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 Q, sorbed organic matter A,
microbial biomass M, and microbial residues Z, among which C, N, and P are
transformed. Organic matter in litter and manure complexes are partitioned from
proximate analysis results into carbohydrate, protein, cellulose, and lignin components of
differing vulnerability to hydrolysis. Organic matter in POM, humus, microbial biomass
and microbial residues in all complexes are also partitioned into components of differing
vulnerability to hydrolysis.

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



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

Microbial Growth

The DOC decomposition product is the substrate for heterotrophic respiration (Ry)
by all M in each substrate-microbe complex [A13]. Total Ry, for all soil layers [A11]
drives CO, emission from the soil surface through volatilization and diffusion. R, may be
constrained by microbial N or P concentrations, T, 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 Ry, is coupled
to O, 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 NH," and NO;™
oxidation, and NO,™ reduction, and autotrophic methanogens and methanotrophs conduct
CH, production and oxidation.

All microbial populations undergo maintenance respiration Ry, [A18,A19],
depending on microbial N and T as described earlier for plants. Ry, in excess of Ry, is
used in growth respiration Ry [A20], the energy yield AG of which drives growth in
biomass M from DOC uptake according to the energy requirements of biosynthesis [A21,
A22]. Ry in excess of Ry causes microbial decay. M also undergoes first-order decay D,
[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 Ry, + Ry + 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 NH;", NOs~, and H,PO4~
[A26], thereby controlling solution [NH4+], [NO3 ] and [H2PO4 ] that determine root and
mycorrhizal uptake in Nutrient Uptake and Translocation above. If immobilization is
inadequate to maintain these minimum ratios, then biomass C:N or C:P may rise, but Ry,
is constrained by N or P present in the lowest concentration with respect to that at the
minimum ratio [A12]. Non-symbiotic heterotrophic diazotrophs can also fix 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*, NOs™, and H,PO, immobilization and N fixation, less
NH,;*, NOs~, and H,PO,~ mineralization and microbial N and P decomposition [A29].

Humification



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

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 T, 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 (ry) [B3] and canopy stomatal (r¢) [B2] resistances. Two
controlling mechanisms are postulated for r, which are solved in two successive steps:

(1) At the leaf level, leaf resistance r, [C4] controls gaseous CO; diffusion through each
leaf surface when calculating CO, fixation [C1] from concurrent solutions for
diffusion Vg [C2] and carboxylation V. [C3]. The value of r, is calculated from a
minimum leaf resistance r, .. [C5] for each leaf surface that allows a set ratio for
intercellular to canopy CO; concentration C;":Cy, to be maintained at V. under ambient
irradiance, air temperature T,, C, and zero canopy water potential () (V¢'). This ratio
will be allowed to vary diurnally as described in Gross Primary Productivity below
when y is solved in the second stage of the convergence solution, described under
Water Relations below. Values of r,,, are aggregated by leaf surface area to a canopy
value remin for use in the energy balance convergence scheme [B2a].

(2) At the canopy level, r rises from rcmin at zero y, from step (1) above through an
exponential function of canopy turgor potential y; [B2b] calculated from y¢ and
osmotic water potential yy [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 ys across soil and root
hydraulic resistances (2 [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 E,
from the energy balance [B1] and total root water uptake U [B5] from all rooted layers
in the soil is tested against the difference between canopy water content from the
previous hour and that from the current hour [B14]. This difference is minimized in each
iteration by adjusting v, which in turn determines each of the three terms in [B14].
Because r¢ 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 T, and y. (described in Plant Water Relations
above), V. is recalculated from that under zero y. (V.') to that under ambient y. This
recalculation is driven by stomatal effects on Vg [C2] from the increase in rimin at zero ¢
[C5] to rc at ambient y, [C4], and by non-stomatal effects f,, [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 Vg [C2] equals V. [C3] (Grant and Flanagan, 2007). The CO; fixation rate of
each leaf surface at convergence is added to arrive at a value for gross primary
productivity (GPP) by each plant population in the model [C1]. The CO; fixation product
is stored in nonstructural C pools o¢ in each branch.

GPP is strongly controlled by nutrient uptake Unn,, Unog and Upo, [C23],

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

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

mycorrhizae as described in Growth and Senescence below. Low on:oc oOr 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 o,
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 (Rc) [C14], plus
the energy costs of nutrient uptake [C23], drive autotrophic respiration (R;) [C13] by all
branches, roots and mycorrhizae. R; by roots and mycorrhizae is constrained by O,
uptake Up, [C14b] calculated by solving for agueous O, concentrations at root and
mycorrhizal surfaces [Oy] at which convection + radial diffusion through the soil
aqueous phase plus radial diffusion through the root aqueous phase [C14d] equals active



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

Growth and Litterfall
Ry drives the conversion of branch ot into foliage, twigs, branches, boles and
reproductive material according to organ growth yields Y4 and phenology-dependent
partitioning coefficients [C20], and the conversion of root and mycorrhizal oc into
primary and secondary axes according to root and mycorrhizal growth yields. Growth
also requires organ-specific ratios of nonstructural N (ow ) and P (op ) from Unny,, Unog

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

The translocation of o¢, 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 oy and op from root and mycorrhizal uptake vs. consumption of o¢, o and
op from R, Rq and phytomass growth (Grant 1998). Low ow:oc or op:oc in mycorrhizae
and roots indicates inadequate N or P uptake with respect to CO, fixation. These ratios
affect translocation of o¢, oy and op by lowering mycorrhizal — root — branch
concentration gradients of oy and op While raising branch — root — mycorrhizal
concentration gradients of oc. These changes slow transfer of oy and op from root to
branch and hasten transfer of o¢ from branch to root, increasing root and mycorrhizal
growth at the expense of branch growth, and thereby raising N and P uptake [C23] with
respect to CO, fixation. Conversely, high on:oc 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 oy and
op from root to branch and slow transfer of o from branch to root, increasing branch
growth at the expense of root and mycorrhizal growth, and thereby slowing N and P
uptake Thus the modelled plant translocates oc, oy and op among branches, roots and
mycorrhizae to maintain a functional equilibrium between acquisition and use of C, N
and P by different parts of the plant.

Rq is limited by ys [C17], and because branch ys declines relatively more with soil
drying than does root w4, branch Ry also declines relatively more with soil drying than
does root Ry, slowing oxidation of oc in branches and allowing more translocation of oc
from branches to roots. This change in allocation of o¢ enables more root growth to



reduce 25, £2-and €2, and hence increase U [B6], thereby offsetting the effects of soil
drying on y4. 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.

Rs [C15] drives the withdrawal of remobilizable C, N and P (mostly nonstructural
protein) from leaves and twigs or roots and mycorrhizae into oy 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 R, 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].

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

Root and Mycorrhizal Nutrient Uptake
Root and mycorrhizal uptake of N and P Unn,, Unos 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 Un,, Unog 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 [C23(].

C4 Gross Primary Productivity
C4 Mesophyll
In C,4 plants, the mesophyll carboxylation rate is the lesser of CO,- and light-
limited reaction rates [C26] (Berry and Farquhar, 1978). The CO,-limited rate is a
Michaelis-Menten function of PEP carboxylase (PEPc) activity and aqueous CO,
concentration in the mesophyll [C29] parameterized from Berry and Farquhar (1978) and
from Edwards and Walker (1983). The light-limited rate [C30] is a hyperbolic function of



absorbed irradiance and mesophyll chlorophyll activity [C31] with a quantum
requirement based on 2 ATP from Berry and Farquhar (1978). PEPc [C32] and
chlorophyll [C33] activities are calculated from specific activities multiplied by set
fractions of leaf surface N density, and from functions of C4 product inhibition (Jiao and
Chollet, 1988; Lawlor, 1993) [C34], w ([C35] as described in Grant and Flanagan, 2007)
and T [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 C,4
carboxylation product drive mesophyll-bundle sheath transfer (Leegood, 2000) [C37].
The bundle sheath concentration of the C,4 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
HCOj3 (Laisk and Edwards, 2000). At this stage of model development, the return of a Cs
decarboxylation product from the bundle sheath to the mesophyll is not simulated.
Parameters used in Egs. [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).

C, 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 C,4 plants
[C43] from Seeman et al. (1984). The CO,-limited rate [C44] is a Michaelis-Menten
function of RuBP carboxylase (RuBPc) activity and bundle sheath CO, concentration
[C42]. The light-limited rate [C45a] is a hyperbolic function of absorbed irradiance and
activity of chlorophyll associated with the bundle sheath with a quantum yield based on 3
ATP [C46]. The provision of reductant from the mesophyll to the bundle sheath in
NADP-ME species is not explicitly simulated. RuBPc [C47] and chlorophyll [C48]
activities are the products of specific activities and concentrations multiplied by set
fractions of leaf surface N density, and from functions of C3 product inhibition (Bowes,
1991; Stitt, 1991) [C49], v (Eq. A12 from Grant and Flanagan, 2007) and T, [C10].

Rates of C3 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
C,4 decarboxylation [C38], raise C,4 product concentration in the bundle sheath [C41],



slow C,4 product transfer from the mesophyll [C37], raise C, product concentration in the
mesophyll [C40], and slow mesophyll CO, fixation [C32 — C35]. This reaction sequence
simulates the progressive inhibition of C; and C,4 carboxylation hypothesized by Sawada
et al. (2002) following partial removal of C sinks in C,4 plants.

Shoot — Root - Mycorrhizal C, N, P Transfer

Shoot — root C transfers Zc are calculated such that concentrations of oc 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 ot is generated by CO; fixation in branches
[C1], gsc cause shoot-to-root gradients of oc that drive Zsc. Shoot — root N and P
transfers Zg\ p are calculated such that concentrations of oy p With respect to oc in each
branch and root layer approach equilibrium according to rate constants gsn p [C51].
Because onp are generated by uptake in roots [C23], gsn,p Cause root-to-shoot gradients
of ON,P that drive ZsN'p.

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

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 (Qs) and changes temperatures (T ) 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 [NHg ], [NO37] and [H2PO4 ] that drive Uni,, Uos 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)3, CaCQOs,
CaS0,, AIPO,, FePO,, Ca(H,P0Oy,),, CaHPQ,, and Cas(PO4);0H [EL — E9], cation
exchange between Ca**, NH,* and other cations [E10 — E15], anion exchange between
adsorbed and soluble H,PO4~, HPO,* 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 M,, and nonstructural C concentration [y,] in root or branch nodules [F1], and is
constrained by temperature [F2] and microbial N or P status [F3]. Nodule respiration R in
roots is constrained by the extent to which O, uptake meets O, demand [F4] imposed by
respiration demand [F5]. O, uptake is in turn constrained by rhizosphere [O,] [F6a]
which is controlled by radial diffusion of O, through soil water to roots and nodules
[F6b]. Soil water [O,] is maintained by dissolution of O, from soil air which is in turn
maintained by soil-atmosphere gas exchange and vertical diffusion (Grant, 2004). Ry, is
first allocated to maintenance respiration Ry, [F7 — F8] and the remainder if any is
allocated to growth respiration Ry [F9]. If Ry exceeds Ry, the shortfall is made up from
respiration of microbial protein C, forcing senescence and litterfall of associated non-
protein C [F10 — F11].

N, Fixation
N, fixation Vy, is driven by Ry [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 viq is the product of Vy,, so
that [F12] simulates the inhibition of N fixation by its product (Postgate, 1998). The
value of Vy, is also limited by the additional N needed to maintain bacterial N content

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

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

Nodule — Root Exchange

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

Root nonstructural N () 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 Vy, [F12 — F13].

Large v, also accelerates the consumption of y,, slowing its transfer to nodules [F21],
reducing yn [F24] and hence slowing nodule growth [F1]. Conversely, slow root N
uptake caused by low soil mineral N concentrations would lower v+ and raise yy+,
hastening the transfer of v, from nodule to root or branch and of y,+ from root or branch
to nodule, lowering vy, raising y», and accelerating Vy,. However [F13] also allows Vy,
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,1) and branches (i,j) except for [F6], although only those for roots are given.

Appendix G: CH, Production and Consumption

Anaerobic Fermenters and H, Producing Acetogens
The states Sj j k, Bi,k and Zj j k in ecosys are substrates for hydrolysis by all active (j

= a) heterotrophic biomass communities Mij n a (Egs. [1 - 7] of Grant et al., 1993a), which
include fermenters plus acetogens. Hydrolysis products are transferred to soluble organic
matter DOCj k which is the substrate for respiration and uptake by microbial biomass Mj n j
as described for aerobic heterotrophs in Eq. [11] of Grant et al., (1993a). Respiration Rj f of
DOCi ¢ by fermenters plus acetogens (n = f) is a Michaelis-Menten function of [DOCi ]
inhibited by O> (Eq. [G1]). Respiration products are partitioned among Aj ¢ , COz and H;
according to Brock and Madigan (1991) (Eq. [G2]). Rj f beyond that used for maintenance
respiration drives the uptake of additional DOCi,c (Eq. [G3]) for microbial growth according
to the growth yield Yf 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 (Eg. [G4]). Change in Mj fj is thus the difference between uptake and
respiration of DOC; ¢, less decomposition (Eq. [G6]). This change determines M f g used in
the following calculation of Rj f (Eq. [G1]). Ratios of Mj fj c to Mj f,j n determine
mineralization-immobilization of N (Eq. [23] in Grant et al., 1993a). Decomposition products
Di f,j,k are partitioned to microbial residues Zj j k and soil organic matter S;j j k (where i =
passive soil organic matter) ( Egs. [26-28] in Grant et al., 1993a) which undergo further
hydrolysis.

