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Abstract

In recent years concern has grown over the contribution of nitrogefeitiNizer use to
nitrate (NGQ°) water pollution and nitrous oxide §8), nitric oxide (NO), and ammonia
(NH3) atmospheric pollution. Characterizing soil N effluxes i®lesal in developing a
strategy to mitigate N leaching and emissions to the atmasplerthis paper, a
previously described and tested mechanistic N cycle model (TGQREAET-N) was
successfully tested against additional observations of soil pH a@deiissions after
fertilization and irrigation, and before plant emergence. We us8dGHREACT-N to
explain the significantly different N gas emissions and nittadehing rates resulting
from the different N fertilizer types, application methods, antl moiperties. The O
emissions from N -N fertilizer were higher than from urea and NQX fertilizers in
coarse-textured soils. This difference increased with decreagedilization application
rate and increases in soil buffering capacity. In cont@snhéthods used to estimate
global terrestrial gas emissions, we found strongly non-linegd Mmissions as a
function of fertilizer application rate and soil calcite cont&peciation of predicted gas
N flux into N,O and N depended on pH, fertilizer form, and soil properties. Our results
highlighted the need to derive emission and leaching factors tbatirgcfor fertilizer

type, application method, and solil properties.

1 Introduction

Anthropogenic input of reactive nitrogen to ecosystems has led to significant
environmental consequences [Galloway et al., 2003; Aber et al, 2003]. Use of nitrogen

fertilizers in agriculture has a direct impact on water {lN@nd atmospheric pollution



(N2O, NO, NH) [Vitousek et al. 1997]. Groundwater NTroncentrations exceed
drinking-water standards in many areBgrhes, 1990;Scanlon et al., 2007], resulting in
potential human health effects (i.e., methemoglobulineHtiih, [1996]). Elevated N©
concentrations in leachate and surface water can also lead to eutrophicatlas @fld
estuarieslfowrance et al., 1997]. Agricultural land also has been identified as the major
anthropogenic source of nitrous oxideQY [Mosier et al., 1998; IPCC 2007] and an
important source of nitric oxide (NOYilenger and Levy, 1995] entering the atmosphere.
Because the formation of these N species in soils is primarily through izakadih,
nitrification, and denitrificationBremner, 1997;McKenney and Drury, 1997; Firestone
and Davidson 1989], their release rates can drastically increase with @ leyates of
nitrogen from fertilization. Nitrous oxide () is an important greenhouse gas and is
also involved in the destruction of stratospheric ozdéBEE, 2001]. Nitric oxide (NO)
emissions contribute to the formation of tropospheric ozone and acid deposition
[McTaggart et al., 2002]. NH emissions affect the environment in the form of wet and
dry deposition of NH- salts, causing acidification of poorly buffered soils and
eutrophicationyander Weerden and Jarvis, 1997]. Such concerns have stimulated
extensive studies in recent years to identify potential mitigation optiomsdocing N
leaching and emission from agro-ecosystefkebf et al., 1997].

Several forms of N fertilizer are currently in use, resulting in diffeN
substrates (i.e., NH, NOs") for these loss pathway®4vidson et al., 1991] and plant
uptake. Ammonium undergoes nitrification under aerobic conditions, while nitrate is
reduced by denitrification under anaerobic conditid®@anfad, 1996]. There is strong

evidence of a connection between the magnitude of emissions and the type izBrfert



applied Clayton et al., 1997;Eichner, 1990]; and also for a link between jl@eaching
and fertilizer type Jiao et al., 2004].

Understanding the effect of fertilizer type on N losses in agricultwialsfiis
essential for developing a strategy to mitigate gaseous and agueous |ldeseghAboth
field and laboratory measurements have been made to examine how ferflezaffects
N loss, analysis of the plethora of factors involved in the coupled N cycle requires a
mechanistic modeling framework to generalize and extend the empiridal wor

There are a number of published models simulating soil water dynamics and N
turnover (e.g., RZWQM [Ahuja et al., 2000], DAYCENT [Parton et al, 2001], GLEAMS
[Leonard et al, 1987], BIOME-BGC [Running and Gower, 1994; Thornton et al, 2005],
PnET-BGC [Gbondo-Tugbawa et al. 2001], DNDC [Li et al., 1992]). All these models
consider soil inputs and outputs and simulate N cycle processes with varying dégrees o
complexity. Few existing models, however, are capable of accucatelyring the

observed effects of different fertilizer types on nitrogen losses (Erglking et al.,

1998]). Typically, processes such as nitrification and denitrification have been

represented in models as functions of substrate and available carbon that aedrbgdifi
dimensionless factors for soil water content and temperdtuetdl., 1992;Parton et al.,
1996]. Such simple models have limitations, however, particularly for examining
variability at fine temporal and spatial scales. For example, shorti¢enporal

variations in N emission and leaching are too large to be explained from simplerfsinct
of soil water content, temperature, or N and C substrBtaskiner et al., 1982;Flessa et
al., 1995;Hall et al., 1996;Hutchinson et al., 1997], indicating that N-losses are

additionally impacted by complex interactions among N transformation angdrans



processes and concurrent environmental conditions. Such interactions need to be
represented in models to simulate nitrogen fluxes relidbigdze et al., 2003]. The
kinetics of NH - oxidation and N® reduction pathways, which have been modeled
individually [Grant et al., 1993;Leffelaar and Wessel, 1988;Mcconnaughey and Bouldin,
1985;Riley and Matson, 2000;Venterea and Rolston, 2000a], must be linked with
transport processes [e.g., advection and diffusion] if they are to be used toeesktimat
losses under field conditions. This linkage is especially important during and iatetedi
after hydrological events (e.qg., irrigation, precipitation, spring thaw), wten N
transformation and transport are affected by water movehiemthinson et al., 1993;
Scanlon and Kiely, 2003]. There are very few models that include comprehensive N
transport and transformation dynamics. Some of the models, such as MIKESHE
[Refsgaard and Storm, 1995] and MODFLOW-MT3D [Harbaugh et al, 2000, Zheng, et al,
2000] are transport-oriented with less mechanistic treatment of N bicgameth
processes; and some, such as DAYCENT [Parton, et al., 2001] and SOILNILi et al.,
1992], have N turnover functions but with more limited transport features.

