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sinks estimate a proportional trend in the AF during the 21st
century of 0.41 ! 0.23% y"1 (mean ! standard deviation across
11 models) under a Special Report on Emission Scenarios
(SRES) A2 scenario (13). However, over the 1959–2006 time
period, 9 of the 11 models estimate a decrease in AF, and the
mean proportional trend is "0.27 ! 0.36% y"1 (11 models).
These results suggest that the observed carbon-cycle feedbacks
occur faster than expected by our current understanding of the
processes driving the sinks.

The increase in the AF implies that carbon emissions have
grown faster than CO2 sinks on the land and oceans. Because the
land and oceans are both mosaics of regions that are gaining and
regions that are losing carbon, this trend could result from any
or all of three scenarios: sink regions could have weakened,
either absolutely or relative to growing emissions; source regions
could have intensified; or sink regions could have transitioned to
sources.

Whereas both land and ocean sinks continue to accumulate
carbon on average at #5.0 ! 0.6 PgC y"1 since 2000, large
regional sinks have been weakening. In the Southern Ocean, the
poleward displacement and intensification of westerly winds
caused by human activities has enhanced the ventilation of
carbon-rich waters normally isolated from the atmosphere at
least since 1980, and contributed nearly half of the decrease in
the ocean CO2 uptake fraction estimated by the model (Fig. 2C;
ref. 11). On land, a number of major droughts in midlatitude
regions in 2002–2005 have contributed to the weakening of the
growth rate of terrestrial carbon sinks in these regions (14–17).

Attribution of Factors Driving the Atmospheric CO2 Growth Rate. The
growth rate of atmospheric CO2 depends on three classes of
factors: global economic activity (generated from the use of
fossil fuels and land-use change), the carbon intensity of the
economy, and the functioning of unmanaged carbon sources and
sinks on land and in oceans. Since 2000, a growing global
economy, an increase in the carbon emissions required to
produce each unit of economic activity, and a decreasing effi-
ciency of carbon sinks on land and in oceans have combined to
produce the most rapid 7-year increase in atmospheric CO2 since
the beginning of continuous atmospheric monitoring in 1959.
This is also the most rapid increase since the beginning of the
industrial revolution (18).

We estimate that 35 ! 16% of the increase in atmospheric CO2
growth rate between 1970–1999 and 2000–2006 was caused by
the decrease in the efficiency of the land and ocean sinks in
removing anthropogenic CO2 (18 ! 15%) and by the increase in
carbon intensity of the global economy (17 ! 6%). The remain-
ing 65 ! 16% was due to the increase in the global economy (see
Methods).

Many of the existing scenarios for the 21st century assume
continued economic growth (9), although none assume the
long-term maintenance of the growth rates that have character-
ized China and India over the last decade. The overwhelming
majority of the existing scenarios project sustained decreases in
the carbon intensity of the global energy system. The recent
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Fig. 1. Fossil-fuel intensity of the GWP from 1970 to 2006 (A) and the CO2

budget from 1959 to 2006 (B). Fossil-fuel intensity uses GWP data based on
market exchange rates, expressed in U.S. dollars (referenced to 1990, with
inflation removed). (B Upper) CO2 emissions to the atmosphere (sources) as
the sum of fossil fuel combustion, land-use change, and other emissions,
which are primarily from cement production. (Lower) The fate of the emitted
CO2, including the increase in atmospheric CO2 plus the sinks of CO2 on land
and in the ocean. Flux is in Pg y"1 carbon (left axis) and Pg y"1 CO2 (right axis).
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Fig. 2. Fraction of the total emissions (FFoss $ FLUC) that remains in the
atmosphere (A), the land biosphere (B), and the ocean (C).
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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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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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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-
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components.
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feedbacks between climate and the carbon cycle (Meehl et
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general circulation models (AOGCMs) have found that cli-
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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
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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

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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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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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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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
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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).