Acetotrophic Methanogens

The fermenter product Aj ¢ (Eq. [G2]) is the substrate for respiration Rj m by
acetotrophic methanogens (n = m) (Eq. [G7]). Respiration products are partitioned between
CH, and CO; according to Brock and Madigan (1991) (Eq. [G8]). Ri,m 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 Mj mj is thus the difference between uptake and respiration of Aj c,
less decomposition (Eq. [G11]). This change determines Mj m,a used in the following
calculation of Ri m (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 = h) which are assumed to be autotrophic (Eq. [G12]).
Respiration products are partitioned between CH, and H,O according to Brock and Madigan
(1991) (Eq. [G13]). Rh 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 Mp j is thus the difference between uptake and respiration of
CO,, less decomposition (Eq. [G17]). This change determines Mh g used in the following
calculation of Rh (Eq. [G12]). Mineralization and decomposition processes are the same as
those for other microbial populations.

Autotrophic Methanotrophs

Methane generated by acetotrophic and hydrogenotrophic methanogens is the
substrate for CH,4 oxidation by autotrophic methanotrophs (n =t) (Eq. [G18]). The
stoichiometry and energetics of the methanotrophic reactions (Eqgs. [G22 — G24]) are based
on those of CH,4 to CO, in Brock and Madigan (1991). The oxidation of CH4 to CO; is
coupled through an energy yield with the oxidation of CH,4 to organic C used in microbial
respiration (Eq. [G19]). The energy yield from CH,4 oxidation is calculated by dividing the
free energy change of CH, oxidation by the energy required to transform CHy, into organic C
(Eg. [G20]). Oxygen requirements to sustain CH4 oxidation rates are then calculated from the
stoichiometries of CH,4 oxidation (Eq. [G22 and G23]) and aerobic microbial respiration (Eq.
[G24]). The O, concentrations at methanotrophic microsites are then found at which active
O, uptake driven by requirements for CH,4 oxidation equals spherical O, diffusion to the
microsites from the soil solution. These microsites are considered to be uniformly distributed
on soil surfaces and are separated from the soil atmosphere (if present) by a water film of
uniform thickness that depends upon soil water potential. The O, uptake by each aerobic
microbial population in the model competes with that by all other aerobic microbial
populations (e.g. Grant, 1995; Grant and Rochette, 1994), and is constrained by O, transfer
rates through the gaseous and aqueous phases of the soil profile. The ratio of O, uptake to O,
requirement fo,t is then used to constrain CH, oxidation rates (Eq. [G21]) so that CH,

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

respiration Ryt from Egs. [18-19] of Grant et al. (1993a). Growth respiration drives the
uptake and transformation of additional CH,4 into microbial biomass Mt ¢ (Eq. [G25])

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



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

This submodel of autotrophic methanotrophy has been used to simulate
methanotrophic growth yields, specific growth rates, CH, concentration profiles and the
sensitivity of CH,4 uptake to temperature and water content in soil columns (Grant, 1999).
The combined submodels of anaerobic fermentation, acetotrophic methanogenesis,
hydrogenotrophic methanogenesis and autotrophic methanotrophy have been used to
simulate methanogenic growth yields, specific growth rates, and the time course of CH,4
emissions from differently amended soil columns at different temperatures (Grant, 1998b).
All input parameter values used in Eqgs. [G1] to [G27] (Table 1) were derived from the
microbiological literature and remain unchanged from those used in Grant (1998b) and in
Grant (1999).

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 H,-producing acetogens, acetotrophic
methanogens, hydrogenotrophic methanogens and methanotrophs, NH," 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 NH;" ([H1a])
or by immobilizing NH;" ([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) O, reduction under non-limiting O, is calculated from 1) using a set respiratory
quotient ([H3]),

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



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

4) DOC oxidation under ambient O, is calculated from 2) and 3) ([H5]). The energy yield
of DOC oxidation drives the uptake of additional DOC for construction of microbial
biomass M;p 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 NO3 availability on DOC oxidation by denitrifiers are
solved in five steps:

1) NOg3™ reduction under non-limiting NO3" is calculated from a fraction of electrons
demanded by DOC oxidation but not accepted by O, because of diffusion limitations
([H6]),

2) NOj3 reduction under ambient NOj3” is calculated from 1) depending on relative
concentrations and affinities of NO3  and NO,™ [([H7]),

3) NO;" reduction under ambient NO;" is calculated from demand for electrons not met by
NOj3 in 2) [([H8]) depending on relative concentrations and affinities of NO," and
N,O,

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

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

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

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

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

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

4) 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 NH3 ([H11] to [H14]). The energy yield of
NO; oxidation drives the fixation of CO, for construction of microbial biomass M,
according to construction energy costs of each nitrifier population.

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

1) NO;" reduction under non-limiting NO," is calculated from a fraction of electrons
demanded by NH3 oxidation but not accepted by O, because of diffusion limitations
([H19]),

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

3) additional NH; 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 Migic fig (Siic/ Giic)
Dzijic = D'zijic Midic figt (Zirc/ Giic)
Daitc = D'aiic Migic g (Airc/ Giic)
Siic = % Sijic
Zic=2%jZijic
Gitc =Siic + Zic + Aiic
Migic =Miaic + Gm (Miaic Gixic — Mixaic Giic) / (Gixic + Giic)

Miaic=ZaMinaic

D'sijic = {Dsjc [Sijicl} / {[Sijic] + Kmp (1.0 + [EMigq1c] / Kip)}
D'zijic = {Dzjc [Zijicl} / {[Zijicl + Kmp (1.0 + [Migic] / Kip)}
D'aitc = {Dac[Aiicl} / {[Aiic] + Kmp (1.0 + [Migic] / Kip)}

Sijic/t = Zn (Uinic = Ruing ) Sijirc! i) {S'ac! Sijic) I (Sjic! Sijic + Kis)}

ftgl - Tsl {e[B -Ha/ (R TS|)]} / {1 + e[(Hdl = ST /(R Tgp] + e[(STS| ~Hgn) /(R TS|)]}

decomposition of litter, POC,
humus

decomposition of microbial
residues

decomposition of adsorbed SOC

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

total C in all kinetic components of
microbial residues

total C in substrate-microbe
complexes

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

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

colonized litter increases with
microbial growth into uncolonized
litter

Arrhenius function for D and R;,

[Ala]
[A1b]
[Alc]
[A2a]
[A2b]
[A2c]
[A3a]

[A3b]

[Ada]
[A4db]
[A4c]

[A5]

[A6]



Dsijine = Dsijic (Sijine/ Sijic)
Dzijine = Dzijic (Zijine ! Zijic)
Daiine = Daitc (Aiinpe/ Aiic)
Yise = Kis (Gise Fs [Qincl” — Xinc)
Yiine = Yiic (Qine/ Qirc)

Yiine = Yine Kiine/ Xinc)

Rn=Zi X n 2 Rhiny

Rhint = R'hn Min{Cninta/ Cnj Crinal Cej}

Ri'int = Minatc {Rnint [Qincl} / {(Kmac + [QiicD} figr fuai
Rhint = Ra'int (Uozini/ U'ozin,)

fx//gl _ e(aws )

U'ozin1 = 2.67 Ry/iny

Uozint = U'ozint [Ozmint / ([Ozminil + Ko,)

=4nn I\/li,n,a,l,(: Dsoal [rm row/ (rwl - rm)]([OZSI] - [OZmi,n,I]
Rminji = RmMinjin fimi

£, = gl Ty ~290816)]
Rgint = Rhint = Zj Rminji

Uinic =min (Ruin,i, Zj Rminji) + Rgini (1 + AGx/ Ep)

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

(Yijc > 0) adsorption of
DON, DOP
(Yiic <0) desorption of
DON, DOP

total heterotrophic respiration
Ry, constrained by microbial N, P

Ry, constrained by substrate DOC,
Tsand
Ry, constrained by O,

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

maintenanace respiration
temperature sensitivity of Ry,
growth respiration

DOC uptake driven by Ry

[A7a]
[AT7b]
[A7c]
[A8]
[A9]

[A10]

[A11]
[A12]

[A13]

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

[A21]



Uinine = Uini Qiine/ Qirc
Dwinjic= DwmijMinjc
Dwinjne = DuijMinjine fainine
SMinjic/ 0t = FjUinic — FjRuini — Dwminjic
SMinjic/ 0t = FjUinic — Rminji — Dminjic
Microbial Nutrient Exchange
Unhaingt = (Minjic Cnj— Minjin)

Untgingt = Min {(Minjic Cnj— Minjin),
U’NH4 ai,n,j,l ([NH4+i,n,j,I] - [NH4+mn]) / ([NH4+i,n,j,I] - [NH4+mn] + KNH4)}

Unogingt = Min {(Minjic Cnj— (Minjin + Unhgingd))
U’Nog @it ([NO37inji] = [INO3 " mn]) / (INO37inji] = [NOs mn] + Knoy)}
Urousinji = (Minjic Cej— Minjip)

Uposint =mMin {(Minjic Cej- Minjip),
U’po, Ainjt ([H2PO4 inji] = [H2PO4 mn]) / ([H2PO4 il — [ H2PO4 mn] + Kpo,)}
@i n=j, = max {0, Min=tj1.c Cnj — Min=tjin — Max{0, Uin=rjin}}
Rain=tj) = Eo Pin=1j,
SMinjin/ 8t = FjUinin + Uk ot Unogigji + Pin=rit = Diinjin

SMinjip/ 8t = FUinip + Ueoy; ;1 — Dwinjip

Minatc = Minj=iabile).c * Minj=resistant,.c Fr/ Fi

Humification

DON, DOP uptake driven by U;,c

first-order decay of microbial C,

decay of microbial N, P

[Rhing > Ruminjil

[Rhing < Reminjil

Uni, <0

Unog >0

Uro, <0

Upo4 >0

microbial
growth
microbial
senescence

net
mineralization
net
immobilization

net
immobilization

net
mineralization
net
immobilization

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

fixation

growth vs. losses of microbial N, P

active microbial biomass
calculated from labile fraction

[A22]
[A23]
[A24]

[A25a]

[A25b]

[A26a]

[A26b]

[A26c]

[A26d]
[A26€]
[A27]
[A28]
[A292]

[A29b]

[A30a]



Hsi j=tignini.c = Dsi j=lignin,i.c

Hsi j=tigninin,e = Dsij=tignin.n,p

Hsi jtignin,;.c = Hsij=tignin.c Lnj

Hsi jtigniniN.p = Hsijatignint.c Sitne/ Sitc
Hwin,l.c = Dminjic Fn

Huinjine = Huinjic Minjine/ Minjic
Fn=0.167 + 0.167 Fy + 0.167 X 10° Gj ¢
Hzinjic = Dminjic -Hwinjic

Hzinjine = Duingineg = Hwmingine

decomposition products of litter
substrate added to POC depending
on lignin

fraction of microbial decay
products added to humus

fraction of Dy, added to humus
depends on clay and SOC
remainder of microbial decay
products added to microbial
residues

[A31]
[A32]
[A33]
[A34]
[A35]
[A36]
[A37]
[A38]

[A30]



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
i kinetic component: labile I, 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
Aiic mass of adsorbed SOC gCcm? [Alc,A2c]
[Aiic] concentration of adsorbed SOC in soil gCMg! [Ad4c]
a microbial surface area m? m* [A26]
B parameter such that f,; = 1.0 at T, = 298.15 K [A6] 26.235
b Freundlich exponent for sorption isotherm [A8] 0.85 Grant et al.
(1993a,b)
B specific colonization rate of uncolonized substrate - [A5] 25 Grant et al. (2010)
Cnpinal ratio of Minanp 10 Minac gNorPgC™* [A12]



Cnppj

Daiic
Dajc
Daij, inp
D'aij1c

Dij

Dwinjic

Dwinjine
Dsijic

Dsjc

Dsij, 1np

maximum ratio of M;jnp t0 Minjc maintained by Mipjc

decomposition rate of A;;c by M;q1c producing Q in [A13]

specific decomposition rate of A;;c by M;q,c at 25°C and
saturating[Aic]
decomposition rate of A np bY Mig,c

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

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

decomposition rate of M;pjic
decomposition rate of M;jinp
decomposition rate of Sjj;c by .M. producing Q in [A13]

specific decomposition rate of S;;; c by Z,Mina, at 25°C and
saturating [Si, c]

decomposition rate of Sjjnp by ZaMinal

gNorPgC™*

gCm?h?
gCgcCcth?
gNorPm?h
gCgcCcth?
gCgcCcth?

gCm?h?
gNorPm?h
gCm?h?

gCgcCcth?

gNorPm?h

[A12,A26,A27]

[Alc,A7c,A3lc]
[Ad4c]

[A7c]
[Ala,Adc]

[A23,A24]

[A23,A25,A35 A
3]

[A24,A29,A39]
[Ala,A7a,A313a]

[Ada]

[A7a, A32]

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

0.025

1.6 x10%and 8.0
x10° for j =
labile and
resistant,
respectively

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

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)



D'sij1c
DsOZI

Dzijic

Dzijnp

Dzjc

D'zijic

AGy

Eo

I:clay
Fn

F
F,
Fe

fdi,n,IN,P

ftg |

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

aqueous dispersivity—diffusivity of O2 during microbial uptake
in soil
decomposition rate of Z;jc by Z,Mina, producing Q in [A13]

decomposition rate of Z;jnp by ZaMinal

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

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

energy yield of C oxidation with different reductants x

energy requirement for growth of M4,

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

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

fraction of microbial growth allocated to labile component
Min

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

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

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

temperature function for microbial growth respiration

gCgcCcth?
m®h?
gCm?h?
gNorPm?h

gCgcCcth?

gCgcCcth?
klgC*
klgC*
gCgN*

Mg Mg™

dimensionless

dimensionless

[Ala,Ada]
[A17]

[Alb,A7b]
[A7b]

[Adb]

[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

37.5 (X = Oz),
4.43 (x=DOC)
25

5

0.55

0.45

0.33 Unns >0
1.00 Unna <0
0.33 Upps>0
1.00 Upos <0

Grant et al.
(1993a,b)

Waring and
Running (1998)

Sgrenson (1981)

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



Hwingic
Huwingjlnp
Hsijic
Hsijinp
Hzinjic
Hzinjine
Kis

KnHy
Knog
Kro,

Kip

temperature function for maintenance respiration

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

total C in substrate-microbe complex

concentration of H,PO, in soil solution

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

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

transfer of C hydrolysis products to particulate OM

transfer of N or P hydrolysis products to particulate OM

transfer of microbial C decomposition products to microbial
residue

transfer of microbial N or P decomposition products to
microbial residue

inhibition constant for microbial colonization of substrate

M-M constant for NH," uptake at microbial surfaces
M-M constant for NOs™ uptake at microbial surfaces
M-M constant for H,PO, uptake at microbial surfaces

inhibition constant for [M;,a]on Sic, Zic

dimensionless
dimensionless
gNm?ht
gCMg™
gPm3

Jmol™?

