SUPPLEMENTARY MATERIAL

Model Development

General

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

Appendix A: Soil C, N and P Transformations

Decomposition

Organic transformations in ecosys occur in five organic matter—microbe
complexes (coarse woody litter, fine non-woody litter, animal manure, particulate organic
matter (POM), and humus) in each soil layer. Each complex consists of five organic
states: solid organic matter S, dissolved organic matter O, sorbed organic matter 4,
microbial biomass M, and microbial residues Z, among which C, N, and P are
transformed. Organic matter in litter and manure complexes are partitioned from
proximate analysis results into carbohydrate, protein, cellulose, and lignin components of
differing vulnerability to hydrolysis. Organic matter in POM, humus, microbial biomass
and microbial residues in all complexes are also partitioned into components of differing
vulnerability to hydrolysis.

The rate at which each component of each organic state in each complex is
hydrolyzed during decomposition is a first-order function of the decomposer biomass M
of all heterotrophic microbial populations [A1]. Decomposer biomasses are redistributed
among complexes from active biomasses according to biomass — substrate concentration
differences (priming) [A3]. The rate at which each component is hydrolyzed is also a
Monod function of substrate concentration [A3,A5], calculated from the fraction of
substrate mass colonized by M [A4]. Hydrolysis rates are controlled by 7 through an
Arrhenius function [A6] and by soil water content (6) through its effect on aqueous
microbial concentrations [M] [A3,A5] in surface litter and in a spatially resolved soil
profile. 75 and 6/ are calculated from surface energy balances and from heat and water
transfer schemes through canopy—snow—residue—soil profiles as described in Energy



Exchange above. Release of N and P from hydrolysis of each component in each

complex is determined by its N and P concentrations [A7] which are determined from
those of the originating litterfall as described in Autotrophic Respiration and Growth
above. Most non-lignin hydrolysis products are released as dissolved organic C, N and P
(DOC, DON, and DOP) which are adsorbed or desorbed according to a power function of
their soluble concentrations [A8 — A10].

Microbial Growth

The DOC decomposition product is the substrate for heterotrophic respiration (R)
by all M in each substrate-microbe complex [A13]. Total R, for all soil layers [A11]
drives COz emission from the soil surface through volatilization and diffusion. R, may be
constrained by microbial N or P concentrations, 7y, DOC and O [A12 - A14]. O, uptake
by M is driven by R; [A16] and constrained by O» diffusivity to microbial surfaces [A17],
as described for roots in Autotrophic Respiration and Growth above. Thus R, is coupled
to Oz reduction by all aerobic M according to O availability. R not coupled with O
reduction is coupled with the sequential reduction of NO3~, NO,~, and N>O by
heterotrophic denitrifiers, and with the reduction of organic C by fermenters and
acetotrophic methanogens. In addition, autotrophic nitrifiers conduct NH4* and NO»~
oxidation, and NO, reduction, and autotrophic methanogens and methanotrophs conduct
CHg4 production and oxidation.

All microbial populations undergo maintenance respiration R, [A18,A19],
depending on microbial N and 7 as described earlier for plants. R in excess of R is
used in growth respiration Ry [A20], the energy yield AG of which drives growth in
biomass M from DOC uptake according to the energy requirements of biosynthesis [A21,
A22]. Ry in excess of Ry causes microbial decay. M also undergoes first-order decay Dm
[A23]. Internal retention and recycling of microbial N and P during decay [A24] is
modelled whenever these nutrients constrain R, [A12]. Changes in M arise from
differences between gains from DOC uptake and losses from R + Rs + D [A25].

Microbial Nutrient Exchange
During these changes, all microbial populations seek to maintain set minimum

ratios of C:N or C:P in M by mineralizing or immobilizing NH4", NO3~, and H,PO4~

[A26], thereby controlling solution [NH4+], [NO3] and [H2POj4 ] that determine root and
mycorrhizal uptake in Nutrient Uptake and Translocation above. If immobilization is
inadequate to maintain these minimum ratios, then biomass C:N or C:P may rise, but R,
is constrained by N or P present in the lowest concentration with respect to that at the
minimum ratio [A12]. Non-symbiotic heterotrophic diazotrophs can also fix aqueous N>
[A27] to the extent that immobilization is inadequate to maintain their set minimum C:N,
but at an additional respiration cost [A28]. Changes in microbial N and P arise from DON
and DOP uptake plus NH4", NO3~, and H.PO4~ immobilization and N; fixation, less
NH4*, NOs~, and HoPO4~ mineralization and microbial N and P decomposition [A29].

Humification



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

Appendix B: Soil-Plant Water Relations

Canopy Transpiration

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

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

(2) At the canopy level, 7. rises from 7cmin at zero . from step (1) above through an
exponential function of canopy turgor potential y4IB2blcalculated from y and
osmotic water potential 5 [B4] during convergence for transpiration vs. water
uptake.

Root and Mycorrhizal Water Uptake

Root and mycorrhizal water uptake U [B5] is calculated from the difference
between canopy water potential y, and soil water potential g across soil and root
hydraulic resistances £ [B9] and (2, [B10 — B12] in each rooted soil layer [B6]. Root
resistances are calculated from root radial [B10] and from primary [B11] secondary
[B12] axial resistivities using root lengths and surface areas from a root system submodel
[B13] driven by exchange of nonstructural C, N and P along concentration gradients
generated by uptake vs. consumption of C, N and P in shoots and roots (Grant, 1998).



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

Appendix C: Gross Primary Productivity, Autotrophic Respiration,
Growth and Litterfall

Cs Gross Primary Productivity

After successful convergence for 7. and . (described in Plant Water Relations
above), V¢ is recalculated from that under zero y. (V<') to that under ambient yc. This
recalculation is driven by stomatal effects on V [C2] from the increase in 7imin at zero y.
[C5] to rc at ambient y. [C4], and by non-stomatal effects £, [C9] on CO»- and light-
limited carboxylation V', [C6] and V; [C7] (Grant and Flanagan, 2007). The recalculation
of V. is accomplished through a convergence solution for C; and its aqueous counterpart
C. at which V, [C2] equals V. [C3] (Grant and Flanagan, 2007). The CO; fixation rate of
each leaf surface at convergence is added to arrive at a value for gross primary
productivity (GPP) by each plant population in the model [C1]. The CO; fixation product
is stored in nonstructural C pools oc in each branch.

GPP is strongly controlled by nutrient uptake Unn,, Unos and Uro, [C23],

products of which are added to nonstructural N (on ) and P (op ) in root and mycorrhizal

layers where they are coupled with oc to drive growth of branches, roots and

mycorrhizae as described in Growth and Senescence below. Low on:oc or op:oc in
branches indicate excess CO» fixation with respect to N or P uptake for phytomass
growth. Such ratios in the model have two effects on GPP:

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

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

Autotrophic Respiration
The temperature-dependent oxidation of these nonstructural pools (R.) [C14], plus
the energy costs of nutrient uptake [C23], drive autotrophic respiration (R,) [C13] by all
branches, roots and mycorrhizae. R. by roots and mycorrhizae is constrained by O2
uptake Uoz [C14Db] calculated by solving for aqueous O» concentrations at root and
mycorrhizal surfaces [O2;] at which convection + radial diffusion through the soil
aqueous phase plus radial diffusion through the root aqueous phase [C14d] equals active



uptake driven by O2 demand from R. [C14c] (Grant, 2004). These diffusive fluxes are in
turn coupled to volatilization — dissolution between aqueous and gaseous phases in soil
and root [D14]. The diffusion processes are driven by aqueous O concentrations
sustained by transport and dissolution of gaseous O» through soil and roots (Grant 2004),
and are governed by lengths and surface areas of roots and mycorrhizae (Grant, 1998).
Thus R. is coupled to O> reduction by all root and mycorrhizal populations according to
O» availability. R. is first used to meet maintenance respiration requirements (Rm),
calculated independently of R. from the N content in each organ, and a function of 7. or
Ty [C16]. Any excess of Rc over Rm is expended as growth respiration Rg, constrained by
branch, root or mycorrhizal y; [C17]. When R, exceeds R, the shortfall is met by the
respiration of remobilizable C (R;) in leaves and twigs or roots and mycorrhizae [C15].

Growth and Litterfall
R drives the conversion of branch oc into foliage, twigs, branches, boles and
reproductive material according to organ growth yields Y, and phenology-dependent
partitioning coefficients [C20], and the conversion of root and mycorrhizal/cc into
primary and secondary axes according to root and mycorrhizal growth yields. Growth
also requires organ-specific ratios of nonstructural N (o~ ) and P (or ) from Unn,, Unos

and Upo, [C23] which are coupled with oc to drive growth of branches, roots and
mycorrhizae.

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

Rg is limited by y; [C17], and because branch y; declines relatively more with soil
drying than does root s, branch Ry also declines relatively more with soil drying than
does root R, slowing oxidation of oc in branches and allowing more translocation of oc
from branches to roots. This change in allocation of oc enables more root growth to



reduce 2, €2 and (2, and hence increase U [B6], thereby offsetting the effects of soil
drying on . Thus the modelled plant translocates oc, on and op among branches, roots
and mycorrhizae to maintain a functional equilibrium between acquisition and use of
water.

R [C15] drives the withdrawal of remobilizable C, N and P (mostly nonstructural
protein) from leaves and twigs or roots and mycorrhizae into on and op, and the loss of
associated non-remobilizable C, N and P (mostly structural) as litterfall [C18, C19a,b].
Provision is also made to withdraw remobilizable N or P from leaves and twigs or roots
and mycorrhizae when ratios of on:oc or op:oc become smaller than those required for
growth of new phytomass [C19c¢,d]. This withdrawal drives the withdrawal of associated
remobilizable C, and the loss of associated non-remobilizable C, N and P as litterfall.
Environmental constraints such as water, heat, nutrient or O; stress that reduce oc and
hence R. with respect to Rn therefore hasten litterfall. In addition, concentrations of

oc,on and op in roots and mycorrhizae drive exudation of nonstructural C, N and P to
DOC, DON and DOP in soil [C19e-i].

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

Root and Mycorrhizal Nutrient Uptake
Root and mycorrhizal uptake of N and P Unn,, Uno; and Upo, is calculated by

solving for solution [NH4+], [NO3] and [H2PO4 ] at root and mycorrhizal surfaces at
which radial transport by mass flow and diffusion from the soil solution to these surfaces
[C23a,c,e] equals active uptake by the surfaces [C23b,d,f]. Path lengths and surface areas
for Unny, Uno; and Upo, are calculated from a root and mycorrhizal growth submodel
driven by exchange of nonstructural C, N and P along concentration gradients generated
by uptake vs. consumption of C, N and P in shoots and roots (Grant, 1998). A product
inhibition function is included to avoid uptake in excess of nutrient requirements [C23g].

C4 Gross Primary Productivity
C4 Mesophyll
In C4 plants, the mesophyll carboxylation rate is the lesser of CO»- and light-
limited reaction rates [C26] (Berry and Farquhar, 1978). The CO;-limited rate is a
Michaelis-Menten function of PEP carboxylase (PEPc) activity and aqueous CO»
concentration in the mesophyll [C29] parameterized from Berry and Farquhar (1978) and
from Edwards and Walker (1983). The light-limited rate [C30] is a hyperbolic function of



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

C4 Mesophyll-Bundle Sheath Exchange

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

C4 Bundle Sheath

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

Rates of C; product removal are controlled by phytomass biosynthesis rates
driven by concentrations of nonstructural products from leaf CO; fixation and from root
N and P uptake. If biosynthesis rates are limited by nutrient uptake, consequent depletion
of nonstructural N or P and accumulation of nonstructural C will constrain specific
activities of RuBP and chlorophyll [C47 — C49], and thereby slow C; carboxylation
[C43], raise bundle sheath CO; concentration [C42], accelerate CO, leakage [C39], slow
C4 decarboxylation [C38], raise Cs product concentration in the bundle sheath [C41],



slow C4 product transfer from the mesophyll [C37], raise C4 product concentration in the
mesophyll [C40], and slow mesophyll CO; fixation [C32 — C35]. This reaction sequence
simulates the progressive inhibition of C3 and C4 carboxylation hypothesized by Sawada
et al. (2002) following partial removal of C sinks in C4 plants.

Shoot — Root - Mycorrhizal C, N, P Transfer

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

Similarly, root - mycorrhizal C transfers Z,c are calculated such that
concentrations ofoc with respect to structural phytomass in each root and mycorrhizal
layer approach equilibrium according to rate constants g,c [C52] (Grant, 1998). Because
oc 1s maintained by Z,c [C50], g.c cause root-to-mycorrhizal gradients of oc that drive
Zc. Root - mycorrhizal N and P transfers Zx p are calculated such that concentrations
ofowp with respect to oc in each root and mycorrhizal layer approach equilibrium
according to rate constants g.n,p [C53]. Because mycorrhizal onp are generated by uptake
with greater surface area and length with respect to phytomass [C23], gin,p cause
mycorrhizal-to-root gradients of onp that drive Z.p.

Appendix D: Soil Water, Heat, Gas and Solute Fluxes

Surface Water Flux
Surface runoff is modelled using Manning’s equation [D1] with surface water
velocity v [D3] calculated from surface geometry [D5a] and slope [D5b], and with
surface water depth d [D2] calculated from surface water balance [D4] using kinematic
wave theory.

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

Exchange with Water Table



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

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

Gas Flux

All gases undergo volatilization — dissolution between the gaseous and aqueous
phases in the soil [D14a] and root [D14b], and between the atmosphere and the aqueous
phase at the soil surface [D15a], driven by gaseous — aqueous concentration differences
calculated from solubility coefficients and coupled to diffusive uptake by roots [C14] and
microbes [A17]. Gases also undergo convective - conductive transfer among soil layers
driven by gaseous concentration gradients and diffusivities [D16a,b,c] calculated from
air-filled porosities [D17a,b,c], and from each rooted soil layer directly to the atmosphere
through roots driven by gaseous concentration gradients and diffusivities [D16d]
calculated from root porosities [D17d]. Gases may also bubble upwards from soil zones
in which the total partial pressure of all aqueous gases exceeds atmospheric pressure
[D18].

Solute Flux
All gaseous and non-gaseous solutes undergo convective - dispersive transfer
among soil layers and through roots in each soil layer driven by aqueous concentration

gradients and dispersivities [D19] calculated from water-filled porosity [D20] and water
flow length [D21].

Appendix E: Solute Transformations

Precipitation - Dissolution Equilibria
Solution [NH4 ], [NO3 ] and [H2POy4 ] that drive Unny, Unoy and Upo, [C23] are
controlled by precipitation, adsorption and ion pairing reactions (Grant et al., 2004; Grant
and Heaney, 1997), including precipitation-dissolution of Al(OH)3, Fe(OH);, CaCOs3,
CaSO4, AlPO4, FePO4, Ca(H2P04)2, CaHPO4, and Cas(PO4)3OH [El - E9], cation
exchange between Ca?*, NH4" and other cations [E10 — E15], anion exchange between
adsorbed and soluble H,PO4~, HPO4* and OH" [E16 — E20], and ion pairing [E22 — E55].

Key governing equations for simulating net ecosystem productivity in ecosys.
Variables input to the model appear in bold with values given in the Definition of
Variables below.



Appendix F: N> Fixation

Microbial Growth

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

N> Fixation
N: fixation W', is driven by R, [F12], but is constrained by accumulation of

nonstructural N v, with respect to nonstructural C and P also required for microbial
growth in the root or branch nodule [F13]. Nonstructural N 144 is the product of I'n,, so
that [F12] simulates the inhibition of N fixation by its product (Postgate, 1998). The
value of V', is also limited by the additional N needed to maintain bacterial N content

[Va'] of M, [F12] (typically 1/8 that of C), so that N fixation is constrained by the need
of nodule bacteria for N not met from other sources (Postgate, 1998). Respiration
required for N> fixation R, [F14] is subtracted from R, [F15] when calculating microbial

growth [F16 — F18]. Microbial senescence drives N and P litterfall [F19 — F20].

