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oxygenated lake: Implications for nitrate regeneration and
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Abstract

Nitrification is a key process in the aquatic nitrogen (N) cycle, but its products, nitrate (NO3~) and nitrous
oxide (N,O), contribute to eutrophication and greenhouse gas emissions, particularly in eutrophic lakes. Varia-
tions in in-lake N cycling and N,O production pathways, as a function of seasonality and artificial oxygenation,
remain poorly understood. We investigated nitrification in the artificially oxygenated eutrophic Lake Baldegg,
by analyzing NO3;~ and N,O concentrations and isotope ratios, and measuring ammonium oxidation rates via
15N tracer incubations over one year. An N isotope mass-balance model revealed that nitrification sustained
only 5.3 + 0.7% of total NO3~ consumption in the epilimnion, where external N loadings were influential, and
considerably more in the hypolimnion (81.6 + 18.5%) during stratification. Dual NO3~ isotope signatures
(A0 : A8"SN ~ 1.5-1.73) and associated negative NO3~ isotope anomalies confirmed epilimnetic nitrification,
though external inputs partly obscured this signal. During stratification, relatively high hypolimnetic nitrifica-
tion rates correlated with organic matter export, and seemed linked to sediment resuspension and artificial oxy-
genation. While sedimentary denitrification/DNRA dominated hypolimnetic NO3~ reduction (with negligible
effects on §'°N-NO3;~ and §'%0-NO;7), transient suboxic conditions enabled water column denitrification dur-
ing stratification (24.1-30.2% of the total hypolimnetic denitrification). High N,O isotope site-preference values
(30-35%0) confirmed hypolimnetic ammonium oxidation as the main N,O production pathway. During winter
overturn, N,O transport from the hypolimnion caused epilimnetic N,O oversaturation and atmospheric emis-
sions up to 3.52 umol m 2 d~!. Comparison with other lakes suggests that artificial oxygenation enhances N
turnover, manifesting in greater ambient N,O backgrounds and fluxes to the atmosphere.

Nitrogen (N) contamination has received growing attention
due to its deleterious environmental impacts (Gruber and
Galloway 2008; Finlay et al. 2013; Stein and Klotz 2016). In
aquatic systems, excess reactive N, including nitrate (NO3"),
nitrite (NO, ") and ammonium (NH,"), has led to eutrophica-

tion, anoxia (Harrison et al. 2009; Li et al. 2014;
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Xu et al. 2016; Higgins et al. 2018), and increased emissions
of nitrous oxide (N,O), a potent greenhouse gas (Wenk
et al. 2016; Zhou et al. 2019; Liang et al. 2022). Anthropogenic
activities, especially fertilizer use, now dominate reactive N
inputs to coastal and lacustrine systems through leaching and
runoff (Harrison et al. 2009). Lakes are particularly important
in intercepting and processing N, removing 13.0 Tg N yr!
globally through denitrification and N burial (Harrison
et al. 2009); yet, they emit 64.6 + 12.1 Gg N yr ! as N,O
(Li et al. 2024).

The freshwater N cycle is highly dynamic, encompassing
numerous redox reactions and both external and internal pro-
cesses (McCarthy et al. 2016). Reactive (or fixed) N stimulates
algal growth and biomass production, which in turn fuels fur-
ther N cycling (Stein and Klotz 2016). Organic matter
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(OM) degradation releases NH, ", which is aerobically oxidized
to NO3~ and N,O via nitrification (Stein and Klotz 2016; Ji
et al. 2018). Under suboxic and anoxic conditions, fixed N is
removed via denitrification and anammox, or retained within
the system by dissimilatory NO3~ reduction to NH,* (DNRA)
(Seitzinger et al. 2006; McCarthy et al. 2016). Environmental
and biogeochemical factors within a lake, such as OM export
and oxygen (O) availability, modulate the occurrence of these
processes (Seitzinger et al. 2006; Han et al. 2014), determining
the balance between internal N recycling and removal.

Nitrification, the stepwise NH," oxidation to NO3~ via
hydroxylamine and NO,", is a key component of the lacus-
trine N cycle, occurring in both the water column and surface
sediments (Frame and Casciotti 2010; Small et al. 2013). Nitri-
fication connects N sources (i.e., fixation, external loadings,
freshly mineralized NH4*) and sinks (e.g., N burial, denitrifica-
tion, anammox), and produces N,O and NOj3;  under oxic
conditions (Cavaliere and Baulch 2019; Miiller et al. 2021).
Lacustrine N,O emissions are generally ascribed to oxidative
N,O production (i.e., associated with nitrification under oxic
conditions) near the surface (Huttunen et al. 2001; Liu
et al. 2018; Liang et al. 2022). Yet, under low-O, conditions
(Liang et al. 2022; Li et al. 2022), incomplete denitrification or
nitrifier-denitrification can also produce N,O (Huttunen
et al. 2001; Wenk et al. 2016; Li et al. 2024), with the largest
yield often near the oxic-anoxic interface (Mengis et al. 1997; Ji
et al. 2018). Meanwhile, newly nitrified NO3;~ can be (re)assimi-
lated or denitrified, modulating both the lake’s productivity
and N removal efficiency (i.e., via coupled nitrification—denitri-
fication) (Botrel et al. 2017; Cavaliere and Baulch 2019). There-
fore, enhanced N recycling via nitrification can affect both N,O
production and N loss, actively altering the N budget of a
lake. Nonetheless, the controls of fluctuating (or artificially
maintained) redox conditions on NO;3;~ regeneration, and oxic
vs. anoxic N,O production remain poorly understood.

In this context, O, is a crucial modulator of lacustrine nitrifi-
cation/NO3~ regeneration, driving seasonal and stratification-
dependent shifts in the oxic-anoxic interface location. Sediments
typically serve as year-round fixed-N filters via denitrification,
whereas the water column assumes this ecosystem function only
under suboxic conditions, as seen in eutrophic lakes (Seitzinger
et al. 2006). Artificial aeration and oxygenation systems are com-
monly employed to improve water quality by introducing com-
pressed air or pure oxygen into the hypolimnion, thereby
preventing phosphorus (P) release from sediments (Singleton
and Little 2006). In Lake Hallwil (Switzerland), for example, win-
ter aeration promotes vertical mixing, whereas hypolimnetic
oxygenation maintains thermal stratification and oxic conditions
during summer (Mostefa and Ahmed 2012). These conditions
support aerobic OM mineralization (i.e., aerobic ammonification)
and nitrification, while confining denitrification primarily to
the sediments (Han et al. 2014). Artificial aeration enhances ben-
thic nitrification—denitrification in reservoirs and wetlands
(Cottingham et al. 1999; Han et al. 2014; Li et al. 2014), yet its
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effect in natural lakes remains less explored (Huttunen
et al. 2001; Liboriussen et al. 2009). To our knowledge, the
impact of hypolimnetic oxygenation on nitrification-driven N
regeneration and N,O production in seasonally stratified, artifi-
cially aerated, eutrophic lakes remains largely unexamined. One
study reported higher N,O concentrations in oxygenated com-
pared to non-oxygenated hypolimnia (Huttunen et al. 2001),
but detailed assessments of seasonal N,O dynamics are still
lacking.

