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Abstract

Responses of wetland productivity to changes in water table depth (WTD) are con-
trolled by complex interactions among several soil and plant processes, and hence
are site-specific rather than general in nature. Hydrological controls on wetland pro-
ductivity were studied by representing these interactions in connected hummock and5

hollow sites in the ecosystem model ecosys, and by testing CO2 and energy fluxes from
the model with those measured by eddy covariance (EC) during years with contrasting
WTD in a shrub fen at Lost Creek, WI. Modelled interactions among coupled processes
for O2 transfer, O2 uptake, C oxidation, N mineralization, N uptake and C fixation by di-
verse microbial, root, mycorrhizal and shoot populations enabled the model to simulate10

complex responses of CO2 exchange to changes in WTD that depended on the WTD
at which change was occurring. At the site scale, greater WTD caused the model to
simulate greater CO2 influxes and effluxes over hummocks vs. hollows, as has been
found at field sites. At the landscape scale, greater WTD caused the model to simulate
greater diurnal CO2 influxes and effluxes under cooler weather when water tables were15

shallow, but also smaller diurnal CO2 influxes and effluxes under warmer weather when
water tables were deeper, as was also apparent in the EC flux measurements. At an
annual time scale, these diurnal responses to WTD in the model caused lower net pri-
mary productivity (NPP) and heterotrophic respiration (Rh), but higher net ecosystem
productivity (NEP = NPP−Rh), to be simulated in a cooler year with a shallower water20

table than in a warmer year with a deeper one. This difference in NEP was consistent
with those estimated from gap-filled EC fluxes in years with different water tables at
Lost Creek and at similar boreal fens elsewhere. In sensitivity test of the model, annual
NEP declined with increasing WTD in a year with a shallow water table, but rose in
a year with a deeper one. The model thus provided an integrated set of hypotheses for25

explaining site-specific and sometimes contrasting responses of wetland productivity
to changes in WTD as found in different field experiments.
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1 Introduction

The productivity of wetland ecosystems is strongly affected by changes in water table
depth (WTD). However these effects are complex and site-specific because they arise
from numerous interactions among physical and biological processes that control car-
bon and nutrient transformations in soils. Lowering shallow water tables has been found5

to increase soil respiration (Flanagan and Syed, 2011; Silvola et al., 1996) through the
effects of increased access to O2 on microbial activity in drained soil (Moore and Dalva,
1993). However lowering deeper water tables has been found not to affect, or even to
reduce, soil respiration (Lafleur et al., 2005; Muhr et al., 2011; Scanlon and Moore,
2000) because effects on microbial activity from increased uptake of O2 in deeper10

drained soil may be offset by those from reduced access to substrates in dry surface
soil (Dimitrov et al., 2010a).

The relationship between WTD and soil respiration therefore depends on the hydro-
logical and biological properties of wetland soils. Those with large water holding ca-
pacity and low macroporosity drain more slowly, and so maintain soil wetness through15

capillary rise, enabling soil respiration to increase as water tables deepen. Soils with
low water holding capacity and large macroporosity drain more rapidly, and so are less
able to maintain surface wetness through capillary rise, causing soil respiration not to
increase, or even to decrease, as water tables deepen. The extent to which respiration
increases in soils drained by deepening water tables also depends upon the lability20

vs. recalcitrance (Muhr et al., 2011; Nadelhoffer et al., 1991) and on the temperature
(Blodau et al., 2007) of the deeper drained soil organic carbon (SOC).

More rapid soil respiration with increased WTD can hasten nutrient mineralization
and uptake, and thereby increase primary productivity. Wood and foliar growth are
more rapid on soils with lower water tables because nutrient mineralization and con-25

sequently nutrient uptake are more rapid, as evidenced by higher foliar nutrient con-
centrations and CO2 assimilation rates measured in spruce on drained vs. undrained
peatlands (Macdonald and Lieffers, 1990) or in a treed fen over declining water tables
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(Flanagan and Syed, 2011). Lowering of water tables has caused annual basal area
increments of black spruce to more than double (Lieffers and Macdonald, 1990) and
annual tree ring growth to increase by several times (Dang and Lieffers, 1989) at dif-
ferent boreal sites. More rapid nutrient uptake and growth with lower water tables have
been attributed to higher soil temperatures (Lieffers and Rothwell, 1987) and lower soil5

water contents (Lieffers, 1988). More rapid nutrient uptake and growth can also be at-
tributed to more rapid root O2 uptake and hence activity, particularly in roots with low
internal porosity which rely more on soil transport for O2 uptake. However in soils with
rapid drainage and low water holding capacity, lower water tables can reduce produc-
tivity by causing surface drying and hence water stress in shallow-rooted vegetation10

such as moss (Dimitrov et al., 2011).
Responses of respiration and productivity to changes in water table thus depend

upon soil and plant properties as well as on WTD, and consequently differ among wet-
lands (Adkinson et al., 2011; Sulman et al., 2010). Mathematical models may provide
a means to understand and eventually to predict these responses, but only if they repre-15

sent the basic processes by which these responses are determined. Water table effects
on soil respiration are usually represented in models by lower rate constants for anoxic
decomposition (St-Hilaire et al., 2010), or by scalar functions that reduce rate constants
for decomposition at high soil water contents or potentials (e.g., Bond-Lamberty et al.,
2007; Zhang et al., 2002). Water table effects on productivity are sometimes repre-20

sented by time-dependent scalar functions that reduce productivity in wet soils through
a driver variable such as stomatal conductance (e.g., Bond-Lamberty et al., 2007; Son-
nentag et al., 2008). However these scalar functions do not simulate the physical and
biological processes by which suppression of decomposition and productivity occur in
wetland soils, but rather the effects of these processes.25

Even so, these functions are not widely implemented in mathematical models used to
study ecosystem behavior. In a recent review of seven widely used ecosystem models,
Sulman et al. (2012) found only one which included processes to limit productivity
in wet soils. Furthermore, most ecosystem models do not simulate the hydrological
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processes that control WTD and hence the soil wetness that drives these functions,
but rather require WTD as an input (e.g., St-Hilaire et al., 2010; Frolking et al., 2002).
This requirement limits the predictive capabilities of these models.

The key processes needed in models used for studies of wetland productivity are
the transport, uptake and reduction of O2 in soil as affected by soil water content.5

Higher water tables are thought to decrease respiration by reducing O2 uptake used to
drive oxidation-reduction reactions by soil microbes and roots. Energy yield from oxi-
dation when coupled to reduction of O2 exceeds that from oxidation when coupled to
reduction of other electron acceptors (Brock and Madigan, 1991). Reduced O2 uptake
therefore slows processes driven by this energy, including microbial and root growth,10

decomposition and nutrient mineralization, and hence nutrient uptake and plant pro-
ductivity. On the other hand, lower water tables are thought to decrease respiration by
reducing microbial access to substrate in desiccated near-surface soil (Dimitrov et al.,
2010a), thereby slowing oxidation-reduction reactions and hence microbial growth and
activity. Models used to study water table effects on wetland respiration and produc-15

tivity therefore should explicitly simulate (1) the transformations and energy yields of
oxidation-reduction reactions by microbes and roots, (2) controls on the rates of these
reactions exerted by the transfers of water and of the reactants and products of these
reactions, particularly O2, through soil and roots, and (3) the effects of these reac-
tions on soil nutrient transformations and root nutrient uptake. These reactions, as well20

as their controls and effects, need to be simulated in dynamic aerobic and anaero-
bic zones determined by water table position calculated from vertical and lateral water
transfers.

These processes are implemented to varying degrees in transient variably saturated
flow models (e.g., Langergraber and Šimůnek, 2005) used to study respiration in con-25

structed wetlands. The full implementation of these processes would avoid the arbitrary
scalar functions described above which are used to represent these effects in some
current ecosystem models. Such implementation is attempted in the general-purpose
model ecosys, in which a comprehensive set of oxidation-reduction reactions in soil
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(obligate aerobic, facultative anaerobic and obligate anaerobic heterotrophic decom-
position, heterotrophic and autotrophic methanogenesis, autotrophic methanotrophy,
autotrophic nitrification and heterotrophic diazotrophy) and roots are calculated from
reaction kinetics driven by oxidation-reduction energy yields (Grant, 1998, 1999; Grant
and Pattey, 2003; Grant et al., 2006, 2008, 2009a, 2010a,b). All reactants and products5

of these reactions undergo convective-dispersive transfer through, and volatilization-
dissolution exchange between gaseous and aqueous phases of soil and roots in three-
dimensional soil landscapes, thereby controlling aqueous concentrations and hence
oxidation-reduction rates (Dimitrov et al., 2010a, 2011; Grant, 2004; Grant and Roulet,
2002). These rates drive those of soil nutrient transformations and hence root nutrient10

uptake, thereby controlling primary productivity (Grant et al., 2009a, 2010a,b). All al-
gorithms used to simulate these transformations and transfers are parameterized from
basic research conducted independently of the model, allowing ecosys to avoid ar-
bitrary parameterizations of anaerobic effects on respiration and productivity used in
earlier models. Furthermore, the model includes a full set of vertical and lateral water15

flows used to calculate WTD (Dimitrov et al., 2010b; Grant, 2004), enabling the simu-
lation of all key processes by which WTD affects wetland respiration and productivity.

The absence of these processes in most ecosystem models prevents them from
simulating changes in respiration and productivity observed with changes in WTD, lim-
iting their ability to simulate wetland behavior (Sulman et al., 2012). The objective of20

this study is to determine whether implementing these processes in a more detailed
ecosystem model such as ecosys would enable simulation of the complex changes in
wetland respiration and productivity observed with changes in WTD. For example, with
increasing WTD the model should be able to simulate increases in respiration from
more rapid O2 uptake and reduction under some conditions, but decreases in respira-25

tion from soil drying under others. With increasing WTD the model should also be able
to simulate increases in productivity from more rapid nutrient mineralization and uptake
under some conditions, but reduced productivity from water stress under others. To ac-
complish this, CO2 fluxes modelled over a shrub fen at Lost Creek, WI, were compared
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with those measured by eddy covariance (EC) at hourly, seasonal and annual time
scales during several years with differing temperature, precipitation and WTD.

2 Methods

2.1 Model development

2.1.1 General5

The key algorithms governing the modelling of ecological controls on CO2 exchange in
ecosys are described in the Supplement to this article, in which equations and variables
referenced below are described and listed in Appendices A–F. Algorithms which gov-
ern the transport, uptake and reduction of O2 in soil are particularly relevant to controls
on CO2 exchange in wetlands, and so are described here in further detail. All model10

parameters in ecosys are derived from independent experiments and so remain un-
changed in this study from those used in earlier studies (e.g., Dimitrov et al., 2010a,b,
2011; Grant, 2004; Grant et al., 2008, 2009a,b, 2010a,b, 2011, 2012) as given in the
Supplement.

2.1.2 Heterotrophic respiration15

Organic transformations in ecosys occur in five organic matter–microbe complexes
(coarse woody litter, fine non-woody litter, animal manure, particulate organic carbon
(POC), and humus), each of which consists of five organic states (three decomposition
substrates: solid organic C, sorbed organic C and microbial residue C, as well as the
decomposition product: dissolved organic C (DOC), and the decomposition agent: mi-20

crobial biomass) in a surface residue layer and in each soil layer. The decomposition
rates of each of the three substrates and resulting production of DOC in each complex
is a first-order function of the active biomasses M of diverse heterotrophic microbial
functional types, including obligate aerobes (bacteria and fungi), facultative anaerobes
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(denitrifiers), obligate anaerobes (fermenters), heterotrophic (acetotrophic) and au-
totrophic (hydrogenotrophic) methanogens, and aerobic and anaerobic heterotrophic
diazotrophs (non-symbiotic N2 fixers) [A1, A2]. Decomposition rates are also Monod
functions of substrate C concentrations in soil [A3], calculated from the fraction of sub-
strate mass colonized by M [A4].5

Growth of M by each microbial functional type [A25] is calculated from its uptake of
DOC [A21], driven by energy yields from growth respiration (Rg) [A20] remaining af-
ter subtracting maintenance respiration (Rm) [A18] from heterotrophic respiration (Rh)
[A11] driven by DOC oxidation [A13]. This oxidation may be limited by microbial O2
reduction [A14] driven from microbial O2 demand [A16] and constrained by aqueous10

O2 concentrations ([O2s]) [A17]. These concentrations are maintained by convective-
dispersive transport of O2 from the atmosphere to gaseous and aqueous phases the
soil surface layer [D15], by convective-dispersive transport of O2 through gaseous and
aqueous phases in adjacent soil layers [D16, D19], and by dissolution of O2 from
gaseous to aqueous phases within each soil layer [D14a].15

Under dryland conditions, rapid O2 diffusivity in the gaseous phase (Dg in [D17])
allows O2 demand by aerobic functional types to be met almost entirely from [O2s]
[A17] as long as some air-filled porosity θg is present. However with higher water tables,
θg above the water table may decline to values at which Dg may reduce gaseous O2
transport [D16], while θg below the water table is zero and so prevents gaseous O220

transport. Under these conditions, [O2s] relies more on O2 transport through the slower
aqueous phase [D19]. Consequent declines in [O2s] slow O2 uptake [A17] and hence
Rh [A14], Rg [A20] and growth of M [A25]. Lower M in turn slows decomposition of
organic C [A1, A2] and production of DOC which further slows Rh [A13], Rg and growth
ofM. Although some microbial functional types can sustain DOC oxidation by reducing25

alternative electron acceptors (e.g. methanogens reducing acetate or CO2 to CH4 in
Grant, 1998, and denitrifiers reducing NOx to N2O or N2 in Grant et al., 2006), lower
energy yields from these reactions reduce DOC uptake from Rg, and hence M growth,
organic C decomposition and subsequent DOC oxidation. Slower decomposition of
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organic C under low [O2s] also causes slower decomposition of organic N and P [A7]
and production of DON and DOP, which causes slower uptake [A22] and growth [A29]
of microbial N and P. This slower growth causes slower mineralization of NH+

4 , NO−
3

and H2PO−
4 [A26], and hence lower aqueous concentrations.

2.1.3 Autotrophic respiration5

Growth of root and shoot phytomass in each plant population is calculated from its
assimilation of the nonstructural C product of CO2 fixation (σC) [C20]. Assimilation is
driven by growth respiration (Rg) [C17] remaining after subtracting maintenance res-
piration (Rm) [C16] from autotrophic respiration (Ra) [C13] driven by oxidation of σC
[C14]. This oxidation in roots may be limited by root O2 reduction [C14b] which is10

driven by root O2 demand to sustain C oxidation and nutrient uptake [C14e], and con-
strained by O2 uptake controlled by concentrations of aqueous O2 in the soil ([O2s]) and
roots ([O2r]) [C14d]. Values of [O2s] are maintained by convective-dispersive transport
of O2 through soil gaseous and aqueous phases and by dissolution of O2 from soil
gaseous to aqueous phases. Values of [O2r] are maintained by convective-dispersive15

transport of O2 through the root gaseous phase [D16d] and by dissolution of O2 from
root gaseous to aqueous phases [D14b] through processes analogous to those de-
scribed under Sect. 2.1.2 above. This transport depends on species-specific values
used for root air-filled porosity (θpr) [D17b].

Under dryland conditions, rapid O2 diffusivity in the soil gaseous phase usually allows20

root O2 demand to be almost entirely met from [O2s] [C14c,d] as long as some air-filled
porosity θg is present. However with higher water tables, reduced soil O2 transport
forces root O2 uptake to rely more on [O2r] and hence on root O2 transport. If this
transport is inadequate, declines in [O2r] slow O2 uptake [C14c,d] and hence Ra [C14b],
Rg [C17] and root growth [C20b].25

5587

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/5579/2012/bgd-9-5579-2012-print.pdf
http://www.biogeosciences-discuss.net/9/5579/2012/bgd-9-5579-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 5579–5623, 2012

Modelling Wetland
Productivity

R. F. Grant et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.1.4 Primary productivity

When higher water tables reduce soil O2 transport and root O2 uptake, commensurate
reductions in root C oxidation slow root growth and root N and P uptake [C23b, d, f].
Root uptake is further slowed by reductions in aqueous concentrations of NH+

4 , NO−
3

and H2PO−
4 [C23a, c, e] from slower mineralization of organic N and P as described in5

Sect. 2.1.2 above. Slower root uptake reduces concentrations of nonstructural N and C
products of root uptake (σN and σP) with respect to that of σC in leaves [C11], thereby
slowing CO2 fixation [C6] and hence productivity.

Thus water table effects on Rh, Ra and productivity in ecosys are not explicitly param-
eterized from ecosystem-level observations, but instead are governed by O2 transport10

and uptake through processes parameterized from basic research.

2.1.5 Water table depth

The position of the water table arises from influxes vs. effluxes of water in vertical and
lateral directions within the landscape and through surface and subsurface boundaries
in one-, two- or three-dimensions. Vertical surface boundary influxes from precipitation15

or irrigation are provided as inputs to the model. Vertical surface boundary effluxes
from transpiration [B1] and evaporation [D6] are calculated from energy balances for
canopy, snow, residue and soil surfaces [D11] coupled with subsurface water transfers
through root [B5] and soil [D7] profiles. Lateral surface runoff within the landscape and
across lower surface boundaries is modelled using Manning’s equation [D1] with sur-20

face water velocity [D3] calculated from surface geometry [D5] and slope [D6], and with
surface water depth [D2] calculated from surface water balance [D4] using kinematic
wave theory. Vertical and lateral subsurface water flows within the landscape [D7] are
calculated from Richard’s equation using bulk soil water potentialsψs of adjacent cells if
both source and destination cells are unsaturated [D9a], or from Green-Ampt equation25

using ψs beyond the wetting front of the unsaturated cell if either source or destina-
tion cell is saturated [D9b] (Grant et al., 2004). Vertical and lateral subsurface water
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flows can also occur within the landscape through macropores using Poiseuille-Hagen
theory for laminar flow in tubes, depending on inputs for macropore volume fraction
(Dimitrov et al., 2010b).

Lateral flows through subsurface boundaries are controlled by the depth of and dis-
tance to an external water table used to represent watershed effects on landscape5

hydrology (Fig. 1). The depth of this external water table is calculated as the aver-
age of a fixed value provided to the model, and the WTD in the boundary grid cells
through which lateral flows occur. The external water table can therefore rise and fall
with changes in landscape surface water exchange. Lateral subsurface flows from
boundary grid cells are calculated from their ψs and lateral hydraulic conductivities,10

and from external hydraulic gradients determined by elevation differences and lateral
distances between these grid cells and the external water table [D10]. The WTDs within
the boundary grid cells are calculated from the uppermost position in the soil profiles at
which discharge to, or recharge from, the external water table is occurring. The WTDs
in the modelled landscape are not therefore prescribed, but are controlled by vertical15

surface boundary fluxes, and by lateral surface and subsurface boundary fluxes.

2.2 Model experiment

2.2.1 Site conditions

Model algorithms for the effects of hydrology on wetland respiration and productivity
were tested with CO2 fluxes measured by EC over a minerotrophic wetland dominated20

by alder (Alnus incana sp. rugosa) and willow (Salix sp.) shrubs with an understory of
sedges (Carex sp.), near Lost Creek, WI, (46◦ 4.90′ N, 89◦ 58.70′ W) during six years
(2001–2006) with contrasting weather and hydrology. The site and EC flux measure-
ments are described in further detail by Sulman et al. (2009).
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2.2.2 Model runs

Wetland microtopography was simulated by two interconnected soil profiles represent-
ing a hummock and a hollow, with equal areas and identical properties except for the
absence of the upper 0.075 m in the hollow (Fig. 1). Based on site observations of
WTD, the external water table was set to a depth of 0.6 m at a distance of 500 m from5

the modelled landscape (Fig. 1). Both the hummock and the hollow were seeded with
the same populations of shrubs and sedges, properties of which were unchanged from
those in earlier studies (e.g., Dimitrov et al., 2011; Grant et al., 2003, 2011, 2012).
Shrubs and sedges used common values for parameters in all autotrophic C transfor-
mations [C1–C23], except for 0.1 and 0.2 (Visser et al., 2000), respectively for θpr in10

root O2 transport [D17d]. The model was run for 105 yr under repeating 7-yr sequences
of hourly-averaged weather data (solar radiation, air temperature, wind speed, humid-
ity and precipitation) recorded at nearby Willow Creek in 2000, and at Lost Creek from
2001 to 2006. This period allowed CO2 exchange in the model to achieve stable values
through successive weather sequences. Model results for the final 6 yr of the run were15

compared with measurements at Lost Creek from 2001 to 2006.

2.2.3 Model testing

Hourly CO2 fluxes modelled over hummocks and hollows were averaged and then
regressed on hourly-averaged EC CO2 fluxes, of which both 1/2-hourly values were
measured rather than gap-filled, for each year of measurement. Model performance20

was evaluated from regression intercepts (a→ 0), slopes (b→ 1) and correlation co-
efficients (R2 → 1).

2.2.4 Model sensitivity to WTD

To examine sensitivity of modelled CO2 exchange and productivity to changes in WTD,
the final 6 yr of the model run described above were repeated with the depth of the25
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external water table raised from 0.6 to 0.3 m, or lowered to 0.9 m, but with everything
else unchanged.

