carbon Storage 

In response to doubled atmospheric CO2, TEM estimates that 
global NPP increases 4.1 Pg C yr -• (Table 2), which is a relative 
increase of 8.3%. Much of the NPP response is concentrated in 
the tropics where tropical evergreen forest accounts for 32.8% 
of the global response (Figure 3a). The latitudinal distribution 
of response broadly extends throughout the northern and south- 
em temperate regions (Figure 3a), where temperate forests ac- 
count for 14.3% of the response (Table 2). Although the relative 
NPP responses of deserts (36.0% increase) and add shrublands 
(24.3% increase) are high, these ecosystems account for only 
12.5% of the global response (Table 2) because of their low 
productivity. The latitudinal distribution of NPP response drops 
off substantially between the temperate and polar regions 
(Figure 3a) where high-latitude ecosystems account for only 
3.5% of the global response (Table 2). 

For doubled atmospheric CO2, the estimate of global total 
carbon storage by TEM increases 114.2 Pg C (Table 2). Soil 
carbon accounts for 41.7% of the increased carbon storage, and 
vegetation carbon accounts for 58.3 % (Table 2). The latitudinal 
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Figure 2. Latitudinal distributions for the baseline estimates 
of (a) net primary production and (b) carbon storage by the 
Terrestrial Ecosystem Model at 340 ppmv CO2 and 
contemporary climate. Estimates of soil carbon do not 
include biologically unreactive soil organic matter. The 
resolution of NPP and carbon storage is 0.5 o latitude. 

distribution of the total carbon response is more bimodal than 
the NPP response with peaks in the tropics near the equator and 
in the north temperate zone (Figure 3b). The peak in the equa- 
torial tropics is caused primarily by a peak in the response of 
vegetation carbon, which accounts for 75.0% of the increased 
carbon storage in tropical evergreen forest. The peak in the 
north temperate zone is caused by peaks in the responses of 
both vegetation and soil carbon. In contrast, in high-latitude re- 
gions, the response of soil carbon increasingly accounts for 
more of the total carbon response as latitude approaches the 
poles (Figure 3b). For example, soil carbon accounts for 49.3% 
of the response in boreal forest, 70.8% of the response in boreal 
woodland, and 92.6% of the response in tundra and polar des- 
ert. 

Sensitivity of NPP and Carbon Storage Responses 
to Changes in Plant Nitrogen Concentration 

For simulations in which lower vegetation nitrogen concen- 
tration is uncoupled from decomposition dynamics (lower N), 
the response of global NPP to doubled atmospheric CO2 in- 
creases approximately 2 Pg C yr -1 for each incremental 7.5% re- 
duction in vegetation nitrogen concentration (Figure 4a). The 
response of NPP causes larger increases in both vegetation and 
soil carbon for greater reductions in nitrogen concentration 

(Figures 4b and 4c). For each 7.5% reduction in nitrogen con- 
centration, the response of vegetation carbon increases ap- 
proximately an additional 40 Pg C and soil carbon an additional 
30 Pg C. The responses of vegetation and soil carbon combine 
so that total carbon storage increases approximately an addi- 
tional 70 Pg C for each 7.5% reduction in nitrogen concentra- 
tion (Figure 4d). 

For simulations in which lower vegetation nitrogen concen- 
tration is coupled with decomposition dynamics (lower N+D), 
the response of NPP is relatively insensitive to differences in 
the reduction of nitrogen concentration (Figure 4a). The NPP 
increase is 5.0 Pg C yr '• for a 22.5% reduction compared with a 
4.1 Pg C yr '• increase for no reduction. The insensitivity in the 
coupled simulations occurs because potential enhancements in 
NPP associated with reduced vegetation nitrogen concentration 
are approximately offset by lower nitrogen availability associ- 
ated with the decomposition dynamics of reduced litter nitrogen 
concentration. Because of this insensitivity, the response of 
vegetation carbon storage is also insensitive to reductions in 
vegetation nitrogen concentration (Figure 4b). For a 22.5% re- 
duction in nitrogen concentration, vegetation carbon increases 
83.3 Pg C compared with 66.6 Pg C for no change in nitrogen 
concentration. In contrast, the response of soil carbon storage is 
larger for greater reductions in nitrogen concentration (Figure 
4c). Lower nitrogen concentration of litter input to the soil 
slows decomposition so that for each 7.5% reduction in vegeta- 
tion nitrogen concentration, soil carbon increases approximately 
an additional 60 Pg C (Figure 4c). The responses of vegetation 
and soil carbon storage combine so that total carbon storage in- 
creases approximately 65 Pg C for each 7.5% reduction in ni- 
trogen concentration (Figure 4d). Thus, for simulations in 
which reductions in nitrogen concentration are coupled with de- 
composition dynamics, the global sensitivity of total carbon 
storage to reductions in nitrogen concentration is similar to that 
for simulations in which reductions are uncoupled from decom- 
position dynamics. Although the global sensitivity is similar, 
the response of soil carbon is more important in the coupled 
simulations. This has implications for the latitudinal distribu- 
tions of carbon storage responses. 