Lake Baldegg, a eutrophic lake in central Switzerland, offers
an ideal site for studying nitrification under high N-loading con-
ditions. We investigated the effects of oxygenation on nitrifica-
tion and associated N,O production in the water column of
Lake Baldegg across seasons. Given the substantial external N
loading (197 t N yr~!) (Miiller et al. 2021), we hypothesize that
aeration/oxygenation intensifies hypolimnetic nitrification and
NO3~ recycling, thereby influencing N removal and N,O
production.

Using '°N tracer experiments, we quantified nitrification
rates to capture the NO3~ production that would otherwise go
untraced due to rapid consumption. We combined these
direct rate measurements with more integrative dual N and O
NOj;~ isotope analyses (5'°N and 8'®0) (Sigman et al. 2005;
Casciotti et al. 2008), and an N isotope mass-balance model to
quantify the role of nitrification in supporting assimilative
and dissimilative NO3~ consumption (Small et al. 2013). Dual
NO;~ isotope measurements help to discern between NO3™ -
consuming processes (e.g., denitrification and assimilation),
which produce coupled §'°N-NO;~ and 8'80-NO;" signals,
and NO3 ™ -producing mechanisms (e.g., NO3~ regeneration by
nitrification). The latter yield de-coupled signals, as the
sources of N (NH," from OM mineralization) and O (H,O and
dissolved O,) are independent and distinct (Lehmann
et al. 2004c¢; Sigman et al. 2005; Wankel et al. 2007). Similarly,
natural abundance N,O isotope measurements (including
N,O site preference; SP = §'°N*-6'°NP, where o and § refer to
the central and end position, respectively, within the N,O
molecule [Mcllvin and Casciotti 2010]) were employed to
identify the dominant N,O production pathway (nitrification
vs. incomplete denitrification), and potential N,O reduction
to N, (Wenk et al. 2016). Our findings suggest that expanding
the nitrification layer into a fully oxygenated hypolimnion
drives substantial N,O accumulation during summer and
autumn, highlighting the influence of artificial oxygenation
on the N dynamics of Lake Baldegg.

Material and methods

Study site

Lake Baldegg is a small lake (5.22 km?, max. depth 66 m;
Supporting Information Table S1) on the Swiss Plateau with a
long history of eutrophication, caused by intensive farming
and agricultural practices in its catchment. Nutrient loadings
peaked in the 1970s and 1980s, with N and P concentrations
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reaching 2.3 g Nm > and 520 mg P m 3, respectively (Buergi

and Stadelmann 2000; Miiller et al. 2021). Although mitigation
strategies have significantly reduced P inputs, lowering its con-
centrations to 24 mg P m~® nowadays, the lake remains eutro-
phic (Miiller et al. 2021). Due to the persistently high levels of
nutrient inputs, high OM fluxes, and consequent development
of seasonal anoxia in the water column, the lake has been con-
tinuously oxygenated/aerated artificially and systematically
monitored since the 1980s (Gachter and Wehrli 1998; Buergi
and Stadelmann 2000; Miiller et al. 2021). Previous studies have
demonstrated the critical role of sedimentary denitrification in
effectively eliminating fixed N from external loading (Miiller
et al. 2021; Baumann et al. 2022, 2024).

Sample collection and processing

As part of the ongoing monitoring program, CTD and O,
profiles were obtained monthly/bimonthly between January
2021 and March 2022. These profiles were used to assess the
lake’s stratification dynamics and to confirm seasonal trends
of the physicochemical conditions in the water column. In
addition, discrete water samples were collected using a 5-L
Niskin bottle at the deepest site (66 m) at 12 to 15 different
depths (2.5-20 m depth intervals) across the full water col-
umn, to measure dissolved inorganic nitrogen (DIN) concen-
trations (15 depths, as part of the monitoring), N isotopes and
nitrification rates (12 and 7 depths, respectively, during five
additional samplings). In March 2022, water samples were also
collected from the lake’s main tributaries and the outflow. For
DIN concentrations and isotope analyses, roughly 60 mL of sam-
ple were collected from the outlet of the Niskin bottle, filtered
through pre-rinsed syringe filters (0.22 ym, PVDF), and stored in
polypropylene tubes at —20°C. For N,O concentration and iso-
tope measurements, 160 mL glass serum bottles were filled with
gas-tight tubing (bubble-free and with one to two times over-
flow) from the Niskin bottle, fixed with either 0.1 mL saturated
HgCl, or 3 mL 10 M NaOH, and stored at room temperature
until analysis. For nitrification rate measurements, bubble-free
water samples (with two times overflow) were collected in pre-
autoclaved 250 mL glass serum bottles, containing magnetic stir
bars. The bottles were immediately crimped and stored in an ice-
box until further processing.

DIN concentrations, nitrate isotopic composition, and
fractionation

Monthly/bimonthly [NH,"] and [NO3~] were measured at
the Dienststelle Lebensmittelkontrolle und Verbraucherschutz facil-
ities (Lucerne, CH). Briefly, [NO3™| was quantified by ion chro-
matography using a conductivity detector (LOQ: 1 mg NO3™
L1). [NH4 '] was quantified using the Berthelot reaction, with
spectrophotometric detection at 690 nm (LOQ: 0.01 mg NH4*
L~Y). Prior to isotopic analyses, [NO, "] was measured spectro-
photometrically employing the Griess method, which relies
on the reaction with SAN and NED (LOQ: 0.5 M) (Pai
et al. 1990). [NO,] (i.e., [NO3™] plus [NO,]) was determined
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by reduction to NO using V(III) and subsequent chemilumi-
nescence detection of NO (LOQ: 0.5 yuM) (Wenk et al. 2014).
Since [NO,"] consistently accounted for less than 1% of
[NO,], it was not removed. Therefore, the N isotopic composi-
tions of NO, and NO3 ™~ can be considered equivalent.

The NO3;~ N and O isotopic composition was determined
using the denitrifier method. Briefly, NO3;~ was quantitatively
converted to N,O by Pseudomonas aureofaciens bacteria lacking
the N,O reductase enzyme (Sigman et al. 2001; Casciotti
et al. 2002). The obtained N,O was purified and cryo-
concentrated using a custom purge-and-trap system before anal-
ysis by continuous-flow isotope ratio mass spectrometer (Delta
V Plus, Thermo Fisher Scientific) (Mcllvin and Casciotti 2010).
Isotopic ratios were calibrated against international NO3~ stan-
dards IAEA-N3 (6!°N = 4.7%0, §'%0 = 25.6%0) and USGS34
(8'°N = 1.8%0, 880 =27.9%0), and an internal standard
(UBN-1: 8"°N = 14.15%0, 8"80 = 25.7%y0). Results were reported
as %o-deviation relative to international N (AIR) and O (Vienna
Standard Mean Ocean Water) standards (Wenk et al. 2016; Xu
et al. 2016; Sigman and Fripiat 2019). Isotopic compositions
were calculated as 8 = (Rampie/Rstandara — 1) x 1000, where R is
the ratio of heavy to light isotopologues (e.g., “N/'*N or
180/1°0) in the sample or in the standard, respectively. Blank
contributions accounted for less than 1% of the target sample
size. The standard deviation for triplicate measurements was
better than 0.3%o for both 8'°N and 8'®0. In the context of
interpreting 5'%0-NO;~ and correcting NO;~-derived §'%0-N,O
values, the §'80-H,0O from the water column was measured
using laser absorption spectroscopy (LWIA-24-EP), with a stan-
dard deviation of 0.10%o.

