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Abstract. In old and heavily weathered soils, the availabil- our model results compare reasonably with observed or inde-
ity of P might be so small that the primary production of pendently estimated patterns and ranges of P concentrations
plants is limited. However, plants have evolved several mechin soils and vegetation. Furthermore, our simulations suggest
anisms to actively take up P from the soil or mine it to that P limitation might be an important driver of biomass
overcome this limitation. These mechanisms involve the acproduction efficiency (the fraction of the gross primary pro-
tive uptake of P mediated by mycorrhiza, biotic de-occlusionductivity used for biomass growth), and that vegetation on
through root clusters, and the biotic enhancement of weatheld soils has a smaller biomass production rate when P be-
ering through root exudation. The objective of this paper iscomes limiting. With this study, we provide a theoretical ba-
to investigate how and where these processes contribute tsis for investigating the responses of terrestrial ecosystems
alleviate P limitation on primary productivity. To do so, we to P availability linking geological and ecological timescales
propose a process-based model accounting for the major prainder different environmental settings.
cesses of the carbon, water, and P cycles including chemi-
cal weathering at the global scale. Implementing P limita-
tion on biomass synthesis allows the assessment of the effi-
ciencies of biomass production across different ecosystemsl Introduction
We use simulation experiments to assess the relative impor-
tance of the different uptake mechanisms to alleviate P limi-Phosphorus (P) is an essential nutrient for life and its avail-
tation on biomass production. We find that active P uptakeability ultimately constrains the production of biomass by
is an essential mechanism for sustaining P availability onprimary producers, especially on old and strongly weathered
long timescales, whereas biotic de-occlusion might serve as aoils. On ecological timescales, P availability depends on
buffer on timescales shorter than 10 000 yr. Although active Pthe efficient mineralization and recycling of organic matter
uptake is essential for reducing P losses by leaching, humidCuevas and Medind 988, while over geologic timescales
lowland soils reach P limitation after around 100000 yr of it depends mainly on rock weathering which is the only P
soil evolution. Given the generalized modelling framework, source Gardner 199Q Schlesinger1997 Buendia et a).
2010. Because weathering rates decrease with soil age,
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primary productivity in old ecosystems may be P limited

(Walker and Syersl976 Wardle et al.2004). _J; z
Low P input from weathering, however, does not mean 2

that there is no P in old and strongly weathered soils. It i [ 3

just means that most of the P is not available for plants, be- + 2

cause it is in places that roots cannot access and/or occlude T e

in secondary minerals originating from soil formation pro- <+— carbon

cessesWalker and Syers1976 Crews et al.1995 Vitousek -

and Sanford1986. To overcome P limitation, plants have — +

evolved strategies to make P available from these occludec l P avallabiliy I/ §

. .. . . A A A
pools and take it up more efficiently. These strategies inturn| +| ] + 3
induce feedback processes between plants and soils, whicl g

ultimately lead to the enhancement of P availability (for a re-
view on those strategies séambers et a).2008. These

feedback processes might lead to a sustained biomass prc weathering | &
*

duction and resource acquisition (e.g. more leaves), which

in turn allows for increased carbon fixation by plants and 5/
more below-ground investments, thus promoting P enhance- +

ment processes in the sod¢Lucia et al, 1997 Allen et al,
2003. While at the global scale these feedback mechanisms C
between plants and P availability in the soil determine to [Ml
some extent the production and storage of biomass in ecosys
tems, they are also relevant for atmospheric C concentrations,

and thus for the climate systerDeéLucila etal.1997 Zhang Figure 1. A conceptual diagram showing the feedback processes
et al, 2011 Goll et al, 2012). If the biomass production of  py which vegetation can affect P cycling in the pedosphere and the
global vegetation is constrained by P availability, less carbornc cycle. Plants with abundant P supply can sequester carbon from
will be fixed to structural biomass, and therefore it will be the atmosphere and store it in biomass (path 1), which results in
easily respired and released to the atmosph&iener, 2006 an overall negative feedback on atmospherico@0ncentrations.

Canadell et a).2007). Hence P dynamics in soils and vege- P-limited vegetation has a reduced capacity for producing biomass.
tation might be crucial for understanding the terrestrial vege-nstead, it builds up non-structural carbon reserves that can lead to
tation feedback on the global C cyc®drdans and Pefiuejas increa_sed root exut_jation_intp the soil (path 2). Ir_mreasing root exu-
2012 Cernusak et al2013. dates increases soil respiration, potentially leadin@\oenhanced

L . . . rock weathering(B) P de-occlusion from the secondary minerals;
At the individual plant scale, C is assimilated during pho- e R

. . or (C) more efficient P uptake by means of symbiosis with root my-
tosynthesis and stored as carbohydrates in the plant (hereaftgg ., o0
referred to as gross primary productivity, GPP). A proportion
of the assimilated C is respired to run the metabolic machin-
ery of plants (i.e. autotrophic respiration); another propor-
tion is allocated to biomass production (BP) if other essen-in secondary minerals, thus making it available for plant up-
tial nutrients are available; and the remaining proportion istake Banfield et al,. 1999 Bais et al, 2006; (C) root ex-
stored as non-structural carbon (i.e. reserves such as sugandation stimulates microbial activity and respiration in the
and starch) that is used to overcome unfavourable conditionsoil. The increased microbial activity in turn increases the
in the life cycle of plants. The carbon allocated to growth andCO, concentration in the soil leading to an enhancement of
non-structural carbon is the net primary productivity (NPP). rock weatheringBerner 1992 Taylor et al, 2009 and thus

Under P limitation, biomass production is constrained, increased P availabilitytenton 2001), even though this pro-

which results in an accumulation of non-structural carboncess works more indirectly than the other (A and B) mecha-
in the plant. Some of this non-structural carbon can benisms.
transferred to the soil via root exudatiodakobsen and Over 80 % of terrestrial plant species have evolved P ac-
Rosendahl199Q Koérner, 2006 Bais et al, 2009 (see Fig1l, quisition strategieslambers et a).2008 and it is estimated
blue box). In such cases, NPP can be substantially greatehat 10 to 20 % of carbon gained by photosynthesis is used
than biomass production. There are different pathways byto subsidize mycorrhizal associatiorSh@pin et al. 2002
which plants can enhance P availability through root exuda-Allen et al, 2003. Indeed, recent observations have shown
tion. For example, (A) root exudates feed mycorrhizae thatthat “fertile” ecosystems can produce biomass more effi-
help the plant to actively take up P in dissolved forms; (B) ciently than infertile ones\icca et al, 2012). For example,
root exudates, like citrate and oxalate (directly by the plant ornutrient-rich forests fix about 58 % of their total C uptake
mediated by soil micro-organisms) might release P occludednto biomass, whereas “nutrient-poor” forests fix only about

+
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BP = 0.6 GPP tiate soil formation. Vegetation further affects pedogenetic
processes by mediating the fluxes of carbon and water into
the soil. The interaction of the different factors involved in
pedogenesis ensures that soils and their phosphorus dynam-

. ics vary. It follows that taking into account pedogenetic pro-
cesses and the processes by which vegetation can enhance P
availability is necessary to understand global biomass pro-

vegetation ductivity and the response of terrestrial ecosystems to the

feedbacks anthropogenic enhancement of atmospherig €@nhcentra-
tions.

This understanding has motivated the inclusion of P lim-
itation in dynamic vegetation model§vang et al. 2007,
2010 Mercado et al.201% Goll et al, 2012 Yang et al,
2014. Given the complexity of these models and the small
time step at which they are run they rely on P soil data and

gross primary productivity (kg C m-2a-1) assumptions of CN : P ratios in vegetation and soil organic
matter. This approach might work at the site sc&ar{yan

Figure 2. Theoretical relationship of P Supply and biomass prOdUC' and D’Odorico 2012 or in areas where P measurements

tivity (BP) efficiency. The efficiency of BP (i.e. the slope of the line) ayist (Mercado et al.2011). However, at the global scale

depends on the supply of P to the ecosystem and on the degree thafig approach is problematic given the difficultly of accu-
vegetation can enhance P availability. The maximum efficiency of ately measuring available BéLonge et al.2013 and the

BP occurs when vegetation grows under sufficient P (case 1, soIicL. h tainty of P iting f t lati it
black line). In the other case, P availability limits BP (case 2, grey Igh uncertainty of = maps resuiting irom extrapoialing site-

solid line). The carbon-energetic cost of obtaining P depends orpPeCific data on P to the global scaleaqg et al, 2013.
vegetation-mediated processes within the soil: e.g. if root exuda-Therefore, we take a rather simple and different approach in
tions results in P gain by vegetation, then the ecosystem can produd&hich only the concentration of P in different lithologies is
new biomass with this biotically acquired P, which then increasesused to initialize the model. We let the model mechanistically

biomass productivity (kg C m-2a-1)

BP efficiency (dotted grey line). calculate soil formation, weathering and erosion processes,
at the same time as vegetation carbon, water and phosphorus
dynamics.

42 % of their total C uptake into biomasd¢ca et al, 2012). The aim of this study is to estimate the effect of P avail-

Ecosystems that are not limited by nutrients (solid black lineability on terrestrial biomass production and the extent to
in Fig. 2) are likely to have greater relative biomass produc- which vegetation can alleviate P limitation by P enhancement
tion, which would imply a strong negative feedback on atmo-processes, using a process-based model that links processes
spheric CQ changes (i.e. case 1 in the blue frame of B)g.  working on ecological and geological timescales.
Ecosystems that are limited by P availability (or other nutri- To do so, this paper is structured as follows. First, we pro-
ents), have a lower ability to produce biomass, thus resultingzide an introduction to our model including a detailed de-
in a weaker vegetation feedback on atmospherie Can- scription of the P cycle and how we implemented its different
centrations (grey solid line in Fig2) unless they actively components into our C-P biogeochemical model. In doing
ameliorate their P limitation (grey dashed line in FB).  so, we also define simulation scenarios used to determine the
through different processes, which also imply a C cost (redimportance of P enhancement processes on long-term NPP
box in Fig. 1). Hence, P availability potentially constrains and BP. Second, we introduce the criteria we used to select
the biomass production efficiency of ecosystems and therebg model scenario from the three simulation experiments and
regulates the strength of the atmospheric carbon cycle feedexplain how the simulations are evaluated against observa-
back. tions. Third, the model performance with respect to the geo-
Understanding P availability of the world’'s terrestrial graphic variation of P in the soil and C in vegetation as well
ecosystems not only involves understanding P uptakeas their temporal dynamics is assessed. Finally, we discuss
but also involves understanding the pedogenetic processdbe limitations and general applicability of our approach as
(i.e. soil formation and evolution). Pedogenesis is a func-well as its implications.
tion of time, climate, composition of the parent material
(lithology), topography, and involves the activity of the biota
(e.g. soil organisms)enny 1958. Because climate, lithol- 2 Methods
ogy and topography vary geographically across the globe,
there is a great diversity of soil types and developmentalTo understand the spatial and temporal variations of P limita-
stages. Additionally, catastrophic phenomena such as glacidlon on terrestrial productivity, we coupled a P model to a re-
retreats, soil removal and exposure of rock surfaces can reinigolith model. The regolith model dfrens (2013 describes

www.biogeosciences.net/11/3661/2014/ Biogeosciences, 11, 38R3-2014
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each grid cell
soil formation. The model is based on the concentrations of ’
elements in different lithological classes, topography and cli-  _
mate and calculates chemical weathering of primary miner- 2 lithology climate data (daily input)
als, erosion of secondary minerals, and the associated tec____ 10pography
tonic (isostatic) uplift. This model is coupled to a simple bedrock soil vegetation
vegetation model that is forced by daily climate (i.e. precip- é _ heat
itation, temperature, humidity) to calculate soil-vegetation “a’% ,17’"’;,’223’3 water water
water and carbon balanceBqgfada et a].2010. Phospho- 83 carbon carbon
rus weathering is described as a process depending on | §§ (eg. P, Ca, Si) AN phosphorus
concentration in the different lithological classes and cal- a 3
cium weathering, which is calculated in the regolith model. & i
The abundance of secondary minerals (clays) calculated by
the regolith model determines P occlusion and erosion. The ohysical P -available, C and P biomass
(passive) P uptake by plants depends on their water uptake o 3 weathering Soﬁéfgfmgfndéss root exudates
The availability of inorganic phosphate in vegetation biomass € g, || soil formation P exports NPFf’ a“td kGPP
constrains photosynthesis, as without it, the transformation ~ 5 uplift rates erosion rates Hpae
of energy into Adenosine triphosphate (ATP) is not possible. P weathering

