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denitrification across 21 diverse European wetlands. 
Each approach captured different aspects of N2O emis-
sion dynamics, and their combination revealed addi-
tional features, including the timing and magnitude of 
N2O fluxes, denitrification efficiency (ratio of N2O to 
N2O + N2 emitted), and an estimate of the proportion of 
soil actively undergoing denitrification. We encourage 
the use of these key determinants to improve and para-
metrise future denitrification models that aim to quantify 
transient N2O hot moments.
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Introduction

Nitrous oxide (N2O), together with carbon diox-
ide (CO2) and methane (CH4), is one of the three 
major greenhouse gases (GHG). Despite its lower 

Abstract  A substantial part of terrestrial nitrous oxide 
(N2O) emissions originates from denitrification in wet-
lands, and this contribution is expected to rise with 
ongoing land-use changes, such as wetland drainage, 
agricultural conversion, and peatland degradation, as 
well as under global warming. Capturing the spatial and 
temporal dynamics of N2O emissions through measure-
ments and numerical modelling remains challenging, 
as extreme N2O peaks occur during short-lived tran-
sient events (hot moments). In this study, we combined 
three experimental approaches (in situ field monitor-
ing, mesocosm experiments, and slurry soil incubations 
in the laboratory) to characterise N2O hot moments of 
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atmospheric concentration, N2O has a global warm-
ing potential 273 times higher than CO2 (IPCC Sixth 
Assessment Report, 2023). It is also projected to 
become the dominant ozone-depleting substance 
of the twenty-first century if emissions remain 
unchecked (Ravishankara et al. 2009). As global ter-
restrial N2O emissions are expected to rise from 11 
Tg N yr⁻1 in 2020 to 16 Tg N yr⁻1 by 2100 (De Sisto 
et  al. 2024), understanding the underlying mecha-
nisms driving these emissions is crucial to mitigate 
them. Natural soils are the largest global source of 
N2O emissions, estimated at 6.4 (3.9–8.6) Tg N yr⁻1, 
comparable to all anthropogenic sources combined 
(Tian et al. 2024). Among natural soils, wetlands are 
the most important N2O emitters, especially peatlands 
(Pärn et al. 2018) and riparian forests (Mander et al. 
2021; Christensen & Rousk 2024). A substantial part 
of their high annual emissions may be associated with 
environmental perturbations such as frequent hydro-
logical flooding events (Jørgensen & Elberling 2012), 
or anthropogenic disturbances such as drainage, for-
estation (Hernandez & Mitsch 2006) or restoration 
(Klionsky et  al. 2024). Due to their sensitivity to 
these environmental and anthropogenic changes, wet-
lands are a particularly relevant system for studying 
increasing N2O emissions. Understanding the extent 
to which these changes influence wetlands N2O emis-
sions is therefore important for developing mitigation 
strategies.

Multiple microbial pathways contribute to N2O 
production, depending on local environmental condi-
tions. Under anoxic conditions, N2O can arise as an 
intermediate of heterotrophic bacterial denitrifica-
tion or during incomplete dissimilatory nitrate reduc-
tion to ammonium (DNRA), a process that remains 
poorly understood (Schreiber et  al. 2012; Xu et  al. 
2024). Under aerobic conditions, ammonia-oxidising 
bacteria and archaea produce N2O either through 
incomplete oxidation of ammonium to nitrite during 
nitrification, or via nitrifier denitrification, in which 
N2O is formed through pathways analogous to het-
erotrophic denitrification. These processes coexist in 
wetlands, with their relative contributions shaped by 
oxygen availability, organic carbon levels, and nitrate 
supply. In aerobic drained wetlands, archaeal nitri-
fication may predominate N2O emissions (Bahram 
et al. 2022), while rewetted sites tend to favour deni-
trification, with additional contributions from DNRA 
and nitrification (Masta et  al. 2022). High nitrate 

levels under anaerobic conditions further enhance 
denitrification (Wrage et al. 2004), and the carbon-to-
nitrate ratio often determines whether denitrification 
or DNRA is dominant (Hardison et al. 2015; van den 
Berg et  al. 2016; Hernández-del Amo and Bañeras 
2021), with a low ratio leading to predominance of 
denitrification. The intensification of freeze–thaw 
and wet-dry cycles due to global warming (Guo 
et  al. 2014; Congreves et  al. 2018), combined with 
sustained nitrate inputs from agriculture (Lind et  al. 
2013), is expected to amplify N2O release through 
denitrification.