Jmol™

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

gNorPm?h

gNm
gNm
gPm

gCm

[A18,A19]

[A13,A15]

[A27,A28,A29]

[Al,A2¢,A3a,A8,
A37]
[A26]

[A6,C10]
[A6,C10]
[A6,C10]
[A35,A36,A38]
[A36,A39]

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

[A38]
[A39]
[A5]

[A26]
[A26]
[A26]

[A4]

65 x 10°
225 x 10°

195 x 10°

0.5
0.40
0.35
0.125

25

Pirt (1975)

Addiscott (1983)

Grant et al. (2010)

Grant et al.



M

Mig,c
Minjic
MinjiN
Minjip
Minaic
[Minaic]
n
[NHg"inji]

[N H4+mn]

[NO3injil

Michaelis—-Menten constant for Dy c
Michaelis—Menten constant for R’y , on [Qic]

Michaelis—Menten constant for reduction of O, by micrabes,
roots and mycorrhizae
equilibrium rate constant for sorption

ratio of nonlignin to lignin components in humified hydrolysis
products

molecular mass of water
heterotrophic microbial C used for decomposition

microbial C

microbial N

microbial P

active microbial C from heterotrophic population n associated
with GH,C
concentration of M;, in soil water = Mjna.1c /6

number of microbial microsites
concentration of NH," at microbial surfaces
concentration of NH," at microbial surfaces below which Uy,

=0
concentration of NH," at microbial surfaces

gCMg™

-3

gCm

gOo,m?

g mol™*

-2

gCm

-2

gCm

-2

gNm

-2

gPm

gCm

-3

gCm

-3

gNm

-3

gNm

gNm?

[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
0.05forj= 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, A5]

[A17b]

[A26]

[A26] 0.0125

[A26]



[N Os_mn]

[HoPO4injil

[H2PO4 mnl

[Ozmin,l]
[O2]
Qiic
[Qiscl
Qiine

Om
R

Rrﬁi,n:f,j,l

Rgi,n,l

concentration of NOs™ at microbial surfaces below which Uyo,
=0
concentration of H,PO,” at microbial surfaces

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

O, concentration in soil solution

DOC from products of Ds;jic [A3] and Dz c) [AS]
solution concentration of Q¢

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

rate constant for reallocating M; a1.c to Mig,c

gas constant

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

growth respiration of M., on Qj;c under nonlimiting O, and
nutrients

total heterotrophic respiration of all M, 5y under ambient
DOC, Oy, nutrients, 8 and temperature

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

specific heterotrophic respiration of M; ., under nonlimiting
0,, DOC, #and 25°C

specific heterotrophic respiration of M; ., under nonlimiting
DOC, 0O,, nutrients, 8 and 25°C

heterotrophic respiration of M;, ,; under nonlimiting O, and
ambient DOC, nutrients, 8 and temperature

specific maintenance respiration at 25°C

gNm
gNm?
gNm?
go,m?

g 0O, m73

gCm?
gCMg™

gNorPm™

Jmol™ K™
gCm?h?
gCgcCct'ht
gCm?h™
gCm?h™
gCgcCct'ht
gCgcCtht
gCm?h™

gCgN*'h'

[A26]

[A26]

[A26]

[A17]

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

[A20]

[Al1]

[A5,A11,A14,A2
0, A21,A25]
[A12,A13]

[AL2]
[A13,A14,A16]

[A18]

0.03

0.002

0.5

8.3143

0.125

0.0115

Shields et al.
(1973)

Barnes et al.
(1998)



Rminji

Mwi
Im

Fwi

[Sijicl
Sijic
Sijic
SijInp
Ta

Uinic

Ui,n,N,P
UnHain
U'Nk,
Unosin,j
U'no,

UOZi,n

maintenance respiration by M,

shape parameter in f,q

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

thickness of water films

change in entropy

concentration of S;j, ¢ in soil

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

mass of litter, POC or humus N or P

soil temperature

uptake of Q¢ by Z,Mina, under limiting nutrient availability

uptake of Q;;np by Z.Minai under limiting nutrient availability

NH," uptake by microbes
maximum Uy, at 25 °C and non-limiting NH,"
NOj;™ uptake by microbes
maximum Uyo, at 25 °C and non-limiting NO5~

O, uptake by M; ., under ambient O,

gCm?h?

m
m
m

Jmolt K?

gCMg™
gCm?
gCm?
gNorPm?
K
gCm?h?
gNorPm?h
gNm?ht
gNm?ht
gNm?ht
gNm?ht

gm?Zh?

[A18,A20,A21,A

25]

[A15] 0.2 Choudhury et al.,
(2011)

[A17]
[A17] 25x%x107°
[A17]

[A6,C10] 710 Sharpe and

DeMichelle
(1977)
[Ada]

[A2a,A5,A7a,A33

]
[A3]

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

[A22,A29]

[A26, A27,A29]

[A26] 5.0x10°
[A26,A27,A29]

[A26] 5.0x10°
[A14,A17]



U'o2in
Upouing
U'po,
Xiic
XiJNp
y

Vs
Yiic
Yiine
[Zijicl
Zijic

Zijinp

O, uptake by M; ., under nonlimiting O,

H,PO, uptake by microbes

maximum Upo, at 25 °C and non-limiting H,PO,°

adsorbed C hydrolysis products
adsorbed N or P hydrolysis products
selected to give a Q4 for fy, of 2.25
soil or residue water potential
sorption of C hydrolysis products
sorption of N or P hydrolysis products
concentration of Z;j c in soil

mass of microbial residue C in soil

mass of microbial residue N or P in soil

gm?Zh?
gNm?ht
gNm?ht
gCMg™

gPMg™

MPa
gCm?h?
gPm?ht
gCMg™

-2

gCm

-2

gPm

[A14,A16,A17]
[A26,A27,A29]
[A26]
[A8,A10]
[A10]

[A19]

[A15]
[A8,A9,A10]
[A9,A10]
[A4b]
[A2b,A7b]

[A7b]

5.0x10°

0.081



Appendix B: Soil-Plant Water Relations

Rng+ LEg + Hg + G =0

LEci= L (€a— €cirg; yep) / Tai

LE;=L (e,— ed(Tu,wu)) [ (ry + rg) - LE; from [B1b]
Hei = poCph(Ta—Ty) / Iy

Femini = 0.64 (Cp — Ci') 1 V¢'i

Fei = Fomini + (Femaxi — Femini) €8 Vi)

Fai = {(IN((zo = z4i) / 2:)* I(K? ux)} / (1 - 10 Ri)

Ri ={g (2= 2a) / (U’ T} (Ta = To)

Vi = Wi - Vhi

Uwi =2 2 Uyiry

Unira= (W' - ') [ (Qsipri+ Qi1+ i Qiirix)
we'i = wei +0.01 2y

w1 = ye —0.01 z,

1= In{(di 1/ 1ie )/ 27 Liry i)} O/ Gt

Canopy Transpiration

Root and Mycorrhizal Water Uptake

canopy energy balance
LE from canopy evaporation
LE from canopy transpiration

H from canopy energy balance

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

r, driven by windspeed, surface

r, adjusted for stability vs.
buoyancy

U, along hydraulic gradient

[Bla]
[B1b]
[Bic]

[B1d]

[B2a]

[B20b]

[B3a]
[B3b]

[B4]

[BS]
[B6]
[B7]
(B8]
[B9]



Oin= gri,r/ Liri [B10]

Qirixt = i 20 {012 Ciraa /00D + 7 Laie 2o ANirs (i 16} Zies i) / My [B11]

Diirixzz = iy Ligra ! Nign2) I {Mienz (Finz /1) [B12]

i1 /&= M1 I8t ve {pr (- Opiy) (rTiria2)} [B13]

Canopy Water Potential

(6a—eirrg) / (rai + 1ei) B =% Zr (w6 - we') [ (Qsiva+ it ¥ i uirin) + Xeidwil & w. 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, Cs, C4, monocot, dicot etc.

j branch or tiller

k node

| soil or canopy layer

m leaf azimuth

n leaf inclination

0 leaf exposure (sunlit vs. shaded)



Co
Ci'i
dir)
Eci
€a

Eei(Tei, vei)

LE

Lir,
Mir

ni,r,I,><

root or mycorrhizae

variables
stomatal resistance shape parameter MPa!
[CO2] in canopy air umol 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 T, and ambient humidity gm?
canopy vapor density at T; and yg; 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?
length of roots or mycorrhizae m m?
mass of roots or mycorrhizae gm?

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

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

[B9]
[B1,B14]
[B1]

[B1]

[B1]

[B1]

[B3a]

[B9]

[B11]

[B1]

[B1]

[B9,B10,B12,B13

]
[B11,B13]

[B11,B12]

-5.0 Grant and
Flanagan (2007)

0.70 C, Larcher (2001)
0.41

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



gai,r

i x
Qi
Oir
i)

B
O
Opis
Ri

Rnci

Icmaxi
Femini

ri,r,l,><

axial resistivity to water transport along root or mycorrhizal
axes

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

radial resistivity to water transport from surface to axis of roots
or mycorrhizae

radial resistance to water transport from surface to axis of roots
or mycorrhizae

radial resistance to water transport from soil to surface of roots
or mycorrhizae

soil water content

soil porosity
root porosity

Richarson number

canopy net radiation

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

radius of bole at y¢; =0 MPa

canopy stomatal resistance to vapor flux

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

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

MPa h m*

sm
sm

sm

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

[B10] 1.0 x 10*
[B6,B10]

[B6,B9]

[B9]

[B9]

[B13]

[B3a,B3b]

[B1]

[B1,B3a]

[B11]

[B11]

[B1,B2b]

[B2b] 5.0 x 10°
[B2,B2b]

[B9,B11,B12,B13
]

Larcher (2001)

Doussan et al.
(1998)

van Bavel and
Hillel (1976)

Larcher (2001)



Ta

Te
Uui
Uwir,
Ua
V'

Vr

Yei
Yei
Yri
Yl
Ysi
Vi
Zpi

Zgi

radius of secondary roots or mycorrhizae at yf; | , =0 MPa

root specific density
air temperature
canopy temperature

total water uptake from all rooted soil layers

water uptake by root and mycorrhizal surfaces in each soil

layer
wind speed measured at z,

potential canopy CO;, fixation rate at yc; = 0 MPa
root specific volume

canopy capacitance

canopy water potential

Wi + canopy gravitational potential

canopy osmotic potential

soil water potential

we + soil gravitational potential

canopy turgor potential

length of bole from soil surface to top of canopy

canopy zero-plane displacement height

m

gCgFw?

m®m?Zh?

m®m?Zh?

pmol m? st
m® g Fw*
m* m? MPa™
MPa

MPa

MPa

MPa

MPa

MPa

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

[B13] 0.05

Grant (1998)
[B3b]

[B3b]

[B5,B14]

[B5,B6]

[B3a,B3b]

[B2]

[B13] 10°® Grant (1998)
[B14]

[B4,B7,B14]

[B6,B7]

[B4]

[B8]

[B6,B8]

[B2b,B4] 125at =0

[B7,B11]

[B3a] Perrier (1982)



Z)

Z

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

C3 Gross Primary Productivity

GPP =X i,j,k,l,m,n,0 (Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o) A i,j,k,l,m,n,0

Vgi,j,k,l,m,n,o = (Cb - Cii,j,k,l,m,n,o) / rIi,j,k,l,m,n,o

Veijkimno = Min{Vijkimnor Viijkimno}

Mijktmno = Nminijktimno + (Nmaxi = Miminijklm,no) e(-8 i)

Miminijkimno = (Co = Ci'i) / Ve'ijkimn,o

Viijkimno = Vomaxijk (Ceijkimno = Zijk) / (Caijkimno) ¥ Ke) fyijkimno
Vomaxiji = Vb'; Frubisco; MUy oror / Ajjxc Fioi fici

Fi= 0.5 O Vamarg . Koy / (Voo Ko

Vomaxij = Vo'; Fruvisco; MLy prot / A Tro

K¢, = K fikei (1 + Oc/ (Ko, fikoi))

Viijkimno = Jijkimno Yijkimno fyijkimno

Yi,i,k,l,m.n.O: (Cci.i.k.l.m,n,o - Fi,i,k) / (4-5 Cci,i,k,l,m.n.o +10.5 Fi.i.k)

0.5
Ji,j,k,l,m,n,o = (g Ii,I,m,n,o+ \]maxi,j,k' ((3 Ii,l,m,n,o+ \]maxi,j,k) -dae Ii,I,m,n,o \]maxi,j,k) ) / (2&)

Jmaxijk = Vi'; Fehtorophyil; M'—i,j,k,prot / Ai,j,k ftji fici

_ 05
f\v ijklmno = (rlmi”i,j,k,l,m,n,o/ r'i,j,k,l,m,n,o)

solve for Cijj1mnoat which

Vci,i,k,l,m,n,o = ti,i,k,l,m,n,o
diffusion

carboxylation
r; is leaf-level equivalent of r,

minimum r; is driven by
carboxylation
CO, and water f,, constraints on V,

temperature fy, and nutrient fic
constraints on Vymax

CO, compensation point
oxygenation

M-M constant for V,
water constraints on V;

carboxylation efficiency of V;
irradiance constraints on J

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

[C1]
[C2]
[C3]
[C4]
[C5]
[C6a]

