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ARTICLE INFO ABSTRACT

Keywords: Nitrite (NO3) accumulation and associated production of nitric oxide (NO) and nitrous oxide (N2O) gases in soils

Ammonia amended with nitrogen (N) fertilizers are well documented, but there remains a poor understanding of their

;e.rt%gzet regulation and variation among soil types. We examined responses to urea inputs in two soils at five temperatures
itrification

Nitrous oxide from 5 to 30 °C and developed a process-driven model to describe the dynamics. A microcosm system was used to

Nitric oxide measure ammonia gas (NH3), ammonium (NHZ), NO3, nitrate (NO3), NO, N2O and pH over 12 weeks. Unex-

Urine pectedly, NO3, NO and N3O production tended to increase as soil temperature declined in both soils. The
maximum NO> concentration, or compensation point (CP), differed by soil type but the time required to reach CP
decreased exponentially with increasing temperature in both soils. A two-step nitrification model ("2SN’)
accounted for interactions of ammonia-oxidation (AmO), nitrite oxidation (NiO), urea hydrolysis, NH} sorption,
N gas production and pH dynamics. Both steps of nitrification (AmO and NiO) were modeled using NHgz inhibition
kinetics. The model adequately simulated the observed dynamics and temperature responses and showed that
increased uncoupling of AmO and NiO at colder temperatures resulted from their differential temperature re-
sponses. The dynamics observed here may be important following high-rate and banded N fertilizer applications
and in ruminant urine patches. The results may help explain elevated NoO emissions observed under cold
temperatures. The 2SN model can account for interactions among multiple processes and may be useful for
studying the effects of management practices and climate factors, including climate change scenarios, on soil N
cycling.

1. Introduction production is also well-documented (Venterea and Rolston, 2000c;

Tenuta and Beauchamp, 2003; Maharjan and Venterea, 2013; Ma et al.,

Nitrite (NO3) is often overlooked in soil nitrogen (N) studies due to
its frequent presence at low concentrations relative to ammonium (NHY)
and/or nitrate (NO3). However, it has been known for decades that NO5
can accumulate and persist for weeks following N fertilizer application
(Chapman and Liebig, 1952; Chalk et al., 1975). This phenomenon is
most commonly observed following application of urea, the predomi-
nant form of N fertilizer globally, and anhydrous ammonia, an important
N source in the USA (FAO, 2019). Nitrite also accumulates following
deposition of ruminant urine (Clough et al., 2003). The association of
elevated NO; with nitric oxide (NO) and nitrous oxide (N2O) gas

2015). Nitrite accumulation is favored by elevated pH and NH}, which
together promote ammonia (NHgs) volatilization (AmV) (Clough et al.,
2003). Thus, the conditions that favor NO5 are also conducive to N
losses in multiple forms. However, our understanding of the underlying
processes, and our ability to manage them, are limited.

It is generally agreed that NO; accumulation results from a diver-
gence, or ‘uncoupling’, of the two steps of nitrification, i.e., when AmO
proceeds faster than NiO (Burns et al., 1995; Taylor et al., 2019). A
long-standing hypothesis regarding nitrification uncoupling is that
elevation of the dissolved NH3 concentration inhibits NiO (Aleem and

Abbreviations: AmO, ammonia-oxidation; AmOR, ammonia-oxidation rate; AmS, ammonium sorption; AmV, ammonia volatilization; CCI, cumulative coupling
index; ICI, instantaneous coupling index; NiO, nitrite oxidation; NiOR, nitrite oxidation rate; CP, nitrite compensation point; CPt, time to reach nitrite compensation

point; 2SN, two-step nitrification model; UH, urea hydrolysis.
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Alexander, 1958; Stojanovic and Alexander, 1958). The inhibition of
nitrification by NHs, and other potential inhibitory substances, has been
extensively studied in wastewater treatment systems where regulation
of nitrification is critical to process control and treatment efficiency
(Anthonisen et al., 1976). Several kinetic models that account for inhi-
bition of AmO and/or NiO in wastewater systems have been evaluated
(Carrera et al., 2004; Park and Bae, 2009) but such models have not been
applied to simulate soil N dynamics.

A process-based model of nitrification and its potential inhibition by
NHj3 in fertilizer or urine-amended soil must account for several in-
teractions. Soil pH initially increases due to urea hydrolysis and then
decreases as AmV and AmO proceed. The changing pH may control
nitrification by regulating AmV losses and thus AmO substrate supply,
and/or by regulating liquid-phase NHs, which can inhibit nitrification in
soil (Breuillin-Sessoms et al., 2017). At the same time, changing rates of
both AmV and AmO can feedback to affect pH (Sherlock and Goh, 1985).
Sorption of NHJ onto soil surfaces also controls liquid-phase NHs
(Venterea et al., 2015), and thus both AmV and nitrification. As NO5
accumulates, it can drive NO and N5O production. Accounting for these
interactions in a model is essential for testing hypotheses regarding soil
N cycling dynamics following fertilizer application and ruminant urine
deposition.

Temperature is a key variable driving most if not all processes
regulating NO; dynamics and associated N losses. While rates of these
processes are generally expected to increase as temperature increases
over the range of 0-30 °C, individual processes are likely to differ in
their relative temperature responses (Moyo et al., 1989; Taylor et al.,
2017; Lu et al., 2018). Thus, it is difficult to predict the net overall
temperature effect on variables of interest, such as time-integrated or
cumulative production of NO3, NHs, NO or N2O. A model that can ac-
count for individual process responses and their interactions may aid in
understanding how these net outcomes are affected by temperature over
daily, seasonal or longer time scales. The objectives of this study were to
quantify temperature effects on soil N cycling following high urea inputs
in two soils under aerobic conditions, and to develop a process-based
model to enable better prediction and understanding of NO3 accumu-
lation and gaseous N losses.