Denitrification is a four-step anaerobic respiratory 
pathway performed by facultative heterotrophic bac-
teria, in which nitrate (NO3

−) is sequentially reduced 
to nitrite (NO2⁻), nitric oxide (NO), N2O, and finally 
dinitrogen (N2). The process relies on organic carbon 
as an electron donor, and is therefore closely linked 
to heterotrophic respiration, which simultaneously 
produces CO2, further contributing to soil greenhouse 
gas emissions. As N2O is an intermediate in this 
pathway, its emission occurs when denitrification is 
incomplete (Knowles 1982). During incomplete deni-
trification, N2O emission peaks typically occur dur-
ing short-lived events referred to as hot moments, and 
only in specific soil volumes that provide ideal con-
ditions for denitrifier bacteria, called hotspots (Zhao 
et  al. 2021). Denitrification hotspots are governed 
by a combination of physical controls (optimal soil 
temperature, anoxic conditions), chemical controls 
(nitrate and carbon availability), and biological con-
trols (abundance and activity of denitrifiers) (Chen 
et  al. 2018). These conditions are rarely met uni-
formly throughout the soil profile but instead occur 
within small, cm- to mm-scale patches defined by soil 
structure and porosity, often referred to as microsites 
(Schlüter et  al. 2025). A denitrification hot moment 
can only occur when all these conditions are met.

A hot moment is defined as a high rate of N2O 
emissions compared to baseline levels over longer 
periods, and lasting only for a short time (Groffman 
2012). To date, no universally accepted threshold for 
identifying denitrification-driven N2O hot moments 
exists, partly explained by the fact that N2O can be 
emitted by other microbial pathways such as nitrifica-
tion or DNRA. Stuchiner et al. (2025) proposed defin-
ing N2O hot moments as emissions exceeding 1.5 
times the interquartile range of annual fluxes, based 
on continuous measurements in an agricultural soil. 
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Ackett et  al. (2025) evaluated the efficiency of this 
method as well as 13 others to discriminate N2O hot 
moments in agricultural soils and concluded that the 
most effective methods were based on median abso-
lute deviation and minimum covariance determinant. 
While promising, these approaches are generally 
derived from total N2O fluxes and do not distinguish 
among the different microbial pathways contributing 
to N2O production. Because the relative contribution 
of these pathways varies across environmental condi-
tions and ecosystem types, no universal threshold can 
be readily applied to identify denitrification-driven 
N2O hot moments. In addition, they may be difficult 
to apply to short-term or intraday field studies and 
may not be widely applicable across ecosystems. 
Because hot moments depend on site-specific envi-
ronmental constraints and the relative contribution of 
each N2O-producing microbial pathway, thresholds 
derived from a single soil type risk under- or overes-
timating their occurrence in natural systems such as 
wetlands.

Hot moments are inherently difficult to quantify, as 
their prediction requires identifying when and where 
all environmental controls converge to form an active 
hotspot. Despite the development of various numeri-
cal models to simulate N2O emissions attributable to 
denitrification (Heinen 2006), only a limited num-
ber explicitly incorporate hotspots and hot moments, 
even though these events may account for a substan-
tial fraction of total N2O emissions (Groffman et  al. 
2009). Moreover, the reliability of these models is 
heavily dependent on robust empirical parameters 
(Martínez-Espinosa et al. 2021), which must be cali-
brated across a wide range of sites to encompass the 
large variability inherent to these processes (Boyer 
et al. 2006; Groffman et al. 2009). Among the envi-
ronmental parameters influencing N2O hot moments, 
soil water content is the most commonly and easily 
measured, serving as the best proxy for soil oxygen 
availability (Butterbach-Bahl et al. 2013). Its relation-
ship with N2O flux is nonlinear and unimodal, reflect-
ing the interaction of the two primary N2O-producing 
processes: nitrification (aerobic and suboxic) and 
denitrification (suboxic and anaerobic) (Davidson and 
Verchot 2000; Pärn et al. 2018; Mander et al. 2021). 
Traditionally, hot moments have been predicted based 
on the frequency of soil freeze–thaw cycles (Wagner-
Riddle et  al. 2017; Kazmi et  al. 2025) and abrupt 
changes in soil water content (e.g., groundwater table 

fluctuations; Anthony and Silver 2021; Mander et al. 
2021). Changes in topsoil water content also play a 
critical role in freeze–thaw cycles (Öquist et al. 2004; 
Kazmi et al. 2025). Other critical parameters include 
nitrate and carbon availability, and soil tempera-
ture (Heinen 2006). These parameters are typically 
acquired through field measurements, mesocosm 
studies, or slurry incubations (Butterbach-Bahl et al. 
2013).

