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NLOSS: A MECHANISTIC MODEL OF DENITRIFIED
N,O AND N, EVOLUTION FROM SOIL

W. J. Riley " and P. A. Matson?

Soil microbial denitrification is a significant source of atmospheric ni-
trous oxide (N,0), a trace gas important in global climate change and
stratospheric ozone depletion. In this paper we describe a mechanistic
submodel, which is incorporated in the model NLOSS, designed to pre-
dict the soil biogenic source and efflux of N,O and N, during denitrifi-
cation. NLOSS simulates transient soil moisture and temperature, de-
composition, soil anaerobicity, denitrifying bacterial biomass, rates of
soil nitrogen transformations, soil trace-gas transport, and gas efflux to
the atmosphere. Uncertainty in predicted N gas eflluxes is computed us-
ing a Monte Carlo approach. We test NLOSS’s denitrification estimates
by comparing predictions with results from a 'SN tracer experiment in a
Mexican agricultural system. The model accurately predicted the mea-
sured soil moisture and denitrified N,O and N, fluxes during the exper-
iment. We also apply NLOSS to compute denitrified N trace-gas speci-
ation curves as a function of soil hydrologic properties and moisture
content. These speciation curves will be used in future work to extrap-
olate the plot-scale modeling results presented here to field and regional
estimates of N trace-gas emissions. The results presented here suggest
that NLOSS can be used to identify the processes most important for
trace-gas losses and to facilitate efforts to scale plot-level modeling re-
sults to regional estimates of N trace-gas emissions. (Soil Science
2000;165:237-249)

Key words: denitrification, N,O flux, N, flux, nitrogen cycling, mod-
eling.

HE intensification of agriculture has led to sig-

nificant environmental consequences. Glob-
ally, N fertilizer has increased from about 32 Tg N
in 1970 to 80 Tg N in 1990. N fertilizer use is ex-
pected to increase to about 140 Tg N y~' by 2050,
with two-thirds of this being applied in developing
countries (Galloway et al. 1995). Although these
increases in N fertilizer use have been critical for
increasing food production, they also have resulted
in increased leaching losses, eutrophication, and
trace-gas emissions (Vitousck et al. 1997). Most of
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the understanding of the consequences of fertilizer
use for N trace-gas emissions stems from work in
temperate zone, developed world agricultural sys-
tems. However, the shift in fertilizer use toward de-
veloping countries, where soils, climate, and man-
agement practices may be very different, suggests
that greater focus on gas emissions and their con-
trols is needed in these regions.

In this paper we focus on one impact of the
large increase in global nitrogen (N) fertilizer
use: the production of nitrous oxide (N,0) dur-
ing soil microbial denitrification. More than 70%
of the anthropogenic N,O source results form
fertilized agriculture (IPCC 1995; Mosier et al.
1998). The microbial process of denitrification,
which occurs in anaerobic soils, is a significant
component of this source. Microbial nitrifica-
ton, which occurs under acrobic conditions, also
contributes to the agricultural N,O source,
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N,O is an accumulating greenhouse gas and
currently accounts for about 8% of the estimated
anthropogenic contribution to global radiative
forcing (IPCC 1995). Additionally, N,O is stable
in the troposphere, but upon reaching the strato-
sphere is responsible, in part, for the destruction of
ozone. The dominant mechanism of N,O destruc-
tion is photolysis in the stratosphere, resulting in a
relatively long atmospheric life of about 120 years.

Séveral models exist that can predict N trace-
gas emissions from agricultural soils, ranging from
simple empirical representations to mechanistic
treatments of processes responsible for N trace-gas
emissions. Li et al. (1992) developed a mulalayered
model (DNDC) that predicts soil N cycling and
trace-gas effluxes; they also presented a review of
related models published through 1991. Grant et al.
(1993a and b) described and tested a mechanistic
model of N,O effluxes from saturated, anaerobic
soils. Parton et al. (1996) have developed a largely
empirical model (NGAS) that correlates soil NOy
levels, respiration rates, moisture content, pH,
temperature, and texture with N,O and N, efflux
estimates. Muller et al. (1997) also described an em-
pirically based model of N,O production via de-
nitrification and nitrification based on soil NO;
and NH | levels, soil temperature, and soil moisture.

Our goal in developing the denitrification sub-
model described here was to improve on previous
process models by including: (i) mechanistic treat-
ments of the soil anaerobic fraction, denitrifier bio-
mass dynamics, rates of soluble N transformations,
and N,O and N, fluxes within the soil profile; (ii)
estimating gas effluxes to the atmosphere based on
the surface concentration gradient; and (iii) esti-
mating the model'’s predictive uncertainty based on
input parameter and initial condition uncertainty.
In addition to describing NLOSS’s structure and
its denitrification submodel, we present a prelimi-
nary investigation applying NLOSS to develop
simplified predictors of N trace-gas speciation
driven by readily available meteorological, edaphic,
and management information. We intend to use
NLOSS in future work to develop alternative
management strategies that reduce the environ-
mental consequences of intensive agriculture while
maintaining the farmer’s economic return.

