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Abstract. Terrestrial carbon (C) cycle models applied for cli- and high CQ concentration cause a shift from N to P limita-
mate projections simulate a strong increase in net primarytion at high latitudes, while nutrient limitation in the tropics
productivity (NPP) due to elevated atmosphericx@ncen-  declines. The increase in P limitation at high-latitudes is in-
tration during the 21st century. These models usually neglectiuced by a strong increase in NPP and the low P sorption
the limited availability of nitrogen (N) and phosphorus (P), capacity of soils, while a decline in tropical NPP due to high
nutrients that commonly limit plant growth and soil carbon autotrophic respiration rates alleviates N and P limitations.
turnover. To investigate how the projected C sequestratiorThe quantification of P limitation remains challenging. The
is altered when stoichiometric constraints on C cycling arepoorly constrained processes of soil P sorption and biochem-
considered, we incorporated a P cycle into the land surfacécal mineralization are identified as the main uncertainties in
model JSBACH (Jena Scheme for Biosphere—Atmospher¢he strength of P limitation. Even so, our findings indicate
Coupling in Hamburg), which already includes representa-that global land C uptake in the 21st century is likely over-
tions of coupled C and N cycles. estimated in models that neglect P and N limitations. In the
The model reveals a distinct geographic pattern of P andong term, insufficient P availability might become an impor-
N limitation. Under the SRES (Special Report on Emissionstant constraint on C cycling at high latitudes. Accordingly,
Scenarios) A1B scenario, the accumulated land C uptake bewe argue that the P cycle must be included in global models
tween 1860 and 2100 is 13 % (particularly at high latitudes)used for C cycle projections.
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-1  Introduction
out N or P cycling. Nutrient limitation in general may be
biased by the model S|mp||c|ty, but the ranking of limita- The negleCt of nutrient limitation in carbon (C) CyCIe models
tions is robust against the parameterization and the inflexhas been criticized for being unjustified from an ecological

ibility of stoichiometry. After 2100, increased temperature Point of view Reich et al. 200§ and for overestimating ter-
restrial C sequestration in the futurdyngate et aJ.2003
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Thornton et al.2007). The incorporation of a nitrogen (N) lived but non-photosynthetic pools of organic matteud
cycle into the biogeochemical components of Earth Systenet al, 2004). Additionally, an enhanced supply of nutrients
Models (ESM) generally reduces the gfertilization effect  other than P, for example NPérring et al.2008, can cause
and C losses due to soil warmingaghle and Dalmonech P limitation. As the P cycle has a much slower turnover
2011). It even may change the sign of the feedback betweemrate than the N cycle, such limitation can remain for cen-
climate and the terrestrial C cycle from positive to negativeturies. Because mechanisms underlying N and P limitation
(Thornton et al.2007 Sokolov et al. 2008. However, this  differ from each other, the responses of N and P limitation to
is not generally the cas@dehle et a.20103. In the current  changes in atmospheric GCclimate, and land-use change
generation of coupled terrestrial carbon and nitrogen (CN)likely differ, too (Davidson et a].2007%, Vitousek et al.2010Q
models, N limits productivity mainly in high latitude ecosys- Gruber and Gallowgy2008.

tems Gokolov et al. 2008 Thornton et al. 2007, Zaehle Despite evidence of widespread phosphorus limitation on
et al, 20101, whereas the low latitude ecosystems, which plant productivity from fertilizer experiment€Elser et al,

are the most productive ondséth, 1972 Field et al, 1998 2007 and modelling {(Vang et al,201Q Zhang et al.2011),

Pan et al. 2011, are less N-limited. Low latitude systems to our knowledge, so far no study has assessed to what extent
are expected to show the highest direct@&sponse of NPP  land C uptake projected by C-only models can be realized
(Hickler et al, 2008, and in climate change projections they when stoichiometric constraints of N and P on the build-up
are responsible for a substantial positive feedback betweenf organic matter are accounted for. Results fiéimang et al.
climate and the C cycleFfiedlingstein et a).2006 Rad- (2011 suggest that during the 20th century the global C bal-
datz et al.2007). At the same time, low latitude ecosystems ance can be fully quantified with just N, while at continental
are expected to be more P-limitefiojvnsend et a].2011). scale the P cycle is also of importance for the C balance.
Therefore, an inclusion of the terrestrial P cycle into global However, the uncertainties in simulating P cycling are large
C cycle models seems essential to appropriately determin@Nang et al. 201Q Zhang et al. 2011). So far, a detailed

land C uptake. analysis of whether and how P limitation may develop in the
Globally, in addition to N, P is the nutrient most com- future has not been done.
monly limiting plant growth and soil C cycling\tousek As it is not yet clear where and how strong N and P con-

and Howarth 1991 Aerts and Chapin2000. Theoreti-  strain today’s plant productivity and soil C turnoveétiger
cal (Walker and Syers1976 and observationalReich and et al, 2007 Zaehle and Dalmone¢R011;, Townsend et al.
Oleksyn 2004 studies suggest that at present, productivity 2011), we developed a new modelling concept of nutrient
of tropical forests and savannahs is generally constrained byimitation to avoid prescribing nutrient limitation in the ini-
P, while N constrains the productivity in temperate and bo-tal model state. We assume that during thousands of years
real regions. The geographical patterns of N and P limita-of stable Holocene climate and relatively low atmospheric
tions are commonly explained by the age of the stifalker ~ CO, concentration, plants have adapted to their environment
and Syers197§ Vitousek et al. 2010. Young soils tend to  such that their growth is limited by multiple resourcése(d
have a high P availability, but low N availability, because N is et al, 1992 Townsend et al2011). We thus hypothesize that
nearly absent in the parental material and accumulates oveor present day, ecosystems are co-limited by the availabil-
time from the atmosphere by biological N fixation. P entersity of N and P, which is in broad terms consistent with a
the ecosystem by weathering of primary minerals. As soilsmeta-analysis of N and P manipulation experiments across
age, the parental material can become P-depleted and P gegtobal biomes Elser et al. 2007). As nutrients are needed
progressively occluded in secondary minerals. Therefore, oldor the build-up of organic compounds (C sink) from car-
highly weathered soils tend to have low P availability. As bohydrates, nutrient uptake and C fixation (C source) have
glaciation has periodically reset soil development at high lat-to be adjusted such that C sinks and sources are in balance.
itudes, these soils tend to be much younger than the ones dthe adaptation of photosynthesis to nutrient availability is to
low latitudes, where glaciation was absent for hundreds ofsome part represented in photosynthesis models, as the pa-
millions of years. rameters of these models are specific for each plant func-
Additional mechanisms, operating on timescales of yeargional type (PFT). Based on global data compilatidfattge
to centuriesVitousek et al,2010, may cause the occurrence et al. (2009 concluded that the maximal rate of carboxyla-
of nutrient limitation. Mechanisms limiting the availability of tion (Vcmax) is affected by N and P availabilitiReich et al.
N include constraints on biological N fixatioHulton et al, (2009 showed that leaf P, an indicator of P availability, mod-
2008 and losses by leaching and volatization, which may ulates the N dependence of photosynthesis. The nutrient lim-
even occur to some extent in N deficient ecosystdbawid- itation hidden in the parameterization of photosynthesis is
son et al. 2007). As soil P is less mobile than N, losses are called background nutrient limitation (BNL).
of minor importance for the occurrence of P limitation. A Today’s atmospheric Cf£concentration is unprecedented
mechanism that affects both N and P limitation is the sequesin the last 2 million yearsl{uethi et al, 2008 Hoenisch et aJ.
tration of N or P in an accumulating podVifousek et al. 2009, and it is projected to increase further with a rate un-
2010; in particular, the sequestration of nutrients in long- seen in the geological past. In C-only models, photosynthesis
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is independent from the actual need of carbohydrates, anday ecosystems and therefore reflects the mean of present
therefore the projected increase in plant productivity is in-day nutrient conditions for a single PFKr{orr, 2000. How-
valid if the carbohydrate sink can not grow as fast as pho-ever, the range of different soil environments on which a sin-
tosynthesis increases. To account for such a possible imballe PFT can grow may lead to a variability of BNL within
ance, plant productivity must be adjusted to the actual need ok PFT, which is not captured by our approach. The addi-
carbohydrates, which can be derived from the stoichiometrytional nutrient limitation caused by the increase in atmo-
of plant tissue. The difference between the potentially possispheric CQ (CNL) is computed dynamically in the model
ble productivity under elevated GGand the sink corrected assuming globally uniform constant C:N:P stoichiometry
productivity is defined as the effect of Gdnduced nutrient  for the different biosphere compartments, such as active and
limitation (CNL). CNL is per definition absent in the pre- woody biomass and soil organic matter. The model further
industrial state. In aggregate, the modeling approach takeemploys a supply—demand-approach in which plant nutrient
herein does not attempt to quantify the overall backgrounddemand is derived from the ratio of potential C-allocation
nutrient limitation, and instead estimates how much less Cto the plant’s C: nutrient ratios, while nutrient demand by
can be stored on land when changes in N and P supply arsoil microorganisms is derived from the potential immobi-
simulated; our approach is distinct from one which would lization fluxes. Subsequently, the total nutrient demand by
quantify total N and P limitation as is done with fertilizer plants and soil microorganisms is compared against the sup-
experimentsElser et al. 2007 and in terrestrial ecosystem ply. If the supply is insufficient to meet the demand, the de-
models Gokolov et al. 2008 Thornton et al.2007 Zaehle  mand is diminished. These strong simplifications allow us to
et al, 2010 Wang et al.201Q Zhang et al.2011). simulate the N and P cycles with a minimum number of pa-
In this paper we aim to quantify how much of the land C rameters. The merit of our approach is that it avoids the intro-
uptake projected by a C model can be sustained when aduction of additional parameters which are hard to quantify,
counting for stoichiometric constraints on C storage in or-unlike more mechanistically oriented CN modefsi{Ri and
ganic matter. Further, we aim to identify the processes rePrentice 2008 Jain et al. 2009 Zaehle and Friend201Q
sponsible for the occurrence of P limitation. To do so, we Esser et a).2011), and thereby reduces its dependence on
implemented a P cycle into the biogeochemical cycle modelmodel parameters which are difficult to constrain by avail-
(Parida 2010 of JSBACH (Jena Scheme for Biosphere— able ecosystem observations. The assumption of stoichio-
Atmosphere Coupling in HamburgiR&ddatz et a).2007), metric inflexibility is a strong simplification and may lead
which includes C and N cycling. The model was applied un-to an overestimation of CNL, but we argue it is an appropri-
der the SRES (Special Report on Emissions Scenarios) AlRte first-order approach given the limited process understand-
scenario with and without N and/or P cycles to allow a sepa-ing and data to quantify the full nutrient dynamics including
ration of the effects of N and P limitation on land C cycling. adaptation at plant and ecosystem leWich et al. 2006.
In addition, a set of sensitivity experiments was performed toThe implications of these assumptions on nutrient limitation
identify the main drivers of nutrient limitation. are discussed in detail Parida(2010.

