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Abstract. This study explores nitrogen transformations in
groundwater from an agricultural area utilizing organic fer-
tilizer (wastewater from yeast production) by integrating iso-
tope analysis, microbial gene abundance, and the isotope
FRactionation And Mixing Evaluation (FRAME) model to
trace and quantify nitrogen cycling pathways. Groundwater
samples with elevated nitrate concentrations were subjected
to controlled laboratory incubations with application of a
novel low-level 19N tracing strategy to investigate microbial
processes. Isotope analyses of nitrate, nitrite, and nitrous ox-
ide (N2O), coupled with microbial gene quantification via
quantitative polymerase chain reaction (QPCR), revealed a
shift from archaeal-driven nitrification to bacterial denitrifi-
cation in post-incubation suboxic conditions, stimulated by
glucose addition. FRAME modelling further identified bac-
terial denitrification as the dominant pathway of N»O pro-
duction, which was supported by increased nosZI, nirK, and
nirS gene abundance and observed isotope effects.

Simultaneously with the intensive nitrate reduction, it
was observed that the majority of nitrite is likely produced
through nitrification processes linked to dissolved organic ni-
trogen (DON) oxidation. Nitrate reduction had a minor con-
tribution to the total nitrite pool. The results demonstrate the
efficacy of integrating multi-compound isotope studies and
microbial analyses to unravel nitrogen cycling mechanisms.
This approach provides a robust framework for addressing
nitrogen pollution in groundwater systems and improving
water quality management strategies.

1 Introduction

Nitrogen (N) is an essential nutrient for plant growth and
global food production, forming a key component of nucleic
acids and proteins. Although synthetic N fertilizers contain-
ing nitrate (NO;) and/or ammonium (NHI) have greatly
influenced agricultural yields, their excessive use has sig-
nificantly disrupted the N cycle, leading to NO3 leaching
in groundwater, emission of ammonia (NH3), and gaseous
forms of nitrogen oxides (nitric oxide (NO), nitrous oxide
(N20), nitrogen dioxide (NOy)), which are of environmen-
tal concern (Sainju et al., 2020). These N compounds con-
tribute to eutrophication of surface waters, groundwater qual-
ity degradation, and the greenhouse effect, with N»O inten-
sifying global warming and ozone depletion (Butterbach-
Bahl et al., 2013). Controlling NOj; levels in aquatic sys-
tems presents substantial environmental challenges, partic-
ularly in groundwater, due to the complexity of differenti-
ating between its anthropogenic sources — such as fertilizer
runoff, waste from livestock manure, and industrial wastewa-
ter discharges — and natural processes, including soil organic
matter mineralization, precipitation, and biological nitrogen
fixation by microorganisms. Moreover, nitrite (NO3), a tran-
sient intermediate in the nitrogen cycle, can accumulate un-
der certain environmental conditions and pose significant en-
vironmental and health risks, such as methemoglobinemia
(blue baby syndrome) in infants and the formation of car-
cinogenic nitrosamines (Ward et al., 2018). Further, elevated
NO; levels in water bodies and agricultural soils can be toxic
to aquatic life and humans, underscoring the importance of
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monitoring NO, alongside NO;™ in groundwater systems.
Hence, a better understanding of N cycling is crucial for de-
veloping effective solutions to environmental problems (Riit-
ting et al., 2018).

Diverse microbial communities, including nitrogen-fixing
bacteria, archaea, anammox bacteria, nitrifiers, and denitri-
fiers, drive key N transformations, regulating its availability
and mobility in ecosystems. N undergoes complex transfor-
mation processes like nitrification, denitrification, anammox,
mineralization, and immobilization (Deb et al., 2024), which
regulate N availability to plants and influence its move-
ment in agricultural and natural systems. Biological fixation
converts atmospheric nitrogen (N3) into bioavailable forms,
while nitrification involves the microbial oxidation of NHI
to NO; viaNO, . Denitrification reduces NO;' to N through
the intermediates NO;, NO, and N;O. Depending on en-
vironmental conditions, this reduction may be incomplete,
leading to N>O emissions. Moreover, anammox and feam-
mox processes convert NH} and NO, to Ny (Ding et al.,
2022; Einsiedl et al., 2020). These processes are intercon-
nected and influenced by environmental conditions, making
it challenging to differentiate between the sources and path-
ways of N transformations (Nikolenko et al., 2018).

Stable isotope studies help in tracing N sources and trans-
formations through isotopic signatures such as 8N and
8'80in NO3, NO; , NH/ , and N> O (including >N site pref-
erence in the linear N»O molecule (§!NSP)) (Denk et al.,
2017; Deb et al., 2024). However, limitations arise due to
overlapping ranges of different isotope sources or difficulty
in the distinction between isotope fractionation processes and
mixing. To overcome such limitations and enhance interpre-
tations based on stable isotope studies, a multi-compound
analysis approach can be applied (Well et al., 2012; Deb et
al., 2024). Such an approach provides a broader perspective
on N cycle processes by examining multiple N compounds;
e.g. in denitrification, §"°N and §'30 analysis of NOj helps
identify substrates, while NO, and N>O analyses provide in-
sight into intermediate products. However, since the range of
natural isotope variations is relatively narrow, even analyses
of multiple compounds may provide ambiguous results. The
SN tracing technique allows the precise tracking of artifi-
cially added N in the environment (Miiller et al., 2004) but
is spatially and temporally limited and disrupts natural abun-
dance isotope studies (Buchen-Tschiskale et al., 2023; Well
et al., 2019), which are easily and universally applicable in
unmodified environmental conditions. A major drawback of
traditional '>N tracing methods is the necessary sacrifice of
other isotope tracers, such as O isotope signatures and site
preference values of N>O, which cannot be accurately deter-
mined when high N additions are applied. This research
introduces a novel approach using low-level N labelling,
where a minimal amount of "N-labelled substrate is added
to slightly increase 8N values (up to ca. 100 %200 %o) of
a single substrate while maintaining natural abundance lev-
els. This ensures that isotope fractionation remains relevant
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and that standard measurement methods for all isotope sig-
natures can still be applied. If the level of the applied N
labelling exceeds the natural variability of N sources and iso-
tope fractionation effects, this approach enables a clear dis-
tinction between substrates involved in N transformations. It
also allows for precise tracing of the path of N from the sub-
strate to the product while simultaneously utilizing or deter-
mining isotope fractionation factors. In consequence, such
low-labelling experiments are directly relevant and compara-
ble to field conditions. Moreover, the needed addition of N to
the system is minimal, which allows us to avoid the effect of
additional fertilization of the system under study.

While stable isotope analysis provides valuable insights
into nitrogen pathways, its interpretation is often compli-
cated by overlapping fractionation effects (Deb et al., 2024).
To refine process identification, microbiological approaches
can be applied. Functional characterization of genes encod-
ing key enzymes in N metabolism provides insights into the
genetic potential for specific transformations (Levy-Booth
et al., 2014), while microbial community structure analy-
sis helps elucidate the physiological activities and ecological
roles of microbes in driving N transformations, and quantita-
tive polymerase chain reaction (QPCR) enables the quantifi-
cation of particular genes and hence assessment of their mi-
crobial activity (Espenberg et al., 2018; Rohe et al., 2020).
Together, these approaches contribute to a comprehensive
understanding of N cycling processes.

However, these microbiological methods only reveal the
potential for microbial species to participate in nitrogen cy-
cling rather than directly quantifying transformation rates.
The detection of functional genes or gene expression does
not confirm whether a process is actively occurring at a given
time or its relative contribution within a system (Espenberg et
al., 2018; Rohe et al., 2020). Thus, combining stable isotope
data with microbiological analyses enhances the precision of
nitrogen flux assessments in groundwater, offering a robust
framework for tracing, quantifying, and characterizing nitro-
gen transformations in complex environmental systems. The
integration of isotopic and microbial techniques for partition-
ing N cycle processes has so far provided valuable insights
into N> O source apportioning (Masta et al., 2024).

Here we combine isotope studies, applying a novel
low-labelling technique and multi-compound isotope anal-
yses, with microbiological analyses using quantitative PCR
(qPCR), which identifies and quantifies key genes involved
in N processes. This aims at a better understanding of the
occurring N transformations and enhancing the precision of
nitrogen flux assessments in groundwater.
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2 Materials and methods
2.1 Experimental site

Experiments were conducted from the groundwaters col-
lected in an agricultural area near Wolczyn, Poland, ap-
proximately 80 km north of Wroctaw. On these crop fields,
wastewater from a yeast factory is applied as a natural fer-
tilizer, containing 300mgL~" of total nitrogen (TN) and
835mgL~! of total potassium (TP). While this approach
supports agricultural production by reducing reliance on syn-
thetic fertilizers, it is likely to have a significant impact
on groundwater quality, especially by increasing N and P
loads. Preliminary sampling from piezometers in the study
area, conducted in July 2023, revealed nitrate concentrations
exceeding 80mgL~! in the groundwater, raising concerns
about elevated nitrate levels as they exceed the norms for
drinking water of 50mgL~!. Figure 1 illustrates the study
area of our experiment, highlighting the locations of the
piezometers used for groundwater sampling.

