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Abstract. Terrestrial carbon (C) cycle models applied for cli-
mate projections simulate a strong increase in net primary
productivity (NPP) due to elevated atmospheric CO2 concen-
tration during the 21st century. These models usually neglect
the limited availability of nitrogen (N) and phosphorus (P),
nutrients that commonly limit plant growth and soil carbon
turnover. To investigate how the projected C sequestration
is altered when stoichiometric constraints on C cycling are
considered, we incorporated a P cycle into the land surface
model JSBACH (Jena Scheme for Biosphere–Atmosphere
Coupling in Hamburg), which already includes representa-
tions of coupled C and N cycles.

The model reveals a distinct geographic pattern of P and
N limitation. Under the SRES (Special Report on Emissions
Scenarios) A1B scenario, the accumulated land C uptake be-
tween 1860 and 2100 is 13 % (particularly at high latitudes)
and 16 % (particularly at low latitudes) lower in simulations
with N and P cycling, respectively, than in simulations with-
out nutrient cycles. The combined effect of both nutrients re-
duces land C uptake by 25 % compared to simulations with-
out N or P cycling. Nutrient limitation in general may be
biased by the model simplicity, but the ranking of limita-
tions is robust against the parameterization and the inflex-
ibility of stoichiometry. After 2100, increased temperature

and high CO2 concentration cause a shift from N to P limita-
tion at high latitudes, while nutrient limitation in the tropics
declines. The increase in P limitation at high-latitudes is in-
duced by a strong increase in NPP and the low P sorption
capacity of soils, while a decline in tropical NPP due to high
autotrophic respiration rates alleviates N and P limitations.
The quantification of P limitation remains challenging. The
poorly constrained processes of soil P sorption and biochem-
ical mineralization are identified as the main uncertainties in
the strength of P limitation. Even so, our findings indicate
that global land C uptake in the 21st century is likely over-
estimated in models that neglect P and N limitations. In the
long term, insufficient P availability might become an impor-
tant constraint on C cycling at high latitudes. Accordingly,
we argue that the P cycle must be included in global models
used for C cycle projections.

1 Introduction

The neglect of nutrient limitation in carbon (C) cycle models
has been criticized for being unjustified from an ecological
point of view (Reich et al., 2006) and for overestimating ter-
restrial C sequestration in the future (Hungate et al., 2003;
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Thornton et al., 2007). The incorporation of a nitrogen (N)
cycle into the biogeochemical components of Earth System
Models (ESM) generally reduces the CO2 fertilization effect
and C losses due to soil warming (Zaehle and Dalmonech,
2011). It even may change the sign of the feedback between
climate and the terrestrial C cycle from positive to negative
(Thornton et al., 2007; Sokolov et al., 2008). However, this
is not generally the case (Zaehle et al., 2010a). In the current
generation of coupled terrestrial carbon and nitrogen (CN)
models, N limits productivity mainly in high latitude ecosys-
tems (Sokolov et al., 2008; Thornton et al., 2007; Zaehle
et al., 2010b), whereas the low latitude ecosystems, which
are the most productive ones (Lieth, 1972; Field et al., 1998;
Pan et al., 2011), are less N-limited. Low latitude systems
are expected to show the highest direct CO2 response of NPP
(Hickler et al., 2008), and in climate change projections they
are responsible for a substantial positive feedback between
climate and the C cycle (Friedlingstein et al., 2006; Rad-
datz et al., 2007). At the same time, low latitude ecosystems
are expected to be more P-limited (Townsend et al., 2011).
Therefore, an inclusion of the terrestrial P cycle into global
C cycle models seems essential to appropriately determine
land C uptake.

Globally, in addition to N, P is the nutrient most com-
monly limiting plant growth and soil C cycling (Vitousek
and Howarth, 1991; Aerts and Chapin, 2000). Theoreti-
cal (Walker and Syers, 1976) and observational (Reich and
Oleksyn, 2004) studies suggest that at present, productivity
of tropical forests and savannahs is generally constrained by
P, while N constrains the productivity in temperate and bo-
real regions. The geographical patterns of N and P limita-
tions are commonly explained by the age of the soils (Walker
and Syers, 1976; Vitousek et al., 2010). Young soils tend to
have a high P availability, but low N availability, because N is
nearly absent in the parental material and accumulates over
time from the atmosphere by biological N fixation. P enters
the ecosystem by weathering of primary minerals. As soils
age, the parental material can become P-depleted and P gets
progressively occluded in secondary minerals. Therefore, old
highly weathered soils tend to have low P availability. As
glaciation has periodically reset soil development at high lat-
itudes, these soils tend to be much younger than the ones at
low latitudes, where glaciation was absent for hundreds of
millions of years.

Additional mechanisms, operating on timescales of years
to centuries (Vitousek et al., 2010), may cause the occurrence
of nutrient limitation. Mechanisms limiting the availability of
N include constraints on biological N fixation (Houlton et al.,
2008) and losses by leaching and volatization, which may
even occur to some extent in N deficient ecosystems (David-
son et al., 2007). As soil P is less mobile than N, losses are
of minor importance for the occurrence of P limitation. A
mechanism that affects both N and P limitation is the seques-
tration of N or P in an accumulating pool (Vitousek et al.,
2010); in particular, the sequestration of nutrients in long-

lived but non-photosynthetic pools of organic matter (Luo
et al., 2004). Additionally, an enhanced supply of nutrients
other than P, for example N (Perring et al., 2008), can cause
P limitation. As the P cycle has a much slower turnover
rate than the N cycle, such limitation can remain for cen-
turies. Because mechanisms underlying N and P limitation
differ from each other, the responses of N and P limitation to
changes in atmospheric CO2, climate, and land-use change
likely differ, too (Davidson et al., 2007; Vitousek et al., 2010;
Gruber and Galloway, 2008).

Despite evidence of widespread phosphorus limitation on
plant productivity from fertilizer experiments (Elser et al.,
2007) and modelling (Wang et al., 2010; Zhang et al., 2011),
to our knowledge, so far no study has assessed to what extent
land C uptake projected by C-only models can be realized
when stoichiometric constraints of N and P on the build-up
of organic matter are accounted for. Results fromZhang et al.
(2011) suggest that during the 20th century the global C bal-
ance can be fully quantified with just N, while at continental
scale the P cycle is also of importance for the C balance.
However, the uncertainties in simulating P cycling are large
(Wang et al., 2010; Zhang et al., 2011). So far, a detailed
analysis of whether and how P limitation may develop in the
future has not been done.

As it is not yet clear where and how strong N and P con-
strain today’s plant productivity and soil C turnover (Elser
et al., 2007; Zaehle and Dalmonech, 2011; Townsend et al.,
2011), we developed a new modelling concept of nutrient
limitation to avoid prescribing nutrient limitation in the ini-
tal model state. We assume that during thousands of years
of stable Holocene climate and relatively low atmospheric
CO2 concentration, plants have adapted to their environment
such that their growth is limited by multiple resources (Field
et al., 1992; Townsend et al., 2011). We thus hypothesize that
for present day, ecosystems are co-limited by the availabil-
ity of N and P, which is in broad terms consistent with a
meta-analysis of N and P manipulation experiments across
global biomes (Elser et al., 2007). As nutrients are needed
for the build-up of organic compounds (C sink) from car-
bohydrates, nutrient uptake and C fixation (C source) have
to be adjusted such that C sinks and sources are in balance.
The adaptation of photosynthesis to nutrient availability is to
some part represented in photosynthesis models, as the pa-
rameters of these models are specific for each plant func-
tional type (PFT). Based on global data compilations,Kattge
et al. (2009) concluded that the maximal rate of carboxyla-
tion (V cmax) is affected by N and P availability.Reich et al.
(2009) showed that leaf P, an indicator of P availability, mod-
ulates the N dependence of photosynthesis. The nutrient lim-
itation hidden in the parameterization of photosynthesis is
called background nutrient limitation (BNL).

Today’s atmospheric CO2 concentration is unprecedented
in the last 2 million years (Luethi et al., 2008; Hoenisch et al.,
2009), and it is projected to increase further with a rate un-
seen in the geological past. In C-only models, photosynthesis
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is independent from the actual need of carbohydrates, and
therefore the projected increase in plant productivity is in-
valid if the carbohydrate sink can not grow as fast as pho-
tosynthesis increases. To account for such a possible imbal-
ance, plant productivity must be adjusted to the actual need of
carbohydrates, which can be derived from the stoichiometry
of plant tissue. The difference between the potentially possi-
ble productivity under elevated CO2 and the sink corrected
productivity is defined as the effect of CO2-induced nutrient
limitation (CNL). CNL is per definition absent in the pre-
industrial state. In aggregate, the modeling approach taken
herein does not attempt to quantify the overall background
nutrient limitation, and instead estimates how much less C
can be stored on land when changes in N and P supply are
simulated; our approach is distinct from one which would
quantify total N and P limitation as is done with fertilizer
experiments (Elser et al., 2007) and in terrestrial ecosystem
models (Sokolov et al., 2008; Thornton et al., 2007; Zaehle
et al., 2010b; Wang et al., 2010; Zhang et al., 2011).

In this paper we aim to quantify how much of the land C
uptake projected by a C model can be sustained when ac-
counting for stoichiometric constraints on C storage in or-
ganic matter. Further, we aim to identify the processes re-
sponsible for the occurrence of P limitation. To do so, we
implemented a P cycle into the biogeochemical cycle model
(Parida, 2010) of JSBACH (Jena Scheme for Biosphere–
Atmosphere Coupling in Hamburg) (Raddatz et al., 2007),
which includes C and N cycling. The model was applied un-
der the SRES (Special Report on Emissions Scenarios) A1B
scenario with and without N and/or P cycles to allow a sepa-
ration of the effects of N and P limitation on land C cycling.
In addition, a set of sensitivity experiments was performed to
identify the main drivers of nutrient limitation.

2 Methods

2.1 Model

JSBACH describes the processes for land hydrology, phenol-
ogy, and biogeochemical cycling (Fig.1). The submodel for
the biogeochemical cycles of JSBACH is driven by net pri-
mary productivity (NPP), leaf area index (LAI) and climate
variables (soil temperature, soil moisture, runoff) obtained
from full climate simulations with the Max Planck Institute
Earth System Model (MPI-ESM) (Roeckner et al., 2011). By
driving the submodel for biogeochemical cycling with NPP
and LAI, we omit effects of CO2-induced changes in N or P
availability on these properties because, so far, it is unclear
whether we can generalize about how elevated CO2 affects
the interactions between nutrients and leaf level photosyn-
thesis (Reich et al., 2006).

Background nutrient limitation (BNL) is indirectly consid-
ered in the model as part of the PFT-specific parameterization
of the C cycle, which is based on measurements in present

day ecosystems and therefore reflects the mean of present
day nutrient conditions for a single PFT (Knorr, 2000). How-
ever, the range of different soil environments on which a sin-
gle PFT can grow may lead to a variability of BNL within
a PFT, which is not captured by our approach. The addi-
tional nutrient limitation caused by the increase in atmo-
spheric CO2 (CNL) is computed dynamically in the model
assuming globally uniform constant C : N : P stoichiometry
for the different biosphere compartments, such as active and
woody biomass and soil organic matter. The model further
employs a supply–demand-approach in which plant nutrient
demand is derived from the ratio of potential C-allocation
to the plant’s C : nutrient ratios, while nutrient demand by
soil microorganisms is derived from the potential immobi-
lization fluxes. Subsequently, the total nutrient demand by
plants and soil microorganisms is compared against the sup-
ply. If the supply is insufficient to meet the demand, the de-
mand is diminished. These strong simplifications allow us to
simulate the N and P cycles with a minimum number of pa-
rameters. The merit of our approach is that it avoids the intro-
duction of additional parameters which are hard to quantify,
unlike more mechanistically oriented CN models (Xu-Ri and
Prentice, 2008; Jain et al., 2009; Zaehle and Friend, 2010;
Esser et al., 2011), and thereby reduces its dependence on
model parameters which are difficult to constrain by avail-
able ecosystem observations. The assumption of stoichio-
metric inflexibility is a strong simplification and may lead
to an overestimation of CNL, but we argue it is an appropri-
ate first-order approach given the limited process understand-
ing and data to quantify the full nutrient dynamics including
adaptation at plant and ecosystem level (Reich et al., 2006).
The implications of these assumptions on nutrient limitation
are discussed in detail inParida(2010).