Nodule — Root Exchange

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

Root nonstructural N (v1) may rise if high mineral N concentrations in soil sustain
rapid N uptake by roots. Large v. suppresses or even reverses the transfer of v, from



nodule to root or branch [F22], raising v» [F25] and hence suppressing Vi, [F12 — F13].
Large v: also accelerates the consumption of y., slowing its transfer to nodules [F21],
reducing y» [F24] and hence slowing nodule growth [F1]. Conversely, slow root N
uptake caused by low soil mineral N concentrations would lower v« and raise y:«,
hastening the transfer of 1, from nodule to root or branch and of y:+ from root or branch
to nodule, lowering 14, raising yn, and accelerating Vy,. However [F13] also allows Wy,
to be constrained by nonstructural C and P concentrations arising from branch CO»

fixation and root P uptake. All equations in Appendix F are solved for nodules in roots
(i,]) and branches (i,j) except for [F6], although only those for roots are given.

Appendix G: CH4 Production and Consumption

Anaerobic Fermenters and H> Producing Acetogens

The states S; j k, Bi k and Z; j k in ecosys are substrates for hydrolysis by all active (j
= a) heterotrophic biomass communities M; 5, 4 (Egs. [1 - 7] of Grant et al., 1993a), which
include fermenters plus acetogens. Hydrolysis products are transferred to soluble organic
matter DOC;j t which is the substrate for respiration and uptake by microbial biomass M; 5, j
as described for aerobic heterotrophs in Eq. [11] of Grant et al., (1993a). Respiration R; f of
DOC; ¢ by fermenters plus acetogens (n = f) is a Michaelis-Menten function of [DOC; (]
inhibited by Oz (Eq. [G1]). Respiration products are partitioned among A; ¢, CO2 and Hz
according to Brock and Madigan (1991) (Eq. [G2]). R;f beyond that used for maintenance
respiration drives the uptake of additional DOCi,c (Eq. [G3]) for microbial growth according
to the growth yield Y of fermentation (Eq. [G4]). The growth yield from fermentation is
calculated by dividing the free energy change of fermentation, adjusted for H> product
concentration (Eq. [G5]), by the energy required to transform soluble organic C into
microbial C (Eq. [G4]). Change in M; £ is thus the difference between uptake and
respiration of DOC; ¢, less decomposition (Eq. [G6]). This change determines M; f,4 used in
the following calculation of R; f (Eq. [G1]). Ratios of M £;j ¢ to Mj £j n determine
mineralization-immobilization of N (Eq. [23] in Grant et al., 1993a). Decomposition products
Dj £ k are partitioned to microbial residues Z; j k and soil organic matter S; j  (where i =
passive soil organic matter) ( Egs. [26-28] in Grant et al., 1993a) which undergo further
hydrolysis.

Acetotrophic Methanogens

The fermenter product A; ¢ (Eq. [G2]) is the substrate for respiration R; ; by
acetotrophic methanogens (n = m) (Eq. [G7]). Respiration products are partitioned between
CH4 and CO; according to Brock and Madigan (1991) (Eq. [G8]). R; i, beyond that used for
maintenance respiration drives the uptake of additional Ai,c (Eq. [G9]) for microbial growth
according to the growth yield Yy; of acetotrophic methanogenesis (Eq. [G10]). This growth
yield is calculated by dividing the free energy change of acetotrophic methanogenesis (Brock
and Madigan, 1991) by the energy required to transform acetate into microbial C. Acetogenic
methanogens in the model use acetate as their sole carbon and energy source (Smith and



Mah, 1980). Change in M; s ; is thus the difference between uptake and respiration of Aj ¢,
less decomposition (Eq. [G11]). This change determines M; s, ¢ used in the following
calculation of R; ;5 (Eq. [G7]). Mineralization and decomposition processes are the same as
those for other microbial populations.

Hydrogenotrophic Methanogens

The fermenter products CO; and H> (Eq. [G2] are the substrates for CO; reduction by
hydrogenotrophic methanogens (n = /) which are assumed to be autotrophic (Eq. [G12]).
Respiration products are partitioned between CH4 and H2O according to Brock and Madigan
(1991) (Eq. [G13]). R} beyond that used for maintenance respiration drives the uptake of
additional CO» (Eq. [G14]) for microbial growth according to the growth yield Y, of
hydrogenotrophic methanogenesis (Brock and Madigan, 1991) (Eq. [G15]). This growth
yield is calculated by dividing the free energy change of hydrogenotrophic methanogenesis,
adjusted for H» substrate concentration (Eq. [G16]), by the energy required to transform CO»
into microbial C. Change in My, ; is thus the difference between uptake and respiration of
COg, less decomposition (Eq. [G17]). This change determines My, 4 used in the following
calculation of Ry (Eq. [G12]). Mineralization and decomposition processes are the same as
those for other microbial populations.

Autotrophic Methanotrophs

Methane generated by acetotrophic and hydrogenotrophic methanogens is the
substrate for CH4 oxidation by autotrophic methanotrophs (n = ¢) (Eq. [G18]). The
stoichiometry and energetics of the methanotrophic reactions (Eqgs. [G22 — G24]) are based
on those of CH4 to CO; in Brock and Madigan (1991). The oxidation of CHs to COz is
coupled through an energy yield with the oxidation of CH4 to organic C used in microbial
respiration (Eq. [G19]). The energy yield from CH4 oxidation is calculated by dividing the
free energy change of CH4 oxidation by the energy required to transform CH4 into organic C
(Eq. [G20]). Oxygen requirements to sustain CH4 oxidation rates are then calculated from the
stoichiometries of CH4 oxidation (Eq. [G22 and G23]) and aerobic microbial respiration (Eq.
[G24]). The O concentrations at methanotrophic microsites are then found at which active
O: uptake driven by requirements for CHs oxidation equals spherical O, diffusion to the
microsites from the soil solution. These microsites are considered to be uniformly distributed
on soil surfaces and are separated from the soil atmosphere (if present) by a water film of
uniform thickness that depends upon soil water potential. The O uptake by each aerobic
microbial population in the model competes with that by all other aerobic microbial
populations (e.g. Grant, 1995; Grant and Rochette, 1994), and is constrained by O, transfer
rates through the gaseous and aqueous phases of the soil profile. The ratio of O2 uptake to O>
requirement fo,¢ 1S then used to constrain CHy oxidation rates (Eq. [G21]) so that CH4

oxidation is stoichiometrically coupled to O> uptake. Growth respiration by methanotrophs is
calculated as the difference between total respiration Ry from Eq. [G21b] and maintenance

respiration Ry, ¢ from Eqgs. [18-19] of Grant et al. (1993a). Growth respiration drives the
uptake and transformation of additional CHs into microbial biomass My ¢ (Eq. [G25])

according to the growth yield. This yield is calculated by dividing the free energy change of
CH4 oxidation (Brock and Madigan, 1991) (Eq. [G18]) by the energy required to construct
new microbial biomass from CHs (Eq. [G26]). Net growth of the methanotrophic population



Mg j,c is calculated as the uptake of CHs — C minus respiration and decomposition of
assimilated C (Eq. [G27]). This change determines My 4 used in the following calculation of
X’t (Eq. [G18]). Mineralization and decomposition processes are the same as those for other
microbial populations.

This submodel of autotrophic methanotrophy has been used to simulate
methanotrophic growth yields, specific growth rates, CHs4 concentration profiles and the
sensitivity of CH4 uptake to temperature and water content in soil columns (Grant, 1999).
The combined submodels of anaerobic fermentation, acetotrophic methanogenesis,
hydrogenotrophic methanogenesis and autotrophic methanotrophy have been used to
simulate methanogenic growth yields, specific growth rates, and the time course of CH4
emissions from differently amended soil columns at different temperatures (Grant, 1998b).
All input parameter values used in Eqs. [G1] to [G27] (Table 1) were derived from the
microbiological literature and remain unchanged from those used in Grant (1998b) and in
Grant (1999).

Appendix H: Inorganic N Transformations

Mineralization and Immobilization of Ammonium by All Microbial Populations
Each functional component j (j = labile or resistant) of each microbial population

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

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

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

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

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



heterotrophs also accounts for competition with O2 uptake by nitrifiers, roots and
mycorrhizae,

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

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
Constraints imposed by NOj3™ availability on DOC oxidation by denitrifiers are
solved in five steps:

1) NO3" reduction under non-limiting NOs" is calculated from a fraction of electrons
demanded by DOC oxidation but not accepted by O2 because of diffusion limitations
([Ho6]),

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

3) NOz™ reduction under ambient NO;™ is calculated from demand for electrons not met by
NO;™ in 2) [([H8]),

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

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

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

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

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

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

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

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers



Constraints on nitrifier oxidation of NO>™ imposed by O, uptake ([H15] to [H18])
are solved in the same way as are those of NH3z ([H11] to [H14]). The energy yield of
NO; oxidation drives the fixation of CO» for construction of microbial biomass A, ,
according to construction energy costs of each nitrifier population.

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

1) NO2" reduction under non-limiting NO2" is calculated from a fraction of electrons
demanded by NH3 oxidation but not accepted by Oz because of diffusion limitations
([H19)),

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

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



Appendix A: Microbial C. N and P Transformations

Decomposition

Dsijic=D'sijic Midic fa (Sitc/ Giic)

Dzijic=D'zijic Midic fia (Ziic/ Giic)

Dyiic=D'sijc Migic fig (Aisc/ Giic)

Siic =% Sijic

Ziic =% Zijic

Giic = Siic + Ziic + Aiic

Miaic = Miaic + gu (Miaic Giic —Mivaic Giic) / (Giic + Giic)

M,a,l,c = Zn M,n,a,l,c

D'sijic = {Dsjc[Sijicl} / {[Sijic] + Kmp (1.0 + [EMiayc] / Kip)}
D'zijic = {Dzc[Zijicl} | {[Zijic] + Kmp (1.0 + [Miqic]/ Kip)}
D'sitc = {Dac[Aiicl} / {[Aiic] + Kmp (1.0 + [Miaic] / Kip)}

OSijkic/Ot = B Zn(Uinicl+ Ruint ) (Sijkic/ S'ijic) {(S'ijic/ Sijic) / (Sijic/ Siji.c + Kis)}

ﬁgl: Tu {e[B_Ha/(R TS/)]} / {1 + e[(Hdl_STsl)/(RTsl)] + e[(STsl_Hdh)/(RTs/)]}

decomposition of litter, POC,
humus

decomposition of microbial
residues

decomposition of adsorbed SOC

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

total C in all kinetic components of
microbial residues

total C in substrate-microbe
complexes

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

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

colonized litter increases with
microbial growth into uncolonized
litter

Arrhenius function for D and Ry

[Ala]
[Alb]
[Alc]
[A2a]
[A2b]
[A2¢]
[A3a]

[A3b]

[Ada]
[A4b]
[A4c]

[A5]

[A6]



Dsijine = Dsijic (SijiNpe/ Sijic)
DzijiNp = Dzijic (ZijiNne/ Zijic)
Dyiinp = Daiic (AigNnp/ Aiic)
Yiic = kis (Girc Fs[Qiic]® — Xiic)
Yiine = Yic (Qune/ Qiic)

Yiine = Yiic (Xine/ Xiic)

Ry =220 2 Rhini

Ry = R’y min{CNinta/ CNj, Cpinia/ Crj}

Rv'ini = Minaic {Ruini [Qiicl} / {Kmoc + [Qiicl)} frat fe
Ruini = Rv'ini (Uozini! U 02in1)

Sl T1.0 - 6.67 (1.0 — e™ v/ R Ty

U'o2ini=2.67 Ru'ini

Uo2ini = U'02in1 [O2mint] / ([O2mini] + Ko,)

=4 nlh M,n,a,l,c Dso21 [rm rwi/ (le - rm)]([OZSI] _LEOZmi,n,l]
Rmi,n,j,l = Rm M,n,j,l,N ﬁml

fimi = €l (T =298.16)
Rgini = Ruini — Xj Rmingi

l]i,n,lC = min (Rhi,n,l 5 Zj Rm[,n,j,l) + Rgi,n,l (1 + AGx /Em)

Microbial Growth

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

and adsorbed SOC

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yiic<0) desorption of
DON, DOP

total heterotrophic respiration
Ru constrained by microbial N, P

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

ws constraints on microbial growth
02 demand driven by potential Rn
active uptake coupled with radial
diffusion of O2

maintenanace respiration
temperature sensitivity of Rm
growth respiration

DOC uptake driven by Rg

[A7a]
[A7b]
[A7c]
[A8]
[A9]

[A10]

[Al1]
[A12]

[A13]

[A14]
[A15]
[A16]
[Al7a]
[A17b]
[A18]
[A19]
[A20]

[A21]



UiniNp = Uini Qiine/ Qiic
Dutingji.c= Duij Mingjc
DytinjNp = Duij MinjiNp fdinNp

BM,n,j,l,C/ 6t = F} (]i,n,lCH‘ F)’Rh[,n,/ - DMi,n,/',l,C

OMinjic/ 8t = FjUinicl+ Rminji — Duingjic

Microbial Nutrient Exchange

Untdingi = (Minjic CNj— Minjin)

Unnyingi = min {(Minjic CNj — Minjin),
U’nny @it ((NHa inji] — [NHPma]) / ((NHa 1] — [NH4 mn] + Knmg)}

Unosingt =min {(Minjic ONj— (Minjin + UNagingi)) ,
U’No; @inji (INO37ing1] — [NO3mn]) / ((NO37in1] — [NO3 mn] + Knoj)}
Urodingji = (Minjic Cpj — Minji.p)

Urodinj =min {(Minjic Crj- Minjip),
U’poy A inji ([H2PO47inj1] — [H2PO4 mn]) / ([H2PO47i 1] — [ H2PO4 mn] + Kro,)}
Din=rj1 = max {0, Min=rj1c ONj — Min=fjiN — max{0, Uin=fjiN}}
Rain=rj1 [IE® Din=rj1l)
OMinjin/ 8t = Fj Uinin+ Unny; , ; + UNoy, ) T @injt = DitinjiN

OMinjip/ 8t = FjUinip + Upoy,, ;) — Duinj1p

M,n,a, 1C= M,n,j#abile,/,c + M,n,j=re.ristant,l,c Fr/ Fl

Humification

DON, DOP uptake driven by Usinic

first-order decay of microbial C,

decay of microbial N, P
[Rbini> Rminji]  microbial
growth
[Rbini < Rminji]  microbial
senescence
Unny <0 net
mineralization
Unuy >0 net
immobilization
Uno, >0 net
immobilization
Uro, <0 net
mineralization
Uro, >0 net
immobilization

N: fixation driven by N deficit of
diazotrophic population
respiration needed to drive N2

fixation

growth vs. losses of microbial N, P

active microbial biomass
calculated from labile fraction

[A22]
[A23]
[A24]

[A25a]

[A25D]

[A26a]

[A26D]

[A26¢]

[A26d]
[A26¢]
[A27]
[A28]
[A29a]

[A29D]

[A30a]



Hisij=tignin1,c = Dsij=lignin,/.C decomposition products of litter [A31]
substrate added to POC depending

Hssi j=tignin;N.p = Dsi j=lignin, /NP on lignin [A32]

Hi jlignin,1,c = HSsij=lignin,,c Lnj [A33]

Hsi jtignin NP = HSijlignini.c SiiNp/ Siic [A34]

Hutingji.c = Duinjic Fu fraction of microbial decay [A35]
products added to humus

HutinjiNp = Hyinjic MinjiNe/! Minjic [A36]

Fn=0.167 4 0.167 Felay + 0.167 x 10 Gisc fraction of Dir added to humus [A37]
depends on clay and SOC

Hzinjic = Duinjic - Huingic remainder of microbial decay [A38]

products added to microbial
HzinjiNpP = DMinjiNp - HMingiNP residues [A39]



Definition of Variables in Appendix A

Variable Definition Unit Equation Value Reference
subscripts
i substrate-microbe complex: coarse woody litter, fine non-
woody litter, POC, humus
J kinetic component: labile /, resistant r, active a
/ soil or litter layer
n microbial functional type: heterotrophic (bacteria, fungi),
autotrophic (nitrifiers, methanotrophs), diazotrophic, obligate
aerobe, facultative anaerobes (denitrifiers), obligate anaerobes
(methanogens)
variables
Airc mass of adsorbed SOC gCm™ [Alc,A2c]
[4iic] concentration of adsorbed SOC in soil g CMg! [Adc]
a microbial surface area m’? m? [A26]
B parameter such that fi; = 1.0 at 7, =298.15 K [A6] 26.235
b Freundlich exponent for sorption isotherm [A8] 0.85 Grant et al.
(1993a,b)
B specific colonization rate of uncolonized substrate - [AS] 2.5 Grant et al. (2010)
Cnpinal ratio of MinaNp t0 Minac gNorPgC! [A12]



Cnp;

Duiic
Dyjc
Duij,inp
D'4ij1c

Dusij

Dutingjic

DutingjiNp
Dsijic

Dsjc

Dsij, iNp

maximum ratio of MiujNp to Mi,;c maintained by Mic

decomposition rate of Ai.c by Miarc producing Q in [A13]

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

specific decomposition rate of Sij.c by ZnMina: at 25°C

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

decomposition rate of Miu,ic
decomposition rate of M iNp
decomposition rate of Sij.c by ZxMina: producing Q in [A13]

specific decomposition rate of Sij.i.c by ZnMina: at 25°C and
saturating [Si.c]

decomposition rate of SijiNp by ZnMinai

gNorPgC!

gCm?h!
gCgC'h!
gNorPm2h!
gCgC'h!

gCgC'h!

gCm?h!
gNorPm2h!
gCm?h!

gCgC'h!

gNorPm2h!

