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Supplementary Material

Introduction

Ecosys is an hourly time-step model with multiple canopy and soil layers that
provide a framework for simulated plant and microbial populations to acquire, transform
and exchange resources (energy, water, C, N and P). The model is constructed from
algorithms representing basic physical, chemical and biological processes that determine
process rates in plant and microbial populations interacting within complex biomes. These
algorithms interact to simulate complex ecosystem behaviour across a wide range of
spatial and biological scales. The model is designed to represent terrestrial ecosystems
under range of natural and anthropogenic disturbances and environmental changes at patch
(spatially homogenous one-dimensional) and landscape (spatially variable two- or three-
dimensional) scales. A comprehensive description of ecosys with a detailed listing of
inputs, outputs, governing equations, parameters, results and references can be found in
Grant (2001). A more detailed description of model algorithms and parameters is given
Supplements S1 to S8, with reference to equations and variable definitions in Tables S1 to
S8. Variables in bold are model inputs with values given in the Definition of Variables
associated with each table.



S1: Soil C, N and P Transformations

Decomposition

Organic transformations in ecosys occur in five organic matter—-microbe complexes (coarse woody litter, fine non-woody litter,
animal manure, particulate organic matter (POM), and humus) in each soil layer. Each complex consists of five organic states: solid
organic matter S, dissolved organic matter Q, sorbed organic matter A, microbial biomass M, and microbial residues Z, among which
C, N, and P are transformed. Organic matter in litter and manure complexes are partitioned from proximate analysis results into
carbohydrate, protein, cellulose, and lignin components of differing vulnerability to hydrolysis. Organic matter in POM, humus,
microbial biomass and microbial residues in all complexes are also partitioned into components of differing vulnerability to
hydrolysis.

The rate at which each component of each organic state in each complex is hydrolyzed during decomposition is a first-order
function of the decomposer biomass M of all heterotrophic microbial populations [Al]. Decomposer biomasses are redistributed
among complexes from active biomasses according to biomass — substrate concentration differences (priming) [A3]. The rate at which
each component is hydrolyzed is also a Monod function of substrate concentration [A3,A5], calculated from the fraction of substrate
mass colonized by M [A4]. Hydrolysis rates are controlled by Ts through an Arrhenius function [A6] and by soil water content (6)
through its effect on aqueous microbial concentrations [M] [A3,A5] in surface litter and in a spatially resolved soil profile. Ts and &
are calculated from surface energy balances and from heat and water transfer schemes through canopy—snow-residue—soil profiles as
described in Energy Exchange above. Release of N and P from hydrolysis of each component in each complex is determined by its N
and P concentrations [A7] which are determined from those of the originating litterfall as described in Autotrophic Respiration and
Growth above. Most non-lignin hydrolysis products are released as dissolved organic C, N and P (DOC, DON, and DOP) which are
adsorbed or desorbed according to a power function of their soluble concentrations [A8 — A10].

Microbial Growth
The DOC decomposition product is the substrate for heterotrophic respiration (Rn) by all M in each substrate-microbe complex
[A13]. Total Ry for all soil layers [A11] drives CO2 emission from the soil surface through volatilization and diffusion. Ry, may be
constrained by microbial N or P concentrations, Ts, DOC and O» [A12 - A14]. O, uptake by M is driven by Rn [A16] and constrained
by O diffusivity to microbial surfaces [A17], as described for roots in Autotrophic Respiration and Growth above. Thus Ry is coupled
to O reduction by all aerobic M according to O availability. Rn not coupled with Oz reduction is coupled with the sequential



reduction of NOs~, NO>~, and N2O by heterotrophic denitrifiers, and with the reduction of organic C by fermenters and acetotrophic
methanogens. In addition, autotrophic nitrifiers conduct NH4* and NO2~ oxidation, and NO2~ reduction, and autotrophic methanogens
and methanotrophs conduct CH4 production and oxidation.

All microbial populations undergo maintenance respiration Rm [A18,A19], depending on microbial N and Ts as described
earlier for plants. Ry in excess of Rn is used in growth respiration Rg [A20], the energy yield AG of which drives growth in biomass M
from DOC uptake according to the energy requirements of biosynthesis [A21, A22]. Rn in excess of Rn causes microbial decay. M
also undergoes first-order decay Dm [A23]. Internal recycling of microbial C, N and P decomposition products to nonstructural C, N
and P pools during decay [A24] is modelled from nonstructural C,N,P ratios and from substrate concentration. Changes in M arise
from differences between gains from DOC uptake and losses from Rm + Rg + Dm [A25].

Microbial Nutrient Exchange
During these changes, all microbial populations seek to maintain set minimum ratios of C:N or C:P in M by mineralizing or

immobilizing NH4*, NOs~, and H2PO4~ [A26], thereby controlling solution [NH4+], [NO3 ] and [H2PO4 ] that determine root and
mycorrhizal uptake in Nutrient Uptake and Translocation above. If immobilization is inadequate to maintain these minimum ratios,
then biomass C:N or C:P may rise, but Rn is constrained by N or P present in the lowest concentration with respect to that at the
minimum ratio [A12]. Non-symbiotic heterotrophic diazotrophs can also fix aqueous N2 [A27] to the extent that immobilization is
inadequate to maintain their set minimum C:N, but at an additional respiration cost [A28]. Changes in microbial N and P arise from
DON and DOP uptake plus NH4*, NO3~, and H2PO4~ immobilization and N2 fixation, less NH4*, NOs~, and H2PO4~ mineralization and
microbial N and P decomposition [A29].

Humification

C, N and P decomposition products in each organic matter—microbe complex are gradually stabilized into more recalcitrant
organic forms with lower C:N and C:P ratios. Products from lignin hydrolysis [A1,A7] combine with some of the products from
protein and carbohydrate hydrolysis in the litterfall and manure complexes and are transferred to the POM complex [A31-A34].
Microbial decomposition products [A23, A24] from all complexes are partitioned between the humus complex and microbial residues
in the originating complex according to soil clay content [A35, A36].



Table S1: Microbial C, N and P Transformations

Decomposition
Dsijic = D'sijic Midic fig (Sitc/ Giic)

Dzijic = D'zijic Migic fig (Zic/ Giic)

Daijtc = D'ailic Midic figt (Aiic/ Giic)

Sitc = Zj Sijic

Ziic =% Zijic

Giic = Siic + Ziic + Aiic

Midglc = Miaic + m (Mialc Gixic — Mixaic Giic) / (Gixic + Gijc)

Mialc= Zn Minalc

D'sijic = {Dsic [Sijicl} / {[Sijic] + Kmp (1.0 + [ZMig,c] / Kip)}
D'zijic = {Dzc [Zijicl} ! {[Zijic] + Kmp (1.0 + [Mig,c] / Kip)}
D'aitc = {Dac[Aiicl} ! {[Aiic] + Kmb (1.0 + [Mig,.c] / Kip)}

8Sijkic/ =B Zn(Uinic — Rning ) (S'ijkic! S'ijic) {(S'ijic/ Sijic) / (Stijic/ Siji.c + Kis)}

figr = Te {elB~Ha/ RS} / {1 + elHal = STeD/ (R Tspl 4 g(STel = Hap)/ (R TspTy

decomposition of litter, POC,
humus

decomposition of microbial
residues

decomposition of adsorbed SOC

total C in all kinetic components of
litter, POC, humus

total C in all kinetic components of
microbial residues

total C in substrate-microbe
complexes

redistribution of active microbial
biomass populations from each
substrate-microbe complex i to
other substrate-microbe complexes
ix according to concentration
differences (priming)

substrate and water constraint on D
from colonized litter, POC and
humus, microbial residues and
adsorbed SOC

colonized litter increases with
microbial growth into uncolonized
litter

Arrhenius function for D and Ry,

[Ala]
[A1b]
[Alc]
[A22]
[A2b]
[A2c]
[A3a]

[A3b]

[Ada]
[Adb]
[Ad4c]

[A5]

[A]



Dsijine = Dsijic (Sijine/ Sijic)
Dzijine = Dzijic (Zijine ! Zijic)
Daiine = Daitc (Aiine/ Ailc)
Yiic = kis (Gitc Fs[Qircl® - Viic)
Yiine = Yine (Qiine/ Qi)

Yiane = Yine (Viine/ Viic)

Rh=ZiZn X Rnini
Rhing = R'mn Min{Cnin1a/ Cnij, Crintal Cri}
Ri'int = Minaic {Rnint [Qircl} / {(Kmac + [Qiic])} figi fuu
Rhint = Rr'ing (Uozini/ U'oziny)
fl//9| = e(O'V/s )
U'o2in1 = 2.67 Ry'in,
Uozint = U'ozint [Ozmin,] / ([Ozmini] + Koy)
=4 N Minaic Dsoat [rm rwi/ (rwi — rm)]1([O2s1] — [Oz2mini]
Rmin = RmMinjin fimi
fi = €Y (Ts| ~298.16)]
Rgint = Rhint — Zj Rminj.

Yg = -AGx / Em

Microbial Growth

decomposition of N and P are
driven by that of C in litter, POC,
humus, microbial residues

and adsorbed SOC

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yirc <0) desorption of
DON, DOP

total heterotrophic respiration
Rn constrained by microbial N, P

Rn constrained by substrate DOC,
Tsand
Rn constrained by O;

ws constraints on microbial growth
O demand driven by potential Ry
active uptake coupled with radial
diffusion of O;

maintenanace respiration
temperature sensitivity of Ry
growth respiration

growth yield of aerobic
heterotrophs

[AT7a]
[AT7b]
[ATc]
[A8]
[A9]

[AL0]

[A11]
[A12]
[A13]
[A14]
[A15]
[A16]
[A17a]
[A17b]
[A18]
[A19]
[A20]

[A21a]



Uinic = min (Rhinl, Zj Rming1) + Rginl (1 + Y)
Uinine = Uini Qiinge / Qie

Dwin,jt,.c= DwmijMinjc (1.0- (Xemn+ (Xemx— Xemn) facinji))
DwinjNpe = DmijMinjine (1.0 —Xnp fanpingi)
ficingt = Min{Minnin/(Minnin + Minnic Kan), Minnie + Minnic Kap} (1.0 - [Qiic)/(Kmae + [Qi)icl)
fineingl = Minnic /(Minntc + Minnine /Kanp)
SMinjic/ 8t = FjUinic — FjRhint — Dminjic
SMinjic/ 0t = FjUinic — Rminji — Dwminjl.c
Microbial Nutrient Exchange
Untaint = (Minjic Cnj— Minjin)

UnHgingt = mMin {(Minjic Cnj— Minjin),
U’NHy @it ([NH4%inj0] — [NH4*ma]) / (INHa"in1] — [NH& ma] + Knrg)}

Unogingt = Min {(Minjic Cnj— (Minjin + Unkgingi))
U’No3 dinjl ([NO3_i,n,j,|] - [NO3_mn]) / ([NOa_i,n,jJ] - [NO3_mn] + KNO3)}
Urosinjt = (Minjic Cpj— Minjip)
Urosinji =min {(Minjic Crj- Minjip),
U’ro, Ainji ([H2POsminji] — [H2POsmn]) / ([H2POsinji] — [ H2PO4™mn] + Kro,)}
D, n=tj1 = max {0, Min=tj1.c Cnj — Min=tji,n — Max{0, Uin=rjin}}

Rain=tj| = Eo Din=tj)

DOC uptake driven by Ry
DON, DOP uptake driven by Uinic

decay of microbial C less internal
recycling

decay of microbial N, P less
internal recycling

internal C,N,P recycling
determined by nonstructural C,N,P
ratios and by substrate
concentration

[Rnint > Rminj)]  microbial

growth
[Rhint < Rminj)]  microbial
senescence
Unn, <0 net
mineralization
Unh, >0 net

immobilization

UN03 >0 .net e L
immobilization
Upo, <0 net
mineralization
Uro, >0 net

immobilization

N, fixation driven by N deficit of
diazotrophic population
respiration needed to drive N,
fixation

[A21b]
[A22]

[A234]
[A23b]
[A24a]
[A24b]
[A254]

[A250]

[A26a]

[A26b]

[A26c]

[A26d]
[A26¢]
[A27]

[A28]



SMinjin/ 8t =FjUinin + Unkg o1+ Unogi o + Pin=tjl — Dwinjin

SMinjip/ 8t = FiUinip + Upoyinj) — DMinjip

Minalc = Minj=tabile),c + Minj=resistant1.c Fr/ Fi

Hsi j=lignin,l,c = Dsi j=lignin,I.c

Hsi j=tignin,I,N,p = Disi j=lignin,,N,p

Hsi j#tignin,t,c = Hsij=lignin,I,c Lhj

Hsi jlignin NP = Hsijstignint.c Sitnp/ Silc
Hwinjl.c = Dminjic Fn

Hwinj e = Huinglc Minjine/ Minjic

Fh=0.167 + 0.167 Feay + 0.167 X 10°° Gy c

Hzinjic = Dminjic - Hwinglc

Hzinjine = Dmingine = Hwinjine

Humification

growth vs. losses of microbial N, P

active microbial biomass
calculated from labile fraction

decomposition products of litter
substrate added to POC depending
on lignin

fraction of microbial decay
products added to humus

fraction of Dy added to humus
depends on clay and SOC
remainder of microbial decay
products added to microbial
residues

[A29a]

[A29b]

[A30a]

[A31]
[A32]
[A33]
[A34]
[A35]
[A36]
[A37]
[A38]

[A39]



Definition of VVariables in Table S1

Variable Definition Unit Equation Value Reference
subscripts
i substrate-microbe complex: coarse woody litter, fine non-
woody litter, POC, humus
j kinetic component: labile /, resistant r, active a, nonstructural n
| soil or litter layer
n microbial functional type: heterotrophic (bacteria, fungi),
autotrophic (nitrifiers, methanotrophs), diazotrophic, obligate
aerobe, facultative anaerobes (denitrifiers), obligate anaerobes
(methanogens)
variables
Aiic mass of adsorbed SOC gCm2 [Alc,A2c]
[Aiic] concentration of adsorbed SOC in soil gCMg? [Adc]
a microbial surface area m2 m- [A26]
B parameter such that fy = 1.0 at T) = 298.15 K [A6] 26.235
b Freundlich exponent for sorption isotherm [A8] 0.85 Grant et al.
(1993a,b)
B specific colonization rate of uncolonized substrate - [A5] 25 Grant et al. (2010)
CN,Pi,n,a,I ratio of Mi,n,a,N,P to Mi,n,a,C g N or P g ct [A12]



Cnpj

Daijc
Dajc
Daij, 1np
D’ aij, 1.

Dwij

Dwinjic
Dwinj NP

Dsijic

Dsjc

Dsij, i,np

maximum ratio of Minjn,p t0 Minjc maintained by Minjc

decomposition rate of A c by Mid.c producing Q in [A13]

specific decomposition rate of A c by Mid,c at 25°C and
saturating[Aic]
decomposition rate of Ajnpe by Mig,ic

specific decomposition rate of Sjjc by ZaMina) at 25°C

specific decomposition rate of M;n; at 30°C

decomposition rate of Minjic
decomposition rate of Minjine
decomposition rate of Sjji.c by ZaMina,) producing Q in [A13]

specific decomposition rate of Sjj.c by £.Mina at 25°C and
saturating [Sijc]

decomposition rate of Sijin,p by ZaMinal

gNorPgC?

gCm2ht
gCgCtht
gNorPm2h?t
gCgCtht
gCgCtht

gCm2h?t
gNorPm2h?t
gCm2ht

gCgCtht

gNorPm2h?t

[A12,A26,A27]

[Alc,A7c,A31c]
[Adc]

[ATc]
[Ala,Adc]

[A23a,b]

[A23a,A25,A35,
A38]
[A23b,A29,A39]

[Ala,A7a,A31a]

[Ada]

[A7a, A32]

0.22 and 0.13 (N),
0.022 and 0.013
(P) for j = labile
and resistant,
respectively

0.025

2.0x10%and 1.0
x 104 for j =
labile and
resistant,
respectively

1.0, 1.0, 0.15, and
0.025 for j =
protein,
carbohydrate,
cellulose, and
lignin, 0.009 for
POC, and 0.009
and 0.003 for
active and passive
humus.

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)



D'sij 1c
Dso2i
Dzijic

Dzijn,p

Dzjc

Dzijic
AGx
Em

Eeo

Fclay
Fn

Fi

Fr

Fs
ficin,jI
N Pinj,I
fig

ftml

specific decomposition rate of Sjjc by Z.Mina at 25°C

aqueous dispersivity—diffusivity of O2 during microbial uptake
in soil
decomposition rate of Z;jic by Z.Mina, producing Q in [Al13]

decomposition rate of Z;jinp by ZaMinal

specific decomposition rate of Z;;c by Z.Mina, at 25°C and
saturating[Zi,.c]

specific decomposition rate of Zjjic by Z.Mina, at 25°C

energy Yyield of C oxidation with different reductants x

energy requirement for growth of M a

energy requirement for non-symbiotic N, fixation by
heterotrophic diazotrophs (n = f)
fraction of mineral soil as clay

fraction of products from microbial decomposition that are
humified (function of clay content)

fraction of microbial growth allocated to labile component
Min,i

fraction of microbial growth allocated to resistant component
Mi,n,r

equilibrium ratio between Qi,c and Hi,c

fraction of C recycled to nonstructural pool during
decomposition

fraction of N or P recycled to nonstructural pool during
decomposition

temperature function for microbial growth respiration

temperature function for maintenance respiration

gCgCtht
m? ht
gCm2ht
gNorPm2h?t

gCgCtht

gCgCtht
klgC
klgC
gCgN*

Mg Mg

dimensionless

dimensionless

[Ala,Ada]
[A17]

[Alb,A7b]
[A7b]

[A4b]

[Alb,Adb]

[A21]

[A21]

[A28]

[A37]

[A35, A37]
[A25,A29,A30]
[A25,A29,A30]
[A8]
[A23a,A243]
[A23b,A24b]
[A1,A6,A13]

[A18,A19]

0.25 and 0.05 for
j = labile and
resistant biomass

375 (X = Oz),
4.43 (x = DOC)
25

5

0.55

0.45

Grant et al.
(1993a,b)

Waring and
Running (1998)

Sgrenson (1981)

Grant et al.
(1993a,b)
Grant et al.
(1993a,b)



Hwinjic
HwinjNp
Hsijic
Hsijinp

Hzinjic
HzinjiNp

KaN

Kap
Kis
KNH4

KNO3

soil water potential function for microbial, root or mycorrhizal
growth respiration
non-symbiotic N fixation by heterotrophic diazotrophs (n = f)

total C in substrate-microbe complex

concentration of H.PO,~ in soil solution

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

transfer of microbial C decomposition products to humus
transfer of microbial N or P decomposition products to humus

transfer of C hydrolysis products to particulate OM

transfer of N or P hydrolysis products to particulate OM

transfer of microbial C decomposition products to microbial
residue

transfer of microbial N or P decomposition products to
microbial residue

C:N ratio used to calculate internal recycling of C, N

C:P ratio used to calculate internal recycling of C, P

inhibition constant for microbial colonization of substrate
M-M constant for NH4* uptake at microbial surfaces

M-M constant for NO3z™ uptake at microbial surfaces

dimensionless
gNm?h?
gCMg™
gPm3

J mol?

J mol™?

J mol™?
gCmmz2h?t
gNorPm2h?t
gCm2ht
gNorPm2h?t
gCmmz2ht

gNorPm2h?t

gNm?

gNm?

