Supplementary material

S1. Soil carbon (C), nitrogen (N) and phosphorus (P) transformations

S1.1. Decomposition

Dysijic=D'sijic Miaic for(Siic/ Giic)

Dzijic=D'zijicMiaic fg(Ziic! Giic)

Duijc=D'sijc Migic fig(Airc/ Giic)

Siic = 2/ Si,j,l,C

Ziic =% Zijic

Giic = Siic + Ziic + disc

Miaic = Migic+qm Migic Giic — Mivaic Giic)/(Giict Giic)

]Wi,a,l,c =2, M,n,a,l,C

D'sijic = {Dsicl[Sijicl}/{[Sijic] + Kmp(1.0 +[XM; 4, c]/Kip)}
D'zijic = {DzclZijicl}Zijicl + Kmn(1.0 +[Mia:c)/Kin)}
D' yijc = {DaclAiicl}/{[Aiic] + Kmp(1.0 +[M;q;c)/Kip)}

OSijkicl Ot = By (Uinic — Ruini ) (Shjrrc! Sijic) {(8.1c/Sijuc)(S'ijic/Siji.c + Kis)}

Sia = Ty{elB ~Ha/RTDIy /1] + olHar= ST/(RTsp)] 4 ol(STss = Han)(RTs1y

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 from each substrate-
microbe complex 7 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 determined by
microbial growth into uncolonized
litter

Arrhenius function for D and Ry
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[A6]



Dsijinp = Dsijic(SijiNe/Sijic)
Dzijinp = Dziji.c(Zijine/Zijic)
Daiinpe = Daijc(AiiNp/Aiic)
Yiic = kis(Gic Fi[Oiicl? — Xiic)
Yinpe = Yirc(Qiine/Qirc)
Yinpe = Yic(Xiinp/Xiic)
S1.2. Microbial growth
Rn = ZiZ nX iRhin,i
Ry = R’y min{Cnipn,1,a/ CNjy Cpipnia/ Cpj}
Rv'ini = Minaic {Ruini [Qiicl}/{(Kmoc HOirc])} gt fre
Ruin1 = R 10,1 (Uo2in i/ U 02i,1)
Sfva = 1.0 -6.67(1.0 — My RTsD)
U'02in1 = 2.6TRY i1
Uozin1 = U 02in,1{O2mign, 1)/ ([O2min1] + Ko,)
=4mn Mipaic Dsoxi[Farwi/(rwi — 1m) [([O2s1] —[O2mini]
Ruminjii = RnMinjiN fimi
o = (T~ 298.16)
Rgini = Rhini — Zj Rminj1
Uipnic =min(Ruipnt, 2 Rminji) + Reini (1 + AGx/Em)
Uinine = Uin1Qiinp/Qiic

Diinji,c= DviiMinjc fig

N and P coupled with C during D

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yic<0) desorption of
DON, DOP

Ry, constrained by microbial N, P
Ry, constrained by substrate DOC
Ry, constrained by O»

ws constraints on microbial growth
0O, demand driven by potential Ry,

active uptake coupled with radial
diffusion of O,

DOC uptake driven by R,
DON,DOP uptake driven by Ui, ic

first-order decay of microbial C,
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DutinjNp = DyijMinjiNp frgl fainNp
SM,n,j,l,C/St = F} Ui,n,lC - F}Rhi,n,l - DMi,n,/',l,C
OM; j1.0/0t = Fj Uinic — Rmipnji — Duingic
S1.3. Microbial nutrient exchange
Unnsingi = Minjic ONj— Minjin)

Unnginj =min{(Minjic ONj— Minjin),
U’nny @ingi (INHa - [NHa mn])/((NH4 "5, - [NH4 mn] + Knny) }

Unoyingr = min{(Minjic ONj— (Minjin + Unugingit)) »
U’no; @it ([INO37;0]-[NO3"mn])/([NO37,,1]-[NO3 mn] + Knoy) }
Urosinj1 = Minji,c Coj— Minjip)

Urouipnji =min{(M;nic Cvj - Minjip),
U’poy A inji (H2PO47i1]—[H2PO4 mn] )/ ([H2POs ™ 11— H2PO4 mn] + Kroy)}
D, p=rj1 = max{0, Mi =1 1,cONj — Min=rjin — max{0, Ui n=rjiN} }

Rain=j1 =Eo® Din=;i
M jinN/Ot = FiUipiN + Uty UNOsi 1 gt = Diinji
OMinj1p/t = FUinip + Uroy,, ) = Duinjip

M,n,a,l,C = M,n,j:]abile,l,C + M,n,j:resistant,],CFr/FI
S1.4. Humification

H; jtignini.c = Dsij=lignin,i.C

H; jtignin ;NP = Dsij=lignin, ;NP

Hys; jtignin,1,c = Hsi j=lignin.i,c L

Hyi jetignin;Np = Hsijlignint.c Siinp/Siic

partial release of microbial N, P
[Ruini> Rminj1]  growth

[Rhini < Rminji] senescence

Unn, <0 mineralization

Unn, >0 immobilization

Unos > 0 immobilization
3

Upo, <0 mineralization

Upo, >0 immobilization

N, fixation driven by N deficit of
diazotrophic population

growth vs. losses of microbial N, P

decomposition products of litter
added to POC depending on lignin

[A24]
[A25a]

[A25b]

[A26a]

[A26b]

[A26c]

[A26d]

[A26¢]
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Huyiipnji.c = Duinjic Fn decomposition products of [A35]
microbes added to humus
Hutinjine = HuinjicMinjinpe/Minjic depending on clay [A36]
S1.5. Definition of variables in sections S1.1-S1.4 (Eqs. A1-A36)
Variable Definition Unit Value Reference
Subscripts

i substrate-microbe complex: coarse woody litter, fine non-

woody litter, POC, humus
j kinetic component: labile /, resistant r, active a
/ soil or litter layer
n microbial functional type: heterotrophic (bacteria, fungi),

autotrophic (nitrifiers, methanotrophs), diazotrophic,

obligate aerobe, facultative anaerobes (denitrifiers), obligate

anaerobes (methanogens)

Variables

Airc mass of adsorbed SOC gCm™?
[Aic] concentration of adsorbed SOC in soil g CMg!
a microbial surface area m? m?
B parameter such that fi; = 1.0 at 7;=298.15 K 26.230
b Freundlich exponent for sorption isotherm 0.85 (Grant et al., 1993a, b)
B specific colonization rate of uncolonized substrate - 2.5 (Grant et al., 2010)
CN,Pi,n,a,l ratio OfM,n,a,N,P to M,n,a,c g NorP g Cil
Cnp; maximum ratio of M, ,;np to M, ;c maintained by M; . c gNorPgC! 0.22 and 0.13 (N), 0.022 and  (Grant et al., 1993a, b)

0.013 (P) for j = labile and
resistant, respectively



Dy

Duysingic
Duytipnjinp

D02

Dyiic

Dyic

Dyij inp
D'4ijic

Dsijic

DSj,C

Dysijinp

D'sijic

Dyzijic

Dzijnp

Dyjc

D'zijic

specific decomposition rate of ;,; at 30°C

decomposition rate of M; . c
decomposition rate of M, i~ p

aqueous dispersivity—diffusivity of O, during microbial
uptake in soil

decomposition rate of 4;;c by Miaic producing Q in (Eq.
Al3)

specific decomposition rate of 4;;c by Miauc at 25°C and
saturating[4; ]

decomposition rate of 4;;np by Miaic
specific decomposition rate of S;;;c by Z,Minq; at 25°C

decomposition rate of Si;;c by £,M; . producing Q in (Eq.
Al3)

specific decomposition rate of S;;;c by XM 4 at 25°C and
saturating[S;c]

decomposition rate of Sijinp by ZnMina

specific decomposition rate of S;;;c by Z,Minq: at 25°C

decomposition rate of Z;;c by X,Mi .4 producing Q in (Eq.
Al13)

decomposition rate of Z;;;n,p by Z,Minai

specific decomposition rate of Z;j;c by XM 41 at 25°C and
saturating[ Z; ]

specific decomposition rate of Z;;;c by Z,Mi 4 at 25°C

gCgC'h!

gNorPm2h!
gCgC'h!

gCm2h!

gCgC'h'!

gNorPm2h!

gCgC'h!

gCm?2h!

gNorPm?2h!

gCgC'h!

gCgC'h!