N and O isotope effects, ¢ and '®, associated with net
NO;3;~ consumption were approximated using the Rayleigh
model, assuming a closed system and constant fractionation.
The isotope effects are defined as ¢ = (*k/"'k — 1) x 1000, where
Lk and "k represent the reaction rates of the light and heavy
isotopologues, respectively. The isotope effect is calculated
from the following equation:

15

s =ds,0 —& x In(f) (1)

where 8s and &8s, denote the isotopic compositions of the
remaining and the source substrate, respectively, and fis the
fraction of residual substrate ([NO; ]s/[NO3 ]s o). For each
sampled month, for [NO;3; ]s ¢ and &s, concentration and iso-
tope values were adopted from the 30 m-depth sample, as
measurements at this depth exhibited minimal seasonal varia-
tion (Wenk et al. 2014).

We acknowledge that the co-occurrence of NO3~ consump-
tion (assimilation/denitrification) and (re)generation processes
violates the Rayleigh-model assumptions (i.e., single process,
closed system with no substrate production). Hence, the calcu-
lated "¢ and '8 values should be considered community iso-
tope effects, potentially integrating the effects of multiple
processes. From a more positive perspective, deviation from
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true Rayleigh behavior (i.e., deviation from linearity in the
correlation between 8'°N or 8'80 and In(f)) can provide diag-
nostic insight into gross NO3~ regeneration by nitrification in
the water column.

Finally, NO3;™~ isotope anomalies, A(15,18), were used to
quantify the degree of decoupling in dual NO3~ N and O iso-
tope measurements:

A(15,18) = (85N = 8" Nyer) - (1Pe/8e) x (680 —8"80,er)  (2)

where ¢/ ~ 1 (Sigman et al. 2005; Casciotti et al. 2008),
and the reference isotopic compositions (5'°Ner and §'®Oyef)
were based on the NO3;~ isotopic composition at 30 m water
depth.

N,O concentrations, isotope ratios, and fluxes

The N,O concentrations, bulk isotopic composition
(8" Npuik and 8'%0), and SP were determined using a custom-
built purge-and-trap system coupled via a ConFlo IV to an iso-
tope ratio mass spectrometer (Thermo, Delta V). Briefly, using
helium as a carrier gas, sample N,O was purged from the
160 mL sample vials, cryo-concentrated, and purified in a GC
column (RT®-Q-BOND, 30 m, RESTEK, 25°C). The m/z ratios
30, 31, 44, 45, and 46 were detected simultaneously. The mea-
sured N,O isotope ratios were corrected for isotope scrambling
in the ion source, calibrated using three isotopic mixtures of
N,O in synthetic air (Frame and Casciotti 2010; Kelly
et al. 2024), and converted to §'N-N,Opx (referenced to AIR)
and 8'80-N,O (referenced to V-SMOW). N,O concentrations
were calculated based on the slope of the peak areas (m/z = 44
+ 45 + 46) resulting from variable injection volumes of known
N,O reference gas volumes, with a precision of 2 nM. The sam-
ple reproducibility for duplicate measurements was 2%o for SP,
0.6%o for 8" N-N,Opuy, 1.3%o for 8'80-N,0. To identify poten-
tial N,O source(s) in the water column, measured N,O isotope
ratios (SP and bulk) were compared with N,O isotope mixing
endmembers (Yu et al. 2020). The measured values were
background-corrected for the annual average isotopic composi-
tion of the respective precursor compounds, that is, §'%0-H,0
(= 8.2%p0), and 8 °N-NO;~ (12.1%0) or §'°N-NH," for reductive
and oxidative N,O production, respectively. The &'°N-NH,"
value was approximated using the 8°Nspuing pon value
(12.5%0), thereby assuming negligible isotope fractionation dur-
ing PON remineralization to NH,".

Air-lake N,O fluxes were estimated using surface-water
[N,O] and temperature data (2.5 m depth), atmospheric [N,O]
(obtained from https://www.n2olevels.org/; accessed in
November 2024), and wind speed data from the nearby Mosen
weather station (Kelly et al. 2021).

Nitrification rates

To quantify nitrification rates, NH," addition experi-
ments were performed following an established protocol
(Holtappels et al. 2011). The sampled water in 250 mL serum
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bottles was amended with ’N-labeled NH, ™" to a final concen-
tration of 5 uM, using a Hamilton glass syringe filled with a
tracer stock solution (200 mM). Unlike in the original protocol
(Holtappels et al. 2011), our experiments were not subject to
helium purging, in order to maintain oxic conditions
throughout the experiments, consistent with the in situ con-
ditions of Lake Baldegg’s water column. After adding >NH,™,
the bottles were mixed on a stir plate, and aliquoted into
12 mL exetainers (Labco, UK). The experiments were termi-
nated at designated time points (0, 6, 12, 24, and 36 h), by
first creating a 2 mL helium headspace, followed by the addi-
tion of 100 uL ZnCl, solution (50% w/v). Fixed samples were
stored at room temperature in the dark and analyzed within
6 months.

For the determination of '*NH," consumption, NH," was
converted to N, gas using the alkaline-hypobromite method
(Jensen et al. 2011; Robertson et al. 2016). The NH, " -derived
1¥N'*N in the exetainer headspace was measured by GC-IRMS
analysis (Isoprime, Manchester, UK), and its decrease over
time was determined. The slope of the linear regression was
used to estimate the NH," turnover rates, and the standard
error was calculated from the deviation in the regression slope
across the five time points. To ensure that the rates were sig-
nificantly different from zero, a one-tailed f-test (95% confi-
dence level) was applied (Thamdrup and Dalsgaard 2002).
Regeneration of NH," was not explicitly considered in the
uptake rate calculations, as the potential for dilution of the
15N tracer was minimal. Background NH4* concentrations in
the water column were consistently low (averaging ~ 1 uM
across depths; Fig. 2), meaning that the added ">NH," tracer
made up the vast majority of the available NH,* pool in our
incubations. As such, we are confident that uptake rates were
not significantly underestimated due to isotope dilution.