For the simulations in which changes in vegetation nitrogen 
concentration are uncoupled from decomposition dynamics, the 
latitudinal distribution of NPP response is sensitive to reduc- 
tions in nitrogen concentration throughout the terrestrial bio- 
sphere (Figure 5a) but is insensitive for the coupled simulations 
(Figure 5b). Thus, in the coupled simulations, potential en- 
hancements in NPP associated with reduced vegetation nitrogen 
concentration are approximately offset by lower nitrogen avail- 
ability associated with the decomposition dynamics of reduced 
litter quality. The latitudinal sensitivity of NPP response causes 
a similar pattern in the response of vegetation carbon where the 
latitudinal distribution is sensitive to the reduction of nitrogen 
concentration in the uncoupled simulations (Figure 6a) but is 
insensitive in the coupled simulations (Figure 6b). In contrast, 
the latitudinal distribution of soil carbon response is sensitive to 
reductions in nitrogen concentration for both the uncoupled 
simulations (Figure 7a) and the coupled simulations (Figure 7b). 
Throughout the terrestrial biosphere, the response of soil car- 
bon is more sensitive for the coupled simulations because of the 
decomposition dynamics associated with lower litter quality. In 
both sets of simulations, the response of soil carbon is substan- 
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Figure 3. Latitudinal distributions for the reference response 
of (a) net primary production (NPP) and (b) carbon storage 
estimated by the Terrestrial Ecosystem Model for an increase 
in atmospheric CO2 from 340 to 680 ppmv with no change in 
climate from contemporary and no change in vegetation 
nitrogen concentration. The resolution of NPP and carbon 
storage responses is 0.5 ø latitude. 

The global NPP estimate also differs from the 53.2 Pg C re- 
ported by Melillo et al. [1993], which used a different version 
of TEM (version 3), different input data sets, different terrestrial 
boundaries associated with the input data sets, and a different 
level of baseline CO2. Although the global totals of the two ap- 
plications differ, both are within the range of estimates reported 
in the literature, and both applications report similar distribu- 
tions of NPP among terrestrial ecosystems. For example, the 
34.5% of global NPP in tropical evergreen forest in the baseline 
simulation of this study is similar to the 35.9% reported by 
Melillo et al. [1993]. Similarly, 2.4% of global NPP in the three 
least productive ecosystems is similar to the 3.0% reported by 
Melillo et al. [1993]. The sensitivity of annual NPP estimates 
by TEM 4.0 to different alternative input data sets of tempera- 
ture, precipitation, solar radiation, and soil texture has been 
evaluated by Pan et al. [1996]. 

Similar to NPP, the baseline estimates of carbon storage are 
slightly higher than those reported by Xiao et al. [1997], in 
which TEM 4.0 estimated global terrestrial carbon storage to be 
1659 Pg C, with 909 Pg C in vegetation and 750 Pg C in soils. 
The estimate of soil carbon storage is also different from that 
reported by McGuire et al. [1995b], in which TEM 4.0 esti- 
mated global soil carbon storage of 706.5 Pg C. The applica- 
tion of TEM by McGuire et al. [1995b] used different input 
data sets, different terrestrial boundaries associated with the in- 
put data sets, and a different level of baseline CO2 (312.5 
ppmv). Differences between the global estimates of vegetation 
carbon storage in this study (930.1 Pg C) and the 977 Pg C re- 
ported by the application of version 3 of TEM in Melillo et al. 
[1995] are largely related to differences in NPP estimates. Dif- 
ferences in soil carbon storage between versions 3 and 4 of 
TEM largely depend on whether unreactive soil organic matter 
has been included in the estimates [see McGuire et al., 1995b; 
Melillo et al., 1995]. 

tially more sensitive in temperate and boreal regions than in the 
tropics. The combined responses of vegetation and soil carbon 
indicate that the response of total carbon storage in both sets of 
simulations is bimodally distributed between the tropics and the 
north temperate-boreal region (Figures 8a and 8b). As the re- 
duction in vegetation nitrogen concentration gets greater in the 
coupled simulations, more of the additional carbon storage 
tends to become concentrated in the north temperate-boreal re- 
gion in comparison to the tropics (Figure 8b). Also, the addi- 
tional carbon storage in the north temperate-boreal region tends 
to shift more northward for greater reductions in nitrogen con- 
centration. 