[A13,A15]

[A27,A28,A29]

[Al1,A2c,A3a,A8,
A37]
[A26]

[A6,C10]
[A6,C10]
[A6,C10]
[A35,A36,A38]
[A36,A39]

[A31,A32,A33,
A34]
[A32,A34]
[A38]

[A39]

[A24a,b]

[A24a,b]
[AS]

[A26]

[A26]

65 x 108
225 x 108

195 x 108

0.1

0.01

0.5
0.40

0.35

Pirt (1975)

Addiscott (1983)

Grant et al. (2010)



KPO4
Kip
KmD

KmQC

Kts

Lhj

M
Mid,1c

Minjic

MinjiN
Minj1p
Mi,n,a,I,C
[Mi,n,a,I,C]
n

[NH4*inj1]

M-M constant for H:PO4~ uptake at microbial surfaces
inhibition constant for [Mina]on Sic, Zic
Michaelis—Menten constant for Ds;jc
Michaelis—Menten constant for R'ni» on [Qic]

Michaelis—Menten constant for reduction of O by microbes,
roots and mycorrhizae
equilibrium rate constant for sorption

ratio of nonlignin to lignin components in humified hydrolysis
products

molecular mass of water
heterotrophic microbial C used for decomposition

microbial C

microbial N

microbial P

active microbial C from heterotrophic population n associated
with Gjc

concentration of Mia in soil water = Minaic /64

number of microbial microsites

concentration of NH4* at microbial surfaces

gPm3
gCm?
gCMg™
gCm
gO,m=3

hfl

g mol?
gCm2

gCm2

gNm3
gP m?
gCm2
gCm
m-2

gNm3

[A26] 0.125

[A4] 25

[A4] 75

[A13,A24a] 12

[A17] 0.064

[A8] 0.01

[A33] 0.10, 0.05, and
0.05 for j =
protein,
carbohydrate, and
cellulose,
respectively

[A15] 18

[A1,A3a,A4]

[A13,A17A23,A2

4,A25,A26,

A30,A36]

[A18,A23,A24A2

7,A29]

[A23,A24,A29,A

26, A36]

[A3,A13,A17,

A30]

[A3, A5]

[Al7b]

[A26]

Grant et al.
(1993a,b); Lizama
and Suzuki (1990)

Griffin (1972);
Longmuir (1954_
Grant et al.
(1993a,b)

Shulten and
Schnitzer (1997)



[N H4+mn]
[NOz7inji]
[NOS_mn]
[H2POq'in,i]
[HZPO4_mn]
[O2min,]
[O241]

Qilc

[Qiic]

Qi NP

Om
R

Rain=tj,
Rgi,n,l
Rn

Rhin,1
Rnin,I

Rh'n

concentration of NH4* at microbial surfaces below which Unn,
=0
concentration of NH4™ at microbial surfaces

concentration of NO3™ at microbial surfaces below which Uno,
=0
concentration of H,PO4 at microbial surfaces

concentration of H,PO4 at microbial surfaces below which
Up::o4 =0
O, concentration at heterotrophic microsites

O, concentration in soil solution

DOC from products of Ds;jic [A3] and Dzijic) [AS5]
solution concentration of Qi,c

DON and DOP from products of (Dsijine + Dzijine)

rate constant for reallocating Mia1c to Mig,c

gas constant

respiration for non-symbiotic N fixation by heterotrophic
diazotrophs (n =f)

growth respiration of Mina1 on Qic under nonlimiting O, and
nutrients

total heterotrophic respiration of all Mi 4, under ambient
DOC, Og, nutrients, & and temperature

heterotrophic respiration of Mi a1 under ambient DOC, Oy,
nutrients, & and temperature

specific heterotrophic respiration of M4, under nonlimiting
0O, DOC, fand 25°C

specific heterotrophic respiration of M4, under nonlimiting
DOC, Oy, nutrients, 8 and 25°C

gNm3

gNm3

Jmolt K
gCm2ht
gCgCtht
gCm2ht
gCm2ht
gCgCtiht

gCgCtiht

[A26]

[A26]

[A26]

[A26]

[A26]

[A17]

[A17]
[A8,A13,A22]
[A8,A13,A243]
[A9,A22]
[A3a]
[A6,A15,C10]
[A28]

[A20]

[Al1]

[A5,A11,A14,A2
0, A21,A25]
[A12,A13]

[A12]

0.0125

0.03

0.002

0.5

8.3143

0.125

Shields et al.
(1973)



R'in,l
Rm

Rmin,j,l

F'wi
I'm

F'wi

[Sijicl
Sijic
S'ijic
SijINp
Tsl

Uinic
UinNp
UnH4in,j,l
U'NH,

Unosin,j,l

heterotrophic respiration of Mi s under nonlimiting O, and
ambient DOC, nutrients, 8 and temperature
specific maintenance respiration at 25°C

maintenance respiration by Min,i

shape parameter in fyqg

radius of r, + water film at current water content
radius of heterotrophic microsite

thickness of water films

change in entropy

concentration of S;j,.c in soil

mass of colonized litter, POC or humus C
mass of uncolonized litter, POC or humus C
mass of litter, POC or humus N or P

soil temperature

uptake of Qic by ZnMina under limiting nutrient availability

uptake of Qinp by ZnMinai under limiting nutrient availability

NH,* uptake by microbes
maximum Unw, at 25 °C and non-limiting NH,*

NOs™ uptake by microbes

gCm2ht
gCgN1th!

gCm2h?t

m
m
m

Jmolt K1

gCMg™
gCm?
gCm2
gNorP m2

K

gCm2ht
gNorPm2h?t
gNm?ht
gNm?ht

gNm?ht

[A13,A14,A16]
[A18] 0.0115

[A18,A20,A21,A
25]
[A15] 0.2

[A17]
[A17] 2.5x 108
[A17]

[A6,C10] 710

[Ada]

[A2a,A5,A7a,A33

]
[A3]

[A7a,A33]

[A6,A15.A19]
[A5,A21,A22, A2

5]

[A22,A29]

[A26, A27,A29]

[A26] 5.0x 107

[A26,A27,A29]

Barnes et al.
(1998)

Choudhury et al.,
(2011)

Sharpe and
DeMuichelle
(2977)



U'Nog
Uozin
U'o2in
Uposin,jl

[
U'ro,

Viic

Viine
XCmn

Xme

XN,p

Yiic
YiiNp
[Zijic]

Zijic

maximum Uno, at 25 °C and non-limiting NOz™

O, uptake by Mi a1 under ambient O,
O uptake by Mina, under nonlimiting O

H2PO4 uptake by microbes

maximum Upo, at 25 °C and non-limiting H.PO,

adsorbed C hydrolysis products

adsorbed N or P hydrolysis products
minimum C internal recycling fraction
maximum C internal recycling fraction

maximum N,P internal recycling fraction

growth yield of aerobic heterotrophs
selected to give a Q1o for fim of 2.25
soil or residue water potential
sorption of C hydrolysis products
sorption of N or P hydrolysis products
concentration of Zjjc in soil

mass of microbial residue C in soil

gNm?h?
gm2?ht
gm2?ht
gNm?h?

gNm?h?

gCMg™

gP Mgt

MPa
gCm2ht
gPm2ht
gCMg™

gCm2

[A26] 5.0 x 10°3
[A14,A17]

[A14,A16,A17]
[A26,A27,A29]

[A26] 5.0 x 103

[A8,A10]

[A10]

[A234] 0.167
[A234] 0.833

[A23b] 0.80

[A21]
[A19] 0.081
[A15]

[A8,A9,A10]

[A9,A10]

[Adb]

[A2b,A7b]



ZijINp mass of microbial residue N or P in soil gP m? [A7Db]



S2: Soil-Plant Water Relations

Canopy Transpiration
Canopy energy exchange in ecosys is calculated from an hourly two-stage convergence solution for the transfer of water and
heat through a multi-layered multi-population soil-root-canopy system. The first stage of this solution requires convergence to a value
of canopy temperature 7 for each plant population at which the first-order closure of the canopy energy balance (net radiation R,,
latent heat flux LE [Bla,b,c], sensible heat flux / [B1d], and change in heat storage G) is achieved. These fluxes are controlled by
aerodynamic (r,) [B3] and canopy stomatal (r.) [B2] resistances. Two controlling mechanisms are postulated for r, which are solved
in two successive steps:

(1) At the leaf level, leaf resistance r; [C4] controls gaseous CO2 diffusion through each leaf surface when calculating CO- fixation
[C1] from concurrent solutions for diffusion Vg [C2] and carboxylation V¢ [C3]. The value of r, is calculated from a minimum leaf
resistance I, [C5] for each leaf surface that allows a set ratio for intercellular to canopy CO: concentration Ci":Cp to be
maintained at V¢ under ambient irradiance, air temperature 7, C, and zero canopy water potential () (V¢'). This ratio will be
allowed to vary diurnally as described in Gross Primary Productivity below when y« is solved in the second stage of the
convergence solution, described under Water Relations below. Values of r.;, are aggregated by leaf surface area to a canopy value
remin fOr use in the energy balance convergence scheme [B2a].

(2) At the canopy level, r, rises from remin at Zero y. from step (1) above through an exponential function of canopy turgor potential
w; [B2b] calculated from y, and osmotic water potential wy [B4] during convergence for transpiration vs. water uptake.

Root and Mycorrhizal Water Uptake
Root and mycorrhizal water uptake U [B5] is calculated from the difference between canopy water potential i and soil water
potential ; across soil and root hydraulic resistances £ [B9] and €2 [B10 — B12] in each rooted soil layer [B6]. Root resistances are

calculated from root radial [B10] and from primary [B11] secondary [B12] axial resistivities using root lengths and surface areas from
a root system submodel [B13] driven by exchange of nonstructural C, N and P along concentration gradients generated by uptake vs.
consumption of C, N and P in shoots and roots (Grant, 1998).

Canopy Water Potential



After convergence for 7 is achieved, the difference between canopy transpiration E. from the energy balance [B1] and total root
water uptake U, [B5] from all rooted layers in the soil is tested against the difference between canopy water content from the previous
hour and that from the current hour [B14]. This difference is minimized in each iteration by adjusting y, which in turn determines
each of the three terms in [B14]. Because I and 7, both drive E,, the canopy energy balance described under Canopy Transpiration
above is recalculated for each adjusted value of ¥, during convergence.



Rnei+ LEc + Hei + G¢i =0

LEci= L (a — Eci(rg; vep) / Fai

LEci= L (8a— €ci(r v)) / (Yai + Ici) - LEci from [B1b]
Hei = pCp(Ta—Tai) / rai

Femini = 0.64 (Cp — Ci"i) / V¢'i

i = Femini + (Fomaxi — Femini) €0 Vi)

rai = {(IN((zu — zai) / z6)? /(K2 ua)} / (1 — 10 Ri)

Ri = {9 (2o~ i) / (Ua® Ta)} (Ta— To)

Wi = Wei - Wi

Uwi = Z1 Zr Uwir,

Uwiri= (Wi - W)/ (Qsiri+ Qriri+ Zo Qairix)
we'i = Wi + 0.01 zy

W' = s —0.01 z

i1 = In{(dii / rie )/ (27 Lir Kiir))} G/ G

Table S2: Soil-Plant Water Relations

Canopy Transpiration

Root and Mycorrhizal Water Uptake

canopy energy balance
LE from canopy evaporation
LE from canopy transpiration

H from canopy energy balance

rc driven by rates of carboxylation
vs. diffusion
rc constrained by water status

r. driven by windspeed, surface
roughness

r. adjusted for stability vs.
buoyancy

Uwalong hydraulic gradient

[Bla]
[B1b]
[Blc]

[B1d]

[B2a]

[B2b]

[B3a]
[B3b]

[B4]

[B5]
[B6]
[B7]
(B8]

[B9]



Oiir= rivl Lir) [B10]

Qiirix=t = a2t T{Nicis (G /00 + 7 2aie zoi {Niria (i /064 Zirs (Miet) / My [B11]

Oirix=2 = &ir (Liri2/Niri2) / {Nir2 Cir2 /1) 4} [B12]

SLir /&= Migsa /& ve Hpr (- Opir) (7 Fir112)} [B13]

Canopy Water Potential

(Ba—eirgp) / (rai + re)) [BI1=Z1 Zr(wa'i - ") / (2siri+ Qi+ Zx Qoirix) + Xeidyhil & . solved when transpiration from [B14]
[B1-B4] (LHS) equals uptake from
[B5-B13] + change in storage (RHS)

Definition of Variables in Table S2
Variable Definition Unit Equation Value Reference
subscripts
i plant species or functional type: coniferous, deciduous, annual,
perennial, Cs, C4, monocot, dicot etc.

j branch or tiller

k node

| soil or canopy layer

m leaf azimuth

n leaf inclination

0 leaf exposure (sunlit vs. shaded)



Co
Ci'i
dir,
Eci
€a

e«:i(Tci’ vei)

LEci

Lir,l
Mi i

Nirix

root or mycorrhizae

variables
stomatal resistance shape parameter MPa!
[COo2] in canopy air pumol mol?
[CO2] in canopy leaves at y; = 0 MPa pumol mol?
half distance between adjacent roots m
canopy transpiration mé m?2ht
atmospheric vapor density at T, and ambient humidity gm?
canopy vapor density at Te; and y; gm?
canopy storage heat flux W m2
canopy sensible heat flux W m2
von Karman’s constant
hydraulic conductivity between soil and root surface m? MPa! h!
scaling factor for bole axial resistance from primary root axial -
resistance
latent heat of evaporation Jg!
latent heat flux between canopy and atmosphere W m-2
length of roots or mycorrhizae m m?
mass of roots or mycorrhizae gm?

number of primary (X = 1) or secondary (x = 2) axes m2

[B2b,C4,C9]
[B2,C2,C5]
[B2]

[B9]
[B1,B14]
[B1]

[B1]

[B1]

[B1]

[B3a]

[B9]

[B11]

[B1]

[B1]

[B9,B10,B12,B13

]
[B11,B13]

[B11,B12]

5.0 Grant and
Flanagan (2007)

0.70 Cy Larcher (2001)
0.41

1.6 x 10* Grant et al. (2007)
2460



.(Zai,r

i
Oir
i
Oiir)
O

&

ﬂ:’i,r
Ri

Rngi

Femaxi
Iemini

ri,r,l,x

axial resistivity to water transport along root or mycorrhizal

axes

axial resistance to water transport along axes of primary (x = 1)

or secondary (x = 2) roots or mycorrhizae

radial resistivity to water transport from surface to axis of roots

or mycorrhizae

radial resistance to water transport from surface to axis of roots

or mycorrhizae

radial resistance to water transport from soil to surface of roots

or mycorrhizae
soil water content

soil porosity
root porosity

Richarson number

canopy net radiation

aerodynamic resistance to vapor flux from canopy
radius of bole at ambient y;

radius of bole at yc; =0 MPa

canopy stomatal resistance to vapor flux

canopy cuticular resistance to vapor flux
minimum r¢; at y; = 0 MPa

radius of primary (x=1) or secondary (x=2) roots or
mycorrhizae at ambient yz; |,

MPa h m*

MPa h m!
MPa h m
MPa h m!
MPa h m!
mé m3
mé m3

mé m3

W m2

smt

smt
smt

smt

[B11,B12]

[B6,811,B12]
[B10]
[B6,B10]
[B6,B9]
[B9]

[B9]
[B13]
[B3a,B3b]
[B1]
[B1,B3a]
[B11]
[B11]
[B1,B2b]
[B2b]
[B2,B2b]

[B9,B11,B12,B13
]

4.0 x 10°

deciduous
1.0 x 10%°
coniferous

1.0 x 10*

5.0x 108

Larcher (2001)

Doussan et al.
(1998)

van Bavel and
Hillel (1976)

Larcher (2001)



lir

Ta

Tc
Uwi
Uuwiyr,i
Ua

Vcli

Wsl
Ws
Wi
Zbi

Zdi

radius of secondary roots or mycorrhizae at y4 |, =0 MPa

root specific density
air temperature
canopy temperature

total water uptake from all rooted soil layers

water uptake by root and mycorrhizal surfaces in each soil

layer
wind speed measured at z,

potential canopy CO: fixation rate at y¢; = 0 MPa
root specific volume

canopy capacitance

canopy water potential

wei + canopy gravitational potential

canopy osmotic potential

soil water potential

we + soil gravitational potential

canopy turgor potential

length of bole from soil surface to top of canopy

canopy zero-plane displacement height

m

gCgFw!

mé m2ht

mé m2ht

pumol m2 s
m3 g FW-!
mé m2 MPa!
MPa

MPa

MPa

MPa

MPa

MPa

[B11,B12] 2.0 x 10**tree
1.0 x 10*bush
0.05 x 10*
mycorrhizae
[B13] 0.05

[B3b]

[B3b]

[B5,B14]

[B5,B6]

[B3a,B3b]

[B2]

[B13] 10
[B14]

[B4,B7,B14]

[B6,B7]

[B4]

[B8]

[B6,B8]

[B2b,B4] 1.25at ;=0
[B7,B11]

[B3a]

Grant (1998)

Grant (1998)

Perrier (1982)



Z)

Zr

Zy

depth of soil layer below surface
canopy surface roughness

height of wind speed measurement

[B8,B11]
[B3a,B3b]

[B3a,B3D]

Perrier (1982)



S3: Gross Primary Productivity, Autotrophic Respiration, Growth and Litterfall

Cs Gross Primary Productivity

After successful convergence for T and . (described in Plant Water Relations above), V¢ is recalculated from that under zero
we (V¢') to that under ambient ye. This recalculation is driven by stomatal effects on Vg [C2] from the increase in Imin at zero . [C5]
to rc at ambient y. [C4], and by non-stomatal effects fy [C9] on CO,- and light-limited carboxylation Vp [C6] and Vj [C7] (Grant and
Flanagan, 2007). The recalculation of V¢ is accomplished through a convergence solution for C; and its aqueous counterpart Cc at
which Vg [C2] equals V¢ [C3] (Grant and Flanagan, 2007). The CO> fixation rate of each leaf surface at convergence is added to arrive
at a value for gross primary productivity (GPP) by each plant population in the model [C1]. The CO; fixation product is stored in
nonstructural C pools oc in each branch.

GPP is strongly controlled by nutrient uptake Unn,, Unog and Upo, [C23], products of which are added to nonstructural N (on )

and P (op ) in root and mycorrhizal layers where they are coupled with oc to drive growth of branches, roots and mycorrhizae as

described in Growth and Senescence below. LOW on:oc Or op:oc in branches indicate excess CO; fixation with respect to N or P

uptake for phytomass growth. Such ratios in the model have two effects on GPP:

(1) They reduce activities of rubisco [C6a] and chlorophyll [C7a] through product inhibition [C11], thereby simulating the suppression
of CO- fixation by leaf oc accumulation widely reported in the literature.

(2) They reduce the structural N:C and P:C ratios at which leaves are formed because oc, on and op are the substrates for leaf growth.
Lower structural ratios cause a proportional reduction in areal concentrations of rubisco [C6b] and chlorophyll [C7b], reducing leaf
CO:- fixation.

Autotrophic Respiration
The temperature-dependent oxidation of these nonstructural pools (Rc) [C14], plus the energy costs of nutrient uptake [C23],
drive autotrophic respiration (Ra) [C13] by all branches, roots and mycorrhizae. Rc by roots and mycorrhizae is constrained by O>
uptake Uoz [C14b] calculated by solving for aqueous O> concentrations at root and mycorrhizal surfaces [O2] at which convection +
radial diffusion through the soil aqueous phase plus radial diffusion through the root aqueous phase [C14d] equals active uptake
driven by O> demand from R. [C14c] (Grant, 2004). These diffusive fluxes are in turn coupled to volatilization — dissolution between
aqueous and gaseous phases in soil and root [D14]. The diffusion processes are driven by aqueous O, concentrations sustained by



transport and dissolution of gaseous O- through soil and roots (Grant 2004), and are governed by lengths and surface areas of roots
and mycorrhizae (Grant, 1998). Thus R¢ is coupled to O2 reduction by all root and mycorrhizal populations according to O>
availability. R is first used to meet maintenance respiration requirements (Rm), calculated independently of R from the N content in
each organ, and a function of 7. or T [C16]. Any excess of Rc over Rm is expended as growth respiration Rg, constrained by branch,
root or mycorrhizal y; [C17]. When Rm exceeds R, the shortfall is met by the respiration of remobilizable C (Rs) in leaves and twigs
or roots and mycorrhizae [C15].