[C6b]

[C6c]
[C6d]

[C6e]
[C7a]

[C7b]
[C8a]

[C8b]

[C9]



foi = €xp[By — Hav/ (RTci)] / {1 + exp[(Ha = STai) / (RTi)] + exp[(STei — Han) / (RTei)]}
froi = €XP[Bo — Hao/ (RTci)] / {1 + exp[(Hai — STei) / (RTei)] + exp[(STei — Han) / (RTei)]]
fyi = exp[Bj — Haj/ (RTci)] / {1 + exp[(Har — STei) / (RTei)] + exp[(STei — Han) / (RTe)1}
fueci = €XP[Bic — Hake/ (RT)]
ficoi = €XP[Bro — Hako/ (RTci)]

fici = min{owi, i/ (onij + ocij/ Kicy), opij/ (opij + ocij/ Kicp)}

éNI'-Ri,j,k Iot= é]\/ILiJ-J(/(St min{[N'leaf + (Nleaf - N'Ieaf) fiCi] / Nprot, [Plleaf + (Pleaf - Plleaf) 1:iCi] / Pprot}

Autotrophic Respiration
Ra=2iZ (Reij + Rsij) + ZiZ 22 (Reirt + Rsirt) + Enp (Unnairt + Unosirt + Uposir )
Reij = Rc¢'otij T
Rci,r,l = RC'O-C irl ftai,l (UOZi,r,I /U 'OZi,r,I)

Uoziri = U 02irt [Ozira] / ([Ozir] + Koy)

= Uw;  [O2s1] + 2 Lir) Dso2 ([O2s1] = [Ozrir,]) IN{(rsi + Friyrs) / Fripi}
+2n I-i,r,l Dio2 ([OZqi,r,I] - [02 ri,r,l]) In(rqi,r,l) / rri,r,l)

U o2ir1 = 2.67 Ry iri

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K., Ko,

control of oy and op vs.o¢ in
shoots on Vy, V; through product
inhibition and on leaf protein
growth through leaf structural
C:N:P ratios

growth of remobilizable leaf
protein C

total autotrophic respiration

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

[C10a]
[C10b]
[C10c]
[C10d]
[C10€]

[C11]

[C12]

[C13]

[Cl4a]
[C14b]
[Cl4c]

[C14d]

[C14e]



Rsij = - min{0.0, Reij — Rmij}

Rsir = - min{0.0, Reiri— Rmir.i}

Rmij = 27 (Nijz Rm" fimi)

Rmirt= Zz (Nir1z Rm" fimi)

Rgij = max{0.0, min{(R¢i; — Rmij) min{1.0, max{0.0, wi- w'}}

Rgir1 = max{0.0, min{(Reir — Rmirs) Min{1.0, max{0.0, wx;, - vi'}}

Growth and Litterfall
lijzc= Rij Mgij / Muij

Ii,j,z,N = Ii,j,z,C Nprot (1.0 — Xinx kai,j)
Ii,j,z,P = Ii,j,z,C Pprot (1.0 — Ximx f}LPi,j)
fanij = ocij/ (ocij + onij/Kan)
fipij = ocij/ (ocij + ovij IKap)
Xirlc = Ix OCir,

XirdN = Ix Onirl Firin

Xirip = Ix Opirifairip

fairin = onij/ (onij + ocij/Ken)

firip = opijl (ovij+ ocij/Kyp)

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

maintenance respiration of
branchs, roots and mycorrhizae

growth respiration of branchs,

roots and mycorrhizae when Ry, <

Re

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 oy and op according to
ratios of oy and op Withog. root
and mycorrhizal litterfall (i,r,I)
calculated as for branch litterfall

(i.j.2)

root and mycorrhizal exudation
driven byog, oy and op, and by
Oc.ON and Oc.Op.

[C15]

[C16]

[C17]

[C18]
[C19a]
[C19b]
[C19¢]
[C19d]
[C19€]
[C19f]
[C19¢]
[C19h]

[C19i]



Mgijlot =2, [Rgij (1 - Ygi2) Ygid = Rsij = lijc

OMgi i/t = [Ryiva (1 - Ygir) IYgir] = Rivi = liric

5ALi,j,k,I/5t = x (Myij / yi)‘o‘” 51\/||_i,j,k,|/ét min{1, max{0, i - w'}

8Lir11/8t = (SMrii1 / 88) 1 Vi ve H{pr (1 - Opis ) (7 Frir112)}

8Lir2/ 8t = (8MRir2/ 8t) vi {pr (1 - Opiy) (T Firi29)}

fii =Tei{exp[By — Hav/ (RTe)I}/ {1 + exp[(Ha — STci) / (RTei)] + exp[(STei — Han) / (RTei)1}

fori = @(0.0811 (T ; ~298.15))

Root and Mycorrhizal Nutrient Uptake

UNH4i,r,I = {Uwi,r,I[NH4+I] + 27'Cl—i,r,IDeNH4| ([NH4+I] - [NH4+i,r,I]) / In(di,r,l /rri,r,l)}

= U'nm, (Uozint U "ozir) Air (INHS 1] = INHS mn])/(INHS 1] = [INHS ] + Kiny) fain fivie

Unosziri1 = {Uwir [NO3 7] + 27k 1 Denog (INO37] = [NOs7ii]) / In(diy /rvie )}

=U'noy (Uoziri U "ozir)) Airg (INO3s7iri] = [INO3™mn] J/(INO37i 1] = [NO3™mn] + Knog) Frair finir

Upouiri = {Uwir) [H2PO4 ] + 27Lir 1Deroy, ([H2PO4 1] = [HoPO4 i) / In(iry /i )}

=U'po, (Uoziri /U "02ir1) Airi ([H2POL 1] = [H2PO4 mn])/([H2POLi 1] = [H2PO4 mn] + Keo,) Frai fipir,

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

fipir1 = ociri/(ocir) + opiri! Kipg)

C,4 Mesophyll
GPP =X ximno (Vamayijitmno = Vemayijklmno)

Vymayijktmno = (Co = Cimayijitmno) ! Mifijkimno

C4 Gross Primary Productivity

branch growth driven by R,

root growth driven by Ry

leaf expansion driven by leaf mass
growth

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

Arrhenius function for R,

temperature function for Ry,

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

product inhibition of Uyns, Unos
and Upo,s determined by oy and op
VS. o in roots

gaseous diffusion

[C20a]

[C20b]
[C214]

[C21b]
[C21c]
[C223]

[C22b]

[C23a]
[C230]

[C23c]
[C23d]

[C23¢]
[C23f]
[C23g]

[C23h]

[C24]

[C25]



Vemayijitmno = MIN{NVomayijitmnos Vimayjkimnot

Fifijklmno = Viminijktmno T (Fimaxi = Vifminijjlm,no) e(-4 i)
FitminijkLmno = (Cb = Cima)'i) / Vegmayijkimno
Vomayijkimno = Vomaxmayijk (Comayijkimno = £ mayijk) / (Comayijkimno) + Kemay)

Vimajijkimno = Jmayijklmno Y (mayijklmno

Ymajijk = (Comayijkimno = £ mayijk) / (3.0 Cemayijiimno) +10.5 Limayijx)

2 0.5
J(m4)i,j,k,|,m,n,o = (5 Ii,l,m,n,0+ Jmax(m4)i,j,k' ((‘9 Ii,l,m,n,0+ Jmax(m4)i,j,k) -das Ii,I,m,n,o Jmax(m4)i,j,k) ) / (20!)

Vomaxmayijk = Vomax(ma) [Npepmayijd' Nisijk Artijk Tomayiji fyi T
Jmaxmayijk = Imax [Nenimayijk 1" Nisijk Artijk femayijio fi fi

fomayiji = 1.0/ (1.0 + Drcamayijnd / Kiycynay)

— 05
fyijkimno = (rlfmini'jykvhm'n'o/ rlfiyjykyhm'n'o)

C, Mesophyll-Bundle Sheath Exchange

Vcamayijk = Kycamay (Zeamayijk Wikoayijk —cawayik Wismayijn) | Witwayijk + Witmayijk)
Vicapaijk = Kreaws Zoapaijk | (1.0 + Copayiji Kiyey )

V goayijk = Keopa) (Ceoayik — Comayin) (12 X 10°°) Wigoayij

3 ycamayijk 16t = Zimno Vemayijkimno~ V camayijk

S ycawayjk Ot =V camayijk =V capayijk

SCc(payijid Ot = Vycapayijk = Vapayijk - Zimno Vewayjkimno

mesophyll carboxylation

CO,-limited carboxylation

light-limited carboxylation

irradiance response function
PEPc activity

chlorophyll activity

C, product inhibition

non-stomatal water limitation

mesophyll-bundle sheath transfer
bundle sheath decarboxylation

bundle sheath-mesophyll leakage
mesophyll carboxylation products

bundle sheath carboxylation
products
bundle sheath CO, concentration

[C26]
[C27]
[C28]
[C29]
[C30a]

[C30b]
[C31]

[C32]
[C33]
[C34]

[C35]

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

[C41]

[C42]



C, Bundle Sheath

Vc(b4)i,j,k,|,m,n,0 = min{Vb(m)i,j,k, Vj(b4)i,j,k,|,m,n,0} bundle sheath carboxylation [C43]

Viowayijk = Vomaxpayijk (Cowayijk = L oayijk) / (Copayijx) + Keay) CO,-limited carboxylation [C44]

Vj(b4)i,j,k,l,m,n,0 = J(b4)i,j,k,|,m,n,o Y(b4)i,j,k ||ght- limited carboxylation [C45a]

Yoaiik = (Cewaiik = Loaiik) / (4.5 Ceayiix + 10.5 Fipayiik) F:arbc?xylation efficiency (?f Viba) [C45b]

Jiayijkimno = (€ liimno+ Imaxoayijk~ (€ liimno+ Imaxwaijn)’ = 4 litmno Imaxpayjn)">) / (20) irradiance response function [C46]

Vomax(oayijk = Vomaxoa) [Nruopayijed' Nisijx Arijx Toeayij Tyi fi RuBPc activity [C4T]

Jmaxayijk = Imax [Neniwayijid Nisijx Arsijk feeaijn fui fvi chlorophyll activity [C48]

feeyign = min{[vie ] / ([visigl + Dreawayii] / Kivg), [ieig] 1 (L] + Dresayig] 1 Kimgg) Cs product inhibition [C49]

Shoot — Root - Mycorrhizal C, N, P Transfer

Zscijirt = Oscijirt (0cij Mriri- ociri Maij) / (Mgiri+ Mgij) shoot — root C transfer driven by [C50]
oc concentration gradients

Zsnpij-ixd = Osnpijeirt (ONpij Ocirt = Onpint Ocij ) ! (Ocin + Ocij ) shoot — root N,P transfer driven by [C51]
on,p concentration gradients

Zcijrind = Orcijint (Ocir) Muiri= ocimi Mrirn) / (Muir + Mgir) root — mycorrhizal C transfer [C52]
driven by o conc’n gradients

Zonpijint = 9rnpij-int (ONpir Ocimi = ONpimt Ocirt) ! (Ocimi + Ociry) root — mycorrhizal N,P transfer [C53]
driven by oy 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
k node

—



soil or canopy layer

|
m leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
z organ including leaf, stem, root r,
mycorrhizae m
variables

A leaf, root or mycorrhizalsurface area m? m? [C1,C6h,C6d,C8h,

C21,C23,C32,C33

,C4T]
A 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; parameter such that fg = 1.0 at T, = 298.15 K [C10c] 17.354
By parameter such that fy. = 1.0 at T, = 298.15 K [C10d] 22.187
Bio parameter such that fy.; = 1.0 at T,=298.15 K [C10e] 8.067
B, parameter such that f,; = 1.0 at T, = 298.15 K [C10b] 24.212
B, parameter such that f,; = 1.0 at T, = 298.15 K [C10a, C22] 26.229
o [CO2] in canopy air pmol mol™ [C2,C5 C25,C28]
C. [CO2] in canopy chloroplasts in equilibrium with Ciijximno uM [C6a,C7b]
Cevay [CO2] in C, bundle sheath UM [C38,C39,C42,C4

4,C45b]
Ce(may [CO2] in C, mesophyll in equilibrium with Ci;jimn.o uM [C29,C30b,C39]
G’ [CO2] in canopy leaves when ;=0 pmol mol™ [C5] 0.70 x Cy Larcher (2001)
G [CO2] in canopy leaves pmol mol™ [C2]
Cima) [CO2] in C4 mesophyll air when y; =0 pmol mol™ [C28] 0.45x Cp,



Cima)
Cijz=i

De NHy|
De NOgz|

De PO4|
Dro2
Dso2
dir)

EN,P
fC(c?:)

fC(m4)

I:chl

fi
fie

fk N

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

effective dispersivity-diffusivity of NH," during root uptake
effective dispersivity-diffusivity of NO3™ during root uptake

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

aqueous diffusivity of O, from root aerenchyma to root or
mycorrhizal surfaces

aqueous diffusivity of O, from soil to root or mycorrhizal
surfaces

half distance between adjacent roots assumed equal to
uptake path length

energy cost of nutrient uptake

C; product inhibition of RuBP carboxylation activity in C4
bundle sheath or C3 mesophyli

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

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

P inhibition on root P uptake

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

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

pmol mol™
gCm?

m?h?

gCgN*torp?

[C25]
[C18]

[C23]
[C23]
[C23]

[C14d]
[C14d]
[C23] (r L, /AZ)™?

