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Carbon and Other Biogeochemical Cycles Chapter 6

6

Box 6.2 |  Nitrogen Cycle and Climate-Carbon Cycle Feedbacks

Human creation of reactive nitrogen by the Haber–Bosch process (see Sections 6.1.3 and  6.3.4), fossil fuel combustion and agricultural 
biological nitrogen fixation (BNF) dominate Nr creation relative to biological nitrogen fixation in natural terrestrial ecosystems. This 
dominance impacts on the radiation balance of the Earth (covered by the IPCC; see, e.g., Chapters 7 and 8), and affects human health 
and ecosystem health as well (EPA, 2011b; Sutton et al., 2011).

The Nr creation from 1850 to 2005 is shown in Box 6.2 (Figure 1). After mid-1970s, human production of Nr exceeded natural production. 
During the 2000s food production (mineral fertilisers, legumes) accounts for three-quarters of Nr created by humans, with fossil fuel 
combustion and industrial uses accounting equally for the remainder (Galloway et al., 2008; Canfield et al., 2010; Sutton et al., 2011).

The three most relevant questions regarding the anthro-
pogenic perturbation of the nitrogen cycle with respect to 
global change are: (1) What are the interactions with the 
carbon cycle, and the effects on carbon sinks (see Sections 
6.3.2.6.5 and 6.4.2.1), (2) What are the effects of increased 
Nr on the radiative forcing of nitrate aerosols (Chapter 7, 
7.3.2) and tropospheric ozone (Chapters 8), (3) What are 
the impacts of the excess of Nr on humans and ecosystems 
(health, biodiversity, eutrophication, not treated in this 
report, but see, for example, EPA, 2011b; Sutton et al., 2011).

Essentially all of the Nr formed by human activity is spread 
into the environment, either at the point of creation (i.e., 
fossil fuel combustion) or after it is used in food production 
and in industry. Once in the environment, Nr has a number 
of negative impacts if not converted back into N2. In addi-
tion to its contributions to climate change and stratospheric 
ozone depletion, Nr contributes to the formation of smog; 
increases the haziness of the troposphere; contributes to the 
acidification of soils and freshwaters; and increases the pro-
ductivity in forests, grasslands, open and coastal waters and 
open ocean, which can lead to eutrophication and reduction 
in biodiversity in terrestrial and aquatic ecosystems. In addition, Nr-induced increases in nitrogen oxides, aerosols, tropospheric ozone, 
and nitrates in drinking water have negative impacts on human health (Galloway et al., 2008; Davidson et al., 2012). Once the nitrogen 
atoms become reactive (e.g., NH3, NOx), any given Nr atom can contribute to all of the impacts noted above in sequence. This is called the 
nitrogen cascade (Galloway et al., 2003; Box 6.2, Figure 2). The nitrogen cascade is the sequential transfer of the same Nr atom through 
the atmosphere, terrestrial ecosystems, freshwater ecosystems and marine ecosystems that results in multiple effects in each reservoir. 
Because of the nitrogen cascade, the creation of any molecule of Nr from N2, at any location, has the potential to affect climate, either 
directly or indirectly, as explained in this box This potential exists until the Nr gets converted back to N2.

The most important processes causing direct links between anthropogenic Nr and climate change include (Erisman et al., 2011): (1) 
N2O formation during industrial processes (e.g., fertiliser production), combustion, or microbial conversion of substrate containing 
nitrogen—notably after fertiliser and manure application to soils. N2O is a strong greenhouse gas (GHG), (2) emission of anthropogenic 
NOx leading to (a) formation of tropospheric O3, (which is the third most important GHG), (b) a decrease of CH4 and (c) the formation of 
nitrate aerosols. Aerosol formation affects radiative forcing, as nitrogen-containing aerosols have a direct cooling effect in addition to 
an indirect cooling effect through cloud formation and (3) NH3 emission to the atmosphere which contributes to aerosol formation. The 
first process has a warming effect. The second has both a warming (as a GHG) and a cooling (through the formation of the OH radical 
in the troposphere which reacts with CH4, and through aerosol formation) effect. The net effect of all three NOx-related contributions is 
cooling. The third process has a cooling effect.

