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 [A1]. 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 (Ry) by all M in each substrate-microbe complex
[A13]. Total Ry, for all soil layers [A11] drives CO, emission from the soil surface through volatilization and diffusion. R, may be
constrained by microbial N or P concentrations, Ts, DOC and O, [A12 - Al14]. O, uptake by M is driven by R, [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. Ry not coupled with O, reduction is coupled with the sequential



reduction of NO3~, NO, ", and N,O by heterotrophic denitrifiers, and with the reduction of organic C by fermenters and acetotrophic
methanogens. In addition, autotrophic nitrifiers conduct NH;" and NO,™ oxidation, and NO,™ reduction, and autotrophic methanogens
and methanotrophs conduct CH,4 production and oxidation.

All microbial populations undergo maintenance respiration R, [A18,A19], depending on microbial N and T as described
earlier for plants. Ry in excess of Ry is used in growth respiration Ry [A20], the energy yield AG of which drives growth in biomass M
from DOC uptake according to the energy requirements of biosynthesis [A21, A22]. Ry, in excess of Ry, causes microbial decay. M
also undergoes first-order decay Dy, [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 Ry, + Ry + Dy [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 NH,4", NO3™, and H,PO,~ [A26], thereby controlling solution [NH4+], [NO3 ] and [H,POy ] 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 Ry, 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 agueous N, [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 NH;", NO3~, and H,PO,~ immobilization and N, fixation, less NH,;*, NOs~, and H,PO,~ 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 Migic fig (Sitc/ Giic)

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

Daitc = D'aiic Migic fig (Aiic/ Giic)

Site =% Sijic
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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 R;,

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

[A3b]

[Ada]
[Adb]
[A4c]

[A3]

[A]
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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

(Yic <0) desorption of
DON, DOP

total heterotrophic respiration

Ry, constrained by microbial N, P
Ry, constrained by substrate DOC,
Tsand

Ry, constrained by O,

W, constraints on microbial growth
O, demand driven by potential R,
active uptake coupled with radial
diffusion of O,

maintenanace respiration
temperature sensitivity of Ry,

growth respiration

growth yield of aerobic
heterotrophs

[AT7a]
[A7b]
[ATc]
[A8]
[A9]

[AL0]

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

[A21a]
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Microbial Nutrient Exchange
Untaingt = (Minjic Cnj— Minjin)

Untgingt = Min {(Minjic Cnj— Minjin),
U Niig @injt (INHa"inji] = [NHgma]) / (INHS i 1] — [INHG ma] + K}

Unogingt = Min {(Minjic Cnj— (Minjin + Unhgingl) »
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Urosinjt = (Minjic Crj— Minjip)
Urosinjt =Min {(Minjic Cej- Minjip),
U’po, Ainji ([H2PO4 i nji] = [H2PO4 mnl) / ([H2PO4 inji] — [ H2PO4 mn] + Keo,)}
D, n=j = Max {0, Min=sj1.c Cnj — Min=rjin — Max{0, Ujn=tjin}}

Rain=tji = Eo Din=iji

DOC uptake driven by Ry
DON, DOP uptake driven by U;,c

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

[Rhi,n,l > Rmi,n,j,l] microbial

growth
[Rhi,n,l < Rmi,n,j,l] microbial
senescence
Unh, <0 net
mineralization
Unh, >0 net

immobilization

UNO3 >0 net
immobilization
Upo, <0 net
mineralization
Upo, >0 net

immobilization

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

[A21b]
[A22]
[A23a]
[A23b]
[A24a]
[A24b]
[A25a]

[A25b]

[A26a]

[A26b]

[A26c]

[A26d]
[A26¢]
[A27]

[A28]



8Mi,n,j,|,N /6t = Fj Ui,n,I,N + UNH4i,n,j,I + UNOSi,n,j,I + thn:f'jJ - DMi,n,j,I,N growth vs. losses of microbial N, P [A29a]

SMinjip/ 8t = FUinie + Upoy, ;) — Dwinjip [A29b]
Mi,n,a,I,C = Mi,n,j:labile,I,C + Mi,n,j:resistant,l,c Fr/ F active microbial biomass [A30a]
calculated from labile fraction
Humification
Hsij=tignin,.c = Dsij=lignin1.c decomposition products of litter [A31]
substrate added to POC depending
Hsij=tignin, N = Dsij=ligninin p on lignin [A32]
HSi,j¢Iignin,I,C = HSi,j:Iignin,I,C th [A33]
HSi,j¢Iignin,I,N,P = HSi,j:ﬁIignin,I,C Si,I,N,P/ Si,I,C [A34]
Hwinji.c = Duinjic Fn fraction of microbial decay [A35]
products added to humus
HMi,n,j,I,N,P = DMi,n,j,I,N,P Fn [A36]
Frn=0.167 + 0.167 Fepay fraction of Dy, added to humus [A37]
depends on clay
Hzinjic = Dminjic - Hwinjic remainder of microbial decay [A38]

products added to microbial
HZi,n,j,I,N,P = DMi,n,j,I,N,P - HMi,n,j,I,N,P residues [A39]



Definition of Variables 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
Ailc mass of adsorbed SOC gcm? [Alc,A2c]
[Aiic] concentration of adsorbed SOC in soil gCMg* [A4c]
a microbial surface area m? m [A26]
B parameter such that f; = 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)
Cnpinal ratio of M;nanp t0 Minac gNorPgC™ [A12]



Chpj

Daij, 1np
D'aij,1c

Dhij

Dwingjic

Duwin,jiNp

Dsijic

Dsjc

Dsij, 1np

maximum ratio of M;njnp t0 Mjnjc maintained by M c gNorPgC*

decomposition rate of A;;c by M;q;c producing Q in [A13] gCm?h?
specific decomposition rate of A; | c by M; 4, c at 25°C and gCgc'tht
saturating[A;, c]

decomposition rate of Aj;np by Migc gNorPm?h?
specific decomposition rate of S;jc by Z,Mi . at 25°C gCgc'tht
specific decomposition rate of M; ,; at 30°C gCgc'tht
decomposition rate of M; ;¢ gCm?h™
decomposition rate of M; e gNorPm?h
decomposition rate of Sj;;c by Z,Min ) producing Q in [A13] gC m2h?t
specific decomposition rate of S;j;c by Z,Mi 4, at 25°C and gCgC'tht

saturating [Si,c]

decomposition rate of S;jnp by ZaMinay gNorPm?ht

[A12,A26,A27]

[Alc,A7c,A31c]
[Adc]

[ATc]
[Ala,Ad4c]

[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 10" 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.ic
DsOZI

Dzijic

Dzijnp

Dzjc

D'zijic

AG,

Eo

I:clay

facin
fanpinI
ftgl

ftml

specific decomposition rate of S;j;c by Z,Mina, at 25°C

aqueous dispersivity—diffusivity of O2 during microbial uptake
in soil
decomposition rate of Z;j; c by Z,Mi 4, producing Q in [A13]

decomposition rate of Z;j np by Z,Mina)

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

specific decomposition rate of Z;j c by Z,Mina, at 25°C

energy yield of C oxidation with different reductants x

energy requirement for growth of M; 4

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 Q;,c and H; ¢

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

gCgcCctht
mZ h—l
gCm?h?
gNorPm?h

gCgC*'ht

gCgC*'ht
kigC™*
kigC™*
gCgN*

Mg Mg

dimensionless

dimensionless

[Ala,Ada]
[AL7]

[Alb,A7b]
[A7b]

[A4b]

[Alb,Adb]

[A21]

[A21]

[A28]

[A37]

[A35, A37]
[A25,A29,A30]
[A25,A29,A30]
[A8]
[A23a,A244a]
[A23b,A24b]
[A1,A6,A13]

[A18,A19]

0.25 and 0.05 for
j = labile and
resistant biomass

375 (X = 02),
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)



D =t

Huin,lc
Huingjne
Hsijic
Hsijine
Hzinjic
Hzinjine

KaN

Kap
KiS
I‘<NH4

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 NH," uptake at microbial surfaces

M-M constant for NO3™ uptake at microbial surfaces

dimensionless
gNm?ht
gCMg™
gPm?

Jmol™

Jmol™

Jmol™
gCmm?ht
gNorPm?h
gCm?h™
gNorPm?h
gCmm?ht

gNorPm?h

gNm?3

gNm?3

[A13,A15] Pirt (1975)

[A27,A28,A29]

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

[A6,C10] 65 x 10° Addiscott (1983)

[A6,C10] 225 x 10°
[A6,C10] 195 x 10°
[A35,A36,A38]

[A36,A39]

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

[A38]
[A39]
[A24a,b] 0.1

[A24a,b] 0.01

[A5] 0.5 Grant et al. (2010)
[A26] 0.40

[A26] 0.35



M
Midic

Miniic

Minjin
Mingip
Minalc
[Minaic]
n

[NH"inji]

M-M constant for H,PO, uptake at microbial surfaces
inhibition constant for [M;,a]Jon Sic, Zic
Michaelis—Menten constant for Dy c
Michaelis—Menten constant for R'y; , on [Q;c]

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 Gi,I,C

concentration of M; 5 in soil water = M;pq,1c /6

number of microbial microsites

concentration of NH," at microbial surfaces

gPm
gCcm?
gCMg™
3

gCm

go, m?

g mol™

gNm
-2

gPm

gCcm?

[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)



[NH4+mn]
[NOs7injl
[NOS_mn]
[H2POy4'injil
[H2PO4 mal
[OZmi,n,I]
[OZSI]

Qi,I,C

[Qiicl
Qiine

Om
R

Rain=tj
Rgini

Rn

Rhin.
Rhin

Rh,n

concentration of NH," at microbial surfaces below which Uy,
=0
concentration of NH," at microbial surfaces

concentration of NO3™ at microbial surfaces below which Uy,
=0
concentration of H,PO,” at microbial surfaces

concentration of H,PO, at microbial surfaces below which
Upo4 =0
O, concentration at heterotrophic microsites

O, concentration in soil solution

DOC from products of Dg;jc [A3] and Dzj,c) [A5]
solution concentration of Q; ¢

DON and DOP from products of (Ds;jine + Dzijine)

rate constant for reallocating Mj a1 ¢ to Mig.c
gas constant

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

growth respiration of M; 4, 0n Q;, c under nonlimiting O, and
nutrients

total heterotrophic respiration of all M; , 5, under ambient
DOC, O,, nutrients, & and temperature

heterotrophic respiration of M; ; 5, under ambient DOC, Oy,
nutrients, & and temperature

specific heterotrophic respiration of M; , , under nonlimiting
0,, DOC, fand 25°C

specific heterotrophic respiration of M; | under nonlimiting
DOC, O,, nutrients, & and 25°C

gNm
-3

gNm

-3

gNm
gNm?
gNm?
g02m73
go,m?
gCm
gCMg™

gNorPm™

Jmol ™t K™
gCm?h?
gCgC*'ht
gCm?ht
gCm?ht
gCgC*'ht

gCgC*'ht

[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)



Ri'in

Rl

Fwi
Mm

Fwi

[Sijicl
Sijic
Sijic
SijIne
Ta

Uinic

Ui,n,N,P
UnHain,j
U ’NH4

Unogin,j

heterotrophic respiration of M, 5, under nonlimiting O, and
ambient DOC, nutrients, 8 and temperature
specific maintenance respiration at 25°C

maintenance respiration by M,

shape parameter in f,q

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

thickness of water films

change in entropy

concentration of S;;; ¢ 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 Q;,c by X,Mina, under limiting nutrient availability

uptake of Qj;np by ZnMi a1 Under limiting nutrient availability

NH," uptake by microbes
maximum Uyy, at 25 °C and non-limiting NH,"

NOj;™ uptake by microbes

gCm?ht
gCgN*'h*

gCm?ht

m
m
m

Jmol™* K™?

gCMg™
gCcm?
gCcm?
gNorPm?
K

gCm?ht

gNorPm?ht

gNm?ht
gNm?ht

gNm?ht

[A13,A14,A16]
[A18] 0.0115

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

[A17]
[A17] 25%x10°
[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] 5.0x107

[A26,A27,A29]

Barnes et al.
(1998)

Choudhury et al.,
(2011)

Sharpe and
DeMichelle
(2977)



U'Nos
u02i,n
u'OZi,n
Urodin,j.