2.1.1 The Ccycle

2 Methods The C cycle in the biogeochemical cycling part of JSBACH is

driven by NPP derived from the photosynthesis scheme, fol-
lowing Farguhar et a1980 for C3 andCollatz et al.(1992)
ffor C4 plants and including an explicit dependence of produc-
tivity on atmospheric C@concentrationknorr, 2000. NPP

2.1 Model

JSBACH describes the processes for land hydrology, pheno
ogy, and biogeochemical cycling (Fitj). The submodel for oo X
the biogeochemical cycles of JSBACH is driven by net pri- is allocated in fixed fractions to root exudates and the three

mary productivity (NPP), leaf area index (LAI) and climate plant pools: awoed pool representing Iign?fied plant tissue, a
variables (soil temperature, soil moisture, runoff) obtainedg@ctive pool for active plant tissue (leaves, fine roots, etc.), and

from full climate simulations with the Max Planck Institute & "€S€rve pool containing C stored as sugars and starch. Upon
Earth System Model (MPI-ESMRoeckner et al2011). By leaf shedding, C is transferred from the active pool and the
driving the submodel for biogeochemical cycling with NPP feserve pool to the non-lignified litter pool. The wood pool
and LAI, we omit effects of C@induced changes in N or P has a fixed turnover time, and C is transferred to a woody
availability on these properties because, so far, it is unclealltte" Pool which differs from the non-lignified litter pool in

whether we can generalize about how elevated @ffects its turnover time. Microbial activity mediates the transfer of
the interactions between nutrients and leaf level photosynC from the litter pools to the atmosphere and to the slow soil
thesis Reich et al, 2008. pool. The latter pool represents slowly decomposing organic
Background nutrient limitation (BNL) is indirectly consid- matter and is depleted by he.terot'rophic respiration. The res-
ered in the model as part of the PFT-specific parameterizatiorﬁ"rat'on rates depend on soil moisture, nutrient availability,

of the C cycle, which is based on measurements in preserfind exponentially on soil temperature.

www.biogeosciences.net/9/3547/2012/ Biogeosciences, 9, 33#63-2012
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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 an
starches). The litter compartment consists of non-lignified litter, and woodly 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 Ncycle 2.1.3 The P model

The N cycle is described in detail Parida(2010. N istaken ~ The P cycle in JSBACH is designed to diagnose the P dis-
up by vegetation from a single soil mineral N pool and al- tribution on land and to adjust C fluxes for P availability.
located to the woody and active plant tissue according toTo include the cycling of P, the same methodology as for N
the N: C ratios of the these pools. Prior to leaf shedding ais employed Parida 2010. Assuming that the C allocation
certain fraction of N is retranslocated to the mobile N pool, is not affected by nutrients, potential C allocation and het-
representing internal N storage. Upon leaf shedding, the reerotrophic respiration are computed. We refer to these fluxes
maining N is transferred to the non-lignified litter pool. The as potential C fluxes. In combination with the stoichiometry
wood pool has a fixed turnover time, and N is transferred toof the involved pools, we use the potential C fluxes to derive
a woody litter pool. Microbial activity mediates the transfer diagnostic P fluxes:

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 Fizj =(r; _ri)FiEj ) (1)

the litter pools, additional N from the soil mineral N pool is

transferred (immobilization). The slow soil pool representswhereF< ; is the potential C flux from podlto pool j, F;
slowly decomposing organic matter and is depleted by bio-the corresponding diagnostic P flux, andndr; the P : C ra-
logical mineralization. Biological N fixation, the flux of N tios of the pools andj, respectively. P is releasedrif> r;
from the atmosphere to the soil mineral N pool, is a func-Or sequestered if; <r;. The latter case may only be real-
tion of NPP, comparable to the approachyornton et al.  ized to the extent that additional P is supplied. Therefore,
(2007). In this case, we use potential NPP to account for thewe introduced the following rule: If the diagnosed demand
positive effects of increases in N demand and carbohydratés larger than the supply, P fluxes are diminished according
supply on N fixation Yitousek et al, 2002. We account for ~ to the available P supply. The supply is given by the labile
the effect of P limitation on N fixatiorReich et al.200§ by P (#) and the demand is given by the sum of plant demand
scaling the fixation rate using the P limitation factor (B)y.  (Dveg) and microbial demandmicr). Based on the assump-
Denitrification, the loss flux to the atmosphere, is simulatedtion that vegetation and soil organisms are equally strong in
as a function of the soil mineral N podiigixner and Bales their competition for P, we use a single limitation factor to di-
2003. N losses by leaching are described analogously to Fminish plant and microbial demand. The amount of potential

leaching using the approach Meixner and Bale$2003. NPP which cannot be allocated due to P limitation is inter-
preted as an increase in autotrophic respiration. This reflects

Biogeosciences, 9, 3543569 2012 www.biogeosciences.net/9/3547/2012/
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Table 1.Model variables (Figl). For the C cycle, the indexésandj are: A (atmosphere), a (active), w (wood), r (reserve), la (non-lignified
litter), Iw (litter wood), and s (slow). For the P cycle, the indexemd j are: a (active), w (wood), m (mobile), la (non-lignified litter), lw
(litter wood), s (slow), | (labile), and sr (sorbed). The index e stands for the element (N or P).