The goal of the work presented here was to merge representations of relevant N
cycle processes and thereby improve model accuracy. Our previous paperdiaEgg
2008] described in detail the mechanistic N model TOUGHREACT-N, which
implements N biogeochemical processes into the fully distributed (three domaihs
subsurface water flow and reactive transport model TOUGHREACT (Xu et al, 1998).
Here we present some update developments to TOUGHREACT-N. The updated model
includes comprehensive ion chemistry capable of simulating the application of

NH,"/NOs forming fertilizers and associated urea hydrolysis, pH dynamics, and pH



dependent Nglvolatilization. It also simulates dissolved organic carbon (DOC)
dissolution and adsorption in order to better describe carbon substrate dynamics.
TOUGHREACT-N was previously applied to a field experiment in Sacram@as, and
successfully simulated N speciation and losses following f&tibn and irrigation. Here,
we applied TOUGHREACT-N to a field experiment in Burgundy, France, to sindate
day pre-emergence N losses following multiple types of fertilizer agjgit. Transient
pulse emissions and N leaching after fertilization accounted for a largenpof N-loss
[Eichner, 1990;Henault et al., 1998]. Finally, after testing the model against observed
soil moisture, pH, and JD fluxes, we examined the effects of different fertilizer and soil
types on NQ@ and NQ leaching, and on transient NHN,O, and NO gas emissions

under different fertilizer application practices and environmental conditions.

2 Materials and Methods

2.1 TOUGHREACT-N model

The multiphase flow and transport model-TOUGHREA®@TuUgss et al., 1999;
Xu et al., 2005] was taken as the basis for the implementation of an N-Cycle model
(TOUGHREACT-N, Maggi €t al., 2008s]). TOUGHREACT-N simulates the soil N
cycle affected by climate, microbial activity, water and fertiliguts, and soil type by
coupling multiphase advective and diffusive transport, multiple Monod kinetics, and
equilibrium and kinetic geochemical reactions (Figure 1). Although TOUGHREAET ha
3D flow and transport capability, here we only discuss the 1D domain for simplicity.

Soil Moisture Dynamics



The model numerically simulates variably saturated water flow usiritaRis’

equation;

060 dw(6
% [ (9)[ [w () , ﬂ (1)
whered is the soils moisture, ang# ) andK(# ) are the water potential and hydraulic
conductivity, respectively, computed as functions of soil type according to van
Genuchten (1980).
Multiphase Transport

TOUGHREACT-N simulates chemical transport using a multiphase dbtine
advection-dispersion-reaction equation to describe chemical advection in the aqueous

phase and diffusive transport in the gas and aqueous phases. The model conceptualizes

the transient mass balance of chemical species in aqueous, gaseousd gidses as:

oC
aCa + Hg Dg g ) _ a(Vaca) + S
02 0z

0 0
a(eaca + chg + prs) = E(HaDa (2)

WhereC, , C4 andCs are the species concentrations (mél)rin the aqueous, gaseous
and solid phases, respectivety, and 6y are the volumetric fractions Gm3) of the
agueous and gaseous phase, respectpgly,the dry bulk density of the solid phase (kg
m™), va is the volumetric flux of the aqueous phase (), ®. and D4 are the effective
diffusion coefficient in the liquid and gaseous phase, respectivelyding effect of
tortuosity (nfs?), Sis the source/sink term (kghs?), t is time (s), and is the spatial
coordinate (m). A linear isotherm is used to relate specdesentrations in the aqueous
and solid phases, while Henry's law is used to relate specieeroations in the

agueous and gaseous phases.



Gas species diffusion coefficients are computed as a functioengdetature,
pressure, molecular weight, and molecular diameter. Assuming gdsabehavior, the

tracer diffusion coefficient of a gaseous species can be expressed as [Lasag, 1998]

RT 8RT

D =
° 3J27PN,d 2V M

®3)

Where Dy is the gaseous diffusion coefficient Ar®Y), R is molar gas constan, is
temperature (K)P is pressure (kg ths?), Na is Avogadro’s numben,, is molecular
diameter (m), and M is molecular weight (kg Mol
The Nitrogen Cycle
A full description of inorganic N biogeochemicabpesses in TOUGHREACT-N can be
found in Magagi et al., [2008]. Briefly, four maM-cycle pathways (nitrification, nitrifier
denitrification, denitrification, and chemo-deritation) (Table 1) were implemented to
model N-losses and their partitioning between gasemd aqueous phases. The reaction
network and transport mechanism used in TOUGHREAO$-depicted in Figure 1.
Nitrification, Dentrification and Aerobic Respiration

Multiple-Monod microbial growth and substrate iaition kinetics are used to

describe each step of nitrification, denitrificatiand aerobic respiration:

Ny C. K,
S =B L ' f(S H). 4
1 |:u|lk_[ KMi’k"FCi'k K||+|i ( 9)g(p ) ( )

3
Here,S is the reaction rate of th8 aqueous species [molis'], B; is biomass [moln],
i is maximum specific growth constant'[sCiy is the concentration of thé" species
[mol m?], I; is the concentration of th& inhibitor [mol M| (e.g. Q), Kuix is thek"

Monod half-saturation constant of tiespeciesNn, is the number of Monod termis;; is



ith inhibition constant/; is i" inhibitor concentration, and(S)) and g(pH) are two
piecewise linear functions accounting for microbiedter and acidity stress. Finally,
stoichiometric production or consumption is simetatby multiplying § by the
corresponding stoichiometric coefficients based maction equations. Note that
dissolved oxygen concentration is explicitly simeth based on the balance between
diffusion and consumption from stoichiometric relaships. Oxygen inhibition effects
on denitrification are simulated by introducing iahibition relationship (analogous to
9(pH)).