[A12,A26,A27]

[Alc,A7c,A31c]
[Adc]

[A7c]
[Ala,A4c]

[A23,A24]

[A23,A25,A35,A

38]
[A24,A29,A39]

[Ala,A7a,A31a]

[Ada]

[A7a, A32]

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

0.025

1.6 x 103 and 8.0
x 107 forj =
labile and
resistant,
respectively

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

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)



D'sij,ic
Dso2i

Dzijic
Dzijnp

Dzjc

D'zijic
AGx

Em

Fr
Fs

ﬁli,n,lN P

S

specific decomposition rate of Sij.c by ZnMina: at 25°C

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

decomposition rate of Zij.inp by ZuMinai

specific decomposition rate of Zijic by XuMina: at 25°C and
saturating[Z;.c]

specific decomposition rate of Zijic by XnMina at 25°C

energy yield of C oxidation with different reductants x

energy requirement for growth of Mi a1

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

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

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

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

equilibrium ratio between Qi c and Hic

fraction of N or P released with Dyinj,1,c during
decomposition

temperature function for microbial growth respiration

gCgC'h!
m? h!
gCm?h!
gNorPm2h!

gCgC'h!

gCgC'h!
KgC!
KgC!
gCgN!

Mg Mg

dimensionless

dimensionless

[Ala,A4a]
[A17]

[Alb,A7b]
[A7b]

[A4b]

[Alb,Adb]

[A21]

[A21]

[A28]

[A37]

[A35, A37]
[A25,A29,A30]
[A25,A29,A30]
[A8]

[A24]

[A1,A6,A13]

0.25 and 0.05 for
j =labile and
resistant biomass

375 (x=02),
4.43 (x = DOC)
25

5

0.55

0.45

0.33 Unus >0
1.00 Unps <0
0.33 Upos>0
1.00 Upos<0

Grant et al.
(1993a,b)

Waring and
Running (1998)

Serenson (1981)

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



Sfrmi
Sl
Din=rj1
Giicl

[H2PO47]

Huingjic
HuinjiNp
Hsijic
Hsijinp
Hzingjic
HzinjiNp
Kis

Knu,
Ko,
Kro,

Kip

temperature function for maintenance respiration

soil water potential function for microbial, root or mycorrhizal
growth respiration
non-symbiotic N2 fixation by heterotrophic diazotrophs (n = f)

total C in substrate-microbe complex

concentration of H2PO4™ in soil solution

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

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

transfer of C hydrolysis products to particulate OM

transfer of N or P hydrolysis products to particulate OM

transfer of microbial C decomposition products to microbial
residue

transfer of microbial N or P decomposition products to
microbial residue

inhibition constant for microbial colonization of substrate

M-M constant for NH4 uptake at microbial surfaces
M-M constant for NOs uptake at microbial surfaces
M-M constant for H2PO4 uptake at microbial surfaces

inhibition constant for [Mis.« ] on Sic, Zic

dimensionless
dimensionless
gNm?h!

g CMg!
gPm?

J mol™!

J mol™!

J mol™!
gCmm2h!
gNorPm2h!
gCm?2h!
gNorPm2h!

gCmm2h!

gNorPm2h!

gNm
gNm
gPm

gCmr

[A18,A19]
[A13,A15] Pirt (1975)
[A27,A28,A29]

[A1,A2c,A3a,AS8,

A37]

[A26]

[A6,C10] 65 x 10° Addiscott (1983)

[A6,C10] 225x 10°
[A6,C10] 195 x 103
[A35,A36,A38]

[A36,A39]

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

[A38]
[A39]

[AS] 0.5 Grant et al. (2010)
[A26] 0.40
[A26] 0.35
[A26] 0.125

[A4] 25 Grant et al.



Kmoc

K02

kts

M
Miauc

M,n,j,l,C

M,n,j,l,N

M,n,j,l,P
M,n,a,l,C
[M,n,a,l,c ]
n

[NHg iny.1]
[NH4Dmn]

[NO37i 1]

Michaelis—Menten constant for Ds;j.c
Michaelis—Menten constant for R'ni» on [Qic]

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

ratio of nonlignin to lignin components in humified hydrolysis
products

molecular mass of water
heterotrophic microbial C used for decomposition

microbial C

microbial N

microbial P

active microbial C from heterotrophic population # associated
with Giic
concentration of Mi. in soil water = Mina1c /6

number of microbial microsites
concentration of NH4- at microbial surfaces
concentration of NH4 "at microbial surfaces below which Ung,

=0
concentration of NH4 at microbial surfaces

g CMg!
gCm™
gOxm>

h—l

g mol’!

[A4] 75 (1993a,b); Lizama
and Suzuki (1990)

[A13] 36

[A17] 0.32 Griffin (1972)

[A8] 0.01 Grant et al.

(1993a,b)

[A33] 0.10, 0.05, and Shulten and
0.05 forj = Schnitzer (1997)
protein,
carbohydrate, and
cellulose,
respectively

[A15] 18

[A1,A3a,A4]

[A13,A17A23,A2

5,A26, A30,A36]

[A18,A27,A29]

[A24,A29,A26,

A36]

[A3,A13,A17,

A30]

[A3, AS]

[A17b]

[A26]

[A26] 0.0125

[A26]



[NO3™mn]
[H2POq7in 1]
[H2PO4 mn]
[O2miyn.1]
[O24]

Qilc

[Qiuc]
QiiNp

qm
R

Rain=rj;
Rygini

Ry
Rhini
Ruini
Rh'n
Ryini

R

concentration of NOs™at microbial surfaces below which Uno,
=0
concentration of H2PO4™ at microbial surfaces

concentration of HoPO4 at microbial surfaces below which
Uro, =0
O2 concentration at heterotrophic microsites

O> concentration in soil solution
DOC from products of Dsijic [A3] and Dzijic) [AS]
solution concentration of Qic

DON and DOP from products of (Dsiy.iNp + DzijiNp)

rate constant for reallocating M; 4 1.c to Miqic
gas constant

respiration for non-symbiotic N2 fixation by heterotrophic
diazotrophs (n =)

growth respiration of Minq: on Qiic under nonlimiting Oz and
nutrients

total heterotrophic respiration of all M under ambient
DOC, O, nutrients, € and temperature

heterotrophic respiration of M« under ambient DOC, Oz,
nutrients, 6 and temperature

specific heterotrophic respiration of M« under nonlimiting
02, DOC, #and 25°C

specific heterotrophic respiration of M« under nonlimiting
DOC, O, nutrients, 8 and 25°C

heterotrophic respiration of Min.: under nonlimiting Oz and
ambient DOC, nutrients, € and temperature

specific maintenance respiration at 25°C

gNm
-3

gNm

-3

gNm

gOxm>
gOxm>
gCm™

g CMg!
gNor P m3
h—l

J mol! K!
gCm?h!
gCgC'h!
gCm?2h!
gCm?2h!
gCgC'h!
gCgC'h!
gCm?2h!

gCgN'h!

[A26]

[A26]

[A26]

[A17]

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

[A20]

[Al1]

[AS,A11,A14,A2

0, A21,A25]
[A12,A13]

[A12]

[A13,A14,A16]

[A18]

0.03

0.002

0.5

8.3143

0.125

0.0115

Shields et al.
(1973)

Barnes et al.
(1998)



Rmi,n,j,l
Fwi
Fm

r'wi

[Sijic]
Sijic
S'ijic
SijINP
Txl

l]i,n, IC
UinNp
UNndingi
U'nn,
UNo3ingii
U'No;
Uozin

U'ozipn

maintenance respiration by M.

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

change in entropy

concentration of Si;.c in soil

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

soil temperature

uptake of Qiic by X:Minaq: under limiting nutrient availability

uptake of Qiinp by Z:Minq: under limiting nutrient availability

NHa4- uptake by microbes

maximum Unn, at 25 °C and non-limiting NHa4
NO;™ uptake by microbes

maximum Unos at 25 °C and non-limiting NO3~
O uptake by M. under ambient Oz

Oz uptake by Mina: under nonlimiting O2

gCm?h!

Jmol!' K!

gCMg!
-2

gCm

gCm

gNor P m3

gCm?2h!

gNorPm2h!

gNm?h!
gNm?h!
gNm?h!
gNm?h!
gm2h!

g m—2 h—l

[A18,A20,A21,A
25]
[A17]

[A17] 2.5x10°°
[A17]

[A6,C10] 710 Sharpe and
DeMichelle
(1977)
[Ada]

[A2a,A5,A7a,A33

]
[A5]

[A7a,A33]
[A6,A15.A19]
[A5,A21,A22,A2
5]

[A22,A29]

[A26, A27,A29]

[A26] 50x10°
[A26,A27,A29]

[A26] 50x10°
[A14,A17]

[A14,A16,A17]



Urodingi H2POs uptake by microbes gNm?h! [A26,A27,A29]

U'ro, maximum Upo, at 25 °C and non-limiting HoPO4 gNm?h! [A26] 5.0x 103
Xiic adsorbed C hydrolysis products g CMg! [A8,A10]

XiiNp adsorbed N or P hydrolysis products g P Mg! [A10]

y selected to give a Qo for fin of 2.25 [A19] 0.081

Ws soil or residue water potential MPa [A15]

Yiic sorption of C hydrolysis products gCm?h! [A8,A9,A10]

Yinp sorption of N or P hydrolysis products gPm?h! [A9,A10]

[Zijic] concentration of Z;j.c in soil g CMg! [A4b]

Zijic mass of microbial residue C in soil gCm™ [A2b,A7b]

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



Appendix B: Soil-Plant Water Relations

Rnei+ LE:i + Hei + Gei =0

LE:i= L (ea— eci(Ty; y,p) ! Vai

LE:i= L (ea— eci(ry; yy) / (Yai T 1ci) - LEci from [B1b]
Hei= pCo(Ta—Tei)/ rai

Femini = 0.64 (Co — Ci'3) / Ve's

Fei = Femini T (Femaxi — Femini) e(-Bv)

rai = {(In((zu — zai) / zei)* /(K* ua)} / (1 — 10 Ri)
Ri={g (zu—zu) / (ua® Ta)} (Ta— Tc)

Wi = Wei = Yni

Uwi =21 X Ui

Uswiri= (Wi - W) 1 (Qsiri+ Qi1+ Zx Chirix)
we'i = i +0.01 zui

W't =y —0.01 z

Qsiri=1n{(dirt/ rir)/ 2T Liyi Kii1)} Gwi/ G

Canopy Transpiration

Root and Mycorrhizal Water Uptake

canopy energy balance
LE from canopy evaporation
LE from canopy transpiration

H from canopy energy balance

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

ra driven by windspeed, surface

ra adjusted for stability vs.
buoyancy

Uw along hydraulic gradient

[Bla]
[B1b]
[Blc]

[B1d]



.(Zri,r,l: Q’ri,r/ Li,r,l [BIO]
Qdi,r,l,x=1 = gai,r Zl / {}’li,r,/,l (l’i,r,/,] / r'i,r)4} + }’Wai,r Zbi /{}’l il 1 (rbi /rb’i)4} zi,r,/ (Mrl) /M,r,l [Bl 1]
nirix=2 = AQAi,r (Li,r,l,2 / ni,r,l,Z) / {}'li,r,/,Z (l"i,r,l,Z / I"’i,r) 4} [Blz]
SLir1 /8 = SMiri1 18t VT {pd (1 - Opi) (T it s?)} [B13]
Canopy Water Potential
(ea—eiryy) | (rai + rei) [B1]1 =21 Ze (i - ys't) [ (Q2siri+ i+ Zn Qoiix) + Xeidei/ S . 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, deciduous, annual,
perennial, C3, Cs, monocot, dicot etc.
J branch or tiller
k node
/ soil or canopy layer
m leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)



Go

Ci'i

diri

Eei

€a

€ci(Te; v
Gei

Hei

K

Ktir,l

LE ci
Li, rl

M,r,l

RNir,lx

root or mycorrhizae

variables
stomatal resistance shape parameter MPa!
[CO»] in canopy air [‘mol mol"!
[CO2] in canopy leaves at y¢; = 0 MPa Umol mol™!
half distance between adjacent roots m
canopy transpiration m’m?h'!
atmospheric vapor density at 7. and ambient humidity gm?
canopy vapor density at Tc; and y; gm?
canopy storage heat flux W m?
canopy sensible heat flux W m
von Karman’s constant
hydraulic conductivity between soil and root surface m? MPa! h'!

scaling factor for bole axial resistance from primary root axial -
resistance

latent heat of evaporation Jg!
latent heat flux between canopy and atmosphere W m?2
length of roots or mycorrhizae m m
mass of roots or mycorrhizae g m?

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

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

[BI]
[B1,B14]
[B1]

[B1]

[B1]

[B1]

[B3a]

[BI]

[B11]

[B1]

[B1]

[B9,B10,B12,B13

]
[B11,B13]

[B11,B12]

-5.0 Grant and
Flanagan (2007)

0.70 Gy Larcher (2001)

0.41

1.6x 104 Grant et al. (2007)

2460



g ai,r

Luirix
£ vir
i
i1
G

G
i
Ri/

Rnei

Femaxi
Femini

Virlx

axial resistivity to water transport along root or mycorrhizal

axes

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

or secondary (x = 2) roots or mycorrhizae

radial resistivity to water transport from surface to axis of roots

or mycorrhizae

radial resistance to water transport from surface to axis of roots

or mycorrhizae

radial resistance to water transport from soil to surface of roots

or mycorrhizae
soil water content

soil porosity
root porosity

Richarson number

canopy net radiation

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

radius of bole at y; =0 MPa

canopy stomatal resistance to vapor flux

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

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

MPa h m*

MPahm!

MPa h m?

MPahm!