Discussion 

Baseline Estimates of NPP and Carbon Storage 

The estimate of global annual NPP by TEM 4.0 in this study 
for baseline atmospheric CO2 (49.0 Pg C) is similar to many of 
the estimates that have appeared in the literature (mean 53.1 Pg 
C; N = 13; range 40.5 Pg C to 78.0 Pg C; standard deviation 9.3 
Pg C [see Melillo et al., 1993]). This estimate is slightly higher 
than the 47.9 Pg C yr -• reported by Xiao et al. [1997] in which 
TEM 4.0 was applied with the same climate, soils, and vegeta- 
tion inputs at an atmospheric CO2 concentration of 315 ppmv. 

The Reference Responses of NPP and Carbon Storage 

The 8.3% increase of global NPP in the reference simulation 
of doubled CO2 response is similar in magnitude to the 9% re- 
sponse of TEM 4.0, the 11% response of Biome-BGC (for Bi- 
ome BioGeoChemical Cycles), and the 5% response of Century 
in equilibrium doubled CO2 simulations for the conterminous 
United States in the Vegetation/Ecosystem Modeling and 
Analysis Project (VEMAP) [see VEMAP Members, 1995]. All 
of these responses are substantially lower than the 25 to 50% 
response observed among studies that provide adequate nutri- 
ents and water to experimental plants [Kimball, 1975; Gates, 
1985]. Although the models tend to agree on the magnitude of 
continental-scale NPP responses to doubled atmospheric CO2, 
different factors constrain the response of NPP [Pan et al., 
1995]. All the models agree that relative NPP tends to increase 
along gradients of decreasing precipitation. However, along 
gradients of decreasing temperature, estimates of relative NPP 
responses tend to decrease for TEM, increase for Biome-BGC, 
and have no pattern for Century [Pan et al., 1995]. For TEM 
simulations, the spatial patterns and magnitude of NPP re- 
sponses in the reference simulations of doubled CO2 response 
represent interactions of carbon, water, and nitrogen dynamics 
in the formulations of ecosystem processes in the model. 

The magnitude of the NPP response is limited in the TEM 
simulations because the availability of nitrogen constrains the 
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Figure 4. Sensitivity to 7.5, 15.0, and 22.5% decreases in vegetation nitrogen concentration for the global 
responses of (a) net primary production (NPP), (b) vegetation carbon storage, (c) soil carbon storage, and (d) 
total carbon storage estimated by the Terrestrial Ecosystem Model for a change in atmospheric CO2 from 340 
to 680 ppmv with no change in climate from contemporary. Sensitivity is shown for simulations in which 
vegetation nitrogen concentration is uncoupled from decomposition dynamics (Lower N) and coupled to 
decomposition dynamics (Lower N+D). The reference responses for no change in vegetation nitrogen 
concentration are shown for comparison. 

response of plant growth to elevated CO2 for much of the ter- 
restrial biosphere. In environments with adequate soil moisture, 
TEM estimates that production is less limited by nitrogen avail- 
ability in warmer environments because of a closer match be- 
tween potential carbon assimilation and carbon assimilation that 
can be supported by nitrogen cycling [McGuire et al., 1992, 
1993]. Because temperature plays an important role in the 
availability of nitrogen estimated by TEM, relative NPP re- 
sponses in moist environments tend to be highest in the tropics, 
intermediate in the temperate zone, and lowest in high-latitude 
regions. The model estimates that low nitrogen availability as- 
sociated with cold soils substantially limits the ability of vege- 
tation in high-latitude ecosystems to incorporate elevated CO2 
into production [see also McGuire et al., 1993; Melillo et al., 
1993]. In comparison to moist environments, TEM estimates 
that the relative NPP response is substantially higher in deserts 
and arid shrublands because the response of fica, Gv) to dou- 
bled CO2 is higher in dry environments and nitrogen availability 
is not as important as water availability in limiting production in 
these ecosystems. Although changes in vegetation carbon in the 
reference simulation of doubled CO2 response have a similar 
spatial pattern to changes in NPP, the spatial pattern of soil car- 
bon response estimated by TEM is different. 