3 Results

3.1 Modelled vs. measured CO2 fluxes

Regressions of hourly modelled CO2 fluxes vs. hourly-averaged measured CO2 fluxes5

gave intercepts within 0.1 µmolm−2 s−1 of zero, and slopes within 0.1 of one, indicating
minimal bias in modelled values for all years of the study except 2004 when variation in
CO2 fluxes was overestimated (Table 1). Values for coefficients of determination (R2)
and root mean squares for differences between modelled and EC fluxes (RMSD) were
ca. 0.7 (P < 0.0001) and 2 µmolm−2 s−1. Much of the unexplained variance in EC fluxes10

could be attributed to a random error of ca. 20 % in EC methodology (Wesely and Hart,
1985). This attribution was corroborated by root mean squares for error (RMSE) for
EC measurements at LC calculated from Richardson et al. (2006) that were similar to
RMSD, indicating that further constraint in model testing could not be achieved without
further precision in EC measurements.15

3.2 Water table and seasonal net ecosystem productivity

The water table measured at Lost Creek from 2001 to 2006 typically remained within
0.2 m of hummock surfaces until May, but descended to depths varying from 0.4 to
0.7 m during July through September before rising gradually thereafter (Fig. 2). These
seasonal trends in WTD were simulated from transfers of water in vertical [B1] and20

lateral [D1, D10] directions through surface and subsurface boundaries (Fig. 1) as
described under Sect. 2.1 above. WTD in the model was close to that measured in
unfrozen soil during most years, but remained lower than that measured in unfrozen
soil during 2001 and 2003, and in frozen soil during most years of the study (Fig. 2).
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The lower WTD modelled in frozen soil was attributed to lower ψs calculated in the
presence of ice which increased the depth at which a free water surface was detected
in frozen soil.

Net ecosystem productivity (NEP), calculated from daily sums of gap-filled EC fluxes
at Lost Creek from 2001 through 2006, remained negative (net C emissions) until5

warming in May, rose rapidly during late May and June to reach 2–4 gCm−2 d−1 (net
C uptake) during late June and July, then declined gradually during August, becom-
ing negative again after late September (Fig. 2). These seasonal trends in NEP were
modelled from changes in net CO2 exchange driven by those in GPP [C1], Ra [C13]
and Rh [A11] with changes in weather and hydrology, as described under Sect. 2.110

above. Because CO2 fluxes in the model were consistent with those measured by EC
(Table 1), net C uptake modelled during growing seasons was similar to that calculated
from gap-filled EC. However net C emissions modelled during late spring and early
autumn were consistently larger than those calculated from gap-filled EC.

3.3 Water table and diurnal CO2 exchange15

Changes in WTD were found to have contrasting effects on ecosystem CO2 exchange,
depending on the WTD at which changes occurred. To investigate relationships be-
tween WTD and ecosystem CO2 exchange, diurnal CO2 fluxes were examined during
selected intervals with different WTD and weather in 2002 and 2006, when seasonal
WTD was shallowest and deepest, respectively during the study period (Fig. 2e, q).20

These fluxes were first examined during mid-May 2002 vs. 2006 when the water table
was shallowest (Fig. 2e, q) and the weather was cool (Fig. 3a, d). Only very low CO2
influxes and effluxes were modelled and measured in 2002 (Fig. 3c) when the water
table was near the surface (Fig. 2e). Larger CO2 influxes and effluxes were modelled
and to a lesser extent measured under comparable weather (Fig. 3a, d) in 2006 (Fig. 3f)25

when the water table was about 0.2 m below the surface (Fig. 2q). In both years, low
LE effluxes modelled and measured during May delayed soil drying and water table
decline.
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CO2 fluxes were then examined during mid-August 2002 vs. 2006 when WTD and
weather were near respective seasonal averages (Fig. 4). CO2 effluxes modelled over
a WTD just below 0.2 m in 2002 (Fig. 2e) were slightly less than those modelled under
comparable weather conditions (Fig. 4a, d) over a WTD of 0.7 m in 2006 (Fig. 2q) (−4
vs. −5µmolm−2 s−1 in Fig. 4c, f). Peak CO2 influxes modelled over the shallower water5

table in 2002 were slightly smaller than those over the deeper water table in 2006 (13
vs. 14 µmolm−2 s−1 in Fig. 4c, f), even though greater effluxes of LE vs. H indicated
better hydration in 2002 (Fig. 4b, e). In both years CO2 influxes and effluxes modelled
over hollows were smaller than those over hummocks (Fig. 4 c, f). However these small
differences in CO2 fluxes modelled with landscape position or WTD could not be clearly10

resolved in the EC measurements.
CO2 fluxes were then examined during late June–early July 2002 vs. 2006 when

different WTD under comparable warming events (Fig. 5a, d) enabled interactive effects
of WTD and temperature on CO2 exchange to be investigated (Fig. 5c, f). Warming in
2002 over a WTD just above 0.2 m (Fig. 2e) caused rises in LE but not in H (Fig. 5b),15

indicating that the fen surface remained well hydrated. Warming also caused sharp
rises in CO2 effluxes and only slight declines CO2 influxes (Fig. 5c), indicating that both
respiration and productivity, estimated from differences between diurnal influxes and
effluxes, rose with warming over a shallower water table. However the same warming
in 2006 over a WTD of ca. 0.7 m (Fig. 2q) during a dry period (Fig. 2p) caused much20

smaller rises in LE, and larger rises in H (Fig. 5e), indicating some drying of the fen
surface. In both years, Bowen ratios (β =H/LE) declined as LE rose with warming at
hourly and daily time scales, but remained consistently larger in 2006 vs. 2002 (Fig. 6a,
b), indicating constraints on LE imposed by soil drying over the deeper water table.
Warming in 2006 caused much smaller rises in CO2 effluxes, but sharper declines in25

CO2 influxes than did similar warming in 2002 (Fig. 5f), indicating that both respiration
and productivity were constrained by soil drying during warming over a deeper water
table. Thus CO2 exchange responded differently to a lower water table under warmer
weather which induced surface drying (Fig. 5) than under cooler weather which did not
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(Figs. 3 and 4). The constraint of surface drying on Rh was later alleviated by several
precipitation events (Fig. 7a) that raised effluxes of LE vs. H (Fig. 7b), and sharply
raised effluxes of CO2, causing a brief but pronounced decline in NEP (Fig. 2f).

The effects of WTD on CO2 effluxes in Figs. 3–5 were modelled through the effects of
WTD on [O2s]. The near-surface water table in May 2002 (Fig. 2e) caused [O2s] in the5

model to decline sharply with depth under hummocks and hollows (Fig. 8a), thereby
strongly limiting C oxidation and hence CO2 effluxes (Fig. 3c). The slightly deeper water
table in May 2006 (Fig. 2q) caused [O2s] to decline slightly less sharply with depth, par-
tially alleviating O2 limitation to C oxidation (Fig. 3f). Deepening water tables in summer
2002 allowed [O2s] to decline less sharply with depth than in May (Fig. 8b, c), enabling10

more rapid C oxidation (Figs. 4c and 5c). The very deep water tables in summer 2006
(Fig. 2q) allowed [O2s] to remain close to atmospheric equivalents through most of the
rooting zone (Fig. 8b, c), largely alleviating O2 limitation to C oxidation (Figs. 4f and 5f).
The sharp declines in [O2s] in the model occurred at depths which approached to those
of the water table (Fig. 2), indicating the effectiveness of saturated soil in reducing O215

concentrations.

3.4 Water table and annual C balances

Annual totals of GPP, Ra, NPP and Rh modelled over hummocks and hollows exhib-
ited interannual variability associated with mean annual temperature (MAT), precipita-
tion, WTD and landscape position (Table 2). Annual NPP modelled in 2001 gave peak20

above-ground phytomasses for shrubs and sedges of 401 and 110 gCm−2, compa-
rable to ones of 414 and 79 gCm−2 (assuming 50 % C in DM) reported in Sulman
et al. (2009). Losses of CH4 and of dissolved organic and inorganic C (DOC and DIC)
also varied with MAT, precipitation, WTD and landscape position (Table 2), and caused
net ecosystem C balance (NECB = NEP−CH4−DOC−DIC) to be 15–25 % less than25

NEP. Although greater WTD in 2006 vs. 2002 caused diurnal CO2 influxes both to in-
crease (Figs. 3 and 4) and decrease (Fig. 5) depending on WTD and weather, at an
annual time scale variation in GPP and NPP appeared to be driven more by variation in
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MAT than in WTD. Thus GPP and NPP declined with MAT from 2001 to 2003 and rose
with MAT from 2004 to 2006 (Table 2), as has been modelled and measured at several
boreal sites in North America during this period (Grant et al., 2009a,b; Krishnan et al.,
2008).

However variation in annual Rh appeared to be driven more by variation in WTD than5

in MAT (Table 2). Greater WTD in 2006 vs. 2002 caused diurnal CO2 effluxes driven
largely by Rh to increase under seasonally average weather (Figs. 3 and 4) and to
decrease under warmer weather (Fig. 5). However these decreases in CO2 effluxes
were modelled infrequently so that at an annual time scale the shallower water table
in 2002 reduced Rh and the deeper water tables thereafter increased Rh (Table 2).10

Consequently annual NECB in the model was greatest in 2002 with the shallowest
water table and hence lowest Rh, and smallest in 2004 with the lowest MAT and hence
NPP.

Landscape position had a large effect on ecosystem productivity in the model.
Greater annual GPP, Ra, Rh and hence NECB were modelled over greater WTD in15

hummocks vs. hollows (Table 2), driven by greater diurnal CO2 fluxes (Figs. 3–5).
The greater GPP was attributed to improved nutrient status in hummocks, apparent
as greater foliar N contents in Table 2. This improved nutrient status allowed greater
dominance of shrub over sedge, apparent as greater GPP and NPP ratios, to be mod-
elled in hummocks than in hollows (Table 2). Greater effluxes of CH4, DOC and DIC20

were modelled in years with greater precipitation and shallower water tables such as
2002, and from hollows vs. hummocks in all years of the study (Table 2).

3.5 Sensitivity of CO2 exchange to water table

The responses of CO2 exchange to seasonal and interannual changes in WTD
(Figs. 1–7) determined those to long-term changes in WTD caused by raising or low-25

ering the external water table. Raising the external water table by 0.3 m slowed dis-
charge and hastened recharge through the lateral boundaries of the modelled land-
scape (Fig. 1), and thereby raised the internal water table from that in the earlier model

5595

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/5579/2012/bgd-9-5579-2012-print.pdf
http://www.biogeosciences-discuss.net/9/5579/2012/bgd-9-5579-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 5579–5623, 2012

Modelling Wetland
Productivity

R. F. Grant et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

run (Fig. 9a, c). Conversely lowering the external water table by 0.3 m hastened dis-
charge and slowed recharge, and thereby lowered the internal water table. Subsidence
of the fen surface with drainage was not modelled, so that WTD in these runs referred
to an unchanged surface elevation. These changes in WTD had contrasting effects on
NEP modelled at different times of the year in 2002 and 2006. In 2002, lowering the5

water table decreased NEP until the end of June, increased it slightly during July and
early August, but decreased it again thereafter (Fig. 9b). In 2006, lowering the water
table decreased NEP until the end of May, but increased NEP thereafter (Fig. 9d). In
general, lowering the water table reduced NEP when the WTD was less than ca. 0.2 m,
and increased NEP when WTD was greater.10

A transition from increases to decreases in NEP with deeper water tables occurred in
late August 2002 (Fig. 9b). The cause of this transition was investigated by examining
the diurnal CO2 exchange modelled during the period in which the transition occurred
(Fig. 10). Lowering the water table (Fig. 10a) increased daytime near-surface soil tem-
peratures (Fig. 10b) and both influxes and effluxes of CO2 (Fig. 10c). Precipitation on15

DOY 232 (Fig. 2d) raised all water tables by ca. 0.1 m so that the shallowest water
table rose above 0.2 m (Fig. 10a). This rise caused CO2 effluxes to decrease, and
consequently CO2 influxes to increase, over the shallower water table with respect to
those over the deeper (Fig. 10c). These decreased effluxes were modelled from lower
[O2s] in a shallower aerobic zone following the rise in water table (Fig. 11a, b). These20

changes in CO2 effluxes vs. influxes with WTD caused the transition from increases to
decreases in NEP with deeper water tables in late August 2002 (Fig. 9b). Lowering the
much deeper water table during the same period in 2006 (Fig. 10d) had little effect on
near-surface soil temperatures (Fig. 10e) or on CO2 effluxes (Fig. 10e), but increased
CO2 influxes and hence NEP (Fig. 9d).25

3.6 Sensitivity of annual C balances to water table

Responses of NEP to changes in WTD at seasonal (Fig. 9) and diurnal (Fig. 10) time
scales were aggregated to the annual time scale for 2001 to 2006 in Table 3. Lowering
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the water table increased GPP and NPP of shrub, and to a lesser extent of sedge, in
each year of the study. Lowering the water table also increased Rh in each year of the
study, but more in years with shallow water tables such as 2002 (as in Fig. 10c) and
less in years with deeper water tables such as 2006 (as in Fig. 10f). These increases
in Rh were greater than those in NPP when WTD was small so that lowering the water5

table reduced NECB during 2002 (as in Fig. 9b). However these increases in Rh were
less those in NPP when WTD was large so that lowering the water table increased
NECB during 2006 (as in Fig. 9d). Increases in Rh were similar to those in NPP during
years with intermediate WTD, so that lowering the water table had smaller effects on
NECB during the other years of the study. Lowering the water table also decreased10

CH4 emissions, particularly during 2002 (Table 3).

4 Discussion

4.1 Model processes by which WTD affects CO2 exchange

The modeling of WTD effects on peatland CO2 exchange in ecosys is based on the ex-
plicit coupling of oxidation-reduction reactions which drive C and N transformations in15

soil, roots and mycorrhizae with gaseous and aqueous transfers of the substrates and
products of these reactions through soil and root profiles with dynamic WTD. This cou-
pling allowed the model to simulate complex responses of CO2 exchange to changes in
WTD. The processes by which this simulation was accomplished are described below.

4.1.1 CO2 effluxes and WTD20

Rates of C oxidation and hence of CO2 effluxes by microbial, root and mycorrhizal
populations in ecosys are governed by their rates of O2 reduction [A14, C14b]. These
rates are in turn governed by [O2s] [A17a, b; C14c, d] determined by convective and dis-
persive transport from the atmosphere through gaseous [D16a–d] and aqueous [D19]
phases in soil and roots, by dissolution from gaseous to aqueous phases in soil and25
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roots [D14a, b], and by diffusion to and uptake at microbial [A17a, b], root and mycor-
rhizal [C14c, d] surfaces. Above the water table, [O2s] was well above the Michaelis-
Menten constant used for microbial, root and mycorrhizal uptake (0.064 gO2 m−3 in
[A17a] and [C14c]) (Figs. 8 and 11), so that C oxidation was not much limited by O2
reduction. Below the water table, [O2s] declined sharply to values that were two orders5

of magnitude smaller than this constant, so that C oxidation was strongly limited by
O2 reduction. Although C oxidation in ecosys is also coupled with reduction of DOC
by anaerobic heterotrophic fermenters, generating CO2, H2 and acetate that drives
heterotrophic and autotrophic CH4 production (Grant, 1998) (Tables 2 and 3), the en-
ergy yield from reduction of DOC is much smaller than that of O2 (Brock and Madigan,10

1991), and so drove slower microbial growth [A21] and hence C oxidation [A13].
Under the site conditions presented to the model in this study, [O2s] above the

Michaelis-Menten constant to a depth of ca. 0.2 m (e.g., Fig. 8b) was sufficient to sus-
tain rapid rates of C oxidation and hence CO2 effluxes (e.g., Fig. 5c). Shallower aerobic
zones (e.g., Fig. 8a) reduced CO2 effluxes (e.g., Fig. 3c, f), while deeper aerobic zones15

(e.g., Fig. 8c) increased CO2 effluxes only slightly (Fig. 4c, f). Deeper water tables also
raised soil temperatures [D12] (Fig. 10b) by reducing water contents, further contribut-
ing to increases in rates of C oxidation through Arrhenius functions for Rh [A6] and Ra
[C22a, b]. These model processes thus enabled the simulation of greater CO2 effluxes
over deeper water tables vs. smaller effluxes over shallower, particularly within the20

upper 0.2 m of the soil profile, consistent with greater effluxes measured with greater
WTD at Lost Creek (Sulman et al., 2009) and elsewhere (e.g., Moore and Dalva, 1993;
Moore and Roulet, 1993; Silvola et al., 1996). The model processes were also able to
simulate greater Rh and hence greater CO2 effluxes, as well as smaller CH4 effluxes,
over greater WTD in hummocks vs. hollows (Figs. 3–5; Table 2), as has been reported25

from field sites (Strack and Waddington, 2007).
However smaller CO2 effluxes were modelled and measured over deeper water

tables (Fig. 5c, f) during periods of high temperature (Fig. 5d) and low precipitation
(Fig. 2p) when drying, evidenced by higher Bowen ratios (Fig. 6), limited C oxidation
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in surface soil and litter (Fig. 7c). Drying of surface soil and litter was modelled when
capillary rise of water [D7] plus diffusive transfer of vapor [D16] from wetter soil below
failed to replace evaporative transfer of vapor to the atmosphere above [D6]. Surface
drying therefore depended on soil hydraulic properties (Fig. 1) as well as on weather.
Limitations to C oxidation caused by drying were modelled from functions for competi-5

tive inhibition of heterotrophic decomposers exacerbated by low water content [A3, A5],
and for constraints to microbial growth from low water potentials [A15], which together
slowed Rh in dry soil and litter (Grant et al., 2012). These limitations were rapidly allevi-
ated by rainfall and consequent surface wetting (Fig. 7), enabling the simulation of CO2
emission pulses commonly observed after rainfall on dry soil (Huxman et al., 2004).10

These model processes thus enabled the simulation of smaller CO2 effluxes some-
times measured over deeper water tables. By simulating rises in CO2 effluxes when
shallower water tables were lowered (Fig. 10c), and no change or declines in CO2
effluxes when deeper water tables were lowered (Fig. 10f), the model explained appar-
ently contradictory increases, no changes, and decreases of soil respiration that have15

been observed with increases in WTD (e.g., Lafleur et al., 2005a; Silviola et al., 1996).
This model explanation was accomplished without arbitrary parameterizations of aero-
bic vs. anaerobic respiration used in other wetland models (e.g., St-Hilaire et al., 2010).
The complex response to WTD of respiration in ecosys was also demonstrated by Dim-
itrov et al. (2010a) in an ombrotrophic bog with very different hydrologic characteristics20

to those of the fen at Lost Creek.

4.1.2 CO2 influxes and WTD

The effects of WTD on CO2 influxes were driven in large part by those on CO2 effluxes.
Over deeper water tables, increases in [O2s] (e.g., Fig. 8a) raised rates of C oxidation
by microbial populations [A13, A14] which drove more rapid microbial growth [A25]25

and hence nutrient mineralization [A26]. Increases in [O2s] also raised rates of C oxi-
dation by root and mycorrhizal populations [C14a, b] which drove more rapid root and
mycorrhizal growth [C20b] and hence nutrient uptake [C23]. Greater rates of nutrient
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uptake increased foliar nutrient contents [C12] (Tables 2 and 3) and hence increased
rates of CO2 fixation [C6a, C7, C11]. These greater uptake rates were consistent with
the experimental findings of Laiho et al. (2003) that N uptake by vascular plants was
more rapid in drained vs. undrained boreal peatlands. These model processes enabled
greater CO2 influxes and hence greater NPP to be simulated over deeper vs. shallower5

water tables, consistent with greater influxes and NPP measured with greater WTD at
Lost Creek (Sulman et al., 2009) (e.g., Fig. 3c, f; Table 2). These processes also en-
abled the simulation of greater CO2 influxes and hence greater NPP over greater WTD
in hummocks vs. hollows (Figs. 3–5; Table 2), as has been reported from field sites
(Strack and Waddington, 2007). This simulation was accomplished without arbitrary10

parameterizations of productivity under aerobic vs. anaerobic conditions used in other
wetland models (e.g., Bond-Lamberty et al., 2007; Sonnentag et al., 2008).

However smaller CO2 influxes were sometimes modelled and measured over deeper
water tables (Fig. 5c, f) under high temperature (Fig. 5d) and surface drying (Fig. 6),
as was also measured in a boreal peatland by Shurpali et al. (1995). These smaller15

influxes were modelled from coupled processes for root water uptake [B6] and canopy
transpiration [B1] that lowered canopy water potential [B14], conductance [B2] and
hence CO2 fixation [C2, C6a, C7] as soil water potentials declined with drying when
upward water movement from the saturated soil zone [D7, D16] failed to maintain near-
surface water contents (Grant et al., 2012). Similar declines in CO2 influxes measured20

by EC and modelled by ecosys over lower WTD in an ombrotrophic bog were also
attributed by Dimitrov et al. (2011) to water stress in moss caused by near-surface soil
drying. Corresponding declines in CO2 influxes have also been measured at WTDs
below 0.2–0.5 m in a boreal fen by Sonnentag et al. (2010). The warm, dry weather and
deeper water tables during which these smaller influxes were modelled did not occur25

frequently enough at Lost Creek to lower annual GPP and NPP, both of which rose
with deeper water tables in all years of the study (Tables 2 and 3). However if warming
events over deeper water tables were to occur more frequently under proposed climate
change, these adverse effects on annual GPP and NPP might become more apparent.
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4.1.3 Net CO2 exchange and WTD

The combined effects of WTD on CO2 effluxes and influxes caused greater NECB to
be modelled in a cooler year with shallower water table such as 2002 than in a warmer
year with a deeper one such as 2006 (Table 2). However the lowest NECB in this study
was modelled in 2004 with an average WTD but the lowest MAT, so that annual NECB5

was better correlated with MAT than with annual average WTD as found by Lafleur
et al. (2005). Sulman et al. (2009) calculated slightly greater NEP in 2002 than in 2006,
and lower NEP in 2004, from gap-filled EC fluxes at Lost Creek, which was consistent
with model results, and so also did not find a correlation between annual WTD and NEP.
However their annual NEP was generally larger than annual NECB modelled here, in10

part because they did not account for losses as CH4, DOC and DIC (Table 2), and
in part because CO2 effluxes measured by EC during peak emission periods in late
spring and early autumn were smaller than those modelled (Fig. 2). The comparatively
low annual NECB modelled here reflects the growth habit of the shrub–sedge plant
functional types at Lost Creek in which there was no long-term accumulation of woody15

C. Correlations of annual NECB with MAT and WTD among years were complicated
by the effects on Rh of changes in litter stocks carried over from previous years with
differing productivity.

