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Abstract
Organotrophic denitrification is an important nitrogen (N) removal process in lakes, but alternative

N reduction processes such as lithotrophic sulfur (S)-oxidizing denitrification may be greatly underappreciated.
We studied the redox transition zone (RTZ) in the meromictic water column of the North Basin of Lake Lugano
(Switzerland) to characterize N transformation pathways coupled to the S and carbon (C) cycles. Incubations
with 15N-labeled and unlabeled nitrate (NO3

�) revealed low denitrification rates and a general limitation of
organic electron donors. The most accessible fractions of exported primary production biomass may have been
largely consumed in the oxic water column during sedimentation and did not reach the RTZ at � 100 m depth.
Conversely, sulfide (H2S) and methane (CH4), major end products of anaerobic degradation of the more recalci-
trant organic carbon fractions in the sediment, represent a continuous source of energy to the RTZ, fostering
the establishment of a community of S- and CH4-dependent NO3

� reducers, dominated by Sulfuritalea and
Candidatus Methylomirabilis over several years of observation. Anoxic incubation experiments with H2S
amendments revealed a strong stimulation of dissimilatory NO3

� reduction to ammonium (NH4
+) (DNRA), but

not denitrification. High relative abundances of the archaeal NH4
+ oxidizer Candidatus Nitrosopumilus and bac-

terial nitrifiers indicate intense NO3
� regeneration by nitrification in the upper RTZ. The potential interaction

between nitrification and S-driven DNRA is unclear. However, their co-occurrence suggests that, at least under
conditions of carbon limitation, N recycling between the NO3

� and ammonium pools predominates over
N removal via complete denitrification.

Due to the widespread use of fertilizers in agriculture and
wastewater release, large amounts of reactive (i.e., fixed) nitro-
gen (N) have entered and altered natural ecosystems (Gruber
and Galloway 2008). It is estimated that up to 75% of the
anthropogenic N introduced into inland waters are removed
along the freshwater/seawater continuum before reaching
coastal marine ecosystems. In this regard, lakes serve as
efficient N sinks, playing a particularly important role in miti-
gating anthropogenic nutrient loads (Howarth et al. 1996).
Canonical organotrophic denitrification, the microbial

reduction of nitrate (NO3
�) to dinitrogen gas (N2) with

organic compounds as substrate, is considered to be the most
important N removal process (Seitzinger 1988). However,
there is increasing evidence for alternative substrates such as
methane (CH4) (Raghoebarsing et al. 2006) and inorganic elec-
tron donors like reduced sulfur (S) compounds (Hulth
et al. 2005; Burgin and Hamilton 2007). Anaerobic ammo-
nium (NH4

+) oxidation to N2 (anammox) and the dissimila-
tory nitrate reduction to ammonium (DNRA) represent
additional N turnover processes in lakes (Schubert et al. 2006;
Roland et al. 2018). Yet, the relative contributions of these
major N transformations to N cycling, their different trophic
modes (i.e., organotrophic vs. lithotrophic), and the responsi-
ble microbial actors in lakes are not well understood. This is
particularly important for lacustrine N budgets: in contrast to
denitrification and anammox, DNRA promotes N recycling
rather than fixed-N removal.
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Denitrification and DNRA share the initial reduction
step from NO3

� to NO2
� and can both be carried out by

organotrophic or lithotrophic microorganisms (Pandey
et al. 2020). DNRA has been found to dominate in experimen-
tal systems and natural environments with NO3

�-limiting
conditions, such as lake sediments. In contrast, denitrifica-
tion tends to prevail in high-NO3

� environments (Kelso
et al. 1997; Strohm et al. 2007; Dong et al. 2011). Also, the
type and availability of alternative inorganic substrates may
affect the mode of NO3

� reduction (Brunet and Garcia-
Gil 1996; Cojean et al. 2020). Organotrophic N reduction is
performed by ubiquitous facultative or strict anaerobic micro-
organisms, including many Proteobacteria, Firmicutes, and
Actinobacteria (Shapleigh 2013; Pandey et al. 2020). More-
over, obligate and facultative chemolithotrophic bacteria
(e.g., representatives of the Rhodocyclaceae, Sulfurimonadaceae,
or Hydrogenophilaceae) can couple the oxidation of sulfide
(H2S), elemental sulfur (S0), or thiosulfate (S2O3

2�) with the
reduction of NO3

� to NO2
�, and from there to N2 or to NH4

+

(Zumft 1997; Shao et al. 2010; Pandey et al. 2020). Only a few
specialized microorganisms are known (e.g., Candidatus
Methylomirabilis) that oxidize CH4 anaerobically via NO3

� or
NO2

� reduction to N2 (Raghoebarsing et al. 2006; Yao
et al. 2024).

The absolute and relative importance of these different
N-turnover modes in the natural environment can be
highly variable. In lacustrine water columns, reported
N-transformation rates vary by several orders of magnitude
(i.e., between < 50 nmol N L�1 d�1 and > 10 μmol N L�1 d�1;
Supporting Information Table S1). Alternative modes of sub-
oxic N reaction were shown to contribute substantially to total
N2 production (sometimes even exceeding rates of canonical
organotrophic denitrification), such as S-dependent denitrifi-
cation in Wintergreen Lake (Burgin et al. 2012), CH4-
dependent denitrification in several Indian reservoirs (Naqvi
et al. 2018), or anammox in Lake Tanganyika (Schubert
et al. 2006). Studies that concurrently investigated the rates of
denitrification, DNRA, and anammox within the same lake
water column are rare. Lake Kivu is an exception, with
all three processes confirmed to co-occur there (Roland
et al. 2018). These processes, which occur in anoxic lake water
bodies and redox transition zones (RTZs), are not unique to
meromictic lakes; they may also arise seasonally in eutrophic
lakes when thermal stratification leads to temporary
hypolimnetic anoxia and sulfide accumulation.

