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S1. Mass-dependent isotopic fractionation and A’O-NOj3 as a conservative tracer of
biogeochemical NOs transformations.
The use of AYO-NOs to simulate biogeochemical NOs™ transformations hinges on the conservative nature
of A0 during mass-dependent oxygen (O) isotopic fractionations. Given the three stable O isotopes (i.e.,
180, 170, and *80), fractionation of ’O/**0 (*'R) relative to ¥0/*0 (*®R) in a normal O isotope
fractionation process is proportional to the mass difference between the respective O isotopologues. Thus,
for both kinetic and equilibrium fractionations of the three O isotopes, the isotopic fractionation factors
for 'R (Ya) and R (*3a) are related by the mass-dependent fractionation law:
Yo = (8g)P Equation (S1)
where B is the three-isotope exponent determined exclusively by the masses of the respective O
isotopologues involved in the reaction. Importantly, B is not equal to a single value but varies generally
between 0.51 and 0.53 for different O isotopic fractionation processes (Miller, 2002; Young et al., 2002).
Mass-dependent fractionations of the three O isotopes can be represented by a single curve on the O
three-isotope plot, in which isotope ratios (*'R and *®R) are expressed as fractional differences from a
reference material (*’Rrer and ®Rper) lying on the same curve (i.e., Vienna Standard Mean Ocean Water
(VSMOW) in this study) (Miller, 2002):
YRARrer = (**RIM®Rer)? Equation (52)
Taking delta notation (6=[(R/Rref)-1]%1000, in units of %o) and natural log transformation yields:
In(370/1000+1) = B*In(5'¥0/1000+1) Equation (S3)
Thus, a plot of In(570/1000+1) against In(3'30/1000+1) produce a straight line with a slope equal to B in
the O three-isotope space, representing the mass-dependent fractionation law. On this basis, anomalous
70 excess or deficiency (A0), characterized by the departure from the mass-dependent fractionation
line as a result of mass-independent isotope effects (e.g., photochemical ozone formation), is defined in
delta notation as:

AYO = [In(370/1000+1) — B*In(5'°0/1000+1)]*1000 Equation (S4)



Because nonzero A’O-NOs™ values is strictly a result of photochemical effects, biogeochemical NOs™
consumption processes in soils, such as denitrification and NO3™ assimilation, obey the mass-dependent
fractionation law (i.e., Equation (S1)), leaving AY’O-NOjs nearly unaltered. On the other hand, the A’O-
NOs™ signal can be diluted by nitrification-produced NOs’, which has A’O=0. The conservative behavior
of AYO-NOj3 during soil NOs™ transformations were thoroughly examined by our previous study using
soil samples spanning a wide range of nitrification and denitrification potentials (Yu and Elliott, 2018).
These soil samples were amended with a Chilean NOs™ fertilizer enriched in AO and subsequently
monitored for variations in §*°N, §'80, and A'’O of soil NOs™ under controlled laboratory conditions. An
isotopologue-specific (i.e., 1N, 1°N, %0, 7O, and 0) model was developed to simulate mass-dependent
isotopic fractionations during co-occurring soil nitrification and NOs™ consumption and used to inversely
optimize gross rates and N isotope effects of these two processes. Results from a model sensitivity
analysis showed that the optimized gross rates and N isotope effects were not sensitive to the value of B
(0.51 to 0.53) and the mass-dependent O isotopic fractionations during NO3™ production and consumption
(Yu and Elliott, 2018), corroborating the conservative nature of AY’O-NOs". Thus, although 80 and 5’0
of NOs are controlled by the O isotopic fractionations and their respective  values during nitrification
and NOs™ consumption, no precise knowledge of these controlling factors need be known in order to apply
AY0O-NOs in the isotopologue-specific model. Furthermore, these results also confirmed that setting B to
0.52 for all the relevant O isotope-fractionating processes involved in nitrification and denitrification
(e.g., O incorporation during nitrification, O exchange between H,O and NO;, dissimilatory NOs’
reduction, etc.) is sufficient for simulating their impacts on 3*30-NOs” and AYO-NOs (Yu and Elliott,
2018). Thus, Equation (S4) can be simplified to:

AY0 = [In(3'0/1000+1) — 0.52*In(5'80/1000+1)]*1000 Equation (S5)
In summary, A¥O-NOs™ is a conservative tracer of biogeochemical NOs™ production and consumption
within the conceptual domain of mass-dependent isotopic fractionations, functioning essentially as the

labeled **NOs tracers within the domain of isotope mass balance.



S2. Control tests on the robustness of soil extraction and incubation procedures.

Two control tests were conducted to evaluate the robustness of the adopted soil extraction and incubation
methods. In the first test, eight incubators containing 100 g (dry weight equivalent) soil were prepared
following the protocol detailed in the main text and incubated under anoxic conditions for 6 days.
Following the incubation, half of the incubators were opened from the top, and a solution of an off-the-
shelf KNO; and the Chilean NO3™ (8°N=0.3%o, $'80=55.8%0, A’0=18.6%0) was added to the soil surface
using a pipette. The fertilization rate was 3 pg NO2-N-g* and 15 pg NOs-N-gX. The spiked and non-
spiked samples were then extracted for NOs™ and NO-™ using the method described in the main text. For
each sample, the resultant soil extract was split into two subsamples: one treated with sulfamic acid for
NO; analysis and the other without sulfamic acid treatment for analysis of NO2+NOs". A comparison
between the results from the spiked and non-spiked samples showed that the spiked NO, and NOs™ were
100% recovered and that 3*°N, 580, and A0 values of the spiked Chilean NOs were accurately
determined after the NO, removal (Table S1).