2.1.1 The C cycle

The C cycle in the biogeochemical cycling part of JSBACH is
driven by NPP derived from the photosynthesis scheme, fol-
lowing Farquhar et al.(1980) for C3 andCollatz et al.(1992)
for C4 plants and including an explicit dependence of produc-
tivity on atmospheric CO2 concentration (Knorr, 2000). NPP
is allocated in fixed fractions to root exudates and the three
plant pools: a wood pool representing lignified plant tissue, a
active pool for active plant tissue (leaves, fine roots, etc.), and
a reserve pool containing C stored as sugars and starch. Upon
leaf shedding, C is transferred from the active pool and the
reserve pool to the non-lignified litter pool. The wood pool
has a fixed turnover time, and C is transferred to a woody
litter pool which differs from the non-lignified litter pool in
its turnover time. Microbial activity mediates the transfer of
C from the litter pools to the atmosphere and to the slow soil
pool. The latter pool represents slowly decomposing organic
matter and is depleted by heterotrophic respiration. The res-
piration rates depend on soil moisture, nutrient availability,
and exponentially on soil temperature.
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Fig. 1.Schematic representation of pools and fluxes in JSBACH. Solid arrows indicate carbon fluxes and dashed arrows nutrient fluxes. The
plant compartment consists of the three C pools: active (leaves and non-lignified tissue), wood (stem and branches) and reserve (sugar and
starches). The litter compartment consists of non-lignified litter, and woody litter (lignified litter and fast-decomposing soil organic matter).
The soil compartment consists of one pool (slow) representing slow-decomposing organic matter. All carbon pools except the reserve pool
have a corresponding nutrient pool with variable C : N : P ratio (slow, non-lignified litter) or fixed C : N : P ratio (rest). There is one mobile
plant pool representing mobile nutrients stored internally in plants. Soil mineral nitrogen is represented by a single pool (soil mineral pool),
while mineral P is represented by labile (available) pool and sorbed pool. The opposing triangles indicated that the flux is controlled by
phosphorus (red triangles), nitrogen (blue triangles) or both (mixed triangles).

2.1.2 The N cycle

The N cycle is described in detail inParida(2010). N is taken
up by vegetation from a single soil mineral N pool and al-
located to the woody and active plant tissue according to
the N : C ratios of the these pools. Prior to leaf shedding a
certain fraction of N is retranslocated to the mobile N pool,
representing internal N storage. Upon leaf shedding, the re-
maining N is transferred to the non-lignified litter pool. The
wood pool has a fixed turnover time, and N is transferred to
a woody litter pool. Microbial activity mediates the transfer
of N from the litter pools to the slow soil pool. As the N : C
ratio of the slow soil pool is larger than the N : C ratios of
the litter pools, additional N from the soil mineral N pool is
transferred (immobilization). The slow soil pool represents
slowly decomposing organic matter and is depleted by bio-
logical mineralization. Biological N fixation, the flux of N
from the atmosphere to the soil mineral N pool, is a func-
tion of NPP, comparable to the approach byThornton et al.
(2007). In this case, we use potential NPP to account for the
positive effects of increases in N demand and carbohydrate
supply on N fixation (Vitousek et al., 2002). We account for
the effect of P limitation on N fixation (Reich et al., 2006) by
scaling the fixation rate using the P limitation factor (Eq.2).
Denitrification, the loss flux to the atmosphere, is simulated
as a function of the soil mineral N pool (Meixner and Bales,
2003). N losses by leaching are described analogously to P
leaching using the approach ofMeixner and Bales(2003).

2.1.3 The P model

The P cycle in JSBACH is designed to diagnose the P dis-
tribution on land and to adjust C fluxes for P availability.
To include the cycling of P, the same methodology as for N
is employed (Parida, 2010). Assuming that the C allocation
is not affected by nutrients, potential C allocation and het-
erotrophic respiration are computed. We refer to these fluxes
as potential C fluxes. In combination with the stoichiometry
of the involved pools, we use the potential C fluxes to derive
diagnostic P fluxes:

F P
iFj = (rj − ri)F

C
iFj , (1)

whereF C
iFj is the potential C flux from pooli to poolj , F P

iFj

the corresponding diagnostic P flux, andri andrj the P : C ra-
tios of the poolsi andj , respectively. P is released ifri > rj
or sequestered ifri < rj . The latter case may only be real-
ized to the extent that additional P is supplied. Therefore,
we introduced the following rule: If the diagnosed demand
is larger than the supply, P fluxes are diminished according
to the available P supply. The supply is given by the labile
P (Pl) and the demand is given by the sum of plant demand
(Dveg) and microbial demand (Dmicr). Based on the assump-
tion that vegetation and soil organisms are equally strong in
their competition for P, we use a single limitation factor to di-
minish plant and microbial demand. The amount of potential
NPP which cannot be allocated due to P limitation is inter-
preted as an increase in autotrophic respiration. This reflects
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Table 1.Model variables (Fig.1). For the C cycle, the indexesi andj are: A (atmosphere), a (active), w (wood), r (reserve), la (non-lignified
litter), lw (litter wood), and s (slow). For the P cycle, the indexesi andj are: a (active), w (wood), m (mobile), la (non-lignified litter), lw
(litter wood), s (slow), l (labile), and sr (sorbed). The index e stands for the element (N or P).

Symbol Description units

Ci C in pooli [mol(C)m−2 (canopy)]
Pi P in pooli [mol(P)m−2 (canopy)]
Fe

iFj
potential flux of element e from pooli to poolj ; e∈ {N,P} [mol(E)m−2 (canopy) ]

Dk P demand of vegetation (k = veg) or microbes (k = micr) [mol(P)m−2 (canopy) s−1]
FBC biochemical mineralization flux [mol(P)m−2 (canopy) s−1]
FD P deposited via atmospheric transport [mol(P)m−2 (canopy)s−1]
FM sum of all biological P mineralization fluxes [mol(P)m−2 (canopy)s−1]
di decomposition rate of pool i [ s−1]
f e

limit limitation factor of element e; e∈ {N,P} [ ]

the high cost of nutrient foraging in a nutrient limited sys-
tem (Hogberg et al., 2003). This is supported by a large-scale
fertilization experiment in a N-limited boreal forest (Olsson
et al., 2005), where fertilization reduced autotrophic respi-
ration while aboveground productivity increased. We define
the P limitation factor (f P

limit ) as

f P
limit =

{
[

dPl
dt

]
max/(Dveg+ Dmicr) for (Dveg+ Dmicr) > [

dPl
dt

]
max

1 otherwise
,(2)

where the term in square bracket is the maximum rate at
which the labile P pool can supply P. Note that in the dis-
cretized formulation the labile pool can at most be depleted
during a single model time step (1t). We thus set this max-
imum rate to Pl

1t
. If the N cycle is active in addition to the

P cycle, the limitation factor of the more limiting nutrient is
taken to correct potential C fluxes and their corresponding
diagnostic nutrient fluxes.

flimit = min(f P
limit ,f

N
limit ), (3)

wheref N
limit is calculated analogously tof P

limit (Parida, 2010).
This is the only modification in the structure of the C cycle
in comparison to Parida et al. (2011).

The P cycle consists of nine pools (Pi ; see Fig.1 and Ta-
ble 1). P enters the terrestrial ecosystems by the weather-
ing of P-bearing minerals. Weathered P enters the labile P
pool (Pl), which is available to plants and microbes. Labile
P is rapidly adsorbed onto soil particles. The associated pool
for sorbed P is denoted byPsr. There are three pools rep-
resenting P in vegetation. One pool is for P in active tissue
(Pa), one pool is for P in woody tissue (Pw), and one pool
represents mobile P (Pm), which acts as an internal buffer
of plant P. Plants and microbes take up P from the labile P
pool (Pl). Upon litterfall, P enters the litter pool for woody
litter (Plw) and the pool for non-lignified litter and fast-
decomposing (life time≈1.5 yr) soil organic matter (Pla). P
in slow-decomposing organic matter (life time≈100 yr) is
represented by one single pool (Ps). Three P pools have con-
stant P : C ratios (ri), namely the active pool (i = a), wood

pool (i = w), and woody litter pool (i = lw). P pools with a
constantri can be derived from the corresponding C pools
(Ci) by

Pi = riCi . (4)

The other P pools have a constantri for the incoming flux
but not for the pool itself (Pla,Ps), or have no corresponding
C pool and thus nori (Pl,Pm,Psr).

The mobile P pool (Pm) is a short term P storage internal
to plants. It is filled by P retranslocated prior to litterfall and
is depleted by P used to allocate as much of the potential NPP
(NPPpot

i ) to Cw andCa as possible.

dPm

dt
= (ra− rla)F

C
aFla − (raNPPdir

a + rwNPPdir
w ). (5)

The fraction of NPPpot
i , which is directly allocated by use of

Pm, is named NPPdir
i . NPPdir

w and NPPdir
a are given by

NPPdir
i =

NPPpot
i

(rwNPPpot
w + raNPPpot

a )
[
dPm

dt
]
max. (6)

Litterfall and wood shedding connect plant pools with the
litter pools. Non-lignified litter is made of fast decomposing
organic matter and leaves. The dynamics of the non-lignified
litter P pool (Pla) are

dPla

dt
= rlaF

C
aFla + (1− βl)εPa− flimit

Pla

Cla
αlaF

C
laFs . (7)

where the first term describes the P influx from litter fall, the
second term describes the flux of P from herbivore excre-
ments which is not directly available to biota, and the third
term arises from the P released by biological mineralization
of litter. We assume that active plant material (Pa) is con-
sumed by herbivores at a constant rate (ε) and immediately
excreted (Parida, 2010). We separate the excrement into la-
bile (βl) and fast decomposing (1− βl) P compounds which
enter the non-lignified litter pool (Pla). The decomposition
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flux F C
laFs is a demand flux (rla < rs), therefore it is mul-

tiplied with flimit . αi indicates the fraction of decomposed
non-lignified litter which enters the atmosphere by respira-
tion. The P of the respired fraction ofF C

laFs is mineralized
and enters thePla.

The change in the P content of slow-decomposing soil or-
ganic matter (Ps) is given by the net of immobilization and
mineralization fluxes:

dPs

dt
= flimit rs((1− αla)F

C
laFs+ (1− αlw)F C

lwFs) − dsPs− FBC. (8)

The first two terms describe P immobilization due to de-
composition of non-lignified litter and woody litter. Min-
eralization occurs as biological mineralization (dsPs) and
phosphatase-mediated biochemical mineralization (FBC).
The decomposition rateds is computed by aQ10 model as
described in the Appendix B. Biochemical mineralization is
modeled using a rate constantMmin if P limitation is absent
(f P

limit = 1), but increases under P limitation until a maximum
mineralization rate (Mmax) with a lag time of 30 days. There
is no observational evidence to support 30 days, but the re-
sults of this study are insensitive to the time lag. If P limita-
tion occurs, we use a 30 day mean off P

limit (flimit ) to increase
the rate until the maximal mineralization rate is reached.

