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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 and
hollow sites in the ecosystem model ecosys, and by testing CO, 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 O, transfer, O, uptake, C oxidation, N mineralization, N uptake and C fixation by di-
verse microbial, root, mycorrhizal and shoot populations enabled the model to simulate
complex responses of CO, 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 CO, 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 CO, influxes and effluxes under cooler weather when water tables were
shallow, but also smaller diurnal CO, 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 (A,,), but higher net ecosystem
productivity (NEP = NPP - R},), to be simulated in a cooler year with a shallower water
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 for
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 found
to increase soil respiration (Flanagan and Syed, 2011; Silvola et al., 1996) through the
effects of increased access to O, 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 O, in deeper
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 through
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 lability
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-
sequently nutrient uptake are more rapid, as evidenced by higher foliar nutrient con-
centrations and CO, 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 soil
water contents (Lieffers, 1988). More rapid nutrient uptake and growth can also be at-
tributed to more rapid root O, uptake and hence activity, particularly in roots with low
internal porosity which rely more on soil transport for O, 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 vegetation
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-
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-
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.

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 O, in soil as affected by soil water content.
Higher water tables are thought to decrease respiration by reducing O, uptake used to
drive oxidation-reduction reactions by soil microbes and roots. Energy yield from oxi-
dation when coupled to reduction of O, exceeds that from oxidation when coupled to
reduction of other electron acceptors (Brock and Madigan, 1991). Reduced O, uptake
therefore slows processes driven by this energy, including microbial and root growth,
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-
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 O,, through soil and roots, and (3) the effects of these reac-
tions on soil nutrient transformations and root nutrient uptake. These reactions, as well
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 Simtinek, 2005) used to study respiration in con-
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 products
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 nutrient
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 water
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 of
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 O, uptake and reduction under some conditions, but decreases in respira-
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, CO, 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 General

The key algorithms governing the modelling of ecological controls on CO, 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 O, in soil are particularly relevant to controls
on CO, exchange in wetlands, and so are described here in further detail. All model
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 respiration

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-
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 N, 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].

Growth of M by each microbial functional type [A25] is calculated from its uptake of
DOC [A21], driven by energy yields from growth respiration (R,) [A20] remaining af-
ter subtracting maintenance respiration (A,,) [A18] from heterotrophic respiration (R},
[A11] driven by DOC oxidation [A13]. This oxidation may be limited by microbial O,
reduction [A14] driven from microbial O, demand [A16] and constrained by aqueous
O, concentrations ([O,]) [A17]. These concentrations are maintained by convective-
dispersive transport of O, from the atmosphere to gaseous and aqueous phases the
soil surface layer [D15], by convective-dispersive transport of O, through gaseous and
aqueous phases in adjacent soil layers [D16, D19], and by dissolution of O, from
gaseous to aqueous phases within each soil layer [D14a].

Under dryland conditions, rapid O, diffusivity in the gaseous phase (Dg in [D17])
allows O, demand by aerobic functional types to be met almost entirely from [Oy]
[A17] as long as some air-filled porosity 6, is present. However with higher water tables,
04 above the water table may decline to values at which Dy may reduce gaseous O,
transport [D16], while 6, below the water table is zero and so prevents gaseous O,
transport. Under these conditions, [O,] relies more on O, transport through the slower
aqueous phase [D19]. Consequent declines in [O,] slow O, uptake [A17] and hence
Ry [A14], Ry [A20] and growth of M [A25]. Lower M in turn slows decomposition of
organic C [A1, A2] and production of DOC which further slows A}, [A13], A4 and growth
of M. Although some microbial functional types can sustain DOC oxidation by reducing
alternative electron acceptors (e.g. methanogens reducing acetate or CO, to CH, in
Grant, 1998, and denitrifiers reducing NO, to N,O or N, in Grant et al., 2006), lower
energy yields from these reactions reduce DOC uptake from A, and hence M growth,
organic C decomposition and subsequent DOC oxidation. Slower decomposition of
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organic C under low [O,] 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 NHZ, NO;
and H,PO, [A26], and hence lower aqueous concentrations.

2.1.3 Autotrophic respiration

Growth of root and shoot phytomass in each plant population is calculated from its
assimilation of the nonstructural C product of CO, fixation (og) [C20]. Assimilation is
driven by growth respiration (Ag) [C17] remaining after subtracting maintenance res-
piration (R,,) [C16] from autotrophic respiration (R,) [C13] driven by oxidation of og
[C14]. This oxidation in roots may be limited by root O, reduction [C14b] which is
driven by root O, demand to sustain C oxidation and nutrient uptake [C14e], and con-
strained by O, uptake controlled by concentrations of aqueous O, in the soil ([O,]) and
roots ([Oy,]) [C14d]. Values of [O,] are maintained by convective-dispersive transport
of O, through soil gaseous and aqueous phases and by dissolution of O, from soil
gaseous to aqueous phases. Values of [O,,] are maintained by convective-dispersive
transport of O, through the root gaseous phase [D16d] and by dissolution of O, 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 (6,,) [D17b].

Under dryland conditions, rapid O, diffusivity in the soil gaseous phase usually allows
root O, demand to be almost entirely met from [O,¢] [C14c,d] as long as some air-filled
porosity 6, is present. However with higher water tables, reduced soil O, transport
forces root O, uptake to rely more on [O,,] and hence on root O, transport. If this
transport is inadequate, declines in [O,,] slow O, uptake [C14c,d] and hence R, [C14b],
R4 [C17] and root growth [C20b].
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2.1.4 Primary productivity

When higher water tables reduce soil O, transport and root O, 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:{, NO;
and HQPOZ [C23a, c, €] from slower mineralization of organic N and P as described in
Sect. 2.1.2 above. Slower root uptake reduces concentrations of nonstructural N and C
products of root uptake (oy and op) with respect to that of og in leaves [C11], thereby
slowing CO, fixation [C6] and hence productivity.

Thus water table effects on R,,, R, and productivity in ecosys are not explicitly param-
eterized from ecosystem-level observations, but instead are governed by O, transport
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 precipitation
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-
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 potentials y; of adjacent cells if
both source and destination cells are unsaturated [D9a], or from Green-Ampt equation
using y, 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 landscape
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 y and lateral hydraulic conductivities,
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 vertical
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 CO, fluxes measured by EC over a minerotrophic wetland dominated
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).

5589

BGD
9, 5579-5623, 2012

Modelling Wetland
Productivity

R. F. Grant et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


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/

10

15

20

25

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 0.075m 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 from
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 6, in
root O, 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 CO, exchange in the model to achieve stable values
through successive weather sequences. Model results for the final 6 yr of the run were
compared with measurements at Lost Creek from 2001 to 2006.

2.2.3 Model testing

Hourly CO, fluxes modelled over hummocks and hollows were averaged and then
regressed on hourly-averaged EC CO, fluxes, of which both 1/2-hourly values were
measured rather than gap-filled, for each year of measurement. Model performance
was evaluated from regression intercepts (a — 0), slopes (b — 1) and correlation co-
efficients (% — 1).

2.2.4 Model sensitivity to WTD

To examine sensitivity of modelled CO, exchange and productivity to changes in WTD,
the final 6 yr of the model run described above were repeated with the depth of the

5590

BGD
9, 5579-5623, 2012

Modelling Wetland
Productivity

R. F. Grant et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


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/

10

20

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 CO, fluxes

Regressions of hourly modelled CO, fluxes vs. hourly-averaged measured CO, fluxes
gave intercepts within 0.1 umolm'2 s 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
CO, fluxes was overestimated (Table 1). Values for coefficients of determination (Rz)
and root mean squares for differences between modelled and EC fluxes (RMSD) were
ca.0.7 (P < 0.0001) and 2 umol m~2s~'. Much of the unexplained variance in EC fluxes
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.

3.2 Water table and seasonal net ecosystem productivity

The water table measured at Lost Creek from 2001 to 2006 typically remained within
0.2m 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] and
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 y; 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) until
warming in May, rose rapidly during late May and June to reach 2—4ng‘2 d (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 CO, exchange driven by those in GPP [C1], R, [C13]
and A, [A11] with changes in weather and hydrology, as described under Sect. 2.1
above. Because CO, 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 CO, exchange

Changes in WTD were found to have contrasting effects on ecosystem CO, exchange,
depending on the WTD at which changes occurred. To investigate relationships be-
tween WTD and ecosystem CO, exchange, diurnal CO, 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).

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 CO,
influxes and effluxes were modelled and measured in 2002 (Fig. 3c) when the water
table was near the surface (Fig. 2e). Larger CO, influxes and effluxes were modelled
and to a lesser extent measured under comparable weather (Fig. 3a, d) in 2006 (Fig. 3f)
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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CO, fluxes were then examined during mid-August 2002 vs. 2006 when WTD and
weather were near respective seasonal averages (Fig. 4). CO, effluxes modelled over
a WTD just below 0.2m 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. -5 umolm_2 s'in Fig. 4c, f). Peak CO, influxes modelled over the shallower water
table in 2002 were slightly smaller than those over the deeper water table in 2006 (13
VS. 14umolm_23_1 in Fig. 4c, f), even though greater effluxes of LE vs. H indicated
better hydration in 2002 (Fig. 4b, e). In both years CO, influxes and effluxes modelled
over hollows were smaller than those over hummocks (Fig. 4 c, f). However these small
differences in CO, fluxes modelled with landscape position or WTD could not be clearly
resolved in the EC measurements.

CO, 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 CO, exchange to be investigated (Fig. 5c, f). Warming in
2002 over a WTD just above 0.2m (Fig. 2e) caused rises in LE but not in H (Fig. 5b),
indicating that the fen surface remained well hydrated. Warming also caused sharp
rises in CO, effluxes and only slight declines CO, influxes (Fig. 5¢), 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 much
smaller rises in LE, and larger rises in H (Fig. 5e), indicating some drying of the fen
surface. In both years, Bowen ratios (8 = 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 CO, effluxes, but sharper declines in
CO, 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 CO, 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 R,, was later alleviated by several
precipitation events (Fig. 7a) that raised effluxes of LE vs. H (Fig. 7b), and sharply
raised effluxes of CO,, causing a brief but pronounced decline in NEP (Fig. 2f).

The effects of WTD on CO, effluxes in Figs. 3-5 were modelled through the effects of
WTD on [O,]. The near-surface water table in May 2002 (Fig. 2e) caused [O,] in the
model to decline sharply with depth under hummocks and hollows (Fig. 8a), thereby
strongly limiting C oxidation and hence CO, effluxes (Fig. 3c). The slightly deeper water
table in May 2006 (Fig. 2q) caused [O,] to decline slightly less sharply with depth, par-
tially alleviating O,, limitation to C oxidation (Fig. 3f). Deepening water tables in summer
2002 allowed [O,] to decline less sharply with depth than in May (Fig. 8b, c), enabling
more rapid C oxidation (Figs. 4c and 5c). The very deep water tables in summer 2006
(Fig. 2q) allowed [O,¢] to remain close to atmospheric equivalents through most of the
rooting zone (Fig. 8b, c), largely alleviating O, limitation to C oxidation (Figs. 4f and 5f).
The sharp declines in [O,] in the model occurred at depths which approached to those
of the water table (Fig. 2), indicating the effectiveness of saturated soil in reducing O,
concentrations.

3.4 Water table and annual C balances

Annual totals of GPP, R,, NPP and R,, 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 peak
above-ground phytomasses for shrubs and sedges of 401 and 110gCm™“, compa-
rable to ones of 414 and 79ng'2 (assuming 50% C in DM) reported in Sulman
et al. (2009). Losses of CH, 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 - CH,—DOC-DIC) to be 15-25 % less than
NEP. Although greater WTD in 2006 vs. 2002 caused diurnal CO, 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 R, appeared to be driven more by variation in WTD than
in MAT (Table 2). Greater WTD in 2006 vs. 2002 caused diurnal CO, effluxes driven
largely by AR, to increase under seasonally average weather (Figs. 3 and 4) and to
decrease under warmer weather (Fig. 5). However these decreases in CO, effluxes
were modelled infrequently so that at an annual time scale the shallower water table
in 2002 reduced R,, and the deeper water tables thereafter increased A,, (Table 2).
Consequently annual NECB in the model was greatest in 2002 with the shallowest
water table and hence lowest A,,, 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, R,, R,, and hence NECB were modelled over greater WTD in
hummocks vs. hollows (Table 2), driven by greater diurnal CO, 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 CH,, DOC and DIC
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 CO, exchange to water table

The responses of CO, exchange to seasonal and interannual changes in WTD
(Figs. 1-7) determined those to long-term changes in WTD caused by raising or low-
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
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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 the
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. 0.2m,
and increased NEP when WTD was greater.

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 CO, 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 CO, (Fig. 10c). Precipitation on
DOY 232 (Fig. 2d) raised all water tables by ca. 0.1 m so that the shallowest water
table rose above 0.2m (Fig. 10a). This rise caused CO, effluxes to decrease, and
consequently CO, influxes to increase, over the shallower water table with respect to
those over the deeper (Fig. 10c). These decreased effluxes were modelled from lower
[O,] in a shallower aerobic zone following the rise in water table (Fig. 11a, b). These
changes in CO, 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 CO,, effluxes (Fig. 10e), but increased
CO, influxes and hence NEP (Fig. 9d).

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 R,, 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 R, were greater than those in NPP when WTD was small so that lowering the water
table reduced NECB during 2002 (as in Fig. 9b). However these increases in R}, 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 R, 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 decreased
CH, emissions, particularly during 2002 (Table 3).

4 Discussion
4.1 Model processes by which WTD affects CO, exchange

The modeling of WTD effects on peatland CO, exchange in ecosys is based on the ex-
plicit coupling of oxidation-reduction reactions which drive C and N transformations in
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 CO, exchange to changes in
WTD. The processes by which this simulation was accomplished are described below.