The aquifer under study is the top first groundwater hori-
zon, connected to surface waters and composed of sand—
gravel formations of the Neogene—Quaternary, hydraulically
separated from the underlying Triassic horizon by shale lay-
ers. The water table has an unconfined character and vary-
ing depths from 1.5 to 18.7 m below surface (Olichwer et al.,
2012). The thickness of the aquifer ranges from 4.5 to 31.9 m.
The redox potential of the sampled groundwaters varies from
213 to 345mV and the dissolved O, concentration from
2.2 to 4.3 mgdm~3. These values indicate lower O content
when compared to saturated conditions (ca. 10 mg dm™3) but
slightly higher-than-typical denitrification-favouring condi-
tions (below 2mg dm~3) (Wolters et al., 2022). The dis-
solved O; range provided here reflects typical suboxic condi-
tions in this aquifer system, as reported in previous field cam-
paigns in the Wotczyn region (Olichwer et al., 2012). In the
present study, individual dissolved O, concentrations were
not systematically recorded for each piezometer due to unex-
pected problems, and thus, the cited range serves as a general
background representation of aquifer conditions.

2.2 Water sampling

Groundwater samples from 23 piezometers in the study area
were pumped out at varying depths during the field sampling
campaign on 5 September 2023 (Table S1). Subsequently,
water from four selected piezometers (P-7, P-16, P-20, P-
23) with high nitrate concentrations was used for labora-
tory incubation studies to evaluate potential N transformation
processes and to identify the isotope effects associated with
them. Although P-0 and P-3 also exhibited comparably high
nitrate concentration levels, they were excluded from the in-
cubation experiments due to limited water availability at the
time of sampling.
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For inorganic N concentration and isotopic analyses, all
groundwater samples were filtered using 0.45 um filters. For
NO; and NHI analysis, 50 mL of the filtered sample was
collected in a Falcon tube, which was stored frozen until fur-
ther analysis. For NO, analysis, an additional 50 mL of the
sample was collected in a separate Falcon tube, where, af-
ter filtering, 1 mL of 2M KOH was added to raise the pH
to 10-12, inhibiting NO, reduction. The samples were then
stored at 4 °C until further analysis. It is essential to analyse
these samples as soon as possible after collection to prevent
microbial degradation and ensure data integrity.

The field groundwater samples were immediately trans-
ported to the laboratory in an ice-cooled box. For the labo-
ratory incubation studies, 2 L. of groundwater from selected
piezometers was collected into sterile bottles and immedi-
ately sealed for a series of laboratory experiments and stored
frozen until further analysis. Further, for the later incubation
studies (as described in Sect. 2.2), the water samples (600 mL
from each incubated piezometer) were filtered using sterile
0.45 um filters for the further microbial analyses after the 3-
week incubation period (Fig. 2).

2.3 Laboratory incubation of groundwater samples

Laboratory incubation studies were conducted with ground-
water samples from four selected piezometers (P, abbrevi-
ation for piezometer: P-7, P-16, P-20, and P-23) with high
NO3 concentrations to investigate natural NO; reduction
and identify favourable conditions for denitrification. Due to
restricted water availability in some piezometers, where the
aquifer was quickly pumped out and the water amount re-
quired for the further incubations (min 1500 mL) could not
be collected, some potentially interesting piezometers were
omitted. This was the case for e.g. P-0 and P-3, where, de-
spite high NO;™ concentrations, the incubations were not pos-
sible due to water gain that was too little.

A volume of 150 mL of groundwater from each piezome-
ter was transferred into sterile 250 mL flasks, with each sam-
ple prepared in four replicates along with sterile controls.
Sterile samples were produced by filtering the groundwa-
ter through 0.45 um filters followed by the addition of 2 mL
of HgCl2 to inhibit microbial activity. These sterile samples
served as controls for comparison with active treatments. The
incubation flasks with groundwater samples were flushed
with N, gas for 15min at a flow rate of 60—70 mL min~!
and 0.6 bar to create suboxic conditions with an O, content
similar to that of the studied aquifer. The final O, concentra-
tion in the headspace was about 5 %, which corresponds to
the dissolved O, content in water of 2.1 mg L~! (Table S2).
The pH of the samples, approximately 6.5 for each, was
maintained without any adjustments. Prior to incubation, a
low amount of '>N- and NOj -labelled tracer was added to
each sample based on its initial nitrate concentration, result-
ing in at% PN (atom percent PN) of 0.4296 %-0.4700 %,
slightly exceeding the natural abundance (0.366 %), to trace
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Figure 1. Piezometers used in the study area near Wotczyn, Poland. The purple-marked area indicates the lagoon for yeast production sewage
storage. (Base map: © OpenStreetMap contributors. Figure created using MATLAB geobasemap with custom GPS data.)

N transformation pathways. The target §'°N value of final
NO3 was 200 %o. A stock solution was prepared by dissolv-
ing 12.1429 mg of Na®NO3 (99 % >N) in 50 mL of wa-
ter. From this, 1 mL was added to samples P-7, P-16, and
P-20, while 2 mL was added to P-23. The added volume of
the "N-labelled tracer solution was adjusted according to the
nitrate concentration in each sample to achieve a comparable
level of isotopic enrichment across all samples while min-
imizing alteration to the natural isotopic composition. Fur-
ther, 1 mL of glucose, equivalent to the addition of 616 mg
of C, was added as an additional carbon source after 1 week
of incubation to additionally stimulate microbial activity and
enhance denitrification. All samples were incubated in dark
conditions for 3 weeks at 16 °C with agitation at 90 rpm. In-
organic N compounds in incubated samples were analysed
at the beginning, after 1 week of incubation before glucose
addition, and at the end of the experiment for their con-
centration (Sect. 2.4) and isotope signatures (Sect. 2.5). The
gas headspace samples were collected every second day and
analysed for N>O and CO; concentrations and N, O isotope
signatures (Sect. 2.6).
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2.4 Inorganic nitrogen analyses (NO3', NO3, NHI)
using a colorimetric method

For the analysis of NO3_ s NOz_ , and NHI concentrations,
groundwater samples were filtered using 0.45 um filters and
measured with the Slandi LF300 photometer (Slandi Sp.
z 0.0., Michatowice, Poland), a versatile instrument for
water and wastewater analysis across wavelengths ranging
from 380 to 810 nm. For our analysis, wavelengths of 520,
560, and 610 nm were selected for NO5, NO;, and NH;‘|r
concentrations, respectively, with detection limits of 0.1-
50.0mgL~"! for NO3, 0.02-1.0mg L~ for NO; , and 0.01-
5.00mgL~" for NHI Following a standardized protocol,
specific reagents were added to the samples, allowing the re-
actions to develop colour, and the concentrations were then
measured photometrically.

2.5 Inorganic nitrogen isotope analyses

To trace microbial N transformation processes in the ground-
water samples, inorganic N isotope analyses were performed
with the specific bacterial strains Pseudomonas aureofaciens
for NO; and Stenotrophomonas nitritireducens for NO, iso-
topes. These strains carry out denitrification with N,O as
the end product, as they lack the N>O reductase gene (Boh-
lIke et al., 2007; Sigman et al., 2001). The detailed labora-
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Figure 2. Experimental setup for microbial analyses (QPCR, groundwater incubation) and isotopic analysis. The scheme illustrates the
workflow for analysing groundwater samples, including incubation with the 15N—N03_ tracer, bacterial denitrification, DNA extraction,
concentration analyses, and isotope measurements using a cavity ring-down spectroscopy (CRDS) Picarro G5131-i spectrometer and mass

spectrometer.

tory protocol encompassing the preparation and handling of
the bacterial species, along with sample addition and iso-
tope analysis, is available in a previous publication (Deb
and Lewicka-Szczebak, 2024). Gas samples were transferred
from the headspace to previously evacuated Exetainer vials
(Labco Limited, Ceredigion, UK), diluted and analysed for
isotope values >N and 8'30 values of N,O using mass
spectrometry (Thermo Scientific, MAT 253 Plus mass spec-
trometer combined with GasBench and Precon) in the Labo-
ratory of Isotope Geology and Geoecology at the University
of Wroctaw, Poland.

The denitrifier method using Pseudomonas aureofaciens
enabled isotope analysis of NO; at concentrations as low
as 40 nmol NO; L! (Stock et al., 2020; Deb and Lewicka-
Szczebak, 2024), while using Stenotrophomonas nitritire-
ducens allowed for NO, analysis at concentrations as low
as 150 nmol NO, L~! (Deb and Lewicka-Szczebak, 2025).

The isotope analyses of NH;"r could not be performed due
to mostly very low NHI concentrations, below the detection
limit of the isotope NHZr analysis.