FBC = max(Mmax(1− eη(1−flimit )),Mmin). (9)

This formulation is based on the concept ofMcGill and Cole
(1981) that biochemical mineralization is P demand driven.
The biochemical mineralization flux, which is mediated by
N-rich enzymes (Phosphatases), depends on the availability
of N. If the N cycle is active in addition to the P cycle, we
use the 30 day mean of the difference betweenf P

limit andf N
limit

(f 1
limit ) instead offlimit in Eq. (9).

f 1
limit =

{
0 if f P

limit > f N
limit

f N
limit − f P

limit if f P
limit < f N

limit

. (10)

Thereby we account for a decreased stimulation of biochem-
ical mineralization in cases when N is limiting in addition to
P. If N is limiting more strongly than P, a stimulation ofFBC
is inhibited. If N is limiting, but less than P, the stimulation
is less pronounced.

The equations governing the dynamics of labile and sorbed
P (Pl andPsr) are adopted fromWang et al.(2010). It is as-
sumed that the labile P pool and the sorbed P pool are in
equilibrium on a daily time step. The relationship between
the amount of labile P and sorbed P is described by the Lang-
muir equation (Barrow, 1978) in its differential form:

dPsr

dt
=

SmaxKs

(Ks+ Pl)2

dPl

dt
, (11)

whereSmax is the maximum amount of sorbed phosphorus in
the soil, andKs is an empirical constant.

Under these assumptions the dynamics of the labile P pool
can be described by (see Appendix A for derivation)

dPl

dt
=

1

1+
SmaxKs

(Pl+Ks)2

(FM + FD + FW + FBC + εβlPa (12)

−γsPlR −
1

τsr
Psr− flimit (Dveg+ Dmicr)).

The inputs to the labile P pool are biological P mineraliza-
tion (FM), biochemical P mineralization (FBC), dust depo-
sition (FD), P weathering (FW), and directly available P in
excrement of herbivores (εβlPa). Losses are leaching, strong
sorption, and demand fluxes (flimit (Dveg+ Dmicr)). The loss
rate of sorbed P to strongly sorbed and occluded P forms
is assumed to be proportional to the amount of sorbed P in
the soil (1

τsr
Psr) (Wang et al., 2010). The flux of leached P is

a function of runoff (R) and the amount ofPl dissolved in
solution (γPl). Biological P mineralization (FM) is the sum
of the mineralization flux from the slow pool and P leached
from freshly sheded wood:

FM = dsPs+ (rw − rlw)F C
wFlw . (13)

2.1.4 Nutrient demands

The P demand of vegetation (Dveg) is given by the amount
of labile P needed for the allocation of the potential NPP to
the vegetation compartments of wood (NPPpot

w ) and active
(NPPpot

a ).

Dveg = rw(NPPw
pot

− NPPdir
w )+ ra(NPPpot

a − NPPdir
a ) . (14)

The microbial P demand is the sum of all potential P im-
mobilization fluxes, which are the fluxes from litter pools
(non-lignified litter and woody litter) to the slow pool. When
litter is decomposed, a certain fraction of its C is respired
to the atmosphere, and the remaining C becomes slowly de-
composing organic matter. Denoting the respired fraction by
αi , the microbial P demand becomes:

Dmicr = (rs−
Pla

Cla
)F C

laFs (15)

+(rs− rlw)F C
lwFs−

Pla

Cla
F C

laFa− rlwF C
lwFa .

By respiration some P becomes available, which is subse-
quently immobilized by microbes, and therefore is subtracted
from the microbial demand. The non-lignified litter pool does
not have a fixedri , instead the termPla

Cla
is used in the above

equations. The decomposition fluxes are

F C
iFs = di(1− αi)Ci (16)

and

F C
iFa = diαiCi , (17)

wherei can be lw or la.di is the decomposition rate of litter
pool i, and its calculation is described in the Appendix B.

Biogeosciences, 9, 3547–3569, 2012 www.biogeosciences.net/9/3547/2012/



D. S. Goll et al.: Nutrient limitation reduces land carbon uptake 3553

Table 2. Parameters of the P model. The soil order specific values of parameters are listed in the Appendix E. In the case ofKattge et al.
(2011), plant trait data have been made available via the TRY database. These data are related to the following original references:Bakker
et al. (2005, 2006); Baker et al.(2009); Cornelissen(1996); Cornelissen et al.(1996, 2003, 2004); Craine et al.(2005, 2009); Diaz et al.
(2004); Fortunel et al.(2009); Fyllas et al.(2009); Garnier et al.(2007); Han et al.(2005); He et al.(2006, 2008); Kazakou et al.(2006);
Laughlin et al.(2010); Meziane and Shipley(1999); Niinemets(1999, 2001); Ogaya and Penuelas(2003, 2006, 2007, 2008); Ordonez et al.
(2010b,a); Patĩno et al.(2009); Pakeman et al.(2008, 2009); Quested et al.(2003); Reich et al.(2008); Sardans et al.(2008a,b); Shipley and
Lechowicz(2000); Swaine(2007); Willis et al. (2010), andWright et al.(2004, 2006).

Symbol Parameter Units Value Source

1t time step day 1
τsr life time of P in the sorbed pool year 100 Wang et al.(2010)
αla the fraction of decomposed C from non-lignified litter

which is respired [ ] depends on PFT Parida(2010)
αlw the fraction of decomposed C from woody litter

which is respired [ ] 0.2
βl fraction of P in excrements

which is directly available to biota [ ] rl
rl+rla

ra P to C ratio ofPa [mol(P)mol−1 (C) ] 1
1440 Kattge et al.(2011)

rw P to C ratio ofPw [mol(P)mol−1 (C) ] 1
7600 Kattge et al.(2011)

rla P to C ratio ofPla [mol(P)mol−1 (C) ] 1
10000 Kattge et al.(2011)

rlw P to C ratio ofPlw [mol(P)mol−1 (C) ] 1
3650 (assumed)

rs P to C ratio ofPs [mol(P)mol−1 (C) ] 1
465 Smil (2000)

Smax maximal amount of sorbed P [mol(P)m−2] depends on soil order Wang et al.(2010)
Ks empirical parameter describing sorption [mol(P)m−2] depends on soil order Wang et al.(2010)
γs fraction of labile P which is dissolved in soil solution [ ] .0001 (calibrated)
FW P released from primary minerals by weathering [mol(P)m−2s−1] depends on soil order Wang et al.(2010)
Mmin minimal (background) biochemical mineralization rate [mol(P)m−2s−1] depends on soil order (calibrated)
Mmax maximal biochemical mineralization rate [mol(P)m−2s−1] depends on soil order (calibrated)
η scaling factor for biochemical mineralization [ ] −5 (calibrated)
ε fraction ofCg removed by herbivores [ ] depends on PFT Parida(2010)

2.1.5 Parameter estimates

The parameters of the P model are globally uniform, ex-
cept for the biochemical mineralization rates which depend
on the soil order, and their values are shown in Table2. We
use information from the global data set of plant traits, TRY
(Kattge et al., 2011), to compute the N : P ratios for the active
and wood pools, as well as the for the ratio used for the com-
putation of the flux from the active pool to the non-lignified
litter pool. From these N : P ratios, P : C ratios are derived us-
ing the N : C ratios fromParida(2010). The P : C ratio of the
woody litter is set to a value within the range of spread of
P : C of bark (Kattge et al., 2011), as data for heartwood is
scarce. The initial P : C ratio for the slow decomposing or-
ganic matter is taken fromSmil (2000).

Leaching is calibrated so that, first of all, the global leach-
ing flux compares well with estimates from empirical mod-
elling (Seitzinger et al., 2005), and in addition, according to
our concept of limitation, that CNL by P is absent under pre-
industrial conditions.

The biochemical mineralization flux is calibrated such that
the N : P ratio of soil organic matter is close to the estimates
by Yang and Post(2011). The outcomes of this study are in-
sensitive to parameter values for the adjustment intensity (η)
(not shown) of the biochemical mineralization flux in Eq. (9),

which is set arbitrarily due to a lack of data. The dynamics of
the labile and sorbed P are parameterized based on measure-
ments on US soils using the USDA soil classification (Wang
et al., 2010) because there is no more comprehensive data.
Therefore, the history and the characteristics (soil texture,
redox potential, etc.) of the different soil types reflect global
patterns to the extent that US soil types are representative for
the global diversity of soils.

2.2 Experimental setup

The simulation setup is adopted from the CN simulations
performed byParida(2010). We run the submodel of JS-
BACH for the biogeochemical cycles independently from the
rest of JSBACH driven by net primary productivity (NPP),
leaf area index, soil temperature, soil moisture and surface
runoff. The forcing variables are extracted from simulations
performed with the MPI-ESM (Roeckner et al., 2011) un-
der the framework of the ENSEMBLES project (Hewitt and
Griggs, 2004). The MPI-ESM consists of the atmosphere
model ECHAM5 (Roeckner et al., 2003) and its land sur-
face scheme JSBACH (Raddatz et al., 2007) coupled to the
ocean model MPI-OM (Marsland et al., 2003). The simu-
lations by Roeckner et al.(2011) were performed at hor-
izontal resolution T31 (approximately 400× 400 km) and
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19 vertical atmospheric layers, driven by prescribed atmo-
spheric CO2 concentration (SRES A1B scenario 1860–2100)
and anthropogenic land-cover changes. Accordingly, our JS-
BACH stand-alone simulations are conducted at T31 reso-
lution, but without land-cover changes, using a map of po-
tential vegetation instead. Output variables of the MPI-ESM
are provided for every PFT at every grid independent of the
prescribed vegetation cover. Therefore, the initial distribu-
tion of PFTs in simulations with the stand-alone model can
be different from the one used in the forcing simulation. To
investigate the long-term evolution of nutrient limitation, we
performed an additional simulation with the full MPI-ESM
to derive forcing data where we prolonged the original ESM
simulation for an additional 400 yr keeping the atmospheric
CO2 concentration fixed at the level of 2100. In this period,
climate slowly approaches a new equilibrium.

Using the submodel of JSBACH for the biogeochemical
cycles, we brought the element cycles into equilibrium (less
than 1 % change in the 30-yr mean of global pools) using
a repeated 30-yr cycle of the forcing data from the coupled
simulation (1860–1889). We equilibrated the element cycle
consecutively in three steps. Firstly, we ran the model in the
C-only mode reaching equilibrium after 5000 yr. Secondly,
we prolonged this simulation by switching on the N cycle
for an additional 5000 yr. Thirdly, the P cycle was brought
into equilibrium after prolonging the CN equilibrium simu-
lation for an additional 8000 yr in the CNP mode (submodel
run with N and P). We made sure that this sequential spin-up
procedure did not result in a different equilibrium state than a
simultaneous spin up. During the spin up, N and P deposition
were kept constant at the level of 1860 and present day, re-
spectively, as the human impact on P deposition is marginal
(Mahowald et al., 2008).

We conducted several transient simulations with the sub-
model: without nutrients (C-only), with N (CN), with P
(CP), and with N and P (CNP) (Table3). Land use, land-
use change, and fertilizer application are not accounted for.
N deposition is read in from maps (Galloway et al., 2004;
Dentener et al., 2006) which are interpolated in time propor-
tionally to the increases of atmospheric CO2 concentrations
of the forcing simulation until 2030, and afterwards extrap-
olated also using CO2 of the forcing simulation, following
Wang and Houlton(2009). Present day P deposition maps
(Mahowald et al., 2008) are used for the whole simulation
period.