In the second test, eight incubators containing 100 g (dry weight equivalent) soil were prepared
following the protocol detailed in the main text. Four of the samples were incubated following the
established procedures for 3 days. The other four samples were incubated statistically under anoxic
conditions by closing the vacuum valves. For each of these samples, an aliquot of concentrated acetylene
(C2H>) (balanced by N2) was added to the incubator headspace through the septa to achieve a headspace
concentration of 10 Pascal. These samples were then incubated statistically for 3 days. Subsequent
concentration and isotope analyses showed no statistical difference (Welch’s t-test, P<0.05) between
samples with and without the C;H, treatment (Table S2). Because C,H- at 10 Pascal blocks activities of
ammonia monooxygenase in both ammonia-oxidizing bacteria and archaea (Taylor et al., 2015), these
results suggest that aerobic NH4* oxidation was negligible during the anoxic incubations. Collectively,
these results confirmed that our water extraction method was robust for extracting soil NOs;™ and NO," and
that aerobic NOs™ production during the anoxic incubation and the water extraction can be safely ruled out
as an explanation for the observed declines in §'80-NO3" and AYO-NOs™.
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Table S1. Control test on the soil extraction method.

NO, NOs 35N-NO3 380-NO5 AYO-NO5
(Mg N-g?) (Mg N-g*%) (%o) (%o) (%)
Control (n=4) 5.5+0.1 34.00.3 23.8+0.5 27.4+0.2 2.240.2
Spiked (n=4) 8.5+0.2 49.2+0.5 16.9+0.3 35.9+0.3 7.440.4
Recovery 3.0+0.2? 15.2+0.6 1.6+1.6° 54.9+1.4° 19.1+1.7°

a: calculated by difference between the control (i.e., non-spiked) and spiked samples. Recovery of NOy

and NOs" concentrations was 101.2+1.1% and 100.4+3.7%, respectively.

b: calculated based on an isotope mass balance of the control (i.e., non-spiked) and spiked samples. The

recovered 3N, §'20, and AYO values of the Chilean NOs™ were within 1.3%o of the true values.

Table S2. Control test on the soil incubation method.

NO, NOs 3N-NOs  $®0-NOs  AYO-NOs
(Mg N-g™) (Mg N-g™) (%o) (%o) (%)

Without C-H, (n=4) 0.7+0.1 40.1+0.5 11.3+0.4 31.2+0.3 6.5+0.3

With C;H, (n=4) 0.9+0.0 38.9+0.7 12.1+0.3 30.5+0.4 6.1+0.2




S3. Derivation, formulation, and optimization of the isotopologue-specific model for simulating co-
occurring denitrification and nitrite re-oxidation during the anoxic incubation.

S3.1. Model structure

The isotopologue-specific model simulates dynamics of N, **N, 60, 10O, and 0 concentrations in soil
NO; and NO; during co-occurring denitrification and NO," re-oxidation. In order to be compatible with
isotopologue calculations, the model was formulated based on isotopologue-specific process rates and net
isotopic fractionation factors («), which is related to net isotope effects () by: o = #/1000 + 1. In the
model, the reversibility of NXR was evaluated through mass and isotope balance calculations. To first
order, we assumed that the forward (NXR-catalyzed NOs reduction) and backward (NXR-catalyzed NOy
oxidation) reactions are balanced in terms of mass (i.e., no net oxidation or reduction) and that both the
forward and backward reactions follow first order kinetics. Consequently, the forward reaction is related
to the backward reaction following Equation (S6):

Knxrn*[NO3] = knxrp)*[NO2] Equation (S6)
where knxre) and knxre) are the first-order rate constants of the forward reaction and backward reactions,
respectively. Furthermore, the equilibrium fractionation factor for the NXR-catalyzed NO3/NO2
interconversion (*anxreq) is related to the kinetic fractionation factors for the forward (**oxnxr) and
back (*oxnxre)) reactions (Fry, 2006):

Bonxreq) = PokNxrE) 20 kNXR( Equation (S7)
Therefore, based on Equations (S6) and (S7), the NXR-driven isotope exchange between NO3z and NO
is realized through two kinetic processes of opposite directions in the model.

To simulate the observed variations in 8'0 and A0 of soil NOs, two model scenarios were
designed with respect to oxygen (O) isotope exchange between H,O and NO>". In the “no exchange”
scenario, the model simulates 0, 'O, and 0 concentrations of both NO3” and NO_™ pools by explicitly
considering O isotopic fractionations associated with denitrifier-catalyzed NOs™ reduction (*"*anar),
NXR-catalyzed NO3 reduction (*"*8a nxre), abstraction of one O atom during NOs™ reduction to NO2
(Y""8onaren), NXR-catalyzed NO,™ oxidation ("8 nxr()), H20 incorporation during NXR-catalyzed
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NO;" oxidation (*"8anxre20)), NIR-catalyzed NO; reduction (*"*8anir), and abiotic NO,™ reduction