0.0125 and 0.00035 for j =
labile and resistant,
respectively

0.025

1.0, 1.0, 0.15, and 0.025 for j

= protein, carbohydrate,
cellulose, and lignin

0.25 and 0.05 for j = labile
and resistant biomass

(Grant et al., 1993a, b)

(Grant et al., 1993a, b)

(Grant et al., 1993a, b)

(Grant et al., 1993a, b)



AGx

Em

Fs

ﬂii,n,lN P

ﬁgl
ﬁml
f 2

D=1

Giic

[H2PO4]

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

fraction of microbial growth allocated to labile component
M,n,l

fraction of microbial growth allocated to resistant
component M;

equilibrium ratio between Q;;c and H;;c

fraction of N or P released with Dy ji,c during
decomposition

temperature function for microbial growth respiration
temperature function for maintenance respiration

soil water potential function for microbial, root or
mycorrhizal growth respiration

non-symbiotic N fixation by heterotrophic diazotrophs (n =

N

total C in substrate-microbe complex

concentration of H,PO4™ in soil solution

klgC!

kKl gC!

gCgN'!

dimensionless

dimensionless
dimensionless

dimensionless

gNm?h!

gCMg!

-3

gPm

37.5 (x= 0,); 443 (x =
DOC)

25

5

0.167 + 0.167*clay

0.55
0.45
0.33 Unusa >0
1.00 Unusa <0
0.33 Upos>0
1.00 Upos <0

(Waring and Running,
1998)

(Grant et al., 1993a, b)

(Grant et al., 1993a, b)

(Pirt, 1975)



H.

Han

Ha
Huyingjic

Huyginjinp

Hsijic
Hsijinp
Kis
Knu,
Ko,
Kro,
Kip

Kwp

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
inhibition constant for microbial colonization of substrate
M-M constant for NH4* uptake at microbial surfaces
M-M constant for NO3;~ uptake at microbial surfaces
M-M constant for H,PO4™ uptake at microbial surfaces
inhibition constant for [M;,,]on Sic, Zic
Michaelis—Menten constant for Ds;c

Michaelis—Menten constant for R'n;,, on [Qic]

Michaelis—Menten constant for reduction of Oy by
microbes, roots and mycorrhizae

equilibrium rate constant for sorption
ratio of nonlignin to lignin components in humified

hydrolysis products

molecular mass of water

J mol™! 65x 103

J mol™! 225 x 10
J mol™! 198 x 10°
gCmm?2h!

gNorPm?2h!

gCm2h!

gNorPm?2h!

- 0.5
gNm? 0.40
gNm? 0.35
gPm? 0.125
gCm? 25

g CMg™! 75
gCm 36

g 0y m 0.064

h! 0.01

0.10, 0.05, and 0.05 for j =
protein, carbohydrate, and
cellulose, respectively

g mol! 18

(Addiscott, 1983)

(Grant et al., 2010)

(Lizama and Suzuki,
1991 ; Grant et al.,
1993a, b)

(Griffin, 1972)

(Grant et al., 1993a, b)

(Schulten and
Schnitzer, 1997)



Miac

M,n,j,l,c
M,n,j,l,N
Mi,n,j,l,P

Mi,n,a,l,C

[M,n,a, 1,C ]
[NHa*in1]

[NH4+mn]

[NO37ini]

[NO3_mn]

[HoPO4
in,j, l]

[H2P04-mn]

[O2min 1]
[Oa4]
Oiic
[Qiic]
Oiinp

qm

heterotrophic microbial C used for decomposition
microbial C
microbial N
microbial P

active microbial C from heterotrophic population n
associated with G;;c

concentration of M;, , in soil water = M, 41 /6,
concentration of NH4* at microbial surfaces

concentration of NH4* at microbial surfaces below which
UNH4 = 0

concentration of NH4* at microbial surfaces

concentration of NO3;~ at microbial surfaces below which
UN()3 = 0

concentration of H,PO4 at microbial surfaces

concentration of H,PO4 at microbial surfaces below which
Upo, =0

O, concentration at heterotrophic microsites

O, concentration in soil solution

DOC from products of Dyg;jic [A3] and Dyzijic) [AS]
solution concentration of Q;;c

DON and DOP from products of (Dsijinp + DzijiNp)

constant for reallocating M 4 1.c to Miqc

gCm
gNm3

gNm? 0.0125

gNm3

gN m™3 0.03

gNm3

gNm3 0.002

g0, m™
g0, m>
gCm™

gCMg™

gNor P m™



R gas constant Jmol™! K! 8.3143

Rain=j; respiration for non-symbiotic N fixation by heterotrophic gCm?h'!
diazotrophs (n =)

Ryini growth respiration of M;, ,; on Q;;c under nonlimiting O, gCgC'h!
and nutrients

Ry total heterotrophic respiration of all M;, ,; under ambient gCm?h!
DOC, O, nutrients, € and temperature

Ruini heterotrophic respiration of M .4 under ambient DOC, O, gCm™2h™!
nutrients, 8 and temperature

Ry, specific heterotrophic respiration of M;, ,; under gCgC'h!
nonlimiting O,, DOC, #and 25°C

Ry, specific heterotrophic respiration of M;,; under gCgC'h! 0.125 (Shields et al., 1973)
nonlimiting DOC, O,, nutrients, 8 and 25°C

Ry in heterotrophic respiration of M, under nonlimiting O2and gC m™2h™!
ambient DOC, nutrients, 8 and temperature

R specific maintenance respiration at 25°C gCgN'h! 0.0115 (Barnes et al., 1997)

Runipjt maintenance respiration by M;,, gCm2h!

Fwi radius of 7, + water film at current water content m

Fm radius of heterotrophic microsite m 2.5x107°

rwi thickness of water films m

S change in entropy Jmol ' K~! 710 (Sharpe and
DeMichele, 1977)

[Sijicl concentration of Sj;;c in soil g C Mg™!

Sijic mass of colonized litter, POC or humus C gCm>

S'ijic mass of uncolonized litter, POC or humus C gCm



SijiNp
Ty

Uinic

U i,n,N,P

Unuaingi
U'nn,
Unozingi
U'no,
Uozin
U'02in
Upo4ingi
U'vo,
Xiic
XiiNp

y

Vs

Yiic
YiiNp

[Zijic]

mass of litter, POC or humus N or P
soil temperature

uptake of Q;c by X,M; . under limiting nutrient
availability

uptake of Q;inp by X,M; 4 under limiting nutrient

availability
NH4* uptake by microbes

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

NOs™ uptake by microbes

maximum Uno, at 25 °C and non-limiting NO3~
O, uptake by M, .1 under ambient O»

O, uptake by M, ,; under nonlimiting O,
H,POy4 uptake by microbes

maximum Upo, at 25 °C and non-limiting HoPO4”
adsorbed C hydrolysis products

adsorbed N or P hydrolysis products

selected to give a Qo for fim 0f 2.25

soil or residue water potential

sorption of C hydrolysis products

sorption of N or P hydrolysis products

concentration of Z; ;¢ in soil

gNor P m?
K

gCm?h!

gNorPm?2h!

g N m?h'!
gNm?h!

gNm?h!