Field measurements are regarded as the most eco-
logically relevant, as they capture N2O emissions in 
unchanged soil conditions (Groffman et  al. 2006). 
However, heterogeneous water flow, soil microtopog-
raphy, and preferential pathways may limit nitrate 
availability and impede the occurrence of fully anaer-
obic zones required for the formation of denitrifica-
tion hotspots. As a result, alternative N2O-producing 
processes such as nitrification, nitrifier denitrification, 
or DNRA can be active (Masta et  al. 2022). Slurry 
soil laboratory incubations offer precise control over 
experimental variables (Khalil et  al. 2005). Denitri-
fication enzyme activity (DEA) assays, for example, 
ensure that denitrification is the dominant process 
during the experiment, by adding water and nitrate 
solution while removing all oxic and nitrate-depleted 
microstructures (Tiedje et  al. 1989). Yet, these 
assays lack ecological realism due to soil structure 
loss and inhibition of aerobic metabolisms, limiting 
their ability to reflect the natural dynamics of N2O 
hot moments. Intact core experiments offer a middle 
ground, maintaining semi-controlled conditions while 
preserving soil structure (Dinsmore et al. 2008; Peng 
et  al. 2019). They allow continuous measurement 
of N2O emissions, capturing the full extent of hot 
moments (Kanaan et al. 2025). Because soil structure 
remains intact, oxic microsites may persist, thereby 
enabling aerobic processes such as nitrification and 
nitrifier denitrification. In addition, the physical struc-
ture of the soil can restrict nutrient diffusion, poten-
tially creating nitrate- or carbon-depleted microsites.

In situ, mesocosm and DEA experiments alone are 
insufficient to characterise all aspects of denitrifica-
tion-driven N2O hot moments, and few studies have 
combined these approaches to obtain a more compre-
hensive understanding of the process. Van den Heu-
vel et al. (2009) measured in situ N2O emissions in a 
Dutch riparian buffer zone and conducted slurry incu-
bations with acetate or nitrate amendments to explore 
environmental drivers of transient N2O emissions in 
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hotspots. Mander et al. (2014) used both in  situ and 
intact soil cores experiments to track N2O and N2 
emissions from a riparian forest, as well as the N2O: 
(N2O + N2) ratio. Douglas et  al. (2022) combined 
in  situ N2 flux measurements with DEA assays to 
characterise total denitrification hot moments in estu-
aries. While these studies demonstrate the power of 
combining experimental approaches, neither focused 
directly on the dynamics of soil N2O emissions attrib-
utable to denitrification. Moreover, all the aforemen-
tioned studies were restricted to a limited number of 
sites and types of ecosystems, constraining inference 
at broader scales.

In this study, in situ monitoring, mesocosm experi-
ments, and slurry incubations were used in combina-
tion across 21 diverse wetland soils to investigate N2O 
hot moments driven by denitrification. To induce and 
maximise denitrification-driven hot moments in all 
experiments, addition of nitrate and water were used 
to promote anoxia and provide large substrate availa-
bility. These treatments were not intended to simulate 
realistic nutrient inputs (natural precipitation, flood or 
natural soil cycling) but rather to force the occurrence 
of hot moments and maximise their detectability, in 
order to isolate the contribution of denitrification and 
characterise the temporal dynamics of denitrification-
driven N2O emissions (including their magnitude, 
duration, and N2O: N2 partitioning). Punctual field 
experiments were used to test which soils created a 
N2O hot moment in response to nitrate addition, and 
at what magnitude. Mesocosm experiments allowed 
for continuous monitoring of N2O emissions, and 
thus were indispensable to describe the entire dynam-
ics of hot moments, namely the timing and magni-
tude of emissions as well as the total N2O emitted. 
Slurry incubations were intended to alleviate chemi-
cal and physical constraints on denitrification (max-
imising nitrate availability, anoxia, temperature, and 
soil homogeneity), providing the ideal conditions for 
creating a maximal potential N2O hot moment and 
allowing comparison of the inherent biological activ-
ity of each soil. These approaches were applied across 
a network of ecologically diverse European wetland 
sites encompassing different pedo-climatic conditions 
and restoration states, including peatlands, flood-
plains, and forested systems from Finland to Spain, 
to ensure applicability at large scales. Through the 
quantification of determinants such as the magnitude 
and timing of emissions, efficiency of denitrification, 

and proportion of active microsites, each approach 
as well as their combination will help calibrate the 
dynamics of denitrification-driven N2O hot moments 
across contrasting wetland types. We hypothesise that 
these dynamics will differ between wetland types 
due to differences in chemical composition (nitrogen 
and carbon content) and soil structure. The overarch-
ing goal is the integration of these key determinants 
into denitrification models, to improve their capac-
ity to predict N2O emissions from natural soils under 
dynamic and changing environmental conditions.