(" 8anoamobioticy) (Fig. S1). In the “complete exchange” scenario, the standing NO™ pool is always in
equilibrium with soil H2O (§'80-H,0=-10%o0, A*O-H,0=0%o) in terms of O isotopes (Fig. S1).
Accordingly, the model does not explicitly track dynamics of NO, O isotopologues, but in instead
calculates a set of equilibrium values for the fractional abundances of *°0, ¥’O, and 80 in NO2 (**Fnozeq),
YENo2(eq), BFno2(eq) Using the equilibrium fractionation factor for O exchange between NO and H,O
("8 120m026q). TO drive the model, the fractionation factors for 20 relative to *O (*8x) were either set
to literature values derived in pure culture studies (i.€., ®anarpn, PBaxnxre), Bonxrezo)) (Summarized by
Granger and Wankel (2016)) or assumed to be coupled to their counterparts for fractionation of >N
relative to N (i.e., Banar, Boxnxrd), onir, Panoznogasicic) (Table S3). For fractionations of 17O relative
to 180, the fractionation factors (*’a) were estimated from 8« and the mass-dependent fractionation law
(Equation (S1)) using a constant B value of 0.52. Importantly, although simulations of 5¥0-NO;™ and
5'80-NO;" in the model are highly sensitive to the absolute magnitude of the individual O isotopic
fractionations mentioned above, simulations of A¥O-NOs and A’O-NO; are quantitative and not
affected by the lack of constraints on the O isotopic fractionation factors. This is because A’O is
calculated based on the mass-dependent fractionation law and thereby only sensitive to variations in the
relative abundances of 'O and 80 in NO3s and NO, (Yu and Elliott, 2018). Equations used in the
isotopologue-specific model for the “no exchange” and “complete exchange” scenarios are given in Box
S1 and Box S2, respectively. Description of relevant parameters is provided in Table S3.

The first step in using the isotopologue-specific model to estimate process rates and isotope
effects was to calculate the concentrations of >N and **N in NOs™ and NO, and the concentrations of *°0,
170, and 80 in NOj3 for each sample using the isotope ratio and concentration measurements. To solve
the isotoplogue-specific differential system of equations, initial isotopologue concentrations of NO3 and
NO;" are required. While the initial concentrations of N, N, 0, 1’0, and 20 in NOs™ are available
from the direct measurements, the initial **N/*N, ’0/*%0, and 80/*®0 ratios of NO,  were not measured
due to the low NO; concentration at the first sampling event. Therefore, for both model scenarios, the
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initial §**N-NO;" value (8®°N-NO; o)) Was approximated using the initial §'*N-NOs" value (8**N-NOs (o))
and the prescribed *ynar: 8°N-NO2 o) = §°N-NOs10) — *nar. For the “no exchange” scenario, the
initial 'O and A0 values of NO, were set to those of NOs™. Results from a sensitivity analysis
confirmed that uncertainties in the initial isotopic composition of NO," did not qualitatively change the
optimization results, probably because of the small initial isotopologue pool sizes of NO", which could be
quickly changed by subsequent NO; production and consumption during the anoxic incubation. With the
supplied initial conditions, the isotopologue-specific model was solved numerically using a Runge-Kutta
method with a 0.5 h time step (Solver ode45, Matlab, Mathworks, USA). The obtained isotopologue
abundances were then resembled to bulk concentrations and delta values (8*°N, 820, and A0) of NO3
and NO; for interpretation.

Next, the net NO production rate (fno-anoxic) and 8°N-NO were modeled from the numerically
solved NO; concentration and 8*°N-NO-" values. Specifically, the net NO production were modeled from
both abiotic NO, reduction (faioiic) and coupled NO production by NIR and reduction by NOR (fanf) (Fig.
S1):

fNo-anoxic = Tabiotic + fant = Sabiotic™ Knoz/noabiotig* [NO27] + (Rnir — Rnor)  Equation (S8)
where Kaiotic 1S the pseudo-first order rate constant for NO2™ 10sS; Saviotic IS the apparent stoichiometric
coefficient for NO production from NO’; Rnir and Rnor are the zero-order rate constants of NIR-
catalyzed NO; reduction and NOR-catalyzed NO reduction, respectively (Table S3). The *°N of
abiotically produced NO (8*°N-NObioticy) Was modeled using the numerically solved §*°*N-NO," and the N
isotope effect for NO production from abiotic NO, reduction (**4noz2mo@bicticy) quantified in the abiotic
incubation: 8°*N-NOgabiotic) = 8°N-NO2" — *;nozno@biotic)- The 8°N of net NO production from the coupled
NO production and reduction in denitrification (§*>N-NOnr)) was modeled using the closed-system
Rayleigh equation:

§15N-NOnn) = (8°N-NO2 — Bynir) — Ln(1 — Rnor/Rair)* vk Equation (S9)

where ®;nir and Bynor are the N isotope effects for NIR-catalyzed NO reduction and NOR-catalyzed

NO reduction, respectively. The closed-system maodel, rather than the open-system one, was used here to
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account for the inherently non-steady state nature of N transformations in the heterogeneous soil
environment (Lewicka-Szcebak et al., 2014). Based on the simulated §°N-NOabioticy and 3°N-NOgnf),
8N of the total net NO production was calculated using a two-source mixing model:

8°N-NO = (faviotic™ 3*°N-NOabiotic) + fanr*3°N-NOann)/( faiotic + fanf) Equation (S10)

S3.2. Model optimization

A nonlinear optimization applying Trust-Region-Reflective least squares algorithm (Matlab, Mathworks,
USA) was used to find the unknown N process rates and N isotope effects in the isotopologue-specific
model by minimizing the error-weighted residual sum of squares (RSS) between the simulated and

measured results:

(5i—Mij)°

2
oij

RSS =¥ %%, Equation (S11)

where n is the number of variables, S;; and M;; are the simulated and measured variable i at the j-th
sampling event, gjj is the standard deviation between replicates. During the first modeling stage, Rnar,
Rnir, Rnor, and Knxrp) Were inversely optimized for each of the two model scenarios through minimizing
the error-weighted RSS between the simulated and measured NOs;  and NO,™ concentrations, fno-anoxic,
AYO-NOg3". During the second modeling stage, an enumeration approach was used to obtain the best
combination of ®nar, ¥nxrea) » 227nir, and ok that minimizes the error-weighted RSS between the
simulated and measured 5'°N values of NO3", NO2", and NO. Due to the high nonlinearity of the modeling
system, the inverse optimization procedure was repeated 100 times with different initial guesses for
variables to be optimized to avoid local minima. Approximate 95% confidence intervals were calculated

for variable estimates using an error covariance matrix (Yu and Elliott, 2018).
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Figure S1. Model structure of co-occurring denitrification and NO;™ re-oxidation and associated O
isotopic fractionations. Values of the O isotopic fractionation factors are given in Table S3.
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Box S1. Equations used in the isotopologue-specific model for simulating co-occurring denitrification and

nitrite re-oxidation under the “no exchange” model scenario.

d[**N]nos/dt = knxre)*[**N]Inoz — Knxrn*[*N]nos — Rnar* *Fnos

d[*N]nos/dt = knxrepy ok nxrp)* [*°N]noz — Knxre/ ok nxrm* [P°NInos — Rnar/Panar* P Fros

d[**N]no2/dt = Rnar***Fnos + knxr* [Y*N]nos — Rair* Fnoz — Knxrio)*[**N]noz — Kabiotic*[**N]noz

d[*N]no2/dt = Rnar/anar™* *Fros + Knxre/axnxra™*[PNInos — Ruir/anir **°Froz

— knxr(o) Pk nxr (o) * [*°N]noz — Kabiotic/ *einozinoabioticy* [*N]noz
d[**O]nos/dt = knxray* ([*°*Olnoz + [*NInoz***Fhz20) — knxry*[2*OInos — 3*Rnar**Fros
d[*"O]nos/dt = knxriy*([1’Olnoz! (Bounxr() - + [M*N]noz* Frzol (Banxr(H20)* %)

— knxra! (Bounxr(n) > 52* [ Olnos — 3*Rnar/(Banar)®%2* Fros

d[*80]nos/dt = knxrep)* ([ O]no2/ o nxr) + [XNIno2* BFzo0/BanxrH20)) — Knxr/ Bk nxr@* [*O]nos

— 3*Rnar/Bonar™* B Fnos

d[**O]no2/dt = 2/3*3*Rnar**Fnos + 2/3*Kknxrm*[**O]nos — 2*Ranir* ®Fnoz — Knxry* [ O]noz

- kabio'ri(:*[mo]NOZ

d[17O]N02/dt = 2/3*3*RNAR/(lgaNAR)0'52/(180!NAR(br))0'52*17FNOS
+ 2/3*knxren/ (P nxr(n) 2 (PCanaren)* 2 * [FOlnos — 2*Ruir/ (Banir)**** Froz

— knxr@y (Bownxr(o)) 32* [ O]noz — Kabiotic! (Botnozinoabiotic)) 32 * [ O]noz

d[*8O]no2/dt = 2/3*3*Rnar/Banar/Banarpn™ B Frnos + 2/3*Knxra/Bownxr Boanaron *[2O]nos

— 2*Ruir/anir* BFno2 — Knxrp)/ 8o nxr(n) *[2O]no2 — Kabiotic! *anozinoabiotic [0 no2
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Box S2. Equations used in the isotopologue-specific model for simulating co-occurring denitrification and

nitrite re-oxidation under the “complete exchange” model scenario.

d[*N]nos/dt = knxrpy*[**N]noz — Knxren*[2*N]nos — Rnar*#Fros

d[**N]nos/dt = knxrp)/Paxnxrp)*[PN]noz — Knxr@/axnxr@* [P N]nos — Ruar/Panar* P Frnos

d[*N]no2/dt = Rnar™ #Frnos + Knxr@™[F*N]nos — Rnir* Frnoz — Knxrio)* [*N]Inoz — Kabiotic*[X*N]noz

d[*N]no2/dt = Rnar/anar**Fros + Knxre/*axnxra™*[PNInos — Ruir/anir **°Froz

— k(o) Pk nxr (o) * [F°N]Inoz — Kabiotic/ anozinoaviotic* [*N]no2
d[*%0]nos/dt = knxrepy*[*NIno2* (2% Fnoz2geq) + °Fh20) — Knxrn*[1*O]nos — 3*Rnar™* ®Fros
d[*"O]nos/dt = knxrpy* [*NIno2™ (2% Frozea) (B nxr(p)) %2 + T Frizol (Banxr(H20))*%2)

— knxren/ (Bownxr) 22 * [ O]nos — 3*Rnar/(Banar)®*?* Fnos

d[*8O]nos/dt = knxrp)*[**N]no2* (2% BFno2geq)/ ok nxrp) + BFH20/onxr(H20)) — Knxra/ o nxr* [ O]nos

1 1
— 3*Rnar/Bonar*BFnos
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Table S3. Parameters used in the isotopologue-specific model for simulating co-occurring denitrification

and nitrite re-oxidation.