The south-Aalpine Lake Lugano, comprising the weakly
connectedhydrologically separated South Basin (93 m depth)
and the deep, narrow North Basin (288 m depth), has been
impacted by eutrophication. Phosphorous (P) and N inputs
from municipal wastewater led to biogenic meromixis in the
North Basin from � 1960 onward (Barbieri and Mosello 1992;
Lepori et al. 2018; Studer et al. 2024). This meromixis was
only interrupted by two mixing events in 2005 and 2006,
when cold and windy winters caused complete overturning

(Holzner et al. 2009; Lehmann et al. 2015). Wenk et al. (2013,
2014) investigated the modes of N loss in the water column of
the North Basin and reported that canonical organotrophic
denitrification plays only a minor role as N sink in summer
and autumn. Instead, S-driven chemolithotrophic denitrifica-
tion, and to a much lesser extent anammox, were proposed as
the main N-removing processes in the North Basin’s RTZ.
However, the conditions that promote fixed-N elimination via
lithotrophic rather than organotrophic N2 production—
including seasonal fluctuations in organic carbon (Corg) export
or substrate availability—remained largely unresolved. Fur-
thermore, the extent of N recycling within the RTZ remains
uncertain as DNRA in the water column has not been deter-
mined to date.

Here we combine 15N isotope-label incubation experiments
with multi-year 16S rRNA gene amplicon sequence data to
(i) investigate the controls on, and significance of, microbial
fixed N removal vs. retention within the RTZ in the
meromictic Lake Lugano North Basin; and to (ii) identify
key S-oxidizing NO3

� reducers, as well as other N- and
S-transforming microorganisms involved. We examine
whether the previously proposed predominance of S-driven
denitrification in the RTZ (Wenk et al. 2013) is a permanent
or a seasonal feature.

Material and methods
Study site, in situ profiling, and sample collection

We studied the water column of Lake Lugano’s North Basin
(271 m above sea level) at the deepest spot (46�00037.700N,
9�01014.900E) in April, June, and October 2015, March,
September, and November 2016, February and October 2017,
and April 2018. A conductivity, temperature, depth (CTD)
probe (Idronaut Ocean Seven 316Plus) was used to determine
oxygen (O2) concentrations, temperature, and conductivity.
From July 2016 onward, we measured chlorophyll a (Chl a)
using a TriLux fluorometer attached to the CTD. We used the
CTD data to calculate the static stability of the water column
(Supporting Information Appendix 1). Monthly primary pro-
duction and NO3

� concentration data were obtained through
a monitoring program conducted by the University of Applied
Sciences and Arts of Southern Switzerland (www.cipais.org).

In this study, the upper RTZ boundary is set at the depth
where O2 falls below 5 μM, and its lower boundary at the
depth where oxygen-sensitive reduced chemical compounds
like Fe2+ or H2S rise above background levels. Samples were
collected across the RTZ starting at around 80 m depth to a
maximum depth of 155–165 m using 5 L Niskin bottles. Sam-
ple water was filled into sterile 1 L plastic or borosilicate bot-
tles for DNA analysis and into 1 L borosilicate bottles for
enrichment cultures, each without leaving headspace. Water
samples were kept cold and in the dark until further
processing. For DNA analysis of all water samples, a volume of
� 1.1–1.2 L was filtered through 0.2 μm polycarbonate
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membrane filters (Cyclopore, Whatman), without prefilter,
within 24 h of sample collection. For 15N-label incubations,
water from the Niskin bottle was filled directly into sterile
160 mL serum vials (bubble-free with � 1–2 volumes over-
flow), and the vials were closed with gray rubber stoppers
(VWR), which had been boiled in deionized water for
≥ 30 min and stored under helium (He) atmosphere until
usage. The bottles were kept cold and in the dark until the
incubation experiments were started in the home laboratory
within 10 h after sampling. From each depth, additional sam-
ples were collected and prepared for various chemical
analyses.

Chemical analyses
Nitrogen species

Water samples for the analysis of dissolved inorganic
N concentrations were filtered (0.45 μm pore size) right after
collection. NH4

+ concentrations were determined using the
colorimetric indophenol reaction (Hansen and Koroleff 1999)
(detection limit � 1 μM, 5%–10% measurement uncertainty),
and NO2

� using sulfanilamide and N-(1-Naphthyl)eth-
ylenediamine (Hansen and Koroleff 1999) (detection limit
� 0.05 μM, 0.5%–2% measurement uncertainty). The sum of
NO2

� and NO3
� (NOx) was determined using a NOx analyzer

(Antek Model 745) involving the reduction of NOx in a hot
acidic vanadium(III) choride (VCl3) solution to nitric oxide
(NO) gas, and subsequent chemiluminescence detection
(Braman and Hendrix 1989) (detection limit � 1 μM, 1%–3%
measurement uncertainty). We determined NO3

�

concentrations by subtracting NO2
� from NOx concentrations.

Iron
Aliquots of unfiltered and filtered (0.2 μm) water samples

were fixed with � 150 mM (final concentration) nitric acid
(HNO3) for the analysis of total and dissolved iron concentra-
tions, respectively. Concentrations were quantified by induc-
tively coupled plasma optical emission spectrometry (Agilent
Technologies) with a detection limit of � 1.8 μM and 5%–10%
measurement uncertainty. We calculated concentrations of par-
ticulate Fe from the difference between total and dissolved Fe.

