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ABSTRACT

Managed peatlands are a significant source of nitrous oxide (N20O), a powerful greenhouse gas and stratospheric ozone depleter. Due to the complexity
and diversity of microbial N2 O processes, different methods such as tracer, isotopomer, and microbiological technologies are required to understand these
processes. The combined application of different methods helps to precisely estimate these processes, which is crucial for the future management of drained
peatlands, and to mitigate soil degradation and negative atmospheric impact. In this study, we investigated N2 O sources by combining tracer, isotopomer,
and microbial analysis in a drained peatland forest under flooded and drained treatments. On average, the nitrification genes showed higher abundances in
the drained treatment, and the denitrification genes showed higher abundances in the flooded treatment. This is consistent with the underlying chemistry,
as nitrification requires oxygen while denitrification is anaerobic. We observed significant differences in labelled N2O fluxes between the drained and
flooded treatments. The emissions of N2O from the flooded treatment were nearly negligible, whereas the N2O evolved from the nitrogen-15 (15N)-labelled
ammonium (15NHI) in the drained treatment peaked at 147 g "N 'm—2 h—1. This initially suggested nitrification as the driving mechanism behind NoO
fluxes in drained peatlands, but based on the genetic data, isotopic analysis, and N2O mass enrichment, we conclude that hybrid NoO formation involving
ammonia oxidation was the main source of NoO emissions in the drained treatment. Based on the 1°N-labelled nitrate ( 15NO;) tracer addition and gene
copy numbers, the low N2 O emissions in the flooded treatment came possibly from complete denitrification producing inert dinitrogen. At atomic level, we
observed selective enrichment of mass 45 of NoO molecule under 15NH;r amendment in the drained treatment and enrichment of both masses 45 and 46
under 15 NO3 amendment in the flooded treatment. The selective enrichment of mass 45 in the drained treatment indicated the presence of hybrid NoO
formation, which was also supported by the high abundances of archaeal genes.
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INTRODUCTION reducing nitrate (NO;") and possibly producing N, O if the

process is not complete and N,O is not transformed into

Globally, peatlands cover a small part of land area, but
they store about one-tenth of the global soil nitrogen (N) and
can be a significant source of nitrous oxide (N2O), which is
a major greenhouse gas (Liu et al., 2020) and has a global
warming potential 298 times higher than carbon dioxide.
The current atmospheric N2 O level is the highest reported
in the last 800 000 years and increasing (Hyodo et al., 2019;
IPCC, 2021). In addition, N3O is an important ozone depleter
in the stratosphere (Ravishankara et al., 2019). Production
of N2O in soil is mainly associated with nitrification and
denitrification. On the one hand, the nitrification process
under aerobic conditions begins with the oxidation of am-
monia to nitrite (NO; ) by ammonia monooxygenase via
hydroxylamine, where the side product can be N5O. On the
other hand, denitrification happens under anoxic conditions,

dinitrogen (N2) (Zhu et al., 2013; Hu et al., 2015).

The emissions of N»O are controlled by many factors
such as soil moisture, soil NO3 content, and temperature
(Parn et al., 2018; Masta et al., 2020). It has also been
reported that NoO emissions can follow a bell-shaped dis-
tribution against soil moisture, indicating high N>O flux in
the intermediate oxygen level range (Pirn et al., 2018; Masta
et al., 2020). Even though there is knowledge about N,O
production mechanisms, it is still challenging to connect
N-O emissions to specific processes under certain condi-
tions. This is because of the complex nature of microbial
processes responsible for NoO production, which could be
active simultaneously (Kuypers et al., 2018).

Methods of measurement of NoO from different micro-
bial processes are limited. The °N tracer gas flux method is a
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common technique to partition sources, NO; or ammonium
(NHI), of N2 O fluxes (Kulkarni et al., 2014; Sgouridis and
Ullah, 2015, Kemmann ef al., 2021). The ®N-labelled tracer
is injected into the soil, and the headspace is enclosed to
ensure gas tightness. This ensures the headspace is enriched
with 15N,0, which can be measured to calculate the source
of the emitted gas. One limitation of the method is that
it can only be used to partition sources of NoO (NO3 or
NH;) and not for the identification of processes. The method
creates artificial conditions by adding '°N, and hence isotope
mapping cannot be used as it is based on natural abundances
(Yu et al., 2020). In our study, we used tracer enrichment to
identify the source of N2 O and not for partitioning processes
(Stevens and Laughlin, 1998; Sgouridis and Ullah, 2015).

