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Abstract. Confidence in regional estimates of N,O emissions used in national greenhouse gas
inventories could be improved by using mathematical models of the biological and physical
processes by which these emissions are known to be controlled. However these models must first
be rigorously tested against field measurements of N,O fluxes under well documented site
conditions. Spring thaw is an active period of N,O emission in northern ecosystems and thus
presents conditions well suited to model testing. The mathematical model ecosys, in which the
biological and physical processes that control N,O emissions are explicitly represented, was tested
against N,O and CO, fluxes measured continuously during winter and spring thaw using gradient
and eddy covariance techniques. In the model, ice formation at the soil surface constrained soil-
atmosphere gas exchange during the winter, causing low soil O, concentrations and consequent
accumulation of denitrification products in the soil profile. The removal of this constraint to gas
exchange during spring thaw caused episodic emissions of N,O and CO,, the timing and
intensities of which were similar to those measured in the field. Temporal variation in these
emissions, both simulated and measured, was high, with those of N,O ranging from near zero to as
much as 0.8 mg N m? h! within a few hours. Such variation should be accounted for in ecosystem
models used for temporal integration of N,O fluxes when making long-term estimates of N,O

emissions.

1. Introduction

Techniques for estimating emissions of N,O from soils are
needed to evaluate management options for reducing such
emissions as part of the Canadian commitment to reduce the
greenhouse gases released to the atmosphere. However N,O
emissions are controlled by several interacting soil attributes,
including temperature [Bremner and Shaw, 1958; Nommik,
1956], O, [Allison et al., 1960], NO; and organic matter [Smid
and Beauchamp, 1976], such that temporal and spatial profiles of
emissions under site-specific conditions are complex.
Consequently, the predictive value of short term measurements
for long term estimates of N,O emissions is confined to sites with
similar soil and climate [Blackmer et al., 1982].

Long-term estimates of N,O emissions may be made through
mathematical modeling of processes such as nitrification and
denitrification from which emissions occur. These emissions
have been represented in models by functions of NO, and
available carbon which are modified by dimensionless factors for
soil water content and temperature [Li et al., 1992; Parton et al.,
1996]. However short term temporal variation in N,O emissions
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is too large to be explained from simple functions of soil water
content, temperature, or N and C substrates [Blackmer et al.,
1982; Christensen, 1983; Flessa et al., 1995; Robertson, 1994),
indicating that N,O fluxes are determined by complex
interactions among N transformation and transport processes and
the environmental conditions under which they function. Such
interactions need to be more fully represented in these models if
they are to simulate N,O fluxes reliably. Therefore the kinetics of

the NH,” oxidation and the NO, reduction pathways, which have
been simulated under controlled laboratory conditions [Grant,
1994; Leffelaar and Wessel, 1988; McConnaughey and Bouldin,
1985], must be linked to simulations of water, heat and O,
transfer if they are to be used to estimate N,O emissions under
field conditions. This linkage is especially important in the
estimation of emissions from denitrification during spring thaw
when transfer processes are affected by phase changes of water.
The dissimilatory reduction of NO; is understood to proceed
through a sequence of reaction products that include NO,, NO,
N,O and N,, the last three of which may be emitted as gases. The
reduction of NOQ; is suppressed by O,, and reduction of N,0 is
suppressed by NO, [Blackmer and Bremner, 1978; Firestone et
al., 1979; Weier et al., 1993]. These reaction kinetics suggest a
declining preference for electron acceptors of O, > NO, > NO, >
N,O by the facultative anaerobes responsible for denitrification
[Cady and Bartholomew, 1961]. A direct inhibition by NO, on
N,O reduction has been used in some models to simulate
denitrification reaction sequences [Arah and Vinten, 1995;
McConnaughey and Bouldin, 1985], although such inhibition has
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not been observed experimentally [Betlach, 1979]. We
hypothesize that the above preference scheme without inhibition
effects, coupled to a transport scheme for heat, water, O, and
solutes, can explain soil N,O emissions during spring thaw. This
preference scheme for electron acceptors has been used to
simulate temporal changes in denitrification reaction products
and their ratios under laboratory conditions [Grant et al., 1993c]
and in N,O emissions under field conditions [Grant et al., 1993d]
when coupled to heat, water and O, transport algorithms [Grant,
1992; Grant et al., 1995] as part of the ecosystem model ecosys
[Grant, 1996]. Although the model has reproduced the flush in
N,O emissions commonly observed in northern ecosystems
following snowmelt, the extent to which simulated emissions
could be tested with measured data was constrained by
limitations in the measurement techniques available at the time.

Recent developments in tunable diode laser instrumentation
[Ogram et al., 1988; Wagner-Riddle et al., 1996] and in
micrometeorological techniques for measuring N,O emissions
[Wienhold et al., 1994] provide opportunities for more detailed
testing of our hypothesis than were previously available. Such
testing is necessary to establish confidence in model estimates of
short and long term emissions that are based on the hypothesis.
Here we report results from tests of the ecosystem simulation
model ecosys, in which the dissimilatory reduction sequences of
both nitrification [Grant, 1995] and denitrification [Grant et al.,
1993c,d] are explicitly represented, with micrometeorological
measurements of N,O emissions from an agricultural field during
winter and early spring.

2. Model Development

2.1. General

The preference scheme for electron acceptors is part of the
model of C, N and P transformations described by Grant et al.
[1993a,b]. This model is based on five organic states among
which C, N and P may move: solid organic matter (S), soluble
organic matter (P), sorbed organic matter (B), microbial
communities (M), and microbial residues (Z). Each state is
resolved into between two and four hierarchical levels of
biological organization, listed below in decreasing order, for
which the descriptors i, n, j and k are used:

i organic matter-microbe complex;
n functional type within each complex (microbial populations
only);
J structural or kinetic components within each complex or
functional type;
k elemental fraction within each component.
These levels are shown in greater detail in Table 1. Thus the solid
organic matter (S) in each soil layer is represented in each of four
independent organic matter-microbe complexes S;, where i is
animal manure, plant residue, active soil organic matter, or
passive soil organic matter. Each S; is further resolved into
kinetic components S;; each of which is assumed to be a
homogeneous substrate of differing resistance to microbial
decomposition. For example, S, (where y is plant residue) is
resolved into components of protein, carbohydrate, cellulose, and
lignin. Each component consists of elemental fractions S;j g,
where £ is carbon , nitrogen or phosphorus. Each S; is associated
with a heterotrophic microbial community M;, resolved into
functional types M;p, where h is obligately aerobic bacteria
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[Grant et al.,1993a,b], facultatively anacrobic denitrifiers [Grant
et al., 1993c,d], fungi, anaerobic fermenters plus H,-producing
acetogens [Grant, 1998] and acetotrophic methanogens [Grant,
1998]. There is also an autotrophic microbial community that
includes NH," and NO, oxidizers [Grant, 1994, 1995), CH,
oxidizers (Grant, 1999) and hydrogenotrophic methanogens
[Grant, 1998]. Each M; ; has structural components M; 3 ;, where
J is labile, resistant, or storage. The labile component is used to
divide each M; 3 into active @ or quiescent g kinetic components
from which the specific activity of each population is calculated
[Grant et al., 1993a]. Each M;j; consists of fractions M; 4k
where k is carbon, nitrogen or phosphorus. A general flow
diagram for the transformation of material in the soil ecosystem
is given in Figs. 1 and 2 of Grant et al. [1993a].

The model functions in one, two or three dimensions by
representing all state and rate variables according to their north-
south x, east-west y and vertical z positions within a complex
landscape. This is accomplished by adding three descriptors for
landscape position to those for biological organization described
above. Thus the solid organic matter variable S;;x would be
represented at the landscape level as Sy ;74 The landscape
descriptors are omitted here for clarity.

2.2, C oxidation and O3 Reduction

The microbially driven decomposition of the solid organic
substrates S;; in ecosys [Grant et al., 1993a equations (1) — (7)]
causes decomposition products to accumulate in soluble pools P;.
The oxidation of P; . by heterotrophs during respiration creates a
demand for electron acceptors:

Rin = {ReMihaPicl(Ken + [PicD} S S M

Definitions of model variables are given in the notation section
and values of input parameters are given in Table 2. The value of
J; is calculated from soil temperature [Grant et al., 1995] as
shown by Grant et al. [1993a equation (5)]. The value of fy, is
calculated from soil water potential [Grant, 1992] based on the
functions of McGill et al. [1981] and Pirt [1975]. Results from
testing £ and £, are given by Grant and Rochette [1994].

The demand for electron acceptors created by R'; ; in (1) may
be partially met by O,:

Ro,ih =4nnM;pq Dso2 (dm dw/(dw - dm)) ([Oss] - [O:m]) (22)

Ro,ih = R'ozi,h [O:ml/([Oym] + Kozh) (2b)

Oxygen uptake rate Ro,j 4 is solved from a convergence solution
for the O, concentration at microbial microsites [O,,] at which
O, diffusion through the soil solution (equation (2a)) equals O,
uptake at microbial microsites (equation (2b)). The diffusion path
length is the effective water film thickness calculated from soil
water potential according to Kemper and Rollins [1966]. The
concentration of O, in the soil solution [O,] that drives diffusion
is calculated from convective-dispersive transport of O, in
aqueous and gaseous phases and from volatilization-dissolution
transfer of O, between aqueous and gaseous phases as described
in (14) — (21) below. The convergence solution for O, uptake by
each aerobic population in the model is constrained by total O,
uptake of all aerobic populations, thereby simulating competition
for O, uptake among aerobic populations. The microbial demand
for O, uptake R'o; 5 is equal to 2.67 R'; , from (1) given that C
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Table 1. Levels of Biological Organization at Which Each Organic State is Represented in Ecosys.!

Organic State Substrate - Functional Structural
Microbe Type or Kinetic Elemental
Complex (Microbes) Component Fraction
i n J k
Solid animal manure protein carbon
Organic plant residue carbohydrate nitrogen
Matter active OM cellulose phosphorus
) passive OM lignin
Soluble animal manure carbon
Organic plant residue nitrogen
Matter active OM phosphorus
P) passive OM
Acetate animal manure carbon
(A) plant residue
active OM
passive OM
Sorbed animal manure carbon
Organic plant residue nitrogen
Matter active OM phosphorus
(B) passive OM
Microbial aniral manure aerobic bacteria labile carbon
Communities plant residue denitrifiers resistant nitrogen
(Heterotrophic) active OM fungi storage phosphorus
(1%)] passive OM fermenters +
acetogens
acetotrophic
methanogens
Microbial NH," oxidizers labile carbon
Communities NO;” oxidizers resistant nitrogen
(Autotrophic) methanotrophs storage phosphorus
™M) hydrogenotrophic
methanogens
Microbial animal manure labile carbon
Residues plant residue resistant nitrogen
@ active OM phosphorus
passive OM

¥ Levels are in decreasing order from left to right.

donates 4 mol ¢ mol C during oxidation and that O, accepis 4
mol e mol~ O, during reduction,

2.3. N Reduction

The demand for electron acceptors unmet by O, creates a
demand from heterotrophic denitrifiers (# = d) for other

acceptors:

R, =0.125 f, (R'o,i,d - Ro,i,d)

&)

given that O, accepts 4 mol € mol” O, (= 0.125 mol ¢ g O,).
The value selected for f, in Table 2 is based on the finding of
Koike and Hattori [1975a] that denitrifier growth rates under
anaerobic conditions are 1/5 to 1/7 of those under aerobic
conditions. The unmet demand for electron acceptors may be
transferred sequentially to NO,, NO, and N,0:

Ruoyid =7 Re INO; J(INO; 1+ Kyoya) @

Ruojid = (7 R. - Ruoyid) INO, J(INO, ] + Kno,d) ®

Ryo0id =2 (7R, - Ryojid - Ruoyi,d) [N;OJA[IN,O] + Ky,09) (6)

given that NO, and NO, accept 2 mol e mol N (=7 gN mol” &
) and that N,O accepts | mol e mol N (=14 g Nmol e¢) during
reduction. This transfer scheme is similar to that proposed by
Ameida et al. [1995] to explain competition between NO; and
NO, reduction during denitrification. Under aerobic conditions
[O:m] >> Ko, and hence Ro i d —> Rigid (equation (2)) so that
R, (equation (3))_ and hence Ryo,iq (equation (4)) is small.
Similarly if [NO;]>> Kyo,q then Ryoid —> 7 Re (equation (4))
so that Ry, 4 is small (equation (5)), and if [NO,]>> Kyo,d then
Ruo,id = 7 R. — Ryo,id (equation (5)) so that Ryeid is small
(equation (6)). In this way the model supresses the reduction of
less preferred electron acceptors in the presence of more preferred
ones.