Differences among annual NECB with WTD in the model were consistent with ex-
perimental findings from an open peatland in nearby Minnesota over which a net C20

uptake of 32 gm−2 was measured from May to October in a wet year and a net C
emission of 71 gm−2 was measured during the same period in a dry year (Shurpali
et al., 1995). Differences in the model were also consistent with experimental findings
from a boreal fen over which a net C uptake of 92 gm−2 was measured in a wetter
year and a net C emission of 31 gm−2 was measured during a drier year with earlier25

snowmelt (Joiner et al., 1999). Contrasting changes in annual NECB modelled when
water tables were lowered at smaller vs. greater WTD (e.g. 2002 vs. 2006 in Table 3)
were consistent with the findings of Minkkinen et al. (2002) that peat C accumulation
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rates usually increase but may decrease with drainage of boreal wetlands in Finland.
The contributions of DOC losses to NECB in the model (Tables 2 and 3) were similar
to ones of 8–11 gCm−2 yr−1 or about 17 % of NEP measured in a boreal fen by Strack
et al. (2008).

4.2 Sensitivity of species composition to changes in water table5

Changes in water table had different effects on CO2 exchange by shrubs and sedges
in the model. Larger root porosity θpr [D17d] used for sedges as described in Sect. 2.2
above enabled more rapid O2 uptake through sedge root axes [D16d], particularly when
[O2s] and hence [O2r] [D14] were low. Consequently O2 uptake [C14c] and hence C
oxidation [C14b] by sedge roots were less dependent on convection-dispersion [D16a–10

c] and diffusion [C14d] through soil to root surfaces. Therefore GPP and NPP of sedges
increased while those of shrubs decreased in hollows vs. hummocks where the water
tables were shallower (Table 2). At the landscape scale, GPP and NPP of sedges
declined less than did those of shrubs when water tables were raised (Table 3) and
root O2 uptake became more dependent on root O2 transport. Conversely productivity15

of sedge rose less than that of shrubs when water tables were lowered (Table 3), which
was consistent with declines in graminoid biomass and increases in shrub biomass
observed after lowering water tables in boreal peatlands from chronosequence studies
by Laiho et al. (2003), drainage studies by Weltzin et al. (2003) and natural drying by
Sonnentag et al. (2010). Thus θpr was a key attribute for plant adaptation to wetland20

conditions in ecosys, allowing changes in species composition with changes in WTD.
Such changes in composition are an important adaptive response that reduces the
impact of changes in hydrology on wetland productivity. At the present stage of model
development, this attribute is not dynamic, although θpr has been found to rise in anoxic
soils (Visser et al., 2000).25
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5 Conclusions

The model was able to simulate complex responses of CO2 exchange to changes
in WTD at diurnal, seasonal and annual time scales that were consistent with those
observed at LC and at similar sites elsewhere. However these responses required the
explicit modeling of key processes, particularly O2 transport, uptake and reduction, by5

which CO2 exchange is determined in wetlands, and which need to be included in
models used to study wetland productivity. At the diurnal time scale:

(1) Soil CO2 effluxes rose with increased WTD over shallow water tables (Fig. 4)
because increased [O2s] (Figs. 8 and 11) hastened microbial and root oxidation-
reduction reactions by raising energy yields [A20]. This response required explicit10

modeling of coupled transport and uptake processes for O2 through soil and roots
[A17, C14, D16, D19] which were parameterized independently of the model.

(2) Soil CO2 effluxes declined with increased WTD over deeper water tables (Fig. 5)
because surface drying slowed microbial oxidation-reduction reactions [A3, A5].
This response required modeling of coupled transport [D7] and evaporation [D6]15

processes for water through soil and surface litter from water potential gradients
determined by peat hydrologic properties.

(3) Soil CO2 influxes usually rose with increased WTD (Figs. 4 and 10) because
more rapid microbial and root oxidation-reduction reactions from (1) drove more
rapid N mineralization [A25] and uptake [C23]. This response required modeling20

a comprehensive set of soil and plant N transformations fully coupled to those of
C.

(4) Soil CO2 influxes sometimes declined with increased WTD over deeper water
tables during warming events (Fig. 5) because drying soils forced lower canopy
water potential [B14] and hence CO2 fixation [C2, C6a, C7]. This response re-25

quired modeling the effects on CO2 fixation of plant water status solved from
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hydraulically-driven water transport along soil-plant-atmosphere water potential
gradients [B14].

At the annual time scale, the combined responses (1) to (4) caused

(5) NECB to be greater in years with shallow water tables and smaller in years with
deeper water tables (Table 2),5

(6) NECB to decline with increases in WTD in years with shallow water tables and to
rise with increases in WTD in years with deeper water tables (Table 3), indicating
that deepening water tables may reduce NECB only to a certain depth, below
which further deepening may not.

Supplementary material related to this article is available online at:10

http://www.biogeosciences-discuss.net/9/5579/2012/
bgd-9-5579-2012-supplement.pdf.
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Table 1. Statistics from regressions of simulated on measured (a, b), and measured on simu-
lated (R2, RMSD), hourly CO2 fluxes over a boreal fen at Lost Creek, WI. All measured values
were recorded at u∗ > 0.2ms−1.

n a† b† R2‡ RMSD‡ RMSE
µmolm−2 s−1 µmolm−2 s−1 µmolm−2 s−1

2001 6366 0.0 0.94 0.65 2.1 2.2
2002 6796 0.0 1.05 0.75 1.9 2.1
2003 5509 −0.1 0.96 0.72 2.2 2.5
2004 4695 −0.2 1.22 0.73 1.5 2.2
2005 4251 0.1 0.98 0.72 2.7 2.5
2006 4576 0.1 1.06 0.73 2.5 2.4

† y = a+bx from regression of simulated y on measured x.
‡ R2 = coefficient of determination and RMSD = root mean square for error from regression of
measured y on simulated x.
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Table 2. Landscape position, mean annual temperature (MAT), total precipitation, average
WTD from hummock surface between DOY 120 and 300 (modelled/measured), foliar N con-
tent at anthesis, gross primary productivity (GPP), autotrophic respiration (Ra), net primary
productivity (NPP), heterotrophic respiration (Rh), methane emissions (CH4), export of dis-
solved organic and inorganic C (DOC+DIC), and net ecosystem carbon balance (NECB =
NEP−CH4−DOC−DIC) modelled for a boreal fen at Lost Creek, WI.

Year Position MAT Precip. Water Table Foliar N GPP Ra NPP Rh CH4 DOC+ NECB
mod./mes. shrub/sedge shrub/sedge shrub/sedge shrub/sedge DIC

◦C mmyr−1 m gN(kgC)−1 gCm−2 yr−1

2001 hummock 27/28 1136/171 493/080 643/091 722 2.9 0 9
hollow 20/24 494/374 226/167 268/207 532 5.4 15 −77
average 5.6 865 0.33/0.12 23/26 815/273 360/124 456/149 627 4.2 8 −34

2002 hummock 32/34 1064/153 465/074 599/079 599 3.3 −2 79
hollow 23/32 521/383 231/187 290/196 395 3.8 26 61
average 4.9 965 0.17/0.07 28/33 793/268 348/131 445/138 497 3.6 12 70

2003 hummock 32/29 1017/146 446/063 571/083 650 1.7 −1 4
hollow 22/31 479/380 227/177 252/203 489 2.1 9 −45
average 4.1 692 0.49/0.31 27/30 748/263 337/120 411/143 570 1.9 4 −21

2004 hummock 27/24 972/125 404/052 568/073 683 0.8 0 −43
hollow 21/26 482/362 207/154 275/208 520 1.1 15 −53
average 4.0 814 0.32/0.35 24/25 727/244 306/103 421/141 602 1.0 8 −48

2005 hummock 31/25 1231/142 547/066 684/076 654 2.1 0 103
hollow 22/29 554/403 251/187 303/216 497 2.8 18 1
average 5.7 790 0.30/0.35 27/27 893/273 399/127 494/146 576 2.5 9 52

2006 hummock 30/24 1174/136 503/060 671/076 695 2.0 −3 52
hollow 22/27 587/388 263/178 324/210 525 2.1 9 −2
average 6.1 665 0.60/0.49 26/26 881/262 383/119 498/143 610 2.1 3 25
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Table 3. External WTD, mean annual temperature (MAT), total precipitation, average WTD
from hummock surface between DOY 120 and 300, foliar N content at anthesis, gross pri-
mary productivity (GPP), autotrophic respiration (Ra), net primary productivity (NPP), het-
erotrophic respiration (Rh), methane emissions (CH4), export of dissolved organic and inorganic
C (DOC+DIC), and net ecosystem carbon balance (NECB = NEP−CH4−DOC−DIC), averaged
for hummock and hollow landscape positions, modelled for a boreal fen at Lost Creek, WI. Val-
ues at 0.60 m in bold are the same as those in Table 2.

Year External MAT Precip. Water Table Foliar N GPP Ra NPP Rh CH4 DOC+ NECB
Water Table shrub/sedge shrub/sedge shrub/sedge shrub/sedge DIC
m ◦C mmyr−1 m gN(kgC)−1 gCm−2 yr−1

2001 0.30 5.6 865 0.25 22/26 762/279 338/125 424/154 580 6.8 8 −17
0.60 0.33 23/26 815/273 360/124 456/149 627 4.2 8 −34
0.90 0.45 25/27 861/299 377/137 484/162 660 2.0 9 −25

2002 0.30 4.9 965 0.14 26/33 760/263 336/127 424/136 426 7.2 18 109
0.60 0.17 28/33 793/268 348/131 445/138 497 3.6 12 70
0.90 0.33 30/35 832/295 366/142 466/153 570 1.9 12 36

2003 0.30 4.1 692 0.43 24/29 717/252 328/119 389/133 538 4.4 7 −27
0.60 0.49 27/30 748/263 337/120 411/143 570 1.9 4 −21
0.90 0.73 30/29 822/282 359/124 463/158 591 0.6 1 27

2004 0.30 4.0 814 0.26 22/25 690/238 297/102 393/136 557 1.3 8 −36
0.60 0.32 24/25 727/244 306/103 421/141 602 1.0 8 −48
0.90 0.36 25/25 768/247 317/105 451/142 656 0.6 5 −68

2005 0.30 5.7 790 0.21 25/27 793/249 362/114 431/135 507 3.8 7 48
0.60 0.30 27/27 893/273 399/127 494/146 576 2.5 9 52
0.90 0.36 29/27 938/276 416/129 522/147 627 1.8 8 32

2006 0.30 6.1 665 0.57 24/25 784/257 352/121 432/136 564 2.7 1 0
0.60 0.60 26/26 881/262 383/119 498/143 610 2.1 3 25
0.90 0.74 29/27 925/285 396/131 529/154 620 1.6 5 56
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47 
 
 

 

Fig. 1
Fig. 1. Schematic representation of wetland landscape in ecosys. Depths are from the hum-
mock surface to the bottom of each soil layer. Numbers in each soil layer are BD: Bulk density
(Mgm−3), FC: field capacity (m3 m−3), WP: wilting point (m3 m−3), Ks: saturated hydraulic con-
ductivity (mmh−1), OC: organic carbon (kgMg−1), ON: organic nitrogen (kgMg−1). Values for
BD, OC and ON were measured at the field site. Values for FC, WP and Ks in the organic layers
were derived from generalized relationships in Boelter (1969) and Päivänen (1973), and those
in the mineral layers from pedotransfer functions in Saxton et al. (1986). Expressions in square
brackets refer to equations in the Supplement by which indicated fluxes are calculated.
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Fig. 2 

Fig. 2. Hourly air temperatures and precipitation, water table depth and net ecosystem pro-
ductivity measured (symbols) and modelled (lines) from 2001 to 2006 at Lost Creek, WI. Open
symbols represent daily totals calculated from more than 24 gap-filled 1/2-hourly values.
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Fig. 3  
Fig. 3. Radiation and air temperature, energy and CO2 fluxes measured (symbols) and mod-
elled (lines) from DOY 131 to 140 with high water table in 2002 (0.0 m in Fig. 2) and lower water
table in 2006 (0.2 m in Fig. 2). Positive values represent downward fluxes, negative values
represent upward fluxes.
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Fig. 4. Radiation and air temperature, energy and CO2 fluxes measured (symbols) and mod-
elled (lines) from DOY 228 to 237 with high water table in 2002 (0.2 m in Fig. 2) and low water
table in 2006 (0.7 m in Fig. 2). Positive values represent downward fluxes, negative values
represent upward fluxes.
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 Fig. 5  
Fig. 5. Radiation and air temperature, energy and CO2 fluxes measured (symbols) and mod-
elled (lines) during warming events with high water table from DOY 173 to 182 in 2002 (0.2 m
in Fig. 2) and low water table from DOY 188 to 197 in 2006 (0.7 m in Fig. 2). Positive values
represent downward fluxes, negative values represent upward fluxes.
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Fig. 6  Fig. 6. Bowen Ratios measured (symbols) and modelled (lines) during warming events with
high water table from DOY 173 to 182 in 2002 (0.2 m in Fig. 2) and low water table from DOY
188 to 197 in 2006 (0.7 m in Fig. 2) when net radiation > 250Wm−2.
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Fig. 7 Fig. 7. Air temperature and precipitation, and energy and CO2 fluxes measured (symbols) and
modelled (lines) before and after precipitation events with a low water table from DOY 200
to 209 in 2006 (0.7 m in Fig. 2). Positive values represent downward fluxes, negative values
represent upward fluxes.
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Fig. 8 Fig. 8. Vertical profiles of aqueous O2 concentration ([O2s]) modelled below hummocks and
hollows on DOY 135, 172 and 227 of 2002 and 2006.
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Fig. 9  
Fig. 9. Changes in water table depth and net ecosystem productivity (NEP) modelled by raising
or lowering the depth of the external water table from 0.6 m (Fig. 1) to 0.3 m or 0.9 m in 2002
and 2006. WTD and NEP modelled at 0.6 m are the same as those in Fig. 2.
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Fig. 10. Changes in water table depth, soil temperatures at 0.12 m, and CO2 fluxes modelled
from DOY 228 to 237 in 2002 and 2006 by raising or lowering the depth of the external water
table from 0.6 m (Fig. 1) to 0.3 m or 0.9 m. CO2 fluxes modelled at 0.6 m are the same as those
in Fig. 4.
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Fig. 11 Fig. 11. Vertical profiles of aqueous O2 concentration ([O2s]) modelled below hummocks on
DOY 227 and 237 in 2002 by raising or lowering the depth of the external water table from
0.6 m (Fig. 1) to 0.3 m or 0.9 m.
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SUPPLEMENTAL MATERIAL 

 

Model Development 

 

General 

Ecosys is an hourly time-step model with multiple canopy and soil layers that 

provide a framework for different 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, dissolved organic matter, sorbed organic matter, microbial 

biomass, and microbial residues, 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 active biomass M of all 

heterotrophic microbial populations  [A1,A2]. 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 (Rh) 

by all M in each substrate-microbe complex [A13]. Total Rh for all soil layers [A11] 

drives CO2 emission from the soil surface through volatilization and diffusion. Rh may be 

constrained by microbial N or P concentrations, Ts, DOC and O2 [A12 - A14]. O2 uptake 

by M is driven by Rh [A16] and constrained by O2 diffusivity to microbial surfaces [A17], 

as described for roots in Autotrophic Respiration and Growth above. Thus Rh is coupled 

to O2 reduction by all aerobic M according to O2 availability. Rh not coupled with O2 

reduction is coupled with the sequential reduction of NO3

, NO2


, and N2O by 

heterotrophic denitrifiers, and with the reduction of organic C by fermenters and 

acetotrophic methanogens. In addition, autotrophic nitrifiers conduct NH4
+
 and NO2


 



oxidation, and NO2


reduction, and autotrophic methanogens and methanotrophs conduct 

CH4 production  and oxidation. 

 

All microbial populations undergo maintenance respiration Rm [A18,A19], 

depending on microbial N and Ts as described earlier for plants. Rh in excess of Rm is 

used in growth respiration Rg [A20], the energy yield G of which drives growth in 

biomass M  from DOC uptake according to the energy requirements of biosynthesis [A21, 

A22]. Rm in excess of Rh causes microbial dieback. M  also undergoes first-order 

decomposition Dm [A23]. Internal retention and recycling of microbial N and P during 

decomposition [A24] is modelled whenever these nutrients constrain Rh [A12]. Changes 

in M  arise from differences between gains from DOC uptake and losses from Rm + Rg + 

Dm  [A25].  

 

Microbial Nutrient Exchange 

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

ratios of C:N or C:P in M by mineralizing or immobilizing NH4
+
, NO3


, and H2PO4


 

[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 Rh 

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 N2 

[A27] to the extent that immobilization is inadequate to maintain their set minimum C:N, 

but at an additional respiration cost [A28]. Changes in microbial N and P arise from DON 

and DOP uptake plus NH4
+
, NO3


, and H2PO4


 immobilization and N2 fixation, less 

NH4
+
, NO3


, and H2PO4


 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 Tc for each plant population at which the first-order 

closure of the canopy energy balance (net radiation Rn, latent heat flux LE  [B1a,b], 

sensible heat flux H [B1c], and change in heat storage G) is achieved. These fluxes are 

controlled by aerodynamic (ra) [B3] and canopy stomatal (rc) [B2] resistances. Two 

controlling mechanisms are postulated for rc which are solved in two successive steps:  

(1) At the leaf level, leaf resistance rl [C4] controls gaseous CO2 diffusion through each 

leaf surface when calculating CO2 fixation [C1] from concurrent solutions for 

diffusion Vg [C2] and carboxylation Vc [C3]. The value of rl is calculated from a 

minimum leaf resistance rlmin [C5] for each leaf surface that allows a set ratio for 

intercellular to canopy CO2 concentration Ci':Cb to be maintained at Vc under ambient 

irradiance, air temperature Ta, Ca and zero canopy water potential (c) (Vc'). This ratio 

will be allowed to vary diurnally as described in Gross Primary Productivity below 

when c is solved in the second stage of the convergence solution, described under 

Water Relations below. Values of rlmin are aggregated by leaf surface area to a canopy 

value rcmin for use in the energy balance convergence scheme [B2a]. 

 (2) At the canopy level, rc  rises from rcmin at zero c from step (1) above through an 

exponential function of canopy turgor potential tB2b calculated from c and 



osmotic water potential  [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 c and soil water potential s  across soil and root 

hydraulic resistances s [B9] and r [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 Tc is achieved, the difference between canopy transpiration Ec 

from the energy balance [B1] and total root water uptake Uc [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 c  which in turn determines each of the three terms in [B14]. 

Because rc and Tc both drive Ec, the canopy energy balance described under Canopy 

Transpiration above is recalculated for each adjusted value of c during convergence. 

 

Appendix C: Gross Primary Productivity and Autotrophic Respiration 

 

C3 Gross Primary Productivity 

 After successful convergence for Tc  and c (described in Plant Water Relations 

above), Vc is recalculated from that under zero c (Vc') to that under ambient c. This 

recalculation is driven by stomatal effects on Vg [C2] from the increase in rlmin at zero c 

[C5] to rc at ambient c  [C4], and by non-stomatal effects f [C9] on CO2- and light-

limited carboxylation Vb [C6] and Vj [C7] (Grant and Flanagan, 2007). The recalculation 

of Vc is accomplished through a convergence solution for Ci and its aqueous counterpart 



Cc at which Vg [C2] equals Vc [C3] (Grant and Flanagan, 2007). The CO2 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 CO2 fixation product 

is stored in nonstructural C pools C in each branch.  

  

 GPP is strongly controlled by nutrient uptake UNH4, UNO3 and UPO4 [C23], 

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

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

mycorrhizae as described in Growth and Senescence below. Low N:C  or P:C in 

branches indicate excess CO2 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 CO2 fixation by leaf C 

accumulation widely reported in the literature.  

(2) They reduce the structural N:C and P:C ratios at which leaves are formed because C, 

N and P are the substrates for leaf growth. Lower structural ratios cause a 

proportional reduction in areal concentrations of rubisco [C6b] and chlorophyll [C7b], 

reducing leaf CO2 fixation. 

 

Autotrophic Respiration  

 The temperature-dependent oxidation of these nonstructural pools (Rc) [C14], plus 

the energy costs of nutrient uptake [C23], drive autotrophic respiration (Ra) [C13] by all 

branches, roots and mycorrhizae. Rc by roots and mycorrhizae is constrained by O2 

uptake UO2 [C14b] calculated by solving for aqueous O2 concentrations at root and 

mycorrhizal surfaces [O2r] at which convection + radial diffusion through the soil 

aqueous phase plus radial diffusion through the root aqueous phase [C14d] equals active 

uptake driven by O2 demand from Rc [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 O2 concentrations 

sustained by transport and dissolution of gaseous O2 through soil and roots (Grant 2004), 

and are governed by lengths and surface areas of roots and mycorrhizae (Grant, 1998). 



Thus Rc is coupled to O2 reduction by all root and mycorrhizal populations according to 

O2 availability. Rc is first used to meet maintenance respiration requirements (Rm), 

calculated independently of Rc from the N content in each organ, and a function of Tc or 

Ts [C16]. Any excess of Rc over Rm is expended as growth respiration Rg, constrained by 

branch, root or mycorrhizal t  [C17]. When Rm exceeds Rc, the shortfall is met by the 

respiration of remobilizable C (Rs) in leaves and twigs or roots and mycorrhizae [C15]. 

 

Growth and Senescence 

 Rg drives the conversion of branch C into foliage, twigs, branches, boles and 

reproductive material according to organ growth yields Yg and phenology-dependent 

partitioning coefficients [C20], and the conversion of root and mycorrhizalC into 

primary and secondary axes according to root and mycorrhizal growth yields. Growth 

also requires organ-specific ratios of nonstructural N (N ) and P (P ) from UNH4, UNO3 

and UPO4 [C23] which are coupled with C to drive growth of  branches, roots and 

mycorrhizae.  