The isotopomers of N2O, which differ by the central
(a-) or terminal (3-) position of the heavy isotope in the
N>O molecule, have also been studied to connect N5O
to its origin in a specific process (Yu et al., 2020). The
difference in '°N natural abundance between the central and
terminal positions of '°N is called site preference of >N
(6Y5NSP). It has been considered an indicator of the NoO
formation process (Toyoda et al., 2002). Production of NoO
in both nitrification and denitrification can cause enrichment
of 1°N at both (v and 3) positions of the NoO molecule.
Therefore, wide ranges of site preference have been reported
for nitrification and denitrification processes. Even though
nitrification and denitrification can be separated somewhat
clearly using isotope mapping, some processes overlap,
making it hard to point towards a specific process (Bol et al.,
2003; Sutka et al., 2003, 2006, 2008; Well and Flessa,
2009; Hu et al., 2015). In symmetric intermediates, such as
hyponitrite (TONNO™), cleavage of the '>’N-'60 bond is
likely the reason for differences in 6'°NSF values (Schmidt
et al., 2004; Baggs, 2008). On one hand, S15NSP values
can be used to identify the processes behind N5O fluxes, as
we did in our study. On the other hand, the method poses
an inherent problem of overlapping §'°NS" ranges. Hence,
microbial data should back up the isotopomer mapping to get
a clear understanding of N2O production and consumption
processes.

For microbial analysis, quantitative polymerase chain
reaction (qQPCR) offers a precise, sensitive, and fast real-time
method to measure the relative shares of genes responsible for
different processes in the N cycle (Smith et al., 2006; Smith
and Osborn, 2009; Levy-Booth et al., 2014). It should be
noted that qPCR shows the potential for processes, but only
N> O fluxes (in relationship with gene abundance) show gene
activity. Disadvantages of the method include possible bias in
PCR amplification and poor primers coverage. Bacterial and
archaeal amoA are the key genes responsible for nitrification.
For denitrification, nirK and nirS are the key controlling
genes, along with nosZI and nosZII responsible for the final
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step of denitrification (reduction of N2O to N3) (Kuypers
et al.,2018). Furthermore, the still recently overlooked group
of microbes possessing the nosZII gene includes a significant
fraction of non-denitrifying N2O reducers, which could be
solely a sink for NoO (Hallin et al., 2018). All in all, a co-
mbined study of key functional genes and isotopic analysis of
N>O can further explain NoO production and consumption
pathways.

Studies on *°N tracer and N cycle control genes have been
integrated with a limited number of studies. Ma et al. (2008)
used such a combined approach to analyze the relationship
between nitrifier and denitrifier community composition
and abundance in predicting NoO emissions from pothole
peat soils. Suenaga et al. (2021) used the combination of
15N tracer and microbial analyses to disclose the N,O sink
potential of the anammox community. In their review papers,
Hu et al. (2015) and Yu et al. (2020) also mentioned the
importance of a combined approach. Nevertheless, the full
range of N cycle control genes has not been used in previous
studies.

Our study aimed to identify, quantify, and compare pro-
cesses responsible for NoO emissions in a drained peatland
forest by analyzing relationships of gene abundances and
isotopic signatures from ambient N sources and '°N-labelled
tracers (NO3™ and NHI) under the drained and flooded water
regimes. We hypothesised that: i) higher NoO emissions oc-
cur in the drained soil as compared to the flooded, ii) based on
the labelled 1°N, NHZr is the dominant source of N5O in the
drained treatment, whereas NO; dominates as the source of
N5O under the flooded conditions, and iii) bacterial, archaeal,
and comammox nitrification and nitrifier denitrification are
the dominant processes of NoO emissions under the drained
treatment, whereas incomplete and complete denitrification
are responsible for N»O fluxes under the flooded treatment.

