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Abstract. The oxygen isotopic composition of nitrate (NOs~) produced by nitrification (5'*Ono3nit) establishes the initial isotopic
signature of NOs™ in environmental systems and provides a baseline for tracing NOs™ sources and subsequent transformations.
However, how 8"Ono3nit and its relationship with water 3'0 (8'*0m20) vary with temperature and substrate availability in
10 agricultural soils remains poorly constrained. Moreover, soil evaporation can enrich §'*Oms0 in surface soils where nitrification is
most active, yet how this enrichment influences 8'*Onosnit Under contrasting hydrological conditions remains unexplored. To
address these gaps, we integrated soil incubation experiments with a synthetic transport modeling framework based on StorAge
Selection (SAS) functions to quantify how biogeochemical and hydrological factors regulate the variability and predictability of
8" 0No3,nit in an agricultural soil. The incubation experiments showed that, across wide ranges of temperature (7-35 °C) and
15 ammonium (NHy4") availability (0-98 mg N kg™! soil), 3'*Ono3nit generally tracked soil 8'*Owuzo but varied by 3.4-5.3%o at a given
8" 0m20. Temperature and NH4" availability influenced 8'®Onos it primarily by regulating transient nitrite (NO,") accumulation,
which enhanced NO, —water oxygen isotope exchange and thereby altered the expression of the associated equilibrium isotope
effect. Synthetic transport modeling further revealed that hydrological processes can generate 6'*Onos it Variability comparable in
magnitude to that produced by biogeochemical controls. Because 6'®*Onos it records the §'*0 of water in nitrification zones at the
20 time of NOs~ production, whereas drainage 'm0 is additionally shaped by the mixing of water transported through
heterogeneous flow paths, using drainage '®0uz0 to predict 3'*Onos it can produce systematic biases, particularly when seasonal
nitrification dynamics interact with soil evaporation and water transport. Overall, our results show that 8'®*Ono3 i in soil is jointly
controlled by biogeochemical processes that regulate the expression of kinetic and equilibrium isotope effects during nitrification
and by hydrological processes that determine the sources, ages, and flow paths of water supplying nitrification. These findings
25 underscore the need to move beyond stream-centric approaches toward reactive transport frameworks that explicitly accounts for

dynamic biogeochemical controls across diverse flow paths and water ages when applying NOs™ isotopes to environmental systems.

1 Introduction

Stable isotope ratios in nitrate (NOs") provide valuable tracers of nitrogen (N) sources and transformation processes in terrestrial

and aquatic systems (Kendall et al., 2007; Xu et al., 2016; Venkiteswaran et al., 2019; Matiatos et al., 2021). Among these
30  processes, microbial nitrification — the oxidation of ammoniacal N to NOs™ — is a dominant source of NOs™ in many terrestrial and

aquatic systems, particularly those influenced by anthropogenic N inputs. As a result, the N and oxygen (O) isotopic composition

of nitrification-derived NOs~ establishes the initial isotopic signature of NOs~ and provides the baseline for NOs~ source

apportionment and interpretation of subsequent transformations such as denitrification.

During nitrification, O atoms from ambient water are incorporated into newly formed NOs~, making the O isotope ratio of
35 environmental water (8'®*Om20) a direct control on the O isotopic composition of nitrification-derived NOs™ (8'*Ono3.nit) (Casciotti

etal.,2010; Buchwald and Casciotti, 2010). At the same time, 5'*Omo is widely used as a hydrological tracer to infer water sources,
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flow paths, and transport processes that govern NOs™ mobilization and export (Kirchner et al., 2010; Li et al., 2021). This dual role
creates a direct isotopic linkage between NOs~ production and hydrological transport, offering a framework to study coupled N
cycling and water movement in complex environmental systems.

40 In field studies, 6'*Onos it is commonly estimated using a stoichiometric framework that assumes a fixed 2:1 contribution of O
atoms from water and atmospheric O: during nitrification (Kendall et al., 2007). However, this assumption can be violated because
both abiotic and biologically mediated O exchange between nitrite (NO2") — an intermediate in nitrification — and water may
increase the contribution of water-derived O beyond this nominal ratio (Bonner, 1970; Andersson et al., 1982). Furthermore,
5% 0nos it reflects both kinetic isotope effects during enzymatic reactions and equilibrium isotope effects associated with O

45 exchange between NO:  and H.O (see Section 2.1) (Casciotti et al., 2010; Buchwald and Casciotti, 2010). Despite these
complexities, incubation studies across bacterial and archaeal cultures, as well as seawater, freshwater, and soil systems,
consistently show that §'®*Onos it €xhibits an approximately 1:1 relationship with 3'*Owz0, suggesting compensating fractionation
effects during nitrification (Casciotti et al., 2002; Buchwald and Casciotti, 2010; Snider et al., 2010; Buchwald et al., 2012; Boshers
etal., 2019; Hu et al., 2024).

50 A key limitation of these previous studies is that they were conducted under relatively constrained environmental conditions, such
as constant temperature or fixed initial substrate supply. In agricultural soils receiving fertilizer and manure inputs, however, both
N availability and temperature vary substantially and can exert a substantial control on nitrification dynamics. Our previous
laboratory incubation study demonstrated that increased substrate availability can elevate §'*Onos it under constant temperature
conditions, likely through enhanced O isotope exchange during nitrification (Hu et al., 2024). Temperature may further regulate

55 3¥0nos it by altering both intrinsic isotope effects and reaction kinetics. This may occur directly through temperature-dependent
shifts in isotopic partitioning associated with molecular vibrational energies (Urey, 1947; Bigeleisen and Wolfsberg, 1958), and
indirectly through changes in reaction rates that alter the rate-limiting step of multi-step reactions, thereby influencing the extent
to which intrinsic isotope effects are expressed (Canficld et al., 2006). To our knowledge, the combined effects of substrate
availability and temperature on 6'*Onos nit, and on its relationship with environmental 6'*Owuz0, have not been quantified.

60  Because soil water supplies the O atoms incorporated into microbially produced NOs™, 8'®Onos3,nit 1s intrinsically linked not only to
biogeochemical processes but also to soil hydrological dynamics. Near the soil surface, where nitrification is most active,
evaporation can enrich heavy isotopes in soil water (Craig and Gordon, 1965), potentially increasing 8'*Ono3 it independent of
biogeochemical controls. At the same time, subsurface heterogeneity can generate distinct flow paths across pore-to-landscape
scales, separating water used for evapotranspiration from water contributing to drainage and streamflow (Sprenger et al., 2016).

65 This phenomenon, often described as ecohydrological separation (Brooks et al., 2010; McDonnell, 2014), introduces uncertainty
in watershed-scale applications where streamflow 3'*Om2o is commonly used to estimate 6'*Onosni. Such estimates implicitly
assume complete subsurface mixing, an assumption that may not hold in heterogeneous systems.

To better understand hydrological controls on NOs~ export and isotope dynamics, our previous studies applied StorAge Selection
(SAS) functions to estimate time-varying water transit times in intensively managed agricultural systems (Yu et al., 2023; Sha et

70 al., 2025). SAS functions provide a parsimonious representation of subsurface transport processes (see Section 2.2) (Benettin et
al., 2022), enabling analysis of how hydrological transport interacts with NOs™ isotope dynamics. These studies revealed strong
relationships between water age and the O isotopic composition of NOs~ (3'*Ono3) in soil drainage and streamflow. Specifically,
low 8'30n0; values, indicative of nitrification, were strongly associated with young water during high-flow conditions, whereas
elevated 5'%0no3 values reflected enhanced denitrification in older water (Yu et al., 2023; Sha et al., 2025). Building on these

75 findings, a water age-based NOs™ transport model was developed to quantify source availability and denitrification through joint

simulation of 3'®0no3 and water age. However, a major limitation of this framework is that 8'® Onosnit — the baseline isotopic



https://doi.org/10.5194/egusphere-2026-5605
Preprint. Discussion started: 5 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

signature for evaluating denitrification enrichment — was treated as a fixed calibrated parameter due to limited mechanistic

constraints.

This study aims to resolve the biogeochemical and hydrological controls on 8'¥Onos i in an agricultural soil to improve the
80 application of coupled NOs~ and water isotope tracers. Specifically, we address two questions:

(1) How do temperature and substrate availability regulate the variability of 6'*Onosnit and its relationship with environmental

8"%0m20?

(2) How does evaporative enrichment influence 6'*Onos nit under different water transport regimes in the soil source zone?

To address these questions, we conducted static soil incubation experiments across gradients of temperature and ammonium (NH4")
85 availability to quantify controls on 3% 0no3 it and its relationship with §'®*0p20. We then developed a biogeochemical model based

on the Michaelis—Menten—-Monod framework to simulate NOs~ production and isotope dynamics, enabling mechanistic evaluation

of temperature and kinetic effects. The simulated 8'8Opn20—8'*Ono3 it relationships were subsequently integrated into a synthetic

transport framework based on SAS functions. The purpose of this integration was not to reproduce site-specific hydrological

dynamics but to use synthetic water fluxes as a controlled platform for investigating how evaporative enrichment and flow path
90  heterogeneity influence the variability and predictability of 8'¥Onos it

The remainder of this manuscript is organized as follows. Because the study integrates O isotope systematics during nitrification

with transport and §'®Omzo simulations based on SAS functions, Section 2 summarizes the theoretical foundations of both

frameworks. Section 3 describes the laboratory incubation experiments and development of the biogeochemical model for

simulating §'®Onosnit. Section 4 describes the synthetic transport simulations used to investigate the effects of evaporation and
95 water transport on 8'®Onos nit and its prediction using §'®0Oma0. Section 5 presents the results, followed by Section 6, which discusses

the key findings and their implications for using coupled NOs~ and water isotopes to trace NO;3™ reactive transport.

2 Background Theory
2.1 Oxygen Isotope Systematics of Nitrification

Nitrification proceeds through two sequential steps, each involving distinct pathways of O incorporation and associated isotope
100 effects (Fig. 1). By convention, O isotope ratios are reported using & notation, where §0 = ([180 / 160]sample /
[*0/*0]ysmow — 1) X 1000, in units of per mille (%o). In the first step, ammonia (NH3) is oxidized to NO.~ by NH; oxidizing
bacteria (AOB) and archaea (AOA), during which O atoms are incorporated from both O: and H2O. These incorporations are
associated with kinetic O isotope effects ('3ex n20,1 and 'ex 02, in %o), which lower the 8'%0 of incorporated O relative to the source
02 and H:0 pools (Fig. 1). During the second step, NO:" is oxidized to NOs~ by NO: oxidizing bacteria (NOB), with the additional
105 O atom derived from water (Fig. 1). This step is associated with further kinetic isotope effects related to O incorporation and NOz

consumption (*ex 1202 and Bex no).
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Figure 1. Oxygen isotope systematics during nitrification. Sources of O atoms (H:O and O:) for NHs* and NO: oxidation and the
110 associated isotope effects ('3¢1,02, '3e1,H20,1, '3€1,H20.2, '3€K,N0) are indicated. The fraction of NO:™ O atoms exchanged with water (fix) and
the associated equilibrium isotope effect (1*ccq) are also shown. Adapted from Boshers et al. (2019).