Sulfur compounds
We analyzed concentrations of dissolved H2S, S2O3

2�, and
sulfite (SO3

2�) according to Zopfi et al. (2008). Briefly, 450 μL
unfiltered water samples were fixed in a mixture of 25 μM of
HEPES-EDTA buffer (pH 8, 500 mM, 50 mM) and 25 μL of
� 45 mM monobromobimane. After 30 min of incubation
protected from light, we stopped the derivatization reaction
by adding 50 μL of 312 mM methanesulfonic acid. The sam-
ples were stored at �20�C until analysis with reversed-phase
high-performance liquid chromatography (RP-HPLC, Dionex)
using a LiChrosphere 60RP select B column (125 � 4 mm,
5 μm; Merck) and a Waters 470 scanning fluorescence detector
(excitation at 380 nm; detection at 480 nm). In certain cases,
H2S concentrations were determined photometrically through

the methylene blue reaction in unfiltered samples, immedi-
ately fixed with zinc acetate (0.5% final concentration, w/v)
upon collection (Cline 1969). For the analysis of suspended
S0, we filtered 60 mL of water sample through a glass microfi-
ber (GF/F) filter (Whatman) and subsequently stabilized the S0

on the filter with 2–3 mL of 5% (w/v) zinc acetate solution.
The filters were stored at �20�C until analysis. Using 2 mL of
HPLC grade methanol, S0 was extracted overnight from the fil-
ters and subsequently quantified by RP-HPLC using a Knauer
C18-column (Eurospher II, 100-5 C18 H, 125 � 4 mm) and
ultraviolet (UV) detection at 265 nm (Zopfi et al. 2008). Sulfate
(SO4

2�) concentrations were analyzed by ion chromatography
and UV detection (940 Professional IC Vario, Metrohm).

Methane
We analyzed CH4 concentrations in November 2016 and

October 2017, as described in Su et al. (2023). Briefly, water
samples were collected in 120 mL serum bottles, crimp-sealed
with butyl rubber stoppers, and a 20 mL air headspace was cre-
ated before fixing the sample with 5 mL of 12.5 M NaOH.
CH4 concentrations were measured using a gas chromato-
graph (SRI 8610C, SRI Instruments) with a flame ionization
detector.

Turbulent flux calculations
Using the concentration measurements, we calculated tur-

bulent diffusive fluxes of NO3
�, NH4

+, H2S, and CH4 toward
the RTZ (Supporting Information Appendix S1).

DNA extraction, PCR amplification, Illumina sequencing,
and data analysis

Filters with collected DNA were stored at �70�C until
extraction of DNA using the Fast DNA Spin Kit for Soil
(MP Biomedicals). In addition to the 2015–2018 samples, we
used samples collected the same way in 2009 and 2010 (see Su
et al. 2023). The 16S rRNA gene library preparation, amplicon
sequencing, and bioinformatic treatment of raw sequences are
described in detail in Su et al. (2023). Briefly, the updated
Earth Microbiome PCR primers for bacteria and archaea
515F-Y and 926R, targeting the V4 and V5 regions of the 16S
rRNA gene, were used for the first PCR (Parada et al. 2016).
Library preparation and Illumina MiSeq sequencing was done
at the Genomics Facility Basel (D-BSSE ETHZ and Basel Univer-
sity). Amplicon sequence variants (ASVs) were identified by
denoising amplicons to zero-radius operational taxonomic
units using the UNOISE algorithm in USEARCH v10.0.240
(Edgar 2010, 2013). Finally, we used SINTAX (Edgar 2016) and
the SILVA 16S rRNA reference database v138 (Quast
et al. 2013) for the taxonomic assignment of ASVs. The details
of downstream sequence analyses and statistics can be found
in the Supporting Information Appendix 2.

Batch incubation experiments and microbial enrichments
We performed batch incubations with lake water sampled

between 2016 and 2018 to investigate NO3
� reduction with
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different electron donors. In 1-L borosilicate bottles with water
samples, we introduced a N2 headspace (� 130 mL) and
purged for 30 min with N2 to ensure anoxic incubation condi-
tions. Subsequently, we added NO3

�, NO3
� and H2S, or NO3

�

and sodium acetate (NaAc) from sterile anoxic stock solutions.
Targeted initial concentrations for NO3

� and NaAc were
25 μM; for H2S they ranged between 25 and 100 μM. One bot-
tle was left as a live control treatment without any amend-
ment, and we incubated a dead control with NO3

� and H2S,
killed with 15 mL 50% (w/v) ZnCl2, to ensure that no abiotic
H2S oxidation was taking place (data not shown). Incubations
were carried out at � 8�C in the dark with gentle agitation.
We monitored the concentrations of dissolved N and S species
by taking subsamples (� 10 mL) at specific time intervals. To
prevent contamination with O2, we initially pressurized the
incubation bottles to around 2 bars and used N2-flushed syrin-
ges for sampling. When H2S was consumed before the com-
plete reduction of NO3

�, we added additional H2S (� 25 μM
final concentration). At the end of the experiment, we filtered
the remaining water (approximately 300–800 mL) to collect
biomass for DNA extraction and sequencing, as described
above. This allowed us to identify microbial taxa that
responded positively to the different substrate additions. We
calculated NO3

� turnover rates based on the change in NO3
�

concentration over time, using samples from two intervals,
(i) the first 2–3 d and (ii) the first 4–5 d of incubation. We
tested differences between treatments with a pairwise t-test
and differences between intervals with an ANOVA. Similarly,
we calculated turnover rates for H2S, S

0, SO3
2�, S2O3

2�, and
SO4

2� using samples collected during the first 3–4 d of incuba-
tion. A t-test was performed on the rates to test for
significance.