MPa
gCm2h!
gPm?h!

gCMg!

5.0x 107

5.0x 103

5.0x 103

0.081

10



Zijic mass of microbial residue C in soil

ZijINP mass of microbial residue N or P in soil

S2. Soil-plant water relations

S2.1. Canopy transpiration

Rnei+ LE; + Hei + Gei =0

LEC,‘ =L (ea — ec,'(Tciy '/’ci))/raf

LEi= L (ea— ecir,; y9)/(rai + i) - LEci from Eq. (B1b)

H. = pCp(Ta - Tci)/rai
Femini = 0.64 (Co — Gi'3)/ Ve's
Vei = Femini T (rcmaxi - chini) e('ﬂ l//ti)

ra = {(In((zu — zai)/ze)? /(K? ua)} /(1 — 10 Ri)
Ri={g (zu—zu)/( us® To)} (Ta— To)

Wi= Wei - Wni

S2.2. Root/moss/mycorrhizal water uptake
Uwi =21 2% Uwi,r,l

Usiri= (Wi - W'D Qsiri+ it Z oirix)
Wi = Wi +0.01 zy

W' = ws—0.01 z

Q= In{(dit/7i 1) (27 Liy1 K1)} Gl Gpi

r= &2vin/Li

gCm

gPm

-2

oirix=1 = izt [ {Mirs1 Firgs 175 + 82 air zoi {0 im0 1 (Foi 116D Y S0 (MG 1) /M 11

oirix=2 = $hir (Lir2 ir12) I{0ir12 Firg2 /7))

SLip 10t =M;p11 /8t Ve 1{pr (1 - Opir) (T rirs %)}

canopy energy balance

LE from canopy evaporation
LE from canopy transpiration
H from canopy energy balance

re driven by rates of carboxylation
vs. diffusion

re constrained by water status

ra driven by windspeed, surface

ra adjusted for stability vs.
buoyancy

Uy along hydraulic gradient

[Bla]
[B1b]
[Blc]
[B1d]

[B2a]
[B2b]

[B3a]
[B3b]

[B4]

[B5]
[B6]
[B7]
[B8]
[BI]
[B10]
[B11]
[B12]

[B13]

11



S2.3. Canopy water potential
(ea — eir,p)/(rai + 1) (Eq. B1) = X Ty - W'D/ (Q25iri+ i+ Zx Chirix) + XeiOWei/ St

S2.4. Definition of variables in sections S2.1-S2.3 (Eqs. B1-B14)

. solved when transpiration from [B14]
[B1-B4] equals uptake from [B5-
B13] + change in storage

Variable Definition Unit Equation Value Reference
Subscripts
1 plant species or functional type: coniferous, deciduous,
annual, perennial, C3, C4, monocot, dicot etc.
branch or tiller
K Node
L soil or canopy layer
M leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
r root/moss/mycorrhizae
Variables
B stomatal resistance shape parameter MPa’! -5.0 (Grant and Flanagan,
2007)
Gy [CO3] in canopy air umol mol-!
Ci'i [CO2] in canopy leaves at y¢; = 0 MPa umol mol! 0.70 Gy (Larcher, 2003)
diri half distance between adjacent roots/mosses m
E. canopy transpiration m? m? h!

12



€,

eCi(Tci, Vei)
Gei

Hei

K

Kxirl

LE, ci
Li, rl

M, rl
Njrilx

.Qai,r

Qai, rlx

.Q ri,r

Qri, rl

atmospheric vapor density at 7, and ambient humidity

canopy vapor density at 7¢c; and y;

canopy storage heat flux
canopy sensible heat flux

von Karman’s constant
hydraulic conductivity between soil and root/moss surface

scaling factor for bole axial resistance from primary
root/moss axial resistance

latent heat of evaporation

latent heat flux between canopy and atmosphere
length of roots/mosses/mycorrhizae

mass of roots/mosses/mycorrhizae

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

axial resistivity to water transport along
root/moss/mycorrhizal axes

axial resistance to water transport along axes of primary (x
= 1) or secondary (x = 2) roots/mosses/mycorrhizae

radial resistivity to water transport from surface to axis of
roots/mosses/mycorrhizae

radial resistance to water transport from surface to axis of
roots/mosses/mycorrhizae

0.41

- 1.6 x 10*

Jg! 2460

1.0x 10
coniferous

MPahm!

MPa h m?2 1.0 x 10*

MPahm'!

4.0 x 10° deciduous

(Grant et al., 2007)

(Larcher, 2003)

(Doussan et al., 1998)

13



-Qsi, rl

Femaxi

Vemini

Virlx

r inr

radial resistance to water transport from soil to surface of
roots/mosses/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 We;
radius of bole at y; =0 MPa

canopy stomatal resistance to vapor flux
canopy cuticular resistance to vapor flux

minimum r¢; at yg; =0 MPa

radius of primary (x=1) or secondary (x=2)
roots/mosses/mycorrhizae at ambient y; ;

radius of secondary roots/mosses/mycorrhizae at yr; ;. =
0 MPa

root specific density
air temperature

canopy temperature

sm
sm

sm

g C g FW!

5.0x 10°

2.0 x 10*“tree
1.0 x 10*bush
0.05 x 10*mycorrhizae

0.05

(van Bavel and Hillel,
1976)

(Larcher, 2003)

(Grant, 1998)

14



Uwi

Uwi,r,l

Ua
Vc ’i

Vr

Wi
Zbi
Zdi
Z
Zr

Zu

S3. Gross primary productivity and autotrophic respiration

total water uptake from all rooted soil layers

water uptake by root/moss/mycorrhizal surfaces in each
soil layer

wind speed measured at z,

potential canopy CO fixation rate at y¢; = 0 MPa

root specific volume

canopy capacitance

canopy water potential

Wei T canopy gravitational potential
canopy osmotic potential

soil water potential

we + soil gravitational potential
canopy turgor potential

length of bole from soil surface to top of canopy
canopy zero-plane displacement height
depth of soil layer below surface
canopy surface roughness

height of wind speed measurement

S3.1. C3 gross primary productivity
GPP = Zi,j,k,l,m,n,o (Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o) A ij,k,1mn,0

MPa

MPa

MPa

MPa

106 (Grant, 1998)

1.25at =0

(Perrier, 1982)

(Perrier, 1982)

solve for Ci;jkimnoat which [C1]
Vcin/,k,l,m,)z,o = Vgin/,k,l,m,iz,o

15



Vgizj,k,l,m,n,o = (Cb - Ciiz/’,k,l,m,n,o)/rliz/,k,l,m,n,u

Vcizj,k,l,m,n,u = min{Vbiz/’,k,l,m,n,a; V_]'i,j,k,l,m,n,a}>

Nij k,l,m,n,0 = Vlmini,j,kLmno + (rlmaxi - rlmini,j,k,l,m,n,o) e(-ﬂ‘//ﬁ)

rlminizj,k,l,m,n,u = (Cb - Ci 'i)/ Vc ’iz/’,k,l,m,n,u

Vbi,j,k,l,m,n,a = meaxi,j,k(cciz/’,k,l,m,n,o = i,j,k)/(cci,j,k,l,m,n,u) + Kci)f\u i,j,k,l,m,n,0 fiCi
meaxi,j,k =W 'i Frubiscol- M,j,k,pml /Ai,j,k fxbi

Tijk=0.5 Oc Vomas, . Ke, /(Vomar, ;. Ko)

