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Abstract. The widespread occurrence of nitrogen limitation to net primary production in 
terrestrial and marine ecosystems is something of a puzzle; it would seem that nitrogen 
fixers should have a substantial competitive advantage wherever nitrogen is limiting, and 
that their activity in turn should reverse limitation. Nevertheless, there is substantial 
evidence that nitrogen limits net primary production much of the time in most terrestrial 
biomes and many marine ecosystems. 

We examine both how the biogeochemistry of the nitrogen cycle could cause limitation 
to develop, and how nitrogen limitation could persist as a consequence of processes that 
prevent or reduce nitrogen fixation. Biogeochemical mechansism that favor nitrogen limita- 
tion include: 
- the substantial mobility of nitrogen across ecosystem boundaries, which favors nitogen 

limitation in the “source” ecosystem - especially where denitrification is important in 
sediments and soils, or in terrestrial ecosystems where fire is frequent; 

- differences in the biochemistry of nitrogen as opposed to phosphorus (with detrital N 
mostly carbon-bonded and detrital P mostly ester-bonded), which favor the develop- 
ment of nitrogen limitation where decomposition is slow, and allow the development of 
a positive feedback from nitrogen limitation to producers, to reduced decomposition of 
their detritus, and on to reduced nitrogen availability; and 

- other more specialized, but perhaps no less important, processes. 
A number of mechanisms could keep nitrogen fixation from reversing nitrogen limitation. 
These include: 
- energetic constraints on the colonization or activity of nitrogen fixers; 
- limitation of nitrogen fixers or fixation by another nutrient (phosphorus, molybdenum, or 

iron) - which would then represent the ultimate factor limiting net primary production; 
- other physical and ecological mechanisms. 
The possible importance of these and other processes is discussed for a wide range of 
terrestrial, freshwater, and marine ecosystems. 

Introduction 

Nitrogen limitation to primary production is believed to be widespread. A 
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Wide range of predictions for future carbon sink

UMD) simulate a sink/source transition for the land
carbon flux. The source arising in the UMD simulation
is mainly due to the fact that this model already simu-
lates a very weak land carbon uptake in the uncoupled

simulation (uptake of 0.3 GtC yr!1 for the 1990s and 1
GtC yr!1 by 2100). These two models are also the ones
that simulate the larger atmospheric CO2 concentration
by 2100, as the land is a source of CO2 at that time. This

FIG. 1. (a) Atmospheric CO2 for the coupled simulations (ppm) as simulated by the HadCM3LC (solid black),
IPSL-CM2C (solid red), IPSL-CM4-LOOP (solid yellow), CSM-1 (solid green), MPI (solid dark blue), LLNL
(solid light blue), FRCGC (solid purple), UMD (dash black), UVic-2.7 (dash red), CLIMBER (dash green), and
BERN-CC (dash blue). (b) Atmospheric CO2 difference between the coupled and uncoupled simulations (ppm).
(c) Land carbon fluxes for the coupled runs (GtC yr!1). (d) Differences between coupled and uncoupled land
carbon fluxes (GtC yr!1). (e), (f) Same as (c), (d), respectively, for the ocean carbon fluxes.
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Carbon feedbacks impact effective emissions

atmospheric carbon budget, based on Eqs. (9) and (11),
are shown in Fig. 8. The effect of the ocean carbon–
climate feedback on the overall atmospheric carbon
budget is small. Both carbon–concentration and carbon–
climate feedbacks over ocean vary little between models.
For all models, except NorESM-ME and CESM1-BGC,
the land carbon cycle component dominates the overall
carbon–climate feedback.
Figures 7 and 8 show that, because of their offsett-

ing nature, similar values of cumulative emissions and
airborne fractions result even though the strength of feed-
backs vary considerably across models. The higher air-
borne fraction of cumulative emissions in the CanESM2,
NorESM-ME, CESM1-BGC, and MIROC-ESMmodels

(0.64–0.71) is associated with their relatively smaller
fraction of emissions taken up by land (0.06–0.17), com-
pared to other comprehensive Earth system models.
This is related to a weaker CO2 fertilization effect in
these models. In the absence of an explicit terrestrial
nitrogen cycle, the strength of the CO2 fertilization
effect in CanESM2 is ‘‘downregulated’’ based on the
response of plants grown in ambient and elevated CO2

following Arora et al. (2009). The CO2 fertilization ef-
fect in the NorESM-ME and CESM1-BGC models is
constrained by nitrogen limitation. Finally, unlike other
models, which use a biogeochemical approach to model
terrestrial photosynthesis, the MIROC-ESM uses an
empirical approach tomodel the photosynthetic response

TABLE 2. Values of integrated flux-based carbon–concentration b and carbon–climate g feedback parameters for the participating
models for their atmosphere, land, and ocean components calculated using data at the end of the radiatively and biogeochemically coupled
simulations.

Carbon–concentration feedback parameter b
(PgCppm21)

Carbon–climate feedback parameter g
(Pg C 8C21)

bA bL bO gA gL gO

Model Atmosphere Land Ocean Atmosphere Land Ocean

MPI-ESM-LR 22.29 1.46 0.83 92.2 283.2 29.0
IPSL-CM5A-LR 22.04 1.14 0.91 64.8 258.6 26.2
BCC-CSM1 22.19 1.36 0.83 87.6 277.8 29.8
HadGEM2 21.95 1.16 0.79 40.1 230.1 210.0
UVic ESCM 2.9 21.75 0.96 0.78 85.8 278.5 27.3
CanESM2 21.65 0.97 0.69 79.7 271.9 27.8
NorESM-ME 21.07 0.22 0.85 21.4 215.6 25.7
CESM1-BGC 20.96 0.24 0.72 23.8 221.3 22.4
MIROC ESM 21.56 0.74 0.82 100.7 288.6 212.1
Model mean (std dev) 21.72 (0.47) 0.92 (0.44) 0.80 (0.07) 66.2 (30.4) 258.4 (28.5) 27.8 (2.9)
C4MIP mean (std dev) (FEA) 22.48 (0.59) 1.35 (0.61) 1.13 (0.26) 109.6 (50.6) 278.6 (45.8) 230.9 (16.3)

FIG. 7. Contributions of the carbon–concentration and carbon–climate feedbacks to the emissions carbon budget
(a) in terms of their absolute magnitudes and (b) as a fraction of cumulative emissions following Eqs. (8) and (11).
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Components of the land carbon sink

C sink = 
Plant C uptake - C release by decomposition 

Similarly strong relations were seen for leaves (P < 0.001,
R2 = 0.66, n = 1386), stems (P < 0.001, R2 = 0.80,
n = 380) and fine roots (P < 0.001, R2 = 0.62, n = 744)
examined among all plant taxa (scaling exponents ranged
from 1.34 to 1.64; Fig. 1). Examining each plant group
separately (pooled across organs), there were strong R–N
relations for gymnosperms (P < 0.001, R2 = 0.66,
n = 1216), woody angiosperms (P < 0.001, R2 = 0.62,
n = 1069) and herbs (P < 0.001, R2 = 0.57, n = 225;

scaling exponents ranged from 1.16 to 1.31, Table 1,
Fig. 2). The consistently greater than isometric (>1) scaling
of R to N in all organs and all plant groups indicates R per
unit N is as a rule higher in tissues with higher metabolic
rates. This is likely due to generally faster turnover rate of
proteins, maintenance of solute gradients, and ion transport
in more metabolically active tissues (Bouma 2005) as well as
a disproportionate increase in N in metabolically active
pools relative to structural N with increasing tissue N
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Figure 1 Mass-based dark respiration
(nmol g)1 s)1) in relation to tissue nitrogen
concentration (mmol g)1). Both are ex-
pressed on a logarithmic (base10) basis. Data
are shown for different organ types (and for
all organ types pooled), with plant groups
labelled with different colours. To improve
visibility of each panel, scales are not
identical among panels; however, the axis
ratios are the same, hence slopes may be
compared among panels. Plant groups
include herbaceous angiosperms (herb), woody
angiosperms (woody angio) and woody
gymnosperms (gymno). Statistics shown in
Table 1.
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Figure 2 Mass-based dark respiration
(nmol g)1 s)1) in relation to tissue nitrogen
concentration (mmol g)1). Both are
expressed on a logarithmic (base10) basis.
Data are shown for different plant groups
and for all plant groups pooled, with organ
types labelled with different colours. Note,
to improve visibility of each panel, scales are
not identical among panels; however, the
axis ratios are the same, hence slopes may be
compared among panels. Statistics shown in
Table 1.
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Tissue C:N
Leaves 16-60

Woody tissue 212-1400
Fine roots 20-70
Microbes 5-17

Reich et al. 1997 PNAS, Reich etal. 2008 Ecol. Letters, White et al. 2005 Earth Interactions
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the same flock. Even individual fish with
their multiple fins recycle the wake of
their own upstream propellers for in-
creased power and control. An improved
understanding of these natural mecha-
nisms should help engineers to design
better foil propulsors. The next step will
be to seek more examples of phase-

locked swimming and flight movements
in nature to ascertain how widely vortex
recycling is exploited during swimming
and flight.
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Human activities, particularly burn-
ing fossil fuel, have increased at-
mospheric carbon dioxide (CO2)

concentrations. Because CO2 traps heat,
continued emissions are expected to
change global climate. The extent of this
change will depend not only on the rate of
emissions, but also on carbon uptake by the
oceans and the land.

According to some models, land ecosys-
tems can sequester carbon fast enough to help
to counteract CO2 emissions. Models featured
in the Third Assessment Report of the
Intergovernmental Panel on Climate Change
(IPCC) suggest that increasing atmospheric
CO2 alone could cause 350 to 890 Pg of car-
bon (1 Pg = 1015 g) to accumulate in the ter-
restrial biosphere by 2100. These amounts are
equivalent to 22 to 57% of expected anthro-
pogenic CO2 emissions in an intermediate
emissions scenario (1, 2). The models suggest
that atmospheric CO2 and climate change to-
gether could cause 260 to 530 Pg of carbon to
accumulate, or 16 to 34% of emissions (1, 2).

These models probably exaggerate the
terrestrial biosphere’s potential to slow at-
mospheric CO2 rise. Ecosystem carbon ac-
cumulation may be constrained by nutri-
ents, particularly nitrogen (3, 4), through
mechanisms that are not well developed in
or absent from the models.

How much nitrogen do the model pro-
jections require? The models distribute the
future terrestrial carbon sink roughly equal-
ly between trees and soils. With no change
in the carbon:nitrogen (C:N) ratios of trees
(200) and soils (15), the CO2-only projec-
tions require 7.7 to 37.5 Pg of nitrogen; the
CO2-climate projections require 2.3 to 16.9
Pg of nitrogen (see the figure) (5).