2.6 Gas headspace analyses

Headspace samples were periodically collected to measure
N>O, CO,, and O; concentrations and N, O isotope signa-

https://doi.org/10.5194/bg-22-5535-2025

tures, providing insights into nitrate reduction and denitri-
fication processes under controlled suboxic conditions. The
samples of 25 mL of headspace gas were collected each sec-
ond day into pre-evacuated 12 mL Labco Exetainers (1 bar
overpressure). The sampled gas volume was replaced with
pure Ny gas. The headspace samples were analysed on the
gas chromatograph Shimadzu GC Nexis 2030, equipped with
a barrier discharge ionization detector (BID) and thermal
conductivity detector (TCD) for O,, CO», and N,O concen-
trations (Bucha et al., 2025). The N,O gas was analysed
for 815N, 8180, and §15NSP (difference between § I5N val-
ues between the central and terminal positions of N in the
linear N>O molecule) using cavity ring-down spectroscopy
(CRDS) by the Picarro G5131-i spectrometer, equipped with
a small sample injection module (SSIM) and connected to
an SRI autosampler (Eckhardt et al., unpublished), in the
Laboratory of Isotope Geology and Geoecology at the Uni-
versity of Wroctaw. The isotope analytical limit was about
300 ppb N,O. At this ambient concentration, the measure-
ment precision was better than 0.5 %o for 8N and §'80 and
better than 1 %o for 89 NSP. Since this is a newly developed
measurement technique, the controlled measurements for se-
lected sampling points were performed at the Thiinen Insti-
tute, Braunschweig, Germany, applying mass spectrometry

Biogeosciences, 22, 5535-5556, 2025
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(MS) (Thermo Scientific, five collector Delta V mass spec-
trometers combined with Trace GC and Precon) (Lewicka-
Szczebak et al., 2020). After applying proper corrections to
the CRDS technique (Harris et al., 2020) and isotope normal-
ization with the same sets of standards (two isotope standards
for normalization: DASIMs 16 and 17, Well et al., 2024; and
at least three standards of different N»>O concentrations), the
results between both approaches showed good repeatability
within up to a 2 %o difference for §!°N and §'80 and up to a
4%y difference for 8 YNSF, which fits within a typical reason-
able range for comparing measurements with different tech-
niques (Mohn et al., 2014). For sterile samples (with HgCl,
addition), the CRDS technique gave erroneous results; thus
only MS results were accepted.

The N;O isotope results were evaluated using the isotope
FRactionation And Mixing Evaluation (FRAME) modelling
software (Lewicki, 2025, https://malewick.github.io/frame/)
to identify N»>O production pathways and quantify N>O re-
duction to N, (Lewicki et al., 2022).

2.7 DNA extraction and qPCR analyses for the field
and experimental samples

For DNA extraction, the groundwater samples were filtered
using sterile 0.45 um mixed cellulose ester (MCE) membrane
filters. The filters were stored at —80 °C for subsequent anal-
ysis. DNA was extracted from 250 mg of water filters using
the DNeasy® PowerSoil® Pro Kit (Qiagen, Germany), fol-
lowing the manufacturer’s protocol with one modification:
samples were homogenized using a Precellys 24 homog-
enizer (Bertin Technologies, France) at 5000 rpm for 20s.
The DNA concentration and quality were assessed using a
TECAN Infinite M200 spectrophotometer, and the extracted
DNA was stored at —20 °C for further microbial analysis.
Quantitative polymerase chain reaction (QPCR) was used
to quantify the bacterial and archaeal 16S rRNA genes, as
well as the abundances of genes involved in denitrifica-
tion (nirS, nirK, nosZI, and nosZII), nitrification (bacterial,
archaeal, and complete ammonia oxidation (comammox),
amoA), nitrogen fixation (nifH), and dissimilatory nitrate re-
duction to ammonium (DNRA; nrfA). qPCR reactions were
performed using a Rotor-Gene Q thermocycler (Qiagen, Ger-
many). The 10puL reaction mixture consisted of 1pL of
extracted DNA, forward and reverse gene-specific primers,
5 puL of Maxima SYBR Green Master mix reagent (Thermo
Fisher Scientific, Waltham, MA, USA), and Milli-Q water.
Each sample was amplified in duplicate, with DNA-free neg-
ative control samples included in every run. The thermal cy-
cling conditions and primers used are detailed in Table S3
(Espenberg et al., 2024). qPCR results were analysed using
Rotor-Gene® Q software v.2.0.2 (Qiagen) and LinRegPCR
v.2020.2 (the Netherlands). The number of gene copies was
calculated based on standard curve ranges (Espenberg et al.,
2018; Kuusemets et al., 2024) and expressed as gene copies
per mL of water (copiesmL~!). DNA extraction and gPCR
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analysis were conducted in the Department of Geography at
the University of Tartu, Estonia.

3 Results
3.1 Dissolved inorganic N compounds

3.1.1 Inorganic nitrogen (NO3, NO;, NHI) content
and isotope signatures of initial field groundwater
samples

Initial field samples were measured for inorganic N to de-
termine NO;, NO,, and NHI concentrations and iden-
tify piezometers with the highest nitrate levels, which were
then selected for laboratory incubation studies. While field
measurements provided baseline reference concentrations of
NO; ,NO,, and NHI, the laboratory incubation samples re-
vealed significant changes in these concentrations over the
incubation period, highlighting N transformation processes
under controlled conditions.

Initial field samples before the start of incubation showed
NO;3 concentration from 0.2 mg NL~! to 89.5mg NL~!,
NO, concentration from 0.02 to 0.4 mg NL~!, and Nijr
concentration from 0.02 to 17.95mg N L~! (Table S1). The
four samples with especially high nitrate concentration lev-
els, ranging from 32.8 to 89.9 mg NL~!, have been selected
for further incubation studies (Table S1). These samples
showed a very low NHZr concentration. Only a few piezome-
ters showed higher NHI contents, which were associated
with low NOj' levels, rather low dissolved organic N (DON),
and high dissolved organic C (DOC) (Table S1).

NO3 concentration was determined in 23 samples and
NO, in 22, with one sample below the detection limit for
NO, (Table S1). However, out of these 23 samples, isotope
analysis of 815NNO3— and 8180N03— could be performed on

only 12 samples, while 8" Nno, and §'30no, could be anal-
ysed for 7 samples only (Table S1) due to the detection limit
of the applied methods for isotopic analysis. The NHI iso-
topic signature was not determined because of very low con-
centrations that were mostly below the detection limit for the
isotope analysis. All the isotope results are presented in the
following figures in the framework of literature data for typ-
ical nitrate sources and denitrifying processes (Fig. 3a) and
typical ammonium sources and nitrifying N transformation
processes (Fig. 3b) after Deb et al. (2024). Such a visual
presentation is applied for better identification of possible N
sources and N transformations.

In Fig. 3a the light-pink-shaded zone reflects NO; contri-
butions from different sources, such as fertilizers, sewage,
and soil organic matter decomposition, with minimal mi-
crobial transformation. The red-shaded “residual substrate”
zone indicates the product of advanced denitrification, i.e.
residual nitrate enriched in "N and '30 due to preferen-
tial reduction in light isotopes. The correlation between §'30

https://doi.org/10.5194/bg-22-5535-2025
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Residual NO;' enriched through denitrification is represented with the red rectangle. Arrows depict typical isotope effects associated with

autotrophic and heterotrophic processes. In (b), isotopic characteristics of NO, (blue-green rectangles) and NO5" (light orange rectangles)
originating from autotrophic and heterotrophic nitrification are shown. Grey rectangles illustrate possible oxygen sources (O, and H,O) used
during nitrifying oxidation processes.
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and 89N values of nitrate is typical of isotope enrichment
due to heterotrophic denitrification, leading to '80- and 19 N-
enriched residual NOj'. The light-green-shaded area repre-
sents NO, produced from NO; reduction during partial den-
itrification, an intermediate step in denitrification. The iso-
topic patterns also differentiate between autotrophic and het-
erotrophic denitrification. Samples aligning with autotrophic
denitrification indicate the reduction in NO; coupled with
the oxidation of inorganic compounds like sulfur or hydro-
gen, resulting in a slower rate of isotopic fractionation and
less pronounced enrichment in SN and 880 (Cui et al.,
2019; Hu et al., 2024). In contrast, samples reflecting het-
erotrophic denitrification show rapid isotopic fractionation
due to the use of organic carbon as the electron donor, lead-
ing to greater enrichment of §'3N and §'80 in the residual
nitrate (Deb et al., 2024).

In this study, NO; samples (orange triangles, Fig. 3a)
are located in the area typical of NO3  originating from or-
ganic matter decomposition and sewage sources. NO, sam-
ples (blue circles, Fig. 3a) are mostly shifted towards lower
815N values, with the expected isotope effect typical of deni-
trification NO3 reduction to NO; , with isotopically depleted
NO;r due to the preferential reduction in light isotopes (*N
and 100). 51801\102 values are similar to or lower than the re-
spective NO;™ source, which may indicate additional incor-
poration of water into the formed NO, .

Figure 3b illustrates the isotopic composition of nitrate
(NO3) and nitrite (NO,) in groundwater samples in re-
gard to possible nitrification processes. Autotrophic nitrifi-
cation, with NO; produced from NHZr or organic nitrogen,
is characterized by lower 81N and §'80 values, while het-
erotrophic nitrification contributes to NO; and NO, produc-
tion with distinct isotopic enrichment from organic nitrogen
compounds.