Materials and methods

Study sites & sampling strategy

A total of 21 sites were selected across five Euro-
pean countries (Fig.  1a), as part of the ALFAwet-
lands European project (https://​alfaw​etlan​ds.​eu/, 
ALFAwetlands Project, 2022). These sites, located 
in Belgium, Estonia, Finland, France, and Spain, 
were chosen to represent a broad gradient of lati-
tudes, climates, and wetland types (Appendix 
Table  1), including peatlands, floodplains, alluvial 
forests, and drained forested peatlands. Peatlands 
were divided into two groups: classic open peat-
lands and mountain peatlands, as they are subject 
to differing light exposure, temperature, and cli-
matic conditions. Measurement periods at each site 
were determined based on historical climatic data 
to ensure maximal soil moisture and optimal tem-
peratures for denitrification (25 °C, after Martínez-
Espinosa et al. 2022). Accordingly, field campaigns 
were scheduled for May 2024 in Spain, June 2024 
in France and Belgium, and July 2024 in Finland 
and Estonia.

Because denitrification is most active under anoxic 
conditions, experimental plots at each site were 
selected within the most water-saturated zones while 
avoiding surface flooding. At each site, two treatments 
were applied to the soil to test nitrate limitations on 
denitrifier activity: (i) water only and (ii) water + nitrate 
solution. Adjacent to the field plots, three intact soil 
cores (10  cm depth × 10  cm diameter) were collected 
within a 2  m2 area for mesocosm experiments, and 
three homogenised slurry samples (top 10  cm) were 
taken for laboratory incubations (Fig. 1b).

https://alfawetlands.eu/
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Field measurements

Six 20  cm-wide plots were established within a 
1 m2 area and divided into two treatment groups 
with three plots each: control with water only, and 
water + nitrate. Soil temperature and moisture were 
recorded continuously using TOMST TMS-4 sensors 
(TOMST s.r.o., Prague, Czech Republic; Wild et  al. 
2019), which recorded volumetric water content, soil 
temperature, surface temperature, and air temperature 
at one-minute intervals. Two MacroRhizon samplers 
(Rhizosphere Research Products B.V., Wageningen, 
The Netherlands) were also installed in each plot to 
allow pore-water sampling during the experimental 
period (Fig.  1b). Samples for mesocosm and slurry 
soil experiments were collected at the end of field 
measurements.

Treatment solutions were prepared from local 
groundwater or nearby surface water. For each site, 
1  L of untreated water served as the control (solu-
tion 1), and 1  L of water containing 100  mg  N  L⁻1 
potassium nitrate (KNO3; RECTAPUR grade, 
purity ≥ 98%; purchased from Prolabo, Paris, Île-de-
France, France; manufactured in the European Eco-
nomic Community) was used for the nitrate treatment 
(solution 2). After initial baseline measurements, 33 
cL of each solution was applied to the corresponding 

plots (solution 1 to plots 1–3; solution 2 to plots 4–6), 
resulting in a water application equivalent of 10.5 mm 
and a nitrate application of 4.20 g N m⁻2. This addi-
tion provided excess nitrate to minimise substrate 
constraints on denitrification, thereby facilitating the 
isolation of denitrification-driven N2O emissions. 
Water addition created transient anaerobic condi-
tions, while nitrate addition further stimulated deni-
trifying microbial activity. Gas concentrations were 
monitored using a static chamber system immediately 
before treatment application, continuously for 2–4  h 
after addition, and again the following day when site 
access permitted.

A custom 3D-printed static chamber was used to 
measure GHG emissions in  situ. This chamber was 
equipped with sensors to monitor internal temperature 
and pressure, and included a fan to ensure air mixing 
and homogeneous gas distribution. The chamber was 
connected via plastic tubing to a LI-COR gas analyser 
(LI-7820 N2O/H2O Trace Gas Analyser from LI-COR 
Biosciences, Lincoln, NE, USA). During operation, 
the chamber was sealed to the soil surface, and gas 
concentrations were recorded for 5  min. Flux rates 
were derived from the slope of concentration change 
over time, initially expressed in ppb s⁻1. Slopes were 
computed by linear regression in a custom R script, 
with manual adjustment of time windows to exclude 

Fig. 1   Description of in  situ experiments. Field campaigns 
were conducted from May to July 2024 to maximise environ-
mental conditions favouring denitrification (high soil moisture 
and temperature). a Location of the study sites across the five 
countries. Wetland types included natural alluvial forests and 

mountain peatlands in France and Spain, floodplains and open 
peatlands in Belgium, open peatlands and drained peatland 
forests in Estonia, and drained peatland forests in Finland. b 
Schematic of in situ measurements and soil sampling locations 
within each study site
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anomalies. These slopes were converted to N2O 
fluxes in µmol m⁻3 h⁻1 using Eq. (1).