 

 The translocation of C, N and P among branches and root and mycorrhizal 

layers is driven by concentration gradients generated by production of C from branch 

GPP and of N and P from root and mycorrhizal uptake vs. consumption of C, N and 

P from Rc, Rg and phytomass growth (Grant 1998). Low N:C  or P:C in mycorrhizae 

and roots indicates inadequate N or P uptake with respect to CO2 fixation. These ratios 

affect translocation of C, N and P by lowering mycorrhizal – root – branch 

concentration gradients of N and P while raising branch – root – mycorrhizal 

concentration gradients of C. These changes slow transfer of N and P from root to 

branch and hasten transfer of C 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 CO2 fixation. Conversely, high N:C  or P:C in roots and mycorrhizae 

indicate excess N or P uptake with respect to CO2 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 N and 



P from root to branch and slow transfer of C 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 C, N and P among branches, roots and 

mycorrhizae to maintain a functional equilibrium between acquisition and use of C, N 

and P by different parts of the plant. 

 

 Rg is limited byt  [C17], and because branch t declines relatively more with soil 

drying than does root t, branch Rg also declines relatively more with soil drying than 

does root Rg, slowing oxidation of C in branches and allowing more translocation of C 

from branches to roots. This change in allocation of C enables more root growth to 

reduce  s, r and a, and hence increase U [B6], thereby offsetting the effects of soil 

drying on t. Thus the modelled plant translocates C, N and P 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 N and P, and the loss of 

associated non-remobilizable C, N and P (mostly structural) as litterfall [C18]. Provision 

is also made to withdraw remobilizable N or P from leaves and twigs or roots and 

mycorrhizae when ratios of N:C or P:C become smaller than those required for 

growth of new phytomass. 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 O2 stress that reduce C and 

hence Rc with respect to Rm therefore hasten litterfall.  

 

 Ra of each branch or root and mycorrhizal layer is the total of Rc and Rs, and net 

primary productivity (NPP) is the difference between canopy GPP [C1] and total Ra of all 

branches and root and mycorrhizal layers [C13].  Phytomass net growth is the difference 

between gains driven by Rg and Yg, 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 UNH4, UNO3 and UPO4 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 UNH4, UNO3 and UPO4 are calculated from a root and mycorrhizal growth submodel 

driven by exchange of nonstructural C, N and P along concentration gradients generated 

by uptake vs. consumption of C, N and P in shoots and roots (Grant, 1998). A product 

inhibition function is included to avoid uptake in excess of nutrient requirements [C23g]. 

 

C4 Gross Primary Productivity 

C4 Mesophyll 

 In C4 plants, the mesophyll carboxylation rate is the lesser of CO2- and light-

limited reaction rates [C26] (Berry and Farquhar, 1978). The CO2-limited rate is a 

Michaelis-Menten function of PEP carboxylase (PEPc) activity and aqueous CO2 

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], c ([C35] as described in Grant and Flanagan, 2007) 

and Tc [C36].  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. CO2 fixation.  

 

C4 Mesophyll-Bundle Sheath Exchange 

 Differences in the mesophyll and bundle sheath concentrations of the C4 

carboxylation product drive mesophyll-bundle sheath transfer (Leegood, 2000) [C37]. 

The bundle sheath concentration of the C4 product drives a product-inhibited 

decarboxylation reaction (Laisk and Edwards, 2000) [C38], the CO2 product of which 

generates a concentration gradient that drives leakage of CO2 from the bundle sheath to 

the mesophyll [C39]. CO2 in the bundle sheath is maintained in 1:50 equilibrium with 

HCO3
-
 (Laisk and Edwards, 2000). At this stage of model development, the return of a C3 

decarboxylation product from the bundle sheath to the mesophyll is not simulated. 

Parameters used in Eqs. [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 CO2 (from Eq. 

[C42]) to be maintained at values similar to those reported by Furbank and Hatch (1987), 

and bundle sheath CO2 leakiness [C39]), expressed as a fraction of PEP carboxylation, to 

be maintained at values similar to those in Williams et al. (2001), in sorghum as 

described in Grant et al. (2004). 

 

C4 Bundle Sheath 

 A C3 model in which carboxylation is the lesser of CO2- and light-limited reaction 

rates (Farquhar et al., 1980) has been parameterized for the bundle sheath of C4 plants 

[C43] from Seeman et al. (1984). The CO2-limited rate [C44] is a Michaelis-Menten 

function of RuBP carboxylase (RuBPc) activity and bundle sheath CO2 concentration 

[C42].  The light-limited rate [C45] 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], c (Eq. A12 from Grant and Flanagan, 2007) and Tc [C36].  

 

 Rates of C3 product removal are controlled by phytomass biosynthesis rates 

driven by concentrations of nonstructural products from leaf CO2 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 C3 carboxylation 

[C43], raise bundle sheath CO2 concentration [C42], accelerate CO2 leakage [C39], slow 

C4 decarboxylation [C38], raise C4 product concentration in the bundle sheath [C41], 

slow C4 product transfer from the mesophyll [C37], raise C4 product concentration in the 

mesophyll [C40], and slow mesophyll CO2 fixation [C32 – C35]. This reaction sequence 

simulates the progressive inhibition of C3 and C4 carboxylation hypothesized by Sawada 

et al. (2002) following partial removal of C sinks in C4 plants. 

 

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 s  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 dt of, and lateral distance Lt 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 (Qf) 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 driven by aqueous concentration gradients and dispersivities [D19] 

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

 

Appendix E: Solute Transformations 

 

Precipitation - Dissolution Equilibria 

 Solution [NH4
+
], [NO3

-
] and [H2PO4

-
] that drive UNH4, UNO3 and UPO4 [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, CaCO3, 

CaSO4, AlPO4, FePO4, Ca(H2PO4)2, CaHPO4, and Ca5(PO4)3OH [E1 – E9], cation 

exchange between Ca
2+

, NH4
+
 and other cations [E10 – E15], anion exchange between 

adsorbed and soluble H2PO4

, HPO4

2-
 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: N2 Fixation  

 

Rhizobial Growth 

 Modelling the activity of symbiotic N2 fixing bacteria in roots follows a protocol 

similar to that of non-symbiotic N2 fixing bacteria in soil. Respiration demand is driven 

by specific activity, microbial biomass Mn, and nonstructural C concentration [n] in root 

nodules [F1], and is constrained by temperature [F2] and microbial N or P status [F3]. 

Nodule respiration R is constrained by the extent to which O2 uptake meets O2 demand 

[F4] imposed by respiration demand [F5]. O2 uptake is in turn constrained by rhizosphere 

[O2r] [F6a] which is controlled by radial diffusion of O2 through soil water to roots and 



nodules [F6b]. Soil water [O2] is maintained by dissolution of O2 from soil air which is in 

turn maintained by soil-atmosphere gas exchange and vertical diffusion (Grant, 2004). Rh 

is first allocated to maintenance respiration Rm [F7 – F8] and the remainder if any is 

allocated to growth respiration Rg [F9]. If Rm exceeds Rh, the shortfall is made up from 

respiration of microbial protein C, forcing senescence and litterfall of associated non-

protein C [F10 – F11].  

 

N2 Fixation 

 N2 fixation VN2 is driven by Rg [F12], but is constrained by accumulation of 

nonstructural N n with respect to nonstructural C and P also required for microbial 

growth in the nodule [F13]. Nonstructural N nd is the product of VN2, so that [F12] 

simulates the inhibition of N2 fixation by its product (Postgate, 1998).  The value of VN2 

is also limited by the additional N needed to maintain bacterial N content [Nn] of Mn 

[F12], so that N2 fixation is constrained by the need of nodule bacteria for N not met from 

other sources (Postgate, 1998). Respiration required for N2 fixation RN2 [F14] is 

subtracted from Rg [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 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 shoots and transferred along concentration gradients to roots and thence to 

nodules [F21]. Nonstructural P is generated in roots and transferred along concentration 

gradients to shoots 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 exchange, by nodule respiration and fixation, and 

by remobilization from nodule litterfall [F24 – F26]. 

 



Root nonstructural N (r) may rise if high mineral N concentrations in soil sustain 

rapid N uptake by roots. Large r suppresses or even reverses the transfer of n from 

nodule to root [F22], raising n [F25] and hence suppressing VN2 [F12 – F13]. Large r 

also accelerates the consumption of r, slowing its transfer to nodules [F21], reducing 

n [F24] and hence slowing nodule growth [F1]. Conversely, slow root N uptake 

caused by low soil mineral N concentrations would lower rt and raise rt, hastening the 

transfer of n from nodule to root and of rt from root to nodule, lowering n, raising n, 

and accelerating VN2. However [F13] also allows VN2 to be constrained by nonstructural C 

and P concentrations arising from CO2 fixation and root P uptake.



 

Appendix A: Soil C, N and P Transformations 

Decomposition 

DSi,j,l,C = DSi,j,l,C Σn Mi,n,a,l,C   ftgl decomposition of litter, SOC [A1] 

DZi,j,l,C = DZi,j,l,C Σn Mi,n,a,l,C  ftgl  decomposition of microbial 

residues 

[A2] 

DSi,j,l,C = {DSj,C[Si,j,l,C]}/{[Si,j,l,C] + KmD(1.0 +[Σn Mi,n,a,l,C]/KiD)} substrate and water constraint on D 

from colonized substrate mass  

[A3] 

Si,j,k,l,C/t =  Σn (Ui,n,lC Rhi,n,l ) (S'i,j,k,l,C/ S'i,j,l,C) {(S'i,j,l,C/Si,j,l,C)/( S'i,j,l,C/Si,j,l ,C + KiS)} substrate mass determined by 

microbial growth into uncolonized 

substrate mass 

[A4] 

DZi,j,l,C = {DZj,C[Zi,j,l,C]}/{[Zi,j,l,C] + KmD(1.0 +[Σn Mi,n,a,l,C]/KiD)} substrate and water constraint on D 

from microbial residues 

[A5] 

ftgl = Tsl{e
[B  Ha/(RTsl)]}/{1 + e

[(Hdl  STsl)/( RTsl)] + e
[(STsl  Hdh)/( RTsl)]} Arrhenius function for D and Rh [A6] 

DSi,j,l,N,P = DSi,j,l,C(Si,j,l,N,P/Si,j,l,C) 

 

DZi,j,l,N,P = DZi,j,l,C(Zi,j,l,N,P/Zi,j,l,C) 

N and P coupled with C during D [A7a] 

 

[A7b] 

Yi,l,C = kts(aFs[Qi,l,C]
b
  Xi,l,C) Freundlich sorption of DOC [A8] 

Yi,l,N,P = Yi,l,C(Qi,l,N,P/Qi,l,C) (Yi,l,C > 0) adsorption of 

DON, DOP 

[A9] 

Yi,l,N,P = Yi,l,C(Xi,l,N,P/Xi,l,C) (Yi,l,C < 0) desorption of 

DON, DOP 

[A10] 

Microbial Growth 

Rh = ΣiΣ nΣ lRhi,n,l   [A11] 

Rhi,n,l = Rhn min{CNi,n,l,a/CNj, CPi,n,l,a/CPj} Rh constrained by microbial N, P [A12] 

Rhi,n,l = Mi,n,a,l,C {Rhi,n,l [Qi,l,C]}/{(KmQC +[Qi,l,C])}ftgl  fgl Rh constrained by substrate DOC [A13] 



Rhi,n,l = Rhi,n,l (UO2i,n,l/UO2i,n,l) Rh constrained by O2 [A14] 

fgl1.0 - 6.67(1.0 – e
(Ms/(RTsl)) s constraints on microbial growth [A15] 

UO2i,n,l = 2.67Rhi,n,l O2 demand driven by potential Rh [A16] 

UO2i,n,l = UO2i,n,l[O2mi,n,l]/([O2mi,n,l] + KO2
) 

 

          = 4n Mi,n,a,l,C DsO2l[rmrwl/(rwl  rm)]([O2sl] [O2mi,n,l] 

active uptake coupled with radial 

diffusion of O2 

[A17a] 

 

[A17b] 

Rmi,n,j,l = RmMi,n,j,l,N ftml   [A18] 

ftml = e
[y(Tsl 

 298.16)]
   [A19] 

Rgi,n,l = Rhi,n,l  Σ j Rmi,n,j,l   [A20] 

Ui,n,lC  = min(Rhi,n,l , Σ j Rmi,n,j,l) + Rgi,n,l (1 + G/Em) DOC uptake driven by Rg [A21] 

Ui,n,lN,P = Ui,n,lQi,l,N,P/Qi,l,C DON,DOP uptake driven by Ui,n,lC   [A22] 

DMi,n,j,l,C= DMi,jMi,n,j,C ftg first-order decay of microbial C,  [A23] 

DMi,n,j,N,P = DMi,jMi,n,j,l,N,P ftgl  fdi,n,lN,P partial release of microbial N, P [A24] 

Mi,n,j,l,C/t = Fj Ui,n,lC FjRhi,n,l  DMi,n,j,l,C 

 

Mi,n,j,l,C/t = Fj Ui,n,lC Rmi,n,j,l  DMi,n,j,l,C 

[Rhi,n,l > Rmi,n,j,l] 

 

[Rhi,n,l < Rmi,n,j,l] 

growth 

 

senescence 

[A25a] 

 

[A25b] 

Microbial Nutrient Exchange 

UNH4i,n,j,l = (Mi,n,j,l,C CNj  Mi,n,j,l,N)   

                                                  

UNH4i,n,j,l =min{(Mi,n,j,l,C  CNj  Mi,n,j,l,N),  

                     U’NH4 A i,n,j,l ([NH4


i,n,j,l]–[NH4


mn])/([NH4


i,n,j,l]–[NH4


mn] + KNH4
)} 

 

UNO3i,n,j,l = min{(Mi,n,j,l,C 
 CNj  (Mi,n,j,l,N  + UNH4i,n,j,l)) , 

                    U’NO3 A i,n,j,l ([NO3


i,n,j,l]–[NO3


mn])/([NO3


i,n,j,l]–[NO3


mn] + KNO3
)} 

UNH4
 < 0 

 

UNH4
 > 0 

 

 

UNO3
 > 0 

mineralization 

 

immobilization 

 

 

immobilization 

[A26a] 

 

[A26b] 

 

 

[A26c] 



UPO4i,n,j,l = (Mi,n,j,l,C CPj  Mi,n,j,l,P)      

                                               

UPO4i,n,j,l =min{(Mi,n,j,l,C CPj - Mi,n,j,l,P),  

                     U’PO4 A i,n,j,l ([H2PO4


i,n,j,l]–[H2PO4


mn])/([H2PO4


i,n,j,l]–[ H2PO4


mn] + KPO4
)} 

UPO4
 < 0 

 

UPO4 
>0 

mineralization 

 

immobilization 

[A26d] 

 

[A26e] 

i,n=f,j,l = max{0, Mi,n=f,j,l,CCNj  Mi,n=f,j,l,N  max{0, Ui,n=f,j,l,N}} N2 fixation driven by N deficit of 

diazotrophic population 

[A27] 

Ri,n=f,j,l E 
i,n=f,j,l   [A28] 

Mi,n,j,l,N/t = FjUi,n,l,N + UNH4i,n,j,l 
+ UNO3i,n,j,l

 + i,n=f,j,l  DMi,n,j,l,N 

 

Mi,n,j,l,P/t = FjUi,n,l,P + UPO4i,n,j,l
  DMi,n,j,l,p 

 

growth vs. losses of microbial N, P  [A29a] 

 

[A29b] 

Mi,n,a,l,C = Mi,n,j=labile,l,C + Mi,n,j=resistant,l,CFr/Fl   [A30] 

Humification  

HSi,j=lignin,l,C = DSi,j=lignin,l,C decomposition products of litter 

added to POC depending on lignin 

[A31] 

HSi,j=lignin,l,N,P = DSi,j=lignin,l,N,P [A32] 

HSi,jlignin,l,C = HSi,j=lignin,l,C Lhj [A33] 

HSi,jlignin,l,N,P = HSi,jlignin,l,C Si,l,N,P/Si,l,C [A34] 

HMi,n,j,l,C = DMi,n,j,l,C Fh decomposition products of 

microbes added to humus 

depending on clay 

[A35] 

HMi,n,j,l,N,P = HMi,n,j,l,CMi,n,j,l,N,P/Mi,n,j,l,C [A36] 



 

Definition of Variables in Appendix A 

Variable Definition Unit Equation Value Reference 

subscripts 

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

woody litter, POC, humus 

    

j kinetic component: labile, resistant, active     

l soil or litter layer     

n microbial functional type: heterotrophic (bacteria, fungi), 

autotrophic (nitrifiers, methanotrophs), diazotrophic, obligate 

aerobe, facultative anaerobes (denitrifiers), obligate anaerobes 

(methanogens)  

    

variables 

A microbial surface area m
2
 m

-2
 [A26]   

a total substrate + residue C = ([Si,j,C] +[Zi,j,C]) g C Mg
1

 [A8]   

B parameter such that ftg = 1.0 at Tl = 298.15 K  [A6] 26.230  

b Freundlich exponent for sorption isotherm  [A8] 0.85 Grant et al. 

(1993a,b) 

 specific colonization rate of uncolonized substrate -  [A4] 5.0 Grant et al. (2010) 

CN,Pi,n,a,l ratio of Mi,n,a,N,P to Mi,n,a,C g N or P g C
1

 [A12]   

CN,Pj maximum ratio of Mi,n,j,N,P to Mi,n,j,C maintained by Mi,n,j,C g N or P g C
1

 [A12,A26,A27] 0.22 and 0.13 (N), 

0.022 and 0.013 

(P) for j = labile 

and  resistant, 

respectively 

Grant et al. 

(1993a,b) 



DMi,j specific decomposition rate of Mi,n,j at 30°C g C g C
1

 h
1

 [A23,A24] 0.0125 and 

0.00035 for j = 

labile and 

resistant, 

respectively 

Grant et al. 

(1993a,b) 

DMi,n,j,l,C decomposition rate of Mi,n,j,l,C g C m
2

 h
1

 [A23,A25,A35]   

DMi,n,j,l,N,P decomposition rate of Mi,n,j,l,N,P g N or P m
2

 h
1

 [A24,A29]   

DsO2l aqueous dispersivity–diffusivity of O2 during microbial uptake 

in soil 

m
2
 h

1
 [A17]   

DSi,j,l,C decomposition rate of Si,j,l,C by ΣnMi,n,a,l  producing Q in [A13] g C m
2

 h
1

 [A1,A7a,A31]   

DSj,C specific decomposition rate of Si,j,l,C by ΣnMi,n,a,l  at 25°C and 

saturating[Si,l,C] 

g C g C
1

 h
1

 [A3] 1.0, 1.0, 0.15, and 

0.025 for j = 

protein, 

carbohydrate, 

cellulose, and 

lignin 

Grant et al. 

(1993a,b) 

DSi,j, l,N,P decomposition rate of Si,j,l,N,P by ΣnMi,n,a,l   g N or P m
2

 h
1

 [A7a, A32]   

DZi,j,l,C decomposition rate of Zi,j,l,C by ΣnMi,n,a,l  producing Q in [A13] g C m
2

 h
1

 [A2,A7b]   

DZi,j,N,P decomposition rate of Zi,j,l,N,P by ΣnMi,n,a,l g N or P m
2

 h
1

 [A7b]   

DZj,C specific decomposition rate of Zi,j,l,C by ΣnMi,n,a,l  at 25°C and 

saturating[Zi,l,C] 

g C g C
1

 h
1

 [A5] 0.25 and 0.05 for 

j = labile and 

resistant biomass 

Grant et al. 

(1993a,b) 

DSi,j, l,C specific decomposition rate of Si,j,l,C by ΣnMi,n,a,l  at 25°C g C g C
1

 h
1

 [A1,A3]   

DZi,j,l,C specific decomposition rate of Zi,j,l,C by ΣnMi,n,a,l  at 25°C g C g C
1

 h
1

 [A2,A5]   

G energy yield of C oxidation and O2 reduction kJ g C
1

 [A21] 37.5  

Em energy requirement for growth of Mi,n,a,l   kJ g C
1

 [A21] 25  



E energy requirement for non-symbiotic N2 fixation by 

heterotrophic diazotrophs (n = f) 

g C g N
-1

 [A28] 5 Waring and 

Running (1998) 

Fh fraction of products from microbial decomposition that are 

humified (function of clay content) 

 [A35] 0.167 + 

0.167*clay 

 

Fl fraction of microbial growth allocated to labile component 

Mi,n,l 

 [A25,A29,A30] 0.55 Grant et al. 

(1993a,b) 

Fr fraction of microbial growth allocated to resistant component 

Mi,n,r 

 [A25,A29,A30] 0.45 Grant et al. 

(1993a,b) 

Fs equilibrium ratio between Qi,l,C and Hi,l,C  [A8]   

fdi,n,lN,P fraction of N or P released with DMi,n,j,l,C during 

decomposition 

dimensionless [A24] 0.33  UNH4 > 0 

1.00  UNH4 < 0 

0.33  UPO4 > 0 

1.00  UPO4 < 0 

 

ftgl temperature function for microbial growth respiration dimensionless [A1,A2,A6,A13, 

A23,A24] 

  

ftml temperature function for maintenance respiration dimensionless [A18,A19]   

fgl soil water potential function for microbial, root or mycorrhizal 

growth respiration   

dimensionless [A13,A15]  Pirt (1975) 

i,n=f,j,l non-symbiotic N2 fixation by heterotrophic diazotrophs (n = f) g N m
-2

 h
-1

 [A27,A28,A29]   

[H2PO4

] concentration of H2PO4


 in soil solution g P m

3
 [A26]   

Ha energy of activation J mol
1

 [A6,C10] 65 x 10
3
 Addiscott (1983) 

Hdh energy of high temperature deactivation J mol
1

 [A6,C10] 225 x 10
3
  

Hdl energy of low temperature deactivation J mol
1

 [A6,C10] 198 x 10
3
  

HMi,n,j,l,C transfer of microbial C decomposition products to humus g C m m
2

 h
1

 [A35,A36]   

HMi,n,j,l,N,P transfer of microbial N or P decomposition products to humus g N or P m
2

 h
1

 [A36]   

HSi,j,l,C transfer of C hydrolysis products to particulate OM g C m
2

 h
1

 [A31,A32,A33, 

A34] 

  



HSi,j,l,N,P transfer of N or P hydrolysis products to particulate OM g N or P m
2

 h
1

 [A32,A34]   

KiS inhibition constant for microbial colonization of substrate - [A4] 0.5 Grant et al. (2010) 

KNH4
 M-M constant for NH4


uptake at microbial surfaces g N m

-3
 [A26] 0.40  

KNO3
 M-M constant for NO3


uptake at microbial surfaces g N m

-3
 [A26] 0.35  

KPO4
 M-M constant for H2PO4


uptake at microbial surfaces g P m

-3
 [A26] 0.125  

KiD inhibition constant for [Mi,n,a ] on Si,C , Zi,C g C m
-3

 [A3,A5] 25 Grant et al. 