The most important processes causing an indirect link between anthropogenic Nr and climate change include: (1) 
 nitrogen-dependent changes in soil organic matter decomposition and hence CO2 emissions, affecting heterotrophic respiration; 
(2) alteration of the  biospheric CO2 sink due to increased supply of Nr. About half of the carbon that is emitted to the atmosphere is 
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Box 6.2, Figure 1 |  Anthropogenic reactive nitrogen (Nr) creation rates (in TgN yr–1) 
from fossil fuel burning (orange line), cultivation-induced biological nitrogen fixation 
(blue line), Haber–Bosch process (green line) and total creation (red line). Source: 
Galloway et al. (2003), Galloway et al. (2008). Note that updates are given in Table 
6.9. The only one with significant changes in the more recent literature is cultivation-
induced BNF) which Herridge et al. (2008) estimated to be 60 TgN yr–1. The data are 
only reported since 1850, as no published estimate is available since 1750.

(continued on next page)

Mean N deposition during the 90’s (mgN m2 yr-1) 
TM3 Model (Galloway et al., 2004) 

Evolution of reactive nitrogen 1850-2000  
by source (IPCC, Chapitre 6, 2014) 
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Fertilising effect of N on ecosystem production 

water stress in controlling the individual components of forest C
balance. This confirms previous studies at the continental scale2,3,
although with much lower scatter owing to the removal of age effects.
In contrast with GPPav and REav, mean NEP (NEPav 5 GPPav 2 REav)
is only weakly correlated with temperature (Fig. 3c). No correlation
was found with either annual precipitation (R2 5 0.01) or site latitude
(R2 5 0.04), leaving open the question of what could be driving C
sequestration in boreal and temperate forests.

It was first recognized in the 1980s that human activities, by releas-
ing into the atmosphere unprecedented amounts of active nitrogen
(N), were not just altering the global N cycle5, but also resulting in the
eutrophication of large parts of the biosphere10. Boreal and temperate
forest ecosystems are generally N-limited and the addition of N
through wet and dry deposition has been hypothesized to result in
the stimulation of forest growth and C sequestration6. Earlier model
simulations suggested that N deposition could account for an
increased C sequestration of 0.44–0.74 Pg yr21, mainly in temperate
and boreal regions11. More recently, the relevance of N deposition for
forest C sequestration has been questioned, on the basis of manip-
ulation studies12 and modelling extrapolation from N budgets13. In
both studies, however, C sequestration was estimated from N fluxes
themselves, assuming fixed C:N ratios. The relationship between N
deposition and forest C sequestration has never been tested through
direct observations across a range of forest conditions.

Using recently released gridded maps of N fluxes across Western
Europe and North America14, we found a tight relationship between

average C sequestration and wet N deposition in the corresponding cell
(Fig. 3d; R2 5 0.97), which is largely obscured by age effects when data
from individual stands are considered. We used wet rather than total N
deposition because dry deposition was not measured directly, but
derived from transfer models based on a limited data set of atmospheric
concentrations, resulting in very large uncertainties5. The substantial
net C sequestration by many temperate forests appears to be overwhel-
mingly determined by the additional input of N induced by human
activities. We therefore hypothesize that the observed response of
GPPav and REav to temperature is mainly controlled by soil organic
matter decomposition, which releases the nutrients needed for pho-
tosynthesis and growth, and that human activities, by adding an addi-
tional source of N readily available to plants, have determined an
imbalance between the two components of the feed-back loop, so
resulting in the net sequestration of C by forest ecosystems. Although
a comprehensive analysis should consider in detail the distribution of
existing forests and their uneven age structure, as well as the loss of C

Table 1 | Main site characteristics and C flux components of forest chronosequences used in the analysis

Main species Site
code

Age (years) Latitude
(uN)

Longitude
(u E)

Data type Disturbance
type

GPPav

(t C ha21 yr21)
REav

(t C ha21 yr21)
NEPav

(t C ha21 yr21)
Maximum NEP
(t C ha21 yr21)

