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Supplementary material

Appendix A: Soil carbon (C), nitrogen (N) and phosphorus (P) transformations

Decomposition

Dsijic=D'sijic Miaic fia(Siic/ Giic) decomposition of litter, POC, [SAla]
humus

Dzijic=D'zjic Migic fra(Zisc ! Giic) decomposition of microbial [SA1b]
residues

Daisc=D'sisc Migic fia(Airc ! Gire) decomposition of adsorbed SOC [SAlc]

Sitc =% Sijuc total C in all kinetic components of [SA2a]
litter, POC, humus

Ziic =% Zijic total C in all kinetic components of [SA2b]
microbial residues

Giic=Siic+ Ziic + Aiic total C in substrate-microbe [SA2c¢]
complexes

Migic = Migic+qm Migic Giic — Miaic Gitc)/(Giic+ Giic) redistribution of active microbial [SA3a]
biomass from each substrate-

Migic=ZuMipaic microbe complex 7 to other [SA3Db]
substrate-microbe complexes ix
according to concentration
differences (priming)

D'sijic = {Dsic[Sijucl}/{[Si1c] + Kmp(1.0 +H[EM; 4, c)/Kip)} substrate and water constraint on D [SA4a]
from colonized litter, POC and

D'zijic = {Dzc[Zijicl}{[Zijic] + Kmp(1.0 +[M; 4]/ Kip)} humus, microbial residues and [SA4b]
adsorbed SOC

D' yizc = {DaclAiicl}/{[4irc] + Kmp(1.0 +[M;q:c]/Kip)} [SA4c]

OSijkicl 0t = By (Uinic — Ruini ) (Shjrrc! Sijic) {(81c/Sijnc)(S'ijic/Siji.c + Kis)} colonized litter determined by [SAS]
microbial growth into uncolonized
litter

frar = Ta{eB ~Hd R /(] 4 l(Har= ST/ (RTg] 4 pl(ST5y ~ Han)/ (RT5)] Arrhenius function for D and Ry, [SA6]



Dsijine = Dsijic(SijiNe/Sijic)
Dzijine = Dziji.c(Zijine/Zijic)
Daiinpe = Daijc(AiiNp/Aiic)
Yiic = kis(Gic Fs[Oiicl? — Xiic)
Yine = Yirc(Qiine/Qirc)
Yinpe = Yic(Xiinp/Xiic)
Microbial growth
Rn = ZiZ wX iRhin,i
Ry = R’y min{Cnipn,1,a/ CNjy Cpinia/ Cpj}
Rv'ini = Minaic {Ruini [Qiicl}/{(Kmoc HOirc])} gt fre
Ruin1 = R 1,1 (Uo2in i/ U 02i,1)
e = 1.0 -6.67(1.0 — My RTsD)
U 02in1 = 2.6TRY i1
Uozin1 = U 02in,1{O2mign, 1)/ ([O2min1] + Ko,)
= 4mn M n,a1,c Dsoau[ Fmrwi/(Fwi — ¥m) [([O2s1] —[O2min]
Ruminjii = RnMinjiN fimi
o = (T~ 298.16)
Reini = Rhini — X j Rminj1
Uipnic =min(Ruipnt, 2 Rminjt) + Reini (1 + AGx/Em)
Uinine = Uin1Qiinpe/ Qiic

Duiinji,c= DvijMinjc fig

N and P coupled with C during D

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yiic<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,

[SA7a]
[SAT7b]
[SATc]
[SAS]
[SA9]

[SA10]

[SA11]
[SA12]
[SA13]
[SA14]
[SA15]
[SA16]
[SAl7a]
[SA17b]
[SA18]
[SA19]
[SA20]
[SA21]
[SA22]

[SA23]



DwtinjNp = 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
Microbial nutrient exchange
Unnsingi = Minjic ONj— Minjin)

Unyinj =min{(M;njic ONj— Minjin),
U’NH4 ai,n,j,l ([NH4+i,n,j,1]—[NH4+mn])/([NH4+i,n,j,[]—[NH4+mn] + KNH4)}

Unoyingr = min{(Minjic ONj— (Minjin + Unugingit)) »
U’noy it ((INO37i,,]-[NO37mn])/([NO37; ./ ]-[NO3 mn] + Kno,)}
Urosinj1 = Minji,c Crj— Minjip)

Urouipnji =min{(M;nic Cvj - Minjip),
U’roy A inji ((H2PO4 71— [H2PO4 mn] )/ ([H2POs ™ 11— H2PO4 mn] + Kroy)}

Dy~ = max{0, Min-j1cONj = Mi=pjin — max{0, Uin-pjiny }
Raoip—tji =Eo D p—)i

OMinjin/St = FjUinix + Unny, 1+ Unoy; i1+ @inrit = DitingiiN
OMinj1p/0t = FjUinip + Upoy; ) = Dtingip

M,n,a,l,C = M,n,j:labile,l,C + M,n,j:resistant,],CFr/FI
Humification

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

H; jtignin ;NP = Dsij=lignin /NP

Hy; jtignin,1,c = Hsi j=lignin.,c L

Hii jetignin N = Hsijlignin.c Siinp/Siic

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

[Rhini < Rminji] senescence

Unn, <0 mineralization

4

Unn, > 0 immobilization

Unos > 0 immobilization
3

Upo, <0 mineralization

Uro, >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

[SA24]

[SA25a]