Symbol  Description units

C; C in pooli [mol (C) m—2 (canopy]

P; P in pooli [mol (P)m~—2 (canopy]
Fi‘ij potential flux of element e from poolto pool j; e {N,P}  [mol(E) m—2 (canopy ]
Dy P demand of vegetatiot & veg) or microbesk = micr) [mol(P) m—2 (canopy s_l]
Fac biochemical mineralization flux [moP) m—2 (canopy s~
Fp P deposited via atmospheric transport [®Im—2 (canopy s~1]
Fm sum of all biological P mineralization fluxes [m@h) m—2 (canopys1]
d; decomposition rate of pool i rsl]

f"emit limitation factor of element e; e {N, P} [1

the high cost of nutrient foraging in a nutrient limited sys- pool ¢ =w), and woody litter pooli(=Iw). P pools with a
tem Hogberg et a].2003. This is supported by a large-scale constant; can be derived from the corresponding C pools
fertilization experiment in a N-limited boreal fore®léson  (C;) by

et al, 2009, where fertilization reduced autotrophic respi-

ration while aboveground productivity increased. We definefi =7iCi . (4)

the P limitation factor £ ) as _ _
mt The other P pools have a constanptor the incoming flux

but not for the pool itself £, Ps), or have no corresponding

C pool and thus ne; (P, P, Psy).

, , , The mobile P pool ) is a short term P storage internal
where the term in square bracket is the maximum rate af, s |t is filled by P retranslocated prior to litterfall and

which the labile P pool can supply P. Note that in the dis- g jepjeted by P used to allocate as much of the potential NPP
cretized formulation the labile pool can at most be depleted(NPFpot) to Cy andCa as possible
l .

during a single model time step\ (). We thus set this max-
imum rate to£>. If the N cycle is active in addition to the dp.,

p _ | IGI™) (Dveg+ Drmicr) for (Dveg-+ Drmicr) > [GH 1™,
Siimit = - 2
1 otherwise

At c . .
P cycle, the limitation factor of the more limiting nutrientis g, = ('a~—"1a) Falla — (raNPF" + ryNPFY"). )
taken to correct potential C fluxes and their corresponding
diagnostic nutrient fluxes. The fraction of NPP”, which is directly allocated by use of

. Pm, is named NP, NPRI" and NPB'" are given b
Siimit = mm(ﬁﬁmt, fli'?‘nit)’ 3) m jﬂ W a g Yy
t

wherefN . is calculated analogously tf, ; (Parida2010.  nppir, — NPP%; [dﬁ]max_ ©6)
This is the only modification in the structure of the C cycle (rwNPR -+ NPBOY ™ dr

in comparison to Parida et al. (2011).
P ( ) Litterfall and wood shedding connect plant pools with the

The P cycle consists of nine poolB;( see Fig.l and Ta- ) PN .
ble 1). P enters the terrestrial ecosystems by the weatherj-'tter pools. Non-lignified litter is made of fast decomposing
rganic matter and leaves. The dynamics of the non-lignified

ing of P-bearing minerals. Weathered P enters the labile P
pool (P), which is available to plants and microbes. Labile litter P pool (Pa) are

P is rapidly adsorbed onto soil particles. The associated poogpIa c

for sorbed P is denoted bfs. There are three pools rep- 3~ =rialya+ (1= Bi)ePa— fiimit
resenting P in vegetation. One pool is for P in active tissue

(Pa), one pool is for P in woody tissuePg), and one pool where the first term describes the P influx from litter fall, the
represents mobile PPf,), which acts as an internal buffer second term describes the flux of P from herbivore excre-
of plant P. Plants and microbes take up P from the labile Pments which is not directly available to biota, and the third
pool (). Upon litterfall, P enters the litter pool for woody term arises from the P released by biological mineralization
litter (Pw) and the pool for non-lignified litter and fast- of litter. We assume that active plant materi&) is con-
decomposing (life timex1.5yr) soil organic matterH). P sumed by herbivores at a constant rafeahd immediately

in slow-decomposing organic matter (life timelO0yr) is  excreted Parida 2010. We separate the excrement into la-
represented by one single podk). Three P pools have con- bile (8;) and fast decomposing & 8;) P compounds which
stant P: C ratiosrf), namely the active pool &a), wood  enter the non-lignified litter poolRs). The decomposition

Pa

C
Claala}qabs . (7)

www.biogeosciences.net/9/3547/2012/ Biogeosciences, 9, 3#63-2012
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flux Flg>s is a demand fluxfz < rs), therefore it is mul- Under these assumptions the dynamics of the labile P pool
tiplied with fiimit. @; indicates the fraction of decomposed can be described by (see Appendix A for derivation)
non-lignified litter which enters the atmosphere by respira- dp 1

tion. The P of the respired fraction (ﬂlgbs is mineralized re W(FM + Fop+ Fw+ Fec+efiPa (12)

and enters thé,. d 1+ (P+K9)?

The change in the P content of slow-decomposing soil or- 1
ganic matter Ps) is given by the net of immobilization and —VsPAR = — Pt — fiimit (Dveg+ Diicr))-

Sr
mineralization fluxes: . . . . . .
The inputs to the labile P pool are biological P mineraliza-

ars B c B c \_ B tion (Fu), biochemical P mineralizationfgc), dust depo-
g = fimirs(d i) Fig g+ (1 —aw) Fiy.o) — dsPs — Fec (8) sition (Fp), P weathering ), and directly available P in
The first two terms describe P immobilization due to de- €xcrement of herbivores g P»). Losses are leaching, strong
composition of non-lignified litter and woody litter. Min- Sorption, and demand fluxegigit (Dveg+ Dmicr))- The loss
eralization occurs as biological mineralizatios®s) and ~ raté of sorbed P to strongly sorbed and occluded P forms
phosphatase-mediated biochemical mineralizatidhc). is assymled to be proportional to the amount of sorbed. Pin
The decomposition ratés is computed by a010 model as the 30|I. (T—sr Psr) (Wang et al, 2010. The flux of Igached P is
described in the Appendix B. Biochemical mineralization is & function of runoff ) and the amount of} dissolved in
modeled using a rate consta¥iyin if P limitation is absent ~ Solution ¢ 7). Biological P mineralization £u) is the sum
(. = 1), butincreases under P limitation until a maximum of the mineralization flux from the slow pool and P leached
mineralization rate Mmay) with a lag time of 30 days. There from freshly sheded wood:
is no observational evidence to support 30 days, but the re.. C
sults of this study are insensitive to the time lag. If P limita- Fin = dsPs+ (rw = 1iw) Fugow - (13)
tion occurs, we use a 30 day meanf@;, (fimit) toincrease  2.1.4 Nutrient demands
the rate until the maximal mineralization rate is reached.

L The P demand of vegetatio®(eg) is given by the amount
Fac = MaX(Mmax(1 — A= fim)y g .. (9)  of labile P needed for the allocation of the potential NPP to

the ve%;etation compartments of wood (l\'ﬁﬁ’tPand active

This formulation is based on the concepMdGill and Cole  (NPR®).
(1987 that biochemical mineralization is P demand driven. pot . ot .
The biochemical mineralization flux, which is mediated by Dyeg = rw(NPRy™ — NPF‘;} )+ ra(NPFR” — NPFg ). (14)
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 betwgBr and L.

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 woodly litter) to the slow pool. When

Ay o o . ; . : :
(Jiimit) instead offiimit in EQ. ©). litter is decomposed, a certain fraction of its C is respired
to the atmosphere, and the remaining C becomes slowly de-
A 0 if ﬁﬁmt > f”'fnit composing organic matter. Denoting the respired fraction by
flimit = N P . P N (10) ) . . )
fimie = finie 1 fimie < fibmit o, the microbial P demand becomes:
P C
Thereby we account for a decreased stimulation of biochemPmicr = (rs — a)FIaps (15)
ical mineralization in cases when N is limiting in addition to a P
P. If N is limiting more strongly than P, a stimulation Béc_ +(rs— ) FGps — C_aﬂg»a —rwFSa-
is inhibited. If N is limiting, but less than P, the stimulation la
is less pronounced. By respiration some P becomes available, which is subse-