In addition to these kinetic isotope effects, O atoms in NO:~ can exchange isotopically with water, a process governed by the
equilibrium isotope effect (*®ecq) (Fig. 1). At isotopic equilibrium, this exchange enriches NO-™ in 80 relative to water, such that
the 3'%0 of NO:~ exceeds 5'*Onz0 by approximately 14%o at 17 °C (i.e., ¥eeq = 14%0) (Buchwald and Casciotti, 2013). Previous

115 incubation studies have shown that both AOB and AOA can catalyze this O isotope exchange during NH3 oxidation (Casciotti et
al., 2010; Nishizawa et al., 2016), whereas O exchange during NO-~ oxidation is generally considered negligible (Hollocher, 1984;
DiSpirito and Hooper, 1986; Buchwald and Casciotti, 2010). In addition to this biologically mediated O isotope exchange, abiotic
O isotope exchange between NO:™ and water is thermodynamically favorable and can proceed rapidly under acidic conditions
(Casciotti et al., 2007).

120 Based on this current understanding, an O isotope mass balance model has been developed to relate §'3Ono3 nit to the 8'%0 of its O

sources (O, and water) and the associated kinetic and equilibrium isotope effects (Buchwald et al., 2012):

8'80N03 it = %{E (518002 - 188k,oz) + % (51801-120 - 183}(,1-120,1)] (1 - fe) + (51801-120 + 188eq)fex} + é (5180H20 -
188k,l—lzo,z) (1)

where 8'%00; is the isotopic composition of O, and fex represents the fraction of NO-~ that undergoes O isotope exchange with
125 water before oxidation to NOs™.

Previous studies have shown that the §'%0 of O, in a wide range of surface soils, including highly productive rainforest soils

(Angert et al., 2003), varies only slightly (£1%o) from atmospheric Oz (23.5%o) (Angert et al., 2003; Spoelstra et al., 2007).

Accordingly, assuming a relatively constant 8'®0os, Eq. 1 is rearranged to express 8% Ono3 it as a linear function of §'*Oyp0:
2 1 1 2
8'80yo3 nit = (; + ;fex)5180H20 + 5[(518002 - 18€k,comp)(1 — fe) — Pernzo2] + gfexlgseq 2

130 where '3gx comp is the composite kinetic isotope effect associated with O incorporation during NHa* oxidation (i.e., ek 20,1 + ek 02).
The slope and intercept of this linear relationship are determined by fex and the isotope effects ek comp, '*ex120,2, and '3eeq. With
prior information on '8¢, these parameters can be inferred from regressions between §'"8Onosnie and 8'®Omo in incubation
experiments employing replicate treatments with different 6'*Omz0 values.

Reported ranges of fex, ¥k comp, and Bex noo, from these experiments across culture, seawater, freshwater, and soil systems are

135 summarized in Table 1. In addition, '"$exno has been estimated from kinetic NO,™ consumption experiments (Buchwald and
Casciotti, 2010). Based on these ranges and experimentally determined '3ecq values, §'®Onos it is predicted to fall within £3%o of
8"®0m0 (Boshers et al., 2019). This relatively narrow range reflects compensating effects among (i) the elevated §'*0 of
atmospheric O, (ii) kinetic isotope effects that lower the 6'*0 of incorporated O, and (iii) O isotope exchange between NO-™ and

water, which both increases the proportion of water-derived O atom and enriches 'O in NO;".
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140 Itis important to note that Eq. 1 and 2 assume complete consumption of the intermediate NO2~ pool, allowing "®&x no to be omitted
from the formulation of 3'*Ono3nit. Previous pure culture studies have shown that NO-~ oxidation can exhibit an inverse O isotope
effect, whereby heavier NO:~ isotopologues are preferentially consumed (Buchwald and Casciotti, 2010). Consequently, when
NO: accumulates during nitrification, the expression of '*¢xno during subsequent NO:™ oxidation can influence 8'*Ono3 it
Moreover, applications of Eq. 1 and 2 commonly treat fex and the kinetic and equilibrium isotope effects as constant parameters.

145 Such formulations therefore cannot capture potentially transient changes in 6'®*Onospit resulting from dynamic environmental

conditions or changes in the relative rates of NH4" and NO-~ oxidation.

Table 1. Reported kinetic O isotope effects and the fraction of NO:-water O isotope exchange (fex) during nitrification from soil,
freshwater, seawater and culture incubation studies.

lgsk,mmp (%o)zI l881<,|-12(),2 (%0) ]88k,N0 (%o) fex (%) Reference
Soil incubations 243+1.0 45+04 — 0-88 Hu et al., 2024; Snider et al., 2010
Freshwater incubations 8-27 14-23 -39+03 74-78 Boshers et al., 2019
Seawater incubations 11-20 1-27 - 48-100 Buchwald et al., 2012
Cocultures 16-23 6-12 - 0-26 Buchwald et al., 2012
NH; oxidizing cultures 18-38 B _ 0-46° Casciotti et al., 2010; Nishizawa et
al., 2016
NO:" oxidizing cultures - 9-25 -10--1 0-3° Buchwald and Casciotti 2010

150 3 By comp= 136,02 + B0,

b Reported O isotope exchange fractions reflect microbially mediated exchange only.

2.2 StorAge Selection Functions as Conceptual Transport Descriptors

StorAge Selection (SAS) functions provide a conceptual framework for representing hydrological transport regimes and for
estimating the distribution of water ages within hydrological systems (Benettin et al., 2022). Here, water age is defined as the time
155 elapsed since a water parcel entered the system as precipitation until it exits through discharge or evapotranspiration. Within the
SAS framework, water stored in the system is ranked according to age (7), from youngest to oldest, and the evolution of this age-
ranked storage — denoted as S (T, t) — is tracked through time (¢) as water enters and leaves the system (Fig. 2) (Botter et al., 2011;

Harman, 2015):

aSt(T, St(T,
BILD = 5 QL) PIT, 6) = B Qe (8) P (T, £) = 2202 3)

160  where Qfy and Q7,; denote the mth inflow to and nth outflow from the storage, respectively, and P (T, t) and P}, (T, t) represent
their corresponding cumulative water age distributions. The final term on the r.h.s. of Eq. 3 represents the aging of water stored in
the system, whereby all water parcels increase in age by one model time step as time progresses.

For precipitation inputs, water age is zero by definition. For each outflow leaving the storage, its cumulative water age distribution
P,y (T, t) depends on the cumulative age distribution of water residing in the storage, Ps(T, t), and can be expressed as a function

165 of the latter through a SAS function, 2, (van der Velde et al., 2012):

Poue(T, t) = 24y (Ps(T, 1)) 4)

Thus, the SAS function characterizes how water of different ages within the storage is “selected” to contribute to the outflow.
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In environmental applications, the SAS function is typically parameterized using a prescribed mathematical form (Benettin et al.,
2022). Among several commonly used formulations, including gamma, beta, and uniform functions, the one-parameter power-law

170 function has been widely adopted because of its simplicity (Benettin et al., 2017):
0oy (Ps(T, t)) = Ps(T, t)kout .

In Eq. 5, kou is a shape parameter that determines the preference of an outflow to select water of different ages (Fig. 2). When kou
< 1, younger water is preferentially released, whereas k. > 1 indicates preferential release of older water. The strength of age
preference increases as kou deviates further from 1. When ko = 1, water is released uniformly across the age distribution of storage,
175 corresponding to complete mixing.
These water selection behaviors, as reflected in the value of k.., have been linked to physical transport regimes within the
advection-dispersion framework (Benettin et al., 2013). Specifically, a pronounced preference for younger water (kou: <<1) is often
associated with enhanced dispersion and the activation of preferential flow paths through soil macropores or permeable near-
surface horizons (Schwemmle and Weiler, 2023; Tiirk et al., 2026). In contrast, a strong preference for older water (kout >>1) may
180  reflect more advective transport along longer flow paths or translatory water displacement through the soil matrix (Asadollahi et
al., 2020; Schwemmle and Weiler, 2023). Values near ko ~ 1 indicate a balanced interplay between advective and dispersive
processes in the absence of strong preferential flow (Benettin et al., 2013). Thus, by varying ko, the SAS framework can represent
a continuum of transport behaviors spanning different flow path structures and water mixing regimes. This approach has been
recently applied to investigate ecohydrological separation by assigning flux-specific SAS functions to evapotranspiration and
185 streamflow (Knighton et al., 2019; Sprenger et al., 2022).
When §'®0m0 is used as a tracer to “tag” individual water parcels in storage, the isotopic composition of the outflow 6,,,,(t) can

be readily computed from its water age distribution:
Sout(®) = Jy 85(T, ) Poue (T, )T ©)

where 6;(T, t) (%o) is the 'O of a water parcel with age T at time ¢ within storage, po.. (T, t) is the water age distribution of the
190 outflow, obtained by differentiating its cumulative age distribution P,,,; (T, t) with respect to age 7. In this framework, 8¢(T, t) is
governed by source inputs with potentially variable isotopic composition (e.g., precipitation) and by evaporative fractionation,
which increases %0 in the remaining water. This evaporative enrichment can be incorporated within the age-ranked storage
formulation to track evaporative losses from individual water parcels as they age and transit through the system (Benettin et al.,

2017; Queloz et al., 2015).
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Figure 2. Illustration of three characteristic water storage selection behaviors, and the associated cumulative age distributions of storage

(Ps, blue solid line) and outflow (Pour, red dashed line): (a) no preference (kour = 1), (b) preference for younger water (kour < 1), and (c)

preference for older water (kour > 1). The power-law exponent ko.: controls how outflow samples storage of different ages: when kou: =1,

Pour coincides with Ps; when kour < 1, the outflow is biased toward younger water; when kour > 1, the outflow is biased toward older water.
200 Adapted from Yang et al. (2018).

3 Biogeochemical Quantification and Modeling of 8'*0No3 it
3.1 Soil Sample Collection and Characterization

Surface soil samples (0-30 cm) were collected from an agricultural field within the vicinity of the Upper Embarras River (UER)
watershed in east-central Illinois, USA (Fig. S1). The region has a humid continental climate, with a long-term average annual
205 precipitation of 1008 mm (NOAA, 2022). The dominant soil types at the study field are Drummer (fine-silty, mixed, superactive,
mesic Typic Endoaquolls) silty clay loam and Flanagan (fine, smectitic, mesic Aquic Argiudolls) silt loam (USDA-NRCS, 2016).
The field has been managed under a corn—soybean rotation for more than a decade, with N fertilizer applied during the corn phase
every other year.
In May 2024, prior to fertilizer application, multiple soil cores (0-30 cm depth) were collected across the field using a soil corer
210 and combined into a single composite sample. The composite soil was passed through a 4-mm sieve at field moisture, thoroughly
homogenized, and stored at 4 °C until the incubation experiment. Selected physical and chemical properties of the composite soil

are summarized in Table S1.

3.2 Laboratory Experimental Design

The incubation design largely followed established protocols for measuring potential soil nitrification rates (Taylor et al., 2010),
215 while incorporating different '*O-labeled water to quantify §'%Onosnit. To initiate the incubation, 100 g of moist soil was mixed
with 700 mL of 30 mM N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES) buffer, adjusted to pH 7.2 with 10 M
NaOH, in 2 L flasks. The flasks were then sealed with perforated phenolic caps wrapped in parafilm. TES was selected because it
does not extract humic compounds from soil (Taylor et al., 2010), and pilot experiments confirmed that it provided sufficient

buffering capacity to maintain the slurry pH at 7.1+0.1 throughout the incubations.