Microbial Dynamics

The dynamics of each microbial biomas) (s assumed to satisfy the Monod
equation:

B_ysy.o8 ®)
ot c

with Yic the vield coefficients foB; to grow upon the substrate ¢ [mg MigIS. as in Eq.
(3) for each substrate c, afidhe biomass death raté's
Chemodenitrification
Chemical decomposition of nitrite plays an impottaxte in NO emissions from acidic
soils [Venterea and Rolston 2000he contribution of chemical decomposition of HNO
into HNG; and NO was taken into account by the reaction:

3HNO, — H,0+ HNO, + 2NO(aq) . (6)
TOUGHREACT-N assumes first-order kinetics for thémaction based on the study of
Venterea and Rolston [2000].

pH Dyanmics



TOUGHREACT-N simulated temporal change in soil pif directly predicting, and
consumption estimated from stoichiometric reactguations (Table 1b&c in Maggi et
al., 2008).

Dissolved Organic Carbon (DOC)

Different sizes of organic matter pools exist ia Hoil. In the present study we simplified
the soil carbon dynamics by taking into accounnhgle organic matter pool, Particulate
Organic Carbon (POC). Give the long time scalesodfcarbon turnover (from days to
centuries), this simplification is not expectedfttect predicted N dynamics over the
monthly time scale considered in this study . Nbtg POC can not be used directly by
microorganisms. Hydrolysis and solubilization aéske compounds are necessary steps of
latter microbial energy or growth use. This proaesy act as a source of labile DOC,
which is later subject to transport processes,(adyection and dispersion). Based on the
DOC adsorption studies of Jardine et al-[199Xjnatic dissolution model is used to

simulate the release of DOC from POC. The modeltimas$ollowing form

dl:;%:ax(kdeOC—POC), (7)

where POC is the mass of solid organic carbon pigmass of solids (MM solids),a is
a first-order mass transfer coefficient (1/T),iK a linear distribution coefficient for the
layer (L* water/M solids), and DOC is the dissolved orgamitbon concentration (ML
water).

In TOUGHREACT-N, DOC is competitively consumed bgnAgonium Oxidizer
Bacteria (AOB) and Denitrifier (DEN) during denfication, and by other hetertrophic

and aerobic microbes (AER) during respiration, itesyin CO, production (Figure 1).
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Cation Exchange

Soil buffering capacity plays a central role inukdging NH; volatilization and
soil microbial metabolism. Soil pH is buffered migity exchangeable base cations in
both mineral and organic form. In TOUGHREACT-N,ioatexchange is described as an
equilibrium reaction between an exchangeable cai@han exchange site. We apply the
Gaines-Thomas convention as a general expressioatioh exchange reactiondgpelo
and Postma, 1993]. The concentration of tH& exchanged cation, wmol m?), is

estimated from thg™ equivalent fraction:

_ d-4)
W, = ﬂjCEC,oszj 100/ , (8)

wherep; is the equivalent fractiofCEC is the cation exchange capacity (meq of cations
per 100 gram of solid)is the porosity (M m™), ps is the density of the solids (g &)
andz; is the cation charge (-).
Urea Hydrolysis

TOUGHREACT-N simulates the N-cycle transformatiohseveral widely used
N fertilizers, including urea, anhydrous ammonianpzonium, and nitrate based
fertilizers. When applied to soil, urea is hydradyzoy the ubiquitous urease enzyme,
producing NH and other inorganic C compounds whose form dependwil pH.

TOUGHREACT-N computes urea hydrolysis according to:

CO(NH,), + H* +2H,0 = 2NH," + HCO,” 9)

TOUGHREACT-N simulates the urea hydrolysis ra&e, (@ m° s*) as a function of soil

pH and moistureYoussef et al., 2005] using Michaelis-Menten kinetics.

11



R, = £(S,)a(pH)4, (KCT”C)(g) (10)

where 4, is the maximum reaction rate'(5 K, is the half-saturation constant (g3n
andC, is the urea-N concentration (g f(S,) andg(pH) are two piecewise linear

functions accounting for microbial water and agiditress.

2.2 Model Evaluation
For this study, we used observations from a ragzkeld on a gleyic luvisol

located at Longchamp in Burgundy in eastern Frémee March-Apr 1997 to test
TOUGHREACT-N Henault et al., 1998]. The inorganic fraction of the 0 - 20 cryda

of this soil contained 20% clay, 69% silt, and 1486d, which falls into silt loam
textural classes. The porosity of 0.46 was adags$eal typical value of silt loam for later
simulation. The organic C content, organic N cofteH and bulk density in this depth
interval were 1.1%, 0.09%, 6.& 0.3), and 1.40 g ci respectively. In the experiment,
four different inorganic nitrogen fertilizers weaipplied in solid form: Ammonium
Nitrate (NHsNO3); Ammonium Sulfate (NH)2.SO,); Urea (CO(NH),), and Potassium
Nitrate (KNQO;) on March 3 (corresponding to time zero in ouridations) at a dose of
100 kg N h&, and on March 18 at a dose of 70 kg N'havailable measurements
consist of soil water content (integrated from @ 7ocm depth), pH (mean value of 0-20
cm depth), and pD fluxes by static chamber method at various times the
subsequent five months. To focus our results opéned before plant emergence, we

tested the model with the first 31 days of measergmatfter fertilization.