Similar to NPP, the 6.7% increase of global carbon storage 
in the reference simulation of doubled CO2 response is similar 
in magnitude to the 9% response of TEM 4.0, the 7% response 
of Biome-BGC, and the 2% response of Century in equilibrium 
doubled CO2 simulations for the conterminous United States 
[VEMAP Members, 1995]. The partitioning between increases 
in global vegetation and carbon storage by TEM in this study 
(58.3% in vegetation) is similar to the range of partitioning es- 
timated among the models in the VEMAP study (57 to 67% in 
vegetation). For the TEM simulations, the relative responses of 
vegetation carbon storage are similar both in magnitude and 
spatial pattern to the NPP responses. Because of the tempera- 
ture sensitivity of decomposition in TEM, the portion of the to- 
tal carbon response accounted for by increases in soil carbon are 
highest in high-latitude regions, intermediate in the temperate 
zone, and lowest in the tropics. Because TEM estimates much 
of the global NPP response to doubled CO2 is concentrated in 
the tropics, increases in global vegetation carbon storage tend to 
be higher than increases in soil carbon storage in the model 
simulations. 

Although numerous experimental studies have investigated 
tissue and plant responses to elevated CO2 [Kimball, 1975; 
Kimball and Idso, 1983; Eamus and Jarvis, 1989; Poorter, 
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Figure 5. Sensitivity to 7.5, 15.0, and 22.5% decreases in 
vegetation nitrogen concentration for the latitudinal 
distributions of NPP responses to doubled CO2 as estimated 
by the Terrestrial Ecosystem Model for simulations in which 
changes in vegetation nitrogen concentration are (a) 
uncoupled from decomposition dynamics and (b) coupled to 
decomposition dynamics. The doubled CO2 responses are for 
a change in atmospheric CO2 from 340 to 680 ppmv with no 
change in climate from contemporary. The latitudinal 
distribution of the reference NPP response for no change in 
vegetation nitrogen concentration is shown for comparison. 
The resolution of NPP responses is 0.50 latitude. 
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Figure 6. Sensitivity to 7.5, 15.0, and 22.5% decreases in 
vegetation nitrogen concentration for the latitudinal 
distributions of vegetation carbon responses to doubled CO2 
as estimated by the Terrestrial Ecosystem Model for 
simulations in which changes in vegetation nitrogen 
concentration are (a) uncoupled from decomposition 
dynamics and (b) coupled to decomposition dynamics. The 
doubled CO2 responses are for a change in atmospheric CO2 
from 340 to 680 ppmv with no change in climate from 
contemporary. The latitudinal distribution of the reference 
response of vegetation carbon for no change in vegetation 
nitrogen concentration is shown for comparison. The 
resolution of carbon storage responses is 0.5 o latitude. 

1993; Ceulemans and Mousseau, 1994; Idso and Idso, 1994; 
McGuire et al., 1995a; Wullschleger et al., 1995], there are only 
a handful of studies that document ecosystem-level responses to 
elevated CO2 [Mooney et al., 1991; McGuire et al., 1995a]. Be- 
cause ecosystem-level responses of NPP and carbon storage to 
elevated CO2 have been poorly documented, the controls over 
the response are poorly understood. Among spatially explicit 
biogeochemical models, this lack of understanding has led to 
different conceptualizations about how ecosystem processes 
control the response of NPP and carbon storage to elevated 
CO2. The conceptualization and formulations in TEM and 
other models represent a range of empirical findings observed 
in various field and laboratory studies but do not encompass the 
full range of environmental and ecosystem conditions that are 
simulated in continental- and global-scale studies of terrestrial 
responses to elevated CO2 (Y. Pan et al., unpublished manu- 
script, 1997). Although our experimental understanding is 
poor, spatially explicit biogeochemical models like TEM are 
useful tools for exploring the potential consequences of uncer- 

tainty in biospheric responses to global change. One of these 
uncertainties involves the influence of changes in vegetation 
nitrogen concentration on the responses of NPP and carbon 
storage to increases in atmospheric CO2. 