To test the robustness of our results, we conducted several
sensitivity simulations (Table3). A set of simulations was
performed with PFT-specific C : N : P ratios fromWang et al.
(2010) andMcGroddy et al.(2004) (CNpft, CPpft). As a redis-
tribution of P from unavailable pools to available ones can af-
fect nutrient limitation, we varied parameters controlling the
size of redistributable P, namely sorbed P (CPmo, CPox), and
modified the adaptive strength of biochemical mineralization
(CPbc). In another simulation (CNdp), we kept N deposition
constant at the present level to test for the effect of increasing

Table 3.List of experiments performed. The climatic forcing is the
same for all simulations. See Appendix C for further simulations
regarding the stoichiometric parameterization.

Experiment N cycle P cycle Modification

C-only off off
CN on off
CP off on
CNP on on
CPox off on soils have high sorption capacity
CPmo off on soils have low sorption capacity
CPbc off on rigid biochemical mineralization
CNdp on off N deposition constant
CPpft off on PFT-specific C : P ratios
CNpft on off PFT-specific C : N ratios

N deposition rates. Furthermore, we performed simulations
with flexible stoichiometry, as well as a set of simulations
with perturbed stoichiometric parameters. The latter simula-
tions are described in detail in the Appendix C.

3 Results and discussion

3.1 Present day: comparison with observations

For present day, the model simulates a terrestrial C stock
of 2881 Gt(C), 24 % of it stored in vegetation (682 Gt(C)),
8 % in litter and fast decomposing soil organic matter
(229 Gt(C)), and 69 % in slow-decomposing soil organic
matter (1970 Gt(C)). When N and P cycling are taken into
account (CN, CP, CNP) the present day C stocks are only
slightly reduced (< 1 %). The simulated vegetation C storage
is slightly above the higher end of inventory based estimates
that range from 560 to 652 Gt(C) (Saugier and Roy, 2001).
This relatively high vegetation C stock can be attributed to
the land cover prescribed in our simulation, which differs
from the real world as crop land is replaced with potential
vegetation, which stores more C than crops. The simulated
soil C stock is in the range of observation-based estimates
that range from 1500 to 2300 Gt(C) (Post et al., 1982; Bat-
jes, 1996), depending on the considered soil depth.

The decadal means of the net land to atmosphere fluxes
for the 1980s, 1990s, and 2000s (Table4) are between 2.2
and 3.7 Gt(C) yr−1 when nutrients are not considered. When
N and P are considered, the fluxes are reduced up to 10 %.
The simulated fluxes are higher but of the same magnitude
as the ones byFriedlingstein et al.(2010). Note that we do
not account for land use in our simulation, in contrast to
Friedlingstein et al.(2010). When land use and land-cover
change are explicitly accounted for, the land C uptake is re-
duced by 20 % to 30 % (Parida, 2010). The inclusion of the
P cycle into JSBACH only slightly changes present day C
cycling because CNL by P is mostly absent between 1860
and 2000 and reduces present day NPP by less than 3 % (not
shown). Overall, the model performs well in simulating C
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Table 4. Simulated decadal land C uptake (Gt(C)yr−1) with and
without accouting for nutrients compared to published estimates of
the natural terrestrial sink from the Global Carbon Project (GCP)
(Friedlingstein et al., 2010). Note that we omit land use (change) in
our simulations.

Period C-only CN CP CNP GCP

1980s −2.2 −2.1 −2.0 −1.9 −1.5
1990s −2.8 −2.7 −2.5 −2.4 −2.5
2000s −3.7 −3.5 −3.3 −3.1 −2.4

cycling given the large uncertainties in quantifying present
day C cycling (Friedlingstein et al., 2010). For a detailed dis-
cussion of the C and N cycle, seeParida(2010).

The current state of the terrestrial P cycle is even less con-
strained by observations than the C and N cycle. Estimates
of total terrestrial soil P range from 40 Gt(P) (Smil, 2000) to
200 Gt(P) (Jahnke, 1992). P stocks are often derived from C
or N stocks using assumptions about the stoichiometry (Smil,
2000). Soil P is mostly measured in agricultural soils (John-
son et al., 2003), which are heavily influenced by fertilizer
and manure application (Smil, 2000). Measurements of the
fraction of soil P which is available to biota are prone to high
uncertainties (Johnson et al., 2003). The mean sizes of the
simulated P pools (CNP) for present day are summarized in
Table5, and the spatial distribution is shown in Fig.2. When
compared to modelling and empirical estimates, the simu-
lated P storages are at the lower end of estimates. The up-
per ends of the estimates for P in soils of 200 Gt(P) (Jahnke,
1992) and in vegetation of 3 Gt(P) are criticized for being
unrealistic (Smil, 2000; Wang et al., 2010). Our study sup-
ports these findings unless we have overestimated C : N ra-
tios. However, the C : N ratios used in JSBACH are rela-
tively low (Parida, 2010). The N : P ratios for the vegetation
compartments are derived from a comprehensive stoichio-
metric data set for plants (Kattge et al., 2011), which is an
improvement to earlier studies based on more restricted data
sets.

The model seems to underestimate the amount of labile
P in highly weathered soils when compared to a recent data
compilation (Table6) (Yang and Post, 2011). The compila-
tion by Yang and Post(2011) includes the data which were
used to calibrate the sorption model (Wang et al., 2010). Two
aspects make the estimation of plant available P difficult.
First, the interpretation of P measurements is not straight-
forward, as the measured fractions cannot be linked directly
to physiological ones like plant available P (Johnson et al.,
2003; Yang and Post, 2011). Second, the area based estimates
by Yang and Post(2011) depend on assumptions about the
bulk density of soils, which are highly variable within one
class of soil. However, in the next section, we will show that
the amount of labile P in the initial model state is of relatively
small importance for the occurrence of P limitation.

Table 5.Simulated P stocks (Gt(P)) from the simulation CNP com-
pared with published estimates. The simulated stock sizes are means
of the years 1970–1999. The litter pool contains leaf litter and fast
decomposing soil organic matter.

Pool JSBACH Other

Vegetation 0.23 0.39–3 (Wang et al., 2010; Jahnke, 1992)
Litter 0.08 0.04 (Wang et al., 2010)
Soil organic 5.74 5–10 (Smil, 2000)
Labile P 0.98 1.5 (Wang et al., 2010)
Sorbed P 1.25 1.7 (Wang et al., 2010)

The annual P uptake by vegetation is shown in Fig.2
and Table7. From measurements, the annual P uptake can
be estimated as the sum of P required to replace P in
litterfall, P in wood increment, and P required for root
growth, assuming equilibrium.Johnson et al.(2003) esti-
mated the mean annual P requirement of temperate forests to
be 0.52± 0.38 g(P)m−2a−1. For temperate broadleaf forests
we simulate a mean (± standard deviation) uptake rate of
0.52± 0.23 g(P)m−2a−1. For tropical evergreen forests, P
lost by litterfall, which makes up the largest part (approx-
imately 60 %) of the P uptake in temperate forests (Yanai,
1992; Johnson et al., 2003; Yang and Post, 2011), is in the
range of 0.2 to 0.4 g(P)m−2a−1(Vitousek, 1984; Valdespino
et al., 2009; Yang and Post, 2011). Yang and Post(2011)
report a higher mean loss rate of 0.6 g(P)m−2a−1 using a lit-
terfall database. The simulated mean P uptake of evergreen
tropical forests is 0.68± 0.32 g(P)m−2a−1. Thus, despite
spatially uniform CNP ratios, the model is able to simulate
reasonable P uptake rates for forests. However, it may under-
estimate P uptake in grasslands. In the budget of two semiarid
grasslands given byCole et al.(1977), plant uptake was 0.53
and 1.2 g(P)m−2a−1, respectively. We simulate lower uptake
rates of 0.24± 0.22 and 0.31± 0.28 g(P)m−2a−1 for C3 and
C4 grasslands, respectively. The low uptake rates are mainly
caused by a low NPP of 340 and 420 g(C)m−2a−1 for C3
and C4 grasslands. Observation-based estimates of grassland
NPP range from 200–2000 g(C)m−2a−1, but may be even
higher (Scurlock et al., 2002). For the 20th century, we can
rule out an influence of low P availability on P uptakes rates
via P limitation, as present day NPP is reduced by P limita-
tion by less than 3 % in the model. In the sensitivity simula-
tion with PFT-specific C : P ratios, P uptake by vegetation is
reduced in tropical PFTs by 10–20 %, but increased in tem-
perate PFTs by 40–50 %. Overall, the mean uptake rates do
not improve using a PFT-specific set of C : P ratios. As the
uptake is strongly controlled by the P demand of vegetation,
the differences in P uptake rates between PFTs are dominated
by the differences in NPP.

Immobilization of P by microbes is generally larger than
the uptake by plants (Yang and Post, 2011). In a budget of
two grassland sites, the immobilization fluxes exceeded the
uptake by vegetation by factors of 2.6 and 4.7 (Cole et al.,
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Fig. 2. The simulated P in vegetation (top left), sorbed P (top right), P in soil organic matter and litter (bottom left), and the annual P uptake
by vegetation (bottom right) for present day.

Table 6.Mean (± standard deviation) for simulated labile P (g(P)m−2) that typically supports forests compared to measurements (Yang and
Post, 2011). The stocks, which are averaged over a 30-yr period (1970–1999), are from simulations with present day soils (CP), uniform low
sorption soils (CPmo), and uniform high sorption soils (CPox).

Soil n CP CPmo CPox (Yang and Post, 2011)

Entisols 91 9.352±13.022 2.573±4.387 1.681±1.634 8.082±5.317
Inceptisols 199 8.571±10.508 1.967±3.599 1.485±1.569 8.728±5.204
Alfisols 110 6.014±8.563 6.083±8.906 3.578±3.051 4.125±2.983
Oxisols 67 0.946±0.432 0.939±0.435 0.948±0.431 1.972±1.918
Spodosols 42 1.564±3.873 2.229±4.800 2.417±2.614 5.939±1.438
Ultisols 63 1.010±1.804 1.723±4.586 1.545±2.220 2.334±1.858

1977). In our simulation, the immobilization fluxes of grass-
lands are globally 2.8 and 2.5 times larger than plant uptake
for C3 and C4 grasslands, respectively. In the case of N, the
immobilization flux is 1.7 times larger than plant uptake. The
more dominant role of microbes in P immobilization com-
pared to N is supported by the finding ofAponte et al.(2010)
that 8.8 % of total P is immobilized by microbes compared
to 4.7 % in the case of N.

The mineralization of P from slowly decomposing soil or-
ganic matter can occur by biological and biochemical min-
eralization (McGill and Cole, 1981). Biochemical mineral-
ization is mediated by extracellular enzymes which specifi-
cally cleave out P from organic matter; thus it is controlled by
the P demand of biota (Stewart and Tiessen, 1987). In con-
trast, biological mineralization is driven by the energy de-
mand of microorganisms, as it is coupled to heterotrophic
respiration. Although phosphatase activity, which is a qual-

itative measure for biochemical mineralization, is common
in soils (Stewart and Tiessen, 1987), the quantification of the
mineralization rates in the field is not yet possible. The sim-
ulated biochemical mineralization fluxes are in the same or-
der of magnitude as the biological mineralization fluxes (Ta-
ble 7). In a simulation without biochemical mineralization,
the amount of P in soil organic matter was 16.2 Gt(P)), which
is 3.13 times more than in the standard simulations. The in-
creased amount of P in soil organic matter in the simulation
without biochemical mineralization is comparable in magni-
tude with the results ofWang et al.(2010) about the effect of
biochemical mineralization on soil P.