Growth and Litterfall
Rg drives the conversion of branch ot into foliage, twigs, branches, boles and reproductive material according to organ growth
yields Yg and phenology-dependent partitioning coefficients [C20], and the conversion of root and mycorrhizal oc into primary and
secondary axes according to root and mycorrhizal growth yields. Growth also requires organ-specific ratios of nonstructural N (on )
and P (op ) from Unn,, Unos and Upo, [C23] which are coupled with oc to drive growth of branches, roots and mycorrhizae.

The translocation of oc, on and op among branches and root and mycorrhizal layers is driven by concentration gradients
generated by production of oc from branch GPP and of on and op from root and mycorrhizal uptake vs. consumption of oc, on and op
from R, R, and phytomass growth (Grant 1998). Low on:oc or op:oc in mycorrhizae and roots indicates inadequate N or P uptake
with respect to CO: fixation. These ratios affect translocation of oc, on and op by lowering mycorrhizal — root — branch concentration
gradients of on and op while raising branch — root — mycorrhizal concentration gradients of oc. These changes slow transfer of on and
op from root to branch and hasten transfer of oc from branch to root, increasing root and mycorrhizal growth at the expense of branch
growth, and thereby raising N and P uptake [C23] with respect to CO> fixation. Conversely, high on:oc or op:oc in roots and
mycorrhizae indicate excess N or P uptake with respect to CO> fixation. Such ratios reduce specific activities of root and mycorrhizal
surfaces for N or P uptake through a product inhibition function as has been observed experimentally. These changes hasten transfer
of on and op from root to branch and slow transfer of oc from branch to root, increasing branch growth at the expense of root and
mycorrhizal growth, and thereby slowing N and P uptake Thus the modelled plant translocates oc, on and op among branches, roots
and mycorrhizae to maintain a functional equilibrium between acquisition and use of C, N and P by different parts of the plant.

Ry is limited byy; [C17], and because branch y; declines relatively more with soil drying than does root s, branch Rg also
declines relatively more with soil drying than does root Rg, slowing oxidation of oc in branches and allowing more translocation of oc
from branches to roots. This change in allocation of oc enables more root growth to reduce €25, £ and (2, and hence increase U [B6],



thereby offsetting the effects of soil drying on ;. Thus the modelled plant translocates oc, on and op among branches, roots and
mycorrhizae to maintain a functional equilibrium between acquisition and use of water.

Rs [C15] drives the loss of non-remobilizable C, N and P (mostly structural) as litterfall from leaves and twigs or roots and
mycorrhizae [C18a,b,c], and the recycling of remobilizable C, N and P (mostly nonstructural protein) into nonstructural pools oc, on
and op, and depending on ratios of on:oc or op:oc [C19a,b,c]. Environmental constraints such as water, heat, nutrient or O> stress that
reduce oc and hence Rc [C14] with respect to Rm [C16] increase Rs [C15] and thereby hasten litterfall [C18]. In addition,

concentrations of oc,on and op in roots and mycorrhizae drive exudation of nonstructural C, N and P to DOC, DON and DOP in soil
[C19d-h].

Ra of each branch or root and mycorrhizal layer is the total of R. and Ry, and net primary productivity (NPP) is the difference
between canopy GPP [C1] and total Ra of all branches and root and mycorrhizal layers [C13]. Phytomass net growth is the difference
betweanden gains driven by Rg and Yg, and losses driven by Rs and litterfall [C20]. These gains are allocated to leaves, twigs, wood
and reproductive material at successive branch nodes, and to roots and mycorrhizae at successive primary and secondary axes, driving
leaf expansion [C21a] and root extension [C21b]. Losses from remobilization and litterfall in shoots start at the lowest node of each
branch at which leaves or twigs are present, and proceed upwards when leaves or twigs are lost. Losses in roots and mycorrhizae start
with secondary axes and proceeds to primary axes when secondary axes are lost.

Root and Mycorrhizal Nutrient Uptake
Root and mycorrhizal uptake of N and P Unwy,, Unog and Ueo, is calculated by solving for solution [N H4+], [NO3] and [H2PO4 ]
at root and mycorrhizal surfaces at which radial transport by mass flow and diffusion from the soil solution to these surfaces [C23a,c,e]
equals active uptake by the surfaces [C23b,d,f]. Path lengths and surface areas for Unn,, Unos and Upo, are calculated from a root and
mycorrhizal growth submodel driven by exchange of nonstructural C, N and P along concentration gradients generated by uptake vs.

consumption of C, N and P in shoots and roots (Grant, 1998). A product inhibition function is included to avoid uptake in excess of
nutrient requirements [C23g].

C4 Gross Primary Productivity
Cy4 Mesophyll
In C4 plants, the mesophyll carboxylation rate is the lesser of CO»- and light-limited reaction rates [C26] (Berry and Farquhar,
1978). The CO»-limited rate is a Michaelis-Menten function of PEP carboxylase (PEPc) activity and aqueous CO; concentration in the



mesophyll [C29] parameterized from Berry and Farquhar (1978) and from Edwards and Walker (1983). The light-limited rate [C30] is
a hyperbolic function of absorbed irradiance and mesophyll chlorophyll activity [C31] with a quantum requirement based on 2 ATP
from Berry and Farquhar (1978). PEPc [C32] and chlorophyll [C33] activities are calculated from specific activities multiplied by set
fractions of leaf surface N density, and from functions of C4 product inhibition (Jiao and Chollet, 1988; Lawlor, 1993) [C34], v
([C35] as described in Grant and Flanagan, 2007) and 7. [C10]. Leaf surface N density is controlled by leaf structural N:C and P:C
ratios calculated during leaf growth from leaf non-structural N:C and P:C ratios arising from root N and P uptake (Grant, 1998) vs.
CO; fixation.

Cy Mesophyll-Bundle Sheath Exchange

Differences in the mesophyll and bundle sheath concentrations of the C4 carboxylation product drive mesophyll-bundle sheath
transfer (Leegood, 2000) [C37]. The bundle sheath concentration of the C4 product drives a product-inhibited decarboxylation reaction
(Laisk and Edwards, 2000) [C38], the CO> product of which generates a concentration gradient that drives leakage of CO; from the
bundle sheath to the mesophyll [C39]. CO; in the bundle sheath is maintained in 1:50 equilibrium with HCO3™ (Laisk and Edwards,
2000). At this stage of model development, the return of a C3 decarboxylation product from the bundle sheath to the mesophyll is not
simulated. Parameters used in Egs. [C37 — C39] allowed mesophyll and bundle sheath concentrations of C4 carboxylation products
from [C40 — C41] to be maintained at values consistent with those in Leegood (2000), bundle sheath concentrations of CO> (from Eq.
[C42]) to be maintained at values similar to those reported by Furbank and Hatch (1987), and bundle sheath CO> leakiness [C39]),
expressed as a fraction of PEP carboxylation, to be maintained at values similar to those in Williams et al. (2001), in sorghum as
described in Grant et al. (2004).

C4 Bundle Sheath

A C; model in which carboxylation is the lesser of CO»- and light-limited reaction rates (Farquhar et al., 1980) has been
parameterized for the bundle sheath of C4 plants [C43] from Seeman et al. (1984). The CO»-limited rate [C44] is a Michaelis-Menten
function of RuBP carboxylase (RuBPc) activity and bundle sheath CO; concentration [C42]. The light-limited rate [C45a] is a
hyperbolic function of absorbed irradiance and activity of chlorophyll associated with the bundle sheath with a quantum yield based
on 3 ATP [C46]. The provision of reductant from the mesophyll to the bundle sheath in NADP-ME species is not explicitly simulated.
RuBPc [C47] and chlorophyll [C48] activities are the products of specific activities and concentrations multiplied by set fractions of
leaf surface N density, and from functions of C3 product inhibition (Bowes, 1991; Stitt, 1991) [C49], w. (Eq. A12 from Grant and
Flanagan, 2007) and 7. [C10].



Rates of C; product removal are controlled by phytomass biosynthesis rates driven by concentrations of nonstructural products
from leaf CO, fixation and from root N and P uptake. If biosynthesis rates are limited by nutrient uptake, consequent depletion of
nonstructural N or P and accumulation of nonstructural C will constrain specific activities of RuBP and chlorophyll [C47 — C49], and
thereby slow C3 carboxylation [C43], raise bundle sheath CO» concentration [C42], accelerate CO> leakage [C39], slow C4
decarboxylation [C38], raise C4 product concentration in the bundle sheath [C41], slow Cs product transfer from the mesophyll [C37],
raise C4 product concentration in the mesophyll [C40], and slow mesophyll CO; fixation [C32 — C35]. This reaction sequence
simulates the progressive inhibition of C3 and C4 carboxylation hypothesized by Sawada et al. (2002) following partial removal of C
sinks in C4 plants.

Shoot — Root - Mycorrhizal C, N, P Transfer

Shoot — root C transfers Zsc are calculated such that concentrations ofoc with respect to structural phytomass in each branch
and root layer approach equilibrium according to conductances gsc calculated from shoot — root distances and axis numbers in each
root layer [C50] (Grant, 1998). Because oc is generated by CO; fixation in branches [C1], gsc cause shoot-to-root gradients of oc that
drive Zsc. Shoot —root N and P transfers Zsn,p are calculated such that concentrations ofon,p with respect to oc in each branch and root
layer approach equilibrium according to rate constants gsn,p [C51]. Because onp are generated by uptake in roots [C23], gsnp cause
root-to-shoot gradients of onp that drive Zsn p.

Similarly, root - mycorrhizal C transfers Zc are calculated such that concentrations ofoc with respect to structural phytomass in
each root and mycorrhizal layer approach equilibrium according to rate constants grc [C52] (Grant, 1998). Because oc is maintained
by Zsc [C50], grc cause root-to-mycorrhizal gradients of oc that drive Zrc. Root - mycorrhizal N and P transfers Zrnp are calculated
such that concentrations ofon p with respect to oc in each root and mycorrhizal layer approach equilibrium according to rate constants
grn,p [C53]. Because mycorrhizal onp are generated by uptake with greater surface area and length with respect to phytomass [C23],
grN,p cause mycorrhizal-to-root gradients of onp that drive Zin p.



Table S3: Gross Primary Productivity, Autotrophic Respiration, Growth and Litterfall

C3 Gross Primary Productivity

GPP =X ijkimno (Veijktmno = Vgijklmno) Aijklmno CFi

Vgijkimno = (Cb — Ciijklmno) / Mijkimno

Veijkimno = Min{Vbijkimnos Viijkimno}

MijkLmno = Fminijklmno ¥ (Fimaxi = Fminijklmn.o) e(-B wi)

Fiminijklmno = (Cb - Ci') 1 Vc'ijktmno

Viijklmno = Vomaxijk (Ceijktmno = £ijk) / (Ceijitmno) + Ke) fyijkimno
meaxi,j,k = Vb'i Frubiscoi MLi,j,k,prot /Ai,j,k fwi fici

Tijk=0.50c Vomaxi'jyk Ke; / (meaxi,j,k Ko,)

Vomaxi’j'k = Vo'i Frubiscoi M'—i,j,k,prot /Ai,j,k froi

Ke; = Ke; fiei (1 + Oc/ (Ko; fikoi))

Viijktmno = Jijktmno Yijklmno fwijklmno

Yijiktmno= (Ceijktmno = Lijk) I (4.5 Ceijklmno + 10.5 Iijx)

Jij =(el; + Jmaxiik - li + J i 2_4 I T 0-5/2
i.j,klmn,o (3 i,l,m,n,0 maxi,j,k ((3 i,l,m,n,o maxu,k) ag lilmno maxu,k) ) (Ct)

Jmaxi,j,k =V; 'i Fchlorophylli My

i,j.k,prot /Ai,j,k fiji fici

solve for Ciijkmnoat which
Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o
diffusion

carboxylation

ri is leaf-level equivalent of r¢

minimum ry is driven by
carboxylation
CO; and water f,, constraints on Vy

temperature fy, and nutrient fic
constraints on Vpmax

CO; compensation point
oxygenation

M-M constant for Vy

water constraints on V;
carboxylation efficiency of V;
irradiance constraints on J

temperature and nutrient
constraints on Jmax

[C1]
[C2]
[C3]
[C4]
[C5]
[C6a]

[C6b]

[Céc]
[C6d]
[CBe]
[C7a]
[C7h]
[C8a]

[C8b]



y . 05
fyiikimno = (Fimin k1 mno / Mijkimno)

fusi = exp[Bv — Hav/ (RTe)] / {1 + exp[(Har — STai) / (RTe))] + exp[(STei — Han) / (RTe)]}
fuoi = eXp[Bo — Hao! (RTei)] / {1 + exp[(Hai — ST) / (RTei)] + exp[(STei — Han) / (RTe)]]
fi = exp[Bj — Haj/ (RTei)] / {1 + exp[(Har — STai) / (RTei)] + exp[(STei — Han) / (RTe)]}
fuci = eXp[Bic — Hake/ (RTe)]
fioi = €XP[Bro — Hako/ (RT)]

fici = min{aNi,j/ (UNi,j + UCi,j/ KicN), O'pi,j/ (O'pi,j + ocij / Kicp)}

éNILRi,j,k [&t= é]vll-i,j,k/ét min{[N "leat + (Nleaf -N 'Ieaf) fiCi] / Nprot, [P'Ieaf + (Pleaf - P'Ieaf) fiCi] / Pprot}

Autotrophic Respiration
Ra=ZiZj (Reij + Rsij) + ZiZ1Z 7 (Reirt * Rsir1) + Enp (Unnairt + Unosirg + Uposir, )

Reij = Rc'otij fai
Reirs =Rc'ocir fait (Uozir, /U ozir)

Uozirt = U 02ir) [Oziri] / ([Oiri] + Koy)

= Uwi“ [OZSI] +2n Li,r,l DsOZ ([OZS|] - [OZri,r,I]) In{(rsl + rri,r,l) / rri,r,l}
+2n Li,r,l DrOZ ([OZqi,r,I] - [02 ri,r,l]) In(rqi,r,l) / rri,r,l)

U 'o2ir1 = 2.67 Rdir

non-stomatal effect related to
stomatal effect

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K, Ko,

control of oy and op VS.ocin
shoots on Vy, Vj through product
inhibition and on leaf protein
growth through leaf structural
C:N:P ratios

growth of remobilizable leaf
protein C

total autotrophic respiration

O, constraint on root respiration
from active uptake coupled with
diffusion of O, from soil as for
heterotrophic respiration in [A17],
and from active uptake coupled
with diffusion of O, from roots

[C9]
[C10a]
[C10b]
[C10c]
[C10d]
[C10€]

[C11]

[C12]

[C13]

[C14a]
[C14b]
[Cl4c]

[C14d]

[Cl4e]



Rsij = - min{0.0, Reij — Rmij} remobilization in branchs, roots [C15]
and mycorrhizae when R > R
Rsi,r,l =- min{o-o, Rci,r,l_ Rmi,r,l}

Rmij = Xz (Nijz Rm" fimi) maintenance respiration of [C16]
branchs, roots and mycorrhizae
Rmi,r,l =2, (Ni,r,l,z Rm' ftmi)

Rgij = max{0.0, min{(Rcij — Rmi;) min{1.0, max{0.0, w4 - w'}} growth respiration of branchs, [C17]
roots and mycorrhizae when Ry, <
Rgi'ryl = maX{OO, min{(RCi,r,l - Rmi'ryl) mln{lO, maX{OO, WA - l//t'}} Rc

Growth and Litterfall
lijzc=Rsij Mugij / Migij (1.0- (Xemn + (Xemx— Xemn) facij)) senescence drives litterfall of non- [C184]
remobilizable C less C recycling



lijzn = lijzc Nprot (1.0 — Xn fanij)

lijzp = lijzc Pprot (1.0 — Xp fipij)

ficij = min{onij/ (onij + ocij Kan), opij/ (opij + ocij Kap)}

fanij = ocij/ (ocij + onij 1K)

fipij = ocij/ (ocij + opij IKip)

Xirlc = I'x OCir,

XirIN = Ix ONirt fxiriN

Xirlp = Ix opirifxirip

fuirin = onij/ (onij + ocij/Kxn)

fuirtp = opijl (opij + ocij/Kxp)

Mgij /ot = 2, [Ryij (1 - Yaiz) /Yaiz] — Rsij — lijc

OMRir1 /0t = [Rgiri (1 - Ygir) /Ygir] = Rsiry — lir,c

é‘ALi,j,kJ /ot = l(MLi,j,kJ / yi)*°-33 é]\ﬂu,j,kJ /ot min{l, max{O, VAi - l//t'}

8Lir11/8t = (BMrir11/ 8t) /yi v H{pr (1 - Opir ) (7t Frir112)}

SLir12/ 6t = (BMRir,2 / 8t) v i{pr (L - Opir) (7 Fiir122)}

fai =Tci{exp[Bv — Hav/ (RTci)1} / {1 + exp[(Ha — STei) / (RTei)] + exp[(STei — Han) / (RTei)1}

ftmi — e(0.0811 (Tci —298.15))

Root and Mycorrhizal Nutrient Uptake

litterfall of N and P is driven by
that of C less N and P recycling
root and mycorrhizal litterfall

calculated as for branch litterfall
C, N and P recycling calculated
from nonstructural C,N,P ratios

root and mycorrhizal exudation
driven byoe, on and op, and by
oc.on and ot op.

branch growth driven by Ry

root growth driven by Ry

leaf expansion driven by leaf mass
growth

root extension of primary and
secondary axes driven by root
mass growth

Arrhenius function for R,

temperature function for R

[C18b]
[C18c]
[C19a]
[C19b]
[C19c]
[C19d]
[C19€]
[C191]
[C199]

[C19h]

[C20a]

[C20b]
[C21a]

[C21b]
[C21c]
[C22a]

[C220]



UnHai,rt = {Uwira[NHs1] + 27k r1Dentgy ([NHa*] = [NHa*i 1) 7 In(die /Trien) }
= U'NHy (Uozirt /U ‘o2ir1) Air ([NHa i ri] — [NH# ma])/([INH4%i 1] — [NH4 mn] + KnHg) frait finir,l

Unosirt = {Uwirt [NO3™] + 2L 1 Denogy (INO3z71] — [NOs7iri]) / In(diri /1ri )}
= U"Nog (Uoziri /U "o2ir1) Airt ((NOs7iri] — [NO37mn] )/([NOs7ir.1] — [NO3s mn] + Knog) fraii finir.i

Urodirt = {Uwiri [H2PO47] + 27Lir1Depo,; ([H2PO471] — [H2PO47ir1]) / In(lirt /i) }
= U'ro, (Uoziri /U ‘02ir) Airi ([H2POg'ir 1] — [H2PO4mn])/([H2PO47i,r1] — [H2PO4'mn] + Kro,) frai fipir

fini,rt = ociri/(ocir + onirt/ King)

firir) = ociri/(ocir) + opiri! Kipg)
C4 Gross Primary Productivity

C4 Mesophyll

GPP =Zijkimno (Vomayijkimno = Vemayijklmno)

Vomayijklmno = (Cb — Cimayijklmno) / Nfijklmno

Vemayijklmno = MiN{Vomayijkimno, Vimayijklmno}

Mifijklmno = Pifminijkimno + (Fifmaxi - Fifminijkmno) €75 V)

Mitmini jkImno = (Cb - Cigmay'i) / Vegmayijkimn.o

Vomayijkimno = Vomaxmayijk (Cemayijkimno = £ mayijk) / (Cemayijkimno) + Kemay)

Vimayijklmno = Jmaijklmno Ymayijklmno

Ymajijk = (Cemajijktmno = L mayijk) / (3.0 Cemayijitmno) +10.5 Fimayi k)

Jma)ijkimno = (€ litmno+ Imaxmayijk - ((€ litmno+ Jmax(m4)i,j,k)2 - dae ligmno Jmax(m4)i,j,k)0'5) /1 2a)

Vomaxmaijik = Vomax(ma)' [Npepmayijk]' Nifijk Arsijk Tomayijk fyi Twi

root N and P uptake from mass
flow + diffusion coupled with
active uptake of NH4*, NO3;~ and
H,PO4 constrained by O, uptake,
as modelled for microbial N and P
uptake in [A26]

product inhibition of Unps, Unos
and Upos determined by on and op
VS. oc in roots

gaseous diffusion

mesophyll carboxylation

COg,-limited carboxylation

light-limited carboxylation

irradiance response function

PEPc activity

[C23a]
[C23Db]