2. Material and methods
2.1. Microcosm experiments

The soils used here (soils ‘A’ and ‘B’) were previously studied by
Breuillin-Sessoms et al. (2017) and were selected for further study based
on their contrasting properties. Soils were collected from research plots
at the University of Minnesota research stations in fall 2017 from the
upper 0.15 m in treatments that had received no N fertilizer during the
previous growing season. Soil A was a Wheatville loam (Aeric Calcia-
quolls) with sand, silt and clay fractions of 43, 38 and 19%, pH (1:1 H0)
of 8.2 and organic matter (loss on ignition) of 3.6%, collected from plots
maintained in a soybean(Glycine max L.)-wheat (Triticum aestivum)
rotation in Crookston, MN (47.80°N 96.61°W). Soil B was a Waukegan
silt loam (Typic Hapludolls) with sand, silt and clay fractions of 26, 58
and 16%, pH (1:1 H0) of 6.8 and organic matter of 5.0%, collected from
plots maintained in a corn (Zea mays L.)-soybean rotation in Rosemount,
MN (44.75°N 93.07°W). Soils were dried at room temperature for 7-10
d, ground, sieved (2 mm), homogenized, and stored at 4 °C prior to use.
The soil microcosm design used in previous studies to measure NH7,
NO3, NO3, N2O and pH dynamics (Venterea et al., 2015; Breuillin--
Sessoms et al., 2017) was extended to also measure NO production and
NH; volatilization. A series of individual replicate soil microcosms were
prepared, each consisting of 250-ml glass jars (70 mm diameter x 65 mm
high) containing 10.0 g of air-dried soil spread in a 3 to 4-mm layer on
the bottom of the jar. After weighing soil into each jar, a urea solution
was mixed into each microcosm to deliver 500 pg N g~ dry soil, to
mimic initial conditions typically found following banded or high-rate N
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fertilizer application, or urine deposition (Maharjan and Venterea, 2013;
Wells et al., 2015). As in the previous experiments, the volume of so-
lution added was equivalent to ~50% water-filled pore space (0.25 and
0.29 g H,0 g~ in soils A and B, respectively) in order to maintain pri-
marily aerobic conditions. The wetted soil was distributed in an annular
pattern at the bottom of each jar to allow placement of a glass beaker
containing 15-ml of 0.05 M H2SO4 which served to capture gas-phase
NH; that volatilized from the soil and convert it to NHZ, which was
subsequently quantified as described below (Sanchez-Rodriguez et al.,
2019).

Microcosms were sealed with metal lids and placed in dark in-
cubators at temperatures of 5, 10, 15, 22 and 30 °C. Three replicate
microcosms of each treatment were sacrificed for analysis periodically
over 12 wk, starting on the day following addition of solutions. For
experiments conducted at >15 °C, sampling was performed at 3 or 4-
d intervals during the first 3 wk, and then weekly, except for the final
(84-d) sampling. Due to lower rates of N transformation at 5 and 10 °C,
sampling frequency was decreased accordingly. All microcosms were
opened for 3 min within the first three days after adding solutions to
release CO, produced by urea hydrolysis, and thereafter at 1 to 2-wk
intervals. This procedure maintained O, levels in the microcosm head-
space above 18%, as verified by periodic analysis using gas chroma-
tography with a thermal conductivity detector.

Each sampling day, individual microcosms were analyzed in the
following sequence: (1) volatilized NH3: the acid solution was removed
for analysis of NH} using a flow-through analyzer (Lachat, Loveland,
CO) and the sodium salicylate-nitroprusside method (Mulvaney, 1996);
(2) NO production: the jar was placed in an insulating-foam holder and
sealed with a lid equipped with inlet and outlet fittings that directed
flow of a NO-free airstream through the jar and into a chemiluminescent
NO analyzer (NOA 280i, Zysense) (Venterea and Rolston, 2000a). Outlet
NO concentration was monitored until steady (<5 min) and the pro-
duction rate determined from the flow rate (0.20 1 min~!) and
steady-state concentration; (3) N3O production: the jar was placed un-
sealed into a water bath at the selected temperature for 5 min to allow
the headspace to equilibrate with room air, and then sealed and placed
back into the incubator for 60 min at which time the headspace was
sampled by syringe through a septum. Gas samples were transferred to
vials that were analyzed for NyO concentration by gas chromatography
(Agilent 5890) with electron capture detection. The N3O production rate
was determined from the change in headspace NyO concentration; (4)
Extractable NHJ: a subsample (~3 g) of soil was extracted with 20 ml of
2 M KCl for 1 h. Filtered extracts were analyzed for NHj per above; (5)
pH: a subsample (~2 g) was mixed with an equal mass of 1M KCl for soil
pH determination; (6) Extractable NO; and NOg3: the remaining soil was
extracted with alkaline 2 M KCl for 10 min (Stevens and Laughlin,
1995). Separate filtered extracts were analyzed for NO3 + NO3 and NO3
within 2 h by flow-through analysis with the Greiss-Ilosvay method with
and without Cd reduction, respectively (Mulvaney, 1996) and NO3
concentration was determined by difference accounting for Cd reduction
efficiency.

Cumulative volatilization of NH3 was determined from the mass of
NHj captured in the acid-trapping solution at each sampling date. Cu-
mulative production of NO and N»O were calculated by trapezoidal
integration of measured NO and N3O production rates versus time,
expressed in units of pg N g~!. Cumulative NO3 was calculated by
trapezoidal integration of measured NO3 concentrations versus time,
expressed in units of pg N g~ d (Maharjan and Venterea, 2013). Re-
coveries of N species at the end of the experiment were calculated as a
percentage of the total N input, including 500 pg N g~ of added urea
plus simulated contributions from N mineralization (described below),
which represented 1.5-5% of the total input. Cumulative variables were
analyzed at P < 0.05 using the MIXED procedure of SAS (version 9.4,
Cary, NC), with soil and temperature considered as fixed effects and
replication and interactions with replication considered as random ef-
fects. Data for all variables were assessed for homogeneity of variance
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and normality using scatterplots of residuals vs. predicted values (Kut-
ner et al., 2004) and the UNIVARIATE procedure of SAS. Mean com-
parisons were made with pairwise ¢ tests using the PDIFF option of the
MIXED procedure.