NO; interconversion

Parameter Description Value Comment
[14N], [lSN], .
[**Q], [0}, L\Iog(r:g]tlrzci;tggologue Simulated by the model
[180]
1 15 Fractional abundance of *“N Calculated from isotopologue
F and “F 15 .
and “N concentrations
8F, 17F, and Fractional abundance of €0, Calculated from isotopologue
18F 170, and 80 concentrations
Calculated using 5'¥0-H,0 (-
O FNo2(eq), Fractional abundance of 160, 10%o), AY0-H,0 (0%o), and
YENo2eq), and | YO, and 80 in NO; at equilibrium isotope effect
BENO2(eq) equilibrium with soil water between NO, and H,O
(*87H20/m02(e9)=14%0)
RnAR rZe%rS c?irc()jr? r rate for NOy Optimized by the model
RNIR rZe%rS c?irc()jr? r rate for NOz Optimized by the model
Rnor rZe%rl(J)Ci)ir(;ir?r rate for NO Optimized by the model
First order rate constant of
KNXR(b) NXR-catalyzed NO>» Optimized by the model
oxidation
First order rate constant of Calculated from knxre) using
KnxR( NXR-catalyzed NOs Equation (S7) for each model
reduction iteration
First order rate constant of 1 .
Kabiotic abiotic NO, reduction 0.0027 h Fixed value.
Apparent stoichiometric
Sabiotic coefficient for abiotic NO 0.52 Fixed value.
production from NOy
Equilibrium fractionation factor
Banxrieq) for NXR-catalyzed NOs™ and 0.940to0 1

Yo NxR(b)

N fractionation factor for NXR-
catalyzed NO-" oxidation

Calculated from ®onxreq and

Yo nxrer Using Equation (S6) for

each model iteration.
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O fractionation factor for NXR-

18 _—
Ol NXR(b) catalyzed NO,* oxidation 0.996 Buchwald and Casciotti, (2010)
O fractionation factor for H>O
Banxr(H20) incorporation during NXR- 1.014 Buchwald and Casciotti, (2010)
catalyzed NO," oxidation
N fractionation factor for NXR-
15 15
HNXR(D) catalyzed NO3™ reduction Set to be equal to “anar
O fractionation factor for NXR-
18 15
Ok NXR(f) catalyzed NO;™ reduction Set to be coupled to “ox nxr(h
N fractionation factor for NOs
15
OINAR reduction by denitrifiers 1.005 to 1.055
O fractionation factor for NOz"
18 15
OINAR reduction by denitrifiers Coupled to Panar
Casciotti et al., (2002). Banaren
O fractionation factor for is parameterized as an inverse
Bonar(n) branching O removal during 0.975 Isotopic fractlor_1at|on n the_
NOs reduction by denitrifiers mod_el because itacts to enrich
0 in NO2 during NO3°
reduction.
15 N fractionation factor for NOy Opt'm'zed by 'ghe f”°de' fsor every
ANIR . e possible combination of “anar
reduction by denitrifiers 15
and “onxreeq)
O fractionation factor for NO2
18 15
ONIR reduction by denitrifiers Coupled to “anir
N fractionation factor for
Banoznogbioticy | abiotic NO production from 1.019 Fixed value.

NO,

18
OINO2/NO(abiotic)

O fractionation factor for
abiotic NO production from
NO,

Coupled to Banoznobiotic)

150!NOR

N fractionation factor for NO
reduction by denitrifiers

Optimized by the model for every
possible combination of “anar
and “anxreq)
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S4. Forward modeling of $*0-NO; under the “no exchange” and “complete exchange” scenarios.
The isotopologue-specific model with optimized rates of denitrification and NO,™ re-oxidation was used
to explore whether the observed decrease in §'80-NO3" can be possibly explained by co-occurring
denitrification and NO;" re-oxidation under the “no exchange” and “complete exchange” scenarios.
Specifically, to simulate 3'30-NOs" variations, the model was forwarded using published O isotopic
fractionation factors for the branching O isotopic fractionation during NOs reduction to NO2 (*¥nar@n),
NXR-catalyzed NO;™ oxidation (*¥;xnxr()), H20 incorporation during NXR-catalyzed NO™ oxidation
(*nxrH20)), and O exchange between NO;™ and H20 (*8120m02¢eq) (Fig. S1) (values of the corresponding
18y are provided in Table S3). Moreover, to examine how variations in §®0-NOjs are regulated by O
isotopic fractionations associated with NO3™ reduction and NO- re-oxidation, the forward modeling was
coupled to a sensitivity analysis, in which the magnitude of O isotope effect for denitrifier-catalyzed NO3z
reduction (**;nar) Was varied from 5 to 55%o. As shown in Fig. S2a, the forward modeled 5'¥0-NOs” was
highly sensitive to the model scenarios and the prescribed value of 8;nar. Specifically, the observed
decreasing trend in 3*30-NOs could be well reproduced under the “complete exchange™ scenario using a
8nar < 25%0. However, under the “no exchange” scenario, the decreasing trend could not be simulated,
even with a very small ¥ynar (5%o0). This is mainly due to the preservation of “denitrification imprints” in
the standing NO>™ pool under the “no exchange” scenario. During NAR-catalyzed NOs™ reduction, lighter
O isotopes are preferentially abstracted from NO3s molecules, leading to enrichment of 80 in the product
NO; (i.e., the branching O isotope effect) (Casciotti et al., 2002). Consequently, the 5*80 of NO; being
re-oxidized back to NOs” was also elevated, contributing to the simulated increases in §*30-NOs” under the
“no exchange” scenario (Fig. S2a). Therefore, the contrasting patterns in the forward modeled §'30-NO3
between the two model scenarios (Fig. S2a) seem to suggest that O exchange between NO" and H,O
indeed occurred to a high degree during the anoxic incubation. However, the forward modeled 5¥0-NOs"
variations are highly sensitive to the prescribed O isotope effects, which have only been quantified in less
than a handful of pure culture studies (Granger and Wankel, 2016). For example, to our best knowledge,
the branching O isotope effect for NO3™ reduction (*¥ynaren), Which plays a pivotal role in regulating the
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modeled §'0-NOjs trajectory, has so far only been reported for two strains of denitrifying bacteria
(Casciotti et al., 2002). It is entirely possible that transformations between NO3;™ and NO;" catalyzed by
whole denitrifier and NOB communities in this agricultural soil were associated with O isotopic
fractionations different from those reported in previous pure culture studies. If we reduced *®;narer from
the previously reported value of 25%. to 15%o, the decreasing 520 trend could be successfully reproduced
under the “no exchange” scenario With a ®ynar < 15%o (Fig. S2b). In sum, results from this forward
modeling exercise highlight the competing isotope effects between NOs™ reduction and NO;" re-oxidation
and provide evidence that decreases in §30-NO;" can occur when enrichment of 20 in NO3z™ during NO3”

