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SUPPLEMENTARY MATERIAL

Model development
General

Ecosysis an hourly time-step model with multiple canopydasoil layers that
provide a framework for different plant and micralbpopulations to acquire, transform
and exchange resources (energy, water, C, N andHe).model is constructed from
algorithms representing basic physical, chemicdl aiological processes that determine
process rates in plant and microbial populatiotsracting within complex biomes. These
algorithms interact to simulate complex ecosystezhabiour across a wide range of
spatial and biological scales. The model is desigimerepresent terrestrial ecosystems
under range of natural and anthropogenic distudmsaad environmental changes at patch
(spatially homogenous one-dimensional) and lands¢apatially variable two- or three-
dimensional) scales. A comprehensive descriptiorearfsyswith a detailed listing of
inputs, outputs, governing equations, parametessjlts and references can be found in
Grant (2001). A more detailed description of mod&jorithms and parameters most
relevant to simulating temperature, water and entrieffects on net ecosystem
productivity (NEP)is given below, with reference to equations andabde definitions in

appendices A-H below.
Appendix A: Soil C, N and P transformations
Decomposition

Organic transformations inecosys occur in five organic matter—microbe

complexes (coarse woody litter, fine non-wood\fitanimal manure, particulate organic
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matter (POM), and humus) in each soil layer. Eaoimpglex consists of five organic
states: solid organic matte®)( dissolved organic matte®y, sorbed organic matteA),
microbial biomass M), and microbial residuesZ), among which C, N, and P are
transformed. Organic matter in litter and manurenglexes are partitioned from
proximate analysis results into carbohydrate, mmotellulose, and lignin components of
differing vulnerability to hydrolysis. Organic mattin POM, humus, microbial biomass
and microbial residues in all complexes are alstitpined into components of differing
vulnerability to hydrolysis.

The rate at which each component of each orgaaite sh each complex is
hydrolyzed during decomposition is a first-ordemdtion of the decomposer bioma#é) (
of all heterotrophic microbial populations [Al]. emposer biomasses are redistributed
among complexes from active biomasses accordingamass-substrate concentration
differences (priming) [A3]. The rate at which eaabmponent is hydrolyzed is also a
Monod function of substrate concentration [A3, ABglculated from the fraction of
substrate mass colonized by[A4]. Hydrolysis rates are controlled by soil teengture
(Ts) through an Arrhenius function [A6] and by soil teracontent € through its effect
on aqueous microbial concentrationM]) [A3, A5] in surface litter and in a spatially
resolved soil profileTs and @ are calculated from surface energy balances amd lfreat
and water transfer schemes through canopy—snowiessoil profiles. Release of N and
P from hydrolysis of each component in each comjpgegetermined by its N and P
concentrations [A7] which are determined from thafethe originating litterfall as
described irAutotrophic respiration and Growth and senescele®w. Most non-lignin

hydrolysis products are released as dissolved ar@amN and P (DOC, DON, and DOP)
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which are adsorbed or desorbed according to a pdwection of their soluble
concentrations [A8-A10].
Microbial growth

The DOC decomposition product is the substratédéerotrophic respirationrf)
by all M in each substrate-microbe complex [A13]. Td®alfor all soil layers [All]
drives CQ emission from the soil surface through volatiliaatand diffusionR, may be
constrained by microbial N or P concentratiohs, DOC and Q[A12 - A14]. G, uptake
by M is driven byR, [A16] and constrained by Qliffusivity to microbial surfaces [A17],
as described for roots iAutotrophic respiration and Growth and senescebetow.
ThusR, is coupled to @reduction by all aerobiM according to @ availability. R, not
coupled with @ reduction is coupled with the sequential reductdmNO;", NGO, , and
N2O by heterotrophic denitrifiers, and with the retituec of organic C by fermenters and
acetotrophic methanogens. In addition, autotroptiidgfiers conduct NH" and NQ~
oxidation, and N@ reduction, and autotrophic methanogens and mettapi® conduct
CH, production and oxidation.

All microbial populations undergo maintenance regmn ;) [Al8, Al9],
depending on microbial N anf, as described earlier for plan®, in excess oR, is
used in growth respiratioRy [A20], the energy yieldAG of which drives growth in
biomassM from DOC uptake according to the energy requiresiehbiosynthesis [A21-
A22]. Ry in excess ofR, causes microbial diebachM also undergoes first-order
decompositiony,) [A23]. Internal retention and recycling of miciabN and P during

decomposition [A24] is modelled whenever theseients constrairR, [A12]. Changes
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in M arise from differences between gains from DOC uptahkd losses froRy, + Ry +
Dm [A25].
Microbial nutrient exchange

During these changes, all microbial populationskdeemaintain set minimum

ratios of C:N or C:P iV by mineralizing or immobilizing Nif, NO;~ and HPQ,”
[A26], thereby controlling solution [NH], [NO3] and [HbPO4] that determine root and

mycorrhizal uptake. If immobilization is inadequdte maintain these minimum ratios,
then biomass C:N or C:P may rise, Batis constrained by N or P present in the lowest
concentration with respect to that at the minimuatior [A12]. Non-symbiotic
heterotrophic diazotrophs can also fix aqueop§AR7] to the extent that immobilization
is inadequate to maintain their set minimum C:N{ &uan additional respiration cost
[A28]. Changes in microbial N and P arise from D@nt DOP uptake plus NH NOs™
and PO, immobilization and Mfixation, less NH*, NOs;~, and HPQ;” mineralization
and microbial N and P decomposition [A29].

Humification

C, N and P decomposition products in each orgamittemmicrobe complex are
gradually stabilized into more recalcitrant orgafdoms with lower C:N and C:P ratios.
Products from lignin hydrolysis [Al, A7] combine tvisome of the products from
protein and carbohydrate hydrolysis in the litthriend manure complexes and are
transferred to the POM complex [A31-A34]. Microbidgcomposition products [A23-
A24] from all complexes are partitioned between thenus complex and microbial
residues in the originating complex according tbday content [A35-A36].

Appendix B: Soil-plant water relations
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Canopy transpiration
Canopy energy exchange mcosysis calculated from an hourly two-stage
convergence solution for the transfer of water hedt through a multi-layered multi-
population soil-root-canopy system. The first stafj¢his solution requires convergence
to a value of canopy temperatui®)(for each plant population at which the first-arde
closure of the canopy energy balance (net radigi), latent heat fluxI(E) [Bla,b,c],
sensible heat fluxH) [B1d], and change in heat storage)) is achieved. These fluxes
are controlled by aerodynamic) [B3] and canopy stomatat [B2] resistances. Two
controlling mechanisms are postulatedrfowhich are solved in two successive steps:
(1) At the leaf level, leaf resistanag) [C4] controls gaseous G@iffusion through each
leaf surface when calculating @Qixation [C1] from concurrent solutions for
diffusion (Vy) [C2] and carboxylation\(;) [C3]. The value of, is calculated from a
minimum leaf resistance(;,) [C5] for each leaf surface that allows a setordir
intercellular to canopy CfOconcentration G;":C,) to be maintained a¥. under
ambient irradiance, air temperaturg C, and zero canopy water potentigk) (V¢).
This ratio will be allowed to vary diurnally as debed in C3 gross primary
productivity when ¢ is solved in the second stage of the convergeptgian.
Values ofr,,, are aggregated by leaf surface area to a candpg ¢amin) for use in
the energy balance convergence scheme [B2a].
(2) At the canopy level rises fromrqmin, at zeroy, from step (1) above through an
exponential function of canopy turgor potentigk)[B2b] calculated fromy and

osmotic water potentialgfy [B4] during convergence for transpiration vs. evat

uptake.
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Root and mycorrhizal water uptake
Root and mycorrhizal water uptake)([B5] is calculated from the difference

betweeny, and soil water potentialgf) across soil and root hydraulic resistanc&s (

[B9] and 2 [B10 — B12]) in each rooted soil layer [B6]. Raesistances are calculated
from root radial [B10] and from primary [B11] seatary [B12] axial resistivities using
root lengths and surface areas from a root systémmadel [B13] driven by exchange of
nonstructural C, N and P along concentration grdadiegenerated by uptake vs.
consumption of C, N and P in shoots and roots (G1£98a).
Canopy water potential

After convergence fof. is achieved, the difference between canopy trazismn
(Ec) from the energy balance [B1] and total root watetake (c) [B5] from all rooted
layers in the soil is tested against the differebetveen canopy water content from the
previous hour and that from the current hour [BI4iis difference is minimized in each
iteration by adjusting/ which in turn determines each of the three term$Bi4].
Becauser. and T, both drive E;, the canopy energy balance describedCemnopy
transpirationis recalculated for each adjusted valuejgtiuring convergence.
Appendix C: Gross primary productivity and autotrop hic respiration
Cs gross primary productivity

After successful convergence foyand ¢ as described iCanopy transpiration
V. is recalculated from that under zek (V) to that under ambientf. This
recalculation is driven by stomatal effects\g{C2] from the increase inmin at zeroy
[C5] to rc at ambienty, [C4], and by non-stomatal effectfy) [C9] on CQ- and light-

limited carboxylation ¥,) [C6] and V; [C7] (Grant and Flanagan, 2007). The
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recalculation ol is accomplished through a convergence solutiolCfand its aqueous

counterpartC, at whichVy [C2] equalsV, [C3] (Grant and Flanagan, 2007). The £O

fixation rate of each leaf surface at convergescadded to arrive at a value for gross
primary productivity (GPP) by each plant populatiorthe model [C1]. The Cixation
product is stored in nonstructural C poatg)(in each branch.

GPP is strongly controlled by nutrient uptakénd, Unos and Upg, [C23]),
products of which are added to nonstructuralh X and P ér ) in root and mycorrhizal
layers where they are coupled witx to drive growth of branches, roots and
mycorrhizae as described Growth and senescenckow oy:0c or op:0c in branches
indicate excess CClixation with respect to N or P uptake for phyt@sarowth. Such
ratios in the model have two effects on GPP:

(1) They reduce activities of rubisco [C6a] andocbphyll [C7a] through product
inhibition [C11], thereby simulating the suppressiof CQ fixation by leaf oc
accumulation widely reported in the literature.

(2) They reduce the structural N:C and P:C rattostach leaves are formed becauzg
onv and op are the substrates for leaf growth. Lower stradtuatios cause a
proportional reduction in areal concentrationsutfisco [C6b] and chlorophyll [C7D],
reducing leaf CQfixation.

Autotrophic respiration

The temperature dependent oxidation of these nartatal poolgR.) [C14], plus
the energy costs of nutrient uptake [C23], driveoaphic respirationRy) [C13] by all
branches, roots and mycorrhizd®. by roots and mycorrhizae is constrained by O

uptake Uo,) [C14b] calculated by solving for aqueous €ncentrations at root and
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mycorrhizal surfaces ([§]) at which convection + radial diffusion throughet soil
aqueous phase plus radial diffusion through thé agaeous phase [C14d] equals active
uptake driven by @demand fronR. [C14c] (Grant, 2004). These diffusive fluxes are i
turn coupled to volatilization -dissolution betweaqueous and gaseous phases in soll
and root [D14]. The diffusion processes are driy®n aqueous © concentrations
sustained by transport and dissolution of gasegutrugh soil and roots (Grant, 2004),
and are governed by lengths and surface areaotd amd mycorrhizae (Grant, 1998a).
ThusR; is coupled to @reduction by all root and mycorrhizal populati@ording to
O, availability. R; is first used to meet maintenance respiration irements Ry),
calculated independently & from the N content in each organ, and a functib.cr
Ts [C16]. Any excess OR; over Ry, is expended as growth respiratidfy)( constrained
by branch, root or mycorrhizak [C17]. WhenR,, exceed®R., the shortfall is met by the
respiration of remobilizable G in leaves and twigs or roots and mycorrhizae [[C15
Growth and senescence

Ry drives the conversion of branat into foliage, twigs, branches, boles and
reproductive material according to organ growthidge(Yy) and phenology-dependent
partitioning coefficients [C20], and the conversioh root and mycorrhizad: into
primary and secondary axes according to root andomlyizal growth yields. Growth

also requires organ-specific ratios of nonstrudtrgoy) and P 6p ) from Unn,, Unog
and Upg, [C23] which are coupled witloe to drive growth of branches, roots and

mycorrhizae.
The translocation obe, oy and g» among branches and root and mycorrhizal

layers is driven by concentration gradients geeerdty production otz from branch
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GPP and ofgy and gp from root and mycorrhizal uptake vs. consumptibrog oy and
or from R, Ry and phytomass growth (Grant, 1998a). LawW:oc or op.oc in
mycorrhizae and roots indicates inadequate N optBke with respect to CGQixation.
These ratios affect translocation @, oy and ogp by lowering mycorrhizal-root-branch
concentration gradients ok andogpe while raising branch-root-mycorrhizal concentratio
gradients ofoc. These changes slow transferapfand g-from root to branch and hasten
transfer ofoc from branch to root, increasing root and mycomthgrowth at the expense
of branch growth, and thereby raising N and P up{&kR3] with respect to CJixation.
Conversely, highoy:oc or op: oc in roots and mycorrhizae indicate excess N or takep
with respect to C@ fixation. Such ratios reduce specific activitie$ ot and
mycorrhizal surfaces for N or P uptake through@dpct inhibition function as has been
observed experimentally. These changes hasterfdrafszy and g from root to branch
and slow transfer of: from branch to root, increasing branch growthhat éxpense of
root and mycorrhizal growth, and thereby slowingahd P uptake Thus the modelled
plant translocatesr, oy and g among branches, roots and mycorrhizae to mairtain
functional equilibrium between acquisition and o§€, N and P by different parts of the
plant.

Ry is limited by [C17], and because branghdeclines relatively more with soil
drying than does roofi, branchRy also declines relatively more with soil drying rtha
does rooRy, slowing oxidation ofo: in branches and allowing more translocatiorvef
from branches to roots. This change in allocatibrog enables more root growth to

reduce? s Q and @, and hence increas¢ [B6], thereby offsetting the effects of soil
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drying on¢. Thus the modelled plant translocates oy and - among branches, roots
and mycorrhizae to maintain a functional equilibribbetween acquisition and use of
water.

Rs [C15] drives the withdrawal of remobilizable C,add P (mostly nonstructural
protein) from leaves and twigs or roots and mydaa# intogy and gp, and the loss of
associated non-remobilizable C, N and P (mostlycttral) as litterfall [C18]. Provision
is also made to withdraw remobilizable N or P frémaves and twigs or roots and
mycorrhizae when ratios ofi:0c or op:oc become smaller than those required for
growth of new phytomass. This withdrawal drives tithdrawal of associated
remobilizable C, and the loss of associated norelelimable C, N and P as litterfall.
Environmental constraints such as water, heatjemitor Q stress that reduce: and
henceR. with respect tdR,, therefore hasten litterfall.

R, of each branch or root and mycorrhizal layer s tital ofR. andR;, and net
primary productivity (NPP) is the difference betwesanopy GPP [C1] and tot&)}, of all
branches and root and mycorrhizal layers [C13]ytéthass net growth is the difference
between gains driven big; andY,, and losses driven bigs and litterfall [C20]. These
gains are allocated to leaves, twigs, wood andockptive material at successive branch
nodes, and to roots and mycorrhizae at successivegy and secondary axes, driving
leaf expansion [C21a] and root extension [C21lb]sdes from remobilization and
litterfall in shoots start at the lowest node otledranch at which leaves or twigs are
present, and proceed upwards when leaves or twigslost. Losses in roots and
mycorrhizae start with secondary axes and procézgsimary axes when secondary

axes are lost.



229 Root and mycorrhizal nutrient uptake

230 Root and mycorrhizal uptake of N and Byf,, Uno; andUpq,) is calculated by
231  solving for solution [NH], [NO3] and [HPOy] at root and mycorrhizal surfaces at

232 which radial transport by mass flow and diffusioonh the soil solution to these surfaces
233 [C23a,c,e] equals active uptake by the surface8Ijelf]. Path lengths and surface areas
234  for Unn, Unog and Upg, are calculated from a root and mycorrhizal grostibmodel
235 driven by exchange of nonstructural C, N and P glooncentration gradients generated
236 by uptake vs. consumption of C, N and P in shontsraots (Grant, 1998a). A product
237 inhibition function is included to avoid uptakeercess of nutrient requirements [C23g].
238 C,gross primary productivity

239 C4 mesophyll

240 In C4; plants, the mesophyll carboxylation rate is thesée of C@ and light-
241 limited reaction rates [C26] (Berry and Farquha®/8). The C@limited rate is a
242 Michaelis-Menten function of PEP carboxylase (PERc}ivity and aqueous GO
243 concentration in the mesophyll [C29] parameterizech Berry and Farquhar (1978) and
244  from Edwards and Walker (1983). The light-limitede [C30] is a hyperbolic function of
245 absorbed irradiance and mesophyll chlorophyll &@gtivjC31] with a quantum
246 requirement based on 2 ATP from Berry and Farquii®&78). PEPc [C32] and
247  chlorophyll [C33] activities are calculated fromesffic activities multiplied by set
248 fractions of leaf surface N density, and from fuma$ of G product inhibition (Jiao and
249 Chollet, 1988; Lawlor, 1993) [C34]¢r ([C35] as described in Grant and Flanagan

250 (2007)) andl. [C36]. Leaf surface N density is controlled bgflstructural N:C and P:C
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ratios calculated during leaf growth from leaf msinictural N:C and P:C ratios arising
from root N and P uptake (Grant, 1998a) vs,@gation.
C, mesophyll-bundle sheath exchange

Differences in the mesophyll and bundle sheathceomations of the £
carboxylation product drive mesophyll-bundle she@tinsfer (Leegood, 2000) [C37].
The bundle sheath concentration of the @roduct drives a product-inhibited
decarboxylation reaction (Laisk and Edwards, 2J@38], the CQ product of which
generates a concentration gradient that drivesagalbf CQ from the bundle sheath to
the mesophyll [C39]. COin the bundle sheath is maintained in 1:50 equilibh with
HCO; (Laisk and Edwards, 2000). At this stage of matdzlelopment, the return of g C
decarboxylation product from the bundle sheathhe mesophyll is not simulated.
Parameters used in Egs. [C37-C39] allowed mesojplmglibundle sheath concentrations
of C4 carboxylation products from [C40-C41] to be maimtal at values consistent with
those in Leegood (2000), bundle sheath concemsataf CQ (from [C42]) to be
maintained at values similar to those reported tp&nk and Hatch (1987), and bundle
sheath CQ leakiness [C39]), expressed as a fraction of PEOxylation, to be
maintained at values similar to those in Willianhgile (2001), in sorghum as described in
Grant et al. (2004).
C,4 bundle sheath

A Cz; model in which carboxylation is the lesser of £@nd light-limited reaction
rates (Farquhar et al., 1980) has been parameteigzehe bundle sheath of,@lants
[C43] from Seeman et al. (1984). The £linited rate [C44] is a Michaelis-Menten

function of RuBP carboxylase (RuBPc) activity anghtle sheath C{concentration
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[C42]. The light-limited rate [C45] is a hyperbolianction of absorbed irradiance and
activity of chlorophyll associated with the bundlgeath with a quantum yield based on 3
ATP [C46]. The provision of reductant from the masyl to the bundle sheath in
NADP-ME species is not explicitly simulated. RuBRe47] and chlorophyll [C48]
activities are the products of specific activitiasd concentrations multiplied by set
fractions of leaf surface N density, and from fumas of G product inhibition (Bowes,
1991; Stitt, 1991] [C49]¢k ( [A12] from Grant and Flanagan (2007)) andC36].