2.2. Modeling

The 2SN model is an expansion of a previous biochemical model
(Venterea and Rolston, 2000b). Here, the model describes N and pH
dynamics in a well-mixed, unsaturated and predominately aerobic soil
volume where autotrophic nitrification predominates over heterotro-
phic denitrification. The model simulates several interacting compo-
nents that are illustrated schematically in Fig. 1: (i) urea hydrolysis
(UH), (ii) ammonium sorption (AmS) and equilibria, (iii) nitrification
(AmO and NiO), (iv) NHj toxicity, (v) volatilization of NH3 and pro-
duction of NO and N3O gases, (vi) pH dynamics and (vii) soil N miner-
alization (NM). The equations used to describe each process are
presented below and the corresponding parameters used in the final
version of the model are listed in Table 1.

The model is structured as a system of seven coupled differential
equations that can be represented by:

c;
dr

P — [S]] @

where C; is the concentration of the ith species, t is time, P; and S; are
rates of production (source term) and consumption (sink term),
respectively, and where i = 1 to 7 corresponds respectively to urea (U),
total extractable ammoniacal N (NHy), NO3 and NO3, gaseous NO and
N50, and hydrogen ion (HM). The model allows the source and sink
terms to be functions of any of the simulated species reflecting the
coupled nature of the processes. An adaptive Runge-Kutta scheme (Press
et al., 2010) was formulated in FORTRAN (Approximatrix) to simulta-
neously solve the system of equations.

At each time-step, the NHy pool was partitioned into three simulated
sub-pools, liquid-phase ammonium (NHJL), sorbed-phase ammonium
(NHJS) and liquid-phase ammonia (NHsL) using the method of Venterea
et al. (2015) where the NH{ L<>NH3L equilibrium was regulated by pH
and the pK, for NH}, and the NH}S&NHJL equilibrium was regulated
by:

Pams NH; L

NH}S=
47 Kaws + NHJL

2
where pams is the maximum sorption capacity and Kams is the half-
saturation constant. Variation of pK, with temperature was calculated
based on Bates and Pinching (1949). At each time-step, total extractable
NO3 was partitioned into unprotonated (NO3) and protonated (HNO5)

sub-pools using the pKa for HNO, (Venterea and Rolston, 2000a). The
model was compared to observed data for six of the seven main pools,
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NH,, NOz, NO3, NO, N,0, and H' (as pH) (excluding urea which was
not measured) as well as cumulative volatilized NHs. All processes
except AmS, NM, AmO and NiO were simulated using first-order kinetics,
where the rate coefficients are represented as k or o with a subscript
identifying the process. Added U defines the initial condition, after
which U dynamics are driven by UH:

dUu
E = - [kUH U} (3)

which serves as the main source for NHy simulated by:

dNH,
dt

=kuyyU + NMR — [AmOR + Ky NH5L) )

where NMR, AmOR (Eq. (11)) and kamyNHsL are the rates of NM, AmO
and AmV, respectively. Analysis of previously reported data (Breuil-
lin-Sessoms et al., 2017) for these and six other soils incubated with no
urea addition showed that NMR could be simulated by:

NMR=NMR, exp(—d*r1) 5)

where NMR, is the rate at time (t) = 0 and d is a decay coefficient (details
in Supplementary Information [SI]). Temperature variation of NMR,
was simulated with Q;9 = 1.61 based on a global meta-analysis (Liu
et al., 2017b). Nitrite was simulated using:

‘”\;?2 =AmOR — [NiOR + knoNO, + ky,oNO, -+ kNO, | (6)
where NiOR is the nitrite-oxidation rate (Eq. (12)), kNoNO'; is the NO
production rate (Eq. (8)) and szoNO; is the NO3 -driven component of
the N2O production rate (Eq. (9)). The final term, kyNO,, accounts for
NOx3 fixation into soil organic matter (Thorn and Mikita, 2000; Fitzhugh
et al., 2003) and/or NO3 -driven production of gases other than NO or
N2O (Stevenson and Swaby, 1964; Su et al., 2011). Nitrate NO3 was
simulated by:

dNO;

=NiOR 7
7 i @)

Production of NO and N,O were simulated, respectively, by

dNO
—— =kyoNO 8
o =kioNO, ®)
dN,O
1 =knoNOS + byo ©)

The NOZ designation indicates that both NO3 and HNO, were eval-
uated in separate simulations as the reactive substrate since production
of NO and N,O have been related to each of these substrates (Thorn and
Mikita, 2000; Venterea and Rolston, 2000c, a; Venterea et al., 2005;
Venterea, 2007). In Eq. (9), by, is a zero-order NO source observed

NO N,O
tion # 4

OrganicN  =——p

............... Purssssssssannnndnn

Ammonia toxicity "

Mineralization f H . : :
SNHALE | ND.—ie NO
= Z - : :

CO(NH,), —{=  IF.. amg 2 o T
. I itrifi i
Urea hydrolysis Sorption Nitrification (2 steps)

[ H

H* pH dynamics H* |

Fig. 1. Major components of the two-step nitrification (2SN) model.
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Table 1
Parameters in the 2SN model and their temperature dependencies.

Parameter Units Eq"  Soil A Soil B
Value or function” ES Value or function” ES

HAmS Max. AmS capacity pugNg! 2 1344¢ n/a 1743¢ n/a

Kams AmS half-saturation pg N ml™! 2 152¢ n/a 412¢ n/a

| - UH decay h! 3 0.022*1.75 (T-22/10] 39.2 (0.6) 0.024*1.50 (T-22/10] 28.4 (0.4)

kamv  AmV coefficient mlg'h™! 4 0.19 (T < 22°C) NS 0.0695*T + 0.047 (T < 10 °C) NS
0.026*T - 0.38 (T > 22 °C) 0.74 (T > 10°C)