[SA25b]

[SA26a]

[SA26b]

[SA26¢]

[SA26d]

[SA26¢]

[SA27]

[SA28]

[SA29a]

[SA29b]

[SA30]

[SA31]
[SA32]
[SA33]

[SA34]



Hytinjic = Duinjic Fn decomposition products of [SA35]
microbes added to humus
Hutinjine = HuinjicMinjine/Minjic depending on clay [SA36]
Definition of variables in Appendix A
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™?
[4ic] 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

Dusingic
Dutipnjinp

D02

Dyiic

Dyjic

Dyij inp
D'4ijic

Dsijic

Ds;c

Dysij inp

D'sijic

Dyzijic

Dyzijnp

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 Miic producing O [SA13]

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

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

decomposition rate of Si;;c by XM producing O
[SA13]

specific decomposition rate of Sj;;c by M4 at 25°C and
saturating[S;c]

decomposition rate of Sijinp by XM

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

decomposition rate of Z;;;c by X,M; 4 producing QO in
[SA13]

decomposition rate of Z;;;xp by ZaMinai

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

specific decomposition rate of Z;j;c by XM a1 at 25°C

gCm2h!

gCgC'h!

gNorPm?2h!
gCgC'h'!

gCm?2h!

gCgC'h!

gNorPm2h!

gCgC'h!

gCm2h!

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 74

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?h!

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 Dg;;i,c [SA3] and Dzijic [SAS]
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 =)

Reini 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)

Runipjit maintenance respiration by M;,, gCm2h!

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

Fm radius of heterotrophic microsite m 2.5x107°

Fwi 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™!

Sijiic 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?2h!

gCMg!

5.0x 107

5.0x 103

5.0x 103

0.081

10



Zijic

ZijINp

mass of microbial residue C in soil

mass of microbial residue N or P in soil

-2

gCm

gPm

11



Canopy transpiration

Rnei+ LE; + Hei + G =0

LEi= L (ea— eciry; v.))/Tai

LE;=1L (ea— €ci(T,; %i))/(}"ai + re) - LE;;[SBI1Db]

H.= ,DCp(Ta — Tc,‘)/l”a,‘
Femini = 0.64 (Cb - Ci'i)/ | 4%

Vei = Femini T (VCmaxi - rcmini) e('ﬂ l//“)

rai = {(In((zu — zai)/zri)? /(K? ua) }/(1 — 10 Ri)
Ri={g (2~ z0)(u’ o)} (Ta—To)

Wi = Wei - Wi

Root/moss/mycorrhizal water uptake
Uwi = Z:I Z:r Uwi,r,l

Uwiri= (Wi - WD Qsir1+ Qirit 2 Chirix)
W't = Wei +0.01 zy;

w1 = wa—0.01 z

= In{(dit/7i,1) (27 Lir1 Kiir,1)} Guil Gpi

Qri, rni= o ri,r/Li, rl

Appendix B: Soil-plant water relations

oirin=1 = Qaiezi [ {Mirs1 Firgs P50 + 982 air zoi {0501 (Foi 116D Y S0t (MG 1) /M 11

Qai,r,l,x=2 = -Qai,r (Li,r,l,Z /ni,r,l,2) /{ni,r,l,2 (ri,r,l,2 / r'i,r) 4}

5Li,r,l,1/5t = 5M,r,l,1 /5t \'%% /{pr (l - Hpi,r) (TC ri,r,l,lz)}

Canopy water potential

(ea - ei(TCl-))/(rai + rci) [SB1] = 2 2r( Wc’i - s '1)/(Qsi,r,l+ Qri,r,l+ pe Qai,r,l,x) + Xci5y/ci/5[

canopy energy balance

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

re driven by rates of carboxylation
vs. diffusion

rc constrained by water status

ra driven by windspeed, surface

ra adjusted for stability vs.
buoyancy

Uy along hydraulic gradient

. solved when transpiration from
[SB1-SB4] equals uptake from
[SB5-SB13] + change in storage

[SBla]
[SB1b]
[SBlc]
[SB1d]

[SB2a]
[SB2b]

[SB3a]
[SB3b]

[SB4]

[SBS5]
[SB6]
[SB7]
[SBS]
[SBY]

[SB10]

[SB11]

[SB12]

[SB13]

[SB14]

12



Definition of variables in Appendix B

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-!
CGi'i [CO2] in canopy leaves at y¢; = 0 MPa umol mol-! 0.70 Gy (Larcher, 2003)
dir1 half distance between adjacent roots/mosses m
E. canopy transpiration m? m? h'!
ea atmospheric vapor density at 7, and ambient humidity gm’
€ci(Ty; v, canopy vapor density at 7c; and y; gm?

13



Kirl

LE.;
Li,r,l

M,r,l
Nirilx

g ai,r

Qai, rlx

.Q ri,r

Qri, rl

Qsi, rl

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

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

soil water content

W m?

W m
0.41

m? MPa! h!

- 1.6x10*

Jg! 2460

W m?

m m™>

gm?

2

MPa h m* 4.0 x 10° deciduous
1.0 x 1010
coniferous

MPahm!

MPa h m?2 1.0 x 10*

MPahm!

MPahm!

m m

(Grant et al., 2007)

(Larcher, 2003)

(Doussan et al., 1998)

14



Femaxi

Vemini

Virlx

rir

U wi,r,l

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 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

total water uptake from all rooted soil layers

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

W m?

sm

sm
sm! 5.0x10°

sm

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

gCgFW! 0.05

m>m?h!

m> m?h!