In this equation, the change in N2O partial pres-
sure is measured in ppb s⁻1 by the analyser. P repre-
sent ambient pressure (Pa), T is air temperature (K), 
V is the chamber and tubing volume (m3), and R the 
ideal gas constant (Pa m3 mol⁻1 K⁻1). The flux is then 
divided by soil surface area (m2) and active denitrify-
ing depth (0.1 m; Almaraz et  al. 2020). To obtain a 
volumetric flux integrated over the pore volume, val-
ues are divided by soil porosity. The final N2O flux is 
expressed as µmol m⁻3 h⁻1.

For each plot, fifteen millilitres of pore water were 
sampled at three time points: before treatment, imme-
diately after, and after the final gas measurement.

Automated field measurements in the Agali forest

A unique setup was implemented at the Estonian site 
of Agali, where an automated GHG monitoring sys-
tem had been pre-installed, as described by Mander 
et  al. (2021). This system used twelve automated 
chambers, spaced 5–15  m apart, to enable continu-
ous N2O monitoring with a PICARRO analyser. As 
at other sites, treatments were applied directly to the 
soil, and gas fluxes were monitored for one month 
following addition (June–July 2024). Treatments 
included (1) water only and 2) water + nitrate. Soil 
moisture and temperature were continuously recorded 
with pre-installed sensors (Campbell Scientific Inc. 
temperature probe; ML3 ThetaProbe soil moisture 
sensor), and pore-water sampling followed the same 
procedure as in other study sites.

Batch (slurry soil) incubations

Soil samples were collected from each site (three rep-
licates per site) and stored at 4 °C in darkness to limit 
microbial activity before experimentation. For slurry 
soil incubations (hereafter referred to as batch incuba-
tions), approximately 20 mL of homogenised soil was 
placed in 150  mL glass bottles. Denitrifier Enzyme 
Activity (DEA), defined as the total production of 

(1)N2O volumetric flux = N2O partial pressure change ×
PV

RT
×

1

surface × depth × porosity
× 3600 × 10−3

N2O + N2, and the N2O: (N2O + N2) ratio (RN2O, 
which can be termed the efficiency of the hot 

moment), were determined using the acetylene inhi-
bition technique (Tiedje et  al. 1989). This method 
blocks N2O reduction to N2, allowing quantification 
of the total denitrification potential. Additionally, as 
batch incubations provided ideal environmental con-
ditions for denitrification, the control condition with-
out acetylene yielded the maximum potential N2O hot 
moment of each tested soil.

To relieve nitrate limitation, all samples received 
100  mg  N  L−1 KNO3, resulting in two treatments: 
(1) nitrate only and (2) nitrate + acetylene (acetylene 
from PRODAIR, Aubervilliers, Seine-Saint-Denis, 
France). Because high N2O yield and acetylene inter-
ference affect the LI-COR analyser, a G200 N2O Ana-
lyser (Geotech, QED Environmental Systems Ltd., 
Coventry, UK) calibrated with a 100  ppm standard 
was used. Bottles were kept at 25  °C between sam-
pling intervals.

Before incubation, all bottles were flushed with N2 
gas to ensure anoxia and promote full denitrification. 
N2O concentrations were converted to µmol  g⁻1 dry 
soil using Eq. (2).

Here, N2O partial pressure is measured in ppm 
using the G200 analyser. DW refers to the dry weight 
of the soil sample (g), P is ambient pressure (Pa), T 
is recorded temperature (K), V is the gas volume in 
the bottle (m3), and R is the ideal gas constant (Pa m3 
mol⁻1  K⁻1). Net N2O production is expressed as 
µmol gDW⁻

1.
This value was subsequently converted to a volu-

metric flux (µmol  m⁻3  h⁻1) using bulk soil density 
(g  cm⁻3) for comparison with field and mesocosm 
results [see Eq.  (3)]. Since batch experiments use 
homogenised soil, porosity was excluded from 
calculations.

(2)N2O net production = N2O partial pressure ×
PV

RT
×

1

DW

(3)
N2O volumetric flux

= N2O net production × bulk density × 106
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Aquacosm (mesocosm) experiments

Intact soil cores (10 cm depth × 10 cm diameter) were 
collected from each site and stored at 4  °C in dark-
ness before experimentation. After returning from the 
field campaign, they were placed in the GHG-Aqua-
cosme system (Kanaan et al. 2025), consisting of four 
aquariums, each containing three replicate cores from 
the same site. Hermetic caps sealed the core tops, and 
plastic tubing connected the system to a LI-COR gas 
analyser (LI-7820). Submersible pumps allowed for 
precise control of water level within the aquariums. 
Environmental variables such as air pressure and tem-
perature were monitored continuously, and TOMST 
sensors within each core recorded temperature and 
soil moisture at 1-min intervals, and two Rhizon sam-
plers were installed per core for pore-water collection.

