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[11 Global-scale results of the new O-CN terrestrial biosphere model coupling the carbon
(C) and nitrogen (N) cycles show that the model produces realistic estimates of present-
day C and N stocks and fluxes, despite some regional biases. N availability strongly
affects high-latitude foliage area and foliage N, limiting vegetation productivity and
present-day high-latitude net C uptake. Anthropogenic N deposition is predicted to have
increased net primary productivity due to increases in foliage area and foliage N,
contributing 0.2—0.5 Pg C yr ' to the 1990s global net C uptake. While O-CN’s modeled
global 1990s terrestrial net C uptake (2.4 Pg C yr™ ') is similar to the estimate not
accounting for anthropogenic N inputs and N dynamics (2.6 Pg C yr™ ), its latitudinal
distribution and the sensitivity of the terrestrial C balance to its driving factors are
substantially altered by N dynamics, with important implications for future trajectories of

the global carbon cycle.
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1. Introduction

[2] Land surface processes such as evapotranspiration and
net carbon (C) exchanges with the atmosphere play a pivotal
role in the dynamics of the Earth system. Much research
effort in recent years has been oriented toward the under-
standing and quantification of the role of these processes in
the dynamics of the terrestrial C cycle and the future
evolution of its net balance [Cramer et al., 2001; Prentice
etal.,2001; Friedlingstein et al., 2006]. Despite an increased
understanding of the global terrestrial carbon budget and its
persistent net C uptake, the relative contribution of different
mechanisms to the evolution of the land carbon balance and
their geographical variation remains highly uncertain
[House et al., 2003]. A lack of understanding of the
mechanisms controlling the net land-atmosphere C flux is
hampering accurate projections of the future evolution of
the terrestrial C balance and is contributing strongly to the
large uncertainty in coupled carbon-cycle climate simula-
tions [Friedlingstein et al., 2006].

[3] One commonly missing factor in current models of
terrestrial carbon dynamics is the nitrogen (N) cycle. N is an
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essential component of enzymes and structural proteins,
nucleic acids, pigments, and other secondary metabolites
[van Oijen and Levy, 2004]. Molecular nitrogen is an
extremely stable compound, requiring large amounts of
energy to reduce it to ammonia and hence make it available
to biological systems [Houlton et al., 2008]. Therefore,
despite its atmospheric abundance, N is a key limiting
factor for growth in many pristine temperate and boreal
ecosystems, and thus important for the geographic distribu-
tion of vegetation productivity [Vitousek and Howarth,
1991], composition, and structure. As a consequence, plant
tissue N is often highly correlated with key metabolic rates
such as photosynthesis [Field and Mooney, 1986] and
respiration [Sprugel et al., 1996], and an important control
on the turnover of soil organic matter [Anderson, 1973;
Flanagan and van Cleve, 1983].

[4] Understanding the role of the terrestrial N cycle in the
Earth system is essential for answering many of the major
outstanding questions concerning the future evolution of the
terrestrial carbon balance. This is largely because the
capacity of the terrestrial biosphere to store C in response
to elevated atmospheric CO, concentrations ([CO,]) is
limited by ecosystem nitrogen availability and the C:N
stoichiometry of plant tissue [Hungate et al., 2003; Luo et
al., 2004]. However, the magnitude of this N limitation on
C sequestration is poorly quantified [Luo et al., 2006]. A
further area of uncertainty concerns the net effect of any
warming on the terrestrial C balance. Increased soil organic
matter decomposition resulting from future higher soil
temperatures could, while causing loss of soil C through
increased respiration, increase net N mineralization and
thereby enhance plant productivity [Melillo et al., 2002].
One study has even found that increased N availability with

1 of 14


http://dx.doi.org/10.1029/2009GB003522

GB1006

climate change could completely reverse the predicted net
C losses due to increased plant growth [Thornton et al.,
2007]. Furthermore, geographically widespread increases in
anthropogenic atmospheric N deposition have been sug-
gested to have contributed to the measured imbalance in the
recent terrestrial C cycle [Gruber and Galloway, 2008].
However, there is no consensus as to the importance of such
a contribution or its potential future effects on terrestrial
carbon dynamics [Magnani et al., 2007; Sutton et al., 2008].
Finally, the use of N fertilizer has dramatically increased
over the last 6 decades to boost agricultural production,
dramatically modifying cropland C and N cycles [Galloway
et al., 2004].

[5s] Despite the importance of the terrestrial N cycle, only
few of'the global terrestrial biosphere models (TBMs) used for
carbon cycle studies have accounted for aspects of terrestrial
nitrogen dynamics [McGuire et al., 1992; Woodward et al.,
1995; Friend et al., 1997]. Notably, none of the land surface
schemes representing terrestrial carbon cycling to simulate
climate-carbon feedbacks to predict future climate change
used in the IPCC’s fourth assessment report account for N
dynamics [Denman et al., 2007]. This situation is now
rapidly changing, since some of the existing N cycle TBMs
have recently been integrated into climate model land
surface schemes [Thornton et al., 2007; Sokolov et al.,
2008]. The cause for the missing representation resides both
in the capacity of carbon cycle models to successfully
reproduce benchmarks of the present-day global C cycle
[Prentice et al., 2000] and in the complexity of the terres-
trial nitrogen cycle, comprising numerous transformation
processes with multiple climatic, edaphic, and biological
controls on the turnover and partitioning of N toward plants
and soils, and on losses to leaching and trace gas emissions.
The development of such models is further complicated by
uncertainties in our quantitative understanding of the global
terrestrial nitrogen cycle and suitable observations to rigor-
ously evaluate key processes in a global N cycle model
[Gruber and Galloway, 2008].

[6] To better understand the past and quantify future
dynamics of the terrestrial carbon balance, we have devel-
oped a new version of the land surface scheme used by the
IPSL-CM4 coupled general circulation model [Marti et al.,
2005], ORCHIDEE [Krinner et al., 2005], that includes
representations of the key processes of the terrestrial N
cycle. The model, hereafter referred to as O-CN, is described
in detail in an accompanying paper [Zaehle and Friend,
2010]. O-CN contains representations of the effects of N
availability on photosynthetic capacity (including leaf area)
and respiration rates, plant and community structure, and
soil organic matter decomposition, as well as N losses to
leaching and nitrification-denitrification related N emis-
sions, and considers reactive N inputs from biological N
fixation, atmospheric deposition, and fertilizer applications.
Key innovations with respect to other recent global N model
approaches [e.g., Thornton et al., 2007; Xu-Ri and Prentice,
2008] are that N concentrations in vegetation and soil are
prognostic state variables, plant allocation is sensitive to
plant N content, and canopy and soil processes operate at a
half-hourly time step, permitting simulation of rapid shifts
in process rates such as denitrification peaks following rain
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events, as well as allowing for a mechanistic coupling
between terrestrial and atmospheric processes.