(van Bavel and Hillel,
1976)

(Larcher, 2003)

(Grant, 1998)

15



Ua
Vc’i

Vr

Wi
Zbi
Zdi
Z
Zr

Zu

wind speed measured at z,

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

root specific volume

canopy capacitance

canopy water potential

wei + canopy gravitational potential
canopy osmotic potential

soil water potential

we + soil gravitational potential
canopy turgor potential

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

height of wind speed measurement

umol m? ™!

m3 g FW-! 106
m’® m? MPa’!

MPa

MPa

MPa

MPa

MPa

MPa 1.25at =0

(Grant, 1998)

(Perrier, 1982)

(Perrier, 1982)
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Appendix C: Gross primary productivity and autotrophic respiration

Cs gross primary productivity
GPP=% i,j,k,l,m,n,0 (Vci,j,k,l,m,n,o = gi,j,k,l,m,n,n) A ij,k,Lm,n,0

Vgi,j,k,l,m,n,n = (Cb - Cii,j,k,l,m,n,0)/rli,j,k,l,m,n,o
Vci,j,k,l,m,n,o =min { Vbi,j,k,l,m,n,n, Vji,j,k,l,m,n,o}

Fiijihimmo = FiminijkLmmo + (Fimaxi - Fimin ik Lmmo) €OV

Fimini,j k[, m,no0 — (Cb -G 'i)/ Ve ’i,j,k,l,m,n,o

Voijkimno = Vomaxijk(Ceijkimno = L ijk)/(Ceijkimno ) + Ke) fvijkimno fici
Vomas; ;= Vo', Frabisco, M, ;.. /4, fooi

Fi,j,k =0.5 Oc Vomaxl-{]-‘k Kci /(meaxi,j,k Koi)

VomaxiJ’k = Vo 'i Frubiscoi Ali,j,k,prot /Ai,j,k ﬁoi

Kci = Kci ﬁkci (l + Oc/ (Koiﬁkoi))

Vji,j,k,l,m,n,o = Ji,j,k,],m,n,o Yi,j,k,l,m,n,ofw i,j,k,l,m,n,0 ﬁCi

Ji,j,k,l,m,n,o = (g]i,l,m,n,o + Jmaxi,j,k = ((8 ]i,/,m,n,o + Jmaxi,j,k)z = 4a3[i,[,m,n,oJmaxi,j,k)o.s)/(za)

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

L,

— . 0.5
ﬁv ik, mno = (rlm'"i/,k,l,m,n,o / rli,j,k,l,m,n,o)

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

carboxylation

r is leaf-level equivalent of r.
minimum 71 is driven by
carboxylation

CO,, water, temperature and
nutrient constraints on V%

water, temperature and nutrient
constraints on V;

non-stomatal effect related to
stomatal effect

[SC1]
[SC2]
[SC3]
[SC4]
[SC5]
[SC6a]
[SC6b]
[SC6c]
[SC6d]
[SC6e]
[SC7]
[SC8a]

[SC8b]

[SCI]

17



fioi =exp[Bv — Hav/(RT:))/ {1 + exp[(Hai — STe))/(RTe)] + exp[(STei — Han)/(RT:)]}
fooi = exp[Bo — Hao/(RTo)]/{1 + exp[(Ha — STe)/(RTs)] + exp[(STei — Han)/(RT:)]]
i = exp[Bi — Hai/(RT:))/ {1 + exp[(Hai — STe)/(RT)] + exp[(STei — Han)/(RT:)]}
fikei = exp[Bie — Hake/(RT.;)]

ﬁkoi = exp[Bko - Hako/(RTC,‘)]
Sfici=min{onij/(onij+ ocij/Kicy), ovijl(ovij+ ocij /Kicp)}

§MLRi,j./( /ot = WLij,k/at min{[N'leaf + (Meaf - N'leaf)ﬁCi]/Nprot, [P'leaf + (Pleaf - P'leaf)fiCi]/Ppmt}

Autotrophic respiration
Ri=2X %) (Reij + Rsij) + X2 (Reirt + Rsirs ) + Enp (Unnsirs + Unosirt + Uposig )

Reij = R:'ocij fai
Reiri =R 'ociri fait (Uoziri /U 02ir1)
Uoziri = U'02ir1 [O2i1)/([O2ei 1] + Koy)

= Uuw,;,,;[O24] + 27Li 1 Dso2 ([O251] =[Ourit]) In{(rst + rrie)/ rrirt}
+27Li 1 Dro2 ([O2qiri] —[O21i1]) In(Fgir1)/ 7rir1)

U'02ir1=2.67 R'i1
Rsi,j =-min {00, Rci,j — Rmi{/}

Rmij= Z:(Nijz: Rm' fimi)
Rgij=max{0.0, min{(Rcij — Rmij) min{1.0, max{0.0, w1 - w'}}

Growth and senescence

lijzc= Rsij Mugij | Migij

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K, Ko,

product inhibition of V4, Vjfrom
ow and op vs. ocin shoots
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 [SA17],
and from active uptake coupled
with diffusion of O, from roots

remobilization when Ry, > R
maintenance respiration

growth when Ry, < R

senescence drives litterfall of non-
remobilizable material

[SC10a]
[SCI10b]
[SC10c]
[SC10d]