The equations governing the dynamics of labile and sorbedjuently immobilized by microbes, and therefore is subtracted
P (P and Pg) are adopted fromiVang et al(2010. Itis as-  from the microbial demand. The non-lignified litter pool does
sumed that the labile P pool and the sorbed P pool are imot have a fixed;, instead the tern@f is used in the above
equilibrium on a daily time step. The relationship between equations. The decomposition fluxes are
the amount of labile P and sorbed P is described by the Lang-

muir equation (Barrow, 1978) in its differential form: FiZy =di(1—a)Ci (16)
dPsr  SmaxKs dPi (11) and
dt  (Ks+P)2 dt’ FSy=dio; C; 17)

whereSmax is the maximum amount of sorbed phosphorus inwherei can be Iw or lad; is the decomposition rate of litter
the soil, andKs is an empirical constant. pooli, and its calculation is described in the Appendix B.
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Table 2. Parameters of the P model. The soil order specific values of parameters are listed in the Appendix E. In thKaitge ef al.
(2011, plant trait data have been made available via the TRY database. These data are related to the following original r8@kkaces:
et al. (2005 2006; Baker et al.(2009; Cornelissen1996; Cornelissen et a(1996 2003 2004); Craine et al (2005 2009; Diaz et al.
(2009; Fortunel et al(2009; Fyllas et al.(2009; Garnier et al(2007); Han et al.(2009; He et al.(2006 2008; Kazakou et al(2006);
Laughlin et al.(2010; Meziane and Shiplef1999; Niinemets(1999 2001); Ogaya and Penuel§2003 2006 2007, 2008; Ordonez et al.
(2010ha); Patiio et al.(2009; Pakeman et a(2008 2009; Quested et a2003; Reich et al(2008; Sardans et a(2008ab); Shipley and
Lechowicz(2000; Swaine(2007); Willis et al. (2010, andWright et al.(2004 2006.

Symbol  Parameter Units Value Source
At time step day 1
Tsr life time of P in the sorbed pool year 100 Wang et al(2010
Qa the fraction of decomposed C from non-lignified litter

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

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

which is directly available to biota [] TEeo
ra P to C ratio ofP, [mol (P) mol~1(C) ] 1%40 Kattge et al(2011)
rw P to C ratio ofPy mol(Pymol~(©)] 755 Kattge et al(2011)
Tla P to C ratio ofP5 [mol (Pymol=1(C) | 10600 Kattge et al(2011)
Tiw P to C ratio ofPy, mol(Pmol~(C)]  33=, (assumed)
rs P to C ratio ofPs [mol (Pymol=1(C) | 4—25 Smil (2000
Smax maximal amount of sorbed P [m@) m—2] depends on soil order Wang et al(2010
Ks empirical parameter describing sorption [rtRIm—2] depends on soil order Wang et al(2010
Vs fraction of labile P which is dissolved in soil solution [] .0001 (calibrated)
Fw P released from primary minerals by weathering [RomM—2s71] depends on soil order Wang et al(2010
Mmin minimal (background) biochemical mineralization rate  [R®IM~2s~1] depends on soil order  (calibrated)
Mmax maximal biochemical mineralization rate [m&) m—zs—l] depends on soil order  (calibrated)
n scaling factor for biochemical mineralization [] -5 (calibrated)
e fraction of Cq removed by herbivores [1 depends on PFT  Parida(2010

2.1.5 Parameter estimates which is set arbitrarily due to a lack of data. The dynamics of

the labile and sorbed P are parameterized based on measure-
The parameters of the P model are globally uniform, ex-ments on US soils using the USDA soil classificatigvang
cept for the biochemical mineralization rates which dependet al, 2010 because there is no more comprehensive data.
on the soil order, and their values are shown in T&blé/e Therefore, the history and the characteristics (soil texture,
use information from the global data set of plant traits, TRY redox potential, etc.) of the different soil types reflect global
(Kattge et al,2011), to compute the N : P ratios for the active patterns to the extent that US soil types are representative for
and wood pools, as well as the for the ratio used for the comthe global diversity of soils.
putation of the flux from the active pool to the non-lignified
litter pool. From these N : P ratios, P : C ratios are derived us2.2 Experimental setup
ing the N : C ratios fronParida(2010. The P : C ratio of the
woody litter is set to a value within the range of spread of The simulation setup is adopted from the CN simulations
P: C of bark Kattge et al. 2011), as data for heartwood is performed byParida(2010. We run the submodel of JS-
scarce. The initial P: C ratio for the slow decomposing or- BACH for the biogeochemical cycles independently from the
ganic matter is taken fror8mil (2000. rest of JSBACH driven by net primary productivity (NPP),
Leaching is calibrated so that, first of all, the global leach- leaf area index, soil temperature, soil moisture and surface
ing flux compares well with estimates from empirical mod- runoff. The forcing variables are extracted from simulations
elling (Seitzinger et a).2005, and in addition, according to performed with the MPI-ESMRoeckner et al.2011) un-
our concept of limitation, that CNL by P is absent under pre-der the framework of the ENSEMBLES proje¢tdwitt and
industrial conditions. Griggs 2004. The MPI-ESM consists of the atmosphere
The biochemical mineralization flux is calibrated such that model ECHAMS5 Roeckner et al.2003 and its land sur-
the N : P ratio of soil organic matter is close to the estimatesface scheme JSBACHR@ddatz et a).2007) coupled to the
by Yang and Pos{2011). The outcomes of this study are in- ocean model MPI-OM Narsland et al.2003. The simu-
sensitive to parameter values for the adjustment intengjty ( lations by Roeckner et al(2011) were performed at hor-
(not shown) of the biochemical mineralization flux in E®),(  izontal resolution T31 (approximately 460400km) and
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19 vertical atmospheric layers, driven by prescribed atmo-Table 3. List of experiments performed. The climatic forcing is the
spheric CQ concentration (SRES A1B scenario 1860—2100) same for all simulations. See Appendix C for further simulations
and anthropogenic land-cover changes. Accordingly, our JStegarding the stoichiometric parameterization.

BACH stand-alone simulations are conducted at T31 reso-
lution, but without land-cover changes, using a map of po- Experiment Ncycle P cycle Modification

tential vegetation instead. Output variables of the MPI-ESM  C-only off off
are provided for every PFT at every grid independent of the CN on off
prescribed vegetation cover. Therefore, the initial distribu- CP off on
tion of PFTs in simulations with the stand-alone model can NP on on . . . .

. . . . . CPox off on soils have high sorption capacity
be different from the one used in the forcing simulation. To CPro off on soils have low sorption capacity
investigate the long-term evolution of nutrient limitation, we  cp,, off on rigid biochemical mineralization
performed an additional simulation with the full MPI-ESM  CNgp on off N deposition constant
to derive forcing data where we prolonged the original ESM  CPott off on PFT-specific C: P ratios
simulation for an additional 400 yr keeping the atmospheric CNoft on off PFT-specific C: N ratios

CO, concentration fixed at the level of 2100. In this period,

climate slowly approaches a new equilibrium. . . .
; : . N deposition rates. Furthermore, we performed simulations
Using the submodel of JSBACH for the biogeochemical with flexible stoichiometry, as well as a set of simulations

cycles, we broughF the element cycles into equilibrium (lgsswith perturbed stoichiometric parameters. The latter simula-
than 1% change in the 30-yr mean of global pools) using

a repeated 30-yr cycle of the forcing data from the coupledtIOnS are described in detail in the Appendix C.