2.4. Microbial Growth

The oxidation of C (equation (1)) is coupled to the reduction
of O, (equation (2)) by all heterotrophs:
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Table 2. Values of Parameters Required in the Modeling of NZO"

Parameter Equation Value Source
Dy (18) 5.6 x 10: m: hl
Dy 16) 5.76x 10°m’ h
dm 7)) 10°m
fe 3) 0.25 Koike and Hattori [1975a]
AGy (12) -10kigcC’ Koike and Hattori [1975a]
AGpth=d) (12) 25kl g c' Koike and Hattori [1975a]
G, (12) 25KgC’
Knozd ) 10.0gN m’ Yoshinari et al. [1977]
Kno,d @ 100gMm” Yoshinari et al. [1977]
Knyod (6) 1.0gNm® Yoshinari et al. [1977]
Ko,k @ 0.0320,gm” Griffin [1972]
Keh ) 35gCm"” McGill et al. [1981]
n @ 24x10%¢g"
R ) 02gCgCh’ Ridge [1976] and Shields et al. [1974]
Sn,0 (14 0.524 Wilhelm et al. [1977]
¥ see equations (1) — (20) in text
Rih =R'iaRo,in/ Rk @) Yp =-AGp/Gy (12a)
where the term Roin / R'o,ip represents O, constraints to C Y4 =-AG/Gy, (12b)

oxidation calculated in (2). Additional oxidation of C by
denitrifiers (2 = d) is coupled to the reduction of NO;, NO, and
N,O:

Rid =0.429 Ryoid +0.429 Ryojd +0.214 Ryid 8)

given that C donates 4 mol ¢ mol C" during oxidation and that
NO, and NO, accept 2 mol & mol N and N,0 accepts 1 mol e
mol N during reduction. Total oxidation of C by denitrifiers is
therefore

R; =R;n +Rig ®

C oxidation by obligate aerobes (equation (7)) and facultative
denitrifiers (equation (9)) drives maintenance respiration [Grant
et al., 1993a equations (18) and (19)] and growth respiration,
calculated as the difference between C oxidation and maintenance
respiration. The energy yields from aerobic and denitrifier growth
respiration drive the uptake of additional decomposition products
and their transformation into microbial biomass so that total
uptake of decomposition products by obligate aerobes is

Uine=Ruin+ Rin-Ruin1.0+Yz) [Rip >Ryip]l (10a)

Uinc=Rin [Rin <Ryihl (10b)

and by facultative denitrifiers is

Ui nth=d),c = Rumih + Rip - R p)(1.0+ Yp) + R g (1.0 + Y)

[Rin > Ryl (11a)
U hth=d),c=Rih +Rjd (1.0+Yy)
[Rin <Ruinl (11b)

The energy yields Y and Yy are calculated by dividing the free
energy change of the oxidation-reduction reactions by the energy
required to construct new microbial biomass from decomposition
products:

Neglecting maintenance respiration, growth yield may be
calculated from AG as (U - Rip)/U;n = Y/(1 +Y) (equations
(10) — (12)). Values for AGy, and AGy of -25 and -10 kJ g c'
respectively used in ecosys for facultative anaerobes (Table 2)
thus give growth yields of (25/25)/(1 + 25/25) = 0.5 and
(10/25)/(1 + 10/25) = 0.3 mol C mol C" for reduction of O, and
N oxides respectively. The model growth yield for O, reduction
is consistent with values reported by McGill et al. [1981], and the
energy yield of denitrification has been reported to be about one
half that of O, reduction [Elliott and Gilmour, 1971]. The use of
the same value of AGy for all denitrifier reductions is based on
the observation by Koike and Hattori [1975b] that the energy
yield from the reduction to N, of NO,, NO, and N,0O is
proportional to the oxidation state of the reductant.

Net growth of each heterotrophic population is calculated as
total uptake of substrate decomposition products minus C
oxidation for maintenance and growth respiration and for
decomposition of each microbial structural component j:

M pjc/8t=F;Uinc-FiRin-Dinjc [Rin >Ruinl (132)

M; pjc 18t =F; Ui he-Ruinj -Dinje [Rih <Ruipl (13b)

SM; ¢ /Ot = Zj_l M pj,c /Ot (13¢)
Growth of heterotrophs (8M; p /0t) requires the immobilization-
mineralization of inorganic N and P which is calculated from
microbial N:C and P:C ratios (M;s,nM;pnc and M;pp:M;p o
respectively) as given by Grant et al. [1993a equation (23)].
Decomposition of Mz c (Diayc) is calculated from M, ¢
and soil temperature as given in Grant et al. [1993a equations
(21) - (22)], and microbial decomposition products are
partitioned into microbial residues Z; x and soil organic matter
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Sijk (where i is passive soil organic matter) as in Grant et al.
[1993a equations (26) — (28)]. The time integral of 8M; o /6t
from (13) gives heterotrophic biomass M; 5 which is used to
calculate active biomass M;nq [Grant et al., 1993a equation
(24)] from which C oxidation R'; , is calculated in (1). Microbial
populations are thus active agents of organic transformations in
ecosys, rather than passive repositories of C, N and P as in most
other ecosystem models.

2.5. Transport of Microbial Substrates and Products

All  soluble substrates and products of microbial
transformations (including P;x, CO,, O,, NO;, NO,, N,O, N,,
NH4+ and H,PO,) undergo convective-dispersive transport
through aqueous phases of the soil and root. Those substrates and
products with a gaseous phase (CO,, O,, N,O, N, and NH,) also
undergo volatilization-dissolution transfer between aqueous and
gaseous phases, and convective-dispersive transport through
gaseous phases of the soil and root. Transfer between gaseous
and aqueous phases in the soil is calculated for each substrate or
product y as described by Skopp [1985]:

Ty =Aa Dy (Sy Sy ¥l - [vs]) (14)

Transfer is thus driven by concentration differences between
gaseous and aqueous phases in the soil. The value of A, in (14)
is estimated from air-, water-, and ice-filled porosity [Skopp,
1985]. Gaseous solubilities are calculated from soil temperature
[Grant, 1992; Grant et al., 1995] and from the temperature-
dependent solubility coefficients Sy of Wilhelm et al. [1977).
Transfer between gaseous and aqueous phases in the root are
calculated in the same way as those in the soil [Grant, 1993b].