15N-label incubation experiments
The 15N-label incubation experiments were performed in

October 2017 and April 2018 to determine rates of denitrifica-
tion, anammox, and DNRA at different depths in the water
column. We used a modified version of the protocol described
in Wenk et al. (2013), adjusted for the additional quantifica-
tion of 15NH4

+. We introduced a 10 mL He headspace to the
160 mL sample vials and purged for 10 min with He to
remove potential traces of O2. Subsequently, we added 15N-
NO3

� tracer from a sterile and anoxic stock solution of
7.5 mM 15N-KNO3 (99% 15N-KNO3, Cambridge Isotope Labo-
ratories, Inc.), aiming for an initial 15NO3

� concentration of
25 μM. Additionally, H2S or Na-acetate (each 25 μM final con-
centration) was added in the respective treatments (Table 1).
All incubations were performed in triplicate in October 2017
and in quintuplicate in April 2018. Incubations were per-
formed in the dark, at � 8�C with gentle agitation. Samples
for N2 isotope analysis were collected at five time points
(� 12, 36, 60, 108, and 325 h) by sampling 2 mL of headspace,
in exchange with He, using an airtight 3 mL Luer-lock plastic
syringe (Braun) with a plastic valve flushed 3 times with T
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He. The samples were stored in 3 mL exetainers after replacing
sterile anoxic water with the gas sample. In addition to head-
space samples, we took 5-mL liquid samples, filtered them
using 0.2 μm membrane filters, and stored them frozen until
analysis. The resulting negative pressure in the incubation
vials was equilibrated by adding He. We determined 15N-N2

production (m/z 29/28 and 30/28 ratios) via isotope ratio mass
spectrometry (IRMS; Flash-EA-ConfloIV-DELTA V Advanced,
Thermo Scientific) and calculated the rates of denitrification
and anammox according to the isotope pairing equations of
(Thamdrup and Dalsgaard 2002) and Thamdrup et al. (2006),
where we used only the first three time points. The 15N-NH4

+

samples were transformed to 15N2 by oxidation with hypo-
bromite (Risgaard-Petersen et al. 1995) and analyzed as
described above. NH4

+ standards of different concentrations
and 15N/14N ratios were included in the analysis. We
referenced the samples against air N2 and used the quantified
NH4

+-derived 15N2 to assess 15N-NH4
+ concentrations in the

liquid sample according to Cojean et al. (2020). DNRA rates
were then calculated from the slope of the increase in 15N-
NH4

+ concentration over time. Given that anammox rates
were low (Table 1), we assumed that the consumption of 15N-
NH4

+ produced by DNRA was negligible. For all rates, we esti-
mated the detection limit as 1.5 times the standard error (SE).

Results
Water column characteristics and hydrochemistry

Water column CTD profiles and characteristics are shown in
Supporting Information Fig. S1. Water column stability was

generally strongest in the subsurface waters, where temperature
and density gradients were steepest; no significant density gradi-
ent was observed at the RTZ. All O2 was consumed approxi-
mately at a water depth of � 80 and 90 m (four selected time
points in Fig. 1), which was 35–45 m higher up in the water col-
umn compared to 2009 and 2010 (Wenk et al. 2013).

The biweekly O2 monitoring data from 2015 to 2018
showed highest concentrations between 0 and 20 m during
spring and summer, while in late summer and autumn, the
water column was generally less oxygenated, with an O2

depletion at � 20 to 30 m (Supporting Information Fig. S2a).
Among the sampling dates, when we collected water samples
for incubation experiments, April 2018 was the only date with
a distinct O2 peak (up to � 500 μM at � 15 m) in shallow
waters (Supporting Information Fig. S1a). The Chl
a concentrations in the surface waters were highest in spring
and summer (Supporting Information Fig. S2b). The NO3

�

concentrations were highest between 20 and 50 m depth,
ranging from 24 to 38 μM. Detailed concentration profiles at
the RTZ (Fig. 1; Supporting Information Fig. S3) indicate that
NO3

� decreased to < 0.5 μM within the RTZ. For most time
points, NO2

� did not exceed 0.05 μM in the RTZ. NH4
+ con-

centrations started to increase around the depth of O2 deple-
tion and reached between 15 and 25 μM at � 155 m. NH4

+

and NO3
� profiles generally overlapped with concentrations

of � 1–2 μM. H2S was first detected approximately 15 m below
the depth where NO3

� reached its lowest levels < 0.5 μM
(Figs. 1, 2a–c), whereas S0, the most abundant product among
the intermediates of H2S oxidation, was detectable up to the
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Fig. 1. Concentration profiles at the water column redox transition zone (RTZ) of Lake Lugano’s North Basin from four different sampling campaigns.
CH4 was measured only in November 2016 and October 2017. The gray bars indicate the extension of the RTZ.
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upper border of the RTZ at levels up to � 0.25 μM (Fig. 2d–f).
Low SO3

2� and S2O3
2� concentrations of < 0.15 μM were

detected in most of the anoxic water samples. The October
2017 profiles stand out, as S0, S2O3

2�, and SO3
2� consistently

showed two distinct concentration peaks in the anoxic water
column. Dissolved Fe2+ concentrations rose up to � 3 μM at
around 160 m depth, while particulate Fe remained below
1 μM, reaching a maximum at 125–130 m in October 2017
and April 2018. CH4 concentration profiles (November 2016
data have been previously published in Su et al. 2023; Fig. 1)
clearly overlapped with NO3

� profiles. Below the RTZ, CH4

concentrations increased to up to � 50 μM (e.g., October
2017). Turbulent diffusive solute fluxes toward the RTZ
between 2015 and 2018 were on average 828 � 315 SD μmol
for NO3

� m�2 d�1, 379 � 122 SD μmol for NH4
+ m�2 d�1,

199 � 87 SD μmol for H2S m�2 d�1, and 882 � 597 SD μmol
for CH4 m�2 d�1 (Supporting Information Table S3).