[7]1 Zaehle and Friend [2010] provide an in-depth evalu-
ation of O-CN for European temperate and boreal forest
ecosystems, where sufficient observations are available to
characterize carbon and nitrogen dynamics. They show that
the model gives satisfactory estimates of seasonal and
annual C and N fluxes along a gradient of climate and N
deposition. The present paper expands this analysis to the
global scale and evaluates its capacity to simulate realistic
estimates of the present-day geographic distribution of
terrestrial C and N cycles. A thorough quantitative evalua-
tion of a global nitrogen cycle model is far from straight-
forward because of the scarcity of relevant observations on,
for example, net N mineralization, N leaching, and N trace
gas losses at the global scale [Galloway et al., 2004]. We
rely on compilation of the literature on global N stocks and
fluxes, and in addition exploit the tight coupling between
the terrestrial C and N cycles to infer the global performance
of O-CN from comparisons to robust observables of the
carbon cycle, with a focus on the marginal effect of N
constraints. In addition to the use of a database of observed
site-level gross and net primary productivity covering all
major biomes, we rely on the use of atmospheric CO,
concentration ([CO,]) measurements at several remote
monitoring stations [GLOBALVIEW-CO2, 2007], both
through direct comparison using a forward atmospheric
transport model and, with the aim of reducing transport
modeling uncertainty, land-atmosphere net C flux estimates
from an ensemble of inversions of atmospheric [CO;]
[Baker et al., 2006]. Atmospheric [CO,] measurements
integrate regional net surface-atmosphere CO, fluxes and
therefore provide an additional constraint on the magnitude
of terrestrial C cycling, particularly at northern high lati-
tudes where the observed atmospheric signal is dominated
by terrestrial sources and sinks [Heimann et al., 1998].

[8] Finally, we use O-CN to quantify the effect of
accounting for nitrogen cycle dynamics on the simulated
magnitudes and geographical distribution of the historical
terrestrial C balance, focusing on the interactions of terres-
trial N cycling with increasing atmospheric [CO;], N
deposition, and N fertilizer application, as well as concur-
rent climatic changes.

2. Methods
2.1. Model

[9] O-CN is developed from the land surface scheme of
the IPSL-CM4 coupled atmosphere-ocean-land general cir-
culation model [Marti et al., 2005], ORCHIDEE, described
by Krinner et al. [2005], and has been extended through
representation of key nitrogen cycle processes. O-CN sim-
ulates the terrestrial energy, water, carbon, and nitrogen
budgets for discrete tiles (i.e., fractions of the grid cell)
occupied by up to 12 plant functional types (PFTs) [see
Krinner et al., 2005] from diurnal to decadal time scales.
The model can be run on any regular grid and is applied
here at a spatial resolution of 2° x 2°. The model has been
conceived as a land surface scheme and links a soil-
vegetation-atmosphere transfer scheme, dealing with energy
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Table 1. Model Experiments Performed With O-CN, Indicating
the Years Used for Specific Forcings®

Model Atmospheric N N
Experiment [CO,] Climate Deposition  Fertilizer
S1 All 1860—-2002 1860—-2002 1860-2002 1860—2002
Simulation Excluding One Factor
S2  All-Nfert 1860-2002 1860-2002 1860—2002 1860
(= All
S3  All-CO, 1860 1860-2002 1860—-2002 1860
S4  All'climate  1860-2002 1901-1910 1860-2002 1860
S5 All'N 1860-2002 1860—-2002 1860 1860
deposition
Simulation Including Only One Factor
S6 CO, 1860-2002 1901-1910 1860 1860
S7 Climate 1860 1860-2002 1860 1860
S8 N deposition 1860 1901-1910 1860—2002 1860

“The climate data set [Mitchell et al., 2004] does not contain
observations prior to 1901, thus the years 1901-1910 were repeated
(random draws) for simulation periods prior to 1901.

and water fluxes [Ducoudré et al., 1993], to representations
of short- and long-term carbon cycling [Viovy, 1996] and
vegetation structure [Sitch et al., 2003]. As described by
Zaehle and Friend [2010], several modifications to the
original model were necessary to facilitate the inclusion of
the N cycle. These changes are (1) representation of canopy
photosynthesis based on the work of Friend and Kiang
[2005] that explicitly accounts for foliage N controls on
leaf-level photosynthesis and its integration to canopy-scale
carbon and water fluxes; (2) dynamic calculation of the
annual maximum foliage area by replacing the original C
allocation scheme [Friedlingstein et al., 1999] with allome-
tric constraints accounting for the costs of the growth of a
unit of area of foliage due to the requirement of supporting
root and shoot tissues [Shinozaki et al., 1964]; (3) treatment
of labile and reserve plant C pools to improve modeling of
seasonal phenology and to buffer against C shortages during
high respiration and low productivity; and (4) consideration
of tree population dynamics as functions of population
density, growth-dependent establishment and mortality
[Sitch et al., 2003] in ORCHIDEE’s static mode, in which
vegetation composition is prescribed externally.

[10] We refer to the modified ORCHIDEE model, i.e.,
including the above changes, as O-C and use this version to
quantify the effects of the added model complexity through
the coupling the terrestrial carbon and nitrogen cycles on the
contemporary state of the terrestrial carbon cycle and its
evolution in time. O-C shares biogeophysical, biogeochem-
ical, and vegetation dynamics process representations with
O-CN, but does not explicitly account for N constraints on
productivity and allocation patterns. Tissue N concentra-
tions are maintained at mean observed levels (see Zaehle
and Friend [2010] for values used) at each time step by
allowing plants to satisfy their N demand by accessing all
mineral N not required to meet the current N demand of
litter decomposition. When this amount of available mineral
soil N failed to meet the plant N demand, N is added
directly to the plants to meet the remaining demand.

[11] Nitrogen cycling in O-CN is described in detail
by Zaehle and Friend [2010]. The main features are
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(1) prognostic plant tissue N concentrations; (2) N control on
leaf-level photosynthesis and plant respiration; (3) nutrient
status-dependent allocation to different plant organs (e.g.,
controls on belowground investment and maximum foliage
area); (4) fine root mass-dependent plant N uptake; (5) N
control on soil organic matter decomposition and N miner-
alization rate, based on the CENTURY model [Parton et al.,
1993; Kirschbaum and Paul, 2002]; and (6) half-hourly
leaching and gaseous N losses resulting from nitrification
and denitrification processes in the soil, adapted from Li et
al. [2000].

