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This Supplementary Material includes a detailed model description with equations as well as some supplementary figures.
Section S1 summarises the general structure and vertical discretisation of vegetation and soil, and introduces general parameters
(Tab S1). Section S2 describes the canopy processes, such as photosynthesis and stomatal coupling, with parameters in Tab. S2.
Section S3 introduces vegetation growth, turnover and dynamics and the corresponding parameters are in Tab. S3. The soil

5 biochemistry is described in Section S4, and its parameters are in Tab. S4. Section S5 describes the implementation of the
isotope code, with parameters in Tab. S5. Section S6 describes the radiation scheme, surface energy balance and soil hydrology,
with parameters described in Tab. S6. The PFT-specific parameters are listed in Tab. S7. Where no explicit reference to other

studies is given, the equations have been developed in this study.

S1 General model structure, modularity, and discretisation

10 Each gridcell of the model is subdivided into nested tiles, each of which is occupied by one specific vegetation-type, represent-
ing a plant functional type (PFT). The number of tiles per gridcell is flexible, making it is easy to implement more/different
PFTs in the future. In the model, vegetation is represented by an average individual composed of a range of structural pools
(leaves, sapwood, heartwood, coarse roots, fine roots, and fruit), a fast overturning, respiring non-structural pool (labile), as
well as a seasonal, non-respiring, and non-structural storage pool (reserve). Tree vegetation types are furthermore charac-

15 terised by their height (m), diameter (m), and stand density (m~2). Soil biogeochemistry is represented using five organic
pools: metabolic (met), structural (str) and and woody (wl) litter, as well as fast (f) and slow (s) overturning soil organic matter.
Each of these pools contains carbon (C), nitrogen (N) and phosphorus (P), as well as '3C, 1*C, and '>N. The unit of the pools
is mol X m~2 for vegetation and mol X m~2 for soil biogeochemical pools, where X represents any of these elements. In ad-
dition, the model represents the following soil biogeochemical pools (NH,4, NO3, NOy, N2O, No, and PO,), with equivalent

20 units.
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The model operates on a half-hourly time-scale (denoted as dt). Vegetation processes, e.g. the photosynthesis and respiration
responses to temperature, the responses of nutrient uptake and foliar nutrient concentrations to nutrient availability, are assumed
to respond to these instantaneous conditions and associated fluxes with a process-specific lag time (7},;777°%, see Tab. S1),

representing a form of memory for instance in the calculation of allocation or vegetation dynamic responses. Where appropriate,

the fluxes or pool sizes are calculated as running means with a time-averaging filter as

process _ process _
Xmavg;nﬁﬂ - Xmavg,old X (1 OJ) + Xcurrent X W,U)h(f?”@ (Sla)
dt
W = —process (S1b)
mavg

3 : : process process
where Xcyrrent is the instantaneous state or flux of interest, and X7, 5 ;. as well as XFI700%%  are the averaged values
of the previous and current time step, respectively. The equations where these lag times are playing a role are also shown in

Tab. S1.
S1.1 Vertical discretisation

The canopy is discretised into 10 layers (denoted by subscript cl), with exponentially increasing layer depth (LAI;) to allow
for a better resolution of top-of-canopy processes with high light and nitrogen gradients. In accordance with observations of
canopy N distribution (Niinemets et al., 1998), less N is allocated to the lower, darker canopy layers: as in Zaehle and Friend

(2010), the total canopy N content (Neq ) is distributed to each canopy layer cl following

Nicaf.et = Nicaf.ei=1 X e ¥ EAL qphere (S2a)
k

Nieaf,ct=1 = Mﬁ]\flew (S2b)

where LAI, is the cumulative leaf area above the centre-point of the canopy layer, and L AT the total leaf area, and ¢l = 1 is
the top layer.

All soil state-variables (temperature, moisture, texture, soil biogeochemical pools) and fluxes are discretised into 15 soil

layers (denoted by subscript (sl). Layer thickness increases exponentially with increasing layer depth up to a total depth of 9.5

m, and with a minimum layer thickness for the top layer of 0.065 m. Following observations presented by Jackson et al. (1996),

fine roots and coarse roots are assumed to be distributed in exponentially decreasing density along the soil profile according to

kroot_dist X depths ,where (S3a)

krd

1— e_k'r'oot_dist xdepth,

Xroot,sl = Xroot,sl:l xXe”

Xroot,sl:l = Xroot (S3b)

where k.4 is a PFT-specific parameter (see Tab. S7), depth; the depth of the soil layer’s mid point, depth,. the rooting depth,
derived from site characteristics and X, the respective fine or coarse root mass.

For clarity in the following, the subscript for canopy and soil layer is ignored if processes are treated similarly across layers.
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S1.2 Modularity

The code structure of QUINCY has been designed in a modular way, with two intentions.

Modularity regarding the scope of the model: The model can be run configured as a canopy flux scheme (simplified rep-
resentation of LAI dynamics given the phenology subroutines, full consideration of soil hydrology, surface energy, canopy
radiation and photosynthesis), a stand-alone vegetation model (all of the canopy flux schemes, but with LAI dependent on
vegetation growth and dynamics, however without biogeochemical soil feedbacks), a stand-alone soil biogeochemical model
(driven by pre-calculated soil moisture and temperature as well as atmospheric and plant litter inputs), a configuration of any
of the former without considering soil moisture constraints, and the fully coupled canopy, vegetation and soil model as applied
here. This approach allows for testing the implications of particular processes at reduced model complexity.

Modularity regarding alternative process representations: The subroutine structure of the model facilitates the testing of
alternative process hypotheses: These include alternative assumptions about temperature acclimation, the vertical structure of

the soil (bulk or one-dimensional with flexible numbers of layers), as well as sub-modules to be tested in future studies.

S2 Canopy processes
S2.1 Canopy nitrogen allocation

The leaf area index (L AI) and canopy nitrogen content (N;, ) are dynamic properties of the model, as described in Section
S3, and are discretised to canopy layers given by Eq. S2. Ny, . is partitioned into photosynthetic and non-photosynthetic, or
structural, N. The fraction of structural N (f Ng¢ryc,c1) is calculated as a function of the total leaf N in the respective canopy

layer (Zaehle and Friend, 2010):

sttruch = kStTuc - kftrucheaf,cl (S4)

where k3¢ is a PFT-specific parameter and k5t is an empirical constant.

The photosynthetic N is further separated into the fraction that is associated with Rubisco (f IV,.;p), electron transport (f Ney),
chlorophyll (f Np1) and in the case of C4 plants, a fourth fraction for PEP carboxylase fNpepe.

As in (Zaehle and Friend, 2010), the fraction of N in chlorophyll for each layer is calculated as decreasing with canopy
depth:

chl
k‘Chl _ kChle*kfn LAI.
0 1
fNen = - , (S5)
Achy

where k&, k" and k" are empirical parameters and a",, is the molecular N content of chlorophyll.

The values of fN,,;, and f N, are calculated assuming a fixed ratio of the V4, and J,,, photosynthetic parameters at
25°C, rj2v, given the calculated values of the structural and photosynthetic fractions. The PEP carboxylase fraction, fNpep,

is considered to be a constant.
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S2.2 Leaf-level net photosynthesis

Photosynthesis and stomatal conductance are calculated for the mid-points of each canopy layer and light-quality class (sunlit
and shaded; as defined in Sect. S6.1). For clarity, the subscript .; is omitted in this section. The calculation of leaf-level
photosynthesis is based on Kull and Kruijt (1998), extended for C4 photosynthesis according to Friend et al. (2009). The
Kull-photosynthesis scheme explicitly and dynamically separates each leaf (layer) into a fraction that is light-saturated, under
which photosynthesis is controlled by Farquhar-type co-limitation model (Farquhar et al., 1982), and the remainder, which is
light-harvesting limited, and therefore strongly depends in the leaf chlorophyll content (see Kull and Kruijt, 1998, for details).

The temperature response curves as described in Bernacchi et al. (2001). Unless stated otherwise, temperature sensitivities

follow the form:

fo(Tar) = €507 FL/(FXTosr) (S6)

where T,;, is the air temperature (K), R is the universal gas constant (Jmol 'K~!), and the process-wise E¥ and EY are
given in Table S2. Note that the current version of QUINCY does not include a representation of canopy temperature and we
are therefore using air temperature for all aboveground processes.

In light-saturated conditions, gross photosynthesis (A,) in C3 plants is calculated as the minimum of two potential rates,

The electron-transport capacity limited carboxylation (A4;) and the Rubisco-limited rate of photosynthesis (A,). A; is given by

Aj =my X Jpae, where (S87a)
Ci

R S7b

m c; + 2x1I'* ’ ( )

Jmaz = N1 X Nleafu (S7C)

N1 = Yjmaz (Tair) X 652“ x ﬂfisnk’lim X gga X j;r“rllam x foft (S7d)

where c; is the intercellular partial pressure of CO4 (Pa, Eq. S17), and I'* is the CO2 compensation point in the absence of

pSs

inklim 1S @ signal to reduce photosynthesis in the case of C sink limitation (Eq. S43) and 3%;, is accounting

dark respiration. /3 soa

for the effect of low-temperature acclimation in the evergreen species (Eq. S46). Excessive soil moisture stress constraints (as

discussed in Rogers et al. (2017)) are assumed to reduce light-saturated photosynthetic activity by:

s \I/soil
gail =4 \I,mzn ’ (Sg)
leaf

where W, is the soil water potential in the root zone (Eq. S121) and \P}Z;’} is the PFT-specific minimum leaf water potential.

The temperature sensitivity of electron transport is assumed to follow the bell-shaped form described by June et al. (2004),

where Yﬁr’;m is the optimum temperature for .J,,, 4, according to Friend (2010), as follows:
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o 2
Tair— Tj ';lr)ztaw
o e
9imazx (Tair) =€ 5 (Sga)
opt topt topt . .opt opt opt
T’jmaw - kojmaw + kljmaz X T(ll"”ijaa:,min < ijaz < z}?ﬂaa:,rnaa:7 (S9b)

where T, is a PFT-specific parameter, k0%, and k1%, are parameters, T, is the air temperature, and 77> in Eq.

S9 is the mean of the daytime T;’ffw over the past few days (ngﬁgz), thereby accounting for temperature acclimation of

photosynthesis as in Friend (2010).
A,, the Rubisco-limited rate of photosynthesis, is given by

Ay =ma X Vemax, where (S10a)
Ci

= S10b

M2 k(L4 O k) (5100)

Vemaz = N2 X Nieay (S10c)

12 = foemaz(Tair) X Bhit X Beinrtim % Broa X Vemaz < f Nrub (S10d)

where O; is the intercellular partial pressure of Os, and k. and k, are the Michaelis-Menten constants for CO5 and Os
respectively, derived E5¢, EX¢, or EX°, Ek° using Eq. S6.
The N-specific light-saturated rate of C3 photosynthesis can then be calculated as:

Mgar = Min(nyg X mi,ng X ma) (S11)

Friend et al. (2009) adjusted the scheme by Kull and Kruijt (1998) using the Collatz formulation of C4 photosynthesis
Collatz et al. (1992). The simplified assumption is that A; and A, can be calculated as above, but at saturating ¢; (¢; maaz)-

Bundle-sheath transport limitation (A4,) is then further limiting C4 photosynthesis, given by

Ay =Vpmaz X ma,where (S12a)
meaz =nz X Nleaf (8121'))
n3 = gpepc(Tair) X vgepc X prepca (SlZc)
mg =, (S12d)

p

where the temperature response is
. __Pepc pepc
gpepe(Tair) = 2Toir~Tres M hase (S13)
The N-specific light-saturated rate of C4 photosynthesis can be calculated as

Msar = Min(ny X my,ng X Mg, N3 X M3) (S14)
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The light-harvesting limited rate of photosynthesis (Aj) can be written as

A =mq X a; X PPF Dy, (S15a)
PPFD, = PPFDy(1 — e *a*Cert) where (S15b)
Cent = agyy X fNeni X Nieas (S15¢)

where «; is the intrinsic quantum efficiency for CO, uptake, PPF Dy is the photosynthetic photon flux density (PPFD)
penetrating sunlit or shaded foliage, converted from the adsorbed radiation of the canopy layer (Eq. S102), and k, as well as
ary,; are parameters specified in Table S2.

As Kull and Kruijt (1998) show, this system of equations (Eq. S7-S15) can be solved to yield gross photosynthesis (A,) for

one canopy layer and light-class as:

*

Ag=(1- c—i)[msathat +a;PPFD,(e " Xagn X fNent X Nsar _ o=ka Xy X fNent *Nicar) where (S16a)
forNsat =0: Nigm <0 (S16b)
forNsat = Niim © Nigm < Nieaf (S16c)
forNgat = Nicar : Niim > Nieay,and (S16d)
Nipy = _ln(mmt/[ai X PPFD X kq % al,; X fNep X mq]) (S160)

k‘a X a?hl X chhl

(S16f)
S2.3 Stomatal coupling

The combination of leaf-level net photosynthesis (A, .;), stomatal conductance (g5 ;), and leaf internal CO, concentration

(ci,a1) satisfying Eq. S17 is sought iteratively for each canopy layer (following broadly Ball et al., 1987):

An = (Ag,sunlit X fsunlit + Ag,shaded X (1 - fsunlit)) - Rl (S17a)

Anﬁairﬁgji
9s =90+ g1 0711 X R x Tyir/p (S17b)

Dw_v?coQ Dwv2co2

air + turb ) X R X Tir (S17¢)

¢ =c1 X Cq— o X Ap X (
Js Ja

where fs.n1:¢ 1 the fraction of sunlit leaves in a canopy layer (see Eq. S101), R; is the maintenance respiration of leaves (see
Sect. S3.2), go and g1 are PFT-specific parameters, R is the molar gas constant, T,;, is air temperature (K), p air pressure (Pa),
¢ converts CO5 concentration from ppm to Pa, co converts pmolm’Qs’1 to molm~—2s71, g, is the aerodynamic conductance

(calculated following Eq. S110), and the D’s are the diffusion coefficient corrections for CO5 and water (Bonan, 2015).
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Bair 18 taken as relative humidity (Ball et al., 1987; Knauer et al., 2015) and ﬁfji ; s the stomatal response to soil moisture,
described by:

gs __ Usoil
soil — 7 \ymin
\I,leaf

(S18)

where W, is the soil water potential in the root zone (Eq. S121) and ‘Ifl";g} is the PFT-specific minimum leaf water potential.
S2.4 Canopy integration

Canopy-level fluxes are derived by summing the product of layer-level fluxes or state-variables and the depth of the layer

ncanopy

F= Z F. x LAIL,, (S19)

cl=1

where F is the canopy-level equivalent of a leaf-level variable Fi; (per unit leaf-area), such as gross photosynthesis (A,),
net photosynthesis (A4,,), and leaf-level stomatal conductance (gs), (see Sect. S2.2 and S2.3) and LAl is the leaf area index
of the canopy layer. The resulting canopy net assimilation A, is used as input to the vegetation model (Eq. S20), the canopy

conductance (G) is used for the calculation of ecosystem transpiration (Eq. S118).

S3 Vegetation growth, turnover and dynamics
S3.1 Labile pool dynamics

The general equation for labile pool dynamics resembles Zaehle and Friend (2010), and similar approaches: growth of a plant
is modelled dependent on the partitioning of its labile resource to new tissue growth, storage production, as well as — in the

case of C — respiration for maintenance and resource uptake:

dCiapite

dt = Ag + ASC - R’"L - RT‘ - (1 + f'resp,g'rowth) X GC (S20a)
N .
d Ziatb“e = Uroot.n +ASy — Gy (S20b)
P .
a l;tb”e = Uroot,p + ASp — Gp (S20¢)

where R,,, is maintenance respiration, R, is resource uptake respiration (for both see Sect. S3.2), ASx is the net exchange
between the labile and reserve pool (Sect. S3.6), frecsp,growtn i the constant fraction of respiration associated with growth,

G x are the growth rates to build new tissues, Uy,0:, x are nutrient rates of root uptake.
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S3.2 Maintenance respiration

Following (Sprugel et al. (1995), as in (Zaehle and Friend, 2010)), maintenance respiration ([?,, ;) for every vegetation pool

(2) is estimated from its N content (/V;) as

Rm,i = ftemp X f'r/l;esp’maint X N’L (SZI)

where fﬁesp,mamf, is the maintenance respiration per unit N, which differs between woody and non-woody pools, and fiem,p
is the instantaneous temperature response of respiration (Lloyd and Taylor (1994))
_ tags — 7m0
Jtemp =€ Th2 k3 ) (S22)
where tx1,tr2 and t3 are temperature sensitivity parameters and 7" is the instantaneous air or soil temperature for above-

and belowground tissues, respectively. Following Atkin et al. (2014), the basal respiration rate acclimates to temperature

fresp_acctim(Tacetim=Tacetim ref) (523)

fmaintj‘ate = fmaint;ratefref 1

where fqint_rate,ref 1S the N-specific maintenance respiration rate at the temperature Ty cciim, ref> fresp_acclim 1S the slope
of the temperature acclimation and 7.;;», 1s the running average of air or soil temperature (Tﬁf(f,fg), respectively.

Resource uptake respiration for nutrients is given by specific costs (cost;, Zerihun et al. (1998)) to transform nutrients from

mineral sources (%) into organic material and the actual plants uptake Upjgn:,i (S4.5) as
Rr,i = cost; X Uplant,i (S24)
where i is either NH4 or NOs.

S3.3 Growth

The equations in this section have been developed for the QUINCY model. The potential, source-limited growth rate (G'%) is
given by the product of the maximum turnover rate of the labile pool (1/7;4pi.) and the actual labile pool size (X;qpi1c). Three
sink limitation processes operate, which control the down-regulation of this potential growth rate to the actual growth rates
(Gx):

— the temperature and moisture sensitivity of the meristem (Eq. S25);
— the requirement for maintenance respiration (Eq. S21), which takes priority over new growth; and
— the co-limitation of growth by the nutrients required to grow specific pools (Eq. S28).

The temperature and moisture control on the meristem, and therefore the growth rate, is represented by a reduction of the
maximum turnover rate of the labile pool at low temperatures and low soil moisture conditions.

Jlabile labile

labile khabi labile KL
x e~ Atemp XTair) 17y o=(A67x©)70 (S25)

e
labile
Tlabile



where Ty, is air temperature in degrees Celsius, © is the fractional soil moisture content (Eq. S120), and the A and k are
parameters. kj,,;.;. is set to zero outside the growing season (see Sect. S3.8).
Respiration is assumed to have priority over growth. However, under severe C deficit, the meristem activity also down-
regulates maintenance and resource uptake respiration.
5 To ensure that carbon growth (G ) does not exceed the size of the labile carbon pool, the turnover rate of the labile pool to

growth is corrected by the current respiration rate, and constrained to positive solutions:

GE« = kl*abile X Clabite X dt — Ry, — Ry G*C >0 (S26)
Given G, and the stoichiometric requirements for biomass growth (reg%/ ¢ rowth and reqha rowth respectively):
pools ;
groun‘h Z lelloc 7 (827)
’L
10 where félloc are the allocation fractions (Sect. S3.4) to each pool i, and % are the target stoichiometries of C:N:P (Sect.