Vertical transport between adjacent layers in the aqueous
phase of the soil is calculated for each substrate or product v as
the sum of convective and dispersive-diffusive components:

Q,, = Q. [l + D, AlyJ/Az (15)

The calculation of the vertical water flux Q, in ecosys is
described elsewhere [Grant, 1992; Grant et al., 1995]. The value
of the effective dispersion-diffusion coefficient D"Y is the
geometric mean of the coefficients in each layer which are
calculated according to Bresler (1973):

Dy =1 Q|+ Dy £, 7.6, (16)

If the total gaseous equivalent concentration of aqueous gases y
exceeds that at atmospheric pressure, an upward flux equivalent
to the excess partial pressure of each gas is added to Q,,..

Vertical transport between adjacent layers in the gaseous
phase of the soil is calculated for each substrate or product y with
a gaseous phase as the sum of convective and diffusive
components:

Qg == (Qu+Uy) [r] + Dy Aly Az a7
The first term on the right hand side of (17) represents the
vertical transport of soil air arising from vertical transport of
water through soil and radial uptake of water by plant roots. The
value of D, is the geometric mean of the diffusion coefficients in
each layer which are calculated according to Millington [1959]
with a temperature function from Campbell 11985]:

Dy =Dy, f1 6,0 /6 (18)

Air-filled porosity 8, in (18) is controlled by soil water and ice
contents, values of which are calculated from a solution to the
general heat flux equation [Grant, 1992; Grant et al., 1995].

Vertical transport between the atmosphere and the aqueous
phase of the soil surface layer is calculated for each substrate or
product y with a gaseous phase as

Q'.y =84 {l¥al - {Dy [v.J(0.5 AZ)

+ g [Wl}AD, Sy, /(0.5 AZ)) + g.}} (19)

such that the gaseous transport of each y between the atmosphere
and the soil surface is equal to the aqueous transport between the
soil surface and the midpoint of the uppermost soil layer (0.5
Az'). Vertical transport between the atmosphere and the gaseous
phase of the soil surface layer is calculated for each substrate or
product y with a gaseous phase as

Q's—Y =g {[Ya] = {Dlgy ['Yg]/(OS AZ')

+ 8 [LD/{D' /(0.5 AZ) +g.}} (20)

such that the gaseous transport of each y between the atmosphere
and the soil surface is equal to the gaseous transport between the
soil surface and the midpoint of the uppermost soil layer. Total
surface flux is thus

Qy = Quy+ QY @

3. Model Testing

3.1 Laboratory Experiment

Results from the laboratory experiment of Koike and Hattori
[1975a) were used to test values of growth yields Yy and Yy
(equation (12)) under controlled conditions. In their experiment,
Koike and Hattori [1975a] used a spectrophotometric technique
to measure the growth of Pseudomonas denitrificans in aerobic
versus anaerobic batch cultures at 30°C in which 5 mM glutamate
was the sole source of C and energy.

This experiment was simulated by initializing ecosys with an
inorganic, nonreactive soil in which only denitrifiers (5 = d) were
present. The model soil was amended with NO;, H,PO, and an
amino acid residue [Grant et al., 1993a] at the concentrations
used by Koike and Hattori [1975a]. The model was then run
under ambient and zero atmospheric O, concentrations at 30°C
and high humidity (to prevent drying of the simulated soil).
Model results for denitrifier growth yields were compared with
those reported by Koike and Hattori [1975a].

3.2 Field Experiment

The field experiment was carried out from 25 February to 15
April 1996 over a flat 23 ha field of Dalhousie clay loam (Table
3) located in an open area surrounded by other flat fields at the
Greenbelt Farm in Ottawa, Canada. Fluxes of momentum, CO,,
and of sensible and latent heat were calculated every 30 min.
from air temperature, three-dimensional wind velocity (sonic
anemometer DAT-310, Kaijo-Denki Company, Tokyo), and from
H,0 and CO, molar fractions (infrared gas analyzer LI-6262, LI-
COR Inc., Lincoln, Nebraska) recorded at 20 Hz and a height of
1.75 m with an eddy covariance system developed by Pattey et
al. [1996]. At this height the estimated footprint [Horst and Weil,
1994] for integrating 90% of the flux ranges from 75 to 250 m
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Table 3. Properties of the Dalhousie Clay Loam at the Greenbelt Farm Used in Ecosys. !
Depth, m

0010 0075  0.15 0.25 035 0.45 0.75 1.15
BD, Mg m™> 1.31 1.31 131 131 131 131 1.40 1.40
Opc, m3 m™ 0.38 038 038 038 0.38 038 0.38 0.38
owp, m> m™ 0.22 022 022 022 0.22 022 0.22 0.22
Kggt, mm b7l 63 63 63 6.3 63 63 6.3 6.3
Sand, g kg™l 257 257 257 257 257 257 257 257
Silt, g ke 417 417 417 417 417 417 417 417
pH 6.79 6.79 6.79 7.13 7.13 7.13 7.19 7.19
CEC,cmolkg”! 255 255 255 255 25.5 255 245 235
Org. C, gkg™! 307 30.7 30.7 47 47 47 2.0 2.0
Org. N, g Mg'! 2560 2560 2560 390 390 390 165 165
NH,", gMg!* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NO,, g Mgl 3136 3136 3136 564 5.64 5.64 488 4.88
0, m3 m~>* 235 373 376 378 378 378 378 378

¥ abreviations are as follows: BD, bulk density; 6 , water content; Kgay, saturated hydraulic conductivity; and CEC, cation exchange capacity..

* initial values measured on 1 September 1995.

depending on atmospheric stability. Fluxes of N,O and CO, were
calculated every 30 min. from a gradient technique using a
tunable laser diode trace gas analyzer (Campbell Scientific,
Logan, Utah) with inlets at heights of 1.0 and 2.0 m. Fluxes were
calculated from the following equations in which K is defined in
the inertial sublayer [Paulson, 1970]:

Q4=-ku (¥a,- va)/{a{lnl(z, - DNz, - d)] - wp, + \uh.}}2
@

)
in which
yp=-52/L for stable conditions 23)
Wi =2 In[(1 + x*)/2] for unstable conditions [x = (1 - 16 z/L)m]
(24

where y,, and jy, are the atmospheric N,0 or CO,
concentrations(g m?) measured at heights z, and z, (meters); £ is
the von Karman constant (0.4); u. (m s) is the friction velocity
calculated from the momentum flux; L (meters) is the Monin-
Obukov length calculated from the momentum and sensible heat
fluxes, and « is the inverse of an enhancement factor required for
measurements in the roughness sublayer (equal to 1 in the inertial
sublayer). It is assumed that measurements were taken in the
inertial sublayer and that the stability corrections for N,O and
CQ, are similar to that for heat. A correction was introduced [see
Simpson et al., 1998] to account for the lack of energy budget
closure over agricultural fields. Wind speeds are higher during

winter than summer at this site, so that turbulent conditions were -

prevalent during the experiment.