2.2. Modeling Protocol

[12] Descriptions of the modeling protocol and the forcing
data used are given as Text S1.! From model equilibrium in
terms of preindustrial carbon and nitrogen stocks and fluxes,
a transient simulation was performed using observed his-
torical changes in atmospheric [CO,], climate, N deposition,
and N fertilization over the period 1860—2002 (simulation
S1; see Table 1). These results are used in sections 3.1 and
3.2 for the evaluation of the modeled present-day C and N
cycles. The marginal contribution of one of these time-
dependent factors to the present state of the C and N cycles
was determined by two methods, to allow assessment of the
degree of synergistic effects between the factors (Table 1;
results in section 3.3). Synergies may arise because of the
complex interactions between the carbon and nitrogen
cycles, for example, due to the alleviation of the N limita-
tion on the response to increased atmospheric [CO,] from
concurrent increases in N availability. The marginal contri-
bution including the synergistic effects of the covarying
factors was determined in a set of four simulations (S2 to
S5), each with one time-dependent factor held constant at a
time. The “simple” marginal effect of the historical changes
in atmospheric [CO,], climate, and N deposition was
inferred by simulations varying only one time-dependent
factor at a time (simulations S6—S8). We report results for
the total land, including croplands and the N fertilizer
treatment, but note that estimates of soil C storage in
croplands are likely to be overestimates due to the simple
representation of crop management in the current version of
O-CN. Key data sets used to benchmark O-CN are de-
scribed in Text S2.

3. Results

[13] In section 3.1, key components of the global simu-
lated N and C cycles are compared to observation-based
estimates with the aim of establishing the degree to which
O-CN produces realistic estimates of recent terrestrial C and
N stocks and fluxes. Section 3.2 focuses on the effects of
introducing the N cycle constraint into C cycle modeling. In
section 3.3, O-CN is employed to evaluate the consequences
of explicitly accounting for N dynamics on the simulation
of terrestrial carbon cycle dynamics in the historical
period. Supplementary material is available for this paper
(Tables S1-S5 and Figures S1-S8), describing spatial
patterns and biome-wise estimates of vegetation and soil

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GB003522.
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Figure 1. Mean annual (a) GPP (gross primary productivity)
and (b) NPP (net primary productivity) of eight global
vegetation types based on observations from a total of
99 (GPP) and 159 (NPP) sites [Luyssaert et al., 2007] and
simulated 1990s average GPP and NPP for each of these
sites. Error bars denote the between-site standard deviation
of observations and model, respectively. Vegetation types
are tropical broadleaved evergreen (open squares, TrBE),
tropical broadleaved raingreen (open diamonds, TrBR),
temperate needleleaved evergreen (open triangles, TeNE), tem-
perate broadleaved evergreen (closed squares, TeBE).
temperate broadleaved summergreen (open circles, TeBS),
boreal needleleaved evergreen (closed triangles, BNE),
boreal broadleaved summergreen (closed circles, BBS),
and boreal needleleaved summergreen (closed diamonds,
BNS). See Table S3 for details.
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C and N pools and major C and N fluxes, statistics of
model-data comparisons, and additional information for
Figures 1—4 and 6.

3.1. Evaluation of Simulated Modern Global Carbon
and Nitrogen Cycles C and N Stocks in Vegetation and
Soil

[14] O-CN predicts a global vegetation C stock of 537 Pg C
for the 1990s, with biomass densities ranging from <0.2 kg
C m 2 in sparsely vegetated tundra and arid shrublands to
about 33 kg C m ™2 in tropical rain forests. These estimates
are in general agreement with inventory-based estimates
(Table 2), albeit with a low biased model-based boreal forest
biomass estimate. Global soil C stock for the 1990s is
estimated to be 1289 Pg C, close to the central estimate
(1272 Pg C) of Post et al. [1985], but at the lower end of the
range of previously reported estimates (700—3000 Pg C)
[Post et al., 1982; Zinke et al., 1998]. Soil organic carbon
densities range from zero in deserts to >50 kg C m 2 in
boreal forests.

[15] Simulated 1990s global vegetation N stock is 3.8 Pg N
(Table 2). This estimate is comparable to a recent modeling
study using the LPJ-DGVM (5.3 Pg N) [Xu-Ri and Prentice,
2008]. However, the latter estimate refers to potential
natural vegetation and thus does not account for croplands,
likely overestimating present-day vegetation N stocks by
0.9 Pg N. Average N density in vegetation is 24 ¢ N m~2,
reaching a maximum of about 230 g¢ N m2 in tropical rain
forests. Lumped vegetation C:N ratios range from around
30 for grasslands, 132 for subtropical forests, 150 for
temperate deciduous forests, to 210 for boreal evergreen
forests (reaching a maximum of 270), falling within the
ranges reported for forest vegetation (115, 155, and 210,
respectively) by Vitousek et al. [1988].

[16] Simulated global soil N storage is 101 Pg N, remark-
ably close to the data-based estimate (95 Pg N) of Post et al.
[19851. The average organic N density in soils is 763 g
N m™*, reaching a maximum of more than 4000 g N m~2 in
Siberian needleleaved evergreen forests. Soil C:N ratios
range between a minimum of 8 in agricultural fields to 31
in boreal forests, with a global mean of about 13. These
values agree fairly well with mean values of the global soil
database of Zinke et al. [1998].

3.1.1. C Cycling

[17] Average gross and net primary productivity (GPP and
NPP, respectively) for the different PFTs of O-CN compare
favorably with field-based estimates in the database of
Luyssaert et al. [2007; (Figure 1), with root-mean-squared
errors of 338 g C m ~ yr ' (GPP) and 153 g C m2 yr !
(NPP). GPP and NPP estimates by major global biomes
agree well with published observational and modeling
studies (Tables 2, S1, and S3), with the exception of an
apparent high bias in boreal productivity, despite the good
fit to site-level data in Figure 1. GPP and NPP simulated for
each boreal location of the database, as shown in Figure 1,
are biased high relative to the simulated global area-weighted
means for each PFT, suggesting that these locations, and
potentially also the observations, may not be truly repre-
sentative for boreal productivity.