— ’ . .
Vomaxi’j’k =V I-Frublscol- M,j,k,prot/Ai,j,k ﬁot

Ke; = Ke; fucei (1 + Oc/ (Ko, fikoi))

Vji,j,k,l,m,n,o = Jijklmno }]i{/',k,l,m,n,ofw i,j,k,L,m,n,0 ﬁCi

Ji,j,k,],m,n,o = (8 Liimno™ Jmaxi,j,k - ((5 Limno™ Jmaxi,j,k)2 -4ae liimno Jmaxi,j,k)o.s)/(za)

=1 ..
Jmaxi,j,k = V] i Fchlorophylli M'j,k,prot /Ai,j,k ﬁ_]l

L,

.. = . 0.5
ﬁ" Lj.kLmn,o (rlmmi,j,k,l,m,n,o / rli,j,k,],m,n,o)

Jioi = exp[By — Hav/(RT:))/ {1 + exp[(Han — STo)/(RTei)] + expl[(STei — Han)/(RT:)]}
froi = exp[Bo — Hao (RT:))/{1 + exp[(Hai — STei)/(RTe)] + exp[(STei — Han)/(RTe)]]
fii = exp[Bj — Hai(RTs))/ {1 + exp[(Hai — STe))/(RTe))] + exp[(STei — Han)/(RT:1)]}
fikei = exp[Bike — Hake/(RT )]

ﬁkoi = eXp[Bko — Hako/(RTci)]
fici = min{oni/(oni;j + ocijlKicy), ovijl(ovij + ocij [Kicp)}

diffusion
carboxylation
r is leaf-level equivalent of 7.

minimum r is driven by
carboxylation

CO,, water, temperature and
nutrient constraints on

water, temperature and nutrient
constraints on V;

non-stomatal effect related to
stomatal effect

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K, Ko,

product inhibition of V4, Vjfrom
on and op vs. oc in shoots

[C2]
[C3]
[C4]
[C5]
[C6a]
[C6b]
[Coc]
[C6d]
[C6e]
[CT7]
[C8a]

[C8b]

[CI9]
[C10a]
[C10b]
[C10c]
[C10d]

[C10e]
[C11]
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é‘MLRi,j,k /ot = W}_’.Jy}/é‘t min{[N'leaf + (Meaf - N'leaf)fiCi]/Nprot, [P'leaf + (Pleaf - P'leaf)fiCi]/Ppmt}

S3.2. Autotrophic respiration
Ra=2%; (Reij + Rsij) + ZiZ X - (Reit + Rsirt ) + ENp (Unntirg + Unosirg + Uposir )

Rci,j ZRC'O'Ci,j ftai
Rci,r,l = RC’O-C il ﬁa il (UOZi,r,l /U '02i,r,l)
Uozipi = U'02ir1 [02ir1)/([Oiri] + Koy)

= Uw,,.;[O2a] + 21tLi 1 Dso2 ([O2s1] —=[Ouit]) In{(rst + Frint)/ 7vii}
+ ZTELi,r,l Do ([OZqi,r,l] _[02 ri,r,l]) 1n(rqi,r,l)/ rri,r,[)

U'02ir1=2.67 Rdiy1
Rsi,j =-min {00, Rc,‘J' — Rm;J‘}

Rumij= Z:(Nij: Rm" fimi)

Ryij = max{0.0, min{(Rci; — Rmij) min{1.0, max{0.0, w - w'}}
S3.3. Growth and senescence

lijzc= Rsij Mugij | Mugij

lijzx=lijzc Nprot (1.0 — Xmx fini/)

lijzp=lijzc Pprot (1.0 — Xmx fipiy)

ﬁ(N,;j = Gc,',j/(O'c,;j + GNiJ'/KxN)

Jvij = ocijl(ocij + ovij /Kxp)
5MB[J‘/5I =3, [RgiJ (1 - Ygi,z)/Yg[,z] —RS,'J — lijc

5MRi,r,l/5t = [Rgi,r,l (1 - Ygi,r)/Ygi,r] - Rsi,r,l - li,r,l,C

leaf structural protein growth

total autotrophic respiration

O, constraint on root respiration
from active uptake coupled with
diffusion of O; from soil as for
heterotrophic respiration in (Eq.
A17), and from active uptake
coupled with diffusion of O, from
roots

remobilization when Ry, > R
maintenance respiration

growth when R < R,

senescence drives litterfall of non-
remobilizable material

litterfall of N and P is driven by
that of C but reduced by
translocation to to on and op
according to ratios of on and op
withoc

branch growth driven by R,

root growth driven by R,

[C12]

[C13]
[Cl4a]
[C14b]
[Cl4c]

[C14d]

[Cl4e]
[C15]
[C16]

[C17]

[C18]
[C19a]
[C19b]
[C19¢]

[C19d]

[C20a]

[C20b]
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SALi ki Ot = g (Mviji 1vi) "3 OMuyij i/ St min{1, max {0,y - w'} leaf expansion driven by leaf mass [C21a]
growth
8L 11/t = (SMii 1 156)/vi vy 1 {py (1 - Opir ) (Tt Frivs12)} root extension of primary and [C21D]
secondary axes driven by root
mass growth C2lc
SLi 1 2/8t = (8Miy12 /5t) Vi 1 {py (1 - Opiy ) (T Friys22)} g [ ]
Jrai = Tei{exp[Bv — Hav/(RTc)]}/ {1 + exp[(Ha — STe))/(RT)] + exp[(STei — Han)/(RTe)]} Arrhenius function for R, [C22a]
fomi = (0081177 ~298.15) temperature function for R, [C22b]
S3.4. Root/moss/mycorrhizal nutrient uptake
Unndiri= {UwirsINH4*[] + 21L; r,iDenn,;, ([INH4 "] — [NHa%i01) / In(di g /7vir) } Root/moss/mycorrhizal N and P [C23a]
uptake from mass flow + [C23D]
= U'Nny (U021 /U " 02i,1) At ((NHg* 1] — [NH4 mn] )/((NHg";1] — [NHa mn] + Knuy) fo, fini i diffusion coupled with active (C23¢]
Unosint= {Unint [NOy 1] + 2L Dexoyy (INO3 1] [NOs™3.1) / Inly /i uptake of NHL™, NOs~and H,PO- ¢
Nosirt = { Uit [NO37) i Denoyy (INOs71] = [NOTs D) £ In(dit i)} constrained by O» uptake, as for [C23d]
icrobial N and P uptake in (Eq.
= U'No3 (U021 'U "02ir,1) Airt (INO37j 1] — [NO37mn] )/([NO37 1] — [NO3"mn] + KNo3) fiy, finiirt I[I\l;g)o el Nand P uptake in (Fq [C23¢]
Urosi 1= {Uwiri [H2PO47)] + 2L iDepo,, ([H2PO4™)] — [HaPO47i4]) / In(diri /7vir 1)} [C23f]
product inhibition of Unma, Unos [C23g]
= U'roy (Uo2iri /U "02ir1) Airi ((H2POg7.1] — [H2PO4 mn] )/([H2PO47; 1] — [H2PO4'mn] + KP04)ftg; and Upos determined by on and [C23h]
Sipint Op Vs. ot in roots
SiNirt = Ocirnil(Ocirn T ONiri/King)
Sipiri = Ociril(OCiri + 0Opiri/Kipc)
S3.5. Definition of variables in sections S3.1-S3.4 (Eqs. C1-C23)
Variable Definition Unit Value Reference
Subscripts
i species or functional type: evergreen,

coniferous, deciduous, annual, perennial,
Cs, C4, monocot, dicot, legume etc.