S3.5) of the leaf, fine root, coarse root, sapwood, and fruits pools. The actual growth rates can be calculated as

Gp= eq%‘}f’th x Gy = reqz,"]’thh X req%(gyth x Go (S28a)
Ge <Gg (S28b)
klyszIlLJile
C;(N < X Nlabzle x dt (SzSC)
Tlabile
(kjugiae)?
15 Gp < X Piapite X dt, (S284)
Tlabile

Note that only the minimum of the three rates in eq. S28a can actually be realised. The other two growth rates are adjusted,

implying a relative accumulation of these elements in the labile pool. The use of kJ24, , and (kJ'4%, )2 for phosphorus, implies

a stronger mobilisation capacity for nitrogen (amino-acids) and phosphorus (a inorganic anion) than for reserve carbon (starch),

which requires transformation to be used for growth. The assumption behind this is that the temperature and moisture control

20 of the meristem is already accounted for by G, and that the plant is able to mobilise the required nutrients from the labile
pool to support this growth.

Outside the growing season, all growth fluxes are set to zero (see Sect. S3.8).
S3.4 Growth partitioning

The labile pool partitioned to growth is first split into reproductive (fruit pool) and structural (leaves, fine and coarse roots and

25 sap wood) growth.
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The fraction of carbon growth allocated to fruit depends on the ability of the plant to build reserves (AS¢, see Sect. S3.6),
implying that fruit growth is suppressed during phases of rapid leaf growth (beginning of the growing season), as well as

periods of C starvation (e.g. severe drought).

) ) Fruit
fruit fruit fruit fruit Tt (AS k3T R0

falloc,C - k]‘alloc + (kQalloc - klalloc ) X exp Naitoe x(A5e atioe ) (829)
where the maximum fraction of allocation to fruits (k2£lrl’;it) is a PFT-specific parameter (this study).

The allocation of the remaining growth ((1 — fﬁl‘ﬁtc) x G¢) to the structural pools leaves, fine root, coarse roots, and

sapwood follows a set of following allometric relationships (Zaehle and Friend, 2010).

In grasses, halms are assumed to be a proportion of leaf mass, and no height restrictions apply.
Cleaf = kntot X Csap_wood (S30)

In trees and shrubs, leaf and woody biomass are linked through the pipe-model hypothesis (requiring a constant ratio of leaf

area, L A, to sapwood area, S A)

k atosa Cea wWoo!
Cleaf = Lot X sap. d <=>LA= klatosa X SA7 (S?’l)
sla X pwooq X H

where sla, kjqtosa, and pyooq are the PFT-specific specific leaf area, leaf to sapwood area ratio, and wood density, respec-

tively. H is the mean forest canopy height calculated as:
H = klagiom x DV2ettom, (S32)

where the diameter at breast height (D) is determined from woody biomass, assuming that the entire trunk is a cylinder. As

an extension to the pipe-model theory below-ground, coarse root biomass is assumed to be proportional to sap wood mass:

Ccoarse_root = kctos X Csap_wood (533)

where k., is a PFT-specific parameters.
For both trees and grasses, fine root and leaves are assumed to be in homeostatic balance between transpiring leaf surface

and root mass
ltor klatosa
C'leaf = f X krtos X———X Cfinefroot (S34)
sla X pwood
where ky1os, 510, klatosa, and puooq are PFT-specific parameters. f'*°7 is the long-term average (T,‘fllfl‘jfg) of the nutrient and
water limitation scalar, which represents the widely observed phenomenon of increased root allocation with water or nutrient
shortage and is calculated here as the minimum of three functions describing N, P and water limitation respectively, calculated

as:

Nlabile/clabile Jplabile/Nlabile Wsoil,?“oot )
growth ’ growth 7 alloc
NC Teqdpn soil,crit

fltor — mm( (835)

10
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Xabite refers to the content of the respective element in the labile pool and rqumwth and reqlgf]f,wm are the N:C and P:N
ratios required for growth, respectively (see eqn. S27). For the water limited allocation, Walko¢ . is the critical level of soil

moisture below which root allocation increases and W1 00t 18 calculated as the ratio between the current water content in

the root zone and the water content in the root zone at field capacity.
S3.5 Tissue stoichiometry

Following Meyerholt and Zaehle (2015), C:N:P stoichiometry for slow-overturning structural tissues (sap wood, coarse roots)
as well as fruits, is assumed to be time-invariant and modelled as dependent on the PFT-specific mean foliar stoichiometry
(Xgiﬁ , and X{Z&?) and set ratios (see Table S3). Heartwood stoichiometry differs from sapwood stoichiometry because a
fraction of the nutrients are retranslocated (k“2°%,) to the labile pool upon heartwood formation.

Following Zaehle and Friend (2010), the C:N and N:P ratios of leaves are varied in response to the nutrient demand and

supply so that:

Xieasier1r = Xieas X (146X, X Txy) (S36)

where v ¥ 7 denotes either the C:N or N:P ratio of the leaves, 6X 7 is a parameter denoting the maximum amount that leaf

nutrients can change per timestep and I x.y heuristically accounts for limits to the plasticity of foliar stoichiometry as:

—(AX Xle’;zf - )'lXeaf
e eaf XL afmm+xlmfm“ le X <Tqurowth
FX'Y — labile (S37)
. ~-(Neurxov Xk.afx-y )klxe‘lf th
_(1 —e Xieaf, nun+cha‘f,'ma,m ) lf Xlabzle > rqurow

In the above, x;¥ Y, ' min and Xiviy 't maz are PFT-specific parameters. The ¢ sand k)

refers to the relationship between the nutrients available for growth in the labile pool and the nutrients required for growth (Eq.

f are parameters (Tab. S3) The condition

lea lea

S27), averaged at the time-scale of 7, The stoichiometric ratios of the fine roots vary proportionally to those of the leaves,

mavg
whereas the stoichiometry of wood is assumed time-invariant (Meyerholt and Zaehle, 2015). The stoichiometry of the labile

and reserve pools are prognostic properties, as described in Sect. S3.6.
S3.6 Long-term reserve dynamics

While labile-reserve dynamics have been part of the OCN model (Zaehle and Friend, 2010), the underlying equations have been
reworked to increase robustness and traceability. The target leaf carbon pool (Cfcf’; 9¢ty is determined by the current allometry,
and corresponds to the leaf area index implied by current sapwood area.

The target labile carbon pool size buffers short term fluctuations in GPP, and is assumed to correspond to the maximum of

the cumulated GPP or R,, over the turnover time of the labile pool, while the target of the labile nitrogen and phosphorus

11



pool corresponds to the average stoichiometric growth requirement over the turnover time of the labile pool:

t=0 t=0
CLarget _ g / GPP x dt, / Ry x dt) (S38a)
tz*Tzoabz‘Lc tz*"'zoabilc
Nigaet = reqfig"™ x Crapse! (S38b)
t t th t t
Playite =reqpn X Nigyite (S38¢c)
5 The target size of the reserve pool depends on the C required to replace the annual growth of leaves and fine roots. It is scaled

by a PFT-specific constant as a measure of risk avoidance (k!479¢! ), with larger values indicating a preference for storage over

growth.

LAItarget

target .
Cresgrve = mln(kreserve X (1 + fresp,growth) X sla

; Z freserve,maa:,i X Ci)7’wh€’f’€ (S393)
i=l,f,s

1 1

_ 1ntarget .
Ereserve = Kreserve X (min(1,
Tleaf Tfine_root X Rleaf:finej'oot

) (S39b)

10 where LAI'%79¢ is the target leaf area index, which is constrained to values below LAI!T9¢ (see Sect. S3.4) and sla

the PFT-specific specific leaf area, Tjeqy and Tyine_root are the PFI-specific turnover times of foliage and fine roots, and
Ricaf: fine_root 18 the leaf to root ratio (Eq. S35) averaged over the lifetime of the fine roots (T;;f(fjg). The N and P target pools

are defined in an equivalent manner, respecting the current target stoichiometry of leaves and fine roots (Sect. S3.5).

The net exchange between the labile and reserve pool is calculated as

b's b's i
15 ASx = p— X (Prpaint X Xreserve — Poiore X Xiabite) X dt;with (540a)
aobiie
g b'e . A
—(AE . x Mabile Yk aint
X mawnt ar ge
D iy =€ Xiabile ,and (S40b)
@
—(A%, . x Xreserve Yhsiore
Dltore =1—e """ XELE (S40c)
(I) (I) (I) (b . . .,
where A7 ines Brmaints Astore> and kg, are parameters of a Weibull-type function. Under conditions of severe resource

stress (i.e. low labile pool size corresponding to its target size), the build up of reserves, is reduced according to

1-0X
20 % _1tzf%ﬂ@£m’ﬁéﬁwn>hwmﬂ (S41)

store —

where kg inter 1S a parameter. To support leaf and fine-root growth at the beginning of the growing season, ASx is further

X

modified by the phenological pull (®,.,,

) during the growing season as follows:
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AS ASX + klabzle X Qphen X X'f'ese/pve X dt7w’lth (8423)
X P
~(\Phen X serariger) Phen
Cfpen=c (s42b)
where )\p hen» and kp hen are parameters of a Weibull-type function.

S3.7 Photosynthetic sink limitation

The observation that growth and photosynthesis may differ in their response to environmental stressors (Hartmann et al., 2018)
is considered in QUINCY such that in case the labile carbon pool exceeds its target size substantially because growth is limited
by temperature, moisture, or because sufficient nutrients are lacking to allow growth (Eq. S28a), sink-limitation down-regulates

photosynthetic activity so that:

ps

LS )
PP e Al XX R e (S43a)

sinklim,min

ps _ 6?5

sinklim — Fsinklim,min
target

Clabile — Clabile

target
C(labile

X= (S43b)

Here, Beinkiim,mins Noopiim and k25 are parameters (see Table S3) and C[%/ 9" is the target value for the labile pool

(Eq. S38).
In addition, if the C:N or N:P ratios of the labile pool exceed those of the target labile pool, indicating strong nutrient stress,
the sink limitation factor is further modified as a function of the stoichiometric ratio of the labile pool and that of the labile

target as:

XN:C XP:N
PS — 3ps - labzle labzle

sinklim — ﬂsinklim X mm(l, k’CNP % kCNP % ) (544)
sinklim Xlabzle starget  Vsinklim Xlabzle ,target

where kCVE.is a parameter.

sznklzm

S3.8 Phenology

The phenology of vegetation, describing the seasonal development of foliage biomass, is simulated prognostically given the
ability of the plant to grow new tissues, which depends on the size and turnover of the meristems (Eq. S28), as well as the
fractional allocation of growth to plant organs (see Sect. S3.3). The start and end of the the growing season are determined
by meteorological triggers and soil moisture, with plant growth set to zero outside the growing season (Eq. S28). The mete-
orological variables determining these phenological triggers are averaged over Tﬁ[}lﬁg, to smooth out the effect of day-to-day

climate variability. While the beginning and ending mark the start and end of tissue production, only the turnover of the leaves

is directly affected by phenological triggers. The turnover of all other tissues is assumed to be constant (see Sect. S3.9).
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The model differentiates evergreen, cold deciduous, rain deciduous tree and shrub phenological strategies, as well as herba-
ceous perennial phenological strategies.

The growing season start for cold deciduous and herbaceous PFTs is described as a function of the accumulated growing
degree days (GDD,..) as:

GDD,,e. >GDDI* x exp*kdgoeﬁa"wXNDD,where (S45a)

req

GDD .

ke GDDgee + MAX (tasr —tSPP 0.0) (S45b)

tair

GDD

where GDD,.. denotes the current growing degree days above the temperature threshold (¢7;’~) since the last beginning of

GDD

dormancy, N DD is the number of dormancy days, taken as days since the last growing season, and k"""

is a PFT-specific

parameter relating dormancy to the PFT-specific maximum growing degree days requirement (G'D D;i¢") to account for the

chilling requirements of the buds (Krinner et al., 2005), and d¢ denotes time-step in days.

gs

For rain deciduous phenology, the start of the growing season is triggered when the soil moisture stress factor (37, see

Eq. S18) is larger than a PFT-specific threshold (3 f é;fh). This criterion is also applied for herbaceous PFTs in addition to the
G D D-criterion.

The end of the growing season for cold deciduous and herbaceous PFTs is triggered by decreasing average air temperatures

Sen
air

below a PFT-specific temperature threshold (¢7¢7). For raingreen and herbaceous PFTs the end of the growing season is trig-

gered when the soil moisture stress factor (ﬁfosil) becomes lower than a PFT-specific threshold (5557). In addition, herbaceous
PFTs end their growing season, once the weekly carbon balance (G PP — R,,,) becomes negative. Senescence is generally only
leaf

introduced once the leaf age has become larger than a PFT-specific threshold (age,,, ;" ).

For the evergreen phenology, recovery of photosynthesis in spring is delayed according to the state of acclimation (S) to air

temperature, which reduces photosynthesis in spring until acclimation is reached (Mékeli et al., 2004). S is calculated as

ds 1

— = ——(Tyir— S S46
dt  Tsoa ( ) (546)
where 75, is a time constant. The reduction factor for Rubisco- and electron transport limited photosynthesis (8soq) 1S

calculated as

(S —Tzon)
s0a = Trsoa rhsea S47
ﬁ (Tﬁzoaaz - Tizoi?z) ( )

where 73 and T,3°% are parameters and (35, is constrained to the range 0.1 and 1. S is updated according to this equation

min max

starting from a set initial value.
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S3.9 Turnover

As in OCN (Zaehle and Friend, 2010), the breakdown of leaf and fine-root nutrients occurs at the time-scale of Tyt recycle-
The freed nutrients enter the labile pool and are replaced by new nutrients of the labile pool according to the current target

C:N:P of the respective pool.

X Xta’rget
1 !
0L (Y 2 Kpor) % ot st (548
pool

where X is either N or P, and Y C or N, respectively. The flux from the labile pool is limited by the turnover rate and size of
the labile pool to ascertain that the latter cannot be exhausted.

The turnover time of most tissue types (fine and coarse roots, sapwood, and fruits) is assumed constant for each PFT
(Tfine_root> Teoarse_roots Tsap_wood> A Trrys¢, respectively). The fruit pool is turning into seed bed pool, which is either used

for re-establishment of new seedlings or turned over to form litter. While roots turn directly into litter, only a small fraction

branch

of sapwood ( sap. wood

) is turned to litter, assuming it is lost as branches (Ty,qnches), Whereas the predominant fraction of
sapwood turns into non-respiring hardwood at the timescale of T,4,_wood. In €vergreen trees, foliar turnover to litter is assumed
to be constant (Tjeqpes). For deciduous and herbaceous PFTs only minor turnover happens at 7j¢qyes during the growing season.
At the end of the growing season (see Sect. S3.8), foliar turnover is set to a constant rate
LA Itarget

——1)

TAT (S49)

leaf .
ftzii, = mzn(fshed,maac X

Resorption of nutrients to the labile pool during litterfall is assumed to only occur during foliage turnover (leaf scenescence)
and the conversion from life sap-wood to dead heartwood (see for instance data in White et al., 2000) at a constant fraction

(k%

esory)» Whereas fine root turnover is assumed to be dominated by predation and therefore no nutrient resorption is assumed

to occur. so that:

Xpoo
fluxi)(ool%litter = (1 - ki«isorb) X Tp ll X dta and (Ssoa)
poo
tunX X Xpool S50b
f uxpool—)labile = Rresorb X Toool X at, ( )
poo

X
pool—litter

X

where flux pool—labile

is the litterfall from any one pool, and flux the retranslocated flux into the labile pool.
S3.10 Vegetation dynamics

Vegetation dynamics follow largely Sitch et al. (2003). To assess stand density, we define for tree functional types the crown

area as:

CA=kca x DFre (S51)
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where kc 4 and k., are parameters, D is the tree diameter at breast hight and C'A is constrained to be less then a maximum
crown area (C' A4, ). Using stand-scale LAI, individuum density (dens;,q, see Eq. S58) and crown area, the LAI of an

individual tree is defined (L AI;,4), which is used to calculate the foliage projective cover (F' PC) as:

FPC = CA x densing(1 — e~ FroexLALina) (S52)

where kj,. is a parameter. To avoid strong seasonal cycles in foliage projective cover for the calculation of vegetation
dynamics (Krinner et al., 2005; Zaehle and Friend, 2010), LAI;,4 is diagnosed from the sapwood area implied by the pipe-
model (Eq. S31), implying that F'PC is essentially representing last year’s maximum LAI. For grasses, the calculation of
FPC is not required and it is set to zero.

Differently to Sitch et al. (2003) and Zaehle and Friend (2010), the establishment flux for a PFT is dependent on the size of the
seed-bed pool, which itself is dependent on the turnover of the fruit pool, and an average, PFT-specific seed-bed turnover time
(Tseed,est)- The motivation for this change is that this allows to close the carbon and nutrient budgets during re-establishment

and avoids the addition of extra mass during re-establishment of a population.

Xseedfbed

flumest,X = fdens X ftemp X fmoist X (853)

Tseed,est
where fiemp and fr,0is¢ represent limitations for establishment at low temperature and low moisture availability in the
form of Weibull-functions with parameters AS” and kST, where env refers to either weekly air temperature (7},;,) or weekly

top-soil moisture (©1). Density dependency of establishment (fg,s) is modelled as in Sitch et al. (2003):

faens = MAX (FPCipr — FPC,0) (S54)

Three types of mortality are considered as additive processes, growth-efficiency related mortality (mortg,.ys), density
dependent mortality (mortg.ns), and a PFT-specific background mortality, representing currently unaccounted for processes

such as disturbance or grazing.

fmort = MIN(mortgrers +mortgens +mortyg prr,1) (S55)

Growth-efficiency mortality, represents any kind of mortality associated with trees lacking the ability to defend themselves

against stress (e.g. pathogens) and is calculated as:

klmort_greff
1+ k2mortfgreff X effgrowth
NPP - Turnover;
LAI

mortgreff = ,where (S56a)

ef fgrowtn = (S56b)
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where, as in Sitch et al. (2003), k1,,0rt_greff and k2p0r¢_gre s are parameters and growth efficiency depends on net primary
production minus tissue turnover (of all tissues 7) per unit leaf area, calculated as running means over 7';;23{{;‘;””'“.
Space constraints in tree populations (as for grasses F'PC'is zero) are considered by constraining the foliage projected cover

to a prescribed maximum (F'PC,4,):

mortgens = MAX(FPC — FPCpyaz,0) (S57)

Litterfall from vegetation dynamics is then the product of the current pool size and f,,.,¢, scaled to the timestep of the
model.