[C13] 2.15
[C47,C48,C49]

[C32,C33,C34]

[C8b] 0.025
[C6a,C7,C11,C12]

[C23¢]

[C23h]

[C19a,c]

[C19D,d]

Grant (1998)

Veen (1981)



Frubisco fraction of leaf protein in rubisco - [C6b,d] 0.125

fia temperature effect on R, and U - [C14,C22,C23]
fin temperature effect on carboxylation - [C6b,C10a]
fij temperature effect on electron transport [C8b,C10c]
fice temperature effect on K, [C6e,C10d] Bernacchi et al.
(2001,2003)
fixo temperature effect on K, [C6e,C10e] Bernacchi et al.
(2001,2003)
fim temperature effect on Ry - [C16, C22Db] Q=225
fio temperature effect on oxygenation [C6d,C10b]
fv temperature effect on carboxylation - [C32,C33,C36,C4
7,C48]
fun inhibition of root or mycorrhizal N exudation - [C19f,h]
f.p inhibition of root or mycorrhizal P exudation - [C19g,i]
fyi non-stomatal water effect on carboxylation - [C6a,C7a,C9] Medrano et al.
(2002)
fyi non-stomatal water effect on carboxylation - [C32,C33,C35C47
,C48]
Jsc conductance for shoot-root C transfer ht [C50] ?g!ﬁudlzﬁg f;?(riz Grant (1998)
number
gsN.p rate constant for shoot-root N,P transfer ht [C51] 01 Grant (1998)
drc rate constant for root-mycorrhizal C transfer h? [C52] 0.1 Grant (1998)
grNp rate constant for root-mycorrhizal N,P transfer ht [C53] 01 Grant (1998)
Haj energy of activation for electron transport Jmol™ [C10c] 43 x10° Bernacchi et al.

(2001,2003)



Jioa)
Jima)

1
Jmax

Jmax(va)

Jmax(m4)

Jmax

Ke(oa)

Kc(m4)

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

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

concentration of H,PO, at root or mycorrizal surfaces below
which Upo4 =0
irradiance

electron transport rate in C3 mesophyll

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

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

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

electron transport rate in C4 mesophyll at non-limiting |
electron transport rate at non-limiting I, ;, temperature and
N,P

Michaelis-Menten constant for carboxylation in C, bundle
sheath

Michaelis-Menten constant for carboxylation in C4
mesophyll

Jmol™
Jmol™
Jmol™
Jmol™

Jmol™

Jmol™

-3

gNm

gNm?

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

pmol gt s

pmol m?s?

pmol m?s?
pmol m?s?

uM

uM

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

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

[C8a,]

[C7a,C8a]

[C45a,C46]
[C30a,C31]

[C33,C48]

[C46,C48]

[C31,C33]
[C8a,C8b]

[C44]

[C29]

55 x 10° Bernacchi et al.

(2001,2003)

20 x 10° Bernacchi et al.
(2001,2003)

60 x 10° Bernacchi et al.
(2001,2003)

65 x 10° Bernacchi et al.
(2001,2003)

222.5x 10°

197.5 x 10°

0.002 Barber and
Silberbush, 1984

400

300at25°Cand  -awlor (1993)

zero O,

3.0 at 25°C Lawlor (1993)



Ke
Ke
Kicy

Kicp
K'xc4(b4)

K'xc4(m4)

K|Vlf

King

King
King
Kiw
Kap
KnH,
Knog

KPO4

2

Michaelis-Menten constant for carboxylation at zero O,

Michaelis-Menten constant for carboxylation at ambient O,

inhibition constant for growth in shoots from o vs. oy

inhibition constant for growth in shoots from o vs. op

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

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

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

[viri.i]

constant for C; product inhibition of RuBP carboxylation
activity in C, bundle sheath or C; mesophyll caused by
[7fi.]

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

inhibition constant for P uptake in roots from oc;; Vs. opij
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 NH,* uptake at root or mycorrhizal
surfaces

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

M-M constant for H,PO,™ uptake root or mycorrhizal
surfaces

Michaelis-Menten constant for root or mycorrhizal O,
uptake

uM
uM
gCgN*

gCgP?
uM
uM

gCgN*

gCgP*

gNgc*
gPgC*
gNgc*
gPgC*
gNm
gNm
gPm

gm

[C6c,Cbe]

[C6e]

[C11]

[C11]

[C38]

[C34]

[C49]

[C49]

[C23]

[C23]
[C19c]
[C19d]
[C23]
[C23]
[C23]

[C14c]

12.5at25°C

100

1000

1000.0

5x 10°

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)



Ko inhibition constant for O, in carboxylation uM [C6c,Cbe] 500 at 25 °C Farquhar et al.

Kxn inhibition constant for exudation of root or mycorrhizal N gCgN* [C19h] 1.0 (1980
Kyp inhibition constant for exudation of root or mycorrhizal P gCgN* [C19i] 10.0

L root length m m? [C14d,C21b,C23]

Ic C litterfall from leaf or root gCm?h? [C18,C19a,b,C20]

Inp N or P litterfall from leaf or root gCm?h? [C19a,b]

Mg branch C phytomass gCm? [C20,C50]

M, leaf C phytomass gCm? [C12,C21]

Mi, M, non-remobilizable, remobilizable (protein) leaf C phytomass g C m™ [C12,C18]

M mycorrhizal C phytomass gCm? [C52]

Mg root C phytomass gCm? [C20,C21,C50,C5

MLiprot leaf protein phytomass calculated from leaf N, P contents gNm? fé6b,CGd,C8b]

N,P N or P content of organ z gNm? [C16, C19]

Near maximum leaf structural N content gNgc? [C12] 0.10

N’ leat minimum leaf structural N content gNgc? [C12] 0.33 X Njeat
Nt total leaf N g N m?leaf [C32,C33,C47,C4

Nprot N content of protein remobilized from leaf or root gNc? ?(]:12,019a] 0.4
[Nehioa]' ratio of chlorophyll N in C4 bundle sheath to total leaf N gNgN? [C48] 0.05

[Nenimayl’ ratio of chlorophyll N in C4 mesophyll to total leaf N gNgN? [C33] 0.05



[NH,ir]

[N H4+mn]

[NO3_i,r,I]

[NOS_mn]

[Npep(m4] '
[N rub(b4)] I

Oy

I:)prot

[ 7]

concentration of NH," at root or mycorrizal surfaces

concentration of NH,"at root or mycorrizal surfaces below
which UNH4 =0

concentration of NH," at root or mycorrizal surfaces

concentration of NO5™ at root or mycorrizal surfaces below
which UN03 =0

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

ratio of RuBP carboxylase N in C, bundle sheath to total
leaf N

aqueous O, concentration in root or mycorrhizal
aerenchyma

aqueous O, concentration at root or mycorrhizal surfaces

aqueous O, concentration in soil solution

[O2] in canopy chloroplasts in equilibrium with Oz j, atm.
maximum leaf structural P content

minimum leaf structural P content

P content of protein remobilized from leaf or root

concentration of nonstructural root P uptake product in leaf

root or mycorrhizal porosity
gas constant

total autotrophic respiration
R. under nonlimiting O,

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

-3

gNm

-3

gNm

gNm3

gNm3

gNgN*
gNgN*
gm
gm
gm
uM
gPgC*
gPgC*

gPC*

gPgcC?

m3 m-3
JmoltK?

gCm?h?
gCm?h?

gCgcC*h?

[C23]
[C23]

[C23]

[C23]

[C32]
[C4T]
[Cl4c,d]
[Cl4c,d]
[Cl4c,d]
[C6c,Cbe]
[C12]
[C12]

[C12,C19D]

[C49]

[C21b]
[C10, C22]

[C13]
[C14]

[C14]

0.0125

0.03

0.025

0.025

0.10
0.33 X Pjeat

0.04

0.1-05

8.3143

0.015

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984



Re
Rg

0
Ifmaxi

[ifminijk,Lmno

F1ij.klmn,o
FNmaxi

Fimini,j klm,n,o
R

Rimij

rqi,r,l

rri,r,l

Rsij

Is)

Ix

Pr
S

oc

autotrophic respiration of og;jor ociy,

growth respiration

leaf stomatal resistance
leaf cuticular resistance

leaf stomatal resistance when y; =0
leaf stomatal resistance

leaf cuticular resistance

leaf stomatal resistance when y; =0

specific maintenance respiration of og;jat Te = 25 °C
above-ground maintenance respiration

radius of root aerenchyma

root or mycorrhizal radius

respiration from remobilization of leaf C

thickness of soil water films

rate constant for root or mycorrhizal exudation

dry matter content of root biomass

change in entropy

nonstructural C product of CO, fixation

gCm?h?
gCm?h?
sm
sm

sm
sm

sm
sm
gCgN*th?

gCm?h?

gCm?h?

h-l

ggl

Jmolt K?

gCgcC*

[C13,C14,C17,
C15]
[C17,C20]

[C25,C27,C39]
[C27]

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

[C4]
[C4,C5,C9]
[C16]

[C16,C17,C15]
[C14d]

[C14d,C21b,c,C23
a,c.e]
[C13,C15,C18,
C20]

[C14d]

[C19f,g,h]
[C21b]
[C10, C22]

[C11,C19c¢,d,eh,i,
C23g,h,C50-53]

0.0115

1.0 x 10 or 5.0 x
10°°

0.001
0.125

710

Barnes et al.
(1998)

Sharpe and
DeMichelle
(1977)



ON

op
T
UnH4irl
U'NHy,
Unosirl
U'nog
Urouirl
U'po,
Uozir,

’
U "oaitr

UWi,r,l

V soayiik
\/5

Vo(oayijk

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

Vhijklmno

Vomax(ba)'

nonstructural N product of root uptake

nonstructural P product of root uptake

canopy temperature
NH," uptake by roots or mycorrhizae

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

NOj3™ uptake by roots or mycorrhizae

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

H,PO, uptake by roots or mycorrhizae

maximum Upo, at 25 °C and non-limiting H,PO4

O, uptake by roots and mycorrhizae under ambient O,
O, uptake by roots and mycorrhizae under nonlimiting O,
root water uptake

CO, leakage from C4 bundle sheath to C, mesophyll
specific rubisco carboxylation at 25 °C

COg-limited carboxylation rate in C4 bundle sheath

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

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

gNgcC*

gPgC*
K
gNm?ht
gNm?ht
gNm?ht
gNm?ht
gNm?ht
gNm?ht
gOom?ht
gOom?ht
m*m?h?
gCm?h?

umol g * rubisco
-1
s

pmol m? s

pmol m? s
pumol m? s

pumol gt s?

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

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

[C23]

[C23]

[C23]

[C23]

[C23]

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

[C39,C42]
[C6b]

[C43,C44]

[C26]
[C3,C6]

[C47]

5.0x10°

5.0x10°

5.0x10°

45

75

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984

Barber and
Silberbush, 1984

Farquhar et al.
(1980)



Vomax(b4)ijk
meax(m4)'
Vomax(mayi j.k
Vomaxi jx
VC(b4)i,j,k,I,m,n,o
VC(m4)i,j,k,I,m,n,0
VCo(m4) i,jkl,mn,0
Vci,j,k,l,m,n,o
Vcli,j,k,l,m,n,o

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

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

A

Vitoayi,iklm,n,o

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

Viijklmno

Vo'
Vomaxi,j,k

V camaijik

COgz-nonlimited carboxylation rate in C4 bundle sheath

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

COg-nonlimited carboxylation rate in C, mesophyll
leaf carboxylation rate at non-limiting CO2, w4, T and N,P

CO, fixation rate in C, bundle sheath

CO, fixation rate in C4 mesophyll

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

leaf CO, fixation rate when ;=0

CO, diffusion rate into C, mesophyll
leaf CO, diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in C4 bundle sheath

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

specific rubisco oxygenation at 25 °C
leaf oxygenation rate at non-limiting Oy, 4, T. and N,P

decarboxylation of C, fixation product in C, bundle sheath

pmol m? s
pumol gt s?
pmol m? s
pumol m? s
pumol m? s
pumol m? s
pumol m? s
pumol m? s
pumol m? s
pumol m? s
pumol m? s

pumol g *
chlorophyll s*

pumol m? s

pumol m? s

pumol m? s

umol g * rubisco
-1

s
pmol m?s?

gCm?h?

[C44,C4T]

(c32] 150

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

[C24,C26,C40,C4
1]

[C28]
[C1,C3]

[C5]

[C24,C25]

[C1,C2]

[C8b] 450

[C43,C45a]

[C26,C30a]
[C3,C7a]

[C6d] 9.5

[Cée,d]

[C38,C41,C42]

Farquhar et al.
(1980)

Farquhar et al.
(1980)



V cagmay

[vie]
Vr
Witoa)
Wit(may
XmX

XirlC
XirIN
Xir,l,P
Y

Y (ba)

Y (ma)

ZsC

Zsnp

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

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

C, bundle sheath water content

C, 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 mesophy!ll

carboxylation yield from electron transport in C, bundle
sheath

carboxylation yield from electron transport in C, mesophyll

fraction of o;j used for growth expended as Rg;;, by organ z

plant population
shoot-root C transfer

shoot-root N,P transfer

gCm?ht
gNm?ht

gPm?ht

umol CO2 umol €
-1
umol CO2 umol &
-1

umol CO2 umol €
-1

gCgcC™?

gCm?h?

gN,Pm?h?

[C37]

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

[C19a,b] 0.6 Kimmins (2004)

[C19€]
[C191]

[C19¢]
[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
Zinp
A
)
I (ma)

a

[

X

XCa(ba)

X Ca(ma)

[Zc3(b4)]

[ZC4(m4)]

&

KCc(ba)
W

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

CO2 compensation point in C3 mesophyll

CO3 compensation point in C, bundle sheath
CO2 compensation point in C, mesophyll

shape parameter for response of J to |

shape parameter for response of Jto |
area:mass ratio of leaf growth

non-structural C, fixation product in C4 bundle sheath
non-structural C, fixation product in C4 mesophyll

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

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

quantum yield

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

gCm?h?
gN,Pm?h?

uM

uM

uM

mg*

gCm?

gCm?