Synthesis of vegetation biomass requires inorganic P to form

. Figure 3. Diagram of the model structure (afteorada et a|2010.

phospholipids and genetic material; without P the synthesi h o . .

. . . . . e model uses daily climate data, topography and lithological
of metabo“_c active tl_ssue IS not poss'_ble' _The CarbOhydrate%lasses as input. It has three main components — bedrock, soil and
that are neither respired nor synthesized into biomass acCyegetation in which fluxes of primary minerals from the bedrock
mulate in the plant. A fraction of these carbohydrates can beye calculated. Vegetation dynamics drive water, carbon and phos-
utilized as root exudates. Root exudates are rapidly respireghorus dynamics. The model calculates e.g. weathering rates, gross
in the soil thus altering the soil Gbalance as represented primary productivity and biomass production. For an extensive list
in Fig. 1 path A. Biotic P uptake and P de-occlusion as repre-of the model outputs see Tabh3
sented in Figl paths B and C also depend on root exudation
but have different effects in the soil as the first only uses the
P that is in the soil in available forms, and the second use#rens (2013. The regolith model provides the carbon cy-
the P that is bound to secondary minerals. These processeting module of the C—P model. This model was used here
are also included in the model and can be switched on andbecause it captures well the global patterns of‘Cand
off allowing simulation experiments that test the relative im- HCO~2 fluxes across climatic and tectonic gradients, which
portance of the three processes on the biomass production tare derived from weathering. The P model described in
vegetation. Buendia et al(2010 was the basis of the P dynamics mod-
ule, and it captures the general dynamics of P in pedogenesis
and soil moisture effects on P dynamics. To couple C and P
dynamics, a number of changes in the soil and vegetation C
The biochemical model used here explores the short (dailydynamics were necessary: (1) the carbon pool in vegetation
and long-term (thousand to hundred thousand years) interwas split into structural carbonjCand storage carborX2)
actions between the biogeochemical C and P cycles, givetthe storage carbon from vegetation flows to the soil generat-
(fixed) lithological, topographical and climatological con- ing a new flux and pool of organic carbon in the sojt (3)
straints. The model runs on a global scale in which the fluxeghe inclusion of biotic de-occlusion of P resulted in a pool of
of water, carbon, phosphorus and heat between the soil andarbon associated with secondary minerals (e.g. aluminium
vegetation are calculated on a daily time step. The model alsaitrate) Cf,
accounts for the pools of calcium, silicates and other primary Figure4 summarizes the C and P fluxes between bedrock,
mineral fluxes in the bedrock and their export to the soil. Thesoil, vegetation and atmosphere as they were considered in
diagram shown in Fig3 summarizes the model inputs, com- this model.
partments and outputs. A summary of the balance equations of water, carbon,

The basic version of the model, which is called JESSY-calcium and phosphorus can be found in Appentlixor
SIMBA, was conceived as a simple global model of ter- the description of symbols and parameters used explicitly in
restrial biogeochemistry accounting for the most importantthe P cycle see Tablés3 andA4. We followed the JESSY-
fluxes of carbon and water. This version is well documentedSIMBA naming convention. State variables are convention-
and tested irPorada et al(2010. An extension of JESSY- ally namedA¢, whereA is a chemical compound, e.g. P, or
SIMBA, including soil formation, erosion and weathering, a state variable such as temperatiiteé is the state of mat-
called the regolith model was documented and tested byer, e.g. s for solid (see Tablg. Fluxes have names of the

2.1 Model formulation

Biogeosciences, 11, 3662683 2014 www.biogeosciences.net/11/3661/2014/
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phosphorus dynamics carbon dynamics Table 1. Abbreviations of variable names. State variables are con-
ventionally named % where A is a chemical compound, e.g. P, or
Cg? (=360 ppm) a state variable such as temperatfiré is the state of matter, e.g. s
#Cog | | fCgev for solid (see Tabld). Fluxes have names of the forfiA;?, where
o Vegetation (1) b is start and the end sFate (to consider phase ch.ange)saedhle .
pa_ - y fCoo” start and: the end location. P root uptake from soil to vegetation is
d —>P° Cc"—>co" \ . .
P thus name(;ichSj . Pools start with the element, fluxes start wjth
z o fCe | \ICeo fCo™ parameters withp, and constants with.
P soil (s) o N\
oy
Py <5 PotepPo? Cype—rn cchC:;chsmcos Abbreviation
P “
P s Element water HO
phosphorus P
s bedrock (b) calcium Ca
carbon C
State solid s
liquid |

Figure 4. The C—P biogeochemical model: symbols in bold denote

pools and symbols, in italic denote fluxes between pools. Black ar- gaseous 9
rows show fluxes in the standard version of the model (W-P); blue dls_solved » . d
arrows show P de-occlusion and the associated carbon flux to re- actively metabolizing biomass 0
calcitrant forms (BD); red arrows show P active uptake mediated carbohydra@es . N
by mycorrhizae and its associated carbon respiration (BAU). The bound to primary mlne_ral m
model has a switch for turning on and off active P uptake (blue bound to secondary mineral y
fluxes) and biotic de-occlusion of P (red fluxes). For definition of Reservoir  atmosphere a
symbols see Tabla3. vegetation v
soll S
river channel r
form fA;¢, whereb is start and the end state (to consider bedrock b

phase change) ands the start and the end location. P root
uptake from soil to vegetation is thus namgkf.

of apatite pP), given by the lithology (see Fi§.P concen-
2.2 Bedrock related processes trations and for global patterns):

2.2.1 Weathering FPES = pP(uplift). (1)

The main input of P to terrestrial ecosystems is chemi-The weathering module has been already tested and docu-
cal weathering; therefore, an appropriate implementation ofmented for calcium fluxes iArens(2013. Since phosphorus
the weathering fluxes in the model is essential. To estimateén rock material is a trace mineral, we calculate P weathering
weathering rates globally, tectonic uplift rates and P concenas a sub-product of calcium weatherintQepq):

trations in primary minerals are needé@aens(2013 solves ps

this proplem py assuming that uplift eguals erosion. The. to-fPS = fCapa=2 (2)
pographic relief is constant through simulation time, which Ca

means tha_t there m_us'_t be _uplift, or else topqgraphic relief\Nhere R, and Cg are the concentrations of P and Ca in pri-
would decline. In principle, in steady sta’Fe, minerals qf themary minerals in the soil (see Appendh6 for the balance
bedrock constantly replace eroded material, so the weight o, ations). Note that calcium fluxes follow the notation pro-

the soil column remains constant (on a yearly basis). Only,qeq inArens (2013 instead of the notation proposed in
few minerals contain P in large amounts, in igneous rocks toorada et al(2010).

is present in tiny crystals in the form of fluorapatite, while

in sedimentary rocks it is found associated with authigenic2 2.2  Secondary mineral formation and P occlusion

carbonate fluorapatité={lippelli, 2008. P concentration is

higher in igneous rocks than in sedimentary rocks. To ac-Primary rocks react with CQand water, releasing its com-

count for this differences the model uses the lithological mapponents in dissolved forms — some of these components leave

of Amiotte Suchet and Prob&t995 with apatite concentra- the soils with the base flow (e.g. Si, Ca) or are taken up

tion of primary mineral estimated frodldewman(1999 see by vegetation (e.g. P and Ca), while other minerals (e.g.

Fig.5). Al, Fe and Mn) stay in the soil, forming secondary min-
Tectonic uplift of apatite from the bedrock to soj‘lR’ﬁ]S) is erals. However, when soil is not well drained, Ca accumu-

defined as uplift rate (uplift) multiplied by the concentration lates supersaturating the soil solution. Supersaturation stops

www.biogeosciences.net/11/3661/2014/ Biogeosciences, 11, 3#8R3-2014
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which reaches an asymptotic limit oSU at high exudation
rates. By setting the value o8Uto 0, the effect of active up-
take can be switched off. For the simulations considering this
feedback and presented here the maximum value that the en-

S

lithology class apatite“/d8

O e hancement factor can take is set to 8= 10). Note that

= carbonaie 00010 without this carbon-mediated mechanism the implementa-
shale i . . . .
grante  0.0035 tion of this value at the global scale led to unrealistic amounts
acid volcanic 0.0032 v . . . ..
basalt  0.0054 of Py, particularly in areas with sufficient P supply.

2.3.1 Gross primary productivity (GPP
Figure 5. Map of the lithological classes and their respective ap- P yp y( )

atite concentrations (g apatite*ﬁ’l). Lithological classes taken from
Amiotte Suchet and Prob§1995, values for the concentration of
apatite were calculated frohdlewman(1995.

In the original JESSY-SIMBA model, gross primary produc-

tivity (GPP, fC&Y) was a simple parameterization of carbon

and water fluxes, constrained by light, temperature, soil wa-

ter and relative humidity (for details, sBerada et a]2010.

the weathering reaction, resulting in weathering being lim-Here, motivated by the role that ATP plays in short-term en-

ited by the calcium export capacity of the soils, which is €rgy storage for photosynthesis, gross primary productivity

referred to as the ecohydrological limitation to weathering (fC§9 is further constrained by P availabilitysP

(Arens and Kleidon2011). Whereas on landscapes with low ) )

topographic relief, where erosion is low and therefore tec- »cav _ min(f Cgllight], fC§{waten), Py >0,

tonic uplift as prescribed in the model is low, the limitation ge o, Pi=0.

to weathering is the supply of new fresh primary minerals.
The increase of secondary minerals with soil formation in-

creases their capacity to co-precipitate phosphate by bindin

P to Al, Fe, and Mn Filippelli, 2002. This process is re-

ferred to as P occlusiory‘(:ﬁy) in this model and is formu-

lated as a function of secondary mineral density (§)layd

P availability in the soil (§):

PS5, = prPi Clays, @3)

The carbohydrates taken up during photosynthesis are par-
Hally respired (autotrophic respiration). Those that remain

are referred to as net primary productivity (NPP). Synthesis

of structural biomass occurs only when other nutrients are
also available; therefore, biomass productivity equals NPP
only in cases when ecosystems are not limited by other nu-
trients.