Can increasing ecosystem C:N ratios re-
duce the nitrogen required? Tree C:N in-
creases with atmospheric CO2 concentration
(6, 7). But even allowing all the simulated in-
crease in tree carbon to occur as wood (C:N
= 500) only slightly reduces the amount of
additional nitrogen required (see the figure).
Soil C:N could also increase with rising at-
mospheric CO2 concentration, allowing soil
carbon accumulation without additional ni-
trogen. This mechanism could allow some ni-
trogen transfer from soil to trees (6, 7), low-
ering the nitrogen demand associated with
increased tree carbon. However, experimen-
tal studies show that when CO2 enrichment
increases soil C:N, decomposing microor-
ganisms require more nitrogen. This effect
can reduce nitrogen mineralization, the main
source of nitrogen for plants (8, 9). It is thus

unlikely that increases in soil C:N could yield
large increases in ecosystem carbon stocks. 

With little contribution from increasing
C:N, the carbon-uptake projections (1, 2)
almost certainly require nitrogen accumu-
lation. Nitrogen enters the terrestrial bio-
sphere through atmospheric deposition and
biological fixation, and is mainly lost
through leaching and gaseous fluxes. We
have estimated high and low nitrogen flux-
es for each of these mechanisms (10).

To estimate future anthropogenic nitro-
gen deposition based on population-
growth projections (11), we assume that
per capita nitrogen deposition remains con-
stant (low) or increases linearly to that of
North America today (high) (12). We as-
sume that 5% (low) to 10% (high) of that
deposited nitrogen supports increased car-
bon storage (9). We estimate biological ni-
trogen fixation (12) to increase linearly by
10% (low) or 45% (high) with CO2 dou-
bling (9). We further assume that nitrogen
leaching losses are currently 36 Tg of ni-
trogen per year (13), and that nitrogen

leaching would decline lin-
early with CO2 doubling by
0 (low) to 20% (high) (9). 

Combining our high esti-
mates, 6.1 Pg of nitrogen
could accumulate by 2100
(see the figure). This amount
is less than is required by all
CO2-only simulations and by
four of the six CO2-climate
simulations (1, 2) (see the
figure). Our low estimates of
nitrogen accumulation yield
only 1.2 Pg of nitrogen, in-
sufficient for all simulations.

We have focused on ni-
trogen, but the situation may
be worse for other nutrients,
such as potassium and phos-
phorus, which are less sub-
ject to human or biological
control than is nitrogen fixa-
tion. Models that incorpo-
rate nutrient cycling predict
much less CO2 carbon up-
take than models lacking
these feedbacks (14). The
next IPCC assessment must
include models taking into
account these feedbacks.
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Nitrogen and Climate Change
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mospheric CO2 rise. Ecosystem carbon ac-
cumulation may be constrained by nutri-
ents, particularly nitrogen (3, 4), through
mechanisms that are not well developed in
or absent from the models.

How much nitrogen do the model pro-
jections require? The models distribute the
future terrestrial carbon sink roughly equal-
ly between trees and soils. With no change
in the carbon:nitrogen (C:N) ratios of trees
(200) and soils (15), the CO2-only projec-
tions require 7.7 to 37.5 Pg of nitrogen; the
CO2-climate projections require 2.3 to 16.9
Pg of nitrogen (see the figure) (5).

Can increasing ecosystem C:N ratios re-
duce the nitrogen required? Tree C:N in-
creases with atmospheric CO2 concentration
(6, 7). But even allowing all the simulated in-
crease in tree carbon to occur as wood (C:N
= 500) only slightly reduces the amount of
additional nitrogen required (see the figure).
Soil C:N could also increase with rising at-
mospheric CO2 concentration, allowing soil
carbon accumulation without additional ni-
trogen. This mechanism could allow some ni-
trogen transfer from soil to trees (6, 7), low-
ering the nitrogen demand associated with
increased tree carbon. However, experimen-
tal studies show that when CO2 enrichment
increases soil C:N, decomposing microor-
ganisms require more nitrogen. This effect
can reduce nitrogen mineralization, the main
source of nitrogen for plants (8, 9). It is thus

unlikely that increases in soil C:N could yield
large increases in ecosystem carbon stocks. 

With little contribution from increasing
C:N, the carbon-uptake projections (1, 2)
almost certainly require nitrogen accumu-
lation. Nitrogen enters the terrestrial bio-
sphere through atmospheric deposition and
biological fixation, and is mainly lost
through leaching and gaseous fluxes. We
have estimated high and low nitrogen flux-
es for each of these mechanisms (10).

To estimate future anthropogenic nitro-
gen deposition based on population-
growth projections (11), we assume that
per capita nitrogen deposition remains con-
stant (low) or increases linearly to that of
North America today (high) (12). We as-
sume that 5% (low) to 10% (high) of that
deposited nitrogen supports increased car-
bon storage (9). We estimate biological ni-
trogen fixation (12) to increase linearly by
10% (low) or 45% (high) with CO2 dou-
bling (9). We further assume that nitrogen
leaching losses are currently 36 Tg of ni-
trogen per year (13), and that nitrogen

leaching would decline lin-
early with CO2 doubling by
0 (low) to 20% (high) (9). 

Combining our high esti-
mates, 6.1 Pg of nitrogen
could accumulate by 2100
(see the figure). This amount
is less than is required by all
CO2-only simulations and by
four of the six CO2-climate
simulations (1, 2) (see the
figure). Our low estimates of
nitrogen accumulation yield
only 1.2 Pg of nitrogen, in-
sufficient for all simulations.

We have focused on ni-
trogen, but the situation may
be worse for other nutrients,
such as potassium and phos-
phorus, which are less sub-
ject to human or biological
control than is nitrogen fixa-
tion. Models that incorpo-
rate nutrient cycling predict
much less CO2 carbon up-
take than models lacking
these feedbacks (14). The
next IPCC assessment must
include models taking into
account these feedbacks.
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sponse was sustained even as tree growth in control plots (and in
the adjacent FACE plots) was declining (Fig. 2).
Canopy-averaged foliar [N] in the FACE experiment declined

over time in both aCO2 and eCO2 (Fig. 3A). Foliar [N] did not
differ between plots before the onset of the CO2 exposure, but
was consistently lower in eCO2 after the treatments were initiated
in 1998. There was a linear relationship between NPP and foliar
[N] beginning in the third year of treatment (Fig. 3B). The slope
of the NPP–[N] relationship was significantly steeper in eCO2
than in aCO2. From this regression analysis, NPP would be equal
in the two treatments when foliar [N] declined to 8.6 mg·g−1,
which was approximately the [N] of leaf litter in aCO2 from 1998
to 2004 (20).
During the first 2 y of the experiment, NPP was not closely

related to foliar [N], and other year-to-year fluctuations in NPP
did not always correspond to differences in [N], indicating that
foliar [N] was not the only regulator of NPP. NPP also depends
on interrelated factors describing canopy structure, including leaf
area duration (LAD) (the integration of leaf area index over the

year), leaf mass per unit area (LMA), and total canopy N con-
tent. LAD varied year to year without any clear trend over time
and with no effect of [CO2] (Fig. 3C). NPP increased with LAD
in aCO2, but there was no significant relationship between NPP
and LAD in eCO2 (Fig. 3D). LMA increased during the exper-
iment (Fig. 3E), and NPP was inversely correlated with LMA
(Fig. 3F). Canopy N content did not exhibit any clear trend
through time except for a decline over the last 3 y (Fig. 3G), but
NPP was nevertheless correlated with canopy N (Fig. 3H). The
influences of LAD, LMA, and canopy N on NPP were small
compared with that of foliar [N]. In a multivariate regression
framework, foliar [N] was the only significant predictor of NPP in
eCO2, accounting for 73% of the variation. In aCO2 foliar [N]
explained 57% of the variation in NPP, and LAD explained an
additional 15%.
Light-saturated photosynthetic rates were significantly greater

(P < 0.05) at eCO2 than at aCO2 in 1999 (means ± SEM were
14.5 ± 1.8 μmol·m−2·s−1 vs. 10.4 ± 1.0 μmol·m−2·s−1) (21).
However, photosynthesis was lower in both treatments in 2008,
and there was no longer a significant stimulation by eCO2 (7.6 ±
0.7 μmol·m−2·s−1 vs. 6.4 ± 0.7 μmol·m−2·s−1, P > 0.26). Reduc-
tions in leaf photosynthesis through time and with CO2 treat-
ment reflect differences in the parameters of photosynthetic
biochemistry, Vcmax (the maximum rate of carboxylation) and
Jmax (maximum rate of electron transport at saturating irradi-
ance.) Foliar N per unit leaf area, Narea, in the upper 2 m of the
canopy decreased from 1999 to 2008 and was less in eCO2 than
in aCO2; hence, Vcmax and Jmax were reduced concomitantly.
There was no change in the relationships between Vcmax or Jmax
and Narea with time or with CO2 enrichment.

Discussion
Global analyses that assume a sustained CO2 fertilization effect
are no longer supported by this FACE experiment. Previous
reports from this experiment that were based on observations
over 6 y of treatment and combined with results from three other
forest FACE experiments indicated that the CO2 fertilization
effect on NPP was sustained and consistent across a broad range
of productivity (7). Observations over a longer period were nec-
essary to reveal the loss in response reported here, which chal-
lenges the use of the previous report as a benchmark for models.
The diminishing response of forest NPP to eCO2 must be

interpreted in relation to the coinciding decline of NPP in aCO2,
although we note that low productivity by itself does not neces-
sarily imply lower relative responsiveness to eCO2 (7). A decline
in forest production with age is a pattern normally observed
during forest stand development as a consequence of various
environmental or internal factors (22, 23). Although the decline
can be large and is a near universal phenomenon, the physio-
logical mechanisms responsible for decline are not completely
understood; possible explanations include increased respiration-
to-photosynthesis balance, increased hydraulic resistance, de-
creased nutrient supply, or various changes in stand structure (22,
23). Generally, more productive stands (including plantations
established for short-rotation forestry) reach their peak pro-
ductivity earlier and productivity declines more steeply (22).
Consistent withmodel projections (24), we attribute the observed
decline in NPP in this ecosystem to a constraint imposed by
limited and declining N availability. In N-limited forests, the
N that is sequestered into perennial tissue during stand devel-
opment or immobilized into decomposing plant litter and soil
organic pools must be replaced with additional N inputs, or tree
growth will decline (25). The response to N fertilization in the
adjacent sweetgum stand provides direct evidence that the forest
stand was N limited.
Although N limitation in this stand is established, the question

whether the CO2 response was N limited requires further anal-
ysis. Our analysis of the relationship between NPP and foliar [N]

Fig. 1. Tree growth responses to elevated CO2. NPP [kilograms dry matter
(DM) per square meter land area per year] data are the means of three aCO2

plots (open symbols) and two eCO2 plots (solid symbols) ± SEM. The number
at each point is the percentage increase under eCO2. Statistical information
is given in SI Materials and Methods.