MATERIALS AND METHODS
Study site

A drained peatland near the settlement of Agali (58°17’
N, 27°19’ E) in the Jérvselja Experimental Forest District,
Kastre Municipality, Southeast Estonia was the experimental
site (Fig. S1, see Supplementary Material for Fig. S1). The
experimental site was in a mixed forest mainly dominated
by spruce and birch trees. The site is close to the Apna
Ditch. In July 2020, three equilateral triangles (1.6 m in
side) were constructed for each soil moisture regime (flooded
and drained) (Fig. S1). Wooden planks were used to make
the sides of these triangles, and each side had a depth of
40 cm and a height (above soil surface) of 20 cm. One water
table observation well was also installed in each triangle.
Flooding/draining wells were installed at the center of each
triangle, and three circular collars with a diameter of 65 cm
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were installed for gas measurements at a depth of 10 cm
from the soil surface. The drained and flooded triangles
were about 10 m apart, and they began in October 2020
and finished in January 2021. The water for flooding was
extracted from the Apna Ditch. In the drained triangles, water
was drained via central wells using a pump. Flooding began
after pre-treatment sampling and continued for the rest of
the experiment. Anoxic conditions were achieved during the
short-term flooding in the flooded treatment, and the water
table was raised to 20 cm above the soil surface. Flooding
was stopped one hour before each sampling session to apply
the tracer. The soil moistures for drained triangles were in
the range of 50%—65%, and for flooded were 71%—-92%.

Soil chemical characteristics are shown in Table SI
(see Supplementary Material for Table SI). The soil had
high organic matter content, showing rich material for peat
formation, and the pH was slightly acidic. Overall, the soil
properties were similar between the drained and flooded
triangles before tracer amendment.

Gas and soil sampling

Gas and soil sampling took place six times between
October 6, 2020 and January 7, 2021. Samples were collected
during two separate NO5™ (October 20, 2020 and November
26, 2020) and NHZ (October 27, 2020 and November 30,
2020) amendment sessions. One pre- (October 6, 2020)
and one post-amendment (January 7, 2021) sessions were
conducted as control observations. We aimed for a 5% en-
richment of the respective NO; and NH; contents in the soil.
To achieve that, Sigma Aldrich (USA) 98 atom% K'°NO;
and 1°NH,Cl tracers were prepared. Each tracer was mixed
with water taken from the nearby ditch to make a tracer
solution of 250 mL. Each session lasted for an hour and
started 15 min after the injection of the tracer into the top
5 cm of the soil inside a collar. Polyvinyl chloride chambers
(65 L) were installed on top of collars (Soosaar et al., 2011)
inside the triangles, and pre-vacuumed glass vials were used
to collect gas samples. Gas samples were collected at the
beginning of each session, followed by sampling after every
20 min for an hour. Glass vials (50 mL) were used to collect
gas samples for the calculation of N2 O emissions, and 100-
mL vials were used for gas isotope analysis. The gas isotope
samples were collected at the end of each session, with three
samples per session.

Soil samples (nine for each analysis from both treat-
ments) were collected for soil physiochemical, isotope, and
microbiological analyses in separate plastic bags on all sam-
pling days. We collected 108 soil samples in total for each
analysis. The soil was collected from each collar of each
triangle at a depth of 10 cm. Until the chemical analyses, the
soil samples were stored at 4 °C in a refrigerator. Until the
microbiological analysis, the samples were stored in a —20
°C freezer.
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Soil physicochemical analyses

Soil samples were collected from the top 10 cm from
all six triangles for all treatments on all sampling days.
Soil pH, NH], NOs3, total N, total phosphorus (P), total
potassium, total calcium, total magnesium, and organic
matter were measured according to the standard methods
(APHA-AWWA-WEEF, 2005). Soil temperature was also
measured on all sampling days at depth of 10 cm.

Soil microbiological analysis

Soil total DNA was isolated using a DNeasy Powersoil
Pro kit (Qiagen, Germany), and the protocol provided by the
manufacturer was followed. Briefly, DNA was isolated from
0.25 g of wet soil sample, and a Precellys 24 machine (Bertin
Technologies, France) was used to homogenize the samples at
5 000 r min~" for 20 s. An infinite 200 M spectrophotometer
(Tecan AG, Switzerland) was used to assess DNA quality
and concentration. The isolated DNA was kept at —20 °C
for further analysis.