[C23c]
[C23d]

[C23¢]
[C23f]

[C23¢]

[C23h]

[C24]
[C25]
[C26]
[C27]
[C28]
[C29]

[C30a]

[C30b]
[C31]

[C32]



Jmax(mayijk = Jmax’ [Nenimayijk I Nisijk Arsijik fomayijk fui i
femayijk = 1.0/ (1.0 + [rcamayijk] / Kicygma)

. - . 0.5
f\u ij,kl,mno — (rlfm'”i,j,k,l,m,n,o / rlfi,j,k,l,m,n,o)

Cy Mesophyll-Bundle Sheath Exchange

Vcamayijk = Krcamay (Zeamayijx Wikwayijk —rcamayijik Wimayijk) [ (Wiseayijx + Wismayijk)
Vicawaijk = Krcaws) xeawayijk | (1.0 + Cepayijk /Kixeypa)

Vbayijk = Keepay (Cepayijk — Comayik) (12 X 10°%) Wisoayijk

8 ycamayijk 10t = Zimno Vemayijklmno - Vicamayijk

S xcawayijklOt = Vi camayijk - Vicawayijk

SCc(oa)ij kOt = Vycamayijk - Vaoayijk - Zimno Vebayijklmno

C. Bundle Sheath

Vewayijklmno = MIN{Vowayijk, Vibayijklmno}

Viooajijk = Vomaxpayijk (Cewayijk = £ ba)ijk) / (Ceayijk) + Keay)
Vibayijktmno = Joayijkimno Y(bayijk

Yoaiik = (Cewayijk - Lwayijk) [ (4.5 Cepayijk + 10.5 Tpayijk)

Jioayiikimno = (€ litmno + Imaxwayijk - ((€ litmno + Imax@aijk)? - 4ae litmno Imaxwayjn)®>) I (2a)

Vomaxoa)ijk = Vomaxoa) [Nrubwayijk]” Nisijk Arfijk foeajijk Tui fi

Jmax(oayijk = Jmax’ [Nenioayijk]’ Nifijk Arsijx feeaiji fui fui

chlorophyll activity
C4 product inhibition

non-stomatal water limitation

mesophyll-bundle sheath transfer
bundle sheath decarboxylation

bundle sheath-mesophyll leakage
mesophyll carboxylation products

bundle sheath carboxylation
products
bundle sheath CO; concentration

bundle sheath carboxylation
CO»-limited carboxylation

light- limited carboxylation

carboxylation efficiency of Va4
irradiance response function

RuBPc activity

chlorophyll activity

[C33]
[C34]
[C35]

[C37]
[C38]
[C39]
[C40]

[C41]

[C42]

[C43]
[C44]

[C45a]

[C45b]
[C46]

[C47]
[C48]



foeayijn = min{[ vl / ([visij] + Dreseaiil / Kivig), [al [ ([m6] + Dreawayifl [ Kime) Cs product inhibition [C49]
Shoot — Root - Mycorrhizal C, N, P Transfer
Zscij-ior1 = Oscij-ir) (ocij MRiri- ocir) Mgij) / (Mrir1+ Mgij) shoot — root C transfer driven by [C50]
oc concentration gradients
Zs\ pij-irl = GsNPij-irl (ONPij OCirl - ONpirt ocij ) ! (ocir + otij ) shoot — root N,P transfer driven by [C51]
on,p concentration gradients
Zcijir) = OrCij-ir) (ocirt Mmiri- ocimi Mrirg) / (Mwiri+ Mrir,) root — mycorrhizal C transfer [C52]
driven by oc conc’n gradients
ZNpijird = GrNPij-ir,) (ONPirl OCimit = ONpimi ocirl) ! (ocim) + ocir) root — mycorrhizal N,P transfer [C53]
driven by onp conc’n gradients
Definition of Variables in Table S3
Variable Definition Equation Value Reference
i species or functional type: evergreen,
coniferous, deciduous, annual, perennial,
Cs, C4, monocot, dicot, legume etc.
j branch or tiller
k node
| soil or canopy layer
m leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
z organ including leaf, stem, root r,
mycorrhizae m
A Leaf (irradiated), root or mycorrhizalsurface area [C1,C6b,C6d,C8b,
C21,C23,C32,C33
,C47]
B shape parameter for stomatal effects on CO, diffusion and [C4 C27,C35,] -5.0 Grant and

non-stomatal effects on carboxylation

Flanagan (2007)



Bke
Bko
Bo
Bv
Co

Ce
Ce(pa)

Cc(m4)
CFi

Ci'

Ci

Cima)'

Ci(ma
Cijz=i

De NHy|
De nog,

Deroy

parameter such that f;i = 1.0 at Tc = 298.15 K

parameter such that fyc = 1.0 at T, = 298.15 K
parameter such that fuei = 1.0 at Tc=298.15 K
parameter such that fxi = 1.0 at Tc=298.15 K

parameter such that fwi = 1.0 at T, = 298.15 K
[CO2] in canopy air

[CO2] in canopy chloroplasts in equilibrium with Ciijk1,mno

[CO2] in C4 bundle sheath

[CO2] in C4 mesophyll in equilibrium with Ciijki,mno

Clumping factor

[CO2] in canopy leaves when yi =0

[CO2] in canopy leaves

[CO2] in C4 mesophyll air when i = 0

[CO2] in C4 mesophyll air
C content of leaf (z =1)

effective dispersivity-diffusivity of NH4* during root uptake
effective dispersivity-diffusivity of NOs~ during root uptake

effective dispersivity-diffusivity of H,PO4™ during root
uptake

umol mol?

uM
uM

uM

umol mol?

umol mol?

umol mol?

umol mol?
gCm?

m2ht
mZht

mZht

[C10c]

[C10d]

[C10e]

[C10b]

[C10a, C22]
[C2,C5 C25,C28]
[C6a,C7b]

[C38,C39,C42,C4
4,C45b]

[C29,C30b,C39]
[C1]

[C8]
[C2]

[C28]

[C25]
[C18a]

[C23]
[C23]
[C23]

17.354
22.187
8.067

24.212

26.229

0.45 (needleleaf)
0.675 (broadleaf

0.70 x Cp

0.45 x Cb

He (2016)

Larcher (2001)



Dro2
Dso2
dir,l

Enp
fee)

fema
Fehi
fic
fin
fie

fic

fan

ka

Frubisco

aqueous diffusivity of O, from root aerenchyma to root or
mycorrhizal surfaces

aqueous diffusivity of O, from soil to root or mycorrhizal
surfaces

half distance between adjacent roots assumed equal to
uptake path length

energy cost of nutrient uptake

Cs product inhibition of RuBP carboxylation activity in C4
bundle sheath or C; mesophyll

C. product inhibition of PEP carboxylation activity in Cs4
mesophyll
fraction of leaf protein in chlorophyll

N,P inhibition on carboxylation, leaf structural N,P growth
N inhibition on root N uptake

P inhibition on root P uptake

fraction of Xcmx translocated out of leaf or root before
litterfall

fraction of X translocated out of leaf or root before
litterfall

fraction of Xp translocated out of leaf or root before litterfall

fraction of leaf protein in rubisco
temperature effect on Ry and U
temperature effect on carboxylation

temperature effect on electron transport

m2 ht
m2 ht
m

gCgNtorp?

[C14d]
[C14d]
[C23] (1 Ls, IAZ)12 Grant (1998)

[C13] 2.15 Veen (1981)

[C47,C48,C49]

[C32,C33,C34]

[C8b] 0.025
[C6a,C7,C11,C12]

[C23q]

[C23h]

[C18a,C19a]

[C18b,C10b]

[C18c,C19c]

[C6b,d] 0.125
[C14,C22,C23]
[C6b,C10a]

[C8b,C10c]



fike
fiko
fim
fro

fiv

fo

f\yi

f\yi

Jsc

gsN,P

drc

ng,P
Haj

Hake
Hako

Hao

temperature effect on K
temperature effect on Ko,
temperature effect on R

temperature effect on oxygenation

temperature effect on carboxylation

inhibition of root or mycorrhizal N exudation

inhibition of root or mycorrhizal P exudation
non-stomatal water effect on carboxylation
non-stomatal water effect on carboxylation

conductance for shoot-root C transfer

rate constant for shoot-root N,P transfer
rate constant for root-mycorrhizal C transfer

rate constant for root-mycorrhizal N,P transfer
energy of activation for electron transport

parameter for temperature sensitivity of K
parameter for temperature sensitivity of Ko,

energy of activation for oxygenation

ht

ht
ht

h—l
J mol!

Jmol?
Jmol?

J mol!

[C6e,C10d]
[C6e,C10e]
[C16, C22b] Q=225
[C6d,C10b]
[C32,C33,C36,C4
7,C48]
[C19e,0]
[C19fh]
[C6a,C7a,C9]
[C32,C33,C35C47
,C48]

calculated from
[C50] root depth, axis

number
[C51] 0.1
[C52] 0.1
[C53] 0.1
[C10c] 43 x 10°
[C10d] 55 x 10°
[C10e] 20 x 10°
[C10b, C22] 60 x 103

Bernacchi et al.
(2001,2003)
Bernacchi et al.
(2001,2003)

Medrano et al.
(2002)

Grant (1998)

Grant (1998)
Grant (1998)
Grant (1998)

Bernacchi et al.
(2001,2003)
Bernacchi et al.
(2001,2003)
Bernacchi et al.
(2001,2003)
Bernacchi et al.
(2001,2003)



[H2POvxiri]
[H2PO4-mn]

J

Jio4)
J(ma)

Jmaxl

-]max(bA)
-]max(m4)
Jmax

Keoa)

Kc(m4)
Ke

Ke

Kicy

energy of activation for carboxylation

energy of high temperature deactivation
energy of low temperature deactivation
concentration of H,PO4 root or mycorrizal surfaces

concentration of H,POy" at root or mycorrizal surfaces below
which Upo, =0
irradiance

electron transport rate in C3 mesophyll

electron transport rate in C4 bundle sheath
electron transport rate in C4 mesophyll

specific electron transport rate at non-limiting 1 and 25°C
when i = 0 and nutrients are nonlimiting

electron transport rate in C4 bundle sheath at non-limiting |

electron transport rate in C4 mesophyll at non-limiting |

electron transport rate at non-limiting I, wi, temperature and
N,P

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in Ca
mesophyll
Michaelis-Menten constant for carboxylation at zero O,

Michaelis-Menten constant for carboxylation at ambient O,

inhibition constant for growth in shoots from oc vs. on

Jmol™?
Jmol™?
Jmol™?
gNm3
gNm3
umol m?2 st

umol m? st
umol m? st

umol m?2 st

umol gtst

umol m? st
umol m? st
umol m?2 st

pM

pM
pM
pM

gCgN*

[C10a, C22]
[C10, C22]
[C10, C22]
[C23]

[C23]
[C8a,]

[C7a,C8a]

[C45a,C46]
[C30a,C31]

[C33,C48]

[C46,C48]

[C31,C33]
[C8a,C8b]

[C44]

[C29]
[C6c,C6e]

[C6e]

[C11]

65 x 108

222.5x 10°

197.5x 10°

0.002

400

30.0 at 25°C and
zero O3

3.0 at 25°C

125at25°C

100

Bernacchi et al.
(2001,2003)

Barber and

Silberbush, 1984

Lawlor (1993)

Lawlor (1993)

Farquhar et al.
(1980)

Grant (1998)



Kicp
K|Xc4(b4)

K|Xc4(m4)

Kivig

Kimg

King
Kipc
Kan
Kap
KnH,
Ko,

KPO4

Ko

KxN

KXP

inhibition constant for growth in shoots from oc vs. op

constant for CO; product inhibition of C4 decarboxylation in

C4 bundle sheath

constant for C, product inhibition of PEP carboxylation
activity in C4 mesophyll

constant for Cs product inhibition of RuBP carboxylation
activity in C4 bundle sheath or C3 mesophyll caused by

[

constant for Cs product inhibition of RuBP carboxylation
activity in C4 bundle sheath or Cz mesophyll caused by
[7i4]

inhibition constant for N uptake in roots from ocij Vs. onj

inhibition constant for P uptake in roots from ocij VS. opij
roots

constant used to calculate remobilization of leaf or root C
and N during senescence

constant used to calculate remobilization of leaf or root C
and P during senescence

M-M constant for NH4* uptake at root or mycorrhizal
surfaces

M-M constant for NO3~ uptake at root or mycorrhizal
surfaces

M-M constant for H>PO4™ uptake root or mycorrhizal
surfaces

Michaelis-Menten constant for root or mycorrhizal O,
uptake

inhibition constant for O, in carboxylation

inhibition constant for exudation of root or mycorrhizal N

inhibition constant for exudation of root or mycorrhizal P

gCgP?!

uM

gCgN*

gCgPpP!

gNgcC*
gPgC!
gNgcC?
gPgcC!

gNm3

[C11]

[C38]

[C34]

[C49]

[C49]

[C23]
[C23]

[C19a,C19b]
[C19a,C19c]
[C23]
[C23]
[C23]
[C14c]
[C6c,C6e]

[C19¢]

[C19h]

1000

1000

5x 108

100

1000

0.1

0.01

0.1

0.01

0.40

0.35

0.125

0.32

500 at 25 °C

1.0

10.0

Grant (1998)

Grant (1998)

Grant (1998)

Barber and
Silberbush, 1984
Barber and
Silberbush, 1984
Barber and
Silberbush, 1984
Griffin (1972)

Farquhar et al.
(1980)



My Mg
Mwm

Mg
M'—iprot
N,P

Nieat

N 'leaf
Nit
Nprot

[Nehiway]'

[Nehimay]'
[NH4%i 1]

[N H4+mn]

[NOs7iri]

root length

C litterfall from leaf or root

N litterfall from leaf or root

P litterfall from leaf or root

leaf C phytomass

non-remobilizable, remobilizable (protein) leaf C phytomass
mycorrhizal C phytomass

root C phytomass

leaf protein phytomass calculated from leaf N, P contents
N or P content of organ z
maximum leaf structural N content

minimum leaf structural N content

total leaf N

N content of protein remobilized from leaf or root

ratio of chlorophyll N in C,4 bundle sheath to total leaf N

ratio of chlorophyll N in C4 mesophyll to total leaf N
concentration of NH4" at root or mycorrizal surfaces

concentration of NH4* at root or mycorrizal surfaces below
which UNH4 =0

concentration of NH4* at root or mycorrizal surfaces

gCm?2ht
gCm?2ht
gCm?ht
gCm?
gCm?
gCm?
gCm?

g N m?

g N m?
gNgcC!

gNgcC!
g N m?|eaf
gNC?

gNgN*?

gNgN*
gNm3

gNm3

gNm3

[C14d,C21b,C23]

[C18a,C18b,C18c,
C20]
[C18b]

[C18c]

[C12,C21]

[C12,C184]

[C52]

[C20,C21,C50,C5
f(]SGb,CGd,C8b]

[C16, C19]

[C12] 0.10

[C12] 0.33 X Niear

[C32,C33,C47,C4

8]

[C12,C18Db] 0.4

[C48] 0.05

[C33] 0.05

[C23]

[C23] 0.0125 Barber and
Silberbush, 1984

[C23]



[NOS_mn]

[Npep(m4]'

[Nrubwa]'

Pleaf

P "leat
Pprot

[7t]
Op

Ra
Ra'
Rcl

Re

e

concentration of NO3™at root or mycorrizal surfaces below
which UN03 =0

ratio of PEP carboxylase N in C4 mesophyll to total leaf N

ratio of RuBP carboxylase N in C4 bundle sheath to total
leaf N

aqueous O, concentration in root or mycorrhizal
aerenchyma

aqueous O, concentration at root or mycorrhizal surfaces

aqueous O, concentration in soil solution

[O2] in canopy chloroplasts in equilibrium with O2 in atm.
maximum leaf structural P content

minimum leaf structural P content

P content of protein remobilized from leaf or root

concentration of nonstructural root P uptake product in leaf

root or mycorrhizal porosity
gas constant

total autotrophic respiration
Ra under nonlimiting O
specific autotrophic respiration of oc;jat Tej = 25 °C

autotrophic respiration of ocijor ocir,

growth respiration

leaf stomatal resistance

gPgC!
gPgC!

gP C!

gPgC*

m3 m-3
Jmolt K™

gCm?2ht
gCm2ht
gCgCth!
gCm?2ht

gCm?2ht

smt

[C23]

[C32]
[C4T7]
[Cl4c,d]
[Cl4c,d]
[Cl4c,d]
[C6c,C6e]
[C12]
[C12]

[C12,C18c]

[C49]

[C21b]
[C10, C22]

[C13]
[C14]

[C14]

[C13,C14,C17,

C15]
[C17,C20]

[C25,C27,C39]

0.03

0.025

0.025

0.10
0.33 X Pieaf

0.04

0.1-05

8.3143

0.015

Barber and
Silberbush, 1984



Ifmaxi

['ifmini,j k,|,m,n,0

[l jk1mn,0
I'maxi
[Iminijk,I,mn,0
Rm'

Rmi,j

Igir,

rri,r,l

Rsij

Isi

I'x

Pr
S

oc

leaf cuticular resistance

leaf stomatal resistance when yi =0
leaf stomatal resistance

leaf cuticular resistance

leaf stomatal resistance when yi =0

specific maintenance respiration of ocijat Tej = 25 °C
above-ground maintenance respiration

radius of root aerenchyma

root or mycorrhizal radius
respiration from remobilization of leaf C

thickness of soil water films
rate constant for root or mycorrhizal exudation
dry matter content of root biomass

change in entropy

nonstructural C product of CO fixation

nonstructural N product of root uptake

nonstructural P product of root uptake

sm?
sm?

sm?

gCgNtht

gCm2ht

gCm2ht

h—l
gg
Jmoll K1
gCgcCt
gNgC*

gPgcC!

[C27]

[C27,C28,C35
[C2,C4,C9]

[C4]
[C4,C5,C9]
[C16]
[C16,C17,C15]
[C14d]

[C14d,C21b,c,C23
a,c,e]
[C13,C15,C18a3,
C20]

[C14d]

[C19d,e,1]
[C21D]

[C10, C22]

[C11,C19,C23g,h,
C50-53]

[C11,C19.C23g,h,
C51,C53]

[C11,C19,C23g,h,
C51,C53]

0.0115 Barnes et al.
(1998)

1.0 x 10* or 5.0 x

1076

0.001

0.125

710 Sharpe and
DeMichelle
(1977)



Te
UnNHaiyr,|
U 'NHy
Unosiyr,l
U'Nog
Upouir,|
U'ro,
Uozir,

U o2 r

l'JWi,r,I

V bayijk
Vb’

Vb(bayi,jk

Vb(mayijklmno

VbijkLmno

Vbmax(o4)'

Vbmax(ba)i,jk

meax(m4)'

canopy temperature
NHs" uptake by roots or mycorrhizae

maximum Unp, at 25 °C and non-limiting NH4*

NOj3~ uptake by roots or mycorrhizae

maximum Uno, at 25 °C and non-limiting NO3z~

H2PO4 uptake by roots or mycorrhizae

maximum Upo, at 25 °C and non-limiting H,PO4

O uptake by roots and mycorrhizae under ambient O,
O, uptake by roots and mycorrhizae under nonlimiting O
root water uptake

CO:; leakage from C4 bundle sheath to C4 mesophyll
specific rubisco carboxylation at 25 °C

CO2-limited carboxylation rate in C4 bundle sheath

CO2-limited carboxylation rate in C4 mesophyll
CO2-limited leaf carboxylation rate

RuBP carboxylase specific activity in C4 bundle sheath at
25°C when i = 0 and nutrients are nonlimiting
CO2-nonlimited carboxylation rate in C4 bundle sheath

PEP carboxylase specific activity in C4 mesophyll at 25°C
when i = 0 and nutrients are nonlimiting

K

gNm2ht
gNm2ht
gNm2ht
gNm2ht
gNm2ht
gNm2ht
gOm?ht
gom?2ht

mém2ht

gCm2ht

umol g ** rubisco

S-l

umol m2 st
umol m2 st
umol m2 st

umol gt st

umol m2 st

umol gt s?