Soil temperatures were measured continuously at half-hourly
intervals with thermistors installed at 0.02, 0.05, 0.10, 0.20, and
0.30 m in two locations. Every 2 weeks soil water content was
measured with time domain reflectmetry (TDR) probes at 0.05,
0.10, 0.20, and 0.30 m in the same two locations as the
thermistors, and snowpack depths were determined with

measuring sticks at 10 locations in each of three sites. Half-
hourly data for solar radiation, air temperature, humidity, wind
speed and precipitation were recorded continuously within 2 km
of the experimental site.

The ecosystem simulation model ecosys was initialized by
allocating organic C in each soil layer of the Dalhousie clay loam
(Table 3 with upper layers subdivided to improve model
resolution) to active and passive substrate-microbe complexes in
a ratio of 1.0:1.5. Estimates of surface and subsurface residue
from the barley crop harvested at the start of the field experiment
were used to initialize the plant residue complex in each soil
layer. Small fractions (0.01 — 0.02) of the C in each complex
were used to initialize the soluble, sorbed, microbial community
and microbial residue components according to equilibrium
values observed in earlier modeling experiments. The model was
then run with the attributes of the Dalhousie clay loam (Table 3)
under hourly surface boundary conditions for solar radiation, air
temperature, humidity, wind speed and precipitation reported
from the experimental site between 1 September 1995 and 30
April 1996. Biological (equations (1) — (13)) and physical
(equations (14) — (21)) processes were solved on time steps of 1
hour and 2 minutes respectively, with surface boundary
conditions assumed constant during each hour. Under natural
field conditions the distributions of soil C among the different
states within each substrate-microbe complex approach
equilibrium within 1 month of model initialization.

Model estimates of soil temperature, soil water content and
snowpack depth were first compared with measured data to
determine the accuracy with which the model simulated the
physical environment of the soil profile at the experimental site.
Model estimates of surface N,O and CO, fluxes (equation (21))
were then compared with measured fluxes (equation (22)) to test
model hypotheses (equations (1) — (20)). Longer-term
comparisons between ecosys estimates and N,O flux
measurements will be presented in another paper.
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4. Results

4.1 Laboratory Experiment

Simulated versus measured results for denitrifier growth
yields during exponential growth on an amino acid substrate are
given in Table 4. Simulated yields were reduced from their
theoretical maxima under ambient and zero atmospheric O,
concentrations of 6.0 and 3.4 g C mol" respectively by
maintenance respiration and decomposition (equation (13)). The
value of £; in (3) allowed the ratio of maximum growth rates (h™)
simulated during exponential growth under zero versus ambient
O, to reach 0.15. This ratio was consistent with that of 1/5 to 1/7
reported by Koike and Hattori [1975a].

4.2 Field Experiment

Low air temperatures recorded during November 1995 caused
soil cooling (Figure 1a) and freezing (indicated by falling soil
water content at successively lower depths in Figure 1b) in the
model. Winter precipitation caused a snowpack of 300 — 400 mm
to be maintained in the model from early December 1995 until
late March 1996 (Figure 1c), which was close to that measured.
.Following snowmelt in late March the soil warmed (Figure 1a)
and thawed (Figure 1b) at successively lower depths during April
1996. Freezing of the soil surface in the model during late
November 1995 (Figure 1b) caused aqueous O, concentrations in
the upper 0.1125 m of the soil profile to decline rapidly, reaching
near zero values by late December (Figure 1d). Aqueous O,
concentrations below 0.15 m declined more gradually over the
winter because organic C concentrations and hence C oxidation
rates were less. These declines occurred because water in the

model was drawn upward to the surface during freezing [Grant, .

1992], causing soil pores to be occupied by water and ice.
Consequently gaseous surface transfers of O, (equation (20))
were constrained by very low gaseous diffusivity (equation (18))
so that subsurface O, transfers (equations (15) and (17)) and
uptake (equation (2)) depended more upon aqueous surface
transfers of O, (equation (19)). These transfers were slow because
aqueous diffusivity (equation (16)) was small, so that soil O,
became depleted especially near the surface where organic C
concentration and hence biological activity were greatest. The
thawing and drainage of the soil during April 1996 (Figures 1a
and 1b) caused air-filled porosity and hence gaseous surface
transfers of O, to rise, causing aqueous O, concentrations to rise
as well (Figure 1d).

Concentrations of NO;’ in the upper 0.20 m of the soil profile
(Figures 2a, 2b and 2c) were reduced in the model from initial
values (Table 2) following 93 mm of rain on 6 — 7 October 1995
which caused movement of soil water to depths below 0.35 m

Table 4. Denitrifier Growth Yields Simulated and Measured on
an Amino Acid Substrate under Ambient and Zero Atmospheric
0, Concentrations at 30°C"

Simulated, Measured,

gCmol' C gCmol' C
Ambient O, 5.1 5.8
Zero O, 2.7 3.0

¥ Measured data are from Koike and Hattori [1975a).

(Figure 1b). Concentrations of NO; below 0.25 m in the soil
profile were increased by the same rainfall (Figure 2d).
Concentrations of NO, rose (Figure 2) during soil freezing in late
November (Figures 1a and 1b) and then declined gradually in the
upper 0.1125 m from December until April (Figures 2a and 2b)
when aqueous O, concentrations fell (Figure 1d). These declines
were driven in the model by NO; reduction (equation (4) that
occurred when O, uptake by denitrifiers was constrained by low
O, concentrations (equation (2)). Nitrate reduction caused
increases in NO, concentrations (Figures 2a and 2b) and hence in
NO, reduction (equation (5)). Rates of NO, reduction were
initially constrained by high NO; and low NO, concentrations
(equation (5)), so that increases in aqueous N,0O concentrations in
the model did not begin until late January 1996 in the upper 0.11
m of the soil (Figures 2a and 2b) and late February 1996 below
0.15 m (Figure 2c¢). Concentrations of N,O above 0.20 m
increased gradually during the winter and then declined rapidly
when soil O, concentrations rose during April 1996 (Figure 1d).
Maximum N,O concentrations attained in the model were ~ 5.0 g
N m” above 0.1125 m and ~ 2.0 g N m” below 0.15 m. Rates of
N,O reduction were initially constrained in the model by high
NO, and low N,O concentrations (equation (6)) so that decreases
in aqueous N,O concentrations did not begin until late March or
early April 1996 (Figure 2) after NO, concentrations had
declined. Only limited amounts of NO, and N,O accumulated
below 0.25 m (Figure 2d) because anaerobic conditions did not
develop (Figure 1d).