[Z
U POy

Viic

Viine
xCmn

Xme

XN,p

Yy

y

Vs
Yiic
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[Zijicl

Zijic

maximum Uyo, at 25 °C and non-limiting NO3™

O, uptake by M; o, under ambient O,
O, uptake by M; , o, under nonlimiting O,

H,PO,4 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 Qqq for fy, of 2.25
soil or residue water potential
sorption of C hydrolysis products
sorption of N or P hydrolysis products
concentration of Z;j ¢ in soil

mass of microbial residue C in soil

gNm?ht
gm?h?
gm?h?
gNm?ht

gNm?ht

gCMg™

gPMg™

MPa
gCm?ht
gPm?ht
gCMg™

-2

gCm

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

[A26]

[A8,A10]
[A10]
[A23a]
[A23a]

[A23b]

[A21]

[A19]

[A15]
[A8,A9,A10]
[A9,A10]
[A4b]

[A2b,A7b]

5.0x10°

5.0x10°

0.167
0.833

0.80

0.081



Zijinp mass of microbial residue N or P in soil gPm? [A7b]



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 A [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 CO, 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 C;":C, to be
maintained at V¢ under ambient irradiance, air temperature 7,, C, and zero canopy water potential (y¢) (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 fOT USe in the energy balance convergence scheme [B2a].

(2) At the canopy level, r, rises from r¢min 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 i, during convergence.
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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

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

r, driven by windspeed, surface
roughness

r, adjusted for stability vs.
buoyancy

U, along hydraulic gradient

[Bla]
[B1b]
[Blc]

[B1d]

[B2a]

[B2b]

[B3a]
[B3b]

[B4]

(B3]
[B6]
[B7]
(B8]

[B9]
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Canopy Water Potential

(€a—€irrg) / (Fai + 1ei) [BL1 =21 Zr (Wi - ws't) / (Q2ira+ Qriri+ Zi i) + XeiOysil & y. 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, C;, 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

€ei(Tei, wei)

LE

Lir,
Mir

Nirix

root or mycorrhizae

stomatal resistance shape parameter

[CO5] in canopy air

[CO2] in canopy leaves at y; = 0 MPa

half distance between adjacent roots

canopy transpiration

atmospheric vapor density at T, and ambient humidity
canopy vapor density at Tg; and y;

canopy storage heat flux

canopy sensible heat flux

von Karman’s constant

hydraulic conductivity between soil and root surface

scaling factor for bole axial resistance from primary root axial
resistance
latent heat of evaporation

latent heat flux between canopy and atmosphere

length of roots or mycorrhizae

mass of roots or mycorrhizae

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

variables

MPat

pmol mol™
pmol mol™
m
m*m?h?
gm*

gm*

W m?

W m?

m? MPa! h'!

[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 C, Larcher (2001)
0.41

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



gai,r

-Qai,r,l,x
gri,r
—Qri,r,l
(O
B

9p|
ir
Ri
Rnci
Fai

Ipi

My’
Fei
Femaxi
Femini

Firix

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 y¢; =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 hm™

MPahm!
MPa h m?
MPahm'

MPahm'

sm
sm

sm

[B11,B12] 4.0x10°
deciduous
1.0 x 10"
coniferous
[B6,B11,B12]

[B10] 1.0x 10
[B6,B10]

[B6,B9]

[B9]

[B9]

[B13]

[B3a,B3b]

[B1]

[B1,B3a]

[B11]

[B11]

[B1,B2b]

[B2b] 5.0 x 10°
[B2,B2b]

[B9,B11,B12,B13
]

Larcher (2001)

Doussan et al.
(1998)

van Bavel and
Hillel (1976)

Larcher (2001)



Ua
Vcli

Vr

Vsl
Vs
Vhi
Zbi

Zgi

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

Wi + canopy gravitational potential

canopy osmotic potential

soil water potential

wy + soil gravitational potential

canopy turgor potential

length of bole from soil surface to top of canopy

canopy zero-plane displacement height

m

gCgFw?

m®m?Zh?

m®m?Zh?

pmol m2s?
m* g FW™
m* m? MPa™
MPa

MPa

MPa

MPa

MPa

MPa

[B11,B12] 2.0 x 10™tree
1.0 x 10™bush
0.05x10™
mycorrhizae

[B13] 0.05

Grant (1998)
[B3b]

[B3b]

[B5,B14]

[B5,B6]

[B3a,B3b]

[B2]

[B13] 10° Grant (1998)
[B14]

[B4,B7,B14]

[B6,B7]

[B4]

[B8]

[B6,B8]

[B2b,B4] 1.25at y, =0

[B7,B11]

[B3a] Perrier (1982)



Z)

Z

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

C; Gross Primary Productivity

After successful convergence for T, and . (described in Plant Water Relations above), V. is recalculated from that under zero
¥, (V¢') to that under ambient .. This recalculation is driven by stomatal effects on Vg [C2] from the increase in Imi, at zero y, [C5]
to I at ambient y, [C4], and by non-stomatal effects f,, [C9] on CO»- and light-limited carboxylation Vi, [C6] and V; [C7] (Grant and
Flanagan, 2007). The recalculation of V. is accomplished through a convergence solution for C; and its aqueous counterpart C; at
which V, [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 o in each branch.

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

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 (R¢) [C14], plus the energy costs of nutrient uptake [C23],
drive autotrophic respiration (R,) [C13] by all branches, roots and mycorrhizae. R. by roots and mycorrhizae is constrained by O,
uptake Upy [C14b] calculated by solving for aqueous O, concentrations at root and mycorrhizal surfaces [O,] 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 O, reduction by all root and mycorrhizal populations according to O,
availability. R; is first used to meet maintenance respiration requirements (Ry), calculated independently of R; from the N content in
each organ, and a function of T, or 7 [C16]. Any excess of R¢ over Ry, 1s expended as growth respiration Ry, constrained by branch,
root or mycorrhizal y; [C17]. When Ry, exceeds R, the shortfall is met by the respiration of remobilizable C (R;) in leaves and twigs
or roots and mycorrhizae [C15].

Growth and Litterfall
Ry drives the conversion of branch oc into foliage, twigs, branches, boles and reproductive material according to organ growth
yields Y4 and phenology-dependent partitioning coefficients [C20], and the conversion of root and mycorrhizal o into primary and
secondary axes according to root and mycorrhizal growth yields. Growth also requires organ-specific ratios of nonstructural N (o )
and P (op ) from Unn,, Unog and Upo, [C23] which are coupled with oc to drive growth of branches, roots and mycorrhizae.

The translocation of o¢, oy and op among branches and root and mycorrhizal layers is driven by concentration gradients
generated by production of o¢ from branch GPP and of o and op from root and mycorrhizal uptake vs. consumption of oc, oy 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, oy and op by lowering mycorrhizal — root — branch concentration
gradients of oy and op While raising branch — root — mycorrhizal concentration gradients of oc. These changes slow transfer of oy and
op from root to branch and hasten transfer of o 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 0Or 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 o 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.

Rq 1s limited byy; [C17], and because branch y; declines relatively more with soil drying than does root y, branch Ry 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 o¢ enables more root growth to reduce 2, €2 and £2,, and hence increase U [B6],



thereby offsetting the effects of soil drying on ;. Thus the modelled plant translocates oc, oy 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 o¢ and hence R; [C14] with respect to Ry [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 R, and net primary productivity (NPP) is the difference
between canopy GPP [C1] and total R, of all branches and root and mycorrhizal layers [C13]. Phytomass net growth is the difference
betweanden gains driven by Rq and Y, 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 Unn,, Unog and Upo, is calculated by solving for solution [NH4+], [NO3 ] and [HyPO4 ]
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 Upg, 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 C,4 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], .
([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.

Cy4 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 HCO;™ (Laisk and Edwards,
2000). At this stage of model development, the return of a C; decarboxylation product from the bundle sheath to the mesophyll is not
simulated. Parameters used in Eqgs. [C37 — C39] allowed mesophyll and bundle sheath concentrations of C,4 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).

C, 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], v (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 Cj; carboxylation [C43], raise bundle sheath CO, concentration [C42], accelerate CO, leakage [C39], slow C4
decarboxylation [C38], raise C,4 product concentration in the bundle sheath [C41], slow C4 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 C; 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 o¢ that
drive Zsc. Shoot —root N and P transfers Zsy p are calculated such that concentrations ofow p with respect to o¢ in each branch and root
layer approach equilibrium according to rate constants gsnp [C51]. Because o p are generated by uptake in roots [C23], gsnp cause
root-to-shoot gradients of oy p that drive Zs\ p.

Similarly, root - mycorrhizal C transfers Z,c are calculated such that concentrations ofoc with respect to structural phytomass in
each root and mycorrhizal layer approach equilibrium according to rate constants g,c [C52] (Grant, 1998). Because oc is maintained
by Zsc [C50], grc cause root-to-mycorrhizal gradients of oc that drive Z,c. Root - mycorrhizal N and P transfers Zy p are calculated
such that concentrations ofow p with respect to o¢ in each root and mycorrhizal layer approach equilibrium according to rate constants
grn,p [C53]. Because mycorrhizal oy p are generated by uptake with greater surface area and length with respect to phytomass [C23],
grn,p cause mycorrhizal-to-root gradients of oy p that drive Zyy p.