2.3.2 Biomass production and net primary productivity
WhereprP§d is the occlusion rate of P, bound by secondary

minerals (y), in dissolved state (d) in the soil (). NPP for the purpose of this study is taken as 60 % of GPP,
as data suggest that a maximum of 60 % of GPP can be al-
2.3 \Vegetation dynamics located to biomass/cca et al, 2012. To calculate the syn-

thesis of actively metabolizing biomass (BP), first the po-
In regions with sufficient P availability, passive uptake of P tential fluxes are calculated. The potential carbon flux is de-
is sufficient to satisfy vegetation demands of P. In regionsfined as NPP plus carbohydrate storage in vegetatidj (C
with low P availability, vegetation relies on active P uptake thys, fcY, = 0.6 C3¢+ C¢ while the potential P synthesis
mechanisms. Therefore, we formulate P uptake by vegetatiofs defined as a fractiommaxf Pgo, of inorganic phosphate in
(fPy") as a combination of passive and active P uptake. Rooyegetation B afP4, = cmaxfPgoP). Finally, the minimum
water uptake,fH20p" (i.e. flow from soils (s) to vegetation  petween the potential fluxes is calculated:
(v) in liquid form (1)), drives passive P uptake: oy
CY/_=min(afC.,, cCP'afP} ) and fP}, = ——=2 6

FPY = af Py fHR0P 8 @) /e /Coo <CFafFag 8N4/ Poo =" e (®)

H20 The minimum between the potential fluxg€y, is the actual
In Buendia et al(2010, mycorrhizal hyphae were found to biomass synthesis (or BP). In cases where C or P limits BP,
be very important for maintaining P in vegetation, particular- the non-limiting nutrient is then stored. Carbon is stored in C-
ity in old ecosystems. While accounting for carbon dynam-rich structural carbohydrateg/@nd the inorganic phosphate
ics, it makes sense to associate a carbon cost with this synin vegetation (B). Given that those two pools have no size
biotic P uptake mechanism between plant and mycorrhizaconstraints this results in a flexible C to P ratio in vegetation,
Therefore, the enhancement facigiPy’ is defined as afunc-  which indicates the degree of P limitation. Although, in real
tion of root exudation of carbohydratg€?" of the following ~ ecosystems, a high carbon to nutrient ratio also results from

form: structural biomass that allows the vegetation to grow taller,
v Vs this is not explicitly accounted for in the model. The descrip-
afPy’'=1.0+cSUtanhptPy' fC), () tion of vegetation coverage is changed to account for the new

Biogeosciences, 11, 3662683 2014 www.biogeosciences.net/11/3661/2014/
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formulation of carbon in vegetation. That is because the leafProbably they can reabsorb inorganic P used for photosyn-
area index (rfi leaf surface per soil surface) depends on thethesis, but not the organic P that is found in DNA or phospho-
biomass that contains P and not on the carbohydrate storagkpids. A minimal fractional loss was defined to avoid super-
Total carbon in vegetation is then the sum of structurgl C saturation of P of plants in regions with high P availability:
and storage Lcarbon. =Y
vas _ d -
2.3.3 Autotrophic respiration pThy

. . ) 2.4 Soil processes
In the original version of the model, the difference between

GPP and NPP is denoted by autotrophic respiraie§®: 2.4.1 Decomposition

half was respired into the soif(:‘c’a) and half into the atmo-

sphere (C¥3). Here, autotrophic respiration is divided into Organic matter decompositiof €54 and fPgy) is a process
growth and maintenance. For each carbon unit fixed in strucmediated by soil fungi and microbes, whose rates of activity
tural biomass (), 0.25 carbon units are respired. Therefore, depend on soil moisture and temperature, substrate supply
growth respiration{BP,) is set to 0.25 (i.epBP,y = 0.25) and nutrient availability Davidson and Jansser2006. In
(Lavigne and Ryan1997. Maintenance respiration is de- JESSY-SIMBA decomposition depends merely on tempera-
fined with respect to actively metabolizing biomasg)(@s  ture since that better predicts the soil organic biomass pat-
follows: terns Gholz et al, 2000:

(11)

fCly= PBPeyfCly+ 010Cy. (7)  fCog®=CgQi0andfPyy=f C?,g?%- (12)
Maintenance respiration depends on temperature and on thEhe model assumes that carbon root exudates are respired
size of the structural carbon poo} Gherefore theD1q rela- almost entirely by mycorrhizae and soil micro-organisms
tion was used: (Kunc and Macural1966, which is expressed by the flux
PMyCeq f CE®, wherepMyCyq is a parameter that accounts
_¢ql0" 100 8 for respiration. Only small amounts of carbon root exudates
Qio= ptC3 ’ (8) reach the mineral soil, and those follow also thg, relation

(Eg.8). Heterotrophic respiration of root exudates is thus de-
The Q10 relation depends merely on soil temperatiieéThe  scribed as

decay rate is given by a global constant paramgteZ3 that s VS | s
is obtained by matching observation&BP-DIS, 1998. S Ceq=PMyCeqgfCc™ + CcQ10.
2.4.2 Biotic de-occlusion of P

Ts—cTMelt—10.0

(13)

2.3.4 Carbon and phosphorus losses from vegetation

In very old weathered soils, like those of western Australia,
The input of C and P into the soil via litterfallfC3® and  some of the plants have cluster roots instead of mycorrhiza
[Py’ respectively), root C exudatiorf CZ°) and leaf leach-  associationsl@mbers et a).2008. Those roots produce car-
ing of P (fP§) are proportional to their respective plant pools poxylates (e.g. oxalate and citrate), which can replace the P
Ct, Po, Pj and C. For litter we used the formulation &fo-  that is bound to aluminium and iron, and thus release this

rada et al(2010: P (Bais et al, 2006 Lambers et a).2008. This relation re-
cv pv quires one sugar (six moles C) per one exchangecCPﬁ).
fCF¥ = —& forCandfPy®= fCP—T for P, (9)  Although we do not account for the process in molecular de-
ptCy Co tail, organic acids are respired at a very high rate, with less

wherept C{ represents the residence time of biomass in veg-rr?n 2% r.er';lchlng éhe m|n'erhalé,dﬂlana?ndPMacgralgﬁe.
etation. Despite the changes in carbon dynamics of the vege_l—_he rima'ngﬂ car Olnpmg_ t el usle (;)r tﬁ exc ange;).
tation, this parameter was not re-calibrated. erelore, e-occlusion is calculated as the minimum be-

Root exudate residence timerCY. is not known. How- tween occluded P (namtePand plant root exudates in the

i S
ever, in steady state root exudation equals carbohydrate ar%OII Ce
starch formation. Therefore, the parameteCY was set by s
ersonal assessment to match total carbon in vegetation: : G2
p 9 fP=min p_ét, CCFﬁp—gt and fCy = fP4cCP.  (14)
(20) With the introduction of this process a new pool of carbon
in the soil is created, which accounts for the carbon that was
exchanged with P in secondary minerals (e.g. aluminium cit-
rate). We refer to this pool as the recalcitrant carbon in the

Ct
ptC¥

VS _
JYe =

The losses of inorganic phosphate in vegetatidf) &éPe de-
coupled from the losses of P in biomasg)(P it has been )
observed that plants reabsorb P before dropping the leaveSOlh &-
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2.4.3 Plosses

Phosphorus is lost from the system by baseffdp O, and

C. Buendia et al.: The terrestrial P cycle

2.5.2 Simulation scenarios

Model simulations were run in low resolution.8.0x 2.810

erosion (driven by topography and atmosphere). Our modejong-lat degree) for 150 000 yr. For comparison with other
accounts for baseflow losses (i.e. losses of P from percolatingnodel estimates the model was run at a higher resolution
water) of dissolved P and erosion-caused losses of occluded 125x 1.125 long—lat degree) for 70 000 yr.

P. The reasons for excluding losses of litter and organic mat- Figure6 gives an overview of the processes implemented
ter due to erosion and runoff are given in the discussion. Fofn the model and the possible feedbacks on P availability to
consistency the model does not consider atmospheric lossgggetation. We will focus on quantifying the role of (a) biot-
of P, because atmospheric inputs of P, via e.g. deposition ofcally active P uptake (BAU) and (b) biotic de-occlusion of P
dUSt, are also not accounted for. This Simplification will be (BD) A control scenario to test the enhancement of weath-
justified in the discussion. ering through root exudation (W-P) could not be defined be-
cause P limitation with the proposed model structure cannot
be decoupled from root exudation. Therefore, the W-P feed-
back cannot be quantified, but since this approach includes
root exudates which change soil respiration this feedback is

Baseflow losses

Losses of f are driven by baseflow (described in EqP®-

rada et al.2010, which is proportional to the total concen-

tration of P in the soill solutionr_%g),

PSC
H20O%

SR = fH2O%¢ (15)

Erosion of secondary minerals and P occluded

The empirical formulation of physical erosion accounting for
the denudation of secondary minerals driven by topographi-
cal gradients was originally proposed Hilley and Porder
(2008 (Eqg. 22,Arens 2013. Losses of occluded P are cou-
pled to the losses of secondary minergi€(ay™) and there-
fore defined as

Pe

[P = fClay’ Clay®

(16)

Although it is not clear what happens to the recalcitrant
carbon formed in the soil §}, it is assumed that baseflow
drives the losses of this pool and of the organic acids pool
CY,

cs

H20Op®

Ce

H20%"

and fC' = fH,0OP

fC = fH2O% (17)

2.5 Simulation setup
2.5.1 Climate forcing

The model was run using daily climate data from the NASA
Land Surface and Hydrology archivBlieffield et al.2006

for the time period 1960-1989 rescaled on a global rectan-
gular grid with a resolution of 310x 2.810 long—lat degree.
Daily means of temperature, precipitation, relative humidity
and long-wave and short-wave radiation were used as input
to model. The glacial cover of the last glacial maximum was
used to define areas where regoliths are necessarily much
younger than in the rest of the world. Areas that were cov-
ered by glacial lakes were treated in the same way as areas
that were covered by icé\(ens 2013.

Biogeosciences, 11, 3662683 2014

2.

5.

included in all the simulations.

1. W-P: describes the simplest dynamics of the P model.
When P is limiting the new formation of structural
biomass, carbohydrates accumulate and are released as
root exudates. The exudates are quickly respired in the
soil. This might enhance weathering in regions where
CQO, is the limitation to weathering as described in
Arens(2013. This simulation is run only for 50 thou-
sand years, as the vegetation becomes very P limited.