For trees, the appropriate number of individuals is also removed following mortality. This does not affect the size of trees,
as woody biomass and stand density are modified proportionally. On the other hand, during establishment the total pool size
increases, as mass is added to the labile pools, but the average size of individuals decreases due to the added number of (small)

individuals. In total, the change in vegetation individual density following establishment and mortality is written as:

densmd fluxest,o

dt = fm,ort x densing + (S58)

kseed

where fluzcs,c is the carbon flux defined by Eq. S53, and k.4 is the PFT-specific seed size.

S4  Soil biogeochemistry

The dynamics of the soil organic pools (X;; i = met (metabolic litter), str (structural litter), wl (woody litter), fast, slow; see
Section S4.3) are structurally simplified from Parton et al. (1993), but applied here for a vertically explicit soil including a

vertical transport term and are described in general as:

%Xmet => (fopsmerFr,,) + wamememet% - % (S59a)
e = Y Uoperte )+ Futsstrha s 224 = 222 (859b)
%sz =Y (fopswiFr,,) — % (S59¢)
%X fast =M fast(% + )T(—;) + Nstow— fast )T(l“” - f}j‘:: + @1, fast + Pstows fast + %(Db 8)22 ast) (859d)
%stow = Nfast—slow if:; - % + @ fast—sslow + %(Dba)g%) (S59%)

where F7,,  is the litterfall of the various plant tissue types, f,,—; are the coefficients determining the partitioning of this
litterfall to the litter pools (see Section S4.1), 7; are temperature and moisture adjusted, nitrogen-limited turnover times of
the respective pools (X; i = met (metabolic litter), str (structural litter), wl (woody litter), fast, slow; see Section S4.3). In the

following sections we refer to the fast pool as the microbial pool, as while microbes are not explicitly modelled in the current
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model version, the fast pool is meant to largely represent the microbial pool. 77;_,; are the mass transfer from pool ¢ to j (see
Section S4.3), the @, are the net mineralisation terms for N and P, respectively, required to balance the carbon inflow to the
fast and slow SOM pools and their respective C:N:P stoichiometry (see Sect. S4.3). The transfer of soil organic matter through
bioturbation is represented with a prescribed diffusion constant (see Sect. S4.4).

The dynamics of the inorganic nitrogen pools generally follow Zaehle and Friend (2010, but with updated process formula-

tions and explicit vertical transport) and are given by:

0 Ovnm, NH.

aNH4 = Faep,NHy — Uplant, NH, — Z((I)i,NH4) —Unpit — % (S60a)

0 81)]\[0 NO3

&NO?, = Fiep, N0y + Frit, o3 — Uplant, NO; — Z((I)i,N03) —Udenit — 3732 (S60Db)

0

&NOy = Fhit,No, + Faenit,No, — Eno, (S60c)

0

§N2O = Fyit,N,0 + Fienit, Noo — En,0 (S60d)
0
§N2 = Foit, Ny + Faenit, N, — BN, (S60e)

where U are the uptake rates of plants, or (de-)nitrifying bacteria, respectively (see Section S4.5 and S4.7, respectively); the
Fyep are the atmospheric deposition fluxes; the Fj,;; ;, and Fienit,; are the production of NOy, N2O and Ny by nitrification
and denitrification, respectively; and O%X the vertical transport loss term given by the product of ion concentration and water
mass flow between soil layers (see Sect. S6.3). Sorption of NH, is not explicitly modelled, and is accounted for by a reduced
mobility in water (ficqch, N H,)-

The dynamics of the inorganic phosphorus pools generally follows Wang et al. (2010) are described as:

%P(M = Fiep,poy + Fuweath,pos + Friomin,pos — Uplant, POy — Fudsorp, PO, — Z(‘I)i,PO4) - % (S61a)
%sz; = Fadsorp,poy — Faesorp,Pos + %(Db 8];[;17) (S61b)
%Psorb = Fiesorp,Pos — Focetusion,po, + %(Db a];SZOTb) (S61c)
%Pocz = Koct Paors + %(Db 81;?1 ) (S61d)
%Pprimary = —Fyeath,POy (S61e)

where Piap, Psory, Poct, and Pprimary are labile, absorbed, occluded, and primary P, respectively; the Fyep po,» Fuweath,PO4s
Fyiomin,poys Fadsorp,Po,, and Fuqsorp o, are the atmospheric deposition, weathering, fast adsorption, and phosphorus
fluxes, respectively (see Section S4.8). All pools except the primary phosphorus pool are assumed to be affected by bioturbation
(see Sect. S4.4).

S4.1 Partitioning of litterfall to litter pools

Non-woody litterfall is partitioned to the metabolic and structural litter according to the CENTURY approach (Parton et al.,

1993). Litter from labile and reserve pools is assumed to enter the metabolic pools, litter from sap- and heartwood enters the
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woody pool. The metabolic fraction of litterfall from each vegetation pool (., i.e. leaves, fine and coarse roots, fruits and

seed-bed) is determined as:
Cop
P va

where fi,p—met,c 18 constrained to positive solutions, fy,etmaz,c is the maximum fraction allocated to the metabolic pool,

fvp—)met,c = fmet,maz,C - kmet,C x LC, (S62)

kmet,c a factor relating the metabolic litter fraction to the lignin to nitrogen ratio, LC',, the tissue-specific fraction of the lignin

Cup
Nop

but the leaf tissues. For the latter, an empirical dependency between lignin content and specific leaf-area (sla) is used (White
et al., 2000).

content of that tissue type, and the C:N ratio of litterfall from that tissue. The lignin content is assumed constant for all

LCleaf = LCleaf,ma:v + kleastla x sla (563)

The remainder of litterfall is allocated to the structural pool. For N and P, the partitioning assumes that the relative proportions

of C:N and N:P are preserved in the partitioning according to:
1

1 lffvpﬂmct,c
km,et,,up,X Xf1rp~>w1€.t,c

(S64)

f'up—)met,X =

Contrary to versions of the CENTURY model, woody decomposition is assumed to be a two-stage process to account for
the large fraction of CO5 loss during woody decomposition. The first step implies physical destabilisation and a first level of
biochemical processing, which releases a constant fraction of carbon (1 - 7¢ wi—met,str) to heterotrophic respiration. During
this step, a fraction of the nutrients (1 - nx|np) is leached to the mineral phase to account for inefficiencies of the microbiota
in mineral processing decomposing wood. The remaining destabilised woody material (1)c wi—smet,str) 1S assumed to enter the

metabolic and structural litter (Eq. S62 and S64) and is then decomposed as such.
S4.2 SOM and litter turnover rates

The turnover times (Tf’““) of the litter and SOM pools respond to soil temperature (7%,;;) following a peaked Arrhenius
function (with parameters for the activation (K gecomp) and de-activation (Eq gecomp) Of soil organic matter decomposition,

see Tab. S4), and the soil matrix potential (\W4,;;) as follows:

77 =710 X f(Tsoir) X (P soit), where (S65a)
Ed decomp X eEa’dmomPXT .
Tsoi - - 5 th S65b
fTsoi) Ed,decomp = La,decomp X (1 — eFd-decomp*T) o ( )
Tsoit — Topt,dec

T— 504 opt,decomp d S65
Tsoil X Topt,decomp X R’ a ( C)
g(\psoil) =1- \I’soil/q/dec,min (S65d)

S4.3 SOM formation

Matter entering the fast and slow SOM pool (Eq. S59) is required to fulfill the prescribed stoichiometry of the SOM pools

(xsoam)- These are assumed constant with the exception of the fast SOM C:N ratio, which varies with available NH4 following
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CENTURY (Parton et al., 1993):

XsomME:N = MAX (xsomen = fx x NHy,Xsomen ) (S66)

fast,maz fast,min

where x g0 MEN s XSOMEN and f, are parameters.

ast,min ast,mazx

The difference in stoichiometry of the matter entering the pool and the required stoichiometry of the pool leads to the

estimate of the potential immobilisation flux:

* - nC,litterﬁfast Cmet Cstr Nmet Nstr
‘I)Hfast,NH4 = * " ) —nn ( " " ) (S67)
XsoME:N Tmet Tstr Tmet Tstr

fast

where 7;° are the temperature and moisture constrained turnover times (Eq. S65).
The actual immobilisation rate (®;_, r,s¢, v 17,) is limited to the amount of ammonium (NH, available, subject to co-occurring

potential N uptake from plants (Uy Eq. S73), and nitrifiers (U,},,; Eq. S76). Note that, similar as for the plant uptake,

Hy,plant>
the uptake of ammonium is limited by Michaelis-Menten kinetics to account for reduced accessibility of N at very low values.

NH,
* * *
max(NH4, UNH4,plant + nit + él—>fast,NH4

Dy past, NH, = ) X P, rast NH, (S68)

In the case that the amount of available nitrogen (®;_, 44, N, ) 18 insufficient to ensure that the newly formed fast SOM
has a C:N ratio of x g0 MEN the turnover times of the metabolic and structural litter pool are increased, leading to a reduced

decomposition rate of litter and therefore a reduced immobilisation requirement for litter decomposition (Parton et al. (1993)):

* * * *
XSOMC:JYL Tmet Tstr Tmet Tstr
B

= Tomet|str = (S69)
(Dl%fast,NH‘;

Tmet|str

Should the available NH,4 be insufficient to maintain the uptake rates of plants (Eq. S73) and nitrifiers (Eq. S76), these fluxes
are downregulated in proportion.
The potential immobilisation flux of phosphorus (®};_, ¢,;) is defined in a similar manner as potential N /{4 immobilisa-

tion, but now considering the actual turnover time of the litter pools:

; C C P P,
*P,lﬁfast — nC,lztterﬁfast met + str ) N nP( met + str ) (S70a)
i XSOJW?;ZS\; XSOMJfVaii Tmet Tstr Tmet Tstr
PO,
Ppisrast = ” " XPp) s rast (S70b)
ma’x(PO47 POgy,plant + (I)P,l—>fast) e

Because the C:N:P stoichiometry and uptake use-efficiencies are organised such that decomposition of these pools is always
leading to net mineralisation of nutrients, the ® ;4. rqs¢ values are negative and do not require special treatment to affect
the carbon-use efficiency or turnover rates (i.e. Trqst = T}‘ast, and Tsow = Tj,,,)- The processing of fast and slow SOM is
assumed to also include higher-order trophic levels of heterotrophic respiration Parton et al. (1993), therefore only a fraction

of the respired material (¢, fast—siow and NC,siow—s fast) 18 assumed to enter the subsequent pool:
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NC, fast—slow Cfa,st _ Nfu,st
XsoMGil,
cbfast—hslow,NHz; = — (S7]a)
Tfast
nc, sl fast
X;OOZ;Z:I\T Cslow - Nslow

(bslow—)fast7NH4 = s (S71b)

Tslow
NC, fast—slow C P
t t
Xsougy Xsompyy, I 7T
: : (S71¢)
Tfast

NC,slow— fast
K K Cslow - Pslow
XsomG: N XsomN:P

! fast - Fbiomin,PO4 (S71d)

Tslow

(I)fast%slow,PO4 =

q)slow%fast,PO4 =

S4.4 Bioturbation

Bioturbation is treated as simple diffusive flux with a rate constant Dy, as in Koven et al. (2013), but declining with soil depth

in proportion to the fraction of roots in the layer to account for reduced biological activity with increasing soil depth:

100t frqe kIS
Db = - di?‘ac X poc':f’l 5 and (8723)
cor u Psoil
Psoil = MAX(pgrlgkﬂ pPoM + Psoil — POM pbulk ) (S72b)
org

CcoT

where 700t t.q. and dz are the root fraction and depth of the soil layer, p$o7, is the soil bulk density corrected with soil

bulk

org 18 the bulk density of organic material, poa is the organic matter density of the soil layer which depends

organic matter, p
on the organic matter content in the soil layer, ps.;; is the bulk density of fine mineral soil, and k(‘ff,J;f is the diffusion coefficient

for organic material due to bioturbation.
S4.5 Plant uptake rates

The potential uptake rates of plants for X= NH,, NOs, and PO, follow an extended Michaelis-Menten kinetics:

1
Km2,X (Tsoila @) + X

Eq uptake XT

U;( = Umazx,X (Teoil, \I]) x X X (Kml,X (Teoih 6) + ) X f(igma7ld X Cfine_root7 where (S73a)

Ed,uptake xXe \Ilfine_root

Ed,uptake - Ea,uptake X (1 - eEd’uptakE XT) \Illeaf,min

Umazx,X (Tem’h \Il) = Umazx,X s with (S73b)

Tsoil - To t,uptake
. . ; $73
Tsoil X Topt,uptake X R7 o ( C)
_ Ea,hsc 1 ﬂ} @
Kml,X(Tsoih@) = Kml,X/(e R (Toom Tref) « (@7)1@;1“)7 and (S73d)
fe
__ Ea,hsc L1 ® )
Km27X(Tsoil7®) = KmQ’X X e R *X(Tsoil T,-Ef) > (@7)/%3@»7 and (S73e)
fe
_(L%)kdcmand
FX e SEmxaosht (5730)
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where v, 4, x is the PFT-specific temperature-sensitive maximum uptake rate per unit biomass, adjusted by the current root
zone moisture potential (¥ fine_root) to account for limited transport of nutrients towards the roots in dry soils, C'fine_root 1S
the biomass density of fine roots (mol C m™—3, see Eq. S3), T, is the soil temperature and the K,,, parameters are nutrient
sensitivities of the low and high affinity transporters. These affinities are assumed to be temperature sensitive and are adjusted
to soil moisture to account for the difference between mass-based and soil solution concentrations (Ahrens et al., 2015). The
potential uptake of nutrients can be down-regulated by plants given their internal demand f jgmm 4» Where X refers to either N

or Pand X :Y refers to either the short-term average (79212%¢) of the labile N:C or P:N ratios. x:X:¥ corresponds to the X:Y

mavg max
Johalf X

demand 1S @ parameter denoting the

ratio of growing a unit of leaves and fine roots at the current leaf-to-root ratio (see S3.4,

XY

fraction of x;,.5

at which uptake is reduced to 50% and kgerqana 1S shape parameter.
S4.6 Asymbiotic biological nitrogen fixation

The asymbiotic biological nitrogen fixation (BNF) is represented as:

F = 00w B E X f(Tsoit) (S74)

where vy,q2, BNF 1S @ parameter representing the base rate of fixation and the temperature response is calculated as above
(Eq. S65). BN F is suppressed if the sum of NH4 and NOj in any soil layer exceeds a critical threshold NN, l]fn]:’if (Zaehle et al.,

2010). The distribution of Fg 1?} across soil layers follows the distribution of fine roots, as indicator for C inputs into the soil.

All N fixed through this mechanism is added to the mineral NH, soil pool.
S4.7 Nitrification and denitrification

Calculation of nitrification and denitrification follows Xu-Ri and Prentice (2008); Zaehle et al. (2011), which relies on the

separation of the soil into aerobic and anaerobic volume fractions (anv f):

anv f = e~ Ranvs x(1=afps))tenes ,where (S75a)
W fec— W soil

= _Jc TTsow S75b

afps W ( )

where \gp,. ¢ and kg, ¢ are parameters, a fps is the air filled pore space, and the I, are the soil moisture contents as defined
in Sect. S6.3.
The potential rate of nitrification (U;,) in the aerobic fraction of the soil is modified by temperature and soil moisture

according to:
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U:;it = Umazx,nit X f(Tsoil) X g(@) X NH4,'UJh€T€ (S76a)
Eq pit Xkt
e Rgas
f(Ts0it) = Eanit I (S76b)

Ed,nit - Ea,nit X (]- —e fgas )

Tsoil - Topt,nit

kt = (S76¢)
Tsoil X Topt,nit

9(©) =1—afps (S76d)
5 The actual rate of nitrification (Uy;;), given the potential rate and competing demands from plant and microbial uptake

(Sect. S4.3, is partitioned into its products (NO3, NOy, and N,O) according to

NO
Frit,nos = (1= foir " — Fo29) X Unig (S77a)
o,
FritNOy = foie " X Unat (S77b)
Frit.ny0 = 29 X Upit (S77¢)
10 where the F},;; x are the nitrification fluxes for NO3, NOy, and N»O, respectively (Eq. S60).
The potential rate of denitrification (Uj,,,;,) in the anaerobic fraction of the soil is modified by temperature:
Ctas NO
U;enit = CL’I’LUf X Umaw,denit(Tsoil) X Fast Jast NO; 3 ,where (8783)
Km,denit + Cflwt Km,denit +NO3
_ Ea,denit X(T,l —— T_} )

Umazx,denit (Tsoil) = Umaz,denit X € 5ot ref (S78b)

The actual rate of denitrification (Ugen4t), given the potential rate and competing demands from plant uptake (Sect. S4.3), is

15 partitioned into its products (NOy,, N2 O, and N3) according to

NO
Fdenit,NOy = fdeni% X Udenit (S79a)
Fdenit,NQO = é\éi?t X Udenit (S79Db)
NO NO,
Fyenit,n, = (]- - fden{i - fdenit) X Udenit (S79c¢)

where the Flgepit, x are the denitrification fluxes for NOy, N2 O, and No, respectively (Eq. S60). The model currently ignores

20 the effect of ammonia volatilisation, which is of low relevance for natural, unfertilised ecosystems.
S4.8 Phosphorus weathering and biomineralisation

Weathering is modelled following Wang et al. (2010) as:
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Fweath,PO4 = f(Tsoil) X g(@) X f(Cfine_root) X kweath X ng:la where (Sgoa)

_ Ea,hsc ( 1 1 )

f(Tooir) = T 7 Tt Trep (S80b)
9(0) = (@i)S,and (S80¢)
fe
C ine_roo
F(Cine root) = Jineroot (S80d)

- t
Koo eath + Cfine_root

m,w

where Ky,cq¢n 18 the rate constant for weathering, and p$27, is the soil bulk density corrected by SOM content. The weathering

rate decreases with soil depth as the fine root C decreases, given the half-saturation root density K% ., and is modified by
soil temperature and moisture.

The potential biomineralisation rate of PO, (McGill and Cole, 1981) is determined as an additional turnover of the P
contained in the slow SOM pool, modified by temperature and moisture modifiers, and affected by the concentration of PO,

and the root biomass:

. Cii
Fbiomin,PO4 = = X f(Ctine_root) X f(PO4) X f(Tsoit) % g(©), where (S81a)
XsoMEGN X XsoMN:E X Thiomin
Cfine root
f(Cy; = = , and (S81b)
( fzne_root) K:;:),Cézomin + Cfine_root
biomin
f(PO4) = —55. (S81c)
Km,b?omin + PO4
where K2% ., and K n{:gfomm are constants constraining the biomineralisation rate under low root biomass and high PO,

concentration, respectively; the temperature and moisture responses are calculated as those in Eq. S65. The biomineralisation

rate is further constrained so that it does not alter the stoichiometry of the fast pool.