411 CO, effluxes and WTD

Rates of C oxidation and hence of CO, effluxes by microbial, root and mycorrhizal

populations in ecosys are governed by their rates of O, reduction [A14, C14b]. These

rates are in turn governed by [O,.] [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 and
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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, [O,s] was well above the Michaelis-
Menten constant used for microbial, root and mycorrhizal uptake (0.064gOZm‘3 in
[A17a] and [C14c]) (Figs. 8 and 11), so that C oxidation was not much limited by O,
reduction. Below the water table, [O,] declined sharply to values that were two orders
of magnitude smaller than this constant, so that C oxidation was strongly limited by
O, reduction. Although C oxidation in ecosys is also coupled with reduction of DOC
by anaerobic heterotrophic fermenters, generating CO,, H, and acetate that drives
heterotrophic and autotrophic CH, production (Grant, 1998) (Tables 2 and 3), the en-
ergy yield from reduction of DOC is much smaller than that of O, (Brock and Madigan,
1991), and so drove slower microbial growth [A21] and hence C oxidation [A13].

Under the site conditions presented to the model in this study, [O,s] above the
Michaelis-Menten constant to a depth of ca. 0.2m (e.g., Fig. 8b) was sufficient to sus-
tain rapid rates of C oxidation and hence CO, effluxes (e.g., Fig. 5c). Shallower aerobic
zones (e.g., Fig. 8a) reduced CO, effluxes (e.g., Fig. 3c, f), while deeper aerobic zones
(e.g., Fig. 8c) increased CO, 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 A, [A6] and R,
[C22a, b]. These model processes thus enabled the simulation of greater CO, effluxes
over deeper water tables vs. smaller effluxes over shallower, particularly within the
upper 0.2m 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 R,, and hence greater CO, effluxes, as well as smaller CH, effluxes,
over greater WTD in hummocks vs. hollows (Figs. 3-5; Table 2), as has been reported
from field sites (Strack and Waddington, 2007).

However smaller CO, 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-
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 A,, 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 CO,
emission pulses commonly observed after rainfall on dry soil (Huxman et al., 2004).

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

41.2 CO, influxes and WTD

The effects of WTD on CO, influxes were driven in large part by those on CO, effluxes.
Over deeper water tables, increases in [O,] (e.g., Fig. 8a) raised rates of C oxidation
by microbial populations [A13, A14] which drove more rapid microbial growth [A25]
and hence nutrient mineralization [A26]. Increases in [O,¢] 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 CO, 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 CO, influxes and hence greater NPP to be simulated over deeper vs. shallower
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 CO, 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 arbitrary
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 CO, 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 smaller
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 CO, 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 CO, influxes measured
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 CO, influxes have also been measured at WTDs
below 0.2—0.5m 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 occur
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 CO, exchange and WTD

The combined effects of WTD on CO, 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 NECB
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, in
part because they did not account for losses as CH,, DOC and DIC (Table 2), and
in part because CO, 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 woody
C. Correlations of annual NECB with MAT and WTD among years were complicated
by the effects on R, 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 C
uptake of 329m’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 929m_2 was measured in a wetter
year and a net C emission of 31 gm'2 was measured during a drier year with earlier
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 ng‘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 table

Changes in water table had different effects on CO, exchange by shrubs and sedges
in the model. Larger root porosity 6, [D17d] used for sedges as described in Sect. 2.2
above enabled more rapid O, uptake through sedge root axes [D16d], particularly when
[O,] and hence [O,,] [D14] were low. Consequently O, uptake [C14c] and hence C
oxidation [C14b] by sedge roots were less dependent on convection-dispersion [D16a—
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 O, uptake became more dependent on root O, transport. Conversely productivity
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 6, was a key attribute for plant adaptation to wetland
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 6, has been found to rise in anoxic
soils (Visser et al., 2000).
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5 Conclusions

The model was able to simulate complex responses of CO, 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 O, transport, uptake and reduction, by
which CO, exchange is determined in wetlands, and which need to be included in
models used to study wetland productivity. At the diurnal time scale:

(1)

()

(4)

Soil CO, effluxes rose with increased WTD over shallow water tables (Fig. 4)
because increased [O,] (Figs. 8 and 11) hastened microbial and root oxidation-
reduction reactions by raising energy yields [A20]. This response required explicit
modeling of coupled transport and uptake processes for O, through soil and roots
[A17, C14, D16, D19] which were parameterized independently of the model.

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

Soil CO, 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 modeling
a comprehensive set of soil and plant N transformations fully coupled to those of
C.

Soil CO, 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 CO, fixation [C2, C6a, C7]. This response re-
quired modeling the effects on CO, 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),

(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:
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 (Rz, RMSD), hourly CO, fluxes over a boreal fen at Lost Creek, WI. All measured values
were recorded at u" > 0.2ms™ .

1

i

n a b' R* RMSD? RMSE

umolm'2 s umolm'2 s~ umolm'2 s

2001 6366 0.0 094 0.65 2.1 2.2
2002 6796 0.0 1.05 0.75 1.9 21
2003 5509 -0.1 0.96 0.72 2.2 25
2004 4695 -0.2 122 0.73 15 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

ty=a+bxfrom regression of simulated y on measured x.

B2 = 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 (A,), net primary
productivity (NPP), heterotrophic respiration (R,), methane emissions (CH,), export of dis-

solved organic and inorganic C (DOC + DIC), and net ecosystem carbon balance (NECB =
NEP - CH,-DOC-DIC) modelled for a boreal fen at Lost Creek, WI.
Year Position MAT  Precip. Water Table Foliar N GPP R, NPP R, CH, DOC+ NECB
mod./mes.  shrub/sedge shrub/sedge shrub/sedge shrub/sedge DIC
°C mmyr’ m gN(kgC)™' gCm2yr’

2001  hummock 27/28 1136/171 493/080 643/091 722 29 0 9
hollow 20/24 494/374 226/167 268/207 532 54 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 2271177 252/203 489 241 9 —45
average 4.1 692 0.49/0.31 27/30 748/263 337/120 411143 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 (R,), net primary productivity (NPP), het-
erotrophic respiration (R,,), methane emissions (CH,), export of dissolved organic and inorganic
C (DOC+DIC), and net ecosystem carbon balance (NECB = NEP-CH,-DOC-DIC), averaged
for hummock and hollow landscape positions, modelled for a boreal fen at Lost Creek, WI. Val-
ues at 0.60m in bold are the same as those in Table 2.

Year External MAT  Precip. Water Table Foliar N GPP R, NPP R, CH, DOC+ NECB
Water Table shrub/sedge shrub/sedge shrub/sedge shrub/sedge DIC
m °C mmyr”’ m gN(kgC)™" gCm2yr’
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 41 692 0.43 24/29 717/252 328/119 389/133 538 4.4 7 -27
0.60 0.49 27/30 748/263 337120 411143 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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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
(Mg m‘3), FC: field capacity (m3 m‘3), WP: wilting point (m3 m‘3), Ks: saturated hydraulic con-
ductivity (mmh™"), OC: organic carbon (kgMg™'), ON: organic nitrogen (kgMg™"). 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 Paivanen (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. 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
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symbols represent daily totals calculated from more than 24 gap-filled 1/2-hourly values.
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Fig. 4. Radiation and air temperature, energy and CO, 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. Radiation and air temperature, energy and CO, fluxes measured (symbols) and mod-
elled (lines) during warming events with high water table from DOY 173 to 182 in 2002 (0.2m
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. 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
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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 0.12m, and CO, fluxes modelled
from DQOY 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. CO, fluxes modelled at 0.6 m are the same as those
in Fig. 4.
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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 T,
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. Tsand @ 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 (Rp)
by all M in each substrate-microbe complex [A13]. Total R, for all soil layers [A11]
drives CO, emission from the soil surface through volatilization and diffusion. R, may be
constrained by microbial N or P concentrations, Ts, DOC and O, [A12 - A14]. O, uptake
by M is driven by Ry [A16] and constrained by O, diffusivity to microbial surfaces [A17],
as described for roots in Autotrophic Respiration and Growth above. Thus Ry, is coupled
to O reduction by all aerobic M according to O, availability. Ry not coupled with O,
reduction is coupled with the sequential reduction of NO3~, NO,™, and N,O by
heterotrophic denitrifiers, and with the reduction of organic C by fermenters and

acetotrophic methanogens. In addition, autotrophic nitrifiers conduct NH,;" and NO,~



oxidation, and NO; ™ reduction, and autotrophic methanogens and methanotrophs conduct

CH, production and oxidation.

All microbial populations undergo maintenance respiration Ry, [A18,A19],
depending on microbial N and T as described earlier for plants. Ry, in excess of Ry, is
used in growth respiration Ry [A20], the energy yield AG of which drives growth in
biomass M from DOC uptake according to the energy requirements of biosynthesis [A21,
A22]. Ry, in excess of Ry, causes microbial dieback. M also undergoes first-order
decomposition Dy, [A23]. Internal retention and recycling of microbial N and P during
decomposition [A24] is modelled whenever these nutrients constrain Ry, [A12]. Changes
in M arise from differences between gains from DOC uptake and losses from Ry, + Ry +
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 NH,;", NO3™, and H,PO4
[A26], thereby controlling solution [NH4+], [NO3 ] and [H,PO4 ] that determine root and

mycorrhizal uptake in Nutrient Uptake and Translocation above. If immobilization is
inadequate to maintain these minimum ratios, then biomass C:N or C:P may rise, but Ry,
is constrained by N or P present in the lowest concentration with respect to that at the
minimum ratio [A12]. Non-symbiotic heterotrophic diazotrophs can also fix aqueous N,
[A27] to the extent that immobilization is inadequate to maintain their set minimum C:N,
but at an additional respiration cost [A28]. Changes in microbial N and P arise from DON
and DOP uptake plus NH4*, NOs~, and H,PO,~ immobilization and N fixation, less

NH,", NOs~, and H,PO4~ mineralization and microbial N and P decomposition [A29].

Humification

C, N and P decomposition products in each organic matter—microbe complex are
gradually stabilized into more recalcitrant organic forms with lower C:N and C:P ratios.
Products from lignin hydrolysis [A1,A7] combine with some of the products from protein



and carbohydrate hydrolysis in the litterfall and manure complexes and are transferred to
the POM complex [A31-A34]. Microbial decomposition products [A23, A24] from all
complexes are partitioned between the humus complex and microbial residues in the

originating complex according to soil clay content [A35, A36].

Appendix B: Soil-Plant Water Relations

Canopy Transpiration

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

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

(2) At the canopy level, r rises from 7¢min at Zero y, from step (1) above through an

exponential function of canopy turgor potential y; [B2b] calculated from . and



osmotic water potential w5 [B4] during convergence for transpiration vs. water

uptake.

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

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

Canopy Water Potential
After convergence for 7 is achieved, the difference between canopy transpiration E
from the energy balance [B1] and total root water uptake U, [B5] from all rooted layers
in the soil is tested against the difference between canopy water content from the
previous hour and that from the current hour [B14]. This difference is minimized in each
iteration by adjusting y, which in turn determines each of the three terms in [B14].
Because r. and T, both drive E, the canopy energy balance described under Canopy

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

Appendix C: Gross Primary Productivity and Autotrophic Respiration

C3 Gross Primary Productivity
After successful convergence for T, and y, (described in Plant Water Relations
above), V. is recalculated from that under zero y (V') to that under ambient . This
recalculation is driven by stomatal effects on Vy [C2] from the increase in iy at zero y.
[C5] to r at ambient y, [C4], and by non-stomatal effects f,, [C9] on CO,- and light-
limited carboxylation Vj, [C6] and V; [C7] (Grant and Flanagan, 2007). The recalculation

of V¢ is accomplished through a convergence solution for C; and its aqueous counterpart



C. at which Vg [C2] equals V¢ [C3] (Grant and Flanagan, 2007). The CO, fixation rate of
each leaf surface at convergence is added to arrive at a value for gross primary
productivity (GPP) by each plant population in the model [C1]. The CO; fixation product

is stored in nonstructural C pools oc in each branch.

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

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

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

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

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

(2) They reduce the structural N:C and P:C ratios at which leaves are formed because oc,
on and op are the substrates for leaf growth. Lower structural ratios cause a
proportional reduction in areal concentrations of rubisco [C6b] and chlorophyll [C7Db],

reducing leaf CO, fixation.

Autotrophic Respiration

The temperature-dependent oxidation of these nonstructural pools (R¢) [C14], plus
the energy costs of nutrient uptake [C23], drive autotrophic respiration (R,) [C13] by all
branches, roots and mycorrhizae. R by roots and mycorrhizae is constrained by O,
uptake Up, [C14b] calculated by solving for aqueous O, concentrations at root and
mycorrhizal surfaces [O,;] at which convection + radial diffusion through the soil
aqueous phase plus radial diffusion through the root aqueous phase [C14d] equals active
uptake driven by O, demand from R, [C14c] (Grant, 2004). These diffusive fluxes are in
turn coupled to volatilization — dissolution between aqueous and gaseous phases in soil
and root [D14]. The diffusion processes are driven by aqueous O, concentrations
sustained by transport and dissolution of gaseous O, through soil and roots (Grant 2004),

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



Thus R is coupled to O, reduction by all root and mycorrhizal populations according to
O, availability. R is first used to meet maintenance respiration requirements (Rp),
calculated independently of R; from the N content in each organ, and a function of 7, or
T, [C16]. Any excess of Rc over Ry, is expended as growth respiration Ry, constrained by
branch, root or mycorrhizal y; [C17]. When Ry, exceeds R, the shortfall is met by the

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

Growth and Senescence
Ry drives the conversion of branch oc into foliage, twigs, branches, boles and
reproductive material according to organ growth yields Y4 and phenology-dependent
partitioning coefficients [C20], and the conversion of root and mycorrhizal oc into
primary and secondary axes according to root and mycorrhizal growth yields. Growth

also requires organ-specific ratios of nonstructural N (ow ) and P (op ) from Unny,, Unog
and Upo, [C23] which are coupled with ot to drive growth of branches, roots and

mycorrhizae.