(1993a,b); Lizama 

and Suzuki (1990) 

 

KmD Michaelis–Menten constant for DSi,j,C g C Mg
1

 [A3,A5] 75 

KmQC
 Michaelis–Menten constant for Rhi,n on [Qi,C] g C m

3
 [A13] 36 

KO2
 Michaelis–Menten constant for reduction of O2s by microbes, 

roots and mycorrhizae 

g O2 m
3

 [A17] 0.064 Griffin (1972) 

kts equilibrium rate constant for sorption h
1

 [A8] 0.01 Grant et al. 

(1993a,b) 

Lhj ratio of nonlignin to lignin components in humified hydrolysis 

products 

 [A33] 0.10, 0.05, and 

0.05 for j = 

protein, 

carbohydrate, and 

cellulose, 

respectively 

Shulten and 

Schnitzer (1997) 

M molecular mass of water g mol
-1

 [A15] 18  

Mi,n,j,l,C  microbial C g C m
2

 [A1,A2,A13,A17

A23,A25,A26, 

A30,A36] 

  

Mi,n,j,l,N  microbial N g N m
2

 [A18,A27,A29]   

Mi,n,j,l,P  microbial P g P m
2

 [A24,A29,A26, 

A36] 

  

Mi,n,a,l,C   active microbial C from heterotrophic population n associated 

with (Si,j,l,C + Zi,j,l,C) 

g C m
2

 [A1,A2,A13,A17, 

A30] 

  



[Mi,n,a,l,C ]  concentration of Mi,n,a  in soil water =  Mi,n,a,l,C /l g C m
3

 [A3, A5]   

[NH4


i,n,j,l] concentration of NH4

 at microbial surfaces g N m

3
 [A26]   

[NH4


mn] concentration of NH4


at microbial surfaces below which UNH4
 

= 0 

g N m
3

 [A26] 0.0125  

[NO3


i,n,j,l] concentration of NH4

 at microbial surfaces g N m

3
 [A26]   

[NO3


mn] concentration of NO3


at microbial surfaces below which UNO3
 

= 0 

g N m
3

 [A26] 0.03  

[H2PO4
-
i,n,j,l] concentration of H2PO4

-
 at microbial surfaces g N m

3
 [A26]   

[H2PO4
-
mn] concentration of H2PO4

-
at microbial surfaces below which 

UPO4
 = 0 

g N m
3

 [A26] 0.002  

[O2mi,n,l] O2 concentration at heterotrophic microsites g O2 m
3

 [A17]   

[O2sl] O2 concentration in soil solution g O2 m
3

 [A17]   

Qi,l,C DOC from products of  DSi,j,l,C [A3] and DZi,j,l,C) [A5] g C m
2

 [A8,A13,A22]   

[Qi,l,C]  solution concentration of Qi,l,C g C Mg
1

 [A8,A13]   

Qi,l,N,P DON and DOP from products of (DSi,j,l,N,P + DZi,j,l,N,P) g N or P m
2

 [A9,A22]   

R gas constant J mol
1

 K
1

 [A6,A15,C10] 8.3143  

Ri,n=f,j,l respiration for non-symbiotic N2 fixation by heterotrophic 

diazotrophs (n = f) 

g C m
-2

 h
-1

 [A28]   

Rgi,n,l growth respiration of Mi,n,a,l  on Qi,l,C under nonlimiting O2 and 

nutrients 

g C g C
1

 h
1

 [A20]   

Rh total heterotrophic respiration of all Mi,n,a,l  under ambient 

DOC, O2, nutrients,   and temperature 

g C m
2

 h
1

 [A11]   

Rhi,n,l heterotrophic respiration of Mi,n,a,l  under ambient DOC, O2, 

nutrients,   and temperature 

g C m
2

 h
1

 [A4,A11,A14,A2

0, A21,A25] 

  

Rhi,n,l specific heterotrophic respiration of Mi,n,a,l  under nonlimiting 

O2, DOC,  and 25°C 

g C g C
1

 h
1

 [A12,A13]   



Rhn specific heterotrophic respiration of Mi,n,a,l  under nonlimiting 

DOC, O2, nutrients,   and 25°C 

g C g C
1

 h
1

 [A12] 0.125 Shields et al. 

(1973) 

Rhi,n,l heterotrophic respiration of Mi,n,a,l  under nonlimiting O2 and 

ambient DOC, nutrients,   and temperature 

g C m
2

 h
1

 [A13,A14,A16]   

Rm specific maintenance respiration at 25°C g C g N
1

 h
1

 [A18] 0.0115 Barnes et al. 

(1998) 

Rmi,n,j,l maintenance respiration by Mi,n,j,l g C m
2

 h
1

 [A18,A20,A21,A

25] 

  

rwl radius of rm + water film at current water content m [A17]   

rm radius of heterotrophic microsite m [A17] 2.5 × 10
6

  

rwl thickness of water films m [A17]   

S change in entropy J mol
1

 K
1

 [A6,C10] 710 Sharpe and 

DeMichelle 

(1977) 

[Si,j,l,C] concentration of Si,j,l,C in soil g C Mg
1

 [A3]   

Si,j,l,C mass of colonized solid or sorbed organic C in soil g C m
2

 [A4,A7a,A33]   

S'i,j,l,C mass of uncolonized solid or sorbed organic C in soil g C m
2

 [A4]   

Si,j,l,N,P mass of solid or sorbed organic N or P in soil g N or P m
2

 [A7a,A33]   

Tsl soil temperature  K [A6,A15.A19]   

Ui,n,lC uptake of Qi,l,C by ΣnMi,n,a,l under limiting nutrient availability g C m
2

 h
1

 [A4,A21,A22,A2

5] 

  

Ui,n,N,P uptake of Qi,l,N,P by ΣnMi,n,a,l under limiting nutrient availability g N or P m
2

 h
1

 [A22,A29]   

UNH4i,n,j,l NH4

 uptake by microbes g N m

-2
 h

-1
 [A26, A27,A29]   

U'NH4
 maximum UNH4 at 25 

o
C and non-limiting NH4


     g N m

-2
 h

-1
 [A26] 5.0 x 10

-3
  

UNO3i,n,j,l NO3

 uptake by microbes g N m

-2
 h

-1
 [A26,A27,A29]   



U'NO3
 maximum UNO3 at 25 

o
C and non-limiting NO3


     g N m

-2
 h

-1
 [A26] 5.0 x 10

-3
  

UO2i,n O2 uptake by Mi,n,a,l  under ambient O2 g m
2

 h
1

 [A14,A17]   

UO2i,n O2 uptake by Mi,n,a,l  under nonlimiting O2 g m
2

 h
1

 [A14,A16,A17]   

UPO4i,n,j,l H2PO4
-
 uptake by microbes g N m

-2
 h

-1
 [A26,A27,A29]   

U'PO4
 maximum UPO4 at 25 

o
C and non-limiting H2PO4

-
     g N m

-2
 h

-1
 [A26] 5.0 x 10

-3
  

Xi,l,C adsorbed C hydrolysis products g C Mg
1

 [A8,A10]   

Xi,l,N,P adsorbed N or P hydrolysis products g P Mg
1

 [A10]   

y selected to give a Q10 for ftm of 2.25  [A19] 0.081  

s soil or residue water potential MPa [A15]   

Yi,l,C sorption of C hydrolysis products g C m
2

 h
1

 [A8,A9,A10]   

Yi,l,N,P sorption of N or P hydrolysis products g P m
2

 h
1

 [A9,A10]   

[Zi,j,l,C] concentration of Zi,j,l,C in soil g C Mg
1

 [A5]   

Zi,j,l,C mass of microbial residue C in soil g C m
2

 [A7b]   

Zi,j,l,N,P mass of microbial residue P in soil g P m
2

 [A7b]   



 

 

Appendix B: Soil-Plant Water Relations 

Canopy Transpiration 

LEci = L (ea – eci(Tci,ci)
)/rai  

LEci = L (ea – eci(Tci,ci)
)/(rai + rci) - LEci from [B1a] 

Hci =  Cp(Ta – Tci)/rai  

LE from canopy evaporation 

LE from canopy transpiration 

H from canopy energy balance  

[B1a] 

[B1b] 

[B1c] 

rcmini = 0.64 (Cb – Ci'i)/ Vc'i 
rci = rcmini + (rcmaxi – rcmini) e

(-ti) 

rc driven by rates of carboxylation 

vs. diffusion 

rc constrained by water status 

[B2a] 

[B2b] 

rai = {(ln((zu –  zdi)/zri)
2
 /(K

2
 ua)}/(1 – 10 Ri) 

Ri = {g (zu – zri)/( ua
2
 Ta)} (Ta – Tc)

 
ra driven by windspeed, surface  

ra adjusted for stability vs. 

buoyancy 

[B3a] 

[B3b] 

ti = ci - i   [B4] 

Root and Mycorrhizal Water Uptake 

Uwi  = Σl Σr Uwi,r,l   [B5] 

Uwi,r,l =  (c'i  - s'l)/( si,r,l + ri,r,l +  Σx ai,r,l,x) Uw along hydraulic gradient [B6] 

c'i  = ci + 0.01 zbi    [B7] 

s'l = sl – 0.01 zl   [B8] 

si,r,l = ln{(di,r,l/ri,r,l)/(2 Li,r,l ri,r,l)} wl/pl   [B9] 

ri,r,l= ’ri,r/Li,r,l   [B10] 

ai,r,l,x=1  = 'ai,r zl /{ni,r,l,1 (ri,r,l,1 /r'i,r)
4
} + 'ai,r zbi /{n i,r,l,1 (rbi /rb'i)

4
}Σi,r,l (Mi,r,l) /Mi,r,l   [B11] 

ai,r,l,x=2  = ai,r  (Li,r,l,2 /ni,r,l,2) /{ni,r,l,2 (ri,r,l,2 / r'i,r)
 4
}   [B12] 

Li,r,l,1/t = Mi,r,l,1 /t r /{r (1 - Pi,r) ( ri,r,l,1
2)}   [B13] 



Canopy Water Potential 

(ea – ei(Tci)
)/(rai + rci) [B1] = Σl Σr(c'i  - s'l)/( si,r,l + ri,r,l +  Σx ai,r,l,x) + cici/t  

 

c solved when transpiration from 

[B1-B4] (LHS) equals uptake from 

[B5-B13] + change in storage (RHS) 

[B14] 

 

 
 

Definition of Variables in Appendix B 

Variable Definition Unit Equation Value Reference 
 

subscripts 

i plant species or functional type: coniferous, deciduous, annual, 

perennial, C3, C4, monocot, dicot etc. 

    

j branch or tiller     

k node     

l soil or canopy layer     

m leaf azimuth     

n leaf inclination     

o leaf exposure (sunlit vs. shaded)     

r root or mycorrhizae     

variables 

 stomatal resistance shape parameter MPa
-1

 [B2b,C4,C9] -5.0 Grant and 

Flanagan (2007) 

Cb [CO2] in canopy air mol mol
-1

 [B2,C2,C5]   

Ci'i [CO2] in canopy leaves at ci = 0 MPa mol mol
-1

 [B2] 0.70 Cb Larcher (2001) 



di,r,l half distance between adjacent roots m [B9]   

Eci canopy transpiration m
3
 m

-2
 h

-1
 [B14]   

ea atmospheric vapor density at Ta and ambient humidity g m
-3

 [B1]   

eci(Tci,ci)
 canopy vapor density at Tci and ci g m

-3
 [B1]   

K von Karman’s constant  [B3a] 0.41  

ri,r,l hydraulic conductivity between soil and root surface m
2
 MPa

-1
 h

-1
 [B9]   

 scaling factor for bole axial resistance from primary root axial 

resistance 

- [B11] 1.6 x 10
4
 Grant et al. (2007) 

L latent heat of evaporation J g
-1

 [B1] 2460  

LEi latent heat flux between canopy and atmosphere  W m
-2

 [B1]   

Li,r,l length of roots or mycorrhizae m m
-2

 [B9,B10,B12,B13

] 

  

Mi,r,l mass of roots or mycorrhizae g m
-2

 [B11,B13]   

ni,r,l,x number of primary (x = 1) or secondary (x = 2) axes m
-2

 [B11,B12]   

'ai,r axial resistivity to water transport along root or mycorrhizal 

axes 

MPa h m
-4

 [B11,B12] 4.0 x 10
9 

deciduous
 

1.0 x 10
10 

coniferous  

Larcher (2001) 

ai,r,l,x axial resistance to water transport along axes of primary (x = 1) 

or secondary (x = 2) roots or mycorrhizae 

MPa h m
-1

 [B6,B11,B12]   

'ri,r radial resistivity to water transport from surface to axis of roots 

or mycorrhizae 

MPa h m
-2

 [B10] 1.0 x 10
4
 Doussan et al. 

(1998) 

ri,r,l radial resistance to water transport from surface to axis of roots 

or mycorrhizae 

MPa h m
-1

 [B6,B10]   

si,r,l radial resistance to water transport from soil to surface of roots 

or mycorrhizae 

MPa h m
-1

 [B6,B9]   

wl soil water content m
3
 m

-3
 [B9]   



pl soil porosity m
3
 m

-3
 [B9]   

Pi,r root porosity m
3
 m

-3
 [B13]   

Ri Richarson number  [B3a,B3b]  van Bavel and 

Hillel (1976) 

rai aerodynamic resistance to vapor flux from canopy s m
-1

 [B1,B3a]   

rbi radius of bole at ambient ci m [B11]   

rb'i radius of bole at ci = 0 MPa m [B11]   

rci  canopy stomatal resistance to vapor flux s m
-1

 [B1,B2b]   

rcmaxi canopy cuticular resistance to vapor flux s m
-1

 [B2b] 5.0 x 10
3
 Larcher (2001) 

rcmini minimum rci  at ci = 0 MPa s m
-1

 [B2,B2b]   

ri,r,l,x radius of primary (x=1) or secondary (x=2) roots or 

mycorrhizae at ambient ri l,z 

m [B9,B11,B12,B13

] 

  

r'i,r radius of secondary roots or mycorrhizae at ri l,z = 0 MPa m [B11,B12] 2.0 x 10
-4 

tree 

1.0 x 10
-4 

bush 

0.05 x 10
-4 

mycorrhizae  

 

r root specific density g C g FW
-1

 [B13] 0.05 Grant (1998) 

Ta air temperature K [B3b]   

Tc canopy temperature K [B3b]   

Uwi total water uptake from all rooted soil layers m
3
 m

-2
 h

-1
 [B5,B14]   

Uwi,r,l water uptake by root and mycorrhizal surfaces in each soil 

layer 

m
3
 m

-2
 h

-1
 [B5,B6]   

ua wind speed measured at zu m s
-1

 [B3a,B3b]   

Vc'i potential canopy CO2 fixation rate at ci = 0 MPa mol m
-2

 s
-1

 [B2]   



r root specific volume  m
3
 g FW

-1
 [B13] 10

-6
 Grant (1998) 

ci canopy capacitance m
3
 m

-2
 MPa

-1
 [B14]   

ci canopy water potential MPa [B4,B7,B14]   

c'i   ci + canopy gravitational potential MPa [B6,B7]   

i canopy osmotic potential MPa [B4]   

sl soil water potential MPa [B8]   

s'l sl + soil gravitational potential MPa [B6,B8]   

ti canopy turgor potential MPa [B2b,B4] 1.25 at c = 0  

zbi length of bole from soil surface to top of canopy m [B7,B11]   

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

z l depth of soil layer below surface m [B8,B11]   

zr canopy surface roughness m [B3a,B3b]  Perrier (1982) 

zu height of wind speed measurement m [B3a,B3b]   

 



 

Appendix C: Gross Primary Productivity and Autotrophic Respiration 

C3 Gross Primary Productivity  

GPP = Σ i,j,k,l,m,n,o (Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o) A i,j,k,l,m,n,o solve for Cii,j,k,l,m,n,o at which 

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

[C1] 

Vgi,j,k,l,m,n,o = (Cb – Cii,j,k,l,m,n,o)/rli,j,k,l,m,n,o  diffusion  [C2] 

Vci,j,k,l,m,n,o = min{Vbi,j,k,l,m,n,o, Vji,j,k,l,m,n,o}  carboxylation  [C3] 

rli,j,k,l,m,n,o = rlmini,j,k,l,m,n,o + (rlmaxi - rlmini,j,k,l,m,n,o) e
(-ti) rl is leaf-level equivalent of rc [C4] 

rlmini,j,k,l,m,n,o = (Cb - Ci'i)/ Vc'i,j,k,l,m,n,o  minimum rl is driven by 

carboxylation 

[C5] 

Vbi,j,k,l,m,n,o  = Vbmaxi,j,k(Cci,j,k,l,m,n,o -  i,j,k)/(Cci,j,k,l,m,n,o) + Kci
) f i,j,k,l,m,n,o fNPi  

 

Vbmaxi,j,k  = Vb'i Frubiscoi
 M

i,j,k,prot 
/A

i,j,k
  ftbi 

 

 i,j,k = 0.5 Oc Vomaxi,j,k
  Kci

 /(Vbmaxi,j,k  Koi
) 

 

Vomaxi,j,k  = Vo'i Frubiscoi
 M

i,j,k,prot 
/A

i,j,k 
 ftoi 

 

 Kci
 = Kci  

ftkci (1 + Oc/ Koi 
ftkoi) 

CO2, water, temperature and 

nutrient constraints on Vb 

[C6a] 

 

[C6b] 

 

[C6c] 

 

[C6d] 

 

[C6e] 

Vji,j,k,l,m,n,o = Ji,j,k,l,m,n,o Yi,j,k,l,m,n,o f i,j,k,l,m,n,o fNPi   [C7] 

Ji,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmaxi,j,k - (( Ii,l,m,n,o + Jmaxi,j,k)
2
  - 4 Ii,l,m,n,o Jmaxi,j,k)

0.5
)/(2) 

 

Jmaxi,j,k  = Vj'i Fchlorophylli
 M

i,j,k,prot 
/A

i,j,k  ftji 

water, temperature and nutrient 

constraints on Vj 

[C8a] 

 

[C8b] 

f i,j,k,l,m,n,o = (rlmini,j,k,l,m,n,o
 / rli,j,k,l,m,n,o

)
0.5

 non-stomatal effect related to 

stomatal effect 

[C9] 



ftbi = exp[Bv  Hav/(RTci)]/{1 + exp[(Hdl  STci)/(RTci)] + exp[(STci  Hdh)/(RTci)]} 

 

ftoi = exp[Bo  Hao/(RTci)]/{1 + exp[(Hdl  STci)/(RTci)] + exp[(STci  Hdh)/(RTci)]] 

 

ftji = exp[Bj  Haj/(RTci)]/{1 + exp[(Hdl  STci)/(RTci)] + exp[(STci  Hdh)/(RTci)]} 

 

ftkci = exp[Bkc  Hakc/(RTci)] 

 

ftkoi = exp[Bko  Hako/(RTci)] 

Arrhenius functions for 

carboxylation, oxygenation and 

electron transport 

temperature sensitivity of  Kci
, Koi

  

[C10a] 

 

[C10b] 

 

[C10c] 

 

[C10d] 

 

[C10e] 

fNPi = min{Ni,j/(Ni,j + Ci,j/KIN
), Pi,j/(Pi,j + Ci,j /KIP

)} product inhibition of Vb, Vj 

determined by N and P vs. C in 

shoots 

[C11] 

 

M
i,j,k,prot

 /t =M
i,j,k

/t min{2.5 (N'leaf + (Nleaf - N'leaf), 25.0 (P'leaf + (Pleaf - P'leaf)} fNPi leaf structural protein growth [C12] 

Autotrophic Respiration  

Ra = Σ iΣ,j (Rci,j + Rsi,j) + Σ iΣ lΣ z (Rci,r,l  + Rsi,r,l ) + EN,P (UNH4i,r,l + UNO3i,r,l  + UPO4i,r,l ) total autotrophic respiration [C13] 

Rci,j  = Rc'Ci,j  ftai   

 

Rci,r,l  = Rc'C i,r,l  fta i,l  (UO2i,r,l /U O2i,r,l) 

 

UO2i,r,l  = U O2 i,r,l  [O2ri,r,l]/([O2ri,r,l] + KO2
) 

 

           = Uwi,r,l 
[O2sl] + 2Li,r,l DsO2 ([O2sl] [O2ri,r,l]) ln{(rsl  rri,r,l)/ rri,r,l} 

                                + 2Li,r,l DrO2 ([O2qi,r,l] [O2 ri,r,l]) ln(rqi,r,l)/ rri,r,l) 

 

U O2 i,r,l = 2.67 Rai,r,l 

O2 constraint on root respiration 

from active uptake coupled with 

diffusion of O2 from soil as for 

heterotrophic respiration in [A17], 

and from active uptake coupled 

with diffusion of O2 from roots 

[C14a] 

 

[C14b] 

 

[C14c] 

 

[C14d] 

 

 

[C14e] 

Rsi,j = - min{0.0, Rci,j – Rmi,j} remobilization when Rm > Rc [C15] 

Rmi,j =  Σ z (Ni,j,z Rm'  ftmi)  maintenance respiration [C16] 

Rgi,j = max{0.0, min{(Rci,j – Rmi,j) min{1.0, max{0.0, ti - t'}} growth when Rm < Rc [C17] 

Growth and Senescence 



li,j,z,C = Rsi,j Ci,j,z=l,non-remobilizable/Ci,j,z=l,remobilizable remobilization drives litterfall [C18] 

li,j,z,N,P = li,j,z,C N,Pprotein Ni,j,z=l,non-remobilizable/Ni,j,z=l,remobilizable    [C19] 