12



2.3 Simulation Description

We selected a set of chemical species (Table Zepeoesent the geochemical
system in the field. Fifteen primary species wearesidered in determining the ion solute
chemistry. Secondary species were produced by agusmmplexation, gas dissolution
and exsolution, and precipitation and dissolutioctuoring under equilibrium and
kinetically-controlled conditions.

For our numerical experiments, we used a one-dimeakvertical column 0.6 m
deep divided equally into 50 layers. The columntlkdegncompasses the dynamically
active zone for N-cycle reactions in the agricudtdreld experiment described in Henault
et al. [1998].

Initial and Boundary Conditions

Prior to simulation of fertilizer application, aoakel spin-up was performed to
calculate initial soil water chemistry, a nearlyuéitprated N free water chemistry using
oversaturated C©O produced by microbial respiration interacting wghbil buffering
capacities (i.e., ion exchange and calcite). Thée-sp simulation of chemical
equilibrium (i.e., CaC@H,0-CO, system) was calibrated by initial soil pH of 6 §ext,
the initial conditions were assigned accordinght® observed initial values, or obtained
from calibration with observations (Table 4). Siatidns with different fertilizer types
were performed by initializing the relevant N s@sctoncentrations. Surface broadcast
of fertilizer was simulated by assigning fertilizeoncentrations in the top soil control
volume (0-1.25 cm depthT @ble 3).

The bottom boundary condition for water saturatiwas fixed at 0.45, as

observed in the field. Initial water saturation vwsat as 0.82 between 0-10 cm and 0.8

13



between 10-60 cm (Table 4) by calibration with aotsed soil moisture. Per reported
values, the irrigation flux was set as 350" m* H,O m?s* for 3 hours on day 15.
Partial pressures of the gaseous species at theusfaice were kept constant and equal to
0.209 bar for @(g) and to 4x 10 bar for CQ (g), and equal to zero for all other gases.
Surface fluxes of NO (g), M0 (g), Nx(g), COG: (g), NH3(g), and Q (g) were computed
from soil-surface concentration gradients. N leaghiux was estimated as the product
of aqueous concentrations at depth and the sintNedger flux.

Model Calibration and Testing

A first calibration of the flow model was performeéo determine optimal soil
hydraulic parameters. A stepwise calibration w&ena since the simulated N transport
and transformation strongly depends on the accussimulated soil moisture.

Calibration was assisted by PEST [Parameter ESiomaPapadopulos and
Associates Inc.] to minimize the weighted leastasquobjective function between
experimental and simulated data of liquid satumatising the Levenberg-Marquardt
method. For calibration of biochemical parameters wsed the weighted objective
function between experimental and simulated dafatbénd NO fluxes. A classical split
sampling in data type test was conducted usingléte set from (NSO, and KNQ
treatments for model calibration and the datareeh NH;NO3; and CO(NH), treatments
for model testing.

The soil was modeled as a silt loam with partieasity of 2.6 g cri, porosity of
0.46, permeability of 3.82 10" m? residual water saturation of 0.001, and van

Genuchten parameter of 0.62. Biogeochemical pasmeere taken from literatures or

14



derived from calibration (Table 5). The remainingdeochemical parameters can be

found in Maggi et al. [2008].

3 Results

3.1 Model testing

TOUGHREACT-N simulated soil moisture content aetely in the 0-17 cm
depth during the observation period (Figure 2 &g $oil moisture dynamics have a
strong influence on predicted soil aerobicity,radicated by the lower oxygen
concentration in the pore water in the 0-5 and SrhQdepth intervals following both
irrigation events (Figure 2b). After the firstigation, microbes quickly consumed the
available Q, turning the soil into anaerobic. As the soil dead, Q diffused downward
from the atmosphere, and the soil re-oxygenataegir€i2b indicates that the top 5 cm of
soil was more oxic than the deeper (5-10 cm) Relatively low oxygen availability
lasted as long as five days in response to eagation event. Although soil ©
concentrations were not measured during the expatinour predictions are consistent
with Sierra and Renault (1998), who observed thai® concentratiomt 0.2 m depth of

a hydromorphic soil decreased 0.09 within 3 datexr &f rainfall of~40 mm.

Table 6 provides the model performance statisacH and NO prediction. For
soil pH predictions, the model efficiencies (NSEBsN and Sutcliffe, 1970) were 0.63,
0.73 and 0.73 for the calibration, validation, &oi@l, respectively. For XD emission
predictions, the NSE for the calibration, validatiand total were 0.80, 0.46 and 0.62,

respectively.
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TOUGHREACT-N generally captured the temporal pHerat resulting from
application of different fertilizer forms (Figure B?=0.73; Figure 5A). Both (Nk)>SO,
and NH;NQO; fertilizer applications caused a rapid drop ofghkd to nitrification
followed by a gradual recovery to neutral condisiowhile KNQ; application did not
show significant pH decline throughout the simwatperiod. During the first day after a
urea application, there was a rapid rise in soilggHirea hydrolysis proceeded, followed

later by a pH decrease caused by nitrification.

TOUGHREACT-N estimated pO fluxes from different fertilizer forms
reasonably well, including the onsets, peaks, @awlehses over time (Figure 4).
Generally, the simulated,® flux matched the observations welf(@0.63; Figure 5B).
The second D peaks were relatively poorly estimated compaoetie first peaks. We
note, however, that the measurement frequency elasvely low, and these peaks in
N.O fluxes may have been missed during sampling. TBREACT-N captured
observed cumulative JO fluxes very well (Figure 7 a).