Statistical analyses

The seasonal variability of all measured parameters (nitrifi-
cation rates, NO3~ and N,O concentrations and isotope ratios)
from the 2021/2022 sampling campaign, was assessed using
ANOVA. Post hoc comparisons were conducted using Tukey’s
HSD test at a 95% confidence level to identify significant dif-
ferences. Differences in nitrification rates between the epilim-
nion and hypolimnion were tested using a two-tailed t-test
(95% confidence level). Correlations among all investigated
variables were assessed using the Spearman’s rank correlation
method, with significance determined at a 95% confidence
level. All statistical analyses were performed in RStudio.

All field data and isotope mass-balance model outcomes
(below) are available on Zenodo (https://doi.org/10.5281/
zenodo.15229683).

Isotope mass-balance model

To investigate the expected effects of N consumption and
regeneration on the water column §"°N-NO3~ and to assess
the role of nitrification in sustaining NO3™~ loss, a simplified
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mass-balance isotope modeling approach was applied to the full
water column (Box A) during the mixed period (March-May),
and separately to the epilimnion (Box B) and the hypolimnion
(Box C) during the stratification period (July-November)
(Supporting Information Fig. S1). Each compartment was
treated as a homogenized box, as described for previously
employed models (Bourbonnais et al. 2009). External N inputs
were assumed to mix uniformly across the entire water column
(Box A) or only in the epilimnion (Box B). The hypolimnion
(Box C) was considered a closed system during stratification,
with negligible exchange with the epilimnion. A detailed model
description, with all relevant processes, equations, and assump-
tions is provided in the Supporting Information.

Results

Seasonal water column dynamics and hydrochemistry
Epilimnion (0-15 m)

Thermal stratification consistently developed between June
and October (Fig. 1a). Increased algal productivity during this
period reduced [NO;3 ] from approximately 145 uM to 115-
120 M (Fig. 1c). Although NOj3™ is rarely bio-limiting in Swiss
meso- to eutrophic lakes (Lehmann et al. 2004a) and NO5 ™~ utiliza-
tion in Lake Baldegg was less pronounced than in other Swiss lakes
(Lehmann et al. 2004b; Tadonleke et al. 2009; Miiller et al. 2021),
the seasonal variability, characterized by a summer [NO3 ] draw-
down, was significant (p < 0.01). Following algal growth and OM
production in spring/early summer, OM remineralization led to
strong O, consumption near the pycnocline (10-15 m), creating
suboxic, and ultimately anoxic conditions between September and
November (0-30 uM O,) (Fig. 1b). Transient NH,* accumulation
(up to 12 uM at 10 m) occurred in August, while [NH, "] otherwise
remained below 2 xM (Fig. 1d).

Hypolimnion (15-66 m)

Hypolimnetic anoxia, caused by OM decomposition, was
mitigated by artificial oxygenation using pure O, (March to
November) (Buergi and Stadelmann 2000), and by aeration
(November to March). Nonetheless, hypoxic conditions devel-
oped near the sediments (60-65m) between June and
November, with [O;] dropping to 31uM in September
(Fig. 1b). Simultaneously, [NO;3™] slightly decreased to 117-
129 uM, and [NH,"] peaked at 9.2-10.4 uM (Fig. 1c,d).

Seasonal transition: Stratified vs. mixed

The annual overturn in December/January homogenized
the water column, exhibiting uniform concentrations of
266 uM O, 143 yM NO3~ and 0.4-1.2 uM NH4*' (Fig. 1b,c).
Hereafter, the stratified season refers to June-November,
whereas the December-May period represents the mixed sea-
son, which started with the water column aeration in
November. The [NO3™] in the samples collected specifically
for DIN isotope analyses (Fig. 2a) closely matched the concen-
trations obtained through the routine monitoring program,
reflecting identical temporal and spatial dynamics. These
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results are discussed further in the context of NO3™ isotopes.
As [NO, ] remained below 1% of [NO3 ], NO, ™ data will not
be discussed further.

N0 dynamics

Between May and September, epilimnetic [N,O] remained
close to air equilibration levels (10.8 nM + 0.8 nM), with slight
oversaturation (103%-127%) resulting in low net N,O emis-
sions to the atmosphere (0.06-0.26 ymol m 2 d~') (Supporting
Information Table S2). However, in November, [N,O] peaked in
the epilimnion (100 nM), leading to strong N,O oversaturation
(845 £ 17%) and a high flux (3.52 + 0.08 ymol m2 db
(Supporting Information Table S2). In the hypolimnion, N,O
accumulated progressively during stratification, reaching
roughly 60 nM in autumn (Fig. 2e).

Nitrate N and O isotope dynamics (and apparent isotope
effects)

In the epilimnion, small but statistically significant
(p < 0.05) [NO;3™] fluctuations were accompanied by systematic
variations in 8'°N- and §'®0-NO;~ (Fig. 2). Depth-integrated
8'°N-NO;~ data exhibited significant seasonality in the epilim-
nion (p<0.01), increasing as stratification progressed from
12.3%o0 in March to 13.6%o0 in November at 2.5 m (Fig. 2b).
The apparent N isotope fractionation factor for net NO3~ con-
sumption, '%¢, rose from 3.4%o in July to 5.7%o in September
and to 9.2%o0 in November (Supporting Information Fig. S2a),
consistent with values for NO3;~ assimilation (4-10%o0) (Botrel
et al. 2017). The §'"80-NO;~ also increased during stratification
(Fig. 2c), with apparent community '® values of 11.0-12.1%o
in July-November. In contrast, no evident (N or O) isotope
enrichment was detected in March-May. Most 8'°N-NO3z~ and
8'80-NO;~ values were within the range defined by the tribu-
taries, and comparable to those of the outflow (Fig. 3a). Devia-
tions from a 1:1N-vs.-O isotope enrichment ratio (i.e.,
A8'™0 : AN = 1.5 in July and 1.73 in September/November)
(Fig. 3b) produced NO;~ isotope anomalies, A(15,18) (Eq. 2)
(Sigman et al. 2005; Bourbonnais et al. 2009), as low as —1.5 dur-
ing stratification. In March-May, A(15,18) remained close to zero
(Fig. 2d; Supporting Information Table S$4).

In the hypolimnion, seasonal changes in 5'°N-NO3;~ were
subtle, and there was minimal depth-dependent variation in
8'80-NO;~ (Fig. 2b,c). The relatively weak >N and '®0 enrich-
ments (8"°N-NO;3: 11.1%po in September to 12.3%o in March at
63 m; 8'80-NO;: 0.6-0.8%0 in September-October to 2.2-
2.5%0 in March-May) precluded the calculation of apparent
community N and O isotope effects (Supporting Information
Fig. $2b). Additionally, no clear correlation between 8" *N-NO3~
and 5'®0-NO;~ was observed in the dual isotope plot (Fig. 3b).

N,O isotope dynamics

Excluding November 2021, epilimnetic N,O SP values
closely resembled atmospheric values (15-20%o) (Fig. 2e,f).
During stratification, 85N-N,O increased toward the surface
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Fig. 1. Water column vertical profiles for (a) temperature (°C), (b) O, (uM), (€) NO3~ (uM), and (d) NH," (uM) for January 2021-March 2022.