Microbial community structures
The 16S rRNA gene sequencing revealed differences

between the microbial communities in the oxic water column

just above the RTZ, within the RTZ, and in the anoxic water
below the RTZ regarding their alpha and beta diversities
(Fig. 3). The observed ASV richness (Kruskal–Wallis test;
χ2 = 76.5, df = 2, p < 0.001) was significantly higher in the
anoxic water below the RTZ compared to the oxic water layer
(Dunn’s test; Z = 6.2, padj < 0.001) and the RTZ (Dunn’s test,
Z = 7.6, padj < 0.001). ASV richness increased with time during
the multiannual survey of the microbial community structure in
the water column (Supporting Information Fig. S4), especially in
the anoxic water below the RTZ (Pearson correlation coefficient;
t = 3.0, n = 68, r = 0.34). The Shannon diversity index (Kruskal–
Wallis test; χ2 = 18.8, df = 2, p < 0.001), which quantifies both
richness and evenness, was higher in the oxic water compared to
the RTZ (Dunn’s test; Z = 4.0, padj < 0.001) and the anoxic water
layer (Dunn’s test; Z = �4.1, padj < 0.001). The community struc-
ture in the oxic water column seems to be more evenly distrib-
uted than in the RTZ and the anoxic zone. Particularly, the
communities in the anoxic layer show a high richness
(i.e., many different ASVs) but lower Shannon diversity, indicat-
ing a community with few high-abundance and many very low-
abundance taxa.
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The PCoA showed that the microbial community structures
followed the three redox zones, although the transitions were
gradual and zones were overlapping (Fig. 3b). The community
structures in the three defined redox zones were significantly
different from each other (PERMANOVA; F2,116 = 114.3,
R2 = 0.38, p < 0.001). Post hoc pairwise comparisons showed
significant differences between all zone pairs: oxic vs. RTZ
(F1,65 = 18.2, R2 = 0.22, p < 0.001), oxic vs. anoxic
(F1,107 = 77.5, R2 = 0.42, p < 0.001), and RTZ vs. anoxic (F1,124-
= 36.6, R2 = 0.23, p < 0.001). Furthermore, significant differ-
ences were observed across time points (PERMANOVA;
F11,116 = 13.3, R2 = 0.24, p < 0.001) and in the interaction
between time points and redox zones (PERMANOVA;
F21,116 = 5.5, R2 = 0.19, p < 0.001). The microbial community
structure below the RTZ exhibited the least variability over
time (average distance 0.13), significantly lower than in the
oxic zone (0.23; PERMDISP ANOVA: F2,148 = 20.97, p < 0.001;
post hoc oxic vs. anoxic zone: p < 0.001). Pairwise Weighted
UniFrac distances between samples within a specific redox
zone are presented in Fig. 3c.

Phylogenetic analysis of 16S rRNA gene amplicons revealed
Proteobacteria, Bacteroidota, Actinobacteriota, Chloroflexi,
and Crenarchaeota as the dominant phyla (Supporting Infor-
mation Fig. S5a), and Actinobacteria, Bacteroidia, and
Gammaproteobacteria as the dominant classes (Supporting
Information Fig. S5b). Below the RTZ, the relative abundance
of Desulfobacterota and Nanoarchaeota increased with depth.
The composition of the microbial community (Supporting
Information Fig. S6) varied more in the oxic water column
than in the RTZ and the anoxic water column. ASVs linked to
N- and S-cycling are summarized in Supporting Information

Table S2 and Supporting Information Figs. S7–S11; vertical dis-
tribution profiles of key taxa are shown in Fig. 4. We detected
the NH4

+-oxidizing archaeon Candidatus Nitrosopumilus, the
NH4

+-oxidizing bacteria Nitrosospira and Nitrosomonas, and the
NO2

�-oxidizing bacterium Nitrospira with highest relative abun-
dances at low O2 conditions above the RTZ (Fig. 4a–c). Further-
more, we detected the anammox-associated family Brocadiaceae
(Fig. 4d). We also identified several taxa capable of N reduction
with maximum relative abundances within the RTZ (Fig. 4e–j),
including organotrophic N reducers, such as Denitratisoma,
S-oxidizing N reducers such as Sulfuritalea, and CH4-oxidizing
Ca. Methylomirabilis. A diverse community of taxa commonly
known for reducing SO4

2� and/or other sulfur compounds
(e.g., S0, S2O3

2�) was present. These “S-reducers” belonged
mostly to the Desulfobacterota (formerly Deltaproteobacteria),
such as Desulfobacca, Desulfocapsa (Fig. 4k,l), or Desulfovibrio. In
addition, we identified putative S-reducing Firmicutes, including
Desulfosporosinus and Desulfurispora. Some of these potential
S-reducers, such as Desulfosporosinus (Supporting Information
Fig. S11a) and Desulfomonile (Supporting Information Fig. S11g),
exhibited distinct abundance peaks in and/or below the RTZ.

Nitrogen transformation incubation experiments
In the unlabeled incubations (Fig. 5) amended solely with

NO3
�, NO3

� consumption was generally incomplete, with
decreases of 3–11 μM NO3

�. Most of the NO3
� was only

converted to NO2
� (Fig. 5d). Complete removal of NO3

� (and
subsequently NO2

�) occurred in only one of the duplicate incu-
bations in February 2017 and April 2018 (Fig. 5a,d).

The addition of acetate led to complete reduction of NO3
�

within 4–5 d, following an initial lag phase (Fig. 5b). The
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addition of H2S caused complete NO3
� consumption within

� 10–30 d (Fig. 5c). Transient NO2
� accumulation was

observed in the incubations with either acetate or H2S
(Fig. 5e,f). The NO3

� reduction rates during the first 2–3 d of
incubation (Supporting Information Fig. S12a) were highest
for the NO3

� + H2S treatment with 1.4 � 0.3 SE μmol NO3
�

L�1 d�1. For the NO3
�-only (0.6 � 0.2 SE μmol NO3

� L�1 d�1)
and the NO3

� + acetate treatment (0.9 � 0.4 SE μmol N-NO3
�

L�1 d�1), initial NO3
� reduction rates were lower. Whereas

after the initial phase (Supporting Information Fig. S9b) NO3
�

consumption rates in the NO3
�-only treatment (0.7 � 0.4 SE

μmol NO3
� L�1 d�1) and the NO3

� + H2S treatment (1.7 � 0.3
SE μmol NO3

� L�1 d�1) remained similar, NO3
� consumption

rates in the NO3
� + acetate treatment increased to 3.2 � 0.6

SE μmol NO3
� L�1 d�1 (ANOVA; F1,22 = 9.8, R2 = 0.31,

p = 0.005). During the incubations, H2S was consumed and S0

and S2O3
2� accumulated, but no substantial amounts of SO4

2�

were produced (Supporting Information Table S4; Supporting
Information Fig. S13).