Fig. 2. Growth response to nitrogen addition. Responses in the N fertilizer
experiment (dashed lines) are compared with responses in the FACE exper-
iment (solid lines). Elevated CO2 (solid circles) caused a significant increase in
wood increment in the first year after treatment initiation (1998), but the
response diminished in subsequent years and in later years was not statis-
tically different from FACE controls (open circles). N fertilization (shaded
squares) caused an immediate and sustained increase in wood increment
compared with unfertilized plots (open squares) (P < 0.001).
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).
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wood of deciduous trees at the Harvard Forest, the mass ratio of
carbon stored per unit of nitrogen stored is ∼300:1 (e.g., 32, 33).
On the basis of this ratio, we estimate that the amount of ni-
trogen required to store 1,000 kg·C·ha−1·yr−1 in new woody
growth resulting from warming is about 3.3 kg·N·ha−1·yr−1. This
amount of nitrogen is about 12% of the additional 27 kg·N·ha−1·
yr−1 made available to the trees growing in the heated area.
Our data show that most of the remaining 23.7 kg·N·ha−1 of

the newly available nitrogen in the heated area has entered
a rapidly cycling nitrogen pool that moves between the soil and
vegetation. We have measured an annual average increase in
nitrogen mass in the green canopy in the heated area relative
to the control of 22.5 kg·N·ha−1, which accounts for almost all
of this newly available nitrogen in the rapidly cycling pool. This
accounting of the newly available nitrogen resulting from warm-
ing is consistent with our observations that there has been no
evidence of nitrogen losses to groundwater or the atmosphere
(as nitrous oxide) from either the heated or the control areas.
Although we think that most of the increased carbon storage

in the trees is related to the warming-induced acceleration of the
nitrogen cycle, we also observed a lengthening of the growing
season with warming. Using a threshold number of 50% of the
buds on the trees opening, we estimate that bud-break occurs

between 4 and 7 d sooner in trees in the warmed area. This
translates to a 3–4% increase in the mean growing season length
of 161 d reported for deciduous stands at the Harvard Forest
(34). A slightly longer growing season may be interacting with
greater nitrogen availability to enhance plant productivity and
carbon storage. However, as nitrogen is considered to be a major
factor limiting plant growth in this system (24, 35), we attribute
most of plant carbon gain to changes in the nitrogen cycle.
Although we believe that the warming of soils as the climate

changeswill affect carbon cycling in forest ecosystems by increasing
nitrogen availability and lengthening the growing season, we rec-
ognize that the carbon balance of forest ecosystems in a changing
climate will also depend on other factors that will change over the
century (e.g., 36–38). For example, carbon storage in woody tissue
will also be affected by changes in water availability, changes in the
availability of other nutrients such as phosphorus, the effects of
increased temperature on both plant photosynthesis and above-
ground plant respiration, and the atmospheric concentration of
CO2. Reductions in soil moisture and the increased plant respira-
tion associated with warming will tend to reduce carbon storage in
mid-latitude forests, whereas moderate increases in soil moisture
and increased concentrations of CO2 will likely increase carbon
storage in these systems, especially if nitrogen limitation is relieved.
It is important to recognize that the relief of nitrogen limita-

tion by the redistribution of nitrogen from the soil to the vege-
tation has limits set by the size of the soil nitrogen pool and its
accessibility to the microbial community. Results from individual
field studies (39, 40) and meta-analyses (41, 42) support the ar-
gument that, for land ecosystems to sustain large, long-term
carbon accumulations in response to rising atmospheric CO2,
nitrogen inputs will have to increase and/or nitrogen losses will
have to decrease.
With model simulations, we have demonstrated the importance

of including nitrogen in coupled atmosphere–ocean–land earth
system models by comparing terrestrial carbon uptake in response
to increased surface temperatures using two versions of our global
biogeochemistry model, Terrestrial EcosystemModel (the carbon
only and coupled carbon–nitrogen versions), in the Massachusetts
Institute of Technology’s Integrated Global Systems Model
framework (43). A change in terrestrial carbon uptake with in-
creased surface temperatures was observed when nitrogen was
included, leading to a net sequestration of carbon in the plant–soil
system and a reduced CO2 feedback to the climate system. Other
research groups have obtained similar results when they incor-
porated their carbon–nitrogen models into atmosphere–ocean–
land earth system models (44–46).

Conclusions
To date, the idea that warming-induced redistribution of nitrogen
from soil to vegetation can alter the carbon budget of normally
nitrogen-limited forest ecosystems has been an untested hypoth-
esis (12, 23, 44–46). The results presented here provide empirical
support for this concept and underscore the importance of in-

Fig. 3. The average annual effect of soil warming on the net carbon bal-
ance of the forest stand (ecosystem carbon flux) expressed as the difference
between the warming-induced carbon loss from the soil (soil organic matter
decay) and the gain in the above- and belowground perennial tissues of the
canopy trees (vegetation carbon storage) (in Mg·C·ha−1). These values are
relative to the control area. Note that the ecosystem carbon flux value for
year 7 is near 0 Mg·C·ha−1.

Fig. 4. The cumulative effect of soil warming on the carbon balance of the
ecosystem after 7 y of warming in Mg·ha−1. Increases in growing season
length may also contribute to vegetation carbon storage (not shown in this
figure). These values are rounded to the nearest tenth of a Megagram (Mg).

Fig. 5. Net nitrogen mineralization in the control and heated areas. Bars
represent mean net nitrogen mineralization rates of subplots (n = 10) ±1 SE
in kg·N·ha−1·yr−1.
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).

Melillo et al. PNAS | June 7, 2011 | vol. 108 | no. 23 | 9509

EC
O
LO

G
Y

wood of deciduous trees at the Harvard Forest, the mass ratio of
carbon stored per unit of nitrogen stored is ∼300:1 (e.g., 32, 33).
On the basis of this ratio, we estimate that the amount of ni-
trogen required to store 1,000 kg·C·ha−1·yr−1 in new woody
growth resulting from warming is about 3.3 kg·N·ha−1·yr−1. This
amount of nitrogen is about 12% of the additional 27 kg·N·ha−1·
yr−1 made available to the trees growing in the heated area.
Our data show that most of the remaining 23.7 kg·N·ha−1 of

the newly available nitrogen in the heated area has entered
a rapidly cycling nitrogen pool that moves between the soil and
vegetation. We have measured an annual average increase in
nitrogen mass in the green canopy in the heated area relative
to the control of 22.5 kg·N·ha−1, which accounts for almost all
of this newly available nitrogen in the rapidly cycling pool. This
accounting of the newly available nitrogen resulting from warm-
ing is consistent with our observations that there has been no
evidence of nitrogen losses to groundwater or the atmosphere
(as nitrous oxide) from either the heated or the control areas.
Although we think that most of the increased carbon storage

in the trees is related to the warming-induced acceleration of the
nitrogen cycle, we also observed a lengthening of the growing
season with warming. Using a threshold number of 50% of the
buds on the trees opening, we estimate that bud-break occurs

between 4 and 7 d sooner in trees in the warmed area. This
translates to a 3–4% increase in the mean growing season length
of 161 d reported for deciduous stands at the Harvard Forest
(34). A slightly longer growing season may be interacting with
greater nitrogen availability to enhance plant productivity and
carbon storage. However, as nitrogen is considered to be a major
factor limiting plant growth in this system (24, 35), we attribute
most of plant carbon gain to changes in the nitrogen cycle.
Although we believe that the warming of soils as the climate

changeswill affect carbon cycling in forest ecosystems by increasing
nitrogen availability and lengthening the growing season, we rec-
ognize that the carbon balance of forest ecosystems in a changing
climate will also depend on other factors that will change over the
century (e.g., 36–38). For example, carbon storage in woody tissue
will also be affected by changes in water availability, changes in the
availability of other nutrients such as phosphorus, the effects of
increased temperature on both plant photosynthesis and above-
ground plant respiration, and the atmospheric concentration of
CO2. Reductions in soil moisture and the increased plant respira-
tion associated with warming will tend to reduce carbon storage in
mid-latitude forests, whereas moderate increases in soil moisture
and increased concentrations of CO2 will likely increase carbon
storage in these systems, especially if nitrogen limitation is relieved.
It is important to recognize that the relief of nitrogen limita-

tion by the redistribution of nitrogen from the soil to the vege-
tation has limits set by the size of the soil nitrogen pool and its
accessibility to the microbial community. Results from individual
field studies (39, 40) and meta-analyses (41, 42) support the ar-
gument that, for land ecosystems to sustain large, long-term
carbon accumulations in response to rising atmospheric CO2,
nitrogen inputs will have to increase and/or nitrogen losses will
have to decrease.
With model simulations, we have demonstrated the importance

of including nitrogen in coupled atmosphere–ocean–land earth
system models by comparing terrestrial carbon uptake in response
to increased surface temperatures using two versions of our global
biogeochemistry model, Terrestrial EcosystemModel (the carbon
only and coupled carbon–nitrogen versions), in the Massachusetts
Institute of Technology’s Integrated Global Systems Model
framework (43). A change in terrestrial carbon uptake with in-
creased surface temperatures was observed when nitrogen was
included, leading to a net sequestration of carbon in the plant–soil
system and a reduced CO2 feedback to the climate system. Other
research groups have obtained similar results when they incor-
porated their carbon–nitrogen models into atmosphere–ocean–
land earth system models (44–46).

Conclusions
To date, the idea that warming-induced redistribution of nitrogen
from soil to vegetation can alter the carbon budget of normally
nitrogen-limited forest ecosystems has been an untested hypoth-
esis (12, 23, 44–46). The results presented here provide empirical
support for this concept and underscore the importance of in-

Fig. 3. The average annual effect of soil warming on the net carbon bal-
ance of the forest stand (ecosystem carbon flux) expressed as the difference
between the warming-induced carbon loss from the soil (soil organic matter
decay) and the gain in the above- and belowground perennial tissues of the
canopy trees (vegetation carbon storage) (in Mg·C·ha−1). These values are
relative to the control area. Note that the ecosystem carbon flux value for
year 7 is near 0 Mg·C·ha−1.

Fig. 4. The cumulative effect of soil warming on the carbon balance of the
ecosystem after 7 y of warming in Mg·ha−1. Increases in growing season
length may also contribute to vegetation carbon storage (not shown in this
figure). These values are rounded to the nearest tenth of a Megagram (Mg).