7



https://doi.org/10.5194/egusphere-2026-5605
Preprint. Discussion started: 5 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

220 Incubations were conducted at 7, 14, 21 (room temperature), 28, and 35 °C, spanning the typical annual soil temperature range in
the study area (WARM, 2015). For the 21 °C treatment, soil slurries were amended with ammonium sulfate ((NH4)2SO4) to
establish five NHs" amendment levels: 0, 24.5, 49, 73.5, and 98 mg N kg™ soil, corresponding to increases in soil slurry NH4*
concentration from 0 to 1 mM. The highest level approximated elevated NH4" conditions following fertilizer application at 250 kg
N ha™!, which is near the upper end of the typical range used in the UER region, whereas the lowest level represented background

225 or unfertilized conditions. For the non—room-temperature treatments, two amendment levels (49 and 98 mg N kg soil) were used.
Background NOs™ concentrations in the soil were 9.6£1.1 mg N kg™ soil, substantially lower than the added NH4" concentrations.
To quantify the dependence of 3'¥Onos it 0n %00, €ach temperature-NH," treatment combination was conducted in triplicate
using water with three distinct §'®Omao values: —6.9%o (unlabeled), 18.6%o, and 46.9%o. These were prepared by adding '*O-
enriched water (10 atom % '80; Cambridge Isotope Laboratory, USA) to deionized water. A summary of all treatment

230 combinations is provided in Table 2.

Soil slurries were incubated aerobically on orbital shakers at 200 rpm. Temperature-specific treatments were maintained in a
temperature-controlled Brunswick shaker, while the 21 °C treatment was incubated on a benchtop orbital shaker. The first samples
were collected 30 minutes after incubation began. Subsequent sampling intervals ranged from 12 hours to 7 days, depending on
temperature-driven differences in nitrification rates and NO,~ accumulation. Incubation durations ranged from <2 weeks (21-35

235 °C) to ~3 months (7 °C), ensuring complete nitrification, as indicated by final NOs~ concentrations exceeding added NH.4" and the
absence of detectable NO:™ at the end of the incubation.

At each sampling event, flasks were briefly opened to allow gas exchange and sample collection. A 30 mL slurry aliquot was
transferred to a centrifuge tube and centrifuged at 7000 rpm for 10 minutes. The supernatant was then filtered through 0.45 pm
filters and stored at —20 °C until analyses. In total, 597 samples were collected during the incubation experiment.

240

Table 2. Summary of incubation treatments.

Treatments Temperature ~ NH4" addition ~ Replicate 1 Replicate 2 Replicate 3

(total n = 39) (°C) (mg N kg soil) 8Om0 (%0)* 8Om0 (%0)* 5% Omao (%o)*
1 35 98 6.6 188 465
2 35 49 6.6 18.6 47.0
3 28 98 6.8 18.9 473
4 28 49 7.0 18.9 47.1
5 21 98 7.0 18.6 46.9
6 21 735 6.9 18.6 46.7
7 21 49 7.0 18.6 46.7
8 21 24.5 6.9 18.6 47.1
9 21 0 7.0 18.6 47.0
10 14 98 7.0 18.5 47.0
11 14 49 6.9 18.5 472
12 7 98 -7.0 18.4 46.7
13 7 49 6.9 18.4 47.0

2 Values of §'®0uy0 reflect mixing between the added water and endogenous soil water and therefore differ slightly among

treatments.
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3.3 Chemical and Isotopic Analyses

245 Chemical and isotopic analyses of soil water samples included measurements of NO,™ and NOs™ concentrations, as well as '*Ono3
and 8'*0np0. Although the N isotopic composition of NOs;~ was also determined for all samples, those data are beyond the scope
of the present study and will be reported separately; therefore, this paper focuses exclusively on §'¥Onos.

Concentrations of NO>~ and NO;~ were measured colorimetrically using a Hach Lachat QuikChem 8000 system. Isotope ratios of
NOs™ were determined following conversion to nitrous oxide (N,O) via the denitrifier method (Weigand et al., 2016), with analysis

250 on an Elementar Isoprime precisION isotope ratio mass spectrometer. Prior to NO;™ isotopic analysis, NO,™ was removed using
sulfamic acid (Granger and Sigman, 2009). International reference materials (USGS34, USGS35) and an internal NOs~ working
standard were analyzed alongside samples for calibration. During calibration, 3'®Opao of the incubation medium was explicitly
accounted for to correct O isotope exchange between NO, ™ and water during conversion to N,O (Casciotti et al., 2002). Analytical
precision was £0.2%o for §'$Ono3.

255 Water isotope analyses were performed on the first slurry sample from each treatment to account for mixing between the incubation
medium and endogenous soil water. Measurements were conducted using a Picarro L2130-I cavity ring-down spectrometer and

calibrated against three international water standards (USGS46, USGS47, USGS48). Analytical precision for 8800 was £0.1%o.

3.4 Estimation of 8'®*Ono3,nit and Oxygen Isotope Exchange

The 8'%0 of nitrification-produced NOs~ (8'%0no3nit) Was estimated from the measured NOs~ concentrations and 8'%0no3 values

260  using an isotope mass balance (Hu et al., 2024):

8"80N0znit(t) = (8"80no3(t) X [NO3](t) — 88 Ono3;initial X [NO3 linitia) /([NO31(2) — [NO3 Jinitial) 7

where §'*0n03(7) and [NOs7](#) represent the isotopic composition and concentration of NOs™ at time ¢, and §'30no3,initiat and

[NOsTinitial are the corresponding values at the initial sampling time of each incubation.

The fraction of O isotope exchange between NO:~ and water during nitrification (f:x) was estimated using Eq. 2 and data from
265 triplicate incubations spanning three distinct 8'* 0wy values. Specifically, fox was calculated from the slope of the linear regression

between §'80nos it and 8'*Onpo. Because Eq. 2 assumes complete oxidation of intermediate NO2~, only sampling times at which

NO:" concentrations were below the detection limit (0.7 mg N kg™' soil) were included in the regression analysis.

3.5 Dynamic Nitrification Model

A dynamic nitrification model was developed to simulate the temporal evolution of NO.™ and NOs™ concentrations and their O
270 isotopic composition under varying temperature, NHa* availability, and 6'®*Om0. A complete description of the model derivation,
governing equations, parameterization, and calibration procedure is provided in Supplementary Information Text S1.
Briefly, the model consists of two coupled components. The first is a biomass- and temperature-dependent reaction module based
on Michaelis—Menten—Monod (MMM) kinetics that simulates N fluxes associated with mineralization (decomposition of soil
organic N to NH4"), NH4* oxidation, and NO2~ oxidation (Maggi and Riley, 2009). The rate of each process is determined by a
275 reaction-specific rate constant (k, h™'), half-saturation concentration (K, mol L), and enzyme abundance (£, mol L™"). For each
microbial functional group (organic N decomposers, NHj3 oxidizers, and NO:~ oxidizers), enzyme abundance is assumed to be
proportional to microbial biomass through an enzyme-to-biomass ratio (z). Microbial biomass increases through substrate
utilization according to a biomass yield coefficient (¥, g mol™; Monod, 1949) and decreases through mortality at rate m (h™).
Consequently, the maximum specific growth rate under non-limiting substrate conditions (tmax, h™") is estimated as gimax = zkY, and

280 the corresponding net growth rate is gmax — m. The temperature dependence of k, K, Y, and m is represented using the near-activation
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and differential activation (NADA) framework, which expresses these kinetic parameters as functions of temperature-dependent
thermodynamic quantities (Maggi et al., 2018; Maggi and Riley, 2015) (see Supplementary Information Text S1 for more
information).
The second component is a non-steady-state O isotope module coupled to the MMM framework. At each time step, the module
285 resolves three sequential processes during nitrification: (1) NHa* oxidation, including biologically mediated O exchange between
NO:™ and water; (2) NOz~ oxidation to NOs~; and (3) abiotic O exchange between NO:™ and water (Fig. 1). During NH+* oxidation,
the 6'#0 of newly produced NO: is calculated using an isotope mass balance that accounts for the isotopic composition of water
and O, the fraction of biologically mediated O exchange (fex,a0), and the associated kinetic and equilibrium isotope effects (' comp
and 18seq). As discussed below, the parameter fex a0 is expressed as a linear function of instantaneous NO:~ concentration, thereby
290 linking the extent of biological O exchange to NO>™ accumulation. During NO:~ oxidation, preferential consumption of lighter or
heavier NO:~ isotopologues is represented using a Rayleigh formulation governed by the kinetic isotope effect g no, while
incorporation of the third O atom from water into NOs" is associated with the kinetic isotope effect '*gx np02. Finally, abiotic O
isotope exchange between NO:~ and water is represented as a temperature- and pH-dependent first-order equilibration process that
drives the NOz™ pool toward isotopic equilibrium with water (Buchwald and Casciotti, 2013). Following the treatment of the
295  equilibrium isotope effect by Buchwald and Casciotti (2013), all kinetic isotope effects (®&xcomps 'Seki202, and exno) are
parameterized as linear functions of temperature, with their slopes and intercepts estimated during model calibration.
Model calibration was performed sequentially using the PEST software with the Levenberg—Marquardt optimization algorithm
(Doherty, 2004). First, the MMM module was calibrated collectively across all incubation treatments using observed NO:~ and
NOs™ concentrations to constrain N transformation rates and associated biomass dynamics. The O isotopologue module was then
300 coupled to the calibrated MMM module and optimized against measured §'*Onos values. This sequential strategy ensured that O
isotope dynamics were constrained by independently calibrated N fluxes, thereby minimizing compensatory adjustments among
N-flux and isotope parameters. All parameters subject to calibration for the MMM framework and the non-steady-state O

isotopologue module are listed in Tables S2 and S3, respectively.

3.6 Scenario Analysis of Biogeochemical Controls on 3'¥0Ono3 it

305 The optimized dynamic nitrification model was used to simulate 3'®Onos nit across gradients of temperature, NH4* availability, and
environmental 3'*Op0. TWo biogeochemical scenarios (B1 and B2; Table 3) were designed to guide this analysis. In scenario B1,
8'%0N03 nit was simulated across a matrix of temperatures (7-35 °C, in 1 °C increments) and NH4* additions (0-98 mg N kg soil,
in 1 mg N kg soil increments), with reaction durations of 3, 7, 14, 30 and 90 days. The §'%0mny0 value was fixed at —6.9%o,
corresponding to the non-labeled water treatment and representing background conditions in the study area.

310 In scenario B2, the same environmental matrix was applied with a fixed reaction duration of 14 days, while §'*On0 was varied
from —17.3%o to 1.0%o (0.2%o increments), spanning the range of weekly precipitation §'%0 measured within the UER watershed
during 2022-2024 (Miller et al., 2026). To quantify the dependence of 8'* Ono3 it 0n 8'* 020 across all simulated environmental
conditions, linear regressions of 8% Omo vs. 8% 0Onosnit were fitted to the upper bound, lower bound, and median of simulated
8'8%0N03 nit values at each 8'®0mao grid point.

315
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320 Table 3. Summary of biogeochemical and hydrological modeling scenarios.