Rates of @ product removal are controlled by phytomass bitssis rates
driven by concentrations of nonstructural proddcisn leaf CQ fixation and from root
N and P uptake. If biosynthesis rates are limitgditrient uptake, consequent depletion
of nonstructural N or P and accumulation of nordtmal C will constrain specific
activities of RuBP and chlorophyll [C47-C49], athereby slow g carboxylation [C43],
raise bundle sheath GQ@oncentration [C42], accelerate £@akage [C39], slow £
decarboxylation [C38], raise,(oroduct concentration in the bundle sheath [C4lbj
C4 product transfer from the mesophyll [C37], raisg ffoduct concentration in the
mesophyll [C40], and slow mesophyll g@@xation [C32-C35]. This reaction sequence
simulates the progressive inhibition of &d G carboxylation hypothesized by Sawada
et al. (2002) following partial removal of C sinksC, plants.
Appendix D: Soil water, heat, gas and solute fluxes
Surface water flux

Surface runoff is modelled using Manning’s equat[®1] with surface water

velocity (v) [D3] calculated from surface geometry [D5a] andps [D5b], and with
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surface water depthl) [D2] calculated from surface water balance [Ddihg kinematic
wave theory.
Subsurface water flux

Subsurface water flow [D7] is calculated from Ridlis equation using bulk soll
water potentials () of both cells if both source and destination calle unsaturated
[D9a], or Green-Ampt equation using beyond the wetting front of the unsaturated cell
if either source or destination cell is saturatB®] (Grant et al., 2004). Subsurface
water flow can also occur through macropores uBogeulle-Hagen theory for laminar
flow in tubes (Dimitrov et al., 2010), dependingiaputs for macropore volume fraction.
Exchange with water table

If a water table is present in the model, subsertaoundary water fluxes between
saturated boundary grid cells and a fixed extewadker table are calculated from lateral
hydraulic conductivities of the grid cells, and rfroelevation differences and lateral
distances between the grid cells and the extermaémtable [D10]. These terms are
determined from set values for the external watbtet depth(WTDy) of, and lateral
distance I(;) to, an external water table.
Surface heat flux

Surface heat fluxes3) arising from closure of the energy balance awgazk,
surface litter and soil surfaces [D11] (Grant et &B99) drive conductive-convective
fluxes among snowpack, surface litter and soiliayB12]. These fluxes drive freezing-
thawing Q) and changes temperaturdy (n snowpack, surface litter and soil layers
[D13].

Gas flux
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All gases undergo volatilization-dissolution beémethe gaseous and aqueous
phases in the soil [D14a] and root [D14b], and leetwthe atmosphere and the aqueous
phase at the soil surface [D15a], driven by gasegugous concentration differences
calculated from solubility coefficients and couptediffusive uptake by roots [C14] and
microbes [Al17]. Gases also undergo convective-caiivBi transfer among soil layers
driven by gaseous concentration gradients and sivities [D16a,b,c] calculated from
air-filled porosities [D17a,b,c], and from each texb soil layer directly to the atmosphere
through roots driven by gaseous concentration grasli and diffusivities [D16d]
calculated from root porosities [D17d]. Gases miap dubble upwards from soil zones
in which the total partial pressure of all aque@ases exceeds atmospheric pressure
[D18].

Solute flux

All gaseous and non-gaseous solutes undergo ciwve«glispersive transfer
among soil layers driven by agueous concentrati@aignts and dispersivities [D19]
calculated from water-filled porosity [D20] and watlow length [D21].

Appendix E: Solute transformations
Precipitation-dissolution equilibria

Solution [NHf], [NO3] and [HhPOy ] that driveUnh,, Unoz andUpg, [C23] are
controlled by precipitation, adsorption and ionrjpgj reactions (Grant and Heaney,
1997; Grant et al., 2004), including precipitataissolution of Al(OH), Fe(OH},
CaCQ, CasQ, AIPO,, FePQ, Ca(HPQy),, CaHPQ, and CgPQy)0H [E1 — E9],

cation exchange between GaNH," and other cations [E10 — E15], anion exchange
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between adsorbed and solublePB,”, HPQ?* and OH [E16 — E20], and ion pairing
[E22 — E55).

Key governing equations for simulating net ecosystgoductivity inecosys.
Variables input to the model appear in bold witHuea given in theDefinition of
Variablesbelow.

Appendix F: N fixation
Rhizobial growth

Modelling the activity of symbiotic Nfixing bacteria in roots follows a protocol
similar to that of non-symbiotic Nfixing bacteria in soil. Respiration demand isvdri
by specific activity, microbial biomas#$/(), and nonstructural C concentratiop{) in
root nodules [F1], and is constrained by tempeeafti?] and microbial N or P status
[F3]. Nodule respirationR) is constrained by the extent to which Gptake meets O
demand [F4] imposed by respiration demand [F5].uPtake is in turn constrained by
rhizosphere [@] [F6a] which is controlled by radial diffusion @f, through soil water to
roots and nodules [F6b]. Soil water,J@s maintained by dissolution of @rom soil air
which is in turn maintained by soil-atmosphere gashange and vertical diffusion
(Grant, 2004).R, is first allocated to maintenance respiratiBy [F7-F8] and the
remainder if any is allocated to growth respiratiRy{F9]. If R, exceeds®,, the shortfall
is made up from respiration of microbial proteinf@rcing senescence and litterfall of
associated non-protein C [F10-F11].

N, fixation

N, fixation Vy, is driven byRy [F12], but is constrained by accumulation of

nonstructural N ) with respect to nonstructural C and P also reguiior microbial
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growth in the nodule [F13}, is the product o¥/y,, so that [F12] simulates the inhibition
of N fixation by its product (Postgate, 1998). The eabf Vy, is also limited by the

additional N needed to maintain bacterial N confdiyf of M, [F12], so that M fixation
is constrained by the need of nodule bacteria folohNmet from other sources (Postgate,
1998). Respiration required for;Nixation Ry, [F14] is subtracted frorRy [F15] when
calculating microbial growth [F16-F18]. Microbiaésescence drives N and P litterfall
[F19-F20].
Nodule-root exchange

Exchange of nonstructural C, N and P between rantk nodules is driven by
concentration gradients [F21-F23] created by géieratransfer and consumption of
nonstructural C, N and P in shoots, roots, mycaadiand nodules. Nonstructural C is
generated in shoots and transferred along condemirgradients to roots and thence to
nodules [F21]. Nonstructural P is generated inga@otd transferred along concentration
gradients to shoots and nodules [F23]. NonstruttNras generated in roots through
mineral uptake and in nodules through gaseousidixdF22]. Nonstructural C, N and P
in nodules is determined by root-nodule exchangedalule respiration and fixation, and
by remobilization from nodule litterfall [F24-F26].

Root nonstructural Nik) may rise if high mineral N concentrations in saiktain

rapid N uptake by roots. Large suppresses or even reverses the transfef éfom

nodule to root [F22], raising, [F25] and hence suppressing, [F12-F13]. Largey

also accelerates the consumptionyof slowing its transfer to nodules [F21], reducing

Xn [F24] and hence slowing nodule growth [F1Conversely, slow root N uptake
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caused by low soil mineral N concentrations woolddr ;; and raisey; ;, hastening the
transfer ofy, from nodule to root and gf.; from root to nodule, loweringy,, raising xy,
and acceleratinyy,. However [F13] also allowgy, to be constrained by nonstructural C
and P concentrations arising from £i@ation and root P uptake.

Appendix G: CH,4 production and consumption

Anaerobic fermenters and H producing acetogens

The states g k, Bk and 4 j k in ecosysare substrates for hydrolysis by all actiye (
= a) heterotrophic biomass communities j(Ma) [G1-G7] (Grant et al., 1993a), which

include fermenters plus acetogens. Hydrolysis prtedare transferred to soluble organic

matter (DOGk) which is the substrate for respiration and uptalgemicrobial biomass
(Mj,n,j) as described for aerobic heterotrophs [G11] (Gedrdl.,1993a). Respiration (B

of DOG ¢ by fermenters plus acetogems=(f) is a Michaelis-Menten function of [DG]
inhibited by Q [G1]. Respiration products are partitioned among,ACO, and H according

to Brock and Madigan (1991) [G2]j R beyond that used for maintenance respiration drives
the uptake of additional DQE[G3] for microbial growth according to the growtlel (Yf)

from fermentation [G4]. The growth yield from fermation is calculated by dividing the
free energy change of fermentation, adjusted ferpkbduct concentration [G5], by the

energy required to transform soluble organic C imiorobial C [G4]. Change in M j is
thus the difference between uptake and respiraiddOG ¢, less decomposition [G6]. This
change determinesilfla used in the following calculation ofiR [G1]. Ratios of M j,c to
Mifjn determine mineralization-immobilization of N [G23Grant et al., 1993a).

Decomposition products (k) are partitioned to microbial residuesj (%) and soil
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organic matter (§,k) (wherei = passive soil organic matter) [G26-G28] (Graralet1993a)
which undergo further hydrolysis.
Acetotrophic methanogens

The fermenter product (&) [G2] is the substrate for respiration i) by
acetotrophic methanogens £ m) [G7]. Respiration products are partitioned betwéxd,

and CQ according to Brock and Madigan (1991) [G8]j R beyond that used for
maintenance respiration drives the uptake of amithli Ai,c [G9] for microbial growth
according to the growth yield @f) of acetotrophic methanogenesis [G10]. This groyighd

is calculated by dividing the free energy changaadtotrophic methanogenesis (Brock and
Madigan, 1991) by the energy required to transfawatate into microbial C. Acetogenic
methanogens in the model use acetate as theircadb®n and energy source (Smith and
Mah, 1980). Change in i j is thus the difference between uptake and respiraf Aj c,
less decomposition [G11]. This change determinggmM used in the following calculation
of Ri m [G7]. Mineralization and decomposition procesages the same as those for other

microbial populations.
Hydrogenotrophic methanogens

The fermenter products G@nd B [G2] are the substrates for @@duction by
hydrogenotrophic methanogena € h) which are assumed to be autotrophic [G12].
Respiration products are partitioned between, @hktl HO according to Brock and Madigan
(1991) [G13]. By beyond that used for maintenance respiration drithes uptake of

additional CQ [G14] for microbial growth according to the growtield (Yn) of

hydrogenotrophic methanogenesis (Brock and Madi@88]1) [G15]. This growth yield is

calculated by dividing the free energy change afrbgenotrophic methanogenesis, adjusted
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for H, substrate concentration [G16], by the energy reguio transform C@into microbial
C. Change in M is thus the difference between uptake and resprasf CQ, less
decomposition [G17]. This change determings duised in the following calculation of(R
[G12]. Mineralization and decomposition processestiae same as those for other microbial
populations.
Autotrophic methanotrophs

Methane generated by acetotrophic and hydrogerfutromethanogens is the
substrate for ClHoxidation by autotrophic methanotrophms=t) [G18]. The stoichiometry
and energetics of the methanotrophic reactions {G22] are based on those of £td CO
in Brock and Madigan (1991). The oxidation of £td CQ; is coupled through an energy
yield with the oxidation of Cklto organic C used in microbial respiration [GIBhe energy
yield from CH, oxidation is calculated by dividing the free eneofpange of Ckloxidation
by the energy required to transform L£Hito organic C [G20]. Oxygen requirements to
sustain CH oxidation rates are then calculated from the Btoroetries of Cl oxidation
[G22-G23] and aerobic microbial respiration [G24The G concentrations at
methanotrophic microsites are then found at whudiva O, uptake driven by requirements
for CH, oxidation equals spherical,Q@liffusion to the microsites from the soil solution
These microsites are considered to be uniformlityidiged on soil surfaces and are separated
from the soil atmosphere (if present) by a waten tf uniform thickness that depends upon
soil water potential. The Quptake by each aerobic microbial population in thedel
competes with that by all other aerobic microbigbplations (e.g. Grant and Rochette, 1994;
Grant, 1995], and is constrained by t@ansfer rates through the gaseous and aqueogsgha

of the soil profile. The ratio of Duptake to @ requirementfg,t) is then used to constrain
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CH, oxidation rates [G21] so that Gldxidation is stoichiometrically coupled to @ptake.
Growth respiration by methanotrophs is calculatetha difference between total respiration

(Rt) from eq. [G21b] and maintenance respiratiop,fRfrom egs. [G18-G19] (Grant et al.,

1993a). Growth respiration drives the uptake amohsiormation of additional CHinto
microbial biomass (¥lc) [G25]) according to the growth yield. This yiekl calculated by
dividing the free energy change of £bkidation (Brock and Madigan, 1991) [G18] by the
energy required to construct new microbial biom@esn CH; [G26]. Net growth of the
methanotrophic population f\lc is calculated as the uptake of £8 minus respiration and
decomposition of assimilated C [G27]. This changéednines Mg used in the following
calculation of Xt [G18]). Mineralization and decomposition processesthe same as those

for other microbial populations.

This submodel of autotrophic methanotrophy has nbaesed to simulate
methanotrophic growth yields, specific growth rat€#, concentration profiles and the
sensitivity of CH uptake to temperature and water content in sdunons (Grant, 1999).
The combined submodels of anaerobic fermentatiocetorophic methanogenesis,
hydrogenotrophic methanogenesis and autotrophichanetrophy have been used to
simulate methanogenic growth yields, specific glowdtes, and the time course of £H
emissions from differently amended soil columngliffierent temperatures (Grant, 1998b).
All input parameter values used in eqgs. [G1-G27temderived from the microbiological
literature and remain unchanged from those us&itamt (1998b) and in Grant (1999).

Appendix H: Inorganic N transformations

Mineralization and immobilization of NH ;" by all microbial populations



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Each functional componenj ( ( = labile or resistant) of each microbial
population (n) (m = obligately aerobic bacteria, obligately aerotiogi, facultatively
anaerobic denitrifiers, anaerobic fermenters plygptdducing acetogens, acetotrophic
methanogens, hydrogenotrophic methanogens andanmtbphs, NE and NQ
oxidizers, and non-symbiotic diazotrophs) in eaahssrate-microbe complex | (i =
animal manure, coarse woody plant residue, finewoody plant residue, particulate
organic matter, or humus) seeks to maintain a detr&tio by mineralizing N4 [H1a]
or by immobilizing NH* [H1b] or NO;™ [H1c]. Provision is made for C:N ratios to rise
above set values during immobilization, but at &tcm microbial function. These

transformations control the exchange of N betweagaric and inorganic states.

Oxidation of DOC and reduction of G, by heterotrophs
Constraints on heterotrophic oxidation of DOC aspd by Q uptake are solved
in four steps:

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

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

3) O, reduction under ambient,@s calculated from radial LOdiffusion through water
films of thickness determined by soil water potahfiH4a] coupled with active uptake
at heterotroph surfaces driven by 2) [H4b], @iffusion and active uptake is
population-specific, allowing the development of rencanaerobic conditions at

microbial surfaces associated with more biologjcalttive substrates. Quptake by
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heterotrophs also accounts for competition with Uptake by nitrifiers, roots and
mycorrhizae,

4) DOC oxidation under ambient,@ calculated from 2) and 3) [H5]. The energy giel
of DOC oxidation drives the uptake of additional ©@or construction of microbial
biomass ;) according to construction energy costs of eatarb&ophic population
[H7-H13] in Grant and Pattey (2003). Energy codtslenitrifiers are slightly larger
than those of obligate heterotrophs, placing diéieits at a competitive disadvantage

for growth and hence DOC oxidation if electron gutoes other than ©£are not used.