(3-4%o enrichment), whereas no discernible *O enrichment
was observed (Fig. 2g,h). Significant seasonality (p < 0.01) in all
epilimnetic N,O isotopic parameters was primarily ascribed to
the November data, when a transient [N,O] buildup (100 nM)
coincided with sharp increases in SP (45%o) and &'80-N,O
(60%o), together with a 8"Np,;-N,O minimum of —3.8%o.

Hypolimnetic [N,O] also varied seasonally (p < 0.01). Dur-
ing stratification, N,O accumulated with depth, reaching up
to 60 nM at 63 m in September (Fig. 2e), and exhibited SP
values consistently above 30%o, yet without systematic sea-
sonality (Fig. 2f). Both §'°N-N,0 and §'®0-N,0 increased with
depth, reaching 2%o and 55%o, respectively, at 63 m
(Fig. 2g,h), though no gradual seasonal trend was evident.

Coupled N-vs.-O N,O isotope signatures were assessed sepa-
rately for the epilimnion and the hypolimnion (Supporting
Information Fig. S3a,b). In the epilimnion, the §'®0:8'°N
slope increased from 0.35 in July to 0.60 in September
(R* = 0.86 and 0.57, respectively), indicating stronger N than
O heavy-isotope enrichment (Supporting Information
Fig. S3a). A strong inverse correlation was observed in
November (ratio of —1.92, R =0.99). In the hypolimnion,
clear 5'®0 vs. 8'°N correlations were found only in May (2.30,
R? =0.97) and July (0.79, R*> = 0.95).

A comparison with potential N,O mixing endmembers
placed N,O data between atmospheric and nitrification-derived
values (Fig. 4). In the SP-vs.-3'°N plot (Fig. 4a), epilimnetic data
clustered near atmospheric values, while hypolimnetic values
showed more nitrification-driven signatures. This pattern was

less obvious in the SP vs. 8'0 plot, as §'%0-N,O values were
shifted to higher values than expected for an atmospheric-
nitrification mixed signal (Fig. 4b). Notably, the November epi-
limnetic N,O data stood out across the dataset, displaying ele-
vated SP and 5'%0-N,O values.

Nitrification rates

Nitrification was observed year-round, with no significant
seasonality in absolute nitrification rates in either the epilim-
nion or hypolimnion (p>0.05) (Fig. Sa). However, depth-
integrated nitrification rates were significantly higher in the
hypolimnion than in the epilimnion in July and September,
before declining below 500 ymolm~2 d~! in November
(Fig. 5b). The most pronounced difference occurred in
September, when epilimnetic nitrification rates remained con-
sistently below 40 nM d~!, while hypolimnetic rates exceeded
60 nM d~! (Fig. 5a).

Isotope mass-balance model

Our data suggest minimal NO3;~ consumption in Lake
Baldegg, as only subtle changes in [NO; | and 8"°N-NO3z ™~ were
observed. However, earlier research reported high N removal,
with up to 66% of the annual N load removed via algal NO3™
uptake and OM production, combined with subsequent N
export/burial and heterotrophic denitrification  (Miiller
et al. 2021). Given our evidence of active nitrification through-
out the water column (Fig. S5), we argue that the minimal
changes in [NO; ] and 8N-NO;~ reflect a near-balance
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in 2021/2022.

between NO;~ consumption and regeneration, combined with
external N inputs. To investigate this, we combined nitrification
rate measurements with DIN data in an isotope mass balance
(see Supporting Information for details). This framework enabled
us to discern the roles of nitrification and external loading in
sustaining NO3 ™~ assimilation and denitrification, as well as their
impact on measured [NO3 "] and §'°N-NO3~ (Supporting Infor-
mation Table S3; Fig. 6). Our objective was to evaluate whether
the NO3™ isotope method, successfully applied in marine sys-
tems to quantify nitrification under net N-consuming conditions

(Sigman et al. 2005), yields meaningful results in a eutrophic
lake with substantial external N inputs.

Box A: Entire water column during the mixed season - External
N inputs were homogeneously distributed throughout the
water column, adding 340uM NOz;~ with a &"°N-
NO;3;™ = 10.4%0 to the system (Fig. 6a; Supporting Informa-
tion Table S3). This increased the lake’s internal [NO3™] to
484 + 4uyM and lowered 8'°N-NO;~ from 12.1%0 to
10.9 + 0.1%o. The role of internal N cycling was then evalu-
ated, revealing that depth-integrated nitrification rates
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Fig. 3. Dual N-vs.-O NO;™ isotopes for (a) complete water column, tributaries and outflow, (b) the epilimnion and (c) the hypolimnion for all sampled
months in 2021/2022. Symbol size in (b) and (c) decreases with increasing water-column depth. Dashed lines represent observed A5'80 : A8'*N during
stratification, with the corresponding slope coefficients reported for each month (b). For comparison, the black dashed line in (c) represents the canonical

A8'80 : A8'°N slope for a purely denitrifying system.

contributed 86 &+ 8 uM  (INO3 Iniwification), decreasing &'°N-
NO3™ t0 9.2 + 0.4%o0. Consumption of NO3~ was likely driven
by a combination of NO3~ assimilation (although significant
algal blooms were reported to start only in June [Miiller
et al. 2021]) and benthic denitrification, as oxic conditions
inhibited water column denitrification at that time (Fig. 1b).
Consumed NO3;~ was quantified at 226 + 5.4 yM when nitrifi-
cation was neglected, and at 312 + 9.7 yM when nitrification
was considered, indicating that nitrification sustained
27.3 £ 3.4% of total NO3;~ consumption (i.e., [NO3 |combined)-
Average consumption rates were 107.5+ 6.6 nM d '. The
combined effects of nitrification and NO3;~ consumption
could result in 8'’N-NO;~ values ranging from 8.6%o to
13.7%o0, depending on the chosen N isotope effects. Given
DeNitrification = 15 £ 3%o and the quantified [NO3~], a commu-
nity N isotope effect "econsumption Of 3.6 £ 0.5 %o would
explain the observed 5'°N-NO; .

Box B: Epilimnion during stratification - External N loadings mixed
exclusively within the epilimnion (i.e., [NO3 Jgxternal = 840 uM),
increasing [NO5 | from 156 + 4 uM to 996 + 4 uM and lowering
its 5'°N-NO;~ from 11.8 +0.1%0 to 10.7 + 0.0%o (Fig. 6b;
Supporting Information Table S3). Nitrification (depth-integrated)
added only 33 + 3 M NO;  to the system, subtly decreasing
8'5N-NO;~ to 10.2 + 0.1%eo.

Assimilation removed 578 + 5 uM NOj~ if nitrification-
derived NO3;~ was neglected, and 610 + 6 uM NO;3~ if NO3~
regeneration via nitrification was accounted for. The com-
bined effects of nitrification and assimilation would explain
8'°N-NO;3~ values of 14.7 + 2.8%o, encompassing the mea-
sured 8'°N-NO3z~ (12.4 + 0.7%po; Fig. 6b). Yet, nitrification
sustained only 5.3 £ 0.7% of total NO3~ assimilation, as exter-
nal inputs served as the primary NO3~ source. The average
consumption rates were 297.2 + 2.5 nM d .