NMR, Initial NM rate pgNg'th! 5 0.022%1,61[(T-22/101 ¢ 33.4(0.5)¢  0.055*1.611(T-22/101 ¢ 33.4(0.5) ¢

d NM decay h! 5 0.029° n/a® 0.074° n/a®

ke Inferred NO; sink h! 6 2.25e* (T <10°C); 1.0e > (T >22°C)  49.8(10.6)  0.0005 + 0.0005*[1+exp>8-7/1:33]~1 21.1 (5.8)
6.5 >*T - 4.0e * (10°C < T < 22°C)

ko, NO production h™t 8 0.074 (T < 10 °C) 40.4 (9.1) 0.250%T-0.01 (T < 10 °C) 39.0 (8.7)
0.58*%[1-exp%0%+1] . 0,27 (T > 10 °C) 0.858%exp(®0207) 0,885 (T > 10 °C)

kn,0 N0 production ht 9 —0.0025*T +0.04 (T < 10 °C) 46.6 (5.5) 0.0127 (T < 15 °C) 48.7 (11.5)
0.0022*T-0.0069 (T > 10 °C) 10-30 °C 0.0026*exp®1%8+™ . 0,0007 (T > 15 °C)

bx,0 Background N,O ngg 'h! 9 0.0003*[1-exp%205+1] 4 0.98 1.0 (0.001)  1.10%(1 + exp'(67 = T/0-973)=1 | 1 o3 27.9 (5.9)

5-22°C
auyy pH rise, UH nMH" 10 0.14 (T < 15°C); 0.15 (T > 22 °C) NS 0.475%exp®126+D 4 314 (T < 15°C) 18.2 (3.0)
pgNg! 0.0014*T+ 0.12 (15 °C < T < 22 °C) 6.3 (15°C < T < 22°C)
0.21*T + 1.60 (T > 22 °C)
aamv  PH decline, AmV 10 1.0 n/a 2.6 + 106*[14+exp23-7/2811-1 (T < 22°C)  93.9 (22)
105 (T > 22 °C) 5-22°C

AAmO pH decline, AmO 10 0.03 n/a 8.5 n/a

Hamo Maximum AmO rate pgNg ' h™' 11  0.135*T-0.056 (T < 15 °C) 57.6 (10.3)  0.135*exp®%9*<D10.024 62.8 (1.8)
171*[1-exp*~%28+D].166 (T > 15 °C)

Kamo AmO half-saturation pgNg! 11 106 n/a 25.0 n/a

Klamo NH3 inhibition of AmO g N ml?! 11 420 n/a 103 n/a

Hnio Maximum NiO rate pgNg'h™' 12 0.059%exp®® P .0.13 (T < 22°C) 122 (26.1)  0.168%exp®1%6+1.0.244 108 (5.9)
1.38 (T > 22 °C)

Kyio NiO half-saturation pgN g™t 12 6.1 n/a 8.8 n/a

Klnio NHj inhibition of NiO pg N ml™! 12 210 n/a 13.0 n/a

e Hnlo © R ratio - 13 0.20' n/a 0.20" n/a

i AmO growth rate dt 13 0.0034° n/a 0.0013" n/a

@ Equation where parameter is first used.

b For parameters varying with temperature (T), equations for regression functions shown in Fig. 4 are given below. If a T range is not specified, functions apply over

5-30 °C.

¢ E, = Activation energy (kJ mol™!) (+std err). Unless specified, E, applies over 5-30 °C. ‘NS’ = Arrhenius relationship is not significant at P < 0.05; ‘n/a’ =

parameter constant with T.
d parameter values reported by Breuillin-Sessoms et al. (2017).

¢ Values based on analysis of data from Breuillin-Sessoms et al. (2017) (see Supplemental Information). E, for NMR, calculated using Q;o = 1.61 from Liu et al.

(2017).

f Eq. (13) was only used for simulations at 5 °C so no temperature dependencies were determined for ¢ and 4.

when these soils were incubated aerobically with no urea added and
where extractable NO; remained at baseline levels (<0.1 pg N g~1)
(Breuillin-Sessoms et al., 2017). Soil pH was simulated in a largely
empirical manner assuming production and consumption of H™ were
each first-order with respect to UH, AmO and AmV

dH*
dt

= aAmoRAmOR — [aUHkUHU + AAmy kAmvNHgL] (10)
where the coefficients aamor, @yy and agmy account for production of H™
from AmO, neutralization of H' during UH and shifting of the chemical
equilibrium from AmV, respectively (Sherlock and Goh, 1985).

Preliminary analysis and simulations were done to examine different
kinetic models for AmOR and NiOR including standard Michaelis-
Menten kinetics and different formulations that account for inhibition
by NHsL (Park and Bae, 2009). Among these, the uncompetitive inhi-
bition model selected by Park and Bae (2009) was found to best describe
the NO3 dynamics:

AmOR — INH Jbpmo an
[NH,] (1 + —%fj;j) + Kamo
NO; s
NiOR = [NO; Jttio 12

[NO; | (1 + %;jj) + Kyio

where pamo and pnio are maximum oxidation rates, Kamo and Kyio are
half-saturation constants and Kla,o and Klyjo are inhibition constants
for AmO and NiO, respectively. Simulations were also performed using
Eq. (11) amended with a term to allow piamo to increase over time from
an initial value (49,,,) to a maximum value (u}%)) according to:

Hamo () = €*exp(B* g 13)

where f is a growth rate coefficient and ¢ is the ratio between 43, and
s, which reaches a value of 1.0 at t = — ]"7‘

The term ‘compensation point’ or ‘compensation concentration’ is
used in a variety of contexts to indicate the point at which rates of
opposing processes are in balance (Farquhar et al., 1980; Conrad, 1994).
With respect to NO3, the opposing processes are production via AmO
and consumption via NiO, NO and N5O production (and possibly other
processes) where the overall gross consumption rate increases as NO3
concentration increases. Thus, the parameterized model was used to
calculate the NO3 compensation point (CP) and the corresponding time
(CPt) at which the CP was reached, where CP is the NO5 concentration at

which the source and sink terms in Eq. (6) balance (db;(t); = 0), and
therefore also corresponds to the maximum NO; concentration.
Simulated CP and CPt were compared to observed maximum NO3
concentrations and corresponding times. Equations (11) and (12) were
used to calculate AmOR and NiOR at each time step, and an instanta-

neous coupling index (ICI) given by the NiOR:AmOR ratio at a given
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time, where ICI < 1 indicates uncoupled conditions. A cumulative
coupling index (CCI) was also calculated from the ratio of time-
integrated NiOR and AmOR, which expresses the percentage of NO3
produced by AmO that was subsequently oxidized by NiO.