3'80m20 during 3" 0N03 00 3Om20

Scenarios Biogeochemical conditions - . . .
nitrification relationship

Transport parameters

Temperature: 7-35 °C
NH.* addition: 0-98 mg N kg™! soil
Reaction duration: 3, 7, 14, 30 and
90 days
Temperature: 7-35 °C
B2  NH."addition: 0-98 mg N kg* soil ~ —17.3%o0 ——1%o Determined by model -
Reaction duration: 14 days

B1 Fixed at —6.9%o Determined by model -

HB1 Constant daily NOs™ production ~ Determined by model Median fit from B2 iE 8 i_ig
R- P S

Constant daily NOs™ production in . Upper—lower envelope kgt 0.1-10

HB2 designated seasons Determined by model from B2 kr: 0.1-10

4 Synthetic Transport Simulations of 3'®*0Ono3,nit and 8'*0uz0
4.1 Hydrological Simulations

Variably saturated water flow through a 1-m soil column representative of the study site was simulated using HYDRUS-1D
(Simiinek et al., 2016) (Fig. 3). Because nitrification and evaporation occur primarily in the near-surface zone, the soil column was
325 divided into two control volumes: a 30-cm topsoil layer and a 70-cm subsoil layer. This partitioning is also consistent with the
incubation experiments, which were conducted using soil collected from the 0-30 cm depth interval. Both layers were represented
as silty clay loam, consistent with site conditions, with hydraulic parameters estimated using the Rosetta pedotransfer functions
(Schaap et al., 2001). The model was driven by meteorological observations from the UER region, including precipitation, air
temperature, solar radiation, and relative humidity, for 2019-2022, spanning two complete corn—soybean rotations. All other soil
330 and crop parameters were assigned their default HYDRUS-1D values, and no calibration was performed. Additional details on the
HYDRUS-1D configuration are provided in Supplementary Information Text S2.
Simulated daily water fluxes between and within the topsoil and subsoil layers are shown in Fig. 3. In the topsoil, inflows include
precipitation (P) and capillary rise (C), while outflows include evaporation (E), transpiration (77), and percolation (R). In the
subsoil, inflow consists of percolation from the topsoil, and outflows include capillary rise, transpiration (1), and discharge (Q).
335 The mean column discharge-to-precipitation ratio was 31% during the simulation period, closely matching the watershed-scale
runoff ratio of 33% in the UER (Sha et al., 2025). Evaporation accounted for 47% of total evapotranspiration (E/(E+T+72) = 0.47).
As expected for the regional climate, discharge at the bottom of the soil column occurred primarily from winter through early
summer (December—June) (Fig. 3¢), when the field was under bare fellow conditions. In contrast, evaporation and transpiration

were highest during spring to early summer (April-June) and from midsummer through fall (July—October), respectively (Fig. 3c).
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Figure 3. Conceptual hydrological model of a 1-m soil column with synthetic water fluxes. Panel (a) illustrates the model structure, while
panels (b) and (¢) show HYDRUS-1D-simulated water fluxes for the topsoil and subsoil layers, respectively. The inset in (b) presents the
fitted sinusoidal seasonal cycle of precipitation $'*O for the UER watershed.

4.2 Transport Modeling and SAS Functions

345 Simulated flow dynamics from HYDRUS-1D were used to drive daily water transport and %0 tracer dynamics within the SAS
framework. Simulations were implemented using the open-source frans-SAS v1.0 package (Benettin and Bertuzzo, 2018b). Age-
selective transport was parameterized for topsoil evaporation (£) and percolation (R) using the power-law SAS function (Eq. 5),
with shape parameters kz and kg, respectively. Thus, although the magnitudes of the water fluxes were prescribed by the HYDRUS-
1D simulations, varying ke and kr altered the age distributions of water contributing to evaporation and percolation and,

350 consequently, the isotopic composition of these fluxes. All other outflows were assigned to follow complete mixing (i.e., no age
preference), such that their cumulative age distributions and 6'*Omn20 values matched those of their respective source storage pools.
This configuration isolates the effects of evaporative enrichment and the partitioning between evaporation and percolation as the
primary controls on 3'*Om0 across storage pools and water fluxes.

For the SAS-based 8Om0 simulations, seasonally varying precipitation 3'*Owpo was prescribed as the tracer input using a

355 sinusoidal function fitted to weekly precipitation 3'*0O measurements at the UER watershed (Fig. 3b, inset; Miller et al., 20206).
While transpiration was assumed to be non-fractionating, evaporative fractionation was implemented using the classic Craig-
Gordon model (Craig and Gordon, 1965) as reformulated by Kuppel et al. (2018). This formulation of evaporative fractionation is
coupled to the SAS framework to simulate temperature- and soil moisture-dependent isotopic enrichment of individual age-ranked
water parcels within the topsoil. A detailed description of this coupling has been provided by our previous study (Miller et al.,

360 2026) and is also summarized in Supplementary Information Text S3.

4.3 Scenario Analysis of 3'0x03 nit under Dynamic Transport Conditions

The 3020 vs. 8" 0nos it relationships derived from the dynamic nitrification model were incorporated into the synthetic transport
model to simulate 8'®Onos it in soil storage and column discharge. Two hydrological-biogeochemical scenario analyses (HB1 and
HB2; Table 3) were conducted to evaluate (i) evaporative and hydrological controls on §'%0mn20 and 8'®Onos i, and (ii) the

365  variability of 8'®0nos it under interacting hydrological and biogeochemical conditions.

12
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In scenario HB1, hydrological effects on 8'%0no3 it were isolated from biogeochemical controls by prescribing a fixed §'30n20—
8'80N03 it relationship based on the median fit derived from Scenario B2. At each time step, a unit mass of NOs~ was produced in
the topsoil and uniformly partitioned among age-ranked water parcels according to their fractional abundances. The 6'*0O of newly
formed NOs~ within each parcel was then calculated from the parcel-specific §'*Ou20 using the prescribed 8'®0w20-8"*Onos it

370  relationship. Passive plant uptake associated with transpiration was included as a NOs~ sink. Transport variability was represented
through SAS functions by varying kz and kg, which were independently sampled from uniform distributions between 0.1 and 10,
consistent with established ranges for the power-law SAS function (Asadollahi et al., 2020). A total of 1000 Monte Carlo
realizations were conducted. To quantify the expression of evaporative enrichment, a baseline condition was also implemented in
which evaporative fractionation was disabled and &z and kz were fixed at unity (i.e., complete mixing).

375 In scenario HB2, both hydrological and biogeochemical variability were considered simultaneously. Instead of prescribing the
single median §'*0pn20—8'80no03 it relationship, each Monte Carlo realization randomly interpolated between the upper and lower
bounding relationships generated under scenario B2. To investigate interactions between seasonal nitrification and hydrological
partitioning, NOs~ production was prescribed separately for winter (December-February), spring (March-May), summer (June-
August), and fall (September-November), with NOs~ production set to zero outside the target season. A year-round steady-state

380 scenario was also simulated, in which NOs~ production remained constant throughout the year. As in HB1, kz and kz were
independently varied between 0.1 and 10 to represent a wide range of transport regimes. For each season, 1,000 Monte Carlo

realizations were conducted.

5 Results
5.1 Soil Nitrification Experiment
385 5.1.1 Nitrogen concentrations

By the end of the incubations, cumulative NOs~ production exceeded the amount of NH4" added in all treatments (Fig. 4a—4e).
Following NH4" addition, NOs~ concentrations initially increased slowly, particularly at lower temperatures, before entering a
period of rapid accumulation. In all treatments except those at 35 °C, NOs™ production slowed markedly shortly after cumulative
production reached an amount equivalent to the added NH4*. In contrast, the 21 °C treatment without NH+* amendment exhibited
390 a relatively steady increase in NOs~ concentration, reaching 36 mg N kg™ soil by 300 h (Fig. 4c), indicating substantial NH4"
supply from native soil N mineralization. Across all temperature treatments, nitrification proceeded most rapidly at 28 °C. For
example, under the 98 mg N kg™ soil NH4" amendment, cumulative NOs~ production reached the equivalent amount of added NH4*
after 140 h at 28 °C, compared with 177 h at 21 °C, 229 h at 35 °C, 482 h at 14 °C, and 1542 h at 7 °C (Fig. 4a—4e).
In most treatments, transient NO>  accumulation coincided with the period of rapid NOs~ production (Fig. 4f-4j). Both the
395 magnitude and persistence of NO>™ accumulation were strongly influenced by temperature and NHa" availability. At a given
temperature, peak NO2~ concentrations increased progressively with increasing NHa4* addition. For example, at 21 °C, peak NO2~
concentration increased from below the detection limit to 21.9+2.1 (1 SD) mg N kg soil as NH4" addition increased from 0 to 98
mg N kg™ soil (Fig. 4h). In contrast, the temperature dependence of peak NO.~ accumulation was nonmonotonic, with the highest
concentrations generally observed at intermediate temperatures (14-28 °C; Fig. 4f—4j). However, the persistence of NO:™ increased
400  markedly with decreasing temperature. Detectable NO:™ persisted for approximately 1600 h at 7 °C (Fig. 4j), compared with only
~150 h at 28 °C (Fig. 4g).
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Figure 4. Concentrations of NO3~ and NOz™ during soil slurry incubations. Symbols with different colors denote the levels of NH4*
addition. The dashed horizontal lines in (a)-(e) indicate NH4" addition levels of 98 mg N kg™ soil and 49 mg N kg™ soil. Error bars
405 represent mean = SD across replicates.

5.1.2 Oxygen isotopes

Across all treatments, measured 6'®*Ono3 values progressively approached the 6'#0 of the incubation water as nitrification proceeded
(Fig. 5a—5e). In treatments amended with —6.9%. water, 3'®*Ono3 decreased from approximately 0%o and gradually converged
toward 6'*Omo. In contrast, under 18.6%o0 and 46.9%o water, 8'*Onos increased during nitrification and subsequently stabilized at
410 values below the §'°0 of the incubation water. Moreover, the stabilized §'*0Ono;3 values increased with NH4* addition. For example,
at 21 °C with 46.9%o water, stabilized §'*Ono3 values increased from 22%o with no NH4* amendment to 36%o under NH4* addition
of 98 mg N kg™ soil (Fig. 5¢).
Estimated 6'*Onos nit Showed a similar separation among the three water treatments, converging toward 8'*Owuz0 under the —6.9%o
water treatment but exhibiting strong sensitivity to NH4* availability under the 18.6%o and 46.9%o water treatments (Fig. 5f-5j).
415 Unlike the measured §'*Onos, estimated 8'*Onos nit exhibited transient maxima during periods of rapid NOs~ production, particularly
at lower temperatures and higher NH4" additions. These transient maxima coincided closely with periods of peak NO:~

accumulation (Fig. 4f-4;).

14
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Figure 5. Temporal evolution of 3'%Ono3 and 8'%0No3nit values during soil slurry incubations. Colors represent the three 3'®*Onzo0

420
NH4" amendment.

treatments (—6.9%o, 18.6%o, and 46.9%o), which are indicated by horizontal dashed lines in each panel. Symbols denote the five levels of

Using 8'*Onosnie estimates from the three 6'*Omao treatments, linear regressions of 6'*0m20 against 8'*Onos it Were performed at

the first sampling time when NO-~ concentrations declined below the detection limit, thereby capturing the time-integrated impact

of NO: accumulation on §'®*Onosni. For treatments exhibiting negligible NO>™ accumulation (35 °C and the 21 °C treatment

425

without NH4" addition), regressions were based on the final sampling time. Strong linear relationships between 6'®Omnzo and

88 0no3,nit Were observed across all treatments (R = 0.999, p <0.01; Fig. 6). The regression slopes yielded fex values ranging from

0to 0.63 across the temperature and NH4* gradients (Fig. 6). Estimated fex was strongly and positively correlated with the magnitude

of peak NO:" accumulation (Fig. S2). For example, under the 98 mg N kg™ soil NH4" amendment, f¢x reached its highest value at

21 °C (0.63; Fig. 6¢), where peak NO2~ accumulation was greatest, and its lowest value at 35 °C (0.30; Fig. 6a), where NO>~

430
NO:" accumulation observed under higher substrate availability.
21°C

35°C

accumulation was negligible. At a given temperature, fox likewise increased with NH4* addition, consistent with the greater transient
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taken at the sampling time when NO:™ concentrations first declined to the detection limit, or at the end of the incubation if no appreciable
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NO: accumulated. Symbols denote different NHs" amendment levels. The equations in each panel represent the linear fits for each NH4*
level at a given temperature. The O exchange fraction f.. is calculated as f,, = 3 X slope — 2, following Eq. 2.