Biochemical mineralization partly decouples P mineral-
ization from decomposition of soil organic matter, namely
N mineralization. Therefore, the N : P ratio of the slowly de-
composing soil organic matter can vary in the model, and we
used it to calibrate the strength of biochemical mineraliza-
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Table 7.Simulated P fluxes as means of PFT (g(P)m−2a−1). The fluxes are averaged over the years 1970–1999.

PFT Plant uptake Immobilization Biological min. Biochemical min.

Tropical evergreen trees 0.68 2.01 1.24 1.26
Tropical deciduous trees 0.71 2.41 1.69 1.25
Temperate broadleaf evergreen trees 0.52 1.33 0.72 0.87
Temperate broadleaf deciduous trees 0.18 0.52 0.30 0.36
Coniferous evergreen trees 0.20 0.56 0.36 0.35
Coniferous deciduous trees 0.08 0.22 0.11 0.18
Raingreen shrubs 0.15 0.34 0.21 0.25
Deciduous shrubs 0.06 0.17 0.10 0.11
C3 grass 0.24 0.67 0.49 0.32
C4 grass 0.31 0.78 0.53 0.48
Tundra 0.02 0.12 0.05 0.08

tion. The lower end of the N : P ratio is given by a prescribed
C : N : P ratio, while the higher end depends on the strength
of biochemical mineralization. The simulated N : P ratios of
slow-decomposing soil organic matter of 20.3, 26.8, and 37.7
for slightly, intermediate, and highly weathered soils, respec-
tively, compare well with data compiled byYang and Post
(2011). The agreement of simulated and observed N : P ratios
indicates that in the model the biochemical mineralization is
in a reasonable order of magnitude, unless the C : P ratio of
newly formed organic matter used in the model is wrong.

3.2 Land C sink until 2100

In the C-only simulation, land accumulates 550 Gt(C) from
1860 to 2100. The uptake is in the range of land C up-
take simulated by different C cycle models (Friedlingstein
et al., 2006). As in Friedlingstein et al.(2006), we do not
account for land-use change, which would reduce the land
C uptake. The C sequestered on land is stored in vegeta-
tion (+315 Gt(C)), soil (+195 Gt(C)) and litter and fast-
decomposing soil organic matter (+40 Gt(C)) (Fig.3). When
considering nutrient limitation, the projected land C uptake
for the period 1860–2100 is reduced by 13 %, 16 % or 25 %
due to limitation by nitrogen (CN), by phosphorus (CP) or by
both (CNP), respectively (Fig.3c). The strengths of nutrient
limitations in the given model setup are not affected by the
assumption of stoichiometric inflexibility (see Appendix C).
Parameter perturbation simulations reveal that the strength of
N and P limitation depends to some extent on the parameter-
ization of stoichiometry, but the ranking of limitations is not
affected (Appendix C). P limitation reduces the amount of C
stored in vegetation more strongly than N (Fig.3d). This is
explained by the geographic occurrence of N and P limitation
(Fig. 4). P limits C uptake mainly at low latitudes, where the
C taken up is predominately stored in vegetation (see Fig.D1
in Appendix D). At high latitudes the soil sink dominates.

The partly additive nature of N and P limitation on land
C uptake can be attributed to their distinct geographic oc-
currence (Fig.4). In addition, in the model, N limits mainly

grasslands, while P limitation is nearly absent in grasslands
(not shown). Hence, N and P limitation are to a large degree
additive, despite their geographical co-occurrence in some
regions. The lack of synergetic effects between the nutrient
cycles can be attributed to the simple representation of N–P
interactions in our model and may not reflect the actual ef-
fects. For example, N fixation is represented by an empirical
function which cannot account for all pathways of N–P inter-
actions underlying N fixation. To rule out that the pattern of
nutrient limitations is a result of the globally uniform C : N : P
ratios, we performed additional sensitivity simulations with
a PFT-specific set of C : N : P ratios fromWang et al.(2010).
In these simulations the pattern of limitations is not changed,
although the strength of N and P limitation is slightly reduced
(see Fig.D2 in Appendix D).

To test the influence of soil P sorption capacities on P
limitation, we performed simulations with globally uniform
parameters for the dynamics of labile and adsorbed P. The
parameter for the sorption capacity (Smax) constrains the
amount of adsorbed P in the initial state. As sorbed P is a
buffer for labile P, the extent to which increased P demands
can be sustained by a redistribution of adsorbed P to la-
bile P is constrained bySmax. The typical tropical soils, Ox-
isols and Ultisols, have the highest sorption capacities and
the fertile soils of temperate regions, Alfisols and Molisols,
have lower capacities. Therefore, as expected, an artificial
exchange of all soils with Molisols (CPmo) does not alleviate
but increases P limitation drastically during the 21st century
(Fig. 4). CNL by P becomes even larger than CNL by N at
high latitudes. The low sorption capacities of soils in central
Europe and eastern North America make these regions vul-
nerable to CO2-induced P limitation. An exchange with Ox-
isols reduces P limitation in our simulations due to the high
sorption capacity. The accumulated land C uptake between
1860 and 2100 in CPmo and CPox simulations is reduced by
19 % and 4 %, respectively, compared to the C-only simula-
tion. When compared to the simulation CP, the land C uptake
is less limited by P in the CPox, despite the stocks of labile P
being smaller (Table6). This shows that the stocks of labile
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Fig. 3.The simulated change in land carbon storage under the SRES
A1B scenario. Shown are the 10-yr mean of soil temperature(a),
the CO2 concentration as used in the forcing simulation(b), the
resulting change in total land C storage(c), and the changes in the
two main land compartments vegetation(d) and soil(e).

P do not necessarily correlate with P limitation. It is difficult
to assess how realistic such a redistribution of adsorbed P to
labile forms is. Evidence from short-term CO2 enrichment
studies suggest that a redistribution of P from unavailable
to available forms does occur under elevated CO2 (Johnson
et al., 2004; Khan et al., 2008). However, it is unclear which
processes are responsible for the observed redistribution and
how these results from short-term experiments translate to
natural ecosystems affected by a steady increase in CO2 over
centuries.

Biochemical mineralization is an additional mechanism
that can shift P from unavailable to available forms. We as-
sume that biochemical mineralization is highly adaptive to P
limitation. In the CP simulation, biochemical mineralization
rates increase by 37 % by the end of the 21st century. This
is higher than an increase in biochemical mineralization by

Fig. 4. The reduction in C storage (kgm−2) by nutrient limitation
at the end of the 21st century. Shown is the difference in the mean
C storage (2070–2099) between the CN simulation and the C-only
simulation (upper panel), and between the CP simulation and the
C-only simulation (lower panel). The latitudinal means over land
points are shown on the right side.

18 % caused by doubling of CO2 in the simulations byWang
et al. (2007). As the biochemical mineralization rates so far
cannot be quantified from measurements, we conducted a
sensitivity simulation (CPbc) in which we kept the biochem-
ical mineralization rates constant at the pre-industrial level.
This results in a reduction of land C uptake by CNL by P
of 39 % for the period 1860–2100, while the geographic pat-
tern is only affected marginally (not shown). This sensitiv-
ity test shows, in addition to the sensitivity simulations CPox
and CPmo, the importance of adaptive processes which shift
nutrients from unavailable forms to available forms for pro-
jecting nutrient limitation in a transient state.

High inputs by N deposition can shift ecosystems from
N-limited to P-limited by increasing the P demand due to
N-stimulated productivity and by acidifying soils which in-
crease P sorption. In JSBACH, the effect of increasing N de-
position rates on the geographic pattern of N and P limita-
tion is marginal, as the differences in the latitudinal means
of CNL between the simulation with increasing N deposi-
tion and the one with constant N deposition (CNdp) are small
(Fig. 4). In general, the effect of N deposition on the land
C uptake during the 21st century is small in JSBACH ow-
ing to our concept of CNL (Parida, 2010). In addition, the P
sorption characteristics are prescribed in the model. Hence,
we may underestimate the effects of N deposition. While the
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simulations show high uncertainties in the quantification of
nutrient limitation, a robust outcome from the simulations is
the occurrence of CNL by P in low latitude and high lati-
tude ecosystems during the 21st century and the nearly addi-
tive nature of P and N limitation. The geographical pattern of
CNL by P and N is comparable to the pattern of total nutri-
ent limitation in simulations byWang et al.(2010). This pat-
tern is to a large extent robust against the assumptions about
biochemical mineralization and soil sorption, and it is not
a result of special calibration procedures; this pattern auto-
matically emerges in the simulation when atmospheric CO2
concentration increases.

3.3 Land C sink after 2100

The global mean annual temperature over land increases in
our simulations by more than 5 K during the 21st century
(Fig. 3a), which is comparable to other models (Friedling-
stein et al., 2006). Temperature is a main driver of the bio-
geochemical cycles. Under ongoing climate change, the cy-
cling of elements gradually changes, leading to an imbalance
between the C and the nutrient cycles. After stabilization of
temperature and climate at the new level, biogeochemical cy-
cles are slowly approaching a new equilibrium. To analyze
nutrient limitation in the new climate state, we prolonged the
simulation for 400 yr keeping CO2 concentration constant at
the level of 2100, but letting climate evolve.

Warming has two counteractive effects on the land C cy-
cling in JSBACH. On the one hand, C losses by autotrophic
and heterotrophic respiration increase. Concepts for their
representation in models are currently under investigation.
On the other hand, temperatures at high latitudes become
more suitable for plant growth and the growing seasons ex-
tend, and therefore NPP increases. Overall, land becomes
a source of C in JSBACH as the losses outweigh the sinks
(Fig. 3c). Increasing temperature also directly influences the
N and P cycling by enhancing mineralization in many parts
of the world. The increase in mineralization of N and P by
35 % globally at the end of 2100 is comparable to the en-
hancement of N mineralization by 45 % measured in a 7-yr
soil warming experiment with a comparable increase in tem-
perature (+5 K) (Melillo et al., 2011). However, as tempera-
ture effects on N and P mineralization will strongly depend
on interactions between temperature and soil water, such
comparisons must be made with considerable caution. A de-
crease in tropical NPP at mean land temperatures warmer by
as much as 7 K compared to today due to climate change is a
feature of several coupled climate–carbon cycle simulations,
although the amplitude of the drop in NPP varies consider-
ably among models (Raddatz et al., 2007). A negative ef-
fect of increasing temperature on tropical productivity is sup-
ported by observational evidence (Clark, 2004). An increase
in the NPP of temperate and boreal systems due to warm-
ing is projected in all simulations analyzed byFriedlingstein
et al. (2006) (T. Raddatz, personal communication, 2011).

Part of this increase can be attributed to an advancement
of leaf unfolding. In JSBACH, leaf unfolding of temperate
broadleaf forests appears 17 days earlier at end of the 21st
century than present day. The reported changes in late 20th
century tree phenology correspond to an advancement of leaf
unfolding of 16–24 days per K of warming, assuming that
the average warming over the last five decades was about
0.6 K (Solomon et al., 2007). This relationship may not ap-
ply to the future, as a decline in freezing events may delay
the breaking of dormancy, and therefore the effect of warm-
ing may be much smaller and could be even reversed (Morin
et al., 2009). The phenology model of JSBACH accounts for
this inhibitory effect, and the more moderate advancement
of leaf unfolding is closer to the simulations byMorin et al.
(2009), which project an advancement by 5 to 10 days during
the 21st century under the SRES scenarios A2 (+3.2 K) and
B2 (+1 K).