simulation (1860-1889). We equilibrated the element cycle
consecutively in three steps. Firstly, we ran the model in thes  Results and discussion
C-only mode reaching equilibrium after 5000 yr. Secondly,
we prolonged this simulation by switching on the N cycle 3.1 Present day: comparison with observations
for an additional 5000 yr. Thirdly, the P cycle was brought
into equilibrium after prolonging the CN equilibrium simu- For present day, the model simulates a terrestrial C stock
lation for an additional 8000 yr in the CNP mode (submodel of 2881 GtC), 24 % of it stored in vegetation (682 &),
run with N and P). We made sure that this sequential spin-u % in litter and fast decomposing soil organic matter
procedure did not result in a different equilibrium state than a(229 G{C)), and 69 % in slow-decomposing soil organic
simultaneous spin up. During the spin up, N and P depositiormatter (1970 GIC)). When N and P cycling are taken into
were kept constant at the level of 1860 and present day, reaccount (CN, CP, CNP) the present day C stocks are only
spectively, as the human impact on P deposition is marginaslightly reduced € 1 %). The simulated vegetation C storage
(Mahowald et al.2008. is slightly above the higher end of inventory based estimates
We conducted several transient simulations with the subthat range from 560 to 652 GZ) (Saugier and Rqy2001).
model: without nutrients (C-only), with N (CN), with P This relatively high vegetation C stock can be attributed to
(CP), and with N and P (CNP) (Tab®. Land use, land- the land cover prescribed in our simulation, which differs
use change, and fertilizer application are not accounted forfrom the real world as crop land is replaced with potential
N deposition is read in from map&aéalloway et al. 2004 vegetation, which stores more C than crops. The simulated
Dentener et al2006 which are interpolated in time propor- soil C stock is in the range of observation-based estimates
tionally to the increases of atmospheric £€ncentrations that range from 1500 to 2300 @) (Post et al. 1982 Bat-
of the forcing simulation until 2030, and afterwards extrap- jes 1996, depending on the considered soil depth.
olated also using C@of the forcing simulation, following The decadal means of the net land to atmosphere fluxes
Wang and Houlton(2009. Present day P deposition maps for the 1980s, 1990s, and 2000s (TaB)eare between 2.2
(Mahowald et al. 2008 are used for the whole simulation and 3.7 G¢C) yr—1 when nutrients are not considered. When
period. N and P are considered, the fluxes are reduced up to 10 %.
To test the robustness of our results, we conducted severdlhe simulated fluxes are higher but of the same magnitude
sensitivity simulations (Tabl8). A set of simulations was as the ones b¥riedlingstein et al(2010. Note that we do
performed with PFT-specific C: N: P ratios frodang etal.  not account for land use in our simulation, in contrast to
(2010 andMcGroddy et al(2004) (CNpit, CPoit). As aredis-  Friedlingstein et al(2010. When land use and land-cover
tribution of P from unavailable pools to available ones can af-change are explicitly accounted for, the land C uptake is re-
fect nutrient limitation, we varied parameters controlling the duced by 20 % to 30 %Rarida 2010. The inclusion of the
size of redistributable P, namely sorbed P {6 FCPsy), and P cycle into JSBACH only slightly changes present day C
modified the adaptive strength of biochemical mineralizationcycling because CNL by P is mostly absent between 1860
(CPy). In another simulation (Chy}), we kept N deposition and 2000 and reduces present day NPP by less than 3 % (not
constant at the present level to test for the effect of increasinghown). Overall, the model performs well in simulating C
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Table 4. Simulated decadal land C uptake (Giyr—1) with and Table 5. Simulated P stocks (@P)) from the simulation CNP com-
without accouting for nutrients compared to published estimates ofpared with published estimates. The simulated stock sizes are means
the natural terrestrial sink from the Global Carbon Project (GCP) Of the yeaI’S 1970-1999. The |Ittel’ pOOl Contains Ieaf I|tter and faSt
(Friedlingstein et a).2010. Note that we omit land use (change) in decomposing soil organic matter.

our simulations.

Pool JSBACH Other
Period C-only CN ~ CP ~ CNP GCP Vegetation  0.23 0.39-3Nang et al, 201Q Jahnke 1992
1080s  -22 21 -20 -19 -15 Solorganic 574 5o10qm 2000
2000 37 35 33 a1 _24 Lablep 098 15Wangetal 2010

Sorbed P 1.25 1.MWang et al.2010

cycling given the large uncertainties in quantifying present
day C cycling Friedlingstein et a).2010. For a detailed dis- The annual P uptake by vegetation is shown in Hg.

cussion of the C and N cycle, sBa_rida(ZOIQ._ and Table7. From measurements, the annual P uptake can
The current state of the terrestrial P cycle is even less CONpa estimated as the sum of P required to replace P in

strained by obtserva_tions than the C and N cycle. Estimateﬁtterfa”, P in wood increment, and P required for root
of total terrestrial soil P range from 40 ®) (Sm|l,_ 2000 to growth, assuming equilibriumlohnson et al(2003 esti-

200 G(P) (Jah.nke 1992. P.stocks are often c_Jer_lved fro.m C mated the mean annual P requirement of temperate forests to
or N stocks using assumptions about the stoichiom&myik e g 524 0.38 gP)m—2a~2. For temperate broadleaf forests
2000. Soil P is mostly measured in agricultural sod®lin- \ye simulate a meant( standard deviation) uptake rate of
son et al. 2003, which are heavily influenced by fertilizer 5oy g 23 gP)m~2aL. For tropical evergreen forests, P
and manure applicatiorS(nil, 2000. Measurements of the o by jitterfall, which makes up the largest part (approx-
fraction of soil P which is available to biota are prone to high imately 609%) of the P uptake in temperate foreatan@i
u'ncertaintieslohnson et al.2003. The mean sizes of'the 11992 Johnson et al2003 Yang and Post2013), is in the
simulated P pools (CNP) for present day are summarized Nange of 0.2 to 0.4@) m—2a~*(Vitousek 1984 Valdespino
Table5, and the spatial distribution is shown in FigWhen ¢ o 2009 Yang and Post201]). Yang and Pos{201])
compared to modelling and empirical estimates, the Sim“'reportahigher mean loss rate of 0@gm—2a ! using a lit-
lated P storages are at the lower end of estimates. The URgfa|| database. The simulated mean P uptake of evergreen
per ends of the estimates for P in soils of 200(Jahnke — yopica| forests is 0.68 0.32gP)m—2a~L. Thus, despite
1992 and in vegetation of 3 @) are criticized for being  gpatially uniform CNP ratios, the model is able to simulate
unrealistic 6mil, 2000 Wang et al, 2010. Our study SUP-  reasonable P uptake rates for forests. However, it may under-
ports these findings unless we have overestimated C: N raggtimate P uptake in grasslands. In the budget of two semiarid

t!os. Howeverz the C:N ratios used. in JSBACH are ,rela'grasslands given bgole et al (1977, plant uptake was 0.53
tively low (Parida 2010. The N: P ratios for the vegetation 5,41 2 @P)m—2a-L, respectively. We simulate lower uptake
compartments are derived from a comprehensive stoichiosaias of 0.24 0.22 and 0.3% 0.28 gP)ym—2a~1 for C3 and
metric data set for plantk@tige et al. 2013, which is an ¢, grasslands, respectively. The low uptake rates are mainly
improvement to earlier studies based on more restricted datg, ,seq by a low NPP of 340 and 42@ym—2a* for Cs

sets. and G grasslands. Observation-based estimates of grassland

The model seems to underestimate the amount of labilgpp range from 200-2000@) m—2a~1, but may be even
Pin h'igh'ly weathered soils when compared to a recent dat"higher Scurlock et al.2002. For the 20th century, we can
compilation (Table5) (Yang and Pos2011). The compila-  yje oyt an influence of low P availability on P uptakes rates
tion by Yang and Pos{201]) includes the data which were ;g p jimitation, as present day NPP is reduced by P limita-
used to calibrate the sorption mod@lgng etal.2010. TWO jon by less than 3% in the model. In the sensitivity simula-
aspects make the estimation of plant available P difficult.ijo, ith PFT-specific C : P ratios, P uptake by vegetation is
First, the interpretation of P measurements is not straightyeqced in tropical PFTs by 10-20 %, but increased in tem-
forward, as the measured fractions cannot be linked directlyperate PFTs by 40-50%. Overall, the mean uptake rates do
to physiological ones like plant available Bofinson et al. ot improve using a PFT-specific set of C: P ratios. As the
2003 Yang and Pos2011). Second, the area based estimates, 416 is strongly controlled by the P demand of vegetation,

by Yang and Pos(2011) depend on assumptions about the e gifferences in P uptake rates between PFTs are dominated
bulk density of soils, which are highly variable within one by the differences in NPP.

class of soil. However, in the next section, we will show that s mobilization of P by microbes is generally larger than

the amount of labile P in the initial model state is of relatively ,q uptake by plantsvang and Post201)). In a budget of

small importance for the occurrence of P limitation. two grassland sites, the immobilization fluxes exceeded the
uptake by vegetation by factors of 2.6 and 4Cble 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 RPym™2) that typically supports forests compared to measurem¥atsyand
Post 201]). The stocks, which are averaged over a 30-yr period (1970-1999), are from simulations with present day soils (CP), uniform low
sorption soils (CRo), and uniform high sorption soils (Gg).