A comparison of soil temperatures and water contents
simulated and measured during March and April 1996 is given in
Figures 3a and 3b. In the model, thawing in the upper 0.075 m of
the soil profile started on 30 March (day of year (DOY) 90 in
Fig. 3b) just after disappearance of the snowpack (Figure lc).
Thawing was completed on 2 April (DOY 93) when soil
temperatures above 0°C were first observed, but diurnal freeze-
thaw cycles continued until 18 April (DOY 109) after which soil
temperatures above 0°C were sustained (Figure 3a). The timing
and duration of thawing in the model were confirmed by the rise
in measured temperature to 0°C at the end of March, by diurnal
rises in measured temperature above 0°C during early April, and
by the maintenance of above-zero temperatures after mid-April
(Figure 3a). Thawing of the upper 0.075 m in the model was also
confirmed by a rise in measured soil water content in early April
(Figure 3b). The TDR probes used in the field experiment may
not measure soil water content accurately when the soil is frozen,
so that the readings reported for March may be affected.
Thawing at 0.075 — 0.1125 m in the model started on 2 April
(DOY 93) and was completed on 8 April (DOY 99), as was also
confirmed by diurnal rises in measured soil temperatures (Figure
3a) and by increases in soil water contents (Figure 3b). Thawing
below 0.15 m started slowly during early April, but was not
completed until 18 April (DOY 109) at 0.15 — 0.20 m and on 22
April (DOY 113) at 0.25 — 0.35 m, after which soil temperatures
started to rise. Completion of thawing at 0.25 — 0.35 m in the
model was 5 days later than that at 0.30 m in the field.

The timing and duration of soil thawing in the model directly
affected the timing and intensity of N,O emissions. These
emissions occurred in two episodes, the first from 29 March to 5
April (DOY 89 - 96) and the second from 10 to 16 April (DOY
101 — 107) (Figure 3c). These two episodes co-incided with two
periods during which more intense N,O emissions were measured
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Figure 1. (a) Maximum daily soil temperature, (b) soil water content, (c) snowpack depth and (d) aqueous O,
concentrations simulated at four different depths from September 1995 to April 1996.
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Figure 2. Aqueous concentrations of NO,, NO,, N,O and N, simulated from September 1995 to April 1996 at
depths of (a) 0.0375 — 0.075 m, (b) 0.075 —0.1125 m, (c) 0.15 —0.20 m and (d) 0.25 —0.35 m.



688 GRANT AND PATTEY: MODELING N,0 EMISSIONS

00375-0075 m s 005m
------ 0075 -01125m o 0.10m

81 ... 015 -020 m 4o 020m

6 ———025 -035 m &

4

2

0 R

KX

-4

63 T y T ] ' HREY.
60 70 80 a0 100 110 120

60 70 80 90 100 110 120

CO, Flux (g C m?h™) N,0 Flux (g N m*h™) Soil Water Cnt (m*m?)  soi Temperature (°C)

Day of Year

Figure 3. (a) Soil temperatures and (b) soil water contents at four different depths, and (c) surface N,O and (d)
surface CO, fluxes simulated (lines) and measured (symbols) during March and April 1996. Measured soil
temperatures are plotted every fourth hour. .
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in-the field. During these episodes emission reached maximum
rates of about 1 mg N m” h” in both the model and the field. A
brief emission episode measured in the field from 18 to 20 March
(DOY 78 — 80) was not simulated. Emission rates simulated and
measured after 16 April remained low.

In the model, N,O emission episodes occurred just after
drainage events from 1 to 5 April (DOY 92 — 96) that followed
soil thawing and from 9 to 15 April (DOY 100 — 106) that
followed precipitation (Figure 4a). The episodes were separated
by a period of precipitation from 7 to 9 April (DOY 98 — 100)
during which emission was suppressed. The drainage events
coincided with increases in aqueous concentrations of O, (Figure
1d) and declines in those of N,O (Figure 2). The re-establishment
of a gaseous phase during drainage allowed volatilization of
aqueous N,O and other gases (equation (14)) and their rapid
transfer in the gaseous phase (equation (17)) to the soil surface
where they were emitted (equation (20)). Both volatilization and
transfer increased with soil temperature, the former because
gaseous solubility declines with temperature (.., in (14)), and
the latter because gaseous diffusivity increases with temperature
(ftg in (18)). Soil temperature also controlled gaseous diffusivity
at the soil surface (D'y,, in (20)) through the effect of diurnal
freeze-thaw cycles on water movement and hence air-filled
porosity (8, in (18)). This control on diffusivity caused emissions
in the model to decline rapidly during nights when freezing
occurred, to remain low during the following momings until
thawing was completed, and then to rise rapidly during the
afternoons as air-filled porosity increased (Figure 4a). Similarly
rapid changes were apparent in measured N,O emissions,

1.4x103 @

N,O Flux (g N m®h’)
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although these changes did not always coincide with those
simulated.

Simulated CO, emissions rose during drainage of the
surface soil after thawing (DOY 92 — 96) or precipitation (DOY
100 — 106 and DOY 114 — 120) and were suppressed by
rewetting of the surface soil during periods of precipitation (DOY
98 — 100 and DOY 106 — 112) (Figure 3d). Simulated CO,
emissions were also affected by diurnal freeze-thaw cycles
(Figure 4b) as were those of N,O (Figure 4a). Although the
suppression of CO, emissions during rewetting of the surface soil
was not apparent in the field measurements (Figure 3d), diurnal
ranges in measured emissions were similar to those simulated.

5. Discussion

There are two basic criteria used in the selection of model .
algorithms in ecosys. All algorithm parameters required by the
model (Table 2) must be capable of evaluation in experiments
conducted (1) independently of the model and (2) at spatial and
temporal scales smaller than those at which model estimates are
to be made. These criteria are deemed necessary to the
development of robust, widely applicable models that integrate
existing scientific knowledge. These two criteria were used to
parameterize basic concepts in microbial biology and soil physics
so as to simulate phenomena related to N,O emissions that have
been observed in several independent experiments.