Fig. 5. Net nitrogen mineralization in the control and heated areas. Bars
represent mean net nitrogen mineralization rates of subplots (n = 10) ±1 SE
in kg·N·ha−1·yr−1.
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).
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unit of root mass and total root mass. Over the course of the study,
soil warming has resulted in increased respiration rates per unit of
root mass, whereas it has led to decreased fine-root mass.
Our estimate of the relative contribution of root respiration to

total respiration in the control area falls between two earlier
estimates made in unheated areas in other similarly structured
deciduous stands at the Harvard Forest (18, 25). One of the
studies, which used trenched plots to estimate the relative con-
tributions of root and microbial respiration to total soil respiration,
reported that root respiration accounted for about 20% of total
soil respiration (18). Bowden et al. (25), also using a trenched-plot
technique in a Harvard Forest deciduous stand that was not sub-
ject to warming, reported that root respiration accounted for 33%
of total soil respiration. These Harvard Forest results are in the
lower half of the range of the relative contribution of root respi-
ration to total soil respiration reported in the literature. A review
by Hansen et al. (26) shows that, globally, estimates of the con-
tribution of root respiration to total soil respiration range widely—
from 5 to 100%—depending on forest type, experimental setting,
season, and time step of the analysis.
Fine-root respiration increased in the heated area relative to the

control in the first 2 y of warming by an average of 19%. By the
third year of heating, however, fine-root respiration in the control
area surpassed that in the heated area by 9%, and this difference
increased in magnitude in subsequent years due to a progressive
decrease in fine-root biomass in the heated area (Table S1). We
estimate that fine-root biomass in the top 10 cm of soil decreased by
62% in the heated area during the 7-y study. Other soil-warming
studies in northern hardwood forests have shown similar dramatic
decreases in fine-root biomass in response to warming (27, 28). The
reduction of fine-root biomass with soil warming is consistent with
current ideas that link carbon allocation in plants to the availability
of nitrogen and other soil resources (29, 30). The logic is that, as
nitrogen becomes more available with warming, trees do not have
to allocate as much carbon resource belowground to acquire ni-
trogen, and so fine-root biomass decreases.
Microbial respiration associated with soil organic matter decay

was the largest component of soil respiration in both the heated
and the control areas during the pretreatment and treatment
phases. By difference (total soil respiration minus root respira-
tion), we estimate that, over the 7-y treatment period, microbial
respiration accounted for 74% of the total respiration in the
control area and 82% in the heated area (Fig. 1). We also esti-
mate that, over this period, the warming-induced increase in
microbial respiration resulted in a reduction of the total soil
carbon pool to a depth of 60 cm by 14.7% relative to the control.
Carbon dioxide emissions from fine-root decay increased in

the heated area each year with the growth of the fine-root de-
tritus pool. The additional root litter decay in the heated area,
however, was a small percentage (∼1%) of total soil respiration.

Although soil warming caused a loss of carbon from the soil, it
concurrently stimulated a gain of carbon in the vegetation (Fig. 2).
The forest in the study area has been regrowing since a major,
stand-replacing hurricane in 1938, which leveled most of the trees
in both the control and the heated areas. Over the course of the
study, carbon storage in the vegetation of the control area ranged
between 1.7 and 3.6 Mg·C·ha−1, with a mean for the 7 y of 2.2
Mg·C·ha−1. For forest stands of similar age and composition in
other parts of the Harvard Forest, Barford et al. (31) reported
a biometrically determined carbon storage rate in the live vege-
tation of 1.7 Mt·C·ha−1 for the period 1993–2000.
The annual rate of carbon storage in the vegetation of the

heated area was greater than in the control and ranged between
2.4 and 5.1 Mg·C·ha−1, with a mean for the 7 y of 3.2 Mg·C·ha−1.
The rate of carbon storage in the vegetation increased over time.
Compared with the control, the net annual ecosystem carbon
balance resulting from warming shifted from a substantial carbon
loss early in the experiment (2.0 Mg·C·ha−1) to near zero (0.0
Mg·C·ha−1) in year 7 (Fig. 3).
Integrated over the 7-y period, the warming-induced soil carbon

losses have been greater than the warming-induced vegetation
carbon gains. The cumulative carbon loss from the soil that was
induced by warming over the 7 y of treatment was 13.0 Mg·C·ha−1,
and the warming-induced vegetation gain was 7.0 Mg·C·ha−1 (Fig.
4). Since the start of the experiment, the equivalent of 54% of the
carbon released from soils in response towarming has been taken up
and stored in trees in the heated area. Thus, although warming has
resulted in a net positive feedback to the climate system, the mag-
nitude of the feedback has been substantially dampened by the in-
crease in storage of carbon in vegetation.
Increases in vegetation carbon storage in the heated area are

likely due, for the most part, to the warming-induced increase in
net nitrogen mineralization of about 27 kg·N·ha−1·yr−1. This
represents a 45% increase relative to the nitrogen mineralization
rate in the control area (Fig. 5).
We used the principles of ecosystem stoichiometry to explore

whether or not the increase in net nitrogen mineralization in the
heated area was large enough to support the measured increase
in carbon storage in the trees growing there. When carbon is
stored in plant tissues, a small amount of nitrogen is also stored,
with the mass ratio of C:N specific to plant tissue type. In the

Fig. 1. Total annual soil CO2 efflux partitioned into soil organic matter loss,
root respiration, and fine-root decomposition for the heated and control
areas (in Mg·C·ha−1).

Fig. 2. (A) Annual vegetation carbon storage in the heated and control
areas (in Mg·C ha−1). (B) Annual vegetation in carbon storage delta (heated
minus control) (in Mg·C·ha−1).
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Carbon-nitrogen interactions impact effective 
emissions

atmospheric carbon budget, based on Eqs. (9) and (11),
are shown in Fig. 8. The effect of the ocean carbon–
climate feedback on the overall atmospheric carbon
budget is small. Both carbon–concentration and carbon–
climate feedbacks over ocean vary little between models.
For all models, except NorESM-ME and CESM1-BGC,
the land carbon cycle component dominates the overall
carbon–climate feedback.
Figures 7 and 8 show that, because of their offsett-

ing nature, similar values of cumulative emissions and
airborne fractions result even though the strength of feed-
backs vary considerably across models. The higher air-
borne fraction of cumulative emissions in the CanESM2,
NorESM-ME, CESM1-BGC, and MIROC-ESMmodels

(0.64–0.71) is associated with their relatively smaller
fraction of emissions taken up by land (0.06–0.17), com-
pared to other comprehensive Earth system models.
This is related to a weaker CO2 fertilization effect in
these models. In the absence of an explicit terrestrial
nitrogen cycle, the strength of the CO2 fertilization
effect in CanESM2 is ‘‘downregulated’’ based on the
response of plants grown in ambient and elevated CO2

following Arora et al. (2009). The CO2 fertilization ef-
fect in the NorESM-ME and CESM1-BGC models is
constrained by nitrogen limitation. Finally, unlike other
models, which use a biogeochemical approach to model
terrestrial photosynthesis, the MIROC-ESM uses an
empirical approach tomodel the photosynthetic response

TABLE 2. Values of integrated flux-based carbon–concentration b and carbon–climate g feedback parameters for the participating
models for their atmosphere, land, and ocean components calculated using data at the end of the radiatively and biogeochemically coupled
simulations.

Carbon–concentration feedback parameter b
(PgCppm21)

Carbon–climate feedback parameter g
(Pg C 8C21)

bA bL bO gA gL gO

Model Atmosphere Land Ocean Atmosphere Land Ocean

MPI-ESM-LR 22.29 1.46 0.83 92.2 283.2 29.0
IPSL-CM5A-LR 22.04 1.14 0.91 64.8 258.6 26.2
BCC-CSM1 22.19 1.36 0.83 87.6 277.8 29.8
HadGEM2 21.95 1.16 0.79 40.1 230.1 210.0
UVic ESCM 2.9 21.75 0.96 0.78 85.8 278.5 27.3
CanESM2 21.65 0.97 0.69 79.7 271.9 27.8
NorESM-ME 21.07 0.22 0.85 21.4 215.6 25.7
CESM1-BGC 20.96 0.24 0.72 23.8 221.3 22.4
MIROC ESM 21.56 0.74 0.82 100.7 288.6 212.1
Model mean (std dev) 21.72 (0.47) 0.92 (0.44) 0.80 (0.07) 66.2 (30.4) 258.4 (28.5) 27.8 (2.9)
C4MIP mean (std dev) (FEA) 22.48 (0.59) 1.35 (0.61) 1.13 (0.26) 109.6 (50.6) 278.6 (45.8) 230.9 (16.3)

FIG. 7. Contributions of the carbon–concentration and carbon–climate feedbacks to the emissions carbon budget
(a) in terms of their absolute magnitudes and (b) as a fraction of cumulative emissions following Eqs. (8) and (11).
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atmospheric carbon budget, based on Eqs. (9) and (11),
are shown in Fig. 8. The effect of the ocean carbon–
climate feedback on the overall atmospheric carbon
budget is small. Both carbon–concentration and carbon–
climate feedbacks over ocean vary little between models.
For all models, except NorESM-ME and CESM1-BGC,
the land carbon cycle component dominates the overall
carbon–climate feedback.
Figures 7 and 8 show that, because of their offsett-

ing nature, similar values of cumulative emissions and
airborne fractions result even though the strength of feed-
backs vary considerably across models. The higher air-
borne fraction of cumulative emissions in the CanESM2,
NorESM-ME, CESM1-BGC, and MIROC-ESMmodels

(0.64–0.71) is associated with their relatively smaller
fraction of emissions taken up by land (0.06–0.17), com-
pared to other comprehensive Earth system models.
This is related to a weaker CO2 fertilization effect in
these models. In the absence of an explicit terrestrial
nitrogen cycle, the strength of the CO2 fertilization
effect in CanESM2 is ‘‘downregulated’’ based on the
response of plants grown in ambient and elevated CO2

following Arora et al. (2009). The CO2 fertilization ef-
fect in the NorESM-ME and CESM1-BGC models is
constrained by nitrogen limitation. Finally, unlike other
models, which use a biogeochemical approach to model
terrestrial photosynthesis, the MIROC-ESM uses an
empirical approach tomodel the photosynthetic response

TABLE 2. Values of integrated flux-based carbon–concentration b and carbon–climate g feedback parameters for the participating
models for their atmosphere, land, and ocean components calculated using data at the end of the radiatively and biogeochemically coupled
simulations.
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Typical result from Earth System models with 
carbon and nitrogen interactions

work has shown that O-CN’s predictions of the fate of
increases in mineral N supply, and the response of net C
storage to chronic increases in N inputs, are in close
agreement with monitoring and manipulative studies
[Zaehle and Friend, 2010]. O-CN reproduces accurately
the observed fraction of mineralized N transferred to woody
biomass, and the observed stimulation of vegetation growth.
The latter compensates for the enhanced soil organic matter
decomposition [Magill et al., 2004] (Figures 1b and S2).
This important response cannot be captured unless terres-
trial N dynamics and their effects are considered.
[6] Despite these encouraging model-data comparisons

we acknowledge that the set of available ecosystem manip-
ulation experiments is limited with respect to spatial and
ecosystem coverage as well as duration. We therefore apply
our model to the global scale with important caveats, while
nevertheless noting that if these warming and CO2 experi-
ments are representative of larger scale responses, then so is
our model. A global sensitivity experiment assessing the
short-term response of O-CN to increased atmospheric
[CO2] and soil warming suggests that N dynamics play a
key role in boreal, and a strong role in temperate ecosys-
tems, whereas tropical ecosystems show a rather low
sensitivity to N dynamics (see supplementary material).
These latitudinal differences in the role of N dynamics for
C exchange are entirely consistent with ecological under-
standing of the spatial distribution of nutrient controls on
primary production [Vitousek and Howarth, 1991].