Soil n CP CRno CPox (Yang and Pos2011)
Entisols 91 9.35213.022 2.5734.387 1.6811.634 8.082:5.317
Inceptisols 199 8.57t10.508 1.96%3.599 1.48%1.569 8.7285.204
Alfisols 110 6.014-8.563 6.0838.906 3.5783.051 4.125-2.983
Oxisols 67 0.946:0.432 0.932-0.435 0.948:0.431 1.9721.918
Spodosols 42 1.5643.873 2.2294.800 2.41%2.614 5.93%1.438
Ultisols 63 1.016:1.804 1.7234.586 1.545%:2.220 2.334:1.858

1977. In our simulation, the immobilization fluxes of grass- itative measure for biochemical mineralization, is common
lands are globally 2.8 and 2.5 times larger than plant uptaken soils (Stewart and Tiesset987), the quantification of the
for C3 and G grasslands, respectively. In the case of N, themineralization rates in the field is not yet possible. The sim-
immobilization flux is 1.7 times larger than plant uptake. The ulated biochemical mineralization fluxes are in the same or-
more dominant role of microbes in P immobilization com- der of magnitude as the biological mineralization fluxes (Ta-
pared to N is supported by the findingAyponte et al(2010 ble 7). In a simulation without biochemical mineralization,
that 8.8 % of total P is immobilized by microbes compared the amount of P in soil organic matter was 16.2R3}, which
to 4.7 % in the case of N. is 3.13 times more than in the standard simulations. The in-
The mineralization of P from slowly decomposing soil or- creased amount of P in soil organic matter in the simulation
ganic matter can occur by biological and biochemical min-without biochemical mineralization is comparable in magni-
eralization McGill and Cole 1981). Biochemical mineral-  tude with the results dVang et al(2010 about the effect of
ization is mediated by extracellular enzymes which specifi-biochemical mineralization on soil P.
cally cleave out P from organic matter; thus itis controlled by =~ Biochemical mineralization partly decouples P mineral-
the P demand of bioteSfewart and Tiesseri987. In con- ization from decomposition of soil organic matter, namely
trast, biological mineralization is driven by the energy de- N mineralization. Therefore, the N : P ratio of the slowly de-
mand of microorganisms, as it is coupled to heterotrophiccomposing soil organic matter can vary in the model, and we
respiration. Although phosphatase activity, which is a qual-used it to calibrate the strength of biochemical mineraliza-
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Table 7. Simulated P fluxes as means of PF'I(I?gm—2 a—l). 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
Cy4 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 grasslands, while P limitation is nearly absent in grasslands
C:N:P ratio, while the higher end depends on the strength(not shown). Hence, N and P limitation are to a large degree
of biochemical mineralization. The simulated N : P ratios of additive, despite their geographical co-occurrence in some
slow-decomposing soil organic matter of 20.3, 26.8, and 37.#egions. The lack of synergetic effects between the nutrient
for slightly, intermediate, and highly weathered soils, respec-cycles can be attributed to the simple representation of N-P
tively, compare well with data compiled byang and Post interactions in our model and may not reflect the actual ef-
(2011). The agreement of simulated and observed N : P ratiogects. For example, N fixation is represented by an empirical
indicates that in the model the biochemical mineralization isfunction which cannot account for all pathways of N—P inter-
in a reasonable order of magnitude, unless the C: P ratio o&ctions underlying N fixation. To rule out that the pattern of
newly formed organic matter used in the model is wrong.  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 frovang et al(2010.
In these simulations the pattern of limitations is not changed,
In the C-only simulation, land accumulates 55Q@Gtfrom although the strength of N and P limitation is slightly reduced
1860 to 2100. The uptake is in the range of land C up-(see FigD2 in Appendix D).
take simulated by different C cycle modeFrigdlingstein To test the influence of soil P sorption capacities on P
et al, 2006. As in Friedlingstein et al(2006, we do not limitation, we performed simulations with globally uniform
account for land-use change, which would reduce the langarameters for the dynamics of labile and adsorbed P. The
C uptake. The C sequestered on land is stored in vegetgparameter for the sorption capacity{ax) constrains the
tion (+315G{C)), soil (+195G{C)) and litter and fast- amount of adsorbed P in the initial state. As sorbed P is a
decomposing soil organic matter40 Gt C)) (Fig.3). When  buffer for labile P, the extent to which increased P demands
considering nutrient limitation, the projected land C uptakecan be sustained by a redistribution of adsorbed P to la-
for the period 1860-2100 is reduced by 13 %, 16 % or 25 %bile P is constrained b§¥mnax. The typical tropical soils, Ox-
due to limitation by nitrogen (CN), by phosphorus (CP) or by isols and Ultisols, have the highest sorption capacities and
both (CNP), respectively (Figgc). The strengths of nutrient the fertile soils of temperate regions, Alfisols and Molisols,
limitations in the given model setup are not affected by thehave lower capacities. Therefore, as expected, an artificial
assumption of stoichiometric inflexibility (see Appendix C). exchange of all soils with Molisols (GR) does not alleviate
Parameter perturbation simulations reveal that the strength dfut increases P limitation drastically during the 21st century
N and P limitation depends to some extent on the parameterFig. 4). CNL by P becomes even larger than CNL by N at
ization of stoichiometry, but the ranking of limitations is not high latitudes. The low sorption capacities of soils in central
affected (Appendix C). P limitation reduces the amount of C Europe and eastern North America make these regions vul-
stored in vegetation more strongly than N (F8gl). Thisis  nerable to C@-induced P limitation. An exchange with Ox-
explained by the geographic occurrence of N and P limitationisols reduces P limitation in our simulations due to the high
(Fig. 4). P limits C uptake mainly at low latitudes, where the sorption capacity. The accumulated land C uptake between
C taken up is predominately stored in vegetation (seelFig. 1860 and 2100 in G, and CRx simulations is reduced by
in Appendix D). At high latitudes the soil sink dominates. 19 % and 4 %, respectively, compared to the C-only simula-
The partly additive nature of N and P limitation on land tion. When compared to the simulation CP, the land C uptake
C uptake can be attributed to their distinct geographic oc-is less limited by P in the GR, despite the stocks of labile P
currence (Fig4). In addition, in the model, N limits mainly  being smaller (Tablé). This shows that the stocks of labile

3.2 Land C sink until 2100
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i 18 % caused by doubling of GOn the simulations byWang
et al. (2007). As the biochemical mineralization rates so far
Flg 3.The simulated Change inland carbon storage under the SRE%annot be quantiﬁed from measurements, we conducted a
A1B scenario. Shown are the 10-yr mean of soil temperd@)e  gensitivity simulation (CR) in which we kept the biochem-
the CCy concentration as used in the forcing simulati@), the o) mineralization rates constant at the pre-industrial level.
resulting change in total land C stora@®, and the changes in the - - .
two main land compartments vegetatiah and soil(e) This results in a rgductlon 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,cP
P do not necessarily correlate with P limitation. It is difficult and CR,o, the importance of adaptive processes which shift
to assess how realistic such a redistribution of adsorbed P tautrients from unavailable forms to available forms for pro-
labile forms is. Evidence from short-term @@nrichment  jecting nutrient limitation in a transient state.
studies suggest that a redistribution of P from unavailable High inputs by N deposition can shift ecosystems from
to available forms does occur under elevated, @Iohnson  N-limited to P-limited by increasing the P demand due to
et al, 2004 Khan et al, 2008. However, it is unclear which  N-stimulated productivity and by acidifying soils which in-
processes are responsible for the observed redistribution anttease P sorption. In JISBACH, the effect of increasing N de-
how these results from short-term experiments translate tgosition rates on the geographic pattern of N and P limita-
natural ecosystems affected by a steady increase ino@€r  tion is marginal, as the differences in the latitudinal means
centuries. of CNL between the simulation with increasing N deposi-
Biochemical mineralization is an additional mechanism tion and the one with constant N deposition (§N\are small
that can shift P from unavailable to available forms. We as-(Fig. 4). In general, the effect of N deposition on the land
sume that biochemical mineralization is highly adaptive to PC uptake during the 21st century is small in JSBACH ow-
limitation. In the CP simulation, biochemical mineralization ing to our concept of CNLRarida 2010. In addition, the P
rates increase by 37 % by the end of the 21st century. Thisorption characteristics are prescribed in the model. Hence,
is higher than an increase in biochemical mineralization bywe may underestimate the effects of N deposition. While the
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simulations show high uncertainties in the quantification of Part of this increase can be attributed to an advancement
nutrient limitation, a robust outcome from the simulations is of leaf unfolding. In JSBACH, leaf unfolding of temperate
the occurrence of CNL by P in low latitude and high lati- broadleaf forests appears 17 days earlier at end of the 21st
tude ecosystems during the 21st century and the nearly addeentury than present day. The reported changes in late 20th
tive nature of P and N limitation. The geographical pattern of century tree phenology correspond to an advancement of leaf
CNL by P and N is comparable to the pattern of total nutri- unfolding of 16—24 days per K of warming, assuming that
ent limitation in simulations byVang et al(2010. This pat-  the average warming over the last five decades was about
tern is to a large extent robust against the assumptions abo@.6 K (Solomon et al.2007. This relationship may not ap-
biochemical mineralization and soil sorption, and it is not ply to the future, as a decline in freezing events may delay
a result of special calibration procedures; this pattern autothe breaking of dormancy, and therefore the effect of warm-
matically emerges in the simulation when atmospherie CO ing may be much smaller and could be even reverkaatif