J branch or tiller

k Node
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By
Bxo
B,
By

Go

Ceoa)

Cc(m4)

Ce

Cigmay'

soil or canopy layer

leaf azimuth

leaf inclination

leaf exposure (sunlit vs. shaded)

organ including leaf, stem, root, moss

mycorrhizae
Variables

leaf, root/moss/mycorrhizal surface area m? m?
shape parameter for stomatal effects on CO> diffusionand ~ MPa’! -5.0
non-stomatal effects on carboxylation
parameter such that f=1.0 at 7. = 298.15 K 17.533
parameter such that fji = 1.0 at 7.=298.15 K 17.363
parameter such that fi; = 1.0 at 7. =298.15 K 22.187
parameter such that fi.; = 1.0 at 7.=298.15 K 8.067
parameter such that fii = 1.0 at 7. = 298.15 K 24.221
parameter such that fi,i = 1.0 at 7. = 298.15 K 26.238
[COz2] in canopy air pumol mol!
[CO2] in C4 bundle sheath M
[CO2] in C4 mesophyll in equilibrium with Ciijk1m,no0 uM
[CO2] in canopy chloroplasts in equilibrium with Cijjkimno UM
[CO2] in C4 mesophyll air when y; =0 umol mol! 045 x Gy

(Grant and Flanagan,
2007)
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Cima)
Cijz=i
G’

Gi

Denny,

De NO3;

Deroy,

Dio2

D sO2

di,r,l

Enp

Jees)

Jema

Fen
fic
fin

[CO2] in C4 mesophyll air

C content of leaf (z = /)

[CO2] in canopy leaves when ;=0
[CO2] in canopy leaves

effective dispersivity-diffusivity of NH4* during
root/moss/mycorrhizal uptake

effective dispersivity-diffusivity of NO3;~ during
root/moss/mycorrhizal uptake

effective dispersivity-diffusivity of H,PO4~ during
root/moss/mycorrhizal uptake

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

C3 product inhibition of RuBP carboxylation activity in Cy
bundle sheath or C3 mesophyll

C4 product inhibition of PEP carboxylation activity in Cs4
mesophyll

fraction of leaf protein in chlorophyll
N,P inhibition on carboxylation, leaf structural N,P growth

N inhibition on root/moss/mycorrhizal N uptake

pumol mol!

g Cm?

pumol mol! 0.70 x Gy (Larcher, 2003)

umol mol-!

m? h!

m? h!

m? h’!

m? h’!

m? h!

m (n Ly IAZ)"? (Grant, 1998)

gCgN'orP! 2.15 (Veen, 1981)

- 0.025
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Sie

Frubisco

Swi

Sui

H,

P inhibition on root/moss/mycorrhizal P uptake
fraction of leaf protein in rubisco

temperature effect on Ra;;

temperature effect on carboxylation

temperature function for root/moss/mycorrhizal growth
respiration

temperature effect on electron transport

temperature effect on K,

temperature effect on Ko,

temperature effect on Rm;;

temperature effect on oxygenation

temperature effect on carboxylation

fraction of Xmx N translocated out of leaf or root/moss
during senescence

fraction of Xmx P translocated out of leaf or root/moss
during senescence

non-stomatal water effect on carboxylation
non-stomatal water effect on carboxylation

energy of activation

- 0.125
dimensionless
(Bernacchi et al., 2001,
2003)
(Bernacchi et al., 2001,
2003)
- Q=225
- (Medrano et al., 2002)
J mol™ 57.5x10°
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Haj

H. ake

Haxo

HaO

Hay

Jo4)

Jimay

Jmax !

Jimax(b4)

Jmax( m4)

energy of activation for electron transport

parameter for temperature sensitivity of K,

parameter for temperature sensitivity of Ko,

energy of activation for oxygenation

energy of activation for carboxylation

energy of high temperature deactivation

energy of high temperature deactivation

energy of low temperature deactivation

energy of low temperature deactivation

Irradiance
electron transport rate in C4 bundle sheath

electron transport rate in C4 mesophyll

electron transport rate in C3 mesophyll

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

electron transport rate in C4 bundle sheath at non-limiting 7

electron transport rate in C4 mesophyll at non-limiting /

J mol™!

J mol™!

J mol™!

J mol™!

J mol™

J mol™!

J mol™

J mol™

J mol™!

pumol m? s°!
umol m?2 s!

pumol m? s°!

pumol m? s°!

umol g! 7!

umol m?2 st

pmol m? s™!

43x 103

55 x 10°

20x 103

60 x 10°

65x 103

222.5x 103

220 x 10°

198.0 x 10°

190 x 103

400

(Bernacchi et al., 2001,
2003)

(Bernacchi et al., 2001,
2003)

(Bernacchi et al., 2001,
2003)

(Bernacchi et al., 2001,
2003)

(Bernacchi et al., 2001,
2003)
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Jmax

Keps)

Ke(ma)

K.
K.

Kicy

KiCP

KIXC4(b4)

KlXC4(m4)

Kivg

K

Kin

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

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in Cs4
mesophyll

Michaelis-Menten constant for carboxylation at zero O,
Michaelis-Menten constant for carboxylation at ambient O,

inhibition constant for growth in shoots from oc vs. onx

inhibition constant for growth in shoots from ot vs. op

constant for CO; product inhibition of C4 decarboxylation
in C4 bundle sheath

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

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

[ vifis]

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

[ i)

inhibition constant for N uptake in roots/mosses from oc;;
VS. ONj

pumol m? !

uM

uM

uM

gCgN'!

gCgP!

uM

uM

gCgN!

gCgP!

gNgC'

30.0 at 25°C and zero
(07}

3.0 at 25°C

12.5at25°C

100

1000

1000.0

5x10°

100

1000

0.1

(Lawlor, 1993)

(Lawlor, 1993)

(Farquhar et al., 1980)

(Grant, 1998)

(Grant, 1998)

(Grant, 1998)
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I(iPC

KNH4

KN03

KPO4

Ko

Kx~

K xP

lc

INp

Mg
My

Mry, My

iprot

inhibition constant for P uptake in roots/mosses from oc;;
VS. Opij roots

M-M constant for NH4" uptake at root/moss/mycorrhizal
surfaces

M-M constant for NO;~ uptake at root/moss/mycorrhizal
surfaces

M-M constant for H,PO4~ uptake root/moss/mycorrhizal
surfaces

Michaelis-Menten constant for root or mycorrhizal O,
uptake

inhibition constant for O, in carboxylation

inhibition constant for remobilization of leaf or root/moss
N during senescence

inhibition constant for remobilization of leaf or root/moss P
during senescence

root length
C litterfall from leaf or root/moss

N or P litterfall from leaf or root/moss

branch C phytomass
leaf C phytomass

non-remobilizable, remobilizable leaf C phytomass

root C phytomass

leaf protein phytomass calculated from leaf N, P contents

gPgC! 0.01

gNm?3 0.40
gNm? 0.35
gP m? 0.125
gm? 0.064
M 500 at 25 °C
gNgC! 0.1
gPgC! 0.01
m m?

gCm?h'!

gCm?h'!

gCm?

gCm?

gCm?

g Cm?

g Nm?