NC,slow— fast
K - C'slow - Pslow
XsomC:N XsomN:P

Fyiomin,pos = MIN (Fyipmin PO, > slow slow ) (S82)

Tslow

S4.9 Phosphorus adsorption and (ab)sorption
POy desorption follows Yang et al. (2014):

Fdesorp,PO4 = f(TsoilaEa,abs) X kabs X F)lab - f(TsoilaEa,des) X kdes X Psorb7 where (8833)

— B (i — )
f(Tsoir,e,) =€ soit Treg (S83b)

where kq,s and kqes are the rate constants of (ab)sorption and desorption, and E, 45 and E, 4.s the respective activation

energies.
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The adsorption (Fyqs0rp, PO,) flux from soil solution to the soil adsorption sites is calculated assuming constant Langmuir

equilibrium (Barrow, 1978) between soluble and adsorbed P:

Smam X PO4
POy=——"—— th S84
O Kg+ PO, '’ us ( 2)

a-Plab o Smaz X PO4 aPO4

ot  (Ks+POyg)? 9t (S84b)
by rearranging Eq. S84b
(91;;17 _ kpa(Plab;; POy) (S840)
8;04 =(1- kp)w, where (S84d)
S o =% m o st

where 5,4, and Kg are the maximum sorption capacity, and the half-saturation concentration coefficient of the soil, and

are modified by soil moisture and SOM content as follows:

Smaz = Osoit X (Spu VI porg + Siitera VivimeraiPsoit), and (S852)
KS = Kz"ﬁzgn%%acpgaék + Kxczineralvn{:;lzralpSOZZ (SSSb)

where Vf7%¢ and VJZZZT .. are volumetric fractions of organic matter and fine soil minerals, respectively. S7'%% and S]"%*
are the maximum POy sorption capacity of pure organic matter and pure fine soil, respectively. K, ;",f’oz;n and K jn"%meml are
the half-saturation concentration coefficient of pure organic matter and pure fine soil, respectively.

Based on Eq.S60f and Eq.S61a, the equilibrium in Eq.S84 could be solved .

O(Piap + POy
% = Fdep,PO4 + Fweath ,POy4 + Fbiomin POy — Uplant,PO4 - Fdesorp,PO4
81} PO P 04 0 8Pl b
o Z i,P0y) =+ o (Dp—5 )
0z 0z 0z (S86)

S4.10 Soil in- and outfluxes

Currently, gas diffusion is not modelled explicitly. Instead, CO3 is assumed to be directly released to the atmosphere. The

carbon efflux per soil layer is described as:

C o C C wl O st C l
Fg’O? ((1 ne, l1tter—>fa9f)( met + i )+(1_7]C,wl—>met\str) “ +(1_nC,fast—>slow) Jast +(1_770,slow—>fast) 2o
met Tstr Twl fast slow
(S87)

and similar for 13C and *C fluxes.
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Slightly differently from that, the emission of gaseous N species is assumed to follow Xu-Ri and Prentice (2008), which

considers the effect of temperature and moisture on gas loss. However, transfer between soil layers is equally not treated

explicitly.
FY = f(Tyon) % afps x X, where (S88a)
_ Badigy x ( 1 _+)
f(Teou) =€ 7 7 Teoit Trey (S88b)

and a fps is the air-filled pore fraction of the soil (see Eq. S75.)

S5 Isotopic composition and fractionation

The carbon (C) and nitrogen (N) flows and pool tracked in the model are comprising all major isotopes (i.e. C = 12C + 13C
+ 14C, and N = N + 'PN). The model explicitly tracks the mass flow of '3C, 4C and '°N as separate entities for all
biogeochemical pools and fluxes. The molar mixing ratio (Rx) of the isotope (e.g. >C) to the main element (e.g. 12C) of each

biogeochemical pool can be calculated as

130 13C
Rizc = Lo T 0_BO (S89)
and by convention
R
S50 = (—22%— — 1) x 1000 (S90)
Rref,13C

where R, 13c is the reference isotopic molar mixing ratio and d13¢ is in %o. Similar calculations are done for the ratio of
15N to N and the reference value R, 15x. By convention, the delta notation of **C is dependent on the '3C content, see
(Levin et al., 2010), and the molar mass of C is ignored in the calculations of 13 because of the extremely low concentra-
tions.

Biogeochemical processes discriminate against the heavier isotope, and this fractionation process is treated by calculating

the mixing ratio of the isotope of the resulting flux as

Rsource
Rsink = roeees 7 (S91)

€process
1000 + 1

where R,y rce 18 the molar mixing ratio of the source pool of the reaction, R;, is the molar mixing ratio of the resulting

matter flux, and €p,ocess 1S @ process and isotope specific discrimination rate.
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Isotopic discrimination of *C and 4C by photosynthesis is modelled according to the general equation derived by Farquhar

et al. (1982); Drake (2014), so that

D, :aw+(czv+¢c4 ><b:p_aw)E (S92)

a

where a,, and b, are isotope-specific constants (**C and “C, respectively, see Table S5). ¢, and ¢¢4 account for the
additional bundle-sheath processes in C4 plants. For C3 plants, these processes do not play a role and these parameters are 0
and 1, respectively. In the model, currently only photosynthesis is assumed to result in C-isotope discrimination, ignoring the
effect of the smaller and uncertain discrimination by tissue construction, storage formation and respiration (Briiggemann et al.,
2011).

Isotopic discrimination for various nitrogen cycle processes (biological nitrogen fixation, ammonification, plant and micro-
bial N uptake, and processes associated with nitrification and denitrification) are taken from (Robinson, 2001). According to

(Robinson, 2001), in case of near-complete consumption of the source pool, the discrimination is reduced as

corr 1- fsource
Eprocess - 6process(fsource - ]-)log(i) (593)

fsou?‘ce

where fsource 18 the ratio of the source consumption to the source pool size.

S6 Radiation, surface energy balance and soil hydrology
S6.1 Net surface shortwave radiation budget

Canopy radiation interception is calculated with a multi-layer scheme following Spitters (1986), with radiation levels calculated
at the mid-point of each canopy layer. The scheme uses up to 20 (default 10) canopy layers, with exponentially increasing
layer thickness as the canopy depth increases. The original scheme, as used in OCN (Zaehle and Friend, 2010), has been
extended to diagnose canopy albedo, to account for clumping (see eq. S96), and to approximate the attenuation of the shortwave
radiation back-scatter from the soil to allow for a smooth transition of surface albedo from soil to vegetation values with
increasing leaf coverage. The scheme is applied separately to the visible (vis) and near-infrared (nir) radiation band, where
the parameterisation of the visible radiation is based on the assumption that the radiation interception and reflection are similar
to that of the photosynthetically active range (i.e. 400-700 nm). In the following, the subscripts for visible and near-infrared
are omitted for readability.

Light levels decrease exponentially in the canopy, such that the attenuation of direct (dr) and diffuse (df) top-of-the-canopy

irradiance (14,0 and Igf o, respectively) at any cumulative leaf area index (L Al.; from the top) is given by:
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Idf,L = (1 — prad) X Idfi,() X eikdeLAIC (S94a)

Iyry = (1= praa) % Lapy 0 x e VIZoxkuxLAL (S94b)
Lir.ary = Lapy o x e Forx AL (S94c)
Larary = Lary — Lar,ar) (S944d)

where Iy, 47, is the diffuse part of the direct beam resulting from scattering of the direct beam and I, 4, is the direct beam
remaining direct at the canopy depth LAI., and p,.q is the reflection coefficient of the green canopy, as defined in Eq. S97.
For a spherical leaf angle distribution with leaves distributed randomly within the canopy volume, the extinction coefficients

of the diffuse flux (k4) and that of the direct component of the direct flux (ky;) are approximated, respectively, by:

kdf = kdf,OV 1—oxQ (S895a)
k Q

y = ~bb0 X 3% (S95b)
cos(7*)

where (2 is the clumping index according to Campbell and Norman (1998), which is calculated as:
0= QO/(QO + (1 _ QO) > e*kcsj‘ xacos(y*)Perown )7 (S96)

where Q¢ and ¢crown are the PFT-specific clumping factor at nadir and crown shape factor, respectively, and k.. is a
correction factor.
The reflection coefficient (p,q) of the green canopy is given by:
1-vi—o 2
Prad =7 +V1-0o 1 + psbeta x cos(y*)’

where the first term on the right hand side is the reflection of a horizontally oriented canopy, and the second term empirically

(897)

sbeta jg 4 conversion

adjusts the reflection to a spherical distribution. o is the PFT-specific single leaf scattering coefficient and p
constant. Because all equations for leaf reflection and absorption coefficients are only valid for high solar elevation, the true
zenith angle () is constrained to values larger than 10° (v*). Note that Spitters (1986) use the sine of the solar elevation angle.

Below the canopy (be), i.e. at the soil surface, the downwelling energy flux (/) is divided into a part that is absorbed by

the soil (I,,s041) and a part that is backscattered as diffuse radiation (I;.1), depending on the soil’s albedo (albsei):

Tpey = (1= praa) X (Tgpp0 x e Far X EAL 4 11 o x em VimoxkuxLAL) (S98a)
Ia,soil = (1 - albsoil) X Ibci (8981’))
Tyer = albsos X Ipey (S98c¢c)

To first-order, the diffuse light profile of the canopy accounting for the backscatter of diffuse radiation from the soil can be

approximated as

—kdf xXLAI

IdfiT = (1 — prad) X (Idfi,O X e ¢4+ XIbcT X e_kde(LAI_LAIC)) (599)
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Absorption (A™*?) is taken to be complementary to transmission, therefore the absorbed diffuse and direct energy flux at a

cumulative leaf area L AI, can be written as:

At = kag X Lagy (S100a)
At = (1= 0) X kpy % Lay (S100b)
At = (1—0) X ki X Igry 0 x e FoxbAL (S100c)
Aty = A — A, (S100d)

The canopy is then split into a sunlit and a shaded part, with the sunlit fraction defined as:
fsuntit = eikHXLAIC (S101)

following eq. S94c. The sunlit part receives both diffuse and direct radiation, whereas the shaded part only received diffuse

radiation. Thus,

AR g = A+ AR, (S102a)
A = AL eq+ (1= 0) X by X Tary 0 (S102b)

The canopy albedo is diagnosed (rather than simply taken as p,qq) as:

d d
Ibc,L + (1 - fsunlit) X Agzaded + fsunlit X Agznlit

Tirp 0+ 1ary0

albegn =1 — (5103)

The total shortwave upward flux is diffuse and calculated as the backscattered flux of the canopy plus the backscattered flux

from the soil, which is transmitted diffusely through the canopy:

Tt = albean X (g0 + Lary.0 — Tney) + (1 = praa) X Ipep x e~ Far <AL (S104)

Based on this, the total surface albedo alb, ¢ (i.e. the albedo derived from vegetation and soil radiation transfer, absorption,

and reflection) and net shortwave flux I,,.; can be calculated as:

Lagt

B (S105a)
Larp 0+ Lary0

albsmf =
Lpet = (1 — albsurf) X (Ide,,() + IdnL,O) (S105b)

S6.2 Surface energy balance

The representation of the surface energy balance including the turbulent momentum and heat exchanges, surface, and soil

temperature calculations follows largely the scheme of JSBACH 3, as described by Roeckner et al. (2003). The net radiation
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(Rnet) at the surface consists of the following components:
Ryet = (1 — o) Rog + Rig — eospTs* (S106)

where the term ag X R4 is the net surface shortwave balance, denoted as I,,.; in Eq. S105, R;4 the downwelling longwave
radiation, € the surface emissivity, cgp the Stefan-Boltzmann constant, and 7 is the surface temperature.

The surface energy balance can then be written as

T,
O Rt LE+H 4G (5107)

Os,l )

where C,; is the heat capacity of the surface layer, I is the sensible heat flux, LE the latent heat flux, composed of
interception loss E;, soil evaporation E; and transpiration E,, as described in Section S6.3. G is the ground heat flux, which is

obtained from the solution of the thermal diffusion equation, which is used to diagnose the temperature profile within the soil

Osal: oG 8<)\58T)
0z

TR S (5108)

where C; is the volumetric heat capacity of the soil, GG is the thermal heat flux (positive downward), A\; = Csk is the
thermal conductivity, x, the thermal diffusivity, both derived from soil texture, and z the depth. This equation is solved down
to a prescribed depth assuming zero flux conditions at the bottom and surface temperature T at the top as obtained from Eq.
S107.

The sensible heat flux H is obtained from the temperature gradient according to

Tair - Ts
H= paircpi (5109)

Ta

where pgqir and C), are density and heat capacity of the surface atmospheric layer, and T,; and T are air and surface

temperature. r, is the aerodynamic resistance:

7o = (Cplop]) ! (S110)

and depends on the transfer coefficient for heat C}, Roeckner et al. (2003). and the absolute value of horizontal wind velocity

Vh-
S6.3 Surface and soil hydrology

Surface hydrology is represented in very simple terms in QUINCY, because it is meant to be replaced by the JSBACH 4
hydrology in a future version. The model largely follows JSBACH 3 Roeckner et al. (2003), with some modifications. The
model represents surface hydrology for a number of soil layers (see Section S1) and including a canopy skin layer (hereafter

referred to as skin). It represents interception (Fj,¢e-) by and interception loss (£;) from the canopy, infiltration (£, ), bare
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soil evaporation (E,), and surface runoff generation (Fy,nof¢) at the soil surface, water movement in the soil (Fy;fs, Fpref),
as well as deep drainage, and transpiration by vegetation (F,) distributed across the rooting zone. The water budget can be

described as follows

Wskin
= i71,,er*E1', ST
. - (S11la)
Wsoi ,sl=
# = Fing = Ea — frans.si=1Bv = Faiff,si=1-s1=2 (51116)
Wsoi ,sl=2n k e
Wsoil sl=2,n = (1 _ Dpref )Fpref,slfl — ffrans,letranS + Fdiff,slflasl - Fdiff,sl—)sl+1 (SlllC)
dt dzsl
(S111d)

Precipitation (Precip) becomes intercepted by the canopy (Fj,ter), Within the limits of the maximum size of the canopy
skin reservoir(Wy;,), with the remaining throughfall (F},,0.4,) reaching the first soil layer.
Wskin,maz X LAI — Wigin,
dt
Finrough = Precip — Finter (S112b)

Finter = MIN(keff,inter x Precip,

) (S112a)

where Wgkin, maz 1S @ parameter.

Finrougn 1s infiltrating into the first soil layer (£, ¢) within the limits of its water content at field capacity (W, 5—1), but
—different to Roeckner et al. (2003) — reduced by a constant fraction (kp,.s), which is assumed to be leaked preferentially to
the next lower layer. The difference between Fyj,ougn and Fj,r, i.e. the excess water unable to remain in the surface layer, is

partitioned into surface runoff (F..nof ) and preferential flow to the second layer (Fpcf,s1=1).

kre Wcs: _Wacs:
Fing = (1= =2L) 5 MIN(Finpougn, —125=——2=2) (S113a)
dzg ) dt
Frunoff = (1 - kpref,runoff)(FthTough - anf)aand (S] ]3b)
k e
Fpref,sl:l = ;7lsznf + kprej',runoff (Fthrough - Finf) (51130)

Preferential flow to the lower layers is assumed to occur for any water leakage following infiltration according to

kpre
Finf,sl = (1 - de lf) X Fpref,slfl (51143)
kpre
Fpref,sl = ;7fFinf,sl X Fpref,slfl (Sll4b)

Different from Roeckner et al. (2003), the diffusive flux between two layers of depth dz is given by the Richards-equation:

Kairfsi—1-s1
0.5 x (dzsi—1 + dzg)

Ouet,si—1 \kELS Ouact st kT

dzsi—1Kaiff sat,st—1(§===) "0t +dzg Kaig g sat,si (g ) ot

Kaiffosi—1-s1 = “tld‘zl i satisl (S115b)
St— S

Faifrsi—1s1= (Usoi,st — Wsoit,s1—1), where (S115a)
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g
where Kyt sat,s1 and kc”:zf

are derived from soil texture according to Saxton and Rawls (2006), O is the volumentric
water content given by Eq. S120, and WU,,;; 4 is the soil water matrix potential given by Eq. S121. Saturation of a soil layer
leads to increased percolation to the next lower layer. The lower boundary layer in the soil is modelled as a zero gradient
boundary, i.e. only percolation flow leads to drainage from the soil column.

Interception loss (F;) is calculated from the filled fraction of canopy skin reservoir (Wsg;,), i.. the ratio of the actual to the
maximum size of the canopy water storage

Ga —(qs (Tsaps) Wskin
Ta Wskin,maz X LA’

where pg;, 1S air density, g, specific humidity in lowest atmospheric level, ¢, saturation specific humidity at surface temper-
ature T and pressure pg, 7, is the aerodynamic resistance, and L AT is the current leaf area index of the vegetation.

Evaporation from the soil surface (E) is calculated as:

qa — qs(Tsaps) @

*
a

Es = pair soil,1 (1 —exp(kppe x LAI)) (S117)

where O, 1 the fractional soil water content of the first soil layer. The term (1 — exp(k #pe X LAT)) has been added to the
model of Roeckner et al. (2003) to account for the reduced energy available for evaporation underneath a closed canopy.
Transpiration from the dry vegetation surfaces (£,) is

qa — qs(Tsaps)

S118
T +T ( )

Ev = Pair

where stomatal resistance 7 of the canopy is the inverse of the stomatal conductance of the canopy (see Eq. S17).
The partitioning of the transpiration flux across soil layers fi,qns, s is calculated based on the layered soil water potential

(W 5041,51), the fractional root distribution (froot,s1), as well as a PFT-specific minimum soil water potential,

fToot,sl X ﬁgs,soil,sl

ftrans,sl = ,where (Sl 193)
Z froot,i X ﬂgs,soil,i
=1
Bgs,soil,sl = \I/soil,sl/qjsoil,min (Sllgb)

The soil model keeps track of water in terms of amount of water (Wyn 50> M), which in the soil can be converted to the
layers fractional water content (©) as:

Wsoil,sl
dzsl

@soil,sl = (5120)

with a soil water matrix potential (¥, ;) derived from a pedotransfer function Saxton and Rawls (2006) as follows:

v kE
\Ilsoil,sl - kA@ 5

soil,sl

(S121)

where k%, and k}, are soil texture dependent parameters Saxton and Rawls (2006).