Oxidation of DOC and reduction of NG;', NO, and N,O by denitrifiers
Constraints imposed by NQavailability on DOC oxidation by denitrifiers are
solved in five steps:

1) NGs reduction under non-limiting NQis calculated from a fraction of electrons
demanded by DOC oxidation but not accepted by€rause of diffusion limitations
[H6],

2) NOs™ reduction under ambient NQOs calculated from 1) [H7],

3) NGO, reduction under ambient NQs calculated from demand for electrons not met by
NOs in 2) [H8],

4) NO, reduction under ambient NQOs calculated from demand for electrons not met by
NO; in 3) [H9],

5) additional DOC oxidation enabled by N@duction in 2), 3) and 4) is added to that
enabled by @reduction from [H5], the energy yield of which g additional DOC
uptake for construction oM;,. This additional uptake offsets the disadvantage

incurred by the larger construction energy coswdenfitrifiers.
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Oxidation of NH3 and reduction of G, by nitrifiers
Constraints on nitrifier oxidation of NHmposed by @uptake are solved in four
steps:

1) substrate (NEJ oxidation under non-limiting ©is calculated from active biomass and
from NH; and CQ concentrations [H11],

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

3) O, reduction under ambient,(@s calculated from radial QOdiffusion through water
films of thickness determined by soil water potan{H13a] coupled with active
uptake at nitrifier surfaces driven by 2) [H13b], @pbtake by nitrifiers also accounts
for competition with @ uptake by heterotrophic DOC oxidizers, roots and
mycorrhizae,

4) NH; oxidation under ambient Qs calculated from 2) and 3) [H14]. The energydie
of NH3; oxidation drives the fixation of GOfor construction ofM;, according to
construction energy costs of each nitrifier pogatafH32-H34] in Grant and Pattey

(2003).

Oxidation of NO," and reduction of G, by nitrifiers

Constraints on nitrifier oxidation of NOimposed by @ uptake [H15-H18] are
solved in the same way as are those of;NIHL11-H14]. The energy yield of NO
oxidation drives the fixation of COfor construction ofMl;, according to construction

energy costs of each nitrifier population.

Oxidation of NH3 and reduction of NG, by nitrifiers
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Constraints on nitrifier oxidation imposed by N@vailability are solved in three
steps:

1) NGO, reduction under non-limiting NOis calculated from a fraction of electrons
demanded by NEoxidation but not accepted by, ®@ecause of diffusion limitations
[H19],

2) NO, reduction under ambient NOand CQ is calculated from step (1) [H20],
competing for N@ with [H18],

3) additional NH oxidation enabled by NO reduction in 2) [H21] is added to that
enabled by @reduction from [H14]. The energy yield from thisidation drives the

fixation of additional CQfor construction oM; .



Equations and definitions of variables
Appendix A: Soil C, N and P transformations

Decomposition

Dsijic =D'sijicMiaie fig (Si.c/ Giic)

Dzijic =D'zijicMigic fig (Zic/ Giic)

Daij,c =D'aicMigic fig (Aiic/ Gijc)

Sic=3 §jic

Zyc=2jZjic

Gic=Sict ZictAic

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

[Ala]

[Alb]

[Alc]

[A2a]

[A2b]

[A2c]



Migic = Miajic +Om (Miaic Gixic = Mixayc Git.c)/(Gijc* Giic)

Ivli,a,l,c = z;n Mi,n,a,I,C

D'siji.c = {DsiclS;js.clHl S,i.cl + Kmp(1.0 +EM; g),cl/Kip)}

D'zijic = {DzclZjicMl Zjicl + Kmp(1.0 Mg, cl/Kip)}

D' aitc = {Dad AL Aicl + Knp(1.0 +Mi g,c]/Kip)}

8Bk & =BEn(Uinic — Ruint) (Sijxic! Sijic) {(Sijc/Sjno)/( Sijnd/Sjic + Kis)}

f[gl — Tsl{ e[B— Ha/(RTg)]}/{l + e[(Hd| - STg)/(RTg)] + e[(srg = Hgn/( RTsI)]}

redistribution of active microbial
biomass from each substrate-
microbe complex to other
substrate-microbe complexias
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 foD andR;

[A3a]

[A3Db]

[Ada]

[Adb]

[Adc]

[AS]

[A6]



Dsijine = Dsijic(Sjine/S;i0)

Dzijine = Dziji.clZijinelZiji o)

Daiine = Daitc(AineAlc)

Yiic =kis(Giic FdQud® — X0

Yiine = Yinc(Qiine/Qirc)

Yiinp = Yirc(Xii N X o)

Microbial growth

Ry = T2 o2 Riini

Ryin = R'hn MiIn{ Cyi 12/ Cnjs Cripi o/ Cri}

Ry'int = Minaic {Ruini [Qin,cH( Kmoc +[QiicD} figi fyg
Riint = Ra'ini (Uozn /U ozin)

fyg =1.0 - 6.67(1.0 €M¥/®Ts))

N and P coupled with C duririg

Freundlich sorption of DOC

(Yic>0) adsorption of
DON, DOP

(Yiic<0) desorption of
DON, DOP

R, constrained by microbial N, P
R, constrained by substrate DOC
R, constrained by ©

(s constraints on microbial growth

[A7a]

[A7D]

[A7c]

[A8]

[A9]

[A10]

[A11]
[A12]
[A13]
[A14]

[A15]



U'ozing = 2.6Ryiny

Uozing = U'o2in [Ozmin/([Oznin + Ko,)

= 4N Minai,c DsoalFmfw/(fwi = Tm)]([O2s] {Ozmin,]
Reninjt = RmMinjin fimi
£, = Ty ~29816)
Ryint = Riini = Zj Ripnjy
Uinic = MiNRuints Zj Ruinjg) + Ryini (1 +AG/E)
Uinine = Uin QundQilc
Dwinji.c= DumijMinjcfig
Dwinjn,p = DwmijMinjinefig fainine

OMinj1.of0t = Fj Uinic = FjRuini — Dwminjic

OMinj1.c/0t = F Uinic = Ruinji — Dminjic

Microbial nutrient exchange

O, demand driven by potentig},

active uptake coupled with radial

diffusion of Q

DOC uptake driven b,
DON,DOP uptake driven by; , c
first-order decay of microbial C,

partial release of microbial N, P

[Riini>Ruinj]  growth

[Rini<Rmnj] senescence

[A16]

[A17a]

[A17b]
[A18]
[A19]
[A20]
[A21]
[A22]

[A23]
[A24]

[A25a]

[A25D]



Unrdini = Minjic Cnj = Minjin)

UnHginjt =Min{(Minjic Gy = Minjin),

Wi, @njt (INHS 3 I-INH S mn] )/ (INH 4750 1-INHS 0] + K}

Unoginjl = Min{(Minjic Cnj = Minjin + Unigingl)) »

Wos @injt (INO3z'inj l-INO3 mn])/([NO3 i o ]-INO3"mn] + Knoy)}
Uroan,ji = Minji.c Coj = Mingip)
Uposnji =Min{(Minjic Cpj - Minjip),
U'po, Ainjl ([H2POy i nj sl [H2POs mn] ) ([H2P Oy i 0 jal [ H2POs mn] + Kpo,)}

@ =1j) = MaX0, Min=tj1 cCnj = Mip=tjin — Max0, Ujn=ji n}}

Rain=tj) =Eo @ =iy

Unhy < O

Unos > 0

Upg, < O

Upo4 >0

mineralization

immobilizatio

n

immobilizatio

n

mineralization

immobilizatio

n

N fixation driven by N deficit of

diazotrophic population

[A26a]

[A26b]

[A26c¢]

[A26d]

[A26€]

[A27]

[A28]



OMininOt = FiUinin + Untgi ;1 Unogipj + Pin=rit ~ Duinjin growthvs losses of microbial N, P [A293]

OMin /0t = FiUinip + Upoy i) ~ Dwinjip [A29b]

Minalc = Min j=iabile ).c + Min j=resistant icFi/ Fi [A30a]

Humification

Hsij=iignin,.c = Dsij=iignin;.c decomposition products of litter [A31]
Hsij=lignin,.n,p = Dsij=iignin,| N.p added to POC depending on lignin  [A32]
Hsijziignin,c = Hsij=iignin,c Ly [A33]
Hsijziignin.i.np = Hsi jiignins.c Sine/Sic [A34]
Hwinji.c = DminjicFn decomposition products of [A35]
Hwinjine = HwinglcMinjineMinjic microbes added to humus [A36]

depending on clay

Definition of variables in appendix A

Variable Definition Unit Equation Value Reference

Subscripts



Aic
[Aicl

CN,Fﬂ',n,a,l

substrate-microbe complex: coarse woody littee fion-
woody litter, POC, humus

kinetic component: labilk resistant, activea

soil or litter layer

microbial functional type: heterotrophic (bactefizmgi),
autotrophic (nitrifiers, methanotrophs), diazotraplobligate

aerobe, facultative anaerobes (denitrifiers), @tégnaerobes

(methanogens)

Variables
mass of adsorbed SOC g C m?
concentration of adsorbed SOC in soil gCMg!
microbial surface area m? m®

parameter such thi§ = 1.0 afT, = 298.15 K

Freundlich exponent for sorption isotherm

specific colonization rate of uncolonized substrate -

ratio ofM; anp t0 M ac gNorPgC

[Alc,A2c]
[Adc]

[A26]

[A6]

[A8]

[AS]

[A12]

26.230

.8

2.5

Grant et al.
(19934, b)
Grant et al.

[2010]



Duij

Dwinjic
Dwinjjnp

Dsoz

Daijc

Dajc

maximum ratio oM jnp t0 M c maintained by, c

specific decomposition rate bf; ,; at 30°C

decomposition rate ;¢

decomposition rate ofl; ,jn.p

aqueous dispersivity—diffusivity of uring microbial
uptake in soll

decomposition rate @ c by M;q4,c producingQ in [A13]
specific decomposition rate &f, c by M 4,c at 25°C and

saturatinghy c]

gNorPgC

gCgcC'h?

gCm?ht
gNorP m?h™

m? ht

gCm?h?

gCgcC'h?

[A12,A26,A27] 0.22 and 0.13
(N), 0.022 and
0.013 (P) fojj =
labile and
resistant,
respectively

[A23,A24] 0.0125 and
0.00035 foij =
labile and
resistant,
respectively

[A23,A25,A35]

[A24,A29]

[A17]

[Alc,A7c,A31c]

[Adc] 0.025

Grant et al.

(1993a, b)

Grant et al.

(1993a, b)

Grant et al.

(1993a, b)



Daij, inp decomposition rate & np by M q,c gNorP m?h™ [A7c]

D' aij.ic specific decomposition rate & c by £.Mina, at 25°C gCgcC'h* [Ala,A4c]
Dsijic decomposition rate & c by Z,Mi ., producingQ in [A13] g Cm?h™ [Ala,A7a,A314a]
Dsjc specific decomposition rate &f; c by Z.Mina at25°Cand gCgC'h? [Ada] 1.0, 1.0, 0.15, and Grant et al.
saturating§ ] 0.025 forj = (19934, b)
protein,
carbohydrate,
cellulose, and
lignin
Dsijinp decomposition rate & i n.p by ZMina) gNorPm?h?  [A7a, A32]
D'sijic specific decomposition rate &fj; c by £.Mina, at 25°C gCgcC'h* [Ala,A4a]
Dzijic decomposition rate & j; ¢ by .M. producingQ in [A13] gCm?h* [Alb,A7b]
Dzijnp decomposition rate & np by ZnMina, gNorPm?h?  [A7b]
Dzjc specific decomposition rate &fj; c by .M, at 25°Cand gCgC'h* [Adb] 0.25 and 0.05 for Grant et al.
saturatingf;, c] j = labile and (19934, b)
resistant biomass
D'zijic specific decomposition rate &fj; c by ,M; 5, at 25°C gCgcC'h* [Alb,A4b]

AG energy yield of C oxidation and,@eduction ki gC* [A21] 375



Eo

Fn

F

Fs

fdi,n,IN,P

ftgl

ftmI

energy requirement for growth bf; 5 ki gC*
energy requirement for non-symbiotig fikation by gCgN'
heterotrophic diazotrophs & f)

fraction of products from microbial decomposititrat are

humified (function of clay content)

fraction of microbial growth allocated to labileroponent

Min

fraction of microbial growth allocated to resistantnponent

Mins

equilibrium ratio betwee@;, c andH;, ¢

fraction of N or P released wilBw; n j;,c during dimensionless

decomposition

temperature function for microbial growth respoat dimensionless

temperature function for maintenance respiration imedsionless

[A21]

[A28]

[A35]

[A25,A29,A30]

[A25,A29,A30]

[A8]

[A24]

[A1,A6,A13,
A23,A24]

[A18,A19]

25

0.167 +
0.167*clay

0.55

0.45

0.33Unnsa >0
1.00 Unna <O
0.33 Upos>0

1.00 Upps< O

Waring and

Running (1998)

Grant et al.
(19934, b)
Grant et al.

(1993a, b)



D =i

Hwinjii.c
Hwinjinp

Hsijic

Hsijinp
Kis
I<NH4

KNO3

soil water potential function for microbial, roat o
mycorrhizal growth respiration

non-symbiotic N fixation by heterotrophic diazotrophs £

f)

total C insubstrate-microbe complex

concentration of lPQ, in soil solution

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

transfer of microbial C decomposition producthitonus
transfer of microbial N or P decomposition proguct humus

transfer of C hydrolysis products to particulatd O

transfer of N or P hydrolysis products to partitalOM
inhibition constant for microbial colonization aflsstrate
M-M constant for NH" uptake at microbial surfaces

M-M constant for NQ uptake at microbial surfaces

dimensionless

g N m?ht

gCMg*

gP i

J mol*

J mol*

J mol*
gCmm?h?
gNorP m?h*

gCm?h?

gNorP m?h™

gNm®

gNm®

[A13,A15]

[A27,A28,A29]

[A1l,A2c,A3a,A8]

[A26]
[A6,C10]
[A6,C10]
[A6,C10]
[A35,A36]
[A36]

[A31,A32,A33,

A34]
[A32,A34]

[A5] 0.5
[A26] 0.40
[A26] 0.35

65 x 18
225 x 18

198 x 16

Pirt (1975)

Addiscott (1983)

Grant et al. (2010)



Kro, M-M constant for HPO,  uptake at microbial surfaces gPnm [A26] 0.125

Kip inhibition constant forfi,.]onSc, Zc gCnd [A4] 25 Lizama and
Kmb Michaelis—Menten constant f@rg;; ¢ gC Mg*? [A4] 75 Suzuki (1990),
Kinoe Michaelis—Menten constant f&}, , on [Q; ] gCm?® [A13] 36 Grant et al.
(19933, b)
Ko, Michaelis—Menten constant for reduction of,®y microbes, g0, m [A17] 0.064 Griffin (1972)

roots and mycorrhizae

Kis equilibrium rate constant for sorption h™ [A8] 0.01 Grant et al.
(1993a, b)
Ly ratio of nonlignin to lignin components in humiie [A33] 0.10, 0.05, and  Shulten and
hydrolysis products 0.05 forj = Schnitzer (1997)
protein,

carbohydrate, and
cellulose,
respectively

M molecular mass of water g ol [A15] 18

Midic heterotrophic microbial C used for decomposition gC ni2 [A1,A3a,A4]



Miniic

MiniN

Min,jp

Ivli,n,a,l,C

[Mi,n,a,lc]
[NH4+i,n,j,I]

[N H 4+mn]

[NOs'injl

[NO3_mn]

[H2POyinjl

[H 2P04-mn]

microbial C

microbial N

microbial P

active microbial C from heterotrophic populatioassociated
with Gj, ¢

concentration oM, in soil water =M 5,c /6
concentration of Nif at microbial surfaces

concentration of Nif at microbial surfaces below which
Unh, =0

concentration of Nif at microbial surfaces

concentration of N@ at microbial surfaces below which
Uno, =0

concentration of KEPQO,” at microbial surfaces
concentration of PO, at microbial surfaces below which

Upo4 =0

gCm

gNm

gNm?

gNm

[A13,A17A23,A2
5,A26, A30,A36]
[A18,A27,A29]
[A24,A29 A26,
A36]
[A3,A13,A17,
A30]

[A3, A5]

[A26]

[A26]

[A26]

[A26]

[A26]

[A26]

0.0125

0.03

0.002



[Ozminl O, concentration at heterotrophic microsites g0 m3 [A17]

[O24] O, concentration in soil solution go,m? [A17]

Quc DOC from products ofDs;;; c [A3] and Dz, c) [A5] g C m? [A8,A13,A22]

[Quicl solution concentration a@; ¢ gC Mg*? [A8,A13]

Qunp DON and DOP from products oDg;j; np + Dzijin e gNorP m? [A9,A22]

Om constant for reallocatinlyl; 5 | c toMig;.c - [A34q] 0.5

R gas constant Jmolt K? [A6,A15,C10] 8.3143
Rain=t; | respiration for non-symbiotic Nixation by heterotrophic gCm*h? [A28]

diazotrophsrf =f)

Ryin. growth respiration o, ,,; on Q; c under nonlimiting @and g C g C* h™ [A20]
nutrients
R, total heterotrophic respiration of &ll; ,,; under ambient gCm?h? [A11]

DOC, G, nutrients,@ and temperature

R heterotrophic respiration ™, , ,; under ambient DOC, £ gCm?ht [A5,A11,A14,A2
nutrients,d and temperature 0, A21,A25]
Rhin, specific heterotrophic respiration B ,,; under nonlimiting gCgC*h* [A12,A13]

0O,, DOC, dand 25°C



Rh' n

Ri'in,

Reminji

F'wi

F'm

[Siicl
Sijic

Sijic

specific heterotrophic respiration B , ., under nonlimiting gCgC*h*

DOC, O, nutrients,@ and 25°C
heterotrophic respiration ®f; , 5, under nonlimiting @and
ambient DOC, nutrient® and temperature

specific maintenance respiration at 25°C

maintenance respiration b,

radius ofr,,, + water film at current water content
radius of heterotrophic microsite
thickness of water films

change in entropy

concentration 0§ ¢ in soil

mass of colonized litter, POC or humus C

mass of uncolonized litter, POC or humus C

gCm?h?

gCgN'h?

gCm?ht

JmoltK™?

gCMg*

gCm?

gCm

[A12] 0.125

[A13,A14,A16]

[A18] 0.0115

[A18,A20,A21,A
25]

[A17]

[A17] 2.5x10°
[A17]

[A6,C10] 710

[Ada]
[A2a,A5,A7a,A3
3]

[AS]

Shields et al.