Reference

Fagus sylvatica 1 0–250* 51u 059 10u 279 EC AB 15.6 10.7 4.9 23

2 30–153 51u 209 10u 229 B SW 16.1 11.5 4.6 24

Nothofagus solandrii 3 10–.160 43u 159 171u 359 B WT 0.3 22

Picea mariana 4 3–151 55u 539 298u209 B FF 6.6 6.2 0.4 1.1 25

5 3–151 55u 539 298u209 B FF 7.1 6.4 0.7 2.9 25

6 11–130 55u 549 298u289 EC FF 6.7 6.5 0.2 1.2 26

Picea sitchensis 7 3–30 55u 109 2u 039 EC, B CC 15.4 12.7 2.7 5.5 {
Pinus banksiana 8 1–72 44u 359 284u159 B FF 0.4 1.8 27

9 0–79 53u 549 2104u 399 B CC, FF 5.5 5.4 0.1 0.5 28

Pinus pinaster 10 0–50 44u 359 0u 529 EC, B CC 18.3 14.8 3.6 6.5 {
Pinus ponderosa 11 9–316 44u 249 2121u 369 B CC 7.8 7.2 0.6 1.6 9

Pinus sylvestris 12 0–103 60u 059 17u 289 EC, B CC 10.1 8.5 1.6 3.7 {
13 4–75 61u 519 24u 179 EC, B CC 9.5 8.4 1.1 2.3 {
14 12–266 60u 439 89u 089 B FF 7.4 7.0 0.4 0.6 21

15 14–215 60u 439 89u 089 B FF 4.0 3.9 0.1 0.2 21

16 2–383 60u 439 89u 089 B FF 5.5 5.4 0.1 0.4 21

17 2–95 60u 439 89u 089 B FF 4.1 3.6 0.5 1.3 21

Pseudotsuga menziesii 18 0–500* 45u 499 2121u 579 B AB 12.7 12.5 0.2 29

Quercus cerris 19 1–17 42u 249 11u 559 EC, B CO 16.1 13.7 2.4 4.4 {
Tsuga martensiana 20 14–262 43u 309 2122u 009 B PE 0.1 0.6 30

EC, eddy covariance; B, biomass; CC, clear-cut; CO, coppice; SW, shelterwood; AB, abandoned; FF, forest fire; PE, pests; WT, windthrow. *Uneven aged. {This study.
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Figure 2 | Relationship between average NEP over the entire rotation and
peak NEP in mature stands. Data from five CARBOEUROPE chronosequences
(triangles) have been combined with eleven other literature data sets (see
Table 1). Estimates of average and peak NEP are based on interpolated values of
C fluxes; a linear function has been fitted by Type II regression (n 5 16).
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Figure 3 | Environmental control of average C exchange over an entire
rotation. Linear relationships between average RE (a) and average ecosystem
GPP (b) and mean annual temperature at the study sites. In both a and b, the
only drought-prone site9 (white circle) has been excluded from the analysis.
c, Average NEP is only poorly correlated to temperature. d, Average NEP is
strongly related to N deposition. Numbers refer to site codes in Table 1. An
Arrhenius function has been empirically fitted onto the entire data set (n 5 20).
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•  C sink increases with N deposition level 

C budget as a function of N deposition over 
20 sites of temperate and boreal forests 
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•  GPP increases with [CO2] 

Fertilising effect of the increase of [CO2]atm 

X. Yin, P.C. Struik / NJAS - Wageningen Journal of Life Sciences 57 (2009) 27–38 29

environmental scenario. Finally, we shall describe and discuss an
equivalent, combined model for C4 photosynthesis and conduc-
tance, building upon previous C4 photosynthesis models, e.g., as
described by von Caemmerer and Furbank [9].

2. The Farquhar, von Caemmerer and Berry model

The FvCB model predicts A as the minimum of the Rubisco-
limited rate of CO2 assimilation (Ac) and the electron transport-
limited rate of CO2 assimilation (Aj):

A = min(Ac, Aj) (1)

An illustration of the two parts of limitations along the CO2-
response curves is given in Fig. 1. Sharkey et al. [10] have drawn
attention to a third limitation by triose phosphate utilization, which
is not discussed here because it comes into play only occasionally
at very high CO2 levels.