5.2 Simulating Nitrification Using the Dynamic Model

Calibrated optimal parameter values for the MMM and O isotope modules are summarized in Tables S2 and S3, respectively.
440 Overall model performance was strong, with correlation coefficients exceeding 0.40, 0.97, and 0.99 for NO2, NOs~, and 8'®Onos,
respectively (Fig. S3—S7). Model-data mismatches were primarily limited to periods of low NO:~ concentrations (e.g., <l mg N
kg™ soil; see Fig. S7). These discrepancies likely reflect both the transient nature of NO2~ dynamics and the relatively high
analytical detection limit (0.7 mg N kg™ soil), which can obscure small concentration changes near the detection threshold.
The calibrated MMM module revealed distinct temperature responses of the kinetic parameters governing NHa* and NO:~ oxidation
445 (Fig. 7). For both processes, the reaction rate constants (k) and half-saturation constants (K) exhibited nonmonotonic temperature
dependence, peaking at 2627 °C (Fig. 7a,b). The rate constant for NO-~ oxidation was substantially more temperature-sensitive
and consistently exceeded that of NHa4" oxidation, particularly at higher temperatures (Fig. 7a). In contrast, biomass yield
coefticients (¥) exhibited U-shaped temperature responses and were consistently greater for NH3 oxidizers than for NO:~ oxidizers
(Fig. 7c). As a result, combining k and Y, the maximum specific growth rate (umax) increased monotonically with temperature and
450 was similar for the two functional groups (Fig. 7d). Because the mortality rate (m) also increased with temperature (Fig. 7¢), the
net specific growth rate (umax — m) displayed a nonmonotonic response, reaching maxima at 29-30 °C (Fig. 7f). Net growth rates
were higher for NH3 oxidizers between approximately 19 and 33 °C, whereas NO: oxidizers exhibited higher net growth rates

outside this temperature range.
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Figure 7. Temperature dependence of Kinetic parameters (k, K, Y, tmax, m, and pimex— m) derived from the optimized MMM model.

The O isotope effects derived from the calibrated isotope module are shown in Fig. 8. Normal kinetic isotope effects were obtained
for "8gcomp (31.3-36.6%0) and Fex oo (1.9-4.4%0), whereas #exno exhibited an inverse isotope effect, ranging from —5.5 to
—1.3%o. These modeled values fall within the ranges reported from previous laboratory experiments (Table 1). Overall, all three
460 isotope effects showed relatively weak temperature dependence, varying by less than 5.3%o across the investigated temperature
range (7-35 °C) (Fig. 8; linear regression slopes and intercepts are provided in Table S3). Specifically, '3ex comp increased with
temperature, whereas 'Sex moo, decreased, and '3exno became less negative, indicating reduced kinetic fractionation at higher

temperature.
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Figure 8. Temperature-dependent kinetic O isotope effects estimated from the calibrated O isotope module. Equilibrium isotope effects
('8g¢q) derived from Buchwald and Casciotti (2013) are also shown for comparison.

The optimized dynamic model identified a linear relationship between biologically mediated O exchange during NH4" oxidation
(fex,a0) and instantaneous NO:~ concentration: fexao = 0.0272x[NO;] + 0.13, where [NO,] is expressed in mg N kg™* soil (Table
470 S3). Accordingly, simulated daily fixao closely tracked NO:~ dynamics, ranging from approximately 0.13 at low NO2-
concentrations to as high as 0.76 during periods of peak NO2~ accumulation (Fig. S8). To facilitate comparison with the regression-
derived fi, daily fexao values were weighted by the corresponding NH4* oxidation rates and integrated from the start of the
incubation to each sampling time used to estimate fex. The resulting time-integrated fex a0 reproduced the temperature- and substrate-
dependent patterns of the regression-derived fox (Fig. S8). For example, under the 49 mg N kg™ soil NH4" amendment, model-
475 derived fex.a0 values were 0.13, 0.21, 0.26, 0.29, and 0.16 at 35, 28, 21, 14, and 7 °C, respectively (Fig. S8), compared with
regression-derived fex estimates of 0.18, 0.27, 0.36, 0.36, and 0.30 (Fig. 6). Excluding the 21 °C treatment without NH4* addition,
for which the regression-derived fox was zero, the ratio of model-derived fex a0 to regression-derived fex averaged 0.78 + 0.25 (1

SD) across all treatments.

5.3 Modeled Response of 8'®*Ono3.nit to Temperature, NHs* availability, and Environmental 8'*0n20

480  In scenario B1, with "0y fixed at —6.9%o, simulated 8'¥Onos i varied systematically across temperatures, NH,* availability,
and reaction times (Fig. 9). The difference between §'80n03 nit and 8Om0 (38 ON03 nit — 8'¥Om20) ranged from —1.4 to 3.1%o, with
the largest positive deviations occurring during the intermediate stages of nitrification (7-30 days; Fig. 9a—9e¢). During this period,
the response surface exhibited a bimodal pattern: elevated §'*Onoz nit — 8'*Om20 values occurred either at low temperatures across
all NH4" addition levels or at intermediate temperatures (approximately 15-30 °C) under high NH4" availability. In contrast, the

485 most negative differences consistently occurred at the highest temperatures (>33 °C) under low NH4" availability.

Analysis of cumulative NH4" and NO-~ oxidation revealed that these isotopic differences were closely associated with the degree
of kinetic coupling between the two nitrification steps (Fig. 9f-9j). During the early and intermediate stages of nitrification (3—14
d), lower-to-intermediate temperatures and/or higher NH4* availability promoted substantial decoupling between NH4+" and NO-~
oxidation, resulting in NO>~ accumulation and larger positive 8'30no3nit — 8'0mn20 values. By day 30, NHa* and NO:~ oxidation

490 had largely returned to kinetic coupling under most simulated conditions, with persistent decoupling occurring only at the lowest

temperatures (Fig. 9d,i). By day 90, complete kinetic coupling was achieved across all simulated conditions, and the range of

8"80N03 nit — 8'0m20 had narrowed to between —1.4 and 1.7%o (Fig. 9e.j).
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Figure 9. Predicted 8'®0no3 nit — 8'®0n20 values under varying temperature, NH4* availability, and reaction time scenarios (3, 7, 14, 30,
495 and 90 days), with 8'%0m20 fixed at —6.9%o (a—e). Panels (f—j) show the relationship between accumulative NH4* oxidation rates and NO:
oxidation rates at the reaction times.

In scenario B2, with reaction time fixed at 14 days, predicted §'®Onos it varied linearly with 8'®0uao across the entire range of
temperature and NH4" availability (Fig. 10). The resulting 8Om0 vs. 8'"®0nosnic relationship was bounded by two linear
regressions: an upper bound of 8'®Onos nic = 0.81 x 83020 + 1.86 and a lower bound of 3'®Onos i = 0.71 x 83020 — 3.31 (Fig.
500 10). The vertical separation between these bounds ranged from 3.4 to 5.3%o across the 3'*Om20 gradient, representing the variability
in 8'®0nos it driven by the imposed biogeochemical conditions at a given §'*Oua0. The regression through the median simulated
values was 8'"*0n03 it = 0.76 X 8'¥0mz0 — 0.73. These simulated relationships fell well below predictions based on the conventional
2:1 O atom incorporation assumption, while largely encompassing the 1:1 relationship between 6'*Onospit and 8'*Omzo when
8% 020 ranged approximately from —10%o to 1%o (Fig. 10). As 3'*Om20 became increasingly negative, simulated 6'*Onosnic shifted

505 progressively above the 1:1 line.

618ONos,nn (%)

T T T T
-17 -1% -3 -1 -9 -7 -5 -3 -1 1
5'80y;50 (%o)

Figure 10. Predicted 8'%Ono3nit values (gray area) as a function of 8'®*0Onz0 (=17.3%o to 1%o) under varying temperature (7-35 °C) and

NH.4* addition levels (0-98 mg N kg™ soil) at 14 days. Red solid lines denote the upper bound, lower bound, and median of simulated

3'30N03,nit values as a function of 3'®0mu20 (equations shown). Blue dashed lines represent 3'80no3 nit values inferred directly from 8'%0nz0
510 using commonly applied stoichiometric relationships (equations shown).
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5.4 Expression of Evaporative Enrichment in §'®*0On20 and 8'30No3 nit

In scenario HBI1, under the baseline assumption of complete mixing without evaporative fractionation, 8'*Omo in the topsoil
exhibited a pronounced seasonal cycle driven by precipitation inputs, reaching values as high as —4%o in summer and declining to
approximately —8%o in winter (Fig. 11a). A similar seasonal pattern was evident for 8'*Om20 in column discharge, although its
515 amplitude was significantly attenuated (Fig. 11c). Seasonal variability in 6"*Ono3nit Was also apparent in both the topsoil and
column discharge (Fig. 11e,g). However, compared with 8Om0, the seasonal variation in §'*Ono3 aic Was considerably dampened

and exhibited a lag of approximately two to three months, particularly for §'®*Onos nit in column discharge (Fig. 11g).
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Figure 11. Temporal dynamics of simulated '*Omuz0 in topsoil storage (a) and column discharge (c), and 3'®*Onos3.nit in topsoil storage (e)

520 and column discharge (g). Red lines denote the baseline scenario, and gray shading represents the range derived from Monte Carlo
scenarios in which ke and kr were varied. Deviations of mass-weighted 8'*Onzo (b, d) and 8'®*Ono3nit (f, h) from the baseline scenario
(A8'*On20 and Ad'®*Ono3nit) are shown across the ke — kr parameter space.