As a result of the increase in NPP, the N and P de-
mands increase at high latitudes. In the tropics and sub-
tropics, however, nutrient demands decrease as NPP de-
clines with increasing temperatures. In JSBACH the in-
creases in autotrophic respiration may be overestimated, as
the model does not account for temperature acclimatization
of autotrophic respiration (Wythers et al., 2005; Tjoelker
et al., 2009) nor adjust for complexities of the instantaneous
temperature response curve of respiration (Tjoelker et al.,
2001). Therefore, the nutrient demand may be higher than
our simulations suggest. In addition, we can not rule out that
we may have underestimated tropical N limitation due to the
simplistic representation of N fixation in the model, which
does not account for possible negative effects of warming
on N fixation in the tropics (Wang and Houlton, 2010). The
stocks of soil organic matter decrease at low latitudes releas-
ing nutrients, while at high latitudes the stocks of soil organic
matter increase and nutrients get progressively sequestered
(see Fig.D1 in the Appendix D). Together, the changes in
demand and sequestration of nutrients result in an increase of
CNL at high latitudes, and a decline in CNL at low latitudes
(Fig. 5). As a consequence of the decline in tropical CNL,
the land C stocks of these regions are nearly the same for all
simulations (C, CN, CP, CNP) at the end of our simulations.

At high latitudes, N limitation declines while P limitation
stagnates (Fig.5). This shift from N to P limitation is more
pronounced in the simulation with PFT-specific C : N : P ra-
tios (CNPpft) (see Fig.D2 in Appendix D), as P demands
are higher for temperate and boreal forests due to lower C : P
ratios. However, it is not known whether these lower C : P
ratios merely reflect luxury consumption at present (Agren,
2008); if so, the P demand is overestimated in the simula-
tion CPpft. Changes in species composition to more P effi-
cient plants, which are not accounted for in our simulations,
could also alleviate the increase in P demand. In general, the
mechanisms underlying stoichiometric flexibility on all lev-
els (leaf, single plant, ecosystem) are not yet fully understood
to account for such flexibility in a comprehensive manner.
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Fig. 5.Mean reduction of NPP (%) due to CNL (N or P) averaged over 30 yr (2070–2099 (left) and 2320–2349 (right)) as latitudinal means.
Solid line are results from the CN and the CP simulation for N and P limitation, respectively. The dashed lines are results from the sensitivity
experiments CPox, CPmo, and CNdp.

In the model, the predominance of P limitation is caused
by the low P sorption capacity of temperate and boreal soils.
This can be seen in the simulation where all soils have high
sorption capacities (CPox). In this simulation P limitation is
comparable in strength to N limitation (Fig.5). The shift is
also robust against the assumption of increasing N deposition
rates in the future. When N deposition rates are maintained
at the present day level during the whole simulation (CNdp),
N limitation is still less than P limitation in the CP simula-
tion (Fig.5). We do not account for the increase in substrate
availability for mineralization due to the thawing of boreal
soils (Anisimov et al., 1997). This may partly counteract a
shortage of nutrients at latitudes above 50◦ N.

In summary, our findings suggest that high latitude ecosys-
tems could become significantly more limited by both N and
P in the future as growing seasons expand and soil stocks in-
crease. From a theoretical point of view, a shift from N to P
limitation is plausible as the buffer of available P, P adsorbed,
gets depleted. However, it is still uncertain how soil C stocks
will be affected by climate change, as the temperature de-
pendence of heterotrophic respiration, which is also the main
control of nutrient mineralization in JSBACH, is still a major
uncertainty in simulating the C and nutrient cycles (Raddatz
et al., 2007; Reich, 2010).

4 Conclusions

The quantification of P limitation remains challenging be-
cause of limited data and process understanding. Our sim-
plistic approach does not account for all synergies between
the element cycles. Using data from 34 separate fertilization
studies,Marklein and Houlton(2012) found that an increase
in N availability may accelerate P cycling via a stimulation
of biochemical mineralization. Since the effect has not yet
been quantified and the responses varied between plant and

microbial mediated mineralization rates, the incorporation of
such an interaction in a global model is not feasible at the
moment. Moreover, it is commonly assumed that N fixation
may be controlled by P availability (Cleveland et al., 1999;
Wang et al., 2010). We use an empirical N fixation model
which does not represent effects of changing P availability
on N fixation, because the regulation mechanisms of N fix-
ation are elusive and recent findings from a long term fer-
tilization experiment reveal that N fixation in an intact trop-
ical forest responded to molybdenum but not to P addition
(Barron et al., 2009). Recently,Morford et al.(2010) raised
the possibility that bedrock N input, which is omitted in the
model, may present an important component of the N cy-
cle. However, it is yet unclear whether this finding can be
generalized from two forest sites to global scale ecosystems.
Due to our limitation concept, additional nutrients in general
increase productivity just in the case of CO2-induced nutri-
ent limitation, which is relatively minor at present conditions.
Overall, our model may tend to maximize nutrient limitation,
and actual nutrient limitation may be less than projected.

We identified two processes which critically determine
the strength and, to a lesser extent, the global distribution
of P limitation: biochemical mineralization and the sorp-
tion capacity of soils. Both processes control the shift of P
from unavailable forms (P adsorbed and in soil organic mat-
ter) to available ones (labile P), and therefore counteract a
scarcity of P resulting from an accumulation of P in vege-
tation and soil organic matter. As both processes are poorly
constrained by measurements (Coss and Schlesinger, 1995;
Johnson et al., 2003) and changes in soil properties like max-
imum sorption capacity can not be captured by the empirical
sorption model, more basic research on these soil processes
is needed to better constrain P cycling.

Even so, our results suggest that models that do not ac-
count for P limitation overestimate the land C uptake dur-
ing the 21st century. The geographic pattern of N and P
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limitation is to a large extent robust against the assumptions
about soil P sorption, biochemical mineralization, CNP ra-
tios, and N deposition. The reduction of tropical NPP by P
limitation is in all cases larger than the reduction by N, while
a shift from N to P limitation may occur with warming at
higher latitudes. The low soil P sorption capacity of temper-
ate soils is responsible for this shift in limitations.

A reduction in the response of NPP to increasing atmo-
spheric CO2 concentration due to P limitation is expected to
weaken the land carbon sink. As a consequence the climate–
C cycle feedback (Friedlingstein et al., 2006) increases, lead-
ing to a more pronounced warming than projected by C-only
models. As most climate C cycle models do not account for P
limitation, they most probably overestimate tropical C stor-
age potential. This is problematic because tropical regions
dominate the exchange of C between land and atmosphere
in observation (Pan et al., 2011) as well as in model pro-
jections for the 21st century (Raddatz et al., 2007; Hickler
et al., 2008). Therefore, it is important to include the P cycle
in global models used for C cycle projections.

Appendix A

Derivation of equations for labile P dynamics

The following derivation was adopted from the work of
Wang et al. (2010). By assuming thatPl andPsr are in equi-
librium at a daily time scale, we model the changes inPl and
Psr as

d(Pl + Psr)

dt
= FM + FD + FW + FBC + εβlPg (A1)

−γPlR −
1

τsr
Psr− flimit (Dveg+ Dmicr),

whereFM is mineralization,FD is deposition,FW is weath-
ering,flimit (Dveg+Dmicr) is the uptake by biota,γPlR is the
rate of leaching, and1

τsr
is the loss rate of strong sorption.

We also assume thatPsr at equilibrium can be described
using a Michaelis–Menten equation. That is,

Psr =
SmaxPl

Ks+ Pl
, (A2)

whereSmax is the maximum amount of sorbed phosphorus
in the soil, andKs is an empirical constant. Differentiating
Eq. (A2), we have

dPsr

dt
=

SmaxKs

(Ks+ Pl)2

dPl

dt
. (A3)

Substituting Eq. (A3) into Eq. (A1), we have

dPl

dt
=

1

1+
SmaxKs

(Pl+Ks)2

(FM + FD + FW + FBC + εlPg (A4)

−γsPlR −
1

τsr
Psr− flimit (Dveg+ Dmicr)).

Appendix B

Respiration fluxes

The respiration fluxes from litter-decomposing heterotrophs
F C

laFA andF C
lwFA are

F C
iFA = αidiCi, (B1)

whereαi is the fraction of mineralized C which is respired to
the atmosphere, anddi the decomposition rate of Ci . The de-
composition ratesdi of the non-lignified litter pool (i = la),
the woody litter pool (i = lw), and the slow pool (i = s) are
computed using aQ10 model (Raich and Potter, 1995):

di =
ζ

τi

Q
Tsoil/10◦C
10 , (B2)

whereζ is soil humidity, andTsoil is the temperature of the
uppermost soil layer in◦C. τi is the life time of pooli at
10◦C, andζ = 1 (Parida, 2010).

Appendix C

Sensitivity simulations on stoichiometry

Plants adjust their nutrient use efficiency by varying their
C : nutrient ratio in response to environmental changes. The
stoichiometry in JSBACH is rigid, and therefore the model
does not reflect the observed flexibility in stoichiometry and
nutrient use. To ensure that this strong simplification does not
significantly affect our results, we did simulations in which
vegetation is able to adjust drastically to nutrient scarcity. In
these simulations, the C : N and C : P ratios of plant compart-
ments are increased linearly up to 50 % with nutrient limita-
tion. The C : N and C : P ratios of shedded leaves are scaled
similarly. As our model does not account for negative effects
of lower leaf nutrient content on productivity, the effects of
increasing nutrient use efficiency are maximized.

The differences in land C cycling between these simula-
tions and the standard simulations are marginal (Fig.C1),
although the global means of the C : nutrient ratios of vege-
tation increase up to 9 % (not shown). Such a change in sto-
ichiometry is high compared to the increase of about 1 % in
the C : N ratio of vegetation in a CN model with flexible sto-
ichiometry (Esser et al., 2011). These results show that the
assumption of rigid stoichiometry does not affect our results,
especially because we neglect the negative effect of decreas-
ing leaf nutrient content on photosynthesis.

In addition, stoichiometric parameter pertubations were
made using the Latin Hypercube Sampling (LHS) (McKay
et al., 1979) procedure for testing the robustness of the mod-
eling results against the uncertainty of the stoichiometric pa-
rameterization. The LHS procedure ensures an efficient sam-
pling of the parameter distribution with a suitable amount
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Fig. C1. The simulated change in land carbon storage under the
SRES A1B scenario. Shown are the 10-yr mean of soil temperature
(a), the CO2 concentration as used in the forcing simulation(b), the
resulting change in total land C storage(c), and the changes in the
two main land compartments, vegetation(d) and soil(e). CN-FLX
and CP-FLX are the new simulations with flexible plant stoichiom-
etry.

of parameter samples, thus avoiding impracticable computa-
tional efforts due to numerous model simulations. We sam-
pled the C : N ratios of the active, wood and slow pool, as
well as the N : P ratios of the active and the wood pool.
The N : P ratio of the slow pool was excluded from sam-
pling, because this parameter affects the calibration of the
biochemical mineralization and the calibration procedure is
computationally too demanding to be performed. The stoi-
chiometric parameters of the litter pools were not sampled,
but the fraction of nutrients retranslocated prior to loss were.
This was done to avoid correlations between parameters, as
the C : nutrient ratio of litter must be larger than the ratio of
the corresponding vegetation pool. For all 7 parameters, the
probability functions were assumed to be uniform, and the
ranges were constrained from literature (TableC1). Due to
the scarce data, we assumed that the ranges of N : P ratios
for wood and woody litter are comparable to the range of
N : P ratios for leaves and litter, respectively. The retranslo-
cation fractions were chosen such that the resulting litter

Fig. C2.The simulated change in land carbon storage in the parame-
ter pertubation simulations. Shown are the median (bold black), the
range between the 10th and 90th percentile (color), and the range
between mininum and maximum for each ensemble (grey).