MPahm!

sm
sm

sm

[B11,B12]

[B6,B11,B12]
[B10]
[B6,B10]
[B6,B9]
[BI]

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

[B9,B11,B12,B13
]

4.0x10°

deciduous
1.0x 10'°
coniferous

1.0 x 10*

5.0x10°

Larcher (2001)

Doussan et al.
(1998)

van Bavel and
Hillel (1976)

Larcher (2001)



rir radius of secondary roots or mycorrhizae at yt; ;=0 MPa m [B11,B12] 2.0x 10*tree
' 1.0 x 10*bush

0.05x 10
mycorrhizae
pr root specific density gCgFW! [B13] 0.05 Grant (1998)
Ta air temperature K [B3b]
T. canopy temperature K [B3b]
Uvi total water uptake from all rooted soil layers m’ m?h! [B5,B14]
Uwiri water uptake by root and mycorrhizal surfaces in each soil m’m?h'! [B5,B6]
layer
Ua wind speed measured at zy ms! [B3a,B3b]
Ve'i potential canopy COz fixation rate at y¢, = 0 MPa Umol m? s [B2]
Vr root specific volume m’® g FW-[J [B13] 10 Grant (1998)
Xei canopy capacitance m’ m? MPa! [B14]
Wi canopy water potential MPa [B4,B7,B14]
we'i L wei + canopy gravitational potential/ MPa [B6,B7]
Wil canopy osmotic potential MPa [B4]
Wil soil water potential MPa [B8]
Ws'1 wsi + soil gravitational potential/’ MPa [B6,B8]
VAi canopy turgor potential MPa [B2b,B4] 1.25at e =0
Zbil ) length of bole from soil surface to top of canopy m [B7,B11]

Zdi canopy zero-plane displacement height m [B3a] Perrier (1982)



Z]

Zr

Zu

depth of soil layer below surface
canopy surface roughness

height of wind speed measurement

[B8,B11]
[B3a,B3b]

[B3a,B3b]

Perrier (1982)



Appendix C: Gross Primary Productivity, Autotrophic Respiration, Growth and Litterfall

Cs Gross Primary Productivity

GPP=% ijk,lm,n,o (Vci,j,k,[,m,n,o = Vgi,j,k,l,m,n,o) A ij.k,l,m,n,o

Vgi,j,k,l,m,n,o = (Cb — Ci[,j,k,/,m,n,o) / ij,k,L,m,n,0

Vci,j,k,/,m,n,o =min { Vbi,j,k,l,m,n,o, Vji,j,k,l,m,n,o}

Flij,k,Lm,n,0 = Flminij,k,,m,n,o + (rlmax[ - l”lmin[J,k,l,m,n,o) e(_ﬂﬂ/ﬁ)

Piminijiktmmo = (Co = Gi'i) [ Ve'ijktmno

Voijkimmo = Vomaxijk (Ceijkimno - Lijk)/ (Cc[J,k,l,m,n,o) + Ke,) fyijklmnon
Vomax; . = Vo' Fruvisco; MU j g pror | A, 1 fibi fici

Lijk=0.5 Oc Vomax;; ;. Ke;/ (Vomay; ;. Ko;)

Vomaxl-yjyk =V, 'i Frubiscol- MLi,i,k,prat /Ai,j,k ftoi

Kci = Kc,—ftkci (1 + O/ (Kn[ftkoi))

Vji,j,k,[,m,n,o = Ji,j,k,/,m,n,o Yi,j,k,l,m,n,of\u ij,k,L,m,n,olll

Yi,j,k,l,m,n,(): (Cci,j,k,l,m,n,o - F[,j,k) / (45 Cc[,j,k,/,m,n,o + 105 Fi,j,k)

Ji,j,k,/,m,n,o = (g[i,l,m,n,o + Jmaxi,j,k - ((g][,l,m,n,o + Jmaxi,j,k)2 -dae Ii,/,m,n,o Jmaxi,j,k)o's) / (2 a)

Jmaxijk = Vi'; Fenorophyt; ML, i ror | A i fici

. = . 0.5
f‘V ijkLmmno = (rlmm[,j,k,l,m,n,o / rli,j,k,l,m,n,o)

solve for Ciijkimnoat which
Vci,j,k,/,m,n,o = Vgi,j,k,/,m,n,o

diffusion
carboxylation
n is leaf-level equivalent of r.

minimum 7 is driven by
carboxylation

CO2 and water fy constraints on Vb

temperature fi and nutrient fic
constraints on Vpmax

COz compensation point
oxygenation

M-M constant for Vs
water constraints on Vj

carboxylation efficiency of V;
irradiance constraints on J

temperature and nutrient
constraints on Jmax
non-stomatal effect related to
stomatal effect



fivi =exp[By — Hav/ (RT))] / {1 + exp[(Ha — STei) / (RTe1)] + exp[(STei — Han) / (RTe)]}
fioi = exp[Bo — Hao/ (RTei)] / {1 + exp[(Hai — STei) / (RTei)] + exp[(STei — Han) / (RTe1)]]
fii=exp[Bi — Haj/ (RTe)] / {1 + exp[(Hai — STer) / (RTe)] + exp[(STei — Han) / (RTe)]}
fikei = exp[Bue — Hake/ (RTe)]
fixor = exp[Bko — Hako/ (RTe:)]

Sfici=min{on / (onij + ocijl Kicy), ovij/ (ovij+ ocij | Kicp)}

OMuy; ;0 =M, ; ./ Ot in{[N'teat + (Vieat - N'teat) fici] / Nprot, [P'ieat + (Pieat - Pteat) fici] / Pprot}

Autotrophic Respiration
Ra=%%; (Reij + Rsij) + ZiZ Xz (Reirs + Rsirt ) + Exp (UnHairi + Unosirt + Upodinl )

Reij =R 'ocij fi
Rci,r,l =R.'oc irl ﬁa il (UOZi,r,l /U'OZi,r,l)

Uo2iri =U'02in1 [O2int] / ([Oiri] + Koy)

= Uwi,r,l [OZSI] + 27T\_Li,r,l DSOZ ([OZSI] _LBOZri,r,l]) ln{(rsl 0 Vri,r,l) / l"ri,r,l}
+ 2TCLLi,r,l Dr02 ([OZq[,r,/] _LEOZ ri,r,l]) ln(rqi,r,/) / I”ri,r,l)

U '02 il = 267 Ra'i,r,/

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of Ke;, Ko

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

growth of remobilizable leaf
protein C

total autotrophic respiration

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

[C10a]
[C10b]
[C10c]
[C10d]
[C10¢]

[C11]

[C12]

[C13]

[C14a]
[C14b]
[Cl4c]

[C14d]

[Cl4e]



Rsij = - min{0.0, Reij — Rmi;}
Rsi,r,l =- mln{OO, Rci,r,l— Rmi,r,l}
RmiJ' = Zz (N[,j,z Rm’ ﬁml)

Rmi,r,l =2, (Ni,r,l,z Run' ﬁmi)

Rgij = max{0.0, min{(Rcij — Rmij) min{1.0, max{0.0, wt - w4’} }

Rgiri = max{0.0, min{(Reiri — Rmiri) min{1.0, max{0.0, v - y'}}

lijzc= Rsij Mugij | Migij

lijzN= lijzc Nprot (1.0 — Xmx fini/)

lijzp = lijz,c Pprot (1.0 — Xmx fipij)
finij = ocij/ (ocij + onij /Ka)
firij = ocij/ (ociy + ovij /Ke)
XinlC = Fx OCirl

XinIN = Py ONinlfxiriN

XinlP = Fx OPirlfxirlP

SxiriN = oNij/ (oNij + ocij/KxN)

Jxirip = ovij/ (opij + ocij/Kxp)

Growth and Litterfall

remobilization in branchs, roots
and mycorrhizae when Rm > Rc

maintenance respiration of
branchs, roots and mycorrhizae

growth respiration of branchs,

roots and mycorrhizae when Rm <

R

senescence drives litterfall of non-

remobilizable material

litterfall of N and P is driven by
that of C but reduced by
translocation of remobilizabls N
and P to on and op according to
ratios of on and or withoc. root
and mycorrhizal litterfall (i,7,/)
calculated as for branch litterfall

().2)

root and mycorrhizal exudation
driven byoc, on and op, and by
oc:on and oc: op.

[C15]

[C16]

[C17]

[C18]
[C19a]
[C19b]
[C19¢]
[C19d]
[C19€]
[C191]
[C19g]
[C19h]

[C19i]



OMgij/ 0t =X : [Rgij (1 - Ygiz) /Yeiz] — Rsij — lijc

WR[,;‘,//& = [Rgi,r,/ (1 - Ygi,r) /Ygi,r] — Rsi,r,/ — li,r,I,C

OALijki/ S = Mvijki/ yiT ™ SMvijki/ St min{1, max {0,y - y'}

SLiv11/8t = (8Mrirs1/ 8t) / yi vy /{py (1 - Opisl) (% Friry12)}

6Li,r,l,2/ 8‘[ = (6MR[,V,[,2 / 8t) Vp /{Pr (1 - eP[,rL) (TC Frirl2 2)}4

Fiail T Tei{exp[By — Hav/ (RTe)]} / {1 + exp[(Hai — STei) / (RTei)] + exp[(STei — Han) / (RTei)]}

U
ﬁml_;:;e(OAOSII (Tci —29&15))\_‘

Root and Mycorrhizal Nutrient Uptake

UNH4[,r,l: {Uwi,r,/[NH4 /] + 27'[L[,r,/DeNH4l ([NH4 l] — [NH4 i,r,l]) / ll'l(di,r,l /rri,r,l)}

= U'nny (U2t /U "02ir1) Airt ((NH4Y1.0] — [NHPmn])/((INH4 i.,1] — [NH4Cmn] + KNny) fraid fiNiri

UNO3[,r,l: {Uwi,r,/ [NOS_I] + 2TEL[,V,1 DeNO3/ ([NO3_1] — [NO3_i,r,l]) / ln(d[,r,/ /I"ri,r,l)}

= U'No; (Uo2ir1 /U "02ir,1) Airi ((NO37ir1] — [NO3mn] )/([NO3 ;1] — [NO3 mn] + KN0j3) flais fiNir

Urosiri= {Uwiri [H2PO471] + 27LiriDepoy; ((H2POa™1] — [H2PO47i1]) / In(dirit /7vir 1)}

= U'ro, (Uo2i1 /U "'02ir1) Airi ((H2POs7iri] — [H2PO4'mn])/([H2POx7i 1] — [H2PO4'mn] + Kpoy) frais fipir

SiNiri = ociri/(ocin + oNiri/ KiNg)

Sfirir1 = ociri/(ociri + oviri/ Kipg)

C+ Mesophyll
GPP=% ij,k,Lm,n,o (Vg(m4)i,j,k,l,m,n,0 = Vc(m4)i,j,k,/,m,n,o)

Vg(m4)i,j,k,/,m,n,n = (Cb — Ci(m4)i,j,k,l,m,n,0) / Fifi,j,k,L,m,n,0

C4 Gross Primary Productivity

branch growth driven by Ry

root growth driven by Ry

leaf expansion driven by leaf mass
growth

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

Arrhenius function for Ra

temperature function for Rm

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

product inhibition of Unna, Unos
and Upos determined by on and or
vs. ot in roots

gaseous diffusion

[C20a]

[C20b]
[C21a]

[C21b]
[C21c]
[C22a]

[C22b]

[C23a]
[C23b]

[C23c]
[C23d]

[C23¢]
[C23f]
[C23g]

[C23h]

[C24]

[C25]



Vc(m4)i,j,k,l,m,n,o =min { Vb(m4)i,j,k,/,m,n,o, Vj(m4)i,j,k,l,m,n,0}

Fifij,k,Lm,n,0 = Flfminijk,,m,n,o + (”‘lfmaxi - nfmini,j,k,l,m,n,o) e('ﬂ_‘/ﬂi)

Flfmini,j k,l,m,n,0 = (Cb - Ci(m4) 'i) / Vco(m4)i,j,k,l,m,n,o

Vb(m4)i,j,k,/,m,n,0 = meax(m4)i,j,k (Cc(m4)i,j,k,l,m,n,0 - F(m4)i,j,k) / (Cc(m4)i,j,k,/,m,n,0) + Kc(m4)i)

Vj(m4)i,j,k,/,m,n,0 = J(m4)i,j,k,l,m,n,o Y(m4)i,j,k,l,m,n,o

Y(m4)i,j,k = (Cc(m4)i,j,k,/,m,n,o - F(m4)i,j,k) / (30 Cc(m4)i,j,k,l,m,n,0) +10.5 nm4)iJ,k)
J(m4)i,j,k,l,m,n,0 = (8 Ii,l,m,n,o + Jmax(m4)i,j,k - ((gli,l,m,n,o + Jmax(m4)[,j,k)2 - 40!8][,1,171,11,0 Jmax(m4)i,j,k)0'5) / (2 a)

meax(m4)i,j,k = meax(m4)' [Npep(m4)i,j,k]’ Mfi,j,k Alfi,j,k fC(m4)i,j,kf\yi ﬁbi
Jmax(m4)i,j,k = Jmax’ [Nchl(m4)i,j,k ]' Mfi,j,k Alfi,j,k fC(m4)i,j,k, f\yi ftji
Jemaije= 1.0/ (1.0 + [ycamaijk] / Kixcagmay)

L. = - 0.5
f‘V ijkLmno = (ntmmi,j,k,l,m,n,o / rlfi,j,k,l,m,n,o)

C+ Mesophyll-Bundle Sheath Exchange

Vcamayijke = Kycamay (Ycamayijk Wiswayijke —ycawayijk Witmayijk) / (Wiewaijk + Witmayisik)
Vacawayijk = Kycand) xcawaijik / (1.0 + Ceoayijik /Kiycagpa))

Vawayijk = Kcewvs) (Ceayijik — Cemayijr) (12 X 107°) Wiswayijik

O ycamayijik /0t = Zimno Vemdyijkimno- VCamayijik

O ycamayi /Ot = Vycamayijk - Vycawayijk

OCc(b4)ijik/ Ot = Vycapayijk - Vaoayijk - Zimno Veodyijklmno

mesophyll carboxylation

COz-limited carboxylation

light-limited carboxylation

irradiance response function
PEPc activity

chlorophyll activity

C4 product inhibition

non-stomatal water limitation

mesophyll-bundle sheath transfer
bundle sheath decarboxylation

bundle sheath-mesophyll leakage
mesophyll carboxylation products

bundle sheath carboxylation
products
bundle sheath CO: concentration

[C26]
[C27]
[C28]
[C29]

[C30a]

[C30b]
[C31]

[C32]
[C33]
[C34]

[C35]

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

[C41]

[C42]



Cy4 Bundle Sheath

Veoayijktimno = min{ Vowayijk, Viodyijkimno} bundle sheath carboxylation [C43]

Vowayijk = Vomaxoayijk (Cevayijik = L (bayijik) / (Cc(b4)i,j,k) + Keva);) COz-limited carboxylation [C44]

Vioayijkimno = Joayijklmno Yoayijk light- limited carboxylation [C45a]

Yonijhk = (Ceayijk - Loayijk) / (4.5 Ceoayije + 10.5 Tivayijik) carboxylation efficiency of Vjws) [C45b]

J(b4)i,j,k,/,m,n,0 = (gli,l,m,n,o + Jmax(b4)i,j,k - ((8 [i,l,m,n,o + Jmax(b4)i,j,k)2 -doae [i,l,m,n,o Jmax(b4)i,j,k)0’5) / (2 0!) irradiance response function [C46]

Vomaxv4)ijik = Vomax(oa)" [Nruboayijik]” Nitijk Aitijik fo(edyik fyiifevi RuBPc activity [C47]

Jmaxoa)ijk = Jmax' [Nenioayijie] Niijk Aifijk foedyijr foiifovi chlorophyll activity [C48]

Jeedije=min{[ v / (V] + [resoais] / K, [m6] /7 ([ms] + [Keawayi] / King)} Cs product inhibition [C49]

Shoot — Root - Mycorrhizal C, N, P Transfer

ZsCij-irl = gsCij-irl (OCij MRini- OCirt MBij) !/ (MRiri+ Msij) shoot — root C transfer driven by [C50]
oc concentration gradients

ZsN Pij-irl = @sN,Pij-il (ONPij OCinl - ONpiri OCij )/ (OCiri + OCij ) shoot — root N,P transfer driven by [C51]
onp concentration gradients

ZiCij-iri = @rCij-irt (OCirt MMiri- OCimi MRiri) | (Mmiri+ Mriri) root — mycorrhizal C transfer [C52]
driven by oc conc’n gradients

ZN Pij-irl = @N,Pij-il (ONPirl OCiml = ONPimi OCiri) /! (OCimi + OCiri) root — mycorrhizal N,P transfer [C53]
driven by on,p conc’n gradients

Definition of Variables in Appendix C
Variable Definition Unit Equation Value Reference
subscripts
i species or functional type: evergreen,

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

branch or tiller
node

=~



NS I 3O~

soil or canopy layer

leaf azimuth

leaf inclination

leaf exposure (sunlit vs. shaded)
organ including leaf, stem, root ,
mycorrhizae m

variables

A leaf, root or mycorrhizalsurface area m’ m? [C1,C6b,C6d,C8b,

C21,C23,C32,C33

,C47]
B shape parameter for stomatal effects on CO: diffusion and MPa! [C4 C27,C35,] -5.0 Grant and

non-stomatal effects on carboxylation Flanagan (2007)

B;j parameter such that fij; = 1.0 at 7c=298.15 K [C10c] 17.354
Bie parameter such that fik: = 1.0 at 7c=298.15 K [C10d] 22.187
Bio parameter such that fike: = 1.0 at 7c=298.15 K [C10e] 8.067
B, parameter such that fioi = 1.0 at 7c=298.15 K [C10b] 24212
By parameter such that fivi = 1.0 at 7c = 298.15 K [C10a, C22] 26.229
Go [CO2] in canopy air [Tmol mol™! [C2,C5 C25,C28]
Ce [COz2] in canopy chloroplasts in equilibrium with Ciijkimno M [C6a,CT7b]
Ceva) [CO2] in C4 bundle sheath (ML [C38,C39,C42,C4

4,C45b]
Ce(m4) [CO2] in C4 mesophyll in equilibrium with Ciijik;mn0 M [C29,C30b,C39]
G’ [CO2] in canopy leaves when i =0 [Tmol mol™! [C5] 0.70 x Gy Larcher (2001)
Ci [CO2] in canopy leaves “imol mol! [C2]
Cima)' [CO2] in Cs mesophyll air when i =0 Cmol mol™! [C28] 0.45 x Gy



Cima)
Cijz=i

DenNny,
De oy,

Deroy,
Doz
Dso2
diri

Exp

Seey!