15N incubation rate measurements
In the 15N-incubation experiments conducted in October

2017 and April 2018 (example in Supporting Information
Fig. S14), denitrification rates ranged between 28.8 and

113.0 nmol N-N2 L
�1 d�1 in the treatments with 15NO3

�

and no added electron donors (Table 1). Hence, N2 production
rates were almost an order of magnitude lower than NO3

�

consumption rates determined in parallel unlabeled experi-
ments, likely due to NO2

�accumulation, which also occurred
in the unlabeled incubations (Fig. 5d). Amended acetate and
H2S did not significantly change denitrification rates (ANOVA;
F2,6 = 2.1, R2 = 0.41, p = 0.21), which ranged between 19.4
and 31.7 nmol N-N2 L

�1 d�1 for the 15NO3
� + acetate treat-

ment and between 39.1 and 71.0 nmol N-N2 L
�1 d�1 for the

15NO3
� + H2S treatment. Qualitatively consistent with

the observed NO3
� reduction dynamics in the unlabeled incu-

bations, acetate-supported 30N2 production started only after a
lag phase of more than 3 d (Supporting Information
Fig. S14e). While in the 15NO3

� and 15NO3
� + acetate incuba-

tions, DNRA rates were undetectable or < 150 nmol 15N-NH4
+

L�1 d�1, the addition of H2S resulted in high DNRA rates
between 471.1 and 1706.6 nmol 15N-NH4

+ L�1 d�1, rep-
resenting 87% to 97% of the total 15N-N2 +

15N-NH4
+ pro-

duced. Anammox rates were low in all treatments, ranging
from 0.1 up to 12.5 nmol 15N-N2 L

�1 d�1. They accounted for
0% to 30% (but mostly < 10%; Table 1) of the produced 15N-
N2 +

15N-NH4
+, without any significant differences between

treatments (ANOVA; F2,6 = 1.5, R2 = 0.33, p = 0.30), and were
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not considered further in the discussion. In experiments
where we detected DNRA, some of the produced 15N-NH4

+

may have been subsequently consumed by anammox, poten-
tially leading to an underestimation of DNRA rates.

Discussion
The results from unlabeled and 15N-label incubation experi-

ments and 16S rRNA gene sequencing data provide conclusive
evidence for active N-cycling around the RTZ, coupled to the
S- and C-cycles. The overlapping concentration profiles of
NH4

+ and NO3
� with complete consumption of both sub-

strates within the RTZ suggest that NH4
+ oxidation (aerobic

and anaerobic) and NO3
� reduction take place simultaneously

and in close vicinity. In the following sections, we discuss the
relevance of H2S and organic compounds for N reduction,
the N reduction pathway they fuel, as well as potential micro-
bial players involved. The scope for CH4-dependent N reduc-
tion has been discussed previously in Su et al. (2023), but its
quantitative contribution remains uncertain and requires fur-
ther experimental investigation (Supporting Information

Appendix 3). We therefore focus here on the closely coupled
(and possibly cryptic) interactions between N- and S-cycling
within the RTZ.

Role of organic electron donors for N reduction
Limited availability of reactive Corg for canonical denitrifi-

cation was indicated in the unlabeled incubation experiments,
where only a small fraction of the added NO3

� was reduced.
The 15N-label incubation experiments confirm low denitrifica-
tion activity, even during the algal bloom period in April 2018
(primary production 46.5 g C m�2 month-1; www.cipais.org).
Consistent with a strong decline of dissolved O2 below the pri-
mary production zone in summer and autumn (Supporting
Information Fig. S1a), it appears that a substantial fraction of
the freshly produced OM is metabolized before reaching the
RTZ at 80–110 m depth. In contrast to most known
meromictic systems, the RTZ in Lake Lugano’s North Basin is
not associated with a strong density gradient capable of trap-
ping detrital Corg. As a result, Corg particles likely pass through
the RTZ unimpeded (Alldredge and Crocker 1995). This
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Fig. 5. Concentrations of NO3
� (a–c) and NO2

� (d–f) in unlabeled incubation experiments performed with water samples from the redox transition
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� (a, d), NO3
� and acetate (b, e), or NO3

� and H2S (c, f). Inserts show NO3
� concentration
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suggests that the sustained low availability of Corg in the RTZ
may constrain heterotrophic N reduction throughout
the year.

We note that our 15NO3
� addition experiments without

any additional electron donors, while consistent with previous
reports by Wenk et al. (2014), might slightly underestimate
the in situ rates of denitrification because volatile electron
donors such as CH4 and H2S were removed during the purging
step required to create anoxic conditions. Additionally, the
low rates may reflect that large particles can sink below
the Niskin bottle nozzle and therefore are not captured in the
water used for the incubations (Gardner 1977; Suter
et al. 2017). Nevertheless, denitrification rates in Lake
Lugano’s North Basin (up to 113 nmol N-N2 L

�1 d�1) are at
least one order of magnitude lower than those reported for
several other lakes (Supporting Information Table S1). Poten-
tial explanations include shallower RTZs, as observed in Win-
tergreen Lake (Burgin et al. 2012), or deep secondary Chl
a maxima, as reported for Lake Tanganyika (Ehrenfels
et al. 2023). However, the underlying causes for the low
observed rates in Lake Lugano’s North Basin remain to be
investigated.