(1973)

Barnes et al.

(1998)

Sharpe and
DeMichelle

(1977)



SjiNp mass of litter, POC or humus N or P gNorP m? [A7a,A33]

Ts soil temperature K [A6,A15.A19]
Uinic uptake ofQ; ¢ by £,Mi a; under limiting nutrient availability g C ni? h™ [A5,A21,A22,A2
5]

Uinnp uptake ofQ;; np bY Z,M; 2 Under limiting nutrient gNorPm?ht  [A22,A29]

availability
UnHain,i NH," uptake by microbes gNm?n? [A26, A27,A29]
U' N,y maximumUy, at 25°C andnon-limiting NH," g N m?ht [A26] 5.0 x 10°
Unosin, NO;™ uptake by microbes gNm?ht [A26,A27,A29]
U'nog maximumUyo, at 25°C andnon-limiting NO;™ gNm?ht [A26] 5.0 x 10°
Uoain O, uptake byM; ,,; under ambient © gm?ht [A14,A17]
U'ozn O, uptake byM; ., under nonlimiting @ gm?h? [A14,A16,A17]
Upodnji H,POy uptake by microbes g Nfrh?* [A26,A27,A29]
U'po, maximumUpo, at 25°C andnon-limiting H,POy g N m?h? [A26] 5.0x 10°
Xiic adsorbed C hydrolysis products gCMg*? [A8,A10]
Xiinp adsorbed N or P hydrolysis products g P Mg* [A10]

y selected to give @, for f,, of 2.25 [A19] 0.081



W

Yiic
Yiinp
[Zijic]
Zijic

ZiiINp

soil or residue water potential
sorption of C hydrolysis products
sorption of N or P hydrolysis products
concentration o ¢ in soil

mass of microbial residue C in soll

mass of microbial residue N or P in soil

Appendix B: Soil-plant water relations

Canopy transpiration

R+ LEg+ Hg + G =0

LEci=L (€a— €ty ye)Tai

LEci=L (€a— ity ye)/(Mai +T'i) - LEci from [B1b]

Hci = mp(Ta_Tci)/rai

Femin = 0.64 Co —Ci')/ V('

Fai = Femin * (Fomaxi — Femini) e(B%)

MPa
gCm?ht
gPm?h?
g CMg*
gCm

gPm

[A15]
[A8,A9,A10]
[A9,A10]
[A4b]
[A2b,A7h]

[A7b]

canopy energy balance
LE from canopy evaporation
LE from canopy transpiration

H from canopy energy balance

r. driven by rates of carboxylation
vs diffusion

r. constrained by water status

[Bla]
[B1b]
[Blc]

[B1d]

[B2a]

[B2b]



ra = {(In((2s — Z)/2i)* 1(K* U)}/(1 — 10Ri)

Ri={g (2 —z)/( U T} (Ta—To)

Wi= Wi - Y

Root and mycorrhizal water uptake
Ui =21 Zr Uiy,

Unirt = (@& - )/ ( Qi+ Qg1+ Zx Qiir1x)
Wi = W+ 0.01z,

Y51 = ¢y —0.017

Q1= In{(dify/rie ) 1 Lic) Kiir)} Gl Gy

Q1= 2i,lL,

airixer = 2airZ {0 Ciona M)+ Y200 Z {0 s (o 53 Zies (Mig) /My
Qiirixez = uir Lignz Migi2) Kipiz iz 1750

A2 /& =M1 &V, {pr (1-6pi)) (T[ri,r,l,lz)}

Canopy water potential

r, driven by windspeed, surface

r, adjusted for stabilitys.

buoyancy

Uy, along hydraulic gradient

[B3a]

[B3b]

(B4]

(B5]
[BE]
[B7]
(B8]
(BY]
[B10]
[B11]
[B12]

[B13]



(Ea—em)/(ra +1a) [BL] = Ty Ze(¢'i - e )( Qs+ Qi+ Ty Lairix) + Xei Wil & i, solved when transpiration from  [B14]
[B1-B4] (LHS) equals uptake from
[B5-B13] + change in storage
(RHS)
Definition of variables in appendix B
Variable Definition Unit Equation Value Reference
Subscripts

I plant species or functional type: coniferous, decigs,

annual, perennial, £2C,;, monocot, dicot etc.

J branch or tiller

K Node

L soil or canopy layer

M leaf azimuth

n leaf inclination

o] leaf exposure (sunlits shaded)
r root or mycorrhizae

Variables



Cei(Tei, e

LE;

stomatal resistance shape parameter

[COs5] in canopy air
[CO2] in canopy leaves afic; = 0 MPa

half distance between adjacent roots
canopy transpiration
atmospheric vapor density Btand ambient humidity

canopy vapor density at; and ¢;
canopy storage heat flux
canopy sensible heat flux

von Karman'’s constant

hydraulic conductivity between soil and root suefac

scaling factor for bole axial resistance from priyn@ot axial
resistance
latent heat of evaporation

latent heat flux between canopy and atmosphere

‘MPa

pmol mor*

pmol mor*

Wm

nf MPa* ht

mw

[B2b,C4,C9]

[B2,C2,C5]
[B2]

[B9]
[B1,B14]
(B1]

(B1]
[B1]
[B1]
[B3a]
[BI]

[B11]

[B1]

[B1]

0.70C,

0.41

1.6x 14

2460

Grant and

Flanagan (2007)

Larcher (2001)

Grant et al. (2007)



Lir

M

Wmu

37m;

L%mm

‘7NJ

!ZMJ

!%MJ

B
G

length of roots or mycorrhizae

mass of roots or mycorrhizae
number of primaryX = 1) or secondary(= 2) axes
axial resistivity to water transport along rootnaycorrhizal

axes

axial resistance to water transport along axesiofgy x =
1) or secondaryx(= 2) roots or mycorrhizae

radial resistivity to water transport from surfaoeaxis of
roots or mycorrhizae

radial resistance to water transport from surfacaxis of
roots or mycorrhizae

radial resistance to water transport from soiludace of
roots or mycorrhizae

soil water content

Soil porosity

mm

g'm

M

MPa h ni

MPa h mt

MPa h n¥

MPa h m*

MPa h mt

[B9,B10,B12,B13

]

[B11,B13]

[B11,B12]

[B11,B12] 4.0x18
deciduous
1.0 x 16°
coniferous

[B6,811,B12]

[B10] 1.0 x 1d

[B6,B10]

[B6,B9]

[B9]

[B9]

Larcher (2001)

Doussan et al.

(1998)



i

Ri

Rn
lai

I

I cmaxi

I cmini

ri,r,I,x

Pr

root porosity

Richarson number

canopy net radiation
aerodynamic resistance to vapor flux from canopy

radius of bole at ambienf;
radius of bole at/; = 0 MPa

canopy stomatal resistance to vapor flux
canopy cuticular resistance to vapor flux
minimum i; atyg = 0 MPa

radius of primaryX=1) or secondaryxE2) roots or

mycorrhizae at ambienf; | ,

radius of secondary roots or mycorrhizag/gy , = 0 MPa

root specific density

gCgFW

[B13]

[B3a,B3b]

[B1]
[B1,B3a]

[B11]
[B11]

[B1,B2b]
[B2b] 5.0 x 16

[B2,B2b]

[B9,B11,B12,B13
]

[B11,B12] 2.0 x 1Gtree
1.0 x 10*bush
0.05 x 1¢'
mycorrhizae

[B13] 0.05

van Bavel and

Hillel (1976)

Larcher (2001)

Grant (1998a)



Ua
Vcli

Vr

s
i
Z
Z

Z)

air temperature
canopy temperature

total water uptake from all rooted soil layers

water uptake by root and mycorrhizal surfacesaichesoll

layer
wind speed measuredzt

potential canopy C&¥ixation rate atjg; = 0 MPa

root specific volume

canopy capacitance

canopy water potential

W + canopy gravitational potential

canopy osmotic potential

soil water potential

{4 + 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

pmol m? s*
m® g FwW!
m® m* MPa’
MPa
MPa

MPa
MPa
MPa

MPa

[B3b]
[B3b]
[B5,B14]

[B5,B6]

[B3a,B3b]
[B2]
[B13] 10°
[B14]
[B4,B7,B14]
[B6,B7]
[B4]
(B8]

[B6,B8]

[B2b,B4] 1.25 atg, = 0

[B7,B11]
[B3a]

[B8,B11]

Grant (1998a)

iBe(t982)



Z canopy surface roughness m

Z, height of wind speed measurement m

Appendix C: Gross primary productivity and autotrop hic respiration

Czgross primary productivity

GPP=Zjkimn.o(Veijitmno= Vgijkimnd Aijkimno

Vgiikimno= (Co = CiijximndMijkimn.o
Veijkhmno= M Viiiimno Viijkimnd
Fli kom0 = Nminijkbmnot Cimaxi = Viminijklmn.d el-Bih)

Fminiklmno= (Co = G') Ve'ijimno

[B3a,B3b]

[B3a,B3b]

solve forGi mn,0at which
Vaiiktmino= Vgijkimno
diffusion

carboxylation

r is leaf-level equivalent af.
minimumr, is driven by

carboxylation

PerrierZ198

[C1]

[C2]
[C3]
[C4]

[C3]



Vhijklmno = Vomaijk(Ceijkimno= 7ijk)/(Ceijkimng +Ke) fyijkimno fici CO,, water, temperature and [C6a]

nutrient constraints o,

—\/ C6b
mea)i,j,k - Vb i Frubiscoi Mi,j,k,prot/Ai,j,k ftbi [ ]

Céc
[jk=0.50; Vomam-,k Kci /meam-’k Koi) [ ]

[C6d]
Voma)g’j’k = Voli Frubiscoi Mi,j,k,prot/Ai,j,k ftoi
[C6e]
Kg = K fuei (1 + O/ (Koi fikoi))
Viiiklmno= Jijkimno Yijkimnofyijkimno fic [CT7]
Jijkimno= (Eliimnot Imasjk- (Eligmnot Jman’,j,k)z - 4a€|i,|,m,n,oJmaw,j,k)O'E)/(Zm water, temperature and nutrient [C84]
constraints o,
. C8b
Jmaviik = Vi, Fenorophyi Mijycprot A T [C8b]
flj,l i,j,k,l,m,n,o: (rlmi”i,j,k,l,m,n,ol rli,j,k,l,m,n,c)O'E n0n-St0mata| effeCt related to [C9]

stomatal effect



fioi =expBy — Ha (RT))H{L + exp[(Ha — STa)/(RTa)] + exp[STa — Han)/(RTa)1}

fioi = €XpBo — Had (RTa)I{1 + exp[(Ha — STa)/(RTi)] + exp[STa — Han)/ (RTci)]]

fii = expBj — Ha/(RT)J{1 + exp[(Ha — STei)/(RTe)] + exp[STa — Han)/(RTe)]}

fici = €XPBic — Hak/ (RTa)]

fioi = €XPBro — Hawo/ (RTci)]
fici = min{ o/ (Ahij + TcijfKicy) Grijl(Trij + Tcij IKicp)}
dvl'-Ri,j,k &= dVILi'jyk/d min{[ N'Ieaf + (Nleaf - Nlleaf) fiCi]/Nprot, [Plleaf + (Pleaf - Plleaf) fiCi]/PproL}

Autotrophic respiration

R=ZZ; (Rij *Rij)) *ZZZ ;(Reiry +Rari) +Enp (Unhairs + Unosirs + Uposy, )

Arrhenius functions for [C104a]
carboxylation, oxygenation and
electron transport [C10b]

temperature sensitivity oK, Ky,

[C10c]
[C10d]
[C10e€]
product inhibition ofV,, V;from [C11]
oy andop vs. gz in shoots
leaf structural protein growth [C12]
total autotrophic respiration [C13]



Rij =R Caij fuai

Riri =R Gir fais Uozirn /U ozir)

Uoziri =U "02ir) [O2ir)/([Ozir] + Ko,)

:Uwi'” [0251] + 2Td—i,r,l DsOZ([OZSi] _[OZri,r,I]) In{( rq + rri,r,l)/ rri,r,l}

&) Doz ([Ozgiri] ~[O21iri]) IN(rgiri)/ Tiri)

U 'o2ir1 = 2.67RYiy)

Rsj = -min{0.0, Reij — Ruij}

Rrij = Z,(Nij; Ry’ fimi)

Ryij = max0.0, min{( Rj —Rmi;) min{1.0, max0.0, ¢ - &'}

Growth and senescence

lijzc= Reij MLyij / Mg,

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

with diffusion of Q from roots

remobilization wherr,, > R,
maintenance respiration

growth wherR,, < R,

senescence drives litterfall of non-

remobilizable material

[C14a]

[C14b]

[Cl4c]

[C14d]

[Cl4e]

[C15]
[C16]

[C17]

[C18]



lijizn = lij.zc Nprot (1.0 =Xy fini)

|i,j,z,P: Ii,j,z,C Pprot (1.0 Xy foi,j)

funij = Gl (Taij + il Kan)

fxpij = acijl(Caij + Ohij 1K)

Mg;j/ & =2, [Ryij (1 -Ygi ) Y4 ] —Rsj —lijc

Mgi /& = [Rgirt (1 -Ygir)Ygir] —Rari —liric

Al & = X (Muijis 1) % M/ & min{l, max{0,u; - '}

BLir1/8t = GMgirs1 /801 Ve {pr (1 -8pi; ) (TTrhir11 D}

8L 12/t = BMrirs2 /80) Ve {pr (1 -Opis ) (TTrviry2 D)}

litterfall of N and P is driven by
that of C but reduced by
translocation to t@y and op
according to ratios ofy, andgp

withae

branch growth driven bR,

root growth driven byR,

leaf expansion driven by leaf mass
growth

root extension of primary and
secondary axes driven by root

mass growth

[C19a]

[C19D]

[C19c]

[C19d]

[C204]

[C20b]

[C214a]

[C21b]

[C21c]



fa =Tc{exp[By — Ha/(RTa)}{1 + exp[(Ha — STa)/(RTei)] + exp[STe — Han)/ (RTa)]}

fou = ((0.0811°(; — 298.15))

Root and mycorrhizal nutrient uptake
Unhairs = {Uwir [NH4"] + 21 Denty (INH4 ] = [NHg5 D) 7 In(diy /740003

=U'nhy (Uozies U "ozies) At (INHS 0] = INH G mn] )/ (INHST ] = INH S ] + Kig) i Fini
Unosiri = {Uwir) [INOs '] + 21l Denoy (INOs] = [NOs'i]) / In(diy /rvir)}

=U'nos (Uoziri U "ozir1) At (INOs'iri] = [NO3 ] J(INOs3i ] = [NO3 mn] + Knoy) fy; fini,
Upodri = {Uwirs [H2POr] + 2nLi 1 Depqy, ([H2POy 1] = [HoPOy 1) 7 IN(iry /rii)}

=U'po, (Uoaziri /U "ozir) Airi ([H2POriri] = [HoPOs mn] )/ ([H2POyiri] — [HoPOs mn] + Kpo,) fy firi

finirt = Gein il (Teir) + O King)

fipir) = Geir il (Tciry + O ilKipe)

C,gross primary productivity

C4 mesophyll

Arrhenius function foR,

temperature function fdR,

root N and P uptake from mass
flow + diffusion coupled with
active uptake of Nkf, NO;™ and
H,PQ, constrained by ©Quptake,
as for microbial N and P uptake in

[A26]

product inhibition ofUypa, Unos
andUpo, determined byy and o

VS. ocin roots

[C22a]

[C22D]

[C23a]

[C23b]

[C23c]

[C23d]

[C23€]
[C23f]
[C234]

[C23h]



GPP=ZXjk1mn.o(Mgmayjkimno= Vemayjkmnd
Vg(m4),j,k,|,m,n,o = (Cb - Ci(mél)i,j,k,l,m,n,c)/rIfi,j,k,l,m,n,o

Vemayjkimno= Mi{ Vomayjkimno Vimayjkimnd

Fifi o= Timini kim0 Ciimaxi = Fiminij ik mn.d €775 %)

Mitminijklm.n.o= (Cb = Cigmay')/ Vegmay,kimn.o

Vomayjklmno = Vomaxmayk(Comayikimno 7 mayik)/(Cemayikimng + Kemay)

Vimay jkt,mno= Jmayjkmno Ymayjklmno

Jmayiikimno= (Elitmnot Imaxmayk = (€ linmnot Jmax(m4),j,k)2 - 40'5|i,|,m,n,o-]max(m4),j,k)0'5)/(20')
Vomaxmayjk = Vomax(ma) [Noepmapin]’ Nirijx Avijx Tomayj Toi i

Jmaxmayik = Imax [Nenimayjk 1" Nirijk Arijx Tomayin T T

femayjx = 1.0(L1.0+ [Xcamay il /Kixcagmay

fyijkimno= Crimingjcimno! Mijkimnd.

fi = Te{exp[B = HJ (RTe)[M{L + exp[(Ha = ST)/(RTe)] + exp[STi — Han)/(RTei)]}
C4 mesophyll-bundle sheath exchange

Viycamayik = Kycama) (Xcamayik Wiwayik —Xcawayik Wimayijx) ! (Wioayiik + Wiimayijk)
Vicawayik = Kycawos) Xeapayik [(1.0 +Cooayjk MKixe o)

Vbayjk = Keeoay (Ceppayjx — Cemayjn) (12 X 10%) Wigpayij

gaseous diffusion

mesophyll carboxylation

CO,-limited carboxylation

light-limited carboxylation

irradiance response function

PEPCc activity
chlorophyll activity

C, product inhibition
non-stomatal water limitation

temperature limitation

mesophyll-bundle sheath transfer

bundle sheath decarboxylation

bundle sheath-mesophyll leakage

[C24]
[C25]
[C26]