METHODS

Microbial denitrification occurs under anaer-
obic conditions when denitrifying bacteria switch
from using O, as an electrode acceptor to either
NOj, NOj, or N,O (Firestone and Davidson
1989). Soluble carbon provides the dominant
source of electron donors during this process. The
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N,O and N, molecules produced during denitri-
fication can migrate between the aqueous and
gaseous phases in the soil, diffuse through the soil
as gases, and be emitted to the atmosphere. In this
section we describe the NLOSS submodels de-
signed to predict soil N,O and N, production and
efflux during denitrification, and the "N tracer
experiment used to test the model.

Seil Moisture and Heat Transport

NLOSS simulates the transport of liquid wa-
ter, vapor, and heat with a finite-difference dis-
cretization of a one-dimensional soil column.
Riley et al. (2000) describe in detail the methods
used in NLOSS to compute the transient soil
water flux. Briefly, we apply a Richard’s equation
solution for transport of liquid water in the un-
saturated soil. The bypass model of Eckersten and
Jansson (1991) is included to account for water
flow through macropores. Liquid and gaseous
components of the water flux are coupled either
by (i) calculation of a latent energy loss using the
FAO Penman-Monteith technique (Allen et al.
1994), or (1) modeling vaporization within the
soil column and subsequent vapor transport (fol-
lowing Kondo and Saiguso (1994)). In this study,
we apply both methods of computing the soil-
surface vapor flux to determine the sensitivity of
our results to the prediction of soil evaporation.

Riley et al. (2000) also deseribe our imple-
mentation of the FAO Penman-Monteith method
of estimating evapotranspiration. In this submodel,
NLOSS uses hourly measurements of net radia-
tion, ground heat flux, air temperature, wind
speed, and humidity to estimate the evapotranspi-
rative flux. We apply the method of Rosenberg
(1974) to reduce the evapotranspiration rate for
very dry soils. The resulting “actual” evapotranspi-
ration is partitioned into soil evaporation and tran-
spiration by the methods described in Ritchie and
Burnett (1971) and Hanks and Ritchie (1991). As
described below, the data used in this paper to test
the denitrification submodel were gathered dur-
ing a pre-planting experiment (when fertilizers
are typically applied in our Yaqui Valley test site).
Under these conditions, the water vapor efflux
consists solely of soil evaporation.

We base our second method of estimating the
soil evaporative flux on the model of Kondo and
Saiguso (1994). With this technique, the vapor
content in the soil, g (kg kg™"), is computed as

MO~ Opa) O
ot dz g
where 8 is the soil water content (=), 8, is the
structural pore space (—), ( is time(s), z is the depth
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into the ground (m), E, is the evaporation rate into
the pore air (kg m™3s7!), p_is air density (kg m™3),
and F, is the vapor flux (kg m=2s71), defined as:
dq
=Df4 2
F, =D, e 2
Here D, is the molecular diffusivity of vapor in
air (m? 57", and fis a factor that accounts for the
reduction in diffusive transport caused by soil
grains and water (Millington 1959):

f=en (3)
where € is the air-filled porosity. The surface
evaporative efflux Q, (kg m=2 s71), is computed
as a gradient-driven flux between the top soil

layer and the atmosphere using a bulk transfer
formula (Kondo and Saiguso, 1994):

Q,=p,Cau (3(1) — q,) (4)

Here, C; is the bulk transfer coefficient for vapor
(=), u (ms7") is the wind speed, and g(1) and g,
(kg kg~") are the vapor contents in the top soil
layer and atmosphere, respectively.

In NLOSS the water transport equations are
solved iteratively with a fully implicit temporal
discretization. The solution procedure termi-
nates when the computed values of 8 at each
point in the soil change fractionally by less than
10~* over successive iterations. For the simula-
tions presented here, we used the following
measured hydrologic parameters from the
Yaqui Valley site: saturated hydraulic conductiv-
ity = 2.5 X 1075 m 57!, saturated matric poten-
tial = —0.0616 m, and slope of the water re-
tention curve = 9.5,

We compute the soil heat flux, F, (J m™
57"}, assuming Fourier conduction: -

4T
Fy= a4z (5)
where A (W m™' K™Y is the bulk thermal con-
ductivity and T is the soil temperature (K). The
DeVries model (1975) is used to approximate the
bulk thermal conductivity:

BA, + k(1= O\, + k, (6, — O,
=T Otk -6+k(0-0) ©)

where A, A, and A, are the thermal conduc-
tivities of water, soil, and air, respectively (0.57,
0.3, and 0.025 W m~' K71); and % and k, are
shape factors for soil and air, respectively (0.21
and 1.4). Equation (5) is discretized on the
same vertical grid as the Richard’s equation for
water flux and solved with an analogous ap-
proach,
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Anaerobic Fraction

Because microbial denitrification occurs un-
der anaerobic conditions, a mechanistic treat-
ment of denitrification should include an esti-
mate of soil anaerobicity. We have included in
NLOSS two models, based on two different ide-
alizations of soil structure, to estimate the frac-
tion of soil sufficiently anoxic for denitrification
to occur. By coupling a soil anaerobicity sub-
model to NLOSS’s representation of water, O,
and C dynamics, we can predict the transient,
vertically resolved anaerobic soil fraction.