Introducing evaporative fractionation increased both §'*0Om20 and 6'*Onos it relative to the baseline scenario across the full range
of simulated transport regimes (Fig. 11a,c,e,g). The effect was strongest in the topsoil during late spring and early summer, when
525 evaporation increased daily 6'®*Omz0 and '*Onos,nit Values by up to approximately 8%o and 4%, respectively (Fig. 11a,e). In contrast,
the evaporative enrichment was substantially attenuated in column discharge where mixing and transport dampened the seasonal

variability of both isotopic signals (Fig. 11c,g).
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To isolate the influence of hydrologic transport from seasonal variability in precipitation 3'*0, we calculated annual mass-weighted
mean §'® 020 and 8'*Ono3 ni values for the topsoil and column discharge and expressed their differences from the baseline scenario
530 as A8'"® 00 and AS'®Onos i, Tespectively. Evaporation increased annual mean 3'*Onz0 by 0.7-3.2%o in the topsoil and by 0.1
3.3%o in column discharge across the simulated transport regimes (Fig. 11b,d). In the topsoil, A§'*Om20 was controlled primarily
by the age preference of evaporation (kz) and showed little sensitivity to the age preference of percolation (kz) (Fig. 11b).
Enrichment was greatest when evaporation preferentially removed relatively young water (kg = 0.5) and progressively weakened
as evaporation increasingly drew on older water (kz > 1). In column discharge, however, A3'*Omzo reflected the combined effects
535 of kz and kg (Fig. 11d). The strongest enrichment occurred when evaporation showed little age preference (kz ~ 1) while percolation
preferentially removed the oldest water from the topsoil (kz > 1). Conversely, enrichment approached zero when evaporation
preferentially removed the oldest water (kz > 1) and percolation preferentially exported the youngest water (kg < 1).
Evaporation also increased the annual mass-weighted mean §'30n03 it by 0.4-2.1%o in the topsoil and by 0.3—1.9%o in column
discharge (Fig. 11f,h). In the topsoil, A8'30nos3 it showed a similar dependence on kg as A3'®*Onao, with the greatest enrichment
540 occurring when evaporation preferentially removed relatively young water (Fig. 11f). In contrast to 8'*Omu20, however, A8'®Onos it
in column discharge closely tracked the enrichment established in topsoil storage, remained primarily sensitive to kg, and showed
little sensitivity to kz (Fig. 11h).
To evaluate whether 8'80n03 it in column discharge can be predicted by the corresponding §'*Oya0, we used the simulated §'*Ono
in column discharge with the prescribed 8'*O0120-8'®0Onos it relationship and calculated the prediction bias as the predicted
545 8'8%0N03 nit minus the true 8'®0Onos qie sSimulated by the synthetic transport model. Daily prediction biases ranged from approximately
—2 to 2%o across the simulated transport regimes (Fig. 12a). The bias was generally more positive during summer and fall and
more negative during winter and spring. When integrated over the entire simulation period using mass-weighted means, prediction
bias ranged from —1.3 to 1.4%o and was primarily controlled by kz with little sensitivity to kz (Fig. 12b). Specifically, using column
discharge §'®0ma0 to predict 8% Onos ni resulted in an underestimation when percolation preferentially exported younger water (kz

550  <1) but an overestimation when percolation preferentially exported older water (kz > 1).

bias in 8'%0yq; ;¢ (%0)

_ Column discharge Column discharge
Z 4 9 10 1cha’g 1.4
= (@
g ° W o
o
4
Lo W _g"" 1 0.0
o W
£ -2f [ Monte Carlo scenarios -0.6
[7] Baseline scenario
© _ | ! I 0.1 ! -1.3
£ 1/1/2019  1/1/2020  1/1/2021 1/1/2022  1/1/2023 0.1 1 10

kg
Figure 12. (a) Daily prediction bias in 6'®*Ono3,nit of column discharge under the baseline scenario (red line) and across Monte Carlo
scenarios (gray shading). (b) Prediction bias in mass-weighted mean 8'*Ono3,nit of column discharge across the kr—kr parameter space.

5.5 Variability of 8'*0Ono3,uit under Covarying Hydrological and Biogeochemical Conditions

555 Results from scenario HB2, in which biogeochemical variability, evaporative enrichment, and age-selective transport were
considered simultaneously, are shown in Fig. 13. Despite the wide range of prescribed kz and &z values, mass-weighted mean
8"80m20 in column discharge varied over a relatively narrow range (—6.7 to —3.5%o; Fig. 13a). Under year-round nitrification, the
corresponding mass-weighted mean 8'80nos nit ranged from —7.5 to —1.7%o, broadly spanning a range similar to that of §'*Omuz0. In

contrast, restricting nitrification to individual seasons produced pronounced shifts in simulated §'*Onos nit (Fig. 13a). The highest
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560  values occurred when nitrification was confined to spring (—6.9 to 0.0%o) or summer (—5.3 to 0.5%o), whereas the lowest values
occurred under winter-only nitrification (=8.9 to —2.9%o). Simulated §'%Ono3 nit under fall-only nitrification closely resembled that
under year-round nitrification.

To evaluate whether 8'®Onos it in column discharge could be predicted from the corresponding §'¥Owa0, we again calculated the
prediction bias for each nitrification timing scenario. Rather than using the actual 8'®020-8'30n03 a1 relationship prescribed in

565  each Monte Carlo realization, we used the median §'30n20-8'#On03 uit Telationship derived from scenario B2 to predict 8'*Onos pit.
Applying a fixed relationship reflects the practical constraint that the specific 8'®Ow20—8'®Onos it relationship within nitrification
source zones is generally unknown a priori in field applications.

Under year-round nitrification, prediction bias ranged from —3.3 to 3.2%o across the 1000 Monte Carlo realizations and was
approximately normally distributed, with a mean of 0%o and a standard deviation of 1.4%o (Fig. 13f). Restricting nitrification to

570 individual seasons produced a similar overall spread of prediction biases (approximately 6—7%o) but shifted the distribution
substantially depending on the timing of nitrification. Spring- and summer-only nitrification yielded mean negative biases of

—1.2%0 and —2.2%o, respectively (Fig. 13b,c), whereas winter-only nitrification produced a positive mean bias of 1.4%. (Fig. 13e).
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Figure 13. (a) Simulated mass-weighted 3'®Onosnit and corresponding 8'®0Omnzo in column discharge across the full range of

575 biogeochemical conditions and hydrological transport scenarios, with NOs™ production prescribed in designated seasons (colors). Fitted
ovals represent 95% prediction ellipses, and the gray envelope bounded by red lines denotes the biogeochemical §'®*Onosnit range adopted
from Fig. 10. Distributions of prediction bias in 8'*0ONo03 it under seasonal (b-¢) and year-round (f) nitrification scenarios. Black curves
are fitted normal distributions (n and o indicated in each panel) and shaded color bands span p + 26. Red dashed lines indicate the range
of prediction bias resulting from uncertainty in the biogeochemical 3'®0n20~8'0N03,nit relationship alone.

580 6 Discussion
6.1 Nitrite Accumulation and Oxygen Isotope Exchange

Our incubation and modeling results revealed substantial short-term variability in 8'*Onos i, particularly following high NH4"

amendment and at low to intermediate temperatures (Fig. 5f-5j and 9a—9¢). These conditions coincided with pronounced NO:~
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accumulation (Fig. 4f-4j and 9f-9j), which was positively correlated with time-integrated fex across treatments (Fig. 6 and S2).

585 This association supports a mechanistic link between NO:~ accumulation and enhanced O isotope exchange between NO:~ and
water. Because greater O isotope exchange promotes the expression of equilibrium isotope fractionation, it increases 8'*Ono3 nit
relative to 6'*Owmzo and thus provides an explanation for the transient 6'*Onos nit maxima observed during nitrification (Fig. 5f-5j).
Transient NO>™ accumulation is common in agricultural soils, particularly following manure or NHs-based fertilizer applications
(Jones and Hedlin, 1970; Maharjan and Venterea, 2013; Giguere et al., 2018). It has been primarily attributed to increased NH4"

590 availability and/or NHs inhibition of NO2~ oxidation, which temporarily increase NH4" oxidation rates relative to NO>~ oxidation
(Smith etal., 1997). Temperature can further influence NO-~ accumulation because NH4" and NO-™ oxidation often exhibit different
temperature sensitivities; however, the direction of this effect varies among studies, with enhanced NO:~ accumulation reported
under low (<10 °C) (Venterea et al., 2020), intermediate (20-30 °C) (Schaefer and Hollibaugh, 2017), and high (>30 °C) (Duan et
al., 2020) temperatures.

595 In our study, nitrification proceeded most rapidly at 28 °C (Fig. 4a—4e). Consistent with this result, the calibrated MMM model
predicted that reaction rate constants and net biomass growth rates for both NH4+" and NO-" oxidation peaked at approximately 26—
30 °C (Fig. 7). This range is consistent with reported optimum temperatures for AOB and NOB (25-35 °C), although it is near the
lower end of the reported range for AOA (30—40 °C) (Ouyang et al., 2017; Taylor et al., 2017; Taylor et al., 2019). Despite these
broadly similar temperature responses between NHa* and NO:~ oxidation, pronounced NO:~ accumulation occurred at low to

600 intermediate temperatures. Analysis of the optimized MMM module indicated that this accumulation arose from several interacting
constraints, including low initial NO:~ oxidizer biomass (Tables S2 and S3), a steeper decline in the NO2~ oxidation rate constant
than in the NHa" oxidation rate constant at lower temperatures (Fig. 7a), and slightly greater net biomass growth of NHs oxidizers
than NO-" oxidizers at intermediate temperatures (Fig. 7). A detailed discussion of these model-derived mechanisms is provided
in Supplementary Information Text S4. More broadly, transient NO2~ accumulation may reflect the relatively low energy yield of

605 NO: oxidation and the mixotrophic strategies of soil NOB, which help them persist under frequent NO-~ limitation (Tappe et al.,
1999: Ni et al., 2008). For example, Taylor et al. (2019) showed across five agricultural soils that NO-~ oxidizers required de novo
protein synthesis to restore metabolic activity following NHs* amendment. This suggests that transient NO.~ accumulation may
partly reflect a lag in NOB physiological acclimation, during which enzyme production must increase before NO:~ oxidation can
sufficiently increase to match NHa" oxidation.

610 A key question, then, is why NO2 accumulation enhances O isotope exchange with water during soil nitrification. Under our
experimental conditions, soil pH remained near neutral (7.2) due to TES buffering. Using pH 7.2 and the temperature—pH
relationship of Buchwald and Casciotti (2013), estimated abiotic exchange rate constants at 28 and 21 °C were 0.33 and 0.09 d™!,
corresponding to exchange half-lives of approximately 2 and 8 days, respectively. At these temperatures, appreciable NO:
accumulation persisted for only 4-6 days, and peak NO>" concentrations represented approximately 16% of cumulative NOs~

615 production at the highest NH+" amendment level (Fig. 4g,h). Even under the conservative assumption that this entire peak NO2~
pool underwent complete equilibration with water, the maximum fraction of the cumulative NOs~ pool that could have been
affected by exchange would be only 0.16, substantially lower than the observed f:x values of 0.48 and 0.63 at 28 and 21 °C,
respectively (Fig. 6b,c). The same conclusion applies at 14 and 7 °C, where abiotic exchange half-lives increased to approximately
22 and 26 days, respectively, while peak NO:" concentrations remained below 11% of the corresponding cumulative NOs~

620 production. These simple estimates indicate that abiotic exchange between the bulk NO2~ pool and soil water cannot account for
either the magnitude or the variability of the observed fex values.

Biologically mediated NO>—water O isotope exchange during NH4* oxidation may therefore provide the mechanistic basis for the

observed association between NO:~ accumulation and fc. It has been shown that AOB maintain substantially lower pH (e.g., >2
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pH units lower; Weidinger et al., 2007) in their periplasmic spaces than in the surrounding environment, potentially through proton

625 translocation associated with energy conservation (Schmidt et al., 2004; Keerio et al., 2020). Such localized acidity could increase
the concentration of protonated nitrous acid (HNO:) and thereby enhance NO>—water O exchange within or near the cell envelope
when extracellular NO>™ availability is high. Another possibility is that O isotope exchange occurs through reversible enzymatic
transformations involving NO:~ and intermediates such as hydroxylamine (NH-OH) and nitric oxide (NO). Recent studies have
identified NO as a central intermediate in NO2~ production pathways of both AOB and AOA. In AOB, NO is produced from

630 NH:0H and subsequently oxidized to NO:~ by an as-yet unidentified enzyme (Caranto and Lancaster, 2017), whereas in AOA,
NO can be generated from NO-~ through nitrite reductase (NirK) activity and subsequently react with NH-OH to regenerate NO2~
(Kozlowski et al., 2016). Reversible NO>—NO cycling could therefore provide an intracellular pathway for repeated O atom
exchange, particularly if reversibility increases under conditions of elevated NO:™ availability (Buchwald and Wankel, 2022;
Martocello and Wankel, 2024).