The value of Ac is calculated as a function of the maximum car-
boxylation capacity of Rubisco (Vcmax) by:

Ac = (Cc −!∗)Vc max

Cc + KmC(1 + O/KmO)
− Rd (2)

where Cc is the CO2 partial pressure at the carboxylating sites of
Rubisco, KmC and KmO are Michaelis–Menten constants of Rubisco
for CO2 and O2, respectively, and! * is the CO2 compensation point
in the absence of day respiration (Rd).

In the calculation of Aj, the FvCB model assumes 100% non-
cyclic e− transport, thus excluding cyclic e− transport around PSI
(CET). There are two widely used forms of the equation for electron
transport-limited rate of photosynthesis:

Aj = (Cc −!∗)J
4Cc + 8!∗

− Rd (3a)

Aj = (Cc −!∗)J
4.5Cc + 10.5!∗

− Rd (3b)

The relationship between e− transport rate (J) in Eqs. (3a), (3b)
and irradiance was first described as a rectangular hyperbola [11],
using quantum yield of e− transport under limiting light (˛(LL)) and
the maximum capacity of e− transport (Jmax). Following Farquhar
and Wong [12], most applications of the FvCB model, however,

Fig. 1. An idealized curve for the response of net CO2 assimilation rate (A) in C3

plants to intercellular CO2 partial pressure (Ci), in which 12 data points are shown.
Points 1–6 locate within the range of the Rubisco-limited rate (Ac) whereas points
7–12 are within the range of electron transport-limited rate (Aj). The portions of
each curve without data points are the extended parts as given by the Ac and Aj

equation, respectively. The minimum of Ac and Aj gives the modelled CO2 response
curve as indicated by the 12 data points.

describe J as a non-rectangular hyperbolic function of irradiance
by:

J =

(
˛(LL)Iabs + Jmax−

√
(˛(LL)Iabs + Jmax)2−4"Jmax˛(LL)Iabs

)

2"
(4)

where " is the convexity of the response curve of J to light
absorbed by photosynthetic pigments (Iabs). Equations like Eq. (4)
that describe the light response of e− transport rate mimic well the
photosynthetic down-regulation induced by high light levels via
mechanisms such as non-photochemical quenching and chloro-
plast avoidance movement [13]. The theoretical maximum value
for ˛(LL) is 0.5 mol electron per mol photon absorbed [3] because
one quantum must be absorbed by each of the two photosystems
to move an electron from the level of H2O to that of NADP+. How-
ever, in actual applications (e.g., [14–17]),˛(LL) has been empirically
adjusted to a lower value to agree with a measured quantum effi-
ciency for CO2 uptake that is often lower than that expected from
the theoretical maximum.

The temperature dependence of Rd and kinetic properties of
Rubisco (involving three parameters Vcmax, KmC and KmO) in Eq.
(2) is described by an Arrhenius function normalized with respect
to their values at 25 ◦C:

Parameter = Parameter25e(T−25)E/[298R(T+273)] (5)

where T is leaf temperature; E is the activation energy, defining the
responsiveness of the relevant parameter to temperature; R is the
universal gas constant. A modified Arrhenius function is used to
describe the optimum response of other parameters (e.g., Jmax) to
temperature as [17]:

Parameter = Parameter25e(T−25)E/[298R(T+273)]

× 1 + e(298S−D)/(298R)

1 + e[(T+273)S−D]/[R(T+273)]
(6)

where S is an entropy term; E and D are the energies of activa-
tion and deactivation, defining the responsive shape of the sub-
and supra-optimal ranges, respectively. June et al. [18] described an
alternative, simpler equation for this optimum response. It may be
argued that these response equations lack a mechanistic basis since
parameters such as E are often estimated from fitting to experimen-
tal data [17,19]. However, the equations do provide a flexibility to
accommodate possible variability in the shape of the temperature
response, e.g., among genotypes or species.