The first anaerobicity model, based on Arah
and Smith (1989), assumed that soil is comprised
of spherical aggregates whose size and biological
activity follow lognormal probability distribu-
tions. Within an aggregate, the biological con-
sumption of oxygen follows Michaelis-Menten
kinetics. The second model is based on the rep-
resentation of Rijtema and Kroes (1991), which
considers the soil to be randomly distributed
cylindrical pores with uniform metabolic activity
and zero-order reaction kinetics. Both of these
models consider lognormal distributions for ei-
ther pore or aggregate sizes and, therefore, im-
plicitly allow for the development of microsite
anaerobicity. Arah and Vinten (1995) provide
functional relationships, based on statistical re-
gressions of model results, to simplify inclusion of
these two relatively complex techniques in
ecosystem models. The regression exercises gen-
erated very good fits (# = 0.998) for the simu-
lated anaerobic fraction. When included in
INLOSS, both simplified models produced com-
parable estimates of transient soil anaerobicity
following a wetting event (rain or irrigation).

The results presented in this paper were pro-
duced using the Rijtema and Kroes soil model.
For this case, the soil anaerobic fraction, ¢ (—), is
estimated as

@ = exp (—ar, *VPO,7 [8 + ye]®) )]

where 7, is the radius (m) of a typical air-filled
pore at moisture tension  (m), Vis the O, re-
action rate {mol m™3s7"), O, is the O, concen-
tration in the pore air {(mol m™3), y is the ratio
between the molecular diffusivity of O, in air
and water (—), and 4, @, 8, ¥, and & are con-
stants determined by regressions to model out-
put. Vis estimated from the reaction potential,
VP {mol m~*s7"), and the amount of labile car-
bon at a particular soil depth (see Table 1 for
values used in the simulation). Since it is a re-
gression model, there is no physical significance
to the structure of Eq. (7).
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TABLE 1
Parameters used in the anaerobic fraction model using the soil conceptualization of Rijtema and Kroces (1991)
Parameter - Description . - Units Valu::__
v, O, reaction potential mol m3 57! 20 X 1078
X Ration between the molecular
diffusivity of O, in-air and water
a,a B,y 8 Regression constants 1.5 X 1078,
1.26, 0.6,
0.6, 0.85

O, Transport and Consumption
We compute the O, flux, F,, (mol m=* s71),
within the soil profile assuming Fickian dynamics
‘(notice the similarity to Eq. (2)):
90,
oz

Fy, = Dozf (8)
where Do, is the temperature-dependent molec-
ular diﬂ-usg\!iry of O, mn air (m? s™") (Camullo et
al. 1983). The surface flux of O, into the soil is
driven by the concentration gradicnt between
the top soil layer and the atmosphere. In addition
to soil transport, O, is consumed by microbes in
the aerobic soil. This consumption, which estab-
lishes the soil O, deficit driving the surface flux,
occurs at the rate V' (defined above). Thus, fol-
lowing a wetting event, microbes consume O, in
the aerobic fraction of soil, turning the soil
anaerobic. The subsequent restoration of soil aer-
obicity occurs as a competition between micro-
bial consumption of O, and the supply of atmo-
spheric O, via diffusion from the soil surface.

Denitrification

Within the soil anaerobic fraction, microbial
denitrification follows the reductive sequence:
NO; —=NO; —»N,0—N,. We base our micro-
bial denitrification simulation on the model of
Leffelaar and Wessel (1988); Li et al. (1992) have
applied the same denitrifier kinetics in their
DNDC model. NLOSS’s denitrification sub-
model is summarized briefly in this section.

The denitrifier growth rates follow double-
Monod kinetics, with the relative growth rate, u,
(s7"), for each step in the reductive sequence
computed as:

I (O] [E]
W= MK T K+ (E)

©)

Here, ™ 1s the maximum relative growth rate
(s7") on electron acceptor i (i = 1, 2, and 3 for
NO7, NO3, and N,O, respectively), C is the la-
bile carbon concentration (kg C kg™"), E, is the

concentration of electron acceptor i (kg N m™3),
and K, and K| are half-saturation -constants for
carbon and electron acceptor i, respectively (kg
m ™). The microbial consumption of soluble car-
bon is modeled with the Pirt (1965) equation:

% = (L + mr]B

v (10)