635 In our case, the optimized model predicted daily fex a0 values of 0.13-0.76, accounting for approximately three-quarters of total
modeled O isotope exchange (Fig. S8). Using a dense enrichment culture of Nitrosomonas europaea (~10'°-10" cells mL™")
supplied with high NH4" (50 mM) and excess endogenous NO:  (50-150 mM), Andersson et al. (1982) observed rapid O
incorporation into both newly produced and pre-existing NO-", with exchanged NO:~ exceeding the amount of NH4" oxidized by
up to threefold. In contrast, Casciotti et al. (2010) reported substantially lower exchange (fex,a0= 0.10-0.25) using dilute cultures

640 (~10¢ cells mL™) of four AOB species supplied with much lower NH4* concentrations (5-50 uM). Although microbial abundance
was not measured in this study, reported AOB abundances in agricultural soils are typically on the order of 10° to 10® cells g* soil
(Hermansson and Lindgren, 2001; Okano et al., 2004), corresponding to approximately ~10°-107 cells mL™" under our slurry
incubation conditions. This estimated range is broadly comparable to the cell densities used by Casciotti et al. (2010) but
substantially lower than those in the enrichment culture of Andersson et al. (1982). Initial NH4" concentrations in our amended

645 treatments (0.25—-1 mM) were likewise intermediate between those used in the two previous studies. Collectively, these
comparisons support the plausibility of model-derived fex a0 values and further suggest that biologically mediated NO>—water O
isotope exchange may be strongly influenced by soil-specific conditions regulating nitrifier abundance, physiological activity, and

substrate availability.

6.2 Temperature Dependence of Kinetic Isotope Effects

650 Following the consumption of accumulated NO:~ and the restoration of low NO:~ concentrations, measured 6'*Ono3 nit gradually
stabilized across all treatments and ultimately converged toward the §'*0 of incubation water in the unlabeled treatment (3'*Om20
=—6.9%o) (Fig. 5-5j). Similarly, in scenario B1, modeled variability in 6'*Ono3 nic decreased over time, reaching within £1.5%o of
8% 0m20 by 90 days after NH4" amendment across all temperatures (Fig. 9a—9e¢). During this later stage, when NO-~ accumulation
was minimal, 3"*Ono3 it 1S expected to be governed primarily by kinetic isotope effects associated with O atom incorporation. The

655 limited variation in §'®*Onos it therefore suggests that these kinetic isotope effects are only weakly sensitive to temperature and to
temperature- or substrate-driven changes in nitrification rates.

Consistent with this interpretation, the model-derived kinetic isotope effects (**€x comp, '*€kH20.2, and *exno) exhibited only weak
temperature dependence between 7 and 35 °C (Fig. 8). Theoretically, increasing temperature is expected to reduce the magnitude
of equilibrium isotope effects by decreasing the difference in vibrational energies between isotopologues (Urey, 1947). Similar

660 quantum mechanical and statistical approaches have also been used to approximate kinetic isotope effects, and for O isotopes,
equilibrium and kinetic isotope effects are generally expected to be of comparable magnitude (Bigeleisen and Wolfsberg, 1958).

Consistent with these predictions, Buchwald and Casciotti (2013) reported a linear decrease in the equilibrium isotope effect
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between NO:~ and water ('*e.q) over 4-33 °C, with a temperature coefficient of approximately —0.12%o °C! (Fig. 8). This value is
comparable in magnitude to the modeled temperature coefficients for "®ex comp, '*€k 20,2, and "®exno (0.19, —0.09, and 0.15%. °C™,
665 respectively; Table S3), lending qualitative support to the modeled estimates.
Interestingly, unlike '8¢y 11202 and 'ex o, the O isotope model predicted that '*ey comp increased with temperature (Fig. 8). Similar
temperature-dependent increases in isotope effects have been reported for microbial respiration and other carbon and sulfur
transformations (Farquhar et al., 1989; Canfield et al., 2006; Stolper et al., 2018). Such patterns are generally attributed not to
changes in the intrinsic isotope effect, but to shifts in the relative contributions of multiple reaction steps as temperature alters
670  reaction or growth rates. For example, Stolper et al. (2018) showed that the apparent O isotope effect of aerobic respiration in
Escherichia coli increased with temperature as isotopic control shifted from reversible O: binding to terminal oxidases under slow
growth to irreversible O: reduction under faster growth. In our incubations, neither Oz nor water was limiting, making diffusion-
related isotope effects unlikely to explain the modeled temperature dependence. Thus, because NHs oxidation to NH.OH by
ammonia monooxygenase (AMO) is considered the rate-limiting step of NH4" oxidation, temperature-dependent shifts in the
675 relative contributions of reversible and irreversible O: activation steps during AMO catalysis may explain the modeled increase in

18gk,comp-

6.3 Predictability of 6'*Onosnit under Variable Temperature and Substrate Availability

Results from scenario B2 showed that 6'*Onos nit varied linearly with 6'*Om20 across an environmentally relevant range of 6'*Omz20
values (Fig. 10). However, at a given 6'*Om0, 0'*Onos nit Varied by 3.4—5.3%o in response to variations in temperature and substrate
680 availability (Fig. 10). Given the weak temperature dependence of the kinetic isotope effects, this variability was driven primarily
by variation in fex and the associated expression of the equilibrium isotope effect, which were, in turn, regulated by temperature
and substrate availability through their effects on transient NO-~ accumulation (see above). Specifically, higher substrate
availability and low-to-intermediate temperatures (<30 °C) promoted greater NO2~ accumulation, leading to more extensive O
isotope exchange and consequently higher 6'*Onos nit Values. In contrast, high temperatures (>30 °C) and low substrate availability
685 limited NO>~ accumulation and O isotope exchange, favoring lower §'*Ono3 it values that more directly reflected the kinetic isotope
effects.
Overall, the magnitude of this modeled variability is broadly consistent with the synthesis of Bosher et al. (2019), which predicted
that, at 8"*Om20 = —5%o, 6"*Ono3,nic Would generally fall within approximately +3%o of 8'*Om20. However, whereas Bosher et al.
(2019) used Monte Carlo simulations based on the ranges of f.x and kinetic isotope effects reported across multiple laboratory
690  studies (Table 1), our results demonstrate that a comparable range of variability can arise from nitrification within a single soil
under variable temperature and substrate availability. To our knowledge, this environmentally induced variability cannot currently
be predicted from isotope theory alone and therefore must be constrained experimentally.
From an empirical perspective, the modeled linear relationships between §'*On20 and 6'*Onos nie Were broadly consistent with a 1:1
relationship (Fig. 10), supporting the use of 6'*Omao as a predictor or normalization reference for 6'*Onos under hydrologically
695 static conditions. However, our simulations further indicate that deviations of 8'®*Onosnit from source water 8'*Omz0 need not be
symmetric. When NOz2—water O isotope exchange is incomplete (i.e., fex < 1), a fraction of the O atoms ultimately incorporated
into NOs™ is derived from O2. Assuming that the kinetic isotope effect associated with incorporation of this O2-derived O (**&x 02)
is approximately one-half that of '8¢y comp (Granger and Wankel, 2016), the effective 3'*0 of this O-derived O is approximately
7%o. Consequently, the relative contribution of Oz-derived O becomes increasingly important as 8'*Omuzo diverges from this value.
700 Graphically, because the slope of the 3'*On20—0"*Onos,nic relationship is less than unity when fex < 1, §"®Onos nit can be either higher

or lower than 8'*Owuz0 depending on the isotopic composition of the source water (Fig. 10). This mechanism explains why 6'*Onos nit
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was consistently lower than $"*Omo in the *O-enriched water treatments and why 8'®*Onos it in these treatments was particularly
sensitive to variation in fex (Fig. 5). Conversely, when source water is strongly '*O-depleted, as may occur in winter and spring
precipitation in northern temperate regions (€.g., 6"*Om0 < —20%o; Bowen and Revenaugh, 2003), nitrification-derived NOs~ can

705 be expected to be systematically enriched in *O relative to its source water.

6.4 Evaporative and Hydrological Controls on 8'®Onos3,nit

Results from the synthetic transport modeling in scenario HB1 demonstrate that evaporation can substantially modify both 6'*Omz0
and 6'®Onos nit in the topsoil (Fig. 11). Simulated evaporative enrichment of §'*Omzo in the topsoil reached 3.2%o0 when averaged
over the simulation period and up to 8% at the daily scale (Fig. 11a,b). This magnitude of enrichment is consistent with field

710 observations showing that topsoil water can be enriched by up to approximately 10%o relative to deeper soil water across a range
of climates and soil types (e.g., Hsich et al., 1998; Hahm et al., 2020; Tetzlaff et al., 2021). Evaporation also substantially enriched
88 0no3,nit in the topsoil, with enrichment reaching up to 4% at the daily scale and approximately 2%o when integrated across the
simulation period (Fig. 1le.,f). Thus, evaporative effects on 8'®Onosnic are comparable in magnitude to those arising from
biogeochemical controls over both short (<14 days) and longer (90 days) timescales (Fig. 9a—¢).

715  Importantly, the expression of evaporative enrichment in both §'*Omz0 and 8'*Onos ni depended strongly on the age of water selected
by evaporation (Fig. 11b,f). This strong age dependence highlights the role of pore-scale connectivity and flow path organization
in regulating isotopic signatures through their control of water age selection. In topsoil storage, water is continuously depleted
through evaporation, transpiration, and percolation and replenished by precipitation, such that recently infiltrated water can
constitute a substantial fraction of total storage (Benettin et al., 2022). In contrast, individual older water generally contributes less

720 to bulk storage because water that remains in the system longer has more opportunities to leave through one of the available outflow
pathways (Benettin et al., 2022). In fine-textured topsoil, this older water fraction may be retained in smaller pores with lower
hydraulic conductivity but can remain hydraulically connected to the soil surface through liquid-phase continuity and capillary
forces (Or et al., 2013). Preferential removal of older water by evaporation would therefore further reduce the contribution of this
older fraction to total storage, suppressing the evaporative enrichment expressed in bulk 3'*Omzo. In the limiting case where

725 evaporation sequentially removes the oldest water from storage, little or no evaporative enrichment would develop in the remaining
storage because the water most strongly fractionated by evaporation is continually removed. By contrast, preferential evaporation
of younger water exposes a larger fraction of stored water to evaporative fractionation before it is exported through other pathways
(Sprenger et al., 2019). This greater exposure therefore produces stronger enrichment in bulk §'*Om20, which is subsequently
propagated into 8'*Onos3 i

730 Unlike topsoil storage, 8'®Omo and its evaporative enrichment in column discharge were additionally influenced by the age
selection of percolation (Fig. 11d). Percolation provides the direct hydrologic connection between topsoil storage and the subsoil
and, together with evaporation and transpiration, determines how water is partitioned along the soil profile. Preferential percolation
of older water can therefore directly transfer the evaporatively enriched fraction of topsoil storage to discharge, whereas preferential
percolation of younger water removes water before it undergoes substantial evaporative fractionation, thereby reducing

735 transmission of the evaporative signal to subsoil storage and ultimately to discharge. In contrast, 8'®*Ono3 it in column discharge
remained primarily controlled by the age preference of evaporation and showed little sensitivity to kz (Fig. 11h). This difference
arises because nitrification was assumed to occur only in the topsoil. As a result, 3'*Onos it records the isotopic composition of
water during NOs~ production in the topsoil and is subsequently transported without further isotopic modification during

percolation.
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740 The contrasting effects of percolation on §"®*Omuzo and §'®Onos it provide a mechanistic explanation for the prediction biases in
8% Ono3,nit. When percolation preferentially exported younger water (kz < 1), column discharge 6'*Om0 was dominated by recently
introduced water that had experienced relatively little evaporative enrichment. These young water parcels also contained relatively
little NOs~ because of their short residence times in the topsoil. Consequently, the exported NOs™ pool and its associated 6'*Onos nit
were weighted more strongly toward intermediate- and older-age water that had experienced greater cumulative evaporative

745 enrichment. Using column discharge 6'*Omo to predict 3'*Onos.nic therefore underestimated the evaporative enrichment recorded
by NOs-, resulting in a negative prediction bias (Fig. 12).