The net water transport between layers is used as input to the vertical flow of soluable biogeochemical pools.
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Table S1. Memory time scale for processes

Symbol Description Value | Unit | Eq.
T%ZS;” Acclimation of temperature optimum for photosynthesis 7 days | S9
Timang Acclimation of temperature response of maintenance respiration 30 days | S23

mavg Frost response of photosynthesis (state-of-acclimation) 2 days | S46

ﬁ,‘fgﬁ; Labile pool dynamics 7 days | S20
Tﬁﬁv“gke Demand for nutrient uptake 3 days | S73
Tihavg Response of foliar stoichiometry 20 days | S37
Tfn’}ﬂ;" Phenological processes 7 days | S45
T,‘ffé‘;cg Allometric responses 30 years | S34

i%‘;mm Vegetation dynamics processes 365 days | S56

Table S2. Photosynthesis parameters

Symbol | Description Value Unit Equation | Citation
Imaz electron-transport limited carboxylation rate per | 4.4 % S7 Niinemets and Tenhunen (1997)
unit N
Vemas Rubisco limited carboxylation rate per unit N 1.8 ”22522 S10 Niinemets and Tenhunen (1997)
U;”epc PePC limited carboxylation rate per unit N 98777.97 % S12 Tazoe et al. (2006)
fNpep Fraction of N in PEP and PPKD (C4 plants | 0.045 - Sect. S2.1 | Makino et al. (2003)
only)
T2V Jmax25/Vemax25 (C3/C4) plants 1.97/14 - Sect. S2.1 | Wullschleger (1993)
an Chlorophyll N content 25.12 n’l’l‘s(l)l S15 Evans (1989)
Q; Intrinsic quantum efficiency 0.0561 % S15 Kull and Kruijt (1998)
” Extinction coefficient for PAR on chlorophyll 0.005 mol~? S15 Kull and Kruijt (1998)
n Extinction coefficient to describe decline of N | 0.11 - S2 Zaehle and Friend (2010)
within the canopy
kitmc | Slope of structural leaf N with total N 7.14 x10° | g7'N S4 Friend et al. (1997)
kEM Chlorophyll distribution with canopy depth for | 6.0/ 15.0 - S5 Zaehle and Friend (2010)
C3/C4 plants
kgt Chlorophyll distribution with canopy depth for | 3.6 /4.4 - S5 Zaehle and Friend (2010)
C3/C4 plants
k;i’f Chlorophyll distribution with canopy depth 0.7 - S5 Friend (2001)
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Table S2. Photosynthesis parameters (ctnd.)

Symbol Description Value Unit | Equation | Citation
Eke Scaling constant of k. 38.05 - S6 Bernacchi et al. (2001)
Eke Activation energy of k. 79.43 rﬁ—il S6 Bernacchi et al. (2001)
E(’J“’ Scaling constant of k, 20.3 - S6 Bernacchi et al. (2001)
Eke Activation energy of k, 36.38 nl%l S6 Bernacchi et al. (2001)
Ey i Scaling constant of photosynthetic compensation point 19.02 - S6 Bernacchi et al. (2001)
EY” Activation energy of photosynthetic compensation point | 37.83 nljf) I S6 Bernacchi et al. (2001)
Egemaer Scaling constant of of Rubisco 26.35 - S6 Bernacchi et al. (2001)
Eyemes Temperature sensitivity of Rubisco 65.33 X S6 Bernacchi et al. (2001)
kOE. Offset of the 777" t0 Ty;r relationship 17.0 °C S9 Friend (2010)
k1P Slope of the T2, . to Ty, relationship 0.35 - S9 Friend (2010)
T i | Minimum of 792 17.0 °C S9 Friend (2010)
o emaz | Maximum of T2 38.0 °C S9 Friend (2010)
TrFe Reference temperature of PePC C4 photosynthesis 25.0 °C S13 Friend et al. (2009)
TPere Base temperature of PePC C4 photosynthesis 10.0 °C S13 Friend et al. (2009)
Dypzeo2 Ratio of diffusion coefficient for HoO and COg in air 1.6 - S17 Monteith and Unsworth (2013)
Dpvico2 Ratio of diffusion coefficient for HoO and CO> in tur- | 1.37 - S17 Monteith and Unsworth (2013)
bulent air
O; Partial Pressure of O, 20.9 kPa S10 -
Ci,maz Saturating Ci in C4 plants 7800.0 | Pa Friend et al. (2009)
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Table S3. Vegetation growth and dynamics parameters

Symbol Description ‘ Value ‘ Unit ‘ Equation ‘ Citation
Respiration
fresp,growth | Growth respiration fraction per unit new biomass 0.25 221% S20 Sprugel et al. (1995)
f;;"g’;f,ﬂ,“j;’fiﬂ Maintenance respiration rate for fine roots and leaves 1.0 umolCO, S21 Sprugel et al. (1995)
fr"f;‘;d’inamt Maintenance respiration rate for wood 0.25 e S21 Sprugel et al. (1995)
tr1 Coefficient for temperature sensitivity of respiration 308.56 | K S22 Lloyd and Taylor (1994)
tr2 Coefficient for temperature sensitivity of respiration 56.02 K S22 Lloyd and Taylor (1994)
tr3 Coefficient for temperature sensitivity of respiration 227.13 | K S22 Lloyd and Taylor (1994)
Tacclim,ref Base temperature for respiration acclimation 283.15 | K S23 Atkin et al. (2014)
fresp_acclim | Respiration temperature acclimation factor -0.008 | K1 S23 Atkin et al. (2014)
COStN H4 Transformation and uptake cost for plant uptake of NH4 | 1.7 gCg™'N S24 Zerihun et al. (1998)
costNoO3 Transformation and uptake cost for plant uptake of NOg | 2.3 gCgle S24 Zerihun et al. (1998)
Labile Pool
Tiabile Turnover time of the labile pool 5 days S25 This study
Aé’;%f Temperature response function of labile pool 0.5 Kt S25 This study
kﬁ‘;ﬁ’,ﬁf Shape parameter of the labile pool’s temperature re- | 2.0 - S25 This study

sponse
Nabite Moisture response function of labile pool 10.0 - S25 This study
Flpbite Moisture response function of labile pool 2.0 - S25 This study
kot Rate at which N/P can be quicker retrieved than C 1.2 - S28 This study
Allometry and allocation
k1 (J;T;Zf Minimum fraction of allocation going to fruit 0.01 - S29 This study
kS{:lTlZth Reserve usage rate below which fruit growth starts 0.1 % S29 This study
Aiﬁ;if Shape parameter in the fruit allocation response to re- | 10.0 - S29 This study

serve changes
k4£;;zct Shape parameter in the fruit allocation response to re- | 2.0 - S29 This study

serve changes
Wsaolff”irit Fraction of root zone water at field capacity below which | 0.8 - S35 This study

root allocation starts responding
khtol Stem mass to leaf mass ratio of grasses 0.05 - S30 Zaehle and Friend (2010)




Table S3. Vegetation growth and dynamics parameters (ctnd.)

Symbol Description ‘ Value ‘ Unit ‘ Equation | Citation
Stoichiometry
Cm Carbon mass per unit dry weight of leaves 0.48 g%%v - Kattge et al. (2011)
&N Relative C:N of fine roots compared to leaves 0.85 - Sect. S3.5 | Zaehle and Friend (2010)
xS Relative C:N of woody biomass compared to leaves 0.145 - Sect. S3.5 | Zaehle and Friend (2010)
XNE Relative N:P of fine roots compared to leaves 1.0 - Sect. S3.5 | This study
NP Relative N:P of woody biomass compared to leaves 1.0 - Sect. S3.5 | This study
0 ¥ Maximum rate of foliar stoichiometry change 0.0048 | day~* S36 (Zaehle and Friend, 2010)
Ao i Shape parameter in leaf stoichiometry nutrient response | 2.0 - S37 (Zaehle and Friend, 2010)
kX, f Shape parameter in leaf stoichiometry nutrient response | 8.0 - S37 (Zaehle and Friend, 2010)
Reserve dynamics
LATerget Maximum LAI target for reserve use calculations 5.0 E—z S39 This study
)\;{:zaint,c Shape parameter for pull from reserve C to labile C | 4.0 - S40 This study
pools
k;{‘r)zaint,c Shape parameter for pull from reserve C to labile C | 1.2 - S40 This study
pools
k:Ir)uzint, NP Shape parameter for pull from reserve NIP to labile NIP | 1.6 - S40 This study
pools
)‘;I)nai'nt, NP Shape parameter for pull from reserve NIP to labile NIP | 3.0 - S40 This study
pools
AT e Shape parameter for pull from labile to reserve pool 2.0 - S40 This study
EZ e Shape parameter for pull from labile to reserve pool 3.0 S40 This study
)\g’hen Shape parameter in storage response function to phenol- | 1.3 - S42 This study
ogy
kfh,en Shape parameter in storage response function to phenol- | 8.0 - S42 This study
ogy
AL lim Photosynthetic sink limitation with labile C accumula- | 0.1 - S43 This study
tion
kP timm Photosynthetic sink limitation with labile C accumula- | 2.0 - 543 This study
tion
EENE. Photosynthetic sink limitation with nutrient limitation 4.0 - S44 This study
o klim,min | Lower bound of photosynthetic sink limitation 0.25 - 543 This study
fﬁjgfe,mm Maximum reserve storage in leaves relative to leaf mass | 0.02 - Sect. S3.6 | This study
:toocfe,max Maximum reserve storage in fine roots relative to fine | 0.2 - Sect. S3.6 | This study
root mass
;@gﬁimw Maximum reserve storage in sap wood relative to sap | 0.15 - Sect. S3.6 | This study
wood mass
inter Threshold value of ®2,,., beyond which &%, is re- | 0.75 - S41 This study
duced 36




Table S3. Vegetation growth and dynamics parameters (ctnd.)

Symbol Description ‘ Value ‘ Unit ‘ Equation Citation
Phenology
t&bb Temperature threshold for the accumulation of growing | °C 5 - by convention
degree days
Tsoa Time constant in calculation state of acclimation 114 hours S46 This study
Taos Min temp. in Bs0q calculation -3 °C S47 This study
Thoo, Max temp. in S50, calculation 17 °C S47 This study
Turnover
Tnut_recyele Time scale of foliar and fine root nutrient turnover 10.0 days S48 Zaehle and Friend (2010)
fshed,maz Maximum rate of leaf shedding 0.05 days S49 This study
lfeiﬁ b Fraction of nutrient resorption before leaf shedding 0.5 - S50 This study
Ewood, Fraction of nutrient resorption before wood death 0.2 - S50 This study
Vegetation dynamics
koa Scaling parameter in crown area to diameter relation- | 100.0 | - S51 Sitch et al. (2003)
ship
Krp Scaling exponent in crown area to diameter relationship | 1.6 - S51 Sitch et al. (2003)
CAnax Maximum crown area 15.0 m? S51 Sitch et al. (2003)
Kfpe Light-extinction coefficient 0.5 - S52 Sitch et al. (2003)
T, Shape parameter for temperature effect on establish- | 0.075 | - Sect. S3.10 | This study
ment
kL, Shape parameter for temperature effect on establish- | 4.0 - Sect. S3.10 | This study
ment
)\Sjt Shape parameter for moisture effect on establishment 10.0 - Sect. S3.10 | This study
kf?;t Shape parameter for moisture effect on establishment 2.0 - Sect. S3.10 | This study
FPCrax Maximum foliage projective cover 0.95 - S54, S57 Sitch et al. (2003)
klmort_grefs | Asymptotic growth efficiency mortality rate 0.05 year ! S56 Sitch et al. (2003)
k2mort_grefs | Scaling coefficient for growth efficiency mortality rate 0.3 ';ilycr S56 Sitch et al. (2003)
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Table S4. Soil biogeochemistry parameters

Symbol Description Value Unit ‘ Equation | Citation

Litter partitioning

fmet,maz,C Maximum fraction of metabolic litter forma- | 0.85 - S62 Parton et al. (1993)
tion

kmet,c Slope of metabolic fraction with lignin to N | 0.018 - S62 Parton et al. (1993)
ratio

LC%ine_root Lignin content of fine root 0.2565592 mol ™! S62 White et al. (2000)

LCcoarse_root | Lignin content of coarse roots 0.8163248 | mol™! S62 assuming woody values

LClyoody_titter | Lignin content of woody litter 0.8163248 | mol ™! S62 White et al. (2000)

LCfruit Lignin content of seed bed 0.2565592 | mol™! 562 set to fine-roots

LClseced_bed Lignin content of fine root 0.2565592 | mol™* S62 set to fine-roots

LCieaf max Maximum lignin content of leaves 0.3440226 | mol™* S63 White et al. (2000)

Kieaf2sia Slope of lignin to sla relationship -0.4328854 | m™2 S63 White et al. (2000)

kmet,vp, N Proportionality factor controlling C:N of | 5.0 - S64 Parton et al. (1993)
metabolic vs. structural pool

kmet,vp, P Proportionality factor controlling C:P of | 5.0 - S64 Parton et al. (1993)
metabolic vs. structural pool

NC wi—smet,str Fraction of woody litter C transformed into | 0.3 - Sect. S4.1 | following Parton et al. (1993)
metabolic or structural litter

Turnover times and their rate modifiers

Thase Turnover time of metabolic litter 0.033 years S65 Parton et al. (1993)

base Turnover time of structural litter 0.124 years S65 Parton et al. (1993)
rhase Turnover time of woody litter 2.5 years S65 This study
T}’fo Turnover time of fast SOM pool 2.0 years S65 This study
base Turnover time of slow SOM pool 100.0 years S65 This study

Topt,decomp Temperature of peak decomposition rate 313.15 K S65 This study

Eo decomp Activation energy for decomposition 53000.0 Jmol ! S65 Ahrens et al. (2015)

Eq,decomp De-activation energy for decomposition 100000.0 Jmol ™! S65 Ahrens et al. (2015)

Wiee,min Minimum water potential for decomposition | -2.0 MPa S65 This study
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Table S4. Soil biogeochemistry parameters (ctnd.)

Symbol Description ‘ Value Unit ‘ Equation | Citation
SOM dynamics
Xsom&:n, Maximum C:N ratio of fast SOM 1527693 | e S66 Manzoni et al. (2008)
XsoMGN, . Minimum C:N ratio of fast SOM 5.830891 | mo S66 Manzoni et al. (2008)
fx Slope of fast SOM C:N to mineral soil N 51000.0 nlfl S66 Parton et al. (1993)
XsoMCN C:N ratio of slow SOM pool 10.4956 e S71 Parton et al. (1993)
XsomN:P, N:P ratio of slow SOM pool 30.98107 | e S71 This study
XsoMY:, N:P ratio of fast SOM pool 30.98107 ZZ; S70 This study
nN Microbial nitrogen-use efficiency 0.8 - S67 Manzoni et al. (2008)
np Microbial phosphorus-use efficiency 0.8 225 S70 Manzoni et al. (2008)
NC,litter— fast Fraction of litter transformed into fast SOM 0.45 - S70 Parton et al. (1993)
NC, fast—s slow Fraction of fast SOM transformed into slow SOM 0.15 - S71 Parton et al. (1993)
NC,slow—s fast Fraction of slow SOM transformed into fast SOM 0.3 - S71 Parton et al. (1993)
k&its Diffusion velocity due to bioturbation 0.15 mi—’;g S72 Koven et al. (2013)
Dulk Bulk density of organic material 150.3935 | X5 S72 Ahrens et al. (2015)
Nutrient uptake kinetics
Topt,uptake Temperature of peak uptake rate 313.15 K S73 This study
Eq uptake Activation energy for uptake 53000.0 Jmol ™! S73 Ahrens et al. (2015)
Eq uptake De-activation energy for uptake 100000.0 | Jmol™! S73 Ahrens et al. (2015)
Kpmi,nH, Low-affinity NH4 uptake 0.0416 :;‘—jl S73 Kronzucker et al. (1996)
Kmi,Nnos Low-affinity parameter for plant uptake 0.0416 I‘I‘l‘jl S73 Kronzucker et al. (1995)
Kmi,po, Low-affinity parameter for plant uptake 229.6667 HI“Ol S73 Kavka and Polle (2016)
Kmo,NH, High-affinity parameter for plant uptake 1.0 ﬁ%l S73 Kronzucker et al. (1996)
Kma2,Nnos, High-affinity parameter for plant uptake 1.0 % S73 Kronzucker et al. (1995)
Kma,po, High-affinity parameter for plant uptake 0.000022 mTOI S73 Kavka and Polle (2016)
Eq hse Activation energy of half-saturation point 30000.0 mJol S73 Ahrens p. com. 2016
khse Scaling factor for the sensitivity of half-saturation | 0.001 - S73 Davidson et al. (2012)
constant to moisture limitation
K;‘:fj a’f d Fraction of target labile N at which uptake is re- | 0.75 - S73 This study
duced to 50%
Kjene Fraction of target labile P at which uptake is re- | 0.9 - S73 This study
duced to 50%
kdemand Nutrient uptake response function to labile nutrient | 2.0 - S73 This study
concentration
NENE Maximum sum of NHy and NOs at which BNF | 0.05 ";nﬂ Sect. S4.6 | Zaehle and Friend (2010)
occurs
Vmaz, BNF Maximum rate of BNF 0.005 moN S74 Zaehle and Friend (2010)
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Table S4. Soil biogeochemistry parameters (ctnd.)

Symbol

Description

Value

Unit ‘ Equation ‘ Citation

Nitrification, denitrification, and BNF parameters

Aanvf
kanvf

VUmax,nit

Ea,nit
Ed,nit

Topt,nit

Fai !
nit

szO
nit

Ea,danit

VUmazx,denit
fast
Km,denit
NO3
m,denit
NOy
denit
N>O
denit

Ea,digy

Weibull function to relate anaerobic volume fraction to
soil moisture

Weibull function to relate anaerobic volume fraction to
soil moisture

Maximum nitrification rate

Activation energy of nitrification

De-activation energy of nitrification

Optimum temperature for nitrification

Fraction of nitrification lost to NOy,

Fraction of nitrification lost to NoO

Activation energy of denitrification

Maximum denitrification rate

Half-saturation constant C of denitrification
Half-saturation constant NOg of denitrification

Fraction of denitrification lost to NOy

Fraction of denitrification lost to N2 O

Activation energy of gas diffusion

1.3

3.0

0.4
80000
200000
311.15
0.02
0.002
47000
0.1
20.0
1162.598
0.002
0.02
47000

day™

mol

mol

mol

day™

mol
m3
mol
m3

mol

S75

S75

S76
S76
S76
S76
S77
S77
S78
S78
S78
S78
S79
S79
S88

Zaehle and Friend (2010)

Zaehle and Friend (2010)

Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
Xu-Ri and Prentice (2008)
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Table S4. Soil biogeochemistry parameters (ctnd.)