Robust parameter selection methods were implemented to constrain
the number of parameters (described in detail in SI). For parameters that
varied with temperature, functional relationships with temperature
were determined by non-linear regression (SigmaPlot). Activation en-
ergies (Eg) obtained from Arrhenius plots are reported when the natural
logarithms of parameter values were correlated with the reciprocal of
absolute temperature at P < 0.05. Values of piame and punijo were also
fitted to the macromolecular rate theory (MMRT) model (Hobbs et al.,
2013) (details in SI).

3. Results
3.1. Experiment

Temporal trends in N and pH dynamics, and temperature effects on
these dynamics, were similar for soils A and B (Fig. 2). Soil NHZ con-

centrations increased over time, increasing more slowly at colder tem-
peratures, before reaching maxima and then starting to decline. During
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the period that soil NH; was increasing, volatilized NH3 and soil pH
increased, but more slowly at colder temperatures, followed by a period
where NHj started to level off and soil pH decreased. Soil NO3 increased
more slowly at colder temperatures before reaching maxima, except in
soil B at < 10 °C, where neither NH3 nor NO3 appeared to level off by 84
d. The dynamics of NO2, NO and N2O were analyzed in greater detail.
Soil NO;3 increased before reaching its maximum concentration, or NOz
compensation point (CP), followed by a decline; the only exception was
in soil B at 5 °C where no decline in NO; was observed by 84 d. Under
warmer conditions (>15 °C), NO3 returned to baseline (<0.1 pg N g’l),
whereas at 5 and 10 °C soil NO; remained elevated at 84 d. The CP and
CPt were both affected by the interaction of temperature and soil type
(Fig. 3a). The CP tended to be greater, and the CPt delayed, under colder
conditions, and the CPt was well-described by exponential decay models
(Fig. 3a). Averaged across temperatures, mean CP in soil A was nearly
three times greater than in soil B.

All cumulative variables analyzed by ANOVA were affected by the
interaction of temperature and soil type (Fig. 3b—c). Consistently in both
soils, cumulative NO; increased as temperature decreased from 30 to 10
°C, while cumulative NO5 at 5 °C was intermediate between the 10 and
15 °C values. Within each soil, cumulative NO exhibited similar tem-
perature trends as cumulative NO3 and was positively correlated (P <
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0.001) with cumulative NO3 in soil A (> = 0.87) and B (+* = 0.80). In
contrast to cumulative NO3, which was two to four times greater at a
given temperature in soil A than B, cumulative NO was two to four times
greater in soil B than A (Fig. 3b). Trends in cumulative N2O were less
consistent with the trends in cumulative NO5 compared with cumulative
NO (Fig. 3¢). Cumulative N2O was positively correlated (P < 0.001) with
cumulative NO3 in soil A (r2 = 0.58), while less strongly in soil B (r2 =
0.20, P = 0.10). When data from 5 °C were excluded, the degree of
correlation between cumulative NO5 and N,O increased (* = 0.79 and
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Fig. 3. Observed (symbols = means + std
error) and simulated (lines) (a) nitrite
compensation point (CP) and time to reach
CP (CPt), (b) cumulative NO; and NO, and
(c) cumulative NH3 and N,O in soils A and B.
Within each soil, means with same letter do
not differ by temperature at P < 0.05. An
asterisk (*) indicates a mean is greater
compared to other soil at the same temper-
ature at P < 0.05. In (a), solid lines are
exponential decay functions based on
regression of observed CPt versus tempera-
ture. In (c), the values below each symbol
are the percentages of the total simulated
N3O production due to zero-order produc-
tion (szo in Eq ).

0.61 in soils A and B, respectively). Cumulative N,O reached its
maximum value at 5 °C in soil A and at 10 °C in soil B, which had greater
cumulative NO at 10, 22 and 30 °C compared to soil A. Cumulative NHg
was two to three times greater in soil A than B at each temperature, and
there were differences in cumulative NHs by temperature, but the
pattern of differences was not consistent across soil types (Fig. 3c).
Recovery of N inputs after 84 d ranged from 86 to 101% (Table 2). At
and above 15 °C, NO3 was the dominant form of recovered N, while NO3
and/or NHJ were recovered increasingly at < 10 °C. Cumulative NO

Temp Input® “Percent recovery of urea + mineralized N as:
Remaining in soil Cumulative gases emitted Total without NO3 sink NO; sink® Total with NO; sink
NHj NO3 NO3 NH3 NO N0
°C ng Ng~* %
Soil A
5 507.5 11.7 (0.3) 65.5 (4.5) 5.6 (1.8) 11.7 (0.3) 5.6 (0.40) 2.3 (0.23) 91.0 (2.9) 15.8 106.9 (2.9)
10 509.5 8.3(0.3) 51.7 (0.4) 18.7 (0.2) 8.3(0.3) 6.0 (0.38) 1.6 (0.09) 86.4 (0.6) 22.9 109.4 (0.6)
15 512.0 8.3(0.3) <0.5 72.4 (4.2) 8.3(0.3) 4.6 (0.72) 1.3 (0.05) 87.6 (3.2) 15.7 103.3 (3.2)
22 516.7 10.0 (0.2) <0.5 75.5 (4.6) 10.0 (0.2) 2.7 (0.07) 0.87 (0.08) 89.6 (3.3) 12.3 101.9 (3.3)
30 524.4 11.8 (0.4) <0.5 73.6 (2.4) 11.8 (0.4) 2.8 (0.39) 1.1 (0.03) 89.8 (1.9) 10.7 100.5 (1.9)
Soil B
5 508.0 41.0 (7.9) 22.5 (1.2) 11.9 (0.3) 6.1 (0.3) 18.5 (4.1) 1.0 (0.09) 101.3 (5.9) 9.4 110.6 (5.9)
10 510.1 11.1 (1.2) 6.6 (3.4) 42.3 (5.8) 4.5 (0.5) 23.2(1.9) 2.3 (0.18) 90.2 (6.6) 17.8 108.0 (6.6)
15 512.8 1.6 (0.2) <0.5 64.0 (3.0) 4.9 (0.4) 14.6 (2.7) 1.0 (0.12) 86.4 (0.9) 10.2 96.6 (0.9)
22 517.8 0.8 (0.3) <0.5 78.7 (1.7) 3.2(0.1) 10.6 (1.2) 1.5 (0.11) 95.0 (0.8) 5.4 100.4 (0.8)
30 525.9 2.0 (0.4) <0.5 86.7 (1.4) 4.1 (0.2) 6.2 (1.2) 1.4 (0.07) 100.8 (0.4) 2.8 103.6 (0.4)