3.2. Global Simulations

[7] To assess the effects of N dynamics on global land C
dynamics, we undertook factorial global transient simula-
tions driven by increasing atmospheric [CO2] [Nakicenovic
et al., 2000], N deposition [Dentener et al., 2006], and by
changing climate. Climate forcing used anomalies for 1860
to 2100 obtained from IPSL-CM4 [Marti et al., 2005] under
the A2 emission scenario [Nakicenovic et al., 2000] applied
to a 1961–1990 observational climatology [Mitchell et al.,
2004].

Figure 1. Observed (OBS) and simulated responses from the O-CN and O-C model versions of (a) net primary production
(NPP) to atmospheric [CO2] enrichment and (b) cumulative net C uptake to soil warming. The response to elevated [CO2] is
the mean enhancement (in percent) of annual NPP in elevated (!566 ppmv) relative to ambient (!367 ppmv) plots during
6 years of enrichment (1997–2002) at Duke Forest (35!580N, 79!050W, predominant vegetation type: temperate
needleleaved evergreen forest). Observations are taken from Norby et al. [2005]. Vertical lines denote between-year
standard deviation, including the variance between replicate plots. The total ecosystem C accumulation [kg C m"2] in
response to a soil warming of 5 K is expressed as the difference between the perturbed and control plots at Harvard Forest
(42!300N, 72!W, predominant vegetation type: temperate broadleaved deciduous forest) after 10 years of treatment.
Observations are taken from Melillo et al. [2002] and Magill et al. [2004]. See auxiliary material for details.

Figure 2. (a) Cumulative global land C storage from 1860
with (red; O-CN) and without (blue; O-C) accounting for
terrestrial N dynamics and (b) effect of N dynamics on
cumulative global land C storage by 2100 (expressed as
O-CN minus O-C), simulated in response to historical and
projected future changes in atmospheric [CO2] only (CO2),
climate change only (CLIM), N deposition only (NDEP),
and all three factors combined (ALL). ‘‘SYN’’ refers to the
additional C storage in land due to the synergistic
interactions of individual forcing factors [Zaehle et al.,
2010]. See auxiliary material for details.
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Most nitrogen is recycled

Globally, recycled N accounts for nearly 90% of annual terrestrial
plant demand, whereas recycled P sustains >98% of global terres-
trial plant productivity (Tables 1 and 2). These numbers are espe-
cially significant when considered in light of human cropping
systems where <50% of annual fertilized crop N demand is met via
recycling (26). This highly efficient nutrient recycling via plant–soil–
microbe interactions represents a vital global ecosystem service.
Across the land surface and even within biomes, the quantity of

new versus recycled production varies dramatically. For instance,
new N inputs have the capacity to support roughly 30% of total

annual NPP in savanna ecosystems, but variability within this bi-
ome is high, ranging from 3–54% of production at a 10-km2 spatial
resolution (Table 3). This likely reflects the relatively open N cycle
in savannas, where fire and herbivory remove N and promote high
rates of N fixation, thus limiting the capacity for nutrient recycling.
In addition, using our combined satellite and modeling approach,
we identify a strong latitudinal difference in new versus recycled
production via N (Fig. 1). For example, in boreal and temperate
regions (evergreen needeleaf forest) new N production is low
(∼3%), whereas in tropical forest ecosystems that dominate the

Fig. 1. Global patterns of nitrogen:phosphorus (N:P) mineralization (A), NPP from new N (B), and NPP from new P (C). We excluded agricultural lands from
the analysis (gray), and low-productivity regions (i.e., NPP <150 g C·m−2·y−1) were masked from the figure (white) because of their extremely low nutrient
demands. Nutrient mineralization ratios and new versus recycled production percentages for both N and P were estimated using a combination of satellite-
derived NPP data, biogeochemical modeling, and empirical observations (SI Methods). Evergreen broadleaf tropical forests account for ∼45% of total NPP
derived from new N inputs (Table 3).

12734 | www.pnas.org/cgi/doi/10.1073/pnas.1302768110 Cleveland et al.

Cleveland et al. 2013 PNAS
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Mechanisms that govern N limitation

could cause anthropogenic N limitation, certainly in P-
fertilized ecosystems where N fixation is constrained,
possibly where land use causes widespread increases in
the long-distance transport of atmospheric dust (Okin et
al. 2004, Tegen et al. 2004). The greater mobility and
biological availability of combined N in the atmosphere
implies that anthropogenic P limitation should be much
more widespread (if perhaps less persistent) than
anthropogenic N limitation.

DISCUSSION

The mechanisms that individually and interactively
drive P limitation, together with those driving N
limitation, which are summarized in Table 2, could
contribute to our understanding of N and P dynamics in
terrestrial ecosystems in two ways. First, we are
concerned with nutrient limitation (both proximate
and ultimate) to many more ecosystems than we will
be able to test empirically with fertilization. Indirect
measures like element ratios in foliage can be useful
predictors of which nutrient is likely to limit particular
sites, and so to which anthropogenic changes particular
systems are likely to prove most vulnerable. However,
the inferences derived from such indices will be much
stronger if they are coupled to mechanism-based under-
standing of why those particular nutrients are limiting to
particular ecosystems.

Second, identifying ultimate limiting nutrients is
important, because alterations in their supply have the
capacity to transform the structure and functioning of
ecosystems. The long-term, well-controlled, whole-sys-
tem experiments that are necessary to establish ultimate
vs. proximate limitation (Schindler et al. 2008) will
always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
including leaching of DON, post- disturbance losses,
some gaseous pathways

decades to centuries; depends
on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements

decades to centuries

Transactional slow release of N from complex organic into soluble
forms, relative to the supply of other resources

years to centuries

Sink driven sequestration of available N in an accumulating pool
within ecosystems

decades to millenia

Sources: Vitousek and Howarth (1991), Vitousek and Field (1999), and Vitousek (2004).
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they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
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limiting; could be due to energetic costs, differential
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Mechanisms that govern N limitation
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possibly where land use causes widespread increases in
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biological availability of combined N in the atmosphere
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DISCUSSION
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always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
including leaching of DON, post- disturbance losses,
some gaseous pathways

decades to centuries; depends
on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements

decades to centuries

Transactional slow release of N from complex organic into soluble
forms, relative to the supply of other resources

years to centuries

Sink driven sequestration of available N in an accumulating pool
within ecosystems

decades to millenia

Sources: Vitousek and Howarth (1991), Vitousek and Field (1999), and Vitousek (2004).
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Mechanisms that govern N limitation

could cause anthropogenic N limitation, certainly in P-
fertilized ecosystems where N fixation is constrained,
possibly where land use causes widespread increases in
the long-distance transport of atmospheric dust (Okin et
al. 2004, Tegen et al. 2004). The greater mobility and
biological availability of combined N in the atmosphere
implies that anthropogenic P limitation should be much
more widespread (if perhaps less persistent) than
anthropogenic N limitation.

DISCUSSION

The mechanisms that individually and interactively
drive P limitation, together with those driving N
limitation, which are summarized in Table 2, could
contribute to our understanding of N and P dynamics in
terrestrial ecosystems in two ways. First, we are
concerned with nutrient limitation (both proximate
and ultimate) to many more ecosystems than we will
be able to test empirically with fertilization. Indirect
measures like element ratios in foliage can be useful
predictors of which nutrient is likely to limit particular
sites, and so to which anthropogenic changes particular
systems are likely to prove most vulnerable. However,
the inferences derived from such indices will be much
stronger if they are coupled to mechanism-based under-
standing of why those particular nutrients are limiting to
particular ecosystems.

Second, identifying ultimate limiting nutrients is
important, because alterations in their supply have the
capacity to transform the structure and functioning of
ecosystems. The long-term, well-controlled, whole-sys-
tem experiments that are necessary to establish ultimate
vs. proximate limitation (Schindler et al. 2008) will
always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
including leaching of DON, post- disturbance losses,
some gaseous pathways

decades to centuries; depends
on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements

decades to centuries

Transactional slow release of N from complex organic into soluble
forms, relative to the supply of other resources

years to centuries

Sink driven sequestration of available N in an accumulating pool
within ecosystems

decades to millenia

Sources: Vitousek and Howarth (1991), Vitousek and Field (1999), and Vitousek (2004).
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fertilized ecosystems where N fixation is constrained,
possibly where land use causes widespread increases in
the long-distance transport of atmospheric dust (Okin et
al. 2004, Tegen et al. 2004). The greater mobility and
biological availability of combined N in the atmosphere
implies that anthropogenic P limitation should be much
more widespread (if perhaps less persistent) than
anthropogenic N limitation.

DISCUSSION

The mechanisms that individually and interactively
drive P limitation, together with those driving N
limitation, which are summarized in Table 2, could
contribute to our understanding of N and P dynamics in
terrestrial ecosystems in two ways. First, we are
concerned with nutrient limitation (both proximate
and ultimate) to many more ecosystems than we will
be able to test empirically with fertilization. Indirect
measures like element ratios in foliage can be useful
predictors of which nutrient is likely to limit particular
sites, and so to which anthropogenic changes particular
systems are likely to prove most vulnerable. However,
the inferences derived from such indices will be much
stronger if they are coupled to mechanism-based under-
standing of why those particular nutrients are limiting to
particular ecosystems.

Second, identifying ultimate limiting nutrients is
important, because alterations in their supply have the
capacity to transform the structure and functioning of
ecosystems. The long-term, well-controlled, whole-sys-
tem experiments that are necessary to establish ultimate
vs. proximate limitation (Schindler et al. 2008) will
always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
including leaching of DON, post- disturbance losses,
some gaseous pathways

decades to centuries; depends
on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements

decades to centuries

Transactional slow release of N from complex organic into soluble
forms, relative to the supply of other resources

years to centuries

Sink driven sequestration of available N in an accumulating pool
within ecosystems

decades to millenia

Sources: Vitousek and Howarth (1991), Vitousek and Field (1999), and Vitousek (2004).
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Constraints to Biological Fixation
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N fixation was estimated using a model, CASACNP [Wang
et al., 2007; Houlton et al., 2008]. The responses of both
asymbiotic and symbiotic N fixation to increasing surface air
temperature and atmospheric [CO2] were estimated using
CASACNP (see auxiliary material for further details).1

[7] The N required for storing additional C in plants and
soils after 1900 is calculated as

Nr;i tð Þ ¼ DCp;i tð Þnp;i þDCl;i tð Þnl;i þDCs;i tð Þns;i ð2Þ

where np,i, nl,i and ns,i are the N:C ratios of plant, litter and soil
C pools, respectively;DCp,i(t),DCl,i(t) andDCs,i(t) represent
the increase in C in plant, litter and soil pools at year t relative
to 1900, respectively. In some of the C4MIP models, litter
was not treated independently of the soil. In these cases, we
assumed that 40% of the total increase in C in soil was due to
an increase in litter C, which is based on detailed estimates of
litter and soil organic C pool dynamics from 1900 to 2100 by
CSM-1.
[8] When Na,i > Nr,i, the surplus N (Na,i % Nr,i) is stored in

plant or soil, and can be used to store additional C when
needed. WhenDNi(t) < 0, N supplies cannot adequately store
the amount of C predicted by a given model at given C:N
ratio. We partition the C that cannot be stored in the terrestrial
biosphere, or ‘‘excess C’’, into the atmosphere and ocean,
with global temperatures recalculated following the method
outlined by Friedlingstein et al. [2006] for each model.
Because np,i is less than ns,i,, it is possible that C storage
can increase without additional N added to the system,
particularly where the increase in plant C is larger than the
decrease in soil C. To account for this effect, we estimated the
N deficit and excess C across a reasonable range of np,i, and
ns,i. Finally, because most models predict a peak in C uptake
by terrestrial biosphere around year 2050, we focus our
analysis on two periods, 1900 to 2050 and 1900 to 2099.