[SC10e]
[SCI1]

[SC12]

[SC13]
[SC14a]
[SC14b]
[SCl4c]

[SC14d]

[SCl4e]
[SC15]

[SC16]

[SC17]

[SC18]
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lijzN=lijzc Nprot (1.0 — Xmx finij)
lijzp=lijzc Pprot (1.0 — Xmx fxpij)

Jnij = ocijl/(ocij + oni/KxN)

Jxpij = ocig/(oci;+ opiy I Kxp)

§MB,‘__,‘/5I =X, [Rg,‘z/‘ (1 - Yg,‘,z)/Yg,‘,z] — Rs,‘z/‘ - l,‘,j,c

§MRi,r,l/5t = [Rgi,r,l (1 = Ygi,r)/Ygi,r] - Rsi,r,l - li,r,l,C
§ALi,j,k,1/5t =X (MLi{/,k,l /yi)70'33 WLi,_/‘,k,l/é‘l min{l, max{O, Whi - l//t’}

SLi 118t = (8Mirs1 /5)/vi Vi1 {py (1 - Opir ) (7 Frirs 1 2)}

OL;12/0t= (SMR,-,,;],z /St) vV /{pr (1 - ep,-,, ) (71', Vrirl2 2)}
i =Teu{exp[Bv — Hav/(RT)]}/ {1 + exp[(Ha — ST.)/(RTc)] + exp[(STci — Han)/(RTc)]}

* _
ﬁmi — e(0,0Sll (Tci 298.15))

Root/moss/mycorrhizal nutrient uptake

Unnair1= {Usir [NHg"] + 27L; . 1Denny; ([INHg™/] — [NHa*i1]) / In(dit /Prir) }

= U'sny (U021 /U "02i.1) Airt ((NHa*i 1.1l — [NHg*mn] )/([NHs"; 1] — [NHamn] + Knug) fo, finiri
Uno3irt = {Uswiprt [INO3™(] + 21L; .1 Denosy, (INO371] = [NO37i1]) / In(dit /7ei 1) }

= U'Nos (U021 /U "02i.1) At (INO37i 1] — [NO3™mn] )/([INO37i,1] — [NO3™mn] + Knos) fr;; finint
Uposi 1= { Uwip,i [H2PO4™(] + 2L 1 1Depo,, ([H2PO4™1] — [HoPOs7iri]) / In(diri /1vir 1)}

= U"ro, (U021 /U "' 02ir,1) Airi ([H2POsi 1] — [H2PO4'mn])/([H2POy i 1] — [H2POdmn] + KPO4)ftgl

fipint
SiNiri = ociri/(ociri + ONirn I KiNg)
Sipiri = ociril(ocini + oviri/Kipc)

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

branch growth driven by R,

root growth driven by R,

leaf expansion driven by leaf mass
growth

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

Arrhenius function for R,

temperature function for R

Root/moss/mycorrhizal N and P
uptake from mass flow +
diffusion coupled with active
uptake of NH4", NO;~ and HoPO4~
constrained by O, uptake, as for
microbial N and P uptake [SA26]

product inhibition of Unns, Unos
and Upos determined by on and
Op Vs. oc in roots

[SC19a]
[SC19b]
[SC19¢]

[SC19d]

[SC20a]

[SC20b]
[SC21a]
[SC21b]
[SC21c]
[SC22a]

[SC22b]

[SC23a]
[SC23b]

[SC23c]
[SC23d]

[SC23e]
[SC23f]
[SC23g]
[SC23h]
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Definition of variables in Appendix C

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
/ soil or canopy layer
m leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
z organ including leaf, stem, root, moss

mycorrhizae

Variables

A leaf, root/moss/mycorrhizal surface area m? m?
B shape parameter for stomatal effects on CO> diffusionand ~ MPa!

non-stomatal effects on carboxylation

B parameter such that f=1.0 at 7, =298.15 K
B; parameter such that f;; = 1.0 at 7.=298.15 K
B parameter such that fi; = 1.0 at 7.=298.15 K
Bio parameter such that fi,; = 1.0 at 7c=298.15 K
B, parameter such that fi; = 1.0 at 7= 298.15 K

17.533
17.363
22.187
8.067

24.221

(Grant and Flanagan,
2007)
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By

Gy

Ceva)

Cc( m4)

Ce

Cima)'

Ciima)
Cijz=i
C’

G

DeNny,

DCNO3]

Depoy,

Dio2

Dso2

di,r,l

parameter such that fi,; = 1.0 at 7. =298.15 K

[CO2] in canopy air

[CO2] in C4 bundle sheath

[CO2] in C4 mesophyll in equilibrium with Ciijk 1.m,n0

[CO2] in canopy chloroplasts in equilibrium with Ci;j  1m,n0

[CO2] in C4 mesophyll air when y; =0

[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

26.238

pumol mol!
uM

uM

uM
umol mol! 0.45x Gy

umol mol!

g C m?

umol mol! 0.70 x Gy

umol mol!

m? h’!

m?h'!

m? h’!

m?h'!

m? h’!

m (1 Ly IAZ) 2

(Larcher, 2003)

(Grant, 1998)
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Enpy

Jees)

Frubisco
Jia
Jib
Jie

energy cost of nutrient uptake

C3 product inhibition of RuBP carboxylation activity in Cy4

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
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 Rpi;

temperature effect on oxygenation

temperature effect on carboxylation

gCgN'orP! 2.15 (Veen, 1981)

- 0.025

- 0.125

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

- Q=225
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SN

Sui

Sui

H,

H. ake

H. ako

Hay,o

HaV

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

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

J mol™!