1Max Planck Institute for Biogeochemistry, Department for Biogeochemical Systems, Hans-Knöll-Str. 10, 07745 Jena, Germany, 2LSCE/IPSL, Laboratoire
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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

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

Biogeosciences, 6, 2099–2120, 2009
www.biogeosciences.net/6/2099/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

Biogeosciences

Carbon-nitrogen interactions regulate climate-carbon cycle
feedbacks: results from an atmosphere-ocean
general circulation model
P. E. Thornton1, S. C. Doney2, K. Lindsay3, J. K. Moore4, N. Mahowald5, J. T. Randerson4, I. Fung6,
J.-F. Lamarque7,8, J. J. Feddema9, and Y.-H. Lee3
1Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6335, USA
2Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole,
MA 02543-1543, USA
3Climate and Global Dynamics Division, National Center for Atmospheric Research, Boulder, CO 80307-3000, USA
4Department of Earth System Science, University of California, Irvine, CA 92697-3100, USA
5Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY 14850, USA
6Department of Earth and Planetary Science, University of California, Berkeley, CA 94720-4767, USA
7NOAA Earth System Research Laboratory, Chemical Sciences Division, 325 Broadway, Boulder, CO 80305-3337, USA
8Atmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, CO 80307-3000, USA
9Department of Geography, University of Kansas, Lawrence, KS 66045-7613, USA

Received: 28 January 2009 – Published in Biogeosciences Discuss.: 26 March 2009
Revised: 12 August 2009 – Accepted: 17 September 2009 – Published: 8 October 2009

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-
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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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directly associated with increased decomposition of soil or-
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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
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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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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)

∆Net Primary Productivity (CLM-CN) 
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Thomas et al. In prep. Glob. Ch. Biol.



Global nitrogen fertilization response: 
High addition (30.0 g N m-2 yr-1)

∆Net Primary Productivity (O-CN) 

g C m-2 yr-1
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Thomas et al. In prep. Glob. Ch. Biol.



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. In prep. Glob. Ch. Biol.



Model comparison to data:
NPP response to N fertilization
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Model comparison to data:
15N Tracer studies (temperate and boreal forests)
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Conclusions and Implications

•CLM-CN and O-CN have dramatically different responses to 
added nitrogen

•O-CN: NPP not responsive enough to nitrogen

•N limitation is too weak

•Are the buffering mechanisms too strong?

•CLM-CN: NPP too responsive to nitrogen

•Potential GPP is too high

•N retention is too low - NPP does not saturate even at 
30 g N m-2 yr-1 
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Conclusions and Implications (cont’d)

•Nitrogen fertilization experiments,15N tracer studies, and 
nitrogen budgets

•Differentiate among models

•Provide insights into the nature of nitrogen limitation in 
global biogeochemical models

•Guide model development

•Current research is focused on developing buffering 
mechanisms in the CLM-CN (variable C:N tissue ratios)

•Future research will focus on testing additional models and 
expanding the observational data set
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Questions?

• National Science Foundation 
• Cornell Biogeochemistry and Environmental Biocomplexity Program
• Discussion with participants at the 2011 INTERFACE Research Coordination 

Network meeting in Florida
• Sam Levis and Gordon Bonan at the National Center for Atmospheric Research
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the terrestrial biosphere and the climate system and
outline some of the key challenges to global carbon–
nitrogen cycle modelling.

The questions at hand evolve around two topics:

1. How do the coupled terrestrial carbon–nitrogen
dynamics respond to past (and future) global changes
and what are the implications (and potential feed-
backs) for the build-up of greenhouse gases such as
CO2 and N2O in the atmosphere (and thus climate
change)?

2. What are the effects of anthropogenic Nr additions to
the atmosphere and land ecosystems in terms of
climate forcing? These effects may either be positive
(in terms of increased climate forcing) due to the
enhanced emission of N2O or increased production of
tropospheric ozone, or negative (in terms of decreased
climate forcing) through decreased stratospheric ozone
and increased aerosol formation. Increased atmos-
pheric Nr loading may also indirectly influence climate
through by its effect on terrestrial carbon sequestra-
tion, with N deposition generally stimulating growth
and thus carbon uptake, and increased tropospheric
ozone impairing plant health and growth.

One further needs to distinguish these ‘direct’ biogeo-
chemical consequences of N cycling from the ‘indirect’
biogeophysical climate effects of N dynamics through
terrestrial energy and water fluxes which can only be
assessed in Earth system models.

Key features of current global C–N models
Many of the new generation of coupled carbon–nitrogen
cycle models are either further developments of pre-
viously published ecosystem dynamics models from the
early-mid 1990s [15,16] and/or based on joining model
components from different existing ecosystem and bio-
geochemical model concepts [17–19]. A distinct feature of
some of the recent models is that they provide a more
detailed representation of environmental physics, as they
are designed to be coupled to a comprehensive Earth
system model (Table 1). Through the strong coupling of
biogeochemical and biogeophysical processes these
models attempt to assess the full complexity of the C–
N climate interactions, and feedbacks to the physical
climate system.