In this study, NO5 samples (orange triangles, Fig. 3b) are
located between values typical of NO; production from au-
totrophic and heterotrophic nitrification. The observed corre-
lation might be a mixture of these two NO; origins. How-
ever, from the NO, samples (blue circles, Fig. 3b), only
two points indicate typical values for autotrophic nitrifica-
tion, whereas others show much lower §1°N values.

3.1.2  Inorganic nitrogen (NO3, NO;, NHI) content
and isotope signatures during incubation

During the first phase (before glucose addition), NO5 con-
centrations decreased significantly across all samples (a de-
crease of 14 to 33mgL~! N was noted, Fig. 4a). Concur-
rently, NO, concentrations increased significantly, reach-
ing around 3.7 to 13.5mgL~!" N (Fig. 4a). In the second
phase (after glucose addition), NO;™ concentrations contin-
ued to decrease in all samples (further decrease of 6.2 to
47.6 mgL~! N compared to the day 7 sample, Fig. 4a), while
NO; levels further increased for most samples, reaching 4.7
to 13.5mgL~' N. NHI concentrations were very low from 0

Biogeosciences, 22, 5535-5556, 2025

S. Deb et al.: N transformations in nitrate-rich groundwaters

to 0.2mgL~! N) and remained largely unchanged through-
out the incubation period.

Further, the isotopic signatures of nitrate (& 1SNNO3 and
8180N03) and nitrite (813 Nno, and 8180N02) were anal-
ysed in water samples during laboratory incubation (Fig. 4b).
8 15NNO3 shows much higher values compared to the ini-
tial field samples (Fig. 3) due to the low addition of the
15N—NO; tracer. The preparation of the tracer solution and
the amount of tracer addition were calculated to attain ca.
100 %0—200 %o as the final (315N1\103 value. However, due to
different initial NO3 concentrations and precisions of the
low amount of tracer addition, our final § 15NNo3 after tracer
addition is variable for each of the four incubated samples,
from approximately 100 %o for P-23 to over 300 %o for P-20
(Fig. 4b). However, these different final values were taken
into account in all calculations and modelling so that the
differences did not impact the data interpretation. All cal-
culations were applied individually for each incubated water
sample, and individual rSlSNNo3 values were accepted as the
incubation starting point for each of the four water samples.

815NN03 and 8180N03 increase significantly during the
first phase of incubation and remain quite stable during the
second incubation phase across all samples. 5]5NN02 shows
slight variability across all samples, with values ranging from
approximately —50 %o to 0 %o, which are hence much lower
than the respective § 15NNQ3 values. & 18ONO2 shows dynamic
variations without very consistent trends, reflecting the com-
plexity of microbial and environmental interactions affecting
nitrite transformation. Interestingly, there is a very clear pat-
tern for P-7, P-16, and P-20, with significant 81801\102 enrich-
ment for the second sampling (7 d) and further depletion for
the third sampling (14 d) (Fig. 4b).

In the sterile treatment, the NO3 reduction is even faster
than in other samples, while the isotope signatures are very
stable, showing only negligible isotope enrichment. NO,
concentrations stay low and do not exceed 0.3 mg NL_%.
NHI concentrations increase during the incubation, reaching
up to 4mg NL~!, which is much higher than those observed
for non-sterile samples.

3.1.3 Isotope mass balance and source attribution for
incubation study

To quantify the NO, sources during the incubation experi-
ment, a simple isotope mass balance approach was applied
based on §'’N measurements of NOj and NO, . Based on
the observed 5]5NN03.0 (initial value, day 0) and change in
8 15NNO2 values (between day 0 and day 7 of the incubation),
we can calculate the maximal contribution of NO, originat-
ing from NOj reduction (NAR) to this newly formed NO5
applying the isotope mass balance (Eq. 1). These calculations
are simplified by neglecting any isotope fractionation of the
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Figure 4. (a) Content of inorganic nitrogen forms (orange line: NO3', green line: NO, , grey line: NHI) and their (b) isotopic signatures

(81N and §180) during laboratory incubation. The graphs in (a) show concentration variations over time, and graphs in (b) depict changes in
sI5N (dark red lines) and § 8o (blue lines) values over time for NO5' (solid line) and NO, (dashed line) in different samples (P, abbreviation
for piezometer: P-7, P-16, P-20, and P-23), illustrating dynamic isotopic variations influenced by microbial processes. Sterile samples are
shown as the individual points on the graphs (for NO; and NHI contents, while NO, was very low for all the sterile samples and is not
shown).
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Figure 5. Isotopic signatures of nitrite (NO, ) during laboratory
incubation. First phase — before glucose addition (empty circles),
second phase — after glucose addition (filled circles). The point
size is proportional to the nitrite concentration. The shaded regions
correspond to isotopic ranges associated with autotrophic and het-
erotrophic nitrification (after Deb et al., 2024), illustrating a shift in
processes following glucose addition.
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The calculation results (Table 1) indicate that from 0.2 up
to 1.3 mg, N-NO; L! originates from NAR, which is a low
amount compared to the magnitude of N-NOj consumption
of 13.7t0 33.2mgL~! (Table 1). However, interestingly, the
majority of N-NO, (80 % to 95 %) originates from transfor-
mations other than NO5 reduction.

A closer look at the isotopic analysis of nitrite (NO, ) in
the groundwater incubation study (Fig. 5) reveals that the
highest nitrite concentrations are characterized by the low-
est isotope signatures. We observe a statistically significant
correlation between O and N isotopic signatures of NO, .
Theoretically, this could be the mixing line, with the ISN-
labelled values originating from NO5 -labelled reduction, but
this NO3 " shows low 8180 values in the range from —16 %o
to +10%o. Hence, this instead shows mixing of the differ-
ent origins of unlabelled NO;, which is in the great majority
(as shown above and in Table 1), potentially originating from
both autotrophic and heterotrophic nitrification processes.

Biogeosciences, 22, 5535-5556, 2025
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3.2 Gas headspace sample analysis and FRAME
modelling

For almost all sampling, significant NoO and CO; fluxes
were observed during the incubation. The gases were accu-
mulated in the headspace until day 7 of the incubation (phase
1: day 1-day 7), then, after flushing, the accumulation was
started again for the next 7d (phase 2: day 8—day 14). Ta-
ble S2 shows the results of headspace gas analyses for the
second and last days of the accumulation for each incubation
phase, before and after glucose addition. The CO, produc-
tion varies from 0.7 to 3.1 mg L~1d-!, with a similar flux
range for both phases. The N,O production varies from 0.1
to 11.6ug L' d~!, with significantly higher fluxes for the
second incubation phase, with one extremely high outlier.

Sterile samples show CO; production in amounts com-
parable to unsterile treatments and much lower NoO pro-
duction, although still significant at some points, especially
for the second incubation phase after glucose addition (Ta-
ble S2).

Figure 6 shows the isotopic signatures (8'SNSP, §180,
8N) of N»O in headspace samples from laboratory incu-
bation before and after glucose addition, together with the
main N,O production pathways and typical N>O reduction
line, summarized following literature data (Yu et al., 2020).
The isotope characteristics of the main N, O production path-
ways — bacterial and fungal denitrification (bD and fD), ni-
trifier denitrification (nD), nitrification (Ni), and chemodeni-
trification (chD) — are shown for the particular substrate iso-
topic signatures of the actual case study: 81801.120 of —9.0 %o
(mean common value for all water samples) and respective
s Nno,, separately determined for each sampling point (re-
spective values in Table S1).

Before glucose addition, the isotopic signatures indicate
mixing between nitrification and denitrification processes
(Fig. 6a). In P-7, before glucose addition, isotopic data clus-
tered near the nitrifier denitrification (nD) zone, highlighting
ammonia oxidation and partial N,O reduction (Fig. 6b). In
P-16, isotope signatures are widely distributed between ni-
trifier and bacterial denitrification zones, suggesting overlap-
ping processes (Fig. 6¢). In P-20 and P-23, clustering near
the bacterial denitrification (bD) zone reflected nitrate reduc-
tion as the dominant pathway with minimal N,O reduction
(Fig. 6d, e).

After glucose addition, the isotopic data indicate that N,O
production was primarily driven by bacterial denitrification
(bD), with relatively low s N;II:O and 6180N20 values, clus-
tering mostly around the reduction line (Fig. 6a). In the
8NSP — 815N space, the isotopic data mostly showed a
clear shift toward bD, supported by a significant increase in
) 15NN20 values, indicating N, O production from the slightly
I5N-labelled NO; pool and some effect of NoO reduction
(Fig. 6b—e). In P-23, however, the data indicate more possi-
ble pathway mixtures, including nitrification (Ni) and fungal
denitrification (fD) (Fig. 6e). Significant reduction in N>O to
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Table 1. Inputs and results of the mass balance calculations for determining the contribution of nitrate reduction (NAR) in the nitrite pool
with Eq. (1): Aé 1 5NNO2 is the change in the nitrite N isotope signature between day 0 and day 7, SISNN()3 _o is the initial N isotope signature
of nitrate, A [NO, ] 7 is the change in nitrite concentration between day 0 and day 7, NAR is the amount of produced nitrite originating from

NAR, and A [NO;3 ] is the nitrate consumption between day 0 and day 7.