Conversely, when percolation preferentially exported older water (kz > 1), '*0Om0 in subsoil storage and column discharge was
more strongly enriched because the exported water had experienced greater cumulative evaporation. However, 6'*Onos3 it
associated with this older water does not simply reflect 8'*Om20 at the time of export. Rather, it integrates the temporal evolution

750 of 8Om0 during the period when water resided in the topsoil and accumulated NOs™. Thus, 8'*Onos it Tetains a temporally
integrated evaporative signal that reflects the isotopic history of water during its residence in the nitrification zone. When older
water was preferentially exported, the instantaneous 8'*Omnzo of column discharge therefore overstated the evaporative enrichment
represented by the associated §'*Onos pit, resulting in a positive prediction bias (Fig. 12).

Recent 3'*0m0 measurements across a range of spatial scales have shown stronger evaporative enrichment in soil water and plant

755 transpiration than in mobile water draining the soil profile or contributing to streamflow (Brooks et al., 2010; Good et al., 2015;
Evaristo et al., 2015; Sprenger et al., 2018). These observations have contributed to the ecohydrological separation or “two water
worlds” hypothesis, which proposes that groundwater recharge and streamflow are dominated by mobile water transported through
preferential flow pathways, whereas evapotranspiration is supported primarily by slower-moving and more strongly retained water
in the soil matrix and capillary pores (McDonnell, 2014). Within our SAS-based transport framework, strong young water

760  preference for percolation (e.g., kz < 0.5) combined with strong old water preference for evaporation (e.g., kz > 5) represents one
possible expression of this separation (Knighton et al., 2019; Sprenger et al., 2022). Under such conditions, our synthetic transport
modeling predicts relatively weak (i.e., < ~1%o) evaporative enrichment of both discharge 5'®*Owu20 and 6'®*Onosnit When integrated
across the simulation period (Fig. 11). Nevertheless, negative prediction biases in 3'*Onos it can persist (Fig. 12), even when the
88 0m20—06"8Ono3,nit relationship during nitrification is precisely known. These results demonstrate that the evaporative enrichment

765 expressed in soil drainage and streamflow depends strongly on the age composition and connectivity of water contributing to
evaporation versus percolation. Moreover, because the water pools and flow paths primarily contributing to drainage and NOs~
mass load can diverge during percolation, the evaporative signal recorded by 8'®*Onos it in drainage need not be expressed to the

same extent in the corresponding 3'*Oxzo.

6.5 Interacting Biogeochemical and Hydrological Controls and Implications for Estimating 6'*Onos it in Field Applications

770 When biogeochemical controls on nitrification, evaporative and transport processes, and the seasonal timing of nitrification were
considered simultaneously (scenario HB2), the range of 3'*Ono3 it in column discharge expanded to approximately —9 to 1%o (Fig.
13a). This range was approximately twice as wide as that predicted from biogeochemical controls alone, demonstrating that
hydrological processes can substantially amplify 6'®Onosnie Variability through their interactions with biogeochemical controls.
Part of this expanded variability resulted from systematic prediction biases that emerged when nitrification was restricted to

775 individual seasons. Specifically, spring- and summer-dominated nitrification produced systematic negative biases of up to —2.2%o,
whereas winter-only nitrification produced a systematic positive bias (Fig. 13b—f).

These seasonal biases can be explained by the seasonal partitioning of water between evaporation and percolation and the resulting

differences in 8'*Omnxo along the soil profile. During spring and early summer, enhanced evaporation combined with isotopically
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enriched precipitation inputs increased 8'*Omz0 in topsoil storage (Fig. 11a), and this enriched water was subsequently incorporated
780 into NOs~ during nitrification. In contrast, '* Om0 in the subsoil and column discharge integrated percolation over longer periods
and was influenced more strongly by precipitation during the non-growing season, when most recharge events occurred (Fig. 3c).
Consequently, when nitrification occurred primarily during spring or summer, NOs~ acquired a more '*O-enriched signal than
would be inferred from the contemporaneous 8'*Omz0 of column discharge. The pattern was reversed during winter, when lower
8% 0m20 in winter topsoil storage resulted in more *O-depleted 6'*Onos nit than would be predicted from column discharge §'*Omo,
785 which also reflected recharge occurring during other seasons (Fig. 3c).
These coupled simulations therefore demonstrate a fundamental spatial and temporal decoupling between the water represented
by drainage 3'*Om20 and the water involved in NOs™ production. Whereas 6'*Omuzo in drainage systems integrates water of different
ages transported along different flow paths, 3"*Onosnit can preferentially reflect the isotopic composition of water within
nitrification zones at specific locations and times. This decoupling may be particularly important in lowland agricultural
790  watersheds, such as the glaciated UER region, where large groundwater stores can substantially dampen seasonal variability in
streamflow 8Om0 (Miller et al., 2026), while streamflow NOs~ concentrations and isotopic compositions remain highly
responsive to seasonal fertilizer inputs (Sha et al., 2025). Consequently, streamflow 3'®0Onp0 measurements may provide a biased
representation of the water from which nitrification-derived NOs™~ acquired its isotopic composition.
These findings highlight the need to account for water age, flow path organization, and the timing of nitrification relative to
795 evaporation and percolation when applying 6'"*Om20—0"*Onosnit relationships at watershed scales. More broadly, NOs™ isotope
applications would benefit from moving beyond a stream-centric perspective toward a reactive transport framework that explicitly
considers the diversity of flow paths and water ages within watersheds and their interactions with N biogeochemistry (Li et al.,
2021). To that end, coupling NOs™ isotope measurements with conceptual hydrological transport approaches, such as SAS
functions, and process-based N biogeochemical models could provide a model-based framework for resolving these interactions

800 and improving the prediction of 3'*Onos it at the watershed scale.

6.6 Assumptions and Limitations

Several assumptions and limitations should be considered when interpreting the results presented here. First, the incubation
experiments were conducted using a single agricultural soil, and different soils may harbor distinct nitrifying communities and
exhibit different responses to temperature and substrate availability. The extent to which the results can be generalized across soil
805 types therefore requires further investigation.
Second, coupling the slurry incubation results with HYDRUS-1D and SAS-based transport simulations necessarily simplifies the
pore-scale heterogeneity governing evaporation, percolation, and microbial activity. For example, the SAS parameterizations used
to represent evaporation and percolation are time-invariant and therefore do not account for temporal changes in flow paths
contributing to these processes. In natural systems, different flow paths may become active under changing hydrological
810  conditions, resulting in greater temporal variability in water velocities and ages (Harman, 2015). Similarly, our simulations
assumed that nitrification occurs uniformly throughout the topsoil, representing a “well-mixed” biogeochemical scenario. In
reality, microbial activity may be concentrated within specific microsites or along particular flow paths because of spatial
heterogeneity in soil physical and chemical properties that regulate redox conditions and nutrient availability at the pore scale
(Franklin et al., 2019). Such heterogeneity could therefore associate nitrification disproportionately with particular locations and
815 water ages within the topsoil, leading to departures from the assumed biogeochemical mixing. Despite these simplifications, the
modeling framework provides a controlled means of isolating biogeochemical and hydrological controls on 8'*Ono3 it that would

be difficult, if not impossible, to separate under field conditions. Moreover, incorporating temporal and spatial heterogeneity would
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likely increase, rather than decrease, the variability in 3'*Onos i, particularly over short timescales. The variability quantified in
this study should therefore be considered a conservative estimate of the variability that may occur under natural conditions.

820 Finally, our simulations do not explicitly represent NOs~ sinks such as denitrification and microbial assimilation. Although these
processes do not directly modify the §'®*Onos nit acquired during nitrification, selective removal of NOs™ can alter the 3'*Ono3 nic Of
the remaining NOs™ pool and therefore change the isotopic weighting of NO;™ reaching drainage systems and streams. Incorporating
dynamic SAS functions, spatially explicit or water age-specific nitrification, and downstream NO;~ transformations within a fully
coupled reactive transport framework will be important for evaluating these effects and for testing the mechanisms identified here

825 against field observations.

7 Conclusion

In this study, we combined soil incubation experiments with a mechanistic biogeochemical model to quantify how temperature,
NH4" availability, and soil water 5'*0 regulate 5'*Ono3 it in an agricultural soil. We further coupled biogeochemical 6'¥Ono3 pit
simulations with a water age-based synthetic transport model to evaluate how soil evaporation influences the variability and

830  predictability of $"®*Onos it under different water transport regimes. Together, this coupled framework provides a mechanistic basis
for evaluating 8"®Onos nit across a diverse range of interacting biogeochemical and hydrological conditions.

The incubation experiments showed that, across wide ranges of temperature (7-35 °C) and NH.4" availability (0-98 mg N kg™
soil), 3'*0Onos nit generally tracked soil water 5'#0 but varied by 3.4-5.3%o at a given 8'®*Owuzo during active nitrification. Temperature
and substrate availability influenced §'®*Onos it primarily through their effects on transient NO>~ accumulation, which enhanced

835 NO:—water O isotope exchange and expression of the associated equilibrium isotope effect. Higher substrate availability and low-
to-intermediate temperatures (<30 °C) promoted greater NO2~ accumulation, resulting in more extensive O isotope exchange and
higher 8'®*Onos it Values. In contrast, high temperatures (>30 °C) and low substrate availability limited NO>™ accumulation and O
isotope exchange, favoring lower 8'*Onosnic Values, which are more reflective of the kinetic isotope effects associated with
nitrification.

840 The synthetic transport modeling further demonstrated that soil evaporation can increase 6'*Onos it Variability in nitrification
source zones and soil drainage to a magnitude comparable to that associated with the biogeochemical controls. The expression of
evaporative enrichment in 8'*Ono3 i is primarily determined by the sources and ages of water participating in evaporation, whereas
drainage 6'*Omo is additionally shaped by the sources, ages, and transport pathways of water contributing to percolation. As a
result, 6"®Onosnic and 8Om0 in drainage can retain different evaporative signals, producing systematic biases when drainage

845 8"%0m20 1s used to predict 3'*Onosnit. These biases are particularly pronounced when the timing of nitrification is decoupled from
percolation and when the water contributing to drainage differs in age from the water involved in NOs™ production.

Overall, these findings demonstrate that 8'®Onosnic 1S controlled by interacting biogeochemical and hydrological processes
operating across different spatial and temporal scales. These processes can both modify the 6'*0Ou20—0'Onos it relationship during
soil nitrification and decouple the isotopic composition of nitrification-derived NOs~ from that of water sampled in drainage or

850 streamflow. Future applications of NOs™ isotope tracers should therefore move beyond a stream-centric perspective and adopt a
reactive transport framework that explicitly accounts for dynamic biogeochemical controls on nitrification across diverse flow

paths and water ages within soils and watersheds.
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Code and data availability

The incubation data are available at https://doi.org/10.5281/zenod0.22684050. The dynamic nitrification model is available at
855 https://doi.org/10.5281/zen0do.22740286. The transport modeling was built upon the open-source trans-SAS v1.0 package
(Benettin & Bertuzzo, 2018a), available at https://doi.org/10.5281/zenodo.1203600.
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