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

C3 Gross Primary Productivity

GPP =X jkimno (Veijkimno = Vaijkimno) Aijklmno CFi solve for Cijxmnoat which [C1]
V_ci,i,k,l,[n,n,o = Vgiiklmno

Vaijkimno = (Co = Ciijkimno) / Mijkimno diffusion [C2]

Veijktmno = MIn{Veijiimnor Viijkimno} carboxylation [C3]

Mijktmno = Nminijilmno T (Nmaxi = Miminijjlmno) e(:B wi) ri is leaf-level equivalent of r, [C4]

Miminijklmno = (Cb = Ci") / Ve'ijkimno minimum r, is driven by [C5]
carboxylation

Viijktmno = Vomaxijk (Ceijitmno = £ijk) / (Caijkimno) + Ke) fyijkimno CO; and water f,, constraints on V,, [C6a]

Vbmax; = V', Frubisco; ML i kprot /Aij v fwi fici temperature fy, and nutrient fic [C6b]

h o " constraints on Vymax
Tk =050 Vomax: - . Ko | (Vomax . Ko:
e o Vomaajy Kot/ Voo Kol CO, compensation point [C6c]

Vomaxiyj'k = VO'i Frubiscoi MLi,j,k,prot /Ai,j,k ftoi OXygenation [C6d]

Kai = Ko Tici (1 + Oc/ (Ko o)) M-M constant for V,, [C6e]

Viijkimno = Jijklmno Yijktmno fy ijkimno water constraints on V; [C7a]

Yi,j,k,l,m,n,o = (Cci,j,k,l,m,n,o - Fi,j,k) / (45 Cci,j,k,l,m,n,o +10.5 I"i,j,k) Carboxylation EfﬁCiency of VJ [C?b]

2 0.5 . . .
Ji,j,k,l,m,n,o = (g litmnot Jmaxi,j,k' ((5 litmnot Jmaxi,j,k) -4ae i mno \]maxi,j,k) ) / (2a) irradiance constraints on J [C88.]
Imaxijk = Vi's Fenlorophyll |\/|Liijkvpmt / Ai,j,k ftji fici temperature and nutrient [C8b]

constraints on Jyax



fyijkimno = (Miming 1 mno / r'i,j,k,l,m,n,o)a5

fii = exp[By — Hay/ (RTei)] / {1 + exp[(Ha — STei) / (RTei)] + exp[(STei — Han) / (RTe)1}
fioi = €XP[Bo — Hao/ (RTci)] / {1 + exp[(Ha — STei) / (RTei)] + exp[(STei — Han) / (RTe)]11
fyi = exp[Bj — Haj/ (RTei)] / {1 + exp[(Ha — STei) / (RTei)] + exp[(STei — Han) / (RTei)1}
fiei = €XP[Biec — Hake/ (RTei)]

fikoi = €XP[Bio — Hako/ (RTci)]

fici = min{oni, j/ (owij + ocij/ Kicy)s orij! (opij + ocij/ Kicp)}

éNILRi'ij [ot= é]\/h_iijk/ét min{[N leat + (Nleaf -N 'Ieaf) 1:iCi] / Nprot, [P'Ieaf + (Pleaf - P'Ieaf) fiCi] / Pprot}

Autotrophic Respiration
Ra=2iZ; (Reij+ Rsij) + ZiZ X, (Reirt * Rsiri) + Enp (Unnair, + Unosir + Upouiri )
Reij = Rc'otij fai
Reiri =Rd'ocir fain (Uozir /U 'cair)

Uoziri = U 02irt [Oziri] / ([Ozir] + KOZ)

= Uw; . [Ozs] + 27 Lir) Dso2 ([O2s1] = [Ozrira]) IN{(rsi + Friry) / Friyri}
+2n I—i,r,I I:)rOZ ([OZqi,r,I] - [OZ ri,r,I]) In(rqi,r,l) / r'ri,r,l)

U oiri = 2.67 Rd'ir

non-stomatal effect related to
stomatal effect

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K., K,

control of oy and op VS.oc in
shoots on V,, V; 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]

[Cl4a]
[C14b]
[Cl4c]

[C14d]

[Cl4e]



Rsij = - min{0.0, R¢ij — Rmij}

Rsir1 = - min{0.0, Rej ri— Rmir}

Rmij = 27 (Nijz Rm' fimi)

Rmirt= Z2 (Nir1z Rm" fimi)

Rgij = max{0.0, min{(R¢i; — Rmi;) min{1.0, max{0.0, w4 - w'}}
Rgirs = max{0.0, min{(Reir; — Rmir,) Min{1.0, max{0.0, w4, - v1'}}

Growth and Litterfall
lijzc=Rsij Mugij / Migij (1.0- (Xemn + (Xemx— Xemn) ficig)

remobilization in branchs, roots
and mycorrhizae when R, > R,

maintenance respiration of
branchs, roots and mycorrhizae

growth respiration of branchs,
roots and mycorrhizae when Ry, <
R

senescence drives litterfall of non-
remobilizable C less C recycling

[C15]

[C16]

[C17]

[C18a]



lijzn= lijzc Nprot (1.0 — Xy fanij)
lijzp=lijzcPprot (1.0 = Xp fipij)

frcij = min{onij/ (onij + ocij Kan), opij/ (orij+ ocij Kip)}
finij = ocij/ (ocij + onij IKan)

fipij = ocijl (ocij + opij IKap)

Xirlc = Fx OCir,l

XiriN = Tx Onir) eirin

Xirtp =Tx Opirifairip

firin = onij/ (onij + ocij/Kaw)

fxirip = opij/ (opij + ocij/Kyp)

Mg/t =Z; [Ryij (1 - Ygiz) /Ygiz] —Rsij —lijc

OMgiri /ot = [Rgi,r,l (1- Ygi,r) /Ygi,r] —Rsiri = liric

5ALi,j,k,I &= X (MLi,j,k,I / yi)—0433 é]\/lLi,j,k,I /& min{l, maX{O, Wi - l//t'}

8Lir11/0t = (SMriria / 88) 1 Yi v H{pr (1 - Opir ) (R Friri12)}

L2/ 8t = (BMgir,2/ 8t) ve {pr (1 - Opir) (7 Frir129)}

ftai :Tci{exp[Bv - Hav/ (RTci)]} / {1 + exp[(Hdl - STci) / (RTci)] + exp[(STci - Hdh) / (RTci)]}

fo = o(0.0811 (T ; -~ 208.15))

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 byoc, oy and op, and by
Oc-ON and Oc. 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 Ry,

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

[C19h]

[C20a]

[C20b]
[C21a]

[C21b]
[C21c]
[C22a]

[C220]



UNH4i,r,I = {Uwi,r,I[NH4+I] + 27TI—i,r,IDeNH4| ([NH4+I] - [NH4+i,r,I]) / In(di,r,l /rri,r,l)}
= U'nh, (Uozini U "ozirt) Airt (INHS i 011 — INHS ma] )Y (INH 5 ] = [INHS mal + Ky Fai finie

Unosir = {Uwirt [NO3 ] + 27l 1 Denog (INO31] = [NO37ia]) / In(iry /1) }
= U'noy (Yoziri U "ozir)) Airg ([INO37iri] = [NO3 mal J/([INO37ir1] = [NO3 ™l + Knog) frain finie

Upouir1 = {Uwir) [HaPOs ] + 27l ¢ 1Depo,, ([H2PO4 1] — [HaPO4 i a]) / IN(diy /i 1)}
=U'po, (Uoziri /U "0zir1) Airi ([H2POSi 1] — [H2POL mn])/ ([H2PO i 1] — [H2PO4 mn] + Keo,) frait firir,

finir1 = ociri/(ocir) + oniri/ King)

fipir1 = ociri/(0cir) + oiri! Kipg)
C4 Gross Primary Productivity

C4 Mesophyll

GPP =X jkimno (Vomayijkimno = Vemayijklmn,o)

Vamayijktmno = (Co — Cigmayijkimno) / Mifijkimno

Vemayijktmno = MIN{Vomayijkimnor Vimayijklmnot

Fiijstmno = Mifminijktmno * (Fifmaxi = Mifminijkl,mn,o) e(-A vi)

Nitmini jkLmno = (Cb = Cimay'i) / Vegmayijktmno

Vomayijkimno = Vomaxmayijk (Comayijkimno = £ mayijk) ! (Comayjkimno) + Kemay)
Vimayiiklmno = Jmayiikimno Y(mayijiklmno

Ymayijk = (Cemayjkimno = L mayijk) ! (3:0 Comayijiimno) +10.5 Fimayijk)

0.5
J(m4)i,j,k,l,m,n,o = (eliympnot Jmax(m4)i,j,k' (g ligmnot+ Jmax(m4)i,j,k) -dacliymno \]max(m4)i,j,k) ) (2a)

Vomax(mayijk = Vomax(ma) [Npepmayijid” Nisijk Artijk fomayijk fyi foi

root N and P uptake from mass
flow + diffusion coupled with
active uptake of NH,*, NO;™ and
H,PO, constrained by O, uptake,
as modelled for microbial N and P
uptake in [A26]

product inhibition of Unpa, Unos
and Upgs determined by oy and op
VS. o¢ in roots

gaseous diffusion

mesophyll carboxylation

CO,-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]



Jmaxmayijk = Jmax’ [Nenmayijk I' Nisijk Ak Tomayijio Tui T

fomayijk = 1.0/ (1.0 + [reamayjud / Kiycynay)

_ 05
fyijkimno = (Miming 1 mno / Nifijkimno)

C, Mesophyll-Bundle Sheath Exchange

V camayijk = Kycamay (Zcaemayijk Wisoayijx —2camayijk Wismayiik) | (Wieayijk + Wigmayijik)
V;gC4(b4)i,j,k = Kcapa) }(c4(b4)i,j,k/ (1-0 + Cc(b4)i,j,k /K|XC4(b4))

V oy ik = Keeway (Cetoayijk — Cemapijr) (12 X 10°) Wigpayi j

S xcamayijk 10t = Zimno Vemayijkimno = Vycamaijk

3 xcamay ikt =V camayijk =V camayijk

SCcpayiji/St =V capayijik = Vaoayijk = Zimno Vewayijilmno

C, Bundle Sheath

Vewaijklmno = MIN{Vowayijk Vieoaijklmnok

Viowayijk = Vomaxwayijk (Coayijk = £ vayijk) / (Copayijk) + Keay)
Viwayi,iktmno = Jbayijklmno Y(bayijk

Yoaiik = (Cewaiik = Libaik) / (4.5 Cepayiik + 10.5 I ipayijik)

Jiayijkimno = (€ litmno + Imaxoayijk - (€ liimno + Imaxoayijn)” - 40€ litmnoImaxwayijn)”) ! (20)

Vomaxoayijk = Vomaxwa) [Nruoayijd” Nisijk Artijk feeaijn Tyi fvi

Jmaxoayijk = Imax [Nenioayijd Nisijk Arsiji feeayiju fui fi

chlorophyll activity
C, 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 Vg
irradiance response function

RuBPc activity

chlorophyll activity

[C33]
[C34]
[C35]

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

[Ca1]

[C42]

[C43]
[C44]

[C45a]

[C45b]
[C46]