Piezometer A8'°Nyo, 8'Nyp,_0 NAR  A[NO;] mgL~!  A[NO;]
[%] mgNL™! NAR mgNL™!
p-7 33.1 192.2 17.2 7.3 1.3 —13.7
P-16 18.1 207.1 8.7 13.4 1.2 —23.0
P-20 134 306.5 4.4 3.6 0.2 —17.2
P-23 14.1 69.0 20.4 6.1 1.2 —33.2
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Figure 6. Isotopic signatures (813 NI%E

o0 d 18ONZO, and §1° NN,0) highlighting N> O dynamics and microbial nitrogen transformation path-

ways during laboratory incubation for groundwater samples (P, abbreviation for piezometer: P-7, P-16, P-20, and P-23). Empty circles
represent the first incubation phase before glucose addition, filled circles represent the second incubation phase after glucose addition, and
green triangles show sterile samples. Clustering reflects a shift from mixed nitrification and denitrification before glucose addition to bacte-
rial denitrification dominance after glucose addition. Panel (a) presents the § I5NSP_s180 map for all samples since the source processes are
common to all samples. Panels (b)—(e) present §NSP_sI5N maps plotted individually for each piezometer because the mixing endmem-
bers’ isotopic signatures (bD and fD) differ depending on the particular 15N content for each piezometer. Each plot shows isotopic values
before glucose addition (white circles) and after glucose addition (black circles), reflecting microbial processes like bacterial denitrification
(bD), autotrophic nitrification (Ni), nitrifier denitrification (nD), and fungal denitrification (fD), with N> O reduction along the red line.

N> can be assumed based on the clustering of the points along
the N,O reduction line, especially on the §'NSP — §130 iso-
tope map (Fig. 6a). On the §PNSP — §1N isotope map, the
effect of N,O reduction is less visible because the artifi-
cially elevated 89N values result in a very steep reduction
line. Minimal clustering near the fungal denitrification (fD)
zone suggests limited fungal contributions to N>O produc-
tion. However, the §'>NSP — 5180 map shows some samples
near the fD zone (Fig. 6a), and the FRAME model (Fig. S1)

https://doi.org/10.5194/bg-22-5535-2025

also supports this with minor yet detectable fungal involve-
ment. The shift in 815N§PO values reflects the changing dy-
namics, with nitrification and nitrifier denitrification becom-
ing less prominent as bacterial denitrification intensified dur-
ing the course of incubation.

These isotope results of N>O from the headspace samples
were jointly analysed using the three-dimensional FRaction-
ation And Mixing Evaluation (FRAME) model (Lewicki et
al., 2022) to quantitatively interpret the isotopic signatures
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of N>O, identify microbial pathways driving N>O produc-
tion, and estimate N,O reduction progress. This offers the
most precise insight into N transformations under controlled
experimental conditions.

The FRAME model outputs (Fig. S1) reveal distinct mi-
crobial processes driving NoO production and reduction dur-
ing laboratory incubation of groundwater samples from P-7,
P-16, P-20, and P-23, comparing the initial incubation phase
(1-2d) to the later phase (4—14 d), including samples before
and after glucose addition.

This division of samples was made after the observed iso-
topic signatures — the initial samples (day 2) showed no N
enrichment in N»O, and later samples (day 7-day 14) were
characterized by very significant N enrichment. Initially,
autotrophic nitrification (Ni) dominated across all samples,
contributing approximately 60 %—70 % to N,O production,
while bacterial denitrification (bD) was lower, ranging be-
tween 20 %—30 %. In P-7 and P-16, minor contributions from
nitrifier denitrification (nD) (10 %—-20 %) and fungal deni-
trification (fD) (< 10 %) were observed, with similar trends
in P-20 and P-23, where nD accounted for slightly higher
fractions of NoO production. Residual N, O fractions (rN,0)
across all piezometers ranged between 10 %—26 %, reflecting
high partial N,O reduction to N».

In the later incubation phase, microbial activity shifted sig-
nificantly toward denitrification, with bD becoming the dom-
inant pathway (up to 80 %—85 %), driven by the availability
of carbon. P-7 and P-16 exhibited a gradual rise in bD, reach-
ing up to 73 %, while residual Ni contributions declined cor-
respondingly. In P-20 and P-23, the transition was sharper,
with bD dominance occurring more abruptly. Residual N,O
fractions decreased across all samples as bD activity inten-
sified. Simultaneously, Ni contributions dropped below 10 %
in all samples, while nD and fD remained minimal, contribut-
ing < 15 % to N, O production. However, for the last sample
(day 14 of the incubation) for all the analysed groundwater
samples, the model could not find any solution. This might
be due to accumulation of very different N»O origins and
progressing reduction in the NoO mixture of all production
pathways.

Figure S2 presents an illustration of the model perfor-
mance on an example of sample 6 (day 14) of P-16, which is
representative of all the piezometers. The modelling problem
occurs due to measured §'80 values that are too high. While
8N and 8 NSP show values typical of bD, §!30 is shifted
to much higher values, indicating a large reduction that is not
confirmed with the low § PNSP values.

3.3 Gene abundance and proportion analyses

The gene abundance graph (Fig. 7a) illustrates the quantifi-
cation of key nitrogen cycle genes, while the proportions of
functional genes relative to total prokaryotic abundance are
shown in Fig. 7b for groundwater samples (P-7, P-16, P-20,
and P-23) before and after incubation.
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The gene abundance results indicate that post-incubation,
especially with glucose addition, led to a shift in microbial
communities from predominantly archaeal ammonia oxidiz-
ers toward bacterial denitrifiers. Pre-incubation data indicate
a notable presence of archaeal amoA genes compared to bac-
terial amoA, suggesting active archaeal ammonia oxidation
in the samples (Fig. 7a). While the denitrification gene nosZI
shows relatively high abundance in some samples (e.g. P-16
and P-23), the consistent presence of archaeal amoA and the
lower abundance of other denitrification-related genes (nirK,
nirS) suggest that nitrification processes were prominent
prior to incubation. This is particularly evident in P-7 and
P-20, where archaeal amoA surpasses denitrification genes,
suggesting a stronger nitrification potential. Post-incubation,
there was a significant increase in the abundance of denitri-
fication genes like nosZI, particularly in samples P-7, P-16,
and P-20, illustrating a shift from nitrification to denitrifica-
tion under incubation conditions (Fig. 7a).

The abundance of archaeal 16S rRNA genes decreased in
samples P-7 and P-23, indicating a reduction in the archaeal
community, whereas the abundance of bacterial 16S rRNA
increased significantly in P-16 and P-20, reflecting bacterial
growth during incubation. Paired ¢ tests confirmed these ob-
servations, showing significant increases in the abundance of
nosZI genes in P7 (p<0.05) and P16 (p<0.05) and shifts
in the archaeal 16S rRNA abundance (p<0.05) but not in the
abundances of nirK and nosZII genes (p>0.05), highlighting
the variability in microbial responses.

The graphs (Fig. 7a and b) illustrate the abundance and
proportions of key nitrogen cycle genes in groundwater sam-
ples (P-7, P-16, P-20, and P-23) before and after incuba-
tion. Panel a shows the relative abundance of genes involved
in nitrification (archaeal amoA, bacterial amoA), denitrifi-
cation (nirK, nirS, nosZI, nosZII), nitrogen fixation (nifH),
and DNRA (nrfA), as well as complete nitrification (com-
mamox) alongside microbial population markers (archaeal
and bacterial 16s rRNA). Panel b presents the proportions
of these functional genes relative to total prokaryotic abun-
dance, highlighting their contributions to the microbial com-
munity structure.

4 Discussion

4.1 Initial groundwater samples — N transformations
occurring in field conditions

To identify N transformation processes occurring naturally
in the aquifer, the isotope signatures of inorganic N (NO3
and NO, ) were compared with the literature-based reference
data for denitrification (Fig. 3a) and nitrification (Fig. 3b).
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Figure 7. Microbial functional gene dynamics in groundwater samples. (a) Comparison of gene abundance in groundwater samples and (b)

functional gene proportions in samples before and after incubation.

4.1.1 Interplay of denitrification and nitrification
processes

Figure 3a illustrates both the sources of nitrate and the pro-
cesses that transformed it during the residence time in the
aquifer. The isotope values indicate organic matter as the
dominant nitrate source and the reductive trend for nitrate
samples. However, the observed denitrification enrichment
is relatively low, and the samples do not show typically high
8 values (Fig. 3a). This indicates that the nitrate pool might
be constantly renewed with fresh substrate of low § values.
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This suggests active nitrification processes, supported by the
gene abundances observed in field samples before incubation
(Fig. 7), where the majority of gene copy numbers represent
archaeal amoA, while denitrification gene occurrence is very
low. Hence, we probably have intensive nitrate production by
nitrification processes (Fig. 3b).