[18] Atmospheric [CO,] measurements at stations of the
GLOBALVIEW network provide a regionally integrated
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Figure 2. (a) Mean 1990s observed and simulated amplitude of the seasonal cycle of atmospheric [CO,]
at 24 stations of the Globalview network [GLOBALVIEW-CO2, 2007], as well as mean simulated and
observed seasonal cycles at three selected stations: (b) Point Barrow (Alaska, United States), (¢) Mauna
Loa (Hawaii, United States), and (d) South Pole. Error bars are the standard deviation of the monthly
observations.
constraint on net land-atmosphere CO, exchanges to further
assess O-CN’s simulated C cycling. O-CN reproduces the 100 O 1D
observed northward increase in the amplitude of the sea- CEITVTTuRABLB3RR
sonal cycle (Figure 2a), when transporting the simulated net 10 L L1ty
land CO, fluxes of O-CN within one particular atmospheric a)
transport model (see Table S4). However, there is a sys- 7 8 - 8
tematic tendency to underestimate the rate of this increase. 8
The simulated phase of atmospheric [CO,] matches the 5 6 - 6
observations with time differences for the minimal concen- ., | L 4
trations smaller than 1 month for most of the 24 monitoring
stations. Figures 2b—2d illustrate the observed mean sea- % 2 —— O-CN - 2
sonal cycles (1991-2000) of atmospheric [CO,] at a high- 0-C —
latitude (Point Barrow, Alaska, United States), a tropical 0 T T T T T T T T T T T T 0 O
(Mauna Loa, Hawaii, United States), and a southern station N Y T I
(South Pole). These results are generally confirmed by a 14 4b) ® NPP -- leafN : - 14 o
comparison of the seasonal cycle in net land-atmosphere —— FAPAR N av. I (Z)
CO, flux over large terrestrial regions to the ensemble of 1.2 T 1.2 1
flux estimates based on inversions of atmospheric [CO,] 10 o,
concentration measurements (Figure S3) using 13 different ' 3
transport models from the TransCom 3 project [Baker et al., 0.8 S
2006]. This comparison eliminates, at least partially, the 06 >
potential bias due to the choice of one particular transport ’ =
model and few sampling stations. 0.4 4 8
3.1.2. N Cycling 1 I I N I N D Y Y I =
[19] Globalglnuzillrates of plant N uptake (1126 TgNyr , 6 10 16 10 16 16 10 16 10 16 16 16 16 16 16 10 %
or 8.6 g Nm™ yr ', Table 2) are comparable to estimates QOO T T ~ADIOON® 2

from other global nitrogen cycle models (1073—1084 Tg
N yrfl) [Melillo et al., 1993; Xu-Ri and Prentice, 2008].
Mean N plant uptake rates range from close to zero g N
m~2 yr ! in deserts, to 4 in boreal forests, 8 in temperate
broadleaved forest, 13 in tropical forests, and up to 30 g N
m 2 yr ! in tropical grasslands. The spatial patterns of plant
N uptake, as well as of vegetation productivity, follow
closely those of net N mineralization, the primary control
on plant N availability. Intensively managed croplands with

Latitude

Figure 3. Latitudinal distribution of (a) mean 1990s NPP
simulated by O-CN and O-C, as well as (b) the ratios of
annual plant N supply (net N mineralization + biological N
fixation + N deposition: N av.), fraction of absorbed
photosynthetically active radiation (FAPAR), and foliage N
concentrations between O-CN and O-C (O-CN/O-C).
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Figure 4. Interannual variability of the net land-atmosphere C exchanges (1988—-2002) for (a) global,
(b) northern extratropical, (c) tropical, and (d) southern extratropical land regions. The time series are
12 months running mean with the mean seasonal cycle removed. The gray area indicates the mean +
standard deviation of the Transcom3 inversion study [Baker et al., 2006]. The Transcom3 study used
13 atmospheric transport models, observed time series of atmospheric [CO,] at 78 stations, and the
average seasonal net terrestrial and ocean CO, fluxes as prior estimates, as well as a seasonal wind field.

a high N input from fertilizer application are an exception to
this pattern. The global N uptake rate implies a nutrient use
efficiency (NPP/N uptake) of 52, which is close to the value
of around 50 suggested by Schlesinger [1991] and obtained
by the TEM model [Melillo et al., 1993].

[20] Global N leaching is estimated to be 86 Tg N yr!, of
which the majority (57 Tg N yr ') is related to fertilizer
application in croplands. This estimate is larger than previ-
ous estimates of riverine N export to coastal shelves (40—
60 Tg N yr ') and inland lakes (11 Tg N yr ') based on
transport modeling [Boyer et al., 2006b]. However, the two
estimates may not be incompatible when considering the
loss of some of the N leached below the rooting zone to
denitrification along the hydrological pathway before reach-
ing the continental shelf or inland waters [Galloway et al.,
2004]. Such losses are not accounted for in our model and
may contribute to our higher estimate. It is also likely that
uncertainty in the modeling of the amount, form, and timing
of the fertilizer application also contributes to our relatively
high estimate. The leaching rate from natural ecosystems
(29 Tg N yr ') is compatible with leaching estimates dis-
counting for inputs from artificial fertilizer (27 Tg N yr™ ")
[Galloway et al., 2004].

[21] Simulated global emissions of NO, from soils aver-
age 26.8 Tg N yr ', which is comparable to the estimate
obtained by Davidson and Kingerlee [1997] based on ex-
trapolating local soil emission measurements (21 Tg N yr™ ).
However, this value is double the mean estimate of the

natural soil NO, source in data compilations for atmospher-
ic chemistry modeling (5—12 Tg N yr~ ') [Denman et al.,
2007]. This difference could probably be reconciled by
accounting for more rapid turnover of surface layer NO,
through processes such as recapture of emitted NO, within
the canopy [Ganzeveld et al., 2002], currently not modeled
in O-CN.

[22] Global N,O emissions are estimated to be 7.0 Tg N
yr— !, which is at the lower end of the range derived from
bottom-up and top-down estimates based on the atmospher-
ic N,O budget (4.2—14 Tg N yr ") [Olivier et al., 1998;
Denman et al., 2007]. Simulated agricultural emissions
alone amount to 2.1 Tg N yr ', agreeing well with estimates
from bottom-up modeling (1.9-2.1 Tg N yr™ ') [Olivier et
al., 1998; Stehfest, 2005]. Our lower total N,O emission rate
is due primarily to a low N,O source within the tropics. The
first study to invert atmospheric N,O concentrations to
obtain regional source and sink estimates using the atmo-
spheric transport model TM3 [Hirsch et al., 2006] sug-
gested a substantial source of N,O in the tropics (5.2—
8.0 Tg N yr "), larger than the tropical land source estimate
of 44 £0.2 Tg N yr ! simulated by O-CN. Nevertheless,
simulated mean N,O emissions from natural tropical ecosys-
tems (0.7; range: 0.1-2.7kg N ha~! yr~") fall within the range
of the small number of estimates (0.2—1.4 kg N ha~' yr™ ")
based on daily to weekly site-scale observations in the
database of Stehfest and Bouwman [2006]. By far the largest
gaseous N flux is that of molecular N (64.2 Tg N yr~'). This