MBi,j/t = Σ z [Rgi,j (1 - Ygi,z)/Ygi,z] – Rsi,j  – li,j,C 

 

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

branch growth driven by Rg 

 

root growth driven by Rg 

[C20a] 

 

[C20b] 

ALi,j,k,l/t = MLi,j,k,l /yi
MLi,j,k,l/t min{1, max{0,ti - t'} 



Li,r,l,1/t = (MRi,r,l,1 /t)/yi r /{r (1 - Pi,r) ( ri,r,l,1 
2)} 

  

Li,r,l,2/t = (MRi,r,l,2 /t) r /{r (1 - Pi,r) ( ri,r,l,2 
2)}

leaf expansion driven by leaf mass 

growth 

root extension of primary and 

secondary axes driven by root 

mass growth 

[C21a] 

 

[C21b] 

 

[C21c] 

ftaiTci{exp[Bv  Hav/(RTci)]}/{1 + exp[(Hdl  STci)/(RTci)] + exp[(STci  Hdh)/(RTci)]} 



ftmi e
(0.0811*(T

ci
 – 298.15))



Arrhenius function for Ra 

 

temperature function for Rm 

[C22a] 

 

[C22b] 

Root and Mycorrhizal Nutrient Uptake 

UNH4i,r,l = {Uwi,r,l[NH4


l] + 2Li,r,lDeNH4l
 ([NH4


l] – [NH4


i,r,l]) / ln(di,r,l /ri,r,l)} 

            = U'NH4 (UO2i,r,l /U O2i,r,l) Ai,r,l ([NH4


i,r,l] – [NH4


mn])/([NH4


i,r,l] – [NH4


mn] + KNH4
) ftil 

fNPi 

 

UNO3i,r,l = {Uwi,r,l [NO3


l] + 2Li,r,l DeNO3l
 ([NO3


l] – [NO3


i,r,l]) / ln(di,r,l /ri,r,l)} 

            = U'NO3 (UO2i,r,l /U O2i,r,l) Ai,r,l ([NO3


i,r,l] – [NO3


mn] )/([NO3


i,r,l] – [NO3


mn] + KNO3
) ftil

 fNPi 

 

UPO4i,r,l = {Uwi,r,l [H2PO4


l] + 2Li,r,lDePO4l
 ([H2PO4


l] – [H2PO4


i,r,l]) / ln(di,r,l /ri,r,l)} 

            = U'PO4 (UO2i,r,l /U O2i,r,l) Ai,r,l ([H2PO4
-
i,r,l] – [H2PO4

-
mn])/([H2PO4

-
i,r,l] – [H2PO4

-
mn] + KPO4

) ftgl
 fNPi 

 

fNPi = min{Ci,j/(Ci,j + Ni,j/KIN
), Ci,j/(Ci,j + Pi,j /KIP

)} 

root N and P uptake from mass 

flow + diffusion coupled with 

active uptake of NH4

, NO3


 and 

H2PO4

 constrained by O2 uptake, 

as for microbial N and P uptake in 

[A26] 

 

 

 

product inhibition of UNH4, UNO3 

and UPO4  determined by N and P 

vs. C in roots 

[C23a] 

[C23b] 

 

[C23c] 

[C23d] 

 

[C23e] 

[C23f] 

 

[C23g] 

C4 Gross Primary Productivity  

C4 Mesophyll   

GPP = Σ i,j,k,l,m,n,o (Vg(m4)i,j,k,l,m,n,o = Vc(m4)i,j,k,l,m,n,o)  [C24] 



Vg(m4)i,j,k,l,m,n,o = (Cb – Ci(m4)i,j,k,l,m,n,o)/rlfi,j,k,l,m,n,o  gaseous diffusion [C25] 

Vc(m4)i,j,k,l,m,n,o = min{Vb(m4)i,j,k,l,m,n,o, Vj(m4)i,j,k,l,m,n,o} mesophyll carboxylation  [C26] 

rlfi,j,k,l,m,n,o = rlfmini,j,k,l,m,n,o + (rlfmaxi - rlfmini,j,k,l,m,n,o) e
(-ti)  [C27] 

rlfmini,j,k,l,m,n,o = (Cb - Ci(m4)'i)/ Vc0(m4)i,j,k,l,m,n,o   [C28] 

Vb(m4)i,j,k,l,m,n,o  = Vbmax(m4)i,j,k(Cc(m4)i,j,k,l,m,n,o -  (m4)i,j,k)/(Cc(m4)i,j,k,l,m,n,o) + Kc(m4)i
)  CO2-limited carboxylation [C29] 

Vj(m4)i,j,k,l,m,n,o = J(m4)i,j,k,l,m,n,o Y(m4)i,j,k,l,m,n,o light-limited carboxylation [C30] 

J(m4)i,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmax(m4)i,j,k - (( Ii,l,m,n,o + Jmax(m4)i,j,k)
2
  - 4 Ii,l,m,n,o Jmax(m4)i,j,k)

0.5
)/(2) irradiance response function [C31] 

Vbmax(m4)i,j,k = Vbmax(m4)' [Npep(m4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(m4)i,j,k fi ftvi  PEPc activity [C32] 

Jmax(m4)i,j,k = Jmax' [Nchl(m4)i,j,k ]'  Nlfi,j,k  Alfi,j,k  fC(m4)i,j,k, fi ftvi  chlorophyll activity [C33] 

fC(m4)i,j,k = 1.0/(1.0 + [C4(m4)i,j,k]/KIC4(m4)
) C4 product inhibition [C34] 

f i,j,k,l,m,n,o = (rlfmini,j,k,l,m,n,o
 / rlfi,j,k,l,m,n,o

)
0.5

 non-stomatal water limitation [C35]  

ftvi = Tci{exp[B  Ha/(RTci)]}/{1 + exp[(Hdl  STci)/(RTci)] + exp[(STci  Hdh)/(RTci)]} temperature limitation [C36]  

   

C4 Mesophyll-Bundle Sheath Exchange   

VC4(m4)i,j,k = C4(m4) (C4(m4)i,j,k Wlf(b4)i,j,k –C4(b4)i,j,k Wlf(m4)i,j,k) / (Wlf(b4)i,j,k + Wlf(m4)i,j,k) mesophyll-bundle sheath transfer [C37] 

VC4(b4)i,j,k =  C4(b4) C4(b4)i,j,k /(1.0 + Cc(b4)i,j,k /KIC4(b4)
)  bundle sheath decarboxylation [C38] 

V(b4)i,j,k = Cc(b4) (Cc(b4)i,j,k  – Cc(m4)i,j,k) (12 x 10
-9

) Wlf(b4)i,j,k  bundle sheath-mesophyll leakage [C39] 

C4(m4)i,j,k /t = Σl,m,n,o Vc(m4)i,j,k,l,m,n,o - VC4(m4)i,j,k mesophyll carboxylation products [C40] 

C4(b4)i,j,k/t = VC4(m4)i,j,k  - VC4(b4)i,j,k bundle sheath carboxylation 

products 

[C41] 



Cc(b4)i,j,k/t = VC4(b4)i,j,k  - V(b4)i,j,k  - Σl,m,n,o Vc(b4)i,j,k,l,m,n,o bundle sheath CO2 concentration [C42] 

   

C4 Bundle Sheath   

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

Vb(b4)i,j,k  = Vbmax(b4)i,j,k(Cc(b4)i,j,k - (b4)i,j,k)/(Cc(b4)i,j,k) + Kc(b4)i
) CO2-limited carboxylation [C44] 

Vj(b4)i,j,k,l,m,n,o = J(b4)i,j,k,l,m,n,o Y(b4)i,j,k light- limited carboxylation [C45] 

J(b4)i,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmax(b4)i,j,k - (( Ii,l,m,n,o + Jmax(b4)i,j,k)
2
  - 4 Ii,l,m,n,o Jmax(b4)i,j,k)

0.5
)/(2) irradiance response function [C46] 

Vbmax(b4)i,j,k = Vbmax(b4)' [Nrub(b4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(c3)i,j,k  fi ftvi  RuBPc activity [C47] 

Jmax(b4)i,j,k = Jmax' [Nchl(b4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(c3)i,j,k  fi ftvi chlorophyll activity [C48] 

fC(c3)i,j,k = min{[lfi,j]/([ lfi,j]+ [c3(b4)i,j]/KIlf
), [lfi,j]/([lfi,j]+ [c3(b4)i,j]/KIlf

)}  C3 product inhibition [C49] 

   

Definition of Variables in Appendix C  

Variable Definition Unit Equation Value Reference 
 

subscripts 

i species or functional type: evergreen, 

coniferous, deciduous, annual, perennial, 

C3, C4, monocot, dicot, legume etc. 

    

j branch or tiller     

k node     

l soil or canopy layer     

m leaf azimuth     

n leaf inclination     

o leaf exposure (sunlit vs. shaded)     

r root or mycorrhizae     

z organ including leaf, root, mycorrhizae     



variables 

 
A leaf, root or mycorrhizalsurface area m

2
 m

-2
 [C1,C6b,C6d,C8b,

C21,C23,C32,C33

,C47] 

  

 shape parameter for stomatal effects on CO2 diffusion and 

non-stomatal effects on carboxylation 

MPa
-1

 [C4 C27,C35,] -5.0 Grant and 

Flanagan (2007) 

B parameter such that ft = 1.0 at Tc = 298.15 K  [C36] 17.533 
 

Bj parameter such that ftji = 1.0 at Tc = 298.15 K  [C10c] 17.363  

Bkc parameter such that ftkci = 1.0 at Tc = 298.15 K  [C10d] 22.187  

Bko parameter such that ftkoi = 1.0 at Tc = 298.15 K  [C10e] 8.067  

Bo parameter such that ftoi = 1.0 at Tc = 298.15 K  [C10b] 24.221  

Bv parameter such that ftvi = 1.0 at Tc = 298.15 K  [C10a, C22] 26.238  

Cb [CO2] in canopy air mol mol
-1

 [C2,C5 C25,C28]   

Cc(b4) [CO2] in C4 bundle sheath M [C38,C39,C42,C4

4] 

  

Cc(m4) [CO2] in C4 mesophyll in equilibrium with Cii,j,k,l,m,n,o M [C29,C39] 
  

Cc [CO2] in canopy chloroplasts in equilibrium with Cii,j,k,l,m,n,o M [C6]   

Ci(m4)' [CO2] in C4 mesophyll air when ci = 0 mol mol
-1

 [C28] 0.45 x Cb 
 

Ci(m4) [CO2] in C4 mesophyll air mol mol
-1

 [C25] 
  

Ci,j,z=l C content of leaf (z = l) g C m
-2

 [C18]   

Ci' [CO2] in canopy leaves when ci = 0 mol mol
-1

 [C5] 0.70 x Cb Larcher (2001) 



Ci [CO2] in canopy leaves mol mol
-1

 [C2]   

De NH4l
 effective dispersivity-diffusivity of NH4


during root uptake m

2
 h

-1
 [C23]   

De NO3l
 effective dispersivity-diffusivity of NO3


during root uptake m

2
 h

-1
 [C23]   

De PO4l
 effective dispersivity-diffusivity of H2PO4


during root 

uptake 

m
2
 h

-1
 [C23]   

DrO2 aqueous diffusivity of O2 from root aerenchyma to root or 

mycorrhizal surfaces 

m
2
 h

-1
 [C14d]   

DsO2 aqueous diffusivity of O2 from soil to root or mycorrhizal 

surfaces  

m
2
 h

-1
 [C14d]   

di,r,l half distance between adjacent roots assumed equal to 

uptake path length  

m [C23] (π Ls,z /z)
-1/2

 Grant (1998) 

EN,P energy cost of nutrient uptake g C g N
-1

 or P
-1

 [C13] 2.15 Veen (1981) 

fC(c3) C3 product inhibition of RuBP carboxylation activity in C4 

bundle sheath or C3 mesophyll 

 [C47,C48,C49] 
  

fC(m4) C4 product inhibition of PEP carboxylation activity in C4 

mesophyll  

 [C32,C33,C34] 
  

Fchl fraction of leaf protein in chlorophyll - [C8b] 0.025  

fNPi N,P inhibition on carboxylation, leaf protein growth, root 

uptake 

 [C6a,C7,C11,C12, 

C23]

 

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

ftai temperature effect on Rai,j    [C14, C22]  

ftbi temperature effect on carboxylation   [C6b,C10a]  

ftgl temperature function for root or mycorrhizal growth 

respiration 

dimensionless [C23]  

ftji temperature effect on electron transport  [C8b,C10c]  



ftkci temperature effect on Kci
  [C6e,C10d]  Bernacchi et al. 

(2001,2003)

ftkoi temperature effect on Koi
  [C6e,C10e]  Bernacchi et al. 

(2001,2003)

ftmi temperature effect on Rmi,j    [C16, C22b] Q 

ftoi temperature effect on oxygenation  [C6d,C10b]  

ftvi temperature effect on carboxylation   [C32,C33,C36,C4

7,C48] 

  

fi non-stomatal water effect on carboxylation   [C6a,C7,C9]  Medrano et al. 

(2002) 

fi non-stomatal water effect on carboxylation   [C32,C33,C35C47

,C48] 

  

Ha energy of activation J mol
1

 [C36] 57.5 x 10
3
 

 

Haj energy of activation for electron transport J mol
1

 [C10c] 43 x 10
3
 Bernacchi et al. 

(2001,2003) 

Hakc parameter for temperature sensitivity of Kci
 J mol

1
 [C10d] 55 x 10

3
 Bernacchi et al. 

(2001,2003) 

Hako parameter for temperature sensitivity of Koi
 J mol

1
 [C10e] 20 x 10

3
 Bernacchi et al. 

(2001,2003) 

Hao energy of activation for oxygenation J mol
1

 [C10b, C22] 60 x 10
3
 Bernacchi et al. 

(2001,2003) 

Hav energy of activation for carboxylation J mol
1

 [C10a, C22] 65 x 10
3
 Bernacchi et al. 

(2001,2003) 

Hdh energy of high temperature deactivation J mol
1

 [C10, C22] 222.5 x 10
3
  

Hdh energy of high temperature deactivation J mol
1

 [C36] 220 x 10
3
 

 

Hdl energy of low temperature deactivation J mol
1

 [C10, C22] 198.0 x 10
3
  



Hdl energy of low temperature deactivation J mol
1

 [C36] 190 x 10
3
 

 

I irradiance mol m
-2

 s
-1

 [C8a,]  

J(b4) electron transport rate in C4 bundle sheath mol m
-2

 s
-1
 [C45,C46] 

  

J(m4) electron transport rate in C4 mesophyll mol m
-2

 s
-1
 [C30,C31] 

  

J electron transport rate in C3 mesophyll mol m
-2

 s
-1

 [C7,C8a]  

Jmax' specific electron transport rate at non-limiting I and 25
o
C 

when ci = 0 and nutrients are nonlimiting 

mol g
-1

 s
-1
 [C33,C48] 400 

 

Jmax(b4) electron transport rate in C4 bundle sheath at non-limiting I  mol m
-2

 s
-1
 [C46,C48] 

  

Jmax(m4) electron transport rate in C4 mesophyll at non-limiting I  mol m
-2

 s
-1
 [C31,C33] 

  

Jmax electron transport rate at non-limiting I, ci, temperature and 

N,P 

mol m
-2

 s
-1

 [C8a,C8b]  

Kc(b4) Michaelis-Menten constant for carboxylation in C4 bundle 

sheath 

M [C44] 30.0 at 25
o
C and 

zero O2 

Lawlor (1993) 

Kc(m4) Michaelis-Menten constant for carboxylation in C4 

mesophyll 

M [C29] 3.0 at 25
o
C  

Lawlor (1993) 

Kc Michaelis-Menten constant for carboxylation at zero O2 M [C6c,C6e] 12.5 at 25 
o
C  Farquhar et al. 

(1980) 

Kc Michaelis-Menten constant for carboxylation at ambient O2 M [C6e]   

KIC4(b4)
 constant for CO2 product inhibition of C4 decarboxylation in 

C4 bundle sheath 

M [C38] 1000.0 
 



KIC4(m4)
 constant for C4 product inhibition of PEP carboxylation 

activity in C4 mesophyll 

M [C34] 5 x 10
6
 

 

KIlf
 constant for C3 product inhibition of RuBP carboxylation 

activity in C4 bundle sheath or C3 mesophyll  caused by 

[lfi,j] 

g C g N
-1

 [C49] 100 
 

KIlf
 constant for C3 product inhibition of RuBP carboxylation 

activity in C4 bundle sheath or C3 mesophyll  caused by 

[lfi,j] 

g C g P
-1

 [C49] 1000 
 

KIN
 inhibition constant for Ci,j  vs. Nj  in  fNP in shoots  

                                                                       roots 

g C g N
-1 

g N g C
-1

 

[C11] 

[C23] 

100 (shoot) 

 0.1 (root) 

Grant (1998) 

KIP
 inhibition constant for Ci,j  vs. Pi,j in  fNP in shoots 

                                                                       roots 

g C g P
-1 

g P g C
-1

 

[C11] 

[C23] 

1000 (shoot) 

0.01 (root) 

Grant (1998) 

KNH4
 M-M constant for NH4


uptake at root or mycorrhizal 

surfaces 

g N m
-3

 [C23] 0.40 Barber and 

Silberbush, 1984 

KNO3
 M-M constant for NO3


uptake at root or mycorrhizal 

surfaces 

g N m
-3

 [C23] 0.35 Barber and 

Silberbush, 1984 

KPO4
 M-M constant for H2PO4


uptake root or mycorrhizal 

surfaces 

g P m
-3

 [C23] 0.125 Barber and 

Silberbush, 1984 

KO2
 Michaelis-Menten constant for root or mycorrhizal O2 

uptake 

g m
-3

 [C14c] 0.064 Griffin (1972) 

Koi
 inhibition constant for O2 in carboxylation M [C6c,C6e] 500 at 25 

o
C Farquhar et al. 

(1980) 

L root length m m
-2

 [C14d,C21b,C23]   

lC C litterfall from leaf or root g C m
-2

 h
-1

 [C18,C19,C20]   

lN,P N or P litterfall from leaf or root g C m
-2

 h
-1

 [C19]   

MB branch C phytomass g C m
-2

 [C20]   



ML leaf C phytomass g C m
-2

 [C12,C21]   

MR root C phytomass g C m
-2

 [C20,C21]   

M
iprot

 leaf protein phytomass calculated from leaf N, P contents g N m
-2

 [C6b,C6d,C8b,C1

2] 

  

N,P N or P content of organ z g N m
-2

 [C16, C19]   

N,Pprot N or P content of protein remobilized from leaf or root g N or P g C
-1

 [C19] 0.4, 0.04  

[NH4


i,r,l] concentration of NH4

 at root or mycorrizal surfaces g N m

3
 [C23]   

[NH4


mn] concentration of NH4


at  root or mycorrizal surfaces below 

which UNH4
 = 0 

g N m
3

 [C23] 0.0125 Barber and 

Silberbush, 1984 

[NO3


i,r,l] concentration of NH4

 at root or mycorrizal surfaces g N m

3
 [C23]   

[NO3


mn] concentration of NO3


at root or mycorrizal surfaces below 

which UNO3
 = 0 

g N m
3

 [C23] 0.03 Barber and 

Silberbush, 1984 

[H2PO4
-
i,r,l] concentration of H2PO4

-
 root or mycorrizal surfaces g N m

3
 [C23]   

[H2PO4
-
mn] concentration of H2PO4

-
at root or mycorrizal surfaces below 

which UPO4
 = 0 

g N m
3

 [C23] 0.002 Barber and 

Silberbush, 1984 

Nleaf maximum leaf structural N content g N g C
-1

 [C12] 0.10  

N'leaf minimum leaf structural N content g N g C
-1

 [C12] 0.33 x Nleaf  

Nlf total leaf N  g N m
-2 

leaf [C32,C33,C47,C4

8] 

  

[Nchl(b4)]' ratio of chlorophyll N in C4 bundle sheath to total leaf N g N g N
-1

 [C48] 0.05 
 

[Nchl(m4)]' ratio of chlorophyll N in C4 mesophyll to total leaf N g N g N
-1

 [C33] 0.05 
 

[Npep(m4]' ratio of PEP carboxylase N in C4 mesophyll to total leaf N g N g N
-1

 [C32] 0.025 
 



[Nrub(b4)]' ratio of RuBP carboxylase N in C4 bundle sheath to total 

leaf N 

g N g N
-1

 [C47] 0.025 
 

O2q aqueous O2 concentration in root or mycorrhizal 

aerenchyma 

g m
-3

 [C14c,d]   

O2r aqueous O2 concentration at root or mycorrhizal surfaces g m
-3

 [C14c,d]   

O2s aqueous O2 concentration in soil solution g m
-3

 [C14c,d]   

Oc [O2] in canopy chloroplasts in equilibrium with O2 in atm. M [C6c,C6e]   

Pleaf maximum leaf structural P content g P g C
-1

 [C12] 0.10  

P'leaf minimum leaf structural P content g P g C
-1

 [C12] 0.33 x Pleaf  

[lf] concentration of nonstructural root P uptake product in leaf g P g C
-1

 [C49] 
  

P root or mycorrhizal porosity m3 m-3 [C21b] 
0.1 – 0.5  

R gas constant J mol
1

 K
1

 [C10, C22] 8.3143  

R gas constant J mol
1

 K
1

 [C36] 8.3143 
 

Ra total autotrophic respiration g C m
-2

 h
-1

 [C13]   

Ra Ra under nonlimiting O2 g C m
-2

 h
-1

 [C14]   

Rc' specific autotrophic respiration of Ci,j at Tci = 25 
o
C g C g C

-1
 h

-1
 [C14] 0.015  

Rc autotrophic respiration of Ci,j or Ci,r,l g C m
-2

 h
-1

 [C13,C14,C17, 

C15] 

  

Rg growth respiration  g C m
-2

 h
-1

 [C17,C20]   

ri,r,l radius of root or mycorrhizae m [C23] 1.0 × 10
3

 or 5.0 × 

10
6

 

 

rlf leaf stomatal resistance s m
-1

 [C25,C27,C39] 
  



rlfmaxi leaf cuticular resistance s m
-1

 [C27] 
  

rlfmini,j,k,l,m,n,o leaf stomatal resistance when ci = 0 s m
-1

 [C27,C28,C35 
  

rli,j,k,l,m,n,o leaf stomatal resistance s m
-1

 [C2,C4,C9]   

rlmaxi leaf cuticular resistance s m
-1

 [C4]   

rlmini,j,k,l,m,n,o leaf stomatal resistance when ci = 0 s m
-1

 [C4,C5,C9]   

Rm' specific maintenance respiration of Ci,j at Tci = 25 
o
C g C g N

-1
 h

-1
 [C16] 0.0115 Barnes et al. 