The cores were placed on a 10  cm sand layer to 
reproduce natural capillarity. Demineralised water, 
enriched with 100  mg  N  L−1 KNO3, was added to 
each aquarium until the water level reached just 
below the surface, creating near-saturation and anoxic 
conditions. These conditions, combined with nitrate 
enrichment, were intended to maximise denitrifier 
activity. N2O fluxes were measured alternately using 
5  min detection and 5  min air-flushing cycles. For 
each core, fifteen millilitres of pore water were sam-
pled at the start, during, and at the end of each experi-
ment (defined as the time point at which N2O emis-
sions ceased).

As in field experiments, gas accumulation rates 
were used to calculate N2O fluxes (µmol m⁻3  h⁻1) 
using Eq.  1. Denitrification efficiency (RN2O) was 
computed as the total N2O emitted divided by the 
total nitrate consumed over the same period. These 
values were then compared with RN2O estimates 
from batch experiments.

Pore‑water analyses

For each plot during field experiments, fifteen millili-
tres of pore water were sampled at three time points: 
before treatment, immediately after, and after the final 
gas measurement. For each core during aquacosm 
experiments, fifteen millilitres of pore water were 
sampled at the start, during, and at the end of each 
experiment. No water was sampled during batch incu-
bations, as the initial chemical composition of each 
soil was already analysed in the other experiments, 

and the final composition was not considered criti-
cal as long as sufficient nitrate was added to create a 
maximal hot moment. All pore-water samples were 
kept at 4  °C in darkness until analysis for nitrate, 
organic acids, dissolved organic carbon (DOC), and 
dissolved nitrogen (DN) at the CRBE Platform for 
Physical and Chemical Analyses (PAPC, Univ. Tou-
louse UPS, INPT, CNRS, IRD). Nitrate and organic 
acids were quantified using a Thermo Fisher Dionex 
ICS-5000 + HPIC (Thermo Fisher Scientific, Sunny-
vale, CA, USA), while DOC and DN were measured 
using a Shimadzu TOC-L analyser (Shimadzu Corpo-
ration, Kyoto, Japan). Initial DOC, DN, nitrate, and 
total organic acid concentrations are listed in Appen-
dix Table 2.

Normalisation

Denitrification-driven N2O hot moments are influ-
enced by several environmental parameters, notably 
soil temperature, moisture, and nitrate concentration. 
Consequently, direct comparison of raw flux values 
may be confounded by these variables. To address 
this, normalisation was performed to adjust fluxes 
and to isolate the effects of experimental design. This 
was achieved using the adapted NEMIS framework 
for denitrification modelling, which conceptualises 
observed fluxes as the product of a potential maxi-
mum rate and limiting factors [Eq. (4)] (Hénault and 
Germon 2000; Peyrard et  al. 2011; Martínez-Espi-
nosa et al. 2022).

In this formulation, the observed denitrification 
rate (Denitreal, in µmol  m−3  h−1, approximated by 
N2O flux) is described as a function of the potential 
maximum rate of denitrification (Denitpot, in µmol 
m−3  h−1) and multiplicative, adimensional limita-
tion factors for nitrate (fNitrate), soil temperature 
(fTemp), and soil moisture (fHumid). As the experi-
ments tested the impact of nitrate addition, normali-
sation was not performed with fNitrate in order to still 
be able to evaluate its effect. As for fTemp and fHumid, 
since soil temperature and moisture were system-
atically recorded during each experiment, normal-
ised N2O fluxes were computed by dividing the 

(4)Denitreal = Denitpot × fNitrate × fTemp × fHumid
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measured fluxes by the product of the correspond-
ing limitation factors [Eq. (5)].

This normalisation was applied to N2O fluxes for 
field and aquacosm experiments. N2O fluxes from 
batch incubations were not normalised, as they 
were supposed to already reach fTemp = 1 (tempera-
ture controlled at 25  °C) and fHumid = 1 (soil struc-
ture degraded and totally inundated). It facilitated 
comparison of flux data across methodologies and 
environmental conditions, improving the robustness 
of inter-experimental analyses. The formulations of 
the adimensional factors, ranging from 0 to 1, are 
given in Eq. (6–8).

[NO3
−] is the initial soil nitrate concentration 

given in µmol N  L−1. KM, NO3 is the apparent half-
saturation constant of nitrate consumption, fixed at 
17 µmol N L−1 according to Sihi et al. (2020).

Tempi is the soil temperature in °C, and Tempopt 
is the optimal temperature for denitrification, fixed 
at 25 °C according to Sihi et al. (2020).

Humidi is the soil moisture (m3
liquid m−3

total), 
Humidres is the minimal soil moisture possible 
(m3

liquid m−3
total; dependent on the type of soil), 

and Humidsat is the maximal soil moisture possible 
(m3

liquid m−3
total; dependent on the type of soil).