The overwinter increases and early spring decreases in
aqueous N,O concentrations simulated by the model (Figure 2)
are consistent in magnitude with increases and decreases in
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Figure 4. Surface (a) N,0O and (b) CO, fluxes simulated (lines) and measured (symbols) from 29 March to 12

April (DOY 89 to 103) 1996.
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gaseous N,O concentrations measured in frozen and thawing soils
elsewhere [Burton and Beauchamp, 1994; Cates and Keeney,
1987; Flessa et al., 1995; Goodroad and Keeney, 1984; Van
Bochove et al., 1996]. In the model, increases in aqueous N,0
concentrations during winter follow decreases in NO, and
increases in NO, concentrations (Figure 2), thereby reproducing
the product sequence of denitrification reported by Cooper and
Smith [1963]. This sequence arises from the hypothesized
preference scheme for electron acceptors O, > NO, > NO, > N,0
represented in equations (4), (5) and (6) in which the reduction of
acceptors with a higher oxidation number suppresses the
reduction of those with a lower one.

The coupling of this preference scheme with a physically
based treatment of heat and water transport through soils allowed
the model to reproduce approximately the timing and intensity of
N,O emissions during spring thaw (Figure 3c). These emissions
were driven by C oxidation rates that were similar in magnitude
to those measured (Figure 3d), indicating that the coupling of
electron donors and acceptors in the model (equations (3) — (9))
was realistic. The episodic nature of N,O emissions and their
association with soil thawing has also been observed by
Christensen and Tiedje [1990), Flessa et al. [1995], Goodroad
and Keeney [1984] and Nyborg et al. [1997]. The temporal
distribution of these emissions in the model was strongly
controlled by formation and melting of ice layers in the soil
which impeded gas exchange with the atmosphere, as has been
observed experimentally by Burton and Beauchamp [1994]. The
accuracy of gaseous fluxes simulated in frozen soils therefore
depends upon the extent to which the gaseous phase is reduced
by ice formation. Because water migrates towards zones of
freezing in ecosys, ice eventually occupies most of the non—
water—filled porosity of frozen soil if enough water is present in
unfrozen soil below, and so impedes gaseous transfer. The
modeling work presented here thus contributes to the need
indentified by Frolking et al. [1998] for models of N,O emission
to simulate soil water dynamics, including freeze—thaw cycles,
and to link these dynamics to denitrification activity.

The large diurnal variation of N,O emissions in the model
(Figures 3c and 4a) is consistent with that measured here and
elsewhere [Blackmer et al., 1982; Christensen, 1983; Robertson,
1994), and indicates the importance of temperature-sensitive
hydrologic controls on these emissions. Such variation
complicates efforts to make temporally integrated estimates of
N,O emissions from discontinuous flux measurements. The
ability of simulation models to reproduce this variation is
therefore an important test of their capability to make such
estimates. It may be argued that if N,O emissions during spring
thaw are driven by denitrification products accumnulated under ice
during the previous winter (Figure 2), then annual estimates of
these emissions need only be based on estimates of total winter
denitrification. However these estimates would still require a
knowledge of annual freeze-thaw cycles and the kinetics of the
denitrification reaction sequence, both of which may be highly
variable under site—specific conditions. For example, a mid—
January thaw at the field site would, according to the model,
cause only small emissions of N,O (Figure 2), as has been
observed elsewhere in January after several weeks of soil
freezing [Christensen and Tiedje, 1990]. However, reoxygenation
of the soil profile during the thaw would cause the oxidation of
NO, to NO, [Grant, 1994], so that with the resumption of

anaerobic conditions after refreezing the reduction of NO, to
NO, would have to continue for some time before N,0 would
start to accumulate again. This delay in accumulation would
cause spring emissions to be much lower than without the
January thaw. Such a delay might explain the lower N,O
emission rates reported from successive thawing events by Flessa
et al. [1995]. Conversely a soil with more rapid rates of C
oxidation than those recorded at the field site, caused perhaps by
heavy fertilizer or manure applications, would generate a more
intense demand for electron acceptors that under anaerobic
conditions would cause the N reduction sequence to be
accelerated. Such a soil would yield greater N,O emissions from
a mid—winter thaw than those hypothesized here [e.g. Flessa et
al., 1995], but under prolonged freezing might yield very little
because the reduction sequence would be forced to completion as
N,. It therefore appears unlikely that N,O emissions can be
modeled as simple functions of soil temperature or water content.

The ecosystem model ecosys simulates microbial oxidation-
reduction reactions under different soil amendments such as crop
residue [Grant et al., 1993a], fertilizer [Grant, 1993d; Grant,
1995] or manure, and under different soil management practices
such as rotation and tillage [Grant, 1997; Grant et al., 1995;

Grant and Rochette, 1994] or irrigation. By coupling these
reactions to aqueous and gaseous transport of reactants and

products, ecosys enables the effects of different amendments and
managements on N,O emissions to be estimated. These estimates
should recognize that emissions are controlled by spatial
variability in substrate concentrations at two scales of resolution:
(1) small scale (1 — 10 m) variability due to past C inputs and (2)
larger scale (10 — 100 m) variability due to topographic position
(slope, aspect, elevation). The first scale is recognized to a
limited extent in ecosys by calculating oxidation—reduction
reactions separately for each organic substrate. For example, a
small soil zone with a large concentration of easily decomposable
plant residue (i = y) (often called a “hot spot™) would generate a
large demand for electron acceptors (R'y,5 in (1)) and hence O,
(R'o,y,n in (2)). This demand, coupled to constraints imposed
upon O, transfer within the soil zone by dissolution (T, in (14))
and diffusion (Dg,in (2)) would increase the demand for
alternative electron dcceptors by denitrifiers (R, in (4) — (6)) and
hence the reduction of N. The demand for electron acceptors
generated by other organic substrates within the same soil zone (i
# y) would not be affected by the demand generated by the plant
residue, and the demand for alternative electron acceptors by
denitrifiers would be only indirectly affected through increased
competition for O,. The second scale of spatial variability is
recognized in ecosys by representing landscapes as grids of
north-south columns and east-west rows with defined soil
properties (e.g. Table 3) and defined slopes and aspects from
which relative elevations are computed. These slopes, aspects and
elevations are used in the calculation of heat, water, solute and
gas fluxes in three dimensions through the simulated landscape.
This representation of spatial variability has been used with the
model for N,O emissions described above to demonstrate that the
majority of N,O emissions from complex landscapes originate
from lower slope positions (R.F. Grant, unpublished data, 1997),
as has been measured experimentally. Further research at the
landcape scale is needed to test ecosys and other ecosystem
models in order to improve confidence in model estimates of
landscape-level emissions of N,O. These estimates could then be
used to arrive at regional estimates of N,O emissions.
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Notation’