Symbol Description ‘ Value Unit ‘ Equation ‘ Citation
Soil P fluxes
Koct Occlusion coefficient of sorbed POy 3.86 1078t S61 Yang et al. (2014)
kweath Weathering rate constant of mineral soil 8.16208 107 Tﬂ%f S80 Wang et al. (2010)
K ,’;L‘i‘;feat h Half-saturation root biomass for PO, weathering 10.0 mn(:;C S80 calibrated
K fl%fomm Half-saturation solute P concentration for PO4 bio- | 0.001 ":nﬁ S81 estimated
chemical mineralization
Kx‘{,ﬁomn Half-saturation root C biomass for PO4 biochemical | 20.0 ”;nLéC S81 calibrated
mineralization
Kabs POy (ab)sorption rate from Piap t0 Psorp 651.8519 kg:ﬁ - S83 Yang et al. (2014)
Eq abs Activation energy for sorption to mineral surfaces 5000.0 ﬁ S83 Ahrens p. com. 2016
Kdes POy desorption rate from Psopp to Prap 0.000733 @7?7;;15 S83 Yang et al. (2014)
Eq des Activation energy for desorption from mineral surfaces | 20000.0 ﬁ S83 Abhrens p. com. 2016
S POy sorption capacity of organic matter 04 i’ggﬁ) S85 This study’
T ral POy sorption capacity of mineral soil 0.0387 1205151)1 S85 This study’
Kf,fﬁin Half-saturation concentration for PO4 adsorption to | 0.045 ‘ﬁ‘g‘f‘&l\ﬁ) S85 This study’
OM
K f,ff;fbmeml Half-saturation concentration for POy4 adsorption to | 0.00225 'L’(‘g‘s‘;lf S85 This study®
soil mineral

1. Based on a literature review including Abekoe and Sahrawat (2001); Ahmed et al. (2008); Chakraborty et al. (2012); Debicka et al.
(2015); Dossa et al. (2008); Fan et al. (2014); Guedes et al. (2016); Harrell and Wang (2006); Hartono et al. (2005); Herlihy and McCarthy
(2006); Holford et al. (1974); Horta et al. (2013); Huang et al. (2005); Janardhanan and Daroub (2010); Kolahchi and Jalali (2013); Olander
and Vitousek (2005); Pal (2011); Sakadevan and Bavor (1998); Sanyal et al. (1993); Sato and Comerford (2005); Shirvani et al. (2010);
Singh et al. (2005); Singh et al. (2006); Villapando and Graetz (2001); Wisawapipat et al. (2009); Xu et al. (2006); Zafar et al. (2016); Zhou

and Li (2001); Zou et al. (2011)
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Table S5. Parameters for the calculation of isotopic fractionation and mixing ratios calculation

Symbol Description Value Unit | Equation | Citation

aisc Discrimination of *>C due to stomatal diffusion 4.4 %o S92 Drake (2014)

bisc Discrimination of '*C due to Rubisco 27.0 oo $92 Drake (2014)

c130 Discrimination of **C due to PEP C 5.7 %0 S92 Drake (2014)

a14c Discrimination of **C due to stomatal diffusion 8.668 %o S92 Drake (2014)

biac Discrimination of **C due to Rubisco 51.03 %o S92 Drake (2014)

cl4c Discrimination of **C due to PEP C 10.773 %o S92 Drake (2014)

bca Leakage rate of bundle sheath cells 0.16 - S92 Drake (2014)

Rref,c13 Reference isotopic mixing ratio of B0 / 120 PDB standard | 0.0112372 :Zg; S90 -

Ryep ci3 Reference isotopic mixing ratio of *>N/*N 0.0036765 | ™o S90 Robinson (2001)

e’u"sza ke,NHy Discrimination due to microbial NH,4 uptake 17.0 %o S91 Robinson (2001)
n lpatzze NH, Discrimination due to plant NHy4 uptake 13.5 %0 S91 Robinson (2001)

e lp“tZZe NOs Discrimination due to plant NO3 uptake 9.5 %0 S91 Robinson (2001)

€Enit Discrimination due to nitrification 47.5 %o S91 Robinson (2001)

€nitrate,production | Discrimination due to NO3 production 25.0 %o S91 Robinson (2001)

€denit Discrimination due to denitrification 31.0 %o S91 Robinson (2001)

€ammoni fication Discrimination due to NH4 production 25 %o S91 Robinson (2001)

Table S6. Parameters for the albedo, fAPAR and surface energy and water calculation

Albedo and fAPAR

Symbol Description Value Unit | Equation | Citation

pobeta Scaling factor of solar angle in reflection calculation 1.6 - S97 Spitters (1986)

k},’ffo Extinction coefficient over black leaves (VIS range) 0.5 - S95 Spitters (1986)

k}j}fo Extinction coefficient for diffuse radiation (VIS range) | 0.8 - S95 Spitters (1986)

k{,’f;g Extinction coefficient over black leaves (NIR range) 0.5 - S95 Spitters (1986)

k;’f% Extinction coefficient for diffuse radiation (NIR range) | 0.8 - S95 Spitters (1986)

kesf Crown shape correction parameter 2.2 - S96 (Campbell and Norman, 1998)

alb’ss, Soil albedo (VIS range) 0.15 - S98 Bonan (2015)

alb™r, Soil albedo (NIR range) 0.30 - S98 Bonan (2015)

Surface energy and water balance

Keft inter Efficiency of interception of precipitation as rain 0.25 - S112 Raddatz et al. (2007)

Wekin,max Maximum water storage per unit LAI 0.0002 | m S112 Raddatz et al. (2007)

Kpres Preferential flow fraction of infiltrating water 0.01 m™! S113 This study

kpref,runofs | Infiltrating fraction of surface runoff 0.95 - S113 Krinner et al. (2005)
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Table S7. PFT-specific parameters

Symbol Description Unit Equation Citation
Ovis Single leaf scattering albedo (VIS range) - S97 Otto et al. (2014); Spitters (1986)
Onir Single leaf scattering albedo (NIR range) - S97 Otto et al. (2014); Spitters (1986)
Qo Canopy clumping factor - S96 Campbell and Norman (1998)
Derown Crown shape factor - S96 Campbell and Norman (1998)
sla Specific leaf area %lzc - Kattge et al. (2011)

Xg;} Default foliar C:N i—g Sect. S3.5 Kattge et al. (2011)
cheyﬁm”-" Minimum foliar C:N é—g S37 Kattge et al. (2011)
che:aI},',nLaa: Maximum foliar C:N é—g S37 Kattge et al. (2011)

X{Z;}; Default foliar N:P 2—1; Sect. S3.5 Kattge et al. (2011)
xfz,;?mm Minimum foliar N:P g—g S37 Kattge et al. (2011)
xf\(,{;,l;’mm Maximum foliar N:P i—g S37 Kattge et al. (2011)

kgtrue Maximum fraction of structural foliar N - S4 Friend et al. (1997); Kattge et al. (2011)
f ;?,f:fc,cl Minimum fraction of structural foliar N - S4 This study

Tao Shape parameter of J,,,q, temperature response K S9 Friend (2010)
go Intercept of the A,, gs relationship - S17 Lin et al. (2015)
g1 Slope of the A,, g5 relationship - S17 Lin et al. (2015)

Jmin Minimum stomatal conductance = S17 This study

Tleaf Turnover time of leaves years Sect. S3.9 Kattge et al. (2011)
Tfine_root Turnover time of fine roots years Sect. S3.9 Ahrens et al. (2014)

Teoarse_root Turnover time of coarse roots years Sect. S3.9 Ahrens et al. (2014)
Thbranch Turnover time of branches years Sect. S3.9 This study
Tsap_wood Turnover time of the sapwood years Sect. S3.9 Sitch et al. (2003)

Tfruit Turnover time of the fruit years Sect. S3.9 This study
Tseed_litter Turnover time of the seed bed to litter years S3.9 This study
Tseed,est Turnover time of the seed bed to establishment years S53 This study

Umas,NH,|NOs | Maximum plant N uptake rate E:Eflch S73 Zaehle et al. (2010)
Umaz, PO, Maximum plant P uptake rate I‘;fzféps S73 Kavka and Polle (2016)

43




Table S7. PFT-specific parameters (ctnd.)

Symbol Description Unit Equation Citation
GDDreg” Maximum GDD requirement in the absence of | °C days S45 This study
chilling
KGpp Response of GDD to number of dormant days days™! S45 This study
pllush Soil water level inducing leaf flushing - Sect. 3.8 This study
Soil Soil water stress inducing leaf senescence - Sect. S3.8 This study
oo Air temperature threshold inducing leaf senescence | °C Sect. S3.8 This study
ageifl% Minimum leaf age before senescence days Sect. S3.8 This study
ff;;ﬁﬁgod Fraction of sapwood in branches - Sect. S4.2 This study
Pwood Wood density an?s S31 Chave et al. (2009); Zanne et al. (2009)
Kiatosa Leaf area to sapwood area ratio - S31 Zaehle et al. (2010)
Ectos Coarse root to sapwood mass ratio - S33 This study
krtos Trade-off parameter for hydraulic investment into | - S34 This study
sapwood or fine roots
ngﬁ)? Maximum fraction of growth allocated to fruit - S29 This study
klaiiom Parameter in height diameter relationship - S32 Zaehle et al. (2010)
k2a110m Parameter in height diameter relationship - S32 Zaehle et al. (2010)
{g;’; Minimum leaf water potential MPa S18 Hickler et al. (2006)
ktarget Target size of the long-term reserve pool - S39 This study
Kroot_dist Exponent describing the vertical root profile - S3 Jackson et al. (1996)
Kseced Seed size molC S58 This study
mortyy, prr | Background mortality rate year_1 S56 Sitch et al. (2003)
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Table S8. PFT-specific parameter values

Parameter TrBE TeBE TrBR TeBS BNE BNS TeH TrH
PS pathway C3 C3 C3 C3 C3 C3 C3 c4
Tuis 0.17 0.17 0.17 0.17 0.15 0.15 0.2 0.2
Onir 0.76 0.76 0.76 0.76 0.73 0.73 0.8 0.8
Qo 0.9 0.9 0.9 0.9 0.5 0.7 1.0 1.0
berown 3.34 3.34 3.34 3.34 2.19 2.88 3.34 3.34
sla 0.24 0.22 0.39 0.39 0.13 0.25 0.50 0.48
Xy 28.4 35.0 22.5 225 39.7 24.8 26.9 33.9
Xfot min 14.0 14.0 14.0 14.0 24.0 16.0 13.7 17.1
Xtod¥ maz 38.7 38.7 38.7 38.7 64.9 31.0 40.0 48.0
Xieat 16.8 14.0 12.7 12.7 8.4 9.1 10.7 8.9
Xt min 8.4 7.0 6.3 6.3 4.2 4.5 5.3 4.4
Xl s min 25.3 21.0 19.0 19.0 12.6 13.6 16.0 13.3
kgirue 0.75 0.70 0.63 0.63 0.83 0.79 0.3 0.3
ING e o 0.57 0.52 0.45 0.45 0.65 0.61 0.12 0.12
To 18.0 18.0 18.0 18.0 18.0 18.0 18.0 18.0
90 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03
g 9.3 8.3 7.0 10.9 5.5 7.0 9.3 2.0
Gmin 0.00006  0.00006  0.00006 0.00006 0.00003 0.00003 0.00006 0.00006
Ticaf 1.4 1.32 0.48 0.48 331 0.51 0.32 0.32
Tfine_root 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Teoarse_root 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Toranch 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Tsap_wood 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Tfruit 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tseed_litter 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Tseed_est 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Vmaz,N 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
Vmaz, P 0.0044  0.0044  0.0044  0.0044  0.0044  0.0044  0.0044  0.0044
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Table S8. Lctlib Parameter Values per PFT (ctnd.)

Parameter TrBE TeBE TrBR TeBS BNE BNS TeH TrH
Phenotype evergreen evergreen raingreen summergreen —evergreen —summergreen —perennial  perennial
GDDpar 0.0 0.0 0.0 800.0 0.0 800.0 10.0 10.0
kgpp 0.0 0.0 0.0 0.007 0.0 0.0098 0.1 0.1
pllush 0.0 0.0 0.98 0.0 0.0 0.0 0.9 0.9
sen 0.0 0.0 0.5 0.0 0.0 0.0 0.01 0.01
sen 0.0 0.0 0.0 8.5 0.0 5.0 0.0 0.0
ages®! 10 10 10 50 10 10 10 10
Growthform tree tree tree tree tree tree herb. herb.
fhraneh 0.05 0.05 0.05 0.05 0.05 0.05 n.a. n.a
Pwood 0.3 0.3 0.3 0.3 0.3 0.3 n.a. n.a
Kiatosa 4000.0 4000.0 4000.0 4000.0 4000.0 4000.0 n.a. na
Kertos 0.1 0.1 0.1 0.1 0.1 0.1 n.a. na
Ertos 421 421 421 421 421 421 10.0 10.0
k2lruit 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
klatiom 55.0 55.0 55.0 55.0 55.0 55.0 n.a. na
k2a110m 0.65 0.65 0.65 0.65 0.65 0.65 n.a. n.a
i 2.0 2.0 2.0 2.0 2.0 2.0 -1.5 -1.5
kterget, 1.0 12 1.0 1.0 0.5 1.0 1.0 1.0
Eroot_dist 3.5 2.8 2.5 3.5 3.5 3.5 5.5 5.5
Ksced 0.5 0.5 0.5 0.5 0.5 0.5 0.1 0.1
mortyg prrT 0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05
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Table S9. The ten most important parameters (P) determining model sensitivity, measured as ranked partial correlation coefficient (RPCC),

for each of the eight variables shown in Fig. 8 at the example of FR-Hes and reference to the respective parameter description table in the

Supplementary Materials (T). The variables are GPP, net N/P mineralisation, vegetation and ecosystem C, as well as leaf C:N:P. The param-

eter names are color-coded, the red color is referring to photosynthesis related parameter, blue to soil biogeochemistry, cyan to vegetation

growth and dynamics and black to water balance.

GPP dNH, Ppo, Leaf C:N
Rank P RPCC T P RPCC T P RPCC T P RPCC T
1 Topt.decomp 097 S2 | Toptidecomp 093 S2 | Topidecomp  -0.89  S2 | Toptdecomp 096  S2
2 kgtree 085 ST | Nosittersrase 058 82| KIMULN 067 0S4 Ferp 080  S3
3 0O fastssiow <072 S2 Ky 053  S3 | Negittersfast  -0.65  S4 kgtrue -0.80 S7
4 Negitter—s fast 07T 82 | mc fastosiow <052 S2 Xivat -0.63 S7 sla 070 S3
5 base -0.63 82 base 050  S2 | e fastssiow 061 S4 | negiver—sfast  0.68 S4
6 sla -0.58 87 feaf 041 83| xgomoy 036 S4 | ncjastssion 065 S4
7 Topt,nit 055  S2 Khelh N 0.18  S4 Korp 040  S3 rhase 059  S4
8 O nas 053  S2 sla 036 S7 base 037  S4 Vo 052 82
9 Tfine_root 049 87 Xfey 035 83| Xsomn:r 036  S4 Kiatosa 0.51 S7
10 Unaw Ny NOs 022 ST XEody 033  S3 kleel | 033 83 Topt,nit 050  S2
Table S9. The ten most important parameters (P), continued.
Leaf N:P Veg. C Total C

Rank P RPCC T P RPCC T P RPCC T

1 XNE 0.94 S3 kgtrue -0.86  S2 | Toptdecomp  -090  S2

2 halLN 093 S4 Krp 078  S3 Krp 0.89  S3

3 Xieat 0.84  S3 | fron-uecty 059 S2 kgtrue 071 87

4 NP, 0.65  S3 Ve aw 056  S2 Kiatosa -0.64  S7

5 Erp 050 S3 NP 054 S3 | Nofastssiow <051 S2

6 Topt.decomp 045 S2 & -0.52 ST | nojitter—fast  -0.47 S2

7 Vmaz, PO, 033 S§7 k&M -047 87 rhase 043 82

8 sla 024  S3 Kiatosa 045 83| fren-uecty 042 S2

9 Kiatosa 019  S3 | Trineroor 041 ST Tfine_root 042  S2

10 Kprefrunofs 017 S6 | Topidecomp 040  S4 Xeood 041 S3
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Figure S1. Effect of sink limitation on simulated photosynthesis at the evergreen broadleaf forest site IT-Cpz. Daily GPP (a), growth (b), the
sink limitation scalar (377 ) (c) and C:N of labile pool (d) are shown for one year. The sink limitation is caused by high labile pool C:N

sinklim

ratio reducing the realised growth rate, which then provides a negative feedback to the photosynthesis.
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Figure S2. Effect of using a lagged response to calculate fluxes, at the example of the effect of plant nutrient demand on plant nutrient uptake

in the temperate broadleaved deciduous forest of DK-Sor. Shown is the effect of altering the lag time of the demand for nutrient uptake
(T#,%tﬁgke) on the nitrogen uptake fluxes for one year. The different colors respond to different lag times as explained in the legend.
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Figure S3. Effect of explicitly representing the vertical profile of the soils (1D), compared to a lumped, zero-dimensional (OD) approach.

Displayed are the daily heterotrophic respiration (a) plant nitrogen uptake (b), and nitrogen leaching below the rooting zone (c) for one year

at the needle-leaved evergreen forest site of FI-Hyy.
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Figure S4. Simulated and observed mean monthly diurnal (a, b, ¢, d) and seasonal (e, f, g, h) cycles of latent heat flux (Q;.) at four FLUXNET
sites (FI-Hyy, FR-Hes, AU-Tum, BR-Ma2). Obs’ correspond to micrometeorological observations. ’C’, ’CN’ and *CNP’ refer to the model
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simulations with C, C&N and C&N&P options enabled. Seasonal cycles have been smoothed by a 16-day running mean.
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Figure S5. The GPP at the GFDB sites as a function of mean annual temperature (a), mean annual precipitation (b), nitrogen deposition (c)

and phosphorus deposition (d). The PFT abbreviations are explained in Table 1.
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Figure S6. The NPP at the GFDB sites as a function of mean annual temperature (a), mean annual precipitation (b), nitrogen deposition (c)

and phosphorus deposition (d). The PFT abbreviations are explained in Table 1.
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Figure S7. Effect of letting the temperature optimum of Ji,qz, the maximum electron-transport rate for the calculation of photosynthesis,
acclimate to growth temperature (black), or not (red). The simulated diurnal cycles of GPP (a) and shortwave radiation (in black) and air

temperature (in blue) (b) at FI-Hyy in 2002 for twelve days.
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respiration have been substracted from the original model simulations.
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Figure S9. The CUE at the GFDB sites as a function of mean annual temperature (a), mean annual precipitation (b), nitrogen deposition (c)

and phosphorus deposition (d). The PFT abbreviations are explained in Table 1.
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Figure S10. The leaf C:N at the GFDB sites as a function of mean annual temperature (a), mean annual precipitation (b), nitrogen deposition

(c) and phosphorus deposition (d).
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Figure S11. The nitrogen fixation at the GFDB sites as a function of mean annual temperature (a), mean annual precipitation (b), nitrogen

deposition (c) and phosphorus deposition (d).