[C47]
[C48]



feeyijn = min{[vinjl / ([vinjl + Dreawayiil / Kivg)s [l 1 (L] + Dresoayij] / Kimg) Cs product inhibition [C49]
Shoot — Root - Mycorrhizal C, N, P Transfer
Zscijir) = Oscijirt (0cij Mriri- ocirs Maij) [ (Mgiri+ Mgij) shoot — root C transfer driven by [C50]
oc concentration gradients
Zonpi it = Osnpi-int (ONPij Ocirt = Onpint Ocij )/ (Ocint + Ocij ) shoot — root N,P transfer driven by [C51]
on,p concentration gradients
Zicijirt = Orcijirt (Ocirl Muiri= ocimi Mrirt) / (Muiri+ Mgir,) root — mycorrhizal C transfer [C52]
driven by oc conc’n gradients
Zenpij-iord = Orpiir (ONpirl Ocim) = Onpimi Ocirl) | (Ocimi + Ocir) root — mycorrhizal N,P transfer [C53]
driven by oy p conc’n gradients
Definition of VVariables in Table S3
Variable Definition Equation Value Reference
i species or functional type: evergreen,
coniferous, deciduous, annual, perennial,
C,, 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]
g shape parameter for stomatal effects on CO, diffusion and [C4 C27,C35,] -5.0 Grant and

non-stomatal effects on carboxylation

Flanagan (2007)



Ce(oa)

Cc(m4)
CF;

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

parameter such that fy.; = 1.0 at T, = 298.15 K
parameter such that fy,; = 1.0 at T,=298.15 K
parameter such that f,,; = 1.0 at T,=298.15 K
parameter such that f,; = 1.0 at T, = 298.15 K
[CO2] in canopy air

[CO2] in canopy chloroplasts in equilibrium with Ciijx1mn.o

[CO2] in C4 bundle sheath

[CO2] in C4 mesophyll in equilibrium with Cijjxmn.o

Clumping factor

[CO2] in canopy leaves when y; =0

[CO2] in canopy leaves

[CO2] in C4 mesophyll air when ;=0

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

effective dispersivity-diffusivity of NH," during root uptake
effective dispersivity-diffusivity of NO;™ during root uptake

effective dispersivity-diffusivity of H,PO, during root
uptake

pmol mol™

uM
uM

uM

pmol mol™

pmol mol™

pmol mol™

pmol mol™
gCm?

m? ht

[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

0.70x Cy

0.45x Cy

He (2016)

Larcher (2001)



Dr02
DSOZ

di,r,l

fC(CS)

1EC(mA)

Feni

fin

fie

ka

fin

fip

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

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

C, product inhibition of PEP carboxylation activity in C,4
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 Xy translocated out of leaf or root before
litterfall

fraction of Xy 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 R,; and U
temperature effect on carboxylation

temperature effect on electron transport

gCgN*torp*

[C14d]
[C14d]
[C23] (n L, IAZ)™Y? 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,C19b]

[C18c,C19c]

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

[C8b,C10c]



ftkc
ftko

fim

gsC

Osn,p
ng

grn,P

H ake
H ako

Hao

temperature effect on K
temperature effect on K,
temperature effect on Ry

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 K,

energy of activation for oxygenation

[C6e,C10d]
[C6e,C10e]
[C16, C22D] 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 10°

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)



Jioa)
Jma)

Jmax

Jmax(b4)

Jmax(m4)

Jmax

Ke(oa)

Kc(m4)

energy of activation for carboxylation

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

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

electron transport rate in C; mesophyll

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

specific electron transport rate at non-limiting I and 25°C
when y; = 0 and nutrients are nonlimiting

electron transport rate in C, bundle sheath at non-limiting |

electron transport rate in C, mesophyll at non-limiting |

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

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in C,4
mesophyll
Michaelis-Menten constant for carboxylation at zero O,

Michaelis-Menten constant for carboxylation at ambient O,

inhibition constant for growth in shoots from o¢ vs. oy

Jmol™

Jmol™
Jmol™

gNm3

gNm3

pmol m?s™?
pmol m?s™?
pmol m?s™?
pmol m?s™?

pmol gt s

pmol m?s™?
pmol m?s™?
pmol m?s™?

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 10°

222.5x 10°

197.5x 10°

0.002

400

30.0 at 25°C and
zero O,

3.0at 25°C

12.5at25°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)

lec4(m4)

K|V|f

K

iNG
Kipc
Kan
Kap
K,

KN03

KPO4

KxN

KxP

inhibition constant for growth in shoots from o vs. op

constant for CO, product inhibition of C, decarboxylation in
C, bundle sheath

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

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

[virii]

constant for C; product inhibition of RUBP carboxylation
activity in C4 bundle sheath or C; mesophyll caused by
[7i,]

inhibition constant for N uptake in roots from og;; vs. oy;

inhibition constant for P uptake in roots from og;; 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 NH," uptake at root or mycorrhizal
surfaces

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

M-M constant for H,PO, 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
uM

gCgN*

gCgPpP*

gNgc*t
gPgC*
gNgC*
gPgC*
gNm
gNm
gPm
gm
pM
gCgN?

gCgN*

[C11]

[C38]

[C34]

[C49]

[C49]

[C23]
[C23]

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

[C19¢]

[C19h]

1000

1000

5x 10°

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)



Nis
Nprot

[Nehioa)]'

[Nenimayl’
[NH4+i,r,I]

[N H4+mn]

[NOB_i,r,I]

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, bundle sheath to total leaf N

ratio of chlorophyll N in C, mesophyll to total leaf N
concentration of NH," at root or mycorrizal surfaces
concentration of NH, " at root or mycorrizal surfaces below
which UNH4 =0

concentration of NH," at root or mycorrizal surfaces

m m

gCm?h?
gCm?h?
gCm?ht
gCm?
gCm?
gCm?
gCm?
gNm?
gNm?
gNgC'

gNgC'

g N m? leaf

gNCt

gNgN*

gNgN*
gNm?

gNm?

-3

gNm

[C14d,C21b,C23]

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

[C18c]

[C12,C21]

[C12,C184]

[C52]

[C20,C21,C50,C5
f(]:6b,C6d,C8b]

[C16, C19]

[C12] 0.10

[ClZ] 0.33 X Nieaf

[C32,C33,C47,C4

8]

[C12,C18Db] 0.4

[C48] 0.05

[C33] 0.05

[C23]

[C23] 0.0125 Barber and
Silberbush, 1984

[C23]



[N O 3_mn]

[Npep(m4]'
[Nrunpal’

Oy

P 'Ieaf

I:)prot

[7i¢]

concentration of NO3™ at root or mycorrizal surfaces below
which UN()3 =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 O3 i 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
R. under nonlimiting O,
specific autotrophic respiration of og;j at Tej =25 °C

autotrophic respiration of og;;or ociy,

growth respiration

leaf stomatal resistance

gPgC!
gPgC'

gPC!

gPgcC?

m3 m-3
Jmolt K™?

gCm?ht
gCm?ht
gCgcCth?
gCm?ht

gCm?ht

sm

[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 Pjeat

0.04

0.1-05

8.3143

0.015

Barber and
Silberbush, 1984



Ifmaxi

Fifminij k.Lm,n0

Mijklmno
INmaxi
Fiminij k. m.n,o
Ry

Rimij

rqi,r,l

rri,r,l

Rsij

Fsi

Ix

Pr
S

oc

ON

Op

leaf cuticular resistance

leaf stomatal resistance when y; =0
leaf stomatal resistance

leaf cuticular resistance

leaf stomatal resistance when y; =0

specific maintenance respiration of og;j at Tgj =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

Jmolt K™?

gCgcC
gNgcC™

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

1.0x 10 or 5.0 x
10°

0.001
0.125

710

Barnes et al.
(1998)

Sharpe and
DeMichelle
(1977)



Te
Undir 1
U'NHy,
Unosiyr,l
U ,NO3
Urouir,
U'ro,
Uozir

’
U "oaitr

UWi,r,I

V ybayiik
Vp'

Vo(oayijk

Vio(mayijklmn,o

Viijiklmn,o

Viomax(o4)

Vomax(b4)i,jk

meax(m4)'

canopy temperature
NH," uptake by roots or mycorrhizae

maximum Uyy, at 25 °C and non-limiting NH,"

NO;~ uptake by roots or mycorrhizae

maximum Uyo, at 25 °C and non-limiting NO;~

H,PO, 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 C, bundle sheath to C, mesophyll
specific rubisco carboxylation at 25 °C

COo-limited carboxylation rate in C, bundle sheath

COy-limited carboxylation rate in C, mesophyll
COo-limited leaf carboxylation rate

RuBP carboxylase specific activity in C, bundle sheath at
25°C when ; = 0 and nutrients are nonlimiting
CO3-nonlimited carboxylation rate in C, bundle sheath

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

K
gNm?h?
gNm?h?
gNm?h?
gNm?2h?
gNm?2h?
gNm?h?
gOom?ht
gom?h*
m*m?h?

gCm?ht

pmol g * rubisco
1
s

pmol m?s*

pmol m? s
pmol m? s

pmol gt s*

pmol m? s

pmol 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]

5.0x10° Barber and
Silberbush, 1984

5.0x10° Barber and
Silberbush, 1984

5.0x10° Barber and
Silberbush, 1984

45 Farquhar et al.
(1980)

75

150



Vomax(mayi,jk
Vomaxi,jk
Veoayijklmn.o
Vemayijklmn,o
Vco(m4) i,j,k,I,m,n,0
Vci,j,k,l,m,n,o
Vcli,j,k,l,m,n,o

VG(m4)i,j,k,|,m,n,o

Vgi,j,k,l,m,n,o

v;!