@ Values are means of three replicates (+standard error) except for single value of NO3 sink simulated for each soil and temperature combination.
b Includes 500 pg Ng~! of added urea plus the simulated contribution from N mineralization over 84 days.
¢ Total cumulative amount over 84 d simulated by the k;NO, term in Eq. (6) as a percentage of N input.
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accounted for <6% of N inputs in soil A compared to 6-23% in soil B,
while recovery as N»O was similar in both soils. Cumulative NH3
accounted for 8-12% in soil A compared to <6% in soil B.

3.2. Modeling

The model captured the overall trends in time series and cumulative
data (Figs. 2 and 3). In particular, the trend of increasing CPt with
decreasing temperature was accurately simulated (Fig. 3a) with mean-
normalized root-mean square errors (RMSE) of 9 and 11% for soils A
and B, respectively. Trends in mean CP with temperature were simulated
with RMSEs of 15 and 19%, respectively; although the model under-
estimated CP at 5 °C in soil A and 22 °C in soil B by 24 and 33%,
respectively (Fig. 3a). Cumulative NO3, NO and N,O were simulated
with RMSEs of 11 and 15%, 17 and 25% and 11 and 9%, for soils A and
B, respectively (Fig. 3b and c). The largest discrepancies between
simulated and observed data occurred at 5 °C for cumulative N-O in soil
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B (underestimated by 43%), at 5 °C for cumulative NO in soil A (over-
estimated by 25%) and at 30 °C for cumulative NO3 in soil A (over-
estimated by 24%). Cumulative NH3 responses were simulated with
RMSEs of 5 and 10% in soils A and B, respectively, with the largest
discrepancies occurring at 5 and 22 °C in soil B where the model over-
estimated observed means by 14 and 15%, respectively. For soil A, NO
and N3O production were simulated more accurately when NO3; was
used as the substrate in Egs. (8) and (9), whereas using HNO> as the
substrate resulted in better model performance for soil B.

Simulations done at 5 °C without the use of Eq. (13) resulted in
substantial overestimation of NO5 concentrations during the first 60
d (Fig. 2S). Therefore, Eq. (13) was used in the final simulations at 5 °C
to account for increases in ammonia-oxidizing microbial populations
and/or enzyme activities over time. Simulations done without inclusion
of the kfNO; term in Eq. (6) resulted in good model agreement with the
NO3, NO and N3O data, but there was significant over-estimation of
NO3 in most cases (Fig. 2S). The additional NO3 sink (k;NO>) included
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in the final model accounted for 3-23% of total N inputs and moved the
estimates of total N recovery closer to 100% in 8 of 10 cases compared to
estimates based on measured variables, in soil B at 5 and 30 °C (Table 2).
In both soils, the cumulative sink was greatest at 10 °C and least at 30 °C,
and was positively correlated with cumulative NO3 = 0.83-0.84,P<
0.03).

In general, parameters that varied with temperature could be
expressed as increasing functions of temperature (Table 1, Fig. 4). Some
parameters were constant over specific ranges, and in two cases, values
were greater at 5 than at 10 °C (kw,o in soil A and kyo, in soil B). Some
parameters were best described using different functions over different
temperature ranges. Activation energies (E,) were obtained for all pa-
rameters that varied with temperature (Table 1), except ayy in soil A and
kamv in both soils, for which Arrhenius relationships were not signifi-
cant. In some cases, significant relationships were found only when the
temperature range was constrained to >10 °C or <22 °C. The E, values
for several parameters (kym, kno, kn,0, Hamo and jiy;o) were similar
(within +11%) between soils, whereas E, for k; and by,o differed more
widely by soil. Arrhenius plots for ,,, and yy;, were significant across
5-30 °C in soil A (2 = 0.88 and 0.91, respectively) and B (* > 0.99). In
both soils, Eg for yiy;o exceeded the E, for iy, by factors of 2.1 and 1.7 in
soils A and B, respectively. Compared to Arrhenius plots, the MMRT
model described temperature responses better in soil A based on R?
(Fig. 4d). Optimum temperature (T,p) values were obtained for soil A
(Fig. 4d), but in soil B could not be obtained for j,,,, and the obtained
value for uy;, (68 °C) was not biologically feasible.

Model-simulated NiOR initially lagged behind AmOR but eventually
equaled and then exceeded AmOR (Fig. 3S). The ICI was initially
<100%, indicating uncoupling that persisted for longer periods at colder
temperatures (Fig. 5a). Once the point of coupling (ICI = 100%) was
reached, ICI then increased above 100% (note that ICI values > 100%
are not shown in Fig. 5a to improve visibility of data prior to reaching
100%). The time required to reach coupled conditions decreased
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exponentially with temperature while CCI increased with temperature
(Fig. 5b).