Both graphs (Fig. 3a and b) show the potentially occur-
ring processes; it is important to review them jointly with the
basic aquifer information and further microbial analyses and
incubation studies. The physicochemical parameters for our
aquifer present redox conditions theoretically allowing for
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the occurrence of both denitrification and nitrification pro-
cesses (Wolters et al., 2022; Brettar et al., 2002). Archival
field measurements indicated that the aquifer shows slightly
suboxic conditions (Sect. 2.1). Oxygen concentrations in the
range of less than 1 and up to 2 mg O, L™! are regarded as the
boundary between nitrate-reducing and non-nitrate-reducing
conditions in groundwater (Wolters et al., 2022). Hence, the
range of dissolved oxygen content observed for the aquifer
under study of 2.2-4.3 mg O, L™! is slightly higher, and den-
itrifying processes might be suppressed. The redox potential
of 213-345mV of our aquifer also lies on the edge of typ-
ical denitrifying conditions from 10-300 mV (Brettar et al.,
2002). This suggests that reduction processes might occur
but might also be accompanied by oxidation processes. Con-
sequently, both conclusions drawn from Fig. 3a and b might
be true simultaneously. While NOj3 is being denitrified, it
might be produced simultaneously both in autotrophic and in
heterotrophic nitrification, which results in only small NO;
enrichment in heavy isotopes. Groundwater samples of dom-
inant denitrification typically show much higher NO; iso-
tope signatures (Clague et al., 2019).

Similarly, the NO, isotopic signature most likely shows a
mixture of NOj3 reduction and its formation due to nitrifica-
tion in various proportions for different samples. There is one
sample that has the highest §'80n0, and §'°Nno, (Fig. 3b).
This is the P-L2-1 piezometer, located closest to the lagoon
used for yeast sewage storage, and the sample with the high-
est NHI content (Table S1). In this sample, NO, likely orig-
inates mostly from autotrophic nitrification via ammonium
oxidation, as can be concluded from Fig. 3b.

Although the isotope signatures provide strong evidence
for active denitrification and mixed nitrification pathways in
the aquifer, it is important to acknowledge that these isotope-
based interpretations of NO3™ and NO, transformations are
based on single-time-point groundwater sampling in open
aquifers. Therefore, processes such as water exchange, nutri-
ent diffusion, and variations in nitrogen transformation may
also influence the observed isotopic signatures and cause sig-
nificant changes to them over time.

4.1.2 Actual N sources and transformations

The increased concentrations of both DON and NOj3 in
most piezometers suggest that organic nitrogen input may
contribute to higher NO3  concentrations. Although direct
groundwater flow paths were not explicitly studied, the spa-
tial positioning of these wells to the lagoon, along with their
elevated DON levels, supports the possibility of influence
from wastewater discharge. The precise knowledge of the
SN signature of the potential N substrates, i.e. of DON and
wastewater, could further confirm the dominant source of the
samples (Boumaiza et al., 2024).

Interestingly, NHI content is very low in the piezome-
ters that have high NO3 content (Table S1), indicating its
rapid nitrification. The most likely explanation suggests mi-
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crobial mineralization of DON to NHI, with instantaneous
rapid nitrification to NO; under suboxic conditions. A few
piezometers with elevated NHJr content show very low NO,
and NO; contents, which may suggest that the n1tr1ﬁcat10n
processes are not active there. However, these waters were
not selected for further incubation studies due to our focus
on NOj; formation and the selection of NO; -rich waters.
Future studies should integrate groundwater level measure-
ments and tracer-based studies to confirm the source connec-
tivity between lagoons and piezometers, along with sampling
of NHI-rich, NO3 -poor locations, for better analysis of ni-
trogen transformation pathways.

4.2 Active N transformation processes during
incubation

4.2.1 Inorganic nitrogen dynamic

The dynamic variations in inorganic N concentration and iso-
topic evolution of NO; and NO, during the laboratory in-
cubation experiments (Flg 4) across all incubated samples
(P-7, P-16, P-20, and P-23) reflect active microbial transfor-
mations during the incubation period.

Phase I (pre-glucose addition): NO3 reduction and NO;
accumulation

Prior to glucose addition, the observed decrease in NO3_ con-
centration, coupled with a parallel increase in 61801\103 and
) 15NNO3 (Fig. 4), suggests intensive denitrification with pref-
erential reduction in light isotopes, resulting in enrichment
of the residual nitrate. According to Kendall et al. (2007)
and Kendall and Aravena (2000), a parallel decrease in NO3
concentration and increase in 89 N— NO;3 are typical of den—
itrification, which allows estimation of the nitrogen isotope
enrichment factor and helps quantify microbial NO; reduc-
tion. The apparent isotope effect, i.e. the difference between
the initial and final (after 7d) NOj isotope signature, is
from 20 %o to 33 %o for § 5NNO3 and from 12 %o to 18 %o
for 830Ono,, giving an O/N ratio from 0.45 to 0.83, which
is a typical slope for heterotrophic denitrification (from 0.48
to 0.88) (Boumaiza et al., 2024; Clague et al., 2019).

During this first phase, the NO, concentration clearly in-
creases from near O to a few mg NO L~ ! and s? Nno, val-
ues show a slight increase (Fig. 4). Th1s shows that the ele-
vated <315NNO3 (due to low-level labelling) is only partially
transferred to the NO, pool. However, the low magnitude of
this increase is rather surprising; i.e. 615NNO2 does not ap-
proach the high 515NNO3 values but increases only slightly.
This indicates that the formed nitrite must partially originate
from another '’N-depleted pool (unlabelled). Isotope-based
calculations (Sect. 3.1.3) indicated that most of the NO, pro-
duced during incubation did not originate from NO; reduc-
tion but instead likely derived from an unlabelled nitrogen
pool (80 % to 95 %, Table 1).
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Since the NHI contents are very low in all the samples,
this unlabelled N source for N02+ production must originate
from dissolved organic N (DON). This pathway is very plau-
sible since the samples show high DON contents from 31
to 92mgNL~! (Table S2). The application of yeast-based
sewage as a fertilizer in the agricultural site likely introduced
organic nitrogen into the groundwater, which undergoes mi-
crobial decomposition to release ammonium (NHI) through
the mineralization of proteins and amino acids (Watanabe et
al., 2023). However, NHA|r contents were very low during all
the incubations (Fig. 4), indicating its rapid transformation
within the nitrogen cycle, such as nitrification and assimila-
tion. Microbial assimilation likely contributed to NHZr ex-
haustion, as microbes utilized it for biomass synthesis. How-
ever, this is not the case for sterile samples, where we observe
slight accumulation of NHJ, indicative of biological uptake
in NHI turnover.

Phase II (post-glucose addition): chemodenitrification
and possible nitrification

In the second phase of the incubation, after glucose addition,
further NO5 reduction was observed in all samples (Fig. 4a).
However, despite this observed reduction, § values stay quite
stable, with much less isotope enrichment between days 7
and 14 of the incubation compared to the day O—day 7 en-
richment, both for §1°N and §!30 (Fig. 4b). Hence, here we
do not observe the typical isotope enrichment characteristic
of denitrification processes (Boumaiza et al., 2024).
However, the occurrence of intensive denitrification during
the second incubation phase can be clearly proved with N,O
data, which show high I5SN content and §1NSP and 8180
values typical of bacterial denitrification (Fig. 6). Moreover,
the analysed gene abundances clearly indicate intensification
of denitrification genes during the incubation (Fig. 7). How-
ever, despite the active denitrification process, the typical iso-
tope enrichment of the residual NOj is not observed. This
might possibly indicate a significant additional contribution
of other processes of nitrate reduction. Chemodenitrification
can be considered, since this process is associated with no
kinetic isotope effects for either !N or §'80 in the residual
NO; pool (Wang et al., 2022). This assumption can be re-
inforced with the sterile sample data, where the nitrate pool
is also largely reduced (Fig. 4a) without any isotope effects
(Fig. 4b). This indicates that the conditions in the studied
groundwaters may support chemodenitrification.
Simultaneously, § 15NNO2 mostly decreases or increases
only slightly, indicating that the transformations of unla-
belled N sources are becoming even more active than in the
first incubation phase, and there is nearly no detectable con-
tribution of NO, from NOj5 reduction. However, the labelled
5N is present in the further denitrification product — N,O
(Fig. 6) — hence it must have been transformed through NO,
as the first denitrification intermediate. This shows that this
conversion takes place very rapidly, maybe even in the same
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microbial cell, and NO, must be nearly completely con-
verted to further denitrification products. This agrees with the
fact that NO, is a very reactive and short-living compound,
and as a denitrification intermediate, it instantaneously un-
dergoes further reduction (Lewicka-Szczebak et al., 2021).
Importantly, the common pool of NO, , which does not
show 19N enrichment, is mostly not converted to N>O. This
is proven by the fact that §'3Nyo, values are very close to
(SlSNNo3 but much higher than 615NNo2 during the second
incubation phase. Hence, the NO, newly formed in nitrifi-
cation processes is not further reduced to N>O but is most
probably rather further oxidized to NO5. Since this process
would add '>N-depleted NO3 , this can mask the '*N enrich-
ment due to denitrification. In this second incubation phase,
O isotope signatures of NO, and NO; mostly move towards
each other, which indicates probably intensive reversible re-
actions of reduction and oxidation between these two com-
pounds, which facilitates O—atom exchange with water. This
agrees with the recent findings by Zheng et al. (2023), who
indicated tighter cycling between these compounds, with par-
ticular emphasis on NO, re-oxidation processes. The incon-
sistencies found in our data for !N content in NO3, NO;,
and N>O pools reinforce the assumption of separate NO,
pools for particular N transformation pathways (Miiller et
al., 2014; Riitting and Miiller, 2008; Zhang et al., 2023). Al-
though most of these previous studies apply for soils, it is
apparently also true for groundwater N transformations.