Sulfur-dependent N reduction
We demonstrate a high potential of S-dependent DNRA in

the 15N-label experiments with up to 1707 nmol NH4
+ L�1

d�1 and a comparatively low potential of S-dependent denitri-
fication (up to 71 nmol N-N2 L

�1 d�1). Active S-dependent N
reduction is also indicated by the presence of intermediates of
S-oxidation, especially of S0 and S2O3

2�, which accumulated
in the unlabeled incubation experiments and were present in
situ with up to � 0.25 μM S0 and � 0.10 μM S2O3

2�. The ambi-
ent NO3

� concentrations at the sampled depths were low, a
condition generally thought to favor DNRA over denitrifica-
tion, particularly in the presence of Corg or reduced sulfur
compounds (Kelso et al. 1997; Strohm et al. 2007; Dong
et al. 2011). However, H2S concentrations were undetectable
at the depths sampled for incubations, and high DNRA rates
were only observed upon the addition of H2S and NO3

�.
Hence, the in-situ dominance of S-dependent DNRA in the
water column remains uncertain. Future studies could address
this by quantifying the expression of the nrfA, a molecular
marker for DNRA (Pandey et al. 2020), in RNA extracts.

Measurements from other lakes have revealed substantial
differences in both the relative and absolute importance of
DNRA and denitrification, whether coupled to S oxidation or
Corg oxidation. For example, in Lake Kivu (Roland et al. 2018)
and in Wintergreen Lake (Burgin et al. 2012), both
organotrophic and S-dependent forms of denitrification and
DNRA (partly coupled to S-oxidation) have been detected. Yet,
in these systems, DNRA accounted for only up to � 15% of
the total 15N-turnover, while our data suggest that in Lake
Lugano’s North Basin DNRA may contribute up to 97%,

indicating a potentially dominant role under the conditions
tested.

The 16S rRNA gene sequencing analysis revealed bacterial
genera in the RTZ, which likely perform S-dependent N reduc-
tion, like Sulfuritalea, Sulfuricurvum, and Sulfurimonas. We spec-
ulate that the N-reducing Dechloromonas, which also harbors
genes for the Sox sulfur-oxidation enzyme system (Luo
et al. 2018) and proliferated in the unlabeled incubations with
added NO3

� and H2S (Tischer et al. 2025), may also perform
S-oxidation in the RTZ in addition to organotrophic
denitrification.

Based on 16S rRNA gene sequencing data, the observed sul-
fur speciation in the water column, and the H2S-addition
experiments, we suggest that the most active zone for
S-oxidizing N reducers may be a “cryptic-sulfur-cycling” zone,
where S-oxidation and reduction are so tightly coupled that
free H2S is undetectable. Cryptic sulfur cycling has already
been reported for marine oxygen minimum zones, albeit with
much lower rates (Canfield et al. 2010; Callbeck et al. 2018).
In the 10–40 m thick RTZ of Lake Lugano’s North Basin, we
detected S0, a high-rate potential for S-dependent DNRA, and
maximum relative abundances of Sulfuritalea. We argue, there-
fore, that H2S diffusing toward the RTZ is quantitatively oxi-
dized by NO3

�-reducing microorganisms performing DNRA.
The volumetric H2S oxidation rate that would be required to
match the observed flux of H2S toward the RTZ (85–304 μmol
d�1 m�2) was, on average, 0.013 μmol H2S L�1 d�1 (assuming
a 15 m thick layer of S-dependent denitrification activity;
Supporting Information Table S3). However, H2S consumption
in the unlabeled anoxic incubation experiments averaged
4.6 μmol H2S L�1 d�1, over 350-times higher than the rate
needed to completely oxidize the upward-diffusing H2S in the
water column, indicating a substantial potential for H2S utili-
zation. In addition, the presence of a S-reducing microbial
community, dominated by Desulfobacca (Fig. 4k), underscores
the potential for in-situ H2S production within and below the
RTZ. This H2S may be rapidly consumed by S-oxidizing micro-
organisms, potentially supporting cryptic S-dependent DNRA
and, to a lesser extent, S-dependent denitrification.

Cryptic N cycling through nitrification and DNRA
coupling

We suggest that N recycling via S-dependent DNRA and
nitrification is a key mechanism in the RTZ of Lake Lugano’s
North Basin, which helps to retain bioavailable N. Activity of
NH4

+ and NO2
� oxidation close to the oxic-anoxic interface is

evidenced by a community of abundant nitrifiers, including
Ca. Nitrosopumilus. This archaeal NH4

+ oxidizer is common
in marine environments (Könneke et al. 2005) but has also
been observed in deep oligotrophic freshwater bodies such as
Lake Constance (Klotz et al. 2022). Although nitrification rates
remain to be quantified, maximum relative abundances close
to the upper boundary of the RTZ indicate that Nitrosomonas
or Nitrosospira encounter excellent conditions for nitrification,

Tischer et al. Microbial nitrogen cycling in a meromictic lake
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with replete O2 and a constant supply of NH4
+. Studies on

stratified lakes have evidenced active nitrification within the
respective RTZs (Christofi et al. 1981; Pajares et al. 2017). More
specifically, in the RTZ of a monomictic tropical lake, Pajares
et al. (2017) demonstrated the co-occurrence of nitrification,
DNRA, and denitrification genes, highlighting the importance
of internal N recycling in the lake.

Nitrification in the RTZ of Lake Lugano’s North Basin is
likely more important than previously reported by Wenk et al.
(2013), who interpreted non-overlapping profiles of O2 and
NH4

+ as evidence that NH4
+ oxidation occurs primarily under

anoxic conditions, driven by anammox bacteria. However,
overlapping O2 and NH4

+ concentration profiles observed for
2015–2018, recent dual NO3

� N and O isotope data (Tischer
et al. 2025), and a community shift of nitrifiers, including

Nitrosospira and representatives of the Nitrosomonadaceae
(Supporting Information Table S2), suggest an increased role
of nitrification within the RTZ.