The reaction of qPCR was used to quantify the 16S rRNA
genes of bacteria and archaea as well as the nitrification
(bacterial and archaeal amoA) and denitrification (nirK, nirsS,
nosZI and nosZII) genes. A Rotor Gene Q thermocycler
(Qiagen, Germany) was used to perform the qPCR reactions.
The volume of the reaction mixture was 10 pL, and it
contained forward and reverse primers, 5 pL. Maxima SYBR
Green Master mix reagent (Thermo Fisher Scientific, USA),
and 1 pL isolated DNA (Table SII, see Supplementary
Material for Table SII). Every sample was amplified in
triplicate, and three DNA-free negative control samples were
added to all gPCR measurements. The qPCR results were
evaluated with Rotor-Gene® Q software v.2.0.2 (Qiagen,
Germany) and LinRegPCR v.2020.2. Standard curve ranges
were used to calculate the number of gene copies. The qPCR
methodology is described in more detail by Espenberg et al.
(2018).

N2 O gas and isotope analysis

The amount of N5O emissions from soil was measured
using a gas chromatograph (GC-2014, Shimadzu, Japan)
equipped with a flame ionization detector and an electron
capture detector and coupled with a Loftfield autosampler
(Loftfield et al., 1997).

For source partitioning of NoO emissions, 98 atom%
K!'®NOj3 and »NH,4Cl tracers (Sigma Aldrich, USA) were
used to reach a 5% enrichment to the original NO3 and NH;
pools (Kulkarni et al., 2014). Tracer solution (250 mL) was
injected into the top 5 cm of each collar inside drained and
flooded triangles using a 50-mL syringe five times into five
zones (center, left, right, top, and bottom) every time, with
ca. 10 mL into each zone to ensure even distribution. It should
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be noted that the tracers were used to partition the source
(NO3 or NH} ) of N2 O emissions and not for partitioning the
processes. Fluxes of 1°N-N,O were calculated according to
Buchen et al. (2016). Initial R45/44 and R46/44 values were
used to achieve oxygen correction according to Bergsma
etal. (2001). Then, a fraction of NoO emitted from the tracer
pool was calculated, and this fraction was used to calculate
the final °N-N,O fluxes from the total N5O fluxes (Buchen
et al.,2016; Zaman et al., 2021).

The isotopic composition of NoO was measured using a
Delta V Advantage isotope ratio mass spectrometer (IRMS)
(Thermo Fisher Scientific, USA) coupled with a modified
online concentration system Precon and GasBench II (Masta
et al., 2020). The IRMS was equipped with a Universal 3
collector and the amplifier resistor values for faraday cups
were 3 x 108, 3 x 1019, and 1 x 10! for masses 44, 45, and
46, respectively. The amplifier resistor values for masses 30
and 31 were 3 x 10® and3 x 10!, respectively. As three-cup
calibration needed to be performed for the IRMS, it was
not possible to measure all the masses (44, 45, 46, 30, and
31) at once. Hence, NO and NO were measured with two
sequences as three vials (100 mL each) were sampled for
isotope analysis during each session, with one vial for NoO
measurement and two for NO to ensure a good signal in the
IRMS (Well et al., 2006). The gas isotope calculation based
on Toyoda and Yoshida (1999) was used to calculate & 15NSP
(%o0) for each measurement as follows:
515NSP _ 615N(x . 515N[3 1)
where §'°N® and §'°NP are the '°N natural abundances
of central (a) N and terminal (3) N of N,O, respectively
(%0). Medical N5O from Linde Gas and N3O produced via
thermal decomposition of NH4NO3 were used as lab stan-
dards for the IRMS. These were then calibrated according
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to Thiinen Institute’s standards (Well et al., 2006; Well and
Flessa, 2009), which were calibrated according to the Tokyo
Institute of Technology standards (Toyoda and Yoshida,
1999). Site preference values from tracer amendment ses-
sions could be compared with the controls because the added
15N tracer artificially changed the natural isotopic abun-
dances. Site preference values were only calculated for pre-
and post-experiment sessions where no tracer was added.
Site preference values were used to partition the respective
processes responsible for N»O production and consumption.

Statistical analysis

STATISTICA v.7.1 was used for the ¢-test to determine
the differences in NH; and NO3 contents and gene copy
numbers. Spearman correlations were determined between
the soil physicochemical parameters and gene copy numbers.
Linear regression was used to compare the enrichment of
R45/44 vs. R46/44 under different amendments. Interpolated
contour plots were created using the akima package version
0.6-2.3 (Akima et al., 2021). The gene parameters were used
as dimension z, and 61°NSF and 6180 were used as the z
and y axes, respectively. R version 4.1.2 was used to explore,
harmonize, analyze, and visualize the data.