The value ! * depends on the O2 concentration (O) and the
Rubisco CO2/O2 specificity factor (Sc/o) as follows:

!∗ = 0.5O
Sc/o

(7)

where the factor 0.5 is mol CO2 released when Rubisco catalyses
the reaction with 1 mol O2 in photorespiration [3]. The value of
Sc/o, which also depends on temperature and can be described by
Eq. (5) in which E should be negative to account for a decline of the
Rubisco affinity for CO2 with increasing temperature.

The values of Vcmax and Jmax depend on the concentration of rel-
evant enzymes. For practical purposes, Vcmax25 and Jmax25 increase
linearly with leaf nitrogen content (e.g., [14,20]). Other parame-
ters are assumed constant, and their in vivo estimates are shown in
Table 2.

The basic equations of the FvCB model, Eqs. (1)–(4), capture
the response of C3 photosynthesis to irradiance, CO2 and O2 lev-
els, although the model may not predict often observed increases
in the initial slope of the photosynthetic response curve to CO2
with increased light levels (e.g., [21,22]). Coupled with auxiliary
equations, Eqs. (5)–(7) and the linear relation between leaf nitro-
gen level and Vcmax25 or Jmax25 (e.g., [14,16,23,24]), the model also

Limitation by the 
Rubisco carboxylation 
rate 

Limitation by e- 
transport 

From Yin et al., 2009 
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FACE experiments 

WIREs Climate Change Checklist for evaluating model studies
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FIGURE 1 | Comparison of the effects of increasing atmospheric
CO2 concentration on instantaneous leaf photosynthesis (filled symbols)
and annual canopy photosynthesis (open symbols). Leaf photosynthesis
data were measured by Jeff Warren at the Oak Ridge National
Laboratories (ORNL) FACE (free air CO2 enrichment) experiment. Annual
canopy photosynthesis was estimated using the MAESTRA canopy
photosynthesis model (www.bio.mq.edu.au/maestra) parameterized for
the ambient treatment at ORNL FACE, with only atmospheric CO2

concentration varying. The y-axes are scaled so that points overlap at
current ambient CO2 (360 µmol mol−1).

that increases in tree productivity were lower in exper-
iments where nutrient availability was low.95 It has
been hypothesized that this nutrient feedback will
dominate Ca responses at the forest stand scale.96

In the last 15 years, free air CO2 enrichment (FACE)
experiments have been established to examine the Ca
response at the scale of forest stands.88

Five large-scale forest FACE experiments have
been carried out to date. Two experiments were in
young, rapidly expanding poplar and poplar-birch
stands;97,98 two in closed-canopy plantations99,100

and the fifth in a mature beech forest.101 Stem
productivity increased by 20–60% under elevated Ca
in three of these experiments. In the fourth experiment
in a Liquidambar plantation, total NPP increased
in the first six years of exposure, but this increase
was allocated to fine roots with small, statistically
insignificant increases in wood production.99 In this
experiment, declining nutrient availability over time
reduced the effect of elevated Ca on total NPP to less
than 10%.102 Similar to this experiment, a Web-FACE
experiment in a 35-m forest at the Swiss Canopy Crane
facility reported that there was no overall above-
ground growth stimulation under elevated Ca.101

Are Ca Effects Included in the Model?
It is clear from experiments, then, that increasing Ca
can affect forest productivity, although the magnitude

 2011 John Wiley & Sons, L td.

From Medlyn et al., 2011  

•  Free Air CO2 Enrichment Experiment 
–  Enrichment from 475 ppm up to 600 ppm 
–  More than a dozen of experimental sites 
–  Up to 20 years of observation (Duke Forest) 

C assimilated by lead as function of 
[CO2] at Oak Ridge 

FACE site @ Duke University (USA) 
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CO2 fertilising effect limited with N-availability 

sponse was sustained even as tree growth in control plots (and in
the adjacent FACE plots) was declining (Fig. 2).
Canopy-averaged foliar [N] in the FACE experiment declined

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

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

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

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

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

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

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

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

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

Fig. 2. Growth response to nitrogen addition. Responses in the N fertilizer
experiment (dashed lines) are compared with responses in the FACE exper-
iment (solid lines). Elevated CO2 (solid circles) caused a significant increase in
wood increment in the first year after treatment initiation (1998), but the
response diminished in subsequent years and in later years was not statis-
tically different from FACE controls (open circles). N fertilization (shaded
squares) caused an immediate and sustained increase in wood increment
compared with unfertilized plots (open squares) (P < 0.001).