reduction is offset by the low 880 value of NOs™ produced from NO; re-oxidation (Fig. S2).

lgqNAR (no exchange)
5%o 15%o 25%o 35%o 45%o 55%o
mnNAR (complete exchange)
5%o 15%o 25%o 35%o 45%o 55%o
100 T T T T T T T T 75 T T T T T T T T
I8 _ 18 _
(@) "n, ARG 25%o (b) "n, ARG 15%o
80 60 - N
~ 60t ~ 45F 7
= = —_—
o 40t %’ — o" 30 1
% < — | Z
je) o
"o 20f e 13T I
ot or T
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time (h) Time (h)

Figure S2. Forward modeled 5'®0-NOg3 (lines) as a function of O isotope effect for NOs™ reduction

(*8ynaRr) under the “no exchange” and “complete exchange” scenarios. Two different values of branching

O isotope effect for NOs™ reduction (*¥;naren) Was used for the forward modeling: (a) ¥narpn = 25%o

and (b) ®ynaren = 15%0. The measured 5'%0-NO3 (line and open square) was also shown for comparison.
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S5. The isotopologue-specific model for simulating net mineralization, gross nitrification, and gross
NO;" consumption during the oxic and hypoxic incubation.

The isotopologue-specific model developed by Yu and Elliott (2018) was applied here to simulate net
mineralization, gross nitrification, and gross NOs™ consumption during the oxic and hypoxic incubations.
Three soil N pools were considered in the model: organic N, NH4*, and NO3". Mineralization of organic N
produces NH,*, which can be returned to the organic N pool via microbial NH4* assimilation or nitrified
to NOs, while NOs™ can be consumed via microbial assimilation and denitrification. NO, was not
explicitly included in the model because it was not in significant concentrations in either incubation
experiment. Moreover, mineralization and NH4* assimilation fluxes were combined to be a net
mineralization flux between the organic N and NH4* pools to lower the number of unknowns in the
model. Because soil organic N was not measured in this study, we assumed it could be approximated by
the total soil N in terms of pool size (0.2%) and N isotopic composition (5.3%.) (Yu and Elliott, 2018).
Each of three considered N transformation processes was associated with a kinetic N isotope effect.
During the two-step process of nitrification, oxidation of NH3 to NO,™ incorporates one O atom from O,
and one from H,O; the subsequent oxidation of NO, to NOs™ incorporates an O atom derived from H,0O.
Incorporation of each of the three O atoms was associated with a kinetic O isotope effect (Granger and
Wankel, 2016). To drive the model, we used 23.5%o and -10%o for 8'%0 of soil O, and H,O, respectively.
Assuming that concentration and 3°N of organic N did not change significantly during the short-term
oxic and hypoxic incubations, the gross rates and net N isotope effects of net mineralization, gross
nitrification, and gross NO3s™ consumption were inversely optimized by minimizing the error-weighted
residual sum of squares between the simulated and measured NH4* and NOs™ concentrations, 6*°N values
of NH,* and NOs', and AYO-NOgs from all three §*N-NH,4* treatments. Formulation of the isotopologue-

specific model is given in Box S3. Description of parameters used in the model is provided in Table S4.
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Box S3. Equations used in the isotopologue-specific model for simulating net mineralization, nitrification,

and nitrate consumption.

d[14N]OrgN/dt =— ROrgN/NH4*l4FOrgN

d[**N]orgn/dt = — Rorgninral P aorgnmma™*Forgn

d[**N]na/dt = Rorgnmma™*Forgn — RmHanos™ Fa

d[**N]nHa/dt = Rorgnimtal aorgnmna**Forgn — Rnmamos/ ™ anpamos**Fra
d[**N]nos/dt = Rnramos***Frs — Rnoscomp™*Fnos

d[**N]nos/dt = Rnnamos/* antamos**Fra — Rnoscompanoacomp™*Fros
d[*°O]nos/dt = Rnnamos™(**Foz + **Fh20) + Rnramos**®Frzo — 3*Rnoscomp™ °Fros

d[*"O]nos/dt = Ranamos™ (Y Foal (Baamoo2))®*? + ' Frzol (Baamo(z0) )

+ Rnnamos™  Frzol (Bonxr(20)) %2 — 3*Rnoscomp/ (*Bonoscomp) > 22* Fnos

d[*80]nos/dt = Rnmamos™ (BFoa/Baamooz) + BFr0/*faamorz0)) + Rnnamos*BFhao/*tanxr(H20)

18 18
— 3*Rnozcomp/onozcomp™ °Fros
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Table S4. Parameters used in the isotopologue-specific model for simulating net mineralization,

nitrification, and nitrate consumption.