RESULTS AND DISCUSSION
Soil NO3-N and NHj—N and their relationships with N,O

Our results showed that soil NO3-N contents in the
drained and flooded treatments were in the same range be-
fore the amendment sessions. After the first amendment,
NO;-N was higher and increased only in the drained treat-
ment, whereas it dropped and remained lower in the flooding
treatment throughout the whole experiment (Fig. 1). The
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Fig. 1 Soil NO5-N and NHI—N contents throughout the experiment in the drained and flooded treatments of a drained peatland forest near the settlement of
Agali in the Jirvselja Experimental Forest District, Kastre Municipality, Southeast Estonia. Tracer solution K1®NO3 was injected into the top 5 cm of soil on
Oct. 20 and Nov. 26, 2020, and tracer solution 1°NH4Cl was injected on Oct. 27 and Nov. 30, 2020. Central lines within boxes indicate median values, box
edges indicate the 25th and 75th percentiles, and whiskers represent the 95% confidence interval. The overall means and 95% confidence intervals are shown

by the solid and dashed lines, respectively.
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NO3-N content in the drained treatment declined conti-
nuously after the first amendment to the same level as that
in the flooded site by the post-amendment session. In con-
trast, soil NH;-N was initially low in both treatments before
the first amendment and did not show any major difference
between the two treatments throughout the experiment.

The N2O emissions were higher from the drained treat-
ments by orders of magnitude and generally higher under
high soil NO; and NH contents (Fig. 2). In the flooded
treatment, soil NO3 and N>O flux levels were lower. The
N5O emissions were 368.0 = 574.2 and 1 044.5 £ 1 654.8
ug N m~2 h~? for drained treatment under NO3 and NH;
amendments, respectively. For the flooded treatment under
NO;3 and NHI amendments, N> O emissions were 2.9 4= 3.9
and 39.1 4 42.3 ug Nm~2 h~!, respectively.

The N>O emissions increased with increasing soil NOg
content. Under the flooded treatment, NO; and N2 O flux
levels were lower than in the drained treatment, possibly
indicating the presence of complete denitrification. Under
the drained treatment, NO3 levels were the highest with high
N5O fluxes. Increasing NoO emissions with the increase
in soil NO5; were also reported by Pirn et al. (2018) in
their global study of NyO emissions from organic soils.
Similar relations of soil NO; with NoO emissions have
been observed by Huang et al. (2014), who concluded that
denitrification dominates NoO emissions in acidic soils. In
this study, the peat soil was similarly acidic, and hence, the
soil NOj is expected to play a major role in NoO emissions. It
is also possible that part of NO; was formed via the oxidation
of organic N, a pathway that has recently been considered
and accounted for up to 83% of total NO; production in
laboratory experiments, especially in soils with lower P
contents (O’Neill et al., 2021). High organic matter and
relatively low P content in the soil, important preferences for
this pathway, are typical for our study area.
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Source partitioning of N, O emissions and isotope enrichment

There were significant differences in the evolution of
15N, 0 between the drained and flooded treatments (Fig. S2,
see Supplementary Material for Fig. S2). The N5O emissions
from the flooded treatment were negligible, whereas the NoO
evolved from NH] in the drained treatment peaked at 147
ug 1N m~2 h~!. The N,O emitted was enriched with
15N under both >NO3 and '>’NH; amendments (Fig. 3).
Under the 15NO; amendment, N»O was enriched with both
masses 45 and 46, and the magnitude of mass 46 was higher
than that of mass 45. Enrichment of mass 46 indicated
enrichment of ®N on both (« and 3) positions of the N,O
molecule, considering that the abundance of '*0 was in
natural conditions. For mass 45 (one N atom in the N,O
molecule), our results showed the preference of 15N for the o
position. The 1>NH; amendment showed enrichment in N2 O
largely with mass 45, indicating enrichment in one position
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Fig. 3 Relationship between N2O molecular mass ratios R45/44 and
R46/44 with injections of different tracer solutions (1 NH,Cl and K1°NO3)
into the soil along with total N2O flux in the drained treatment of the
experiment conducted on a drained peatland forest near the settlement of
Agali in the Jarvselja Experimental Forest District, Kastre Municipality,
Southeast Estonia. The shaded area on both sides of the regression line