BD: biotic de-occlusion of P from the occluded pool. In
this simulation root exudates interacted with secondary
minerals to exchange C with P as described in E4). (
This also includes the possible root exudates feedback
on weathering. This simulation was run for 50 000 yr.

3. BAU: biotic active uptake of P from the available pool as

described in Eqg.5). In this version we assessed the role
of mycorrhizae in sustaining productivity at long time
scales. W-P was also included. This simulation was run
for 150 000 yr at low spatial resolution and for 70 000 yr
at high spatial resolution.

. BD-BAU: includes biotic de-occlusion and biotically ac-
tive uptake of P. This simulation was run for 50 000 yr.

Control: in this simulation vegetation was provided with

P depending on its needs in order to get the maxi-
mum biomass production rate. The model simulation
reached the maximum BP to GPP rate given by the
model (pf C{, = 0.6). In this simulation root exudation
was set to 0 and BP was unlimited by P. This simula-
tion was run for one thousand years, as it was only used
for controlling standing biomass and net and biomass
productivity.

www.biogeosciences.net/11/3661/2014/
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putational cost. Five-year means were calculated at 10 000;
50000; and 150000 yr for (a) the weathering fluxes, (b) C

non-structural
structural carbon

A+ + Pravailable carbon and P in vegetation biomass, (c) gross primary productivity,
S (d) biomass productivity, and (e) P availability in soil solu-
| = tion. We compared the model results with literature estimates
| P availability I('+' LLLGontrol-P _% and general insights gained from chronosequences.
+A +A +1\ o
+ 3 Results
A 4
P active ;_ BAU-P root 3.1 Evaluation of vegetation feedbacks on P availability
uptake symbionts
The control-P scenario was defined so that P was not lim-
* iting photosynthesis and biomass production. In that sce-
biotic P ; _B_D_'F: .. root nario biomass pools reached their maximum value given the
deocclusion exudates light and water constrains. Figureshows the geographical
biomass patterns without P limitation. The biomass reaches
. \ 4 its maximum at about 24 kg C™ which is in accordance
|weathering I': WP | SOi|COz| with satellite-derived estimates of total biomas3adtchi
etal, 2011).

Figure 6. Diagram showing the modelled carbon feedbacks on the 10 t€st the importance of the processes mediated by veg-
P availability. Simulation scenarios are defined with respect to thesétation to enhance P availability we compare the control-P
feedbacks. Dashed line represents the effects that can be turned dgi¢enario with the other scenarios including gradually more
and dotted line represents the unrealistic Control-P. processes. Figur8 shows the differences in total vegeta-
tion biomass between the control-P scenario and the other
four scenarios, (BD, BAU, BD-BAU and W-P, defined in
2.5.3 Assessment of vegetation feedbacks on P Sect.2.5) in ecosystems after 50000 yr of soil evolution.
availability In general, we find less differences between the control-P
and the scenarios accounting for BAU (shown in the two
Since the carbon dynamics of the model were changed witiight panels). The simplest scenario considering only the veg-
the coupling to the P cycle, comparison of our results with etation feedback on weathering (W-P) indicates that, after
the results presented Rorada et al2010 was not suitable. 50000 yr, vegetation is extremely P limited worldwide (top
A scenario in which P dynamics were included, but the vegeeft panel). The scenario considering both W-P and biotic de-
tation was unlimited by P, was defined as the biomass contropcclusion (BD) shows a very similar limitation on standing
scenario to which all other scenarios were compared. Standsiomass (bottom left panel). BAU shows less overall limi-
ing biomass was calculated as 10 yr means at every 50 000 yiation to P compared to the scenarios not including it. The
intervals. The scenario in which the C feedbacks on the P cymaximum absolute differences between W-P and BAU are
cle could most effectively reduce P limitation (i.e. smallest about 10kg C m?2.
difference in standing biomass to the control scenario) was Additionally, to explore on what timescale these processes
selected for further simulations, using higher spatial resolufespond, we looked at latitudinal averages of GPP and BP

tion. at 10000 and 50000yr of soil evolution (Fig). After
10000yr of soil evolution, the GPP of all model scenarios
2.5.4 Model evaluation coincide. After 50 000 yr W-P and BD scenarios slightly re-

duce their GPP near to the equator. Although all our model

After comparing the different scenarios, we choose theestimates for 10 000yr have higher GPP than estimates by
less P-limited and closer-to-observations scenario to run th&eer et al.(2010, which were based on a global set of
model for 70 000 yr at a high resolution.{P5x 1.125 long—  eddy covariance data (in the upper panels Bigeferred
lat). To evaluate our model's performance, we comparedas data), at 50 000 yr they coincide. Biomass production is
the geographical patterns of soil P pools to the data-drivenn all scenarios lower then the control-P scenario, indicating
model-estimated P soil pools dfng et al.(2013, and to  widespread P limitation. The highest difference of biomass
results of the model study @oll et al.(2012. production is between the control and the W-P scenario. Only

For the evaluation of temporal dynamics, the model wasa small difference in biomass production is observed in the
run only until 150 000 yr because already at 40,000 years théropics between the BD and W-P scenarios, suggesting that
regolith model reaches steady stadegns 2013. Lowreso-  BD as it is included in the model does not really help veg-
lution (2.810x 2.810 long—lat) was used to reduce the com- etation to relieve P limitation. The scenarios that have the
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3.2 Evaluation of modelled soil and vegetation P spatial
patterns and temporal dynamics

Figure 10 shows the P status of soils and vegetation after
70000yr of simulation. Because glaciation and volcanism
restart the soil forming process and are not included in our
model, our map cannot accurately reproduce present condi-
tions across the globe. However, it presents general features
of how climate, topography and lithology might influence

standing biomass (kg C m?) soil P status and vegetation productivity. Places that were
; T e p—, glaciated during the last glacial maximum (about 21 000 yr

. . . _ _ ago) are omitted here. Because P in primary minerals in the
Figure 7. Carbon in terrestrial vegetation biomass of the control bedrock was also considered, the total amount of apatite is
run. In this scenario the vegetation growth is constrained only by ’

water, light, and temperature so that vegetation biomass reaches igOt p_:esented he[;e. The OiCIrL:dEddP p(;ol IS th_e I(?rgesF N pogl
maximum everywhere around the globe, while not accounting for pin SOIIS. Our numbers are of the order of magnitude estimate

limitation. In this simulation biomass reaches 24 kg Cain some DY Yang et al.(2013 and the patterns look similar (see for
tropical areas. comparison AppendiB, Fig. B2). The second largest pool

in the soil is P in litter and soil organic biomass (top-right

panel). Our model estimates are five times smaller than the
smallest differences to the control scenario are those conenes given byyang et al.(2013 (see for comparison Ap-
sidering BAU. After 10000yr BAU and BAU-BD overlap, pendixB, Fig.B1). However, our upper range is higher than
and after 50 000 yr BAU and BAU-BD decrease with the restthat reported for agricultural soils, 25g P/ (Brady and
to 10000 yr although BAU-BD is slightly less. The model Weil, 2008, and in general agreement with ranges and pat-
inter-comparison for NPP fror@ramer et al(1999, which terns fromGoll et al.(2012. The modelled dynamics with re-
usually is interpreted as BP, is included as a reference. Thepect to P in vegetation are within the observed rangesdy
scenarios including BAU best fit this line. and Weil 2008 and also in agreement with modelled esti-

Overall, mycorrhizae-mediated P uptake is identified asmates byGoll et al.(2012 (see Fig. 2). Figurd1 shows the
a very important mechanism in terms of maintaining ecosys-performance of vegetation including P dynamics. The total
tem biomass during longer timescales (over 50 000 yr). Thabiomass patterns are in agreement with estimateSaagchi
is represented by the differences between right and left panet al. (2011). Although there are no big differences in the
elsin Fig.8. This process is important, not only in the tropics, patterns of GPP and BP, the map of biomass productivity ef-
but also in temperate regions. Therefore, BAU was includedficiency, here, is the result of P limitation.
in further simulations. In contrast, including the P cycle with-  Overall, we found reasonable agreement between our
out this carbon feedback leads to a scenario with very highmodelled P global patterns and independent data- and model-
limitation to biomass production. Biotic de-occlusion was in- based estimates, in particular considering the substantial un-
efficient due to the lack of replenishment of the P that was oc-certainty associated with the data sets used here for compar-
cluded. Simulations including this feedback led to unrealisticison. Figurel2 shows how weathering, carbon to phospho-
scenarios in which, particularly in the tropics, unrealistically rus ratio in vegetation and biomass productivity efficiency
low amounts of the P occluded were found at the end of thechange in time. Putting those plots together enables us to see
simulation. how patterns are correlated. The P weathering rates, calcu-
Our previous results regarding vegetation C dynamicslated from our model, are in the range of observed values (50

highlighted the importance of mycorrhizal-mediated P up-to 1000 g P hal a-1) (Newman 1999, after 10 000, 50 000
take and the inefficiency of biotic de-occlusion to supply P and 150 000 yr of soil formation (see FitR central panels).
to old ecosystems. Regarding standing biomass patterns, th@enerally, the overall weathering rates decreased in time, ex-
simulation including both BD and BAU imposed the small- cept for mountainous regions where weathering stayed rela-
est constraint on standing biomass. However, the differencéively constant over time. The C to P ratio is correlated with
to the scenario including just BAU was very small. The sce-the lithological classes (see Fi§.for comparison) and in-
narios that included the BD feedback gave unrealistic P occreased over time, as the soil aged. For example, at 10 000 yr
cluded ranges and global patterns. Therefore, the BAU scethe western part of the Amazon basin had lower weather-
nario was run for 70 000 yr at a higher resolution to compareing rates compared to those from the eastern part, but over
spatial and temporal patterns of model results with observatime (i.e. after 150 000yr) the weathering rate in the west
tions. decreased to a lesser extent than in the east, which resulted

in eastern Amazon being more P limited (higher Era-

tio) compared to the west. Given that the soils of the Ama-

zon basin are millions of years old, the simulation run for

Biogeosciences, 11, 3662683 2014 www.biogeosciences.net/11/3661/2014/



C. Buendia et al.: The terrestrial P cycle 3671

BAU and BD
e

standing biomass difference
control scenario minus P-enhancement scenario
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Figure 8. Difference in the standing biomass of the control with the different feedback scenarios for the world after 50 000 yr of soil evolution.
Biomass differences between the control simulation (see#ignd W-P (top left), BD (bottom left), BAU (top-right), BAU-BD (bottom

right). W-P shows the greatest differences with the control scenario: more than 50 % biomass reduction worldwide — the differences are high
in temperate coastal areas (e.g. Chile, Guyana and South Africa). BD (bottom left) shows a very similar pattern to the W-P scenario, with
only small differences in temperate regions. Biotic active uptake (BAU) (top-right panel) shows much smaller differences to the control, with
the absolute greatest differences located in the tropics. BAU-BD (bottom right) shows a pattern almost identical to the BAU scenario, with
only very little differences.