Norby et al. PNAS | November 9, 2010 | vol. 107 | no. 45 | 19369
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Some processes 

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

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

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

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

Transfer of N from pools with a low C:N ratio (e.g., SOM)
to pools with a high C:N ratio (e.g., woody biomass) en-
ables ecosystems to sequester C over the short term under 
elevated CO2 without additional N increases. Such a response
has been observed in a ponderosa pine experiment in Cali-
fornia (Johnson et al. 1997), a scrub oak woodland in Florida
(Johnson et al. 2003), a pine forest in North Carolina (Finzi
and Schlesinger 2003), a tallgrass prairie in Kansas (Jastrow
et al. 2000), and a grassland ecosystem in Texas (Gill et al.
2002). The N transfer usually occurs through increased N 
uptake by plants at elevated levels of CO2. As a consequence,

August 2004 / Vol. 54 No. 8 •  BioScience 733
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Figure 1. Two sets of feedback processes to elevated carbon dioxide (CO2) leading
to progressive nitrogen (N) limitation. In the upper pathway, the initial produc-
tivity response to elevated CO2 results in N sequestration in plant biomass and
litter pools, slowing N release to labile soil N. In the lower pathway, increased net
primary production (NPP) in response to elevated CO2 increases carbon (C) in-
put to soil (increased exudation, root growth and death, and aboveground litter-
fall), leading to increased N sequestration in soil organic matter (SOM). This N
sequestration reduces N availability to plants and subsequent plant N uptake.
Flexible C:N ratios in ecosystem organic matter pools can modify both pathways.
Flexible soil C:N pools could allow increased C storage without restricting short-
to medium-term N availability. A flexible plant C:N ratio could temporally de-
crease N demand.
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Impact on CMIP5 projections 

•  Carbon sink in terrestrial ecosystems (1860-2100) 

Two models couple C 
and N in CMIP5 

IPCC, WGI, Chapitre 6, 2014 
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Vegetation model with C and N coupled 

•  Intercomparison of 12 models AT 2 FACE sites 

considered the past land use, as well as the historic evolution of
atmospheric CO2 concentration and N deposition, and site-spe-
cific meteorological driver data from during the FACE experi-
ments were used throughout the spin-up. The forest vegetation
of the plots was initialized such that the forests had the correct
age and structure, as far as considered by the model, at the begin-
ning of the eCO2 treatment. Details of the spin-up phase varied
among models because of differences in model structure (A. P.
Walker et al., unpublished). Inherently different assumptions of
the models regarding soil C residence times and ecosystem N loss
rates, as well as pre-FACE grassland productivity and N fixation,
led to a notable spread in the initial amounts of modelled C and
N pools, net N mineralization rates and thus NPP, despite the
common initialization protocol.

Model outputs were provided at hourly or daily time steps, as
appropriate. These outputs contained estimates of the various C,
N and water fluxes and pools.

Results

Overall response to eCO2

Observed ambient NPP and inferred fNup at Duke FACE were
both slightly larger than at ORNL FACE (Figs 2, 3a,b), implying
that the whole-plant NUE was similar between the sites (Fig. 4)
at 121! 2 g C g"1 N in the ambient plots (1997–2005 mean)
for Duke FACE and 129! 13 g C g"1 N at ORNL. This simi-
larity between sites is in contrast with an earlier study (Finzi
et al., 2007), because the corrections in biomass estimates by
McCarthy et al. (2010) resulted in a downward adjustment in the
estimate of NUE at Duke Forest.