[C10, C22]
[C23]
[C23]
[C23]
[C23]
[C23]
[C23]

[C14b,c,C23b,d,f]
[C14b,c,C23b,d,f]

[C14d,C23]

[C39,C42]
[C6b]

[C43,C44]

[C26]
[C3,C6]

[C47]

[C44,CAT]
[C32]

5.0x 103 Barber and
Silberbush, 1984

5.0x 103 Barber and
Silberbush, 1984

5.0x 1073 Barber and
Silberbush, 1984

45 Farquhar et al.
(1980)

75

150



meax(m4)i,j,k
Vomaxijik
Ve(bayijklmn,o
VC(m4)i,j,k,I,m,n,o
VCo(m4) i.j.k,l,m,n,0
Veijklmno
Vclijkimno

Vymayijklmno

Vgijklmno

Vi’

Vioayi,jklmno

Vimayijlmn,o

ViijkLmn,o

Vo'
Vomaxi,j,k

Vycapaijk

Vcama)

[w]

CO2-nonlimited carboxylation rate in C4 mesophyll
leaf carboxylation rate at non-limiting CO2, wi, Tc and N,P

CO; fixation rate in C4 bundle sheath

CO:; fixation rate in C4 mesophyll

CO: fixation rate in C4 mesophyll when e = 0 MPa
leaf CO, fixation rate

leaf CO- fixation rate when i = 0
CO: diffusion rate into C4 mesophyll
leaf CO, diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in C4 bundle sheath

irradiance-limited carboxylation rate in C4 mesophyll
irradiance-limited leaf carboxylation rate

specific rubisco oxygenation at 25 °C
leaf oxygenation rate at non-limiting O2, i, Tc and N,P

decarboxylation of C, fixation product in C4 bundle sheath

transfer of C, fixation product between C4 mesophyll and
bundle sheath

concentration of nonstructural root N uptake product in leaf

umol m2 st
umol m2 st
umol m2 st
umol m2 st
umol m2 st
umol m2 st
umol m2 st
umol m2 st
umol m2 st

umol g 1
chlorophyll st

umol m2 st

umol m2 st
umol m2 st
umol g ** rubisco
S-l

umol m2 st

gCm2ht

gCm?2ht

gNgcC?

[C29,C32]
[C6a,C6b,C6c]
[C43]

[C24,C26,C40,C4
1]

[C28]
[C1,C3]

[C5]
[C24,C25]
[C1,C2]

[C8b] 450

[C43,C45a]

[C26,C30a]
[C3,C7a]

[C6d] 9.5

[C6c,d]

[C38,C41,C42]
[C37]

[C49]

Farquhar et al.
(1980)

Farquhar et al.
(1980)



Vr
Wit(na)
Wit(ma)

XCmn

Xme

XN,p

Xi,rl,C
Xi,r,IN

Xi,r,IP

ZSC

specific volume of root biomass
C. bundle sheath water content
C4 mesophyll water content

minimum fraction of remobilizable C translocated out of
leaf or root during senescence

maximum fraction of remobilizable C translocated out of
leaf or root during senescence

maximum fraction of remobilizable N or P translocated out
of leaf or root during senescence

root and mycorrhizal C exudation
root and mycorrhizal C exudation

root and mycorrhizal C exudation

carboxylation yield from electron transport in C3 mesophyll

carboxylation yield from electron transport in C. bundle
sheath

carboxylation yield from electron transport in C4 mesophyll

fraction of oc;ij used for growth expended as Rgij. by organ z

plant population

shoot-root C transfer

gCm2ht
gN m2ht

gP m2ht

umol CO2 umol e
-1
pmol CO2 umol e
-1

umol CO2 umol e
-1

gCgcCt

m-2

gCm?2ht

[C21D]

[C37,C39]

[C37]

[C18a]

[C184]

[C18b,C18c]

[C19d]
[C19€]

[C19f]

[C7a,b]

[C45a,b]

[C30a,b]

[C20]

[C21]

[C50]

0.167

0.50

0.8

0.28 (z = leaf),
0.24 (z =root and
other non-foliar),
0.20 (z = wood)

Kimmins (2004)

Kimmins (2004)

Kimmins (2004)

Waring and
Running (1998)



Zsnp
ZrC

Zinp

)

1 (may

[2

VA

X C4(b4)

XC4(md)

Lrcawms]

Lrcama]

&

KCc(b4)

A

shoot-root N,P transfer
root-mycorrhizal C transfer
root-mycorrhizal N,P transfer

CO2 compensation point in Cz mesophyll

CO2 compensation point in C4 bundle sheath
CO2 compensation point in C4 mesophyll

shape parameter for response of J to |

shape parameter for response of Jto |
area:mass ratio of leaf growth

non-structural C, fixation product in C4 bundle sheath
non-structural C,4 fixation product in C4 mesophyll

concentration of non-structural Cs fixation product in C4
bundle sheath

concentration of non-structural C,4 fixation product in C4
mesophyll
quantum yield

quantum yield

conductance to CO; leakage from C, bundle sheath
canopy turgor potential

gN,P m?2ht
gCm?ht
gN,P m?2ht

uM

uM

uM

m g3

gCm?
gCm?

9g*t

uM
pmol e umol
quanta!

pmol e umol
quanta!

h-l
MPa

[C51]
[C52]
[C53]
[C6a,C6c,C7b]

[C44,C45b]

[C29,C30D]
[C8a] 0.7

[C31,C46] 0.75
[C21] 0.0125

[C37,C38,C41]
[C37,C40]
[C49]

[C34]
[C8a] 0.45

[C31,C46] 0.45

[C39] 20

[C4] 1.25at =0

Grant and
Hesketh (1992)

Farquhar et al.
(1980)
Farquhar et al.,
(1980)



S4: Soil Water, Heat, Gas and Solute Fluxes

Surface Water Flux
Surface runoff is modelled using Manning’s equation [D1a] with surface water velocity v [D3] calculated from surface
geometry [D5a] and slope [D5b], and with surface water depth d [D2] calculated from surface water balance [D4] using kinematic
wave theory. Lateral snow transfer is modelled from elevational differences between snowpack surfaces in adjacent grid cells such
that over time these surfaces approach a common elevation across a landscape [D1b].

Subsurface Water Flux
Subsurface water flow [D7] is calculated from Richard’s equation using bulk soil water potentials ys of both cells if both
source and destination cells are unsaturated [D9a], or Green-Ampt equation using ys beyond the wetting front of the unsaturated cell
if either source or destination cell is saturated [D9b] (Grant et al., 2004). Subsurface water flow can also occur through macropores
using Poiseulle-Hagen theory for laminar flow in tubes (Dimitrov et al., 2010), depending on inputs for macropore volume fraction.

Exchange with Water Table
If a water table is present in the model, subsurface boundary water fluxes between saturated boundary grid cells and a fixed
external water table are calculated from lateral hydraulic conductivities of the grid cells, and from elevation differences and lateral
distances between the grid cells and the external water table [D10]. These terms are determined from set values for the depth d; of, and
lateral distance L to, an external water table.

Surface Heat Flux
Surface heat fluxes (G ) arising from closure of the energy balance at snowpack, surface litter and soil surfaces [D11] (Grant et
al., 1999) drive conductive — convective fluxes among snowpack, surface litter and soil layers [D12]. These fluxes drive freezing —
thawing (Qr) and changes temperatures (7") in snowpack, surface litter and soil layers [D13].

Gas Flux
All gases undergo volatilization — dissolution between the gaseous and aqueous phases in the soil [D14a] and root [D14b], and
between the atmosphere and the aqueous phase at the soil surface [D15a], driven by gaseous — aqueous concentration differences
calculated from solubility coefficients and coupled to diffusive uptake by roots [C14] and microbes [A17]. Gases also undergo
convective - conductive transfer among soil layers driven by gaseous concentration gradients and diffusivities [D16a,b,c] calculated
from air-filled porosities [D17a,b,c], and from each rooted soil layer directly to the atmosphere through roots driven by gaseous



concentration gradients and diffusivities [D16d] calculated from root porosities [D17d]. Gases may also bubble upwards from soil
zones in which the total partial pressure of all aqueous gases exceeds atmospheric pressure [D18].

Solute Flux
All gaseous and non-gaseous solutes undergo convective - dispersive transfer among soil layers and through roots in each soil
layer driven by aqueous concentration gradients and dispersivities [D19] calculated from water-filled porosity [D20] and water flow
length [D21].



Table S4: Soil Water, Heat, Gas and Solute Fluxes

Surface Water Flux

Qrxy) = Vxixy) Amxy Lyxy)

Qlswixixy) = (2 F [(Zxy + Zsxy) = (Zxrry + Zsxr1y)l (Lxey) + Lxix1y)) Vs wi)
Qlswiyixy = (2 F [(Zxy + Zsxy) = (Zxy+1 + Zsxy+1)l (Lxey) + Lxixy+1)) V(s wi)

dxy = mMax(0, dwxy) + diccy) = dsxy) dwiey) / (Awixy) + dixy)

Vi) = R S5/ Zrguy)

Vyixy) = R 8y Zrguy)

Vxxy) = ~ROY $ux)® Zrixy)

Vyixy) = —RO¥7 8yx)* Zrixy)

A(dwixy)Axy) I At = Qrxixy) = Qrsay) + Qryexy) = Qryricxy) + P - Exy - Quapy)
R=5dn/[2 (52 +1) 0.5]

Sxxy) = 2 abs[(Zxy + dsy + dmxy) — (Zxsry + dsxrry + Amosy)] 7 (Lxey) + Lxersy)
Sytxy) = 2 abs[(Zxy + dsxy + dmxy) — (Zxys1 + dsxysa + Amy+a)] 7 (Lycey) + Lyoey+n)

LE =L (ea - 6|(T|1y/|)) / Il

LES = L (Ea - es(Ts’(//s)) / ras

Subsurface Water Flux

lateral water transfer from 2D
Manning equation in x (EW) and
y (NS) directions
topographically-driven snowpack
snow s, water w and ice i transfer
in x (EW) and y (NS) directions

surface water depth

runoff velocity over E slope
runoff velocity over S slope
runoff velocity over W slope
runoff velocity over N slope

2D kinematic wave theory for
overland flow
wetted perimeter

2D slope from topography and
pooled surface water in x (EW)
and y (NS) directions

evaporation from surface litter

evaporation from soil surface

[D1la]

[D1b]

[b2]

(D3]

[D4]
[D5a]

[D5b]

[D6a]

[D6b]



wa(x,y,z) =K' (l//sx,y,z - l//sx+1,y,z)
Quyixya) = K'y (Woyz — Woxy+12)

sz(x,y,z) =K', (l//sx,y,z - l//sx,y,z+l)

v (6) = -exp [In(-yrc) + {(Infrc - In 6)/(InBrc - Inbwe)*(In(- yrc) - In(-ywe))}] (6 < brc)
= -exp [In(-wst) + {(Inbs7 - In O)/(InGst - InbBec)*(IN(-wsT) - In(-yrc))}] (0 > Orc)

Y=y tY .+ V/g

ABuxyz 1At = (Quxixy) — Quxtitxy) + Quyty) — Quy+itxy) + Quatey) — Quz+iy) + Qitxya) ! Loy
K'x =2 Kyyz Kerty.z / (Kxyz Lxerty.z) + Kiryz L ey)

= 2 Kyyz/ (Lxx+1y2) + Lxy.2)

= 2 Kty ! (Lxoerty,z) + Lixyz)

K'y = 2 Kyyz Ky, (Kiyz Lyoy+1.2) + Keys1z Lyy.2)

= 2 Ky ! (Lyy+1.2) + Lyy.z)

= 2 Kyy+12/ (Lyoy+1.2) + Lyy2)

K’z = 2 Kyyz Keyze1 ! (Keyz Lageyzen) + Kayzet Laya)

= 2 Keya ! (Lageyz+t) + Lawy)

=2 Kx,y,z+1/ (Lz(x,y,z+1) + Lz(x,y,z))

Exchange with Water Table

Quxya) = Kiyz [Y" = Yoy + 0.01 (dzxyz — d))] / (Loc + 0.5 L xy)

3D Richard’s or Green-Ampt

equation depending on saturation
of source or target cell in x (EW),
y (NS) and z (vertical) directions

matric water potential from water
content

total soil water potential

3D water transfer plus freeze-thaw

in direction x if source and
destination cells are unsaturated
in direction x if source cell is
saturated

in direction x if destination cell is
saturated

in direction y if source and
destination cells are unsaturated
in direction y if source cell is
saturated

in direction y if destination cell is
saturated

in direction z if source and
destination cells are unsaturated
in direction z if source cell is
saturated

in direction z if destination cell is
saturated

|f (//sx]y’z > (// ! + 0.01(dzx’yyz - dt) in

[D7a]
[D7b]
[D7c]

[D7d]

[D7e]

[D8]
[D9a]

[D9b]

[D9a]

[D9b]

[D9a]

[D9b]

[D10]



Quxya) = Kiyz [¥" = Wy, + 0.01 (daxyz — di)] / (Ly + 0.5 Ly xy,0)

Heat Flux
Rh+LE+H+G=0

G xtxya) = 2 Kixya) oty (Teeya) = Toeryn) 1 (Lx iyt L ernya) + Cw Tixyz) Quaxy.a)
Gyiyo = 2 Kxyaxy+12 (Teya) = Teey+12) 1 (Ly eyt Ly y+12) + Cw Tixyz) Quyixy.a)
G 2y = 2 Kixy.2).eyz+1) (Teyd) = Texyz+1) 1 (Lz ypt Lz yzrn) + Cw Tixyz) Quaty.)
Kixyd) = (Woxy,2) Vorxy,) Koixy.2) + Winixy,z) Vinixy.) K mixy.2) + Waxy,2) Viwixy.z) K'wixy.2)
+ Wiy, Viy.2) Kliky.z) + Waixy) Vay.z) Kaxy.2)) | (Wory) Voy) + Wingy,2) Vinixy.2)

+ Winxy,2) Viiy.2) + Witky,2) Vi) + Way.2) Vaixy.2) )

Keuy) = 8.28 X 105 + 8.42 x 10 o (ps < 0.156)

Keuy) = 4.97 X 10%- 3.64 x 1023 o+ 1.16 x 102 p2 (ps > 0.156)

Gxe1yd) - Gxixyd) + Gyiy10) - Gywya) + Gatxyz) - Gawya) + LQiya) + Cixya) (Teeya) = T'ixya) /4t =0

Gas Flux

x (EW) and y (NS) directions for
all depths z from dyxy,; to d;
OI’ if dzx'y'z > dt

for each canopy, snow, residue and
soil surface, depending on exposure
3D conductive — convective heat
flux among snowpack, surface
residue and soil layers in x (EW), y
(NS) and z (vertical) directions

thermal conductivity of soil and
surface litter

thermal conductivity of snow

thermal conductivity of snow

3D general heat flux equation
driving freezing-thawing in
snowpack, surface residue and soil
layers

[D11]

[D12a]
[D12b]

[D12c]

[D12d]

[D12e]

[D13]



styx,y,z = agsx,y,z de (S /Y ftdyx,y,z [Vgs]x,y,z - [}/Ss]x,y,z) V0|a'[i|i2a'[i0n — diSSOIUtion [D14a]

, between aqueous and gaseous
Qe = goeyz Doy (S fan oo - Derlins) J J

phases in soil and root [D14b]
Qustzxyt = Gasy {[7] - {2 [Ys)ey 1 Dosvztenn | Loty + Yy [721{2 Dosvateyony | Ly + Gany 3} volatilization — dissolution [D154]
between gaseous and aqueous
Qusyey.1 = gsey, 1 Dety (S Ftaeys [1a] - [ss]e1) phases at the soil surface (z = 1) [D15b]
and the atmosphere
Qosrx(eya) = = Qwauya) [sleyz + 2 Dosnsera) (Moskoyz = Doslv102) 1 (Lix eyt L e1,0.2) 3D convective - conductive gas [D16a]
flux among soil layers in x (EW), y
Qusryters) = = Owyeya) [Moslerz + 2 Dosiyerz) (sl = Doskey+1.2) 7 (Ly eyt Ly (ey+1.2) (NS) and z (vertical) directions, [D16b]
Qusvetxyz) = = Owalxy.2) [%S]X.y,z + 2 Dyyetyc) ([795]%%2 - [795]x,yyz+1) /(L. oyt Lz (X,y,Z+1)) [Dl6c]
Qurvztey= Darvateys) (Derleyz - [1a) Z12 Lz ) convective - conductive gas [D16d]
flux between roots and the
atmosphere
Dgsrx(oyz) = Dy ftgeyz [0.5 (Gyeyz + Oper 1) 12 Gpsiy 2 gasous diffusivity as a function [D17a]
of air-filled porosity in soil
Dgsiyer) = Dy gz [0.5 (Gpuyez + Opeye1,2)]? 1 Gpsys 2™ [D17b]
DQSYZ(X%Z): D’g‘/ ftgr,y,z [05 (ng,y,z + ggx,y,zﬂ)]z/ gpsx,y,zo'67 [D17C]
Darvetey = Dy ftgey: Goropz 238 Ar gy AL, gasous diffusivity as a function [D17d]

of air-filled porosity in roots

(Ds)ez/ (S% ftapey=Mp)) /2y ([leyz/ (S ftagey M) S Faey- My Vxy, all partial gas pressures exceeds
atmospheric pressure

Solute Flux



Qan(ern = Owater) [Kslerz + 2 Dsyxey) ([Bleyz = [6levr02) [ (La oy L i) 3D convective - dispersive solute [D19a]
flux among soil layers in x (EW), y

Qavy(x,y,Z) = wa(x,y,Z) [%S]/ryyyz +2 DSW(x,y,Z) ([75])6,%2 - [7’S]x,y+1,2) / ( Ly xy2) Ly (ny+1vl)) (NS) and z (Venical) directions [D19b]
Qurzteyny = Owatsyz) [Ksleyz + 2 Dsyauyz) ([Bleyz = [eleyz+1) / (Lz oy + Lz (yzvn) [D19c]
Qney= Owrwya [Js] sy + 27 Lie Dsy([15s] — [rie]) IN{(rs + Trie) / Fric} convective - dispersive solute [D19d]
+ 271 Lir Dry([3%ir] — [yerin]) IN(rgi) / Fri) flux between soil and root aqueous
phases
Dsyx(ryz) = Dax(en) | Owx(xy,2) |+ D%, ftsryz [0.5(Gxyz + Ouxrp2)] T aqueous dispersivity in soil as [D20a]
functions of water flux and water-
Deiyeys) = Dayers) | Oy |+ D% ftseyz [0.5(Bunyz + Ouriry)] T filled porosity in x, y and z [D20Db]
directions
Dsyz(x,y,z) = qu(x,y,z) | sz(x,y,z) | + D’sy ftsx,y,z [O-S(QNx,y,z + aNx+1,y,z)] T [DZOC]
Dryteys) = Diar | Owrtens) | + D% ftsey: Ouey: 7 aqueous dispersivity to roots as [D20d]

functions of water flux and water-
filled porosity

Dax(eyz) = 0.5 @ ( Ly vyt Ly ot 13.0)° dispersivity as a function of water [D21a]
flow length

Dayieysy = 0.5 @ ( Ly wya* Ly uy+1.0) [D21b]

Daztrysy = 0.5 @ ( Lz eyt Lz yarn))? [D21c]