J mol™!

J mol™

J mol™!

J mol™

J mol™!

J mol™!

J mol™!

J mol™

J mol™!

pmol m? s™!

57.5x 103

43x 103

55x 103

20x 103

60 x 103

65 x 10°

222.5x 103

220 x 10°

198.0x 10°

190 x 103

(Medrano et al., 2002)

(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)

>

5

>

>

>
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Jioa)

J(ma)

Jmax !

Jmax(b4)

Ji max(m4)

Jmax

Kewa

Kc(m4)

K.
K.

Kicy

Kic,

KIXC4(b4)

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 7 and 25°C
when y;; = 0 and nutrients are nonlimiting

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

electron transport rate in C4 mesophyll at non-limiting /

electron transport rate at non-limiting /, 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

pumol m? !

umol m? 5!

umol m? 5!

umol g 57! 400

pumol m?2 !

umol m? 51

pumol m?2 !

uM 30.0 at 25°C and zero
02

uM 3.0 at 25°C

uM 12.5 at 25 °C

uM

gCgN! 100

gCgPp! 1000

uM 1000.0

(Lawlor, 1993)

(Lawlor, 1993)

(Farquhar et al., 1980)

(Grant, 1998)

(Grant, 1998)

24



KlXC4(m4)

Kiv

Kl”lt‘

KiNC

KiPC

KNH4

KNO3

KPO4

K()z

Ko

K~

K xP

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

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

[vsis]

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

[7mi6i]

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

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 NO3;~ 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

uM

gCgN!

gCgP!

gNgcC!

gPgC!

g N m?

gNm?

gPm

gm

uM

gNgcC!

gPgC’

5x10°

100

1000

0.1

0.01

0.40

0.35

0.125

0.064

500 at 25 °C

0.1

0.01

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

1984)

(Barber and Silberbush,
1984)

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

(Farquhar et al., 1980)
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lc

ZN,P

Mg
Mo
Mi, My,
Mr
iprot
N,P
Noprot
[NH4%./]

[NH4+mn]

[NOs7;1]

[N03_mn]

[H2POyire1]

[H2P04-mn]

Nieaf

N ,leaf

Nie

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
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 Uxn, =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,POy™ at root/moss/mycorrhizal surfaces
below which Upo, =0

maximum leaf structural N content

minimum leaf structural N content

total leaf N

gCm?h'!

gCm?h'!

g Cm?

g Cm?

g C m?
g C m?
g N m?
g N m?
gNC!
gNm3

gNm3

gNm3

gNm3

gNm3

gNm3

gNgcC!

gNgcC!

g N m?leaf

0.4

0.0125

0.03

0.002

0.10

0.33 x Nieaf

(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)
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[Neniwa)]’

[Nehigmay]’

! pev(m4] '

[Nrubos))’

Oq

P leaf

P 'leaf

Pprot

(]

Ra
R)

R’

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
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

gNgN!
gNgN'!
gNgN!

gNgN'!

gPgC!
gPgC!

gPC!

Jmol ' K™!
gCm?h'!

gCm?2h'!

gCgC'h'!

0.05

0.05

0.025

0.025

0.10
0.33x Prear

0.04

0.1-0.5

8.3143

8.3143

0.015
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rf

Vifmaxi

Fifmini,j k,l,m,n,0
Vlij,k,L,m,n,0
Vimaxi
Vimini,j,k,,m,n,0
Rn'

Rmi,j

rqirl

Vil

Rsi,j

Vs

Pr

ocC

autotrophic respiration of oc;; or oci./

growth respiration
leaf stomatal resistance
leaf cuticular resistance

leaf stomatal resistance when g =0

leaf stomatal resistance

leaf cuticular resistance

leaf stomatal resistance when ;=0

specific maintenance respiration of oc;; at 7e; = 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

gCm?h!

gCm?h'!

Jmol ' K™!

Jmol™!' K

gCgC!

0.0115 (Barnes et al., 1997)

1.0x 10*o0r5.0 x 10°¢

0.125

710 (Sharpe and DeMichele,
1977)

710
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T.

T.
Unudiri

f,
U'nn,

Unosiri

’,
U NOj3

Upoair1

’
U'ro,

Uo2iri

U'oiir

Uy,

irl

V jvayijik

1%

Vooayi ik

Vb(m4)i,j,k, Lm,n,0

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 Uxg, at 25 °C and non-limiting NH4*

NOs™ uptake by roots/mosses/mycorrhizae

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

H,PO4 uptake by roots/mosses/mycorrhizae

maximum Upo, at 25 °C and non-limiting HPOy4”

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
CO2-limited carboxylation rate in C4 bundle sheath

CO2-limited carboxylation rate in C4 mesophyll

gNgcC!

gPgC!
K

°C

g N m?h'!

gNm?h!

g N m?h'!

g N m?h'!

gNm?h!

gNm?h!

g O m?h!
g O m?h!

m>m?2h'!

gCm?h'!

umol g ! rubisco s™!
pmol m? s™!

pmol m? s™!