represents the 95% confidence interval. Ri a4 = adjusted R?.
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Fig. 2 Changes in N2O emissions with soil NHI—N and NO3-N contents in the drained and flooded treatments of a drained peatland forest near the
settlement of Agali in the Jirvselja Experimental Forest District, Kastre Municipality, Southeast Estonia. Tracer solutions '5NH4Cl and K'®*NO3 were
injected into the top 5 cm of soil during the experiment. Spearman’s rho and P values were used to check for correlation strength and significance between
N2 O emissions and soil NHZ‘—N and NO; -N contents (rho and P values for non-significant relationship are not shown). log(N20) = logarithmic N2O flux.
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of the NyO molecule. The enrichment of one position only
may be due to hybrid processes of NoO formation, where
one N is coming from the tracer and another is coming from
a co-substrate (N compound in soil). Normal nitrification
where all the N originates from 1>NH; must result in nearly
equal °N enrichment of both positions. The positive §1°NSP
values in the ">NH amendment showed that the enrichment
of 1°N took place at the o position. We also found that Ny O
emissions were high under the NH; amendment and low for
the NO; amendment.

The 5N tracer amendment resulted in the enrichment of
mass 45 (1*N-15N-16Q, 15N-14N-16Q, or 14N-14N-170) and
46 (15N-15N-160, UN-1UN-180, 14N-15N-170), or 15N-14N-
170) of the NyO molecule. The 1’NH; amendment showed
a selective enrichment of mass 45 of the NoO molecule un-
der drained treatment. On the other hand, NO; amendment
under flooded treatment resulted in the enrichment of masses
45 and 46 of the NoO molecule, with a linear correlation
between mass 45 and 46. It should be noted that during
tracer labelling, it is possible to get an underestimation of
enrichment due to inhomogeneity and hence it is better to
check the enrichment using multiple methods of calculation
(Arah, 1992; Deppe et al., 2017). The enrichment level of
mass 46 was higher than mass 45, indicating that the tracer
was the source of enrichment as under natural abundances,
mass 45 dominates over mass 46 for NoO. This could be
another indicator of distinct processes under the drained and
flooded treatments. It has been reported that NoO formed
during nitrification is more depleted in 1N and 80 than in
denitrification. This explains why >NH; was the precursor
of N5O under drained conditions, showing enrichment of
mass 45 in NoO (Yu et al., 2020). The selective enrichment
of mass 45 under drained treatment and 1>NH; amendment
also indicates hybrid N2 O production. During this process,
one N (« position) comes from the tracer (15NHI) injected
and another one comes from the co-substrate (NO; ) under
dominance of archaeal gene such as ammonia-oxidizing ar-
chaea (Stieglmeier et al., 2014). In our study, archaeal genes
were dominant under drained treatment and hence hybrid
N> O production that involves ammonia oxidation might be a
major source of the NoO emissions. If nitrification was domi-
nant under drained conditions in our study, we would also
expect to detect mass 46 of the NoO molecule, considering
that we injected 15NHI as a tracer. Reduction of N3O to Ny
causes the differences in 6'°N to occur while leaving the un-
reacted N, O gas more enriched in '°N (Schmidt et al., 2004;
Baggs, 2008). The N2 O produced in our flooded peat showed
enrichment of both heavy masses (45 and 46). This indicates
that denitrification of >NOj3 was the source process of the
small amount of NoO produced in our flooded treatment.
This is also supported by NoO emissions, which were low
for the NO3 amendment and high for the NH; amendment.
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Hence, we observed hybrid N5 O formation and nitrification
as the driving processes for NoO emissions under drained
treatment and the presence of complete denitrification under
flooded treatment. In the case of tracer studies, it is not
common to perform IRMS to get enrichment for calculation
of §15NSF | as this is conducted with natural abundances.
However, it should be noted that the tracer application ampli-
fies the enrichment of each process and can provide insight
into individual process identification. Even though the site
preference values after tracer application cannot be used for
process partitioning, we found that mass enrichment can still
be used to get some insight into nitrification, denitrification,
and hybrid N, O processes.