3. Results and Discussion

[9] We asked whether N inputs are substantial enough
to satisfy the N requirements of C storage as simulated by the
11 C4MIP models (see Table S2 of the auxiliary material for
the identity of all 11 models). Relative to 1900 levels, among

the models, the amount of new C storage varies considerably,
from between 28 Gt C to 414 Gt C by year 2050, to between
13Gt C to 844Gt C by year 2099. In all cases, more than 50%
of the new C is stored in live terrestrial plant biomass (the
remainder being stored in litter and soil). Using a range of
N:C ratios for plant, litter and soil organic matter pools (see
Methods), we thus estimate that the amount of N required to
satisfy the storage of new C varies from 0 to 10.6 Gt N by
2050 and from 0 to 17.1 Gt N by 2099.
[10] Two models, FRCGC and UMD, require no new N

inputs to store the amount of C estimated for 1900 to 2099.
These models predict an increase in plant C and a decrease in
soil and litter C; the amount of N required can be met entirely
by the mineralization of soil organic matter. In all other case,
however, new N is required to store the estimated amount of
C, involving two primary paths – N2 fixation and deposition.
Here we examine the magnitude of such N inputs, and their
capacity to satisfy the N demands of the terrestrial biosphere.
[11] Our best estimate of the global symbiotic N fixation

flux using CASACNP is 0.125 Gt N for year 1900; this falls
within the range of previous ones (0.11–0.29 Gt N year%1)
[Cleveland et al., 1999], with tropical evergreen forest and
savannah biomes accounting for 85% of the total symbiotic
N fixation inputs (see Figure 1). Our model indicates
that symbiotic N fixation is low in the extra-tropical zone
(region 2) (&0.018 Gt N year%1), matching global expect-
ations for a strong latitudinal gradient in N fixation in the
terrestrial biosphere [Houlton et al., 2008].We also estimate a
global asymbiotic N fixation flux of 0.007 Gt N year%1 over
land under the present climate and preindustrial [CO2] levels
(290 ppmv). The total N fixation flux (symbiotic and free-
living), is 0.13 Gt N year%1 in region 1 and 0.02 Gt N year%1

in region 2, and the fraction of N fixed asymbiotically is
17% in region 1 and 44% in region 2 in year 1900.
[12] To study the sensitivity of C sequestration to changes

in N, we provide upper- and lower-bound estimates of N
fixation owning to the diverging response of N fixation to
elevated [CO2] observed experimentally [West et al., 2005].
The upper-bound is based on the nonlinear response of N
fixation to increasing [CO2] and temperature, whereas the
lower-bound estimate is based solely on temperature (see
Figure 2). Our modelled responses of N fixation to increasing
[CO2] and rising temperatures differ markedly fromHungate
et al.’s [2003] analysis; they did not consider the fundamental
temperature-sensitivity of nitrogenase and treated fixation
as a linear function of increasing [CO2]. Because N fixation

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL041009.

Figure 1. Model-based estimate of symbiotic N fixation
(g N m%2 year%1) over land under the present climate and
preindustrial [CO2] of 290 ppm. Area in black represents
ocean or inland water.

Figure 2. Modelled response of symbiotic N fixation to
temperature increase and atmospheric [CO2]. Results for
(a) region 1 and (b) region 2 are shown for [CO2] of 290 ppm
(solid black line), 550 ppm (solid grey line) and 1000 ppm
(dashed grey line).
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Mechanisms that govern N limitation

could cause anthropogenic N limitation, certainly in P-
fertilized ecosystems where N fixation is constrained,
possibly where land use causes widespread increases in
the long-distance transport of atmospheric dust (Okin et
al. 2004, Tegen et al. 2004). The greater mobility and
biological availability of combined N in the atmosphere
implies that anthropogenic P limitation should be much
more widespread (if perhaps less persistent) than
anthropogenic N limitation.

DISCUSSION

The mechanisms that individually and interactively
drive P limitation, together with those driving N
limitation, which are summarized in Table 2, could
contribute to our understanding of N and P dynamics in
terrestrial ecosystems in two ways. First, we are
concerned with nutrient limitation (both proximate
and ultimate) to many more ecosystems than we will
be able to test empirically with fertilization. Indirect
measures like element ratios in foliage can be useful
predictors of which nutrient is likely to limit particular
sites, and so to which anthropogenic changes particular
systems are likely to prove most vulnerable. However,
the inferences derived from such indices will be much
stronger if they are coupled to mechanism-based under-
standing of why those particular nutrients are limiting to
particular ecosystems.

Second, identifying ultimate limiting nutrients is
important, because alterations in their supply have the
capacity to transform the structure and functioning of
ecosystems. The long-term, well-controlled, whole-sys-
tem experiments that are necessary to establish ultimate
vs. proximate limitation (Schindler et al. 2008) will
always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
including leaching of DON, post- disturbance losses,
some gaseous pathways

decades to centuries; depends
on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements

decades to centuries
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could cause anthropogenic N limitation, certainly in P-
fertilized ecosystems where N fixation is constrained,
possibly where land use causes widespread increases in
the long-distance transport of atmospheric dust (Okin et
al. 2004, Tegen et al. 2004). The greater mobility and
biological availability of combined N in the atmosphere
implies that anthropogenic P limitation should be much
more widespread (if perhaps less persistent) than
anthropogenic N limitation.

DISCUSSION

The mechanisms that individually and interactively
drive P limitation, together with those driving N
limitation, which are summarized in Table 2, could
contribute to our understanding of N and P dynamics in
terrestrial ecosystems in two ways. First, we are
concerned with nutrient limitation (both proximate
and ultimate) to many more ecosystems than we will
be able to test empirically with fertilization. Indirect
measures like element ratios in foliage can be useful
predictors of which nutrient is likely to limit particular
sites, and so to which anthropogenic changes particular
systems are likely to prove most vulnerable. However,
the inferences derived from such indices will be much
stronger if they are coupled to mechanism-based under-
standing of why those particular nutrients are limiting to
particular ecosystems.

Second, identifying ultimate limiting nutrients is
important, because alterations in their supply have the
capacity to transform the structure and functioning of
ecosystems. The long-term, well-controlled, whole-sys-
tem experiments that are necessary to establish ultimate
vs. proximate limitation (Schindler et al. 2008) will
always be sparse, particularly in terrestrial ecosystems
with perennial vegetation. It will be largely through the
understanding of mechanisms that we can build upon
those few experiments to determine where particular
nutrients are likely to represent ultimate limiting
resources, and why.

Which of the mechanisms driving P limitation are
capable of causing ultimate P limitation? Clearly, P
depletion in ancient, deeply leached soils can drive
ultimate P limitation, just as Walker and Syers (1976)
implied when they described such soils as being a
‘‘terminal steady state’’ of profound P limitation, from
which there is no exit other than geological disturbance
or human fertilization that can rejuvenate soils. Parent-
material-based P limitation also can be deep and
sustained. Where soil barriers develop into permanent
features of soils (permafrost prior to rapid global
warming; massive placic horizons in some tropical soils),
they too could drive ultimate P limitation by physically

FIG. 3. Response of Sphagnum growth (mean þ SE) to
additions of two levels (low and high) of N and P in a bog in
southern Sweden that received high levels of anthropogenic N
deposition (high-N site), and one in northern Sweden that
received little anthropogenic N. Treatments are: C, control; LN,
low N addition; HN, high N addition; LP, low P addition; HP,
high P addition. The figure is redrawn from Aerts et al. (1992).

TABLE 2. Pathways, mechanisms, and timescales of N limitation to primary production in terrestrial ecosystems.

Pathway Mechanism Timescale

Demand-independent losses losses of combined N that organisms cannot prevent,
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some gaseous pathways
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on loss pathway

Constraints to biological N fixation biological N fixation is slow or absent even when N is
limiting; could be due to energetic costs, differential
grazing, demands for P, Mo, or other essential
elements
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Transactional slow release of N from complex organic into soluble
forms, relative to the supply of other resources

years to centuries

Sink driven sequestration of available N in an accumulating pool
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Sink-driven N limitation

taneously respond to a change in the at-
mospheric CO2 concentration. However,
the changes in C and N pools are cumula-
tive. The rate of C accumulation in an
ecosystem is the net ecosystem productiv-
ity, equal to the difference between inflow
of C from photosynthesis and outflow from
respiration. Even if the photosynthetic stim-
ulation under elevated CO2 is constant, the
ecosystem C accumulation rate declines
over time because of gradually increasing
respiration (Luo and Reynolds 1999). Res-
piration is usually proportional to C pool
sizes. In pools with a fast turnover rate (e.g.,
microbial mass and fine roots), it takes a
short time to accumulate C before the pool
size reaches a new equilibrium. These pools
are usually small. In pools with a long res-
idence time (e.g., woody biomass and old
humus in soil), the cumulative change in C
and N can take from decades to thousands
of years before the pool size reaches a new
equilibrium. Pools with long residence times
generally are large but change very slowly,
making it difficult to detect statistically sig-
nificant changes in soil C pools by con-
ducting short-term CO2 experiments
(Hungate et al. 1996, Schlesinger and Lichter
2001). Like C, N accumulates slowly in large
pools with long residence times and rapidly
in small pools with short residence times.
Thus, the development and onset of PNL
depend on pool sizes and their residence
times (McMurtrie and Comins 1996).

The PNL concept is distinct from the interactive effects of
elevated CO2 and N supply. Whereas soil fertility can set the
initial responsiveness of ecosystems to elevated CO2 (Oren et
al. 2001), PNL expresses the concept of diminishing N avail-
ability under elevated CO2 without additional N influx or 
reduced N losses. As shown in modeling studies (VEMAP
1995, Rastetter et al. 1997), N availability decreases with ele-
vated CO2 as a consequence of increased C storage, regard-
less of initial N availability. It is the progressive decrease in N
availability, instead of the initial N level, that constrains the
long-term responses of NPP and C storage (Field 1999).

Overall, PNL develops only if elevated CO2 causes long-lived
plant biomass and SOM to accumulate, sequestering sub-
stantial amounts of both C and N into long-term pools. The
larger the initial enhancement of C and N accumulation is,
the more likely the subsequent PNL is to occur. By contrast,
negligible growth responses to elevated CO2, and low levels
of C and N accumulation in organic forms, will not elicit PNL
(figure 2). If N sequestration in long-lived plant biomass
and SOM is compensated by additional N supply, it is pos-
sible that N will not limit C accumulation at all. Thus, it is crit-
ical to examine various N supply mechanisms.