Statistical analyses

All statistical analyses were performed in Python using 
linear mixed-effects models (MixedLM, statsmod-
els), fitted by restricted maximum likelihood (REML) 
using the L-BFGS optimiser. Prior to analysis, N2O 
fluxes were log-transformed to achieve normality and 

(5)Normalised N2O flux =

Raw N2O flux

fTemp × fHumid

(6)fNitrate =

[
NO−

3

]

KM,NO−

3
+

[
NO−

3

]

(7)fTemp = exp

⎡
⎢⎢⎣
−

�
Tempi − Tempopt

�2
Tempi × Tempopt

⎤⎥⎥⎦

(8)fHumid =
Humidi − Humidres

Humidsat − Humidres

homoscedasticity. For datasets containing negative val-
ues, a constant (absolute minimum + 1.1) was added 
prior to transformation. Fixed effects included the factor 
of interest (normalisation, time of measurements, treat-
ment, experiment) and its interaction with wetland type 
when relevant. Random effects accounted for repeated 
measurements within experimental units (site or unique 
plots), with random intercepts and, when appropriate, 
random slopes. Restoration actions were not consist-
ent enough within a given wetland type to be statisti-
cally analysed, and thus are shown only for information 
purposes. Model formulas, hypotheses and effects are 
reported in Table S1. Post-hoc contrasts are presented in 
Table S2 and in Table S3 (for Fig. 5c). Descriptive statis-
tics of Fig. 5 are presented in Table S4. Significance was 
assessed using Wald z-tests (α = 0.05). In the Results and 
Discussion sections, LMM results for overall effects and 
descriptive statistics are expressed as mean ± standard 
deviation, whereas post-hoc contrasts between wetland 
types are expressed as mean ± standard error of the mean.

Results

Between May and July 2024, field campaigns were 
conducted in 21 European wetlands, including in situ 
experiments and soil sampling. For laboratory analy-
ses, three intact soil cores and three slurry samples 
were collected from each site for mesocosm and DEA 
experiments, respectively. During field measure-
ments, water or a water + nitrate solution was applied 
to induce a denitrification hot moment. In both meso-
cosm and DEA experiments, a water + nitrate treat-
ment was likewise used to simulate such events.

Validation of experimental setups

To reduce differences attributable to soil moisture 
and temperature variations across study sites, and 
to compare N2O fluxes between treatments, all raw 
fluxes were normalised to 25 °C and full water satura-
tion, using Eq. (5). To assess the impact of this nor-
malisation step, field N2O fluxes measured 3 h after 
water or water + nitrate treatment were compared 
with their normalised equivalents (Fig. 2a). The ini-
tial soil moisture and temperature at each site are pro-
vided in Appendix Table 2. The effect of each treat-
ment alone was assessed by comparing normalised 
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fluxes before and 3 h after treatment (Fig. 2b and c). 
Finally, to isolate the effect of nitrate addition, nor-
malised N2O fluxes were compared between water 
and water + nitrate treatment (Fig. 2d).

Across all sites, normalisation significantly 
increased N2O fluxes (Fig. 2a; log-delta = 0.77 ± 0.08, 
p < 0.001). This effect was significant for all wet-
land types (p < 0.03) except for mountain peatlands 
(p = 0.145). The greatest effect, clearly visible on 
Fig. 2a, was observed for drained peatland forests, for 
which normalisation increased fluxes by more than 
five times (ratio = 5.06).

There was no overall statistically significant 
increase in N2O fluxes after water treatment com-
pared to the baseline (Fig.  2b; p = 0.651). When 
evaluating the effect within each wetland type, only 
open peatlands showed a significant modification, 
with fluxes after treatment less than half of the base-
line (ratio = 0.45, log-delta = -0.7 ± 0.3, p = 0.008). 
For other wetland types, water addition did not sig-
nificantly change the magnitude of fluxes. By con-
trast, water + nitrate treatment significantly increased 
overall N2O fluxes compared to the baseline (Fig. 2c; 
log-delta = 1.60 ± 0.18, p < 0.001), and this effect was 
consistent among all wetland types (p < 0.008).

When testing for the effect of nitrate addition 
(i.e., comparing N2O emissions 3  h after water or 
water + nitrate treatment), overall fluxes were sig-
nificantly higher after water + nitrate treatment 
(Fig.  2d; log-delta = 0.7 ± 0.2, p = 0.001). However, 
this increase was only significant for mountain peat-
lands and open peatlands (p < 0.005), with fluxes 
respectively nearly 3 and 7 times higher. Alluvial 
forests and floodplains showed fluxes slightly higher 
after water + nitrate treatment, although the effect 
was not statistically significant (p = 0.118 and 0.406 
respectively). Drained peatland forests also showed 
no significant difference between treatments (log-
delta = 0.2 ± 0.3, p = 0.560). Across all sites, 78% 
of replicates showed higher N2O fluxes follow-
ing water + nitrate addition compared to water-only 
treatment.