(1998) 

Rmi,j above-ground maintenance respiration  g C m
-2

 h
-1

 [C16,C17,C15]   

rqi,r,l radius of root aerenchyma m [C14d]   

rri,r,l root radius m [C14d,C21b]   

Rsi,j respiration from remobilization of leaf C g C m
-2

 h
-1

 [C13,C15,C18, 

C20] 

  

rsl thickness of soil water films m [C14d]   

r dry matter content of root biomass g g-1 [C21b] 0.125  

S change in entropy J mol
1

 K
1

 [C10, C22] 710 Sharpe and 

DeMichelle 

(1977) 

S change in entropy J mol
1

 K
1

 [C36] 
710  

C nonstructural C product of CO2 fixation g C g C
-1

 [C11, C23] 
  

N nonstructural N product of root uptake g N g C
-1

 [C11, C23] 
  

P nonstructural P product of root uptake g P g C
-1

 [C11, C23] 
  



Tci canopy temperature K [C10, C22]   

Tci canopy temperature 
o
C [C36] 

  

UNH4i,r,l NH4

 uptake by roots or mycorrhizae g N m

-2
 h

-1
 [C23]   

U'NH4
 maximum UNH4 at 25 

o
C and non-limiting NH4


     g N m

-2
 h

-1
 [C23] 5.0 x 10

-3
 Barber and 

Silberbush, 1984 

UNO3i,r,l NO3

 uptake by roots or mycorrhizae g N m

-2
 h

-1
 [C23]   

U'NO3
 maximum UNO3 at 25 

o
C and non-limiting NO3


     g N m

-2
 h

-1
 [C23] 5.0 x 10

-3
 Barber and 

Silberbush, 1984 

UPO4i,r,l H2PO4
-
 uptake by roots or mycorrhizae g N m

-2
 h

-1
 [C23]   

U'PO4
 maximum UPO4 at 25 

o
C and non-limiting H2PO4

-
     g N m

-2
 h

-1
 [C23] 5.0 x 10

-3
 Barber and 

Silberbush, 1984 

UO2i,r,l O2 uptake by roots and mycorrhizae  under ambient O2 g O m
-2

 h
-1

 [C14b,c,C23b,d,f]   

U O2i,l.r O2 uptake by roots and mycorrhizae under nonlimiting O2 g O m
-2

 h
-1

 [C14b,c,C23b,d,f]   

Uwi,r,l
 root water uptake m

3
 m

-2
 h

-1
 [C14d,C23]   

V(b4)i,j,k CO2 leakage from C4 bundle sheath to C4 mesophyll g C m
-2

 h
-1

 [C39,C42] 
  

Vb' specific rubisco carboxylation at 25 
o
C mol g 

-1
 rubisco 

s
-1


[C6b] 45 Farquhar et al. 

(1980) 

Vb(b4)i,j,k CO2-limited carboxylation rate in C4 bundle sheath mol m
-2

 s
-1

 [C43,C44] 
  

Vb(m4)i,j,k,l,m,n,o CO2-limited carboxylation rate in C4 mesophyll mol m
-2

 s
-1

 [C26] 
  

Vbi,j,k,l,m,n,o CO2-limited leaf carboxylation rate mol m
-2

 s
-1

 [C3,C6]   

Vbmax(b4)' RuBP carboxylase specific activity in C4 bundle sheath at 

25
o
C when ci = 0 and nutrients are nonlimiting 

mol g
-1

 s
-1
 [C47] 75 

 



Vbmax(b4)i,j,k CO2-nonlimited carboxylation rate in C4 bundle sheath mol m
-2

 s
-1
 [C44,C47] 

  

Vbmax(m4)' PEP carboxylase specific activity in C4 mesophyll at 25
o
C 

when ci = 0 and nutrients are nonlimiting 

mol g
-1

 s
-1
 [C32] 

150  

Vbmax(m4)i,j,k CO2-nonlimited carboxylation rate in C4 mesophyll  mol m
-2

 s
-1

 [C29,C32] 
  

Vbmaxi,j,k leaf carboxylation rate at non-limiting CO2, ci, Tc and N,P mol m
-2

 s
-1

 [C6a,C6b,C6c]   

Vc(b4)i,j,k,l,m,n,o CO2 fixation rate in C4 bundle sheath mol m
-2

 s
-1
 [C43] 

  

Vc(m4)i,j,k,l,m,n,o CO2 fixation rate in C4 mesophyll  mol m
-2

 s
-1

 [C24,C26,C40,C4

1] 

  

Vc0(m4) i,j,k,l,m,n,o CO2 fixation rate in C4 mesophyll when ci = 0 MPa mol m
-2

 s
-1

 [C28] 
  

Vci,j,k,l,m,n,o leaf CO2 fixation rate  mol m
-2

 s
-1

 [C1,C3]   

Vc'i,j,k,l,m,n,o leaf CO2 fixation rate when ci = 0  mol m
-2

 s
-1

 [C5]   

Vg(m4)i,j,k,l,m,n,o CO2 diffusion rate into C4 mesophyll mol m
-2

 s
-1

 [C24,C25] 
  

Vgi,j,k,l,m,n,o leaf CO2 diffusion rate mol m
-2

 s
-1

 [C1,C2]   

Vj' specific chlorophyll e
-
 transfer at 25 

o
C mol g 

-1
 

chlorophyll s
-1


[C8b] 450  Farquhar et al. 

(1980) 

Vj(b4)i,j,k,l,m,n,o irradiance-limited carboxylation rate in C4 bundle sheath mol m
-2

 s
-1
 [C43,C45] 

  

Vj(m4)i,j,k,l,m,n,o irradiance-limited carboxylation rate in C4 mesophyll mol m
-2

 s
-1

 [C26,C30] 
  

Vji,j,k,l,m,n,o irradiance-limited leaf carboxylation rate mol m
-2

 s
-1

 [C3,C7]   

Vo' specific rubisco oxygenation at 25 
o
C mol g 

-1
 rubisco 

s
-1


[C6d] 9.5 Farquhar et al. 

(1980) 



Vomaxi,j,k leaf oxygenation rate at non-limiting O2, ci, Tc and N,P mol m
-2

 s
-1

 [C6c,d]   

VC4(b4)i,j,k decarboxylation of C4 fixation product in C4 bundle sheath g C m
-2

 h
-1
 [C38,C41,C42] 

  

VC4(m4) transfer of C4 fixation product between C4 mesophyll and 

bundle sheath 

g C m
-2

 h
-1

 [C37] 
  

[lf] concentration of nonstructural root N uptake product in leaf g N g C
-1

 [C49] 
  

r 
specific volume of root biomass m3 g-1 [C21b] 

  

Wlf(b4) C4 bundle sheath water content g m
-2

 [C37,C39] 
  

Wlf(m4) C4 mesophyll water content g m
-2

 [C37] 
  

Y(b4) carboxylation yield from electron transport in C4 bundle 

sheath 

mol CO2 mol e
- 

-1
 

[C45] 
  

Y(m4) carboxylation yield from electron transport in C4 mesophyll mol CO2 mol e
- 

-1
 

[C30] 
  

Yg fraction of Ci,j used for growth expended as Rgi,j,z by organ z g C g C
-1

 [C20] 0.28 (z = leaf), 

0.24 (z = root and 

other non-foliar), 

0.20 (z = wood) 

Waring and 

Running (1998) 

y plant population m
-2

 [C21]   

Y carboxylation yield mol CO2 mol e
- 

-1
 

[C7]   

  CO2 compensation point  M [C6a,C6c]   

(b4) CO2 compensation point in C4 bundle sheath M [C44] 
  



(m4)  CO2 compensation point in C4 mesophyll  M [C29] 
  

 shape parameter for response of J to I  - [C8a] 0.7  

 shape parameter for response of J to I - [C31,C46] 0.75 
 

 area:mass ratio of leaf growth m g
-3

 [C21] 0.0125 Grant and 

Hesketh (1992) 

C4(b4) non-structural C4 fixation product in C4 bundle sheath g C m
-2

 [C37,C38,C41] 
  

C4(m4) non-structural C4 fixation product in C4 mesophyll g C m
-2

 [C37,C40] 
  

[c3(b4)] concentration of non-structural C3 fixation product in C4 

bundle sheath  

g g
-1

 [C49] 
  

[C4(m4)] concentration of non-structural C4 fixation product in C4 

mesophyll 

M [C34] 
  

 quantum yield mol e
-
 mol 

quanta
-1

 

[C8a] 0.45 Farquhar et al. 

(1980) 

 quantum yield mol e
-
 mol 

quanta
-1

 

  [C31,C46] 
0.45  Farquhar et al., 

(1980) 

Cc(b4) conductance to CO2 leakage from C4 bundle sheath h
-1

 [C39] 20 
 

t canopy turgor potential MPa [C4] 1.25 at c = 0  



 

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

Surface Water Flux 

Qrx(x,y) = vx(x,y)dmx,yLy(x,y) 2D Manning equation in x (EW) 

and y (NS) directions 

[D1] 

 
Qry(x,y) = vy(x,y)dmx,yLx(x,y) 

dx,y = max(0,dw(x,y) + di(x,y)  ds(x,y))dw(x,y)/(dw(x,y) + di(x,y)) surface water depth  [D2] 

 

vx(x,y) = R
0.67

sx(x,y)
0.5

/zr(x,y) runoff velocity over E slope [D3] 

 
vy(x,y) = R

0.67
sy(x,y)

0.5
/zr(x,y) runoff velocity over S slope 

vx(x,y) = R
0.67

sx(x,y)
0.5

/zr(x,y) runoff velocity over W slope 

vy(x,y) = R
0.67

sy(x,y)
0.5

/zr(x,y) runoff velocity over N slope 

(dw(x,y)Ax,y)/t = Qr,x(x,y)  Qr,x+1(x,y) + Qr,y(x,y)  Qr,y+1(x,y)  + P - Ex,y  - Qwz(x,y,1) 2D kinematic wave theory for 

overland flow 

[D4] 

R = srdm/[2(sr
2
 + 1)0.5] wetted perimeter [D5a] 

 

[D5b] 

 

sx(x,y) = 2abs[(Z + ds + dm)x,y  (Z + ds + dm)x+1,y]/(Lx(x,y) + Lx(x+1,y)) 

 

sy(x,y) = 2abs[(Z + ds + dm)x,y  (Z + ds + dm)x,y+1]/(Ly(x,y) + Ly(x,y+1)) 

2D slope from topography and 

pooled surface water in x (EW) 

and y (NS) directions 

LEl = L (ea – el(Tl,l)
)/ral 

 

LEs = L (ea – es(Ts,s))/ras  

evaporation from surface litter  

 

evaporation from soil surface 

[D6a] 

 

[D6b] 

Subsurface Water Flux 

Qwx(x,y,z) = Kx(sx,y,z  sx+1,y,z)   3D Richard’s or Green-Ampt  

equation depending on saturation 

of source or target cell in x (EW), 

y (NS) and  z (vertical) directions 

[D7] 

 
Qwy(x,y,z) = Ky(sx,y,z  sx,y+1,z) 

Qwz(x,y,z) = Kz(sx,y,z  sx,y,z+1) 



w x,y,z/t = (Qwx(x,y)  Qwx+1(x,y) + Qwy(x,y)  Qwy+1(x,y) + Qwz(x,y)  Qwz+1(x,y)  +  Qf(x,y,z))/ Lz(x,y,z) 3D water transfer plus freeze-thaw [D8] 

Kx = 2Kx,y,zKx+1,y,z/(Kx,y,z Lx,(x+1,y,z) + Kx+1,y,z Lx,(x,y,z)) in direction x if source and 

destination cells are unsaturated 

[D9a] 

= 2Kx,y,z/(Lx(x+1,y,z) + Lx(x,y,z)) in direction x if source cell is 

saturated 

[D9b] 

= 2Kx+1,y,z/(Lx(x+1,y,z) + Lx(x,y,z)) in direction x if destination cell is 

saturated 

Ky = 2Kx,y,zKx,y+1,z/(Kx,y,z Ly(x,y+1,z) + Kx,y+1,z Ly(x,y,z)) in direction y if source and 

destination cells are unsaturated 

[D9a] 

= 2Kx,y,z/(Ly(x,y+1,z) + Ly(x,y,z)) in direction y if source cell is 

saturated 

[D9b] 

= 2Kx,y+1,z/(Ly(x,y+1,z) + Ly(x,y,z)) in direction y if destination cell is 

saturated 

Kz = 2Kx,y,zKx,y,z+1/(Kx,y,z Lz(x,y,z+1) + Kx,y,z+1 Lz(x,y,z)) in direction z if source and 

destination cells are unsaturated 

[D9a] 

= 2Kx,y,z/(Lz(x,y,z+1) + Lz(x,y,z)) in direction z if source cell is 

saturated  

[D9b] 

= 2Kx,y,z+1/(Lz(x,y,z+1) + Lz(x,y,z)) in direction z if destination cell is 

saturated 

Exchange with Water Table 

Qtx(x,y,z) = Kx,y,z  [′  sx,y,z + 0.01(dzx,y,z  dt)]/(Ltx + 0.5 Lx,(x,y,z)) if sx,y,z > ′ + 0.01(dzx,y,z  dt) for 

all depths  z from dzx,y,z to dt  

or if dzx,y,z  dt 

[D10] 

Qty(x,y,z) = Kx,y,z  [′  sx,y,z + 0.01(dzx,y,z  dt)]/(Lty + 0.5 Ly,(x,y,z)) 

Heat Flux 

Rn + LE + H + G = 0 for eachcanopy,  snow, residue and 

soil surface, depending on 

exposure 

[D11] 

G x(x,y,z) = 2 (x,y,z),(x+1,y,z) (T(x,y,z) - T(x+1,y,z))/( Lx (x,y,z)+ Lx (x+1,y,z)) + cw T(x,y,z) Qwx(x,y,z) 3D conductive – convective heat 

flux among snowpack, surface 

residue and soil layers in x (EW), y 

(NS) and z (vertical) directions 

[D12] 

G y(x,y,z) = 2 (x,y,z),(x,y+1,z) (T(x,y,z) - T(x,y+1,z))/( Ly (x,y,z)+ Ly (x,y+1,z)) + cw T(x,y,z) Qwy(x,y,z) 

G z(x,y,z) = 2 (x,y,z),(x,y,z+1) (T(x,y,z) - T(x,y,z+1))/( Lz (x,y,z)+ Lz (x,y,z+1)) + cw T(x,y,z) Qwz(x,y,z) 



G x(x-1,y,z) - G x(x,y,z) + G y(x,y-1,z)  - G y(x,y,z) + G z(x,y,z-1) - G z(x,y,z) + LQf(x,y,z) + c(x,y,z) (T(x,y,z) - T'(x,y,z))/t = 0 3D general heat flux equation in 

snowpack, surface residue and soil 

layers  

[D13] 

Gas Flux 

Qdsx,y,z = agsx,y,z Dd (S ftdx,y,z [gs]x,y,z - [ss]x,y,z) 

Qdrx,y,z = agrx,y,z Dd (S ftdx,y,z [gr]x,y,z - [sr]x,y,z) 

volatilization – dissolution 

between aqueous and gaseous 

phases in soil and root 

[D14a] 

[D14b] 

 

Qgszx,y,1  = gax,y {[a] - {2[gs]x,y,1Dgsz(x,y,1)/Lz(x,y,1)+ gax,y [a]}/{2 Dgsz(x,y,1)/Lz(x,y,1)+ gax,y}} 

 

Qdsx,y,1 = agsx,y,1 Dd (S ftdx,y,1 [a] - [ss]x,y,1) 

 

volatilization – dissolution 

between gaseous and  aqueous 

phases at the soil surface (z = 1) 

and the atmosphere 

[D15a] 

 

[D15b] 

Qgsx(x,y,z) = - Qwx(x,y,z) [gs]x,y,z + 2 Dgsx(x,y,z)([gs]x,y,z - [gs]x+1,y,z)/ ( Lx (x,y,z)+ Lx (x+1,y,z)) 
 

Qgsy(x,y,z) = - Qwy(x,y,z) [gs]x,y,z + 2 Dgsy(x,y,z) ([gs]x,y,z - [gs]x,y+1,z)/ ( Ly (x,y,z)+ Ly (x,y+1,z)) 

 

Qgsz(x,y,z) = - Qwz(x,y,z) [gs]x,y,z + 2 Dgz(x,y,z) ([gs]x,y,z - [gs]x,y,z+1)/ ( Lz (x,y,z)+ Lz (x,y,z+1)) 

 

Qgrz(x,y,z) =   Dgrz(x,y,z) ([gr]x,y,z - [a])/ Σ1,z Lz (x,y,z) 

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  

[D16a] 

 

[D16b] 

 

[D16c] 

 

[D16d] 

Dgsx(x,y,z) = Dg  ftgx,y,zgx,y,z + gx+1,y,z)]
2
/psx,y,z

0.67
 

 

Dgsy(x,y,z) = Dg  ftgx,y,zgx,y,z + gx,y+1,z)]
2
/psx,y,z

0.67
 

 

Dgsz(x,y,z) = Dg  ftgx,y,zgx,y,z + gx,y,z+1)]
2
/psx,y,z

0.67 

 

Dgrz(x,y,z) = Dg  ftgx,y,zprx,y,z 
1.33 

Ar (x,y,z) /A x,y 

gasous diffusivity as a function 

of air-filled porosity in soil 

 

 

 

gasous diffusivity as a function 

of air-filled porosity in roots 

[D17a] 

 

[D17b] 

 

[D17c] 

 

[D17d] 

Qbz = min[0.0,{(44.64 wx,y,z 273.16/T(x,y,z)) – Σ ([s]x,y,z/(S ftdx,y,zM))}]  

            ([s]x,y,z/( S ftdx,y,zM))/ Σ ([s]x,y,z/( S ftdx,y,zM)) S ftdx,y,zM Vx,y,z 

bubbling (-ve flux) when total of 

all partial gas pressures exceeds 

atmospheric pressure 

[D18] 

   

Solute Flux 



Qsx(x,y,z) = - Qwx(x,y,z) [s]x,y,z + 2 Dsx(x,y,z)([s]x,y,z - [s]x+1,y,z)/ ( Lx (x,y,z)+ Lx (x+1,y,z)) 

 

Qsy(x,y,z) = - Qwy(x,y,z) [s]x,y,z + 2 Dsy(x,y,z) ([s]x,y,z - [s]x,y+1,z)/ ( Ly (x,y,z)+ Ly (x,y+1,z)) 

 

Qsz(x,y,z) = - Qwz(x,y,z) [s]x,y,z + 2 Dsz(x,y,z) ([s]x,y,z - [s]x,y,z+1)/ ( Lz (x,y,z)+ Lz (x,y,z+1)) 

3D convective  - dispersive  solute 

flux among soil layers in x (EW), y 

(NS) and z (vertical) directions 

[D19] 

Dsx(x,y,z)  = Dqx(x,y,z) Qwx(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)] 

 

Dsy(x,y,z)  = Dqy(x,y,z) Qwy(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)] 

 

Dsz(x,y,z)  = Dqz(x,y,z) Qwz(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)]  

aqueous dispersivity as functions 

of water flux and water-filled 

porosity 

[D20] 

Dqx(x,y,z)  = 0.5  ( Lx (x,y,z)+ Lx (x+1,y,z))


 

Dqy(x,y,z)  = 0.5  ( Ly (x,y,z)+ Ly (x,y+1,z))


 

Dqz(x,y,z)  = 0.5  ( Lz (x,y,z)+ Lz (x,y,z+1))

 

dispersivity as a function of water 

flow length 

[D21] 

           

Definition of Variables in Appendix D 

Variable Definition Unit Equation Value Reference 
 

subscripts 

x grid cell  position in west to east direction     

y grid cell  position in north to south direction     

z grid cell  position in vertical direction   z = 0: surface 

residue, z = 1 to 

n: soil layers 

 

variables 

A area of landscape position m
2
 [D17c]   

Ar root cross-sectional area of landscape position m
2
 [D17c]   

agr air-water interfacial area in roots m
2
 m

-2
 [D14b]   



ags air-water interfacial area in soil m
2
 m

-2
 [D14a,D15b]  Skopp (1985) 

 dependence of Dq on L - [D21]   

 dependence of Dq on L - [D21]   

c heat capacity of soil MJ m
-2

 
o
C

-1
 [D13]   

cw heat capacity of water MJ m
-3

 
o
C

-1
 [D12] 4.19  

Dd volatilization - dissolution transfer coefficient for gas  m
2
 h

-1
 [D14,D15a]   

Dgr gaseous diffusivity of gas in roots m
2
 h

-1
 [D16d,D17d]  Luxmoore et al. 