4. Discussion

The first and second steps of nitrification, AmO and NiO, were
increasingly uncoupled at colder temperatures as evidenced by
increased cumulative NO3 that was associated with increased produc-
tion of NO, and to a lesser extent NoO. Maximum NO> concentrations
tended to increase and elevated NO5 concentrations persisted for longer
periods at decreasing temperature. These results imply that NiOR was
more sensitive to temperature than AmOR. This hypothesis is supported
by the model results. Differential temperature sensitivities are apparent
in the relationships in Fig. 4d, where uyio declined faster with decreasing
temperature than uamo in both soils and in the greater E, estimates for
unio compared to pamo (Table 1). However, uamo and unio do not
necessarily represent the actual rates at any point in time, which also
depend on substrate levels and the other parameters in Eq. (11) and
(12). The model-calculated rates (Fig. 3S), and ratios between those
rates expressed as ICI and CCI (Fig. 5), show that simulated NiOR
decreased relative to AmOR at decreasing temperature, which also
support the hypothesis that differential temperature responses of AmOR
and NiOR were a fundamental regulator of the observed patterns.

The best-fit ;o values obtained here at 30 °C (1.4-3.8 g Ng ' h™1)
are similar to Michaelis-Menten (Vo) values obtained by Taylor et al.
(2019), whereas our Kpip values were ~10 times less than their esti-
mates (1.7-2.2 pM after unit conversion). The latter difference may
result from the fact that Taylor et al. (2019) used slurries compared to
unsaturated soils used here. Taylor et al. (2019) concluded that differ-
ential temperature responses of Vg, for NiO compared to AmO, previ-
ously measured by Taylor et al. (2017), were likely not responsible for
NO3 accumulation in their experiments. They observed that NiO sub-
strate affinities responded to temperature, although the directions of the
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Fig. 5. Model-simulated (a) instantaneous coupling index (ICI) versus time and (b) cumulative coupling index (CCI) and time at which ICI reaches 100% with
regression lines versus temperature. In (a), ICI values > 100%, which correspond to coupled conditions falling above dashed horizontal lines, are not shown to
improve visibility of the data occurring prior to reaching 100%. In (b), CCI is plotted on the left axis, and time on the right axis.
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responses were not consistent among soils. We found that using constant
values for Kyjp across temperature were adequate to simulate NO3 dy-
namics. Our sensitivity analyses show that varying Kyjo over the range
of 10%-200% of the values in Table 1 altered cumulative NO; estimates
by <2.5% in soil A and <12% in soil B.

Another relevant observation of Taylor et al. (2019) is that, under the
assumption of Michaelis-Menten kinetics, NO; must increase to some
extent following NHZ4 addition before NiOR can equal AmOR which
further highlights that kinetic parameters alone do not determine pro-
cess rates. In soil B at < 15 °C, unijo was > uamo, which might imply low
potential for NOZ to accumulate; yet NO3 increased to >70 pg N g~* and
remained elevated for weeks. An advantage of dynamic simulations is
that they can account for effects of varying substrate levels on process
rates that cannot be determined based on knowledge of kinetic param-
eters alone.

Venterea and Rolston (2000b) simulated both steps of nitrification
using kinetics that accounted for Monod-based population growth. Here,
population growth models were not required to simulate the charac-
teristic ‘rise and fall’ pattern of NO3 dynamics, except at 5 °C, possibly
indicating that growth of cold-adapted populations of ammonia oxi-
dizers was important. The usefulness of the uncompetitive NHg inhibi-
tion model (Egs. (11) and (12)) used here does not preclude the potential
importance of other inhibitory or competing agents (Boon and Laudel-
out, 1962; Hunik et al., 1993). In our preliminary simulations (SI), we
evaluated inhibition of AmO by low pH and of NiO by high pH (Hawkins
et al., 2010), but predictions of these models did not correspond with
observations. The uncompetitive inhibition model used here was also
found by Park and Bae (2009) to best describe nitrification kinetics
affected by NH3 inhibition in wastewater. However, the current exper-
iments were not primarily designed to distinguish among different types
of inhibition kinetics which could be addressed more directly using
techniques similar to those used by Park and Bae (2009). Also, the in-
hibition models applied here are likely a simplification of kinetics
resulting from activities of different sub-populations of
ammonia-oxidizing bacteria and/or archaea, and nitrite-oxidizing bac-
teria, each of which may have differing maximum utilization potentials,
substrate affinities, sensitivities to inhibitory agents and/or responses to
temperature (Giguere et al., 2017; Duan et al., 2018; Lu et al., 2018;
Taylor et al., 2019). Thus, values of the model parameters in Egs. (11)
and (12), and their variation with temperature, represent ‘average’
behavior across populations. Some studies indicate that AmO carried out
by archaea, and complete nitrification (‘comammox’) carried out by
some strains of Nitrospira, are more important under conditions of low N
availability, and therefore may not have been important in the current
experiment (Di et al., 2009; Wang et al., 2019). Nonetheless, it is likely
that substantial diversity in kinetic behavior exists within strains of soil
bacteria which separately carry out AmO and NiO. Similarly, while NO
and N2O production are each simulated here using single rate co-
efficients, they can be generated via multiple processes, both biologi-
cally and abiotically, with NO3 and/or HNO; as proposed substrates
(Wrage et al., 2001; Wei et al., 2017). Nitric oxide has recently been
identified NO as an obligate intermediate of hydroxylamine (NH,OH)
oxidation by autotrophic ammonia oxidizing bacteria (Caranto and
Lancaster, 2017). Caranto and Lancaster (2017) also proposed that,
under oxygen stress, production of intracellular NO may exceed its rate
of oxidation to NO3 and that this could result in atmospheric emissions
of NO and/or its conversion to NO. The current modeling scheme does
not explicitly account for these potential pathways, which may or may
not have been important under the aerobic incubation conditions. The
mechanisms considered here assume (i) that NO5 accumulates due to
the inability of NiOR to fully process NO5 produced via AmOR, and (ii)
that NO production occurs mainly via biological and/or abiotic reduc-
tion of NO3 based on the rapid production of NO (and N5O) observed in
both sterile and non-sterile soils under aerobic conditions following
addition of NO3 (Venterea and Rolston, 2000a; Wei et al., 2017).
Incorporating the pathway of NO (and N30O) emissions proposed by
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Caranto and Lancaster (2017) into the 2SN model might allow for hy-
pothesis testing, for example, by comparing simulations to observation
made under varying O availability. This would likely require explicit
incorporation of the individual steps in AmO, including NH,OH —NO
—NO3, into the model, as well as additional measurements (e.g.,
NH,OH). For biological N»O production, the relative contributions of
ammonia-oxidizing bacteria and archaea, and their respective kinetics,
may vary with chemical conditions and nitrite-oxidizing activity
(Giguere et al., 2017) and/or temperature (Xu et al., 2017). While the
use of single kinetic expressions to simulate AmO, NiO, and NO and N;O
production was an efficient approach for the current application, addi-
tional modeling studies could determine if explicitly accounting for
process-level diversity would provide additional insight.