]

where u = u, + u, + w, Consumption of
electron acceptors is computed as:

dE, M, E
— =" +m—|B 1
dt (11 m’EJ ¢

In Egs. (10) and (11), ¥, and Y, are maximum
growth yields (kg C kg™') on soluble carbon and
electron acceptor i, respectively; m_and m, are
maintenance coefficients (kg kg™' s7!); E is the
total mass of electron acceptors (kg N m3); and
B is the mass of bacterial carbon (kg C). Thus,
aqueous N,O and N, concentrations are func-

* tions of the relative consumption rates as de-

scribed by Eq. (11). For example, the contribu-
tion from denitrification to the aqueous N,O
concentration is computed as the difference be-

. dE _
tween the production [ 3) and consumption

dt
dE, o
[ df- ) of N,O. Denitrification produces aqueous

dE
N, at the rate [ d(3 ].Thereforc, with this tech-

nique there is no need to estimate the ratio of N,
to N,O production.

The net rate of change of denitrifier biomass is
computed as the difference between first order
growth and death rates. The bacterial growth rate
constant is based on the double Monod kinetics de-
scribed by Eq. (9), whereas the death rate constant
is based on carbon maintenance and growth yield
coeflicients. Following Leffelaar and Wessel (1988),
we assumed that the nitial biomass concentration
of heterotrophic bacteria was 1 X 1071 kg C kg



VoL, 165 ~ No. 3

soil~'; of this, the initial fraction of denitrifying bac-
teria was 2%. Soil N levels were initialized based on
measurements made at the site. The 1nidal labile
catbon concentration in the near-surface soil was
taken to be 25 X 107% kg C kg™, consistent with
the low organic carbon content in the Yaqui Valley
site and estimates presented in Li et al. (1992).
Estimates of nitrate assimilation, carbon and ni-
trogen mineralization, and immobilization of car-
bon and nitrogen are scaled to the growth and
death rates of denitrifiers. NLOSS computes the
time rate of change of each electron acceptor, for
biological effects, as the sum of changes associated
with microbial denitrification and microbial min-
eralization, assimilation, and immaobilization. In the
denitrification submodel of NLOSS, we use the
constants derived directly from the literature as
presented by Leffelaar and Wessel (1988); Table 2
presents these wvalues. Comparisons berween
NLOSS’s predictions under imposed conditions of
100% anaerobicity to results presented in Leffelaar
and Wessel (1988) were excellent. The predicted
development of denitrification products, under
these conditions, were also consistent with the re-
sults of Cho (1982) and Cooper and Smith (1963).

Decomposition
NLOSS’s prediction of soil carbon cycling is
based on the decomposition model developed for
DNDC (Li et al. 1992), which is derived from the
model of Molina et al. (1983). These models are
qualitatively similar to the CENTURY model of
Parton et al. (1987). Because, as we show later, the

TABLE 2
Parameters used in the denitrification submodel of
NLOSS (values are from Table 3, column 4 of Leffelaar
and Wessel (1988)). Parameter definitions are given
in the text and in the Nomenclature section,

Symbol "~ Substrate Units Parameter Value
e, X108 NO;7 57! 4.8
NO; 57! 4.8
N.,O 57! 2.4
K x 10 C kg C m™* water 0.17
NO; kg N m~3 water 0.83
NOZ kg N m~¥ water 0.83
N,O kg N m™* water 0.83
Y, X 107 € kgkg™ C 50.3
NO; kgkg ' N 40.1
NO; kgkg ' N 4238
N,O kgkg' N 15.1
m, X108 C kg C kg' 57! 0.21
NO; kg N kgt st 25
NO; kg N kg™ 57! 0.97
N,O kg Nkg's™! 22
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time during which the so1l is sufficiently anaero-
bic to support denitrification is short (~o(l d)),
decomposition during this period plays an in-
significant role in affecting the N trace-gas ef-
fluxes. Therefore, we present only a short descrip-
tion of NLOSS’s decomposition submodel.
Briefly, NLOSS models decomposition by di-
viding the soil carbon into three organic matter
pools: residues, microbial biomass, and humus.
These pools are further divided inte labile and re-
sistant fractions. Decomposidon is treated as a
pseudo-first order decay from each of these pools,
where the rate constant is a function of the pool’s
potential decomposition rate, soil temperature,
and soil moisture. Soil N cycling is tied to carbon
transformations because each transfer of C re-
quires a concurrent transfer of N. The varying
C:N ratios of the soil pools cause C flow limita-
tions to occur when there 1s insufficient N to
complete the transfer. Conversely, surplus N from
a C flow is returned to the soil mineral N pool.
We estimate additions to the soluble C pool from
fluxes out of the microbial and humads pools.

Agqueous and Gaseous Transport

Prediction of soluble compound and trace-
gas transport is an iimportant component of
NLOSS. Soluble compound transport via advec-
tion is included in the mass balance of electron
acceptors and carbon at each soil control volume.
In NLOSS, the advective flux of soluble com-
pound i, F, (kg th™2s7"), is computed as

F=C,Q (12)

where C,_ , is the aqueous concentration of com-
pound i (kg m™3) and Q is the bulk water flow
{m? s7"). For the simulations presented here, we
ignore dispersion of soluble compounds.