Mechanisms of nitrogen supply
When plants and ecosystems are subject to N stress under 
elevated CO2, a suite of short- and long-term mechanisms can
act to prevent or alleviate PNL. The short-term mechanisms
include reallocation of N among pools, increases in C:N 
ratios in plant tissues and SOM, and increased soil exploration
by fine roots and mycorrhizae. The long-term mechanisms,
which affect overall N supply, include increases in biological
N fixation, decreases in N leaching and gaseous N loss from
the soil, and enhanced retention of deposited N from the 
atmosphere.

Transfer of N from pools with a low C:N ratio (e.g., SOM)
to pools with a high C:N ratio (e.g., woody biomass) en-
ables ecosystems to sequester C over the short term under 
elevated CO2 without additional N increases. Such a response
has been observed in a ponderosa pine experiment in Cali-
fornia (Johnson et al. 1997), a scrub oak woodland in Florida
(Johnson et al. 2003), a pine forest in North Carolina (Finzi
and Schlesinger 2003), a tallgrass prairie in Kansas (Jastrow
et al. 2000), and a grassland ecosystem in Texas (Gill et al.
2002). The N transfer usually occurs through increased N 
uptake by plants at elevated levels of CO2. As a consequence,
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Figure 1. Two sets of feedback processes to elevated carbon dioxide (CO2) leading
to progressive nitrogen (N) limitation. In the upper pathway, the initial produc-
tivity response to elevated CO2 results in N sequestration in plant biomass and
litter pools, slowing N release to labile soil N. In the lower pathway, increased net
primary production (NPP) in response to elevated CO2 increases carbon (C) in-
put to soil (increased exudation, root growth and death, and aboveground litter-
fall), leading to increased N sequestration in soil organic matter (SOM). This N
sequestration reduces N availability to plants and subsequent plant N uptake.
Flexible C:N ratios in ecosystem organic matter pools can modify both pathways.
Flexible soil C:N pools could allow increased C storage without restricting short-
to medium-term N availability. A flexible plant C:N ratio could temporally de-
crease N demand.
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Model comparison to data:
Model response compared to observations

Nitrogen fertilization experiments
15N tracer studies

Plot/small catchment nitrogen budgets
Thomas et al. 2013 Global Change Biology
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).

1Max Planck Institute for Biogeochemistry, Department for Biogeochemical Systems, Hans-Knöll-Str. 10, 07745 Jena, Germany, 2LSCE/IPSL, Laboratoire
CEA/CNRS/UVSQ, 91191 Gif/Yvette Cedex, France, 3Department of Geography, University of Cambridge, Cambridge CB2 3EN, UK.
*e-mail: szaehle@bgc-jena.mpg.de.

We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the

Published by Copernicus Publications on behalf of the European Geosciences Union.



Test of nitrogen limitation in two global 
biogeochemical models

CLM-CN 4.0
(Thornton et al. 2009 Biogeosciences)

O-CN 
(Zaehle et al. 2011 Nature Geoscience)

LETTERS

PUBLISHED ONLINE: 31 JULY 2011 | DOI: 10.1038/NGEO1207

Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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of recent anthropogenic emissions are individually within
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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der radiatively forced climate change is shown to be fertiliza-
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ganic matter under a warming climate, which in this partic-
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feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Carbon benefits of anthropogenic reactive
nitrogen offset by nitrous oxide emissions
Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—
primarily through fertilizer application and atmospheric
deposition—have more than doubled since 1860 owing to
human activities1. Nitrogen additions tend to increase the net
uptake of carbon by the terrestrial biosphere, but they also
stimulate nitrous oxide release from soils2. However, given
that the magnitude of these effects is uncertain, and that the
carbon and nitrogen cycles are tightly coupled, the net climatic
impact of anthropogenic nitrogen inputs is unknown3. Here
we use a process-based model of the terrestrial biosphere4,5
to evaluate the overall impact of anthropogenic nitrogen
inputs on terrestrial ecosystem carbon and nitrous oxide fluxes
between 1700 and 2005.We show that anthropogenic nitrogen
inputs account for about a fifth of the carbon sequestered
by terrestrial ecosystems between 1996 and 2005, and for
most of the increase in global nitrous oxide emissions in recent
decades; the latter is largely due to agricultural intensification.
We estimate that carbon sequestration due to nitrogen
deposition has reduced current carbon dioxide radiative forcing
by 96± 14mWm�2. However, this effect has been offset by
the increase in radiative forcing resulting from nitrous oxide
emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)
perturbation, that is the addition of ecosystem-available forms of
nitrogen such as ammonium and nitrate, on terrestrial ecosystems
and the land–atmosphere fluxes of carbon dioxide and nitrous
oxide has proved difficult to quantify because of the tight coupling
between the carbon and nitrogen cycles1: changes in one cycle
cannot be understood without considering interactions with the
other cycle. Nevertheless, previous studies have addressed the
effects of anthropogenic Nr additions in isolation: nitrogen cycle
studies have focussed on understanding and quantifying the global
nitrogen budget through the cascading effects of Nr on terrestrial
N fluxes and emissions6, riverine export to coastal ecosystems7,
and the consequences of N2O accumulating in the atmosphere on
climate and stratospheric ozone depletion8. Carbon cycle studies
have focussed on determining the contribution of Nr deposition
on productivity and carbon storage in natural ecosystems at
site4,9, regional, and global scales5,10, showing that Nr deposition
potentially explains a significant fraction of the net carbon uptake
in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on
the coupled terrestrial nitrogen and carbon cycles. We do this
using a process-based model that simulates consistently both
N and C cycles and their interactions, and explicitly treats the
space–time distribution of N trace gas emissions4,5. The model
was found to reproduce observed patterns of contemporary
carbon and nitrogen fluxes5 (see Supplementary Information).

1Max Planck Institute for Biogeochemistry, Department for Biogeochemical Systems, Hans-Knöll-Str. 10, 07745 Jena, Germany, 2LSCE/IPSL, Laboratoire
CEA/CNRS/UVSQ, 91191 Gif/Yvette Cedex, France, 3Department of Geography, University of Cambridge, Cambridge CB2 3EN, UK.
*e-mail: szaehle@bgc-jena.mpg.de.

We perform a set of model simulations aimed at isolating
global and regional effects of anthropogenic Nr addition due to
fertilizer applications and atmospheric deposition from those due
to changes in land-cover, atmospheric [CO2], and climatic changes
over the historical period (1700–2005), using a consistent set of
model forcings (see Methods and Supplementary Information).
To calculate the overall climatic forcing of the Nr perturbation,
we propagate the net land–atmosphere exchanges of carbon
dioxide and nitrous oxide, resulting from the coupled nitrogen–
carbon model, into atmospheric concentrations using simple
box models and further information about fossil, marine, and
complementary terrestrial fluxes11,12 (Fig. 1; see Methods and
Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-
surements are available13, the increase in atmospheric [CO2] and
the interannual growth rate of atmospheric [CO2] are reproduced
well by the model (Fig. 1a,c), which implies that the simulated
airborne fraction of anthropogenic emissions also falls into the
observed range12. The effect of the Nr perturbation on atmo-
spheric CO2 levels is small (�6 ppm). The simulated terrestrial
N2O flux, when combined with the other terrestrial N2O fluxes,
produces a good agreement with the observed atmospheric [N2O]
evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase
in the terrestrial N2O source explains more than two thirds
(33 of 45 ppb) of the atmospheric increase since 1860. Never-
theless, the average simulated [N2O] growth rate in 1990–2005
(0.93±0.12 ppb yr�1) is about 25% higher than the observed
trend at atmospheric stations for the same period (GAGE/AGAGE
network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and
N2O flux anomalies? We estimate that the Nr perturbation
has increased terrestrial C storage since pre-industrial times by
12 Pg C. This value is small compared with modelled changes
in terrestrial C storage due to deforestation (a cumulative loss
of 205 PgC), and the enhancement of plant productivity due
to CO2 fertilization (a gain of 143 Pg C). During the period
1996–2005 we estimate that Nr deposition causes roughly 20%
(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;
Fig. 2a,c). In comparison, recent climatic changes cause a loss
of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]
on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.
Land-cover change (sum of de- and reforestation) causes a net
C loss of 0.7 PgC yr�1, agreeing with results of previous studies17
for the period 1991–2000 (see Supplementary Information).
Interannual variability in the net terrestrial carbon balance
(±0.74 PgC yr�1) is almost exclusively driven by climate variability.
Over the past three decades (1976–2005), there has been a
positive trend in the net C uptake of the terrestrial biosphere
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming

Correspondence to: P. E. Thornton
(thorntonpe@ornl.gov)

century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Buffering capacity of C to changes in N 



Global nitrogen fertilization experiment

• 25 year simulations (1985-2009)

• Nitrogen applied globally at five levels continuously

• Low application to parallel plausible changes in nitrogen deposition 
(0.5 g N m-2 yr-1)

• Higher applications to parallel field experimental additions of 
nitrogen fertilizer to terrestrial ecosystems                                      
(2.0, 4.0, 10.0 g N m-2 yr-1)

• High application to test nitrogen saturation (30.0 g N m-2 yr-1)

• Same climate inputs and land-use history



Global nitrogen fertilization response: 
High addition (30.0 g N m-2 yr-1)
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Global nitrogen fertilization response: 
High addition (30.0 g N m-2 yr-1)
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Similarly strong relations were seen for leaves (P < 0.001,
R2 = 0.66, n = 1386), stems (P < 0.001, R2 = 0.80,
n = 380) and fine roots (P < 0.001, R2 = 0.62, n = 744)
examined among all plant taxa (scaling exponents ranged
from 1.34 to 1.64; Fig. 1). Examining each plant group
separately (pooled across organs), there were strong R–N
relations for gymnosperms (P < 0.001, R2 = 0.66,
n = 1216), woody angiosperms (P < 0.001, R2 = 0.62,
n = 1069) and herbs (P < 0.001, R2 = 0.57, n = 225;

scaling exponents ranged from 1.16 to 1.31, Table 1,
Fig. 2). The consistently greater than isometric (>1) scaling
of R to N in all organs and all plant groups indicates R per
unit N is as a rule higher in tissues with higher metabolic
rates. This is likely due to generally faster turnover rate of
proteins, maintenance of solute gradients, and ion transport
in more metabolically active tissues (Bouma 2005) as well as
a disproportionate increase in N in metabolically active
pools relative to structural N with increasing tissue N
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Figure 1 Mass-based dark respiration
(nmol g)1 s)1) in relation to tissue nitrogen
concentration (mmol g)1). Both are ex-
pressed on a logarithmic (base10) basis. Data
are shown for different organ types (and for
all organ types pooled), with plant groups
labelled with different colours. To improve
visibility of each panel, scales are not
identical among panels; however, the axis
ratios are the same, hence slopes may be
compared among panels. Plant groups
include herbaceous angiosperms (herb), woody
angiosperms (woody angio) and woody
gymnosperms (gymno). Statistics shown in
Table 1.
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types labelled with different colours. Note,
to improve visibility of each panel, scales are
not identical among panels; however, the
axis ratios are the same, hence slopes may be
compared among panels. Statistics shown in
Table 1.
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CLM-CN more responsive to nitrogen than O-CN
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Model comparison to data:
Model response compared to observations

Nitrogen fertilization experiments
15N tracer studies

Plot/small catchment nitrogen budgets
Thomas et al. 2013 Global Change Biology



Model comparison to data:
NPP response to N fertilization
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What controls the C cycle response to N 
additions?  Alternative versions of the CLM-CN
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• Removed N gas loss that is 1% of net mineralization
• Denitrification based on environmental conditions
• Soil NH4+ and NO3- pools
• Reduced light use efficiency (Bonan et al. 2011,2013)
• Vertical soil layers
• Modified the timing of N fixation in high latitudes

CLM-CN 4.5 structureCLM-CN 4.0 structure



NPP response to N fertilization:
CLM-CN 4.0 vs. CLM-CN 4.5 
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Challenges associated with including coupled C 
and N cycles

• Model requires 1000s of years for spin-up

• Data on key inputs (fixation) and losses (denitrification) are lacking.