Vitoayi,jklmn,o

Vj(m4)i,j,k,l,m,n,o

Viijklmn,o

V'
Vomaxi,j,k

V capayiik

V ca(may

[l

CO»-nonlimited carboxylation rate in C, mesophyll
leaf carboxylation rate at non-limiting COg, w, T, and N,P

CO, fixation rate in C, bundle sheath

CO; fixation rate in C4 mesophyll

CO, fixation rate in C4 mesophyll when y; = 0 MPa
leaf CO, fixation rate

leaf CO, fixation rate when y; =0
CO, diffusion rate into C, mesophyll
leaf CO, diffusion rate

specific chlorophyll e” transfer at 25 °C

irradiance-limited carboxylation rate in C, bundle sheath

irradiance-limited carboxylation rate in C, mesophyll
irradiance-limited leaf carboxylation rate

specific rubisco oxygenation at 25 °C
leaf oxygenation rate at non-limiting Oz, w;, T. and N,P

decarboxylation of C, fixation product in C, bundle sheath

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

concentration of nonstructural root N uptake product in leaf

pmol m? s
pmol m? s
pmol m? s
pmol m?s*
pmol m?s*
pmol m?s*
pmol m?s*
pmol m? s
pmol m? s

pmol g *
chlorophyll s

pmol m?s*

pmol m? s
pmol m?s*
pmol g * rubisco
-1

s
pmol m? s

gCm?ht

gCm?ht

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
Wisna)
Wit(ma)

XCmn
Xme

XN,p

XirlC
Xir N

Xirlp

ZsC

specific volume of root biomass
C, bundle sheath water content
C, 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 C, mesophyll

fraction of og;; used for growth expended as Ry;;, by organ z

plant population

shoot-root C transfer

gCm?ht
gNm?ht

gPm?2ht

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

pmol CO2 umol e
-1

gCgcC

gCm?ht

[C21b]

[C37,C39]

[C37]

[C18a] 0.167

[C184] 0.50

[C18b,C18¢] 08

[C19d]

[C19¢]

[C19f]

[C7a,b]

[C45a,b]

[C30a,b]

[C20] 0.28 (z = leaf),
0.24 (z = root and
other non-foliar),
0.20 (z = wood)

[C21]

[C50]

Kimmins (2004)

Kimmins (2004)

Kimmins (2004)

Waring and
Running (1998)



Zsnp
ZrC

Zinp

1 (bay

I {ma)

[2

VA

Xcaba)

Xcama)

[ZCS(M)]

[ZC4(m4)]

&

Kce(ba)
W

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

CO, compensation point in C3 mesophyll

CO7 compensation point in C, bundle sheath
CO, compensation point in C4 mesophy!ll

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, fixation product in C, mesophyll

concentration of non-structural C; fixation product in C,4
bundle sheath

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

quantum yield

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

gN,Pm?h?
gCm?ht
gN,Pm?h?

uM

uM

uM

mg>

gCm?

gCm?

-1

g9

uM
pmol e umol
quanta™

pmol e umol
quanta™

h-l
MPa

[C51]
[C52]
[C53]
[C6a,C6c,C7h]

[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 y.=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 s 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

Qnx(xy) = Vx(xy) Amxy Lycey)

Q(s,w,i)x(x,y) = (2 F [(Zx,y+ st,y) - (Zx+l,y + st+1,y)]/ (Lx(x,y) + Lx(x+1,y))) V(s,w,i)
Q(s,w,i)y(x,y) = (2 F [(Zx,y+ st,y) - (Zx,y+l + st,y+l)]/ (Lx(x,y) + Lx(x,y+1))) V(s,w,i)

dyy = Max(0, dwxy) * digxy) = dsey)) dwey)/ (Awey) + digey)

Vi) = R )™/ 2y

Vo) = R Syx)™/ 2y

Vi) = R 4™ 2y

Vi) = R Sy 2y

A(dweeyAcy) I A= Qryiey) = Qrasacey) + Qrytey) = Qryrae + P = Exy = Quatey.ny
R=s.dm/[2 (5 + 1) 0.5]

Sxxy) = 2 abs[(Zxy + Aoy + dmxy) — (Zesty + dsxery + At y)] 7 (Lxey) + Lxerty)
Syxy) = 2 @DS[(Zey + sy + dicy) = (Zxysr + Asyra + Ameya)] / (Lyey) + Lygeyen)
LE =L (ea— e yp) / Tal

I—Es =L (ea - es(Tsyz//s)) / Fas

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]

[D5h]

[D6a]

[D6b]



wa(x,y,z) =K' (l//SX,y,Z - '//sx+1,y,z)
wa(x,y,z) = K'y (l//SX,y,Z - '//sx,y+1,z)

sz(x,y,z) =K, (l//SX,y,Z - l//sx,y,z+1)

y (6) = -exp [In(-wec) + {(INGrc - In 6)/(InGrc - INByp)*(IN(-wiec) - In(-wiwe))}] (6 < Orc)
= -exp [In(-wsr) + {(Inbs7 - In O)/(INGs7 - INOrc)*(In(-ws7) - IN(-wic))} (6= Oc)

V=Y, Y

ABuxy.2 /AL = (Quaxy) — Quray) + Quyiey) — Quyraeey)  Quatey) — Quasay) + Qi) / Laeya)
K'x = 2 Kyyz Kisry ! (Kiyz Lpryz) + Kty Lxxy)

= 2 Kyya! (Luerryn * Lxey)

=2 Koy ! (Lixrryn) + Luy)

K'y = 2 Kyyz Kiyrra ! (Keyz Lyey+i.) + Kyrrz Lyy)

=2 Kyya! (Lyy+1.0 * Lyey)

=2 Kyysre! (Lyy+10 * Lyey)

K, =2 Kuyz Keyzer ! (Kayz Lageyzen) + Keyze1 Lay.z)

=2 KvavZ/ (LZ(X:Y:ZH) + LZ(X:Y:Z))

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

Exchange with Water Table

th(x,y,z) = Kx,y,z [‘// ' - (//sx,y,z +0.01 (dzx,y,z - dt)] / (th +0.5 Lx,(x,y,z))

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

if Yorys> @'+ 0.01(dyeyz — ) in

[D7a]
[D7b]
[D7c]

[D7d]

[D7e]

[D8]
[D9a]

[D9b]

[D9a]

[D9b]

[D9a]

[D9b]

[D10]



Qty(x,y,z) = K><,y,z [y’ - Wexyz t 0.01 (dzx,y,z —d)]/ (I—ty +05 Ly,(x,y,z))

Heat Flux
Ry+LE+H+G=0

G X(xy.2) — 2 Kix,y,2),(x+1y.2) (T(x,y,z) - T(x+1,y,z)) / ( I—x (x,y,z)+ I—x (x+1,y,z)) + Cy T(x,y,z) wa(x,y,z)

G yya = 2 Kixya.oy+10 (Teya) = Teyrr0) 1 (Ly wyat by y+10) + Cw Ty Quyiey)

G 2xy.2) = 2 Kix,y,2),(x.y,2+1) (T(x,y,z) - T(x,y,z+1)) / ( I—z (x,y,z)+ I—z (x,y,z+1)) + Cyw T(x,y,z) sz(x,y,z)

Kixy2) = (Woixy.2) Vorxya) Koxy) T Wingey2) Vimixy) K mixys) + Waniey.2) Vinixy.2) K'wixy)
+ Wi(x,y,z) Vi(x,y,z) Kli(x,y,z) + Wa(x,y,z) Va(x,y,z) K’a(x,y,z)) / (Wo(x,y,z) Vo(x,y,z) + Wm(x,y,z) Vm(x,y,z)
+ Ww(x,y,z) Vw(x,y,z) + Wi(x,y,z) Vi(><,y,z) + Wa(x,y,z) Va(x,y,z))

Kxy) = 8:28 X 10°+ 8.42 x 10 p (ps < 0.156)

Ksxy) = 4.97 X 107 - 3.64 x 10° p+ 1.16 x 10° p? (ps > 0.156)

G xpetya) - Gxxya) T Gyiy-10) - Gty + Gaxyat) = Gapuya) ¥ LQitxyn + Coeyry (Tixy) - Tiy) /4= 10

Gas Flux

x (EW) and y (NS) directions for
all depths z from d,, to d;
or if dyyy, > dy

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]



Quspey.z = Bgseyz Day (7 Moz Dl - [slr2) volatilization — dissolution [D14a]

, between aqueous and gaseous
eryx,y,z = agrx,y,z Ddy (S b4 ftdYr,y,z [7/gr]x,y,z - [%r]x,y,z) g g

phases in soil and root [D14b]
Qgsyzx,y,] = gax,y {[7/&] - {2 [ygs]x,y,IDgsyz(x,y,I)/Lz(x,y,]) + gax.y [73]}/{2 Dgsyz(x,y,l)/Lz(x,y,J) + gax.y}} VOIatiIization - diSSOIUtion [D15a]
between gaseous and aqueous
Qusyxy.1 = 8gsuy1 Dety (87 fay,s [al - [asler) phases at the soil surface (z = 1) [D15b]
and the atmosphere
Qgsyx(x,y,z) =- wa(x,y,z) [}/gs]x,y,z +2 Dgsyx(x,y,z) ([7gs]x,y,z - [7gs]x+1.y,z) / ( Lx (x,y,z)+ Lx (x+1,y,z)) 3D convective - conductive gas [D16a]
flux among soil layers in x (EW), y
QQSYY(X,}'&Z) =- QW)’(X,)/‘,Z) [7/95]&}%2 +2 DQSYY(X,}’J) ([VQS]X,y,z - [795]x,y+1,2) / ( Ly (x,y,z)+ Ly (x,y+1,z)) (NS) and z (Vertical) direCtions’ [D16b]
Qgsyz(x,y,z) =- sz(x,y,z) [}/gs]x,y,z +2 Dgyz(x,y,z) ([7gs]x,y,z - [}/gs]x,y,z+1) / ( LZ (x,y,z)+ LZ (x,y,z+1)) [D16C]
Quvetern= Daratonsy arleys = [ 12 Ly xy) convective - conductive gas [D16d]
flux between roots and the
atmosphere
Dysyxteonsy = Dy Tlgeyz [0.5 (Byeyz + Oprr 1)1 Gpsiy gasous diffusivity as a function [D174]
of air-filled porosity in soil
Dgsiy(eya = Dy ﬁgx,y,z [0.5 (G- + 99%}’*1,2)]2/ ‘9psx.y,20'67 [D170]
DQSYZ(X,)’,Z): D’g‘/ ftgx,y,z [0-5 (QQX.y,z + ggx,y,zﬂ)]z/ gpsny,z&67 [Dl7C]
Dyrvetensy= Dy floesz Borayz " Areyry 1AL, gasous diffusivity as a function [D17d]

of air-filled porosity in roots
Qbyz = mMin[0.0, {(44.64 Gy 273.16 / Tixy) — X, ([]yz/ (S Fftaey, M)} bubbling (-ve flux) when total of [D18]

(der=! (S ftae M) /2y (Ddey=/ (S5 Fae-M))) S ftoe- M, Vi all partial gas pressures exceeds
atmospheric pressure

Solute Flux



Qayx(x,y,z) = wa(x,y,z) [%S].x,y,z + 2 Dsyx(x,y,z) ([%]x,y,z - [73]x+1,y,z) / ( Lx (x.2) + Lx (x+1,y,z)) 3D convective - dispersive SOlute [Dlga]
flux among soil layers in x (EW), y