N,O and N, molecules produced in the soil
water can diffuse to the open pore air. Currently,
we assume instantaneous equilibrium between N
gases in the soil water and air. NLOSS estimates
the interfacial trace-gas flux by computing the
impact of net microbial N,O and N, production
on the equilibrium gas concentrations. We apply
equilibrium ratios for N, and N,O of 0.01686
and 0.6788 m® gas m™ water, respectively. The
smaller equilibrium ratio for N,, compared with
N, O, results in a substantially larger flux from the
liquid to the gas phase. This effect contributes to
a more rapid depletion of N, from the pore wa-
ter and, thus, from the soil column.

Once present in the soil air, the gases diffuse
vertically through the column to the atmosphere.
We compute the gas diffusive Aux analogously to
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Eq. (8), using temperature-dependent diffusion
coefficients. The efflux to the atmosphere is
computed by evaluating Eq. (8) at the soil-atmo-
sphere interface.

Monte Carlo Simulations

Each parameter and initial condition utilized
in NLOSS is uncertain to some extent. We apply
a Monte Carlo technique to estimate the impact
of parameter and initial condition uncertainty on
the model’s predictions of N trace-gas fluxes. For
this analysis, we assume lognormal distributions
for the initial conditions and soil hydrologic and
denitrification parameters. These distributions are
derived from estimates of the geometric mean
and standard deviation (GSD) of each parameter.
We have not yet included the effect of parameter
covariation (e.g., a relationship between the satu-
rated matric potential and hydraulic conductivity)
in this analysis. The Monte Carlo technique in-
volves performing many simulations, each with a
different set of parameters and initial conditions
chosen based on the assumed probability distri-
butions. A mean and uncertainty range for the pa-
rameter of interest (e.g., the N,O efflux) are then
computed from the ensemble simulation results.

A GSD of 1.2 was used for the probability dis-
tributions of the saturated hydraulic conductvity,
saturated matric potential, slope of the water reten-
tion curve, initial conditions for soluble carbon and
nitrate, and denitrifier kinetics parameters. The
Monte Carlo results were computed from an en-
semble of 200 model simulations. We report pre-
dictions of water-filled pore space (hereafter WFPS,
calculated as the percent of pore volume occupied
by water) and N trace-gas effluxes as the mean and
standard deviation of these simulation results.

Field Experiment

Model testing takes advantage of an on-going
field study in irrigated wheat fields in Sonora,
Mexico, where farmers typically apply about 250
.kg N ha~' as urea or anhydrous ammonia, mostly
prior to planting (Matson et al. 1998). We apply
data collected during a pre-planting "IN tracer
study to test the model’s prediction of denitrified
N,O and N, effluxes following an irrigation
event; Panek et al. (1999) describe the experiment
in detail. Soils in this area are coarse sandy clay
mixed with montmorillonitic clay (classified typic
clacicorthid), and have an average pH of 7.7 and
0.8% percent organic matter (Meisner et al.
1992). Briefly, replicated, paired soil plots were la-
beled with 25% a.e. K®"NO, or (®NH,),SO, ata
rate of 7% of the existing pool of NO; or NH],
respectively. During the 12-day experiment, soil
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samples were taken to 15 cm depth, and gas ef-
fluxes were measured at mid-day using 25-cm en-
closed chambers. Gas samples were removed from
the headspace at (), 10, 20, and 30 min with nylon
syringes. N,O gas samples were analyzed on a gas
chmmatog;aph with ECD. "N,O and “N, were
analyzed on a continuous flow GC mass spec-
trometer. By comparing fluxes and isotopic signa-
tures from the NO; and NH{ seeded plots, the
N,O efflux was partitioned into microbially den-
itrified and nitrified sources. Note that in this pa-
per, these experimental results are used solely for
model testing and not for model calibration.

RESULTS AND DISCUSSION

Hydrologic Model

Figure 1 compares NLOSS’s WEPS predic-
tions in the top 10 cm of soil to the experimen-
tally measured values over the course of the N
tracer experiment. For these results, the Kondo
technique of estimatng the evaporative water flux
was used. As is typical for a pre-plant irrigation in
the Yaqui Valley, the soil was flooded by adding
about 120 mm of water over a 6-h period. Similar
excellent agreement with the WFPS data was
found using the FAO Penman-Monteith tech-
nique to compute the evaporative water efflux.