• Degree of stoichiometric flexibility is unknown (buffering).

• What governs the potential productivity?

• What is the appropriate time scale for simulating the coupling between the C 
and N scales?

• What is the competition between plants and microbes for N?

• Role of disturbance in N cycling difficult to simulate.

• Involves coarsely representing fine-scale non-linear processes.



Many other pathways that N influences climate:
What happens when adding N?

for climate change mitigation. First, the cooling effects are
largely from combustion NOx emissions, which have decreased
considerably over the past decade (20). By decreasing the ratio
of NOx to CO2 in combustion emissions, each ton of combusted
fuel contributes more to warming. Even more CO2 reductions
will be required to avoid dangerous climate change. Second, N2O
from agriculture, which contributes the most to warming, is
globally increasing (16). The warming components of reactive
nitrogen could be mitigated by increasing the nitrogen-use effi-
ciency in agriculture and by managing denitrification in agricul-
tural runoff. Examples include improved matching of fertilizer
applications to crop needs, expanded use of winter cover crops
and nitrification inhibitors, improved drainage management,
improved manure management, constructed wetlands and de-
nitrification bioreactors, and riparian zone vegetation strips (38,
39). Using current technology, it is possible to improve agricul-
tural N efficiency by up to 20–25% (40) and reduce N losses,
including N2O emissions, by 30–50% (41, 42). Third, the long-
term cooling impacts from both combustion and agricultural
emissions are largely due to nitrogen enhancement of carbon
storage in forests. Since 1990, the carbon storage in US forests
has increased and the total forested acreage has grown (43). If
forestry management changes such that carbon storage is not
increasing, then the 100-y cooling impacts would be reduced by
a factor of three.
In summary, to prevent warming from US reactive nitrogen

emissions, it is important to reduce emissions of N2O from ag-
riculture and to support continued carbon sequestration in for-
ests. Achieving this goal will require continued advances in
agricultural efficiency and forestry management. Not achieving

this goal means that even greater CO2 emission reductions will
be required to avoid dangerous climate change.

Materials and Methods
This sectiondescribes ourmethod toestimate the impactofNdepositiononCO2

and CH4 fluxes. The first step is to calculate the total N deposition to each N-
sensitive ecosystem. Because atmospheric NH3 can rapidly settle onto plant
surfaces within 1 km of the source (44) or can form aerosol and be transported
hundreds of kilometers (45), simulations with resolutions on the order of 10 km
are needed to capture N deposition gradients (46). In addition, ecosystems can
be homogeneous over large areas, such as the prairie of themidwesternUnited
States, or can vary substantially across mountainous regions. Capturing the
colocation of nitrogen deposition and sensitive ecosystems requires a spatially
explicit representation of deposition and land cover.

To capture the spatial variability in N deposition, we use the Community
Multiscale Air Quality (CMAQ) model at 12-km horizontal resolution. CMAQ
simulates atmospheric transport, chemistry, aerosol physics, and deposition
across the continental United States with results that are consistent with
observations (47) and prior N deposition assessments (48). We calculate the N
deposition to four ecosystem types (forest, cropland, grassland, and wetland)
by mapping the CMAQ N deposition to a 1-km characterization of land cover
(Fig. 1). The variability in N deposition across ecosystem types is due to dif-
ferences in location relative to emission sources. Substantial ammonia emis-
sions cause high deposition on midwestern croplands, whereas industrial and
urban emissions contribute to the high deposition on eastern forests.

To calculate the change in CO2 and CH4 flux, we multiply the N deposition
by a flux factor (kg C·kg N−1). There are two approaches to estimate these
flux factors that are broadly representative of US conditions: (i) fertilizer
experiments and (ii) gradient studies. The first approach is to apply a known
quantity of N to an ecosystem and measure the change in CO2 uptake or CH4

flux. Liu and Greaver (7) have synthesized 68 publications and reported flux
factors and uncertainty ranges for forests, grasslands, croplands, and wet-
lands. Fig. 1 shows the spatial distribution of these studies; note that many
locations with high N deposition have not yet been studied using fertilized
plot experiments.

Fig. 2. Climate change impact of US reactive nitrogen emissions, in Tg CO2 equivalents, on a 20-y (Left) and 100-y (Right) global temperature potential basis.
The length of the bar denotes the range of uncertainty, and the white line denotes the best estimate. The relative contribution of combustion (brown) and
agriculture (green) is denoted by the color shading.
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sions cause high deposition on midwestern croplands, whereas industrial and
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To calculate the change in CO2 and CH4 flux, we multiply the N deposition
by a flux factor (kg C·kg N−1). There are two approaches to estimate these
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plot experiments.
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for climate change mitigation. First, the cooling effects are
largely from combustion NOx emissions, which have decreased
considerably over the past decade (20). By decreasing the ratio
of NOx to CO2 in combustion emissions, each ton of combusted
fuel contributes more to warming. Even more CO2 reductions
will be required to avoid dangerous climate change. Second, N2O
from agriculture, which contributes the most to warming, is
globally increasing (16). The warming components of reactive
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term cooling impacts from both combustion and agricultural
emissions are largely due to nitrogen enhancement of carbon
storage in forests. Since 1990, the carbon storage in US forests
has increased and the total forested acreage has grown (43). If
forestry management changes such that carbon storage is not
increasing, then the 100-y cooling impacts would be reduced by
a factor of three.
In summary, to prevent warming from US reactive nitrogen

emissions, it is important to reduce emissions of N2O from ag-
riculture and to support continued carbon sequestration in for-
ests. Achieving this goal will require continued advances in
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this goal means that even greater CO2 emission reductions will
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Materials and Methods
This sectiondescribes ourmethod toestimate the impactofNdepositiononCO2

and CH4 fluxes. The first step is to calculate the total N deposition to each N-
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are needed to capture N deposition gradients (46). In addition, ecosystems can
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States, or can vary substantially across mountainous regions. Capturing the
colocation of nitrogen deposition and sensitive ecosystems requires a spatially
explicit representation of deposition and land cover.

To capture the spatial variability in N deposition, we use the Community
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simulates atmospheric transport, chemistry, aerosol physics, and deposition
across the continental United States with results that are consistent with
observations (47) and prior N deposition assessments (48). We calculate the N
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by mapping the CMAQ N deposition to a 1-km characterization of land cover
(Fig. 1). The variability in N deposition across ecosystem types is due to dif-
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sions cause high deposition on midwestern croplands, whereas industrial and
urban emissions contribute to the high deposition on eastern forests.

To calculate the change in CO2 and CH4 flux, we multiply the N deposition
by a flux factor (kg C·kg N−1). There are two approaches to estimate these
flux factors that are broadly representative of US conditions: (i) fertilizer
experiments and (ii) gradient studies. The first approach is to apply a known
quantity of N to an ecosystem and measure the change in CO2 uptake or CH4
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plot experiments.
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Questions?

R. Quinn Thomas
Forest Resources and Environmental Conservation

Virginia Tech
Email: rqthomas@vt.edu
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Transactional N limitation
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Transactional N limitation
Parton et al.' Modeling Grassland Biomes 787 
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Fig. 1. Flow diagram for the Century soil organic C model. 

where F,, is the metabolic fraction. The lignin fraction is 
assumed to be part of the stmc• material, and (i.e., L:N 
ratio) controls the decomposition rate of structural material. 
The lignin fraction of the plant material does not create 
microbial biomass and is assumed to go directly to the slow 
C pool as stmcua-al material decomposes. Surface litter 
decomposition is treated separately, and surface live 
microbes are assumed to be in close association with the 
surface litter. The surface microbial pool ramover rate is 
independent of soil texture, while soil texture influences 
turnover of active SOM (higher rates for sandy-soils). The 
model assumes a 60% loss of C due to microbial respiration 
for surface microbes. The surface litter decomposition 
submodel has been recently tested using litter decay 
from an environmental gradient in Hawaii [Vitousek et al., 
1993]. 

Decomposition of each state variable is calculated using 
the following equations: 

dt -- KI l• c A C I .!' -.. 1, 2 (2) 

dCt (3) 

dCt (4) 
--r' c, t-4, 

z'. = 33 (,5) 

( ) (6) Lc=e 

where Ci = the carbon in state variable; I= 1,2,3,4,5,6,7,8 for 
surface and soil stntcmml material, active SOM, surface 
microbes, surface and soil metabolic material, slow and 
passive SOM fractions; I• is the maximum decomposition 
rate (year '•) parameters for the ith state variables (Ki = 3.9, 
4.9, 7.3, 6.0, 14.8, 18.5, .2, .0045 year'•); A is the combined 

Parton et al. 1993 Glob. Biogeochemical Cycles
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Carbon response to N addition:
Nitrogen deposition vs. nitrogen fertilization
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• Michaelis-Menten plant N uptake
• Reduced N fixation in mature extra-tropical forests
• Removed N gas loss that is 1% of net mineralization
• Denitrification based on environmental conditions
• Soil NH4+ and NO3- pools
• Reduced light use efficiency (Bonan et al. 2011,2013)



Model comparison to data:
Model response compared to observations

5 sites, 6 fertilization experiments
(4 in Michigan, 1 in Massachusetts)

10+ years of observations
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Model comparison to data:
15N Tracer studies 
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Model comparison to data:
C increment response to N deposition

Observations
(Thomas et al. 2010)
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Fig. 4. The sensitivity of the nitrogen deposition response to key changes in model structure for
a single site (Harvard Forest). The figure shows the nitrogen deposition response, expressed
as an annual aboveground carbon increment (dCACI/dNdeposition) for the clm4cn model (Model
1), clm4mod (Model 15), and intermediary models (Model 2–14). Each models builds on the
modifications in the previous models and the di◆erence in dCACI/dNdeposition between a model
and the previous model is shown in black. See Table 3 for a description of the mechanisms
isolated in each model.
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