58



GPP (kgCm~2yr™1)

[l i el el g
mFNVWhUoN®OO

Figure S12. The GPP (a), leaf C:N (b), leaf P:N (c), vegetation carbon (d), phosphorus mineralization (e) and total ecosystem carbon (f) as

8 10 12 14 16 18
Py, (GNm2yr ')

8 10 12 14 16 18
Dy, (GNm2yr )

35

30

25

LeafC:N(—)

20

15

0.9
0.8
0.7
0.6
0.5
5 0.4
0.3
0.2

“2yr )

gPm

Dp

8 10 12 14 16 18
By, (GNm2yr )

(¢)

8 10 12 14 16 18
Py, (ENm2yr )

Total C (kgCm~2)

34
32
30
28
26
24
22
20

6 8 101

Py, (gN

2 14 16 18

m~2yr 1)

6 8 101

P, (N

function of nitrogen mineralization at FR-Hes for different parameter combinations from LHS.

59

2 14 16
m~2yr 1)



10

15

20

25

30

35

References

Abekoe, M. K. and Sahrawat, K. L.: Phosphate retention and extractability in soils of the humid zone in West Africa, Geoderma, 102,
175-187, https://doi.org/10.1016/S0016-7061(00)00110-5, http://linkinghub.elsevier.com/retrieve/pii/S0016706100001105, 2001.

Ahmed, M. F, Kennedy, 1. R., Choudhury, a. T. M. a., Kecskes, M. L., and Deaker, R.: Phosphorus adsorption in some Australian
soils and influence of bacteria on the desorption of phosphorus, Communications in Soil Science and Plant Analysis, 39, 1269-1294,
https://doi.org/10.1080/00103620802003963, http://www.tandfonline.com/doi/abs/10.1080/00103620802003963, 2008.

Ahrens, B., Hansson, K., Solly, E. F., and Schrumpf, M.: Reconcilable differences: a joint calibration of fine-root turnover times with
radiocarbon and minirhizotrons, New Phytologist, 204, 932-942, 2014.

Ahrens, B., Braakhekke, M. C., Guggenberger, G., Schrumpf, M., and Reichstein, M.: Contribution of sorption, DOC transport and microbial
interactions to the 14C age of a soil organic carbon profile: Insights from a calibrated process model, Soil Biology and Biochemistry, 88,
390-402, 2015.

Atkin, O. K., Meir, P, and Turnbull, M. H.: Improving representation of leaf respiration in large-scale predictive climate—vegetation mod-
els, New Phytologist, 202, 743-748, https://doi.org/10.1111/nph.12686, https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.12686,
2014.

Ball, J., Wooddrow, 1., and Berry, J. A.: A model predicting stomatal conductance and its contribution to the control of photosynthesis under
different environmental conditions, in: Progress in Photosynthesis Research, edited by Biggens, J., pp. 1-4, Dordrecht, The Netherlands,
1987.

Barrow, N. J.: The description of phosphate adsorption curves, Journal of Soil Science, 29, 447-462, 1978.

Bernacchi, C. J., Singsaas, E. L., Pimentel, C., Protis JR, A. R., and Long, S. P.: Improved temperature response functions for models of
Rubisco-limited photosynthesis, Plant, Cell & Environment, 24, 253-259, 2001.

Bonan, G.: Ecological Climatology: Concepts and  Applications, = Cambridge  University = Press, 3  edn,
https://doi.org/10.1017/CB0O9781107339200, 2015.

Briiggemann, N., Gessler, A., Kayler, Z., Keel, S. G., Badeck, F., Barthel, M., Boeckx, P., Buchmann, N., Brugnoli, E., Esperschiitz, J.,
Gavrichkova, O., Ghashghaie, J., Gomez-Casanovas, N., Keitel, C., Knohl, A., Kuptz, D., Palacio, S., Salmon, Y., Uchida, Y., and Bahn,
M.: Carbon allocation and carbon isotope fluxes in the plant-soil-atmosphere continuum: a review, Biogeosciences, 8, 3457-3489, 2011.

Campbell, G. S. and Norman, J. M.: An Introduction to Environmental Biophysics, Springer, 1998.

Chakraborty, D., Nair, V. D., and Harris, W. G.: Compositional Differences Between Alaquods and Paleudults Affecting Phosphorus Sorption-
Desorption Behavior, Soil Science, 177, 188—197, https://doi.org/10.1097/SS.0b013e31824329ca, http://content.wkhealth.com/linkback/
openurl?sid=WKPTLP:landingpage&an=00010694-201203000-00006, 2012.

Chave, J., Coomes, D., Jansen, S., Lewis, S. L., Swenson, N. G., and Zanne, A. E.: Towards a worldwide wood economics spectrum, Ecology
letters, 12, 351-366, https://doi.org/10.1111/j.1461-0248.2009.01285 x, http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x, 2009.

Collatz, G. J., Ribas-Carbo, M., and Berry, J. A.: Coupled photosynthesis-stomatal conductance model for leaves of C4 plants, Australian
Journal of Plant Physiology, 19, 519-538, 1992.

Davidson, E. A., Samanta, S., Caramori, S. S., and Savage, K.: The Dual Arrhenius and Michaelis-Menten kinetics model for decomposition
of soil organic matter at hourly to seasonal time scales, Glob. Change Biol., 18, 371-384, 2012.

Debicka, M., Kocowicz, A., Weber, J., and Jamroz, E.: Organic matter effects on phosphorus sorption in sandy soils, Archives of Agronomy

and Soil Science, 62, 840-855, https://doi.org/10.1080/03650340.2015.1083981, 2015.

60


https://doi.org/10.1016/S0016-7061(00)00110-5
http://linkinghub.elsevier.com/retrieve/pii/S0016706100001105
https://doi.org/10.1080/00103620802003963
http://www.tandfonline.com/doi/abs/10.1080/00103620802003963
https://doi.org/10.1111/nph.12686
https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.12686
https://doi.org/10.1017/CBO9781107339200
https://doi.org/10.1097/SS.0b013e31824329ca
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-201203000-00006
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-201203000-00006
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-201203000-00006
https://doi.org/10.1111/j.1461-0248.2009.01285.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1080/03650340.2015.1083981

10

15

20

25

30

35

Dossa, E. L., Baham, J., Khouma, M., Sene, M., Kizito, F., and Dick, R. P.: Phosphorus Sorption and Desorption in Semiarid Soils
of Senegal Amended With Native Shrub Residues, Soil Science, 173, 669-682, https://doi.org/10.1097/SS.0b013e3181893999, http:
/lcontent.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200810000-00001, 2008.

Drake, B. L.: Using Models of Carbon Isotope Fractionation during Photosynthesis to Understand the Natural Fractionation Ratio, Radio-
carbon, 56, 29-38, 2014.

Evans, J. R.: Photosynthesis and nitrogen relationships in leaves of C3 plants, Oecologia, 78, 9-19, 1989.

Fan, H., Huang, D., Zhou, L., and Jia, Y.: Effects of freeze—thaw cycles on phosphorus adsorption and desorption in the black soil of northeast-
ern China, Acta Agriculturae Scandinavica, Section B — Soil & Plant Science, 64, 24-32, https://doi.org/10.1080/09064710.2014.882401,
2014.

Farquhar, G. D., OLeary, M. H., and Berry, J. A.: On the Relationship Between Carbon Isotope Discrimination and the Intercellular Carbon
Dioxide Concentration in Leaves, Functional Plant Biology, 9, 121-137, 1982.

Friend, A. D.: Modelling canopy CO2 fluxes: are ‘big-leaf’simplifications justified?, Global ecology and biogeography: a journal of macroe-
cology, 10, 603-619, https://nph.onlinelibrary.wiley.com/doi/abs/10.1046/j.1466-822x.2001.00268.x, 2001.

Friend, A. D.: Terrestrial plant production and climate change, Journal of Experimental Botany, 61, 1293—-1309, 2010.

Friend, A. D., Stevens, A. K., Knox, R. G., and Cannell, M. G. R.: A process-based, terrestrial biosphere model of ecosystem dynamics
(Hybrid v3.0), Ecological modelling, 95, 249-287, 1997.

Friend, A. D., Geider, R. J., Behrenfeld, M. J., and Still, C. J.: Photosynthesis in Global-Scale Models, in: Photosynthesis in silico: Under-
standing complexity from molecules to ecosystems, edited by Laisk, A., Nedbal, L., and Govindjee, pp. 465—497, Springer, 2009.

Guedes, R. S., Melo, L. C. A., Vergiitz, L., Rodriguez-Vila, A., Covelo, E. F., and Fernandes, A. R.: Adsorption and desorption kinet-
ics and phosphorus hysteresis in highly weathered soil by stirred flow chamber experiments, Soil and Tillage Research, 162, 46-54,
https://doi.org/10.1016/j.still.2016.04.018, 2016.

Harrell, D. L. and Wang, J. J.: Fractionation and Sorption of Inorganic Phosphorus in Louisiana Calcareous Soils, Soil Science, 171, 39—
51, https://doi.org/10.1097/01.s5.0000187347.37825.46, http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=
00010694-200601000-00006, 2006.

Hartmann, H., Adams, H. D., Hammond, W. M., Hoch, G., Landhiusser, S. M., Wiley, E., and Zachle, S.: Identifying differences in carbohy-
drate dynamics of seedlings and mature trees to improve carbon allocation in models for trees and forests, Environmental and Experimental
Botany, 152, 7-18, 2018.

Hartono, A., Funakawa, S., and Kosaki, T.: Phosphorus sorption-desorption characteristics of selected acid upland soils in Indonesia, Soil
Science and Plant Nutrition, 51, 787-799, https://doi.org/10.1111/j.1747-0765.2005.tb00113.x, http://www.tandfonline.com/doi/abs/10.
1111/.1747-0765.2005.tb00113.x, 2005.

Herlihy, M. and McCarthy, J.: Association of soil-test phosphorus with phosphorus fractions and adsorption characteristics, Nutrient Cycling
in Agroecosystems, 75, 79-90, https://doi.org/10.1007/s10705-006-9013-2, http://link.springer.com/10.1007/s10705-006-9013-2, 2006.

Hickler, T., Prentice, I. C., Smith, B., SYKES, M. T., and Zaehle, S.: Implementing plant hydraulic architecture within the LPJ Dynamic
Global Vegetation Model, Global Ecology and Biogeography, 15, 567-577, 2006.

Holford, i. C. R., Wedderburn, r. W. M., and Mattingly, g. E. G.: A langmuir two-surface equation as a model for phosphate adsorption by
soils, Journal of Soil Science, 25, 242-255, https://doi.org/doi:10.1111/j.1365-2389.1974.tb01121.x, https://onlinelibrary.wiley.com/doi/
abs/10.1111/j.1365-2389.1974.tb01121.x, 1974.

61


https://doi.org/10.1097/SS.0b013e3181893999
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200810000-00001
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200810000-00001
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200810000-00001
https://doi.org/10.1080/09064710.2014.882401
https://nph.onlinelibrary.wiley.com/doi/abs/10.1046/j.1466-822x.2001.00268.x
https://doi.org/10.1016/j.still.2016.04.018
https://doi.org/10.1097/01.ss.0000187347.37825.46
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200601000-00006
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200601000-00006
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00010694-200601000-00006
https://doi.org/10.1111/j.1747-0765.2005.tb00113.x
http://www.tandfonline.com/doi/abs/10.1111/j.1747-0765.2005.tb00113.x
http://www.tandfonline.com/doi/abs/10.1111/j.1747-0765.2005.tb00113.x
http://www.tandfonline.com/doi/abs/10.1111/j.1747-0765.2005.tb00113.x
https://doi.org/10.1007/s10705-006-9013-2
http://link.springer.com/10.1007/s10705-006-9013-2
https://doi.org/doi:10.1111/j.1365-2389.1974.tb01121.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2389.1974.tb01121.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2389.1974.tb01121.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2389.1974.tb01121.x

10

15

20

25

30

35

Horta, C., Monteiro, F., Madeira, M., and Torrent, J.: Phosphorus sorption and desorption properties of soils developed on basic rocks under
a subhumid Mediterranean climate, Soil Use and Management, 29, 15-23, https://doi.org/10.1111/j.1475-2743.2012.00405.x, 2013.

Huang, Q., Liang, W., and Cai, P.: Adsorption, desorption and activities of acid phosphatase on various colloidal particles from an Ul-
tisol, Colloids and surfaces B: Biointerfaces, 45, 209-214, https://doi.org/10.1016/j.colsurfb.2005.08.011, http://www.ncbi.nlm.nih.gov/
pubmed/16198547, 2005.

Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A., Sala, O. E., and Schulze, E. D.: A global analysis of root distributions for
terrestrial biomes, Oecologia, 108, 389411, 1996.

Janardhanan, L. and Daroub, S. H.: Phosphorus Sorption in Organic Soils in South Florida, Soil Science Society of America Journal, 74,
1597-1597, https://doi.org/10.2136/sssaj2009.0137, https://www.soils.org/publications/sssaj/abstracts/74/5/1597, 2010.

June, T., Evans, J. R., and Farquhar, G. D.: A simple new equation for the reversible temperature dependence of photosynthetic electron
transport: a study on soybean leaf, Functional Plant Biology, 31, 275, 2004.

Kattge, J., Diaz, S., Lavorel, S., Prentice, I. C., Leadley, P., Bonisch, G., Garnier, E., Westoby, M., Reich, P. B., Wright, 1. J., Cornelissen,
J. H. C,, Violle, C., Harrison, S. P., Van Bodegom, P. M., Reichstein, M., Enquist, B. J., Soudzilovskaia, N. A., Ackerly, D. D., Anand,
M., Atkin, O., Bahn, M., Baker, T. R., Baldocchi, D., Bekker, R., Blanco, C. C., Blonder, B., Bond, W. J., Bradstock, R., Bunker, D. E.,
Casanoves, F., Caverner-Bares, J., Chambers, J. Q., Chapin IIL, F. S., Chave, J., Coomes, D., Cornwell, W. K., Craine, J. M., Dobrin, B. H.,
Duarte, L., Durka, W., Elser, J., Esser, G., Estiarte, M., Fagan, W. F., Fand, J., Ferndndez-Méndez, F., Fidelis, A., Finegan, B., Flores, O.,
Ford, H., Frank, D., Freschet, G. T., Fyllas, N. M., Gallagher, R. V., Green, W. A., Gutierrez, A. G., Thomas, H., Higgins, S. I., Hodgson,
J. G, Jalili, A., Jansen, S., Joly, C. A., Kerkhoff, A. J., Kirkup, D., Kitajima, K., Kleyer, M., Klotz, S., Knops, J. M. H., Kramer, K.,
Kiihn, I., Kurokawa, H., Laughlin, D., Lee, T. D., Leishman, M., Lens, F., Lenz, T., Lewis, S. L., Lloyd, J., Llusia, J., Louault, F., Ma, S.,
Mahecha, M. D., Manning, P., Massad, T., Medlyn, B. E., Messier, J., Moles, A. T., Miiller, S. C., Nadrowski, K., Naecem, S., Niinemets,
U., Nollert, S., Niiske, A., Ogaya, R., Oleksyn, J., Onipchenko, V. G., Onoda, Y., Ordoiiez, J., Overbeck, G., Ozinga, W. A., Patino, S.,
Paula, S., Pausas, J. G., Pefiuelas, J., Phillips, O. L., Pillar, V., Poorter, H., Poorter, L., Poschlod, P., Prinzing, A., Proulx, R., Rammig, A.,
Reinsch, S., Reu, B., Sack, L., Salgado-Negret, B., Sardans, J., Shiodera, S., Shipley, B., Siefert, A., Sosinski, E., Soussana, J. F., Swaine,
E., Swenson, N., Thompson, K., Thornton, P., Waldram, M., Weiher, E., White, M., White, S., Wright, S. J., Yguel, B., Zaehle, S., Zanne,
A. E., and Wirth, C.: TRY - a global database of plant traits, Global Change Biology, 17, 2905-2935, 2011.

Kavka, M. and Polle, A.: Phosphate uptake kinetics and tissue-specific transporter expression profiles in poplar (Populus x canescens)
at different phosphorus availabilities, BMC Plant Biology, 16, 206, https://doi.org/10.1186/s12870-016-0892-3, https://doi.org/10.1186/
$12870-016-0892-3, 2016.

Knauer, J., Werner, C., and Zaehle, S.: Evaluating stomatal models and their atmospheric drought response in a land surface scheme: A
multibiome analysis, Journal of Geophysical Research: Biogeosciences, 120, 1894-1911, 2015.

Kolahchi, Z. and Jalali, M.: Phosphorus Movement and Retention by Two Calcareous Soils, Soil and Sediment Contamination: An Interna-
tional Journal, 22, 21-38, https://doi.org/10.1080/15320383.2012.697939, 2013.

Koven, C. D., Riley, W. J., Subin, Z. M., Tang, J. Y., Torn, M. S., Collins, W. D., Bonan, G. B., Lawrence, D. M., and Swenson, S. C.:
The effect of vertically resolved soil biogeochemistry and alternate soil C and N models on C dynamics of CLM4, Biogeosciences, 10,
7109-7131, 2013.

Krinner, G., Viovy, N., de Noblet-Ducoudré, N., Ogée, J., Polcher, J., Friedlingstein, P., Ciais, P, Sitch, S. A., and Prentice, I. C.: A dynamic
global vegetation model for studies of the coupled atmosphere-biosphere system, Global Biogeochemical Cycles, 19, GB1015, 2005.

Kronzucker, H. J., Siddiqi, M. Y., and Glass, A. D. M.: Kinetics Of NO3-Influx In Spruce, Plant Physiology, 109, 319-326, 1995.

62


https://doi.org/10.1111/j.1475-2743.2012.00405.x
https://doi.org/10.1016/j.colsurfb.2005.08.011
http://www.ncbi.nlm.nih.gov/pubmed/16198547
http://www.ncbi.nlm.nih.gov/pubmed/16198547
http://www.ncbi.nlm.nih.gov/pubmed/16198547
https://doi.org/10.2136/sssaj2009.0137
https://www.soils.org/publications/sssaj/abstracts/74/5/1597
https://doi.org/10.1186/s12870-016-0892-3
https://doi.org/10.1186/s12870-016-0892-3
https://doi.org/10.1186/s12870-016-0892-3
https://doi.org/10.1186/s12870-016-0892-3
https://doi.org/10.1080/15320383.2012.697939

10

15

20

25

30

35

Kronzucker, H. J., Siddiqi, M. Y., and Glass, A. D. M.: Kinetics of NH4+ influx in spruce, Plant Physiology, 110, 773-779, 1996.

Kull, O. and Kruijt, B.: Leaf photosynthetic light response: a mechanistic model for scaling photosynthesis to leaves and canopies, Functional
Ecology, 12, 767-777, 1998.

Levin, L., Naegler, T., Kromer, B., Diehl, M., Francey, R., Gomez-Pelaez, A., Steele, P., Wagenbach, D., Weller, R., and Worthy, D.: Ob-
servations and modelling of the global distribution and long-term trend of atmospheric **COx, Tellus Series B-Chemical and Physical
Meteorology, 62, 2646, 2010.