[C27]

[C28]

[C29]
[C30]
[C31]
[C32]
[C33]
[C34]
[C35]

[C36]

[C37]
[C38]

[C39]



OXcamayjk 10t = Zimn.o Vemayjkimno- Vycamayjk mesophyll carboxylation products [C40]
O )Xcawayjxl Ot = Vycamayjk - Vicawayjk bundle sheath carboxylation [C41]
products

OCc(payjk/Ot = Viycapayjk = Vapayjk = Zimno Veoayjkimn.o bundle sheath CQroncentration [C42]
C, bundle sheath
Veajjkhmno= MM Vowayjk: Vioayijkimng bundle sheath carboxylation [C43]
Vowayjk = Vomaxoak(Copayjk = /bayjk)/ (Cepayik) + Kopay) COy-limited carboxylation [C44]
Viwayijkgmn,o= Jbajklmno Yodyk light- limited carboxylation [C45]
Jiayikimno= (€ litmn.ot Imaxoa)jk - (€ limn .ot Imaxparjn)’ - 4AE i mn.odmaxwayin) ) (20) irradiance response function [C46]
Viomaxwapjk = Vomaxoa) [Nrunwayikl’ Nirijk Arijk feesyin fui fui RuBPc activity [C47]
Jmaxoayjk = Imax [Neniwayjrd Niijx Arijk feeapin fui fu chlorophyll activity [C48]
feqeayjk = min{[ Vi /([ Vi 1+ Dreawayl/ Kivieds 7100 71+ [Dresay i)/ King)} Cs product inhibition [C49]
Definition of variables in appendix C

Variable Definition Unit Equation Value Reference

Subscripts



species or functional type: evergreen,
coniferous, deciduous, annual, perennial,
Cs, C4, monocot, dicot, legume etc.
branch or tiller

Node

soil or canopy layer

leaf azimuth

leaf inclination

leaf exposure (sunlits shaded)

organ including leaf, stem, root,
mycorrhizae

Variables

leaf, root or mycorrhizalsurface area m

shape parameter for stomatal effects on Giusion and MPa*

non-stomatal effects on carboxylation

[C1,C6b,C6d,C8D,
C21,C23,C32,C33
,C4T7]

[C4 C27,C35)] 5.0

Grant and

Flanagan (2007)



Cepay

Cc(m4)

Citmay

Ci(m4)

Cijz=i

C'

parameter such tht= 1.0 afT, = 298.15 K
parameter such thif = 1.0 afT.= 298.15 K
parameter such tht; = 1.0 afT.= 298.15 K
parameter such tht, = 1.0 atT,= 298.15 K
parameter such thg = 1.0 atT,= 298.15 K

parameter such th§}; = 1.0 afT, = 298.15 K

[CO2] in canopy air

[CO9] in C,4 bundle sheath

[CO2] in C, mesophyll in equilibrium wittCi; 1 m.n.o

[CO2] in canopy chloroplasts in equilibrium Wit mn.o

[CO9] in C; mesophyll air wheny,; = 0

[CO2] in C4 mesophyll air

C content of leaf=1)

[COy] in canopy leaves whegy; = 0

[COy] in canopy leaves

pmol mor*

UM

UM

UM

pmol mor*

pmol mor*

g C m?

pmol mor*

pmol mor*

[C36] 17.533
[C10¢] 17.363
[C10d] 22.187
[C10e] 8.067

[C10b] 24.221
[C10a, C22] 26.238

[C2,C5 C25,C28]

[C38,C39,C42,C4

4]

[C29,C39]

[C6]

[C28] 0.45 xC,

[C25]

[C18]

[C5] 0.70 XCy

[C2]

Larcher (2001)



De NHy)
De noy

De PQy

Dr02

DsOZ

di,r,I

Enp

fC(c3)

fema)

Fen

effective dispersivity-diffusivity of NH during root uptake
effective dispersivity-diffusivity of N@ during root uptake
effective dispersivity-diffusivity of PO, during root
uptake

aqueous diffusivity of @from root aerenchyma to root or
mycorrhizal surfaces

aqueous diffusivity of @from soil to root or mycorrhizal
surfaces

half distance between adjacent roots assumed &xjual
uptake path length

energy cost of nutrient uptake

C; product inhibition of RuBP carboxylation activity C,

bundle sheath ornesophyll

C,4 product inhibition of PEP carboxylation activity G,
mesophyll
fraction of leaf protein in chlorophyll

N,P inhibition on carboxylation, leaf structuralmNgrowth

m? ht

gCghbrP*

[C23]
[C23]

[C23]

[C14d]

[C14d]

[C23] (n Ls,/0z)™?

Grant (1998a)

[C13] 2.15 Veen (1981)

[C47,C48,C49]

[C32,C33,C34]

[C8b] ®6

[C6a,C7,C11,C12]



fin
fip

Frubisco

fia

ftkc

ftko

N inhibition on root N uptake
P inhibition on root P uptake

fraction of leaf protein in rubisco

temperature effect oR,

temperature effect on carboxylation

temperature function for root or mycorrhizal growt
respiration

temperature effect on electron transport

temperature effect oK,

temperature effect o,

temperature effect oRy;

temperature effect on oxygenation

temperature effect on carboxylation

dimensionless

[C23g]
[C23h]

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

[C23]

[C8b,C10c]

[C6e,C10d]

[C6e,C10e]

[C16, C22b]

[C6d,C10b]

[C32,C33,C36,C4

7,C48]

0.125
Bernacchi et al.
(2001, 2003)
Bernacchi et al.
(2001, 2003)
Q=225



fyi

Ham

I"Iako

fraction of Xinx N translocated out of leaf or root during

senescence

fraction of Xy P translocated out of leaf or root 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 sensitivitykaf

parameter for temperature sensitivitykaf

energy of activation for oxygenation

J morl*

J morlt

J mort

J mort

J molt

[C19a,c]

[C19b,d]

[C6a,C7,C9]

[C32,C33,C35C47

,C48]

[C36]

[C10c]

[C10d]

[C10€]

[C10b, C22]

57.5x18

43 x 18

55 x 18

20 x 18

60 x 1b

Medrano et al.

(2002)

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

(2001, 2003)



Jioa)

Jima)

'
Jmax

Jmax(ba)

Jmax(m4)

Jmax

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®undle sheath

electron transport rate iny@esophyll

electron transport rate ing@esophyll

specific electron transport rate at non-limitingnd 25C

when ¢, = 0 and nutrients are nonlimiting
electron transport rate i, ®undle sheath at non-limitifg

electron transport rate in,@esophyll at non-limiting

J morl*

J morlt

J morl*

J mor*

J mor*

pmol m? st
pmol m? st

pmol m? st

pmol m? s*

pmol g* s?

pmol m? st

pmol m? st

electron transport rate at non-limitihgy, temperature and pmol m? s*

N,P

[C10a, C22]

[C10, C22]

[C36]

[C10, C22]

[C36]

[C8a,]

[C45,C46]

[C30,C31]

[C7,C84]

[C33,C48]

[C46,C48]

[C31,C33]

[C8a,C8b]

65 x 10

2225x 10

220 x 16

198.0 x 10

190 x 18

400

Bernacchi et al.

(2001, 2003)



Kepa)

Kc(m4)

Ke

KiCN

KiCp

K|XC4(b4)

lec4(m4)

Michaelis-Menten constant for carboxylation ipliindle

sheath

Michaelis-Menten constant for carboxylation in C
mesophyll

Michaelis-Menten constant for carboxylation at z€s0

Michaelis-Menten constant for carboxylation at aembi

inhibition constant for growtim shoots fromog: vs gy

inhibition constant for growth in shoots froma vs -

constant for C@product inhibition of ¢ decarboxylation in

C, bundle sheath

constant for ¢product inhibition of PEP carboxylation

activity in G, mesophyll

UM

UM

UM

UM

gCgN!

gCgP

[C44] 30.0 at 2%C and
zero Q

[C29] 3.0 at 28C

[C6c,C6e] 12.5 at 2%C

[C6e]

[C11] 100

[C11] 1000

[C38] 1000.0

[C34] 5x 16

Lawlor (1993)

Lawlor (1993)

Farguhar et al.

(1980)

Grant (1998a)

Grant (1998a)



KIV|f

K

iNc

K

iPc

I<NH4

KN03

KPO4

2

constant for gproduct inhibition of RuBP carboxylation

activity in G bundle sheath orgGnesophyll caused by
[ W]

constant for gproduct inhibition of RuBP carboxylation
activity in G bundle sheath orgGnesophyll caused by
[ 7]

inhibition constant for N uptake in roots from;; vs. dy;
inhibition constant for P uptake in roots fram; vs g
roots

M-M constant for NH" uptake at root or mycorrhizal
surfaces

M-M constant for N@ uptake at root or mycorrhizal
surfaces

M-M constant for HPO,” uptake root or mycorrhizal
surfaces

Michaelis-Menten constant for root or mycorrhizal O

uptake

gCgN!

gCgP

gNgC

gPgC

[C49]

[C49]

[C23]

[C23]

[C23]

[C23]

[C23]

[Cl4c]

100

1000

0.1

0.01

0.40

0.35

0.125

0.064

Grant (1998a)

Grant (1998a)

Barber and
Silberbush (1984)
Barber and
Silberbush (1984)
Barber and
Silberbush (1984)

Griffin (1972)



My
MLN1 MLR
Mg

iprot

N,P

Nprot

inhibition constant for @in carboxylation

inhibition constant for remobilization of leaf avat N
during senescence

inhibition constant for remobilization of leaf avat P
during senescence

root length

C litterfall from leaf or root

N or P litterfall from leaf or root

branch C phytomass
leaf C phytomass

non-remobilizable, remobilizable leaf C phytomass

root C phytomass

leaf protein phytomass calculated from leaf N, Rtents

N or P content of organ

N content of protein remobilized from leaf or root

UM

gNgcC

gPgC

g Ch’
g C thh'

g C ni?

g C ni?
Caoi
2

gCm

g N rif

gNm

gNC*

[C6c,C6e] 500 at 2%C
[C19c] 0.1
[C19d] 0.01

[C14d,C21b,C23]
[C18,C19a,b,C20]

[C19a,b]

[C20]
[C12,C21]

[C12,C18]

[C20,C21]
[C6b,C6d,C8b,C1
2]

[C16, C19]

[C12,C19a] 0.4

Farguhar et al.

(1980)



[NH4+i,r,I]

[N H 4+mn]

[NOS_i,r,I]

[NO3_mn]

[HPOyi]

[H ZPO4-mn]

[Nenipa)’
[Nenigma)'

[Npep(mlll

concentration of N at root or mycorrizal surfaces g N'n
concentration of Nif at root or mycorrizal surfaces below g N mi®
whichUyy, =0

concentration of N at root or mycorrizal surfaces g N'n
concentration of Ng at root or mycorrizal surfaces below g N mi®
which Uno, =0

concentration of KEPO, root or mycorrizal surfaces gNm?

concentration of PO, at root or mycorrizal surfaces belowg N m

whichUpg, =0

maximum leaf structural N content gNgcC
minimum leaf structural N content gNgC
total leaf N g N m?leaf
ratio of chlorophyll N in ¢ bundle sheath to total leaf N gNgN
ratio of chlorophyll N in @ mesophyll to total leaf N gNgN

ratio of PEP carboxylase N in, @esophyll to total leaf N gNgN

[C23]

[C23]

[C23]

[C23]

[C23]

[C23]

[C12]

[C12]

[C32,C33,C47,C4

8]

[C48]

[C33]

[C32]

0.0125

0.03

0.002

0.10

0.33 XNjeqr

0.05

0.05

0.025

Barber and

Silberbush (1984)

Barber and

Silberbush (1984)

Barber and

Silberbush (1984)



[Nrubpa)'

Oyq

ratio of RuBP carboxylase N in®undle sheath to total

leaf N

agueous @concentration in root or mycorrhizal

aerenchyma

aqueous @concentration at root or mycorrhizal surfaces

aqueous @concentration in soil solution
[O2] in canopy chloroplasts in equilibrium withpG} 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 produteaf

root or mycorrhizal porosity

gas constant

gas constant

total autotrophic respiration

R, under nonlimiting @

gNgN?

gm

JmoltK™?
g Crmt

gCnm?ht

[C47]

[Cl4c,d]

[Cl4c,d]
[Cl4c,d]

[C6c,Cbe]

[C12]
[C12]

[C12,C19b]

[C49]

[C21b]

[C10, C22]

[C36]
[C13]

[C14]

0.025

0.10
0.33 XPeat

0.04

0.1-0.5

8.3143

8.3143



Ry

It

I fmaxi

Ifminij k.l m,n,0
Fijklmno
INmaxi

Imini,j.k,l,m,n,0

R’

Rumij
rqi,r,l

rri,r,I

specific autotrophic respiration of;; at T = 25°C

autotrophic respiration af;; or gy

growth respiration
leaf stomatal resistance
leaf cuticular resistance

leaf stomatal resistance whep =0
leaf stomatal resistance
leaf cuticular resistance
leaf stomatal resistance whep =0

specific maintenance respirationaf; at T = 25°C

above-ground maintenance respiration
radius of root aerenchyma

root or mycorrhizal radius

gCgcC'h?

g Cm?h?

g Cm?h?
sm
s

sm
sm
sn

sm

gCgN'h'

g €hh

[C14]
[C13,C14,C17,
C15]

[C17,C20]

[C25,C27,C39]

[C27]

[C27,C28,C35
[C2,C4,C9]
[C4]
[C4,C5,C9]

[C16]

[C16,C17,C15]

[C14d]

[C14d,C21b,c,C23.0 x 10% or 5.0 x

a,c,e]

0.015

0.0115

10°®

Barnes et al.

(1998)



Ry

]

Pr

dc

ON

Op

Tc

Tc

UnHair,

respiration from remobilization of leaf C

thickness of soil water films

dry matter content of root biomass

change in entropy

change in entropy

nonstructural C product of GGixation

nonstructural N product of root uptake

nonstructural P product of root uptake

canopy temperature

canopy temperature

NH," uptake by roots or mycorrhizae

g Cmh*

ggl

JmoltK™?

JmoltK™

gCgC

gNgC

gPgC

°Cc

g Nm?ht

[C13,C15,C18,
C20]
[C14d]

[C21b]

[C10, C22]

[C36]

[C11, C19¢,d,

C23g,h]

[C11, C19c,

C23g,h]

[C11, C19d,
C23g,h]

[C10, C22]

[C36]

[C23]

0.125

710 Sharpe and
DeMichelle
(1977)

710



Uposy,

U'PO4

Uoai,

!
U "oair

UWi,r,I

Vabayjk

Vy'

Voway,ik

Vb(m4),j,k,l,m,n,o

Vhijkbm,n.o

maximumUy, at 25°C andnon-limiting NH,"

NO;  uptake by roots or mycorrhizae

maximumUyo, at 25°C andnon-limiting NO;~

H,PO, uptake by roots or mycorrhizae

maximumUp, at 25°C andnon-limiting H,PO,

O, uptake by roots and mycorrhizaader ambient ©

O, uptake by roots and mycorrhizagder nonlimiting @

root water uptake

CO, leakage from ¢bundle sheath to 8nesophyll

specific rubisco carboxylation at 26

COy-limited carboxylation rate in £bundle sheath

COy-limited carboxylation rate in £mesophyll

COy-limited leaf carboxylation rate

g N m?h?

g Nm?ht

g Nm?ht

g Nt

g N m?h*

g O m?h*
g O m?h*
m°® m? h?
gCmh?

pmol g rubisco

s 1

pmol m? st

pmol m? st

pmol m? st

[C23] 5.0x 10°
[C23]
[C23] 5.0 x 1G°
[C23]
[C23] 5.0 x 1G°

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

[C14d,C23]

[C39,C42]

[C6b] 45

[C43,C44]

[C26]

[C3,CH]

Barber and

Silberbush (1984)

Barber and

Silberbush (1984)

Barber and

Silberbush (1984)

Farquhar et al.

(1980)



Vomax(b4)

Vomax(oayj k

meax(m4i

meax(m4),j,k
meax',j,k
Vc(b4),j,k,|,m,n,o

Vc(m4j,j,k,|,m,n,o

VCo(m4) i,j,k,l,m,n,0
Vci,j,k,l,m,n,o

Vcli,j,k,l,m,n,o

Vg(m4),j,k,l,m,n,o

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

RuBP carboxylase specific activity in, Bundle sheath at

25°C wheny; = 0 and nutrients are nonlimiting

COz-nonlimited carboxylation rate ins®undle sheath

PEP carboxylase specific activity in @esophyll at 2%

when ¢ = 0 and nutrients are nonlimiting

CO»-nonlimited carboxylation rate in,@nesophyll
leaf carboxylation rate at non-limiting GQy,, T, and N,P
CO, fixation rate in G bundle sheath

CO; fixation rate in G mesophyll

CO; fixation rate in G mesophyll whery; = 0 MPa
leaf CQ fixation rate

leaf CQ fixation rate wheny, = 0

CQO, diffusion rate into gmesophyll

leaf CQ diffusion rate

pmol gt s?

pmol m? st

pmol gt s?

pmol m? st
pmol m? st
pmol m? st

pmol m? st

pmol m? st
pmol m? st

pmol m? st

pmol m? st

pmol m? st

[C47] 75
[C44,C47]

(Ca2] 150
[C29,C32]

[C6a,C6b,C6c]

[C43]
[C24,C26,C40,C4
1]

[C28]

[C1,C3]

[CY]

[C24,C25]

[C1,C2]



Vi(b4)i,j,k,l,m,n,o

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

Viijklmn.o

V,

Vomax’,j,k

Vicapayk

Vicama)

[wi]

Vr

Wiht(oa)

Wit(ma)

specific chlorophyll etransfer at 25C

irradiance-limited carboxylation rate in, 8undle sheath

irradiance-limited carboxylation rate in @iesophyll
irradiance-limited leaf carboxylation rate

specific rubisco oxygenation at 26

leaf oxygenation rate at non-limitingpQ/, T, and N,P

decarboxylation of ¢fixation product in ¢bundle sheath

transfer of G fixation product between Gnesophyll and

bundle sheath

concentration of nonstructural root N uptake pradindeaf

specific volume of root biomass

C, bundle sheath water content

C4 mesophyll water content

pumol g™*

chlorophyll s*
pmol m? st
pmol m? st

pmol m? st

pmol g rubisco
S—l
pmol m? st

g Cfrht

gCm?h?