Sensitivity of NPP and Carbon Storage Responses 
to Changes in Plant Nitrogen Concentration 

The global responses of NPP and vegetation carbon storage 
for the simulations in which lower vegetation nitrogen concen- 
tration is coupled with decomposition dynamics are relatively 
insensitive to changes in vegetation nitrogen concentration 
(increases of 4 versus 5 Pg C). The insensitivity occurs because 
enhancements attributable to reduced nitrogen concentration of 
the vegetation are approximately offset by decreases attributable 
to reduced litter quality and slower decomposition rates. In 
contrast, the responses of total carbon storage are sensitive to 
the feedback associated with changes in vegetation nitrogen 
concentration (increases range from 100 Pg C for no change to 



186 MCGUIRE ET AL.: CO2, VEGETATION [N], AND GLOBAL CARBON STORAGE 

o 

o 

'c 

3000 

2500 

2000 

1500 

1000 

(a) 
Reference 

-7.5% [N] 
....... 15.0% [N] 
.... 22.5ø/ø [N] 

5•. ..2 :L• ...... ø.' .... ':" ':: 
o 

-500 

-60-50-40-30-20-lO o lO 20 30 40 50 60 70 80 90 

3ooo t (b) 2500 

1500 . ,'/'"/'X,./ 
:,,,'¾ , , '. 

1000 .,,,, ,,r...',J:'-x..'.•, ./:....'.,.-'"" '"." "'.!. - .... .' .'" ...... '.._, 

o-• • • -500 , , , . • . • . 
-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90 

Latitude 

Figure 7. Sensitivity to 7.5, 15.0, and 22.5% decreases in 
vegetation nitrogen concentration for the latitudinal 
distributions of soil carbon responses to doubled CO2 as 
estimated by the Terrestrial Ecosystem Model for simulations 
in which changes in vegetation nitrogen concentration are (a) 
uncoupled from decomposition dynamics and (b) coupled to 
decomposition dynamics. The doubled CO2 responses are for 
a change in atmospheric CO: from 340 to 680 ppmv with no 
change in climate from contemporary. The latitudinal 
distribution of the reference response of soil for no change in 
vegetation nitrogen concentration is shown for comparison. 
The resolution of carbon storage responses is 0.50 latitude. 

330 Pg C for a 22.5% decrease). For each 7.5% reduction in 
vegetation nitrogen concentration, soil carbon increases ap- 
proximately an additional 60 Pg C, while vegetation carbon 
storage increases by only approximately 5 Pg C. Thus greater 
carbon storage is caused primarily by increased soil carbon stor- 
age associated with lower decomposition rates and secondarily 
by increased vegetation carbon storage associated with lower 
vegetation nitrogen concentration. In temperate and boreal re- 
gions, the responses of soil carbon storage to changes in vege- 
tation nitrogen concentration are more sensitive than in the 
tropics because reduced litter quality causes carbon to accumu- 
late in soils more at low temperature than at high temperature. 
Thus the response of vegetation nitrogen dynamics to elevated 
atmospheric CO2 and the coupling of those dynamics with the 
dynamics of decomposition has potential consequences for the 
both the nature and spatial pattern of carbon storage responses 
in the terrestrial biosphere. 

Although numerous experimental studies have investigated 
the role of nitrogen in leaf- and plant-level responses of carbon 
uptake to elevated CO2, our knowledge of how CO2-induced 
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Figure 8. Sensitivity to 7.5, 15.0, and 22.5% decreases in 
vegetation nitrogen concentration for the latitudinal 
distributions of total carbon responses to doubled CO2 as 
estimated by the Terrestrial Ecosystem Model for simulations 
in which changes in vegetation nitrogen concentration are (a) 
uncoupled from decomposition dynamics and (b) coupled to 
decomposition dynamics. The doubled CO2 responses are for 
a change in atmospheric CO2 from 340 to 680 ppmv with no 
change in climate from contemporary. The latitudinal 
distribution of the reference response of total carbon for no 
change in vegetation nitrogen concentration is shown for 
comparison. The resolution of carbon storage responses is 
0.50 latitude. 

changes in plant nitrogen concentration influence carbon cy- 
cling at the ecosystem level is based on a small number of 
studies [see McGuire et al., 1995a]. At present, the available 
data suggest that CO2-induced reductions in litter quality may 
depress decomposition rates, but the data are ambiguous. Ef- 
fects on nitrogen mineralization are less well documented. Ad- 
ditional experimental research is required at the ecosystem level 
to understand how interactions of the nitrogen cycle and ele- 
vated CO2 affect NPP and carbon storage. 