150 000yr serves as the best data comparison for this areaecreases in time and how GPP is decoupled from BP (see
Differences in the allocation of carbon and plant character-Fig. 12, left panel).

istics between western and eastern Amazon basin have beenOur results on BPE suggest that P availability limits BP in
observed Quesada et 312012 Saatchi et a).2017). Over-  old lowland soils and by doing so modulates the carbon cy-
all, we see how the ecosystems shift towards P limitation overcle, although other limiting nutrients (e.g. N) surely also in-
time. After 10 000 yr of soil formation, most of the ecosys- fluence BPE in other areas. Figudegsand13show how BPE
tems have enough P for biomass synthesis and therefore hawhanges during soil evolution. As soils evolve, most ecosys-
high BP to GPP ratio (refer to left panels). However, over tems tend to be P limited and decrease their biomass synthe-
time (after 100 000 yr), more ecosystems shift towards P lim-sis, which agrees with observatioWdrdle et al.2004 and
itation, reducing the overall biomass productivity efficiency. with modelling resultsilenge et al.2012).

3.3 Phosphorus constraints on productivity
4 Discussion
In the introduction we explained how P availability in the soil

constrains biomass production and that vegetation feedbackBhe model we present here is very simple and it cannot be ap-
on P availability can influence these dynamics (see Big. plied to understand processes at the plant level. Instead, the
In the model we included the processes that make P availmodel can be seen as proof of concept of how one can ac-
able and also three vegetation feedbacks that could result inount for the interactions between carbon and P limitations
enhancing P availability for vegetation. Figurgéshows how  at the soil-vegetation level, on ecological as well as geolog-
biomass productivity efficiency changes over time. We haveical timescales. This work, therefore, represents a first step
plotted here GPP vs. BP at the three different timescales ofowards understanding how the P cycle constrains vegetation
10000, 50000 and 150000 yr to show how ecosystems geand how vegetation feedbacks affect P dynamics.

more constrained with time. Data for forest ecosystems from With this simple model we show that biomass productivity,
the study ofVicca et al.(2012 show a similar pattern, al- most probably, depends to some extent on the feedback pro-
though biomass production efficiency of the forest ecosys-cesses mediated by vegetation and, more importantly, on the
tems is in general higher than in our model. Nevertheless, outong-term P cycle. Hence, it might be essential to consider
model illustrates how Biomas production efficiency (BPE) long-term processes of the P cycle and element synergies to
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10,000 years 50,000 years same order of magnitude. Therefore, given the simplicity of
of soil evolution of soil evolution the model it represents P distribution relatively well.
7 - control-P ~ control - P The temporal dynamics of our model are consistent
. S 7 -eaA ~ BAU f with data and understanding gained from chronosequences
g0 ~ (Walker and Syersl976 Crews et al. 1995 Wardle et al.
5 ﬂ“; ] 2009. In regions with a low topographical gradient, P be-
2 g g s comes depleted during pedogenesis regardless of the inclu-
0} g ¥ 24 sion of tectonic uplift in the model. This is accompanied by
- vegetation dynamics reaching a maximum productivity at in-
2 termediate P depletion stages and then decliningyaslle
et al. (2009 observed in chronosequences. However, our re-
>a a sults suggest that, on long timescales, ecosystems still gain
g 'i = BAU 8 P from weathering inputs. This contrasts with the general as-
a3 ‘*Z Q| comparison sumption that old P-depleted ecosystems merely depend on
é %’ 0; 7 exogenous P sourcedofdan 1982 Walker and Syersl976
g3 " 21 Crews et al.1995 Wardle et al.2004).
7 This insight — that steady-state weathering is limited by
3 - the tectonic uplift — provided by our model simulations is in

50 0 50 50 0 50 agreement with the result obtained by our simple P model
\atitude Jatitude (Buendia et aJ.2010 that does not account for the effects
of soil CO, and soil depth. Because tectonic uplift is defined
Figure 9. GPP (top panels) and BP (bottom panels) zonal aver-py the potential physical transport of secondary minerals and
%%fnsa%zir t)oif(r)grgr(wlte;tcﬂig?ili igi;ggi%(gg:g?nnels) é’ea.rf] c(’jf S%hence by topographical gradients, weathering is only limited
: pared wit ataby ecohydrological factors in mountain areas. That is, the
based estimated GPB¢der et al.2010 and model-based estimated . . . . . .
NPP Cramer et a].1999. maximum possible _chemlcal_\(veatherlng_ rate is determined
by the ecohydrological conditions: regolith drainage,CO
and temperatureAfens 2013.
Our results show that ecosystems with high tectonic uplift
rates (mountain regions) have a high BPE. Because ecosys-
constrain the magnitude of the terrestrial vegetation’s feedtems with a high topographical gradient have significant soil
back on CQ concentrations in a process-based modellinglitter and organic biomass losses and our model does not in-
framework. Our model shows reasonable patterns of P stockslude the processes of lateral losses of organic biomass, we
in soils and vegetation. think that our estimates BPE for mountain regions might be
Evaluating the P model at the global scale is challengingover-estimated.
given the scarcity and uncertainty of observed data. Qualita-
tively, the patterns of the occluded P pool look similar to the
statistically modelled data froi¥ang et al(2013. However,
with respect to the more important pools like organic P in the
soil, our model predicts much lower concentrations for theThe model accounts for erosion of secondary minerals, but
whole soil profile than the concentrations derived\tang it does not account for the erosion of primary minerals.
et al. (2013 for the top 50 cm of soil. The upper range of Not accounting for this process is problematic in mountain
soil organic P in Yang et al. (up to 587 g PR) is five times  ranges influenced by tectonic processes, like the Andes or
larger than the upper ranges obtained by our model. We wonthe Himalayas, as large amounts of primary minerals are
der about the processes that could generate the high valuesoded, transported by rivers and deposited in flooded re-
and high spatial variability of organic P forms in the Saharagions Wittmann et al. 2006 Junk et al.2011).
region derived byrang et al.(2013 (see FigB1, Appendix Lithology determines the concentration of P in the primary
B). Given the current lack of vegetation cover, perhaps theminerals and also how fast material weathers, which is a re-
organic P has been there for a long time, originating fromsult of the calcium reactions considered in the regolith model
lichen productivity Porada et a].2013, or is the remaining  of Arens (2013). Therefore, including lithology in the model
P from periods when the Sahel region was wetter and therewas necessary to simulate the observed differences in weath-
fore vegetatedScheffer et al.2001). Perhaps running the ering rates and steady-state development in (for example) the
model with climates of the past will lead to a more accuratewestern and eastern Amazon. However, for some lithologi-
representation of the P patterns in such regions. Neverthecal classes, variations in the P concentration have been re-
less, compared to the study @Gbll et al. (2012 and litera-  ported (Newman, 1995), and P concentrations also change
ture rangesKrady and Weil 2008, our estimates are of the through time. We have ignored these variations because such

4.1 Model limitations and outlook
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P in soil solution (g P m2) P vegetation (g P m?2)
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Figure 10.P pools in the soil considering active P vegetation uptake after 70 000 simulated years of pedogenesis.
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Figure 11. Carbon fluxes and pools in vegetation considering active P vegetation uptake after 70 000 yr of soil evolution.

information is not available for all lithological classes used tionally, in regions like the Amazon basin the atmospheric
in our global analysis. deposition mostly originates from local redistribution of bi-
Atmospheric deposition of P, despite being considered a®tic particles, such as pollen and leaf fragmeMsalfowald
an important input to regions with low weathering, was not et al, 2005 Pauliquevis et al2012. At the global scale the
included in our model. Model-generated data on atmospheri@tmosphere redistributes P from one region to the other, and
dust deposition are available on request fidathowald etal.  therefore if this process were to be included, both P depo-
(20095. However, the uncertainties associated with the datasition and removal from all areas considered would have to
are quite high (Mahowald, personal communication). Addi- be modelled. Therefore, we decided that we could omit this
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10 000 years of soil evolution
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Figure 12. Biomass production efficiency (BPE), P weathering rates, and C to P molar ratio in vegetation changes during pedogenesis. Top
plots represent the dynamics in recent soils (after about 10 000 yr of soil evolution). The intermediate plots represent intermediate soil ages
of about 50 000 yr and the bottom plots represent old soils after about 150 000 yr of soil evolution. Biomass production is more efficient
in temperate regions in both young and old soils. In tropical regions, BPE decreased in time, reaching a status of very low efficiency,
particularly in central Africa and Western South America. P weathering rates (central panels) decrease everywhere with time. In the oldest
soils, weathering is high in places at high elevations. Locations with shale lithology also produced relatively high weathering rates, compared
to those with sandstone. The C to P molar ratio in vegetation increased in time. In tropical regions, the ratio was correlated with weathering
rates.

process. Once the soil processes contributing to the P dyter glacial retreat the soil formation process restarts. We run
namics are better understood, one could try to include theséhe model for 150 000 yr to let the soils reach their steady
processes, related to wind erosion and dust deposition. state as we mainly wanted to understand how ecosystems

Terrestrial ecosystems have regular losses of litter and soitemain productive over time, particularly on old weathered
organic biomass due to run-off, animals and erosion. Thosaoils like those of the Amazon. Results for 10000yr and
losses cause losses of Ca, C and P. For simplicity, our modeé30 000 yr are presented to illustrate the transient dynamics
does not account for these processes, since parameteriziragnd to represent soils that experienced glaciations. Temper-
these processes might be elusive beyond local scales. Hovature and humidity drive terrestrial primary productivity and
ever, losses of Ca, C and P due to erosion would have twaoil organic matter decomposition. In contrast to tropical re-
contradictory consequences: gions where primary productivity, litter production and min-
eralization is high, productivity and litter production rates in
arid regions are lower, which may lead soil organic matter (or
atleast P) to accumulate. Therefore, if climate shifts from rel-
atively dry to wet as happened in the Amazon during the last
2. including Ca losses may increase weathering in the re21 000 yr, the accumulated soil organic matter is decomposed

gions where weathering is currently constrained by highand used for primary production leading to a new steady

concentration of Ca in the soil solution. state. In contrast, in regions where climate shifted from wet-
ter to dryer conditions, like in the Sahel region, some of the
organic and occluded P that was produced during wet peri-
ods is preserved, for example as fossilized animal bones or
In palaeo-lakes (e.g. the Bodélé Depression in Chad; Bris-
ering rates.

tow et al. 2010). Remains of P from palaeo-environments are

The main effect of glacial interglacial cycles is that soils in visible in contemporary soil data and thev may be regarded
temperate regions were removed during glacial times, and af- porary y may 9

1. soil respiration will potentially decrease since the or-
ganic matter will no longer be respired in the soil, but
rather in the rivers, lakes and oceans;

It would be interesting in future studies to include Ca dy-
namics in vegetation, to test whether that can indeed drive
the lowland ecosystems to a steady state with higher weath-
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Figure 13. Gross primary productivity vs. biomass production after 10 000, 50 000 and 150 000 yr of soil evolution for the BAU scenario.

as very local phenomena (Yang et al., 2013) and cannot bage, and can vary from 0 to 60 %. Biotic de-occlusion is re-

captured by our model (see Appendix B, Fig. B1). lated to root clustering, which is a morphological adaptation
that allows the plant to release carbohydrates. This adapta-
4.2 \egetation feedbacks on P availability tion is common only in places with very low P availability