[C8b] 450

[C43,C45]

[C26,C30]
[C3,C7]

[C6d] 9.5

[C6e,d]

[C38,C41,C42]

[C37]

[C49]

[C21b]

[C37,C39]

[C37]

Farguhar et al.

(1980)

Farquhar et al.

(1980)



me

Yoa)

Y(ma)

! ba)

[ may

maximum fraction of remobilizable N or P translszhout

of leaf or root during senescence

carboxylation yield from electron transport ig l&indle

sheath

carboxylation yield from electron transport ip i@esophyll

fraction of g used for growth expended Bg; , by organz

plant population

carboxylation yield

CO, compensation point

COp compensation point inundle sheath

CO, compensation point inGnesophyll

pmol CG umol €

-1
pmol CG, umol €
-1

gCgcC

m-2

pmol CG umol €

-1

UM

UM

UM

[C19a,b] 0.6 Kimmins (2004)

[C45]

[C30]

[C20] 0.28 £ = leaf), Waring and
0.24 g=root and Running (1998)
other non-foliar),

0.20 ¢ = wood)

[C21]

(C7]

[C6a,C6c]

[C44]

[C29]



Xca(ba)
Xcama)

[ Xeawa)

[Xcama]

Kce(ba)

W

shape parameter for responsd 6 |

shape parameter for response tf |

area:mass ratio of leaf growth

non-structural ¢fixation product in ¢bundle sheath

non-structural ¢fixation product in ¢ mesophyll

concentration of non-structurak @xation product in ¢

bundle sheath

concentration of non-structural @xation product in ¢
mesophyll

quantum yield

gquantum vyield

conductance to CQeakage from ¢bundle sheath

canopy turgor potential

Mg

gCtn
gCm

gg

UM

pmol € umol

quanta

pmol € pmol

quantd
*h

MPa

[C8a]

[C31,C46]

[C21]

[C37,C38,C41]

[C37,C40]

[C49]

[C34]

[C8a]

[C31,C46]

[C39]

[C4]

0.7

0.75

0.0125 Grant and
Hesketh (1992)

0.45 Farquhar et al.
(1980)

0.45 Farquhar et al.
(1980)

20

1.25aty, =0



Appendix D: Soil water, heat, gas and solute fluxes

Surface water flux

er(x,y) = Vx(x,y)dmx,yl—y(x,y) 2D Manning equation ix (EW) [D1]
Qryxy) = W) AmeyLxxy) andy (NS) directions

Oy = Max(Oehyxy) + Gixy) ~ Asexy) Dy (Gwixy) + digxy) surface water depth [D2]
Vigey) = RSy VZiy) runoff velocity over E slope [D3]
Vyixy) = RO'6735/(x,y)0'5/2r(x,y) runoff velocity over S slope

Vxxy) = _ROB_/S((x,y)O'E/Zr(x,y) runoff Ve|OCity over W slope

Vyixy) = _RO'G_/S\/(x,y)O'E/Zr(x,y) runoff velocity over N slope

A(Auxy)Acy)Bt = Qrxixy) ~ Qrixratxy) + Qryixy) ~ Qryray) + P = By = Quaiy.n) 2D kinematic wave theory for [D4]

overland flow

R =sdy/[2(s? + 1)0.5] wetted perimeter [D5a]
Sixy) = 28b9(Z + ds + dm)xy = (Z + ds + Om)xe1 ]/ (Lxxy) + Lxxey) 2D slope from topography and
pooled surface water m(EW) [D5b]

Syey) = 28b4(Z + ds + Ay = (Z + ds + Ar)eyerl (Lyey) + Lyey+1) andy (NS) directions



LE=L (ea—&my)/ra

LEs=L (&a_es(Ts’t//s))/ras
Subsurface water flux

wa(x,y,z) = K'X(wsx,y,z_ l//sx+1,y,)
wa(x,y,z) = K'y(wsx,y,z_ l//sx,y+1,)

sz(x,y,z) = K'Z(wsx,y,z_ wsx,y,zﬂ)

A@v xy,z/ At = (wa(x,y) - wa+l(x,y) + wa(x,y) - wa+1(x,y) + sz(x,y) - sz+1(x,y) + Qf(x,y,z))/ I—z(x,y,z)

K'x = 2'<><,y,sz+l,y,z/(Kx,y,z I—x,(x+1,y,z) + K><+l,y,z Lx,(x,y,z))

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

= 2Kx+ly,Z/ (Lx(x+1,y,z) + Lx(x,y,z))

K'y = 2'<><,y,sz,y+l,z/(Kx,y,z I—y(x,y+l,z) + K><,y+l,z Ly(x,y,z))

evaporation from surface litter

evaporation from soil surface

3D Richard’s or Green-Ampt
equation depending on saturation
of source or target cell m(EW),

y (NS) andz (vertical) directions
3D water transfer plus freeze-thaw
in directionx if source and
destination cells are unsaturated
in directionx if source cell is
saturated

in directionx if destination cell is
saturated

in directiony if source and

destination cells are unsaturated

[D6a]

[D6b]

[D7]

[D9b]

[D9a]



= Ky d (Lyxy+1.2 + Lyxy.)

= 2I'(><,y+l,Z/ (Ly(x,y+l,z) + Ly(x,y,z))

K'z = 2Kx,y,sz,y,z+l/ (Kx,y,z Lz(x,y,z+1) + I'(x,y,z+1 Lz(x,y,z))

= 2I'(x,y,z/ (Lz(x,y,z+:D + Lz(x,y,z))

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

Exchange with water table

Qmatx(x,y,z) = Kmat«y,z [l// "= l//sx,y,z+ O-Oldzx,y,z_ WTD()]/(LIX +05 Lx,(x,y,z))

Qmatx(x,y,z) = Kmat«y,z [l// "= l//sx,y,z+ O-Oldzx,y,z_ WTD()]/(LIX +05 Lx,(x,y,z))

in directiony if source cell is
saturated

in directiony if destination cell is
saturated

in directionz if source and

destination cells are unsaturated

in directionz if source cell is
saturated
in directionz if destination cell is

saturated

if Ay, <WTD theng,y > ' +
0.01@xy.— WTD,) for all depths
zfromdy,y ,to WTD,

or if dyy > WTD, then s,y ~

0.01WTDy- dyy ) - ¢ for all

depthszfrom WTD to dyy

[D9b]

[D9q]

[D9b]

[D10]



Qmagyyy ) =Kmag, [0.01*min(0, d,y .~ Laxy»*(Min(1, max(0,6nad)-0.5) -WTD)J/(L + 0.5Ly xy.2)

QMaGyy, =Kmagy,, [0.01*max(0,dxyz— Laxyz*(Min(1, max(0,6nad)-0.5) -WTD)]/(Lx + 0.5Ly xy2)

Heat flux

R,+LE+H+G=0

G X(Xy,2) =2 K(x,y,z),(x+1,y,z) (T(x,y,z) - T(x+l,y,z))/ ( Lx (X,y,z)+ I-x (x+l,y,z)) +Cy T(x,y,z) wa(x,y,z)
Gy = 2 Koy tey+1.0 (Toey = Teyr12) (Ly eyt Ly y+1.2) + Cw Toey) Quyiny2

G 2xy.2) = 2 K(x,y,z),(x,y,z+l) (T(x,y,z) - T(x,y,z+l))/ ( LZ (x,y,z)+ Lz (x,y,z+1)) + CWT(x,y,z) sz(x,y,z)

if dyy,<WTDthenys,, > @'+
0.01@x,.— WTD,) for all depths

zfrom dyy ,to WTD,

or if dyxy,.> WTD, then g,y ~

0.01WTDy- dyy ) - ¢ for all

depthszfromWTD to dy,,

for each canopy, snow, residue
and soil surface, depending on
exposure

3D conductive — convective heat
flux among snowpack, surface
residue and soil layers i(EW), y

(NS) andz (vertical) directions

[D10a]

[D11]

[D12]



G x(x-1y,2) ~ G X(X,y,2) +G y(xy-12) ~ G y(xy.2) +G z(xy,z-1) ~ G 2(x,y,2) + LQf(x,y,z) + C(x,y,z) (T(x,y,z) - Tl(x,y,z))/ A=0

Gas flux
Quspxyz= Agscy,zDay (S ftdyx,y,z [Jedxy.z [Kedxy.d

eryx,y,z = Agny,zDay (SQ ftdyx,y,z [ygr]x,y,z - [wed x,y,Z)

QgS/zx,y,l = gax,y {[ ya] - {2[ Vgs]x,y,ngS/z(x,y,J,)/Lz(x,y,J)+ gax,y [ya]}/{z Dng(x,y,l)/l—z(x,y,])"' gax,y}}

dex,y,l = Agsy,1 Ddy (S/y f-tdyx,y,l [l - [ysgx,y,:l)

3D general heat flux equation in
showpack, surface residue and soil

layers

volatilization — dissolution
between aqueous and gaseous
phases in soil and root
volatilization — dissolution
between gaseous and aqueous
phases at the soil surface< 1)

and the atmosphere

[D13]

[D14a]

[D14b]

[D15a]

[D15b]



Qgspxixy.a = = Quxxya [Jedxyz+ 2Dgsxxya (edxyz~ Dodxetyd (Lxxyat Lxety)

Qusyixy.s = = Quyrya [odxyz+ 2Dgsyixya [Mdxy.z~ Dedxy+1.d (Lyxyat Ly xy+12)

Qusrztya = = Quzey.s [Wodxyzt 2Dgreixy.s (Medxyz= Hedxy. 2+ (Lz iyt Lz yzen)

Qgryz(x,y,z): Dgryz(x,y,z) ([ygr]x,y,z' DA 21, Lz(x,y,z)

DQS/X(x,y,Z) =D 'gy ftgx,y,z[O-S( ng,y,z + ngﬂ,y,z)]zl Gpscy,zo o

Dgspixya = Dy Tty 2[0.5(Bpye + ixy+1.0]7 Gpscys

DQSIZ(va,Z) =D 'gv ftgx,y,z[0-5( 39x,y,z + ng,y,zﬂ)]z/ epsx,y,zo o

ng(x,y,z =D 'gy ftgx,y,z aprx,y,zllssAr xy.2 IA X,y

Qbyz = min[0.0,{(44.64 alvx,y,z 273-:I-GT(x,y,z)) - z:y ([ ys] x,y,zl(s,y ftdyx,y,zM;))}]

(M] X,y,!( SIy ftdyxszy))/ 2'V ([ }é] X,y,J( S,y ﬁ:dyx,y,JvI y)) S,y f-tdyx,y,zlvlyvx,y,z

3D convective - conductive gas
flux among soil layers iR (EW),y

(NS) andz (vertical) directions,

convective - conductive gas
flux between roots and the

atmosphere

gasous diffusivity as a function

of air-filled porosity in soll

gasous diffusivity as a function

of air-filled porosity in roots

bubbling (-ve flux) when total of
all partial gas pressures exceeds

atmospheric pressure

[D16a]

[D16b]

[D16c]

[D16d]

[D17a]

[D17b]

[D17¢]

[D17d]

[D18]



Solute flux

wa(x,y,z) =- wa(x,y,z) [ys]x,y,z+ 2 Dwx(x,y,z) ([ yS]x,y,z' [yS]X+l,y,Z)/ ( Lx (x,y,z)+ Lx (x+1,y,z))

wa(x,y,z) =- wa(x,y,z) [ys]x,y,z+ 2 Dwy(x,y,z) ([ys]x,y,z' [ys]x,y+l,z)/ ( I—y (x,y,z)+ I—y (x,y+l,z))

stz(x,y,z): - sz(x,y,z) [}é]x,y,z"' 2 Dsyz(x,y,z) ([}é]x,y,z' [%]x,y,zﬂ)/ ( Lz (x,y,z)"' Lz (x,y,z+1))

Dwx(x,y,z) = qu(x,y,z) | wa(x,y,z) | +D Iw 1:ts<,y,z[O-S(QNx,y,z"' aNx+1,y,Z)] 4

Doty =Dayexya | Quyteys |+ D% Ttoy 2[0.5(Bumyz+ Bty T

Dwz(x,y,z) = qu(x,y,z) | sz(x,y,z) | +D ,w ﬂ:s<,y,z[0-5(aNx,y,z+ aNx+l,y,Z)] T

qu(x,y,z) =05 a( I—x (x,y,z)+ I—x (x+l,y,z))ﬁ

Dayixya = 050 (Lypyat Ly ys1)’

Daztys = 0.5@( Lyyn* Loeyzen)®

Definition of variables in appendix D

3D convective - dispersive solute
flux among soil layers iR (EW),y

(NS) andz (vertical) directions

aqueous dispersivity as functions
of water flux and water-filled

porosity

dispersivity as a function of water

flow length

[D19]

[D20]

[D21]



Variable Definition Unit Equation Value Reference
Subscripts
X grid cell position in west to east direction
y grid cell position in north to south direction
z grid cell position in vertical direction z = 0: surface
residue,z=1to
n: soil layers
Variables
A area of landscape position ’m [D17c]
A root cross-sectional area of landscape position 2 m [D17c]
agr air-water interfacial area in roots 2mm? [D14b]
ags air-water interfacial area in soil m? [D14a,D15b] Skopp (1985)
a dependence dd, onL - [D21]
B dependence dd, onL - [D21]
c heat capacity of soil MJ m?°c* [D13]
Cu heat capacity of water MJ m*°c? [D12] 4.19
Day volatilization - dissolution transfer coefficiertrfgasy m? bt [D14,D15a]



gaseous diffusivity of gag in roots

gaseous diffusivity of gag in soil

diffusivity of gasy in air at 0°C

dispersivity
aqueous diffusivity of gas or soluge

diffusivity of gasy in water at 0C

depth of mobile surface water

depth of surface ice

maximum depth of surface water storage
external water table depth

depth of surface water

depth to mid-point of soil layer
evaporation or transpiration flux

atmospheric vapor density

[D16d,D17d]

[D15a,D16a,b,c,D

17a,b,c]

[D17] 6.43 x 10 for y=
0,

[D20,D21]

[D19,D20]

[D20] 8.57 x 10 for y=
0,

[D1,D2,D5a,D6]
[D2]
[D2,D5b]
[D10]
[D1,D2]
[D10]
[D4,D11]

[D6]

Luxmoore et al.
(19704, b)
Millington and
Quirk (1960)

Campbell (1985)

Campbell (1985)



SIUR)

& W)

Gy .Gy,Gz

Oa

()4
[Vl

[Jed

[Jed

[)ed

surface litter vapor density at curréiand
soil surface vapor density at currdtand ¢

temperature dependenceSif

temperature dependencel®f,

temperature dependence®f,

soil surface heat flux

soil heat flux inx, y or zdirections

boundary layer conductance

gas (HO, CG, O,, CH4, NHz, N,O, Ny, H,) or solute (from
appendix E)

atmospheric concentration of gas

gasous concentration of gasn roots

gasous concentration of gasn soll

agueous concentration of gasn roots

aqueous concentration of gasn soil

m® m? ht
MJ it ht

m h

[D6a]
[D6b]

[D14,D15b,D18]

[D17]
[D20]
[D11]
[D12,D13]
[D15a]

[D14,D15]

[D15,D16d]

[D14b,D16d]

[D14a,D15a,D16a

,D16b,D16c]

[D14b]

[D14a,D15b,D18,

D19]

Wilhelm et al.
4977)

Campbell (1985)

Campbell (1985)



Kmat

Kmac

K'x.Ky K,

L

Lx.Lnyz

LE

LEs

sensible heat flux

hydraulic conductivity

soil matrix hydraulic conductivity

macropore hydraulic conductivity

hydraulic conductance i y or z directions

thermal conductivity

distance from boundary to external water tabbe @ny
directions

length of landscape elemenbdyy or z directions

latent heat flux from surface litter
latent heat flux from soil surface
latent heat of evaporation

atomic mass of gag

MJ m? ht

m? MPa?t ht

m? MPa?t ht

m? MPa?t ht

m MPatht

MJ mthtect

[D6a]
[D6b]

MJIm

g mol*

[D11]
[D9] Green and Corey
(1971)

[D10]

[D10a]

[D7,D9]
[D12] de Vries (1963)

[D10]

[D1,D5b,D8,D9,D
10,012,D15a,D16
,D19]
MJTh*
MJTh?
[D6,D11,D13] 2460

[D18]



Qbyz
Qd ry

st/

Qs

Qay
Qosy
Qno Qy

Qy
Qmat

Qmag

precipitation flux

bubbling flux

volatilization — dissolution of gagbetween aqueous and
gaseous phases in roots

volatilization — dissolution of gasbetween aqueous and
gaseous phases in soil

freeze-thaw flux (thaw +ve)

gaseous flux of gag between roots and the atmosphere
gaseous flux of gag in sail

surface water flow ix or y directions

aqueous flux of gas or soluge

m*m?2h?
gm?ht

gm?ht

gm?ht

m>m?h*
gm?ht
gm?ht
m3 m—2 h—l

gm?ht

water flux between boundary grid cell and extewsaler table m® m?h™

through soil matrix irx ory directions

water flux between boundary grid cell and extemater table @ m2h?

through macropores ixory directions

[D4]
[D18]

[D14b]

[D14a,D15b]

[D8,D13]

[D16d]
[D15a,D16a,b,c]
[D1,D4]

[D19]

[D10]

[D10a]



QWX! QNy! QNZ

a'nac

G

la

Fas

subsurface water flow ixy y or z directions

air-filled porosity

macropore water content

root porosity

soil porosity
water-filled porosity

ratio of cross-sectional area to perimeter of sefiow
net radiation

surface litter boundary layer resistance

Soil surface boundary layer resistance

Ostwald solubility coefficient of gagat 30°C

slope of channel sides during surface flow

slope inx ory directions

m*m?2h?