concentration increases. et al, 2009. The phenology model of JSBACH accounts for
this inhibitory effect, and the more moderate advancement
3.3 Land C sink after 2100 of leaf unfolding is closer to the simulations Morin et al.

(2009, which project an advancement by 5 to 10 days during

The global mean annual temperature over land increases ithe 21st century under the SRES scenarios-A2.2 K) and
our simulations by more than 5K during the 21st century B2 (+1K).
(Fig. 3a), which is comparable to other modekiédling- As a result of the increase in NPP, the N and P de-
stein et al. 2006. Temperature is a main driver of the bio- mands increase at high latitudes. In the tropics and sub-
geochemical cycles. Under ongoing climate change, the cytropics, however, nutrient demands decrease as NPP de-
cling of elements gradually changes, leading to an imbalancelines with increasing temperatures. In JSBACH the in-
between the C and the nutrient cycles. After stabilization ofcreases in autotrophic respiration may be overestimated, as
temperature and climate at the new level, biogeochemical cythe model does not account for temperature acclimatization
cles are slowly approaching a new equilibrium. To analyzeof autotrophic respirationWythers et al. 2005 Tjoelker
nutrient limitation in the new climate state, we prolonged the et al, 2009 nor adjust for complexities of the instantaneous
simulation for 400 yr keeping C£concentration constant at temperature response curve of respiratidjoélker et al,
the level of 2100, but letting climate evolve. 200)). Therefore, the nutrient demand may be higher than

Warming has two counteractive effects on the land C cy-our simulations suggest. In addition, we can not rule out that
cling in JSBACH. On the one hand, C losses by autotrophicwe may have underestimated tropical N limitation due to the
and heterotrophic respiration increase. Concepts for theisimplistic representation of N fixation in the model, which
representation in models are currently under investigationdoes not account for possible negative effects of warming
On the other hand, temperatures at high latitudes becomen N fixation in the tropicsWang and Houlton2010. The
more suitable for plant growth and the growing seasons exstocks of soil organic matter decrease at low latitudes releas-
tend, and therefore NPP increases. Overall, land becomesg nutrients, while at high latitudes the stocks of soil organic
a source of C in JSBACH as the losses outweigh the sinksnatter increase and nutrients get progressively sequestered
(Fig. 3c). Increasing temperature also directly influences the(see Fig.D1 in the Appendix D). Together, the changes in
N and P cycling by enhancing mineralization in many partsdemand and sequestration of nutrients result in an increase of
of the world. The increase in mineralization of N and P by CNL at high latitudes, and a decline in CNL at low latitudes
35% globally at the end of 2100 is comparable to the en-(Fig. 5). As a consequence of the decline in tropical CNL,
hancement of N mineralization by 45 % measured in a 7-yrthe land C stocks of these regions are nearly the same for all
soil warming experiment with a comparable increase in tem-simulations (C, CN, CP, CNP) at the end of our simulations.
perature {5 K) (Melillo et al., 2011). However, as tempera- At high latitudes, N limitation declines while P limitation
ture effects on N and P mineralization will strongly depend stagnates (Figh). This shift from N to P limitation is more
on interactions between temperature and soil water, suclpronounced in the simulation with PFT-specific C:N: P ra-
comparisons must be made with considerable caution. A detios (CNRy) (see Fig.D2 in Appendix D), as P demands
crease in tropical NPP at mean land temperatures warmer bgre higher for temperate and boreal forests due to lower C: P
as much as 7 K compared to today due to climate change is etios. However, it is not known whether these lower C: P
feature of several coupled climate—carbon cycle simulationsratios merely reflect luxury consumption at presekgren,
although the amplitude of the drop in NPP varies consider-2008); if so, the P demand is overestimated in the simula-
ably among modelsRaddatz et a).2007). A negative ef- tion CRy. Changes in species composition to more P effi-
fect of increasing temperature on tropical productivity is sup-cient plants, which are not accounted for in our simulations,
ported by observational evidendglérk, 2004. An increase  could also alleviate the increase in P demand. In general, the
in the NPP of temperate and boreal systems due to warmmechanisms underlying stoichiometric flexibility on all lev-
ing is projected in all simulations analyzed Bsiedlingstein  els (leaf, single plant, ecosystem) are not yet fully understood
et al. (2006 (T. Raddatz, personal communication, 2011). 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 C§, CPmo, and CNyp.

In the model, the predominance of P limitation is causedmicrobial mediated mineralization rates, the incorporation of
by the low P sorption capacity of temperate and boreal soilssuch an interaction in a global model is not feasible at the
This can be seen in the simulation where all soils have highmoment. Moreover, it is commonly assumed that N fixation
sorption capacities (GR). In this simulation P limitation is may be controlled by P availabilityC{eveland et a).1999
comparable in strength to N limitation (Fif). The shiftis = Wang et al. 2010. We use an empirical N fixation model
also robust against the assumption of increasing N depositiowhich does not represent effects of changing P availability
rates in the future. When N deposition rates are maintainedn N fixation, because the regulation mechanisms of N fix-
at the present day level during the whole simulation N  ation are elusive and recent findings from a long term fer-
N limitation is still less than P limitation in the CP simula- tilization experiment reveal that N fixation in an intact trop-
tion (Fig.5). We do not account for the increase in substrateical forest responded to molybdenum but not to P addition
availability for mineralization due to the thawing of boreal (Barron et al, 2009. RecentlyMorford et al.(2010 raised
soils (Anisimov et al, 1997). This may partly counteract a the possibility that bedrock N input, which is omitted in the
shortage of nutrients at latitudes abové B0 model, may present an important component of the N cy-

In summary, our findings suggest that high latitude ecosys<le. However, it is yet unclear whether this finding can be
tems could become significantly more limited by both N and generalized from two forest sites to global scale ecosystems.
P in the future as growing seasons expand and soil stocks irDue to our limitation concept, additional nutrients in general
crease. From a theoretical point of view, a shift from N to P increase productivity just in the case of &@duced nutri-
limitation is plausible as the buffer of available P, P adsorbed ent limitation, which is relatively minor at present conditions.
gets depleted. However, it is still uncertain how soil C stocksOverall, our model may tend to maximize nutrient limitation,
will be affected by climate change, as the temperature deand actual nutrient limitation may be less than projected.
pendence of heterotrophic respiration, which is also the main  We identified two processes which critically determine
control of nutrient mineralization in JSBACH, is stilla major the strength and, to a lesser extent, the global distribution
uncertainty in simulating the C and nutrient cycl@afldatz  of P limitation: biochemical mineralization and the sorp-
et al, 2007 Reich 2010. 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
4 Conclusions scarcity of P resulting from an accumulation of P in vege-

tation and soil organic matter. As both processes are poorly
The quantification of P limitation remains challenging be- constrained by measuremen@o§s and Schlesinget995
cause of limited data and process understanding. Our simJohnson et 312003 and changes in soil properties like max-
plistic approach does not account for all synergies betweefimum sorption capacity can not be captured by the empirical
the element cycles. Using data from 34 separate fertilizatiorsorption model, more basic research on these soil processes
studies Marklein and Houltor(2012) found that an increase IS needed to better constrain P cycling.
in N availability may accelerate P cycling via a stimulation ~ Even so, our results suggest that models that do not ac-
of biochemical mineralization. Since the effect has not yetcount for P limitation overestimate the land C uptake dur-
been quantified and the responses varied between plant add the 21st century. The geographic pattern of N and P
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limitation is to a large extent robust against the assumption#Appendix B
about soil P sorption, biochemical mineralization, CNP ra-
tios, and N deposition. The reduction of tropical NPP by PRespiration fluxes
limitation is in all cases larger than the reduction by N, while
a shift from N to P limitation may occur with warming at The respiration fluxes from litter-decomposing heterotrophs
higher latitudes. The low soil P sorption capacity of temper- F|g,>A anth,CVDA are
ate soils is responsible for this shift in limitations.