Peaks in NO flux coincided with fertilizer and irrigation alpgation. NeO
emissions occurred rapidly over the first seveagisdfor NH,NO3 and (NH,).SO,
applications (Figure 4 a & b). These dynamics veangsed by rapid microbial growth
(Figure 6) and the accompanying biological reacistimulated by water and substrate
availability. In contrast, BO fluxes remained low in KN©due to initially low soill
denitrifier abundance. The predicted lowONfluxes were consistent with incubation
experiments at the Lonchamp site, which showed gdenoitrification potential (Henault
et al, 1998). In the urea treatmenpNfluxes were initially low and then increased

strongly starting from the second application. Loyweedicted initial NO emissions in
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the urea treatment were due to the lower avaitgitwfi NH;*-N from urea hydrolysis.
This reduced Nif availability was due to the delay of AOB growtligiire 6).

The type of fertilizer had a large effect on préelicsoil microbial dynamics. In
the top 5 cm of soil in the NHNO3, (NH4).S0O,, and CO(NH), treatments, AOB
concentration increased initially in response to,NBupply. In the NINO3 and
(NH4).SO, treatments, the peak of AOB growth migrated doewtibecause of NO
leaching. In the CO(NE). treatment the peak AOB concentrations remainedthea
surface since its solid form did not migrate dowrov@igure 6). The absence of hH
from the KNG; fertilizer caused a decline of AOB in the surfaod. DEN biomass in all
treatments showed continuous growth onsNE@ming either from the input directly (i.e.,
NH4NO3 and KNQ) or from nitrification (i.e., CO(NH), and (NH,).SO,) (Figure 6).
DENs showed a much smaller peak than AOBSs, ingigahat the conditions were less
favorable for denitrification. As for the AOB, ti¥EN biomass front migrated
downwards in response to NOeaching. KNQ fertilizer application resulted in a
maximum growth of DEN'’s fueled by the large NSupply.

The 31-day cumulative N-losses were significantfgced by the form of
applied N fertilizer (Figure 7). The correspondMgO emissions were 690, 879, 527,
and 292 g N hé for NH4NO3, (NH,4)>SOs4, Urea, and KN@ fertilizer, respectively,
representing 0.28%, 0.36%, 0.21%, and 0.12% o&pipdied N, respectively. The
relation between our predicted cumulative ]\#hissions are
CO(NH,)2>(NH4)2S0O,>NH4NO3; >KNOg3 (Figure 7 b). The leachate fluxes were
computed at 20 cm depth due to the short simulg@viod of this study. The order of

cumulative N-leaching from fertilizer types depetids NO;~ concentration depth.
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Consequently, KN@fertilization led to the maximum leaching fluxedléwed by
NH4NO3, (NH4)2S0O,4, and CO(NH)., fertilizers (Figure 7 e). CO(NH, had the least
NO, and NQ"leaching among all the fertilizer forms becausés$low production of
NO," and NG~ from nitrification.

Our results showed that cumulative NO an@®Mmissions following nitrate
fertilizer (i.e., KNG;) application were two to three times lower thamframmonium-N
fertilizers. The differences were due to differengenitrification rates with higher
activity in soils receiving an NH fertilizer, which is confirmed by higher AOB biosg
than DEN biomass (Figure 6). To better understhadrtteractions and mechanisms
leading to NO emissions, we performed a series of sensitivighges to characterize
how fertilizer type and amount, irrigation, andldgpe impact cumulative N emissions

in this system.

3.2 Fertilizer Amount

The N biogeochemical cycle depends primarily obstate availability and
interaction among microbial populations. The inseeaf NH,* and NG~ from fertilizer
induces higher rates of microbially-induced nitdfiion and denitrification. These
increases in reaction rates, however, can be diffedepending on the affinities of
microbes to substrates. Thus, the disproportiobaédgeochemical reaction rates may
cause different changes in relative N-losses beatwiegtilizer-type treatments. To
illustrate these relationships, we calculated thenuative N losses for fertilizer
application rates increasing from 50 to 400 kg N 1800 kg N h& corresponds to the

reference application).
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Cumulative N-losses depended strongly on fertilizzanount (Figure 8a),
primarily by impacting substrate supply. BHKolatilization from CO(NH), increased
more than those from NMO3; and (NH,).SO, fertilizers because the alkalinity effect
by CO(NH,), accelerates NElvolatilization. Negligible NH emissions were predicted
for KNO3 fertilizer due to the absence of NWH Consequently, the differences in
cumulative NH volatilization between CO(N§J, and other fertilizers increased with
fertilizer amount. CO(NHK), fertilization emitted 8.8 and 40 times more Nlhan
NH4NO; fertilizer under the 50 and 400 kg N h&reatments, respectively.

Increasing fertilizer amount diminished differengescumulative NO and pO
emissions from different fertilizer types (Figurk)8In other words, cumulative NO and
N.O emissions under CO(NBb fertilization increased with fertilizer amounts rao
rapidly than under NENO3 and (NH,).SO, fertilization because the alkalinity induced
by CO(NH,), relieves microbial acidity stress. Under the 50\kga’ treatment, NH*
fertilizer emitted 1.6 times more NO than CO(NHfertilizer, while only 1.2 times
higher than CO(NHK). under the 400 kg N Hatreatment. Similarly, CO(NJ» showed
a more rapid increase of cumulativeQNemissions with increased fertilizer amount than
other fertilizer treatments. Consequently, at higleetilizer application rates (i.e., >200
kg N/ha), urea had the highest®lemissions among all fertilizers tested here.