6 of 14



GB1006

Table 2. Mean 1990s Global Stocks and Fluxes of C and N,
Estimated by O-C and O-CN, as Well as Observation-Based
Estimates®

O-C O-CN Literature
GPP® (Pg C yr' 1) 148.4 132.6 90—160
NPP® (Pg C yr ') 65.9 57.5 59.9-62.6
Net land-atmosphere C flux? —2.62 —2.38 —4.8to —1.6

(PgCyr)

Vegetation C° (Pg C) 647.1 537.0 560652
Soil C® (Pg C) 1723.1 1288.7 700—3000
N uptake (Tg N yr ') 1436.8 1126.9
Vegetation N (Pg N) 5.0 3.8
Soil N° (Pg N) 138.8 100.0 95.0
NO, emission’ (Tg N yr™ ") 35.0 26.8 21
N,O emission® (Tg N yr ') 8.7 7.0 42-14
Total N emission (Tg N yr') 121.7 98.2
Total N leaching" (Tg N yr™!)  58.1/852  19.9/57.1 51-71

(natural/agricultural)

“Estimates by biomes are given in Tables S1 and S2.
*Knorr and Heimann [1995] and Ciais et al. [1997].
“Saugier and Roy [2001].

9House et al. [2003].

°Post et al. [1985].

Davidson and Kingerlee [1997].

€Q0livier et al. [1998] and Denman et al. [2007].
"Boyer et al. [2006b].

simulated N, flux is 30% lower than the flux calculated by
balancing the terrestrial inputs and outputs of reactive N by
Galloway et al. [2004], mainly because of our higher
estimates of losses to riverine transport and NO, emission.

3.2.
Cycle

[23] Both versions of the model, with (O-CN) and without
(O-C) explicitly considering terrestrial N dynamics, produce
estimates of global productivity and C storage in vegetation
and soil commensurate with current understanding (Table 2).
However, O-CN simulated vegetation productivity (Figure 3a),
and in consequence biomass, are lower in the boreal zone,
which in turn leads to a shallower seasonal cycle of the net
land-atmosphere CO, flux in comparison to the O-C version
(Figure 2). The reason for this is that simulated N avail-
ability is about 50% lower in the boreal zone when
explicitly accounting for the nitrogen constraint on the
terrestrial C cycle (O-CN) than the N availability diagnosed
from O-C (Figure 3b). The higher productivity in O-C
compensates for the too shallow amplitude of the seasonal
cycle in O-CN when compared with atmospheric data,
leading instead to an overestimation of the amplitude at
the northernmost stations by O-C (Figure 2).

[24] Despite these differences, the deseasonalized vari-
ability of the net land-atmosphere flux is very similar
between O-C and O-CN (Figure 4). That is, N dynamics
do not strongly alter magnitude or phasing of the interan-
nual variability (IAV) of the net of land-atmosphere C flux.
The magnitude of the modeled variability in northern
extratropical land, where most of the change in the seasonal
cycle is located, is comparable to that obtained by a study
using 13 different inverse atmospheric transport models
[Baker et al., 2006]. This approach integrates the observed
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IAV in atmospheric [CO,] at 78 monitoring stations using
average seasonal prior estimates of terrestrial and ocean net
C fluxes and seasonal wind fields. While key characteristics
of the IAV can be identified using the inverse approach
[Peylin et al., 2005], uncertainty in the inverse estimate due
to prior estimates and wind fields is likely to be at least
0.2 Pg C yr' larger the range between 13 transport models,
as shown in Figure 4 [Baker et al., 2006]. Small model-
inversion differences in phasing occurring in the northern
extratropics are therefore not exclusively attributable to
model biases. Model biases predominantly in the tropics
contribute very likely to the most pronounced differences in
the post-Pinatubo period (1991-1993) and the El Niflo
period (1997-1998), e.g., missing forcing to account for
the effect of altered optical atmospheric thickness after the
Pinatubo eruption [Roderick et al., 2001], and the anoma-
lous C release to the atmosphere from biomass burning (2.1 +
0.8 Pg C) in 1997-1998 [van der Werf et al., 2004], a
process currently not considered in O-C.

[25] Figure 3b shows that the lower productivity simulat-
ed by O-CN relative to O-C between 50°N and 70°N, where
the most notable difference occurs, is primarily due to (1) a
lower simulated fraction of absorbed photosynthetically
active radiation (FAPAR), caused by reduced foliage area
per unit ground area; and (2) lower-foliage N concentra-
tions. The poleward decline of FAPAR predicted by O-CN
is more consistent with remotely sensed estimates from
SeaWiFS [Gobron et al., 2006; Joint Research Center—
Institute for Environment and Sustainability (JRC-IES),
Earth Land Information System (ELIS): FAPAR, accessed
10 October 2008, available at http:/fapar.jrc.ec.europa.eu/
Home.php] than FAPAR estimates from O-C (Figure S4).
However, comparisons with remotely sensed data are prob-
lematic and need to be interpreted with caution (see section
4 and Text S2). The foliage N content predicted by O-CN
agrees well with the observed ranges (Figure S5) in the
GLOPNET database [Wright et al., 2004]. There is a
tendency toward high biased foliage N concentrations in
dry regions with low simulated losses of N to leaching or
emissions (see regions close to the tropics of cancer in
Figure 3b). High-latitude tundra ecosystems equally show
high foliar N concentrations in agreement with the obser-
vations by Wright et al. [2004], primarily as consequence of
a colimitation of photosynthesis by temperature [McGuire et
al., 1992]. Conversely, in boreal forest ecosystems with low
rates of N deposition and biological N fixation, N concen-
trations in both broadleaved deciduous and evergreen nee-
dleleaved foliage tend to be at the low end of the
observational range. Boreal ecosystems present the majority
of the low biased foliage N concentrations simulated by
O-CN.