Box C: Hypolimnion during stratification - Isolated from exter-
nal sources, hypolimnetic N cycling was driven by nitrifica-
tion and denitrification (both sedimentary and water
column). Nitrification added 102 + 14 M NOj3~, reducing
8'°N-NO;~ from 11.8+0.1%0 to 8.1+2.3 %o (Fig. 6c;
Supporting Information Table S3). Calculated denitrification
removed little NOjz~ if nitrification was neglected
(INO3™ ]consumption = 14 = 5 uM), and significantly more when
nitrification-derived NO3~ was accounted for (116 + 16 uM),
indicating that nitrification sustained most of the NO3~ con-
sumption (81.6 £ 18.5%). Average consumption rates were
44.3 +22.1nM d~'. Notably, concentration-based measure-
ments alone would have underestimated NO3~ consumption,
as concurrent NO3;~ production and consumption effectively
balanced each other.

The measured 8'N-NO;~ (11.8 + 0.3%0) fell within the
model-derived community §'°N-NO;~ range (8.1 + 2.3%o to
22.5 £ 5.1%o) obtained considering either sedimentary or water
column denitrification (endmember N isotope effects:
e benitrification = 0%0 Vs, 25%o). Specifically, the measured
8'°N-NO; " can be explained with a N isotope effect for commu-
nity denitrification, "epenitrifications Of 6.7 £ 1.5%o (for a given
158Nitriﬁcation =15+ 3%0). The calculated 158Denitriﬁcation
increased slightly as stratification progressed (6.0 £ 1.6%o,
6.4 £ 1.5%0 and 7.6 + 1.4%o in July, September and November,
respectively), coinciding with suboxia, and eventually anoxia,
in the water column (Fig. 1b). This favored water column deni-
trification, known to express a higher *epenitification. Using the
two Sepenitrification €ndmembers, 0%o for sedimentary and 25%o
for water column denitrification, the latter was estimated to
contribute 24.1 + 6.2%, 25.6 + 6.0% and 30.2 £+ 5.7% to the
total (i.e., community) denitrification in July, September and
November, respectively (Fig. 6).
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Fig. 4. Dual N,O isotope plots across the full water column: (@) SP vs. 8" Npui-N>0O, and (b) SP vs. §'80-N,0. Data for the epilimnion and hypolimnion
are circled in blue and pink, respectively. N;O source endmembers are indicated for nitrification (Ni, orange), bacterial denitrification (bD, pink) and
nitrification—denitrification (nD, purple), alongside the theoretical reduction line (red) and the mixing line between nitrification and bacterial denitrifica-
tion (black), as detailed by (Yu et al. 2020). Values for atmospheric air are represented by the green square. Measured values are background-corrected
for the annual average isotopic composition of the respective precursor compounds, that is, 5'80-H,0 (—8.2%o), and §'°N-NO3~ (12.1%o) or &'°N-
NH," (approximated using the 615Nsmking pon Value, 12.5%o) for reductive and oxidative N,O production, respectively.

Discussion

Quantifying the importance of nitrification in sustaining
NO3;™ consumption
Nitrification and external N loading as NOs~ sources

The combination of Rayleigh-derived isotope effects, dual
N and O NOj™ isotope signatures, and isotope mass balancing,
successfully employed in marine environments (Sigman
et al. 2005), proved challenging in Lake Baldegg due to the sub-
stantial external N inputs. Water column 8"°N-NO;~ and 5'®0-
NO;~ values mostly resembled values from tributaries (Fig. 3a;
Supporting Information Table S5), consistent with manure-derived
NO;~ (N-NO;~ = +10%0 to +20%o; 680-NO3;~ = —15%0 to
+15%o [Kendall et al. 2007]). Atmospheric deposition (5'°N-
NO; ™ = —15%0 to +15%o and §'®*0-NO;~ = +14%o to +75%o
[Xu et al. 2016]), may also affect water column NO3~ isotopic sig-
natures, though it was not quantified in this study. Additionally,
N, fixation could add NO;~ with low 8'°N (Yang et al. 2022), but
it is minimal in lakes with high N loading (Scott et al. 2019), and
likely irrelevant at the study site, given the dominance of non-Nj-
fixing cyanobacterium Planktothrix rubescens (Miiller et al. 2021).
Overall, external N loading (Miiller et al. 2021) sustained 72% of
NO;~ consumption during the mixed season and up to 95% in
the epilimnion during stratification.

Despite the dominance of external inputs, isotope and rate
measurements confirm active nitrification, also contributing to
the NO3~ pool. Indeed, dual NO3~ isotope ratios and isotope
anomalies indicated significant NO3™ regeneration in the epilim-
nion during stratification (Figs. 2d, 3b, 5). The Rayleigh-derived
community N and O fractionation factors for NO3~ consump-
tion (e =3.492%0 and ¢ =11.0-12.1%0) (Supporting

Information Fig. S2) fall within previously reported ranges for
NO3~ assimilation (4-10%o0) (Botrel et al. 2017). However,
A8'™0 : A8"N ratios of 1.5-1.73 indicate a disproportionately
greater '®0 enrichment, diagnostic of nitrification (Gaye
et al. 2013; Dale et al. 2022). During nitrification, incorporation
of 5/6 O atoms from H,O (6'80-H,0 = —8.2%0) and 1/6 from
dissolved O, (6'80-0, = +23.5%0) (Casciotti et al. 2002; Frey
et al. 2014) yields a theoretical §'80-NO; "~ value of —2.9%o. This
value is lower than the measured §'®0-NO;~ (Fig. 2¢), suggesting
the occurrence of a '®0-enriching process alongside nitrification.
Furthermore, nitrification lowers the §'°N of regenerated NO3~
(Yang et al. 2022), counterbalancing the '*N enrichment from
NOj3™~ assimilation (Wankel et al. 2007; Yang et al. 2022), and
consequently, leading to A8'®0 : A8'*N ratios above 1 and nega-
tive A(15,18).

Hence, A5'%0 : AS'SN and A(15,18) values serve as indicators
of NO3~ regeneration via nitrification, provided that external
NO;~ sources are well constrained. The N isotope mass balance
model effectively disentangled the contributions of external N
sources and nitrification in sustaining NO3;~ consumption. These
contributions, if more or less balanced by consumption pro-
cesses, might go untraced by concentration measurements alone
due to rapid turnover (Fig. 6; Supporting Information Table S3).
Similarly, the occurrence of processes exerting low isotopic frac-
tionation (e.g., benthic NO3;~ reduction) might be challenging
to quantify from isotope measurements alone. The importance
of complementing dual NO3~ isotopes with rate measurements
is evident during the mixed season, when >N and '®0 enrich-
ment was absent (Fig. 2b,c), but nitrification (across the whole
water column) sustained 27.3 + 3.4% of NO3;~ consumption
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through assimilation and benthic denitrification. During the
mixed period, the isotope mass-balance model yielded a low N
isotope effect of 3.6 £ 0.5%o for net NO3~ consumption (Fig. 6),
consistent with combined contributions from assimilation
("¢ ~ 5%0) (Granger et al. 2004) and benthic denitrification
(F5e ~ 0%0) (Lehmann et al. 2007).