[D4,D7,D8,D12,D

16,D19,D20]

[D17a,b,c]

[D10a]

[D17d] dryland spp. 0.10 Luxmoore et al.
wetland spp. 0.20 (1970a, b)

[D17a,b,c]

[D8,D18,D20]
[D3,D5a]

[D11]

[D64a]

[D6b]

[D14,D15b,D18] 0.0293 fory=0, Wilhelm et al.

(1977)

[D5a]

[D3,D5b]



Vi,
lp!
Ws

Z

yA

soil temperature

Tortuosity

velocity of surface flow ix ory directions
soil water potential at saturation

soil water potential

surface elevation

Manning's roughness coefficient

Appendix E: Solute transformations

Precipitation-dissolution equilibria

AI(OH),, = (AI”") + 3 (OH) (amorphous Al(OH)
Fe(OH),, - (Fe") +3 (OH) (soil Fe)

cacq,, - (Ca )+(Co, ) (calcite)

Ccasq - (Ca )+(SQ, ) (gypsum)

AIPO, = (AI”)+ (PQ,) (variscite)

°Cc

MPa

MPa

m—1/3 h

[D12,D18]
[D20]
[D1,D3]
[D10]
[D7,D10]
[D5b]

(D3]

-2.00¢

0.01

-33.0 [E.1]*
-39.3  [E.2]
-9.28  [E.3]
-4.64 [E.4]
-22.1 [E.5)?

! Round brackets denote solute activity. Numbeitalits denote lod (precipitation-dissolution, ion pairs), Gapon diméént (cation exchange) or lag(anion

exchange).

2 All equlilibrium reactions involving N and P aralculated for both band and non-band volumes #radid fertilizer application has been made. These
volumes are calculated dynamically from diffusiv@sport of soluble N and P.



3+ 3-
FePQ, = (Fe ) +(PQ, )
2+ -
Ca(HPO,),, = (Ca ) +2 (HPO,)
2+ 2-
CaHPQ(S) = (Ca )+ (HPQ, )
2+ 3- -
Ca(PO),0H,, = 5(Ca ) +3(PQ )+ (OH)
Cation exchange equilibria®
X-Ca+2(NH') = 2X-NH, +(Ca )
3X-Ca+2(Al") « 2X-Al+3(Ca)
2+ 2+
X-Ca+ (Mg ) = X-Mg + (Ca )
X-Ca+2 (Na) - 2 X-Na + (Ca')
X-Ca+2(K) < 2XK+(Ca)
X-Ca+2(H) « 2X-H+(Ca)
Anion adsorption equilibria
X-OH, = X-OH + (H')

X-OH < X-0 + (H)

% May only be entered as fertilizer, not considemete naturally present in soils.

(strengite)
(monocalcium phosphate)
(monetite)

(hydroxyapatite)

“ X- denotes surface exchange site for cation araaisorption.

-26.4

-1.15

-6.92

-58.2

1.00

1.00

0.60

0.16

3.00

1.00

-7.35

-8.95

[E.6]
[E.7]3
[E.8]

[E.0]

[E.10]
[E.11]
[E.12]
[E.13]
[E.14]

[E.15]

[E.16]

[E.17]



X-H,PO, + H,0 ~ X-OH, + (H,PO, ) -2.80 [E.18]
X-H,PO, + (OH) = X-OH + (HPO, ) 420 [E.19]
X-HPO, + (OH) = X-OH + (HPQ,) 260 [E.20]
Organic acid equilibria

X-COOH = X-COO + (H') 500 [E.21]

lon pair equilibria

(NH, ) = (NH), +(H) 924 [E.22]
H,0 = (H )+ (OH) -14.3  [E.23]
(CO) g+ HO = (H) + (HCQ)) -6.42 [E.24]
(HCO,) = (H) +(CQ,) 104 [E.25]
(AIOH™) = (AI”") + (OH) 9.06 [E.26]
(AI(OH),") = (AIOH™) + (OH) 107 [E27]
(AI(OH),”) = (AI(OH),") + (OH) 570 [E.28]
(AI(OH), ) ~ (AI(OH), ) + (OH) 510 [E.29]

(IS0, - (A7) +(s9) 3.80 [E.30]



(FEOH ') - (Fe )+ (OH)
(Fe(OH)") = (FeOH") + (OH)
(Fe(OH)) « (Fe(OH)) + (OH)
(Fe(OH),) ~ (Fe(OH),) + (OH)
(FeSQ') - (Fe ) +(SQ,)
(CaOH) - (Ca )+ (OH)
(cacq’) - (Ca ')+ (cq”)
(CaHCQ) « (Ca ) + (HCQ,)
(CasQ) ~ (Ca ) +(SQ, )
(MgOH') = (Mg™ ) + (OH)
(MgCo,) = (Mg™) +(CQ,)
(MgHCO,’) = (Mg ) + (HCQ, )
(MgsO,’) = (Mg ) +(SO,)
(NaCQ,) = (Na') +(CQ,”)

(NasQ,) - (Na )+ (SQ,)

-12.1

-10.8

-6.94

-5.84

-4.15

-1.90

-4.38

-1.87

-2.92

-3.15

-3.52

-1.17

-2.68

-3.35

-0.48

[E.31]

[E.32]

[E.33]

[E.34]

[E.35]

[E.36]

[E.37]

[E.38]

[E.39]

[E.40]

[E.41]

[E.42]

[E.43]

[E.44]

[E.45]



(KSO,) = (K') +(sQ") 130  [E.46]

(HPO) = (H)+(HPO,) 215 [E47]
(H,PO,) = (H) + (HPQ, ) 720 [E.48]
HPO, ) = (H)+(PQ) 124 [E.49]
(FeHPO, ) = (Fe') + (H,PO,) 543 [E50]
(FeHPQ') - (Fe') + (HPQ,") 109 [E51]
(CaHPO,) = (Ca ) + (HPO,) 140 [E52]
(CaHPQ) - (Ca ) + (HPQ,") 274 [E53]
(CaPQ) = (Ca )+ (PQ) 6.46 [E.54]
(MgHPO, ) = (Mg™ ) + (HPO, ) 201 [ES5S5]

Appendix F: Symbiotic N, fixation

Rhizobial growth

Rinasis = My R Dxoi l/(Dxmial + Kom) fi fe respiration demand [F1]
f = T{exp[B — H/(RT)I}{1 + exp[(Ha — ST)/(RT)] + exp[(ST — Han/(RT)1} Arrhenius function [F2]

fap = MIN{[Nyi /INK'T, [Pri /[ PR'1} N or P limitation [F3]



Rii = Rmasis (Vo i/ Vomai,)
Vomasis = 2.67Rmaiy
Vo,it = Voumasit [0z, ]/ ([O2i)] + Koy)
= 2Li) Dao, ([0a] ~[Oan DN((Fris + fun))/ry)

Rt = Rm Noij fim

fi = 7729839

Ry, = max{0.0,R — Ry }

Ry = max{0.0,R; — R}

Lciy = Ray min{Mpi; /(2.9N5)), My /(25.0Pni))}

N, fixation

Vs = Min{Ryii En,’ fer Miiy [NG'T = Niid [N2ii /([N 26,] + Knor)

fep = min{[ i J/(1.0 + [Vhi )/ Kix,), [7i1J/(1.0 + [Vhi )/ Kim)}

Ruzis = Vil /Eny
Uy = (Rgiy - RNZi,I)/(l -Yy)
My /dt = Uy Yo' = Ly

ANy /8t =AMy /3t mind it/ Xniss [NW'1}

O, limitation
O, demand
equilibrate Q uptake with
supply
maintenance respiration
temperature function
growth + fixation respiration
microbial senescence

microbial C litterfall

rate of N fixation

product inhibition of N
fixation

fixation respiration
growth respiration

microbial C growth

microbial N growth OM4,/0t >0

[F4]
[F5]
[F6al
[F6b]
[F7)
[F8]
[F9]
[F10]

[F11]

[F12]

[F13]

[F14]
[F15]
[F16]

[F17a]



ONy /8t = Ny /My ) OMy; /0t microbial N growth My, /8t <0 [F17b]
0Py /3t = M, /8t min{ 741/ Xnis» [Pr'1} microbial P growth OMq4,/6t >0 [F18a]
0Py /8t = Py /My OMy /6t microbial P growth OM /Ot <0 [F18b]
Lni; = absBNy /5t) microbial N litterfall ONngi /6t <0 [F19]
Lpi, = absfP,;/3t) microbial P litterfall OPng /6t < 0 [F20]
Nodule-root exchange

Viia = K (o Mg = Xy Mii, )/ (M + Myi,) nodule-root C exchange [F21]
Viig = K (Vi Xoia = Vi X)) Xig + Xein) nodule—root N exchange [F22]
Vg = K (7hi) Xoi) = Thiy Xein) iy + X)) nodule-root P exchange [F23]
Qi 118t = Vi - min{Ruis, R} - Ruyig - Uyir+ Feibeis nodule nonstructural C [F24]
OVpi /Bt = Vg - BNy /8t + Viyig + Funi Ly nodule nonstructural N [F25]
074 /Ot = Vi) - 8Py /0t + Fip | Lpi) nodule nonstructural P [F26]
Definition of variables in appendix F

Variable Definition Units Equations Input Values Reference

B parameter such tht= 1.0 atT, = 298.15 K

F2 17.533



Xhnil

[Xni,l]

Xil

Fic

Fuin

Fipi

fep

fi

fim

nodule nonstructural C

nodule nonstructural C concentration

root nonstructural C

diffusivity of aqueous @

direct energy cost of Nixation

fraction of nodule C litterfall remobilized as nonstural C

fraction of nodule N litterfall remobilized as ndnstural N

fraction of nodule P litterfall remobilized as ntmstural P

effect of nodule nonstructural C or P content grfikation

effect of nodule N or P content on respiration

temperature function for nodule respiration

temperature function for nodule maintenance respira

gm

Fl17a,F18a,F21,F2

2,B23,B24

F1,F13

F21,F22,F23

F6b

F12,F14 0.25

F24

F25

F26

F12,F13

1.B

A2,

F7,F8

Gutschick
(1981), Voisin

et al. (2003)



Ha

Kim,
I‘(Nzl’

KOzr

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

Michaelis-Menten constant for nodule respiratibrna

inhibition constant for nonstructural N:C on fikation

inhibition constant for nonstructural N:P on fikation

Michaelis-Menten constant for nodule bptake

Michaelis-Menten constant for nodule Gptake

rate constant for nonstructural C,N,P exchange éatwoot

and nodule
root length
nodule C litterfall
nodule N litterfall

nodule P litterfall

J mol*
J mol*
J mol*
ag
gg
gg
g N
g O i

h-l

g Cm?h?
g N m?h?

gP m?h?

F2 57.5x 18

F2 220 x 18
F2 190 x 16
F1 0.01
F13 10

F13 1000
F12 0.14
F6a

F21,F22,F23

Féb

F11,F16,F24

F19,F25

F20,F26



M,

M,

[Nn]

Ny

[Nni,l]

[N 2ri,l]

Vhi,|

Vil

[Vni,l]

[OZri,I]

[Oa]

[Pr]

nodule structural C

root structural C

maximum nodule structural N concentration

nodule structural N

nodule structural N concentration

rhizosphere aqueous; oncentration

nodule nonstructural N

root nonstructural N

nodule concentration of nonstructural N

rhizosphere agueous, ©oncentration

soil aqueous @concentration

maximum nodule structural P concentration

gCm

gCm
gNycC

gNm

gNgcC
g N

g N
gNm
Y9
gOth
gOth

gPgC

F1,F11,F12,F16

,F17,F18,F21

F21

F3,F12 0.1

F7,F11,F12,F17,F

19,F25

F3,Fl7a

F12

Fi17a,F22,F25

F22

F13,F17a

F6a,b

F6b

F3,F18a 0.01



Pnij
[Prij]
Thi)
75

[75i1]

Ry

R

Rinasiy
Ry

Rn,il

nodule structural P

nodule structural P concentration
nodule nonstructural P

root nonstructural P

nodule concentration of nonstructural P
gas constant

nodule growth respiration

specific nodule respiration at Z5 and non-limiting @

Xndijs Vodig @nd 75|

nodule respiration under ambient O

specific nodule maintenance respiration 825
nodule respiration under non-limiting O
nodule maintenance respiration

nodule respiration for Nfixation

gPm
gPgcC
gPm
gPm
By
Jmol* K*
g Chint

h-l

gCm?ht!
gCgCh?
g C m?h?

g Cht

gCnfh?

F18a,F20,F26

F3,F11

F18a,F23,F26

F23

F13

F2

F9,F12,F15

F1

F4,F9,F10,F24

F7

F1,F4,F5

F7,F9,F10,F24

F14,F15,F24

8.3143

0.125



Ry, nodule senescence respiration g €t F9,F11

Fei root radius m F6b

Twi radius of soil water films m F6b

S change in entropy Jmolt K™ F2 710
T soil temperature K F2,F8

Uiy uptake of nodule nonstructural C for growth gént F15,F16,F24

Vi nonstructural C transfer between root and nodule C ng’ h* F21,F24

Vi nonstructural N transfer between root and nodule N g h F22,F25

Vi,i) N fixation gNm?ht F12,F14,F25

Vo,mai/ O, uptake by nodulasder non-limiting @ gOm?h? F4,F5,F6a

Voai 0, uptake by nodulesnder ambient © gOm?ht F4,F6

Vil nonstructural P transfer between root and nodule P nif h' F23,F26

\A nodule growth yield gCgcC F15,F16 0.67

y shape parameter fy, - F8 0.081



Appendix G: CH4production and consumption

Anaerobic fermenters and H producing acetogens

Rif = {R'f Mi,f,a[DOCi,cJ/(Kf (1+ [O,)/K;) + [DOCi,c])} ft

DOCi,c -~ 0.67 A, +0.33CQ-C +0.11 H
Uif.c = Rmif + (Ri.f - Rmi,f)(1.0 + Yf)
Uifc = Rf

Yf = -AGf/Ey

AGE =AG'f + {RTIn([HJ/[HZ])%
3Mi,f,j,c/dt = F Uif,c- A Rif - Difjc
3Mi,f,j,c/8t = F Ui f,c - Rmif,j - Difj.c

Acetotrophic methanogens

Rim = {R'm Mjm.alAicl/(Km+[AjcD} ft

Ai,c - 0.50 CH-C + 0.50 C@C

Uim,c = Rni,m+ (Ri,m- Ryji,m)(1.0 + Y)

respiration by fermenters
partition respiration products
uptake by fermenters [R > Rmi,f]
[Ri,f < Rmi,f]
growth yield of fermentation
free energy change of fermentation
growth of fermenters [ > Rmif]

[Ri,f < Rmifl

respiration by acetotrophic
methanogens
partition respiration products
uptake by acetotrophic [Ri,m> Ryj,ml

methanogens

[G1]
[G2]
[G3a]
[G3b]
[G4]
[G3]
[G6a]

[G6b]

[G7]

(G8]

[G9a]



Uimc =Rm

Y =-AG'm/ Ey

M m,j,dot = F Uim,c- F Rim-Dimjc

OMi,m,j,d0t = § Uim,.c- Rmi,m,j - Dim,j.c
Hydrogenotrophic methanogens

Rh = {R'h Mh,a[Ha2l/(Kh+ [Hz]) [COJ/(Kc+ [CO)} ft

CO»C +0.67 H — CH,C + 3 HO

Un,c = Rph * (R - Rph)(1.0 + Yp)

Uhc =Ry

Y}, = -AGHEc

AGh =AG'h - {RTIn([HAl/[H 1)}

growth yield of acetotrophic
methanogenesis
growth of acetotrophic

methanogens

respiration by hydrogenotrophic
methanogens
partition respiration products
uptake by hydrogenotrophic

methanogens

growth yield of hydrogenotrophic
methanogenesis
free energy change of

hydrogenotrophic methanogenesis

[Ri,m < Ryj,ml

[Ri,m> Ryj,ml

[Ri,m < Ryj,ml

[Rh > Ryhl

[Rh < Rynl

[G9b]

[G10]

[G11a]

[G11b]

[G12]

[G13]

[G14a]

[G14b]

[G15]

[G16]



OMh,j,dot = F Unc- F Rh-Dnjjc growth of hydrogenotrophic [Rh> Ryl [G17a]

methanogens
Mh,j,ddt = F Unc- Rmh,j - Dnjc [Rh<Rpnl  [G17b]
Autotrophic methanotrophs
X't = {X't Mt,a [CH4/(Kt+ [CHy])} ft CH, oxidation by methanotrophs [G18]

under non-limiting @
Rt =Xt Y respiration by methanotrophs under [G19]
non-limiting G,

Yi, =-AG't/ Eg energy yield from Chloxidation [G20]

Xt = X't fout CH,oxidation by methanotrophs [G214a]

under ambient ©

Rt = Rt fost respiration by methanotrophs under [G21b]
ambient Q
CH,sC+4.0Q - CO-C+15H0O+0.167H O, requirements for ClHoxidation [G22]

by methanotrophs
CH,C+1.33Q - CH,0-C+0.167 A O, requirements for growth by [G23]

methanotrophs



CH,O0-C+2.67Q - CO-C+1.5H0 O, requirements for respiration by [G24]
methanotrophs