The interquartile range of the model ensemble included the
observed ambient NPP at both sites. However, there was

significant spread across the models, resulting to a large extent
from different model spin-ups, which led to different levels of N
constraints on plant production. Only a few of the models
(GDAY, OCN) captured the decline in NPP in the ORNL
ambient plots related to declining soil N availability over the
course of the experiment (Norby et al., 2010; Garten et al.,
2011). Although the models, on average, matched the inferred,
observation-based fNup at Duke Forest, they overestimated
fNup at ORNL (Fig. 3). On average, the models slightly underes-
timated NUE at Duke and more strongly at ORNL FACE
(Fig. 4). The primary cause for the underestimation was a high
bias in the simulation of the fractional (C) allocation to fine roots
at both sites (M. G. De Kauwe et al., unpublished). At ORNL
FACE, this difference was accentuated by higher modelled than
observed N concentration of the fine roots (average 1.4% mod-
elled vs 0.7% observed).

Elevated CO2 increased NPP in the initial (first) year of the
experiments by 25! 9% and 25! 1% at Duke and ORNL
FACE, respectively, according to the measurements (Figs 2c,d,
5a,b). Most models simulated an initial (first year) increase in
NPP as a result of eCO2 that was close to the observations. Nota-
ble exceptions were CABLE and CLM4, which systematically
underestimated the initial response at both sites, as well as
EALCO and ISAM, which overestimated the response for Duke
FACE (Fig. 5a,b). Nonetheless, no model simulated the underly-
ing changes in fNup and NUE correctly for both sites. At Duke
Forest, according to the measurements, the increase in NPP was
associated with a strong increase in fNup. The models generally
underestimated the observed increase in fNup and overestimated
the increase in NUE. At ORNL, according to the measurements,
the initial increase in NPP was associated with nearly equal
increases of fNup and NUE (Fig. 5). Some models simulated a
change in NUE in agreement with the observations (DAYCENT,
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Coupling between C and N cycles in ORCHIDEE 

•  Work of Sönke Zaehle (2007- 2010) 
– Based on a so-called O-CN version (Zaehle et al., 2010a,b) 
–  Main focus: C flux responses to N-availability 

•  An ongoing work of merge into the trunk of ORCHIDEE 
–  Code “checking” and writing (N. Vuichard): Jan-Sept. 2014 
–  Testing phaseDébut de la phase de test : This fall 
–  Starting point for the version coupling C, N and P (P-imbalance ERC project) 

Sönke Zaehle LSCE Seminar 2 / 25

Atm CO2

Plant

Litter / CWD

Soil Organic Matter

Carbon cycle

Soil Mineral N

N deposition

N fixation

denitrification

N leaching

Nitrogen cycle
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mineralization

assimilation

photosynthesis

litterfall & mortality

decomposition

From S. Zaehle 
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N cycle in ORCHIDEE 

Sönke Zaehle LSCE Seminar 4 / 25

Nitrogen cycle in ORCHIDEE

Met. LitterWoddy Litter Struc. Litter
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SOM:  „Century-type“:
• CN ratios flexible in limits,
• decomposition implicit function of N availability
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Plants:
• Leaf CN variable (in limits)
• tissue CN f(leaf CN)
• Photosynthesis f(leaf N)
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Fertiliser:
• Global Dataset (Bouwman)
• Application date routine
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• BNF climatology
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Soil organic matter dynamics 

•  Based on the Century model (Parton et al., 1993) 
    * high C:N ratio of metabolic residue  
     => N immobilisation 
    * low C:N ratio of strtuctural residue  
     => N mineralisation  

 
     