The translocation of oc, oy and op among branches and root and mycorrhizal
layers is driven by concentration gradients generated by production of o¢ from branch
GPP and of oy and op from root and mycorrhizal uptake vs. consumption of o, oy and
op from R, R, and phytomass growth (Grant 1998). Low on:oc of op:oc in mycorrhizae
and roots indicates inadequate N or P uptake with respect to CO, fixation. These ratios
affect translocation of o¢, oy and op by lowering mycorrhizal — root — branch
concentration gradients of oy and op While raising branch — root — mycorrhizal
concentration gradients of oc. These changes slow transfer of oy and op from root to
branch and hasten transfer of o¢ from branch to root, increasing root and mycorrhizal
growth at the expense of branch growth, and thereby raising N and P uptake [C23] with
respect to CO, fixation. Conversely, high on:oc Or op:oc in roots and mycorrhizae
indicate excess N or P uptake with respect to CO, fixation. Such ratios reduce specific
activities of root and mycorrhizal surfaces for N or P uptake through a product inhibition

function as has been observed experimentally. These changes hasten transfer of oy and



op from root to branch and slow transfer of o from branch to root, increasing branch
growth at the expense of root and mycorrhizal growth, and thereby slowing N and P

uptake Thus the modelled plant translocates oc, oy and op among branches, roots and
mycorrhizae to maintain a functional equilibrium between acquisition and use of C, N

and P by different parts of the plant.

Rg 1s limited byy; [C17], and because branch y; declines relatively more with soil
drying than does root v, branch Ry also declines relatively more with soil drying than
does root Rg, slowing oxidation of oc in branches and allowing more translocation of oc
from branches to roots. This change in allocation of o¢ enables more root growth to
reduce (2, €2 and (2, and hence increase U [B6], thereby offsetting the effects of soil
drying on ;. Thus the modelled plant translocates oc, on and op among branches, roots
and mycorrhizae to maintain a functional equilibrium between acquisition and use of

water.

Rs [C15] drives the withdrawal of remobilizable C, N and P (mostly nonstructural
protein) from leaves and twigs or roots and mycorrhizae into oy and op, and the loss of
associated non-remobilizable C, N and P (mostly structural) as litterfall [C18]. Provision
is also made to withdraw remobilizable N or P from leaves and twigs or roots and
mycorrhizae when ratios of o:oc or op:oc 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 O, stress that reduce oc and

hence R; with respect to Ry, therefore hasten litterfall.

R4 of each branch or root and mycorrhizal layer is the total of R. and R;, and net
primary productivity (NPP) is the difference between canopy GPP [C1] and total R, of all
branches and root and mycorrhizal layers [C13]. Phytomass net growth is the difference
between gains driven by Ry and Y, 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 Unw,, Unos and Upo, is calculated by

solving for solution [N H4+], [NO3 ] and [HyPO4 ] 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 Unn,, Unos and Upg, are calculated from a root and mycorrhizal growth submodel
4 3 4

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

Cy Mesophyll

In C4 plants, the mesophyll carboxylation rate is the lesser of CO;- and light-
limited reaction rates [C26] (Berry and Farquhar, 1978). The CO;-limited rate is a
Michaelis-Menten function of PEP carboxylase (PEPc) activity and aqueous CO,
concentration in the mesophyll [C29] parameterized from Berry and Farquhar (1978) and
from Edwards and Walker (1983). The light-limited rate [C30] is a hyperbolic function of
absorbed irradiance and mesophyll chlorophyll activity [C31] with a quantum
requirement based on 2 ATP from Berry and Farquhar (1978). PEPc [C32] and
chlorophyll [C33] activities are calculated from specific activities multiplied by set
fractions of leaf surface N density, and from functions of C4 product inhibition (Jiao and
Chollet, 1988; Lawlor, 1993) [C34], w. ([C35] as described in Grant and Flanagan, 2007)
and Tt [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. CO; fixation.

C4 Mesophyll-Bundle Sheath Exchange

Differences in the mesophyll and bundle sheath concentrations of the C4
carboxylation product drive mesophyll-bundle sheath transfer (Leegood, 2000) [C37].
The bundle sheath concentration of the C4 product drives a product-inhibited
decarboxylation reaction (Laisk and Edwards, 2000) [C38], the CO; product of which
generates a concentration gradient that drives leakage of CO; from the bundle sheath to
the mesophyll [C39]. CO; in the bundle sheath is maintained in 1:50 equilibrium with
HCOj5 (Laisk and Edwards, 2000). At this stage of model development, the return of a Cs
decarboxylation product from the bundle sheath to the mesophyll is not simulated.
Parameters used in Egs. [C37 — C39] allowed mesophyll and bundle sheath
concentrations of C4 carboxylation products from [C40 — C41] to be maintained at values
consistent with those in Leegood (2000), bundle sheath concentrations of CO; (from Eq.
[C42]) to be maintained at values similar to those reported by Furbank and Hatch (1987),
and bundle sheath CO; leakiness [C39]), expressed as a fraction of PEP carboxylation, to
be maintained at values similar to those in Williams et al. (2001), in sorghum as

described in Grant et al. (2004).

C, Bundle Sheath

A C; model in which carboxylation is the lesser of CO;- and light-limited reaction
rates (Farquhar et al., 1980) has been parameterized for the bundle sheath of C4 plants
[C43] from Seeman et al. (1984). The CO,-limited rate [C44] is a Michaelis-Menten
function of RuBP carboxylase (RuBPc) activity and bundle sheath CO; concentration
[C42]. The light-limited rate [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 C; product inhibition (Bowes,

1991, Stitt, 1991) [C49], v (Eq. A12 from Grant and Flanagan, 2007) and 7, [C36].

Rates of C; product removal are controlled by phytomass biosynthesis rates
driven by concentrations of nonstructural products from leaf CO, fixation and from root
N and P uptake. If biosynthesis rates are limited by nutrient uptake, consequent depletion
of nonstructural N or P and accumulation of nonstructural C will constrain specific
activities of RuBP and chlorophyll [C47 — C49], and thereby slow C; carboxylation
[C43], raise bundle sheath CO; concentration [C42], accelerate CO, leakage [C39], slow
C4 decarboxylation [C38], raise 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 CO, fixation [C32 — C35]. This reaction sequence
simulates the progressive inhibition of C; 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 d; of, and lateral distance L; to, an external water
table.

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

[D13].

Gas Flux

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

[D18].

Solute Flux



All gaseous and non-gaseous solutes undergo convective - dispersive transfer
among soil layers 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 [H,PO4 ] that drive Unhg, Unog and Upg, [C23] are
controlled by precipitation, adsorption and ion pairing reactions (Grant et al., 2004; Grant
and Heaney, 1997), including precipitation-dissolution of AI(OH)3, Fe(OH)3, CaCOs,
CaS0,, AIPO,, FePO,4, Ca(H,P0O,),, CaHPO,, and Cas(PO4)sOH [E1 — E9], cation
exchange between Ca**, NH," and other cations [E10 — E15], anion exchange between
adsorbed and soluble H,PO,~, HPO,* and OH" [E16 — E20], and ion pairing [E22 — E55].

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

Variables below.

Appendix F: N, Fixation

Rhizobial Growth

Modelling the activity of symbiotic N, fixing bacteria in roots follows a protocol
similar to that of non-symbiotic N, fixing bacteria in soil. Respiration demand is driven
by specific activity, microbial biomass M,, and nonstructural C concentration [y,] in root
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 O, uptake meets O, demand
[F4] imposed by respiration demand [F5]. O, uptake is in turn constrained by rhizosphere
[O2] [F6a] which is controlled by radial diffusion of O, through soil water to roots and



nodules [F6b]. Soil water [O,] is maintained by dissolution of O, from soil air which is in
turn maintained by soil-atmosphere gas exchange and vertical diffusion (Grant, 2004). Ry,
is first allocated to maintenance respiration Ry, [F7 — F8] and the remainder if any is
allocated to growth respiration Ry [F9]. If Ry, exceeds Ry, the shortfall is made up from
respiration of microbial protein C, forcing senescence and litterfall of associated non-
protein C [F10 — F11].

N, Fixation

N, fixation Vj, is driven by Rq [F12], but is constrained by accumulation of
nonstructural N 14, with respect to nonstructural C and P also required for microbial
growth in the nodule [F13]. Nonstructural N 144 is the product of Vy,, so that [F12]
simulates the inhibition of N, fixation by its product (Postgate, 1998). The value of Vy,

is also limited by the additional N needed to maintain bacterial N content [N,] of M,
[F12], so that N, fixation is constrained by the need of nodule bacteria for N not met from

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

subtracted from Ry [F15] when calculating microbial growth [F16 — F18]. Microbial
senescence drives N and P litterfall [F19 — F20].

Nodule — Root Exchange

Exchange of nonstructural C, N and P between roots 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 (1) may rise if high mineral N concentrations in soil sustain
rapid N uptake by roots. Large v, suppresses or even reverses the transfer of v;, from

nodule to root [F22], raising v;, [F25] and hence suppressing Vi, [F12 — F13]. Large v

also accelerates the consumption of y., slowing its transfer to nodules [F21], reducing
7o [F24] and hence slowing nodule growth [F1]. Conversely, slow root N uptake
caused by low soil mineral N concentrations would lower v, and raise y.:, hastening the
transfer of v, from nodule to root and of y,. from root to nodule, lowering v, raising ¥,
and accelerating Vy,. However [F13] also allows Vy, to be constrained by nonstructural C

and P concentrations arising from CO, fixation and root P uptake.



Appendix A: Soil C, N and P Transformations

Decomposition
Dsijic = D'sijic ZnMinaic fig
Dzijic = D'zijic ZaMinaic fig
D'sijic = {DsjclSijuclH{ISijicl + Kmp(1.0 +[Z4 Minaicl/Kio)}

SSijic/ = BZn (Uinic = Ring ) (Slijirc! S'ijic) £(Sijc/Sijic)( S'ijic/Sijic + Kis)}

D'zijic = {DzclZijiclH{[Zijicl + Kmp(1.0 +[Z Mina1cl/Kio)}
ftgl - Tsl{e[B - Ha/(RTsl)]}/{l + elMHdi = STsD/(RTgp] 4 ql(STs) — Hgn)/( RTsl)]}
Dsijine = Dsijic(Sijine/Sijic)
Dzijine = Dzijic(Zijine/Zijic)
Yise = kis(@Fe[Qircl® = Xirc)
Yiine = Yinc(Qiine/Qiic)
Yiine = Yirc(Xiinp/Xisc)
Microbial Growth
Rn = ZiZ nZ Rpin
Rhint = R'hn Min{Cniin1.a/Cnj, Crinia/Cri}

Ri'ini = Minatc {Rninit [QinclH{(Kmac +[Qiicl) Hig Ty

decomposition of litter, SOC

decomposition of microbial
residues

substrate and water constraint on D
from colonized substrate mass
substrate mass determined by
microbial growth into uncolonized
substrate mass

substrate and water constraint on D
from microbial residues

Arrhenius function for D and R;,

N and P coupled with C during D

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yiic<0) desorption of
DON, DOP

Ry, constrained by microbial N, P

Ry, constrained by substrate DOC

[A1]
[AZ]
[A3]

[A4]

[A5]
[A6]
[A7a]

[A7h]
[A8]
[A9]

[AL0]

[A11]
[A12]

[A13]



Rhint = Ri'init (Uozin /U ozin1)
fuq = 1.0 -6.67(1.0 — e™/(RTs))
U'oain1 = 2.67RY i
Uozint = U'02i01[O2min /([Ozmini] + Ko,)
= 41N Mina1c DsoailFmwi/ (fwn = Fm)1([O26] ~[Ozmin,]

Rminji = RmMinjin fmi

foy = (75 —298.16)]

Rgint = Rhint = Zj Rminji
Uinic = Min(Ryini> Zj Rmingn) + Rgini (1 + AG/Er)

Uinine = UiniQiine/Qiic

Dwinjt.c= DwmijMinjc fig
Dwinjne = DumijMingine figr fainine

SMinji1.c/ot = FjUinic — FiRning — Duinjic

SMinjic/ot = FjUinic — Rminji — Dwminjic

Untgingt = (Minjic Cnj — Minjin)

Untgingt =MIn{(Minjic Cnj— Minjin),

Microbial Nutrient Exchange

UNHg A gt INHS 05 H-INHS mn )/ (INH 5 1-INHS mn] + King)}

Unogingt = Min{(Minjic Cnj— (Minjin + Untgingd) »

U’noa Ainit (INO3Tin it -INO3 mn])/([NO3 i ]-INO3 mn] + Knoa)}

Ry, constrained by O,
ws constraints on microbial growth
O, demand driven by potential R,

active uptake coupled with radial
diffusion of O,

DOC uptake driven by Ry
DON,DOP uptake driven by U;c
first-order decay of microbial C,
partial release of microbial N, P
[Rhing > Rminj]  growth

[Rhini < Rminjl]  senescence

Unn, <0 mineralization
Unn, >0 immobilization
Uno; >0 immobilization

[A14]
[A15]
[A16]
[Al7a]
[A17b]
[A18]
[A19]
[A20]
[A21]
[A22]
[A23]
[A24]

[A25a]

[A25b]

[A26a]

[A26b]

[A26c]



Urosinji = (Minjic Cej — Minjip)

Uprouinji =mMin{(Minjic Cej - Minjip),

U’po, Ainia ([H2POL i I-TH2POs mn])/ ([H2PO4 i 1L HoPO4 mn] + Kpo,)}
D, =11 = Max{0, Mi n=r1.cCnj — Min=tjin — Max{0, Ujn=rjin}}

Rain=tj| = Eo @in=tj,

SMin i/t = FiUinin + Untg i+ Unogigji + Pin=tit — Dminjin
SMinj1p/8t = FiUinip + Upoy i) — Duinjip