(e.g. Western Australia)Lémbers et a).2008. Our study

We only included three feedbacks; other feedbacks thatuggests that biotic de-occlusion of P is not a long-term so-
might enhance P availability could also be included. We stariution to P limitation, as the size of the occluded P pool is
by discussing the three feedbacks that we have included imltimately constrained by P inputs to the soil. Therefore, de-
this model, and then we discuss other possible feedbacks argpite the high respiration cost associated with this process,
how they might be implemented in the model. in the long term the P occluded pool is depleted. Hence, bi-

About 86 % of the plants have mycorrhizal associationsotic de-occlusion was assumed to be irrelevant for long-term
(Lambers et a).2008 Brundrett 2009, about 20 to 40% of  dynamics and not included in the final simulations.
NPP is invested in root exudatio@lfapin et al.2002, and Root exudation induces soil respiration and therefore in-
the plant allocation of carbon gained from photosynthesis tocreases the CfOconcentration in soils, which in the short
root exudates can vary from 5 to 85 %llen et al, 2003. We term might result in enhanced weathering ratBerfer
found that active mycorrhizal P uptake by vegetation main-1992. However, under long-term P limitation, BP is reduced
tains long-term terrestrial productivity. In our model the frac- and hence total soil respiration. The model assumes that root
tion of GPP invested in roots exudates increases with soil

www.biogeosciences.net/11/3661/2014/ Biogeosciences, 11, 38R3-2014
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exudates are readily respired as they reached the soil wheh Summary and conclusions
BAU is activated as well as when it is not. In the scenarios
when BAU and BD are not activated root exudation only in- e described P dynamics during pedogenesis and its interac-
creases soil respiration — in those scenarios the cost might béon with terrestrial vegetation in a simple but process-based
very high because the only feedback that remains is enhancévay. Our results strongly suggest that P limitation of biomass
ment of weathering. As they are proposed in this model thosdroduction can be an important driver of terrestrial carbon
feedbacks are not exclusive. In that sense including moré&ycling. We did so by coupling a model representing soil
feedback processes could reduce P limitation further. evolution accounting for the effects of climate, topography,
In the paragraphs that follow we focus on the effect of thelithology and vegetation to a model considering P dynamics.
microbial Community' independent mineralization of P from P constraints to biomass production resultinCtoP ﬂeX|b|I|ty
organic forms, and animal transfer of P between ecosystemdi vegetation, which provided the means to infer how much C
Microbial P uptake could be an important mechanism onis allocated to non-structural pools below ground, in order to
annual timescales with long-term consequences, preserviniicrease P uptake. Although there are more possible vegeta-
P in the ecosystem. Microbial activity is stronger during the tion feedbacks influencing P availability, this paper considers
wet period, taking up the available P, and with this prevent-only three of them: weathering, de-occlusion and active P up-
ing it from leaching and occlusion. During the dry periods take mediated by mycorrhizal associations. Only the two last
microbes die and their P becomes available for plant uptakdrocesses were evaluated, as the weathering feedback could
(Resende et gl2010. Additionally, it has been suggested Not be excluded from the simulations, and therefore could
that microbial P mineralization, which potentially also ben- not be tested. We found that active uptake of P (BAU) is im-
efits plants, can be a side effect of microbial C acquisitionportant at intermediate-to-old soil ages and across all world
(Spohn and Kuzyakqw®013. Independent mineralization of ~Climate regions, except for mountain regions. De-occlusion
P, which occurs through enzymatic hydrolysis of phosphateof P, instead, turned out to be important only at intermediate
esters, Cata]ysed by the enzyme phosphohydr0|ase p|ays @ﬁ)l' ages. The inclusion of P de-occlusion mediated by Veg-
important role in the P dynamicégndeweert et al.2001; etation resulted in unrealistically low amounts of occluded P
McGill and Colg 1981). In both cases, microbial dynamics N, especially, tropical soils, which could mean that this pro-
could be an important mechanism for preserving P and mak€ess is not Correctly specified in the model or that this process
ing it available for plants when needed. Therefore, the inclu-does not alleviate P limitation in these old ecosystems.
sion of microbial contributions to P availability could be the ~ The temporal and spatial dynamics of the simulations ac-
next step forward. counting for BAU are in agreement with observations from
Runyan and D’Odoric§2012 2013 presented an option Cchronosequences and spatial P patterns. This is remarkable
to model this process in cerrados. The challenge is to includ€onsidering the low amount of site-specific information fed
these processes at the global scale without site-specific padto the model.
rameterization while accounting for the nitrogen cost related Hence, the model presented here can be seen as proof of
to it. Nitrogen fertilization studies have shown that there is concept on how to consider the interaction between carbon
an increase in phosphatase activity and with that the P availand nutrient limitation at soil-vegetation level with that con-
able for vegetationReed et a].2011 Kroehler and Linkins  Straining vegetation productivity and thereby the global car-
1988. That means that this mechanism has an associated Ron cycle. Based on this approach one could include more
cost, which might increase the carbon cost of P uptake. vegetation feedback processes to evaluate whether and to
Animals can play an important role in nutrient cycling, What degree P limitation is ameliorated.
as well as for redistributing nutrients between ecosystems P constraints to biomass production and their carbon-
(Vanni, 2002 Wardle et al. 2009 de Mazancourt and Mmediated feedbacks to P availability result in geographic
Schwartz 201Q Schmitz et al. 2010. Explicitly including ~ Vvariability of biomass production efficiency (BPE). We
the effect of animals in the model is very challenging becauseshowed how BPE decreases with soil evolution and it is
information on animal population densities, body sizes, diet,highly correlated with weathering. Only model simulations,
and their movement/migration does not exist. Therefore, inwhich considered mycorrhiza-mediated active uptake of P,
a further study we suggest tack|ing that question from aCOU'd explain observed biomass patterns, biomass produc-
more ana|ytica| point of view and by Constraining the P flux tion efficiency and C: P ratios in Vegetation. This indicates
from rivers/oceans to terrestrial ecosystems through a trade?ow important it is to account for long-term P dynamics
off with carbon availability. and vegetation-mediated carbon feedback mechanisms when
exploring vegetation functioning and global carbon cycling
with process-based models.
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Appendix A: Model description

Al Naming convention

We followed the JESSY-SIMBA naming convention. State dt

variables are conventionally namég, whereA is a chemi-

cal compound, e.g. P, or a state variable such as temperatur@ Co=

T, b is the state of matter, e.g. s for solid (see Tdblé-luxes
have names of the forrfiA;?, whereb is start and the end
state (to consider phase change) ans the start and the

end location. P root uptake from soil to vegetation is thus g,

3677

A3 Carbon balance equations

d
fcvs fcig_fcﬁy_fcgr

d

= fCly— /CY
d
GCE=FC'— fCl— fCE— fCY
d

CS = fC— fC4

namedfPy’. Pools start with the element, fluxes start with ¢

f, parameters witlp, and constants with.
A2 Phosphorus balance equations

d vV V v vV VS
—Pi= Py + fPyd — fPl— [Py

dr

d
P = fCl /CY

d
Py = /P3, — FPyd— /P

d

GPa= Phat FPo— fP — fPS,— fPY
d
G = IPe—fCS
d
dr

P =P — /Pg

www.biogeosciences.net/11/3661/2014/

3G =Gy - 16— £Cy

A4 Water balance equation

d
EHZOI = fH201%5— fH0 %~ fH 03— fHL01% — fHo0OP

The model inputs daily precipitatiory H20,2%) and calcu-
lates, based on soil heat, vegetation coverage and vegetation
water uptake fH>0O%Y), soil evapotranspirationfH,0,59),
runoff (fH>0r") and base flow {H,0;?)

A5 Calcium balance equations

d
EC&: = fCed— fCar

d
g C® = fCas— fCaqb

Biogeosciences, 11, 38R3-2014
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Table Al. Description of model variables relevant for the P cycle (part 1 of 3).

C. Buendia et al.: The terrestrial P cycle

Symbol  Description Units
Pools HOY  water in vegetation m
H,O%  soil water m
H,0OsS  frozen soil water m
H,0s2%  snow pack m
c¥ C in actively metabolizing vegetation biomass kg Cn
cy C in carbohydrates in vegetation kg Cth
(0] C in litter and soil vegetation biomass kgCth
(o] C in organic acids the soil kg cnf
C§, C in recalcitrant forms in the soil kg CTi¥
C3 total CQ, in soil moles C nr2
P P in bedrock gPm?
P, P in primary minerals gP 113
P P in soil solution gPm?
Py P available in vegetation gPm™
Py P actively metabolizing vegetation biomass gPm
P P in soil organic matter g Pt
R P occluded in secondary minerals gPf
Ca Ca in primary minerals kg Cant
Clay® Secondary minerals in the soll kg*r%
Table A2. Description of model variables relevant for the P cycle (part 2 of 3).
Symbol Description Units
Fluxes fH,O;2  precipitation ms1
FHoO!SV  root water uptake st
fH204¥2  transpiration msl
fH204%3  evaporation msi
FH>0%  surface runoff msl
FH20,5¢  baseflow msl
fH2025  snow melt msl
fCa vegetation gross carbon uptake GPP kgCsrl
fCY synthesis of actively metabolizing vegetation biomass  kg@snt
fC total autotrophic respiration kgCms1
rc8 leaf respiration kgCm2s~1
fCE root respiration kgCmés~1
fcys litter production kg Cr2s~1
fcys organic acid root exudation kg CTAs~1
fcgy C fixation into secondary minerals kg Crs 1
fC microbial respiration of organic acids kg Cihs 1
e losses of recalcitrant carbon kgCrs 1
fC8y soil respiration kg Cm2s~1
fcss input of CO, though rain moles m?s—1
fCg2 soil COy efflux moles mr2s—1

Biogeosciences, 11, 3662683 2014
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Table A3. Description of model variables relevant for the P cycle (part 3 of 3).

3679

Symbol  Description Units
fFﬁqs physical weathering g Pnfs1
fPo4  chemical weathering gPmes1
fP(Sjy occlusion gPm2s1
[P litter production gCmas1
[Py Py root exudation gPm?s1
i P vegetation uptake gPmMs 1
fP‘éo P synthesis to actively metabolizing vegetation biomass g*f%rnl
Py mineralization gPm2s?!
IR losses gPmés1
IRy erosion of occluded P gPmMs1
IP biotic de-occlusion gPms1
fCqqg  Cachemical weathering kg Carfs—1
fCays  Ca physical weathering kg Caths 1
fClay™"  Secondary minerals erosion kgis—1
Potential afPS' P active uptake function gPms1
fluxes afP}, P potential synthesis to actively metabolizing vegetation biomass ~ f&8™
afCy C potential synthesis to actively metabolizing vegetation biomass ~ kg&mnt
States LAI leaf area index

Table A4. Description of model parameters. Parameters with the refeféace set by personal assessment (see text) while parameters

marked b}p are calibrated to values, which lead to reasonable model output, considering the data used to evaluate the model.