Parton eta!.' Modeling Grassland Biomes 791 

flows and are equal to the product of the carbon flow and 
the N:C ratio of the state variable that receives the C. The 
C:N ratios of the soil state variables receiving the flow of C 
are a function of the mineral N pool (NO3' plus NI-!• +) and 
vary within the ranges 3-15, 12-20, and 7-10, respectively, 
for active, slow and passive SOM (Figure 4). The C:N ratio 
of newly formed surface microbial biomass is a linear 
function of the N content of the material being decomposed, 
and increases from l0 to 20 as the N content decrea•s from 
2.0% to 0.01% (,see Figure 3). The C:N ratio of slow SOM 
material formed from surface microbes is equal to the C:N 
ratio of the microbes plus 5.0. N associmed with carbon lost 
in respiration is assumed to be minemlized. Given the C:N 
ratio of the state variables and the microbial respiration loss, 
decomposition of metabolic residue, active, slow, and 

passive pools generally results in net mineralization of N, 
while decomposition of strucawal material immobilizes N. 
The model also uses simple equations to represent N inputs 
due to atmospheric deposition and N fixation and calculates 
N losses due to N2, NO, N20, and NH3 gas fluxes (see 
Figure 3) and NO• leaching. A more complete description 
and justification for the N submodel is presented by Parton 
et al. œ1987, 1988]. 

PLANT PRODUCTION SUBMODEL 

Century simuhtes plant production for grasslands, 
agricultural crops, forests, and mixed tree-grass (savanna) 
systems. The grassland submodel (Figure 5) simulates grass 
growth and includes the impact of grazing and fire on plant 
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Mineral soil N dynamics 

•  Based on the DNDC model (Li et 
al., 1992, 2000).  

•  It accounts for: 
•  Sorption of NH4 onto clay surfaces 
•  pH-dependent dissociation of NH4 to 

NH3 

•  Nitrification: oxydation of NH4 to NO3 
(NOx and N2O are by-products, f(temp, 
pH)) 

•  Denitrification: series of reduction 
reactions from NO3 to NOx, N2O, and N2. 
f(temp, pH, denitrifier microbial 
population) 

•  Emissions of NH3, NO, N2O, N2 

•  Leaching of NH4 and NO3  

33 
 

 
 

épuisement du dioxygène   (en   pratique,   l’hétérogénéité   du   sol   fait   que   cela   a   lieu   en  
anaérobiose partielle). Les bactéries dénitrifiantes commencent à utiliser le nitrate (NO3

-) 
comme   accepteur   d’électron pour un potentiel redox de 350-250  mV   quand   l’oxygène   est  
proche  d’être  épuisé  [Parkin and Tiedie, 1984 ; Ingwersen et al., 1999]. Pour des potentiels 
redox compris entre 250 et 700 mV, on considère que la pression partielle en dioxygène (PO2) 
du  sol  est  le  facteur  majoritaire  influant  sur  l’évolution  du  potentiel redox. PO2 est donc utilisé 
dans PnET-N-DNDC  pour   déterminer   le   statut   d’aération   du   sol   et   une   corrélation   linéaire  
entre PO2 et la fraction volumique de microsites anaérobiques permet de calculer la taille de 
l’ « anaerobic balloon ». Le calcul de PO2 et de la fraction anaérobique (« anaerobic balloon ») 
sera  détaillé  dans  la  partie  suivante  qui  présente  le  module  de  dynamique  de  l’azote  minéral  
du sol dans le modèle O-CN, adapté du modèle PnET-N-DNDC. 
 

 
 

2.3.2. Dynamique  de  l’azote  du  sol  dans  le  modèle  O-CN 
 
La modélisation dans O-CN   de   l’évolution   des   réservoirs   d’azote   minéral   du   sol   entre   les  
instants (t-1)  et  t  résulte  d’un  bilan  entre  les  processus  de  nitrification  et  dénitrification  et  les  
flux entrants et sortants comme présenté dans la Figure 8. Je vais décrire dans un premier 
temps le calcul de la fraction anaérobique (2.3.2.1) et des processus de 

 
Figure 7. Représentation du concept d'anaerobic balloon avec les étapes des processus 
de nitrification et dénitrification – d’après Li et al. [2000] 

 
 
 
 
 
 
 

From Prieur, 2012 
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•  Based mainly on the work of Kattge et al. (2009) 
    => Vmax vs. Leaf N content 

With kN
 values around 0.1-0.2 (Carrswell et al., 2000;  

Dewar et al. 2012) 

Photosynthesis 
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