Qayy(x,y,z) = wa(x,y,z) [%S].x,y,z +2 Dsyy(x,y,z) ([75].¥,y,z - [73]x,y+1,z) / ( I—y x,y,2) + I—y (x,y+1,z)) (NS) and z (Vertical) directions [Dlgb]
Qayz(x,y,z) = sz(x,y,z) [7/ss]x,y,z +2 Dsyz(x,y,z) ([}/S]x,y,z - [%]x.y,zﬂ) / ( I—z x.y.2) + Lz (x,y,z+1)) [Dlgc]
Quirn= Owrwys) [Msl sz + 21 Liy Doy ([7s] — [frine]) IN{(Fs + Fei) / Vi } convective - dis_persive solute [D19d]
+ 271 Lir Dry([rie] = [7erie]) IN(rgir) / 1riy) flux between soil and root aqueous
phases
Dsyxxy) = Daxgyn | Ouwx(ey,) |+ D% ftoy,- [0.5(Gusy- + Quxirp)] 7 aqueous dispersivity in soil as [D20a]
functions of water flux and water-
Denters) = Daytrsr | Quyony |+ D%y Ttogyz [0.5(Gusyz + Guriry)] T filled porosity in x, y and z [D20b]
directions
Dsyz(x,y,z) = qu(x,y,z) | sz(x,y,z) | + D’Sy ftsx,y,z [0~5(0Wx,y,z + aNerI,y,z)] T [DZOC]
Drrsy = Dige | Oy |+ D% Fogys Oy 7 aqueous dispersivity to roots as [D20d]

functions of water flux and water-
filled porosity

Dyxgeyz) = 0.5 @ ( Ly vyt L (xﬂ,y,z))ﬁ dispersivity as a function of water [D21a]
flow length

Doyayn =05 a(Lyxya* Ly (12 [D21b]

Doy =05 a(l, xy2t Lz (x,y,z+1))ﬂ [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]
ag air-water interfacial area in roots m? m2 [D14b]
ags air-water interfacial area in soil m? m? [D14a,D15b] Skopp (1985)
a dependence of D, on L - [D21] 0.20
B dependence of Dy on L - [D21] 1.07
c heat capacity of soil MJm?°ct [D13]
Cw heat capacity of water MJm3ect [D12] 4.19
Dy, volatilization - dissolution transfer coefficient for gas y m?h? [D14,D154]
Dgry gaseous diffusivity of gas y in roots m?h? [D16d,D17d] Luxmoore et al.
(1970a,b)
Dygs, gaseous diffusivity of gas y in soil m?h [D15a,D16a,b,c,D Millington and
17a,b,c] Quirk (1960)
D%, diffusivity of gas y in air at 0 °C m? ht [D17] 6.43 x 10 for y=  Campbell (1985)
0,
D dispersivity in roots m [D20d] 0.004
D, dispersivity in soil m [D20,D21]
D aqueous diffusivity of gas or solute y in roots m? ht [D19d,D20d]



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 T, and
soil surface vapor density at current T, and
rate constant for lateral transfer of V(s

temperature dependence of S,

temperature dependence of D7,
temperature dependence of D%,
soil surface heat flux

soil heat flux in x, y or z directions

boundary layer conductance

m>m?ht
MIm?h?

m h?

[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)



[7]
[7gr]

[7’95]

(7]
(]

[l

K'x, Ky K

Ks

4
K'o,m w,i,a

L

LXyLylLZ

LE,

gas (H,0, CO,, O, CH4, NH3, N,O, Ny, H,) 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 ory
directions
length of landscape element in x, y or z directions

latent heat flux from surface litter

gm-3

gm®
MIm?ht
m?MPa*h™*
mMPa*h™
MIm*h*ect

MJmthtect

MJmthtect

[D6a]

[D14,D15]

[D15,D16d]
[D14b,D16d]

[D14a,D15a,D16a
,D16b,D16¢]
[D14b, D19d]

[D19b]

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

[D9,D10]
[D7,D9]

[D12a,b,c,d,e]

[D12¢]

[D12d] 9.05x 10, 1.06 x
1072, 2.07 x 10°,
7.84 x 107, 9.05 x
10°

[D19d]

[D10]

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

Green and Corey
(1971)

de Vries (1963)

Sturm et al.
(1997)



LE,

Qey
Qb
Qury
Qusy

Qs

Qury
Qusy
Qno Qy

Qn

Q(s,w,i)
Q

Qur
QWX! QWy1 QWZ

Orc

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 or y 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 m’®

g mol™*
m*m?2h™
gm?h?
gm?h?
gm?h?
gm?h?
m*m?2h™
gm?h?
gm?h?
m*m?2h™

g m»Z h—l

MIm?h?
[D6,D11,D13]
[D18]

[D4]
[D19a,b,c]
[D18]

[D14b]

[D14a,D15b]

[D8,D13]

[D16d]

[D15a,D16a,b,c]

[D1a,D4]

[D19d]

[D1b]
[D10]

[D19d, D20d]

[D4,D7,08,D12,D

16,D19,D20]
[D7d]

2460



Sy

S, Sy

air-filled porosity m°m
root porosity m®*m
soil porosity m*m=
water content at saturation m®*m?
water-filled porosity m®m™
water content at wilting point m*m=
ratio of cross-sectional area to perimeter of surface flow m
net radiation MIm?h?!
surface litter boundary layer resistance mh*
Soil surface boundary layer resistance mh*
radius of root or mycorrhizal aerenchyma m
root or mycorrhizal radius m
thickness of soil water films m
density of snowpack Mg m*

Ostwald solubility coefficient of gas yat 30 °C -

slope of channel sides during surface flow mm

slope in x or y directions mm*

soil temperature °C

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

[D19d, D21d]

[D12¢]

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

[D12,D18]

dryland spp. 0.10
wetland spp. 0.20

from BD

1.0x 10 or 5.0 x
10°°

0.0293 for y= 0,

Luxmoore et al.
(1970a,b)

Wilhelm et al.
(2977)



Vo, mw, i, a

V(s,w,i)

Vi, Vy

Wo, mw,i,a

Vs
Ymg
Vrc
Vm
Ve

Yn

Zs

Z

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

MPa
MPa
MPa
MPa
MPa

MPa
MPa

m—1/3 h

[D20]

[D12d]

[D1b]
[D1a,D3]

[D12d]

[D10]
[D7e]
[D7d]
[D7d,€]
[D7d,€]

[D7e]
[D7,D10]

[D1b,D5b]
[D1b]

[D3]

1.253, 0.514, 1.00
0.611, 1.609

5.0x10°

-0.03

-1.5

0.01

de Vries (1963)



S5: Solute Transformations

Precipitation - Dissolution Equilibria
Solution [NH4 ], [NO3] and [H,PO4 ] that drive Unhg, Unog and Upg, [C23] are controlled by precipitation, adsorption and ion

pairing reactions (Grant et al., 2004; Grant and Heaney, 1997), including precipitation-dissolution of Al(OH)3, Fe(OH)3, CaCOs,
CaS0,, AlIPO,, FePO,, Ca(HoPO,),, CaHPO,, and Cas(PO,)sOH [E1 — E9], cation exchange between Ca?*, NH," and other cations
[E10 — E15], anion exchange between adsorbed and soluble H,PO,~, HPO,* and OH™ [E16 — E20], and ion pairing [E22 — E55].



Table S5: Solute Transformations

Precipitation - Dissolution Equilibria

AI(OH)3( o (AI )+ 3(0OH) (amorphous Al(OH),) -33.0 [E1]*
Fe(OH),, < (Fe "y+3 (OH ) (soil Fe) -39.3  [EZ]
CaCOS(S o (Ca ) + (CO ) (calcite) -9.28  [E3]
CaSO a S (Ca ) + (SO ) (gypsum) -4.64  [E4]
AIPO, < (AI ) + (po4 ) (variscite) 221 [E5]?
FePO4(s o (Fe ) + (PO ) (strengite) -26.4  [E6]
Ca(H PO4)2(S) o (ZCa ) +2 (H ,PO,) (monocalcium phosphate) -115  [E7]°
CaHPO 9 (Ca )+ (HPO ) (monetite) -6.92  [ES8]
CaS(PO4)3 9 5 (Ca ) +3 (PO )+ (OH ) (hydroxyapatite) -58.2  [E9]
Cation Exchange Equilibria *
X-Ca+2 (NH, +) 2 X-NH, + (Ca2+) 100 [E10]
3XCa+2(AI )<:>2XAI+3(Ca ) 1.00 [El1]
X-Ca+ (Mg ) < X-Mg + (Ca ) 0.60 [E12]
X-Ca+2(Na')<>2X-Na+(Ca ) 0.16  [E13]
X-Ca+2(K') e 2X-K+(Ca ) 300 [E14]
X-Ca+2(H)e2XH+(Ca ) 1.00  [E15]
3 X-Al + 2 (X-Ca + X-Mg) + X-NH, + X-K + X-Na + X-H = CEC [E16]

! 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.

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

* 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-OH2+ +X-OH + X-O + X-H,PO,+ X-HPO, + X-COO = AEC

Organic Acid Equilibria

X-COOH & X-CO0 +(H") -5.00
lon Pair Equilibria
(NH, ) & (NH), +(H) 9.24
H,0 < (H')+(OH) -14.3
(CO,), *+ H,0 = (H') + (HCO; ) -6.42
(HCO, ) < (H') +(CO,” ) -10.4
(AIOH™ ) & (A7) + (OH ) -9.06
(AIOH), ) < (AIOH" ) + (OH ) -10.7
(AIOH).") & (AI(OH), ) + (OH ) 570
(AIOH), ) < (AI(OH), ) + (OH) -5.10
(AISO, ) & (A" ) + (S0, ) -3.80
(FeOH™ )« (Fe’ ) + (OH) 121
(Fe(OH), ) < (FeOH™ ) + (OH ) -10.8
(Fe(OH), ) < (Fe(OH), ) + (OH ) -6.94

(Fe(OH), ) & (Fe(OH)_ ) + (OH ) 584

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

[E23]

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

[E30]
[E31]
[E32]

[E33]
[E34]

[E35]
[E36]



(FesO, ) & (Fe” ) + (SO, )
(CaOH+0) o (Caz;) +(OH)
(CaCo,’) & (Ca” ) +(CO, )
(CaHCO,") < (Ca” ) + (HCO, )
(Cas0, ) & (Ca )+ (SO, )
(MgOH') < (Mg"" ) + (OH)
(MgCO, ) & (Mg ) +(CO; )
(MgHCO3+) = (Mgz+) + (HCO3-)
(MgSO, ) & (Mg~ ) + (SO, )
(NaCO, ) & (Na') + (CO,” )
(NasO, ) < (Na') + (S0, )
(KO, ) < (K')+(s0,”)
(H,PO,) < (H) + (H,PO, )
(PO, ) < (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 M,, and nonstructural C concentration [y,] 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]. O, uptake is in turn constrained by rhizosphere [Oy] [F6a] which is controlled by radial
diffusion of O, through soil water to roots and nodules [F6b]. Soil water [O,] is maintained by dissolution of O, from soil air which is
in turn maintained by soil-atmosphere gas exchange and vertical diffusion (Grant, 2004). Ry, is first allocated to maintenance
respiration Ry, [F7 — F8] and the remainder if any is allocated to growth respiration Ry [F9]. If Ry, 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 Vj, is driven by Rq [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 v;q 1s the product of Vy,, so that [F12]
simulates the inhibition of N, fixation by its product (Postgate, 1998). The value of Vy, is also limited by the additional N needed to
maintain bacterial N content [N,'] of M, [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 Ry, [F14] is subtracted from Ry [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 (14) may rise if high mineral N concentrations in soil sustain rapid N uptake by roots. Large 1; suppresses or
even reverses the transfer of v;, from nodule to root or branch [F22], raising v, [F25] and hence suppressing Vi, [F12 — F13]. Large v
also accelerates the consumption of y;, slowing its transfer to nodules [F21], reducing y, [F24] and hence slowing nodule growth [F1].
Conversely, slow root N uptake caused by low soil mineral N concentrations would lower v and raise y;;, hastening the transfer of v,
from nodule to root or branch and of y;t from root or branch to nodule, lowering 1, raising y,, and accelerating Vy,. However [F13]
also allows Vj, 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 (7,/) and branches (i,j) except for [F6], although only those for roots are given.