While the two soils exhibited similar dynamics and temperature re-
sponses, there were notable differences in the magnitude of those re-
sponses. Soil A had consistently greater cumulative NO; and NHjs
volatilization than soil B, both of which were likely driven by a greater
pH in soil A, which shifts the NH4{-NH3 equilibrium toward NHs.
Conversely, despite greater cumulative NO3, soil A had substantially
less cumulative NO production at all temperatures except 30 °C, and less
cumulative N,O at 10, 22 and 30 °C. This effect could have been driven
by the lower pH in soil B, which shifts the NO3-HNO5 equilibrium to-
ward HNO,, which is known to favor abiotic NO production and at least
hypothesized to favor abiotic N3O production (Thorn and Mikita, 2000).
Obtained values of model parameters for the two soils were of similar
magnitude, particularly for kyy, Knio, pinio at < 22 °C and kyat > 22 °C
(Table 1, Fig. 4). In contrast, the pH-regulating parameters (oyg, %amv
and agmp) were consistently 10 to 100 times less in soil A than B
reflecting the greater apparent pH buffering capacity of soil A. Alter-
native methods for simulating pH consider buffering capacity explicitly
(Wang et al., 1998). Such pH simulation methods that utilize indepen-
dent estimates of pH buffering capacity might improve the robustness of
the pH component of the 2SN model and reduce the number of param-
eters requiring estimation.

Inclusion of the sink term kfNO, in Eq. (6) is a hypothesis to account
for the overestimation of NO3 accumulation that was simulated without
this term (Fig. 2S) and for the incomplete recovery of N in measured
forms (Table 2). Further work is needed to test this or alternative hy-
potheses. A possible pathway for the unmeasured loss is abiotic incor-
poration or ‘fixation” of NO3 into phenolic and/or humic fractions of soil
organic matter. Fitzhugh et al. (2003) found that 30-60% of
15N-labelled NO7 applied to three O-horizon forest soils was fixed within
15 min of application and 25-50% was retained after 28 d. The amounts
fixed by the mineral soils studied here were likely substantially less than
that. However, the same processes involved in NO; incorporation into
soil organic matter, including nitrosation, can also produce N gases
including N3O, dinitrogen (N3) and methyl nitrite (CH30NO) (Stevenson
and Swaby, 1964; Thorn and Mikita, 2000; Wei et al., 2017). Thus, the
potential for these processes to contribute to unmeasured N loss path-
ways is greater than the potential amount of fixed NO3. In addition, the
protonated form of NO3 (HNO3 or HONO) can also be emitted as a gas
(Su et al., 2011). An alternative hypothesis is an unmeasured sink for
NO3, such as immobilization of NO3 (Fitzhugh et al., 2003) or hetero-
trophic denitrification. This possibility was examined in separate sim-
ulations that included a sink term for NO3 in Eq. (7), which did not
improve model performance. Wertz et al. (2018) found evidence for
denitrification in frozen soil (<0.5 °C), amended with inorganic N and
plant residues (1000 pg C g~1), and incubated at a headspace:soil ratio of
4.2 ml g~! dry soil (compared to 25 ml g~! used here). Under these
conditions, increasing NO3 over time was accompanied by decreasing
NO3, which was not observed here, and was likely driven by O,
depletion in occluded microsites (Wertz et al., 2018). The apparent
background N2O production (by,0, Eq. (9)) was simulated here as being
independent of NO3 and may have originated from microsite denitrifi-
cation. However, given the highly aerobic conditions, this source more
likely evolved from NO3 present at levels that were below detection
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and/or from other nitrification-driven reactions such as those involving
NH,OH (Liu et al., 2017a). Cumulative amounts of background N,O
ranged from 2 to 4 pg N g! and therefore could not explain the
unaccounted-for NO3 (Fig. 2S) although it did account for 17-60% of
total simulated cumulative N,O (Fig. 3c).

The MMRT model was useful for expressing unio and pamo as
continuous functions of temperature, which was the main objective. Of
secondary interest was estimation of optimum temperatures which were
only obtained for soil A. The optimum temperature estimates are likely
not robust due to the limited upper temperature range, which was also
the likely reason for the lack of curvature in the MMRT results for soil B.
Nonetheless, the MMRT functions and the functions obtained for the
other parameters, allow the model, in theory, to be applied under dy-
namic temperature regimes at least for temperatures <30 °C (an
example application is provided as SI and the results are shown in
Fig. 4S). While 2SN can account for multiple process interactions, in its
current form it is restricted to well-mixed, primarily aerobic soil vol-
umes. While this application is useful for testing hypotheses and
exploring mechanisms and kinetics, to extend its applicability, 2SN
would need to be integrated with models that account for other pro-
cesses occurring over a broader range of conditions. These processes,
which are addressed by other models, include diffusion of solutes and
gases (Venterea and Rolston, 2000b), water flux, soil anaerobicity and
heterotrophic denitrification (Riley and Matson, 2000) and plant N
uptake (Inselsbacher et al., 2013). Apart from the modeling aspects of
the study, the empirical findings suggest that the presence of available N
at cold temperatures may give rise to large N gas losses due to reactions
involving NO3. This further suggests that elevated NyO emissions
observed under colder temperatures in the field (Wagner-Riddle et al.,
2008) might be at least partly driven by these processes, but this requires
further investigation.
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