5.0x 107

5.0x 103

5.0x 107

45

(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)

(Barber and Silberbush,
1984)

(Farquhar et al., 1980)
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Vbi,j,k,l,m,n,n

Vomaxva)"

Vomax(b4)i,jk

14 bmax(m4) '

Vomax(mdij k

meaxi,j,k

Vewoayijkimno

VemayijikLmn,o

Veg(ma)

i,j,k,L,m,n,0
Vci,j,k, Lm,n,0

Vc'i,j,k, Lm,n,0

Va(mayij ko t,m,n0
Vgi,j, k,Lm,n,o

I/jl

Vj(b4)i,j,k, Lm,n,o

COg-limited leaf carboxylation rate

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

CO2-nonlimited carboxylation rate in C4 bundle sheath

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

COz-nonlimited carboxylation rate in C4 mesophyll

leaf carboxylation rate at non-limiting CO2, w;, Tc and N,P

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

pumol m? !

umol g 57!

pumol m? !

umol g!' 57!

umol m? 51
umol m? 51
pumol m?2 !

umol m? 5!

umol m? 51

umol m?2 s!

umol m?2 s!

pumol m? s°!
pumol m? s°!
s

pmol m? s™!

umol g ! chlorophyll
-1

75

150

450

(Farquhar et al., 1980)



Vj(m4)i,j,k,l,m,n,o
I/}i,j,k,l,m,n,a
Vo'

V omaxi,j,k

Vcawayijk

Vrcama)

[ve]

Vr

Wiswa)

Witma)

me

Yipa)

Yima)

Yy

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, ., 7. 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

specific volume of root biomass

C4 bundle sheath water content
C4 mesophyll water content

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

carboxylation yield from electron transport in C4 bundle
sheath

carboxylation yield from electron transport in Cy4
mesophyll

fraction of oc;; used for growth expended as Rg;;- by organ
z

pumol m? !
umol m? 5!
umol g ! rubisco s™! 9.5

pumol m? !
gCm?h'!

gCm?h!

gNgcC!

0.6

umol CO2 pmol e !

umol CO2 pumol e !

gCgC!

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

(Farquhar et al., 1980)

(Kimmins, 2004)

(Waring and Running,
1998)
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L (b4

Lima)

(24

X
JXC4(b4)
JC4(m4)

[xe304)]

[xcams)]

KCc(b4)

W

plant population

carboxylation yield
CO2 compensation point

CO2 compensation point in C4 bundle sheath

CO2 compensation point in C4 mesophyll

shape parameter for response of J to /

shape parameter for response of Jto /

area:mass ratio of leaf growth

non-structural Cy fixation product in C4 bundle sheath

non-structural C4 fixation product in C4 mesophyll

concentration of non-structural Cs fixation product in Cy4
bundle sheath

concentration of non-structural Cs4 fixation product in C4
mesophyll

quantum yield

quantum yield

conductance to CO; leakage from C4 bundle sheath

canopy turgor potential

m2

umol CO2 pumol e !

uM
uM

uM

mg
gCmr
gCm?

gg

uM

umol e” umol quanta™!

umol e” umol quanta™!

h»l

MPa

0.7

0.75

0.0125

0.45

0.45

20

1.25at y.=0

(Grant and Hesketh, 1992)

(Farquhar et al., 1980)

(Farquhar et al., 1980)
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Appendix D: Soil water, heat and gas fluxes

Surface water flux

A(d A

% = pr o+ ZQW o, T P—E, . — E, 5 kinematic wave theory of overland flow [SD1]
! e

Qw. = vi (dw - dSW)Li [SD2]

0.67 0.5
_R™'S,
v, =—" [SD3]
Zr

sd

R= rz mw [SD4]
so+1

2abs[(Z +d,, +dmw)s, —(Z +d,, +dmw)d.]

S, — [SD5]
s + d;
e, —e, T
Eres — _—air res (l//re_s res) [SD6]
’/'aVES SVE’S
e, —e T,
Esurf — _air surf (l//.vmff K f) [SD7]
v
asur/ Ssurf

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?); r=time (h); Qw=surface water flux (m* m? h™'); P=precipitation flux (m* m? h"); E,.~=evaporation flux from
surface residue (m® m? h''); Eq.=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™'3 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); es;=atmospheric vapour density (g m™); e.s=vapour density at surface residue (g m™) at current residue water potential

(¥hes) and temperature (7Tres); 7, =boundary layer resistance to evaporation from surface residue (h m™); 7, =surface resistance to evaporation from surface
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21
22

23

24

25

26

27

28

29

30

residue (h m™); esur=vapour density at soil surface (g m™) at current soil surface water potential ( ysurr) and temperature (Tours); 7, . =boundary layer resistance to

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

Sub-surface water flux

Q Wonat ,out ; QW

mac,in ; mac,out ;

AO,
Tl 0

+Z ( wa.mat in

J

QW

; 3D continuity equation for water balance of each soil layer

j Wb mac in j wa.mat.aut j wa.mac.ouf j ) Qf w

= K,'mti (\}ISS — \I’s,,) ; soil matrix water flow

mat

2Kmat5 ; Kmutd

K ;1 ot — i ; when both the source and destination grid cells are either saturated or unsaturated (Richard’s equation)
l Kmat .Ld- +Kmat,1vLs-
' 2K’”‘”y i . L. . .
K = ﬁ ; when the source cell is saturated and the destination cell is unsaturated (Green-Ampt equation)
! S + d;
' 2K’”‘”d ; . .. . .
K = ﬁ ; when the source cell is unsaturated and the destination cell is saturated (Green-Ampt equation)
' 5 + d .
P=q 2p -1
1.33 Z -1 2
—p+l oy
_ q—p+ » ) . . .
K,.=K . ; Green and Corey (1971) model used in MCM simulation of ecosys
; ’ q Z,:q 2r+1-2p
oy