In contrast, increasing fertilizer amount exagtgdahe difference of cumulative
solute leaching from fertilizer types (Figure 8arfexample, N@ leaching from KNQ
is 13 and 1.7 times higher than (NSO, and NH,NOg3, respectively, in the 400 kg N

ha’ treatment, compared to 7 and 1.2 times in thekg0® ha' treatmentFigure 8 e).
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3.3 Effect of soil pH

Soil pH significantly impacted microbial dynamiesid therefore the N cycle.
Additionally, pH is subject to a feedback by whigtotons are consumed and produced
during biogeochemical processes. One of the adgastaf TOUGHREACT-N is its
mechanistic representation of pH dynamics. For baityg we considered only calcite
content among many potential buffers (e.g., iorharge capacity, etc.) to study soil pH
effect on N cycling. Soil pH and CaG@ontent are coupled due to the buffering capacity
of CaCQ, i.e., increases in CaG@ontent lead to increases in soil buffering capaci
The predicted faster microbial growth rates in haglficite fraction soils correlated to a
reduction of acidity stress on microbes (not showpnedicted relative impacts of
fertilizer type on NH emissions did not change significantly with saiffering capacity
(Figure 9 a). The NO emission from the NHertilizers decreased with increasing
calcite content, which we attributed to NO produbgdchemodenitrification\fenterea
and Rolston, 2000b] at low pH. The change, however, is sneditive to the change in
N.O emissions (Figure 9 b and c) because of the astiig effects of increasing pH on
chemodenitrification and the microbial productidriN®.

The dynamics of soil pH was influenced by soil lkeufig capacity (i.e., calcite
fraction) and had significant impacts on cumulatiz® losses, with predicted three- and
five-fold increases for NENO3 and (NH,).SO, as calcite fraction increased from 0.02%
to 0.5% (Figure 9 c). Compared to the reference,cthe model simulated a larger
variation of NO fluxes at 0.5% calcite fraction (1975, 3756, 4drig 508 kg N ha for
NH4NOg3, (NH4)2SO4, urea, and KN@, respectively). Thus, in soils with high calcite

content, and therefore more buffered against pHhgbs, NH* fertilizer would be
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expected to emit much more,@ gas than CO(N}), and NQ fertilizers for the same
fertilizer amount.

Differences in cumulative N leaching between fedr types decreased with
increasing soil calcite fraction (Figure 9). Themasing N-leaching with increasing
calcite fraction was due to enhanced denitrificativat depleted the NOpool in the
upper soil layers. The enhanced denitrificatioe edt0.5% calcite content induced
attenuated N@ fronts in vertical profiles compared to those 8206 calcite content
(not shown).

TOUGHREACT-N predicted differentJ0 gas emissions and.@®/N, ratios as a
function of initial soil pH for N@ and NH;™ fertilizer treatments and two soil types: a
clay loam (Figure A) and a sandy loam (Figure Blese simulations were run by
removing the solil buffering capacities (i.e., c@aontent and ion exchange capacity),
which would otherwise mask effects of initial pHer&rally, the NO emissions and the
response to pH changes for clay loam were largar those for the sandy loam,®l
emissions increased nonlinearly with soil pH witb-fold increase for a pH change from
5to 7 in sandy loam (Figure ). The®!N, emission ratio negatively correlated with pH
for clay loam, and showed a maximum at pH of Gstamdy loam soil. The XD emission
and NO /N, of the NH;" treatment were more sensitive to pH change thaN®

treatment.

4 Discussion

Simulated NH-N loss from the Longchamp site is significantlfeated by

fertilizer types. NH volatilization depended on: (1) the Nttoncentration developed at
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the soil surface and (2) the changes in pH thaewentrolled by the fertilizer application,
soil buffering capacity, and microbial activitlylkhabela et al., 2006]. The first factor,
NH. * concentration, was the dominant reason for whicmamum-N fertilizers had
much higher potential for ammonia to volatilize gared to nitrate-N fertilizer. The
second factor, pH, directly affected the equilibribetween NEI* and NH. Thus, the
alkaline reactions of urea hydrolysis resultednnrerease in pH and a significant NH
volatilization (one order of magnitude higher ttwher fertilizer types) (Figure 7 b). The
simulated low NH volatilization in the current study was due to #ugdic soil and high
soil cation exchange capacity (CEC). Where thewsad buffered at pH values less than
~7, the dominant form of ammonia-N was NHand the potential for volatilization was
small. Large soil CEC (i.e., high NF adsorption) tended to reduce B¥blatilization
potential by reducing the Nf soil solution concentration on exchange sitestand
reducing pH (i.e., releasing’H

The effects of fertilizer forms on N gas emissiansl NG~ leaching were
strongly dependent on soil properties. Soil textomgacts soil moisture, which directly
influenced gas diffusion and soil oxygen availdapilAs a result, nitrification was the
predominant source of NO and® emissions in coarse texture soils. Consequehtty,
availability of substrate for nitrification (i.a\H,") determined the magnitude of nitrogen
gas emissions. JO emission from nitrate fertilizer (i.e., KNPwas shown to be lower
than from ammonium fertilizers in sandy soils (Fga0 B.). Our simulations also
showed higher ND emissions associated with clay loam than santdlyeggardless of the
form of N input. This prediction was consistentiwexperimental observations which

have shown that fine textured soils and restridi@ihage favor BO emissionsVelthof
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and Oenema, 1995]. The lower hydraulic conductivity of thedi textured soil (i.e., clay
loam) led to slower drainage rates and higherraoikture than in the sandy loam soils.
The higher soil moisture increased the period wkeieO, was depleted, leading to
enhancements in denitrification rates and NO ay@ &missions. Thus, nitrate-N
fertilizer may reduce NO and2 emissions (but not N-leaching) in well-aerateitsso
while ammonium-N fertilizers may be more suitatldgoorly-drained soils.