Table C1.Ranges used to constrain the probability functions of the
stoichiometric parameters in the LHS.

Parameter Molar ratios Reference

CN active 25–85 White et al.(2000)
CN wood 125–217 Esser et al.(2011)
CN litter 45–120 White et al.(2000)
CN woody litter 500–730 White et al.(2000)
CN soil 13–15 Cleveland and Liptzin(2007)
NP active 20–48 McGroddy et al.(2004)
NP litter 21–68 McGroddy et al.(2004)

stoichiometries are in the range of observations (TableC1)
(0.45–0.55 for the active pool and 0.5 for the wood pool). A
set of 140 simulations was performed for each of the three
nutrient setups (more simulations were not possible due to
the high computational effort). All simulations were per-
formed in a similar manner as the standard simulations.

The experiments showed that the overlaps between the
CN, CP and CNP simulations are marginal (Fig.C2). The
ranges of simulations within the 10th and the 90th percentiles
do not overlap at all. In summary, the results support our con-
clusion that the reduction of land C uptake due to nutrient
limitation is robust regarding the stoichiometric parameteri-
zation.
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Appendix D

Fig. D1. The difference in C stored in vegetation (orange) and soil (black) in the C-only simulation as zonal means during the periods
1860–2100 (left) and 2100–2400 (right). Shown are differences between the means of the years 1860–1889 (2070–2099) and 2070–2099
(2370–2399) for C in vegetation and soil. Soil includes C in litter and soil organic matter.

Fig. D2.Mean reduction of NPP (%) due to CNL (N or P) averaged over 30 yr (2070–2099 (left) and 2320–2349 (right)) as latitudinal means.
Solid line are results from the CN and the CP simulation for N and P limitation, respectively. The dashed lines are results from the sensitivity
experiments CPpft and CNpft.

Appendix E

Table E1. PFT specific values of model parameters. SeeParida
(2010) for a detailed description.

PFT αla ε

Tropical evergreen trees 0.85 0.0005
Tropical deciduous trees 0.85 0.0005
Temperate broadleaf evergreen trees 0.85 0.0005
Temperate broadleaf deciduous trees 0.85 0.0005
Coniferous evergreen trees 0.85 0.0005
Coniferous deciduous trees 0.85 0.0005
Raingreen shrubs 0.85 0.0005
Deciduous shrubs 0.85 0.0005
C3 grass 0.5 0.00125
C4 grass 0.5 0.00125
Tundra 0.5 0.0005

Table E2.Soil order specific values of model parameters.

Soil Smax Ks FW Mmin Mmax

Alfisols 134 75 0.01 0.4 0.8
Andisols 80 78 0.01 0.4 0.8
Aridisols 80 78 0.01 0.4 0.8
Entisols 50 64 0.05 0.4 0.8
Gelisols 77 65 0.05 0.4 0.8
Histosols 77 65 0.05 0.4 0.8
Inceptisols 77 65 0.05 0.4 0.8
Mollisols 74 54 0.01 0.4 0.8
Oxisols 145 10 0.003 2.0 4.0
Spodosols 134 75 0.01 2.0 4.0
Ultisols 133 64 0.005 2.0 4.0
Vertisols 32 32 0.01 0.4 0.8
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F. J., Neill, D. A., Silva, N., Prieto, A., Rudas, A., Silviera, M.,
Vieira, I. C. G., Lopez-Gonzalez, G., Malhi, Y., Phillips, O. L.,
and Lloyd, J.: Basin-wide variations in foliar properties of Ama-
zonian forest: phylogeny, soils and climate, Biogeosciences, 6,
2677–2708,doi:10.5194/bg-6-2677-2009, 2009.

Galloway, J., Dentener, F., Capone, D., Boyer, E., Howarth, R.,
Seitzinger, S., Asner, G., Cleveland, C., Green, P., Holland,
E., Karl, D., Michaels, A., Porter, J., and Townsend, A. R.,
and Vorosmarty, C.: Nitrogen cycles: past, present, and future,
Biogeochemistry, 70, 153–226, 2004.

Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz, P., Dolezal,
J., Eriksson, O., Fortunel, C., Freitas, H., Golodets, C., Grigulis,
K., Jouany, C., Kazakou, E., Kigel, J., Kleyer, M., Lehsten,
V., Leps, J., Meier, T., Pakeman, R., Papadimitriou, M., Pa-
panastasis, V., Quested, H., Quetier, F., Robson, M., Roumet,
C., Rusch, G., Skarpe, C., Sternberg, M., Theau, J.-P., The-
bault, A., Vile, D., and Zarovali, M.: Assessing the effects
of land-use change on plant traits, communities and ecosys-
tem functioning in grasslands: A standardized methodology and
lessons from an application to 11 European sites, Ann. Bot.,
99, 967–985,doi:10.1093/aob/mcl215, 90th Annual Meeting of
the Ecological-Society-of-America/9th International Congress of
Ecology, Montreal, CANADA, AUG, 2005, 2007.

Gruber, N. and Galloway, J.: An earth-system perspec-
tive of the global nitrogen cycle, Nature, 451, 293–296,
doi:10.1038/nature06592, 2008.

Han, W., Fang, J., Guo, D., and Zhang, Y.: Leaf nitrogen and
phosphorus stoichiometry across 753 terrestrial plant species
in China, New Phytol., 168, 377–385,doi:10.1111/j.1469-
8137.2005.01530.x, 2005.

He, J., Wang, Z., Wang, X., Schmid, B., Zuo, W., Zhou, M., Zheng,
C., Wang, M., and Fang, J.: A test of the generality of leaf trait
relationships on the Tibetan Plateau, New Phytol., 170, 835–848,
doi:10.1111/j.1469-8137.2006.01704.x, 2006.

He, J.-S., Wang, L., Flynn, D., Wang, X., Ma, W., and Fang, J.:
Leaf nitrogen:phosphorus stoichiometry across Chinese grass-
land biomes, Oecologia, 155, 301–310,doi:10.1007/s00442-
007-0912-y, 2008.

Hewitt, C and Griggs, D.: Ensembles-based predictions of Climate
Change and their impacts (ENSEMBLES), Eos, 85, 556–558,
2004.

Hickler, T., Smith, B., Prentice, I., Mjofors, K., Miller, P.,
Arneth, A., and Sykes, M.: CO2 fertilization in temperate
FACE experiments not representative of boreal and tropical
forests, Glob. Change Biol., 14, 1531–1542,doi:10.1111/j.1365-
2486.2008.01598.x, 2008.

Hoenisch, B., Hemming, N., Archer, D., Siddall, M., and Mc-
Manus, J.: Atmospheric carbon dioxide concentration across
the mid-pleistocene transition, Science, 324, 1551–1554,
doi:10.1126/science.1171477, 2009.

Hogberg, M., Baath, E., Nordgren, A., Arnebrant, K., and Hogberg,
P.: Contrasting effects of nitrogen availability on plant carbon
supply to mycorrhizal fungi and saprotrophs – a hypothesis based
on field observations in boreal forest, New Phytol., 160, 225–
238,doi:10.1046/j.1469-8137.2003.00867.x, 2003.

Houlton, B., Wang, Y.-P., Vitousek, P., and Field, C.: A unifying
framework for dinitrogen fixation in the terrestrial biosphere, Na-
ture, 454, 327–330,doi:10.1038/nature07028, 2008.

www.biogeosciences.net/9/3547/2012/ Biogeosciences, 9, 3547–3569, 2012

http://dx.doi.org/10.1029/2005GB002672
http://dx.doi.org/10.1658/1100-9233(2004)015[0295:TPTTDE]2.0.CO;2
http://dx.doi.org/10.1658/1100-9233(2004)015[0295:TPTTDE]2.0.CO;2
http://dx.doi.org/10.1111/j.1461-0248.2007.01113.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02261.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02261.x
http://dx.doi.org/10.1890/08-0418.1
http://dx.doi.org/10.1038/ngeo1022
http://dx.doi.org/10.5194/bg-6-2677-2009
http://dx.doi.org/10.1093/aob/mcl215
http://dx.doi.org/10.1038/nature06592
http://dx.doi.org/10.1111/j.1469-8137.2005.01530.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01530.x
http://dx.doi.org/10.1111/j.1469-8137.2006.01704.x
http://dx.doi.org/10.1007/s00442-007-0912-y
http://dx.doi.org/10.1007/s00442-007-0912-y
http://dx.doi.org/10.1111/j.1365-2486.2008.01598.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01598.x
http://dx.doi.org/10.1126/science.1171477
http://dx.doi.org/10.1046/j.1469-8137.2003.00867.x
http://dx.doi.org/10.1038/nature07028


3566 D. S. Goll et al.: Nutrient limitation reduces land carbon uptake

Hungate, B., Dukes, J., Shaw, M., Luo, Y., and Field, C.:
Nitrogen and climate change, Science, 302, 1512–1513,
doi:10.1126/science.1091390, 2003.

Jahnke, R. A.: The Phosphorus Cycle, in: Global Biogeochemical
Cycles, Academic Press, San Diego, USA, 301–315, 1992.

Jain, A., Yang, X., Kheshgi, H., McGuire, A., Post, W., and Kick-
lighter, D.: Nitrogen attenuation of terrestrial carbon cycle re-
sponse to global environmental factors, Global Biogeochem. Cy.,
23, GB4028,doi:10.1029/2009GB003519, 2009.

Johnson, A., Frizano, J., and Vann, D.: Biogeochemical impli-
cations of labile phosphorus in forest soils determined by
the Hedley fractionation procedure, Oecologia, 135, 487–499,
doi:10.1007/s00442-002-1164-5, 2003.

Johnson, D., Cheng, W., Joslin, J., Norby, R., Edwards, N.,
and Todd, D.: Effects of elevated CO2 on nutrient cycling
in a sweetgum plantation, Biogeochemistry, 69, 379–403,
doi:10.1023/B:BIOG.0000031054.19158.7c, 2004.

Kattge, J., Diaz, S., Lavorel, S., Prentice, I., Leadley, P., Bonisch,
G., Garnier, E., Westoby, M., Reich, P., Wright, I., Cornelissen,
J., Violle, C., Harrison, S., van Bodegom, P., Reichstein, M., En-
quist, B., Soudzilovskaia, N., Ackerly, D., Ananad, M., Atkin,
O., Bahn, M., Baker, T., Baldocchi, D., Bekker, R., Blanco, C.,
Blonder, B., Bond, W., Bradstock, R., Bunker, D., Casanoves, F.,
Cavender-Bares, J., Chambers, J., Chapin, F., Chave, J., Coomes,
D., Cornwell, W., Craine, J., Dobrin, B., Duarte, L., Durka, W.,
Elser, J., Esser, G., Estiarte, M., Fagan, W., Fang, J., Fernandez-
Mendez, F., Fidelis, A., Finegan, B., Flores, O., Ford, H., Frank,
D., Freschet, G., Fyllas, N., Gallagher, R., Green, W., Guitier-
rez, A., Hickler, T., Higgins, S., Hodgson, J., Jalili, A., Jansen,
S., Joly, C., Kerkhoff, A., Kirkup, D., Kitajima, K., Kleyer, M.,
Klotz, S., Knops, J., Kramer, K., Kuhn, I., Kurokawa, H., Laugh-
lin, D., Lee, T., Leishman, M., Lens, F., Lenz, T., Lewis, S.,
Lloyd, J., Llusia, J., Louault, F., Ma, S., Mahecha, M., Manning,
P., Massad, T., Medlyn, B., Messier, J., Moles, A., Muller, S.,
Nadrowski, K., Naeem, S., Niinemets, U., Nollert, S., Nuske, A.,
Ogaya, R., Oleksyn, J., Onipchenko, V., Onoda, Y., Ordonez, J.,
Overbeck, G., Ozinga, W., Patino, S., Paula, S., Pausas, J., Penue-
las, J., Phillips, O., Pillar, V., Poorter, H., Poorter, L., Poschlod,
P., Prinzing, A., Proulx, R., Rammig, A., Reinsch, S., Reu, B.,
Sack, L., Salagado-Negret, B., Sardans, J., Shiodera, S., Ship-
ley, B., Sieffert, A., Sosinski, E., Soussana, J.-F., Swaine, E.,
Swenson, N., Thompson, K., Thornton, P., Waldram, M., Wei-
her, E., White, M., White, S., Wright, S., Yguel, B., Zaehle,
S., Zanne, A., and Wirth, C.: TRY – a global database of plant
traits, Global Change Biol., 17, 2905–2935,doi:10.1111/j.1365-
2486.2011.02451.x, 2011.