3.3. Influence of the Terrestrial N Cycle on the
Evolution of the Terrestrial C Balance, 1861-2002s

[26] Figure 5 summarizes the predicted global terrestrial C
and N stocks and fluxes for the preindustrial and present-
day (1990s mean) state; associated with historical changes
in atmospheric [CO,], climate, N deposition, and N fertil-
izer application. Both C and N cycling rates are predicted to
have increased over time, with the terrestrial biosphere
accumulating both organic C and N. In the 1990s, vegeta-
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C cycle N cycle
Atmosphere | Atmosphere
) Emission: Deposition:
NPP: 45+13£1.0 82+15:3  11+42+2
j Fixation:
Vegetation: T Vegetation: Ixation
473+62 (+1.740.5) Harvest: Harvest: 34224376 (+12+9) 104+3+1
I 2+4+0.3 6+9+1 - Fertiliser:
Ry: 43+7+1.0 . 16+107+0.1
" Litterfall: 43+8+0.2 , Uptake:
Leaching: 833+293+39 v
Soll- 37+19+6 Soil Litterfall:
or v oil 827+272+38

1248+39 (+0.8+0.2)

98,004+2836 (+71+14)

Figure 5. (left) Terrestrial carbon and (right) nitrogen cycles as simulated by O-CN, where black
numbers denote preindustrial (1860s) values and gray numbers denote the changes that occurred because
of historical changes in atmospheric [CO,], climate, N deposition, and N fertilizer application up to the
1990s. Vegetation and soil C and N stocks are given in Pg C and Tg N, respectively, and values in
parentheses denote the respective annual rates of increase. All fluxes are given in Pg C yr~' or Tg N yr~!

together with their decadal standard deviations.

tion sequestered C at a rate of 1.6 + 0.6 Pg C yr~ ' (decadal
mean + standard deviation), requiring 12 + 10 Tg N yr '
(C:N of 133), whereas soil C stocks increased by 0.7 +
0.2Pg Cyr ', requiring 64 + 14 Tg N yr ' (C:N of 11). The
total C and N imbalance in the 1990s is 2.4 + 0.6 Pg C yr '
and 76 + 14 Tg N yr ', signifying a terrestrial net storage.
The estimate of global net C uptake is comparable to
independent estimates of the residual terrestrial net C uptake
such as is inferred from terrestrial net C uptake, minus net C
losses due to land use changes, based on studies using
observation and model-based approaches (1.6 to 4.8 Pg Cyr ')
[House et al., 2003]. On the basis of models and observa-
tions, Galloway et al. [2004] estimated a present-day net
N accumulation rate in the terrestrial biosphere of about
60 Tg N yr '. Cumulatively, vegetation contributed two
thirds of the 111.3 Pg C sequestered globally between 1860
and 2002, but only around 15% of the 3.1 Pg N increment
due to the wider C:N ratios of plant tissue than soil organic
matter.

[27] The simulated imbalance of the terrestrial C flux, not
accounting for any land use change related fluxes, has
increased substantially since the 1960s (Figure S6). This
net uptake is driven by a similar sized, gradually increasing
C uptake in the northern extratropics and a substantially
more variable uptake within the tropics. Southern extra-
tropical regions contribute very little to the recent global net
C uptake. Interestingly, the relative importance of the
different drivers of the modern net C uptake in tropical and
northern extratropics is substantially different (Figure 6).
The simulated tropical net carbon uptake is almost entirely
driven by increases in atmospheric [CO,] and associated
increases in water use efficiency and productivity. This
main effect is overlain by climatic variability and longer-
term climatic changes causing strong decadal variation in
the net C uptake, such that climate alone causes a net C
source in the 1990s (Figure 6¢). In contrast, northern

extratropical net C uptake is driven to a lesser extent by
atmospheric [CO,] increases, with anthropogenic N depo-
sition playing a stronger role. Concurrent changes in climate
also contribute to the gradual increase in terrestrial C
sequestration, due to both an increased growing season
length and increasing N availability caused by accelerated
soil organic matter decomposition in cold ecosystems.

[28] The spatial pattern of the net C uptake due to
increasing N deposition follows the pattern of deposition
and is thus strongest within between 35°N and 65°N (Figure
6d). Atmospheric deposition of reactive N over land has
increased from about 11 Tg N yr~' in the 1860s to about
53 Tg N yr ' in the 1990s, with the highest loads being
deposited in eastern North America, central Europe, India,
and eastern China. In regions with large increases in N
deposition, O-CN predicts minor increases in foliage N
concentrations, foliage area, and annual productivity, mainly
as consequences of reduced belowground allocation, con-
sistent with site-scale observations [Elvira et al., 2006]. In
areas of high deposition, increased N availability increases
annual net primary productivity by ~20%, which is com-
patible with estimates from four process-based models [van
Oijen et al., 2008]. Since the 1860s, 65% of the anthropo-
genic additional reactive N input to the terrestrial biosphere
from atmospheric deposition has accumulated in organic
matter, with 25% lost to leaching and 10% lost to gaseous
emissions (Figure S8). The largest losses occur in areas of
high N deposition. About 85% (~900 Tg N) of the total
additional reactive N retained in the terrestrial biosphere
since the 1860s is stored in soil organic matter. Such
partitioning was suggested earlier by Nadelhoffer et al.
[1999] on the basis of tracer experiments. The 1990s mean
global N imbalance resulting from N deposition alone is
predicted to be 25 Tg N yr !, twice as large as the
sequestration estimated recently by Schlesinger [2009]
using a simple bookkeeping model.
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Figure 6. (left) Latitudinal distribution and (right) spatial patterns of the mean 1990s net land-
atmosphere C flux: (a) resulting from the concurrent historical changes in atmospheric [CO;], climate, N
deposition, and N fertilizer application; as well as split into the marginal contributions of (b) increases in
atmospheric [CO,], (c) climatic changes, and (d) increases in N deposition. Results are based on the
exclusion experiments (see Table 1). Spatial patterns are the net land-atmosphere C fluxes as simulated by

O-CN.

[29] The arithmetic sum of the net C uptake in the 1990s
due to the individual effects of atmospheric [CO,], climatic
change, and N deposition is 1.7 Pg C yr ' (sum of
simulations S6, S7, and S8). The difference between this
value and the net uptake of 2.1 Pg C yr' (simulation S2)
resulting from the process-based combination of these three
factors suggests a synergistic gain in the order of 0.4 Pg
C yr~'. The largest nonlinearities result from the interaction
of atmospheric [CO,] with either N deposition or climatic
changes, increasing net C uptake in both cases (Figure 7).
The marginal effects of climate and N deposition on the
marginal response to increasing atmospheric [CO;] are also
positive and are of a comparable magnitude. There is no
obvious pattern in the latitudinal distribution of these

interactions. The presence of these synergies precludes
precise quantification of the effect of either factor on the
present-day terrestrial net C balance. The net effect of N
deposition is an increase of the net C uptake by 0.2—-0.5 Pg
C yr !, corresponding to 8—20% of the simulated net C
uptake during the 1990s. Increasing atmospheric [CO,]
remains the major cause for the simulated net C uptake,
despite a reduction of its influence due to the N cycle
constraint of 0.9 Pg C yr~ !, accounting for the synergistic
effects of covarying factors.