A

s

Dgy

D'g,

Dinjc

ftll

foy

A,
e

AGy
AGy

Gu

air-water interfacial area in soil (mz m'z) 14).

gaseous diffusivity of gaseous substrate or product y in
soil (m” h™) (17),(18) and (20).

gaseous diffusivity of gaseous substrate or product y in
water at 30°C (m’ h™) (18).

decomposition of heterotrophs (g C m” h) (13).

aqueous dispersivity-diffusivity of O, in soil (m2 h'l)

2).

aqueous dispersivity-diffusivity of substrate or product
y in soil (m® h™) (15), (16) and (19).

aqueous diffusivity of substrate or product y in water at
30°C (m’ h™) (16).

volatilization-dissotution transfer coefficient (m h")
(14).

radius of heterotrophic microsite (m) (2).

radius of dy,, + water film at current water content (m)
).
partitioning coefficient forj in M; 5; (13).

fraction of electrons not accepted by O, transferred by
denitrifiers to N oxides (3).

temperature  function for microbial processes
(dimensionless) (1).
temperature  function for gaseous diffusivity

(dimensionless) (18).

temperature function for solubility of gaseous substrate
or product y (dimensionless) (14) and (19).

temperature  function for aqueous diffusivity
(dimensionless) (16).
water stress function for microbial processes

(dimensionless) (1).

free energy change of heterotrophic C oxidation - N
reduction (kJ g C') (12).

free energy change of heterotrophic C oxidation - O,
reduction (kJ g C") (12).

energy required to construct new M from P; ; (kJ g C")
(12)

£.

[v.l

[vel

[v.]

Kno,d

Kyoyd

Ky,0d

M;ha
Mihj.c
[NO, ]
[NO;]
N;0]

[Oum]

[Oxs]

[Pi,c]
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boundary layer conductance between the atmosphere
and the soil surface (h m™) (19).

concentration of gaseous substrate or product y in the
atmosphere (g m”) (19) and (20).

concentration of gaseous substrate or product y in the
gaseous phase of the soil (g m's) (14), (17) and (20).

concentration of substrate or product y in the aqueous
phase of the soil (g m"‘) (14), (15) and (19).

M-M constant for reduction of NO, by heterotrophic
denitrifiers (g N m”) (5).

M-M constant for reduction of NO; by heterotrophic
denitrifiers (g N m”) (4).

M-M constant for reduction of N,O by heterotrophic
denitrifiers (g N m”) (6).

M-M constant for reduction of O, by heterotrophs (g
0, m”) (2).

M-M constant for respiration of P; . by heterotrophs (g
cm>) ().

hydrodynamic dispersion coefficient (m) (16).
active biomass of heterotrophs (g C m™) (1) and (2).

biomass of heterotrophs (g C m™) (13).

concentration of NO, in soil solution (g N m”) (5).
concentration of NO; in soil solution (g N m™) (4).

concentration of N,O in soil solution (g N m”) (6).
number of active heterotrophic microsites (g") ).

0, concentration at heterotrophic microsites (g O, m™)
2.

0, concentration in soil solution (g O, m") ).

concentration of soluble decomposition products of S;
in soil solution (g C m™) (1).

vertical transport of gaseous substrate or product y
between the atmosphere and the soil surface (g m” h™)

@1).

vertical transport of gaseous substrate or product y in
the gaseous phase of the soil (g m” h™) (17).

vertical transport of gaseous substrate or product y
between the atmosphere and the gaseous phase of the
soil surface (g m” h™) (20) and (21).
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Q.

Q.

Ry

Rid

Rin

R'in

RMi, h

RNO2 id

RNo3 id

RNzoi, d

Ro,in

R'ozi,h
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vertical transport of substrate or product y in the
aqueous phase of the soil (g m™ h™) (15).

vertical transport of substrate or product y between the
atmosphere and the aqueous phase of the soil surface
(g m”h™) (19) and (21).

vertical transport of water (m’ m” h™) (15), (16) and
(17).

soil air content (m’ m”) (18).
soil porosity (m’ m”) (18).
soil water content (m” m”) (16).

electron transfer to N oxides by denitrifiers (mol ¢ m”
h™) (3), (4), (5) and (6).

specific oxidation of P; . by heterotrophs at saturating
[P;cl, 30°C and high water potential (g C g C" h™)
1.

oxidation of P;. coupled to reduction of N by
denitrifiers (g C m™ h™) (8), (9) and (11).

oxidation of P;. coupled to reduction of O, by
heterotrophs under ambient [O,¢] (g C m* h™) (7), (9) -
(11) and (13).

oxidation of P;. coupled to reduction of O, by
heterotrophs under saturating [O,] (g C m” h™) (1) and
.

maintenance respiration by heterotrophs (g C m” h™)
(10), (11) and (13).

NO, reduction by heterotrophic denitrifiers (g N m” h°
) (5), (6) and (8).

NO, reduction by heterotrophic denitrifiers (g N m’h
) @), (5), (6) and (8).

N,O reduction by heterotrophic denitrifiers (g N m” h™)
(6) and (8).

O, reduction by heterotrophs under ambient [Oy] (g O,
m” 1) (2), (3) and (7).

O, reduction by heterotrophs under saturating [Oy] (g
O, m*h™) (2), (3) and (7).

Ostwald solubility coefficient of gaseous substrate or
product y at 30°C (14) and (19).

exchange of gaseous substrate or product y between
gaseous and aqueous phases in the soil (g m” h™) (14).

T, tortuosity coefficient for aqueous diffusion (16).

Uine Pic uptakeby M;x(gC m” h") (10), (11) and (13).

U, root uptake of water (m3 m” h™) (17).

v sensitivity of T, to 0, (18).

2
v, sensitivity of 7, to 6, (16).

Yy  biomass yicld from heterotrophic reduction of N(g M g
C"y(11) and (12).

Yh biomass yield from heterotrophic reduction of O, (g M
g C™") (10) and (12).

z depth to mid-point of soil layer (m) (15), (17), (19) and
(20).

" numbers in parentheses indicate equation(s) in which variable is used.
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