Definition of Variables in Table S4

Variable Definition Unit Equation Value Reference

subscripts

X grid cell position in west to east direction



y grid cell position in north to south direction
z grid cell position in vertical direction z = 0: surface
residue, z=1to
n: soil layers
variables
A area of landscape position m? [D17c]
A root cross-sectional area of landscape position m? [D17c]
agr air-water interfacial area in roots m? m [D14b]
ags air-water interfacial area in soil m? m-2 [D14a,D15b] Skopp (1985)
a dependence of Dq on L - [D21] 0.20
B dependence of Dq on L - [D21] 1.07
c heat capacity of soil MJ m2°Ct [D13]
Cw heat capacity of water MJ m3°Ct [D12] 4.19
Ddy volatilization - dissolution transfer coefficient for gas y m? ht [D14,D15a]
Dgry gaseous diffusivity of gas y in roots m? ht [D16d,D17d] Luxmoore et al.
(1970a,b)
Dgsy gaseous diffusivity of gas » in soil m? ht [D15a,D16a,b,c,D Millington and
17a,b,c] Quirk (1960)
D%y diffusivity of gas y in air at 0 °C m? ht [D17] 6.43 x 102 for y= Campbell (1985)
(07
D%r dispersivity in roots m [D20d] 0.004
Dq dispersivity in soil m [D20,D21]
Dy aqueous diffusivity of gas or solute y in roots m? ht [D19d,D20d]



Dsy
5
Om
di
ds
d
Cw
dz

€a
€imy v

es(Ts, '//5)

GXyGy:GZ

Oa

aqueous diffusivity of gas or solute y in soil
diffusivity of gas y in water at 0 °C

depth of mobile surface water

depth of surface ice

maximum depth of surface water storage
depth of external water table

depth of surface water

depth to mid-point of soil layer

evaporation or transpiration flux

atmospheric vapor density

surface litter vapor density at current Ty and y
soil surface vapor density at current Ts and
rate constant for lateral transfer of V(sw,

temperature dependence of S%

temperature dependence of D %y
temperature dependence of D %,
soil surface heat flux

soil heat flux in x, y or z directions

boundary layer conductance

m2 ht

m2 ht

m3 m-2 h-l
m3 m-3
gm?
gm?3

ht

mém2ht
MJ m2ht

m h1

[D19,D20]
[D20]
[D1a,D2,D5a,D6]
[D2]

[D2,D5b]

[D10]

[D1,D2]

[D10]

[D4,D11]

[D6]

[D6a]

[D6b]

[D1b]
[D14,D15b,D18]
[D17]

[D20]

[D11]
[D12,D13]

[D15a]

8.57 x 10°® for y=

Campbell (1985)

Wilhelm et al.
(1977)
Campbell (1985)

Campbell (1985)



[l
[rer]

[765]

[
(]

[l

K(x , K(y ’K/Z

Ks

7 .
Ko,mw,ia

Li
Lt

Lx;'—yll—z

LE

gas (H20, COy, O,, CH4, NH3, N20O, N2, Hy) or solute (from

S5)
atmospheric concentration of gas y

gasous concentration of gas y in roots

gasous concentration of gas  in soil

aqueous concentration of gas y in roots

aqueous concentration of gas y at root surface
aqueous concentration of gas y in soil

sensible heat flux

hydraulic conductivity

hydraulic conductance in x, y or z directions
bulk thermal conductivity of soil or surface litter
bulk thermal conductivity of snowpack

thermal conductivity of organic matter, mineral
water, ice and air

root length

distance from boundary to external water table in x or y
directions
length of landscape element in x, y or z directions

latent heat flux from surface litter

gm®

gm®

gm®

gm®

gm-3

gm®

MJ m2 ht

m? MPa~! h!
m MPat h!
MJ mt h-teC?

MJ mL htoct

MJ mthteCt

[D6a]

[D14,D15]

[D15,D16d]
[D14b,D16d]

[D14a,D15a,D16a
,D16b,D16c]
[D14b, D19d]

[D19b]

[D14a,D15b,D18,
D19]
[D11]

[D9,D10]
[D7,D9]

[D12a,b,c,d,e]

[D12¢]

[D12d] 9.05 x 104, 1.06 x
102,2.07 x 1073,
7.84 x 10, 9.05 x
10°

[D19d]

[D10]

[D1a,D1b,D5b,D8
,D9,D10,D12,D15
a,D16,D19]

MJ m2 ht

Green and Corey
(1971)

de Vries (1963)

Sturm et al.
(1997)



LEs

Qr

Qorv
Qosy
Qm, Quy

Qn

Qsw,i)
Qt

Qwr
Qui Quy, Quz

Grc

latent heat flux from soil surface
latent heat of evaporation

atomic mass of gas y

precipitation flux

aqueous flux of gas or solute y in soil
bubbling flux

volatilization — dissolution of gas y between aqueous and
gaseous phases in roots

volatilization — dissolution of gas y between aqueous and
gaseous phases in soil

freeze-thaw flux (thaw +ve)

gaseous flux of gas y between roots and the atmosphere
gaseous flux of gas y in soil

surface water flow in x or y directions

aqueous flux of gas or solute y from soil and root aqueous
phases to root surface

lateral redistribution of snowpack snow s, water w and ice i in

x ory directions

water flux between boundary grid cell and external water table

in x or y directions
root water uptake

subsurface water flow in x, y or z directions

water content at field capacity

[D6b]

MJ m3

g mol?

m3 m=2h?
gm?2ht
gm?2ht
gm?ht
gm?2ht
m3 m=2h!
gm?2ht
gm?2ht
m3 m=2h!

gm?2ht

m3 m—2 h—l
m3 m—2 h—l
m3 m—2 h—l
m3m=2ht

mém-3

MJ m2 ht
[D6,D11,D13] 2460
[D18]

[D4]

[D19a,b,c]
[D18]

[D14b]
[D14a,D15b]
[D8,D13]
[D16d]
[D15a,D16a,b,c]
[D1a,D4]

[D19d]

[D1b]

[D10]

[D19d, D20d]
[D4,D7,D8,D12,D

16,D19,D20]
[D7d]



Gor

bbs
&t

Gwp

Rn

lal

rqi,r
Irir

Is

Sy

Sx , Sy

air-filled porosity

root porosity

soil porosity

water content at saturation
water-filled porosity

water content at wilting point

ratio of cross-sectional area to perimeter of surface flow

net radiation

surface litter boundary layer resistance

Soil surface boundary layer resistance
radius of root or mycorrhizal aerenchyma

root or mycorrhizal radius
thickness of soil water films

density of snowpack

Ostwald solubility coefficient of gas yat 30 °C
slope of channel sides during surface flow
slope in x or y directions

soil temperature

m?® m3
m3 m—3
m?® m3
m3 m—3
m?® m3

mé3m-3

MJ m2 h1
m h1

m h1

Mg m3

mmt
mmt

°C

[D17a,b,c]
[D17d]
[D17a,b,c]
[D7d]
[D8,D18,D20]
[D7d]
[D3,D54]
[D11]
[D6a]
[D6b]
[D19d]
[D19d]

[D19d, D21d]

[D12e]

[D14,D15b,D18]
[D5a]
[D3,D5b]

[D12,D18]

dryland spp. 0.10
wetland spp. 0.20

from BD

1.0 x 10 or 5.0 x
106

0.0293 for y= 0,

Luxmoore et al.
(1970a,b)

Wilhelm et al.
(1977)



Vo, m,w,i,a

V(s,w,i)

Vx,Vy

Wo, mw i a

wrC
Wm
Ywp

Wn

Zs

Zy

tortuosity

volumetric ratios of organic matter, mineral
water, ice and air

Volume of snow s, water w and ice i in snowpack

velocity of surface flow in x or y directions

weighting factors for organic matter, mineral
water, ice and air

soil water potential at saturation

soil gravimetric potential

soil matric potential at field capacity
soil matric potential

soil matric potential at wiltng point

soil osmotic potential
soil water potential

surface elevation
snowpack depth

Manning's roughness coefficient

m3 m2

m ht

MPa
MPa
MPa
MPa
MPa

MPa
MPa

m—1/3 h

[D20]

[D12d]

[D1b]

[D1a,D3]

[D12d]

[D10]
[D7e]
[D7d]
[D7d.e]
[D7d.e]

[D7e]
[D7,D10]

[D1b,D5b]
[D1b]

[D3]

1.253, 0.514, 1.00
0.611, 1.609

5.0x 10

-0.03

-1.5

0.01

de Vries (1963)



S5: Solute Transformations

Precipitation - Dissolution Equilibria
Solution [NH4+], [NO3] and [H2PO4 ] that drive Unh,, Unos and Upo, [C23] are controlled by precipitation, adsorption and ion

pairing reactions (Grant et al., 2004; Grant and Heaney, 1997), including precipitation-dissolution of AI(OH)3, Fe(OH)3, CaCOs3,
CaS0s, AIPOq4, FePO4, Ca(H2PO4),, CaHPO4, and Cas(PO4)sOH [E1 — E9], cation exchange between Ca?*, NH4" and other cations
[E10 — E15], anion exchange between adsorbed and soluble H,PO4~, HPO4* and OH" [E16 — E20], and ion pairing [E22 — E55].



Table S5: Solute Transformations

Precipitation - Dissolution Equilibria

Al(OH), < (AI3+) +3(OH) (amorphous Al(CH),) -33.0 [E1]*
Fe(OH)y) < (Fe™') + 3 (OH') (soil Fe) -39.3  [E2]
CaCo,,, < (Ca™) +(CO, ) (calcite) 928  [E3]
Cas0,, < (Ca™") +(S0,”) (gypsum) 464  [E4]
AIPO4(s) PN (A|3+ )+ (PO43_ ) (variscite) -22.1  [E5]?
FePO,, < (Fe ) + (PO43' ) (strengite) -26.4  [E6]
Ca(HZPO4)2(S) = (Ca2+) +2 (H2PO4‘) (monocalcium phosphate) -1.15  [E7]®
CaHPO,, < (Ca™") + (HPO,) (monetite) 692 [ES]
Cay(PO,),0H, <5 (Ca”" ) +3(PO,” )+ (OH)  (hydroxyapatite) 582 [E9]
Cation Exchange Equilibria *
X-Ca+2(NH, ) & 2 X-NH, + (Ca’") 1.00  [E10]
3X-Ca+2 (A’ )2 X-Al+3(Ca’) 1.00  [E11]
X-Ca + (Mg’ ) & X-Mg + (Ca”") 060 [E12]
X-Ca+2(Na') < 2 X-Na+(Ca") 016  [E13]
X-Ca+2(K') e 2X-K+(Ca) 300 [E14]
X-Ca+2(H') e 2X-H+(Ca") 1.00  [E15]
3 X-Al + 2 (X-Ca + X-Mg) + X-NH4 + X-K + X-Na + X-H = CEC [E16]

1 Round brackets denote solute activity. Numbers in italics denote log K (precipitation-dissolution, ion pairs), Gapon coefficient (cation exchange) or log ¢ (anion
exchange).

2 All equlilibrium reactions involving N and P are calculated for both band and non-band volumes if a banded fertilizer application has been made. These
volumes are calculated dynamically from diffusive transport of soluble N and P.

3 May only be entered as fertilizer, not considered to be naturally present in soils.

4 X- denotes surface exchange site for cation or anion adsorption.



Anion Adsorption Equilibria

X-OH," < X-OH + (H") -7.35
X-OH < X-0 + (H) -8.95
X-H,PO, + H,0 < X-OH," + (H,PO, ) -2.80
X-H,PO, + (OH ) < X-OH + (H,PO, ) 4.20
X-HPO, + (OH') < X-OH + (HPO,”) 2.60

X-OH," + X-OH + X-0"+ X-H,PO,+ X-HPO, + X-COO = AEC

Organic Acid Equilibria

X-COOH < X-C00 + (H") -5.00
lon Pair Equilibria
(NH,") & (NHg) g + (H") -9.24
H,0 < (H') + (OH) 143
(CO,)g + H0 = (H') + (HCO,) 6.42
(HCO; ) & (H) +(CO; ") 104
(AIOH" ) = (AI’") + (OH) -9.06
(AI(OH),") & (AIOH™") + (OH) 107
(AI(OH),”) < (AI(OH),") + (OH) 5.70
(AI(OH), ) < (AI(OH),”) + (OH) 5.10
(AISO,") = (AI") + (S0,”) -3.80
(FEOH™ ) = (Fe*") + (OH) 2121
(Fe(OH),") < (FeOH™") + (OH) 108
(Fe(OH),") < (Fe(OH),") + (OH) -6.94

(Fe(OH), ) < (Fe(OH),”) + (OH') 5.84

[E17]
[E18]
[E19]
[E20]
[E21]
[E22]

[E23]

[E24]
[E25]
[E26]
[E27]
[E28]
[E29]

[E30]
[E31]
[E32]

[E33]
[E34]

[E35]
[E36]



(FesO,") < (Fe™ ) +(s0,”)
(CaOH") & (Ca”") + (OH)
(CaCO,’) « (Ca”") +(CO,")
(CaHCO,") < (Ca”") + (HCO, )
(Cas0,’) < (Ca”™") +(S0,”)
(MgOH") < (Mg”") + (OH')
(MgCO,’) & (Mg™") + (CO,”)
(MgHCO,") < (Mg”") + (HCO,)
(Mgs0,’) & (Mg™") +(S0,” )
(NaCO, ) < (Na') +(CO,”)
(NaSO, ) < (Na') + (SO,”)
(KSO, ) < (K') +(S0,")
(H,PO,) < (H) + (H,PO,’)
(H,P0,) = (H') + (HPO,”)
(HPO,” ) = (H') + (PO,”)
(FeH,PO,”") & (Fe’") + (H,PO, )
(FeHPO,") < (Fe™ ) + (HPO,”)
(CaH,PO,") < (Ca™") + (H,PO, )
(CaHPO,’) < (Ca”") + (HPO,”)
(CaPO, ) < (Ca” ) + (PO,”)
(MgHPO,”) & (Mg™") + (HPO,”)

-4.15
-1.90
-4.38
-1.87
-2.92
-3.15
-3.52
-1.17
-2.68
-3.35
-0.48
-1.30
-2.15
-7.20
-12.4
-5.43
-10.9
-1.40
-2.74
-6.46
-2.91

[E37]
[E38]
[E39]
[E40]
[E41]
[E42]
[E43]
[E44]
[E45]
[E46]
[E47]
[E48]
[E49]
[E50]
[E51]
[E52]
[E53]
[E54]
[E55]
[E56]
[E57]



S6: N» Fixation

Microbial Growth

Modelling the activity of symbiotic N> fixing bacteria in roots (e.g. Rhizobia) and branches (e.g. cyanobacteria) follows a
protocol similar to that of non-symbiotic N> fixing bacteria in soil. Respiration demand is driven by specific activity, microbial
biomass My, and nonstructural C concentration [ ] in root or branch nodules [F1], and is constrained by temperature [F2] and
microbial N or P status [F3]. Nodule respiration R in roots is constrained by the extent to which O uptake meets O, demand [F4]
imposed by respiration demand [F5]. O2 uptake is in turn constrained by rhizosphere [O2r] [F6a] which is controlled by radial
diffusion of O2 through soil water to roots and nodules [F6b]. Soil water [O2] is maintained by dissolution of O from soil air which is
in turn maintained by soil-atmosphere gas exchange and vertical diffusion (Grant, 2004). Rn is first allocated to maintenance
respiration Rm [F7 — F8] and the remainder if any is allocated to growth respiration Rq [F9]. If Rm exceeds Ry, the shortfall is made up
from respiration of microbial protein C, forcing senescence and litterfall of associated non-protein C [F10 — F11].

N> Fixation

N fixation Vn, is driven nodule growth respiration constrained by nodule N deficits [F12], but is constrained by accumulation
of nonstructural N v, with respect to nonstructural C and P also required for microbial growth in the root or branch nodule [F13].
Nonstructural N g is the product of Vn,, so that [F12] simulates the inhibition of N> fixation by its product (Postgate, 1998). The
value of Vn, is also limited by the additional N needed to maintain bacterial N content [Nn'] of My [F12] (typically 1/8 that of C), so
that N> fixation is constrained by the need of nodule bacteria for N not met from other sources (Postgate, 1998). Respiration required
for N> fixation Rn, [F14] is subtracted from Rg [F15] when calculating microbial growth [F16 — F18]. Microbial senescence drives N
and P litterfall [F19 — F20].

Nodule — Root Exchange
Exchange of nonstructural C, N and P between roots or branches and nodules is driven by concentration gradients [F21 — F23]
created by generation, transfer and consumption of nonstructural C, N and P in shoots, roots, mycorrhizae and nodules. Nonstructural
C is generated in branches and transferred along concentration gradients to roots and thence to nodules [F21]. Nonstructural P is
generated in roots and transferred along concentration gradients to branches and nodules [F23]. Nonstructural N is generated in roots
through mineral uptake and in nodules through gaseous fixation [F22]. Nonstructural C, N and P in nodules is determined by root-
nodule and branch-nodule exchange, by nodule respiration and fixation, and by remobilization from nodule litterfall [F24 — F26].



Root nonstructural N (1) may rise if high mineral N concentrations in soil sustain rapid N uptake by roots. Large v+ suppresses or
even reverses the transfer of 14 from nodule to root or branch [F22], raising v, [F25] and hence suppressing Vn, [F12 — F13]. Large w
also accelerates the consumption of y, slowing its transfer to nodules [F21], reducing yn [F24] and hence slowing nodule growth [F1].
Conversely, slow root N uptake caused by low soil mineral N concentrations would lower vt and raise yit, hastening the transfer of ;
from nodule to root or branch and of y:t from root or branch to nodule, lowering w, raising yn, and accelerating Vn,. However [F13]
also allows Vn;, to be constrained by nonstructural C and P concentrations arising from branch CO; fixation and root P uptake. All
equations in S6 are solved for nodules in roots (Z,/) and branches (i,j) except for [F6], although only those for roots are given.