Parameter Description Value Units Reference
cepot correction of pot. evaporation 1.30

pAZS soil depth 1.0 m b

elue factor for light-use efficiency 120 Porada et al(2010
ewue factor for water-use efficiency 351010 b

prCY¥ carbon residence time in vegetation 31078 s Porada et al(2010
prC3 soil carbon turnover timescale 21019 s Porada et al(2010
pql0ss Q10 value of litter decomposition 2.0 Knorr and Heimanr{1995
prCY starch residence time in vegetation 1080108 s b

pPy available residence time in vegetation 1,080109 s a

pT P;S/d P occlusion rate 0.00005 S Buendia et al(2010
praPy’ active uptake scaling factor 251017 a

pMyCeq mycorrhizae respiration rate 0.95 a

PBPg growth respiration rate 0.25 a

pmaxfPgo maximum P to biomass production rate 0.8 a

pP concentration of P in primary minerals lithology kg Ch Fig.5

pCa concentration of Ca in primary minerals lithology kg Ctn Arens(2013

cCP)S, P de-occlusion exchange rate 6 malCmolP kg C(g p1

cCP/ actively metabolizing biomass C to P ratio 2 kggp)~1 @

www.biogeosciences.net/11/3661/2014/
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Appendix B: Comparison to other estimates

Comparisons of modelled P in litter and soil organic biomass
with results fromYang et al.(2013. We run the model con-
sidering biotic active P vegetation uptake during 70000 yr.
Presenting the plots next to each other aids a better compar
son.

BAU after 70 ka soil
evolution

P organic in the soil (g P m?)

l:mﬁs
Figure B1. Global maps of P in the litter and soil organic matter in
the soils after (upper panel) data replotted frgamg et al.(2013.
Lower panel shows a modelling result after 70 000 yr soil evolution,

C. Buendia et al.: The terrestrial P cycle

BAU after 70 ka soil
evolution

P occluded (g P m?2)

0 100 200 300 400 500 600

Figure B2. Global maps of P in occluded forms (upper plot) re-
plotted fromYang et al.(2013. Lower map: model results after
70000 yr of soil evolution, taking into account the active P uptake.

taking into account the active P uptake mediated by root exudation.

Biogeosciences, 11, 3662683 2014

www.biogeosciences.net/11/3661/2014/



C. Buendia et al.: The terrestrial P cycle 3681

AcknowledgementsiVe would like to thank especially Steffen Buendia, C., Kleidon, A., and Porporato, A.: The role of tectonic
Richter for helping us in different aspects of programming and uplift, climate and vegetation in the long-term terrestrial phos-
debugging the code of the model, and for writing the user manual phorus cycle, Biogeosciences, 7, 2025-2038,105194/bg-7-

of the model. We thank Ryan Pavlick, Bjorn Reu, Stan Schymanski, 2025-20102010.

Carlos Sierra, and Sénke Zéahle for their feedback on model strucCanadell, J. G., Pataki, D. E., Gifford, R., Houghton, R. A., Luo,
ture. We thank Christiane Runyan and an anonymous reviewer for Y., Raupach, M. R., Smith, P., and Steffen, W.: Saturation of the
comments that greatly improved the paper. We thank Kerry Hinds, terrestrial carbon sink, in: Terrestrial ecosystems in a changing
Jens Kattge and Myroslava Khomik for comments and corrections world, 59—78, Springer, 2007.

of the paper. We also thank Xiaojuan Yang for providing data Cernusak, L. A., Winter, K., Dalling, J. W., Holtum, J. A. M.,
for model results comparison. TH acknowledges support from Jaramillo, C., Kdrner, C., Leakey, A. D. B., Norby, R. J., Poul-
the research funding programme LOEWE-Landesoffensive zur ter, B., Turner, B. L., and Wright, S. J.: Tropical forest responses
Entwicklung Wissenschaftlich-6konomischer Exzellenz of Hesse’s to increasing atmospheric GOcurrent knowledge and oppor-

Ministry of Higher Education. tunities for future research, Funct. Plant Biol., 40, 531-551,
doi:10.1071/FP123Q2013.

The service charges for this open access publication Chapin, S., Matson, A., and Mooney, A.: Terrestrial production

have been covered by the Max Planck Society. processes, Principles of terrestrial ecosystem ecology, 123-150,
2002.

Edited by: C. P. Slomp Cramer, W., Kicklighter, D., Bondeau, A., lii, B. M., Churkina,

G., Nemry, B., Ruimy, A., Schloss, A., and ThE Intercompar-
ison, and Participants OF ThE Potsdam NpP Model: Compar-
References ing global models of terrestrial net primary productivity (NPP):
overview and key results, Glob. Change Biol., 5, 1-15, 1999.
Allen, M., Swenson, W., Querejeta, J., Egerton-Warburton, L., andCrews, T., Kitayama, K., Fownes, J., and Riley, R.: Changes in
Treseder, K.: Ecology of mycorrhizae: a conceptual framework  soil phosphorus fractions and ecosystem dynamics across a long
for complex interactions among plants and fungi, Annu. Rev. chronosequence in Hawaii, Ecology, 75, 1407—-1424, 1995.
Phytopathol., 41, 271-303, 2003. Cuevas, E. and Medina, E.: Nutrient dynamics within Amazonian
Amiotte Suchet, P. and Probst, J.-L.: A global 1 degree by 1 degree forests. Il. Fine root growth, nutrient availability and leaf litter
distribution of atmospheric/soil C£xonsumption by continental decomposition, Oecologia, 76, 222-235, 1988.
weathering and of riverine HC{Yield, Technical report, Centre  Davidson, E. A. and Janssens, I. A.: Temperature sensitivity of soil
National de la Recherche Scientifique, Center de Geochemie de carbon decomposition and feedbacks to climate change, Nature,

la Surface, 1995. 440, 165-173, 2006.
Arens, S.: Global limits on silicate weathering and implications for de Mazancourt, C. and Schwartz, M. W.: A resource ratio theory of
the silicate weathering feedback, 2013. cooperation, Ecol. Lett., 13, 349-359, 2010.

Arens, S. and Kleidon, A.: Eco-hydrological versus supply-limited DelLonge, M., Vandecar, K. L., D’Odorico, P., and Lawrence, D.:
weathering regimes and the potential for biotic enhancement of The impact of changing moisture conditions on short-term P
weathering at the global scale, Appl. Geochem., 26, 274-278, availability in weathered soils, Plant Soil, 365, 201-209, 2013.
2011. DelLucia, E., Callaway, R., Thomas, E., and Schlesinger, W.: Mech-

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M.:  anisms of phosphorus acquisition for ponderosa pine seedlings
The role of root exudates in rhizosphere interactions with plants  under high CQ and temperature, Ann. Bot., 79, 111-120, 1997.
and other organisms, Annu. Rev. Plant Biol., 57, 233-266, 2006 Filippelli, G. M.: The global phosphorus cycle, Rev. Mineral.

Banfield, J. F., Barker, W. W., Welch, S. A., and Taunton, A.: Bi- Geochem., 48, 391-425, 2002.
ological impact on mineral dissolution: application of the lichen Filippelli, G. M.: The Global Phosphorus Cycle: Past, Present, and
model to understanding mineral weathering in the rhizosphere, P. Future, Elements, 4, 89—95, 2008.

Natl. Acad. Sci., 96, 3404-3411, 1999. Gardner, L.: The role of rock weathering in the phosphorus budget

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carval-  of terrestrial watersheds, Biogeochemistry, 11, 97-110, 1990.
hais, N., Rodenbeck, C., Arain, M. A., Baldocchi, D., Bonan, Gholz, H. L., Wedin, D. A., Smitherman, S. M., Harmon, M. E., and
G. B., Bondeau, A., Cescatti, A., Lasslop, G., Lindroth, A., Lo-  Parton, W. J.: Long-term dynamics of pine and hardwood litter
mas, M., Luyssaert, S., Margolis, H., Oleson, K. W., Roupsard, in contrasting environments: toward a global model of decompo-
0., Veenendaal, E., Viovy, N., Williams, C., Woodward, F. I., sition, Glob. Change Biol., 6, 751-765, 2000.
and Papale, D.: Terrestrial Gross Carbon Dioxide Uptake: GlobalGoll, D. S., Brovkin, V., Parida, B. R., Reick, C. H., Kattge, J., Re-
Distribution and Covariation with Climate, Science, 329, 834— ich, P. B., van Bodegom, P. M., and Niinemets, U.: Nutrient lim-

838, 2010. itation reduces land carbon uptake in simulations with a model
Berner, R. A.: Weathering, plants, and the long-term carbon cycle, of combined carbon, nitrogen and phosphorus cycling, Biogeo-
Geochim. Cosmochim. Ac., 56, 3225-3231, 1992. sciences, 9, 35473569, db).5194/bg-9-3547-2012012.
Brady, N. C. and Weil, R. R.: The Nature and Properties of Soil, Hilley, G. E. and Porder, S.: A framework for predicting global sil-
Prentice Hall, 13 edn., 2008. icate weathering and GQdrawdown rates over geologic time-

Brundrett, M. C.: Mycorrhizal associations and other means of nu-  scales, Proceedings of the National Academy of Sciences, 105,
trition of vascular plants: understanding the global diversity of 16 855-16 859, 2008.
host plants by resolving conflicting information and developing
reliable means of diagnosis, Plant Soil, 320, 37-77, 2009.

www.biogeosciences.net/11/3661/2014/ Biogeosciences, 11, 3#8R3-2014


http://dx.doi.org/10.5194/bg-7-2025-2010
http://dx.doi.org/10.5194/bg-7-2025-2010
http://dx.doi.org/10.1071/FP12309
http://dx.doi.org/10.5194/bg-9-3547-2012

3682

C. Buendia et al.: The terrestrial P cycle

IGBP-DIS, S.. A program for creating global soil-property Pauliquevis, T., Lara, L. L., Antunes, M. L., and Artaxo, P.: Aerosol

databases, IGBP Global Soils Data Task, France, 1998.

Jakobsen, |. and Rosendahl, L.: Carbon flow into soil and external

hyphae from roots of mycorrhizal cucumber plants, New Phytol.,
115, 77-83, 1990.

and precipitation chemistry measurements in a remote site in
Central Amazonia: the role of biogenic contribution, Atmos.
Chem. Phys., 12, 4987-5015, dd:5194/acp-12-4987-20,12
2012.

Jenny, H.: Role of the plant factor in the pedogenic functions, Ecol-Porada, P., Arens, S., Buendia, C., Gans, F., Schymanski, S., and

ogy, 39, 5-16, 1958.

Kleidon, A.: A simple global land surface model for biogeo-

Jordan, C. F.: The nutrient balance of an amazonian rain forest, chemical studies, Tech. Rep. 18, Max-Planck-Institute for Bio-

Ecology, 61, 14-18, 1982.

geochemistry, 2010.

Junk, W. J., Piedade, M. T. F., Schongart, J., Cohn-Haft, M.,Porada, P., Weber, B., Elbert, W., Péschl, U., and Kleidon, A.:

Adeney, J. M., and Wittmann, F.: A Classification of Major
Naturally-Occurring Amazonian Lowland Wetlands, Wetlands,
31, 623-640, 2011.