-1

g9

uM
umol e umol
quanta™

umol e umol
quanta™

h-l
MPa

[C52]
[C53]

[C6a,C6c,C7b]

[C44,C45D]
[C29,C300]

[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
1.25at y, =0

Grant and
Hesketh (1992)

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



Qrxxy) = Vxxy) dmxy Lyeey)

Quyxy) = Vy(xy) dmxy Lxxy)

dxy = Max(0, dwy) + dixy) = dsxy) Dwiey) ! (Awixy) + diy)

— p0.6 0.

Vi) = R™ Sy00) " Ziy)
— p0.67 0.5

Vyy) = R7 Syeyy 1 Zrcy)
- 0.6 0.

Vi) = —R Sx” Zutey)

- 0.67 0.5
Vyy) = R Syeyy 1 Zrxy)

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

Surface Water Flux

A(dW(X,Y)Ava) [ At= QF’X(XYY) - Qr,x+1(XYY) + Qf,)’(xyy) - Qf1y+1(X,Y) +P- EX,Y B QWZ(vavl)

R=s.dn/[2 (5% +1)0.5]

S><(><,y) =2 abs[(Z + ds + dm)x,y - (Z + ds + dm)x+1,y] / (Lx(x,y) + I—x(x+l,y))

Sy(x,y) =2 abS[(Z + ds + dm)x,y - (Z + ds + dm)xyy-{-l] / (Ly(x,y) + Ly(x,y+l))

LEi=L (ea— € ) / Ta

I—Es =L (ea - es(Tsvu/S)) / Fas

QWX(XYYYZ) =K (l//sx,y,z - l//s><+1,y,z)

wa(x,y,z) = I(,y (l//sx,y,z - l//sx,y+1,z)

Subsurface Water Flux

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),

[D1]

[D2]

[D3]

[D4]
[D5a]

[D5b]

[D6a]

[D6b]

[D7]



sz(x,y,z) =K', (‘//sx,y,z - ‘//sx,y,z+1)
AQN XY,z At = (wa(x,y) - wa+1(x,y) + wa(x,y) - wa+1(x,y) + sz(x,y) - sz+1(x,y) + Qf(x,y,z)) / I—z(x,y,z)

K% = 2 Ky Ky ! (Kiyz Ligernyay + Kty baiy)
=2 Kyya! (Lxper1yz) + Lixy)

=2 Ky (Lierry + Lxeya)

K'y =2 Kyy2 Kayrra! (Kyyz Lyy+12) + Kiys1.2 Lyey.)

= 2 Kaya! (Lyy+10 + Lyya)

= 2 Kyl (Lyy+12) + Lygeya)

K'2 = 2 Kyya Kayar ] (Kiyz Laeyarn) + Kayana Laey.2)

=2 Kyya! (Lageyz+t) + Laxy)

= 2 Kyl (Laeyz+t) + Laxy)

Exchange with Water Table
th(x,y,z) = K><,y,z [l//' - '//Sx,y,z +0.01 (dzx,y,z - dt)] / (I-tx +05 Lx,(x,y,z))

Qty(x,y,z) = K><,y,z [l//' - '//sx,y,z +0.01 (dzx,y,z - dt)] / (I-ty +0.5 Ly,(x,y,z))

Heat Flux
Ry+LE+H+G=0

G x(xy.2) = 2 Kixy,2),(x+1y.2) (T(x,y,z) - T(x+1,y,z)) / ( Lx (x,y,z)+ L>< (x+1,y,z)) +Cy T(x,y,z) wa(x,y,z)

Gy = 2 Kxya)oy+12 (Teeya) = Toy12) I (Ly xyat Ly xy+12) + Cw Tixy.) Quyixy)

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 Yoy, ' + 0.01(0yy,, — dy) for
all depths z from d,,, to d
or if gy, > d;

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]



G 2xy.2) = 2 Kixy,2),(x.y,z+1) (T(x,y,z) - T(x,y,z+1)) / ( I—z (x,y,z)+ Lz (x,y,z+1)) + Cy T(x,y,z) sz(x,y,z)

Gty = Cxxya T Cyy1a) - Gyya) ¥ Gaxyat) - Gatxyn + LQixya) + Cixy) (Texy) = Tixy) 14t =0

Gas Flux
styx,y,z = agsx,y,z Ddy (S :{ ftdyx,y,z [7gs]x,y,z - [7/Ss]x,y,z)
eryx,y,z = Agrxy,z Ddy (S :{ ftdyx,y,z [7gr]><,y,z - [7sr]x,y,z)
Qgsyzx,y,l = gax,y {[}/a] - {2 [7gs]><,y,1Dgsyz(x,y,1)/ Lz(x,y,l) + gax,y [7’a]}/{2 Dgs~/z(><,y,1)/ I-z(><,y,1) + gax,y}}

styx,y,l = agsx,y,l Ddy (S :{ ﬁ:dyx,y,l [7&] - [7/ss]x,y,1)

Qgsyx(x,y,z) =- wa(x,y,z) [Vgs]x,y,z +2 Dgsyx(x,y,z) ([ygs]x,y,z - [Vgs]x+1,y,z) / ( Lx (x,y,z)+ Lx (><+1,y,z))
QQSYY(X,V,Z) =- QWY(X%Z) [Vgs]x,y,z +2 DQSYY(X,V,Z) ([7QS]X,VVZ - [7QS]X,V+1,Z) / ( Ly (x,y,z)+ Ly (x,y+1,z))
Qgsyz(x,y,z) =- sz(x,y,z) [Vgs]x,y,z +2 Dgyz(x,y,z) ([7’gs]x,y,z - [ygs]x,y,z+1) / ( Lz (x,y,z)+ I-z (><,y,2+1))

Qgryz(x,y,z) = Dgryz(x,y,z) ([ygr]x,y,z - [73])/ 2l,z Lz (x,y,2)

Dysixtuya) = Dy ftgxya [0.5 (Bpeye + Operty) 1 Gpsy™
N 2 0.67
Dosiyeys) = Dy ftoxyz [0.5 (Goxy.z + Opxy+1.2)]7/ Gpsxy
— N 2 0.67
Dgsiztxy.) = Dy Ttoxyz [0.5 (Ggyiz + Ouxy.z+1)]7/ Gpsxy.z

— 1.33
DQFYZ(X:VYZ) =D ,gy ftngyyz eprx,y,z Af (xy.2) IA 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]



Qpyz = Min[0.0, {(44.64 Bixy,273.16 / Tixyz) — 2, ([#lxy../ (S5 ftdyx,yszy))}]
([%]x,y,z/ ( S :/ ftdyx,y,zMy)) / E;f ([78]x,y,z/ ( Si/ ftdyx,y,z'vly)) S :/ ftdyx,y,z My Vx,y,z

Solute Flux

Qspxxyd = = Quxtxya) [askxys + 2 Dspexy) ([deyz = Dlxrrya) 1 (Lx ey + L eriya)
Qsiyixya = = Quytxy.a) [askxy + 2 Dsyyixya) ([deyz = Dalxy+1.2) 1 (Ly y) + Ly ey+1.2)
Qsrztxy2) = = Quaty) [slyz + 2 Dy ([dey = [lxyart) 1 (L ey + Lo eyavn)

Qg = = Qurtey) [7s] xy.z + 27 Lir D, ([rss] = [trie]) IN{(rs + Frie) / i}

+ 27 L Doy (] = D7) IN(rgie) / Fiir)

Do) = Dy | Quaguy) [+ D%, Tloxy [0.5(Bucya + Busaya)] 7

Dsyixyas = Dayoya | Quyty) [+ D% sy [0.5(Gucya + Gunrrya)] 7

Dty = Daptxya) | Quateya) |+ D% Ttoayz [0-5(Buyz + Guneny ] 7

Dry(x,y,z) = D’qr | Qwr(x,y,z) I + D/Sy ftsx,y,z aNx,y,z T

qu(x,y,z) =05 a( I—x (x,y,z)+ I—x (x+l,y,z))ﬂ
Dayeeya = 0.5 @ (Lyyat Ly xyr12)

qu(x,y,z) =05 a( Lz (x,y,z)+ I—z (x,y,z+1))ﬂ

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=1to
n: soil layers
variables
A area of landscape position m? [D17c]
A root cross-sectional area of landscape position m? [D17c]
g air-water interfacial area in roots m? m [D14b]
ags air-water interfacial area in soil m? m [D14a,D15b] Skopp (1985)
a dependence of Dy on L - [D21] 0.20
B dependence of Dy on L - [D21] 1.07
c heat capacity of soil MJm?°c? [D13]
Cu heat capacity of water MJm?3°c? [D12] 4.19
Dy, volatilization - dissolution transfer coefficient for gas y m?h? [D14,D15a]
Dgry gaseous diffusivity of gas y in roots m?h? [D16d,D17d] Luxmoore et al.
(1970a,b)
Dygsy gaseous diffusivity of gas y in soil m?h? [D15a,D16a,b,c,D Millington and
17a,b,c] Quirk (1960)
D% diffusivity of gas y inair at 0 °C m?h? [D17] 6.43x 10 for y=  Campbell (1985)

0,



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 T, and 4
soil surface vapor density at current T and yx
temperature dependence of S’

temperature dependence of D g,

temperature dependence of D%,

soil surface heat flux

m®m?Zh?

[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]

8.57 x 10°® for y =

Campbell (1985)

Wilhelm et al.
(1977)
Campbell (1985)

Campbell (1985)



GXyGy!GZ

0a

[7]
[7’gr]

[7’gs]

(7]
(]

[l

K'x, Ky K

L
L

LX:'—y!LZ

LE,

LE

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

gas (H,0, CO,, 0,, CHy4, NHs, N,O, N,, 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

MJIm?2ht

mh?

gm?®

gm?

gm®
gm®
gm-3

gm?
MJm?ht

m? MPa ! h™*
m MPa* h
MJmthtoct
mm

m

m

[D6a]
[D6b]

[D12,D13]
[D15a]

[D14,D15]

[D15,D16d]
[D14b,D16d]

[D14a,D15a,D16a
,D16b,D16c]
[D14b, D19d]

[D19b]

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

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

[D10]

[D1,D5b,D8,D9,D
10,D12,D15a3,D16
,D19]

MJm?Zh?

MJIm?ht

Green and Corey
(1971)

de Vries (1963)



M

4

P
Qb

Qary

Qusy

Qs

Qgry

Qusy

Qr Qy

Qsy

Qry

Qi

Quir

Quox: Quy: Quz

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 yin 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™*

mim2h?t

m®m2h?t

[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,D08,D12,D

16,D019,D20]

[D17a,b,c]

[D17d] dryland spp. 0.10
wetland spp. 0.20

[D17a,b,c]

[D8,D18,D20]

Luxmoore et al.
(1970a,b)



Rn

lal

rqi,r

rri,r

fs

Sy

Sy Sy

Vi, Vy

Vs

Z

ratio of cross-sectional area to perimeter of surface flow m

net radiation MIm?h'
surface litter boundary layer resistance mh*
Soil surface boundary layer resistance mh*
radius of root or mycorrhizal aerenchyma m
root or mycorrhizal radius m
thickness of soil water films m
Ostwald solubility coefficient of gas yat 30 °C -
slope of channel sides during surface flow mm™
slope in x or y directions mm™
soil temperature °Cc
tortuosity
velocity of surface flow in x or y directions mh
soil water potential at saturation MPa
soil water potential MPa
surface elevation m

Manning's roughness coefficient m3h

[D3,D54]
[D11]
[D6a]
[D6b]
[D19d]
[D19d]

[D19d, D21d]
[D14,D15b,D18]
[D5a]

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

1.0 x 10 or 5.0 x

10°°

0.0293 for y= 0,

5.0x 103

0.01

Wilhelm et al.
(1977)



Appendix E: Solute Transformations

Precipitation - Dissolution Equilibria

AI(OH)s(S) o (Alz:) +3(0OH) (amorphous Al(OH),) -33.0 [E1]*
Fe(OH)B(S) o (F;e+ )+3 (02H ) (soil Fe) -39.3  [E2?]
CaCO3(S) = (Ca2+ )+ (C032> ) (calcite) -9.28  [E3]
CaSO o S (Ca3+ ) + (SO s ) (gypsum) -4.64  [E4] )
AIPO, < (AI3+ )+ (p043_ ) (variscite) -22.1  [E5]
FePO ay & (Fe )+ 2(f’O4 ) _ (strengite) -26.4  [E6]
Ca(HzPOA)Z(S) = (ZE:a )+2 (I;|»2PO4 ) (monocalcium phosphate) -1.15  [E7]3
CaHPO4(S) < (Ca )+ (I2-|+PO4 ) N _ (monetite) -6.92 [ES8]
CaS(POA)SOH(S) <5(Ca )+3(PO, )+(OH) (hydroxyapatite) -58.2  [E9]
Cation Exchange Equilibria *
X-Ca+2(NH, ) <2 X-NH, +(Ca ) 100  [EL10]
3 X-Ca+2 (53_\|3+ )2 X-Al+3 ca’) 100  [EL1]
X-Ca+(Mg )< X-Mg+(Ca ) 0.60 [E12]
X-Ca + 2 (Naf) 2 X-Na+ ((2:+a2+ ) 016  [E13]
X-Ca+2 (K+) <2 X-K+ (Ca2+ ) 3.00 [E14]
X-Ca+2(H )< 2X-H+(Ca ) 1.00  [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.