A reduction in the response of NPP to increasing atmo—F,»EA =0;d;C;, (B1)
spheric CQ concentration due to P limitation is expected to
Weaken the |and Carbon Sink_ AsS a Consequence the C"mate\Nhereai iS the fraCtiOI’l Of mineralized C Wh|Ch iS respired to
C cycle feedbackHriedlingstein et a] 2006 increases, lead- the atmosphere, anti the decomposition rate of;CThe de-
ing to a more pronounced warming than projected by C-onlycomposition rateg; of the non-lignified litter pool {=la),
models. As most climate C cycle models do not account for Pthe woody litter pool { =Iw), and the slow pooli(= s) are
limitation, they most probably overestimate tropical C stor- cOmputed using @10 model Raich and Potte1993:
age potential. This is problematic because tropical regions
dominate the exchange of C between land and atmospherg = SQ%"“OOC, (B2)
in observation RPan et al. 2011 as well as in model pro- Ti
jections for the 21st centunRaddatz et a].2007 Hickler  \herer is soil humidity, andTsj is the temperature of the

et al, 2008. Therefore, it is important to include the P cycle uppermost soil layer iNC. 7; is the life time of pooli at
in global models used for C cycle projections. 10°C, and¢ = 1 (Parida 2010.

Appendix A Appendix C

Derivation of ions for labile P dynami e . .
erivation of equations for labile P dynamics Sensitivity simulations on stoichiometry

The following derivation was adopted from the work of
Wang et al. (2010). By assuming thtand Ps; are in equi-
librium at a daily time scale, we model the changegjiand

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

P as T o
Sf does not reflect the observed flexibility in stoichiometry and
d(P; + Psr) = Fw + Fo+ Fw + Fec + A1 Py (A1) n_utri_e_nt use. To ensure that this strong s_implifi(_:atior_1 does not
dt significantly affect our results, we did simulations in which
1 vegetation is able to adjust drastically to nutrient scarcity. In
— R — — Psr— fiimit (Dveg+ Dmicr), . . . '
vh Tor Fimit (Dveg micr) these simulations, the C: N and C: P ratios of plant compart-

WhereFM is mineralizationFD is deposition,FW is weath- ments are increased Iinearly up to 50 % with nutrient limita-
ering, fiimit (Dveg-+ Dmicr) is the uptake by biota; PR isthe ~ tion. The C:N and C: P ratios of shedded leaves are scaled

similarly. As our model does not account for negative effects

rate of leaching, ané— is the loss rate of strong sorption. : o
of lower leaf nutrient content on productivity, the effects of

We also assume tsﬁaﬂsr at equilibrium can be described

using a Michaelis—Menten equation. That is, increasir_lg nutrient use efficiency.are maximized. .
The differences in land C cycling between these simula-
= SmaxP) (A2) tions and the standard simulations are marginal (Eigj,
Ks+ P’ although the global means of the C: nutrient ratios of vege-

where Smax is the maximum amount of sorbed phosphorus fation increase up to 9 % (not shown). Such a change in sto-
in the soil, andKs is an empirical constant. Differentiating Ichiometry is high compared to the increase of about 1% in
Eq. (A2), we have the C: N ratio of vegetation in a CN model with flexible sto-

ichiometry Esser et a).2011). These results show that the

dPsr _ SmaxKs dP (A3) assumption of rigid stoichiometry does not affect our results,

d (Ks+P)? d’ especially because we neglect the negative effect of decreas-
Substituting Eq.43) into Eq. (A1), we have ing leaf n_u.trient content on photosynthesis. _
dp 1 In addition, stoichiometric parameter pertubations were
il ——————(Fw+ Fo+ Fw+ Fec + & Py (A4) made using the Latin Hypercube Sampling (LHS)cKay
1+ PiKo? et al, 1979 procedure for testing the robustness of the mod-
1 eling results against the uncertainty of the stoichiometric pa-
—VsPIR — T—SrPsr— JSiimit (Dveg+ Dmicr))- rameterization. The LHS procedure ensures an efficient sam-

pling of the parameter distribution with a suitable amount
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CP-FLX Parameter Molar ratios  Reference
Fig. C1. The simulated change in land carbon storage under the X -
g g g CN active 25-85 White et al.(2000

SRES A1B scenario. Shown are the 10-yr mean of soil temperature

(a), the CQ concentration as used in the forcing simulatibh the CN V_VOOd 125-217 Ess_er etal(201])
resulting change in total land C stora@®, and the changes in the CN litter . 45-120 Wh!te etal.(2009
two main land compartments, vegetati@) and soil(e). CN-FLX CN wqody litter 500730 White et aI.(ZOOQ .
and CP-FLX are the new simulations with flexible plant stoichiom- CN SO'! 13-15 Cleveland and Liptzirf2007)
etry. NP Qctlve 20-48 McGroddy et al (2004
NP litter 21-68 McGroddy et al (2004

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, aSst0|ch|ometr|es are in the range of observations (T&dp

well as the N:P ratios of the active and the wood pooI.(O'45_o'55 for the active pool and 0.5 for the wood pool). A
The N:P ratio of the slow pool was excluded from sam- set of 140 simulations was performed for each of the three

pling, because this parameter affects the calibration of thé'Utfient setups (more simulations were not possible due to
biochemical mineralization and the calibration procedure isthe h'gh conjpl_JtanonaI effort). Al S|mulat|o_n5 Were per-
computationally too demanding to be performed. The Stoi_formed in as.|m|Iar manner as the standard simulations.
chiometric parameters of the litter pools were not sampled, 1he €xperiments showed that the overlaps between the
but the fraction of nutrients retranslocated prior to loss Were.CN’ cp aqd CN',D 3|mu_IaF|ons are marginal (F&p). The ,
This was done to avoid correlations between parameters, Janges of simulations within the 10th and the 90th percentiles
the C: nutrient ratio of litter must be larger than the ratio of 0 n_ot overlap atall. In summary, the results support our con-
the corresponding vegetation pool. For all 7 parameters, th&!USion that the reduction of land C uptake due to nutrient
probability functions were assumed to be uniform, and the|m|_tat|on is robust regarding the stoichiometric parameteri-
ranges were constrained from literature (TaB®. Due to zation.

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
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Appendix D
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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 2070-209
(2370-2399) for C in vegetation and soil. Soil includes C in litter and soil organic matter.
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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 Ch and CNy.

Appendix E Table E2. Soil order specific values of model parameters.
Table E1. PFT specific values of model parameters. Seeida Soil Smax  Ks Ry Mmin  Mmax
(2010 for a detailed description.
Alfisols 134 75 0.01 0.4 0.8
PET o £ Ar!d?sols 80 78 0.01 04 0.8
- Aridisols 80 78 0.01 0.4 0.8
Tropical evergreen trees 0.85 0.0005 Entisols 50 64 005 0.4 08
Tropical deciduous trees 0.85 0.0005 Gelisols 77 65 0.05 0.4 0.8
Temperate broadleaf evergreentrees  0.85 0.0005 Histosols 77 65 005 0.4 08
Temperate broadleaf deciduous trees  0.85 0.0005 Inceptisols 77 65 005 0.4 0.8
Coniferous evergreen trees 0.85 0.0005 Mollisols 74 54 001 0.4 08
Coniferous deciduous trees 0.85 0.0005 Oxisols 145 10 0003 2.0 4.0
Raingreen shrubs 0.85 0.0005 Spodosols 134 75 001 20 4.0
Deciduous shrubs 0.85 0.0005 Ultisols 133 64 0005 20 40
Cg grass 0.5 0.00125 Vertisols 32 32 001 04 08
C4 grass 0.5 0.00125
Tundra 0.5 0.0005
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