Jcmay

Fen

[COz2] in C4 mesophyll air
C content of leaf (z =1/)

effective dispersivity-diffusivity of NH4 during root uptake
effective dispersivity-diffusivity of NOs™during root uptake

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

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

aqueous diffusivity of Oz from soil to root or mycorrhizal
surfaces

half distance between adjacent roots assumed equal to
uptake path length

energy cost of nutrient uptake

Cs product inhibition of RuBP carboxylation activity in Ca
bundle sheath or Cs mesophyll

C4 product inhibition of PEP carboxylation activity in Ca
mesophyll
fraction of leaf protein in chlorophyll

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

P inhibition on root P uptake

fraction of Xmx N translocated out of leaf or root before
litterfall

fraction of Xmx P translocated out of leaf or root before
litterfall

['mol mol!

g Cm?
m? h!
m? h!
m? h!
m? h!

m? h!

[C25]
[C18]

[C23]
[C23]

[C23]
[C14d]
[C14d]
[C23]

[C13]

[C47,C48,C49]

[C32,C33,C34]

[C8b]
[C6a,C7,C11,C12]0]
[C23g]

[C23h]

[C19a,c]

[C19b,d]

(7t Ls,z /AZ)_ 12

2.15

0.025

Grant (1998)

Veen (1981)



Frubisco
fra

fio

Ji

Sike

fiko

SN
for
Sui
Sui

&sC

gsN,Pp

8grC

gN,P
Haj

fraction of leaf protein in rubisco
temperature effect on Ra;; and U
temperature effect on carboxylation
temperature effect on electron transport
temperature effect on Kc;

temperature effect on Ko,

temperature effect on Rmi,

temperature effect on oxygenation

temperature effect on carboxylation

inhibition of root or mycorrhizal N exudation

inhibition of root or mycorrhizal P exudation

non-stomatal water effect on carboxylation

non-stomatal water effect on carboxylation

conductance for shoot-root C transfer

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

rate constant for root-mycorrhizal N,P transfer

energy of activation for electron transport

h—l

h—l
h—l

h—l

J mol™!

[C6b,d]
[C14,C22,C23]0
[C6b,C10a](]
[C8b,C10c]

[C6e,C10d]
[C6e,C10e]

[C16, C22b]0]

[C6d,C10b]

[C32,C33,C36,C4

7,C48]
[C19£,h]

[C19¢.i]
[C6a,C7a,CI]]

[C32,C33,C35C47

,C48]
[C50]

[C51]
[C52]

[C53]
[C10c]

0.125

QoI ]

calculated from
root depth, axis
number

0.1

0.1
0.1

43 x 10°

U
U

Bernacchi et al.
(2001,2003)J
Bernacchi et al.
(2001,2003)J
[l

0

Medrano et al.
(2002)

Grant (1998)

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

Bernacchi et al.
(2001,2003)



Hke
Hako
Hyo
Hyy

Han

Ha
[H2POg7 1]
[H2PO4 mn]
17

JL

Jo4)
J(m4);

Jmax !

Jmax(b4)

Jmax(m4)
Jmax

Kepa

Kema

parameter for temperature sensitivity of K;
parameter for temperature sensitivity of Ko,
energy of activation for oxygenation
energy of activation for carboxylation

energy of high temperature deactivation
energy of low temperature deactivation
concentration of HoPO4™ root or mycorrizal surfaces

concentration of HoPO4 at root or mycorrizal surfaces below
which Uro, =0

irradiance

electron transport rate in C3 mesophyll

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

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

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

electron transport rate in C4 mesophyll at non-limiting /
electron transport rate at non-limiting 7, y, temperature and
N,P

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in Cs4
mesophyll

J mol™!
J mol™!
J mol™!
J mol™!
J mol™!
J mol™!

-3

gNm
gNm3
Umol m? s
Umol m? s
Umol m? s
Umol m? s

[Imol g s7!(]

['mol m? s™'[]

['mol m? s™'[]

['mol m? s
ML

M

[C10d]
[C10e]
[C10b, C22]
[C10a, C22]

[C10, C22]
[C10, C22]
[C23]
[C23]
[C8a,]

[C7a,C8a]l

[C45a,C46]
[C30a,C31]

[C33,C48]

[C46,C48]

[C31,C33]
[C8a,C8b]]

[C44]

[C29]

55x 10°
20x 10°
60 x 10°
65 x 10°

222.5x 10°

197.5x 10°

0.002

400

30.0 at 25°C and
zero O

3.0 at 25°C

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

Barber and
Silberbush, 1984

0

0

0

Lawlor (1993)

Lawlor (1993)



K.
K
KiCN

KiCP

KIXC4(b4)

lec4(m4)

Klvlf

Klnlf

Kine
Kir -
K~
Kyp
Knu,
Ko,

KP04

Michaelis-Menten constant for carboxylation at zero Oz

Michaelis-Menten constant for carboxylation at ambient Oz

inhibition constant for growth in shoots from oc vs. on

inhibition constant for growth in shoots from oc vs. op

constant for COz product inhibition of C4 decarboxylation in
C4 bundle sheath

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

constant for Cs product inhibition of RuBP carboxylation
activity in Cs4 bundle sheath or C; mesophyll caused by

[ wi]

constant for Cs product inhibition of RuBP carboxylation
activity in Cs4 bundle sheath or C; mesophyll caused by
[7mti]

inhibition constant for N uptake in roots from oci; vs. on;

inhibition constant for P uptake in roots from oci; vs. opi;
roots

inhibition constant for remobilization of leaf or root N
during senescence

inhibition constant for remobilization of leaf or root P
during senescence

M-M constant for NHa4 uptake at root or mycorrhizal
surfaces

M-M constant for NOs uptake at root or mycorrhizal
surfaces

M-M constant for H.2PO4™uptake root or mycorrhizal
surfaces

Michaelis-Menten constant for root or mycorrhizal Oz
uptake

M

M
gCgN!

gCgp!
ML
M

gCgN!

gCgpP!

gNgcC!
gPgC'
gNgcC!

gPgC'

[C6c,Coe]

[Cé6e]

[C11]

[C11]

[C38]

[C34]

[C49]

[C49]

[C23]

[C23]
[C19¢]
[C19d]
[C23]
[C23]
[C23]

[Cl4c]

12.5at25°C

100

1000

1000.0

5x10°

100

1000

0.1

0.01
0.1
0.01
0.40
0.35
0.125

0.32

Farquhar et al.
(1980)

Grant (1998)

Grant (1998)

Grant (1998)

Grant (1998)

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



K,

KxN

KxP

lc

INp

Mz

Mo

M, ML,
Mm

Mr

iprot
N,P

Nieat

N 'leaf

Mt

Nprot

[Neniway]”

[Nentmay]’

inhibition constant for Oz in carboxylation

inhibition constant for exudation of root or mycorrhizal N
inhibition constant for exudation of root or mycorrhizal P
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 (protein) leaf C phytomass

mycorrhizal C phytomass

root C phytomass

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

minimum leaf structural N content
total leaf N

N content of protein remobilized from leaf or root

ratio of chlorophyll N in Cs bundle sheath to total leaf N

ratio of chlorophyll N in C4 mesophyll to total leaf N

M
gCgN!

gCgN!

gCm?h'!
gCm?h!

2

gCmr
g Cm?
g Cm?

2

gCmr
gCm?
g N m?
g N m?
gNgC!

gNgcC!

g N m?leaf

gNC!

gNgN'!

gNgN'!

[C6c,Cée] 500 at 25 °C

[C19h] 1.0
[C19i] 10.0
[C14d,C21b,C23]
[C18,C19a,b,C20]
[C19a,b]

[C20,C50]

[C12,C21]

[C12,C18]

[C52]

[C20,C21,C50,C5

2]

[C6b,C6d,C8b]
[Cl6,C19]

[C12] 0.10

[C12] 0.33 X Nieat

[C32,C33,C47,C4
8]
[C12,C19a] 0.4

[C48] 0.05

[C33] 0.05

Farquhar et al.
(1980)



[NH4 ir, l]
[NH4Dmn]

[NO3 _i,r, l]
[NOS_mn]

[N pep(m4] '
[Nruboa]’

OZq

P leaf

P 'leaf
Pprot

[mt]

Op

Ra
R
R’

concentration of NH4 ' at root or mycorrizal surfaces

concentration of NH4 'at root or mycorrizal surfaces below
which Unn, =0

concentration of NH4 ' at root or mycorrizal surfaces

concentration of NOs™at root or mycorrizal surfaces below
which Uno; =0

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

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

aqueous Oz concentration in root or mycorrhizal
aerenchyma

aqueous Oz concentration at root or mycorrhizal surfaces

aqueous Oz concentration in soil solution

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

minimum leaf structural P content

P content of protein remobilized from leaf or root

concentration of nonstructural root P uptake product in leaf

root or mycorrhizal porosity

gas constant
total autotrophic respiration
Raunder nonlimiting O:

specific autotrophic respiration of oci; at Tei = 25 °C

-3

gNm

gNm3

gPgC'
gPgC'

gPC!

gPgC'

m3 m'3
Jmol ' K!

gCm?h!
gCm?h!

gCgCth!

[C23]

[C23]

[C23]

[C23]

[C32]
[C47]
[Cl4c,d]
[Cl4c,d]
[Cl4c,d]
[C6c,C6e]
[C12]
[C12]

[C12,C19b]

[C49]

[C21b]
[C10, C22]

[C13]
[C14]

[C14]

0.0125

0.03

0.025

0.025

0.10
0.33 X Preat

0.04

0.1-0.5

8.3143

0.015

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984



R. autotrophic respiration of ocijor ocir gCm?h! [C13,C14,C17,

C15]
R growth respiration gCm?h! [C17,C20]
e leaf stomatal resistance sm’! [C25,C27,C39]
Tlfmaxi leaf cuticular resistance sm’! [C27]
Plfminijk l,m,n,0 leaf stomatal resistance when e =0 sm! [C27,C28,C35
ik lym,n,0 leaf stomatal resistance sm! [C2,C4,C9]
Pimaxi leaf cuticular resistance sm’! [C4]
Plminij k.m0 leaf stomatal resistance when e =0 sm! [C4,C5,C9]
Rn' specific maintenance respiration of ociy at Tei = 25 °C gCgN'h! [C16] 0.0115 Barnes et al.
(1998)
Ruij above-ground maintenance respiration gCm?h! [C16,C17,C15]
7qinl radius of root aerenchyma m [C14d]
Trirl root or mycorrhizal radius m [C14d,C21b,c,C23 1.0 x 10™* or 5.0 x
a,c,e] 107¢
Rsij respiration from remobilization of leaf C gCm?h! [C13,C15,C18,
C20]
7si thickness of soil water films m [C14d]
Ix rate constant for root or mycorrhizal exudation h'! [C191,g,h] 0.001
Pr dry matter content of root biomass g g'l [C21Db] 0.125
S change in entropy J mol! K! [C10, C22] 710 Sharpe and
DeMichelle
(1977)
oc nonstructural C product of CO: fixation gCgC! [C11,C19c.d,e,h,i,

C23g,h,C50-53]



ON

op

TC
Unnair1
U'nn,
UNo3ir1
U'No;
Upo4ir1
U'ro,
Uoairi
U'ozitr
UW[, rl
Vgosyijik
'
Vovayiik
Vb(m4)i,j, k,l,m,n,0

Vbi,j, k,Lm,n,o

meax(b4) !

nonstructural N product of root uptake

nonstructural P product of root uptake

canopy temperature
NHa4- uptake by roots or mycorrhizae

maximum Unn, at 25 °C and non-limiting NHa4
NO;™ uptake by roots or mycorrhizae
maximum Unos at 25 °C and non-limiting NO3~

H2PO4 uptake by roots or mycorrhizae

maximum Upo, at 25 °C and non-limiting HoPO4"

O uptake by roots and mycorrhizae under ambient O
O2 uptake by roots and mycorrhizae under nonlimiting Oz
root water uptake

CO:z leakage from Cs bundle sheath to C4 mesophyll

specific rubisco carboxylation at 25 °C

COz-limited carboxylation rate in C4 bundle sheath

COz-limited carboxylation rate in C4 mesophyll

CO2-limited leaf carboxylation rate

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

gNgcC!

gPgC!
K
gNm?h!
gNm?h!
gNm?h!
gNm?h!
gNm?h!
gNm?h!
gOm?h!
gOm?h!

m>m?h!

gCm?h!

[Imol g ! rubisco
st

['mol m? s
['mol m? s

['mol m? s

[Imol g ']

[C11, C19c,th,i
C23g,h,C51,C53]

[C11, C19d,g,h,i
C23g,h,C51,C53]
[C10, C22]

[C23]

[C23] 5.0x 107

[C23]

[C23] 5.0x 107

[C23]

[C23] 5.0x 107

[C14b,c,C23b,d,f]
[C14b,c,C23b,d.f]
[C14d,C23]

[C39,C42]
[C6b] 45

[C43,C44]

[C26]
[C3,C6]

[C47] 75

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984

Farquhar et al.
(1980)



meax(b4)i,j,k
meax(m4) !
meax(m4)[,j,k
meaxi,j,k
Vc(b4)i,j, k,l,m,n,0
Vc(m4)i,j,k, Lm,n,0
Veomay ijktmno
Vci,j,k, Lm,n,0
Vc'i,j,k,l,m,n,o
Vg(m4)i,j, k,l,m,n,0

Vgi,j, k,Lm,n,o

Vi'

Vj(b4)i,j, k,Lm,n,0

Vj(m4)i,j, k,Lm,n,o

Vji,j,k,l,m,n,o

Vo'

Vomaxi,j,k

Vycamayijik

COz-nonlimited carboxylation rate in C4 bundle sheath

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

COz-nonlimited carboxylation rate in C4 mesophyll

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

CO: fixation rate in C4 bundle sheath

CO: fixation rate in C4 mesophyll

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

leaf CO: fixation rate when we; = 0

COgz diffusion rate into C4 mesophyll
leaf CO» diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in Cs4 bundle sheath

irradiance-limited carboxylation rate in C4 mesophyll

irradiance-limited leaf carboxylation rate

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

decarboxylation of Cs fixation product in C4 bundle sheath

['mol m? s™'[]
[Imol g s7!(7
['mol m? s
['mol m? s
['mol m? s™'[]

['mol m? s

['mol m? s

['mol m? s
['mol m? s
['mol m? s
['mol m? s

[lmol g ™!
chlorophyll s

['mol m? s™'[]

['mol m? s
['mol m? s
[mol g ! rubisco
s

['mol m? s

gCm?Zhll

[C44,C47]

(C32] 150

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

[C24,C26,C40,C4
1]

[C28]

[C1,C3]

[C5]
[C24,025]
[C1,C2]

[C8b] 450

[C43,C45a]

[C26,C30a]
[C3,C7a]

[Céd] 9.5

[C6c.d]

[C38,C41,C42]

Farquhar et al.
(1980)

Farquhar et al.
(1980)



Vo cama

[ vit]
Vr
Witva)
Witima)

me

Xirl,C
Xi,r,IN

Xi,r, P
Y

(D)

Yima)

ZSC

ZsNp

transfer of C4 fixation product between C4 mesophyll and
bundle sheath

concentration of nonstructural root N uptake product in leaf
specific volume of root biomass

C4 bundle sheath water content

C4 mesophyll water content

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

root and mycorrhizal C exudation
root and mycorrhizal C exudation

root and mycorrhizal C exudation

carboxylation yield from electron transport in C3 mesophyll

carboxylation yield from electron transport in C4 bundle
sheath

carboxylation yield from electron transport in C4 mesophyll

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

plant population
shoot-root C transfer

shoot-root N,P transfer

gCm?h!

gCm?h!
gNm?h'!

gPm?h’!