Minatc = Minj=iabile).c + Minj=resistant,,.cFr/Fi

Hsi j=tignin,i.c = Dsi j=tignin,.c

Hsi j=tignin,i,n,p = Dsij=tignin,n,p

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

Hsi jlignin, 1N = Hsi jtigning.c Siine/Siic
Hwin,.c = Dwminjic Fn

Huinjine = HuvingtcMinjine/Minjic

Humification

Upo, <0 mineralization
Upo, >0 immobilization

N, fixation driven by N deficit of
diazotrophic population

growth vs. losses of microbial N, P

decomposition products of litter
added to POC depending on lignin

decomposition products of
microbes added to humus
depending on clay

[A26d]
[A26€]
[A27]
[A28]
[A29a]
[A29b]

[A30]

[A31]
[A32]
[A33]
[A34]
[A35]

[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
| 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? m* [A26]
a total substrate + residue C = ([Si;c] +[Zijcl) gCMg™ [A8]
B parameter such that fi; = 1.0 at T, = 298.15 K [A6] 26.230
b Freundlich exponent for sorption isotherm [A8] 0.85 Grant et al.
(1993a,b)
B specific colonization rate of uncolonized substrate - [A4] 5.0 Grant et al. (2010)
CN,Pi,n,a,I ratio of Mi,n,a,N,P to Mi,n,a,C gNorPg C71 [A12]
Cnpj maximum ratio of M;jnp t0 M, jc maintained by Minjc gNorPgC™ [A12,A26,A27] 0.22 and 0.13 (N), Grantetal.
0.022 and 0.013 (1993a,b)

(P) for j = labile
and resistant,
respectively



Dyij

Dwinjic
Duwin,jiNp
DsOZI

Dsijic

Dsjc

Dsij, 1np
Dzijic

Dzijnp

Dzj.c

D'sij,i1.c
D'zijic
AG

Em

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

decomposition rate of M, ji.c

decomposition rate of M;njinp

aqueous dispersivity—diffusivity of O, during microbial uptake
;jr:ecs:glerosition rate of S;j;.c by Z,Mina, producing Q in [A13]

specific decomposition rate of S;j;c by Z,Min4, at 25°C and
saturating[S;, c]

decomposition rate of S np BY Z,Minal
decomposition rate of Z;j; c by Z,Mia, producing Q in [A13]
decomposition rate of Z;j np by Z,Mina

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

specific decomposition rate of S;jc by Z,Mi 4, at 25°C
specific decomposition rate of Z;; c by XM, at 25°C
energy yield of C oxidation and O, reduction

energy requirement for growth of M; 5

gCgCctht

gCm?ht
gNorPm?h
m?h*
gCm?h™

gCgC*'ht

gNorPm?h™
gCm?2h™
gNorPm?h™

gCgC*'ht

gCgC*'ht
gCgC*'ht
kigC™*

kigC™

[A23,A24]

[A23,A25,A35]
[A24,A29]
[AL7]
[A1,A7a,A31]

[A3]

[A7a, A32]
[A2,A7b]
[A7b]

[A5]

[A1,A3]
[A2,A5]
[A21]

[A21]

0.0125 and
0.00035 for j =
labile and
resistant,
respectively

1.0, 1.0, 0.15, and
0.025 for j =
protein,
carbohydrate,
cellulose, and
lignin

0.25 and 0.05 for
j = labile and
resistant biomass

375

25

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)

Grant et al.
(1993a,b)



Hwinjic
HwinjiNp

Hsijic

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

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

fraction of microbial growth allocated to labile component
Min,

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

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

fraction of N or P released with DMi’n’jJ’C during
decomposition

temperature function for microbial growth respiration

temperature function for maintenance respiration

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

concentration of H,PO, in soil solution

energy of activation

energy of high temperature deactivation

energy of low temperature deactivation

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

transfer of C hydrolysis products to particulate OM

gCgN*

dimensionless

dimensionless

dimensionless
dimensionless
gNm?ht
gPm?

Jmol™

Jmol™

Jmol™
gCmm?ht
gNorPm?ht

gCm?ht

[A28]

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

[A24]

[A1,A2,A6,A13,
A23,A24]
[A18,A19]

[A13,A15]

[A27,A28,A29]
[A26]
[A6,C10]
[A6,C10]
[A6,C10]
[A35,A36]
[A36]

[A31,A32,A33,
A34]

5

0.167 +
0.167*clay
0.55

0.45

0.33 Unyus >0
1.00 Unna <0
0.33 Upps >0
1.00 Uposa <0

65 x 10°
225 x 10°

198 x 10°

Waring and
Running (1998)

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

Pirt (1975)

Addiscott (1983)



Hsijine
Kis
K,
Knog
Kro,
Kip
Kmb

Kmae

M

Min,ic

MinjiN

Min,ip

I\/li,n,a,l,(:

transfer of N or P hydrolysis products to particulate OM
inhibition constant for microbial colonization of substrate
M-M constant for NH;" uptake at microbial surfaces
M-M constant for NO3™ uptake at microbial surfaces
M-M constant for H,PO, uptake at microbial surfaces
inhibition constant for [M;,a]on Sic, Zic
Michaelis—Menten constant for Dy c

Michaelis—Menten constant for R'y; , on [Qic]

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

ratio of nonlignin to lignin components in humified hydrolysis
products

molecular mass of water

microbial C

microbial N

microbial P

active microbial C from heterotrophic population n associated
with (Sijic + Zijic)

gNorPm?h
gNm?3

gNm?3

gPm?®
gCcm?
gCMg™
gCcm?
go, m?

hfl

g mol™

-2

gCm

gNm

—2

gPm

gCcm?

[A32,A34]

[A4] 0.5

[A26] 0.40

[A26] 0.35

[A26] 0.125

[A3,A5] 25

[A3,A5] 75

[A13] 36

[A17] 0.064

[A8] 0.01

[A33] 0.10, 0.05, and
0.05 for j =
protein,
carbohydrate, and
cellulose,
respectively

[A15] 18

[Al,A2,A13,A17

A23,A25,A26,

A30,A36]

[A18,A27,A29]

[A24,A29,A26,

A36]

[Al,A2,A13,Al7,

A30]

Grant et al. (2010)

Grant et al.
(1993a,b); Lizama
and Suzuki (1990)

Griffin (1972)

Grant et al.
(1993a,b)
Shulten and
Schnitzer (1997)



[Minaicl
[NH4"in]
[NH4"1ua]
[NO3in,]
[NO3™mn]
[H2POsinjil
[HoPO4 )
[Ozmin,l
[O24]

Qiic

[Qiicl
Qiine

R

Rai,n=tj
Rgin,

Rn

concentration of M; 5 in soil water = M;pq.1c /6
concentration of NH," at microbial surfaces

concentration of NH," at microbial surfaces below which Unry
=0
concentration of NH," at microbial surfaces

concentration of NO3™ at microbial surfaces below which Uyo,
=0
concentration of H,PO, at microbial surfaces

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

O, concentration in soil solution

DOC from products of Dg;jjc [A3] and Dzj,c) [A5]
solution concentration of Q; ¢

DON and DOP from products of (Ds;jinp + Dzijine)
gas constant

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

growth respiration of M; 4, 0n Q;, c under nonlimiting O, and
nutrients

total heterotrophic respiration of all M; , 5, under ambient
DOC, O,, nutrients, & and temperature

heterotrophic respiration of M; ; 5, under ambient DOC, O,
nutrients, & and temperature

specific heterotrophic respiration of M; | under nonlimiting
0,, DOC, fand 25°C

-3

gCm

-3

gNm
-3

gNm

gNm?

gNm
gNm?
gNm?
go, m?
go,m?
gCm
gCMg™
gNorPm™
Jmol* K™
gCm?h?
gCgC*'ht
gCm?ht
gCm?ht

gCgC*'ht

[A3, A5]
[A26]
[A26] 0.0125
[A26]

[A26] 0.03
[A26]
[A26] 0.002
[A17]

[A17]
[A8,A13,A22]
[A8,A13]
[A9,A22]
[A6,A15,C10] 8.3143
[A28]

[A20]

[A11]

[A4,A11,A14,A2

0, A21,A25]
[A12,A13]



[Sijicl
Sijic
Sijic
SijIne
Ta

Uinic

Ui,n,N,P

UnHain,j
’

U NHyg

Unogin,j

specific heterotrophic respiration of M; 5, under nonlimiting
DOC, 0,, nutrients, @ and 25°C

heterotrophic respiration of M, 5, under nonlimiting O, and
ambient DOC, nutrients, 8 and temperature

specific maintenance respiration at 25°C

maintenance respiration by M,

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

change in entropy

concentration of S;;; ¢ in soil

mass of colonized solid or sorbed organic C in soil

mass of uncolonized solid or sorbed organic C in soil

mass of solid or sorbed organic N or P in soil

soil temperature

uptake of Q;,c by X,Mina, under limiting nutrient availability
uptake of Qj;np by ZnMi a1 Under limiting nutrient availability
NH," uptake by microbes

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

NOj;™ uptake by microbes

gCgCtht
gCm?ht
gCgN*'h*
gCm?h™
m

m

m

Jmol™* K™?

gCMg™
gCm?
gCcm?
gNorPm?

K

gCm?ht
gNorPm?ht
gNm?ht
gNm?ht

gNm?ht

[A12] 0.125
[A13,A14,A16]
[A18] 0.0115

[A18,A20,A21,A
25]
[AL7]

[A17] 25x10°°
[A17]

[A6,C10] 710

[A3]

[A4,A7a,A33]

[A4]

[A7a,A33]

[A6,A15.A19]
[A4,A21,A22 A2

5]

[A22,A29]

[A26, A27,A29]

[A26] 5.0x10°

[A26,A27,A29]

Shields et al.
(1973)

Barnes et al.
(1998)

Sharpe and
DeMichelle
(2977)



U'Nnog
Uozin
U'ozin
Urodin,j.
U'po,
Xiic
Xiinp
y

Vs
Yiic
Yiine
[Zijicl
Zijic

ZijiNp

maximum Uyo, at 25 °C and non-limiting NO3~
O, uptake by M; o, under ambient O,

O, uptake by M; , o, under nonlimiting O,
H,PO,4 uptake by microbes

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

adsorbed N or P hydrolysis products

selected to give a Qqq for fy, of 2.25

soil or residue water potential

sorption of C hydrolysis products

sorption of N or P hydrolysis products
concentration of Z;j, ¢ in soil

mass of microbial residue C in soil

mass of microbial residue P in soil

gNm?ht
gm?h?
gm?h?
gNm?ht
gNm?ht
gCMg™

gPMg™

MPa
gCm?ht
gPm?h?

gCMg™

gPm

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

[A19]

[A15]
[A8,A9,A10]
[A9,A10]

[AS]

[A7h]

[A7h]

5.0x10°

5.0x10°

0.081



Appendix B: Soil-Plant Water Relations

Canopy Transpiration

LE;=L (ea— eci(Tci’y/ci))/rai

LE;=L (es— eci(Tci,u/ci))/(rai +rg) - LE from [B1la]
Hci = pcp(Ta - Tci)/rai

Femini = 0.64 (Cp — Ci")/ Vi

Fei = Vemini + (Femaxi — Femini) e(-B v)

Fai = {(n((zu — Zai)/zi)? I(K? ux) /(1 — 10 Ri)
Ri = {g (Zu - Zri)/( ua2 Ta)} (Ta - Tc)

VA= Wei = Whni

Root and Mycorrhizal Water Uptake
Uwi =21 Z Uy

Uniri= (Wi - WD/(Qsirat i+ Ze Qiirix)

w'i = Wi + 0.01 z,;

w1 = wy —0.01 z

iy = In{(di /1 )/ 27 Lir g K1)} Ouil Gpi

= £2viflLir)

it = iz {0 Cieaa 100+ 726 KN (i 1061 38100 (M) M
Qirix=z = i Lirsz Mir2) KNirsz Wiz /1)

SLir1a/t = Migia /8t ve Hpr (1- 6pir) (mrir119)}

LE from canopy evaporation

LE from canopy transpiration

H from canopy energy balance

r. driven by rates of carboxylation
vs. diffusion

r. constrained by water status

r, driven by windspeed, surface

r, adjusted for stability vs.
buoyancy

U, along hydraulic gradient

[Bla]
[B1b]
[Bic]
[B2a]
[B2b]

[B3a]
[B3b]

[B4]

[B5]
[B6]
[B7]
(B8]
[B9]
[B10]
[B11]
[B12]

[B13]



Canopy Water Potential

(2 —€igr)/(Fai + Tei) [BL] = Zy Ze(wei - W'D Q24ira+ Qi+ Lo a1 ) + Xei Ol & v, solved when transpiration from [B14]
[B1-B4] (LHS) equals uptake from
[B5-B13] + change in storage (RHS)

Definition of Variables in Appendix B

Variable Definition Unit Equation Value Reference

subscripts

i plant species or functional type: coniferous, deciduous, annual,
perennial, C;, C4, monocot, dicot etc.
j branch or tiller

k node

| soil or canopy layer

m leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
r root or mycorrhizae
variables
B stomatal resistance shape parameter MPa* [B2b,C4,C9] -5.0 Grant and
Flanagan (2007)
Co [CO2] in canopy air umol mol™ [B2,C2,C5]

Ci [CO2] in canopy leaves at y; = 0 MPa umol mol™ [B2] 0.70 C, Larcher (2001)



di,r,l
Eci
€a

Eei(Tei, vei)

K

Krir|

LE
Lir,
Mir

r]i,r,l,x

gai,r

irix
OQir
i
vy

Owm

half distance between adjacent roots

canopy transpiration

atmospheric vapor density at T, and ambient humidity
canopy vapor density at Tg; and y;

von Karman’s constant

hydraulic conductivity between soil and root surface

scaling factor for bole axial resistance from primary root axial
resistance
latent heat of evaporation

latent heat flux between canopy and atmosphere

length of roots or mycorrhizae

mass of roots or mycorrhizae
number of primary (X = 1) or secondary (x = 2) axes

axial resistivity to water transport along root or mycorrhizal
axes

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

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

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

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

soil water content

m®mZh?
gm

gm

m? MPa! h!