Figure 1 illustrates the carbon and nitrogen flows typically
represented in global carbon–nitrogen cycle models.
Because of the physiological dependence of C growth
on nitrogen, the C cycle is constrained by the N avail-
ability of the ecosystem, affecting amongst others plant
production, C allocation to different plant organs and the
decomposition of dead organic material (litter) and soil
organic matter. Ecosystem N availability is controlled by
the balance between N inputs from biological nitrogen
fixation and atmospheric deposition and biologically con-
trolled N losses through leaching and denitrification.
Implicit to the formulation of (many of) these models
are the consequences of plant N availability on water and
energy fluxes: N availability affects community structure
and foliar area, thereby altering the surface albedo and
turbulent energy fluxes, as well as foliar photosynthetic
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The coupled cycles of carbon (green), nitrogen (red) and water (blue) in terrestrial ecosystems as considered by the current generation of terrestrial
coupled carbon–nitrogen cycle models. Nitrogen enters the terrestrial biosphere due to biological fixation and reactive nitrogen (Nr) deposition.
Vegetation and soil organisms compete for mineral soil N, which itself is prone to leaching and biologically mediated gaseous losses, for example, in
the form of the greenhouse gas N2O. By its effect on tissue N concentrations, leaf level photosynthetic capacity, and leaf area, N availability affects the
terrestrial albedo, the energy and water fluxes, as well as plant C production, respiration, and soil organic matter decay. Carbon and nitrogen flow in
parallel between vegetation, litter and soil organic matter respecting the stoichiometry of the various organic matter pools. N limitation occurs where
the ecosystem carbon productivity is limited stronger by N availability than by other limiting factors (light, water, phosphorous, etc.).
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The coupled cycles of carbon (green), nitrogen (red) and water (blue) in terrestrial ecosystems as considered by the current generation of terrestrial
coupled carbon–nitrogen cycle models. Nitrogen enters the terrestrial biosphere due to biological fixation and reactive nitrogen (Nr) deposition.
Vegetation and soil organisms compete for mineral soil N, which itself is prone to leaching and biologically mediated gaseous losses, for example, in
the form of the greenhouse gas N2O. By its effect on tissue N concentrations, leaf level photosynthetic capacity, and leaf area, N availability affects the
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parallel between vegetation, litter and soil organic matter respecting the stoichiometry of the various organic matter pools. N limitation occurs where
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The coupled cycles of carbon (green), nitrogen (red) and water (blue) in terrestrial ecosystems as considered by the current generation of terrestrial
coupled carbon–nitrogen cycle models. Nitrogen enters the terrestrial biosphere due to biological fixation and reactive nitrogen (Nr) deposition.
Vegetation and soil organisms compete for mineral soil N, which itself is prone to leaching and biologically mediated gaseous losses, for example, in
the form of the greenhouse gas N2O. By its effect on tissue N concentrations, leaf level photosynthetic capacity, and leaf area, N availability affects the
terrestrial albedo, the energy and water fluxes, as well as plant C production, respiration, and soil organic matter decay. Carbon and nitrogen flow in
parallel between vegetation, litter and soil organic matter respecting the stoichiometry of the various organic matter pools. N limitation occurs where
the ecosystem carbon productivity is limited stronger by N availability than by other limiting factors (light, water, phosphorous, etc.).

Current Opinion in Environmental Sustainability 2011, 3:311–320 www.sciencedirect.com



Global biogeochemical models coupled to 
climate models: overview

Zaehle and Dalmonech 2011 Curr. Opin. Env. Sust.

Author's personal copy

the terrestrial biosphere and the climate system and
outline some of the key challenges to global carbon–
nitrogen cycle modelling.

The questions at hand evolve around two topics:

1. How do the coupled terrestrial carbon–nitrogen
dynamics respond to past (and future) global changes
and what are the implications (and potential feed-
backs) for the build-up of greenhouse gases such as
CO2 and N2O in the atmosphere (and thus climate
change)?