Parameter Description Value Comment
14N , 15N , ]
Elﬁo} E”O% NorQ |sof[opologue Simulated by the model
18 | concentration
[CO]
up 15p Fractional abundance of **N or Calculated from isotopologue
’ BN concentrations
16p 17F 18F Fractional abundance of °0, Calculated from isotopologue
v 170, or 80 concentrations
Zero order rate for net .
RorgnimHa mineralization Optimized by the model
Zero order rate for gross .
RNHa/No3 nitrification Optimized by the model
Zero order rate for gross NO3’ .
Rnoscomp consumption Optimized by the model
N fractionation factor for net .
15
GLOrgN/NH4 mineralization Optimized by the model
N fractionation factor for gross .
15
OINH4/INO3 nitrification Optimized by the model
N fractionation factor for gross -
15
ONO3comp NOs consumption Optimized by the model
O fractionation factor for H.O 15
18 NO3com incorporation during NXR- Set to be COl_JpIed_to anoscomp FOT
P Y each model iteration
catalyzed NO," oxidation
O fractionation factor for O; " .
Boamoo2) incorporation by aerobic NH; 1.014 Sj:gl'(%ﬁt'(zeéig)(zolo)’ Granger and
oxidation
O fractionation factor for H,O N )
Boamo(H20) incorporation by aerobic NH3 1.014 \(/:\7:;;25“(;5%)(2010), Granger and
oxidation
O fractionation factor for H-O
Banxr(H20) incorporation during NXR- 1.014 Buchwald and Casciotti, (2010)
catalyzed NO," oxidation
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S6. Data tables of the anoxic, oxic, hypoxic, and abiotic incubation experiments.

Table S5. NOs; and NO;" concentrations and net NO production rates during the anoxic incubation.

Sampling time (h)

NOs (ug N-g?h)

NO2 (ug N-g*h)

fNO-anoxic (ng Nglhl)

0.0
25.3
48.3
73.8
97.6
121.6
145.0
169.1

49.3+0.1
44.7+0.1
41.2+0.6
37.8+0.3
32.6+0.6
29.2+0.9
26.2+0.9
23.1+0.2

0.4+0.1
1.2+0.3
1.9+0.2
2.8+0.2
4.2+0.3
5.2+0.4
5.4+0.6
6.9+0.1

71.8+8.2
73.8+2.2
72.6%3.1
75.6+2.1
81.9+3.1
79.5+0.2
81.5+1.4
81.3+0.3

Table S6. Isotopic composition of NO3, NO2, and NO during the anoxic incubation.

Sampling time °N-NO3 3'80-NO3 AYO-NOs 3°N-NOy 3°N-NO
(h) (%%0) (%0) (%0) (%0)° (%0)

0.0 4.7+0.3 33.4+0.2 10.0+0.2 NA -44.7+0.3°
25.3 8.7+0.2 33.0+0.4 8.4+0.5 NA -43.5+0.7
48.3 12.8+0.2 31.4+0.9 6.0+0.3 NA -40.2+1.2
73.8 17.4+0.8 28.7+0.3 4.5+0.4 NA -37.1+0.9
97.6 22.6x0.6 26.8+0.3 2.9+0.2 NA -32.8+1.2
121.6 26.7+0.7 26.1+0.9 1.6+0.2 -6.9+3.7 -29.1+0.4
145.0 31.0+1.2 24.5%1.3 1.1+0.6 -6.0£2.5 -26.8+0.3
169.1 38.7+1.5 23.1+0.3 0.7+0.1 0.9+1.3 -20.8+2.2°

a: NA: not measured due to low NO, concentrations.

b: mean and standard deviation were calculated based on two replicates.
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Table S7. NOs™ and NH," concentrations and net NO production rates during the oxic incubation.

(Sf?)mplmg ime NH." (ug N-g™) NO3z (Mg N-g")  fno-oxic (NG N-g™*-h™)?
Low &N-NHg4*

0.0 87.2+3.3 46.8+0.6 NA
26.2 73.0£1.5 55.8+1.1 8.0+0.1
50.5 63.7+1.2 65.5+0.1 7.7+£0.2
76.8 54.2+1.6 76.2+0.4 7.4+0.1
Intermediate 3*°N-NHg*

0.0 88.9+0.7 45.3+0.2 NA
26.4 74.8+0.8 55.2+0.2 8.2+0.0
50.3 64.5+1.4 65.0+0.1 7.9+0.1
74.4 53.7+1.0 75.4+0.3 7.1+0.1
High 55N-NH,"

0.0 86.5+1.0 45,7+0.1 NA
26.3 74.1+0.9 54.9+0.5 8.5+0.1
50.3 64.4+0.2 65.1+0.7 8.0+0.1
74.4 54.7+0.7 75.0+0.4 7.5+0.1

a: NA: no measurement.

Table S8. Isotopic composition of NO3, NH4*, and NO during the oxic incubation.