Soil gene copies and their relations with environment cha-
racteristics

There was no clear difference in the bacterial gene
copy numbers between the flooded and drained treatments
during the amendment sessions (Fig. S3a, see Supplementary
Material for Fig. S3). Archaeal 16S rRNA gene copy numbers
were higher in the drained treatment (Fig. S3b). On average,
bacteria showed higher abundances in the flooded sites, and
archaea were more abundant in the drained sites.

Under the NHI amendment, the abundance of bacterial
amoA was slightly higher under the drained treatment than
under the flooded treatment, but there was not much overall
difference (Fig. S4, see Supplementary Material for Fig.
S4). In general, the abundances of archaeal amoA were
higher under the drained treatment, although both treatments
showed very similar abundances at the end of the experiment.

Under the '"NO3 amendment, nirS gene copy numbers
were higher under drained conditions compared to flooded
conditions, although overall, they showed similar abundances
(Fig. S5, see Supplementary Material for Fig. S5). However,
a temporal trend was observed for both treatments as the
abundances of nirS genes decreased with lower temperatures.
The nirK gene copy numbers were lower in the drained
treatment as compared to the flooded for both tracer (\°NO3
and '"NH] ) amendments. Overall, nosZI gene copy numbers
were higher in flooded conditions compared to drained. Like
in nirS abundances, the two treatments were similar in gene
copy numbers of nosZII. Fungal and bacterial denitrification
were observed as dominant processes based on the isotopic
mapping (Fig. 4).

Correlations between different soil physicochemical
parameters and functional gene abundances are shown in
Fig. S6 (see Supplementary Material for Fig. S6). Positive
correlations were observed between soil NO;', temperature,
and the abundances of nirK and nosZI genes, but pH was
negatively related to these gene abundances. The nirS gene
abundances were negatively correlated with temperature
and soil NOj3 . The higher ratio of amoA nitrification and
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nir denitrification genes indicates the greater abundance of
amoA genes under drained treatment and also shows their
significant contribution to N, O (Fig. 5a). When we compared
the N2O consumers (rnosZ) to producers (nir and amoA),
we saw that the smallest emissions came from the flooded
treatment where the nosZ abundances were high (Fig. 5b).
Bacteria were higher in the flooded treatment, but archaea
were higher under the drained treatment. This might have
been for the preference of archaeal genes towards quite dry
peatlands, which was also observed by Espenberg ef al.
(2018). Under the 15NHZ amendment, archaeal genes were
higher in the drained treatment. Gene copies for archaeal
amoA were higher in the drained treatment, suggesting
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archaeal nitrification under aerobic conditions (Barnard
et al., 2005). The denitrification gene nirK and nosZI copies
were low under the drained treatment as denitrification is
favored under anaerobic conditions (McKenney et al., 2001).
Under both water regimes, nirS dropped with decrease in soil
temperature. This might be due to the higher temperature
sensitivity of microbes with nirS genes as compared to
those with nirK genes (Xing et al., 2021). Hence, higher
involvement of the nirK microbes in the production of NoO
can be expected under lower temperatures. The number
of nosZII gene copies in the drained treatment and nosZI
in the flooded treatment were negatively correlated with
N>O emissions. Such correlation has also been observed
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in a tropical peat bog of French Guiana (Espenberg et al.,
2018). This shows different ecological niches of microbes
with nosZI and nosZII genes (Jones et al., 2013). Under the
drained treatment, nosZII was more likely to reduce N, O, but
under flooded treatment, nosZI was likely the NoO-reducing
gene.

N> O isotopomers and combination with microbial methods

We fitted our 6'°NSF and 680 values from the control
sessions into the context of two previous studies (Hu ef al.,
2015; Yu et al., 2020) (Fig. 4) that separate processes based
on those values. Our values varied in a narrow range of
the reference plots and showed overlapping processes. The
values of §'°NSF indicate the presence of bacterial denitri-
fication, bacterial nitrification, and fungal denitrification (Hu
et al., 2015; Yu et al., 2020). The gene parameters added
information on the source processes (Fig. 5). We observed
high NoO emissions under the drained treatment, where
amoA gene abundances were high as well. Similarly, under
the flooded treatment, we observed low NoO emissions with
high nosZ gene abundances, indicating the reduction of NoO
under these conditions. On comparing nitrifier (amoA) and
denitrifier (nir) genes regarding the production of N2O, we
found that the contribution of amoA genes was higher. Also,
on comparing consumer (nos) and producer (nir + amoA)
genes for N2 O, we found that in regions where consumer gene
abundances were high, NoO emissions were low and vice
versa for producer gene abundances, which were responsible
for high N2 O emissions. The site preference values indicate
the presence of multiple processes overlapping each other,
but with the combination of microbial and site preference
values, we can make a more precise estimate regarding the
processes responsible for NoO production and consumption.