(Grant, 1998)
(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)

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

(Farquhar et al., 1980)
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N,P
Nprot
[NH4";/]

[NH4+mn]

[NO37;.1]

[NO3_mn]

[H2POyi.1]

[H2P04-mn]

N leaf

N 'leaf

Nig

[ Neniway]’

[Nehigmay]’

[N pep(m4] '

[Nrubovay]’

Oaq

N or P content of organ z
N content of protein remobilized from leaf or root
concentration of NH4* at root/moss/mycorrhizal surfaces

concentration of NH4" at root/moss/mycorrhizal surfaces
below which Unn, =0

concentration of NH4* at root/moss/mycorrhizal surfaces

concentration of NOs™ at root/moss/mycorrhizal surfaces
below which Uno; =0

concentration of H,PO4™ root/moss/mycorrhizal surfaces

concentration of H,POj4™ at root/moss/mycorrhizal surfaces
below which Upo, = 0

maximum leaf structural N content

minimum leaf structural N content

total leaf N

ratio of chlorophyll N in C4 bundle sheath to total leaf N
ratio of chlorophyll N in C4 mesophyll to total leaf N

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

gNm
gNC!
-3

gNm

gNm

-3

gNm

gNm3

gNm3

gNm3

gNgC!
gNgC!
g N m?leaf
gNgN!
gNgN!
gNgN!

gNgN

0.4

0.0125 (Barber and Silberbush,
1984)

0.03 (Barber and Silberbush,
1984)

0.002 (Barber and Silberbush,
1984)

0.10

0.33x Nieaf

0.05

0.05

0.025

0.025
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025

O

Prear

P 'leaf

| prot

[7t]

R
R’

R

rif
Fifmaxi

Fifmini,j k,l,m,n,0
Vi j k,l,m,n,0

Vimaxi

aqueous O, concentration in soil solution

[O2] in canopy chloroplasts in equilibrium with O3 in atm.
maximum leaf structural P content
minimum leaf structural P content

P content of protein remobilized from leaf or root

concentration of nonstructural root P uptake product in leaf

root or mycorrhizal porosity
gas constant
gas constant

total autotrophic respiration

R, under nonlimiting O

specific autotrophic respiration of oc;; at T; = 25 °C
autotrophic respiration of oc;; or oci.s

growth respiration
leaf stomatal resistance
leaf cuticular resistance

leaf stomatal resistance when ;i =0
leaf stomatal resistance

leaf cuticular resistance

gm
uM
gPgC!
gPgC!

gPC!

Jmol ! K-!
gCm?h'!
gCm?h'!
gCgClh!
gCm?h'!

gCm?h'!
sm
sm

sm
sm

sm

0.10
0.33 X Pleaf

0.04

0.1-0.5

8.3143

8.3143

0.015
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Fimini,j k,l,m,n,0
Rn'

Rumij

Vqiri

Vil

Rsi,j

¥si

Pr

S

oc

leaf stomatal resistance when g =0

specific maintenance respiration of oc;; at 7c; = 25 °C
above-ground maintenance respiration

radius of root aerenchyma

root/moss/mycorrhizal radius

respiration from remobilization of leaf C

thickness of soil water films

dry matter content of root/moss biomass

change in entropy

change in entropy

nonstructural C product of CO, fixation

nonstructural N product of root/moss/mycorrhizal uptake

nonstructural P product of root/moss/mycorrhizal uptake

canopy temperature

canopy temperature
NH4" uptake by roots/mosses/mycorrhizae

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

NOs™ uptake by roots/mosses/mycorrhizae

Jmol ' K™!

J mol ! K!
gCgC!
gNgC!

gPgC!

°C
gNm?h!

gNm?h!

gNm?h!

0.0115 (Barnes et al., 1997)

1.0 x 10 or 5.0 x 1076

0.125

710 (Sharpe and DeMichele,
1977)

710

5.0x107 (Barber and Silberbush,
1984)
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[2
U NO3

Urodiri

’
U POy

Uoziri

U'oiir

UWi, rl

Vaoayijk

'
Vooayijk

Vomayijklmno

Vbi,j, k,Lm,n,o

Vomaxva)'

Vomax(ba)ij k

meax(m4) '

meax(m4)i,j,k

Vomaxiyjk

maximum Uno, at 25 °C and non-limiting NO3~

H,POy4 uptake by roots/mosses/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/moss/mycorrhizal water uptake

CO; leakage from C4 bundle sheath to C4 mesophyll

specific rubisco carboxylation at 25 °C
CO;-limited carboxylation rate in C4 bundle sheath

COg-limited carboxylation rate in C4 mesophyll

COg-limited leaf carboxylation rate

RuBP carboxylase specific activity in C4 bundle sheath at
25°C when y,; = 0 and nutrients are nonlimiting

CO2-nonlimited carboxylation rate in C4 bundle sheath

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

COz-nonlimited carboxylation rate in C4 mesophyll

leaf carboxylation rate at non-limiting CO2, i, T and N,P

g N m?h!

g N m?h'!

g N m?h'!

gOm?h!
gOm?h!

m>m?h’!

gCm?h'!

umol g ! rubisco s™!
pumol m?2 !

pumol m?2 !

pumol m? s°!

umol g! 5!

umol m?2 s!

umol g! 5!

umol m?2 st

umol m?2 st

5.0x 107

5.0x 103

45

75

150

(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)

(Farquhar et al., 1980)
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Vc(b4)i,j, k,ILm,n,o
Vemayijkimno

Veg(ma)

ijkLmn,o
Vci,/, k,Lm,n,0

1
Vc i,,k,l,m,n,0

V a(mayij ko t,m,n0

Vgi,j, k,Lm,n,o

Vi'

Vioayijkt,mn,o

Vj(m4)i,j, k,Lm,n,0o
Vji,j,k,l,m,n,o
Vo'

Vomaxi,j,k

Vacaoaijk

Vcaqma)

[ vie]

CO: fixation rate in C4 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 C4 mesophyll
leaf CO, diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in C4 bundle sheath

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

specific rubisco oxygenation at 25 °C

leaf oxygenation rate at non-limiting O2, y, Tc and N,P
decarboxylation of C, fixation product in C4 bundle sheath

transfer of C4 fixation product between C4 mesophyll and
bundle sheath

concentration of nonstructural root/moss/mycorrhizal N
uptake product in leaf

pumol m? !

umol m? 5!

umol m? 5!

umol m? 5!

pumol m?2 !

umol m? 5!
umol m? 51

umol g ! chlorophyll 450
¢!

umol m? 5!

pumol m? s°!
umol m?2 s!
umol g ! rubisco s! 9.5

pumol m? s°!
gCm?h'!

gCm?2h'!

gNgcC!

(Farquhar et al., 1980)

(Farquhar et al., 1980)
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v, specific volume of root biomass m3 g1

Wisb4) C4 bundle sheath water content gm?
Witma) C, mesophyll water content gm?
Xonx maximum fraction of remobilizable N or P translocated - 0.6 (Kimmins, 2004)
out of leaf or root during senescence
Yioa) carboxylation yield from electron transport in C4 bundle pmol CO2 umol ¢!
sheath
Yima) carboxylation yield from electron transport in Cy4 umol CO2 pumol e !
mesophyll
Y, fraction of oc;; used for growth expended as Ry;;.by organ g C gC! 0.28 (z =leaf), 0.24 (z (Waring and Running,
z = root and other non- 1998)
foliar), 0.20 (z = wood)
% plant population m
Y carboxylation yield umol CO2 pumol ¢!
r CO2 compensation point uM
T CO3 compensation point in C4 bundle sheath uM
1 {may CO2 compensation point in C4 mesophyll uM
a shape parameter for response of J to / - 0.7
a shape parameter for response of Jto / - 0.75
4 area:mass ratio of leaf growth mg? 0.0125 (Grant and Hesketh, 1992)
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HCaba) non-structural C4 fixation product in C4 bundle sheath gCm?
HCa(md) non-structural C4 fixation product in C4 mesophyll gCm?
[xe3oa)] concentration of non-structural Cs fixation product in C4 gg!
bundle sheath
[xcama)] concentration of non-structural C; fixation product in Cy4 uM
mesophyll
£ quantum yield umol e pmol quanta™! 0.45 (Farquhar et al., 1980)
. quantum yield umol & pmol quanta” 0.45 (Farquhar et al., 1980)
KCo(b4) conductance to CO; leakage from C4 bundle sheath h! 20
Wi canopy turgor potential MPa 1.25at y.=0
S4. Soil water, heat and gas fluxes
S4.1. Surface water flux
A(d A
% = ZQWJ",- + ZQWMII- +P-FE, —E,, ;kinematic wave theory of overland flow [D1]
QW- = Vi (dw - dSW)Li [Dz]
R0.67 SO.S
v =" [D3]
Zr
sd
R=—1 [D4]
so+1
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10

11

22

23

24

2abs[(Z+dsW +dmw)s _(Z +dsw +dmw)d.]