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

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



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

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,”)

Anion Adsorption Equilibria

X-OH, +X-OH + X-0 + X-H,PO,+ X-HPO, + X-COO = AEC

X-COOH < X-CO0 + (H')

(NH, ) < (NH) + H)
H,0 < (H')+(OH)

(CO,), *+H,0 & (H') + (HCO;)
(HCO, ) & (H') +(CO,” )
(AIOH™ ) & (A7) + (OH )
(AI(OH), ) < (AIOH ) + (OH )
(AIOH),”) & (AI(OH), ) + (OH')
(AIOH), ) < (AI(OH),") + (OH)
(AISO, ) & (AI") + (S0, )
(FeOH' ) > (Fe’ ) + (OH)
(Fe(OH), ) < (FeOH™ ) + (OH')
(Fe(OH), ) < (Fe(OH), ) + (OH)
(Fe(OH), ) < (Fe(OH), ) + (OH)

Organic Acid Equilibria

lon Pair Equilibria

-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™ ) +(SO, )
(CaOH+0) o (Caz;) +(OH),
(CaCo,’) & (Ca” ) +(CO, )
(CaHCO,") < (Ca” ) + (HCO, )
(Cas0, )« (Ca ) +(SO, )
(MgOH ) < (Mg"" ) + (OH)
(MgCO, ) = (Mg~ ) +(CO, )
(MgHCO,") < (Mg™) + (HCO, )
(Mgso,’) & (Mg ) +(s0,”)
(NaCO, ) < (Na') + (CO,” )
(NasO, ) < (Na') + (S0, )
(KSO,) < (K') +(s0,”)
(H,PO,) < (H ) + (H,PO, )
(H,PO, ) < (H') + (HPO, )
(HPO, )= (H') + (PO,”)
(FeH,PO,” ) & (Fe’ ) + (H,PO,)
(FeHPO, ) & (Fe” ) + (HPO,” )
(CaH,PO, ) & (Ca” ) + (H,PO, )
(CaHPO,’) & (Ca ) + (HPO, )
(CaPO, ) < (Ca” )+ (PO, )
(MgHPO,’) & (Mg ) + (HPO,” )

-4.15
-1.90
-4.38
-1.87
-2.92
-3.15
-3.52
-1.17
-2.68
-3.35
-0.48
-1.30
-2.15
-7.20
-12.4
-5.43
-10.9
-1.40
-2.74
-6.46
-2.91

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



Appendix F: Symbiotic N, Fixation

Rimaxit = Maig R" Linia] 1 (Linia] + Kim) fi fae

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

fup = MIN{[Nni ] 7 [Nn'], [Prig] / [P'T}
Rii = Rmaxit (Voyii/ Vo,maxis)
Vo,maxi) = 2.67 Rmaxi
Vo,i1 = Vo,maxil [Ozrig] / ([Ozii] + Koyr)
=2n Lyi) Dso, ([O2] =[Oz ]) / In((rsi, + rW.)) ! i)
Rmit = Rm N fim
fin = e[y (T| —298.16)]
Rgis = max{0.0, Riy — Rmi }
Rsit = max{0.0, Ryi; — Ri}

Leii = Rsiy min{M;; / (2.5 Npi), Mpii / (25.0 Prip) }

Vit = Min{Rgir En,” fep, Miin [ING'T = Noid [Nzl / ([N2ig] + Knyr)
fep = min{[xnin] / (1.0 + [viia] / Kiy), [mnial 7 (1.0 + [waig] / Kiz )}
R,it = Vil /Eny’

U1 = (Rgii - Ruin) / (1 - Yy)

Microbial Growth

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

product inhibition of N,
fixation
fixation respiration

growth respiration

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

[F11]

[F12]
[F13]
[F14]

[F15]



SMpii/ 8t = Ui, Yo' — Leiy microbial C growth [F16]
SNy / 8t = My, / 8t min{ it /i [ND'1} microbial N growth SMpgi /ot >0 [F17a]
SNpi; / 8t = Npi /My My /8t microbial N growth SMpgi /ot <0 [F17b]
SPyi 1 18t = 8Mpi; /6t min{ 7z /iy, [Pn']} microbial P growth SMpgi /ot >0 [F18a]
SPpi 1 /8t = Pyii /My SMp; /6t microbial P growth SMpgi /ot <0 [F18b]
Lni; = abs(8Np /6t) microbial N litterfall SN /8t < 0 [F19]
Lpi, = abs(5Ppn;, /6t) microbial P litterfall SPpgi/ot <0 [F20]
Nodule — Root Exchange
Vit = & (i Maia = it M) 1 (M + Mi) nodule—root C exchange [F21]
Vain = & (Vi i = Vaig Zein) | (i + i) nodule-root N exchange [F22]
Viin = & (i) i = i i) | Cnid + %)) nodule-root P exchange [F23]
8 2ni) 18t =V iy - Min{Rmiy, Ri} - Ryii - Ugig+ FreiLei nodule nonstructural C [F24]
S i 16t = Vi1 = ONyi, /8t + Vg + Fini L nodule nonstructural N [F25]
8751 10t = V i - 8Py /8t + Fip  Lpi nodule nonstructural P [F26]
Definition of Variables in Appendix F
Variable Definition Units Equations Input Values Reference

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

F2 17.533



Xnil

[Zni,l]
Kl

D502

2

Fici
Fini

Fipi
fep

fae
fi

fim

nodule nonstructural C

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

direct energy cost of N, fixation

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

temperature function for nodule respiration

temperature function for nodule maintenance respiration
energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

Michaelis-Menten constant for nodule respiration of g,
inhibition constant for nonstructural N:C on N, fixation

inhibition constant for nonstructural N:P on N, fixation

gm

99
gm
m2 h-l

gNgcC*

Jmol™
Jmol™
Jmol™
99
99
99

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

F1,F13
F21,F22,F23
F6b

F12,F14 0.25

F24
F25

F26

F12,F13

F1,F3

F1,F2

F7,F8

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

F13 10

F13 1000

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



KNzr
KOzr

K

Lriy
Leiy
Ly
Lpi

Mui,

M
[Ni']

Npi,i

[N, ]
[Nzsi/]
Vhill
Vil
[Vl
[Ozi/]
[O2]

Michaelis-Menten constant for nodule N, uptake
Michaelis-Menten constant for nodule O, uptake

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

root length

nodule C litterfall
nodule N litterfall
nodule P litterfall

nodule structural C

root structural C
maximum nodule structural N concentration

nodule structural N

nodule structural N concentration
rhizosphere aqueous N, concentration
nodule nonstructural N

root nonstructural N

nodule concentration of nonstructural N
rhizosphere aqueous O, concentration

soil aqueous O, concentration

gNm?

gom?

mm
gCm?h?
gNm?ht
gPm?ht?

gCm

gCm
gNgc?

gNm?

gNgc?
gNm
gNm
gNm
99
gom

gom

F12 0.14
F6a 0.32

F21,F22,F23

F6b
F11,F16,F24
F19,F25
F20,F26

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

F3,F12 0.1

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

F3,F17a

F12
F17a,F22,F25
F22

F13,F17a
F6a,b

Féb



[Pn]
Pri
[Pni.]
Thi |
i)
(2]
R
Rgi

RI

Ri
Rm
Rimaxi,|
Remii
Rn,il
Riiy
Fri,

fwi

T

maximum nodule structural P concentration
nodule structural P

nodule structural P concentration

nodule nonstructural P

root nonstructural P

nodule concentration of nonstructural P

gas constant

nodule growth respiration

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

Jndils Vadiy) AN i)

nodule respiration under ambient O,

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

nodule respiration for N, fixation

nodule senescence respiration

root radius

radius of soil water films

change in entropy

soil temperature

gPgC*
gPm?

gPgC*
gPm?
gPm
99
Jmol* K*

gCm?h?

gCm?h?
gCgcC'h?
gCm?h?
gCm?h?
gCm?h?

gCm?h?

Jmolt 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

F6b

F6b

F2

F2,F8

0.01

8.3143

0.125

710



Ui
Vil
Vil
Vil
Vo,maxi
Voail
Vil

Y,

y

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

O, uptake by nodules under non-limiting O,

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

shape parameter for fy,

gCm?h?
gCm?h?
gNm?ht
gNm?h™
gOm?h™
gOm?h™
gPm?ht?

gCgcC*

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: CH, Production and Consumption

Rir = {R't Migal[Qicl / (Kt (1+ [O2] / Ki) + [QicD)} ft
Qic— 0.67 Ajc + 0.33CO,-C +0.11 H,

Uire = Rmis + (Ris— Rmig) (1.0 + Yy)

Uite = Rit

Y: =-AGt/ Ep

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

Mg /6t = F; Usge- F Rig- Digjeo

SMiyjc /0t = Fj Uisc- Rmigj- Digjc

Rim = {R'm Mima [Aicl/ (Km+ [Aic]} ft
Aij.— 0.50 CH,-C +0.50 CO,-C

Uimc =Rmim+ (Rim - Rmi,m) (1.0 + Yy,)
Uimc =Rim

Ym =-AG'm/ Em

8Mi m,j,c /8t =Fj Uim,c - Fj Rim - Dimj,c

Anaerobic Fermenters and H, Producing Acetogens

respiration by fermenters

partition respiration products

uptake of DOC by fermenters [Ris > Rm;]
[Rif <Rmj]
growth yield of fermentation
free energy change of fermentation
growth of fermenters [Rif > Rm;{]
[Ris <Rmi]
Acetotrophic Methanogens
respiration by acetotrophic
methanogens
partition respiration products
uptake by acetotrophic [Ri,m > Rpiml
methanogens
[Ri,m < Rmi,ml
growth yield of acetotrophic
methanogenesis
growth of acetotrophic [Rim > Rmiml

methanogens

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

[G7]
[G8]
[G9a]

[GOb]

[G10]

[G1la]



3Mi mj,c /8t =Fj Uimc - Rmim,j - Dimj,c

Rh = {R'h Mh,a [Hz] / (Kh + [H2]) [CO2] / (K + [COD)} fi
CO,-C +0.67 H, —» CH,-C

Uhc =Rmh+ (Rh-Rpp) (1.0 +Y})

Uhc =Rn

Yy, =-AGp/ Ec

AGh =AG'h - {R T In([H,]/ [H2])*}

6Mh,j,c /8t = Fj Uhc - Fj Rp - Dh,j,c

6Mh,j,c /8t = Fj Uhc - Rmh,j - Dh,j,c

't = {X't Mta [CH4]/ (K¢+ [CHa])} ft

R't = X't Yt

Yy, = -AG't / Eg

Xt = X't fo,t

Rt =R't fo,t

CH,-C +4.00, - CO,-C + 1.5 H,0 + 0.167 H*

CH,;-C +1.33 0, —» CH,0-C + 0.167 H'

Hydrogenotrophic Methanogens

respiration by hydrogenotrophic
methanogens
transform respiration products

uptake by hydrogenotrophic
methanogens

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

Autotrophic Methanotrophs

CH, oxidation by methanotrophs
under non-limiting O,

respiration by methanotrophs under
non-limiting O,
energy yield from CH, oxidation

CH, oxidation by methanotrophs
under ambient O,
respiration by methanotrophs under
ambient O,

O, requirements for CH, oxidation
by methanotrophs
O, requirements for growth by
methanotrophs

[Ri,m < Rpmi,ml

[Rh> Rmh]

[Rh < Rmh]

[Rh> Rmh]

[Rh < Rmh]

[G11b]

[G12]

[G13]

[Gl4a]

[G14b]

[G15]
[G16]
[G174]

[G17b]

[G18]

[G19]

[G20]

[G21a]
[G21b]
[G22]

[G23]



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

methanotrophs
Utc =Rmt + (Rt - Rmt) (1.0 +Yy) uptake by methanotrophs [Rt> R [G25a]
Utc =Rt [Rt<Rmtl  [G25b]
Yig = -AG'c 1 Epm growth yield of methanotrophy [G26]
8Myjc /8t = Fj U - Fj Re - Dijc [Rt> Rl [G274]
8Mj,c /6t = Fj Ut c - Rmt,j - Dijc [Rt <Rl [G27b]
Definition of Variables in Appendix G
Variable Definition Units Equations Input Values Reference
A acetate gCm? [62]
IA] agueous concentration of acetate gCcm? [67]
a descriptor for j = active component of Mi
[CH.] aqueous concentration of CH, gC m [G18]
[CO,] aqueous concentration of CO, gCcm? [G12]
Dhj.c decomposition of hydrogenotrophic methanogens gCcm?h [G17]
Dilfj.c decomposition of fermenters and acetogens gCcm?h [G6]
Di,mij.c decomposition of acetotrophic methanogens gCcm?h [G11]
Dtjc decomposition of autotrophic methanotrophs gCcm?h [G27]
Ee energy required to construct new M from CO, KigCt [G15] 75



Ec

Ewm

Fi

ngt

AG';

AG¢

AG's

AGp

AG'h

AG'm

AG';

energy required to transform CHjy 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;j
ratio of O, uptake to O, requirement for CH, oxidation

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

free energy change of fermentation plus acetogenesis

AGf when [Hz] = [Hz']

free energy change of hydrogenotrophic methanogenesis

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

free energy change of acetotrophic methanogenesis

free energy change of CH,4 oxidation by methanotrophs

kigC?

kigC?

kigcC?

klgQic’
klgQic’

klg CO,-C*
klg CO,-C*

klgAjc*

kJ g CH,-C*

[G20] 235

[G4,G10,G26] 25

[G6,G11,G17,G2
7]

[G21a,b]

[G1,G7,G12]

[G26] -37.5
[G4,G5]

[G5] -4.43
[G15,G16]

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

Anthony
(1982)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)

Brock and
Madigan
(1991), Schink
(1997)

Brock and
Madigan
(1991)



[H:]

[H2']

Mh

Mi f

aqueous concentration of H,

aqueous concentration of H, when AGp = AG’, 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;j (e.g. a = active)

M-M constant for uptake of CO, by hydrogenotrophic
methanogens
M-M constant for uptake of DOC; ¢ by fermenters and

acetogens
inhibition constant for O, on fermentation

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

M-M constant for uptake of Aj ¢ by acetotrophic
methanogens

M-M constant for uptake of CH4 by methanotrophs
descriptor for elemental fraction within each j (j = ¢, nor p)
microbial communities

hydrogenotrophic methanogen community

fermenter and acetogenic community

gHm?

gHm?

gCm

gCm

gom?

gHm?

gCm

gCm

gCm?

gCm?

gCm?