Table S6: Symbiotic N, Fixation

Rinaxist = Miit R" Liial 1 (Linia] + Kim) fe fp

fi=T{exp[B — Ha/ (R T)I} {1 + exp[(Ha — ST)) / (RT))] + exp[(ST; — Han) / (R T}

fnp = MIN{[Nnia] / [N0'], [Pt / [Po'T}
Rit = Rmaxit (Voyiit/ Voomaxis)
Vo,maxit = 2.67 Riaxi,
Vo,ii = Voymaxii [Ozrig] / ([Ozii] + Koyr)
= 2m Liiy Dso, ([021] =[Ozria]) / In((Friy + fuay) / Friy)
Remig = Rm Niit fim
g, = ol (T ~20816)]
Rgit = max{0.0, Ri; — Rui}
Rsi) = max{0.0, Ry — Ri,}

Lciy = Rsiy min{Mupi;/ (2.5 Npiy), Myiy / (25.0 Py}

Vingit = MIn{Rgi1 B, fep, Miit [INGT = Noiad [Nzl 7 ([N2i ] + Knyr)
fep = min{ynin] / (1.0 + [vais] / Kiy), [mial 7 (1.0 + [whin] / Kig)}

Ryt = Viyit /Eny’

Microbial Growth
respiration demand
Arrhenius function
N or P limitation
O, limitation
0O, demand
equilibrate O, uptake with
supply
maintenance respiration
temperature function
growth + fixation respiration
microbial senescence
microbial C litterfall
N, Fixation
rate of N, fixation

product inhibition of N,
fixation
fixation respiration

[F1]
[F2]
[F3]
[F4]
[F5]
[F6a]
[F6b]
[F7]
[F8]
[F9]
[F10]

[F11]

[F12]

[F13]

[F14]



Uit = (Rgit - Ragin) / (1 - Yy) growth respiration

My / 8t = Uiy Yo' — Lciy microbial C growth
SNpi i/ 6t = dMyi / St min{vais /s, [Na'T} microbial N growth
SNpit/ 8t = Npj 1 /My SMp; /5t microbial N growth
8P /8t = SMpi 1 /8t min{ 7z xmis, [Pn'l} microbial P growth
Py 18t = Prii My SMp; /3t microbial P growth
Ly = abs(SNp; /6t) microbial N litterfall
Lpi; = abs(6Py;, /6t) microbial P litterfall

Nodule — Root Exchange

Vin = & (i Mai = it M) 7 (M + Myiy) nodule-root C exchange
Viia = & (Via it = Vaig Zeig) | Gig + X5i) nodule-root N exchange
Vi = & (it i = 7ig X)) | Gin + i) nodule-root P exchange
Sni 1 16t = Vi1 - min{Rpi1, Rii} = Ruyii- Ui+ FreiLein nodule nonstructural C
Vi /6t =V i 1= SN 8t + Vi,ii + Fin Ly nodule nonstructural N
371 /8t = V1 - 8Pni 18t + Fip i Lpiy nodule nonstructural P

SMygi /5t > 0
SMygi /5t < 0
SMpgi /5t > 0
Mg /St < 0
SNy /5t < 0

5Pndiy|/8t <0

Definition of Variables in Table S6

[F15]
[F16]
[F17a]
[F17b]
[F18a]
[F18b]
[F19]
[F20]

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

[F26]

Variable Definition Units Equations Input Values

Reference




parameter such that f, = 1.0 at T, = 298.15 K

nodule nonstructural C

nodule nonstructural C concentration
root nonstructural C
diffusivity of aqueous O,

direct energy cost of N, fixation

fraction of nodule C litterfall remobilized as nonstructural C
fraction of nodule N litterfall remobilized as nonstructural N
fraction of nodule P litterfall remobilized as nonstructural P
effect of nodule nonstructural C or P content on N, fixation
effect of nodule N or P content on respiration

temperature function for nodule respiration

temperature function for nodule maintenance respiration
energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

Michaelis-Menten constant for nodule respiration of g,

inhibition constant for nonstructural N:C on N, fixation

gm

ag
gm
m? h?

gNgcC*

Jmol™
Jmol™
Jmol™
99
99

F2 17.533

F17a,F18a,F21,F2
2,B23,B24

F1,F13
F21,F22,F23
F6b

F12,F14 0.25

F24

F25

F26
F12,F13
F1,F3
F1,F2

F7,F8

F2 57.5x 10°
F2 220 x 10°

F2 190 x 10°

F1 0.01

F13 10

Gutschick,
(1981), Voisin
etal., (2003)



Klnn
KNzr

KOzr

Leiy
Lciy
Lni
Leiy

Mni,

M
[Ny']

Npi,|

[N, ]
[Nari/]
Vhi,l
Vil
(vl
[Ozis]

inhibition constant for nonstructural N:P on N, fixation
Michaelis-Menten constant for nodule N, uptake
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
rhizosphere aqueous N, concentration
nodule nonstructural N

root nonstructural N

nodule concentration of nonstructural N

rhizosphere aqueous O, concentration

gNgcC*

gNm?

gNgC*
gNm
gNm?

gNm?
99

gom

F13 1000
F12 0.14
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

F12
F17a,F22,F25
F22

F13,F17a

F6a,b



[O2]
[Pn']
Poi,
[Pni.]
Thi|
i)

[7i,]

Ryl

RI

Rsil

soil aqueous O, concentration

maximum nodule structural P concentration
nodule structural P

nodule structural P concentration

nodule nonstructural P

root nonstructural P

nodule concentration of nonstructural P

gas constant

nodule growth respiration

specific nodule respiration at 25°C, and non-limiting O,,
Jndils Vidit QN g

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

gom?

gPgcC*
gPm?

gPgC’
gPm?
gPm
99
Jmol* K
gCm?ht

h»l

gCm?h?
gCgcC*h?
gCm?h?
gCm?h?
gCm?ht

gCm?ht

Jmol™ K™?

F6b

F3,F18a
F18a,F20,F26
F3,F11
F18a,F23,F26
F23

F13

F2
F9,F12,F15

F1

F4,F9,F10,F24
F7

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

Féb

Féb

F2

0.01

8.3143

0.125

710



soil temperature

uptake of nodule nonstructural C for growth
nonstructural C transfer between root and nodule
nonstructural N transfer between root and nodule
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 fy,

gCm?ht
gCm?ht
gNm?ht
gNm?2ht
gOm?ht
gOm?ht
gPm?ht

gCgcC*

F2,F8
F15,F16,F24
F21,F24
F22,F25
F12,F14,F25
F4,F5,F6a
F4,F6
F23,F26
F15,F16

F8

0.67

0.081



S7: CH, 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; 1 of DOC;j ¢ by fermenters plus acetogens (n = f) is a Michaelis-Menten function of
[DOC; ] inhibited by O, (Eq. [G1]). Respiration products are partitioned among A;  , CO, and H; 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; 7 is thus the difference between uptake and respiration of DOC; ¢, less decomposition (Eqg.

[G6]). This change determines M; 14 used in the following calculation of R; s (Eq. [G1]). Ratios of Mj £ ¢ to Mj f;j n determine
mineralization-immobilization of N (Eq. [23] in Grant et al., 1993a). Decomposition products Dj £  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 CO, according to Brock and Madigan (1991) (Eq. [G8]). R;;» beyond that used for
maintenance respiration drives the uptake of additional Ai,¢ (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; s, ; is thus the difference between uptake

and respiration of A; ¢, less decomposition (Eqg. [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 H; (Eq. [G2] are the substrates for CO; reduction by hydrogenotrophic methanogens (n = /)
which are assumed to be autotrophic (Eq. [G12]). Respiration products are partitioned between CH, 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 Y, 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 (Eqg. [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 CH, oxidation by autotrophic
methanotrophs (n = t) (Eq. [G18]). The stoichiometry and energetics of the methanotrophic reactions (Eqgs. [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
CH, to organic C used in microbial respiration (Eq. [G19]). The energy yield from CH, oxidation is calculated by dividing the free energy
change of CH,4 oxidation by the energy required to transform CH, into organic C (Eg. [G20]). Oxygen requirements to sustain CH,4
oxidation rates are then calculated from the stoichiometries of CH, oxidation (Eq. [G22 and G23]) and aerobic microbial respiration (Eq.
[G24]). The O, concentrations at methanotrophic microsites are then found at which active O, uptake driven by requirements for CH,
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 O, uptake to O, requirement fq.t is then used to constrain CH,4 oxidation rates (Eq. [G21]) so that CH,4

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 CH,4 into microbial biomass Mt ¢ (Eq. [G25]) according to the growth yield. This yield is

calculated by dividing the free energy change of CH,4 oxidation (Brock and Madigan, 1991) (Eq. [G18]) by the energy required to
construct new microbial biomass from CH, (Eq. [G26]). Net growth of the methanotrophic population Mt j ¢ is calculated as the uptake of

CH, — 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, CH,4
concentration profiles and the sensitivity of CH,4 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 CH,4 emissions from differently
amended soil columns at different temperatures (Grant, 1998b). All input parameter values used in Eqgs. [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: CH, Production and Consumption

Rif = {R't Misa[Qicl / ([Qic] + K (1+ [O2] / Ki)} f;
Qic—> 0.67 Aj +0.33 CO,-C +0.11 H,

Uire = Rmig+ (Ris— Rmig) (1.0 + YY)

Uite = Riy

Y: =-AGs/ Epm

AG; = AG's +{R T In([H,]/ [H/]*}

M /0t = Fj Uisc- Fj Ris- Digjic

SMifjc /8t = Fj Uitc- Rumigj - Digjc

Rim = {R'mMjmalAicl/ Km+[AjcD} ft
A;.— 0.50 CH4-C +0.50 CO,-C

Uime =Rpim+ Rim-Rypim) (1.0+Y,,)
Uime =Rim

Y, =-AG'p | Em

M mjc /5t =FjUimec-FiRim-Dimje

Anaerobic Fermenters and H, Producing Acetogens

respiration by fermenters

partition respiration products

uptake of DOC by fermenters [Ris > Rm;]
[Rir <Rm;f]
growth yield of fermentation
free energy change of fermentation
growth of fermenters [Rif > Rm;]
[Ris <Rm;g]
Acetotrophic Methanogens
respiration by acetotrophic
methanogens
partition respiration products
uptake by acetotrophic [Rim > Rpiml
methanogens
[Ri,m < Rpi,ml
growth yield of acetotrophic
methanogenesis
growth of acetotrophic [Rim > Rpniml

methanogens

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

[G7]
[G8]
[G9a]