NOj production pathways: Phases I and 11

Before the addition of glucose, the nitrite isotopic signatures
(Fig. 5) were mostly associated with the heterotrophic nitri-
fication zone, suggesting a mix of both autotrophic and het-
erotrophic pathways to nitrite production under low-carbon
conditions. Some clustered points were also observed near
the autotrophic nitrification area, indicating that autotrophic
bacteria, such as Nitrosomonas europaea, were likely in-
volved in conversion of ammonia (NH3) to nitrite (NO, ) as
an energy-generating process (Deb et al., 2024). During this
process, CO; serves as the sole carbon source for these bacte-
ria, assimilated into their biomass to support cellular growth,
independent of the chemical reaction used for energy genera-
tion (Hommes et al., 2003). In the groundwater samples, CO»
likely originated from the decomposition of organic matter
in the yeast sewage (Sect. 2.1) or from the carbonate system
naturally present in groundwater (Sect. 3.1.1).

Following glucose addition, the nitrite isotopic signatures
(Fig. 5) were more concentrated within the autotrophic ni-
trification zone, which indicates that autotrophic nitrification
continued to dominate nitrite production despite being un-
der elevated carbon conditions. While a shift towards het-
erotrophic nitrification might be expected under increased
carbon availability, the isotope data suggest that autotrophic
ammonia-oxidizing bacteria remained more metabolically
active than the heterotrophs under the given incubation con-
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ditions. Together, these findings demonstrate the rapid trans-
formation of NHZr from yeast-based fertilizers into interme-
diate nitrogen compounds, driving nitrification and subse-
quent nitrogen cycling processes in groundwater.

For most samples, NO, shows a significant increase in
(SISONO2 values in the first phase (between day O and day
7), indicating that the major source of O must be molecular
0, with characteristically high §!800, of 4+23.5%. (Moore
et al., 2006), which is plausible in the suboxic atmosphere
applied (up to 5 % in the headspace and 2.1 mg of dissolved
oxygen, Table S2). Only for P-23 does the (SISONO2 value
stay stable. This sample shows the most intensive NO; re-
duction due to denitrification, and the potential increase was
most probably masked with O—atom exchange between water
and denitrification intermediates (Lewicka-Szczebak et al.,
2016).

4.2.2 Gene abundance shifts in microbial communities

The gene abundances before incubation indicate strong ni-
trification potential (Fig. 7). This is consistent with find-
ings from Mosley et al. (2022), who reported that ammonia-
oxidizing archaea (AOA) tend to dominate in oligotrophic
groundwater environments with low ammonia concentra-
tions due to their higher affinity for ammonia and oxygen
limitation, often outnumbering ammonia-oxidizing bacteria
(AOB). Similarly, the functional gene proportion analysis
(Fig. 7b) highlights the contribution of archaeal amoA genes
to total prokaryotic abundance, emphasizing their critical
role in ammonia oxidation. In contrast, the low proportions of
bacterial amoA further confirm limited bacterial involvement
in N cycling prior to incubation. This has also been observed
in groundwater systems where bacterial nitrification poten-
tial remains constrained due to environmental limitations on
AOB populations.

The observed post-incubation shift towards increasing
denitrification potential aligns with Wang et al. (2022), who
found that site-specific environmental conditions, particu-
larly carbon and N availability, drive microbial community
shifts in N cycling, with increased denitrification gene abun-
dance. Functional gene proportions also reveal a correspond-
ing rise in the relative abundance of nosZI, illustrating the
shift in the microbial community function towards denitri-
fication processes (Fig. 7b). The abundance of DNRA and
commamox genes showed minimal changes, suggesting no
difference in the presence of these processes between pre-
and post-incubation conditions. This observation is consis-
tent with Broman et al. (2021), who reported that DNRA
gene abundance remained stable under experimental condi-
tions, indicating its potential resilience to shifts in the N cy-
cling pathway.

These dynamic microbial changes indicate that specific
environmental or experimental conditions during incubation
can significantly influence certain microbial processes, par-
ticularly those related to N cycling. This is consistent with
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Wang et al. (2022), who found that N cycling gene abun-
dance varies with environmental factors like carbon and N
availability. Similarly, Mosley et al. (2022) reported persis-
tent transcriptional activity in nitrification and denitrification
across groundwater conditions, indicating microbial adapt-
ability. The significant results for the community of nosZI
and archaeal 16s rRNA highlight their potential roles in en-
vironmental monitoring and microbial ecology studies.

The observed variations across the piezometers after glu-
cose addition were not uniform and can be attributed to
site-specific conditions, such as initial nitrate concentrations,
DON levels, and variation in microbial communities. No-
tably, nosZI gene abundance increased across all piezome-
ters, with higher enrichment in P-16 and P-20, and sug-
gests enhanced denitrification potential. Conversely, archaeal
amoA gene abundance declined — particularly in P-7 and P-
23 — indicating a microbial shift from archaeal-driven nitri-
fication to bacterial denitrification. These patterns highlight
how suboxic, carbon-rich conditions can selectively enhance
denitrification, depending on environmental conditions.

4.2.3 N,O production pathways
Microbial N, O sources: Phases I and 11

Thanks to the application of a low-level labelling strategy,
the source isotopic signatures for N>O production pathways
can clearly distinguish between nitrification processes, which
utilize the non-labelled NHZr pool, and denitrification pro-
cesses, which must result in 8'°N enrichment due to SN-
enriched NOj; substrate (Fig. 6). We observe a significant
contribution of nitrification processes in the first samples and
very clear dominance of the bacterial denitrification in Phase
II of the incubation (Fig. S1), both from the sample locations
on the isotope maps (Fig. 6) and from the FRAME modelling
results.

The FRAME analysis of N>O isotope data, ¢-test results,
and gene abundance graphs together show a shift from nitri-
fication to denitrification in microbes during incubation, in-
fluenced by the addition of a carbon source and suboxic con-
ditions. Initially, the FRAME results show that nitrification,
mainly due to the archaeal community (as seen with high lev-
els of the archaeal amoA gene), is the dominant N> O produc-
tion pathway. Isotope analysis supports this, with N>O iso-
tope signatures characteristic of nitrification for the first sam-
ples (Figs. 6, S1). Pre-incubation data indicate that archaeal
ammonia oxidation was a dominant process in samples P-7
and P-20, as evidenced by higher archaeal amoA gene abun-
dance relative to denitrification-related genes. However, in
samples such as P-16 and P-23, the abundance of nosZI sug-
gests that denitrification processes were also active, point-
ing to a co-occurrence of nitrification and denitrification pro-
cesses across the groundwater samples.

Post-incubation, FRAME results show an increase in
bacterial denitrification (bD) fractions, correlating with the
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significant rise in denitrification-related genes, particularly
nosZI, validated by paired ¢ tests (p<0.05). These changes
are confirmed by gene abundance graphs that show a no-
table increase in these denitrification genes after incubation.
The total prokaryotic abundance also increased in P-16 and
P-20, reflecting enhanced bacterial growth, whereas smaller
changes in P-7 and P-23 suggest variable responses to car-
bon addition (Fig. 7). A decline in nitrification genes aligns
with the FRAME-predicted reduction in nitrification activ-
ity. Additionally, isotopic data revealed significant N, O re-
duction to N; in most samples, consistent with bacterial den-
itrification dominance; reduced contributions from nitrifica-
tion pathways; and an increase in the abundance of genes re-
sponsible for N,O reduction to Ny (nosZII). Together, these
results confirm microbial transition from archaeal-driven ni-
trification to bacterial denitrification, highlighting the role of
carbon availability and suboxic conditions in regulating N
cycling. The integration of gene abundance, isotope dynam-
ics, and FRAME analysis provides a comprehensive under-
standing of the microbial processes driving N transforma-
tions during incubation.

All piezometers displayed a similar transition from
nitrification-driven processes in the first samples to
denitrification-dominated processes in the later incubation
days. However, at the final sampling points, no fitted solution
could be obtained for some data, suggesting the presence of
unknown processes or a complex overlap of microbial path-
ways. These findings indicate very dynamic N, O production
processes while highlighting limitations in resolving mixed
nitrogen pathways at later stages.

Abiotic N> O contribution

While microbial denitrification was the primary N, O source,
the observed discrepancies suggest that abiotic contributions,
such as chemodenitrification, may have been a more relevant
factor than initially expected, particularly under conditions
favouring nitrite accumulation.