Ute = Rpt+ (R - Ry)(1.0 + YtG) uptake by methanotrophs [Rt > Rl [G25a]

Ute = R [Rt < Rt [G25D]

Yi = -AG'c/ Ey growth yield of methanotrophy [G26]

M) o/dt =F Utc- F Ri- Dijc [Rt > Ryl [G27a]

OM¢,j,d/dt = F Utc - Rmt,j - Dtjc [Ri<Rnud  [G27b]

Definition of variables in appendix G

Variable Definition Units Equations Input Values Reference

A acetate g Cn? [G2]

Al aqueous concentration of acetate gCni® [G7]

a descriptor folj = active component of M

[CHJ] aqueous concentration of ¢H gC i [G18]

[COy aqueous concentration of @O gC i [G12]

Dh,j.c decomposition of hydrogenotrophic methanogens g C i it [G17]



decomposition of fermenters and acetogens

Dif,j,c gCm?h? [G6]

Di,mj.c decomposition of acetotrophic methanogens g C mi® ! [G11]

Dtj.c decomposition of autotrophic methanotrophs g C i it [G27]

E. energy required to construct new M from £O kg Cl [G15] 75

Es energy required to transform Ghhto organic C kg Ch [G20] 235 Anthony
(1982)

E,, energy required to construct new M from organic C kig Ch [G4,G10,G26] o5

A partitioning coefficient fof in Mi,n,j [G6,G11,G17,G2

7]

f descriptor for fermenters and acetogens in each M

fot ratio of G uptake to @requirement for Cloxidation [G21a,b]

f temperature function for growth-related processes [G1,G7,G12]

(dimensionless)

AG'e free energy change of C oxidation-@duction kg Ch [G26] 375 Brock and

Madigan

(1991)



AGs

AG's

AGp

AG'h

AG'm,

AG't

free energy change of fermentation plus acetogenesi

AGt when [H] = [H]

free energy change of hydrogenotrophic methanogenes

free energy change of hydrogenotrophic methanogenes

when [H] = [H?]

free energy change of acetotrophic methanogenesis

free energy change of Gléxidation by methanotrophs

kIgRc*

kIgRc*

kJ g cQ-c*t

kJ g cq-c*

kIgAc!

kJ g CH-C*

[G4,G5]

[G5] -4.43
[G15,G16]

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

Brock and
Madigan
(1991),

Schink (1997)

Brock and
Madigan

(1991)

Brock and
Madigan
(1991),

Schink (1997)

Brock and
Madigan

(1991)



[H2]

[H2]

Ke

Kh

agueous concentration op H

agueous concentration op MhenAGp = AG'\, andAG; =

AG's

descriptor for hydrogenotrophic methanogens in éach

descriptor for organic matter-microbe complex plant
residue, manure, particulate OM, or humus)
descriptor for structural or kinetic componentsdach
functional type within each Me.g. a = active)

M-M constant for uptake of C{by hydrogenotrophic
methanogens

M-M constant for uptake of DQG by fermenters and

acetogens

inhibition constant for @on fermentation

M-M constant for uptake of Hby hydrogenotrophic

methanogens

gHmM

gHm

gCm

gCm

gOm

gHm

[G5,G12,G16]

[G5,G16] 150 x 18
[G12] 0.12
[G1] 12

[G1] 0.064
[G12] 0.01

Brock and
Madigan

(1991)

McGill et al.

(1981)

Robinson and
Tiedje (1982),

Mosey (1983)



Kt

DOC

[DOC]

M-M constant for uptake of /A by acetotrophic

methanogens

M-M constant for uptake of CHby methanotrophs
descriptor for elemental fraction within egafp= c, n or p)
microbial communities

hydrogenotrophic methanogen community

fermenter and acetogenic community

acetotrophic methanogen community

autotrophic methanotrophic community

descriptor for acetotrophic methanogens in eagh M
soluble organic matter

agueous concentration of soluble organic matter

gas constant

gCnd

gCnm®

gCm
g C ni?
gCm
g C ni?

gCm

gCm

=3

gCm

kJ mol*t K?

[G7] 12

[G18] 3x10°

[G12,G17]
[G1,G6]
[G7,G11]

[G18,G27]

[G2]
[G1]

[G5,G16] 8.3143 x 18

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

Conrad (1984)



R't

Rp

Rmh,j

specific respiration by fermenters and acetogessatatating

[Pi,cl. 30 °C and zero water potential

CO, reduction by hydrogenotrophic methanogens

specific CQ reduction by hydrogenotrophic methanogens aé[

saturating [H] and [CQ], and at 30 °C and zero water

potential

respiration of hydrolysis products by fermenterd an
acetogens

respiration of acetate by acetotrophic methanogens

specific respiration by acetotrophic methanogens at

saturating [Ac], 30 °C and zero water potential

maintenance respiration by hydrogenotrophic methans

gCgMatht

g Cm?h?

CgM,h?

gCm?h?

gCm?h?

gCgMma' h?

gCm?h?

[G1] 0.4

[G12,G13,G14,G

17,G18]

[G12] 0.12

[G1,G2,G3,G6]

[G7,G8,G9,G11]

[G7] 0.20

[G14,G17]

Lawrence
(1971),
Wofford et al.

(1986)

Shea et al.
(1968),
Zehnder and
Wuhrmann

(1977)

Smith and

Mah (1980)



Romi f.j
Rmi,m,j
Rmt,j

Rt

R't

Uh,c
Ui f k

Uim,c

maintenance respiration by fermenters and acetogens
maintenance respiration by acetotrophic methanogens
maintenance respiration by methanotrophs

CH, oxidation by methanotrophs for respiration

CH, oxidation by methanotrophs for respiration at s&tog
O,

soil temperature
descriptor for autotrophic methanotrophs

rate of CQ uptake by M,
rate of DOG uptake by M
rate of A ¢ uptake by Mm
rate of CH uptake by M

CH, oxidation by methanotrophs

gCm?h?
gCm?h?
gCm?h?

gCm?h?

gCm?h?

gCm?h?
gCm?h?
g Cm?h?
g Cm?h?

g C m?ht

[G3,G6]

[G9,G11]

[G25,G27]

[G21b,G23,G24,

G25,G274]

[G19,G21b]

[G5,G16]

[G14,G17,G18]

[G3,G6]

[G9,G11]

[G25,G27]

[G21a,G22]



X't

CH, oxidation by methanotrophs at saturating O

specific CH oxidation by methanotrophs at saturating &
°C and zero water potential

biomass yield from fermentation and acetogenictieas

biomass yield from hydrogenotrophic methanogenéiction

biomass yield from acetotrophic methanogenic reacti

biomass yield from methanotrophic growth respiratio

ratio of CH, respired vs. Cloxidized by methanotrophs

Appendix H: Inorganic N transformations

gCm?h?

g C g—l h-l

g Misg DOG ¢*
g Mphg CO-C*
IMimgA ¢t

g M-C g CH,-C*

gCgcC

Mineralization and immobilization of NH ;" by all microbial populations

InHginj = (MimjcCni = Mimjn)

INtging = MimjcCni = Mimin) INHAT/(INH T + Ky ym)

Inoging = (MimicCni = (Mimjin + Intging)) [INO3 T/(INO3] + Knogm)

Oxidation of DOC and reduction of G, by heterotrophs

Xboah = {X'boc Mina [DOCG]/([DOC]) + Kxn} f;

[G1,G2,G44a]

[G18] 0.5

[G3,G4]
[G14,G15,G18]
[G9,G10]
[G25a,G26]

[G19,G20]

(INHginj < 0)
(INHginj > 0)

(Inoginj > 0)

Conrad (1984)

[H1a]
[H1b]

[H1b]

[H2]



Ro,ih = RQc X'pocih [H3]

Rojin = 4TMiaDso, ([O2d ~[Ozmi i)\l /(s = Tm)] [H4a]
=R 03Ozl ([Ozrerl + Koy [F4b]
Xooah = X'poain Rosin/ Rogin [H5]
Oxidation of DOC and reduction of NG;’, NO, and N,O by denitrifiers
R'vogid = Enoy fe (R'ozd - Royid) [H6]
Ruosia = Rivog.a INOsJ(INO3] + Knog) [H7]
Ruoza = (Rivoga - Ruogia) INO2 J(INO2] + Knoy) [H8]
Ruz0id = 2 Rivogid - Ruogia = Ruogia) [N2OJ/(IN20] + Knzod) [H9]
Xoocid = Xpoad (from [H5]) + Fno, (Ruogid + Rnogid ) + Fiyo Ruyoid [H10]
Oxidation of NH3 and reduction of G, by nitrifiers
X'ntgin = X'tz Mina {INH sgl/([NH3g] + Kiiign)} {[CO 2g)/([COzg] + Keo,)} i [H11]
Rogin = RQnrg X'Ntgin + RQc X'cin [H12]
Rosin = 41N Mipa Dso, (fm M/ (w = F'm)) ([O2g] - [Oznmin]) [H13a]
[H13b]

=Rlo,in [O2minl/([O2min] + Kozn)

Xntgin = X'NHgin Rogin / R'ogin [H14]



Oxidation of NO, and reduction of G, by nitrifiers

X'Nogio = X'Noy Mio,a {INO2T/(INO2] + Knoyo)} {[CO 26//([CO2g] + Keo,)} fi [H15]

Rosio = RQno, X'Nogio + RQc X'cio [H16]

Rojio = 4MNMigaDso, (rm rw/(fw - 'm)) ([O2d - [Ozniol) [H17a]
=Rozi0 [Ozmia/([Ozmol + Koy [HL7b]

Xnogio = X'Nosio Rosio / Riogio [H18]

Oxidation of NH3 and reduction of NO, by nitrifiers

RNogin = Enoy fe (R'ogin- Royin) [H19]

Ruosin = Rinogin {INO2)/(INO2] + Knon) HICO 2)/([CO2g] + Keo,)} [H20]

XnHgin = Xnrgin (from [H14]) + 0.33Ryo,in [H21]

Definition of variables in appendix H

Name Definition Units Equations Input Values Refere

Subscripts
a active component of |,

d heterotrophic denitrifier population (subsehdf



h heterotrophic community (subsetrof
i substrate-microbe complex

i kinetic components of |,

m all microbial communities
n autotrophic ammonia oxidizer population (subsenpf
o} autotrophic nitrite oxidizer population (subsetgf
Variables
Cyj maximum ratio oM; y ;x to M;m;jcmaintained g N g C* [H1] 0.22 and 0.13 for=
by Mim; labile and resistant
[COx] CGO, concentration in soil solution gCh [H11,H15,H20]
[DOCI] concentration of dissolved decomposition ¢ C m> [H2]
products
Dso, aqueous dispersivity-diffusivity of O me ht [H4,H13,H17]
Eno, e accepted by NOvs. G when oxidizing gNgQ! [H6,H19] 28/32 =0.875
DOC
Fnoy e donated by C vs. accepted by NOwhen gCgN' [H10] 12/28 =0.43

oxidizing DOC



FN20

fi

INHin i

Inogin,j

KC02

KNH3I’1

KNH4m

KNOzd

KNOzn

e donated by C vs.  accepted by pO when gCgN'
oxidizing DOC

fraction of electrons not accepted by O -
transferred to N oxides

temperature function for microbial processes -
mineralization Kyui»; < 0) or immobilization g N m?h™*
(InHging > 0) of NH," by Minjc

immobilization (nogn; > 0) f NQ™ byMinjc  gNmZh™

Michaelis-Menten constant for reduction of g C ni®

COZS by Ivli,n,a and M,o,a

M-M constant for oxidation of Nk& by gNm?
nitrifiers

M-M constant for microbial N uptake g N it
M-M constant for reduction of N{)by gN m
denitrifiers

M-M constant for reduction of NOby gNm?

nitrifiers

[H10]

[H6,H19]

fH2 ]
[H1]

[H1]

[H11,H15,H20]

[H11]

[H1]

[H8]

[H20]

6/28 = 0.215

0.25

0.15

0.01

0.35

3.5

3.5

Koike and

Hattori (1975)

Suzuki et al.

(1974)

Yoshinari et al.

(1977)



KN020

KNoad

KNzod

K02h

KOzn

K020

Kxn

Min.a

Mi,n,a

M-M constant for oxidation of NO© by
nitrifiers

M-M constant for reduction of N_{)by
denitrifiers

M-M constant for reduction of O by
denitrifiers

M-M constant for reduction of Qby
heterotrophs

M-M constant for reduction of Qby NH;

oxidizers

M-M constant for reduction of Qby NO,

oxidizers

M-M constant for oxidation of DOC by
heterotrophs
active biomass of heterotrophs

active biomass of NHoxidizers

gNm

gNm

gNm

go,m?

g O, m*®

gOo,m?®

gcm

gCm

gCmns

[H15]

[H7]

[H9]

[H4b]

[H13b]

[H17b]

[H2]

[H2,H7]

[H11,H13]

10

3.5

0.35

0.064

0.32

0.32

12

Yoshinari et al.

(1977)

Yoshinari et al.
(2977)

Griffin (1972)

Focht and
Verstraete
(2977)
Focht and
Verstraete
(2977)
McGill et al.

(1981)



C biomass of microbial populatidv; m g C m?
N biomass of microbial populatidvl; g N m?
active biomass of NQoxidizers gC s
concentration of Nklin soil solution gN m
concentration of N in soil solution g N it
concentration of N@ in soil solution gNm°
concentration of N@ in soil solution gNm°
concentration of pD in soil solution gN m>
number of microbes g

O, concentration at heterotrophic surfaces g0, m™

O, concentration at Nfoxidizer surfaces gam?®
O, concentration at NDoxidizer surfaces gam?®
O, concentration in soil solution g0, m'3
NO, reduction by denitrifiers gNm h'

rate of NQ reduction by NH oxidizers under g N m?h’

non-limiting [NG,] and [CQ4]

[H1]

[H1]
[H15,H17]
[H11]

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

[H9]
[H13,H17]
[H7]

[H13]

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

[H19,H20]



RNOzi,n

.
Rnogid

Rnogid

Rn,0id

R o,id

Ro,id

Ro,in

Ro,ih

RlOzi,n

rate of NQ reduction by NH oxidizers under g N m®h*
ambient [NQ7] and [CQg]

NO; reduction by denitrifiers under non- gNm h'
limiting [NO3z]

NO; reduction by denitrifiers under ambient g N moh
[NOs]

N,O reduction by denitrifiers gNm’h*
rate of Qg reduction by denitrifiers under non-g O, m? h*
limiting [Oxq]

rate of Qg reduction by denitrifiers under g O, m?ht
ambient [Q4]

rate of Qg reduction by heterotrophs under g O, m? h*
non-limiting [O,4]

rate of Qg reduction by heterotrophs under g O, m? h*
ambient [Q4]

rate of Qg reduction by NH oxidizers under g O, m? h*

non-limiting [O,g]

[H20,H21]

[H6,H7,H8,HY]

[H7,H8,H9,H10]

[H9,H10]

[He]

[He]

[H3,H4,H5]

[H4,H5]

[H12,H13.H14,H19]



ROzi,n

'
0O5i,0

ROzi,o

RQc

RQnHg

RQN02

Im

My

rate of Qg reduction by NH oxidizers under

ambient [Q4]

rate of Qg reduction by N@ oxidizers under

non-limiting [O,4]

rate of Qg reduction by N@ oxidizers under

ambient [Q4]

respiratory quotient for reduction o, O

coupled to oxidation of C

respiratory quotient for reduction o O

coupled to oxidation of N

respiratory quotient for reduction o, O

coupled to oxidation of NO

radius of microbial sphere

radius ofr,, + water film at current soil water

potential

rate of C oxidation by Nfoxidizers under

non-limiting [O.g]

g ()2 m-2 h-l

g O, m?ht

g 02 m-2 h-l

g0, gC

g0, gN*

gO,gN*

m

gCm?h?

[H13,H14,H19]

[H16,H17,H18]

[H17,H18]

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

[H4,H13,H17]

[H4,H13,H17]

[H12]

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

Madigan (1991)

from ¢
according to

Kemper (1966)



XICi,o

'
X DOC

T
X' bodih

Xpodih

Xoocid

X'NHg

XNHgi,n

'
x NH3i,n

rate of C oxidation by NOoxidizers under

non-limiting [O.g]

g C m? h'

specific rate of DOC oxidation by heterotrophg C g C* h*

at 25 °C under non-limiting [DOC] and {€)

rate of DOC oxidation by heterotrophs under g N m? h*

non-limiting [Oxq]

rate of DOC oxidation by heterotrophs under g N mi h*

ambient [Q4]

rate of DOC oxidation by heterotrophs under g N m? h*

ambient [Qg] and [NQ]

specific rate of Nloxidation by NH
oxidizers at 25 °C under non-limiting {§)
rate of NH oxidation by NH oxidizers
coupled with reduction of O+ NO,” under
ambient [Q4]

rate of NH oxidation by NH oxidizers under

non-limiting [O,4]

gNgC'h'

g N m?h?

g N m?h?

[H16]

[H2] 0.125

[H2,H3,H5]

[H3]

[H10]

[H11]] 0.625

[H14,H21]

[H11,H12,H14]

Shields et al.

(1973)

Belser and

Schmidt (1980)



!
X NOoi,0

xNOzi,O

rate of NQ oxidation by NQ oxidizers under g N mi? h*
non-limiting [O.g]

rate of NQ oxidation by NQ oxidizers g N m?h?
coupled with reduction of Qunder ambient

[Ozd

specific rate of N@ oxidation by NG gNgcC'h?

oxidizers at 25 °C under non-limiting {§)

[H15,H16,H18]

[H18]

[H15]

2.5

Belser (1977)
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