[30] Explicitly accounting for N dynamics reduces high-
latitude (>50°N) net C uptake by 0.4 Pg C yr ' in O-CN
compared to O-C (Figure 6a). This is mainly a consequence
of N limitation causing a much weaker response of plant
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effects of covarying factors (denoted as contributions A’, B, or C").

growth to increasing atmospheric [CO,] (Figure 6b). The
reduction is not compensated for by the effects of concur-
rent climatic changes and increased N deposition, both of
which enhance high-latitude N availability and net C uptake
(Figures 6¢—6d). This is true despite O-CN’s stronger high-
latitude net C uptake in response to climatic change. While
both O-C and O-CN account for the effect of an increasing
growing season length on vegetation growth, the increase in
productivity and net C uptake in O-CN is further enhanced
by the stimulating effect of enhanced soil organic matter
decomposition and thus net N mineralization. The response
of the tropical net C uptake in O-CN to increases in
atmospheric [CO,] and climatic changes appears to be
slightly dampened relative to O-C; however, the magnitude
and distribution of the resulting present-day net C uptake
are very similar between the two model versions. Account-
ing for N dynamics increases the magnitude of synergistic
effects between individual model forcings on net land-
atmosphere exchange (Figure 7).

4. Discussion
4.1. Evaluation of the Model Performance

[31] This paper presents a comprehensive assessment of
the new carbon and nitrogen parameterizations incorporated
into the land surface scheme ORCHIDEE. Zaehle and
Friend [2010] assessed the performance of O-CN using in
situ observations and found that the model simulates well
the observed vegetation productivity at a wide range of
European temperate and boreal sites. This analysis has been
extended here to the global scale by comparison with a
global database of vegetation productivity and has demon-

strated satisfactory agreement across various vegetation
types. Such an analysis is not without difficulties due to
geographic sampling biases that often exclude remote areas.
The estimates of the database by Luyssaert et al. [2007], for
instance, contain precise measurements of productivity at
the local scale, but may not necessarily be representative of
biome-scale vegetation productivity because of an under-
sampling of geographically remote regions, evidenced as
difference between simulated site-level and global estimates
(Table S3).

[32] Remotely sensed observations of the annual maxi-
mum fraction of absorbed photosynthetically active radia-
tion (FAPAR) provide estimates of geographic variation in
annual maximum foliage area, a key component of the N
cycle constraint on plant growth. The use of annual max-
imum FAPAR as a model evaluation data also facilitates the
comparison with remote-sensing products by obviating
confounding effects of changing spectral properties during
the growing season [Gobron et al., 2006]. However, incon-
sistencies due to different assumptions concerning canopy
light extinction and reflection, and confounding effects due
to subpixel heteorogeneity and sparse versus closed cano-
pies, cannot be completely excluded (see also discussion by
Tian et al. [2004]), and may contribute to biases when
comparing remotely sensed and simulated FAPAR values
for equivalent land cover types. This cautions against an
overly quantitative interpretation of comparisons between
simulated and remotely sensed FAPAR values. Despite
these concerns, there is little evidence that the increasing
difference in FAPAR between O-CN and O-C along the
Northern Hemispheric south to north transects results from a
systematic underestimation of foliage projected area by O-CN.
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Rather, there is an improvement in the simulated poleward
decline of FAPAR in O-CN in comparison with O-C.

[33] The evaluation of the simulated seasonal cycle of
atmospheric [CO,] at monitoring stations is subject to
uncertainty from atmospheric transport modeling, which
can result in differences in the peak to peak amplitude of
up to 10 ppm at high northern latitude stations between
different transport models [Law et al., 1996]. Bousquet et al.
[2008] have shown that the LMDz model used in this study
has a slight tendency to produce a shallower seasonal cycle
at the high-latitude stations than regional transport models.
This could have contributed to the underestimation of the
amplitude of the seasonal cycle in O-CN both at mid and
high latitude sites (Figure 2). However, this explanation is
probably not sufficient to account for the underestimation
by O-CN at all high-latitude monitoring stations; a view
supported by the comparison to the inversion-based mean
seasonal cycle (Figure S3) by Baker et al. [2006].

[34] Processes controlling the seasonality of the carbon
cycle other than those affected by the terrestrial N cycle,
such as the temperature responses of photosynthesis or soil
organic matter decomposition, the parameterization of soil
hydrology, or the surface energy balance, could contribute
to this underestimation. However, the low bias in the
simulated boreal foliage N concentrations supports the idea
that O-CN’s terrestrial high-latitude summer C uptake low
bias is due to a too strong N constraint on plant growth in
the boreal zone, despite the good agreement with the GPP
and NPP observations. Potential reasons for this are the lack
of a representation of one or more of the following pro-
cesses: (1) ecosystem disturbances such as fire or insect
outbreaks causing mineralization of N locked up in organic
matter [Smithwick et al., 2005]; (2) direct uptake of organic
N, bypassing the mineralization pathway of organic material
[Jones et al., 2005]; or (3) underestimation of biological N
fixation rates in boreal and Arctic ecosystems.

[35] Although global C and N cycling compares prefera-
bly to independent global estimates, there are some regional
biases: Tropical C:N ratios are on average, but not generally,
higher than observed [Vitousek et al., 1988; Williams et al.,
2002]. This is likely a consequence of an observation-based
estimate of biological N fixation which implicitly accounts
for phosphorous (P) availability, whereas P availability is
not taken into account for the simulation of C uptake
through photosynthesis. However, the slightly higher C:N
does not strongly affect tropical NPP (Figure 3), the
seasonal cycle of the land-atmosphere flux in the tropics
(Figure 2c), or the present-day net C uptake (Figure 6a).
This bias is therefore likely to be of minor importance for
the simulated global C cycling, but contributes to the low
estimate of tropical N,O emissions (results not shown).

[36] Modeled boreal soil C stocks are within the range of
reported values from soil profiles [Ping et al., 2008], but the
total soil C in the boreal zone is biased low relative to a
recent extrapolation of site measurements [Ping et al.,
2008]. This is likely due to the lack of representing the
slowing effect of soil water saturation and freezing on
decomposition in permafrost and wetland soils. Whether
or not this bias will significantly influence future C cycle
projections is still a matter of debate [Schuur et al., 2009]. A
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future version of O-CN will incorporate these dependencies
to address the likely consequences of this bias.

[37] Our understanding of global terrestrial N stocks and
fluxes is much less advanced in comparison with the global
carbon cycle [Gruber and Galloway, 2008] because of
(1) the rapid turnover of reactive N in terrestrial ecosystems,
rendering it difficult to observe the desired quantities (e.g.,
net mineralization rates); (2) technical challenges in observ-
ing the complete N budget at the site scale; (3) the scarcity
of suitable observations on reactive trace gas and leaching
losses to scale these up to regional and global estimates
[Boyer et al., 2006a]; and (4) the vast reserve of atmospheric
N, swamping any atmospheric terrestrial signal. As such,
the comparisons of the reactive N fluxes presented in this
paper serve as a general verification of the magnitudes of
the simulated fluxes rather than a quantitative model eval-
uation. Future work will focus on increasing the constraints
on these fluxes through the use of site-scale measurements
[Sutton et al., 2007]. Three key areas that need to be
addressed are (1) the controls by soil moisture and soil
hydrology on denitrification rates and the loss rate of any
gaseous species to the atmosphere, which affect the parti-
tioning between individual N species [Del Grosso et al.,
2005]; (2) the interactions of reactive N species, namely
NOy, with the canopy [Ganzeveld et al., 2002]; and (3) the
representation of crop management and fertilizer application
[Stehfest, 2005].