Sampling time S°N-NH,* 8N-NOs  8%0O-NO3 AYO-NOs  8BN-NO
W) (%o) (%o) (%o) (%0) (%0)?
Low 8'*N-NH,*

0.0 -0.5+0.2 2.6+0.1 19.2+0.2 6.91+0.1 NA

26.2 4.0+1.6 -3.2+0.4 15.0+0.4 5.3+0.1 -54.9+0.8
50.5 7.4+25 -6.3+0.0 11.84+0.0 4.3+0.1 -53.3+0.5
76.8 11.4+0.2 -8.3+0.0 9.8+0.5 3.8+0.3 NA
Intermediate 3*°N-NH,*

0.0 22.6+2.2 2.7+0.3 20.0+0.2 7.0+£0.2 NA

26.4 24.1+£1.0 1.2+0.1 15.5+0.2 5.3+0.1 -37.4+1.3
50.3 29.7+1.3 0.8+0.5 12.3+0.4 4.240.1 -33.5+0.2
74.4 31.2+2.1 1.6+0.6 10.7+£0.4 3.840.1 NA

High 5N-NH,"

0.0 43.3+2.1 2.8+0.3 18.9+0.2 6.91+0.1 NA

26.3 50.8+2.3 5.2+0.8 14.6+1.0 5.440.0 -17.9+1.9°
50.3 53.9+3.4 8.0+0.1 11.7+0.6 4.4+0.1 -16.8+0.3
74.4 56.4+3.4 10.6+0.3 9.6+0.3 3.9+04 NA

a: NA: no measurement.

b: mean and standard deviation were calculated based on two replicates.
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Table S9. NOs™ and NH," concentrations and NO production rates during the hypoxic incubation.

Sampling time (h)

NHs" (ug N-g%)

NOs (ug N-g?)

fNO—hypoxic (ng N-g'l-h‘l)a

Low &N-NH4*
0.0

26.2

50.5

76.8
Intermediate 3*°N-NH,*
0.0

26.4

50.3

74.4

High 55N-NH,"
0.0

26.3

50.3

74.4

89.6+0.9
87.5+0.4
86.0+0.4
84.3+0.3

89.1+1.6
87.0+2.2
85.1+1.8
83.1+0.1

89.9+0.8
87.8+0.4
86.0+0.8
82.1+1.1

46.2+0.2
47.0+0.1
48.3+0.1
49.1+0.6

46.5+0.1
47.5+0.2
48.7+0.1
49.7+0.0

46.0+0.1
46.9+0.3
48.3+0.2
49.1+0.3

NA
10.0+0. 0
9.840.1
9.4+0.2

NA
10.4+0.2
9.6+0.1
9.0+0.1

NA
10.4+0.1
10.0+0.1
9.5+0.2

a: NA: no measurement.

Table S10. Isotopic composition of NOs", NH4*, and NO during the hypoxic incubation.

Sampling time S°N-NH,* SN-NOs  8%0O-NOs AYO-NOs  8N-NO
W) (%o) (%o) (%o) (%0) (%0)?
Low 8'*N-NH,*

0.0 -0.7+1.4 2.61£0.2 19.2+0.2 7.0+0.1 NA

26.2 -0.2+0.5 1.0+£0.1 17.4+0.2 6.6+0.1 -50.5+1.0
50.5 -1.0+0.9 0.3+0.2 16.5+0.0 6.4+0.2 -51.4+0.4
76.8 -0.2+4.2 -0.4+0.1 15.9+0.2 5.840.2 NA
Intermediate 3*°N-NH,*

0.0 20.9+1.6 2.8+0.1 19.3+0.1 6.8+0.1 NA

26.4 21.3x2.9 2.4+0.2 17.0+£0.4 6.4+0.2 -38.5+0.2
50.3 21.8+0.4 2.7+0.3 16.3+0.4 6.0+0.2 -37.2+0.2
74.4 22.6+£0.8 3.6£0.1 15.6+0.1 5.6+£0.2 NA

High &5N-NH,"

0.0 451+1.5 3.1+0.2 19.2+0.1 6.710.1 NA

26.3 45.242.5 4,1+0.1 16.9+0.3 6.2+0.1 -24.3+1.7
50.3 45.2+3.2 5.2+0.2 16.1+0.1 6.0+0.1 -21.3+0.0°
74.4 47.1+3.0 6.9+0.1 15.2+0.1 5.440.2 NA

a: NA: no measurement.

b: mean and standard deviation were calculated based on two replicates.

22



Table S11. Rate and isotopic composition of abiotic NO production in the NO,-amended sterile soil

under anoxic conditions.

Time (h) fno-abiotic (Ng N-g1-hL) 85N-NO (%o)?
0.4 82.5+4.6 -17.8+0.4
20.9 55.2+3.1 NA

48.7 30.9+2.9 NA

74.6 18.1+1.5 NA

91.6 12.4+1.2 NA

120.9 7.9+0.9 NA

145.1 4.740.5 NA

170.1 3.5+0.3 NA

189.4 2.6+0.2 NA

a: NA: no measurement.
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S7. Supplementary figures.
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Figure S3. Rayleigh plot of 3°N-NOj3" versus the natural logarithm of factional NOs™ consumption. The
slope of linear regression gives an estimate of the apparent N isotope effect for NOs™ consumption during

the anoxic incubation.
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Figure S4. Comparison between the measured net NO production rates during the anoxic incubation,
modeled abiotic NO production rates using Kaiotic derived in the abiotic incubation, and modeled abiotic

NO production rates using a reduced Kaiotic.
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