The absence of modelling results for the last samples
(Fig. S2) may be due to the smaller actual O—isotope ex-
change with water than that assumed for bD in the model
input values. The endmember values for bD are mostly de-
termined based on soil experimental studies (Yu et al., 2020);
hence it is theoretically possible that slightly different ranges
of values could be assumed for groundwater studies. Another
explanation could be a significant admixture of the chemod-
enitrification pathway, which is characterized by high §'30
values (Wei et al., 2019). This assumption can be supported
by the fact that quite significant N,O production was found
in some of the sterile samples, with especially high produc-
tion at the end of the experiment (Table S2). This N,O pro-
duced from sterile treatments always shows high §'80 val-
ues and very variable §'SNSP values (Fig. 6a). This high-
lights the importance of considering abiotic NoO formation,
especially under low-oxygen conditions. Similarly, previous
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studies have shown distinct isotope fractionation patterns for
N, O production due to chemodenitrification, including ele-
vated 8'80 values compared to microbial pathways (Chen et
al., 2021).

The detection of N»O in sterile samples points to a possi-
ble non-biological contribution, as nitrite can undergo chem-
ical reduction in the absence of microbial activity (Heil et
al., 2016). Furthermore, abiotic N»,O formation has been
linked to Fe(II)-mediated nitrite reduction, particularly under
anoxic conditions, with organic matter, including humic and
fulvic acids, potentially facilitating NoO production through
chemical pathways (Zhu-Barker et al., 2015). However, since
the presence of Fe(Il) in our sterile samples is unknown,
other abiotic mechanisms, such as organic matter interac-
tions, cannot be ruled out.

Importantly, the FRAME model does not include chemod-
enitrification, which is most probably the reason for the bi-
ased results for the last samples. The discrepancies between
modelled and observed isotope values (Fig. S2) suggest that
additional abiotic pathways, such as chemodenitrification,
may need to be considered in future isotope models to im-
prove accuracy.

4.2.4 The identification of active N transformations in
the laboratory incubations

The interpretation of the presented results is quite challeng-
ing, since this is the first study combining N and O isotope
analyses of NO; and NO, with N>O isotopes, including
three signatures: 815N§f2’0, 8180N20, and 815NN20. The over-
all summary of these data is rather surprising and may seem
inconsistent because the low-level SN label added to the
NOj3 pool is not found in the NO, pool but is almost com-
pletely transferred to the N> O pool. Both the N> O isotope re-
sults and the gene copy numbers document the occurrence of
intensive denitrification, especially in the second phase of the
incubation, whereas the analyses of inorganic N indicate si-
multaneous intensive nitrification processes, with significant
formation of NO, . It is surprising due to very low levels of
NHI during the whole incubation and indicates that the ad-
ditional unlabelled N must originate from organic nitrogen
pool (DON), and the intermediately formed NHI is rapidly
further nitrified to NO, and NO5 .

Importantly, the overall results show that both reduction
and oxidation processes occur simultaneously in the stud-
ied aquifer. Theoretically, in our incubations the suboxic
conditions should rather favour denitrification NO;™ reduc-
tion. Indeed, the majority of the released N, O is formed due
to bacterial denitrification from NOj3 as a substrate. How-
ever, NO, originates predominantly from organic N oxida-
tion, with a very minor fraction originating from NO; re-
duction. These results suggest that in groundwater systems
impacted by agricultural or wastewater-derived organic mat-
ter, DON can significantly contribute to nitrite formation un-
der suboxic conditions, alongside microbial denitrification,
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and influence nitrogen transformation pathways. To stimu-
late microbial denitrification under suboxic conditions, glu-
cose was added as a carbon source. This approach is also sup-
ported by previous research (Liu et al., 2022), where external
carbon addition significantly enhanced biological denitrifi-
cation and nitrate removal efficiency in groundwater. This
helps understand how elevated organic carbon (e.g. from
wastewater or agricultural leachate) could influence N trans-
formations in the field. In our study, the observed shift from
archaeal-driven nitrification to bacterial denitrification high-
lights the role of carbon availability in nitrogen cycling path-
ways. While lab incubations cannot fully mimic the complex
field-scale conditions, they provide insights into microbially
mediated processes. Future in situ studies incorporating nat-
ural carbon amendments would help validate these findings
under real, open-system aquifer conditions.

4.2.5 Comparability of laboratory incubation and field
groundwater studies

Laboratory incubation studies are typically conducted un-
der controlled, closed-system conditions for detailed inves-
tigation of specific nitrogen transformation pathways and
to quantify isotopic and microbial changes without exter-
nal mass exchange. However, applying the results to natural
groundwater systems — which may often have variable flow,
recharge, and complex structures — requires careful evalua-
tion. Nevertheless, closed-system assumptions are often ap-
plied to simplify case studies.

Several field studies have explored how flow and mix-
ing processes play an important role in nitrogen cycling in
aquifers. For example, Well et al. (2010) examined N> O iso-
topologue signatures (§'°N, §'80, and §15N5P) in a sandy
aquifer and observed near-complete N,O reduction to Np,
attributing this to slow diffusion and limited N,O escape in
saturated groundwater — resulting in isotopic signatures com-
parable to those seen in closed-system incubations. Similarly,
Weymann et al. (2008) observed N> and N,O accumulation
in nitrate-contaminated groundwater and studied changes in
gas concentrations to estimate nitrate loss. Their mass bal-
ance calculations involved accumulation of gaseous denitri-
fication products, assuming limited external exchange with
surrounding water — effectively reflecting a closed-system
structure in specific aquifers.

Further, Mander et al. (2014) applied isotopologue ratio
analysis (815N, 8180, and § 15NSP) to evaluate denitrifica-
tion in riparian alder forest aquifers. Their study reported
denitrification as the dominant nitrogen removal pathway
and demonstrated substantial accumulation of N, and N,O
in water-saturated, low-oxygen zones. Although not explic-
itly studied as a closed system, the mass balance methodol-
ogy assumed limited mixing and dilution during transforma-
tion processes. In another study, Well et al. (2012) applied a
closed-system nitrogen balance to estimate N»>O emissions.
While the approach was based on the stoichiometric bal-
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ance of nitrogen species to evaluate denitrification extent, the
findings also indicated that recharge and groundwater mix-
ing contributed to isotopic and concentration variability —
indicating that natural groundwater systems are only partly
closed.

Collectively, these studies suggest that while certain
aquifer zones — with low permeability or strong redox gra-
dients — may exhibit reduction-dominated closed-system be-
haviour, most groundwaters are not completely closed and
are affected by water flow, mixing, and recharge. In our
study, the use of low-level I5SN labelling in a closed, suboxic
incubation system enabled detailed analysis of nitrate reduc-
tion pathways in groundwater systems. However, real aquifer
conditions — particularly affected by wastewater inputs or
organic carbon — are more complex and may involve com-
plex mixing and transport processes, which can affect nitro-
gen transformation products. Therefore, even though closed-
system lab incubations are useful for elucidating microbial
nitrogen processes, their results should be supported by field
measurements or transport models that better reflect the open
and variable nature of groundwater systems.

5 Conclusions and outlook

This study demonstrates the intricate dynamics of N transfor-
mations in groundwater samples by integrating isotope anal-
yses, microbial gene abundance, and FRAME modelling to
elucidate the microbial mechanisms involved. The applica-
tion of multi-compound isotope studies (NO5', NO, ', N,O),
combined with the novel idea of low-level >N labelling and
microbiome studies, provides very detailed insights into the
occurring processes and reveals some unexpected mecha-
nisms. Based on this complex dataset, we can document the
co-occurrence of the oxidation and reduction pathways and
the existence of different, separated NO, pools. NO, pro-
duction is likely driven by nitrification processes linked to
the oxidation of organic N from the elevated DON levels in
water samples. Moreover, the data indicated the simultane-
ous occurrence of denitrification processes, particularly un-
der suboxic conditions induced during incubation, highlight-
ing the dynamic nature of nitrogen cycling.

Isotope-based source partitioning in this study assumes a
closed-system approach. However, natural groundwater en-
vironments may often exhibit open-system behaviour due
to water movement, nutrient inflow, and microbial activity,
and therefore, the estimated source contributions — especially
based on isotope mass balances and FRAME modelling —
are more representative of controlled laboratory conditions.
Although tracer application and microbial data helped min-
imize uncertainties from concurrent processes such as DON
oxidation and oxygen exchange, certain limitations still ap-
ply and require future field applications to validate closed-
system approaches under varying conditions.
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Future investigations into the role of DON could deepen
our understanding of its impact on nitrification and denitri-
fication in waters. While this study focused on samples with
elevated NO; and/or DON concentrations to investigate ni-
trogen transformation processes, samples with higher NHI
concentrations were not included in the incubation experi-
ments as they typically showed low NOj levels below the
detection limit of isotope analyses. As such, the role of NHZ‘r
in NO, formation under such conditions could not be evalu-
ated in detail and requires further research. Broader applica-
tion of these integrated methods combining isotope analyses
and microbial gene studies in field-scale studies can improve
monitoring and management of nitrogen pollution in ground-
water systems.
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