Soil Anaerobic Fraction

Figure 2 shows INLOSS’s estimates of the soil
anaerobic fraction over the course of the experi-
ment for 0-10, 10-20, 20-30, and 30—40-cm
depth intervals. As the soil becomes saturated at the
beginning of the experiment, microbes quickly
consume the available O,, turning the soil anaero-
bic. Development of anaerobicity begins in the top

100 T
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'y - Predicted Maan
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&
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Fig. 1. WFPS predictions in the top 10 cm of soil over
the course of the '°N tracer experiment.
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Fig. 2. Predictions of soil anaerobic fraction over the
course of the "*N tracer experiment for scil depths of
0-10, 10-20, 20-30, and 30-40 cm.

soil layer and then progresses downward, with
about a 2-h delay to reach peak anaerobicity for
every 10 cm of soil depth. This delay mirrors the
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time required for water to move through the col-
umn and saturate each successive layer. As the soil
drains, O, diffuses into the profile from the surface,
and the soil reoxygenates. As described by Eq. (7},
the instantancous values of oxygen concentration
and soil water content control the predicted anaer-
obic fraction. Figure 2 indicates that the top 10 cm
of soil returned to an acrobic state after 2 days.
Thus, very little denitrification occurred in the top
10 em of the soil after 2 days. Deeper in the pro-
file, a portion of the soil remained anacrobic for up
to 6 days. Unfortunate]y,bcc‘.ause there is no effec-
tive technique to measure soil anaerobicity, we
have no means to test this intermediate prediction.

Soil N Concentrations

In the anaerobic soil fraction, denitrifying
microbes sequentially reduce aqueous NOJ,
NO;3, and N,O. Figures 3 (a), (b), and (c) show
predicted concentrations of soil aqueous NOj,
N,O, and N, respectively, over the 12-day field
expertment. As soil anaerobicity develops, NO;
concentrations in the top soil layer decline
rapidly. After about 1 day, the top soil layer NO;
pool has been depleted. The small peak in NO;
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Fig. 3. Predicted concentrations of soil aqueous (a) NO;, (b) N,O, and (c) N, over the *N tracer experiment
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concentrations during the first day in the lower
soil layers results from NO; leaching. Notice that
this peak shifts about 2 h for every 10 cm of depth,
corresponding to the time required for water to
move through the column. Once the deeper lay-
ers turn anaerobic, the consumption of NO; by
denitrifiers reduces the soil NO; concentrations
substantially. Microbial consumption of NO7 halts
when the soil returns to an aerobic state. As Fig. 2
" indicates, soil aerobicity is restored between 2 and
6 days after irrigation, depending on the soil
depth. Therefore, the impact of denitrifiers on the
soil NO; pool ceases after 2 to 6 days.

The rapid increase in aqueous N,O (Fig. 3
(b)) at the beginning of the experiment results
from the reduction of NO; (Fig. 3 (a)) and
NO; (not shown). About 2 days following irri-
gation, very little N,O is microbially produced
or consumed in the denitrification process be-
cause the soil has returned to a mostly acrobic
state. After this time, the decline in aqueous
concentration is governed by transport between
the aqueous and gaseous phases and subsequent
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diffusion through the soil column. Aqueous N,
levels decline more rapidly than N,O (Fig. 3
(c)), reflectung the large difference in equilib-
rium ratios.

The microbial production of aqueous N,O
and N, results in a gas flux into the open pore
space; these gases then diffuse through the soil
column and into the atmosphere. Figures 4 (a)
and (b) show the predicted soil N,O and N, gas
concentrations, respectively, over the 12-day
experiment. N, O persists in the soil longer than
N,. N,’s smaller equilibrium ratio and larger gas
diffusion coefficient result in more rapid move-
ment between the aqueous and gaseous phases,
through the soil and, therefore, to the atmo-
sphere. Also, N,O production continues longer
than N, in the deeper soil layers, contributing to
the more persistent N,O soil-gas concentra-
tions.

N Trace-Gas Fluxes
Figure 5 shows the measured and predicted
N,O fluxes from denitrification over the course
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Fig. 4. Predicted soil (a) N,O and (b) N, gas concentrations over the "*N tracer experiment.
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of the "N tracer experiment. The solid line is
NLOSS’s mean prediction for 200 Monte Carlo
simulations; the individual symbols represent the
measured fluxes. The two dashed lines bracketing
the predicted mean represent 1 standard devia-
tion of the Monte Carlo simulation results. Thus,
parameter and initial condition uncertainty result
in about a 30% uncertainty in the mean predic-
tion for the peak denitrified N,O flux (at about
2 days). Figure 5 demonstrates that NLOSS ac-
curately predicted both the peak magnitude and
temporal dynamics of the denitrified N,O sur-
face flux.

Measured and predicted N, effluxes are
shown in Fig. 6; NLOSS also accurately simu-
lated the magnitude and dynamics of the N,
flux. Significantly, essentially identical N,O and
N, efflux predictions were obtained using the
two methods of computing evapotranspirative
flux, indicating that the gas efflux predictions
are robust with respect to this calculation. The
extent and dynamics of the trace-gas effluxes
shown in Figs. 5 and 6 are consistent with ex-
perimental measurements made in irrigated
corn and barley by Moiser et al. (1986). Finally,
recall that the predicted N, flux results from
production and transport within the soil col-
umn and is not computed as a fraction of the
N,O flux, as is common in many current trace-
gas models.