[G5,G12,G16]

[G5,G16]

[G12]

[G1]

[G1]

[G12]

[G7]

[G18]

[G12,G17]

[G1,G6]

2.0x10%

0.12

12

0.32

0.01

12

3x10°

Brock and
Madigan
(1991)

McGill et al.
(1981)

Mosey (1983),
Robinson and
Tiedje (1982)

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

Conrad (1984)



IV|i,m

Rh

R'h

acetotrophic methanogen community

autotrophic methanotrophic community

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

aqueous concentration of DOC

gas constant

specific respiration by fermenters and acetogens at saturating
[Pi cl, 25 °C and zero water potential

CO, reduction by hydrogenotrophic methanogens

specific CO, reduction by hydrogenotrophic methanogens at
saturating [H,] and [CO,], and at 25 °C and zero water
potential

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

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

maintenance respiration by hydrogenotrophic methanogens
maintenance respiration by fermenters and acetogens

maintenance respiration by acetotrophic methanogens

gCm?

gCm?

gCm?

gCm?

kJ molt K1

gCgMig."h?

gCm?h?

gCg My, h*

gCm?h?

gCm?h?

g c g Ivli,m,a-:L h-l

gCm?h?
gCm?h?

gCm?h?

[G7,G11]

[G18,G27]

[G2]
[G1]
[G5,G16]
[G1]

[G12,G13,G14,G

17,G18]
[G12]

[G1,G2,G3,G6]

[G7,G8,G9,G11]

[G7]

[G14,G17]
[G3,G6]

[G9,G11]

8.3143x 103

0.1

0.12

0.20

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

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

Smith and
Mah (1980)



maintenance respiration by methanotrophs

CH, oxidation by methanotrophs for respiration
CH, oxidation by methanotrophs for respiration at saturating
g)zil temperature

descriptor for autotrophic methanotrophs

rate of CO, uptake by Mp,

rate of DOC;  uptake by M; ¢

rate of Aj ¢ uptake by Mj m

rate of CH, uptake by M

CH, oxidation by methanotrophs

CH, oxidation by methanotrophs at saturating O,

specific CH,4 oxidation by methanotrophs at saturating O,, 30
°C and zero water potential
biomass yield from fermentation and acetogenic reactions

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

ratio of CH, respired vs. CH, oxidized by methanotrophs

gCm?h?

gCm?h?

gCm?h?

gCm?h?
gCm?h?
gCm?h?
gCm?h?
gCm?h?
gCm?h?
gCgtht

g Mifg Qic™

g M g CO,-C*
gMimgAic*
g Mt-C g CH,-C*

gCgcC*

[G25,G27]

[G21b,G23,G24,
G25,G274]

[G19,G21b]

[G5,G16]

[G14,G17,G18]
[G3,G6]
[G9,G11]
[G25,G27]
[G21a,G22]
[G1,G2,G4a]
[G18] 05
[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

InHging = (Mimjc Cnj — Mimjn) (INHginj < 0)
InHging = (Mimjc Crnj — Mimjn) [NHa'T/ (INHS'T + Kypigm) (InHginj > 0)
Inoging = (Mimjc Cnj = (Mimjn + Intging)) [NOz]/ (INO37] + Knogm) (Inoging > 0)

Oxidation of DOC and Reduction of Oxygen by Heterotrophs
Xbocih = {X'poc Mina [DOC{] / ([DOCi]) + Kxn} i
R'o,in = RQc X'pocih
Roih = 41 N MipaDso, ([O2s] = [Oamin]) [Fmfw/ (fw = rm)]
=R'0,ih [Ozmin] / ([Ozmin] + Koyh)

Xpocih = X'pocih Ro,in/ R'o,in

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers
R'Nogid = Enoy (R'ojid - Royig) (1.0 + Ke (R'0,id- Ro,ia)/Vi)
Rnogia = R'Nogia [NO3]/ ([NO3 ] + Knogd) /(1.0+(INO27 Knogd)/( [NOs ] Kno,d))
Rnojid = (R'Nogid = Rnogia) [INO2]/ (INO; ] + Knoya) /(1.0+([N2O] Knoza)/( [NO2T Knzod))
Rn,0id = 2 (R'Nogid = Rnogid = Rnogid) [N20] /7 ([N2O] + Kn,o0)
Xpocid = Xpocigd (from [H5]) + Fno, (Rnogia + Rnoyid ) + Fnjo Ruyoid

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers
X'NHgin = X'NHg Mina {[NHas] / ([NHss] + Kntign)} {[CO2s] / ([CO2s] + Keo,)} fi
R'oin = RQnHg X'NHgin + RQc X'cin
ROzi,n =4nn Mina D502 (Fm Tw/ (fw = Tm)) ([O2s] - [Ozmin])
= R'0,in [O2min] / ([Ozmin] + Koyn)
Xnrgin = X'NHgin Royin / R'ogin
Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers
X'Nogio = X'No, Miga {INO27/ (INO2] + Knoyo)} {[CO2s] / ([COus] + Keo,)} i
R'o,i0 = RQno, X'Noyio + RQc X'cio

[H1a]
[H1b]
[H1b]

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

[H5]

[H6]
[H7]
[H8]
[H9]
[H10]

[H11]
[H12]
[H13a]
[H13b]

[H14]

[H15]
[H16]



ROzi,o =4nn Mioa D502 (Fm Tw! (fw = Tm)) ([O2s] - [Ozmiol)

[H17a]

= R'0,i,0 [O2mio] / ([Ozmio] + Koyo) [H17b]
Xnogio = X'Nogio Rogio / R'ogio [H18]
Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers
R'Nogin = Eno, (R'o,in~ Ro,in)/(1.0 + Ke (R'o,in - Royin)/Vi) [H19]
Rnoyin = R'nogin {[NO27/ (INO2T + Knoyn)} {[COzs] / ([COus] + Keo,)} [H20]
XiHgin = Xnwgin (from [H14]) +0.33 Ryoyin [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)
h heterotrophic community (subset of m)
i substrate-microbe complex
i kinetic components of M;
m all microbial communities
n autotrophic ammonia oxidizer population (subset of m)
0 autotrophic nitrite oxidizer population (subset of m)
Variables
Cyj maximum ratio of M; mjn t0 M; mjc maintained gNg ct [H1] 0.22 and 0.13 for j =
by Mim; labile and resistant
[CO4s] CO, concentration in soil solution gCcm? [H11,H15,H20]
[DOCi] concentration of dissolved decomposition gC m?> [H2]
products
Dso, aqueous dispersivity-diffusivity of O, m°h*t [H4,H13,H17]
Eno, e accepted by NO, vs. O, when oxidizing gNgO,* [H6,H19] 28/32 =0.875

DOC



I:NOX
I:N20

fi

INHgin,

Inogin,
KCOZ

KNH3n
Ke

KNH4m
KNOzd

KNOzn
KNOzO

KNO3d

KNzOd

KOzh

KOzn

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

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

temperature function for microbial processes
mineralization (In,inj < 0) or immobilization
(Intging > 0) of NH," by Mipnjc
immobilization (Inogin > 0) of NO3™ by Minjc
Michaelis-Menten constant for reduction of
COZS by |Vli,n,a and |Vli,o,a

M-M constant for oxidation of NHsg by
nitrifiers

inhibition constant for electrons not accepted
by O, and transferred to N oxides

M-M constant for microbial NH,* uptake

M-M constant for reduction of NO, by
denitrifiers

M-M constant for reduction of NO,™ by
nitrifiers

M-M constant for oxidation of NO,™ by
nitrifiers

M-M constant for reduction of NO3 by
denitrifiers

M-M constant for reduction of N,O by
denitrifiers

M-M constant for reduction of O, by
heterotrophs

M-M constant for reduction of O, by NH3
oxidizers

gCgN*

gCgN*

gNm?h™

gNm?2h?
gCm

gNm

gNm?
gNm®

gNm
gNm

gNm

gNm

gO,m

go, m?®

[H10]
[H10]

[H2,H11,H15]
[H1]

[H1]
[H11,H15,H20]

[H11]
[H6,H19]

[H1]
[H7,H8]

[H20]
[H15]

[H7,H8]

[H9]

[H4b]

[H13b]

12/28 = 0.43

6/28 = 0.215

0.15

0.0002

0.5

0.35
14

14

3.5

14

0.028

0.064

0.064

See AppendixA

Suzuki et al.
(1974)

from Koike and
Hattori (1975)

Yoshinari et al.
(1977)

Yoshinari et al.
(1977);Khalil et
al., 2005
Yoshinari et al.
(1977);Khalil et
al., 2005
Griffin (1972)

Focht and
Verstraete
(2977)



KOzO

Kxn

Mina
Ivli,n,a
Mim,ic
Mim.in
Ivli,o,a
[NHSS]
[NH,]
[NO: ]
[NOs ]
[N20]
n
[OZmi,h]
[OZmi,n]
[OZmi,o]
[025]

Rno,id
R'NOZi,n
RNOZi,n
R'Nogid
Rnogid

Rn,0id
R'o,id

M-M constant for reduction of O, by NO,
oxidizers

M-M constant for oxidation of DOC by
heterotrophs

active biomass of heterotrophs

active biomass of NH; oxidizers

C biomass of microbial population M;
N biomass of microbial population M;
active biomass of NO,™ oxidizers
concentration of NH; in soil solution
concentration of NH," in soil solution

concentration of NO, in soil solution
concentration of NO; in soil solution
concentration of N,O in soil solution
number of microbes

O, concentration at heterotrophic surfaces
O, concentration at NH; oxidizer surfaces
O, concentration at NO,™ oxidizer surfaces
O, concentration in soil solution

NO, reduction by denitrifiers

rate of NO, reduction by NH; oxidizers under

non-limiting [NO,] and [COs]

rate of NO, reduction by NH3 oxidizers under

ambient [NO,] and [COys]

NO; reduction by denitrifiers under non-
limiting [NO5]

NO; reduction by denitrifiers under ambient

[NOs]
N,O reduction by denitrifiers

rate of O,g reduction by denitrifiers under non-

limiting [Oas]

g0, m?®

gcm®

gCm
gCm
gCm
gNm
gCm
gNm
gNm?
gNm®
gNm®
gNm®
-1

g
gO,m"
gOzm'3
gOzm'3
g()zm_3
gNm’h*

NN N NN

3

gNm?ht
gNm?ht
gNm’h'
gN m’h*

gNmZh'

g0, m?h*

[H17b] 0.064

[H2] 12

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

[H1]
[H15,H17]
[H11]

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

[HI]
[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]

Focht and
Verstraete
(2977)
(McGill et al.,
1981)



Ro,id
R'o,ih
Ro,in
R'Ozi,n
ROzi,n
R'Ozi,o
ROzi,o

RQc
R(?NH‘?’

RQNOZ

rate of O,g reduction by denitrifiers under
ambient [Oys]

rate of O,g reduction by heterotrophs under
non-limiting [O4s]

rate of O,g reduction by heterotrophs under
ambient [Oys]

rate of O,g reduction by NH; oxidizers under
non-limiting [O4s]

rate of O,g reduction by NH; oxidizers under
ambient [Oys]

rate of O,g reduction by NO,™ oxidizers under
non-limiting [O4s]

rate of O,g reduction by NO,™ oxidizers under
ambient [Oys]

respiratory quotient for reduction of O,
coupled to oxidation of C

respiratory quotient for reduction of O,
coupled to oxidation of NHzg

respiratory quotient for reduction of O,
coupled to oxidation of NO,

radius of microbial sphere

radius of r,, + water film at current soil water
potential

soil volume occupied by substrate-microbe
complex

rate of C oxidation by NH; oxidizers under
non-limiting [O4s]

rate of C oxidation by NO,™ oxidizers under
non-limiting [O4s]

specific rate of DOC oxidation by heterotrophs

at 25 °C under non-limiting [DOC] and [Oys]

g0, m?h*
gO,m?h?
g0, m?h*
gO,m?h?
g0, m?h*
gO,m?h?
g0, m?h*
g0O,gC*t

g O, gN*

g0, gN*

gCm?ht
gCm?h?

gCgcCth?

[H6]

[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]

[H6,H19]
[H12]
[H16]

[H2] 0.125

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

from yx
according to
Kemper (1966)

Shields et al.
(1973)



X'bocin rate of DOC oxidation by heterotrophs under gNm?Zh? [H2,H3,H5]
non-limiting [Os]

Xpocin rate of DOC oxidation by heterotrophs under ~ gN m?h™ [H5]
ambient [Oys]
Xbocid rate of DOC oxidation by heterotrophs under gNm?h? [H10]
ambient [Oxs] and [NOy]
X'NH; specific rate of NH; oxidation by NH; gNgctht [H11]] 0.625 Belser and
oxidizers at 25 °C under non-limiting [Os] Schmidt (1980)
XnHgin rate of NH; oxidation by NH; oxidizers gNm?h? [H14,H21]

coupled with reduction of O, + NO,™ under
ambient [Oy]

X'NHigin rate of NH; oxidation by NH; oxidizers under ~gN m?h™ [H11,H12,H14]
non-limiting [O4s]
X'Noyi0 rate of NO,™ oxidation by NO, oxidizers under gNm?2h?* [H15,H16,H18]
non-limiting [Oxs]
Xnoyio rate of NO,™ oxidation by NO, oxidizers gNm?ht [H18]
coupled with reduction of O, under ambient
[Ozs]
X'no, specific rate of NO, oxidation by NO,” gNgctht [H15] 2.5 Belser (1977)

oxidizers at 25 °C under non-limiting [Oys]
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