Kattge, J., Knorr, W., Raddatz, T., and Wirth, C.: Quantifying pho-
tosynthetic capacity and its relationship to leaf nitrogen content
for global-scale terrestrial biosphere models, Glob. Change Biol.,
15, 976–991,doi:10.1111/j.1365-2486.2008.01744.x, 2009.

Kazakou, E., Vile, D., Shipley, B., Gallet, C., and Garnier, E.: Co-
variations in litter decomposition, leaf traits and plant growth in
species from a Mediterranean old-field succession, Funct. Ecol.,
20, 21–30,doi:10.1111/j.1365-2435.2006.01080.x, 2006.

Khan, F., Lukac, M., Turner, G., and Godbold, D.: Elevated atmo-
spheric CO2 changes phosphorus fractions in soils under a short
rotation poplar plantation (EuroFACE), Soil Biol. Biochem., 40,
1716–1723,doi:10.1016/j.soilbio.2008.02.008, 2008.

Knorr, W.: Annual and interannual CO2 exchanges of the terrestrial
biosphere: process-based simulations and uncertainties, Global
Ecol. Biogeogr., 9, 225–252, 2000.

Laughlin, D., Leppert, J., Moore, M., and Sieg, C.: A multi-
trait test of the leaf-height-seed plant strategy scheme with 133
species from a pine forest flora, Funct. Ecol., 24, 493–501,
doi:10.1111/j.1365-2435.2009.01672.x, 2010.

Lieth, H.: Modeling the primary productivity of the world, Archivio
Botanico e Biogeografico Italiano, 48, 11–16, 1972.

Luethi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M.,
Siegenthaler, U., Raynaud, D., Jouzel, J., Fischer, H., Kawamura,
K., and Stocker, T.: High-resolution carbon dioxide concentra-
tion record 650,000-800,000 years before present, Nature, 453,
379–382,doi:10.1038/nature06949, 2008.

Luo, Y., Su, B., Currie, W., Dukes, J., Finzi, A., Hartwig, U., Hun-
gate, B., McMurtrie, R., Oren, R., Parton, W., Pataki, D., Shaw,
M., Zak, D., and Field, C.: Progressive nitrogen limitation of
ecosystem responses to rising atmospheric carbon dioxide, Bio-
science, 54, 731–739, 2004.

Mahowald, N., Jickells, T., Baker, A., Artaxo, P., Benitez-Nelson,
C., Bergametti, G., Bond, T., Chen, Y., Cohen, D., Herut, B.,
Kubilay, N., Losno, R., Luo, C., Maenhaut, W., McGee, K.,
Okin, G., Siefert, R., and Tsukuda, S.: Global distribution of
atmospheric phosphorus sources, concentrations and deposition
rates, and anthropogenic impacts, Global Biogeochem. Cy., 22,
GB4026,doi:10.1029/2008GB003240, 2008.

Marklein, A. and Houlton, B.: Nitrogen inputs accelerate phospho-
rus cycling rates across a wide variety of terrestrial ecosystems,
New Phytol., 193, 696–704, 2012.

Marsland, S., Haak, H., Jungclaus, J., Latif, M., and Roske, F.: The
Max-Planck-Institute global ocean/sea ice model with orthogo-
nal curvilinear coordinates, Ocean Model., 5, 91–127, 2003.

McGill, W. and Cole, C.: Comparative aspects of cycling of organic
C, N , S, and P through soil organic matter, Geoderma, 26, 267–
268, 1981.

McGroddy, M., Daufresne, T., and Hedin, L.: Scaling of C : N :
P stoichiometry in forests worldwide: Implications of terrestrial
redfield-type ratios, Ecology, 85, 2390–2401, 2004.

McKay, M., Beckman, R., and Conover, W.: A comparison of three
methods of selecting values of input variables in the analysis of
output from a computer code, Technometrics, 21, 239–245, 1979.

Meixner, T. and Bales, R.: Hydrochemical modeling of cou-
pled C and N cycling in high-elevation catchments: Im-
portance of snow cover, Biogeochemistry, 62, 289–308,
doi:10.1023/A:1021118922787, 2003.

Melillo, J. M., Butler, S., Johnson, J., Mohan, J., Steudler,
P., Lux, H., Burrows, E., Bowles, F., Smith, R., Scott, L.,
Vario, C., Hill, T., Burton, A., Zhou, Y.-M., and Tang, J.:
Soil warming, carbon-nitrogen interactions, and forest car-
bon budgets, P. Natl. Acad. Sci. USA, 108, 9508–9512,
doi:10.1073/pnas.1018189108, 2011.

Meziane, D. and Shipley, B.: Interacting determinants of spe-
cific leaf area in 22 herbaceous species: effects of irradiance
and nutrient availability, Plant Cell Environ., 22, 447–459,
doi:10.1046/j.1365-3040.1999.00423.x, 1999.

Morin, X., Lechowicz, M., Augspurger, C., O’ Keefe, J., Viner,
D., and Chuine, I.: Leaf phenology in 22 North American tree
species during the 21st century, Glob. Change Biol., 15, 961–
975,doi:10.1111/j.1365-2486.2008.01735.x, 2009.

Biogeosciences, 9, 3547–3569, 2012 www.biogeosciences.net/9/3547/2012/

http://dx.doi.org/10.1126/science.1091390
http://dx.doi.org/10.1029/2009GB003519
http://dx.doi.org/10.1007/s00442-002-1164-5
http://dx.doi.org/10.1023/B:BIOG.0000031054.19158.7c
http://dx.doi.org/10.1111/j.1365-2486.2011.02451.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02451.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01744.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01080.x
http://dx.doi.org/10.1016/j.soilbio.2008.02.008
http://dx.doi.org/10.1111/j.1365-2435.2009.01672.x
http://dx.doi.org/10.1038/nature06949
http://dx.doi.org/10.1029/2008GB003240
http://dx.doi.org/10.1023/A:1021118922787
http://dx.doi.org/10.1073/pnas.1018189108
http://dx.doi.org/10.1046/j.1365-3040.1999.00423.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01735.x


D. S. Goll et al.: Nutrient limitation reduces land carbon uptake 3567

Morford, S. L.,Houlton, B. Z., and Dahlgren, R. A.: Increased for-
est ecosystem carbon and nitrogen storage from nitrogen rich
bedrock , Nature, 477, 78–81,doi:10.1038/nature10415, 2010.

Niinemets, U.: Components of leaf dry mass per area – thick-
ness and density – alter leaf photosynthetic capacity in re-
verse directions in woody plants, New Phytol., 144, 35–47,
doi:10.1046/j.1469-8137.1999.00466.x, 1999.

Niinemets, U.: Global-scale climatic controls of leaf dry mass per
area, density, and thickness in trees and shrubs, Ecology, 82,
453–469,doi:10.2307/2679872, 2001.

Ogaya, R. and Penuelas, J.: Comparative field study of Quercus
ilex and Phillyrea latifolia: photosynthetic response to exper-
imental drought conditions, Environ. Exp. Bot., 50, 137–148,
doi:10.1016/S0098-8472(03)00019-4, 2003.

Ogaya, R. and Penuelas, J.: Contrasting foliar responses to drought
in Quercus ilex and Phillyrea latifolia, Biol. Plant., 50, 373–382,
doi:10.1007/s10535-006-0052-y, 2006.

Ogaya, R. and Penuelas, J.: Tree growth, mortality, and above-
ground biomass accumulation in a holm oak forest under a
five-year experimental field drought, Plant Ecol., 189, 291–299,
doi:10.1007/s11258-006-9184-6, 2007.

Ogaya, R. and Penuelas, J.: Changes in leaf delta(13)C and
delta(15)N for three Mediterranean tree species in relation to
soil water availability, Acta Oecol.-Int. J. Ecol., 34, 331–338,
doi:10.1016/j.actao.2008.06.005, 2008.

Olsson, P., Linder, S., Giesler, R., and Hogberg, P.: Fertil-
ization of boreal forest reduces both autotrophic and het-
erotrophic soil respiration, Glob. Change Biol., 11, 1745–1753,
doi:10.1111/j.1365-2486.2005.001033.x, 2005.

Ordonez, J., van Bodegom, P., Witte, J.-P., Bartholomeus, R., van
Dobben, H., and Aerts, R.: Leaf habit and woodiness regulate
different leaf economy traits at a given nutrient supply, Ecology,
91, 3218–3228,doi:10.1890/09-1509.1, 2010a.

Ordonez, J. C., van Bodegom, P., Witte, J.-P., Bartholomeus, R., van
Hal, J., and Aerts, R.: Plant Strategies in Relation to Resource
Supply in Mesic to Wet Environments: Does Theory Mirror Na-
ture?, Am. Nat., 175, 225–239,doi:10.1086/649582, 2010b.

Pakeman, R., Garnier, E., Lavorel, S., Ansquer, P., Castro, H., Cruz,
P., Dolezal, J., Eriksson, O., Freitas, H., Golodets, C., Kigel, J.,
Kleyer, M., Leps, J., Meier, T., Papadimitriou, M., Papanastasis,
V., Quested, H., Quetier, F., Rusch, G., Sternberg, M., Theau, J.-
P., Thebault, A., and Vile, D.: Impact of abundance weighting on
the response of seed traits to climate and land use, J. Ecol., 96,
355–366,doi:10.1111/j.1365-2745.2007.01336.x, 2008.

Pakeman, R., Leps, J., Kleyer, M., Lavorel, S., Garnier, E., and Con-
sortium, V.: Relative climatic, edaphic and management controls
of plant functional trait signatures, J. Veg. Sci., 20, 148–159,
doi:10.1111/j.1654-1103.2009.05548.x, 2009.

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz,
W. A., Phillips, O. L., Shvidenko, A., Lewis, S. L., Canadell,
J. G., Ciais, P., Jackson, R. B., Pacala, S., McGuire, A. D., Piao,
S., Rautiainen, A., Sitch, S., and Hayes, D.: A large and persis-
tent carbon sink in the world’s forests, Science, 333, 988–993,
doi:10.1126/science.1201609, 2011.

Parida, B.: The influence of plant nitrogen availability on
the global carbon cycle and N2O emissions, Reports on
Earth System Science,http://www.mpimet.mpg.de/fileadmin/
publikationen/Reports/WEBBzE 92.pdf, 2010.
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