The timing of the development of soil
anaerobicity and N trace-gas effluxes implies
that a substantial portion of the gas emitted to
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Fig. 5. Measured and predicted denitrified N,O fluxes
over the course of the 5N tracer experiment.
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Fig. 6. Measured and predicted N, fluxes over the
course of the "N tracer experiment. The peak mea-
sured N, flux was highly variable (see Panek et al.
(1999)).

the atmosphere occurred well after microbial
production of these gases had ceased. Model re-
sults suggest that the top 10 cm of soil had re-
turned to an acrobic state about 2 days after ir-
rigation (Fig.2). Thus, production of denitrified
N,O and N, within the soil column early in the
experiment led to effluxes up to 10 days later.
The characteristic time, 7 (s), for diffusive trans-
port of N trace gases from depth to the soil sur-
face 1s

Iz

T =
D

(13)
where L is the depth into the soil (m) and D is
the diffusion cocfficient (m? s~1) corrected for
porosity and soil moisture. The characteristic
time for N,O to diffuse to the surface from 30
cm depth (assuming a constant WFPS of 70%) is
about 3 days. This time scale is consistent with
the model’s prediction that production of deni-
trified N trace gases ended between 2 and 6 days
after irrigation, whereas diffusive soil effluxes
persisted for up to 12 days.

N Leaching

With the model we can examine the impact
of leaching on soluble N concentrations and N
trace-gas fluxes. For example, Fig. 7 shows the
aqueous concentrations of soil NO; for a simu-
lation where advective aqueous transport  has
been suppressed. Notice that, in the top soil layer,
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Fig. 7. Predicted agueous concentrations of soil NO; for an NLOSS simulation where advective aqueous transport

has been suppressed.

the NO; concentration does not become de-
pleted. Thus, leaching is an important mecha-
nism for transport of NOj; from the top soil
layer, even over the short ime during which the
water flux exists in the experiment.

Soluble N leaching also affected the N,O and
N, gas effluxes. Comparing Figs. 3 (a) and 7
shows that the impact of leaching 1s to reduce top
soil layer NO; levels while slightly increasing
NO; concentrations at depth. N,O production
in the deeper soil layers is increased by these
higher NOj levels. Additienally, the impact of
advective transport on N gas production is en-
hanced because the lower soil levels remain
anaerobic substantially longer than the necar sur-
face soil. The net effect of NO7 leaching was to
increase the integrated N,O flux from denitrifi-
cation over the 12 days by about 10%.

N Trace-Gas Speciation

Figure 8 presents NLOSS's predictions of the
fraction of total N trace-gas cmitted as cither
N,O or N, during denitrification. The curves
shown correspond to two soils: a sandy clay (typ-
ical of the Yaqui Valley) and a clay loam. Quali-
tatively, these curves follow the conceptualiza-
tion used in the ccosystem model CASA (Potter
et al. 1993) for computation of N trace-gas fluxes
at high WFPS. When using that approach, the to-
tal N trace-gas efflux is assumed to be 2% of the
estimated gross N mineralization rate. This rate is
then partitioned inte NO, N,O, and N, gas
Hluxes based on WFPS. In CASA, with all else be-
ing equal, the same WFPS in different soils will
result in the same speciation of N trace gases.

In contrast, Fig. 8 demonstrates that denitn-
fied N trace-gas speciation depends on both
WFPS and soil hydrologic parameters. This result

occurs because the effluxes of N,O and N, de-
pend on the development of anaerobicity and
substrate concentrations in addition to the soil
water content. Soil-water anaerobicity depends
on soil structure, soil-gas O, content, and WEPS,
all of which are related non-linearly to soil hy-
drologic parameters. Therefore, development of
anaerobicity following a wetting event will be a
function of soil hydrologic properties. Also, sub-
strate concentrations at any level in the soil col-
umn depend on water fluxes, which advect solu-
ble compounds deeper into the profile. Since
water fluxes depend on soil hydrologic proper-
ties, substrate concentrations will zlso be a func-
tion of these properties.

The advantages of the approach included n
NLQOSS and demonstrated here include the abil-
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Fig. 8. Predicted fraction of the total N trace-gas emit-
ted as either N,O or N, during denitrification. The
curves shown correspond to two soils: the sandy clays
typical of the Yaqui Valley and a clay loam.
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ity to mechanistically quantify the impacts of
edaphic conditions, soil N levels, and fertilizer
and irrigation management on denitrified N
trace-gas speciation. In future work, we will ap-
ply these concepts to the development of ficld
and regional scale models of N trace-gas cmis-
sions from soils.

CONCLUSIONS

INLOSS predicted the WFPS accurately
over the course of the 12-day *IN tracer exper-
iment. Additionally, NLOSS predicted the soil
moisture accurately at four soil depths over the
course of a 6-month winter wheat season (data
not shown). Accurate prediction of transient soil
moisture content is critical for determining soil
aerobicity, microbial transformation rates, and
trace-gas transport and emission to the atmo-
sphere.