Estimating global carbon uptake by lichens and bryophytes
with a process-based model, Biogeosciences, 10, 6989-7033,
doi:10.5194/bg-10-6989-2012013.

Knorr, W. and Heimann, M.: Impact of drought stress and other fac-Quesada, C. A., Phillips, O. L., Schwarz, M., Czimczik, C. I., Baker,

tors on seasonal land biosphere £€éxchange studied through

an atmospheric tracer transport model, Tellus B, 47, 471-489,

1995.
Korner, C.: Plant CQ responses: an issue of definition, time and
resource supply, New Phytol., 172, 393-411, 2006.

Kroehler, C. J. and Linkins, A. E.: The root surface phosphatases

of Eriophorum vaginatumEffects of temperature, pH, substrate

concentration and inorganic phosphorus, Plant Soil, 105, 3-10,

1988.

Kunc, F. and Macura, J.: Decomposition of root exudates in soil,

Folia Microbiol., 11, 239-247, 1966.

T. R., Patifio, S., Fyllas, N. M., Hodnett, M. G., Herrera, R.,
Almeida, S., Alvarez Davila, E., Arneth, A., Arroyo, L., Chao,
K. J., Dezzeo, N., Erwin, T., di Fiore, A., Higuchi, N., Honorio
Coronado, E., Jimenez, E. M., Killeen, T., Lezama, A. T., Lloyd,
G., Lépez-Gonzélez, G., Luizdo, F. J., Malhi, Y., Monteagudo,
A., Neill, D. A, Nufiez Vargas, P., Paiva, R., Peacock, J., Pefiuela,
M. C., Pefna Cruz, A., Pitman, N., Priante Filho, N., Prieto, A.,
Ramirez, H., Rudas, A., Saloméo, R., Santos, A. J. B., Schmer-
ler, J., Silva, N., Silveira, M., Vasquez, R., Vieira, |., Terborgh,
J., and Lloyd, J.: Basin-wide variations in Amazon forest struc-
ture and function are mediated by both soils and climate, Bio-

Lambers, H., Raven, J. A., Shaver, G. R., and Smith, S. E.: Plant geosciences, 9, 2203—-2246, d6:5194/bg-9-2203-2012012.
nutrient-acquisition strategies change with soil age, Trends EcolReed, S. C., Townsend, A. R., Taylor, P. G., and Cleveland, C. C.:

Evol., 23, 95-103, 2008.
Landeweert, R., Hoffland, E., Finlay, R. D., Kuyper, T. W., and van

Phosphorus cycling in tropical forests growing on highly weath-
ered soils, in: Phosphorus in Action, 339-369, Springer, 2011.

Breemen, N.: Linking plants to rocks: ectomycorrhizal fungi mo- Resende, J. C. F., Markewitz, D., Klink, C. A., Bustamante, M. M.

bilize nutrients from minerals, Trends Ecol. Evol., 16, 248-254,
2001.

Lavigne, M. B. and Ryan, M. G.: Growth and maintenance respira-

d. C., and Davidson, E. A.: Phosphorus cycling in a small wa-
tershed in the Brazilian Cerrado: impacts of frequent burning,
Biogeochemistry, 105, 105-118, 2010.

tion rates of aspen, black spruce and jack pine stems at northerRunyan, C. W. and D’Odorico, P.: Hydrologic controls on phospho-

and southern BOREAS sites, Tree Physiol., 17, 543-551, 1997.

rus dynamics: A modeling framework, Adv. Water Resour., 35,

Lenton, T. M.: The role of land plants, phosphorus weathering 94-109, 2012.
and fire in the rise and regulation of atmospheric oxygen, Glob.Runyan, C. W. and D’Odorico, P.: Positive feedbacks and bista-

Change Biol., 7, 613-629, 2001.
Mahowald, N. M., Artaxo, P., Baker, A. R., Jickells, T. D., Okin,

bility associated with phosphorus—vegetation—microbial interac-
tions, Adv. Water Resour., 52, 151-164, 2013.

G. S., Randerson, J. T., and Townsend, A. R.: Impacts of biomas$&aatchi, S. S., Harris, N. L., Brown, S., Lefsky, M., Mitchard, E. T.,
burning emissions and land use change on Amazonian atmo- Salas, W., Zutta, B. R., Buermann, W., Lewis, S. L., Hagen, S.,
spheric phosphorus cycling and deposition, Global Biogeochem. Petrova, C., White, L., Silman, M., and Morel, A.: Benchmark

Cy., 19, GB4030, doi:0.1029/2005GB002542005.
McGill, W. and Cole, C.: Comparative aspects of cycling of organic

map of forest carbon stocks in tropical regions across three con-
tinents, P. Natl. Acad. Sci., 108, 9899-9904, 2011.

C, N, S and P through soil organic matter, Geoderma, 26, 267-Sardans, J. and Pefiuelas, J.: The role of plants in the effects of

286, doi10.1016/0016-7061(81)90024-1081.
Menge, D. N., Hedin, L. O., and Pacala, S. W.: Nitrogen

global change on nutrient availability and stoichiometry in the
plant-soil system, Plant Physiol., 160, 1741-1761, 2012.

and Phosphorus Limitation over Long-Term Ecosystem De-Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., and Walker, B.:
velopment in Terrestrial Ecosystems, PloS One, 7, e42045, Catastrophic shifts in ecosystems, Nature, 413, 591-596, 2001.

doi:10.1371/journal.pone.0042045012.
Mercado, L. M., Patifio, S., Domingues, T. F., Fyllas, N. M., Wee-

Schlesinger, W.: Biogeochemistry: An analysis of Global change,

Academic Press, 2nd edn., 1997.

don, G. P, Sitch, S., Quesada, C. A., Phillips, O. L., Aragdo, Schmitz, O. J., Hawlena, D., and Trussell, G. C.: Predator con-

L. E., Malhi, Y., Dolman, J., Restrepo-Coupe, N., Saleska, S.

R., Baker, T. R., Almeida, S., Higuchi, N., and Lloyd, J.: Vari-

trol of ecosystem nutrient dynamics, Ecol. Lett., 13, 1199-1209,
doi:10.1111/j.1461-0248.2010.0151,12010.

ations in Amazon forest productivity correlated with foliar nutri- Sheffield, J., Goteti, G., and Wood, E. F.: Development of a 50-year
ents and modelled rates of photosynthetic carbon supply, Philos. high-resolution global dataset of meteorological forcings for land

T. R. Soc. B, 366, 3316-3329, 2011.

Newman, E.: Phosphorus inputs to terrestrial ecosystems, J. Ecol.,

83, 713-726, 1995.

Biogeosciences, 11, 3662683 2014

surface modeling, J. Climate, 19, 3088-3111, 2006.

www.biogeosciences.net/11/3661/2014/


http://dx.doi.org/10.1029/2005GB002541
http://dx.doi.org/10.1016/0016-7061(81)90024-0
http://dx.doi.org/10.1371/journal.pone.0042045
http://dx.doi.org/10.5194/acp-12-4987-2012
http://dx.doi.org/10.5194/bg-10-6989-2013
http://dx.doi.org/10.5194/bg-9-2203-2012
http://dx.doi.org/10.1111/j.1461-0248.2010.01511.x

C. Buendia et al.: The terrestrial P cycle 3683

Spohn, M. and Kuzyakov, Y.: Phosphorus mineralization can beWardle, D. A., Walker, L. R., and Bardgett, R. D.: Ecosystem
driven by microbial need for carbon, Soil Biol. Biochem., 61,  properties and forest decline in contrasting long-term chronose-
69-75, 2013. quences, Science, 305, 509-513, 2004.

Taylor, L., Leake, J., Quirk, J., Hardy, K., Banwart, S., and Beer- Wardle, D. A., Bellingham, P. J., Bonner, K. |., and Mulder, C. P. H.:
ling, D.: Biological weathering and the long-term carbon cycle:  Indirect effects of invasive predators on litter decomposition and
integrating mycorrhizal evolution and function into the current  nutrient resorption on seabird-dominated islands, Ecology, 90,
paradigm, Geobiology, 7, 171-191, 2009. 452-464, 2009.

Vanni, M. J.: Nutrient cycling by animals in freshwater ecosystems, Wittmann, F., Schdngart, J., Montero, J. C., Motzer, T., Junk, W. J.,
Annu. Rev. Ecol. Syst., 33, 341-370, 2002. Piedade, M. T. F., Queiroz, H. L., and Worbes, M.: Tree species

Vicca, S., Luyssaert, S., Pefiuelas, J., Campioli, M., Chapinlll, F. S., composition and diversity gradients in white-water forests across
Ciais, P., Heinemeyer, A., Hogberg, P., Kutsch, W. L., Law, B. E., the Amazon Basin, J. Biogeogr., 33, 1334-1347, 2006.

Malhi, Y., Papale, D., Piao, S. L., Reichstein, M., Schulze, E. D., Yang, X., Post, W. M., Thornton, P. E., and Jain, A.: The distri-
and Janssens, |. A.: Fertile forests produce biomass more effi- bution of soil phosphorus for global biogeochemical modeling,

ciently, Ecol. Lett., 15, 520-526, 2012. Biogeosciences, 10, 2525-2537, d6i5194/bg-10-2525-2013
Vitousek, P. M. and Sanford, R. L., J.: Nutrient Cycling in Moist 2013.

Tropical Forest, Annu. Rev. Ecol. Syst., 17, 137-167, 1986. Yang, X., Thornton, P. E., Ricciuto, D. M., and Post, W. M.:
Walker, T. W. and Syers, J. K.: The fate of phosphorous during pe- The role of phosphorus dynamics in tropical forests — a mod-

dogenesis, Geoderma, 15, 1-19, 1976. eling study using CLM-CNP, Biogeosciences, 11, 1667-1681,
Wang, Y. P., Houlton, B., and Field, C. B.: A model of biogeochem-  d0i:10.5194/bg-11-1667-2012014.

ical cycles of carbon, nitrogen and phosphorus including symbi-Zhang, Q., Wang, Y., Pitman, A., and Dai, Y.: Limitations

otic nitrogen fixation and phosphatase production, Global Bio- of nitrogen and phosphorous on the terrestrial carbon up-

geochem. Cy., 21, GB1018, dbQ.1029/2006GB002792007. take in the 20th century, Geophys. Res. Lett.,, 38, L22701,
Wang, Y. P, Law, R. M., and Pak, B.: A global model of carbon,  d0i:10.1029/2011GL04924£2011.

nitrogen and phosphorus cycles for the terrestrial biosphere, Bio-

geosciences, 7, 2261-2282, d6:5194/bg-7-2261-2012010.

www.biogeosciences.net/11/3661/2014/ Biogeosciences, 11, 38R3-2014


http://dx.doi.org/10.1029/2006GB002797
http://dx.doi.org/10.5194/bg-7-2261-2010
http://dx.doi.org/10.5194/bg-10-2525-2013
http://dx.doi.org/10.5194/bg-11-1667-2014
http://dx.doi.org/10.1029/2011GL049244