[Jmol COz [Umol e

-1

[Jmol CO2 [Umol e

-1

[Jmol CO2 [Imol e

-1

gCgC!

gCm?h!

g N,P m?h!

[C37]

[C49]
[C21b]
[C37,C39]
[C37]

[C19a,b] 0.6 Kimmins (2004)

[C19€]
[C191]

[C19g]
[C7a,b]

[C45a,b]

[C30a,b]

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

Waring and
Running (1998)

[C21]
[C50]

[C51]



ZrC

ZNp

Loay[

Tima

a

¥4

JC4(b4)
X C4(m4)

[xe3ma]

[xcama]

&

KCc(b4)

uA

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

CO2 compensation point in C3 mesophyll

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

shape parameter for response of J to /

shape parameter for response of Jto 7

area:mass ratio of leaf growth

non-structural Cs fixation product in Cs bundle sheath
non-structural Cs fixation product in C4 mesophyll

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

concentration of non-structural C4 fixation product in Cs
mesophyll
quantum yield

quantum yield

conductance to COz leakage from C4 bundle sheath

canopy turgor potential

gCm?h!
g N,P m?h'!

M

[ML]

M

mg?

2

gCmr

2

gCmr
gg’
(M
[mol e [imol
quanta™!

[Jmol e ['mol
quanta™!

h—l
MPa

[C52]

[C53]

[C6a,C6c,CTb]

[C44,C45b]

[C29,C30b]

[C8a]

[C31,C46]
[C21]

[C37,C38,C41]

[C37,C40]

[C49]

[C34]

[C8a]

[C31,C46]

[C39]
[C4]

0.7

0.75
0.0125

0.45

0.45

20
1.25 at e =0

Grant and
Hesketh (1992)

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



Appendix D: Soil Water, Heat, Gas and Solute Fluxes

Surface Water Flux
Orx(xy) = Vatxy) dmxy Ly

Onxy) = Vytxy) dimxy Laxy)
dry = max(0, dwey) + dicwy) = dstey) dweey) / (dwiey) + diy)
Vaey) = RO $xx)®> / Zery)
Vi) = R $30000* / Zte)
Vatrg) = —RY®7 $x0e0®> / Zr(xy)
Vies) = =R $y60)" / ety
A(dwixp)Axy) | At = Orxy) — Oratiey) + Oryy) — Orp+iey) + P - By = Owzepd)
R=scdm/ [2 (s2+1)0.5]
Sxtey) = 2 abs[(Z + ds + dm)xy — (Z + ds + di)x+1y] /| (Lxtry) T Laie1y))
Syeey) =2 abs[(Z + ds + dm)xy — (Z + ds + dm)xy+1] / (Lyey) T Lyepi1)
LE\= L (ea—eyry )/ ra
LEs= L (ea— es(1, yy) / Fas
Subsurface Water Flux
Owieyz) = K'sx (Woxyz = Yort1y2)

Owyeys) = K'y (Woryz = Yory+12)

2D Manning equation in x (EW)
and y (NS) directions

surface water depth

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

2D kinematic wave theory for
overland flow
wetted perimeter

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

evaporation from surface litter

evaporation from soil surface

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

[DI1]

[D2]

[D3]

[D4]
[D5a]

[D5b]

[D6a]

[D6b]

[D7]



sz(x,y,z) =K' ( Wsx,yz — l//sx,y,z+1)
Agw P-4 /At = (wa(x,y) - wa+1(x,y) + wa(x,y) - wa+1(x,y) + sz(x,y) - sz+1(x,y) + Q/(x,y,z)) /Lz(x,y,z)

K'v=2 KeyzKeryz/ (Ko Leger 152 + Ket 1y Leey2)
=2 Kvyz/ (Lae+1p2) + Laey2)
=2 Ket1yz/ (Lxtxet1y2) T Lary)
K'y=2 Kiy:zKeyr1z/ (Keyz Lyey+12) + Keyr12 Lry2)
=2 Kuyz! (Lyery+12) + Lyxy.o)
=2 Kipr1z/ (Lyey+1.2) T Lyxy2)
K':=2Kiy:Kiyzr1/ (KryzLowyz1) + Keyzr1 Lay.2)
=2 Kuyz!/ (Latoyz+1) + Letey)
=2 Keyo1/ (Legeyz+1) + Loeys)
Exchange with Water Table
Ontryr) = Kxyz [W' = Winyz + 0.01 (dxyz — di)] / (Lx + 0.5 Liry.z)
Oveyr) = Koz [W' = Waeyz + 0.01 (duvyz — d)] / (Liy + 0.5 Ly )

Heat Flux
R.+LE+H+G=0

G xwy2) = 2 Koyt 1y2) (Taya) = Tory2) [ (L copart L v 1p.2) + v Tipz) Owntep)

G2 = 2 Koyt (Taya) = Tiey+1.2) | (Ly oyt Ly @o+12) + 0w Tz Qwteya)

y (NS) and z (vertical) directions
3D water transfer plus freeze-thaw

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

in direction x if destination cell is
saturated

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

in direction y if destination cell is
saturated

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

in direction z if destination cell is
saturated

if Wsx,y,z > 74 '+ Ool(dzxyz — dt) for
all depths z from dzxy.- to dh
or if dzx,y,z 0 dt

for eachcanopy, snow, residue and
soil surface, depending on exposure
3D conductive — convective heat
flux among snowpack, surface
residue and soil layers in x (EW), y

[D8]
[D9a]

[D9b]

[D9a]

[D9b]

[D9a]

[D9b]

[D10]

[D11]

[D12a]

[D12b]



Gz(x,y,z) =2 K(x,p,2),(x,p,z+1) (T(x,y,z) - T(x,y,z-*—])) / ( Lz (x,y,z)+ Lz (x,y,z+1)) + cw T(x,y,z) sz(x,y,z)

Gx(x-l,y,z) - Gx(x,y,z) + Gy(x,y-],z) - Gy(x,y,z) + Gz(x,y,z-[) - Gz(x,y,z) + LQ/(x,y,z) + C(x,.2) (T(x,y,z) - T’(x,y,z)) /At = O

Gas Flux
Qdspuyz = Agsiyz Day (85 flapyz [Yeslorz = [§s]erz)
eryx,y,z = dgrx,y,z Ddy (S /yﬁd}pc,y,z [}/gr]x,y,z - [}/sr]x,y,z)
Oesyzeyt = Gaxy {[74] - {2 [Yeshey 1Desyzton. 1)/ Lasy, 1)+ Gaxy [713/42 Desyatey, 1)/ Loy, Gaxy} }

Qdspry,1 = agsxy,l Day (8% flaeyt [7a] - [Ps]ens)
Yx

Oesr(vy) = = Qwxtry) [ Yeslerz T 2 Despxrya ([ Yeslvyz = [Pshvt102) 1 (Lx ooyt L (e+10.2)
Ossiy(xy.) = = Qwytiy) [ Jeshenz T 2 Desyycens) ([eslenz = [Weslew+2.2) / ( Ly rpay™ Ly ep+1.9)
Ossrzy2) = = Owavyd) [ Yeslvyz + 2 Deyatvyz) ([Yaslenz = [eslvpz+1) / (Lz eyt Lz (eyz41)

Qgryz(x,y,z) = Dgryz(x,y,z) ([Vgr]xyy,z - [7/‘1])/ 21,2 L: (xp.2)

Dgsyx(x,y,z) =D ,gy ﬁgx,y,zmﬂ_’_mggx,y,z + 9gx+1,y,z)]2/ Hpsx,y,zo‘67
Dgsyyxy) = D'y fgey ITGky,- + ng,yHJ)]z/ Hpsx,yyzo‘(ﬂ
Dgsyateyy= D'y flgey TG yz + Opryzri )]2/ gpsxyyyzom

Dgryz(x,y,z) = D ,gy ﬁgx,y,zLBprx,y,z 133 Ar xy.z) /A Xy

(NS) and z (vertical) directions

3D general heat flux equation
driving freezing-thawing in
snowpack, 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 (z = 1)
and the atmosphere

3D convective - conductive gas
flux among soil layers in x (EW), y
(NS) and z (vertical) directions,

convective - conductive gas
flux between roots and the
atmosphere

gasous diffusivity as a function
of air-filled porosity in soil

gasous diffusivity as a function
of air-filled porosity in roots

[D12c]

[D13]

[D14a]
[D14b]
[D15a]

[D15b]

[D16a]
[D16b]
[D16c]

[D16d]

[D17a]
[D17b]
[D17¢]

[D17d]



Qbyz = mll’l[OO, {(4464 wa,y,z 273.16/ T(x,y,z)) - Ey ([%]xyz/ (S /yﬁdyxszy))}]
([#)erz/ (S /vﬁdnynM7)) [y ([Hleyz/ (S /vﬁdyx,yszﬂ) S /vﬁdyx,ysz7 Viyz

Solute Flux

Ospxey) = = Owxwya) [Bs)oyz T 2 Dspseoy U Blvyz = [6]v+102) 1 (L opa) T L e 132)
Osry(ey) = = Owy(eya) [Kslerz T 2 Dsyyteya) ([Bleyz = [Bley+12) / (Ly o) T Ly (ey+12)
Osyz(xp2)= = Owatwy) [Jslowz T 2 Dsyatoyz) ([6)vyz = [6)pz+1) / (Lz ooy + Lz D)
Oney2)= = Owitey2) [$s]wpz + 2Lir Dsy([ 5] —ptir]) In{(rs L) / v}

+20lLir Dry([psrir] —ymir]) In(rair) / rvir)
Dantsz) = Dty | Qusta) |+ D%y oz (11T Bz + Grare12)] 707
Detey) = Daytepz) | Oyt |+ Dy flseysz T Bz + Gurr12)] 707
Déyz(x,y,z) = Dqz(x,,2) | Owz(x,y.2) |+Dp S ftseyz T By + Gwxv1,2)] 77

Dry(x,y,z) = D,qr | Qwr(x,y,z) | +D,sy ﬁsx,y,z wa,y,z T;’

qu(x,y,z) =05«a ( Lx (x,y,z)+ Ly (x+1,y,z))ﬂg
qu(x,y,z) = 05 a ( Ly (x,y,z)+ Ly (x,/\r-%—],z))ﬂg

qu(x,y,z) =05«a ( L (x,y,z)+ L (x,y,z+1))ﬂg
o

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

3D convective - dispersive solute
flux among soil layers in x (EW), y
(NS) and z (vertical) directions

convective - dispersive solute
flux between soil and root aqueous
phases

aqueous dispersivity in soil as
functions of water flux and water-
filled porosity in x, y and z
directions

aqueous dispersivity to roots as
functions of water flux and water-
filled porosity

dispersivity as a function of water
flow length

[D18]

[D19a]
[D19b]
[D19c¢]

[D19d]

[D20a]
[D20b]
[D20c¢]

[D20d]

[D21a]
[D21b]

[D21c]



Definition of Variables in Appendix D

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=1 to
n: soil layers
variables
A area of landscape position m? [D17¢]
Ar root cross-sectional area of landscape position m? [D17¢]
Agr air-water interfacial area in roots m’? m? [D14b]
Qgs air-water interfacial area in soil m? m? [D14a,D15b] Skopp (1985)
a dependence of Dq on L - [D21] 0.20
B dependence of Dq on L - [D21] 1.07
c heat capacity of soil MJ m2°C! [D13]
Cw heat capacity of water MJ m3 °C! [D12] 4.19
Day volatilization - dissolution transfer coefficient for gas y m? h! [D14,D15a]
Dyry gaseous diffusivity of gas y/in roots m? h! [D16d,D17d] Luxmoore et al.
(1970a,b)
Dy gaseous diffusivity of gas y/in soil m? h! [D15a,D16a,b,c,.D Millington and
17a,b,c] Quirk (1960)
o diffusivity of gas y in air at 0 °C m? h! [D17] 6.43 x 102 for y=  Campbell (1985)

()]



dm

di

ds

d

dw

d»

E

ea
ety
es(r vy
fi,
Se

S

G

dispersivity in roots

dispersivity in soil

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

depth of mobile surface water

depth of surface ice

maximum depth of surface water storage
depth of external water table

depth of surface water

depth to mid-point of soil layer

evaporation or transpiration flux

atmospheric vapor density

surface litter vapor density at current 71 and y
soil surface vapor density at current 75 and 4

temperature dependence of §'%

temperature dependence of D %y

temperature dependence of D%,

soil surface heat flux

m? h!
m? h!

m? h!

m>m?h’!

[D20d]
[D20,D21]
[D19d,D20d]
[D19,D20]
[D20]
[D1,D2,D5a,D6]
[D2]

[D2,D5b]

[D10]

[D1,D2]

[D10]

[D4,D11]

[D6]

[D6a]

[D6b]
[D14,D15b,D18]
[D17]

[D20]

[D11]

8.57x 107 for y=

Campbell (1985)

Wilhelm et al.
(1977)
Campbell (1985)

Campbell (1985)



Gx,Gy,G:

&a

[7a]2
(7]
[7es]
(7]
(7]

[75]

K'x s 'y ,K’z

L;
Li/

Ly, Ly, L:

LE

LE;

soil heat flux in x, y or z directions
boundary layer conductance

gas (H20, CO2, Oz, CH4, NH3, N20, N2, H») or solute (from
appendix E)
atmospheric concentration of gas y

gasous concentration of gas y/in roots

gasous concentration of gas y//in soil

aqueous concentration of gas y//in roots
aqueous concentration of gas y//at root surface

aqueous concentration of gas y//in soil

sensible heat flux

hydraulic conductivity

hydraulic conductance in x, y or z directions

thermal conductivity

root length

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

latent heat flux from surface litter

latent heat flux from soil surface

MJm?h!

mh’!

MJm?h’!
m? MPa™' h™!

m MPa™! h!

MJ m! hteC!

[D6a]

[Do6b]

[D12,D13]
[D15a]

[D14,D15]

[D15,D16d]
[D14b,D16d]

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

[D19b]

[D14a,D15b,D18,
D19]
[DI11]

[D9,D10]
[D7,D9]
[D12]
[D19d]

[D10]

[D1,D5b,D8,D9,D
10,D12,D15a,D16
D19]

MJ m?h!

MJm?h!

Green and Corey
(1971)

de Vries (1963)



Obyz
Qary
Qusy

O

Oery
Oesy
Ors, Oy
O«

On

O

Owr
Owx, Oy, Qv
O,

G 7
Gs/

&

latent heat of evaporation
atomic mass of gas y
precipitation flux

bubbling flux

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

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

freeze-thaw flux (thaw +ve)

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

surface water flow in x or y directions

aqueous flux of gas or solute y/in soil

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

water flux between boundary grid cell and external water table
in x or y directions

root water uptake

subsurface water flow in x, y or z directions
air-filled porosity

root porosity

soil porosity

water-filled porosity

MJ m?

g mol’!

m m2 bl
gm? !
gm?h'!
gm? !
m’m2h!
gm? !
gm? !
m’m2h!
gm? !
gm? !
m’m2h!
m m2 bl

m*m2h!