(1970a,b) 

Dgs gaseous diffusivity of gas in soil m
2
 h

-1
 [D15a,D16a,b,c,D

17a,b,c] 

 Millington and 

Quirk (1960) 

Dg diffusivity of gas   in air at 0 
o
C m

2
 h

-1
 [D17] 6.43 x 10

-2
 for  = 

O2 

Campbell (1985) 

Dq dispersivity  m [D20,D21]   

Ds aqueous diffusivity of gas or solute  m
2
 h

-1
 [D19,D20]   

Ds diffusivity of gas   in water at 0 
o
C m

2
 h

-1
 [D20] 8.57 x 10

-6
 for  = 

O2 

Campbell (1985) 

dm depth of mobile surface water m [D1,D2,D5a,D6]   

di depth of surface ice m [D2]   

ds maximum depth of surface water storage m [D2,D5b]   

dt depth of external water table m [D10]   

dw depth of surface water m [D1,D2]   

dz depth to mid-point of soil layer m [D10]   

E evaporation or transpiration flux m
3
 m

-2
 h

-1
 [D4,D11]   



ea atmospheric vapor density m
3
 m

-3
 [D6]   

el(Tl,l)
 surface litter vapor density at current Tl and l g m

-3
 [D6a]   

es(Ts,s) soil surface vapor density at current Ts and s g m
-3

 [D6b]   

ftd
 temperature dependence of S - [D14,D15b,D18]  Wilhelm et al. 

(1977) 

ftg temperature dependence of Dg - [D17]  Campbell (1985) 

fts temperature dependence of Ds - [D20]  Campbell (1985) 

G soil surface heat flux m
3
 m

-2
 h

-1
 [D11]   

G x , G y , G z soil heat flux in x, y or z directions MJ m
-2

 h
-1

 [D12,D13]   

ga boundary layer conductance m h
-1

 [D15a]   

 gas (H2O, CO2, O2, CH4, NH3, N2O, N2, H2) or solute (from 

appendix E) 

 [D14,D15]   

[a] atmospheric concentration of gas  g m
-3

 [D15,D16d]   

[gr] gasous concentration of gas in roots g m
-3

 [D14b,D16d]   

[gs] gasous concentration of gas in soil g m
-3

 [D14a,D15a,D16a

,D16b,D16c] 

  

[sr] aqueous concentration of gas in roots g m
-3

 [D14b]   

[ss] aqueous concentration of gas in soil g m
-3

 [D14a,D15b,D18,

D19] 

  

H sensible heat flux MJ m
-2

 h
-1

 [D11]   

K hydraulic conductivity m
2
 MPa

1
 h

1
 [D9,D10]  Green and Corey 

(1971) 

Kx , Ky  ,Kz hydraulic conductance in x, y or z directions m MPa
1

 h
1

 [D7,D9]   

 thermal conductivity MJ m
-1

 h
1 o

C
-1

 [D12]  de Vries (1963) 



Lt distance from boundary to external water table in x or y 

directions 

m [D10]   

Lx , Ly , Lz length of landscape element in x, y or z directions m [D1,D5b,D8,D9,D

10,D12,D15a,D16

,D19] 

  

LEl latent heat flux from surface litter [D6a] MJ m
-2

 h
-1

   

LEs latent heat flux from soil surface  [D6b] MJ m
-2

 h
-1

   

L latent heat of evaporation MJ m
-3

 [D6,D11,D13] 2460  

M atomic mass of gas  g mol
-1

 [D18]   

P precipitation flux m
3
 m

2
 h

1
 [D4]   

Qbz bubbling flux g m
-2

 h
-1

 [D18]   

Qdr volatilization – dissolution of gas  between aqueous and 

gaseous phases in roots 

g m
-2

 h
-1

 [D14b]   

Qds volatilization – dissolution of gas  between aqueous and 

gaseous phases in soil 

g m
-2

 h
-1

 [D14a,D15b]   

Qf freeze-thaw flux (thaw +ve) m
3
 m

2
 h

1
 [D8,D13]   

Qgr gaseous flux of gas  between roots and the atmosphere g m
-2

 h
-1

 [D16d]   

Qgs gaseous flux of gas  in soil g m
-2

 h
-1

 [D15a,D16a,b,c]   

Qrx, Qry surface water flow in x or y directions m
3
 m

2
 h

1
 [D1,D4]   

Qs aqueous flux of gas or solute  g m
-2

 h
-1

 [D19]   

Qt water flux between boundary grid cell and external water table 

in x or y directions  

m
3
 m

2
 h

1
 [D10]   

Qwx,Qwy,Qwz subsurface water flow in x, y or z directions m
3
 m

2
 h

1
 [D4,D7,D8,D12,D

16,D19,D20] 

  

g air-filled porosity m
3
 m

3
 [D17a,b,c]   



pr root porosity m
3
 m

3
 [D17d] dryland spp. 0.10  

wetland spp. 0.20 

Luxmoore et al. 

(1970a,b) 

ps soil porosity m
3
 m

3
 [D17a,b,c]   

w water-filled porosity m
3
 m

3
 [D8,D18,D20]   

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

Rn net radiation  MJ m
-2

 h
-1

 [D11]   

ral surface litter boundary layer resistance m h
-1

 [D6a]   

ras Soil surface boundary layer resistance m h
-1

 [D6b]   

S Ostwald solubility coefficient of gas at 30 
o
C - [D14,D15b,D18] 0.0293 for  = O2 Wilhelm et al. 

(1977) 

sr slope of channel sides during surface flow m m
1

 [D5a]   

sx , sy slope in x or y directions m m
1

 [D3,D5b]   

T soil temperature 
o
C [D12,D18]   

 tortuosity 
- 

[D20]   

vx , vy velocity of surface flow in x or y directions m h
1

 [D1,D3]   

′ soil water potential at saturation MPa [D10] 5.0 x 10
-3

  

s soil water potential MPa [D7,D10]   

Z surface elevation m [D5b]   

zr Manning's roughness coefficient m
1/3

 h [D3] 0.01  



 
 

Appendix E: Solute Transformations 
 

Precipitation - Dissolution Equilibria 
Al(OH)

3(s)
  (Al

3+ 

) + 3 (OH
- 

)   (amorphous Al(OH)
3
)        -33.0 [E.1]

 1
 

Fe(OH)
3(s)

  (Fe
3+ 

) + 3 (OH
- 

)   (soil Fe)          -39.3 [E.2] 
CaCO

3(s)  (Ca
2+ 

) + (CO
3

2-
 )   (calcite)          -9.28 [E.3]   

CaSO
4(s)  (Ca

2+
 ) + (SO

4

2-
 )   (gypsum)         -4.64 [E.4]   

AlPO
4(s)  (Al

3+
 ) + (PO

4

3-
 )   (variscite)         -22.1 [E.5]

 2
  

FePO
4(s)  (Fe

3+
 ) + (PO

4

3-
 )   (strengite)         -26.4 [E.6] 

Ca(H
2
PO

4
)

2(s)  (Ca
2+

 ) + 2 (H
2
PO

4

- 

)  (monocalcium phosphate)        -1.15 [E.7]
 3
 

CaHPO
4(s)

  (Ca
2+

 ) + (HPO
4

2-
 )   (monetite)         -6.92 [E.8] 

Ca
5
(PO

4
)

3
OH

(s)
  5 (Ca

2+
 ) + 3 (PO

4

3-
 ) + (OH

- 

)   (hydroxyapatite)         -58.2 [E.9] 

 

Cation Exchange Equilibria 
4
 

X-Ca + 2 (NH
4

+ 

) 2 X-NH
4
 + (Ca

2+
 )            1.00 [E.10] 

3 X-Ca + 2 (Al
3+

 ) 2 X-Al + 3 (Ca
2+

 )            1.00 [E.11] 

X-Ca + (Mg
2+

 ) X-Mg + (Ca
2+

 )             0.60 [E.12] 

X-Ca + 2 (Na
+ 

) 2 X-Na + (Ca
2+

 )            0.16 [E.13] 

X-Ca + 2 (K
+ 

) 2 X-K + (Ca
2+

 )             3.00 [E.14] 

X-Ca + 2 (H
+ 

)  2 X-H + (Ca
2+

 )             1.00 [E.15] 

 

Anion Adsorption Equilibria 
X-OH

2

+  

 X-OH + (H
+ 

)              -7.35 [E.16] 

X-OH  X-O
-

 + (H
+ 

)              -8.95 [E.17] 

X-H
2
PO

4
 + H

2
O  X-OH

2

+

 + (H
2
PO

4

-  

)            -2.80 [E.18] 

X-H
2
PO

4
 + (OH

- 

)  X-OH + (H
2
PO

4

-  

)            4.20 [E.19] 

X-HPO
4

-  

+ (OH
- 

)  X-OH + (HPO
4

2- 

)            2.60 [E.20] 

                                                 
1
 Round brackets denote solute activity. Numbers in italics denote log K (precipitation-dissolution, ion pairs), Gapon coefficient (cation exchange) or log c (anion 

exchange). 
2
 All equlilibrium reactions involving N and P are calculated for both band and non-band volumes if a banded fertilizer application has been made. These 

volumes are calculated dynamically from diffusive transport of soluble N and P. 
3
 May only be entered as fertilizer, not considered to be naturally present in soils. 

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



 

Organic Acid Equilibria 
X-COOH C

-

(H
+ 

)             -5.00 [E.21] 

 

Ion Pair Equilibria 
(NH

4

+ 

)  (NH
3
)

(g)
 + (H

+ 

)              -9.24 [E.22]  

H
2
O  (H

+ 

) + (OH
- 

)              -14.3 [E.23] 

(CO
2
)

(g)
 + H

2
O  (H

+ 

) + (HCO
3

- 

)             -6.42 [E.24] 

(HCO
3

- 

)  (H
+ 

) + (CO
3

2-
 )             -10.4 [E.25] 

(AlOH
2+

 )  (Al
3+

 ) + (OH
- 

)             -9.06 [E.26] 

(Al(OH)
2

+ 

)  (AlOH
2+

 ) + (OH
- 

)             -10.7 [E.27] 

(Al(OH)
3

0 

)  (Al(OH)
2

+ 

) + (OH
- 

)             -5.70 [E.28] 

(Al(OH)
4

- 

)  (Al(OH)
3

0 

) + (OH
- 

)             -5.10 [E.29] 

(AlSO
4

+
 )  (Al

3+
 ) + (SO

4

2-
 )             -3.80 [E.30] 

(FeOH
2+

 )  (Fe
3+

 ) + (OH
- 

)             -12.1 [E.31] 

(Fe(OH)
2

+ 

)  (FeOH
2+

 ) + (OH
- 

)             -10.8 [E.32] 

(Fe(OH)
3

0 

)  (Fe(OH)
2

+ 

) + (OH
- 

)             -6.94 [E.33] 

(Fe(OH)
4

- 

)  (Fe(OH)
3

0 

) + (OH
- 

)             -5.84 [E.34] 

(FeSO
4

+
 )  (Fe

3+
 ) + (SO

4

2-
 )             -4.15 [E.35] 

(CaOH
+ 

)  (Ca
2+

 ) + (OH
- 

)             -1.90 [E.36]   

(CaCO
3

0 

)  (Ca
2+

 ) + (CO
3

2-
 )             -4.38 [E.37]   

(CaHCO
3

+ 

)  (Ca
2+

 ) + (HCO
3

- 

)             -1.87 [E.38]   
(CaSO

4

0 

)  (Ca
2+

 ) + (SO
4

2-
 )             -2.92 [E.39] 

(MgOH
+ 

)  (Mg
2+

 ) + (OH
- 

)             -3.15 [E.40]   

(MgCO
3

0 

)  (Mg
2+

 ) + (CO
3

2-
 )             -3.52 [E.41] 

(MgHCO
3

+ 

)  (Mg
2+

 ) + (HCO
3

- 

)             -1.17 [E.42] 
(MgSO

4

0 

)  (Mg
2+

 ) + (SO
4

2-
 )             -2.68 [E.43] 

(NaCO
3

- 

)  (Na
+ 

) + (CO
3

2-
 )             -3.35 [E.44] 

(NaSO
4

- 

)  (Na
+ 

) + (SO
4

2-
 )             -0.48 [E.45] 

(KSO
4

- 

)  (K
+ 

) + (SO
4

2-
 )             -1.30 [E.46] 

(H
3
PO

4
)  (H

+ 

) + (H
2
PO

4

- 

)             -2.15 [E.47] 

(H
2
PO

4

- 

)  (H
+ 

) + (HPO
4

2-
 )             -7.20 [E.48] 

(HPO
4

2-
 )  (H

+ 

) + (PO
4

3-
 )             -12.4 [E.49] 

(FeH
2
PO

4

2+
 )  (Fe

3+
 ) + (H

2
PO

4

- 

)             -5.43 [E.50] 

(FeHPO
4

+ 

)  (Fe
3+

 ) + (HPO
4

2-
 )             -10.9 [E.51] 

(CaH
2
PO

4

+ 

)  (Ca
2+

 ) + (H
2
PO

4

- 

)             -1.40 [E.52] 



(CaHPO
4

0 

)  (Ca
2+

 ) + (HPO
4

2-
 )             -2.74 [E.53] 

(CaPO
4

- 

)  (Ca
2+

 ) + (PO
4

3-
 )             -6.46 [E.54] 

(MgHPO
4

0 

)  (Mg
2+

 ) + (HPO
4

2-
 )             -2.91 [E.55] 

 



 

Appendix F: Symbiotic N2 Fixation  

 

Microbial Growth 

Rmaxi,l = Mni,l R [ni,l]/([ni,l] + Kn) ft  fNP respiration demand  [F1] 

ft = Tl{exp[B  Ha/(RTl)]}/{1 + exp[(Hdl  STl)/(RTl)] + exp[(STl  Hdh)/(RTl)]} Arrhenius function  [F2] 

fNP = min{[Nni,l]/[Nn], [Pni,l]/[Pn]} N or P limitation  [F3] 

Ri,l = Rmaxi,l (VO2i,l/VO2maxi,l) O2 limitation  [F4] 

VO2maxi,l = 2.67 Rmaxi,l O2 demand  [F5] 

VO2i,l = VO2maxi,l [O2ri,l]/([O2ri,l] + KO2r) equilibrate O2 uptake with 

supply 

 [F6a] 

         = 2Lri,l DsO2
 ([O2l] [O2ri,l])/ln((rri,l + rwl))/rri,l)   [F6b]  

Rmi,l = Rm Nni,l ftm maintenance respiration  [F7] 

ftm = e
[y(T

l 
 298.16)]

 temperature function  [F8] 

Rgi,l = max{0.0, Ri,l  Rmi,l} growth + fixation respiration  [F9] 

Rsi,l = max{0.0, Rmi,l  Ri,l} microbial senescence  [F10] 

LCi,l = Rsi,l  min{Mni,l /(2.5Nni,lMni,l /(25.0Pni,l microbial C litterfall  [F11] 

N2 Fixation 

VN2i,l = min{Rgi,l EN2
 fCP, Mni,l [Nn]Nni,l[N2ri,l]/([N2ri,l] + KN2r) rate of N2 fixation  [F12] 

fCP = min{[ni,l]/(1.0 + [ni,l]/KIn
), [ni,l]/(1.0 + [ni,l]/KIn

)} product inhibition of N2 

fixation 

 [F13] 



RN2i,l = VN2i,l /EN2
 fixation respiration   [F14] 

Ui,l = (Rgi,l - RN2i,l)/(1 - Yn) growth respiration  [F15]  

Mni,l/t = Ui,l Yn LCi,l microbial C growth  [F16] 

Nni,l/t = Mni,l/t min{ni,l/ni,l, [Nn]  microbial N growth Mndi,l/t > 0 [F17a]  

Nni,l/t = Nni,l/Mni,lMni,l/t microbial N growth Mndi,l/t < 0 [F17b] 

Pni,l/t = Mni,l/t min{ni,l/ni,l, [Pn] microbial P growth Mndi,l/t > 0 [F18a] 

Pni,l/t = Pni,l/Mni,lMni,l/t microbial P growth Mndi,l/t < 0 [F18b] 

LNi,l = abs(Nni,l/t) microbial N litterfall Nndi,l/t < 0 [F19] 

LPi,l = abs(Pni,l/t) microbial P litterfall Pndi,l/t < 0 [F20] 

Nodule – Root Exchange 

Vi,l =  (ri,l Mni,l - ni,l Mri,l)/(Mni,l + Mri,l) nodule–root C exchange  [F21] 

Vi,l =  (ri,l ni,l - ni,l ri,l)/(ni,l + ri,l) nodule–root N exchange  [F22] 

Vi,l =  (ri,l ni,l - ni,l ri,l)/(ni,l + ri,l) nodule–root P exchange  [F23] 

ni,l/t = Vi,l - min{Rmi,l, Ri,l} - RN2i,l - Ui,l + FLC l LCi,l nodule nonstructural C   [F24] 

ni,l/t = Vi,l - Nni,l/t + VN2i,l + FLN l LNi,l nodule nonstructural N  [F25] 

ni,l/t = Vi,l - Pni,l/t + FLP l LPi,l nodule nonstructural P  [F26] 

 

 

 

 



Definition of Variables in Appendix F 

Variable Definition Units Equations Input Values Reference 

B parameter such that ft = 1.0 at Tl = 298.15 K  F2 17.533  

ni,l nodule nonstructural C g m
-2

 F17a,F18a,F21,F2

2,B23,B24 

  

[ni,l] nodule nonstructural C concentration  g g
-1

 F1,F13   

ri,l root nonstructural C g m
-2

 F21,F22,F23   

DsO2
 diffusivity of aqueous O2 m

2
 h

-1
 F6b   

EN2
 direct energy cost of N2 fixation g N g C

-1
 F12,F14 0.25  Gutschick, 

(1981), Voisin 

et al., (2003) 

FLC l fraction of nodule C litterfall remobilized as nonstructural C - F24   

FLN l fraction of nodule N litterfall remobilized as nonstructural N - F25   

FLP l fraction of nodule P litterfall remobilized as nonstructural P - F26   

fCP effect of nodule nonstructural C or P content on N2 fixation - F12,F13   

fNP effect of nodule N or P content on respiration - F1,F3   

ft temperature function for nodule respiration  - F1,F2   

ftm temperature function for nodule maintenance respiration - F7,F8   

Ha energy of activation J mol
1

 F2 57.5 x 10
3
  



Hdh energy of high temperature deactivation J mol
1

 F2 220 x 10
3
  

Hdl energy of low temperature deactivation J mol
1

 F2 190 x 10
3
  

Kn Michaelis-Menten constant for nodule respiration of ndi,l g g
-1

 F1 0.01  

KIn
 inhibition constant for nonstructural N:C on N2 fixation g g

-1
 F13 10  

KIn
 inhibition constant for nonstructural N:P on N2 fixation g g

-1
 F13 1000  

KN2r Michaelis-Menten constant for nodule N2 uptake g N m
-3

 F12 0.14  

KO2r Michaelis-Menten constant for nodule O2 uptake g O m
-3

 F6a   

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

and nodule 

h
-1

 F21,F22,F23   

Lri,l root length m m
-2

 F6b   

LCi,l nodule C litterfall  g C m
-2

 h
-1

 F11,F16,F24   

LNi,l nodule N litterfall  g N m
-2

 h
-1

 F19,F25   

LPi,l nodule P litterfall  g P m
-2

 h
-1

 F20,F26   

Mni,l nodule structural C  g C m
-2

 F1,F11,F12,F16 

,F17,F18,F21 

  

Mri,l root structural C  g C m
-2

 F21   

[Nn] maximum nodule structural N concentration g N g C
-1

 F3,F12 0.1  



Nni,l nodule structural N g N m
-2

 F7,F11,F12,F17,F

19,F25 

  

[Nni,l] nodule structural N concentration g N g C
-1

 F3,F17a   

[N2ri,l] rhizosphere aqueous N2 concentration g N m
-3

 F12   

ni,l nodule nonstructural N g N m
-2

 F17a,F22,F25   

ri,l root nonstructural N g N m
-2

 F22   

[ni,l] nodule concentration of nonstructural N g g
-1

 F13,F17a   

[O2ri,l] rhizosphere aqueous O2 concentration g O m
-3

 F6a,b   

[O2l] soil aqueous O2 concentration g O m
-3

 F6b   

[Pn] maximum nodule structural P concentration g P g C
-1

 F3,F18a 0.01  

Pni,l nodule structural P g P m
-2

 F18a,F20,F26   

[Pni,l] nodule structural P concentration g P g C
-1

 F3,F11   

ni,l nodule nonstructural P g P m
-2

 F18a,F23,F26   

ri,l root nonstructural P g P m
-2

 F23   

[ni,l] nodule concentration of nonstructural P g g
-1

 F13   

R gas constant J mol
1

 K
-1

 F2 8.3143  

Rgi,l nodule growth respiration g C m
-2

 h
-1

 F9,F12,F15   



R specific nodule respiration at 25
o
C, and non-limiting O2, 

ndi,l, ndi,l and ndi,l 

h
-1

 F1 0.125  

Ri,l nodule respiration under ambient O2 g C m
-2

 h
-1

 F4,F9,F10,F24   

Rm specific nodule maintenance respiration at 25
o
C  g C g C

-1
 h

-1
 F7   

Rmaxi,l nodule respiration under non-limiting O2 g C m
-2

 h
-1

 F1,F4,F5   

Rmi,l nodule maintenance respiration g C m
-2

 h
-1

 F7,F9,F10,F24   

RN2i,l nodule respiration for N2 fixation g C m
-2

 h
-1

 F14,F15,F24   

Rsi,l nodule senescence respiration g C m
-2

 h
-1

 F9,F11   

rri,l root radius m F6b   

rwl radius of soil water films m F6b   

S change in entropy J mol
1

 K
1

 F2 710  

Tl soil temperature  K F2,F8   

Ui,l uptake of nodule nonstructural C for growth g C m
-2

 h
-1

 F15,F16,F24   

Vi,l nonstructural C transfer between root and nodule g C m
-2

 h
-1

 F21,F24   

Vi,l nonstructural N transfer between root and nodule g N m
-2

 h
-1

 F22,F25   

VN2i,l N2 fixation g N m
2

 h
1

 F12,F14,F25   

VO2maxi,l O2 uptake by nodules under non-limiting O2 g O m
2

 h
1

 F4,F5,F6a   

VO2i,l O2 uptake by nodules under ambient O2 g O m
2

 h
1

 F4,F6   



Vi,l nonstructural P transfer between root and nodule g P m
-2

 h
-1

 F23,F26   

Yn nodule growth yield g C g C
-1

 F15,F16 0.67  

y shape parameter for ftm  - F8 0.081  
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