S, I [D5]
s + d;
e, —e T
Eres — _—air res (l//res res) [D 6]
ra res s res
eair - esur '(!//sur ']—;ur )
Yy 15

Where, subscripts i=dimensions (i=x, y), s=source cell, d=destination cell, in=flow into the grid cells, and our=flow out of the grid cells; dw=depth of surface
water (m); A=area of landscape position (m?); t=time (h); Ow=surface water flux (m* m? h'!); P=precipitation flux (m* m? h"); E..s=evaporation flux from
surface residue (m* m? h''); Esyr=evaporation flux from soil surface (m® m? h''); v=velocity of surface water flow (m h™!); ; dsw= maximum depth of surface
water storage (m); L=length of grid cells (m); R=ratio of cross-sectional area to perimeter of surface flow (m); S=slope (m m™'); z=Manning's roughness
coefficient (=0.01 m™'”* h); s,=slope of channel sides during surface flow (m m™); Z=surface elevation (m); dsw= maximum depth of surface water storage (m);
dmw=depth of mobile surface water (m); e;;=atmospheric vapour density (g m™); ers=vapour density at surface residue (g m~) at current residue water potential

(Wres) and temperature (Tres); 7, =boundary layer resistance to evaporation from surface residue (h m™); #, =surface resistance to evaporation from surface
residue (h m™); esurr=vapour density at soil surface (g m™) at current soil surface water potential ( ysurr) and temperature (ZTsurs); 7, . =boundary layer resistance to

evaporation from soil surface (h m™); and 7; . =surface resistance to evaporation from soil surface (h m™).
suri

S4.2. Sub-surface water flux

A6
L —
At - Z(mem,in i + mea(‘,in i - meuz,am i - meuc,out i
' ; 3D continuity equation for water balance of each soil layer [DS8]

+Z(wa,mul,m J + wa,ma[‘,in J - wa,mul,ou/ J - wa,muc,uut J ) + Qf - UW

J
0,. = K. (W, =W, );soil matrix water flow [D9]

, 2Kmatb\,[Kmatdl, . . . . : :

= ; when both the source and destination grid cells are either saturated or unsaturated (Richard’s equation) [D10]

mat S

mat;
Ky Ly 4K, L
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34

2K

] _ mat

K ="
mat;
L +L,
t
K, _ mat 4,
mat;
L +L,

p=1 [//127
r=q 2r+1-2p
2o v,

-2p—1
+1 1.33 ZP ! p
Kmat :Ks,mat[q p j
‘ q

6.—-0
p=1Int {q¥}+l

S

n(k)=1+0.001%

1
m(k)—l—%

m k 1-m(k)
a(k)= L (van Genuchten 1978)

in

S, ., (k)= [1 +(a(k)y )" )]_m(k) (van Genuchten 1980)

Sewpw (k)= [1 + (a(k)l/lwp)"(k):lim(k) (van Genuchten 1980)

Hg‘ _6\; fe +9vw
0 (k) =max| 0,— - =
ng“im (k) - Seuyi,.\'im (k)

. when the source cell is saturated and the destination cell is unsaturated (Green-Ampt equation)

; when the source cell is unsaturated and the destination cell is saturated (Green-Ampt equation)

; Green and Corey (1971) model used in MCM simulation of ecosys

[D11]

[D12]

[D13]

[D14]

[D15]

[D16]

[D17]

[D18]

[D19]

[D20]
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0, . (k)=0.(k)+ [(99 -0 (k)]Se,a,A,'m (k) (van Genuchten 1980) [D21]

0, . (k)=0(k)+ [(9Y -0 (k)]Seﬁw (k) (van Genuchten 1980) [D22]
0.5 I L ! 8 - 0 n "

Kmmi =K g,matSe' I-|1-8§," ;where §, = 9 L= |:1 + (Oa//m) } ; Mualem-van Genuchten model (Mualem, 1976; van Genuchten, 1980)

used in VGM simulation of ecosys (Mezbahuddin et al., 2016) [D23]

1

1— [1 —(S8,S,)"

.

1 _ -
K,.= Ks,math'S T ;where §, = 5 [1+(ay,)" " and S, =[1+(ay,)"]"; modified Mualem-van Genuchten model (Ippisch
1- [1 - Sch ‘
et al., 2006) used in VGM simulation of ecosys (Mezbahuddin et al., 2016) [D24]
j— 4 — . ]
o, = Kmac’ (v e "V g,g) ; soil macropore water flow [D25]
[ ZKmaC Kmac
mac = — [D26]
Kmac Ld» + Kmac Lv-
K i d ®i
Koo =N oK e [D27]
. _7R’ - . .
= ; Hagen-Poiseuille’s theory of laminar flow in tubes [D28]
mac 8
N,.=0,.7R [D29]
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47

48

K, u lW,—w, +0.01(d, —WTD,
0, = bomat, [ ’ ’ 7 ( - ):| ; lateral discharge occurs when dzh <WID, and‘//x,, >y, + 0'01<dzb — WTDX)and lateral

t

J

recharge occurs when dz[ >WID, [D30]

Ky, 0.01[de ~L, (6, . —0.5)~WID,

wa = 7 — ; lateral discharge occurs when dzb <WTD, and lateral recharge occurs when dzb >WID,
‘ma(/'/'

t

J

[D31]

Where, subscripts i=dimensions (i=x, y, z), j=dimensions (j=x, y), s=source cell, d=destination cell, in=flow into the grid cells, and out=flow out of the grid cells;
b=boundary grid cell; mat=soil matrix/micropore; mac=soil macropore; &=soil water content (m> m~); Qw=sub-surface water flux (m* m? h''); O=freeze-thaw
flux (a positive flux represents thaw and a negative flux represents freeze) (m? m? h''); Uy=total root water uptake flux (m* m? h!); K =hydraulic conductance
(m MPa'' h'"); w=total soil water potential (MPa); K=hydraulic conductivity (m?> MPa™! h'!); L=length of the grid cells (m); Ksma—=saturated soil matrix hydraulic
conductivity (m> MPa™! h'!); p=individual pore class [1,2,3,.....q; where g=total number of pore classes (=100)]; y,=matric potential of pore class p; w,=matric
potential of pore class r (r=p—¢q); n =van Genuchten parameter that describes the mean slope of the desorption curve or the range of pore size distribution; o=
the inverse of the pressure head at the air-entry value (i.e. a~1/air entry potential) that governs the shape of van Genuchten desorption curve (-MPa™!); k=number

of iteration (1,2,3.....19000); y,=matric potential at inflection point (-MPa); S e simulated relative degree of saturation at field capacity; wr=matric

m

potential at field capacity (-MPa); Se ~ = simulated relative degree of saturation at wilting point; y4p,=matric potential at wilting point (-MPa); & =residual soil
wp,sim