0 -0
p=Int {q—( 50 p)}+l

s

[SD8]

[SD9]

[SD10]

[SD11]

[SD12]

[SD13]

[SD14]
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37

38

39

40

41

42

n(k) =1+0.001k

1
m(k)—l—%

m k 1-m(k)
a(k)= mik) " (van Genuchten 1978)

Sefc s (k)= [1 + (a(k)‘//fc)n(k)]_m(k) (van Genuchten 1980)

Sewm (k)= I:l + (Ot(k)gywp)”(k):lim(k) (van Genuchten 1980)

v, fe v,wp

Serin (k) - Sey o (k)

0 -6 +0
Gr(k):max{O, : }

0, . (k)=0.(k)+ [19Y - Hr(k)] Seﬂ_m (k) (van Genuchten 1980)

0, . (k)=0.(k)+ [9Y -0 (k)] S, . (k) (van Genuchten 1980)

s,mat~ e

N r

[SD15]

[SD16]

[SD17]

[SD18]

[SD19]

[SD20]

[SD21]

[SD22]

2
1 m
— 9 - 0 n |
K, =K, S 11— [1 — Se’”j ] ;where §, = 7 6; = |:1 + (Otl/lm) :| ; Mualem-van Genuchten model (Mualem, 1976; van Genuchten, 1980)

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

i m
1—[1—(SeSC,)'”}
K =K 8§

mat; — “Nsmat™e 1\
- c
- [1 s J

et al., 2006) used in VGM simulation of ecosys (Mezbahuddin et al., 2016)

[SD23]

1 —m ny-m
;where §, = 5 [1+(ay,)"]" and S, =[1+(ay,)"]"; modified Mualem-van Genuchten model (Ippisch

[SD24]
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44

45

46

47

48

49

50

51

52
53
54
55
56
57
58

59

60
61

0, =K ,'naq (W, —W,,); soil macropore water flow [SD25]

mac ;

2I<macj Kmacd

K 4K, L e
mac ;—d ; + mac ;s ;
Kmac = NmacKmac [SD27]
TR*
K, .= g ; Hagen-Poiseuille’s theory of laminar flow in tubes [SD28]
2
N,.=06,.7R [SD29]
Kb,mat i |:W£" - Ws,, + 001 (dz, - WTDx ):|
Qw,, o= j 7 ’ ; lateral discharge occurs when dzb <WID, and v, > l//; +0.01 (dzb -WID, ) and lateral
J '
recharge occurs when d, > WTD, [SD30]
K 001[d. ~ L. (0,,,.—0.5)-WTD, |
0, = / L ; lateral discharge occurs when d, < WTD, and lateral recharge occurs when d, > WTD,
h,mac j
L
[SD31]

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 our=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); wis==matric potential at inflection point (-MPa); Sef _ = simulated relative degree of saturation at field capacity; wr=matric

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

wp,sim

water content (m® m); & =soil water content at saturation (m* m=); &, =observed input for soil water content at field capacity (m> m); &, =observed input
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70

71
72
73

74

75

76

71

78

for soil water content at wilting point (m?® m™); Qv’fc “ =simulated soil water content at field capacity (m® m™); ev,wpm =simulated soil water content at wilting

point (m? m); @=ambient soil water content (m3 m); yrm=matric potential as a function of € (-MPa); w=matric potential very close to saturation (=-0.0001
MPa); y,=gravitational soil water potential (MPa); Nma=number of macropore channels (m2); K *y,=individual macropore hydraulic conductivity (m* MPa! h!
macropore channel™!); 7=dynamic viscosity of water (MPa h); @u.=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.

Water table depth

0,
WID=-[d. - L. .,(- 0—‘3)] ; negative sign represents depth below the surface of the a particular grid cell [SD32]
g

Where, WTD=water table depth (m); d,.—=depth to the bottom of the layer immediately above the uppermost saturated layer (m); L, —=vertical thickness of the
layer immediately above the uppermost saturated layer (m); @,=current air-filled porosity of the layer immediately above the uppermost saturated layer (m3 m);
and 6, =air-filled porosity at air-entry potential of the layer immediately above the uppermost saturated layer (m* m).

Heat flux
R +LE + H + G =0; energy balance for each of the canopy, snow, residue and soil surface [SD33]
zGc,in,- - ZGc,outf + L0, +c(T —T,.)=0; 3D general heat flux equation in snowpack, surface residue and soil layers [SD34]
-9. 10* . -9. 10* :
T, = 9-095895x10 (for residue layer) = 9-095895x10 (for soil layers)
‘ v, —333 v, +y,—333 [SD35]
= T . (for snowpack)
2k, , (I, T
- i, (T, =T3) re. TO. [SD36]
! L +L, '
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80

92

93

94
95

96

V. Pu_ty +v

sweq p ice water
— Id:
Dsnowpack - B [SD37]
snowpack
. V.
poldsnow = mln(o's’ pfreshsnow + 025 s ) [SD38]
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™); O=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 m* K-!); T=ambient temperature of soil/residue layers or the snowpack (K);
Tw~freezing temperature of soil/residue layers or the snowpack (K); ym=matric water potential of residue/soil layers (-MPa); y,=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 m?2 K™!) ; Qw=water flux (m*> m? h'); Dsnowpack=depth of snowpack (m); Viweq=volume of snow water equivalent (m?);
pw=density of water (=1 Mg m™); poasnow=density of settled snow (Mg m™); Viee=volume of ice in snowpack (m* m3); Vyaer=volume of water in snowpack (m* m°
3); Asnowpack=snowpack basal area (m?); preshsnow=density of freshly fallen snow (=0.083 Mg m); Viow=volume of snow in the snowpack (m?)