Table S6: Symbiotic N, Fixation

Rmaxit = Mcnii R [ocnit] / ([ocnii] + Kon) fi fae

Microbial Growth

fi=T {exp[B — Ha/ (R T|)]} /{1 + exp[(Hm - ST|) / (RT|)] + exp[(ST| — Hdh) / (R T|)]}

fne = min{[Mninii] / [Mnn']l, [Menig] / [Men'1}
Rit = Rmaxit (Vo,ii/ Vo,maxi)
Vo,maxil = 2.67 Rmaxi,
Vo,it = Vo,maxit [Ozrit] / ([Ozrii] + Koyr)

=27 Lsit Dso, ([O21] =[Ozrig]) / In((rvi, + rw|)) ! rei)
Rmit = Rm Mnni fim
fir = g (1) ~298.6)]
Rgit = max{0.0, Ri; — Rmi, }
Rsi,) = max{0.0, Rmi; — R}

Lcit = Rsiy min{Mcni,i / (2.5 Mnni,1), Mnii / (25.0 Mpnin) }

Vit = Min{Rgii En,’ fep, Menit [Mnn'T = Muniat} [Narig] / (IN2ri] + Knyr)
fep = min{[acm] / (1.0 + [GNniJ] / KIUNn), [Gpnu] / (1.0 + [O'Nni,l] / K|O‘pn)}

Rnyil = Vil /En,’

N, Fixation

respiration demand
Arrhenius function

N or P limitation

O, limitation

O, demand

equilibrate O, uptake with
supply

maintenance respiration
temperature function
growth + fixation respiration
microbial senescence

microbial C litterfall

rate of N fixation driven
by nodule N deficit
product inhibition of N>
fixation

fixation respiration

[F1]
[F2]
[F3]
[F4]
[F5]
[F6a]
[F6Db]
[F7]
[F8]
[F9]
[F10]

[F11]

[F12]
[F13]

[F14]



Uocit = (Rgit - Rnyig) /(1 - Yo')

SMcnii/ 8t = Ui Yo' — Lciy

SMnni, i/ 8t = Mcni;i / 6t min{ onnii/ ocnil, [Man']}
SMnni,i / 8t = Mnini,i /Mcni, i SMcni i /6t

SMeni, 18t = SMcni, /8t Min{ oeni i/ ocni, [Men']}
SMepni, /8t = Meni, /Mcnii dMcni i /0t

Lnit = abs(8Mnni, /8t)

Lpi, = abs(86Meni, /6t)

Voci) = & (ocri Mcnii = ocnit Mcri) / (Mcnig + Mcri,)

Vonit = & (ONri) Gcnil = ONnil Ocrig) 1 (Ocni) + ocriy)

Vopi,l = K (OPril Ocni,l - Opnij oci) ! (ocnil + ocriy)

Socni, | 16t = Voci i - Min{Rmi1, Rii} - Rn,ii—Uocit+ FieiLeil
Sonni 1 10t = Voni,1 - SMnni /8t + Vi + Fini L

S 0pni 1 /0t = Vopiy) - SMpni /0t + FipiLpi)

Nodule — Root Exchange

growth respiration
microbial C growth
microbial N growth
microbial N growth
microbial P growth
microbial P growth
microbial N litterfall

microbial P litterfall

nodule-root C exchange
nodule-root N exchange
nodule-root P exchange
nodule nonstructural C
nodule nonstructural N

nodule nonstructural P

SMcngi, /5t >
0
SMcngi, /5t <
0
SMcnai /St >
0
SMcndi /St <
0
SMnndi /Ot <
0
SMpndi /6t <
0

[F15]
[F16]
[F17a]
[F17b]
[F184]
[F18b]
[F19]

[F20]

[F21]
[F22]
[F23]
[F24]
[F25]

[F26]



Definition of Variables in Table S6

Variable Definition Units Equations Input Values Reference

B parameter such that f; = 1.0 at T, = 298.15 K F2 17.533

Dso, diffusivity of aqueous O m? ht F6b

En,’ direct energy cost of N fixation gNgcC? F12,F14 0.25 Gutschick,
(1981), Voisin
etal., (2003)

Fie fraction of nodule C litterfall remobilized as nonstructural C =~ - F24

Fini fraction of nodule N litterfall remobilized as nonstructural N - F25

Fiei fraction of nodule P litterfall remobilized as nonstructural P - F26

fep effect of nodule nonstructural C or P content on N fixation - F12,F13

fne effect of nodule N or P content on respiration - F1,F3

fi temperature function for nodule respiration - F1,F2

fim temperature function for nodule maintenance respiration - F7,F8

Ha energy of activation J mol F2 57.5x 10°

Han energy of high temperature deactivation Jmol? F2 220 x 10°

Hai energy of low temperature deactivation Jmol? F2 190 x 10°

Kon Michaelis-Menten constant for nodule respiration of ocni gg? F1 0.01

Kioc, inhibition constant for nonstructural N:C on N fixation gg? F13 10

Kiop, inhibition constant for nonstructural N:P on N, fixation gg? F13 1000

KiN,r Michaelis-Menten constant for nodule N uptake gNm3 F12 0.14



KOzr

Lri
Lciy
L il
Lpil

Mcni,i

Mcri,i
[Mnn']

Mnnii

[Mnini]

[Men']
Meni
[Meni,]
[N2ris]
[Ozis]
[O21]

Michaelis-Menten constant for nodule O uptake

rate constant for nonstructural C,N,P exchange between root

and nodule

root length

nodule C litterfall
nodule N litterfall
nodule P litterfall

nodule structural C

root structural C
maximum nodule structural N concentration

nodule structural N

nodule structural N concentration

maximum nodule structural P concentration
nodule structural P

nodule structural P concentration
rhizosphere aqueous N> concentration
rhizosphere aqueous O concentration

soil agueous O, concentration

gOm3
ht

gCm?2ht
gNm?ht
gP m?2ht

gCm?

gCm?
gNgC?

g N m?

gNgcC?

gPgC*
gP m?
gPgC*
gNm3
gom?

gOm?

F6a 0.32

F21,F22,F23

F6b
F11,F16,F24
F19,F25
F20,F26

F1,F11,F12,F16
,F17,F18,F21
F21

F3,F12 0.1

F7,F11,F12,F17F
19,F25

F3,F17a

F3,F18a 0.01
F18a,F20,F26

F3,F11

F12

F6a,b

Féb



Rgil

Ril
Rm
Rmaxi |
Rmi
RN,il
Rsi,l
Iri)

fwi

S

OCni,l

Loenid]
ocri|
ONi|
ONri |
[onni]

OPni |

nodule growth respiration

gas constant

specific nodule respiration at 25°C, and non-limiting Oy,

ndil, Vidig @nd i)

nodule respiration under ambient O,

specific nodule maintenance respiration at 25°C

nodule respiration under non-limiting O

nodule maintenance respiration
nodule respiration for N, fixation
nodule senescence respiration
root radius

radius of soil water films

change in entropy

nodule nonstructural C

nodule nonstructural C concentration
root nonstructural C
nodule nonstructural N

root nonstructural N

nodule concentration of nonstructural N

nodule nonstructural P

gCm?2ht

Jmolt K1

gCm?2ht
gCgCtht
gCm2ht
gCm?2ht
gCm?2ht

gCm?2ht

Jmolt K1

gm?

gm?
g N m?
g N m?
gg*
gPm?

F9,F12,F15
F2

F1

F4,F9,F10,F24
F7

F1,F4,F5
F7,F9,F10,F24
F14,F15,F24
F9,F11

Féb

Féb

F2

F17a,F18a,F21,F2

2,F23,F24
F1,F13

F21,F22,F23
F17a,F22,F25
F22

F13,F17a

F18a,F23,F26

8.3143

0.125

710



Opril
[oeni]
Uocci
Vil
Vo maxi/
Vo2,
Voril
Y,

y

root nonstructural P

nodule concentration of nonstructural P

uptake of nodule nonstructural C for growth

N fixation

O, uptake by nodules under non-limiting O

O, uptake by nodules under ambient O,
nonstructural P transfer between root and nodule
nodule growth yield

shape parameter for fim

gP m?
g9’
gCm?2ht
gNm2ht
gom2ht
gOm2ht
gPm?hl

gCgcC*

F23

F13
F15,F16,F24
F12,F14,F25
F4,F5,F6a
F4,F6
F23,F26
F15,F16

F8

0.67

0.081



S7: CH4 Production and Consumption

Anaerobic Fermenters and H> Producing Acetogens
The states S; j k, Bi k and Z; j f in ecosys are substrates for hydrolysis by all active (j = a) heterotrophic biomass communities

M; n,a (Egs. [1 - 7] of Grant et al., 1993a), which include fermenters plus acetogens. Hydrolysis products are transferred to soluble
organic matter DOC; f which is the substrate for respiration and uptake by microbial biomass M; 5 j as described for aerobic heterotrophs
in Eq. [11] of Grant et al., (1993a). Respiration R; £ of DOC;j ¢ by fermenters plus acetogens (n = f) is a Michaelis-Menten function of
[DOC; (] inhibited by Oz (Eq. [G1]). Respiration products are partitioned among A; . , CO2 and Hz according to Brock and Madigan
(1991) (Eq. [G2]). R;f beyond that used for maintenance respiration drives the uptake of additional DOCi,c (Eq. [G3]) for microbial
growth according to the growth yield Yy of fermentation (Eq. [G4]). The growth yield from fermentation is calculated by dividing the free

energy change of fermentation, adjusted for H, product concentration (Eq. [G5]), by the energy required to transform soluble organic C
into microbial C (Eqg. [G4]). Change in M; 1/ is thus the difference between uptake and respiration of DOC; ¢, less decomposition (Eq.

[G6]). This change determines M; 14 used in the following calculation of R; s (Eq. [G1]). Ratios of M; £ ¢ to Mj f;j n determine
mineralization-immobilization of N (Eq. [23] in Grant et al., 1993a). Decomposition products Dj £ k are partitioned to microbial residues
Zj j k and soil organic matter S; j k (where i = passive soil organic matter) ( Eqs. [26-28] in Grant et al., 1993a) which undergo further
hydrolysis.

Acetotrophic Methanogens
The fermenter product A; ¢ (Eq. [G2]) is the substrate for respiration R; ; by acetotrophic methanogens (n = m) (Eq. [G7]).

Respiration products are partitioned between CH4 and CO2 according to Brock and Madigan (1991) (Eq. [G8]). R;,;» beyond that used for
maintenance respiration drives the uptake of additional Ai,c (Eq. [G9]) for microbial growth according to the growth yield Y, of

acetotrophic methanogenesis (Eq. [G10]). This growth yield is calculated by dividing the free energy change of acetotrophic
methanogenesis (Brock and Madigan, 1991) by the energy required to transform acetate into microbial C. Acetogenic methanogens in the
model use acetate as their sole carbon and energy source (Smith and Mah, 1980). Change in M; ;,,; is thus the difference between uptake

and respiration of A; ¢, less decomposition (Eg. [G11]). This change determines M; ;4 used in the following calculation of R; ; (Eq.
[G7]). Mineralization and decomposition processes are the same as those for other microbial populations.

Hydrogenotrophic Methanogens



The fermenter products CO> and Hz (Eq. [G2] are the substrates for CO2 reduction by hydrogenotrophic methanogens (n = k)
which are assumed to be autotrophic (Eq. [G12]). Respiration products are partitioned between CH4 and H>O according to Brock and
Madigan (1991) (Eq. [G13]). R, beyond that used for maintenance respiration drives the uptake of additional CO» (Eq. [G14]) for
microbial growth according to the growth yield Yy, of hydrogenotrophic methanogenesis (Brock and Madigan, 1991) (Eq. [G15]). This
growth yield is calculated by dividing the free energy change of hydrogenotrophic methanogenesis, adjusted for H» substrate
concentration (Eg. [G16]), by the energy required to transform CO: into microbial C. Change in My, ; is thus the difference between
uptake and respiration of CO», less decomposition (Eq. [G17]). This change determines My, 4 used in the following calculation of Ry (Eq.
[G12]). Mineralization and decomposition processes are the same as those for other microbial populations.

Autotrophic Methanotrophs

Methane generated by acetotrophic and hydrogenotrophic methanogens is the substrate for CH4 oxidation by autotrophic
methanotrophs (n = t) (Eq. [G18]). The stoichiometry and energetics of the methanotrophic reactions (Egs. [G22 — G24]) are based on
those of CH4 to CO; in Brock and Madigan (1991). The oxidation of CH4 to CO: is coupled through an energy yield with the oxidation of
CHa to organic C used in microbial respiration (Eq. [G19]). The energy yield from CH4 oxidation is calculated by dividing the free energy
change of CH4 oxidation by the energy required to transform CHj4 into organic C (Eq. [G20]). Oxygen requirements to sustain CHa
oxidation rates are then calculated from the stoichiometries of CH4 oxidation (Eq. [G22 and G23]) and aerobic microbial respiration (Eq.
[G24]). The Oz concentrations at methanotrophic microsites are then found at which active O, uptake driven by requirements for CH4
oxidation equals spherical O diffusion to the microsites from the soil solution. These microsites are considered to be uniformly
distributed on soil surfaces and are separated from the soil atmosphere (if present) by a water film of uniform thickness that depends upon
soil water potential. The O, uptake by each aerobic microbial population in the model competes with that by all other aerobic microbial
populations (e.g. Grant, 1995; Grant and Rochette, 1994), and is constrained by O transfer rates through the gaseous and aqueous phases
of the soil profile. The ratio of Oz uptake to O2 requirement fo,t is then used to constrain CH4 oxidation rates (Eq. [G21]) so that CH4

oxidation is stoichiometrically coupled to O, uptake. Growth respiration by methanotrophs is calculated as the difference between total
respiration Rt from Eq. [G21b] and maintenance respiration Ryt from Eqgs. [18-19] of Grant et al. (1993a). Growth respiration drives the

uptake and transformation of additional CH4 into microbial biomass Mt ¢ (Eq. [G25]) according to the growth yield. This yield is

calculated by dividing the free energy change of CH4 oxidation (Brock and Madigan, 1991) (Eq. [G18]) by the energy required to
construct new microbial biomass from CHa4 (Eq. [G26]). Net growth of the methanotrophic population Mt j ¢ is calculated as the uptake of

CHs — C minus respiration and decomposition of assimilated C (Eq. [G27]). This change determines Mt g used in the following
calculation of X’t (Eq. [G18]). Mineralization and decomposition processes are the same as those for other microbial populations.



This submodel of autotrophic methanotrophy has been used to simulate methanotrophic growth yields, specific growth rates, CH4
concentration profiles and the sensitivity of CH4 uptake to temperature and water content in soil columns (Grant, 1999). The combined
submodels of anaerobic fermentation, acetotrophic methanogenesis, hydrogenotrophic methanogenesis and autotrophic methanotrophy
have been used to simulate methanogenic growth yields, specific growth rates, and the time course of CH4 emissions from differently
amended soil columns at different temperatures (Grant, 1998b). All input parameter values used in Egs. [G1] to [G27] (Table 1) were
derived from the microbiological literature and remain unchanged from those used in Grant (1998b) and in Grant (1999).



Table S7: CH4 Production and Consumption

Rit = {R't Mifa[Qicl / ([Qic] + Kr (1+ [O2] / Ki))} f;
Qic— 0.67 Aic +0.33 CO,-C +0.11 H,

Uitc = Rmis + (Rif— Rmis) (1.0 + Yy)

Uifc = Rig

Yi =-AGt/ Em

AGr =AG' +{R T In([Hz] / [H2])*}

SMigjc /0t = Fj Uigc - Fj Rig- Digjc

SMifjc /0t = Fj Uisc - Rmifj- Digjic

Rim = {R'mMima [Aicl/ Km+[AjcD} fi
Aic— 0.50 CH4-C + 0.50 CO,-C

Uime =Rpim T Rim-Rypim) (1.O+Y,,)
Uime =Rim

Y, =-AG'y, [ Em

M mj,c 0t =F;j Uimc-FiRim-Dimje

Anaerobic Fermenters and H> Producing Acetogens

respiration by fermenters

partition respiration products

uptake of DOC by fermenters [Ris > Rmif]
[Rif < Rm;g]
growth yield of fermentation
free energy change of fermentation
growth of fermenters [Rif > Rm;g]
[Rit < Rmig]
Acetotrophic Methanogens
respiration by acetotrophic
methanogens
partition respiration products
uptake by acetotrophic [Rim > Rpiml
methanogens
[Ri,m < Rmi,m]
growth yield of acetotrophic
methanogenesis
growth of acetotrophic [Rim > Rypiml

methanogens

[G1]
[G2]
[G3a]
[G3b]
[G4]
[G5]
[G6a]
[G6b]

[G9b]

[G10]

[G11a]



8le’,m,j,c /3t = Fj Ui,m,c - Rmi,m,j - Di,m,j,c

Ry = {R'y Mjp,q [H2] / (Kp + [H2]) [CO2] / (K + [CO2))} f
CO2-C+0.67 Hy > CH4-C

Une =Rpnt Ry -Rppp) (1.0 +Y)

Upe =Rp

Y, =-AGy, | Ec

AGy, =AG'y, -{R T In([Hz] / [H2'])*}

My /8t=F; Up - Fj Ry -Dpj

My, j o /8t=F;Up c - Rmpj - Dpjc

X't = {X't Myq [CHa]/ (K¢ + [CHa]) fy

R, =X Yy

Y =-AGt | Ec

Xi=X't foot

R/ =R't four

CH4-C+4.0 0, —» CO,-C+ 1.5 H,0O +0.167 H*

CH;-C +1.33 02 » CH.O-C + 0.167 H*

Hydrogenotrophic Methanogens

respiration by hydrogenotrophic
methanogens
transform respiration products

uptake by hydrogenotrophic
methanogens

growth yield of hydrogenotrophic
methanogenesis
free energy change of
hydrogenotrophic methanogenesis
growth of hydrogenotrophic
methanogens

Autotrophic Methanotrophs

CH, oxidation by methanotrophs
under non-limiting O

respiration by methanotrophs under
non-limiting O
energy yield from CH. oxidation

CH, oxidation by methanotrophs
under ambient O,
respiration by methanotrophs under
ambient O,

O requirements for CH4 oxidation
by methanotrophs
O, requirements for growth by
methanotrophs

[Ri,m < Rmi,m]

[Rh > Rmh]

[Rp <Rpppl

[Ry > Rzl

[Rp <Rpppl

[G11b]

[G12]

[G13]

[G14a]

[G14b]

[G15]
[G16]
[G17a]

[G17b]

[G18]

[G19]

[G20]

[G21a]
[G21b]
[G22]

[G23]



CH20 -C+2.67 O —» CO2-C + 1.5 H,O O, requirements for respiration by [G24]

methanotrophs
Ure =R+ (Ry - Ry (1.0+Y,) uptake by methanotrophs [R;> R/l [G25a]
Uie =Ry [Rf <Ry [G25b]
Y, =-AG'¢ | Em growth yield of methanotrophy [G26]
My o /8t =F; Upc-FjR;-Dyjc [R;>R]  [G27a]
8Myj ¢ /6t=F; Uy ¢ - Ryysj - Dyjc [Ry <Ryl [G27b]
Definition of Variables in Table S7
Variable Definition Units Equations Input Values Reference
A acetate gCm? [G2]
[A] aqueous concentration of acetate gCm3 [GT]
4 descriptor for j = active component of Mi
[CHJ) aqueous concentration of CHy gCm3 [G18]
[COs) aqueous concentration of CO> gCm3 [G12]
Dhjic decomposition of hydrogenotrophic methanogens gCm2h [G17]
Difj.c decomposition of fermenters and acetogens gCm2h [G6]
Diymjc decomposition of acetotrophic methanogens gCm2h [G11]
Dijc decomposition of autotrophic methanotrophs gCm2hl [G27]
Ec energy required to construct new M from CO, kigCt [G15] 75



foot

AG'.

AGf

AGy,

AG'p,

AG'y,

AG';

energy required to transform CHys into organic C

energy required to construct new M from organic C

partitioning coefficient for j in Mi,n,j

descriptor for fermenters and acetogens in each M;
ratio of O uptake to O requirement for CHy4 oxidation

temperature function for growth-related processes
(dimensionless)
free energy change of C oxidation-O, reduction

free energy change of fermentation plus acetogenesis

AGy when [Hz] = [H2']

free energy change of hydrogenotrophic methanogenesis

free energy change of hydrogenotrophic methanogenesis
when [Hz] = [H2']

free energy change of acetotrophic methanogenesis

free energy change of CH4 oxidation by methanotrophs

kigCt

kigCt

kigcCt

klg Qi,c-1

klg Qi,c-1

kJ g CO»-C’!

kJ g CO»-C’!

klg Al',c'l

kJ g CH4-C!