water content (m> m™); ,=soil water content at saturation (m> m); &, s =observed input for soil water content at field capacity (m> m); &, w, =observed input
for soil water content at wilting point (m? m™); QV . =simulated soil water content at field capacity (m? m™); vap ~ =simulated soil water content at wilting
point (m* m™); O=ambient soil water content (m* m™); wm=matric potential as a function of & (-MPa); y.=matric potential very close to saturation (=-0.0001
MPa); y,=gravitational soil water potential (MPa); Nmac=number of macropore channels (m2); K *n.=individual macropore hydraulic conductivity (m* MPa™! h'!
macropore channel™!); 7=dynamic viscosity of water (MPa h); @unac=volumetric macropore fraction (m* m); R=radius of a macropore channel (m); y/=soil water
potential at saturation (MPa) (=0 and -0.0005 MPa for van Genuchten and modified Campbell model respectively); d,=depth of the mid-point of a grid cell from

the surface (m); L,=vertical thickness of a grid cell (m); WTDx=depth of the water table depth at the adjacent watershed with which modeled grid cells exchange
water laterally (m); and L=lateral distance over which lateral discharge/recharge occurs (m), MCM = modified Campbell model, VGM = van Genuchten model.

S4.3. Water table depth

0
Wib=-d.,, - L.,(- H—i)] ; negative sign represents depth below the surface of the a particular grid cell [D32]
g
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78

Where, WTD=water table depth (m); d,s.—depth to the bottom of the layer immediately above the uppermost saturated layer (m); L, s.—=vertical thickness of the
layer immediately above the uppermost saturated layer (m); @y=current air-filled porosity of the layer immediately above the uppermost saturated layer (m* m);
and 6,"=air-filled porosity at air-entry potential of the layer immediately above the uppermost saturated layer (m? m).

S4.4. Heat flux
R, +LE + H + G = 0; energy balance for each of the canopy, snow, residue and soil surface [D33]
ZGC’ in, ZGC,M{ + L0, +c(T —T;.)=0; 3D general heat flux equation in snowpack, surface residue and soil layers [D34]
4 4
T, = 9-095895x10 (for residue layer) = 9:095895x10 (for soil layers)
v, —333 v, +y,—333 [D35]

= T} (for snowpack)

2k, (T.—-T
3 :M+CW ]‘;QW [D36]
' L +L, s

14 Pu_yy 4V

sweq ice water
— oldsnow
Dmowpack - [D37]
snowpack
=min(0.5 +0.25 M) D38
Potdsnow = - P freshsnow . [ ]
snowpack

Where, subscripts i=dimensions (i=x, y, z), s=source cell, d=destination cell, in=flow into the grid cells, and our=flow out of the grid cells; R,=net radiation (Wm"
2); LE=latent heat flux (Wm?); H=sensible heat flux (Wm2); and G=ground heat flux (Wm); G.=conductive heat flux (MJ m* h'!); L,=latent heat of
evaporation (=2460 MJ m?); Or=freeze-thaw flux (a positive flux represents thaw and a negative flux represents freeze) (m® m h''); c=heat capacity of
residue/soil layers (solid + liquid + void) or the snowpack (snow + ice + water) (MJ m2 K-!); T=ambient temperature of soil/residue layers or the snowpack (K);
Tw,~freezing temperature of soil/residue layers or the snowpack (K); wm=matric water potential of residue/soil layers (-MPa); w,=osmotic potential of soil layers
(-MPa); Tf;Z =freezing temperature of free water (=273.15 K); x=thermal conductivity (MJ m' h'! K-); L=length of the residue layer/ a soil layer/ the snowpack

(m); cw=heat capacity of water (=4.19 MJ m2 K1) ; Qyw=water flux (m> m? h''); Dsnowpack=depth of snowpack (m); Veweq=volume of snow water equivalent (m?);
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87  pw=density of water (=1 Mg m™); poisnow=density of settled snow (Mg m™); Vice=volume of ice in snowpack (m* m=); Vyaer=volume of water in snowpack (m?* m’
88  3); Asnowpack=snowpack basal area (m?); prreshsnow=density of freshly fallen snow (=0.083 Mg m™); Vinow=volume of snow in the snowpack (m?)

89  S4.5. Gas flux

90 sth = gSSD iy (S; f; 7, ': Ves l - [}/SS ]S) ; volatilization-dissolution between aqueous and gaseous phases in soil [D39]

N

91 0 iy, = agrSD 0 (S ; 1 7, [ 4 gr] - [ Vs ]5) ; volatilization-dissolution between aqueous and gaseous phases in roots [D40]

92 Qgsy,surf = 8 surf {[7/ a ] - {2[7 o ]W ; Dgsy,smf / wa + 8 surs [ V4 ]} / {2Dgsy’surf- / Lsurf + 8o sy }} ; convective-conductive gas flux between soil surface

93  and the atmosphere [D41]
2D, ([7851 _[7gS]d) . . ) )
% 0, =-0, [7/ gV:I + ; 3D convective-conductive gas flux between two adjacent grid cells [D42]
o P L +L,

Dgry,f_ I:j/gr:'d _[7/11] . .

95 0 ey = Z I ; convective-conductive gas flux between root and the atmosphere [D43]
li=z d;_.
D, f, |05(6, +6,,)]
96 Dgs;« = £s 07 L ; 3D gaseous diffusivity between two adjacent grid cells as functions of air-filled porosities in those cells [D44]
P s

Déyng gpnl.ﬁA"s

97 = - ; gaseous diffusivity as a function of air-filled porosity in the roots/mycorrhizae [D45]

D =
gryi:z
‘Af:x,y
98 Where, subscripts i=dimensions (i=x, y, z), s=source cell, d=destination cell, surf=soil surface layer; Qus;=volatilization — dissolution of gas y between aqueous
99 and gaseous phases in soil (g m? h''); ag=air-water interfacial area in soil (m? m); D= volatilization - dissolution transfer coefficient for gas y (m? h'); S }’,
100 =Ostwald solubility coefficient of gas yat 30°C (0.0293 for y= O,) (Wilhelm et al., 1977); f r,, ~temperature dependence of S ; (Wilhelm et al., 1977);
s

101 [7es]=gaseous concentration of gas yin soil (g m™); [ %s]= aqueous concentration of gas yin soil (g m~); Quw= volatilization — dissolution of gas y between
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102
103
104
105

106

107
108

aqueous and gaseous phases in root/moss (g m™ h'!); a= air-water interfacial area in root/mycorrhizae (m?> m) (Skopp, 1985); []= gaseous concentration of
gas yin root/mycorrhizae (g m™); [ %]= aqueous concentration of gas yin root/moss/mycorrhizae (g m~); Qus= gaseous flux of gas yin soil (g m? h'!"); Qw=sub-
surface water flux (m? m? h''); D, =gaseous diffusivity of gas yin soil (m? h'!) (Millington and Quirk, 1960); L=thickness of grid cells (m); Qev=gaseous flux of
gas ybetween root/mycorrhizae and the atmosphere (m? h'!); Dgr=gaseous diffusivity of gas yin root/mycorrhizae (m? h') (Luxmoore et al., 1970a,b); g. =
boundary layer conductance (m h™'); [ya]=atmospheric concentration of gas y (g m™); D;y =diffusivity of gas yin air at 0°C (m? h'") (6.43x102 m? h'! for y=0,)
(Campbell, 1985); f, T, =temperature dependence of Déy (Campbell, 1985); G.=air-filled porosity (m* m™); Gy=total porosity of soil (m* m?); G,=

root/mycorrhizal porosity representing aerenchyma fraction (m3 m); 4= root cross-sectional area (m?); and 4=area of landscape position (m?).
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