In the simulated 12-day field experiment,
soil anaerobicity developed shortly after irriga-
tion, and the vertical development of anacrobi-
city followed the movement of water through
the soil. In the top 10 cm, the soil returned to an
aerobic state about 2 days after irrigation. Aerobi-
city was restored in the 30—40-cm layer after
about 6 days. This result implies that in the top
10 cm of soil, denitrification ceases about 2 days
after irrigation. Microbial denitrification and
production of N,O and N, continues for up to 6
days, however, in the deeper soil layers, and den-
iertfied N,O and N, emissions at the soil surface
continue for up to 12 and 6 days, respectively, af-
ter irrigation. We demonstrated that these pre-
dicted results are consistent with the characteris-
tic time required for a gas generated at depth to
diffuse to the soil surface.

INLOSS predicted both the magnitude and
temporal dynamics of the N,O and N, gas ef-
fluxes accurately over the 12-day experiment.
The Monte Carlo simulation results suggest that
parameter and initial condition uncertainty re-
sulted in about a 30% uncertainty in predicted
N,O and N, fluxes over the course of the exper-
iment. About one half of the integrated N,O and
N, effluxes occurred after near-surface microbial
denitrification had ceased. These HAuxes result
from gas production deeper in the soil column
and subsequent diffusion to the surface. Although
these conclusions are consistent with the experi-
mental results described here, alternative hy-
potheses are possible. For example, if near-surface
microsite anaerobicity were maintained substan-
tally longer than NLOSS predicted, trace-gas
fluxed comparable to those shown in Figs. 5 and
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6 could occur from extended gas production in
the near-surface soil.

The development of simplified models ap-
propriate for regional and global simulations re-
mains a goal of this research. Our preliminary in-
vestigations  indicate that simplified
relying on daily WFPS, temperature, and inor-
ganic N concentrations can be developed with

models

NLOSS. In contrast to previous models, how-
ever, applying NLOSS to this problem allows us
to account mechanistically for variations in
edaphic conditions, land cover types, soil N lev-
els, and fertilizer and water management strate-
gics.

In addition, we have coupled NLOSS to
CERES (a crop growth model, Hanks and
Ritchie (1991)) to perform whole-season esti-
mates of N trace-gas emissions from both nicrifi-
cation and denitrification and leaching losses
given specific management practices and envi-
ronmental conditions. We intend to use this
model to make recommendations to farmers that
will allow them to reduce the environmental
consequences of crop production while protect-
ing their economic return on investment.
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NOMENCLATURE
a regression constant (—)
B mass of bacterial carbon (kg C)
C. labile carbon concentration (kg C kg™")
Ce bulk transfer coeflicient for vapor (—)
C,. aqueous concentration of soluble com-
' pound i (kg m™?)
D diffusion coefhicient (m?s™1)
D, molecular diffusivity of vapor in air
(m?s™1)
D, molccular diffusivity of O, in air (m?
2 s7)
E total mass of electron acceptors (kg N
. m~?)
E, concentration of clectron acceptor |
(kg Nm™?)
L evaporation rate into the pore air (kg
m s ')
f reduction factor for diffusivity (—)



F, soil heat flux (J m™2s )

E advective flux of soluble compound i
(kgm2s 1

F, O, flux (mol m=2s" 1)

F, vapor flux (kg m=2s7")

k, shape factor for air (—)

K half-saturation constant for carbon (kg
m=7)

K, half-saturation constant for electron
acceptor i (kg m™3)

k shape factor for soil (—)

L depth into the soil (m)

m, maintenance coefhicient (kg kg™! s7)

m, maintenance coefhicient (kg kg™! 571

0, O, concentration m the pore air (mol
m3)

q vapor content in the soil (kg kg™ 1)

Q bulk water flow (m?s™ 1)

q, vapor content in the atmosphere (kg
kg™

Q, surface evaporative efflux (kg m=2s7")

T radius of a typical air-filled pore (m)

t time (s)

T soil temperature (K)

u wind speed (m s™')

|4 O, reaction rate (mol m™3s™1)

vV O, reaction potential (mol m=3s71)

Yi maximum growth yield on soluble car-
bon (kg C kg™!)

Y, maximum growth vyield on electron
acceptor i (kg C kg™")

z depth into the ground (m)

Greek letters
«, B, vy, regression constants (—)

€ air-filled porosity (—)
@ soil anaerobic fraction (—)
A, A, thermal conductivities of water, soil,
A, and air, respectively (W m~' K1)
A bulk thermal conductivity (Wm=' K1)
N growth rate (s7)
s relative growth rate on electron acceptor
£(s™h)
wr maximumn relative growth rate on elec-

tron acceptor i (s~

ratio between the molecular diffusivity
of O, in air and water (—)

air density (kg m™%)

soil water content (—)

structural pore space (—)

characteristic time (s)

moisture tension (m)

Note: (—) denotes a dimensionless parameter
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