[G20] 23.5

[G4,G10,G26] 25

[G6,G11,G17,G2

7]

[G21a,b]

[G1,G7,G12]

[G26] -37.5
[G4,G5]

[G5] -4.43
[G15,G16]

[G16] -0.27
[G10] -1.03
[G20] -9.45

Anthony
(1982)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)



aqueous concentration of Hy

[H2] gHm?3 [G5,G12,G16]
[H] aqu'eous concentration of Hz when AGj, = AG'j, and AG,= gHm? [G5,G16] 20x10% Brock and
AGYy Madigan
(1991)
A descriptor for hydrogenotrophic methanogens in each M;
. descriptor for organic matter-microbe complex (i = plant
! residue, manure, particulate OM, or humus)
descriptor for structural or kinetic components for each
functional type within each M; (e.g. a = active)
K, M-M constant for uptake of CO, by hydrogenotrophic gCm3 [G12] 0.12
methanogens
M-M fi ke of DOC; fi .
K, constant for uptake of DOC; . by fermenters and g Cm? [G1] 12 McGill et al.
acetogens (1981)
Ki inhibition constant for O, on fermentation g O m? [G1] 0.32
K}, M-M constant for uptake of H, by hydrogenotrophic o H m? [G12] 0.01 Mosey (1983),
methanogens .
Robinson and
Tiedje (1982)
M-M fi ke of A; hi .
K, constant for uptake of A; . by acetotrophic g Cm? [G7] 12 Smith and
methanogens Mah (1978),
Zehnder et al.
(1980)
K, M-M constant for uptake of CH4 by methanotrophs g Cm? [G18] 3% 103 Conrad (1984)
i descriptor for elemental fraction within each j (j = ¢, n or p)

microbial communities

hydrogenotrophic methanogen community

M, gCm? [G12,G17]

fermenter and acetogenic community

M, g Cm?2 [G1,G6]



Ry

Rmh J
Rumify

Rinim,j

acetotrophic methanogen community

autotrophic methanotrophic community

descriptor for acetotrophic methanogens in each M;
dissolved organic matter (DOC)

aqueous concentration of DOC

gas constant

specific respiration by fermenters and acetogens at saturating
[P; c], 25 °C and zero water potential

CO; reduction by hydrogenotrophic methanogens

specific CO; reduction by hydrogenotrophic methanogens at
saturating [H2] and [CO-], and at 25 °C and zero water
potential

respiration of hydrolysis products by fermenters and
acetogens
respiration of acetate by acetotrophic methanogens

specific respiration by acetotrophic methanogens at
saturating [A; (], 25 °C and zero water potential

maintenance respiration by hydrogenotrophic methanogens
maintenance respiration by fermenters and acetogens

maintenance respiration by acetotrophic methanogens

gCm?

gCm?

gCm?
gCm?3
kJ molt K!

gCgM;tht

gCm2ht

gCgM;,tht

gCm?2ht
gCm?2ht

g C g Mi,m,a-l h—l

gCm?2ht
gCm?2ht

gCm?2ht

[G7,G11]

[G18,G27]

[G2]
[G1]
[G5,G16]

[G1] 0.1

[G12,G13,G14,G
17,G18]

[G12] 0.12

[G1,G2,G3,G6]
[G7,G8,G9,G11]

[G7] 0.20

[G14,G17]
[G3,G6]
[G9,G11]

8.3143 x 1073

Lawrence
(1971),
Wofford et al.
(1986)

Shea et al.
(1968),
Zehnder and
Wuhrmann
(1977)

Smith and
Mah (1980)



mt,j

maintenance respiration by methanotrophs

CHj, oxidation by methanotrophs for respiration

CHj, oxidation by methanotrophs for respiration at saturating
02
soil temperature

descriptor for autotrophic methanotrophs

rate of CO, uptake by My,

rate of DOC;  uptake by M; ¢

rate of A; . uptake by M; ;,

rate of CH,4 uptake by M;

CHgs oxidation by methanotrophs

CHa oxidation by methanotrophs at saturating O,

specific CH4 oxidation by methanotrophs at saturating O», 30
°C and zero water potential
biomass yield from fermentation and acetogenic reactions

biomass yield from hydrogenotrophic methanogenic reaction
biomass yield from acetotrophic methanogenic reaction
biomass yield from methanotrophic growth respiration

ratio of CH4 respired vs. CHy oxidized by methanotrophs

gCm2ht

gCm2ht

gCm2ht

gCm2ht
gCm2ht
gCm?2ht
gCm2ht
gCm2ht
gCm?2ht
gCgth?
gM;rgQ;c!

g My, g CO,-C*
gMim g A"
g M-C g CH4-C*

gCgcCt

[G25,G27]

[G21b,G23,G24,
G25,G274]

[G19,G21b]

[G5,G16]

[G14,G17,G18]
[G3,G6]
[G9,G11]
[G25,G27]
[G21a,G22]
[G1,G2,G4a]
[G18] 0.5
[G3,G4]
[G14,G15,G18]
[G9,G10]
[G25a,G26]

[G19,G20]

Conrad (1984)



S8: Inorganic N Transformations

Mineralization and Immobilization of Ammonium by All Microbial Populations

Each functional component ;j (j = labile or resistant) of each microbial population m (m = obligately aerobic bacteria,
obligately aerobic fungi, facultatively anaerobic denitrifiers, anaerobic fermenters plus Hz-producing acetogens, acetotrophic
methanogens, hydrogenotrophic methanogens and methanotrophs, NH4" and NO>™ oxidizers, and non-symbiotic diazotrophs) in each
substrate-microbe complex i (i = animal manure, coarse woody plant residue, fine non-woody plant residue, particulate organic matter,
or humus) seeks to maintain a set C:N ratio by mineralizing NH4* ([H1a]) or by immobilizing NH4* ([H1b]) or NOs~ ([H1c¢]).
Provision is made for C:N ratios to rise above set values during immobilization, but at a cost to microbial function. These
transformations control the exchange of N between organic and inorganic states.

Oxidation of DOC and Reduction of Oxygen by Heterotrophs
Constraints on heterotrophic oxidation of DOC imposed by O» uptake are solved in four steps:

1) DOC oxidation under non-limiting O is calculated from active biomass and DOC concentration ([H2]),

2) Oz reduction under non-limiting O is calculated from 1) using a set respiratory quotient ([H3]),

3) Oz reduction under ambient O is calculated from radial O, diffusion through water films of thickness determined by soil water
potential ([H4a]) coupled with active uptake at heterotroph surfaces driven by 2) ([H4b]). O diffusion and active uptake is
population-specific, allowing the development of more anaerobic conditions at microbial surfaces associated with more biologically
active substrates. Oz uptake by heterotrophs also accounts for competition with O uptake by nitrifiers, roots and mycorrhizae,

4) DOC oxidation under ambient O is calculated from 2) and 3) ([H5]). The energy yield of DOC oxidation drives the uptake of
additional DOC for construction of microbial biomass M, according to construction energy costs of each heterotrophic population
(Egs. [7] to [13] in Grant and Pattey, 2003). Energy costs of denitrifiers are slightly larger than those of obligate heterotrophs,
placing denitrifiers at a competitive disadvantage for growth and hence DOC oxidation if electron acceptors other than O are not
used.

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
Constraints imposed by NO3™ availability on DOC oxidation by denitrifiers are solved in five steps:



1) NO3™ reduction under non-limiting NO3~ is calculated from a fraction of electrons demanded by DOC oxidation but not accepted by
02 because of diffusion limitations ([H6]),

2) NOs™ reduction under ambient NO3" is calculated from 1) depending on relative concentrations and affinities of NO3™ and NO»”
[([HT)),

3) NO> reduction under ambient NO>" is calculated from demand for electrons not met by NO3™ in 2) [([H8]) depending on relative
concentrations and affinities of NO;™ and N»O,

4) N>O reduction under ambient N»O is calculated from demand for electrons not met by NO>™ in 3) [([H9)),

5) additional DOC oxidation enabled by NOy reduction in 2), 3) and 4) is added to that enabled by O> reduction from [H5], the energy
yield of which drives additional DOC uptake for construction of M; .. This additional uptake offsets the disadvantage incurred by
the larger construction energy costs of denitrifiers.

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers
Constraints on nitrifier oxidation of NH3 imposed by O> uptake are solved in four steps:

1) substrate (NH3) oxidation under non-limiting O is calculated from active biomass and from NH3 and CO concentrations ([H11]),

2) O; reduction under non-limiting O is calculated from 1) using set respiratory quotients ([H12]),

3) O reduction under ambient O is calculated from radial O diffusion through water films of thickness determined by soil water
potential ([H13a]) coupled with active uptake at nitrifier surfaces driven by 2) ([H13b]). O2 uptake by nitrifiers also accounts for
competition with O, uptake by heterotrophic DOC oxidizers, roots and mycorrhizae,

4) NH3; oxidation under ambient O; is calculated from 2) and 3) ([H14]). The energy yield of NH3 oxidation drives the fixation of CO»
for construction of microbial biomass M;, according to construction energy costs of each nitrifier population (Egs. [32] to [34] in
Grant and Pattey, 2003).

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers
Constraints on nitrifier oxidation of NO;™ imposed by O> uptake ([H15] to [H18]) are solved in the same way as are those of
NH; ([H11] to [H14]). The energy yield of NO; oxidation drives the fixation of CO; for construction of microbial biomass M;,
according to construction energy costs of each nitrifier population.

Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers
Constraints on nitrifier oxidation imposed by NO™ availability are solved in three steps:



1) NO> reduction under non-limiting NO»™ is calculated from a fraction of electrons demanded by NH3 oxidation but not accepted by
02 because of diffusion limitations ([H19]),

2) NO» reduction under ambient NO> and COx is calculated from step (1) [([H20]), competing for NO>™ with [H18],

3) additional NH3 oxidation enabled by NO»" reduction in 2) [H21] is added to that enabled by O reduction from [H14]. The energy
yield from this oxidation drives the fixation of additional CO» for construction of M; ..



Table S8: Inorganic N Transformations

Mineralization and Immobilization of Ammonium by All Microbial Populations

Intging = (Mimjc Cnj — Mimjn) (INHinj < 0)
INHging = (Mimjc Cnj — Mimjn) [NH4'T 7 (INH4*] + Knkgm) (InHginj > 0)
Inoging = (Mimj.c Cnj — (Mimjn + Invging)) [NOsT] / ([INO37] + Knogm) (Inoginj > 0)

Oxidation of DOC and Reduction of Oxygen by Heterotrophs
X'pocin = {X'poc Mina [DOC]/ ([DOC]) + Kxa} fi
R'o,ih = RQc X'pocih
Rozi,h =41 n Miha D502 ([O2s] = [Ozmip]) [rmrw/ (rw — rm)]
= R'oih [Ozmin] / ([Ozmin] + Ko,n)
Xpocih = X'pocih Royin/ R'o,in

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
R'Nosia = Enoy (R'0,id - Royia)
Rnosid = R'Nogia [NO3 ]/ (INO3 ]+ Knosa) /(1.0+([NO2] Knosa)/( [NO3 ] Knoya))
Rnojia = Rnogid /(1.0 + Rnogia /(Ke Vi)
Rnoyid = (R'Nosid - Rnogia) [NO2 1/ ([NO2 ] + Knoya) /(1.0+([N2O] Knoza)/( [NO2] Knz04))
Rnoyia = Rnogia /(1.0 + Rnoyia /(Ke Via))
Rny0id =2 (R'N0sid - RNOjia - RNoyid) [N20] / ([N20] + Knjyo4)
RNy0id = Rny0ia /(1.0 + Ry0ia [(Ke Via))
Xpocid = Xoocid (from [H5]) + Frno, (Rnosid + RNosia ) + FNy0 R,0id

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers
X'Ntgin = X'Ntt; Mima {[NHsg] / ((NHsg] + Knngn)} {[COxs]/ ([CO25] + Kco,)} f;
R'oyin = RQNu3 X'NHyin + RQc X'cin
Royin =41 n Mina Dso, (rm 1w/ (rw - rm)) ([O2s] - [O2min])
= R'o,in [O2min] / ([O2min] + Koyn)
XNHsin = X'NHyin Rogin / R'0yin

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers



X'N0jio = X'Nop Mioa {INO2T/ (INO2]+ Knog)} {[COxs]/ ([COxs] + Kcoy)} fi [H15]
R'o,i0 = RQN0, X'Nojio + RQc X'cio [H16]
Ro,io =410 Mioa Dso, (rm 1w/ (rw = #m)) ([O2s] - [O2mio]) [H17a]

= R’Ozi,o [OZmi,o] / ([O2mi,o] + KOZ”) [H17b]
XNOZi,o = X'NOZi,a R02i,0 / R’O2i,0 [Hl 8]

Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers
R'Noyin = ENoy (R'0gin - Royin) [H19]
Rn0yin = R'Nogin {[NO2]/ (INO2T + Knogn)} {[CO2s]/ ([COxs] + Kco,)} [H20a]
Rxogin = RNogin /(1.0 + Rxoyin /(Ke Vin)) [H20b]
XNHyin = Xnuyin (from [H14]) + 0.33 Rnoyin [H21]
Definition of Variables in Table S8
Name Definition Units Equations Input Values Reference
Subscripts
a active component of M;,
d heterotrophic denitrifier population (subset of /)
h heterotrophic community (subset of m)
i substrate-microbe complex
j kinetic components of M, ,,
m all microbial communities
n autotrophic ammonia oxidizer population (subset of 1)
0 autotrophic nitrite oxidizer population (subset of m)
Variables
Cnj maximum ratio of Mimjn to Mimjcmaintained gNgC* [H1] 0.22 and 0.13 for j =
by Mim, labile and resistant

[COqs] CO; concentration in soil solution gCm?3 [H11,H15,H20]
[DOC{] concentration of dissolved decomposition gC m? [H2]

products



DSOZ
Eno,

Fno,
Fn,o

fi

INHin,j

INOginj
Kco,

Knuzn
Ke

KNH m
Knoya

Kno,n
Kno,o

Knosa

Kn,04

KOzh

aqueous dispersivity-diffusivity of O,

¢  accepted by NOy vs. O, when oxidizing
DOC

¢  donated by C vs. ¢ accepted by NOy when
oxidizing DOC

¢  donated by C vs. ¢ accepted by NoO when
oxidizing DOC

temperature function for microbial processes
mineralization (Innginj < 0) or immobilization
(Inmginj > 0) of NHs* by Minjc
immobilization (Inoginj > 0) of NO3™ by Minjc
Michaelis-Menten constant for reduction of
COy5 by M, and M; 54

M-M constant for oxidation of NHsg by
nitrifiers

inhibition constant for electrons not accepted
by O; and transferred to N oxides

M-M constant for microbial NH4* uptake
M-M constant for reduction of NO, by
denitrifiers

M-M constant for reduction of NO, by
nitrifiers

M-M constant for oxidation of NO; by
nitrifiers

M-M constant for reduction of NO3 by
denitrifiers

M-M constant for reduction of N2O by
denitrifiers

M-M constant for reduction of O by
heterotrophs

2.1
m h

gNgO;!
gCgN*!

gCgN*!

gNm2ht

gNm2ht
gCmr

g N m?
g N m? h'!

gNm3
gNm

gNm
gNm?

gNm

gNm

g O, m?

[H4,H13,H17]
[H6,H19]

[H10]
[H10]

[H2,H11,H15]
[H1]

[H1]
[H11,H15,H20]

[H11]
[H7,H8,H9,H20]

[H1]
[H7,H8]

[H20]
[H15]

[H7,H8]

[H9]

[H4b]

28/32 =0.875

12/28 = 0.43

6/28 =0.215

0.15

0.0002

0.125

0.35
1.4

14

3.5

14

0.028

0.064

See S1

Suzuki et al.
(1974)

from Koike and
Hattori (1975)

Yoshinari et al.
(1977)

Yoshinari et al.
(1977);Khalil et
al., 2005
Yoshinari et al.
(1977);Khalil et
al., 2005

Griffin (1972)



KOzn

KOz(l

Kxin

Min,a
M,n,a
Mim,j.c
MimjN
M,o,a
[NHsg]
[NH4]
[NO; |
[NO3]
[N20]
n
[Ozmin]
[O2min]
[O2mio]
[O2]
Rnoyia

R ’NOZi,n
RNoyin
R'Nosid
RNosia

Rny0i1d

M-M constant for reduction of Oxs by NH;
oxidizers

M-M constant for reduction of Oz by NO>"

oxidizers

M-M constant for oxidation of DOC by
heterotrophs

active biomass of heterotrophs

active biomass of NH3 oxidizers

C biomass of microbial population M m,
N biomass of microbial population M;m,
active biomass of NO,™ oxidizers
concentration of NHz in soil solution
concentration of NH4* in soil solution
concentration of NO; in soil solution
concentration of NOj3  in soil solution
concentration of N2O in soil solution
number of microbes

O concentration at heterotrophic surfaces
O, concentration at NHj3 oxidizer surfaces
O, concentration at NO,™ oxidizer surfaces
O, concentration in soil solution

NO; reduction by denitrifiers

rate of NO reduction by NH3 oxidizers under

non-limiting [NO>] and [COag4]

rate of NO reduction by NH3 oxidizers under

ambient [NO> and [COxg]

NO; reduction by denitrifiers under non-
limiting [NO3]

NO; reduction by denitrifiers under ambient

[NOs7]
N20 reduction by denitrifiers

g0, m3
g0y m?
g Oy m?
g0 m”®
gN m?h?
g N m?h!
gNm?h!
gNm?h?
gN m?h*

gN m?ht

[H13b] 0.32

[H17b] 0.32

[H2] 12

[H2,H7]
[H11,H13]
[H1]

[H1]
[H15,H17]
[H11]

[H1]
[H7,H8,H15,H20]
[H7,H8]

[H9]
[H13,H17]
[H7]

[H13]

[H17]
[H7,H13,H17]
[H8,H9,H10]

[H19,H20]
[H20,H21]
[H6,H7,H8,HI]
[H7,H8,H9,H10]

[H9,H10]

Focht and
Verstraete
(1977)

Focht and
Verstraete
(1977)
(McGill et al.,
1981)



R'o,id
Ro,id
R'o,ih
Ro,ih
R'ogin
Royin
R'oji0
Ro,io
RQc
ROQnn,
RQno,

’m
rw

rate of Oxg reduction by denitrifiers under non-
limiting [Oxg]

rate of O,g reduction by denitrifiers under
ambient [Oxg]

rate of O, reduction by heterotrophs under
non-limiting [Oxg]

rate of O,g reduction by heterotrophs under
ambient [Oxg]

rate of O»g reduction by NH3 oxidizers under
non-limiting [Oxg]

rate of O»g reduction by NH3 oxidizers under
ambient [Oxg]

rate of O,g reduction by NO;™ oxidizers under
non-limiting [Oxg]

rate of O»g reduction by NO;™ oxidizers under
ambient [Oxg]

respiratory quotient for reduction of O,
coupled to oxidation of C

respiratory quotient for reduction of O,
coupled to oxidation of NHsg

respiratory quotient for reduction of O,
coupled to oxidation of NO,

radius of microbial sphere

radius of rn + water film at current soil water
potential

soil water volume occupied by substrate-
microbe complex

rate of C oxidation by NHj3 oxidizers under
non-limiting [Oxg]

rate of C oxidation by NO;™ oxidizers under
non-limiting [Oxg]

g0, m?h'!
g0, m?h'!
g0, m?h'!
g0, m?h'!
g0, m?h'!
g O, m?h!
g0, m?h'!
g O, m?h!

g0 gC!
gO2gN*

g02gN*

B 3

gCm?h'!

gCm?2h'!

[H6]

[H6]

[H3,H4,H5]
[H4,H5]
[H12,H13.H14,H19]
[H13,H14,H19]

[H16,H17,H18]

[H17,H18]

[H3,H12,H16] 2.67
[H12] 3.43
[H16] 1.14

[H4,H13,H17]
[H4,H13,H17]

[7,H8,H9,H20]
[H12]

[H16]

Brock and
Madigan (1991)
Brock and
Madigan (1991)
Brock and
Madigan (1991)

from ys
according to
Kemper (1966)



X'poc
X'pocih
Xpocih
Xbocid
X'NHy

XNHsin

X'NHyin
XrNOzi,o

ANOyio0

(
XN02

specific rate of DOC oxidation by heterotrophs
at 25 °C under non-limiting [DOC] and [Oxg]
rate of DOC oxidation by heterotrophs under
non-limiting [Oxg]

rate of DOC oxidation by heterotrophs under
ambient [Oxg]

rate of DOC oxidation by heterotrophs under
ambient [Oag] and [NOx]

specific rate of NH;3 oxidation by NH3
oxidizers at 25 °C under non-limiting [Oxg]
rate of NH3 oxidation by NH3 oxidizers
coupled with reduction of O, + NO,™ under
ambient [Oxg]

rate of NH3 oxidation by NH3 oxidizers under
non-limiting [Oxg]

rate of NO,™ oxidation by NO," oxidizers under
non-limiting [Oxg]

rate of NOy™ oxidation by NO,™ oxidizers
coupled with reduction of O, under ambient
[Ozs]

specific rate of NO,™ oxidation by NOy
oxidizers at 25 °C under non-limiting [Oxg]

gCgClh!
g N m?h!
g N m?h'!
g N m?h'!
gNgC'lh!

gNm?h!

g N m?h'!
g N m?h'!

gNm?h!

gNgC'h!

[H2]
[H2,H3,H5]
[HS]

[H10]
[H11]]

[H14,H21]

[H11,H12,H14]
[H15,H16,H18]

[H18]

[H15]

0.125

0.625

2.5

Shields et al.
(1973)

Belser and
Schmidt (1980)

Belser (1977)
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