The high ®N,O flux evolved from '’NH] and indi-
cated towards nitrification in the drained peat. In both the
flooded and drained treatments, §1°NSF values increased
with increasing 580 and were found to be positive. Positive
site preference values have been reported for different pro-
cesses before, such as ammonia oxidation (13%o to 34%o),
fungal denitrification (22%o to 40%o), and bacterial denitri-
fication (—7%o to 24%o) (Well and Flessa, 2009; Hu et al.,
2015; Yu et al., 2020). This clearly shows the problem of
overlapping among different processes. Our §'°NSP data
showed bacterial denitrification and bacterial nitrification
as the driving processes according to the study of Hu et al.
(2015), but based on Yu et al. (2020), our §*°N5F values
lie on the boundary of fungal and bacterial denitrification.
These isotope mapping models differ mainly in the presented
515NSP values, and although Hu ez al. (2015) include more
processes, the ranges are large, and the effect of N2O re-
duction is ignored. Yu et al. (2020) presented a much more
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precise summary of the 6'°NSF values as they only consi-
dered 6'°NSP values, which directly affect NoO emission,
and N, O reduction was presented as a separate process. On
the other hand, N,O fluxes obtained from the !°N gas flux
method initially indicated nitrification as the major source,
as the NHZr tracer was the source of these emissions. Hence,
for a more precise estimate of NoO production and con-
sumption processes, it is better to combine microbial and
isotopic results. We recorded higher gene copy numbers for
amoA, nosZII, and archaeal 16S rRNA under the drained
treatment. We should also consider that the proportion of
nosZ is lower than that of amoA in forest soils, which in-
dicates the dominance of nitrification genes under drained
conditions. Moreover, the results from isotope enrichment
indicate presence of a hybrid N2 O formation process due to
the selective enrichment of mass 45 of N5O. If nitrification
was the major source of NoO emissions under the drained
treatment, we should have also observed mass 46 in our
results as the applied °NH; must have oxidized to form
15N50. Hence, combining all factors for the drained treat-
ment, we found hybrid N, O formation that involves ammonia
oxidation as driving process for NoO emissions (Stieglmeier
et al., 2014). Another process which might be present un-
der drained conditions could be co-denitrification, but we
are not considering it for our study as it is observed under
anoxic conditions (Spott ef al., 2011). Under the flooded
treatment, we recorded higher gene copy numbers for nirK
and nosZI. Site preference range (8%o —20%o) under the
anoxic conditions and dominance of denitrifier genes indi-
cate denitrification as the main source process for the small
N>O emissions from the flooded peat (Hu et al., 2015). A
negative correlation was observed between the abundance of
nosZII gene in the drained treatment and the abundance of
nosZI gene in the flooded treatment when compared against
N0 emissions. Espenberg et al. (2018) have reported such
relations in their study of a tropical fen in French Guiana.
This indicates a difference in the ecological niches of nosZI
and nosZII genes (Jones et al., 2013; Shan et al., 2021). The
low emission under flooded conditions could be the result of
complete denitrification, leading to a reduction of N5O to
N2 .

CONCLUSIONS

Our study indicates that hybrid NoO formation that in-
volves ammonia oxidation was the major process of NoO
production in the drained peatland. Denitrification domi-
nated the small emission of N>O under flooded conditions,
possibly due to complete denitrification. Furthermore, we
observed that different microbial genes had different niches,
which affected the overall microbial processes for NoO
production. amoA and nirS genes dominated the drained
treatment, whereas nosZ and nirK were more abundant
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in the flooded treatment. A combination of isotopic and
microbial techniques for partitioning NoO fluxes yielded
additional useful information for N> O source apportioning.
At atomic level, we observed that different tracers (15NHZr
and '>NO3 ) under different treatments (drained and flooded)
enriched N>O molecules with heavy isotopes differently,
indicating the presence of separate processes such as hybrid
N5 O formation and denitrification.
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