Lin, Y.-S., Medlyn, B. E., Duursma, R. A., Prentice, I. C., Wang, H., Baig, S., Eamus, D., de Dios, V. R., Mitchell, P., Ellsworth, D. S.,
de Beeck, M. O., Wallin, G., Uddling, J., Tarvainen, L., Linderson, M.-L., Cernusak, L. A., Nippert, J. B., Ocheltree, T. W., Tissue, D. T.,
Martin-StPaul, N. K., Rogers, A., Warren, J. M., De Angelis, P., Hikosaka, K., Han, Q., Onoda, Y., Gimeno, T. E., Barton, C. V. M.,
Bennie, J., Bonal, D., Bosc, A., Low, M., Macinins-Ng, C., Rey, A., Rowland, L., Setterfield, S. A., Tausz-Posch, S., Zaragoza-Castells,
J., Broadmeadow, M. S. J., Drake, J. E., Freeman, M., Ghannoum, O., Hutley, L. B., Kelly, J. W., Kikuzawa, K., Kolari, P., Koyama, K.,
Limousin, J. M., Meir, P., Lola da Costa, A. C., Mikkelsen, T. N., Salinas, N., Sun, W., and Wingate, L.: Optimal stomatal behaviour
around the world, Nature Climate Change, 5, 459—464, 2015.

Lloyd, J. and Taylor, J. A.: On the temperature dependence of soil respiration, Functional ecology, pp. 315-323, https://www.jstor.org/stable/
2389824, 1994.

Makino, A., Sakuma, H., Sudo, E., and Mae, T.: Differences between maize and rice in N-use efficiency for photosynthesis and protein
allocation, Plant & cell physiology, 44, 952-956, https://www.ncbi.nlm.nih.gov/pubmed/14519777, 2003.

Manzoni, S., Porporato, A., and Schimel, J. P.: Soil heterogeneity in lumped mineralization—immobilization models, Soil Biology and Bio-
chemistry, 40, 1137-1148, 2008.

McGill, W. B. and Cole, C. V.: Comparative aspects of cycling of organic C, N, S and P through soil organic matter, Geoderma, 26, 267-286,
1981.

Meyerholt, J. and Zaehle, S.: The role of stoichiometric flexibility in modelling forest ecosystem responses to nitrogen fertilization, New
Phytologist, pp. n/a—n/a, 2015.

Monteith, J. L. and Unsworth, M. H.: Principles of Environmental Physics (Fourth Edition), Academic Press, Boston,
fourth edition edn., https://doi.org/https://doi.org/10.1016/B978-0-12-386910-4.00023-8, http://www.sciencedirect.com/science/article/
pii/B9780123869104000238, 2013.

Mikeld, A., Hari, P.,, Berninger, F., Hanninen, H., and Nikinmaa, E.: Acclimation of photosynthetic capacity in Scots pine to the annual
cycle of temperature, Tree Physiology, 24, 369-376, https://doi.org/10.1093/treephys/24.4.369, http://dx.doi.org/10.1093/treephys/24.4.
369, 2004.

Niinemets, U. and Tenhunen, J. D.: A model separating leaf structural and physiological effects on carbon gain along light gradients for the
shade-tolerant species Acer saccharum, Plant, Cell and Environment, 20, 845-866, 1997.

Niinemets, U., Kull, O., and Tenhunen, J. D.: An analysis of light effects on foliar morphology, physiology, and light interception in temperate
deciduous woody species of contrasting shade tolerance, Tree Physiology, 18, 681-696, https://doi.org/10.1093/treephys/18.10.681, http:
//dx.doi.org/10.1093/treephys/18.10.681, 1998.

Olander, L. P. and Vitousek, P. M.: Short-term controls over inorganic phosphorus during soil and ecosystem development, Soil Biology and

Biochemistry, 37, 651-659, https://doi.org/10.1016/j.s0ilbio.2004.08.022, 2005.

63


https://www.jstor.org/stable/2389824
https://www.jstor.org/stable/2389824
https://www.jstor.org/stable/2389824
https://www.ncbi.nlm.nih.gov/pubmed/14519777
https://doi.org/https://doi.org/10.1016/B978-0-12-386910-4.00023-8
http://www.sciencedirect.com/science/article/pii/B9780123869104000238
http://www.sciencedirect.com/science/article/pii/B9780123869104000238
http://www.sciencedirect.com/science/article/pii/B9780123869104000238
https://doi.org/10.1093/treephys/24.4.369
http://dx.doi.org/10.1093/treephys/24.4.369
http://dx.doi.org/10.1093/treephys/24.4.369
http://dx.doi.org/10.1093/treephys/24.4.369
https://doi.org/10.1093/treephys/18.10.681
http://dx.doi.org/10.1093/treephys/18.10.681
http://dx.doi.org/10.1093/treephys/18.10.681
http://dx.doi.org/10.1093/treephys/18.10.681
https://doi.org/10.1016/j.soilbio.2004.08.022

10

15

20

25

30

35

Otto, J., Berveiller, D., Bréon, F.-M., Delpierre, N., Geppert, G., Granier, A., Jans, W., Knohl, A., Kuusk, A., Longdoz, B., and Others:
Forest summer albedo is sensitive to species and thinning: how should we account for this in Earth system models?, Biogeosciences, 11,
2411-2427, https://goedoc.uni-goettingen.de/handle/1/10219, 2014.

Pal, S. K.: Phosphorus sorption-desorption characteristics of soils under different land use patterns of eastern India, Archives of
Agronomy and Soil Science, 57, 365-376, https://doi.org/10.1080/03650341003605743, http://www.tandfonline.com/doi/abs/10.1080/
03650341003605743, 2011.

Parton, W. J., Scurlock, J. M. O., Ojima, D. S., Gilmanov, T. G., Scholes, R. J., Schimmel, D. S., Kirchner, T., Menaut, J. C., Seastedt,
T., Moya, E. G., Kamnalrut, A., and Kinyamario, J. I.: Observations and modelling of biomass and soil organic matter dynamics for the
grassland biome worldwide, Global Biogeochemical Cycles, 7, 785-809, 1993.

Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E., Schnur, R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.: Will the
tropical land biosphere dominate the climate—carbon cycle feedback during the twenty-first century?, Climate Dynamics, 29, 565-574,
https://doi.org/10.1007/s00382-007-0247-8, https://doi.org/10.1007/s00382-007-0247-8, 2007.

Robinson, D.: §15N as an integrator of the nitrogen cycle, Trends in ecology & evolution, 16, 153-162, https://doi.org/10.1016/S0169-
5347(00)02098-X, http://www.sciencedirect.com/science/article/pii/S016953470002098X, 2001.

Roeckner, E., Tompkins, A., Bduml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kirchner, 1., Kornblueh,
L., Manzini, E., Rhodin, E., Schlese, U., and Schulzweida, U.: The atmospheric general circulation model ECHAMS - Part I: Model
description, Tech. Rep. 349, Max Planck Institute for Meteorology, Hamburg, 2003.

Rogers, A., Medlyn, B. E., Dukes, J. S., Bonan, G. B., von Caemmerer, S., Dietze, M. C., Kattge, J., Leakey, A. D. B., Mercado, L. M.,
Niinemets, U., Prentice, I. C., Serbin, S. P, Sitch, S. A., Way, D. A., and Zaehle, S.: A roadmap for improving the representation of
photosynthesis in Earth system models, New Phytologist, 213, 22-42, 2017.

Sakadevan, K. and Bavor, H. J.: Phosphate adsorption characteristics of soils, slags and zeolite to be used as substrates in constructed wetland
systems, Water Research, 32, 393-399, https://doi.org/10.1016/S0043-1354(97)00271-6, 1998.

Sanyal, S. K., Chan, P. Y., and De Datta, S. K.: Phosphate Sorption-Desorption Behavior of Some Acidic Soils of South and Southeast Asia,
Soil Science Society of America Journal, 57, 937-937, https://doi.org/10.2136/sssaj1993.0361599500570004001 1%, https://www.soils.
org/publications/sssaj/abstracts/57/4/SS0570040937, 1993.

Sato, S. and Comerford, N. B.: Influence of soil pH on inorganic phosphorus sorption and desorption in a humid Brazilian Ultisol, Revista
Brasileira de Ciencia do Solo, 29, 685-694, https://doi.org/10.1590/S0100-06832005000500004, 2005.

Saxton, K. E. and Rawls, W. J.: Soil Water Characteristic Estimates by Texture and Organic Matter for Hydrologic Solutions, Soil Science
Society of America Journal, 70, 1569-10, 2006.

Shirvani, M., Khalili, B., Mohaghegh, P., Ghasemi, S., Arabzadegan, H., and Nourbakhsh, F.: Land-Use Conversion Effects on Phosphate
Sorption Characteristics in Soils of Forest and Rangeland Sites from Zagros Area, Western Iran, Arid Land Research and Management, 24,
223-237, https://doi.org/10.1080/15324982.2010.487454, http://www.tandfonline.com/doi/abs/10.1080/15324982.2010.487454, 2010.

Singh, B. R., Krogstad, T., Shivay, Y. S., Shivakumar, B. G., and Bakkegard, M.: Phosphorus fractionation and sorption in P-enriched soils
of Norway, Nutrient Cycling in Agroecosystems, 73, 245-256, https://doi.org/10.1007/s10705-005-2650-z, http://link.springer.com/10.
1007/s10705-005-2650-z, 2005.

Singh, V., Dhillon, N. S., and Brar, B. S.: Influence of long-term use of fertilizers and farmyard manure on the adsorption-desorption
behaviour and bioavailability of phosphorus in soils, Nutrient Cycling in Agroecosystems, 75, 67-78, https://doi.org/10.1007/s10705-
006-9012-3, http://link.springer.com/10.1007/s10705-006-9012-3, 2006.

64


https://goedoc.uni-goettingen.de/handle/1/10219
https://doi.org/10.1080/03650341003605743
http://www.tandfonline.com/doi/abs/10.1080/03650341003605743
http://www.tandfonline.com/doi/abs/10.1080/03650341003605743
http://www.tandfonline.com/doi/abs/10.1080/03650341003605743
https://doi.org/10.1007/s00382-007-0247-8
https://doi.org/10.1007/s00382-007-0247-8
https://doi.org/10.1016/S0169-5347(00)02098-X
https://doi.org/10.1016/S0169-5347(00)02098-X
https://doi.org/10.1016/S0169-5347(00)02098-X
http://www.sciencedirect.com/science/article/pii/S016953470002098X
https://doi.org/10.1016/S0043-1354(97)00271-6
https://doi.org/10.2136/sssaj1993.03615995005700040011x
https://www.soils.org/publications/sssaj/abstracts/57/4/SS0570040937
https://www.soils.org/publications/sssaj/abstracts/57/4/SS0570040937
https://www.soils.org/publications/sssaj/abstracts/57/4/SS0570040937
https://doi.org/10.1590/S0100-06832005000500004
https://doi.org/10.1080/15324982.2010.487454
http://www.tandfonline.com/doi/abs/10.1080/15324982.2010.487454
https://doi.org/10.1007/s10705-005-2650-z
http://link.springer.com/10.1007/s10705-005-2650-z
http://link.springer.com/10.1007/s10705-005-2650-z
http://link.springer.com/10.1007/s10705-005-2650-z
https://doi.org/10.1007/s10705-006-9012-3
https://doi.org/10.1007/s10705-006-9012-3
https://doi.org/10.1007/s10705-006-9012-3
http://link.springer.com/10.1007/s10705-006-9012-3

10

15

20

25

30

35

Sitch, S. A., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A., Cramer, W., Kaplan, J. O., Levis, S., Lucht, W., Sykes, M. T., and Venevsky,
S.: Evaluation of ecosystem dynamics, plant geography and terrestrial carbon cycling in the LPJ Dynamic Global Vegetation Model,
Global Change Biology, 9, 161-185, 2003.

Spitters, C. J. T.: Separating the Diffuse and Direct Component of Global Radiation and Its Implications for Modeling Canopy Photosynthesis
.2. Calculation of Canopy Photosynthesis, Agricultural and Forest Meteorology, 38, 231-242, 1986.

Sprugel, D. G., Ryan, M. G., Brooks, J. R., Vogt, K. A., and Martin, T. A.: Respiration from the Organ Level to the Stand, in: Resource Phys-
iology of Conifers, edited by Smith, W. K. and Hinckley, T. M., pp. 255-299, Academic Press, San Diego, https://doi.org/10.1016/B978-
0-08-092591-2.50013-3, http://www.sciencedirect.com/science/article/pii/B9780080925912500133, 1995.

Tazoe, Y., Noguchi, K. O., and Terachima, I.: Effects of growth light and nitrogen nutrition on the organization of the photosynthetic apparatus
in leaves of a C4 plant, Amaranthus cruentus, Plant, Cell and Environment, 29, 691-700, 2006.

Villapando, R. R. and Graetz, D. a.: Phosphorus Sorption and Desorption Properties of the Spodic Horizon from Selected Florida Spodosols,
Soil Science Society of America Journal, 65, 331-331, https://doi.org/10.2136/sss2j2001.652331x, 2001.

Wang, Y. P, Law, R. M., and Pak, B.: A global model of carbon, nitrogen and phosphorus cycles for the terrestrial biosphere, Biogeosciences,
7,2261-2282, 2010.

White, M. A., Thornton, P. E., Running, S., and Nemani, R.: Parameterization and Sensitivity Analysis of the BIOME-BGC Terrestrial
Ecosystem Model: Net Primary Production Controls, Earth Interactions, 4, 1-55, 2000.

Wisawapipat, W., Kheoruenromne, I., Suddhiprakarn, A., and Gilkes, R. J.: Phosphate sorption and desorption by Thai upland soils, Geo-
derma, 153, 408—415, https://doi.org/10.1016/j.geoderma.2009.09.005, http://linkinghub.elsevier.com/retrieve/pii/S0016706109002821,
2009.

Waullschleger, S. D.: Biochemical Limitations to Carbon Assimilation in C3 Plants—A Retrospective Analysis of the A/Ci Curves from 109
Species, Journal of experimental botany, 44, 907-920, https://doi.org/10.1093/jxb/44.5.907, https://academic.oup.com/jxb/article-abstract/
44/5/907/503778, 1993.

Xu, D., Xu, J., Wu, J., and Muhammad, A.: Studies on the phosphorus sorption capacity of substrates used in constructed wetland systems,
Chemosphere, 63, 344-352, https://doi.org/10.1016/j.chemosphere.2005.08.036, http://www.ncbi.nlm.nih.gov/pubmed/16242173, 2006.

Xu-Ri and Prentice, 1. C.: Terrestrial nitrogen cycle simulation with a dynamic global vegetation model, Global Change Biology, 14, 1745—
1764, 2008.

Yang, X., Thornton, P. E., Ricciuto, D. M., and Post, W. M.: The role of phosphorus dynamics in tropical forests — a modeling study using
CLM-CNP, Biogeosciences, 11, 1667-1681, https://doi.org/10.5194/bg-11-1667-2014, https://www.biogeosciences.net/11/1667/2014/,
2014.

Zachle, S. and Friend, A. D.: Carbon and nitrogen cycle dynamics in the O-CN land surface model: 1. Model description, site-scale evaluation,
and sensitivity to parameter estimates, Global Biogeochemical Cycles, 24, GB 1005, 2010.

Zaehle, S., Friedlingstein, P., and Friend, A. D.: Terrestrial nitrogen feedbacks may accelerate future climate change, Geophysical Research
Letters, 37, https://doi.org/10.1029/2009GL04 1345, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2009GL041345, 2010.

Zaehle, S., Ciais, P, Friend, A. D., and Prieur, V.: Carbon benefits of anthropogenic reactive nitrogen offset by nitrous oxide emissions,
Nature Geoscience, 4, 601-605, 2011.

Zafar, M., Tiecher, T., de Castro Lima, J. A., Schaefer, G. L., Santanna, M. A., and Dos Santos, D. R.: Phosphorus seasonal sorption-
desorption kinetics in suspended sediment in response to land use and management in the Guapore catchment, Southern Brazil, Environ

Monit Assess, 188, 643, https://doi.org/10.1007/s10661-016-5650-3, https://www.ncbi.nlm.nih.gov/pubmed/27796828, 2016.

65


https://doi.org/10.1016/B978-0-08-092591-2.50013-3
https://doi.org/10.1016/B978-0-08-092591-2.50013-3
https://doi.org/10.1016/B978-0-08-092591-2.50013-3
http://www.sciencedirect.com/science/article/pii/B9780080925912500133
https://doi.org/10.2136/sssaj2001.652331x
https://doi.org/10.1016/j.geoderma.2009.09.005
http://linkinghub.elsevier.com/retrieve/pii/S0016706109002821
https://doi.org/10.1093/jxb/44.5.907
https://academic.oup.com/jxb/article-abstract/44/5/907/503778
https://academic.oup.com/jxb/article-abstract/44/5/907/503778
https://academic.oup.com/jxb/article-abstract/44/5/907/503778
https://doi.org/10.1016/j.chemosphere.2005.08.036
http://www.ncbi.nlm.nih.gov/pubmed/16242173
https://doi.org/10.5194/bg-11-1667-2014
https://www.biogeosciences.net/11/1667/2014/
https://doi.org/10.1029/2009GL041345
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2009GL041345
https://doi.org/10.1007/s10661-016-5650-3
https://www.ncbi.nlm.nih.gov/pubmed/27796828

Zanne, A., Lopez-Gonzalez, G., Coomes, D, Ilic, J., Jansen, S., Lewis, S., Miller, R., Swenson, N., Wiemann, M., and Chave, J.: Data from:
Towards a worldwide wood economics spectrum, https://doi.org/doi:10.5061/dryad.234, https://doi.org/10.5061/dryad.234, 2009.

Zerihun, A., McKenzie, B. A., and Morton, J. D.: Photosynthate costs associated with the utilization of different nitrogen—forms: influence
on the carbon balance of plants and shoot-root biomass partitioning, The New Phytologist, 138, 1-11, 1998.

Zhou, M. and Li, Y.: Phosphorus-Sorption Characteristics of Calcareous Soils and Limestone from the Southern Everglades and Adjacent
Farmlands, Soil Science Society of America Journal, 65, 1404—1404, https://doi.org/10.2136/ss5aj2001.6551404x, 2001.

Zou, P., Fu, J., and Cao, Z.: Chronosequence of paddy soils and phosphorus sorption-desorption properties, Journal of Soils and Sediments,

11, 249-2509, https://doi.org/10.1007/s11368-010-0301-8, http://link.springer.com/10.1007/s11368-010-0301-8, 2011.

66


https://doi.org/doi:10.5061/dryad.234
https://doi.org/10.5061/dryad.234
https://doi.org/10.2136/sssaj2001.6551404x
https://doi.org/10.1007/s11368-010-0301-8
http://link.springer.com/10.1007/s11368-010-0301-8