[38] While the above discussion shows that further work
on individual processes will still be necessary, the results
presented here demonstrate the generally satisfactory degree
to which O-CN is capable of simulating the contemporary C
and N cycles. Although the skill of a complex ecosystem
model such as ours is necessarily a qualitative judgement
depending on the vagaries of observational data and the
intended applications, we believe that O-CN provides an
adequate enough representation of terrestrial N cycling and
its constraint on terrestrial C cycling to study the effect of N
cycling on the global C cycle. Because of this capacity, O-CN
provides a major improvement over the model version not
explicitly accounting for N dynamics. The skill of the model
to simulate the effect of N dynamics on terrestrial responses
to future atmospheric [CO,], warming, and increased N
inputs will be evaluated in a forthcoming paper.

4.2. Effects of Accounting for the N Cycle Constraint
on Simulations of the Global C Balance

[39] The contemporary simulated global C cycles of both
O-C and O-CN are commensurate with our current under-
standing of the C cycle. The cumulative net C uptake over
the simulation period, 130 and 111 Pg C in O-C and O-CN,
respectively, differ by 19 Pg C or 15%. It is unlikely that the
observed historical atmospheric [CO,] record would pro-
vide a sufficiently strong constraint to distinguish between
the two model versions using a complete carbon cycle
model [Friedlingstein et al., 2006]. However, the 0.4 Pg
C yr~ ! smaller high-latitude net C uptake in O-CN is closer
to the relatively low rates of high latitude C uptake
calculated by a recent inversion study [Stephens et al.,
2007]. Although the 1990s average global net C uptake
does not differ strongly between the two model versions, the
driving factors of terrestrial C dynamics do, changing the
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sensitivity of the terrestrial biosphere to both climate and
atmospheric [CO,] forcings. Accounting for N dynamics
leads to a higher degree of interaction between individual
model forcings by increasing the coupling between vegeta-
tion and soil process. However, it is not clear whether this
higher degree of interaction stabilizes the terrestrial C
balance with respect to its response to future environmental
changes, as has been suggested by recent modeling studies
[Thornton et al., 2007; Sokolov et al., 2008]. The differ-
ences between O-C and O-CN will likely have substantial
consequences for projections of the terrestrial carbon bal-
ance into the future, such as performed by Cramer et al.
[2001] and Friedlingstein et al. [2006], as demonstrated by
Zaehle et al. [2010].

[40] Notwithstanding the N cycle constraint, the increase
in atmospheric [CO,] remains the dominant cause of the
recent simulated net terrestrial C uptake. N deposition
contributes about 8—20% (0.2—0.52 Pg C yr ') of O-CN’s
predicted terrestrial net C uptake, with the lower estimate
being closer to the “true” N effect, i.e., considered N
deposition in isolation from concurrent changes in other
forcings. The responsiveness of terrestrial C sequestration to
N deposition is in the order of 40 g C g~ ' N and thus
comparable to that estimated from isotopic tracer studies
[Nadelhoffer et al., 1999], forest monitoring plots [De Vries
et al., 2006], and fertilizer studies [Hyvonen et al., 2007].
As discussed by Zaehle and Friend [2010], the response is
much smaller than initially suggested by Magnani et al.
[2007] based on eddy-covariance data. The simulated lati-
tudinal distribution of net terrestrial C uptake follows that of
N deposition, as suggested by Townsend et al. [1996] based
on stoichiometric considerations. The global magnitude of
the marginal C uptake due to N deposition simulated with
O-CN is comparable to estimates based on extrapolation
of isotopic tracer experiments in temperate forests (i.e.,
0.25 Pg C yr ', Nadelhoffer et al. [1999]), a simple
stoichiometric C growth model driven by modern N depo-
sition fields (i.e., 0.4—0.7 Pg C yr~', Townsend et al.
[1996]), and results of the process-based model CLM-CN
(i.e., 0.24 Pg C yr ', Thornton et al. [2007]).

[41] Taking account of land management and historical
changes in land use will further influence the simulated net
land-atmosphere C flux [House et al., 2003] and will thus
need to be accounted for in future studies. O-CN predicts
that cropland soils took up about 0.4 Pg C yr * in the
1990s, mainly due to increases in productivity caused by the
application of industrial fertilizer and increased N deposi-
tion from a low preindustrial level. Changes in cropland
extent and management, such as tillage intensity and the
amount of residual organic matter removed from the site
during harvest, which affect soil organic matter stocks and
their dynamics [Guo and Gifford, 2002], were not taken into
account. Historical change in land use would further affect
the results by decreasing the net tropical C uptake due to
deforestation C losses [House et al., 2003], and likely
increasing temperate C sequestration due to the combined
effects of reforestation and forest management [Zaehle et
al., 2006]. However, taking account of land use changes
would not affect any of our conclusions related to the
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general importance of N cycling for the estimation of
terrestrial productivity or the net C balance.

5. Concluding Remarks

[42] The results presented here show that the coupling of
the terrestrial carbon and nitrogen cycles in O-CN results in
realistic overall global patterns of carbon and nitrogen
fluxes despite some regional biases. The new model com-
pares favorably with benchmarks of local productivity, the
observational record of atmospheric CO, concentrations,
and a literature compilation of terrestrial C and N stocks,
concentrations, and fluxes.

[43] Using this new model to estimate the present-day
terrestrial C balance leads to three main conclusions:

[44] 1. Terrestrial biosphere models that omit N limita-
tions likely overestimate high-latitude C sequestration due
to climate change and increasing atmospheric [CO,]. Our
results suggest that this overestimation could be about
0.4 Pg Cyr .

[45] 2. The effect of N deposition on global C sequestra-
tion, although locally important, explains less than 20% of
the recent global terrestrial net C uptake related to changes
in atmospheric composition and climate. While this may not
seem much, it is of a scale relevant to current efforts to
reduce anthropogenic CO, emissions.

[46] 3. Accounting for N cycle constraints on terrestrial C
dynamics fundamentally alters the relative importance of
the processes driving those dynamics, with very likely
major impacts on projections of future global terrestrial C
balance and its distribution.
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