MPa h m™

MPah m’
MPa h m™
MPah m’
MPah m’

mém?

[B9]

[B14]

[B1]

[B1]

[B3a] 0.41
[B9]

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

[B1] 2460
[B1]

[B9,B10,B12,B13

]
[B11,B13]

[B11,B12]

4.0 x 10°

deciduous
1.0 x 10%°
coniferous

[B11,B12] Larcher (2001)
[B6,B11,B12]

[B10] 1.0 x 10 Doussan et al.

(1998)
[B6,810]
[B6,B9]

[B9]



Uuir
Ua

Vcli

soil porosity
root porosity

Richarson number

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

radius of bole at yc; =0 MPa

canopy stomatal resistance to vapor flux

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

radius of primary (x=1) or secondary (x=2) roots or
mycorrhizae at ambient v,
radius of secondary roots or mycorrhizae at y4;, =0 MPa

root specific density

air temperature

canopy temperature

total water uptake from all rooted soil layers

water uptake by root and mycorrhizal surfaces in each soil
layer
wind speed measured at z,

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

sm
sm

sm

gCgFw!

m®m?ht

m®m?ht

umol m? st

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

[B9,B11,B12,B13

]
[B11,B12]

[B13]
[B3b]
[B3b]
[B5,B14]
[B5,B6]
[B3a,B3b]
[B2]

5.0 x 10°

2.0 x 10™tree
1.0 x 10" bush
0.05x 10"
mycorrhizae
0.05

van Bavel and
Hillel (1976)

Larcher (2001)

Grant (1998)



Wsl

Vs

Vi

Zpi

Zgi

Z)

Z

Zy

root specific volume

canopy capacitance

canopy water potential

Wi + canopy gravitational potential
canopy osmotic potential

soil water potential

wy + soil gravitational potential
canopy turgor potential

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

height of wind speed measurement

MPa

MPa

MPa

MPa

[B13] 10° Grant (1998)
[B14]

[B4,B7,B14]

[B6,B7]

[B4]

(B8]

[B6,B8]

[B2b,B4] 1.25at y, =0

[B7,B11]

[B3a] Perrier (1982)
[B8,B11]

[B3a,B3b] Perrier (1982)

[B3a,B3D]



Appendix C: Gross Primary Productivity and Autotrophic Respiration

C3 Gross Primary Productivity

GPP =X kimno Veijkimno = Vaijkimno) Aijkimno

Viijktmno = (Cb = Ciijkimno)Tijklmno

Veijkimno = Min{Vhijkimnor Viijkimnok

Miiktmno = Mminijklmno T (Nimaxi = Miminijklmno) e(-Avi)

rImlnljklmno (Cb ||)/VC|JkImno

Viijktmno = Vomaxijk(Ceijlmno = Fi,j,k)/(cci,j,k,l,m,n,o) + Kci) fyiikimno fei
meaxi,j,k = Vb'i I:rubisc0, i.j,k,prot /A,J Kk ftbl

Ik =0.5 0 Vomaxi'jyk Kci /(meaxi,j,k Koi)

Vomaxiyj'k = Vo 'i I:rubisco, i.j k,prot /A,J k ft0|

KCi = KCi ftkci (1 + Oc/ Koi ftkoi)

Viiiktmno = Jijktmno Yijkhmno fyijkimno fei

Z (Vo]
Ji,j,k,l,m,n,o = (3 Ii,I,m,n,o + Jmaxi,j,k' ((3 Ii,I,m,n,o + Jmaxi,j,k) - 4a3 Ii,I,m,n,o \]maxi,j,k) )/(Za)

Imaxiik = Vi'; Fentoropnytt Mi iy nves /A i
f\ll'Jk““”O (rlm'”ljklmno/rlljklmno)

solve for Cijjy1mn,o at which

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

carboxylation
r, is leaf-level equivalent of r,

minimum ry is driven by
carboxylation

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

water, temperature and nutrient
constraints on Vj

non-stomatal effect related to
stomatal effect

[C1]
[C2]
[C3]
[C4]
[Co]
[C6a]
[C6b]
[C6c]
[C6d]

[C6e]
[C7]

[C8a]

[C8b]
[C9]



fioi = €xp[By — Hav/ (RTci)]{1 + exp[(Ha — STei)/(RTci)] + exp[(STei — Han)/ (RTei)1}
fioi = eXp[Bo — Haol (RTe) 11 + exp[(Hai — ST)/(RTci)] + exp[(STei — Han)/(RTe)]]
i = exp[Bj — Hai/ (RTe)1/{1 + exp[(Ha — STe)/(RTe)] + exp[(STei — Han) (RTe)1}
fii = €XP[Bie — Hake/(RT)]

fikoi = eX.p[Bko - Hako/(RTci)]
faei = min{onij/(onij + ocif/Kiey)s opijl(opij + ocij IKip)}

oM I8t = oM /ot min{2.5 (N'iear + (Niear - N'iear), 25.0 (P lear + (Piear - P'iear)} fivei

i,j,k,prot

Autotrophic Respiration
Ra=2ZiZj (Reij + Reij) + ZiZ\Z; (Reirt * Rsiri) + Enp (Unnair + Unosiry + Upouir, )

Reij = Rc'otij fai
Reiri =Rc'ocir fait (Uozirt /U 'ogir,)
Uozirt = U 02iri [Ozriei]/([Ozir] + KOZ)

= Uwi'r’| [Oaa] + 27Li ) Dsoa ([O2s] —[Ourir]) I{(rsi + Frie 1)/ Frir i}
+ 2TEI—i,r,I Dro2 ([OZqi,r,I] _[OZ ri,r,I]) Ih(rqi,r,l)/ r'ri,r,l)

U 0211 = 2.67 Ryi,
Rsi,j =- mln{0.0, Rci,j — Rmi,j}

Rmij= Z; (Ni,j,z Rm" fimi)
Rgij = max{0.0, min{(Rcij — Rmi;) min{1.0, max{0.0, w - w'}}

Growth and Senescence

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K., Ky,

product inhibition of Vy, V;
determined by oy and op Vs. ocin
shoots

leaf structural protein growth

total autotrophic respiration

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

remobilization when R, > R,
maintenance respiration

growth when R, < R

[C10a]
[C10b]
[C10c]
[C10d]
[C10€]

[C11]

[C12]

[C13]
[Cl4q]

[C14b]
[Cl4c]
[C14d]

[Cl4e]
[C15]

[C16]
[C17]



lij.z.c = Rsij Cijz=1non-remabilizable! Ci.j z=1.remobilizable

lijzne = Lijzc NyPprotein Nijz=1non-remabilizable/Ni j.z=1,remobilizable
Mgijldt =%, [Rgij (1 - Ygi)Ygiz] —Rsij —lijc

MRgir i/t = [Ryira (1= Ygir)Ygirl = Rsivt = liric

ALl St = 22 (MLiji 1y % Mgl ot min{1, max{0, i - w1’}
8L r1,1/8t = (M1 180)/yi v Hpr (1 - Opir ) (miri 2}

8L 11 2/8t = (OMgir12 /6) vi {pr (1 - Opir ) (T Tir12 2)}
ftai :Tci{eXp[Bv - Hav/(RTci)]}/{l + exp[(Hd| - STCi)/(RTci)] + exp[(STCi _ Hdh)/(RTci)]}
fimi = (0.0811%(T ., —298.15))

Root and Mycorrhizal Nutrient Uptake

Untgirt = {Uwir INHg 11 + 27L 1 Denmyy (INH4 1 = [NHL 1) 7 In(dliy /i) 3
= Uty (Uozir U "02ir) At (INHa " ri] = [INHG mal )/ (INH, i 1] — [INHS mal + Kiig) £ fiei

Unosirt = {Uwirt [INO3 (] + 27l i Denog (INO3(] — [NOs7i 1) / In(dir, /rir 1)}
= U"Nog (Uoziri U "ozir1) Airy (INO37ir1] = [NOg mual )/([NO37ir1] — [NO3 mal + Knog) fi frei

Upouir1 = {Uwir) [H2PO4 ] + 27k 1Depo,, ([H2PO4 1] — [HaPO4 i 1]) / IN(iy /i )}
= U'ro, (Uoziri /U "ozir1) Airi ([H2PO4'iri] = [HoPOs mn])/([H2PO4'i ] — [H2PO4'mn] + Kpo,) iy e

faei = min{ocijf(ocij + oniifKisy): ocijf(ocij + opij IKisp)}

C4 Gross Primary Productivity
C,4 Mesophyll

GPP =X kimno (Vgmayijitmno = Vemayijklmno)

remobilization drives litterfall

branch growth driven by Ry

root growth driven by Ry

leaf expansion driven by leaf mass
growth

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

Arrhenius function for R,

temperature function for Ry,

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

product inhibition of Uynpa, Unos
and Upos determined by oy and op
VS. o¢ in roots

[C18]
[C19]

[C20a]

[C200]
[C21a]

[C21b]

[C21c]
[C22a]

[C220]

[C23a]
[C230]

[C23c]
[C23d]

[C23¢]
[C23f]

[C23¢]

[C24]



Vomayijkimno = (Co = Cimayi ik Lmn.o)/TifijkLmno

Vemayijktmno = MIN{Vomayijkimnor Vimayiiklmnok

Mtijstmno = Nfminijktmno * (Fifmaxi = Mifminijklmn.o) e(-A vi)

Nitmini jkLmno = (Cb = Cigmay'M Vegmayijklmn,o

Vomayijktmno = Vomaxmayijk(Cemayijiimno = £ mayijk) (Comayijkimno) + Kemay)

Vimayijklmno = Jmayijkimno Y(ma)ijklmno

Jma)ijktmno = (€ linmno ¥ Imaxmayiik = (€ lijmno \]max(m4)i,j,k)2 -4agliimno Jmax(m4)i,j,k)0'5)/(205)
Vomaxmayijk = Vomax(ma) [Npepmayijid' Nisijk Arsij Tomayijx fyi fi

Jmaxmayijk = Imax’ [Nenmayijk I Nisijk Ak Temayijio fui fui

femayijx = 1.0/(1.0 + [Zc4(m4)i,j,k]/K|xc4(m4))

- 0.5
fyijkimno = (r”mini,j,k,l,m,n,o / rlfi,j,k,l,m,n,o)

fui = Tei{exp[B — Ha/(RTei)1H{1 + exp[(Ha — STei)/(RTei)] + exp[(STei — Han)/ (RTei)1}

C, Mesophyll-Bundle Sheath Exchange

Vo camayijk = Kycamay (Zeamayijk Witoayijk —camayik Wikmayijn) | (Witwayijk + Witmayijk)
Vcawayijn = Kycawa Xoapayijk /(1.0 + Cepayijx /K|X04(b4))

V ok = ety (Copoayijk — Cemayij) (12 X 10°) Wigpayi ji

S ycamayijk 10t = Zimno Vemayijilmno = V camayijk

8 caaij Ot =V camayiik = Vicamayijk

gaseous diffusion

mesophyll carboxylation

CO,-limited carboxylation
light-limited carboxylation
irradiance response function
PEPc activity

chlorophyll activity

C, product inhibition
non-stomatal water limitation

temperature limitation

mesophyll-bundle sheath transfer
bundle sheath decarboxylation

bundle sheath-mesophyll leakage
mesophyll carboxylation products

bundle sheath carboxylation
products

[C25]
[C26]
[C27]
[C28]
[C29]
[C30]
[C31]
[C32]
[C33]
[C34]
[C35]

[C36]

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

[Ca1]



SCcpayiji/St = Vycapayijk = Vaoayiik = Zimno Vewayijilmno

C, Bundle Sheath

bundle sheath CO, concentration

[C42]

Vewayijktmno = MIN{Vowayj Vibayiklmnok bundle sheath carboxylation [C43]
Viowayijk = Vomaxoayijk(Cewayijk = £ bayij )/ (Cepayijk) + Keway) CO,-limited carboxylation [C44]
Vibayiikimno = Joayijklmno Y(bayijk light- limited carboxylation [C45]
Joaijktmno = (€ liimno+ Jmaxoayijk - (€ litmno + Imaxoayijn)’ - A€ litmno Imaxoayijn)” ) (2 Q) irradiance response function [C46]
Vomaxoayijk = Vomaxoa) [Nruswayijd' Nisijk Arijx foeaije Tui T RuBPc activity [C4T7]
JImax(oayijk = Jmax [Neniwayijed Nisijk Awijk feeapijr fui fui chlorophyll activity [C48]
feeayijk = Min{[ia 1/ ([viei ]+ Dreswayid/Kive)s L7/ (L i1+ Dreawayi )/ King) 3 Cs product inhibition [C49]
Definition of Variables in Appendix C

Variable Definition Equation Value Reference

i species or functional type: evergreen,

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

node

soil or canopy layer

leaf azimuth

leaf inclination

leaf exposure (sunlit vs. shaded)

root or mycorrhizae

organ including leaf, root, mycorrhizae

N SO>S g —x“—




variables

Ceioa)

Cc(m4)

Cima
Ci(ma)
Cijz=i

Ci'

leaf, root or mycorrhizalsurface area m? m?

shape parameter for stomatal effects on CO, diffusion and MPa
non-stomatal effects on carboxylation

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

parameter such that fy.; = 1.0 at T, = 298.15 K
parameter such that fy,; = 1.0 at T, = 298.15 K
parameter such that f,,; = 1.0 at T,= 298.15 K
parameter such that f,,; = 1.0 at T, = 298.15 K

[CO,] in canopy air pmol mol™

[CO2] in C4 bundle sheath uM

[CO2] in C4 mesophyll in equilibrium with Ci;jximno uM

[CO2] in canopy chloroplasts in equilibrium with Ciijx1mn.o uM

[CO2] in C4 mesophyll air when ;=0 pmol mol™
[CO2] in C, mesophyll air pmol mol™
C content of leaf (z=1) gCm?