Soil pH had a large influence on predicted N ledseimpacting the three most
important processes that generate nitrogen gageendenitrification,
chemodenitrification, and denitrification. On theechand, simulations showed that
cumulative ND emissions under field capacity conditions de@eéasith increasing
calcite content. Lower initial acidity decreaseab#b NO production, which are
typically more important under acidic conditiongg(eHNO, decompostion). On the
other hand, our study showed that the cumulati¥® Bmission increased with
increasing calcite content (Figure 9). This lategult is in agreement with Clough et al.
[2004], who found increasing D emissions in response to increasing pH at saudirat
soils from a urine patch. Increasing denitrificatedong increasing pH due to acidity
stress release would exceed any effect of deciggabintic N-gas production.

The current N- biogeochemical models are based tippassumption of products
ratios (i.e.NO/N,) independent of soil pH (Parton et al., 1996 eltial., 2000). In
contrast, our study demonstrates that N traceqgasaion depends on pH, N-substrate,
and soil properties. This behavior emerges beddugas effluxes depend on the
substrate and the soil pH before and after featilon. Soil pH dynamics is determined by

the biogeochemical reactions (which are also atfonof pH), and soil buffering
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capacity. Also, soil oxygen and substrate availgtilepend on biogeochemical reactions
and soil hydrological properties that influencd smisture and advection and diffusive
transport. As a result, N gas effluxes are relatmulinearly to soil pH, soil properties,
and N-substrate form and concentration. Our sitrulaesults showed that these ratios
depend on soil pH, N-substrate, and soil textdieus the validity of applying

empirically derived predictive functions based onstant fraction of N species is
guestionable. The approach presented here allotesraschanistically quantify the
interaction of multiple N-cycle controlling processunder large temporal and spatial

variability.

5 Conclusions

We further developed and tested the N biogeoch@miodel TOUGHREACT-N
by including application of different mineral N fidizers, and water and chemical
transport mechanisms (e.g. water percolation, ctarphase partitioning, advection, and
diffusion, etc). We then applied TOUGHREACT-N toagricultural field experiment in
Burgundy, France. The model performed well and gtbgreat promise in modeling NO,
N>O, and NH emissions and Nfleaching from agro-ecosystems undergoing
fertilization and irrigation.

Model simulations showed the relation between Ndssfertilizer type,
fertilization practices, and soil conditions. Tiesults that have direct implications to
fertilizer management practices include. (i) soélseiving relatively small amounts of
fertilizer (<100 kg N h&) produced more N emissions per applied N but gidass N
leaching from NH" than NQ fertilizers; this difference was diminished atgg

fertilization rates. Urea may produce maximum Ns=ioins at higher fertilization rates.
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Consequently, the effect of a given reduction implut on nitrogen gases emissions will
be larger for urea than for other WHand NQ~ based fertilizers. (ii) soil buffering
capacity dramatically increasegd® emissions after fertilization; increasing alkaiin

can increase Nglvolatilization and (iii) soils with coarse textypeoduced less nitrogen
gas emissions from N{fertilizers than NH™ fertilizers. Practically, any gains that
may be made in reducing one N-species loss alsbtod®e considered in the context of
possible changes to other N-species. Mitigation@gghes that do not include these
tradeoffs may lead to unanticipated environmentablems.

Our work highlights the need for improvement of N®© emissions inventory
methodology, which currently relies on a constanission factor irrespective of
fertilizer types, environmental conditions, and gooperties. The results presented here
suggest that even fertilizer-type specific emisgamtors need to be a function of soil
type and management practice (e.g. fertilizatiooam).

The development of simplified mechanistic modelsrégional scale application
remains our goal of this research. Further couphitg atmospheric forcing (e.g., solar
radiation, wind speed) and plant growth is the misglemodel component that needs to be
accomplished. However, the current TOUGHREACT nmaye as the theoretical basis
for more complex large scale models which incorfgpdant growth, C and N cycling,

climate, and agricultural management practices.
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Table 1. Summary of N-biogeochemical processes smulated in TOUGHREACT-N

Reaction Nitrification Denitrification Nitrifier Chemo Aerobic
denitrification denitrificati respiration
on
Micro AOB! , DEN? AOB! None AEFQ;&
organism &NOB DEN
Substrate N ,NO,, DOC, NG, NO, DOC, NGO, HNO, DOC, O

O, , NO and NO NO and NO

L_Amonium Oxidizer Bacterig-Nitrite oxidizer Bacteria>-Denitrifier; *-Aerobes
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Table 2. Chemical Species Considered in the Mode

Group

Species

Primary species

Aqueous complexes

Precipitated species

Gaseous species

¥O, CH,O, H', Ox(ag), NH,", NOs", NO,", NO(aq),
N,O (aqg), N(aq), HCQ', C&*, K*, SO;*, CO(NH,)

OHHNO,, HNO3, NHs(aqg), CQ%, COx(aq), CaCQ’,
CaHCQ'", CasQ?, HSQ,", KSO,

CaGg(CaSQ

2(@), NO(9), NO(g), N2(g), COx(g), NHz(9)
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Table 3. Initial chemical N concentrations for fdertilizer types at 0-1.25 cm depth.

Fertilizer Types NH 4 N_O 3 (NH 4‘)_ 2@ 4 CO(NH 2‘)_ 2. KNO3s
NH4" 10 [mol L] 0.77 1.54 k107 1x10*
NO3" 10" [mol L™] 0.77 1x 107 1x10% 1.54

K* 10*[mol L]  1x107 1x 107 1x10% 1.54
CO(NH,), 10" [mol L 1x10° 1x10° 0.77 1x10°
SO,* 10*[mol L]  1x10% 0.77 1x 10 1x10%
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Table 4. Initial conditions of water saturation and aqueous concentratfoals primary species
other than fertilizer chemicals (note: water saturatios t@e same for all fertilizer treatments).
Values of the species marked with T were assigned by sstaigysimulation without N-species.
Values of the species marked with * were calibrated with observations.