To our knowledge, this is the first study to report how poten- 
tial changes in vegetation nitrogen concentration may influence 
the CO2 response of global terrestrial carbon storage in a geo- 
graphically specific manner. The sensitivity analysis reported in 
this study is in the context of TEM, which is a generalized ab- 
straction of processes that influence carbon cycling in terrestrial 
ecosystems at large spatial scales. The structure of TEM is 
highly aggregated both for computational efficiency and for 
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parsimonious representation of processes that are incompletely 
understood at large spatial scales. Because TEM is a highly ag- 
gregated model, it does not explicitly represent canopy devel- 
opment and tissue nitrogen concentration. Although vegetation 
nitrogen concentration, canopy development, and photosynthe- 
sis are implicitly coupled in the model, we do not know if the 
global and regional sensitivity of carbon cycling to changes in 
nitrogen concentration would be altered by more explicit repre- 
sentations of vegetation structure and development. A compari- 
son of the results in this study to similar simulations by models 
that explicitly represent the tradeoff between canopy develop- 
ment and the acclimation response of tissue-level photosynthe- 
sis would help determine if the structure of TEM should be less 
aggregated. 

The sensitivity analysis reported in this study is also in the 
context of a closed nitrogen cycle. Globally, the natural terres- 
trial nitrogen cycle may be approximately balanced with an es- 
timated 160 1012 g (Tg) N yr -1 entering terrestrial ecosystems in 
nitrogen fixation and leaving terrestrial ecosystems in river flow 
and denitrification [Schlesinger, 1991]. Although the natural 
nitrogen cycle may be approximately balanced, nitrogen re- 
leased from fossil fuel burning deposits between 50 and 80 Tg 
N yr -• globally, with approximately 20 Tg N yr -1 deposited on 
temperate and boreal forests of North America and Europe 
[Melillo et al., 1996a]. Experimental evidence suggests that the 
interaction between elevated CO2 and nitrogen deposition may 
have important implications for forest growth in regions of the 
world that receive substantial inputs of anthropogenic nitrogen 
from the atmosphere [see McGuire et al., 1995a]. Several ef- 
forts in the international biogeochemical science community are 
attempting to organize spatially explicit data sets of nitrogen 
deposition for both the terrestrial and oceanic components of 
the biosphere. Once these data are available, terrestrial biogeo- 
chemical models like TEM will be able to conduct analyses that 
investigate how the interaction between fossil fuel burning, ris- 
ing levels of atmospheric CO2, and anthropogenic nitrogen 
deposition may influence terrestrial carbon storage. 

Conclusion 

During the next century, substantial simultaneous changes 
are expected to occur in a variety of environmental variables in- 
cluding atmospheric CO2, temperature, precipitation, cloudi- 
ness, and atmospheric deposition of nutrients [Melillo et al., 
1989b; Mitchell et al., 1990; Watson et al., 1992]. Also, human 
activity is substantially altering the vegetation of the terrestrial 
biosphere [Houghton et al., 1983, 1991; Melillo et al., 1988; 
Houghton and Skole, 1990; Myers, 1991; Melillo et al., 1996b]. 
Our purpose in this study is not to define terrestrial responses to 
global change but to assess whether the coupling between 
vegetation nitrogen dynamics and decomposition dynamics has 
potential consequences for the global carbon cycle. In the con- 
text of TEM, our analyses indicate that inclusion of these proc- 
esses has consequences not only for carbon cycle responses to 
elevated atmospheric CO2 but also for climate change that may 
accompany rising levels of CO2. For climate changes without 
changes in atmospheric CO2, previous simulations with TEM 
indicate that global NPP is relatively insensitive and that total 
carbon storage decreases [Melillo et al., 1993, 1995; McGuire 
et al., 1996]. However, when climate change is accompanied 

by doubled atmospheric CO2, TEM estimates that the effects of 
elevated CO2 more than offset the effects of climate change to 
cause increased carbon storage [Melillo et al., 1993, 1995; 
McGuire et al., 1996]. The results of this study indicate that 
carbon storage would be further enhanced by consideration of 
the influence of changes in plant nitrogen concentration on car- 
bon assimilation and decomposition rates. Thus, the influence 
of changes in vegetation nitrogen concentration may have im- 
portant implications for the ability of the terrestrial biosphere to 
mitigate increases in the atmospheric concentration of CO2 and 
climate changes associated with the increases. 
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