[CO2] in canopy leaves when ;=0 pmol mol™

[C1,C6b,C6d,C8b,

C21,C23,C32,C33

CA7]

[C4 C27,C35]] -5.0
[C36] 17.533
[C10c] 17.363
[C10d] 22.187
[C10¢] 8.067
[C10b] 24.221
[C10a, C22] 26.238
[C2,C5 C25,C28]

[C38,C39,C42,C4
4]

[C29,C39]

[Cé6]

[C28] 0.45x Cy
[C25]

[C18]

[C5] 0.70Xx Cy

Grant and
Flanagan (2007)

Larcher (2001)



De NHy|
De NO3z|
De POy

Dr02
DsOZ
di,r,l

Enp

fores)

1EC(m4)

Feni
fapi
Frubisco
fai

ftbi

fig

fii

[CO2] in canopy leaves

effective dispersivity-diffusivity of NH,* during root uptake

effective dispersivity-diffusivity of NO3™ during root uptake

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

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

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

half distance between adjacent roots assumed equal to
uptake path length

energy cost of nutrient uptake

C; product inhibition of RuBP carboxylation activity in C,

bundle sheath or C; mesophyll
C, product inhibition of PEP carboxylation activity in C,4

mesophyll

fraction of leaf protein in chlorophyll

N,P inhibition on carboxylation, leaf protein growth, root
uptake
fraction of leaf protein in rubisco

temperature effect on Ry
temperature effect on carboxylation

temperature function for root or mycorrhizal growth
respiration
temperature effect on electron transport

pmol mol™

m?h?

gCgN*torp*

dimensionless

[C2]

[C23]

[C23]

[C23]

[C14d]

[C14d]

[C23] (r L, IAZ)™?

[C13] 2.15

[C47,C48,C49]

[C32,C33,C34]

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

C23]

[C6b,d] 0.125
[C14, C22]

[C6b,C10a]

[C23]

[C8b,C10c]

Grant (1998)

Veen (1981)



ftkci
ftkoi

ftmi

1Etoi

i

i

i

temperature effect on K
temperature effect on K,
temperature effect on Ry

temperature effect on oxygenation

temperature effect on carboxylation

non-stomatal water effect on carboxylation

non-stomatal water effect on carboxylation

energy of activation

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

energy of high temperature deactivation

energy of high temperature deactivation

energy of low temperature deactivation

Jmol™

Jmol™
Jmol™
Jmol™
Jmol™
Jmol™

Jmol™

Jmol™

Jmol™?

[C6e,C10d]

[C6e,C10e]

[C16, C22b] Q=225
[C6d,C10b]

[C32,C33,C36,C4

7,C48]

[C6a,C7,C9]

[C32,C33,C35C47

,C48]

[C36] 57.5x 10°
[C10c] 43 x 10°
[C10d] 55 x 10°
[C10€] 20 x 10°
[C10b, C22] 60 x 10°
[C10a, C22] 65 x 10°
[C10, C22] 222.5x 10°
[C36] 220 x 10°
[C10, C22] 198.0 x 10°

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

Medrano et al.
(2002)

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



Joa)

J(m4)
J

'
Jmax

Jmax(b4)

Jmax(m4)

Jmax

Ke(oa)

Kc(m4)

Ke

Ke

K|XC4(b4)

energy of low temperature deactivation

irradiance

electron transport rate in C, bundle sheath

electron transport rate in C4, mesophyll

electron transport rate in C; mesophyll

specific electron transport rate at non-limiting | and 25°C

when y; = 0 and nutrients are nonlimiting
electron transport rate in C4 bundle sheath at non-limiting I

electron transport rate in C, mesophyll at non-limiting |

electron transport rate at non-limiting I, y;, temperature and
N,P

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in C,
mesophyll

Michaelis-Menten constant for carboxylation at zero O,

Michaelis-Menten constant for carboxylation at ambient O,

constant for CO, product inhibition of C, decarboxylation in
C,4 bundle sheath

Jmol™

pmol m? s

pmol m? s

pmol m?s*

pmol m?s™?

pmol gt s

pmol m?s*

pmol m?s™?

pmol m?s™?

pM

uM

uM

uM

uM

[C36]
[C8a,]

[C45,C46]

[C30,C31]
[C7,C8a]

[C33,C48]

[C46,C48]

[C31,C33]
[C8a,C8b]

[C44]

[C29]

[C6c,Cbe]

[C6e]

[C38]

190 x 10°

400

30.0 at 25°C and

zero O,

3.0at 25°C

12.5at25°C

1000.0

Lawlor (1993)

Lawlor (1993)

Farquhar et al.
(1980)



lec4(m4)

KIv|f

K'“If

Inp

Mg

constant for C, product inhibition of PEP carboxylation

activity in C, mesophyll

constant for C; product inhibition of RuBP carboxylation

activity in C4 bundle sheath or C; mesophyll caused by
[Wfi,j]

constant for C5 product inhibition of RuBP carboxylation

activity in C, bundle sheath or C3 mesophyll caused by

[7ifi ]

inhibition constant for og;; Vvs. o; in fye in shoots
roots

inhibition constant for og;; Vvs. opijin fye in shoots
roots

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

surfaces

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

surfaces

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

surfaces

Michaelis-Menten constant for root or mycorrhizal O,

uptake

inhibition constant for O, in carboxylation

root length
C litterfall from leaf or root
N or P litterfall from leaf or root

branch C phytomass

uM

gCgN*

gCgPpP*

gCgN?
gNgcC?!
gCgP?
gpgcC?
gNm?

gNm
gPm?
gm

pM

gCm?ht
gCm?ht

gCm?

[C34]

[C49]

[C49]

[C11]
[C23]
[C11]
[C23]
[C23]

[C23]
[C23]
[C14c]
[Céc,Cbe]

[C14d,C21b,C23]
[C18,C19,C20]
[C19]

[C20]

5x 10°

100

1000

100 (shoot)
0.1 (root)
1000 (shoot)
0.01 (root)
0.40

0.35

0.125

0.064

500 at 25 °C

Grant (1998)
Grant (1998)

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

Farquhar et al.
(1980)



M.
Mg

iprot
N,P
N,Pprot
[NH.i ]
[NH, n]
[NOs"iri]
[NO3"ma]
[H2POy'i ]

[HoPO4 mn]

[Nehioa)]'
[Nenimayl’

[Npep(m4]'

leaf C phytomass
root C phytomass

leaf protein phytomass calculated from leaf N, P contents

N or P content of organ z
N or P content of protein remobilized from leaf or root
concentration of NH," at root or mycorrizal surfaces

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

concentration of NO3™ at root or mycorrizal surfaces below
which UNOQ =0

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

maximum leaf structural N content

minimum leaf structural N content

total leaf N

ratio of chlorophyll N in C, bundle sheath to total leaf N
ratio of chlorophyll N in C, mesophyll to total leaf N

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

gCm?
gCm?
gNm?
gNm?
gNorPgC*
gNm3
gNm?
gNm3
gNm?
gNm?
gNm?
gNgc'

gNgC'

g N m?leaf

gNgN*
gNgN*

gNgN*

[C12,C21]
[C20,C21]
[C6b,C6d,C8b,C1
2]

[C16, C19]
[C19]

[C23]

[C23]

[C23]

[C23]

[C23]

[C23]

[C12]

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

[CA8]

[C33]

[C32]

0.4,0.04

0.0125 Barber and
Silberbush, 1984

0.03 Barber and
Silberbush, 1984

0.002 Barber and
Silberbush, 1984

0.10

0.33 x Nieat

0.05

0.05

0.025



[Nruba]' ratio of RuBP carboxylase N in C4 bundle sheath to total gNgN*? [C47] 0.025
(b4)

leaf N
Ogq aqueous O, concentration in root or mycorrhizal gm’ [Cl4c,d]
aerenchyma
Oy aqueous O, concentration at root or mycorrhizal surfaces gm’ [Cl4c,d]
Oy aqueous O, concentration in soil solution gm’ [Cl4c,d]
O [O2] in canopy chloroplasts in equilibrium with O3 i, atm. uM [C6c,C6e]
Plear maximum leaf structural P content gPg c! [C12] 0.10
P leat minimum leaf structural P content gPgC’ [C12] 0.33 X Pjear
[ 7] concentration of nonstructural root P uptake product in leaf gPgC™ [C49]
0p root or mycorrhizal porosity m3 m-3 [C21b] 0.1-05
R gas constant Jmolt K [C10, C22] 8.3143
R gas constant Jmolt K [C36] 8.3143
Ra total autotrophic respiration gCm?ht [C13]
Ry R, under nonlimiting O, gCm?ht [C14]
R, specific autotrophic respiration of o at T = 25 °C gCgcCth? [C14] 0.015
Re autotrophic respiration of o;;0r ociy, gCm?ht [C13,C14,C17,
C15]
Ry growth respiration gCm?ht [C17,C20]
Firl radius of root or mycorrhizae m [C23] 1.0x 102 0r5.0 x
10°

I leaf stomatal resistance sm? [C25,C27,C39]



Ifmaxi

[fmini,j k,Im,n,0

MijklLmno
Imaxi
Fimini jk 1Lm.n,o
Ry’

Rmi,j

rqi,r,l

rri,r,l

Rsi,j

I

Pr
S

oc
ON

Op

leaf cuticular resistance

leaf stomatal resistance when y; =0

leaf stomatal resistance

leaf cuticular resistance

leaf stomatal resistance when y; =0

specific maintenance respiration of og;j at Tgj =25 °C
above-ground maintenance respiration

radius of root aerenchyma

root radius

respiration from remobilization of leaf C

thickness of soil water films

dry matter content of root biomass

change in entropy

change in entropy

nonstructural C product of CO, fixation
nonstructural N product of root uptake

nonstructural P product of root uptake

JmoltK™?

JmoltK™?

gCgcC*
gNgcC?

gPgcC*?

[C27]
[C27,C28,C35
[C2,C4,C9]
[C4]
[C4,C5,C9]
[C16]
[C16,C17,C15]
[C14d]
[C14d,C21b]

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

[C21b]

[C10, C22]

[C36]

[C11, C23]
[C11, C23]

[C11, C23]

0.0115

0.125

710

710

Barnes et al.
(1998)

Sharpe and
DeMuichelle
(2977)



T canopy temperature K [C10, C22]

Tei canopy temperature °Cc [C36]

UnHairl NH," uptake by roots or mycorrhizae gN m?h? [C23]

U'nh, maximum Uy, at 25 °C and non-limiting NH," gNm?h? [C23] 5.0x10° Barber and
Silberbush, 1984

Unosir. NO;~ uptake by roots or mycorrhizae gN m?h? [C23]

U'nos maximum Uyo, at 25 °C and non-limiting NO5~ gNm?2h? [C23] 5.0x10° Barber and
Silberbush, 1984

Upouir. H,PO, uptake by roots or mycorrhizae gN m?h? [C23]

U'so, maximum Upo, at 25 °C and non-limiting H,PO, gNm?h? [C23] 5.0x10° Barber and
Silberbush, 1984

Uoair O, uptake by roots and mycorrhizae under ambient O, g0 m?h? [C14b,c,C23b,d,f]

U "o2irr O, uptake by roots and mycorrhizae under nonlimiting O, g0 m?h? [C14b,c,C23b,d,f]

Uw: root water uptake m®*m?h? [C14d,C23]

il
V ok CO, leakage from C, bundle sheath to C, mesophyll gCm?h? [C39,C42]
V' specific rubisco carboxylation at 25 °C pmol g * rubisco [C6b] 45 Farquhar et al.
st (1980)

Vboayijk CO,-limited carboxylation rate in C, bundle sheath umol m? g™ [C43,C44]

Vomayijkimno  CO,-limited carboxylation rate in C, mesophyll pmol m*?s™ [C26]

Vi ik imno CO»-limited leaf carboxylation rate pmol m? st [C3,C6]

J
Vomax(ba)' RuBP carboxylase specific activity in C4 bundle sheath at mol gt s? Cca7 75
(b4) umol g

25°C when ; = 0 and nutrients are nonlimiting



Vomax(b4)ijk

meax(m4)'

Vbmax(ma)ijik
Vbmaxijik
Vc(b4)i,j,k,|,m,n,o

VC(m4)i,j,k,I,m,n,o

Veoma) ijiklmno
Veijkimno
Vc'ijkimno
Vg(mayijkimno

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

4

Vieayijkimno

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

V!