_ Depth Interval 0-1.25 (cm) 1.25-10 (cm) 10-60 (cm)

S 0.82 0.82 0.80
pH 6.0 6.0 7.0
0, (aq) 10*[mol L™ 2.7 2.7 2.7
NO,’ 10°[mol L™] 1.0 1.0 1.0
NO (aq) 10°[mol L™ 1.0 1.0 1.0
N,O (aq) 10°[mol L™ 1.0 1.0 1.0
N> (aq) 10°[mol L™ 1.0 1.0 1.0
HCO;™ 10%[mol L™] 4.76 4.76 4.76
ca"’ 10%[mol L™] 2.76 2.11 2.11
POC 1G[mol L™ 1.5 1.5 0.78
AOB* 10*[mol L™ 1.26 1.07 0.52
NOB* [mol L™ 3.5 3.2 0.5
DEN* [mol L™ 5.0 3.1 1.6
AER* 10'[mol L™] 7.3 6.2 1.0
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Table5. Biogeochemical parameters. Parameters marked*witre calibrated values

Parameters [unit] Definition value

O per 181 Aerobes death rate 2.16x10°

Laer 151 Maximum Aerobic 7.69x10°
Respiration rate

JTNIE Maximum growth rate of | 1.29x10°
AOB

Lo 181 Maximum growth rate of | 8.78x10°
NOB

Hom no 157 Maximum growth rate of | 1.75x10°

’ NOz; DEN

Hoen o, 18] Maximum growth rate of | 1.70x10°
NO, DEN

Loen no T8 Maximum growth rate of | 8:30x10°
NO DEN

Hoen—n,0 [8] Maximum growth rate of | 837x10°
N.O DEN

4, [ugN g™soil d] Maximum urea dissolution| 120 [Youssef et al., 2005]
rate

Ku[mg L] Half saturation constant fof 50 [Youssef et al., 2005]
urea hydrolysis

CaCGQGfraction 0.02%

a [s] :I_SI order mass transfer 4.21x 10"[Jardine et al., 1992]
coefficient of POC

Ka[Lkg'] Distribution coefficient of | 50 [Jardine etal., 1992]
DOC

CEC[meq/100g solid] Cation exchange capacity | 3-23
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Table 6 Model performance of simulated pH an®Mmission for the calibration ,
validation, and total, respectively

Nash-Sutcliffe Calibration Validation Total
efficiency coefficient

pH 0.63 0.73 0.73
N,O 0.80 0.46 0.62




Figurelegends

Figure 1 Schematic representation of the chain of biochemicdilcaition and denitrification
reactions (left side) and microbial respirations (right side). Minéquid, and gaseous domains
are separated by dashed lines. AOB, NOB, DEN, and AER stand for ammonia oxidiziega,
nitrite oxidizing bacteria, denitrifying bacteria, and aerobic bagtegspectively [Maggi, et.al,
2008]

Figure 2. (a) Observed and simulated water-fijece space (WFPS) and (b) simulated
dissolved oxygen concentration between 0-5 and &idepth intervals over the
simulation period. Two irrigation events are indeshby downward arrows.

Figure 3. Time evolution of observed and simulateil pH of 0-20 cm layer over the
simulation period (line-simulation, symbol-experime

Figure 4. Observed and modeled time evolution gD Ng) emissions. Two
application/irrigation events occurred at day O dag 15, respectively, indicated by
downward arrows.

Figure 5 The observed vs. simulated A) pH and B) Nux

Figure 6. Predicted vertical distribution of Ammuom Oxidizer Bacteria (AOB) and
Denitrifier (DEN) over time. AOB and DEN dynamicsflected the interaction with N
transport in space and transformation in time.

Figure 7. Time cumulative (a)Jd90, (b) NHs, (c) NO, and (d) N gases emissions and (e)
NO, +NOj3" leachate fluxes at 20 cm depth as a functionrtifiber types.

Figure 8. Time cumulative (a) Nkl (b) NO, and (c) MO surface fluxes to the
atmosphere, and (d) NOand (e) NQ' leachate fluxes at 20 cm for the four fertilizer
types as functions of fertilizer amount. The Nidlatilization from KNQ and the
leachate fluxes from CO(NhHL were negligible and thus omitted. The referense ¢a
100 kg N h&. The figure is shown with a semi-log scale tosilhate the differences
changes by detecting divergence or convergencereés.

Figure9. Time cumulative (a) Nk (b) NO, and (c) MO surface fluxes to the
atmosphere, and (d) NOand (e) NQ" leachate fluxes at depth of 20 cm for the four
fertilizer types as functions of soil calcite friact. The NH volatilization from KNQ
and the leachate fluxes from CO(B)- were negligible and thus omitted.
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Figure 10 Predicted JD flux and NO/N; ratio from NQ or NH,;" treatments as a
function of soil pH. Solid lines indicate,® flux and dash lines indicate;®/N, ratio.
Thick lines indicate Nif treatment and thin lines indicate N@eatment. The figures

shown correspond to two soils: A) clay loam and@&)dy loam
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Figure 1 Schematic representation of the chain of biochemicdilcaition and denitrification
reactions (left side) and microbial respirations (right side). Min&quid, and gaseous domains
are separated by dashed lines. AOB, NOB, DEN, and AER stand for ammonia oxXidiziega,
nitrite oxidizing bacteria, denitrifying bacteria, and aerobic bagtegspectively [Maggi, et.al,
2008]
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Figure 10 Predicted JO emissions and #D/N, ratio from NQ or NH;" treatments as a
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