Independent of the relatively low turbulent-diffusive fluxes of
N compounds toward the RTZ (Supporting Information
Table S3), the overall N turnover may be quite high, yet cryptic,
due to efficient recycling between the NH4

+ and NO3
� pools via

DNRA and nitrification. Indeed, an average net consumption
rate of 0.055 μmol NO3

� L�1 d�1 would have been necessary to
match the observed NO3

�
flux toward the RTZ. In the NO3

�-
only treatment of the unlabeled incubations, however, potential
NO3

� reduction rates were much higher (average 0.7 μmol NO3
�

L�1 d�1), suggesting that the flux-based rates underestimate the
potential for NO3

� reduction and that NO3
� reduction is closely

coupled to microaerobic NO3
� regeneration. The latter, in turn,

Fig. 6. Schematic illustration of proposed N formation processes in Lake Lugano’s North Basin coupled to the S and C cycles. Solid lines indicate trans-
formation processes; dashed lines indicate transport processes or symbolize the flow of electrons. Accessible fractions of fresh organic carbon (labile Corg)
are mostly degraded in the oxic water column, while the less accessible or more stable fractions (stable Corg) are incompletely oxidized and sink to the
sediment, where they are metabolized. H2S, CH4, along with NH4

+, steadily diffuse upward to the redox transition zone (RTZ), where they serve as con-
tinuous electron sources for denitrification and dissimilatory nitrate reduction to ammonium (DNRA).

Tischer et al. Microbial nitrogen cycling in a meromictic lake
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may be supported by DNRA, especially by S-dependent DNRA.
Cryptic N cycling, that is, without measurable intermediates as
NO2

� or NH4
+, has been demonstrated in oxic riverbeds

(Ouyang et al. 2021). In addition, Lam et al. (2009) demon-
strated that a substantial fraction of anammox in the Peruvian
oxygen minimum zone is supported by DNRA, without signifi-
cant accumulation of NH4

+. In the present-day Lake Lugano
North Basin, anammox arguably plays a subordinate role. Here,
we suggest a close coupling between DNRA, nitrification, and
denitrification that efficiently turns over fixed N and eliminates
parts of it as N2. As with the “cryptic S cycle,” we propose a
closely linked “cryptic N turnover” involving S-dependent deni-
trification and DNRA in the RTZ.

Electron donors from sediment fuel N cycling at the RTZ
We argue that N reduction in the North Basin of Lake Lugano

is mainly driven by the constant supply of H2S and CH4, as con-
ceptualized in Fig. 6. As discussed above, we suggest that most of
the Corg from primary production is either already degraded in the
upper oxic water column or is not readily available as an electron
donor in the RTZ. Instead, the accumulating Corg in the perma-
nently anoxic lake sediments is further degraded through fermen-
tation, SO4

2� reduction, and methanogenesis, transferring
electrons to the benthic H2S and CH4 pools (Blees et al. 2014).
Microorganisms in the sediment are more abundant and more
diverse than those in the water column (Bartosiewicz et al. 2024).
Moreover, they have virtually unlimited time to adapt their metab-
olism and exploit specific organic compounds. In this context, the
sediments and their natural microbial communities can be viewed
as an “electron donor refinery,” converting a non-steady flux of
poorly accessible electron donor compounds settling from the
water column into sustained H2S and CH4 production. These
metabolites then diffuse out of the sediments toward the RTZ,
where they serve as continuous—and mostly season-indepen-
dent—electron donors for chemolithotrophic and CH4-dependent
N reduction, respectively. The sustained benthic flux of reduced
substrates thus supports the establishment of a stable community
of N- and S-cycling microorganisms, structured along a spatial
sequence from oxic to low O2 to anoxic conditions, including key
taxa such as nitrifying Ca. Nitrosopumilus, Nitrosomonas, and
Nitrospira and N reducing Denitratisoma, Sulfuritalea, and Ca.
Methylomirabilis. Microbial community composition within these
guilds showed little variation over the course of this study, likely
due to the stable environmental conditions and reduced grazing
pressure in the lower part of the RTZ and anoxic water layer. We
propose that the low but continuous supply of H2S and CH4 ulti-
mately underpins the dominance of S- and possibly CH4-driven
NO3

�/NO2
� reduction over canonical organotrophic denitrifica-

tion within the RTZ of Lake Lugano’s North Basin.

Conclusions and implications
We investigated the cycling and removal of fixed N within

the RTZ of Lake Lugano’s North Basin and uncovered a

complex interplay of oxidative and reductive N transforma-
tion processes. We provide evidence that this meromictic
basin, with its deep RTZ, fosters conditions that favor S- and
CH4-driven N reduction over canonical organotrophic denitri-
fication. Nitrification, denitrification, DNRA, and transforma-
tion of S species seem to occur in the same water mass,
potentially supporting interactive and largely “cryptic” S- and
N-cycling. The coupling and partitioning of the different
NO3

�-transforming metabolisms determine whether fixed-N is
recycled and remains in the system or is removed from
it. Because DNRA (and nitrification), unlike denitrification,
retains reactive N in the environment, our findings may have
important implications for the N budget of Lake Lugano’s
North Basin. More than 50 yr ago, high inputs of P and N
shifted the lake into a meromictic and meso-eutrophic state.
Despite a substantial reduction of external P inputs over the
last 40 yr (Barbieri and Mosello 1992), the trophic state of
the lake has only weakly improved (Lepori et al. 2018). The
relatively low fixed-N removal potential in the North Basin,
coupled with efficient internal N cycling via DNRA, might
contribute to maintaining elevated NO3

� levels in the water
column, thereby slowing down the restoration process of
the lake.
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