CO3-nonlimited carboxylation rate in C, bundle sheath

PEP carboxylase specific activity in C, mesophyll at 25°C

when y; = 0 and nutrients are nonlimiting

CO»-nonlimited carboxylation rate in C, mesophyll

leaf carboxylation rate at non-limiting COg, w;, T. and N,P

CO, fixation rate in C, bundle sheath

CO; fixation rate in C4 mesophyll

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

leaf CO, fixation rate

leaf CO, fixation rate when y; = 0

CO, diffusion rate into C, mesophyll

leaf CO, diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in C, bundle sheath

irradiance-limited carboxylation rate in C, mesophyll

irradiance-limited leaf carboxylation rate

specific rubisco oxygenation at 25 °C

pmol m? s

pmol gt s

pmol m?s™?

pmol m?s*

pmol m?s*

pmol m?s™?

pmol m?s*
pmol m?s™?

pmol m?s™?

pmol m?s™?

pmol m?s*

pumol g *
chlorophyll s

pmol m?s™*
pmol m?s?
pmol m? s

pmol g * rubisco
-1
s

[C44,C4T]

(c32] 150

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

[C43]

[C24,C26,C40,C4
1]

[C28]

[C1,C3]

[C5]

[C24,C25]
[C1,C2]

[C8b] 450

[C43,C45]

[C26,C30]
[C3,C7]

[C6d] 9.5

Farquhar et al.
(1980)

Farquhar et al.
(1980)



Vomaxi,j,k

V capayijx

V cama

[ ]

£ (ba)

leaf oxygenation rate at non-limiting Oy, w, T, and N,P

decarboxylation of C, fixation product in C, bundle sheath

transfer of C, fixation product between C4 mesophyll and
bundle sheath

concentration of nonstructural root N uptake product in leaf

specific volume of root biomass

C, bundle sheath water content
C4 mesophyll water content

carboxylation yield from electron transport in C4 bundle
sheath

carboxylation yield from electron transport in C4 mesophyll

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

plant population

carboxylation yield

CO, compensation point

CO7 compensation point in C, bundle sheath

pmol m? s
gCm?ht

gCm?ht

pmol CO2 umol e

-1

pmol CO2 umol e

-1

gCgcC™

m»2

pmol CO2 umol e
-1

uM

uM

[C6c,d]

[C38,C41,C42]

[C37]

[C49]

[C21b]

[C37,C39]
[C37]

[C45]

[C30]

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

[C21]
[C7]

[C6a,C6c]

[C44]

Waring and
Running (1998)



I (ma)

[2

VA

Xcaba)

Xca(ma)

[ZCS(M)]

[ZC4(m4)]

Kce(ba)

Y

CO, compensation point in C, mesophyll

shape parameter for response of J to |

shape parameter for response of Jto |

area:mass ratio of leaf growth

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

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

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

quantum yield

quantum yield

conductance to CO, leakage from C, bundle sheath

canopy turgor potential

uM

mg
gCm
gCm

99

pM

pmol e” umol
quanta™

pmol e” umol

quanta™
h—l
MPa

[C29]
[C8a]

[C31,C46]
[C21]

[C37,C38,C41]

[C37,C40]

[C49]

[C34]

[C8a]

[C31,C46]

[C39]
[C4]

0.7

0.75
0.0125

0.45

0.45

20
1.25at y =0

Grant and
Hesketh (1992)

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



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

Surface Water Flux

Qi) = Vatey)ImyLyey)
Qnyy) = Vyixy)dmxyLxey)
dyy = Max(0,dwxy) + digcy) = dsee) ey (Awiey) + digey)
Vi) = R*Sy0)"M1t0y)
Vi) = RSy Vzicey)
Vi) = R85 210y
Vi) = RSy 210y
A(dweeyAy) A= Qraey) = Qrragey) T Qryiy) = Qrysacey) + P - Exy - Quageyy
R = sd/[2(s + 1)0.5]
Sxixy) = 2aDS[(Z + ds + dm)yy — (Z + ds + dm)xs1yl (Lxexy) + Lxxeny))
Syixy) = 2aDS[(Z + ds + dm)xy — (Z + ds + dm)xy+al/(Lyexy) + Lyceys)
LE,=L (e;— e.(le,,,I))/ra.
LEs=L (e, — es(Tsy,,,s))/ras
Subsurface Water Flux
Quiy) = K Woxy.z — Wexe1y2)
Quyxya) = K'y(Waxys = Wexy+12)

sz(x,y,z) =K'y Wexyz — '//sx,y,z+l)

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

surface water depth

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

2D kinematic wave theory for
overland flow
wetted perimeter

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

evaporation from surface litter

evaporation from soil surface

3D Richard’s or Green-Ampt

equation depending on saturation
of source or target cell in x (EW),
y (NS) and z (vertical) directions

[D1]

[b2]

(D3]

[D4]
[D5a]

[D5b]

[D6a]

[D6b]

[D7]



Aa/v ><,y,z/At = (wa(x,y) - wa+1(x,y) + wa(x,y) - wa+1(x,y) + sz(x,y) - sz+1(x,y) + Qf(x,y,z))/ I—z(x,y,z)

K% = 2Ky Kty (Kyyz Loy + Kertya Ligey.o)
= 2Kyy ol (Lxxs1y2) + Lixya)
= 2Kyi1ydl (Lxxe1ya) + Lixyo)
K'y = 2Ky y Key+12/(Keyz Lyxyr1.z) + Keyeiz Lyy.)
= 2Ky (Lyey+12) + Lyey.n)
= 2Kyysra (Lyy+1.0) * Lyey)
K'; = 2Ky y Kyyze1! (Kxyz Loyz+1) T Kyyize1 Laxy.2)
= 2Kyy ol (Laxyzn) * Laxy.)
= 2Ky y.z+1/ (Laxyz+1) + Lay.)
Exchange with Water Table
Quxy.s) = Kayz [W" — Waxy.s + 0.01(dxxy. — d)]/(Lix + 0.5 Ly (xy.)

Qty(x,y,z) = Kyy. [y’ - Wsxyz O-Ol(dzx,y,z - dt)]/(l—ty +0.5 Ly,(x,y,z))

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

G X(xy.2) = 2 Kixy.2),(x+1y,2) (T(x,y,z) h T(X+lVYVZ))/( Lx xy2)T Ly (x+1,y,z)) * Cw T(x,y,z) wa(x,y,z)
G yixy.z) = 2 Kixy,2),(xy+1,2) (T(x,y,z) - T(x,y+1,z))/( I—y (x,y,z)+ Ly (x,y+1,z)) + Cy T(x,y,z) wa(x,y,z)

G 2(x,y,2) =2 K(x,y,z),(x,y,z+l) (T(x,y,z) - T(x,y,z+1))/( Lz (x,y,z)+ |—z (x,y,z+1)) +Cw T(x,y,z) sz(x,y,z)

3D water transfer plus freeze-thaw

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

in direction x if destination cell is
saturated

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

in direction y if destination cell is
saturated

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

in direction z if destination cell is
saturated

if Woxy,> '+ 0.01(dyy,, — dy) for
all depths z from d,, to d;
or if dyy,, > d;

for eachcanopy, snhow, residue and
soil surface, depending on
exposure

3D conductive — convective heat
flux among snowpack, surface
residue and soil layers in x (EW), y
(NS) and z (vertical) directions

(D8]
[D9a]

[DYb]

[D9a]

[D9b]

[D9a]

[D9b]

[D10]

[D11]

[D12]



Gxxty) = Cxixya) + Cyy-10) = Gyya) + Gaxyat) = Gayn + LQtxys) + Cixy) (Texyp) = T'ixy)/ At =0

Gas Flux

styx,y,z = agsx,y,z Ddy (S /Y ftdyx,y,z [ygs]x,y,z - [}/Ss]x,y,z)
eryx,y,z = agrx,y,z Ddy (S ,y ftdyx,y,z [7gr]x,y,z - [}/sr]x,y,z)

Qgsyzx,y,] = gax,y {[7&] - {2[}/gs]x,y,1Dgsyz(x,y,1)/Lz(x,y,1)+ gax,y [}/61]}/{2 DgSyZ(x,y,I)/Lz(x,y,1)+ gax,y}}

styx,y,] = agsv,y,l Dd*{ (S :{ ftd«rx,y,J [7&] - [}/Ss]x,y,J)

Qgsyx(x,y,z) =- wa(x,y,z) [ygs]x,y,z +2 Dgsyx(x,y,z) ([7g5]x,y,z - [ygs]xﬂ,y,z)/ (Lx (x,y,z)+ Lx (x+],y,z))
Qgsyy(x,y,z) =- wa(x,y,z) [7gs]x,y,z +2 Dgsyy(x,y,z) ([7gs]x,y,z - [7gs]x,y+1,z)/ ( I-y (X,y,z)+ I-y (x,y+1,z))
Qgsyz(x,y,z) =- sz(x,y,z) [j/gs]x,y,z +2 Dgyz(x,y,z) ([7g5]x,y,z - [ygs]x,y,erI)/ ( I—Z (X,y,z)+ I—Z (x,y,z+l))
QQWZ(x.y,Z) = DgrYZ(xw) ([7gr]x,y,z - [7a])/ 21, L, (*y.2)
D = DY, ftye: [0.5(6geyz + Oper 1)1 Gpsin >

9sYx(x.3,2) gy gxyz LY\ Mgryz Ox+1y,z. psx.y,z
D = DY, ftye,- [0.5(8gcyz + Opeyir )] Opsiy %

9sYy(x.3.2) gy gxyz V-2 Mgryz ox.y+1,z psx.y,z
D = DY, fgey [0.5(Ogerz + Opryes)] Gy

9syz(x,.2) gy Tgryz Y-\ Yryz ox.y,z+] psx.y,z
quVZ(x,V,Z) =D ’.tw ftgx,v,z eprx,)az e A (x,v,2) 1A Xy

Qb\/z = m|n[00,{(4464 aNx,y,z 273-16/T(x,y,z)) - 27 ([ys]xvz/(s /Y ﬁ:dyx,y,zM}/))}]
([?/S]x,y,z/( Sf/ ftdyx,y,zMy))/ 27 ([?/S]x,y,z/( S 'y ftdyx,y,ZMV)) S ’y ftdyx,y,zMy Vx,y,z

Solute Flux

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

volatilization — dissolution
between aqueous and gaseous
phases in soil and root
volatilization — dissolution
between gaseous and aqueous
phases at the soil surface (z = 1)
and the atmosphere

3D convective - conductive gas

flux among soil layers in x (EW), y

(NS) and z (vertical) directions,

convective - conductive gas
flux between roots and the
atmosphere

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

gasous diffusivity as a function
of air-filled porosity in roots
bubbling (-ve flux) when total of
all partial gas pressures exceeds
atmospheric pressure

[D13]

[D14a]
[D14b]

[D15a]

[D15b]

[D16a]
[D16b]
[D16c]
[D16d]
[D17a]
[D17b]
[D17c]

[D17d]
[D18]



stx(x,y,z =- wa(x,y,z) [7/S]x,y,z + 2 Dsyx(x,y,z) ([%]x,y,z - [73]x+1,y,z)/ ( Lx (x,y,z)+ Lx (x+1,y,z))
Qsiyern = = Oyt [aleyz + 2 Dsyyieyzy ([lyz - [lvs 1) (Ly eyt by yr.0)

stz(x,y,z) =- sz(x,y,z) [7/S]x,y,z +2 Dsyz(x,y,z) ([%]x,y,z - [J/S]x.y,zﬂ)/ ( I-Z (x,y,z)+ I—Z (x,y,z+1))
Dsyx(x,y,z) = qu(x,y,z) | wa(x,y,z) |+ D’Sy ftsv,y,z [O'S(QNx,y,z + aNx+1,y,z)] T

sty(x,y,Z) = qu(x_y_Z) | wa(x,y,Z) |+ DIS*/ ft&v,y,z [O-S(QNx.y,z + aNxH.y.z)] T

Dsyz(x,y,z) = qu(x,y,z) | sz(x,y,z) | + D,Sy ftsx,y,z [O°5(aNx,y,z + aNx+1,y,z)] T
qu(x,y,z) = 05 24 ( Lx (x,y,z)+ Lx (x+1,y,z))ﬁ

Doy = 0.5 @ ( Ly gyt Ly ye1.0)’

qu(x,y,z) =05a(L, oyt L (x,y,z+1))ﬂ

3D convective - dispersive solute [D19]
flux among soil layers in x (EW), y
(NS) and z (vertical) directions

aqueous dispersivity as functions [D20]
of water flux and water-filled

porosity

dispersivity as a function of water [D21]
flow length

Definition of Variables in Appendix D

Variable Definition Unit Equation Value Reference
subscripts
X grid cell position in west to east direction
y grid cell position in north to south direction
z grid cell position in vertical direction z = 0: surface
residue, z=1to
n: soil layers
variables
A area of landscape position m? [D17c]
A root cross-sectional area of landscape position m? [D17c]
agr air-water interfacial area in roots m? m" [D14b]



air-water interfacial area in soil
dependence of D, on L

dependence of D, on L

heat capacity of soil

heat capacity of water

volatilization - dissolution transfer coefficient for gas y
gaseous diffusivity of gas y in roots
gaseous diffusivity of gas y in soil
diffusivity of gas y inairat 0 °C
dispersivity

aqueous diffusivity of gas or solute y
diffusivity of gas » in water at 0 °C
depth of mobile surface water

depth of surface ice

maximum depth of surface water storage
depth of external water table

depth of surface water

depth to mid-point of soil layer

evaporation or transpiration flux

m®m?Zh?

[D14a,D15b]
[D21]

[D21]

[D13]

[D12]
[D14,D15a]

[D16d,D17d]

[D15a,D16a,b,c,D
17a,b,c]

[D17]
[D20,D21]
[D19,D20]
[D20]
[D1,D2,D5a,D6]
[D2]

[D2,D5b]

[D10]

[D1,D2]

[D10]

[D4,D11]

4.19

6.43 x 102 for y=
0,

8.57 x 10° for y=
0,

Skopp (1985)

Luxmoore et al.
(1970a,b)
Millington and
Quirk (1960)
Campbell (1985)

Campbell (1985)



€,
i, )

eS(Ts, ws)

[
[7’gr]

[7’95]

[r]

[l

Ky, Ky K

atmospheric vapor density
surface litter vapor density at current T, and
soil surface vapor density at current T and

temperature dependence of S,

temperature dependence of D7,

temperature dependence of D%,

soil surface heat flux

soil heat flux in x, y or z directions

boundary layer conductance

gas (H,0, CO,, Oy, CHy, NH3, N2O, N, H,) or solute (from
appendix E)

atmospheric concentration of gas y

gasous concentration of gas y in roots

gasous concentration of gas y in soil
aqueous concentration of gas y in roots
aqueous concentration of gas y in soil
sensible heat flux

hydraulic conductivity

hydraulic conductance in x, y or z directions

thermal conductivity

m®m?Zh?
MJm?Zh?
mht

gm?®

gm?®
gm
gm®
gm®
MIm?Zht
m’>MPa* h
mMPa*h?

MJm?*h?oc?