[G9b]

[G10]

[G11a]



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

Ry = {R'p Mp,q [Ho] / (Kp + [H2]) [COz] / (K¢ + [COL]); fi
CO,-C+0.67 H, »> CH4-C

Upe =Rpn+ Ry - Rypp) (1.0 +Y),)

Upe =Ry

Y, =-AGy, | Ec

AGy =AG'y -{R T In([HJ] / [H])}

My jc/0t=F;jUp - F;iRp-Dpjc

6Mh,j,c /ot = Fj Uh,c - Rmh,j - Dh,j,c

X't = X't Myq [CHa] / (K¢t [CHaD} fo

Ry =Xy Yy

Y, =-AG' | Eg

Xe=X't foy

R =Rt fo,

CH,-C+4.0 0, » CO,-C + 1.5 H,0 + 0.167 H"

CH,-C +1.33 0, - CH,0-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 CH, oxidation
by methanotrophs
O, requirements for growth by
methanotrophs

[Ri,m < Rmi,m]

[Ry > Rzl

[Ry <Rzl

[Ry > Rzl

[Rp <Rpppl

[G11b]

[G12]

[G13]

[G14a]

[G14b]

[G15]
[G16]
[G17a]

[G17b]

[G18]

[G19]

[G20]

[G21a]
[G21b]
[G22]

[G23]



CH,0 -C +2.67 0, —» CO,-C + 1.5 H,0 O, requirements for respiration by [G24]

methanotrophs
Ure =Ryt Ry -Rpyy) (1.0+Y, ) uptake by methanotrophs [R;> R/l [G25a]
Uge =Ry [Ry <Ryl [G25b]
Y. = -AG'. 1 Ey growth yield of methanotrophy [G26]
8Myj e /3t =F;j Usc-F R - Dy [R;>R,/] [G27a]
8Myjc /8t =F; Usc-Rgj-Dyjc [R; < R,/] [G27b]
Definition of Variables in Table S7
Variable Definition Units Equations Input Values Reference
A acetate gCm? [G2]
A] aqueous concentration of acetate gcm® [G7]
4 descriptor for j = active component of Mi
[CH,] aqueous concentration of CH, gC m [G18]
[CO,) aqueous concentration of CO, gC m [G12]
Dhjic decomposition of hydrogenotrophic methanogens gcm?n [G17]
Difj.c decomposition of fermenters and acetogens gC m2 hit [G6]
Diymjc decomposition of acetotrophic methanogens gcm?n [G11]
Dijc decomposition of autotrophic methanotrophs gcm?n [G27]
Ec energy required to construct new M from CO, KigC? [G15] 75



Eg

Fj

fost

AG',

AGy

AGy,

AG'),

AG')y

AG',

energy required to transform CHy, 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 CH,4 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 [H] = [H,']

free energy change of hydrogenotrophic methanogenesis

free energy change of hydrogenotrophic methanogenesis
when [H,] = [H.']

free energy change of acetotrophic methanogenesis

free energy change of CH,4 oxidation by methanotrophs

kigcC*

kigcC*

klgcC™t

klg Qi,c_1

klg Qi,c_1

kJ g CO,-C"!

kI g CO,-C!

klg Ai,c_1

kJ g CH,-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)



[H2]

[H2]

My,

M; ¢

aqueous concentration of H, gH m

aqueous concentration of H, when AGj = AG'j, and AG,= gHm?

AG'y

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)

M-M constant for uptake of CO, by hydrogenotrophic Cm?d

methanogens g

M-M constant for uptake of DOC; . by fermenters and Cm?

acetogens &

inhibition constant for O, on fermentation 3
gOm

M-M constant for uptake of H, by hydrogenotrophic Hm?

methanogens J

M-M constant for uptake of A; .. by acetotrophic Cm®

methanogens &

M-M constant for uptake of CH, by methanotrophs g Cm’

descriptor for elemental fraction within eachj (j = ¢, n or p)

microbial communities 2
gCm

hydrogenotrophic methanogen community gCm?

fermenter and acetogenic community gCm?

[G5,G12,G16]

[G5,G16]

[G12]

[G1]

[G1]

[G12]

[G7]

[G18]

[G12,G17]

[G1,G6]

2.0x10*

0.12

12

0.32

0.01

12

3x10°

Brock and
Madigan
(1991)

McGill et al.
(1981)

Mosey (1983),
Robinson and
Tiedje (1982)

Smith and
Mah (1978),
Zehnder et al.
(1980)

Conrad (1984)



Rumifyj

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; ¢], 25 °C and zero water potential

CO; reduction by hydrogenotrophic methanogens

specific CO, reduction by hydrogenotrophic methanogens at
saturating [H,] 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?
gCcm?
ki mol* K

gCgM,, " h?

gCm?2ht

gCgM,, " h?

gCm?2ht
gCm?ht

g C g Mi,m,ai h-l

gCm?ht
gCm?ht

gCm?ht

[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]

8.3143x 10

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

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

Smith and
Mah (1980)



mt,j

maintenance respiration by methanotrophs

CH, oxidation by methanotrophs for respiration

CH, oxidation by methanotrophs for respiration at saturating
0,

soil temperature

descriptor for autotrophic methanotrophs

rate of CO, uptake by My,

rate of DOC; j uptake by M; ¢

rate of A; . uptake by M; ,,

rate of CH, uptake by M;

CH, oxidation by methanotrophs

CH, oxidation by methanotrophs at saturating O,

specific CH,4 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 CH, respired vs. CHy oxidized by methanotrophs

gCm?ht

gCm?ht

gCm?ht

gCm?ht
gCm?2ht
gCm?2ht
gCm?2ht
gCm?2ht
gCm?2ht
gCgtht
gM;rg Qi

g My, g CO,-C*
gMing A"
g M;-C g CH,-C*

gCgcC™

[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 H,-producing acetogens, acetotrophic
methanogens, hydrogenotrophic methanogens and methanotrophs, NH4" and NO,™ oxidizers, and non-symbiotic diazotrophs) in each
substrate-microbe complex 7 (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 NH;" ([H1a]) or by immobilizing NH4" ([H1b]) or NO3™ ([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) O, reduction under non-limiting O, is calculated from 1) using a set respiratory quotient ([H3]),

3) O, 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. O, 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 NOs;™ availability on DOC oxidation by denitrifiers are solved in five steps:



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

2) NOs’ reduction under ambient NOs” is calculated from 1) depending on relative concentrations and affinities of NOs™ and NOy’
[([H7]),

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 N0,

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 NH; 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]). O, uptake by nitrifiers also accounts for
competition with O, uptake by heterotrophic DOC oxidizers, roots and mycorrhizae,

4) NHj3 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 NHj oxidation but not accepted by
O, because of diffusion limitations ([H19]),

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

3) additional NHj3 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

InHginj = (Mimjc Cnj — Mimjn) (INHginj <0)
Intging = (Mimjc Cnj = Mimjn) [INHZ'T/ (INHS'T + Kytiym) (Ingini > 0)
Inoging = (Mimjc Cni— (Mimjn + Invging)) [INO31/ ([NOs'] + Knogm) (Inoging > 0)

Oxidation of DOC and Reduction of Oxygen by Heterotrophs
Xpocin = 1X'poc Mina [DOC]/ ([DOC)]) + Kxa} f;
R'o,in = RQc X'pocin
Royih = 41 N MipaDso, ([O2] = [Oaminl) [Fmlw/ (rw — rm)]
= R'0,in [Ozmin] / ([Ozmin] + Koyn)
Xpocih = X'pocin Royin/ R'oyin

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
R'Nojia = Enoy (R'0yid - Rosia)
RNojid = R'Nogia [NO3 ]/ (INOs ] + Knosa) /(1.0+([NO;] Knosa)/( [NO3 | Kno,a))
Rnosia = Rnogia /(1.0 + Ryogia ((Ke Via))
Rnogia = (R'Nosid = Rnoyia) [NO21/ (INO2 ]+ Knoya) /(1.04([N2O] Kno2a)/( [NO2'] Knzoa))
Rnogid = Rnoyia /(1.0 + Rxoyia ((Ke Via))
Rny0ia =2 (R'Noyia - Rnosia = RNoyia) [N20]/ ([N2O] + Kn,o0u)
Rn,0id = Rny0ia /(1.0 + Rxy0ia /(Ke Via))
Xpocid = Xpocig (from [H5]) + Fno, (Rnosia + RNoyia ) + Fryo R,0id

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers
X'Nmgin = XNy Mina {[NHsg] / ([NHsg] + Knngn)} {[COss] / ([COss] + Kco,)} fi
'0in = RQnuy X'Niyin T RQe X'cin
R02i,n = 47[ n M,n,a D302 (rm rw/ (rw - rm)) ([OZS] - [OZmi,n])
= RIOzi,n [OZmi,n] / ([OZmi,n] + KOZH)
XNH3i,n =X 'NH3i,n R02i,n /R 'ozi,n

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers



X'Nogio = X'Noy Mioa {INO2T/ ([NO2] + Knoye)} {[COss]/ ([COxs] + Kco,)} fo [H15]

010 = RQnoy A'Nojio T RQc X'cio [H16]
ROZi,o = 475 n Mi,o,a DSOZ (rm rw/ (rw - rm)) ([OZS] - [O2mi,o]) [H17a]

= R'0,i0 [O2mio] / ([O2mio] + Koye) [H17b]
XNOzi,o = X'N02i,0 ROZi,a / R,Ozi,o [Hl 8]
Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers

Noyin = Enoy (R'0,in = Rogin) [H19]
RN0gin = R'Noyin {INO2]/ ([INOy]+ Knoyn)} {[CO2s] / ([CO2s] + Kco,)} [H20a]
Rnogin = Rxogin /(1.0 + Rxogin /(Ke Vin)) [H20b]
XNHgzin = XNHzin (from [H14]) +0.33 Rxoyin [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 m)
0 autotrophic nitrite oxidizer population (subset of m)
Variables
Cyj maximum ratio of M; njn to M;;c maintained gNgC™* [H1] 0.22 and 0.13 for j =
by Mimi labile and resistant

[COxs] CO, concentration in soil solution gCm’ [H11,H15,H20]
[DOC/] concentration of dissolved decomposition gC m> [H2]

products



DSOZ

ENOX
I:NOX
I:N20

fi

INH4i,n,j

aqueous dispersivity-diffusivity of O,

e accepted by NO, vs. O, when oxidizing
DOC

¢ donated by C vs. ¢ accepted by NO, when
oxidizing DOC

¢ donated by C vs. ¢ accepted by N,O when
oxidizing DOC

temperature function for microbial processes
mineralization (Inw,inj < 0) or immobilization
(InHginj > 0) of NH4" by M5 5c
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