2. What are the effects of anthropogenic Nr additions to
the atmosphere and land ecosystems in terms of
climate forcing? These effects may either be positive
(in terms of increased climate forcing) due to the
enhanced emission of N2O or increased production of
tropospheric ozone, or negative (in terms of decreased
climate forcing) through decreased stratospheric ozone
and increased aerosol formation. Increased atmos-
pheric Nr loading may also indirectly influence climate
through by its effect on terrestrial carbon sequestra-
tion, with N deposition generally stimulating growth
and thus carbon uptake, and increased tropospheric
ozone impairing plant health and growth.

One further needs to distinguish these ‘direct’ biogeo-
chemical consequences of N cycling from the ‘indirect’
biogeophysical climate effects of N dynamics through
terrestrial energy and water fluxes which can only be
assessed in Earth system models.

Key features of current global C–N models
Many of the new generation of coupled carbon–nitrogen
cycle models are either further developments of pre-
viously published ecosystem dynamics models from the
early-mid 1990s [15,16] and/or based on joining model
components from different existing ecosystem and bio-
geochemical model concepts [17–19]. A distinct feature of
some of the recent models is that they provide a more
detailed representation of environmental physics, as they
are designed to be coupled to a comprehensive Earth
system model (Table 1). Through the strong coupling of
biogeochemical and biogeophysical processes these
models attempt to assess the full complexity of the C–
N climate interactions, and feedbacks to the physical
climate system.

Figure 1 illustrates the carbon and nitrogen flows typically
represented in global carbon–nitrogen cycle models.
Because of the physiological dependence of C growth
on nitrogen, the C cycle is constrained by the N avail-
ability of the ecosystem, affecting amongst others plant
production, C allocation to different plant organs and the
decomposition of dead organic material (litter) and soil
organic matter. Ecosystem N availability is controlled by
the balance between N inputs from biological nitrogen
fixation and atmospheric deposition and biologically con-
trolled N losses through leaching and denitrification.
Implicit to the formulation of (many of) these models
are the consequences of plant N availability on water and
energy fluxes: N availability affects community structure
and foliar area, thereby altering the surface albedo and
turbulent energy fluxes, as well as foliar photosynthetic

312 Carbon and nitrogen cycles

Figure 1

Atmospheric CO2

Litter Pool

Soil Organic 
Matter Pool Mineral Nr pool

Nr deposition

Nr leaching

Nr volatilisation

Transpiration

Soil moisture

Canopy

Roots 

Albedo & 
sensible heat flux

N2fixation

hν

Current Opinion in Environmental Sustainability

The coupled cycles of carbon (green), nitrogen (red) and water (blue) in terrestrial ecosystems as considered by the current generation of terrestrial
coupled carbon–nitrogen cycle models. Nitrogen enters the terrestrial biosphere due to biological fixation and reactive nitrogen (Nr) deposition.
Vegetation and soil organisms compete for mineral soil N, which itself is prone to leaching and biologically mediated gaseous losses, for example, in
the form of the greenhouse gas N2O. By its effect on tissue N concentrations, leaf level photosynthetic capacity, and leaf area, N availability affects the
terrestrial albedo, the energy and water fluxes, as well as plant C production, respiration, and soil organic matter decay. Carbon and nitrogen flow in
parallel between vegetation, litter and soil organic matter respecting the stoichiometry of the various organic matter pools. N limitation occurs where
the ecosystem carbon productivity is limited stronger by N availability than by other limiting factors (light, water, phosphorous, etc.).
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The coupled cycles of carbon (green), nitrogen (red) and water (blue) in terrestrial ecosystems as considered by the current generation of terrestrial
coupled carbon–nitrogen cycle models. Nitrogen enters the terrestrial biosphere due to biological fixation and reactive nitrogen (Nr) deposition.
Vegetation and soil organisms compete for mineral soil N, which itself is prone to leaching and biologically mediated gaseous losses, for example, in
the form of the greenhouse gas N2O. By its effect on tissue N concentrations, leaf level photosynthetic capacity, and leaf area, N availability affects the
terrestrial albedo, the energy and water fluxes, as well as plant C production, respiration, and soil organic matter decay. Carbon and nitrogen flow in
parallel between vegetation, litter and soil organic matter respecting the stoichiometry of the various organic matter pools. N limitation occurs where
the ecosystem carbon productivity is limited stronger by N availability than by other limiting factors (light, water, phosphorous, etc.).
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