[D6,D11,D13] 2460
[D18]

[D4]

[D18]

[D14b]
[D14a,D15b]
[D8,D13]
[D16d]
[D15a,D16a,b,c]
[D1,D4]
[D19a,b,c]
[D19d]

[D10]

[D19d, D20d]

[D4,D7,D8,D12,D
16,D19,D20]
[D17a,b,c]

[D17d] dryland spp. 0.10
wetland spp. 0.20
[D17a,b,c]

[D8,D18,D20]

Luxmoore et al.
(1970a,b)



Ry
Fal
Fas
Fqir
Fri,r

I's

Sr

Sx, Sy

Vi, Vy

778

Zr

ratio of cross-sectional area to perimeter of surface flow m [D3,D5a]

net radiation MJ m?h'! [D11]
surface litter boundary layer resistance m h’! [Dé6a]
Soil surface boundary layer resistance m h! [Dé6b]
radius of root or mycorrhizal aerenchyma m [D19d]
root or mycorrhizal radius m [D19d]
thickness of soil water films m [D19d, D21d]
Ostwald solubility coefficient of gas y/at 30 °C - [D14,D15b,D18]
slope of channel sides during surface flow mm™! [D5a]
slope in x or y directions mm™! [D3,D5b]
soil temperature °C [D12,D18]
tortuosity . [D20]
velocity of surface flow in x or y directions mh™! [D1,D3]
soil water potential at saturation MPa [D10]
soil water potential MPa [D7,D10]
surface elevation m [D5b]

Manning's roughness coefficient m > h [D3]

1.0 x 10~ or 5.0 x
10°¢

0.0293 for y= 02

5.0x 103

0.01

Wilhelm et al.
(1977)



Appendix E: Solute Transformations

Precipitation - Dissolution Equilibria

AI(OH),, < (AI'" )+ 3 (OH) (amorphous AI(OH),) 330 [E1]
Fe(OH),, < (Fe’ )+3 (OH) (soil Fe) 393 [E2]
CaCO,, < (Ca” ) +(CO;") (calcite) 928  [E3]
CaS0,, < (Ca’ ) +(S0,") (gypsum) 4.64  [E4]
AIPO,, < ( NG )+ (PO43_ ) (variscite) -22.1  [E5]?
FePO,, < (Fe' )+ (PO, ) (strengite) 264  [E6]
Ca(H,PO,),, < (Ca2+ )+2 (H,PO, ) (monocalcium phosphate) -1.15  [ET]°
CaHPO,, < (Ca’ )+ (HPO, ") (monetite) -6.92 [ES8]
Cay(PO,);0H, <5 (Ca2+ )+3 (PO43_ )+ (OH) (hydroxyapatite) -58.2  [BE9]

Cation Exchange Equilibria *

X-Ca+2 (NH, ) <2 X-NH, + (Ca ) 1.00  [E10]
3X-Ca+2 (Al ) =2 X-Al+3(Ca ) 100 [El1]
X-Ca+ (Mg ) < X-Mg+(Ca’) 0.60 [El12]
X-Ca+2(Na ) <2 X-Na+(Ca) 0.16  [E13]
X-Ca+2(K ) o2 X-K+(Ca) 3.00  [El4]
X-Ca+2(H ) 2X-H+(Ca) 100 [E15]

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

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

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

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



3 X-Al + 2 (X-Ca + X-Mg) + X-NH4 + X-K + X-Na + X-H = CEC

Anion Adsorption Equilibria
X-OH, < X-OH+(H)
X-OH < X-0 +(H)
X-H,PO, + H,0 < X-OH, + (H,PO, )
X-H,PO, + (OH') < X-OH + (H,PO, )
X-HPO, + (OH ) < X-OH + (HPO, )
X-OH, +X-OH + X-O + X-H,PO,+ X-HPO, + X-COO = AEC

Organic Acid Equilibria
X-COOH < X-COOTI(H")

lon Pair Equilibria
(NH, ) < (NHy), + ()
H,0 < (H' )+ (OH')
(COy, + H0 & (H ) +(HCO;)
(HCO, ) & (H ) +(CO;)
(AIOH™" ) & (A" )+ (OH)
(AI(OH), ) < (AIOH" )+ (OH)
(AI(OH),") < (AI(OH), ) + (OH )
(AI(OH), ) < (AI(OH),”) + (OH )
(AISO, ) < (A" ) +(S0,")
(FeOH™ ) < (Fe' )+ (OH)
(Fe(OH), ) < (FeOH™ )+ (OH)
(Fe(OH),’) < (Fe(OH), ) + (OH )
(Fe(OH), ) < (Fe(OH),” ) + (OH )

-7.35
-8.95
-2.80
4.20
2.60

-5.00

-9.24
-14.3
-6.42
-10.4

-9.06
-10.7

-5.70
-5.10
-3.80

-12.1
-10.8

-6.94
-5.84

[E16]

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

[E23]

[E24]
[E25]
[E26]
[E27]

[E28]
[E29]

[E30]
[E31]
[E32]

[E33]
[E34]

[E35]
[E36]



(FeSO, )< (Fe' ) +(S0,")
(CaOH') < (Ca” ) + (OH')
(CaCO,") & (Ca” )+ (CO;™)
(CaHCO, ) < (Ca’ ) + (HCO;)
(CaS0,’) < (Ca’ ) +(S0,7)
(MgOH") & (Mg )+ (OH )
(MgCO;') & (Mg’ ) +(CO; ")
(MgHCO, ) & (Mg ) + (HCO; )
(MgS0,’) = (Mg ) +(S0,”)
(NaCOy ) & (Na ) +(CO; )
(NaSO, ) < (Na') + (S0, )
(KSO, ) & (K ) +(50,7)
(H,PO,) < (H') + (H,PO, )
(H,PO, ) & (H) + (HPO,”)
(HPO,” ) & (H) + (PO,”)
(FeHLPO,” ) < (Fe’ ) + (H,PO, )
(FeHPO, ) < (Fe' ) + (HPO,” )
(CaH,PO, ) < (Ca ) + (H,PO,)
(CaHPO,’) & (Ca” )+ (HPO,”)
(CaPO, ) < (Ca’ )+ (PO,”)
(MgHPO,”) < (Mg ) + (HPO,” )

415
-1.90
-4.38
-1.87
2.92
-3.15
-3.52
117
-2.68
-3.35
-0.48
-1.30
215
-7.20
124
-5.43
-10.9
-1.40
2.74
-6.46
2.91

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



Appendix F: Symbiotic N Fixation

Runaxiy = Mhiy R’ [}[ni,l] / ([Zn[,l] + Kln)ﬁfNP

fi=Ti{exp[B— Ha/ (R T)]} /{1 + exp[(Ha — ST1) / (RT))] + exp[(ST: — Ha) / (R T})]}

Sae =min{[Nnis] / [Nn'], [Pnid] / [Pn']}

Ris = Rumaxij (Vosit/ Voymaxii)

Vo,maxii = 2.67 Rmaxii

Vo,ii = Voymaxii [Oit] / ([Oziid] + Koyr)

= 2n[Lsis Dso, ([O21] =[Oeid]) / In((rrii + I'wl)) / 1ri)

Rumij = R Miy fim
fom = €l (7= 298.16)]

Rgiy=max{0.0, Riy — Rmi}

Rsiy=max{0.0, Rmi; — Ris}

Lciy = Rsiy min{Mhni;/ (2.5 Nnid 00Mhis / (25.0 Pri 1]

Nyt = min{Rgis ENy' fcp, Miuig [Na' ][+ Nai /L [[N2ri] / ([Naris] + Knpr)l]

be = min{[;{m,/] / (10 + [Vni,l] /KIXn)7 [ﬂ'ni,/] / (10 + [Vni,l] /Klnn)}
RNyt = Vit /ENY'

Uli,l = (Rgi,l - RNzi,l) / (1 - Yn')

Microbial Growth

respiration demand
Arrhenius function
N or P limitation
O: limitation
02 demand
equilibrate Oz uptake with
supply
maintenance respiration
temperature function
growth + fixation respiration
microbial senescence
microbial C litterfall
N> Fixation
rate of N2 fixation

product inhibition of N>
fixation
fixation respiration

growth respiration

[F12]
[F13]
[F14]

[F15]



OMhis/ 8t = Uiy Ya'l5 Ll

ONnis/ 8t = 8Mnis/ &t min{ vai1/ i, [Na']0)
ONnit/ 8t = Nnit/Mnil&Mhni /5t

OPnit /0t = dMhiy /5t Min{ /i1 / yuit, [Pu']C1]
OPni /8t = Prij /Mhni OMni1 /5t

Lyiy = abs(8Nni /8¢)]

Lpij = abs(8Pni1/5t)

Vi = & (rig Mhii= ynig Mrig) | (Mhig + Mhig)

Vvig = & (Vi Yiid = Vaid Yrid) | (nig + Jit)

Vg = & (i i = i Yrig) | (nid + Yrid)

S i /8t =V iy - min{Rumis, Rit} - RNyis- Uyis+ FrciLci
O Vit /8t = Vvig- ONnii 18t + VNyig + Fin1Lnig

O 7tit /0t = Vijg - OPniy /Ot + FrpiLpij

Nodule — Root Exchange

microbial C growth
microbial N growth
microbial N growth
microbial P growth
microbial P growth
microbial N litterfalll]

microbial P litterfall’]

nodule-root C exchange

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

nodule nonstructural N

nodule nonstructural P

OMhndi i/t > 0
OMndi /ot <0
OMndi /ot > 0
OMhndi /ot <0
ONndi, /0t < 0L

OPndi /0t < 0L

Definition of Variables in Appendix F

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

[F20]

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

[F26]

Variable Definition

Units

Equations Input Values

Reference

B parameter such that fi=1.0 at 7;=298.15 K

F2

17.533



Ha

Ha

Ky,

Klnn

nodule nonstructural C

nodule nonstructural C concentration
root nonstructural C
diffusivity of aqueous Oz

direct energy cost of N fixation

fraction of nodule C litterfall remobilized as nonstructural C
fraction of nodule N litterfall remobilized as nonstructural N
fraction of nodule P litterfall remobilized as nonstructural P
effect of nodule nonstructural C or P content on N2 fixation
effect of nodule N or P content on respiration

temperature function for nodule respiration

temperature function for nodule maintenance respiration
energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

Michaelis-Menten constant for nodule respiration of yndi.
inhibition constant for nonstructural N:C on N fixation

inhibition constant for nonstructural N:P on N> fixation

J mol™!
J mol™!
J mol™!
gg
gg

gg

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

F1,F13
F21,F22,F23
Féb

F12,F14 0.25

F24
F25

F26

F12,F13

F1,F3

F1,F2

F7,F8

F2 57.5x 10°
F2 220 x 103
F2 190 x 103
F1 0.01

F13 10

F13 1000

Gutschick,
(1981), Voisin
et al., (2003)



KNzr

KOzr

Ly
Lciy
Lnig
Lpiy

Mni,l

My
[Vh']

Nn[,l

[Nniy]
[Na2rid]
Vhil
WVii 1L

[ hid]
[O2:i]

[O2]

Michaelis-Menten constant for nodule N> uptake
Michaelis-Menten constant for nodule Oz uptake

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

root length

nodule C litterfall
nodule N litterfall
nodule P litterfall

nodule structural C

root structural C
maximum nodule structural N concentration

nodule structural N

nodule structural N concentration
rhizosphere aqueous N2 concentration
nodule nonstructural N

root nonstructural N

nodule concentration of nonstructural N
rhizosphere aqueous Oz concentration

soil aqueous Oz concentration

gNm
gOm

h—l

gCm?h!
gNm?h!
gPm?h'!

gCmr

gCmr
gNgcC!

gNm

gNgC!
gNm
gNm
gNm
gg
gOm

gOm

F12 0.14
F6a 0.32

F21,F22,F23

Féb
F11,F16,F24
F19,F25
F20,F26

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

F3,F12 0.1

F7,F11,F12,F17,F
19,F25

F3,F17a

F12
F17a,F22,F25
F22

F13,F17a
Fé6a,b

Féb



Rm
Rmaxiyf
Rumiy
Rnyii
Rsiy
Til
T'wi

S

Ti

maximum nodule structural P concentration
nodule structural P

nodule structural P concentration

nodule nonstructural P

root nonstructural P

nodule concentration of nonstructural P

gas constant

nodule growth respiration

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

Indi, Vadigand Zmdi

nodule respiration under ambient O

specific nodule maintenance respiration at 25°C
nodule respiration under non-limiting Oz
nodule maintenance respiration

nodule respiration for N> fixation

nodule senescence respiration

root radius

radius of soil water films

change in entropy

soil temperature

gPgC!
gPm
gPgC!
gPm
gPm
gg
J mol™! K!
gCm?h!

h—l

gCm?h!
gCgCth!
gCm?h'!
gCm?h!
gCm?h'!

gCm?h!

Jmol!' K!

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

F13

F2
F9,F12,F15

F1

F4,F9,F10,F24
F7

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

Féb

Féb

F2

F2,F8

0.01

8.3143

0.125

710



Uyii
Vyii
Vi
VNyii
Vo,maxii
Voaiu
Vi

Yl’l'

y

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

O2 uptake by nodules under non-limiting O2

O: uptake by nodules under ambient O2
nonstructural P transfer between root and nodule
nodule growth yield

shape parameter for fin

gCm?h!
gCm?h!
gNm?h!
gNm?2h!
gOm2h!
gOm2h!
gPm?h!

gCgC!

F15,F16,F24
F21,F24

F22 F25
F12,F14,F25
F4,F5,F6a
F4,F6
F23,F26
F15,F16

F8

0.67

0.081



Appendix G: CH4Production and Consumption

Riy= {R’r Misa[Qic] / (Kr (1+ [O2] / Ki) + [Qic])} T
Qic— 0.67 Aic +0.33 CO2-C + 0.11 H2

Uie = Rmis+ (Riy— Rmiy) (1.0 +Y))

Uise =Riy

Yy =-AGy/Em

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

OMiyje /0t =F; Uige- Fj Riy- Digge

OMij.c /0t =F; Uife - Rmigj- Digje

Rim = {R'mMima[Aicl/ Km+[AicD} ft
Aic— 0.50 CH4-C + 0.50 CO2-C

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

Y =-AG'y, / Em

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

Anaerobic Fermenters and H> Producing Acetogens

respiration by fermenters

partition respiration products

uptake of DOC by fermenters [Riy > Rmiy]
[Riy < Rmiy]
growth yield of fermentation
free energy change of fermentation
growth of fermenters [Riy > Rmiy]
[Riy <Rmiy]
Acetotrophic Methanogens
respiration by acetotrophic
methanogens
partition respiration products
uptake by acetotrophic [Rim > Rypiml
methanogens
[Ri,m < Rmi,m]
growth yield of acetotrophic
methanogenesis
growth of acetotrophic [Rim > Rypiml

methanogens

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

[G6b]

[G7]
[G8]
[G9a]

[G9b]

[G10]

[Gl1a]



6Mi,m,j,c /ot = Fj Uim,c- Rmi,m,j - Dz’,m,j,cu

Rp = {R'3 Mjp,q [H2] / (Kp + [H2]) [CO2] / (K¢ + [CO2])} £l
CO2-C +0.67 H» - CH4-C

Upe =R+ Ry -Rpyyn) (1.0 +Yy)

Une =Rp

Y, =-AGy/ Ec

AGp, =AG'y, - {R T In([Hz2] / [H2'])*}

SM},J"C [0t = Fj Upc- Fj Ry, - Dh,j,c

dMpjc/6t=F;jUp c - Rmpj-Dpjc 0

X't = {X't Myq [CHa]/ (K¢t [CHaD)} /- 1]

R'y=X"1 Yy,

Y, =-AGs / Eg

X=Xt Joot

R/ =R't foor

CHs-C +4.0 02 —» CO2-C + 1.5 H2O +0.167 H*

CHs-C + 1.33 O2 » CH20-C +0.167 H"

Hydrogenotrophic Methanogens

respiration by hydrogenotrophic
methanogens
transform respiration products

uptake by hydrogenotrophic
methanogens

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

Autotrophic Methanotrophs

CHa4 oxidation by methanotrophs
under non-limiting Oz

respiration by methanotrophs under
non-limiting Oz
energy yield from CH4 oxidation