[D6]

[D6a]

[D6b]
[D14,D15b,D18]
[D17]
[D20]
[D11]
[D12,D13]
[D15a]
[D14,D15]
[D15,D16d)]

[D14b,D16d]

[D14a,D15a,D16a

,D16b,D16c]
[D14b]

[D14a,D15b,D18,

D19]
[D11]

[D9,D10]
[D7,D9]

[D12]

Wilhelm et al.
(2977)
Campbell (1985)

Campbell (1985)

Green and Corey
(1971)

de Vries (1963)



L

L. L, L,

LE,
LE,
L

M

4

P
Qb

Qury

Qusy

Qs

Qgry

Qusy

Qro Qy

Qs

Qc
Quix:Quy.Que

b

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

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

atomic mass of gas y
precipitation flux

bubbling flux

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

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

freeze-thaw flux (thaw +ve)

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

surface water flow in x or y directions

aqueous flux of gas or solute y

water flux between boundary grid cell and external water table
in x or y directions
subsurface water flow in x, y or z directions

air-filled porosity

[D6a]
[D6b]

MJ m’

g mol™
m*m2h™
gm?h?
gm?h?
gm?h?
m*m2h™
gm?h?
gm?h?
m*m?h?t
gm?ht
m*m?h?t

mm2ht

[D10]
[D1,D5b,D8,D9,D
10,012,D15a,D16

,D19]
MJ m?2ht

MJ m?h*t
[D6,D11,D13]
[D18]

[D4]

[D18]

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

[D19]

[D10]
[D4,D7,08,D12,D

16,D19,D20]
[D17a,b,c]

2460



Sy

Sx 1 Sy

Vi, Vy

Vs

Z

root porosity

soil porosity

water-filled porosity

ratio of cross-sectional area to perimeter of surface flow
net radiation

surface litter boundary layer resistance

Soil surface boundary layer resistance

Ostwald solubility coefficient of gas yat 30 °C

slope of channel sides during surface flow
slope in x or y directions

soil temperature

tortuosity

velocity of surface flow in x or y directions
soil water potential at saturation

soil water potential

surface elevation

Manning's roughness coefficient

mm*

°Cc

mh?

MPa

MPa

m—l/3 h

[D17d]
[D17a,b,c]
[D8,D18,D20]
[D3,D54]
[D11]

[D6a]

[D6b]
[D14,D15b,D18]
[D5a]
[D3,D5b]
[D12,D18]
[D20]
[D1,D3]
[D10]
[D7,D10]
[D5b]

[D3]

dryland spp. 0.10
wetland spp. 0.20

0.0293 for y= 0,

5.0x10°

0.01

Luxmoore et al.
(1970a,b)

Wilhelm et al.
(1977)



Appendix E: Solute Transformations

Precipitation - Dissolution Equilibria

AI(OH)3(S) S (Alzi) +3(0OH) (amorphous AI(OH),) -33.0 [E.1]*
Fe(OH),, <> (Fg ) +3(QH) (soil Fe) -39.3  [E.2]
CaCOS(S) o (Ca2+ )+ (CO32_ ) (calcite) -9.28 [E.3]
CaSO, ., <= (C + (SO sum -4.64 E.4
AIPO, . < ((A%+ ))+ ((pof' )) (ahscie) 521 LS
FePO, © S (Fe ) +2(+PO ) (strengite) -26.4  [E.6]
Ca(H PO‘,)2 0 gCa )+2 (|—2| PO, ) (monocalcium phosphate) -115  [E7]°
CaHPO S (Ca )+ (HPO ) N (monetite) -6.92 [E.8]
Ca,(PO,), OH ) <5 (Ca )+3(PO, )+ (OH ) (hydroxyapatite) -58.2 [E.9]
. " Cation Exchange Equilibria *
X-Ca+2(NH, )< 2X-NH, +(Ca ) 100  [E.10]
3X-Ca+2(Al )=2X-Al+3(Ca ) 1.00 [E.11]
X-Ca+ (Mg ) < X-Mg+ (Ca 21 0.60 [E.12]
X-Ca+2(Na )< 2X-Na+ ((;g ) 0.16 [E.13]
X-Ca+2 (K )< 2 X-K+(Ca,,) 3.00 [E.14]
X-Ca+2(H )< 2X-H+(Ca ) 1.00  [E.15]
Anion Adsorption Equilibria
X- OH < X-OH + (H ) -71.35  [E.1€]
X-OH < X-0 + H) . ) -8.95 [E.17]
X-H,PO, + H,0 < X-OH, + (H,PO, ) -2.80 [E.18]
X-H PO + (OH ) & X- _OH + (H, PO ) 420 [E.19]
X- HPO +(OH ) < X-OH + (HPO D) 2.60  [E.20]

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

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

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

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



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

(NH, ) = (NH)  + (H)
H,0& (H )+ (OH )

(COZ) +H,0 < (H )+(HCO )
(HCO )<:>(H )+(CO )
(AIOH l<:>(AI )+gOH) )
(AI(OH), ) < (AIOH )+ (OH )
(AI(OH)3_ ) < (AI(OH), )+ (OH)
(AI(OH), )<:>(%I(OH) ) +.(OH )
(AISO,, )<:>(AI )+(SO )
(FeOH l<:>(Fe )+gOH)
(Fe(OH),,) < (FeOH 1+(OH)
(Fe(OH) )<:>(Fe(OH) )+ (OH)
(Fe(OH) )<:>(Fe(OH) )+(OH)
(FeSO,, )<:>(Fe )+(SO )
(CaOH 0) RS (Ca )+ (OH ).
(CaCO, )<:>(Ca LT (CO; )
(CaHC%) )<= (Ga )+ (HCO, D)
(CaSO,,) < (Ca ,) + (SO, )
(MgOH O) < (Mg,,)+ (OH )
(MgCO, )<:>(Mg LT (CO; )
(MgHCQ, ) < (Mg )+(Hgo )
(MgSO, ) < (Mg ) +(SQ,
(NaCO, ) < (Na ) + (CO, )
(NasoO, )<:>(Na )+(Sg)4 )
(KSO, )<:>(K )+(SO, )

(H PO4)<:>(H )+(H PO )
(H,PO, ) < (H )+(HPQ‘1 )
(HPO )s> (H )+(PO, )
(FeH, PO )= (Fe )+ (HPO, )
(FeHPO )<:>(Fe 2)+(HPO )
(CaHPO )< (Ca )+ (H,PPO,)

Organic Acid Equilibria

lon Pair Equilibria

-5.00

-9.24
-14.3
-6.42
-10.4
-9.06
-10.7
-5.70
-5.10
-3.80
-12.1
-10.8
-6.94
-5.84
-4.15
-1.90
-4.38
-1.87
-2.92
-3.15
-3.52
-1.17
-2.68
-3.35
-0.48
-1.30
-2.15
-7.20
-12.4
-5.43
-10.9
-1.40

[E.21]

[E.22]
[E.23]
[E.24]
[E.25]
[E.26]
[E.27]
[E.28]
[E.29]
[E.30]
[E.31]
[E.32]
[E.33]
[E.34]
[E.35]
[E.36]
[E.37]
[E.38]
[E.39]
[E.40]
[E.41]
[E.42]
[E.43]
[E.44]
[E.45]
[E.46]
[E.47]
[E.48]
[E.49]
[E.50]
[E.51]
[E.52]



(CaHPO,) < (Ga ) + (HPO, ) 274 [E53]
(CaPO, ) s> (Ca )t (PO, ) -6.46  [E.54]
(MgHPO, ) < (Mg )+ (HPO, ) 291 [E.55]



Appendix F: Symbiotic N, Fixation

Rinaxist = Miit R" Linig M (Linia] + Kom) fi fp

f = Ti{exp[B — H/(RT)I}{1 + exp[(Ha — ST)/(RT))] + exp[(ST, — Han)/(RT))]}

fap = MIN{[Nni l/[Nn'], [Prig)/[P'T}
Ris = Rumaxi) (Voyi/Vo,maxi,)
Vo,maxi) = 2.67 Rmaxi
Vo,i1 = Vomaxi [Ozrit]/([Ozif] + Koy)
= 2nLi) Dso, ([O21] =[Oz )/IN((rris + rwi))/reis)
Rumit = R Nui fim
f, = gbT| ~20816)]
Rgi; = max{0.0, Ri; — Rui}
Rsi) = max{0.0, Ry, — Ri,}

Lciy = Rsiy min{Mui; /(2.5Npi;), Myt /(25.0Pyi)) }

Vit = Min{Rgi1 En,’ fep, Muit [ING'T = Noitd [Nz J/([N2ri ] + Knyr)

fep = mMin{ i )/ (1.0 + [vaial/Kiy,), [7ial/(1.0 + [viial /K )}

Microbial Growth

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

product inhibition of N,

fixation

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

[F11]

[F12]

[F13]



Rit = Vit /By’ fixation respiration
Uit = (Rgiy - Rngin)/(1 - Y') growth respiration

SMp /8t = Ui Yy = Ly microbial C growth
SNy /6t = SMp; /St min{ vai i/ i, [Nn'T} microbial N growth
SN /8t = Npi i/ My | SMyi /St microbial N growth
SP i /0t = My St min{ i i yniys [Pn']} microbial P growth
SPyi /6t = Ppi /My My /6t microbial P growth
L = abs(SNp; /ot) microbial N litterfall
Lpi; = abs(8Pp; /ot) microbial P litterfall

Nodule — Root Exchange

Via = & (it Mait = Znig Mri )/ (Miig + Mi ) nodule-root C exchange
Viia = & (Vig it = Vaig 2 ) Gnig + i) nodule—root N exchange
Vg = & (i1 i = i i) i + i) nodule-root P exchange
S0t = Vi1 - Min{Rpmit, Rit} - Rui = Ui+ Fre Leiy nodule nonstructural C
S hig/St =V iy = ONpi /St + Vi + Fni Ly nodule nonstructural N

S 7St = Vi) - 8PSt + Fpy Lpiy nodule nonstructural P

SMygi /5t > 0
SMpgi /5t < 0
SMpgi /5t > 0
SMpgi /5t < 0
SNy /5t < 0

Spnd“/St <0

[F14]
[F15]
[F16]
[F17a]
[F17b]
[F18a]
[F180]
[F19]

[F20]

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

[F26]



Definition of Variables in Appendix F

Variable Definition Units Equations Input Values Reference

B parameter such that f, = 1.0 at T, = 298.15 K F2 17.533

i nodule nonstructural C gm? F17a,F18a,F21,F2

2,B23,B24

Lnia] nodule nonstructural C concentration gg* F1,F13

il root nonstructural C gm? F21,F22,F23

Dso, diffusivity of aqueous O, m?h* F6b

En,’ direct energy cost of N, fixation gNgcC* F12,F14 0.25 Gutschick,
(1981), Voisin
etal., (2003)

Fici fraction of nodule C litterfall remobilized as nonstructural C - F24

Fini fraction of nodule N litterfall remobilized as nonstructural N - F25

Fipi fraction of nodule P litterfall remobilized as nonstructural P - F26

fep effect of nodule nonstructural C or P content on N, fixation - F12,F13

fap effect of nodule N or P content on respiration - F1,F3

fi temperature function for nodule respiration - F1,F2

fim temperature function for nodule maintenance respiration - F7,F8

Ha energy of activation Jmol™? F2 57.5x 10°



Lriy
Leiy
L
Lpi,

Ivlni,l

M

[Nn']

energy of high temperature deactivation

energy of low temperature deactivation
Michaelis-Menten constant for nodule respiration of g,
inhibition constant for nonstructural N:C on N, fixation
inhibition constant for nonstructural N:P on N, fixation
Michaelis-Menten constant for nodule N, uptake
Michaelis-Menten constant for nodule O, uptake

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

and nodule
root length
nodule C litterfall
nodule N litterfall
nodule P litterfall

nodule structural C

root structural C

maximum nodule structural N concentration

Jmol™
Jmol™
99
99
99
gNm
-3

gOm

h»l

gCm?ht
gNm?ht
gPm?ht

gCm

gCm

gNgcC*

F2 220 x 10°

F2 190 x 10°
F1 0.01
F13 10
F13 1000
F12 0.14
F6a

F21,F22,F23

Féb

F11,F16,F24

F19,F25

F20,F26

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

F3,F12 0.1



Noi1 nodule structural N gNm? F7,F11,F12,F17,F

19,F25
[Nnil nodule structural N concentration gNgc? F3,F17a
[Nzl rhizosphere aqueous N, concentration gN m* F12
Voil nodule nonstructural N gNm? F17a,F22,F25
Vil root nonstructural N gNm? F22
[will nodule concentration of nonstructural N gg’ F13,F17a
[Oil] rhizosphere aqueous O, concentration g0 m* F6a,b
[O2] soil aqueous O, concentration gom? F6b
[Pn] maximum nodule structural P concentration gPgcC™t F3,F18a 0.01
P nodule structural P gPm? F18a,F20,F26
[Pnia] nodule structural P concentration gPgcC™ F3,F11
Thi) nodule nonstructural P gPm? F18a,F23,F26
il root nonstructural P gP m? F23
[7i1] nodule concentration of nonstructural P ggt F13
R gas constant Jmol* K F2 8.3143

Rgi nodule growth respiration gCm?h* F9,F12,F15



Rsi,l
Iri|

fwi

Ui
V;(i,l
VN2i,|
Vomaxi

Vo,

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

Jodils Vodi QN g |

nodule respiration under ambient O,

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

nodule maintenance respiration

nodule respiration for N, fixation

nodule senescence respiration

root radius

radius of soil water films

change in entropy

soil temperature

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

O, uptake by nodules under non-limiting O,

O, uptake by nodules under ambient O,

h-l

gCm?h?
gCgC'h?
gCm?h?
gCm?h?
gCm?h?

gCm?h?

Jmol ™t K?

gCm?h?
gCm?h?
gNm?ht
gNm?h™
gOm?h™

gom?2ht

F1

F4,F9,F10,F24

F7

F1,F4,F5

F7,F9,F10,F24

F14,F15,F24
F9,F11

F6b

F6b

F2

F2,F8
F15,F16,F24
F21,F24
F22,F25
F12,F14,F25
F4,F5,F6a

F4,F6

0.125

710



nonstructural P transfer between root and nodule
nodule growth yield

shape parameter for fy,

gPm?h?

gCgcC*

F23,F26
F15,F16

F8

0.67

0.081
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