Gas flux

(@) iy = Oy Dd}, (S;, f T, [ Y gS:I - []/ o ]S) ; volatilization-dissolution between aqueous and gaseous phases in soil [SD39]
s s Vg S

@) iy = O, D iy (S;, 1 7, I:}/ g,] - [7sr] ) ; volatilization-dissolution between aqueous and gaseous phases in roots [SD40]
s s 7 s S

Oosy s = arsus {[ 7, ] — {2[ Ve Ly Do, i ! Lows + &asry [ 7, ]} / {ZDgS%Wf I Lo + & sy }} ; convective-conductive gas flux between soil surface
and the atmosphere [SD41]

2D, ([7gs l B [7gs ]d )

L +L,

ey, =L, [7@‘1 +

; 3D convective-conductive gas flux between two adjacent grid cells [SD42]
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97

98

99

100
101

102

103
104
105
106
107

108

109
110

gr7,z([7/gr d [7a )

ll:z d:

; convective-conductive gas flux between root and the atmosphere [SD43]

Qg”}/i -

D, f, [05(e, +0,, )T

&7 i = 90.67

; 3D gaseous diffusivity between two adjacent grid cells as functions of air-filled porosities in those cells [SD44]

' 1.33
D _ Dg7ng epm Ar
8ryi—:
14fIX,y

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

~ ; gaseous diffusivity as a function of air-filled porosity in the roots/mycorrhizae [SD45]

and gaseous phases in soil (g m? h™!); ag=air-water interfacial area in soil (m?> m?); Dg/= volatilization - dissolution transfer coefficient for gas  (m? h''); S ;
=Ostwald solubility coefficient of gas yat 30°C (0.0293 for y= O,) (Wilhelm et al., 1977); f, 7, =temperature dependence of S ;, (Wilhelm et al., 1977);
dy

[7es]=gaseous concentration of gas yin soil (g m™); [ %s]= aqueous concentration of gas yin soil (g m™); Qun= volatilization — dissolution of gas y between
aqueous and gaseous phases in root/moss (g m™ h'!); a= air-water interfacial area in root/mycorrhizae (m?* m2) (Skopp, 1985); [7]= gaseous concentration of
gas yin root/mycorrhizae (g m>); [ %:]= aqueous concentration of gas y in root/moss/mycorrhizae (g m~); Qgs= gaseous flux of gas yin soil (g m? h''); Qw=sub-
surface water flux (m® m? h'!); Dy, =gaseous diffusivity of gas yin soil (m? h'!) (Millington and Quirk, 1960); L=thickness of grid cells (m); Qgv=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'); [a]=atmospheric concentration of gas y (g m™); Déy =diffusivity of gas yin air at 0°C (m? h'!) (6.43x102 m? h™! for =0,)
(Campbell, 1985); f, ; =temperature dependence of Dé',y (Campbell, 1985); Gy=air-filled porosity (m* m™~); éb=total porosity of soil (m* m3); G,=
g

root/mycorrhizal porosity representing acrenchyma fraction (m?® m); 4= root cross-sectional area (m?); and A=area of landscape position (m?).
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Table S1. Statistics from regressions between hourly modelled and gap-filled CO; fluxes from
2004-2009 at a Western Canadian fen peatland

(a) Regressions of modelled vs. gap-filled net ecosystem CO> fluxes over whole

years of 2004-2008*

Total annual

Year precipitation " a b R2 RMSE
(mm) (umol m? s
2004 553 3750 -0.13 1.20 0.89 0.64
2005 387 2807 -0.49 1.03 0.76 0.82
2006 465 2748 -048 1.15 0.81 0.58
2007 431 3375  -036 097 0.74 1.23
2008 494 2941 -054 1.05 0.79 0.95

(b) Regressions of modelled vs. gap-filled net ecosystem CO; fluxes over

growing seasons (May-August) of 2004-2009

Total growing season

Year precipitation n 4 b R RMSE
(mm) (umol m? s)
2004 287 837 -0.01 1.21 0.87 1.22
2005 276 680 -0.57 1.07 0.75 1.26
2006 253 773 -1.70 095 0.73 0.78
2007 237 1058 -0.51 098 0.76 1.88
2008 276 810 -1.04 1.02 0.79 1.62
2009 138 1010 -0.02 098 0.87 1.20

a, b) from simple linear regressions of modelled on gap-filled, and R’ = coefficient of
( p g gap

determination; RMSE = root mean square for errors from simple linear regressions of gap-

filled on simulated; * whole year modelled vs. gap-filled CO; flux regression for 2009
could not be done due to the lack of gap-filling (arose from long gap in measurements)

from September to December in that year.
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