CHa4 oxidation by methanotrophs
under ambient Oz
respiration by methanotrophs under
ambient Oz
Oz requirements for CHs oxidation
by methanotrophs
Oz requirements for growth by
methanotrophs

[Ri,m < Rmi,m]

[Rp > Rpynl

[Rp <Rpynl

[Rp > Rpynl

[Rp <Rpynl

[G11b]

[G12]

[G13]

[G14a]

[G14b]

[G15]
[G16]
[G17a]

[G17b]

[G18]

[G19]

[G20]

[G21a]
[G21b]
[G22]

[G23]



CH20 -C+2.67 O2 —» CO2-C + 1.5 H.0 O: requirements for respiration by [G24]

methanotrophs
Uie =Ryt Ry -Rypy) (1.0+ Y, G) uptake by methanotrophs [R¢> R [G25a]
Use =Ry [Rr <Ryl [G25b]
Y, = -AG'. / Em growth yield of methanotrophy [G26]
8Myj /8t =F;Usc-FiR;-Dyjc [Rr> Ry [G27a]
8Myj ¢ /8t =F; Usc - Ruyj - Dyj Ll [Re<Rp]  [G27b]
Definition of Variables in Appendix G
Variable Definition Units Equations Input Values Reference
A acetate gC 2 [G2]
[A] aqueous concentration of acetate ¢ Cm? [G7]
p descriptor for j = active component of Mi
[CH] aqueous concentration of CHy g Cm? [G18]
[CO] aqueous concentration of CO2 g Cm? [G12]
Dhjc decomposition of hydrogenotrophic methanogens ¢ Cm? b [G17]
Difjc decomposition of fermenters and acetogens ¢ Cm? ! [G6]
Dimjc decomposition of acetotrophic methanogens ¢ Cm? b [G11]
Ditjc decomposition of autotrophic methanotrophs ¢ Cm? b [G27]
Ec energy required to construct new M from COz KJ g C! [G15] 75



Ec

Ej

foat

AG',

AGf
AG's

AGy,

AG'y,

AG'yy,

AG';

energy required to transform CH4 into organic C

energy required to construct new M from organic C

partitioning coefficient for j in Mi,n,j

descriptor for fermenters and acetogens in each M;
ratio of Oz uptake to Oz requirement for CH4 oxidation

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

free energy change of fermentation plus acetogenesis

AGy when [Hz] = [H2']

free energy change of hydrogenotrophic methanogenesis

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

free energy change of acetotrophic methanogenesis

free energy change of CHs oxidation by methanotrophs

K gC!

K gC!

K gC!

kl g Qi,c_1

kl g Qi,c_1

kJ g CO»-C!

kJ g CO»-C!

klg Ai’c'l

kJ g CHs-C"!

[G20] 235
[G4,G10,G26] 25
[G6,G11,G17,G2

7]

[G21a,b]

[G1,G7,G12]

[G26] 375
[G4,G5]

[G5] -4.43
[G15,G16]

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

Anthony
(1982)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)



[H2]

[H2']

My,

Ml')f

aqueous concentration of H»

aqueous concentration of Hx when AGy = AG'j and AGf=
AG's

descriptor for hydrogenotrophic methanogens in each M;

descriptor for organic matter-microbe complex (i = plant
residue, manure, particulate OM, or humus)

descriptor for structural or kinetic components for each
functional type within each M; (e.g. a = active)

M-M constant for uptake of CO2 by hydrogenotrophic
methanogens
M-M constant for uptake of DOC; . by fermenters and

acetogens

inhibition constant for Oz on fermentation

M-M constant for uptake of H> by hydrogenotrophic
methanogens

M-M constant for uptake of A; . by acetotrophic
methanogens

M-M constant for uptake of CHs by methanotrophs
descriptor for elemental fraction within eachj (j = ¢, n or p)
microbial communities

hydrogenotrophic methanogen community

fermenter and acetogenic community

gHm?

gHm?

gCm?

gCmr

gOm

gHm

gCmr

gCm?

gCmr
gCmr

gCmr

[G5,G12,G16]

[G5,G16]

[G12]

[G1]

[G1]

[G12]

[G7]

[G18]

[G12,G17]

[G1,G6]

2.0x10*

0.12

12

0.32

0.01

12

3x1073

Brock and
Madigan
(1991)

McGill et al.
(1981)

Mosey (1983),
Robinson and
Tiedje (1982)

Smith and
Mah (1978),
Zehnder et al.
(1980)
Conrad (1984)



R; f

R’y

Riyn J
Runifyj

Rinim,j

acetotrophic methanogen community

autotrophic methanotrophic community

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

aqueous concentration of DOC

gas constant

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

CO:z reduction by hydrogenotrophic methanogens

specific COz reduction by hydrogenotrophic methanogens at
saturating [Hz] and [CO2], and at 25 °C and zero water
potential

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

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

maintenance respiration by hydrogenotrophic methanogens
maintenance respiration by fermenters and acetogens

maintenance respiration by acetotrophic methanogens

2

gCmr

g Cm?

g Cm?
gCm?
kJ mol!' K'!

gCgMs ' h!

gCm?h!

gCgMua'h!

gCm?h!

gCm?h!

g C g I\/Ii,m,a_1 h!

gCm?h!
gCm?h!

gCm?h'!

[G7,G11]

[G18,G27]

[G2]
[G1]
[G5,G16]

[G1] 0.1

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

[G12] 0.12

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

[G7] 0.20

[G14,G17]
[G3,G6]

[G9,G11]

8.3143 x 107

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

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

Smith and
Mah (1980)



maintenance respiration by methanotrophs

CHa oxidation by methanotrophs for respiration

CHa oxidation by methanotrophs for respiration at saturating
(0))
soil temperature

descriptor for autotrophic methanotrophs

rate of CO:z uptake by My,

rate of DOC; x uptake by M; ¢

rate of A; . uptake by M; »,

rate of CHa uptake by M;

CHa oxidation by methanotrophs

CHa oxidation by methanotrophs at saturating O2

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

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

ratio of CH4 respired vs. CH4 oxidized by methanotrophs

gCm?h!

gCm?h!

gCm?h!

gCm?h!
gCm?h'!
gCm?h!
gCm?h!
gCm?h!
gCm?h!
gCg'h!
gM;rgQ;c’
g My, g CO-C!
gMimgAic!
¢ M,-C g CH4-C"!

gCgC!

[G25,G27]

[G21b,G23,G24,
G25,G27a]

[G19,G21b]

[G5,G16]

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

[G19,G20]

Conrad (1984)



Appendix H: Inorganic N Transformations

Mineralization and Immobilization of Ammonium by All Microbial Populations

Invging = (Mimjc ONj — MimjN) (INnginj < 0)
Innging = (Mimjc ONj — MimjN) [NHa"] / ([NH4 ] + Knpym) (INnyinj > 0)
Inosing = (Mimjc ONj — (MimjN + INaging)) [NO37] / (INOs7] + KNosm) (INo3inj > 0)

Oxidation of DOC and Reduction of Oxygen by Heterotrophs
X'pocin = {X'poc Mina [DOCi] / ([DOC:]) + Kxn} fi
R'0,in =RQc X'pocin
Royin = 4nli Mina Dso, ([O2s] =[[O2min]) [rmbw/ (Fw — rm)]
= R'05ih [O2mi] / ([O2min] + Koyn)
Xpocin =X'pocih Royin ! R'0yin

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
R'Nosid = Enoy fe (R'0yid - Royid)
RNOsid = R'N0sid [NO3 |/ (INO3 ] + Knosa)
RNOjid = (R'N0si.d - RNOjid) [NO2 |/ (INO2 | + Knoya)
RNy0id =2 (R'NOsid - RNOsid - RNOyid) [N20] / ([N20] + Kn,04)
Xpocia = Xpocid (from [H5]) + Fno, (RNojida + RN0yid ) + FNy0 RNy0id

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers
X'NHyin = X'NHy Mina {[NHsg] / ([NHsg] + Knnsu)} {{CO2g] / ([CO2g] + Kco,)} f
R'0yin = RQNay X'Noyin + RQc X'cin
Roin = 4107 Mina Dsoy (rm P/ (e - 7)) ([Ons] - [Omin])
= R'05in [O2min] / ([O2min] + Koyn)
XNHzin = X'NH3in Rogin / R'0gin

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers
X’NOzi,o :X’Noz M,o,a {[NOZ_] / ([NOZ_] + KNOZ(J)} {[COZs] / ([COZs] + KCOz)}ﬁ
R'0i0 = RQN0y X'Nojio + RQc X'cio

[H1a]
[H1b]
[H1b]

[H2]
[H3]
[H4a]
[H4b]

[H5]

[H6
[H7

[HS

[H9
[H1

O = =

|

[HI11]
[H12]
[H13a]
[H13b]

[H14]

[H15]
[H16]



ROzi,o =41 n Mioa Dst (rm rw/ (l’w - rm)) ([OZs] - [OZmi,o])

[H17a]

= R'Ozi,o [OZmi,o] / ([O2m[,0] + KOzo) [H17b]
XNOyio = X'N0Oyio Rogio / R'0ji0 [H18]
Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers
R'Noyin = ENoy fe (R'0gin- Royin) [H19]
RNojin = RNoyin {[NO27]/ (INO27] + Kno,yn)} {[CO2g] / ([CO2g] + Kco,)} [H20]
XNH3in = XNu5in (from [H14]) + 0.33 Rnoyin [H21]
Definition of Variables in Appendix H
Name Definition Units Equations Input Values Reference
Subscripts
a active component of M
d heterotrophic denitrifier population (subset of /)
h heterotrophic community (subset of 1)
i substrate-microbe complex
j kinetic components of Mim
m all microbial communities
n autotrophic ammonia oxidizer population (subset of m)
0 autotrophic nitrite oxidizer population (subset of m)
Variables
Cnj maximum ratio of Mim;N to Mim;c maintained gN gC! [H1] 0.22 and 0.13 forj =
by Mim,; labile and resistant
[COxg] CO2 concentration in soil solution gCm?3 [H11,H15,H20]
[DOC] concentration of dissolved decomposition gC m> [H2]
products
Dso, aqueous dispersivity-diffusivity of Oz m h’ [H4,H13,H17]
Evo, e accepted by NOx vs. O2 when oxidizing gNgO! [H6,H19] 28/32 =0.875

DOC



Fro
Fnyo
Jfe
fi

Innging

INOsiny
KC02

Knuyn

Knuym
Knoya

Kno,n
Knoyo
Knosa
Kn,04
Koyn

KOZn

K020

¢ donated by C vs. e accepted by NOx when
oxidizing DOC

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

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

temperature function for microbial processes
mineralization (/Nnyin; < 0) or immobilization
(INnyinj > 0) of NHa™ by Minjc
immobilization (/Nosin; > 0) of NOs™ by Minjc
Michaelis-Menten constant for reduction of
CO2g by Min.a and Mo,

M-M constant for oxidation of NHsg by
nitrifiers

M-M constant for microbial NHs uptake

M-M constant for reduction of NO2 by
denitrifiers

M-M constant for reduction of NO> by
nitrifiers

M-M constant for oxidation of NO2™ by
nitrifiers

M-M constant for reduction of NOs3 by
denitrifiers

M-M constant for reduction of N2O by
denitrifiers

M-M constant for reduction of O by
heterotrophs

M-M constant for reduction of O2s by NH3
oxidizers

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

gCgN!

gCgN!

gNm?2h!

gNm?2h!
gCmr

gNm

gNm
gNm

gNm
gNm
gNm
gNm
gOrm3

gOrm3

gOrm3

[H10]
[H10]
[H6,H19]

[H2,H11]
[H1]

[H1]
[H11,H15,H20]

[HI11]

[HI]
[H8]

[H20]
[H15]
[H7]
[H9]
[H4b]

[H13b]

[H17b]

12/28 = 0.43

6/28 =0.215

0.25

0.15

0.01

0.35
3.5

3.5

10

3.5

0.35

0.32

0.32

0.32

Koike and
Hattori (1975)

Suzuki et al.
(1974)

Yoshinari et al.
(1977)

Yoshinari et al.
(1977)
Yoshinari et al.
(1977)

Griffin (1972)

Focht and
Verstraete
(1977)
Focht and
Verstraete
(1977)



M-M constant for oxidation of DOC by
heterotrophs

active biomass of heterotrophs

active biomass of NH3 oxidizers

C biomass of microbial population M,
N biomass of microbial population Mim,;
active biomass of NO2™ oxidizers
concentration of NH3 in soil solution
concentration of NH4' ' in soil solution
concentration of NO> in soil solution
concentration of NOs in soil solution
concentration of N2O in soil solution
number of microbes

Oz concentration at heterotrophic surfaces
Oz concentration at NH3 oxidizer surfaces
Oz concentration at NO2™ oxidizer surfaces
O> concentration in soil solution

NO:> reduction by denitrifiers

rate of NO> reduction by NH3 oxidizers under
non-limiting [NOz"] and [COxg]

rate of NO> reduction by NH3 oxidizers under
ambient [NO2] and [COxg]

NOs reduction by denitrifiers under non-
limiting [NO37]

NOs reduction by denitrifiers under ambient
[NOsT]

N20 reduction by denitrifiers

rate of Ozg reduction by denitrifiers under non-
limiting [Ox2g]

rate of Ozg reduction by denitrifiers under
ambient [Oxg]

[H2] 12

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

[H1]
[H15,H17]
[HI11]

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

[H9]
[H13,H17]
[H7]

[H13]

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

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

[H9,H10]
[H6]

[H6]

(McGill et al.,
1981)



R'o,in
Royin
R'oin
Royin
R'o,i0
Rosio
RQc
RQnn;
RQno,

’'m
I'w

X ’C[,n
X ’C[,o
X'poc
X'pocih

Xpocih

rate of Ozg reduction by heterotrophs under
non-limiting [Ozg]

rate of Ozg reduction by heterotrophs under
ambient [Oxg]

rate of Ozg reduction by NH3 oxidizers under
non-limiting [Ozg]

rate of Ozg reduction by NH3 oxidizers under
ambient [Oxg]

rate of Ozg reduction by NO2" oxidizers under
non-limiting [Ozg]

rate of Ozg reduction by NO2" oxidizers under
ambient [Oxg]

respiratory quotient for reduction of Oz
coupled to oxidation of C

respiratory quotient for reduction of Oz
coupled to oxidation of NHsig

respiratory quotient for reduction of Oz
coupled to oxidation of NO>"

radius of microbial sphere

radius of rm + water film at current soil water
potential

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

rate of C oxidation by NOz" oxidizers under
non-limiting [Ozg]

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

rate of DOC oxidation by heterotrophs under
ambient [Oxg]

gO:m?h'!
gO:m?h'!
gO:m?h'!
gO:m?h'!
gOxm?h'!
gO:m?h'!
g0 g C!

g0 gN!

g0 gN'!

B B

gCm?h!
gCm?h!
gCgC'h!
gNm?h!

gNm?h!

[H3,H4,H5]

[H4,H5]
[H12,H13.H14,H19]
[H13,H14,H19]
[H16,H17,H18]

[H17,H18]

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

[H16] 1.14

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

[H12]
[H16]

[H2] 0.125
[H2,H3,H5]

[H5]

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

from yx
according to
Kemper (1966)

Shields et al.
(1973)



Xpocid
X’NH}

XNH3in

X’NH3i,n
X’NOzi,o

XN0yio

1
XNOZ

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

specific rate of NH3 oxidation by NH3
oxidizers at 25 °C under non-limiting [O2g]
rate of NH3 oxidation by NH3 oxidizers
coupled with reduction of O2 + NO2™ under
ambient [Oxg]

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

rate of NO2™ oxidation by NOz oxidizers under
non-limiting [Ozg]

rate of NO2™ oxidation by NO> oxidizers
coupled with reduction of Oz under ambient
[Ong]

specific rate of NO2™ oxidation by NO2-
oxidizers at 25 °C under non-limiting [O2g]

gNm?h!
gNgC'h!

gNm?h!

gNm?h!
gNm?h!

gNm?h!

gNgC'lh!

[H10]
[HI11]] 0.625

[H14,H21]

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

[H18]

[H15] 2.5

Belser and
Schmidt (1980)

Belser (1977)
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