Hypolimnetic nitrification and its coupling with
denitrification/DNRA

Hypolimnetic nitrification was sustained year-round by
OM remineralization and peaked in July-November thanks to
high sedimentation rates (13.03-74.69 mg N m 2 d~!) (Miiller
et al. 2021). Thermal stratification isolated the hypolimnion,
minimizing the influence of external inputs, and increasing
the relative importance of regenerated NO3; ™. During stratifica-
tion, the lack of pronounced '*N and '®O enrichment in the
residual NO3;™~ pool (Fig. 2b,c) and the absence of distinct fea-
tures in the dual NO;3;~ isotopes plot (Fig. 3c) and A(15,18)
profiles (Fig. 2d), reflect rapid and closely coupled NO3;™ pro-
duction and consumption, rather than a stagnant N cycle.
Hypolimnetic nitrification continuously produced '°N-
depleted NO;~, “diluting” the expected '*N enrichment due
to water column denitrification. Additionally, low community
N isotope effects of NO3~ consumption (6.0-7.6%o) indicate
that denitrification/DNRA in sediments dominates (Lehmann
et al. 2004c), consistent with Miuller et al. (2021) and
Baumann et al. (2022, 2024).

Water column denitrification may also have contributed to
hypolimnetic NO3;~ consumption (Fig. 1b). The model-derived
community N isotope effect of NO3~ consumption shifted
from 6.0 £1.6%0 in July to 7.6+ 1.5%0 in November,
suggesting that the proportion of water column relative to

Nitrification in an oxygenated eutrophic lake

sedimentary denitrification increased as stratification prog-
ressed and suboxic conditions developed, from 24.1 + 6.2% in
July to 30.1 £+ 5.7% in November (Fig. 6).

Some water-column denitrification might be associated
with suspended or resuspended particles (Zhou et al. 2019;
Yeerken et al. 2023), as bacteria residing within anoxic micro-
niches (Xia et al. 2017) can reduce NO3~ even in oxic waters
(Cojean et al. 2019). This is facilitated by sharp O, gradients
within particles (Fuchsman et al. 2019), and NO3™~ supplied by
particle-attached nitrifiers (Zhou et al. 2019). If NO5 -reducing
bacteria are indeed associated with resuspended particles, their
activity could suppress the N isotope effect, complicating the
efforts to clearly distinguish between benthic and particle-
associated water-column denitrification. Consequently, the
proportion of water-column denitrification estimated by our
model may represent a lower bound.

N,O dynamics and production pathways

N,O concentrations in Lake Baldegg rank among the
highest in Swiss lakes, reaching 100-140 nM (Mengis
et al. 1997). At the end of stratification, N,O fluxes into
the atmosphere attained 3.52+0.08 ymolm 2> d*
(Supporting Information Table S2), driven by elevated epi-
limnetic [N,O] in November (Fig. 2e). We argue that these
emissions largely originate from progressive hypolimnetic
N;O accumulation during stratification, and its transfer to
the epilimnion upon winter mixing. This interpretation is
supported by the declining hypolimnetic [N,O] and con-
current increases in epilimnetic [N,O] during turnover
(Fig. 2e).

Our data indicate that hypolimnetic nitrification is the pri-
mary N,O-producing mechanism during stratification.
Specifically, the high [N,O] in September (up to 65 nM)
(Fig. 2e) coincides with some of the highest nitrification
rates, consistent with peak nitrification activity in late
summer (Klotz et al. 2022). However, the overall relatively
weak correlation between [N,O] and nitrification rates
(Supporting Information Fig. S4) suggests contributions
from other processes, such as N,O production via denitrifi-
cation, nitrifier-denitrification, or N,O reduction. Indeed,
low-O, subsurface conditions in late summer (Fig. 1b)
could promote reductive N,O production and reduction
(via denitrification). However, high N,O SP values
(> 30%o) (Fig. 2f) argue against incomplete denitrification,
which typically exhibits SP values between —5%o0 and 0%o
(Wenk et al. 2016). Moreover, while elevated SP and §'%0-
N,O values might indicate N,O reduction (i.e., complete
denitrification) (Wenk et al. 2016), A8'30-N,O : A§!SN-
N,O slopes strongly deviate from 2.5, the characteristic
value for purely N,O-reducing systems (Supporting Infor-
mation Fig. S3) (Wenk et al. 2016; Liang et al. 2022). Thus,
our findings indicate that oxidative production via nitrifi-
cation prevails over incomplete denitrification for N,O
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Fig. 6. Different-scenario outputs for the N isotope mass-balance model. Panels show average §'°N-NO;~ values for the different NO3™~ pools during
(a) mixed period (March-May), full water column, (b) the stratified period (July-November), epilimnion, and (c) the stratified period, hypolimnion. Each
panel includes the following NO5™ pools: measured, reference (set at 30 m), external, new reference (i.e., resulting from the thorough mixing of external
N inputs and reference), stand-alone nitrification, stand-alone consumption (assimilation and denitrification), and combined (i.e., considering both NO3™
regeneration by nitrification and NO3;~ consumption by either assimilation or denitrification). Error bars encompass both the seasonal variability and the
uncertainty associated with the chosen isotope effects: Wenitrification = 15 £ 3%o, (a) 159C0nsumption = 0-5%eo in the full water column during the mixed
period (assuming a mixed signal of assimilation and benthic denitrification), (b) T3¢ assimilation = 5 & 3%o in the epilimnion, and (c) 13 e benitrification = O—
25%o in the hypolimnion (assuming a mixed signal of benthic and water column denitrification). The estimated community '®¢ values based on the iso-
tope mass balance for boxes (a) and (c) are reported in the lower right panel alongside the derived contribution of water column denitrification to total
denitrification for the hypolimnion (c). The NO5;™-consuming processes considered for each box are: NO3™ assimilation (circle), benthic denitrification
(cross), and water column denitrification (square).

production, though the occurrence of N,O reduction can- rest being reduced to N, within the system (Mengis
not be dismissed. et al. 1997). For Lake Baldegg, precise estimates would require

Upon vertical mixing, promoted by the switch from oxy- direct [N,O] measurements before and after the oxygenation-
genation to aeration in November, N,O-laden hypolimnetic to-aeration switch, but trends from earlier months (Fig. 2e)
waters are transported to the epilimnion (Wenk et al. 2016). suggest that emissions may even exceed 60% of total N,O

This is supported by decreasing hypolimnetic [N,O], and con- production.

currently increasing epilimnetic [N,O] and SP values in

November (Fig. 2e,). If subsurface N,O reduction had Possible effects of aeration

occurred at the end of stratification, the November [N>O] Artificial aeration has been widely reported to enhance
might underestimate the originally produced [N,O]. A previ- npitrification in lakes (Brzozowska and Gawrorniska 2009). Con-

ous study in Lake Alpnach (Switzerland) suggests that up to  sistently, the oxygenated hypolimnion of Lake Baldegg dis-
60% of lacustrine N,O is emitted to the atmosphere, with the played peak nitrification rates of 87 nM d~!, significantly
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Fig. 7. Effects of aeration/oxygenation in Lake Baldegg on nitrification, denitrification, and N,O concentrations compared to non-aerated lakes spanning
different trophic states. (a—c) To facilitate comparisons across lakes of varying trophic states, we analyzed each process in relation to water-column nitrate
concentration. Trend lines indicate normalized averages from literature values measured in non-aerated lakes. (a) Relationship between maximum nitrifi-
cation rates and peak water column nitrate concentrations. Values were compiled from various literature studies on freshwater lakes (white circles; Carini
and Joye 2008; Small et al. 2013; Cavaliere and Baulch 2019; Massé et al. 2019; Callbeck et al. 2021; Klotz et al. 2022). Lake Baldegg (BAL), the aerated
lake studied here, is shown alongside Lake Tanganyika (TAG), a stratified lake. An exponential curve was fitted to the data, with the slope and R? values
indicated. (b) Relationship between denitrification rates and water column nitrate concentrations across 21 Swiss lakes (white circles). Lake Baldegg (BAL)
is highlighted, along with other aerated lakes in Switzerland (Lake Hallwil, HAL; Lake Sempach, SEM). Lake Zug (ZUG), a meromictic lake, is also shown.
Data were originally presented by Miiller et al. (2022) and are reproduced under a Creative Commons Attribution 4.0 license: https://creativecommons.
org/licenses/by/4.0/. The figure was modified to include an exponential fit, with slope and R? values shown. (c) Relationship between N,O concentrations
and NO5™ concentrations across lakes of varying trophic states in a boreal landscape: nutrient-rich and calcareous (circles), humic small (triangles), humic
large (squares), and clear water lakes (diamonds) collected by Kortelainen et al. (2020). Data from Kortelainen et al. (2020) are reproduced under a Crea-
tive Commons Attribution 4.0 license: https://creativecommons.org/licenses/by/4.0/. A power regression (purple line) was applied, with the equation
provided by Kortelainen et al. (2020). Lakes Baldegg and Zug fall within + 3 standard deviations of the data and are therefore not statistical outliers, but

do deviate from the relationship in Finnish lakes.

higher than those in non-aerated lakes (Fig. 7a) (Carini and
Joye 2008; Small et al. 2013; Cavaliere and Baulch 2019; Massé
et al. 2019; Callbeck et al. 2021; Klotz et al. 2022; Miiller
et al. 2022). Artificial aeration likely intensifies the
nitrification-denitrification =~ coupling  (Brzozowska and
Gawronska 2009), thus, Lake Baldegg should display a greater
fixed-N removal capacity than non-aerated systems. However,
when normalized for the trophic state, its N-removal effi-
ciency is comparable to that of non-aerated Swiss lakes
(Fig. 7b). This pattern is also valid for other artificially aerated
Swiss lakes. Although aeration is not primarily intended for N
removal, studies have highlighted its role in facilitating
fixed-N removal, making our observations unexpected. A pos-
sible explanation is that elevated O, may stimulate DNRA over
denitrification (Cojean et al. 2019), enhancing fixed-N
retention through nitrification-DNRA coupling. Although
natural-abundance NOj3~ stable isotope measurements can-
not distinguish between DNRA and denitrification, their co-
existence in the sediments suggests that NH,™ can be cycled
both through nitrification-DNRA and/or nitrification-
denitrification pathways (Baumann et al. 2022, 2024). While
oxygenation in Lake Baldegg accelerates nitrification, it does
not seem to enhance fixed-N removal via denitrification.
However, the elevated nitrification activity in Lake Baldegg
appears to produce high N,O concentrations and atmospheric

N,O fluxes. Mengis et al. (1997) reported higher N,O concen-
trations and emissions in aerated systems (e.g., Lakes Baldegg
and Sempach) than in non-aerated lakes. A broader compara-
tive lake survey confirms that N,O concentrations in Lake
Baldegg exceed those of most other lakes (Fig. 7¢; Kortelainen
et al. 2020), likely due to its high nitrification potential
(Fig. 7a). These findings raise concerns about the unintended
consequences of artificial aeration, particularly enhanced N,O
emissions. By comparison, the naturally, permanently strati-
fied Lake Zug, serving as a “Baldegg-analogue” under non-
aerated conditions, shows baseline N,O concentrations and
denitrification capacity (Fig. 7b,c). Moreover, the lake’s anoxic
water column favors OM preservation and greater N burial
compared to Lake Baldegg (Fiskal et al. 2019; Miiller
et al. 2022), supporting long-term N removal. Altogether,
these findings suggest that artificial aeration does not clearly
promote N removal but may instead enhance N,O emissions,
highlighting potential trade-offs in lake management.

Conclusion

This study emphasizes the central role of nitrification in
modulating internal N recycling and greenhouse gas dynamics
in Lake Baldegg, particularly through its influence on
enhanced NO3;~ and N,O production driven by artificial
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oxygenation and aeration. We demonstrate that nitrification
sustained over 80% of the total NO3~ consumption in the
hypolimnion during stratification, contrasting with its rather
limited role in the epilimnion (5.3%), where external N inputs
exert a more substantial influence.

Our findings reveal a dual-edged impact of artificial oxy-
genation, and consequently enhanced nitrification. Firstly, it
supports and enhances NOj3;  consumption processes
(e.g., assimilation and DNRA/denitrification), with the poten-
tial to increase the lake’s capacity for fixed-N removal. How-
ever, this anticipated benefit appears limited in practice, as
Lake Baldegg’s denitrification efficiency does not significantly
exceed that of non-aerated lakes. Secondly, artificial oxygena-
tion also drives elevated N,O production and emissions, with
transport and atmospheric release especially during winter
overturn. These outcomes highlight the need for carefully bal-
anced management strategies to optimize nutrient removal
while minimizing environmental trade-offs.

This study also demonstrates the value of integrating
natural-abundance N and O stable isotope analyses with pro-
cess rate measurements (i.e, NH," oxidation), to quantify
internal N recycling pathways that would otherwise go
untraced by concentration measurements alone. Although the
N isotope mass-balance model proved effective, the study
could benefit from additional data, such as atmospheric N
deposition and N, fixation rates, to better constrain the over-
all N budget and refine estimates of individual N pool sizes.
Such data would also clarify the contribution of specific N
fluxes to the observed dual NO3~ isotopic signatures, thereby
improving our understanding of apparent NOj;~ isotope
anomalies in the lacustrine NO3~ pool.
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