Comparison across methods of N2O hot moments 
dynamics

In this section, N2O data from two sites (the Spanish 
alluvial forest of Tordera and the Estonian drained 
peatland forest of Agali) are presented to illustrate 

the complementary aspects provided by each method 
regarding the dynamics of denitrification-driven N2O 
hot moments (Fig. 3).

In situ N2O fluxes following water treat-
ment remained close to zero in the Spanish allu-
vial forest, confirming that emissions in the 
water + nitrate treatment resulted from nitrate 
stimulation (Fig.  3a). Fluxes rose gradually 
between 1 and 3  h after treatment, followed by a 
decline between 16 and 19  h. Batch incubations 
(Fig.  3c) provided estimates of maximum N2O 
fluxes at 3 and 6 h after nitrate addition, reaching 
500 and 1,000  µmol  m⁻3  h⁻1 for this alluvial for-
est. The difference between treatments with and 
without acetylene allowed estimation of total N2 
production during denitrification, approximately 
2,000 µmol m⁻3 h⁻1 in this case. Continuous in situ 
measurements from the pre-installed system at the 
Agali site (see Materials and Methods) captured 
full emission dynamics over time (Fig. 3b). For the 
water treatment, one of the three replicates showed 
notable emissions up to 6,000 µmol m⁻3 h⁻1, while 
the others showed no increase above the emis-
sion baseline. For the water + nitrate treatment, 
two replicates showed an increase in emissions, 
the highest reaching 6,000  µmol  m⁻3  h. These 
data allowed estimation of both emission dura-
tion (ranging from 60 to 90 h) and peak magnitude 
(500–6,000 µmol m⁻3 h⁻1).

Aquacosm fluxes from the Agali site are shown 
in Fig.  3d, enabling direct comparison between 
in situ and mesocosm dynamics. While aquacosm-
derived N2O fluxes were 2–50 times higher than 
those measured in the field, the bell-shaped emis-
sion curve and timing of the peak (30–70 h) were 
consistent across both methods.

N2O emission rates across study sites

The N2O flux measured 3 h after water + nitrate treat-
ment was the only characteristic of N2O hot moments 
consistently comparable across all three setups 
(Fig. 4).

No statistically significant difference was observed 
between the overall magnitude of N2O fluxes in 
field and aquacosm experiments (Fig. 4a; p = 0.084). 
Among all wetland types, only open peatlands pre-
sented significantly higher fluxes in field experiments 
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(log-delta = 2.9 ± 1.0, p = 0.005), with a magnitude 
nearly 20 times higher than in aquacosm experiments.

In batch experiments, N2O fluxes were consistently 
higher than those measured in aquacosms (Fig.  4b; 
log-delta = 2.3 ± 0.3, p < 0.001), ranging from 102 
to more than 104  µmol  m⁻3  h⁻1. This trend was 
observed for all wetland types (p < 0.003), with the 
highest increase in floodplains (ratio = 28.42), open 
peatlands (ratio = 15.06), and mountain peatlands 
(ratio = 13.72).

Key determinants of N2O hot moments

Aquacosm and batch experiments, as well as their 
comparison, helped quantify key determinants of 
N2O emission dynamics, namely the duration and 
magnitude of emissions (from aquacosm experiment; 
Fig. 5a), N2O: (N2O + N2) ratios (from aquacosm and 
batch experiments; Fig. 5b), and ratios of N2O fluxes 
3  h after treatment between aquacosm and batch 
experiments (Fig. 5c).

The duration of N2O emissions in aquacosm 
experiments varied substantially among sites 
(Fig.  5a; mean = 50 ± 40  h). Floodplains consist-
ently completed emissions within less than 24  h 
(mean = 14 ± 5  h), whereas other wetlands ranged 
from 10 to over 150 h. Half of the drained peatland 
forest replicates did not show a decline in emis-
sions; instead, they remained stable or increased, 
necessitating experiment termination before N2O 
emissions ceased. These forests also displayed 
the highest maximum N2O fluxes, reaching up to 
25,000 µmol m⁻3 h⁻1. Floodplains, open and moun-
tain peatlands, and alluvial forests had flux peaks 
from 30 to 12,000 µmol m⁻3 h⁻1, with alluvial for-
ests presenting the greatest variability (mean = 3,00
0 ± 3,000 µmol m⁻3 h⁻1). A significant positive cor-
relation was observed between overall duration and 
maximal magnitude of N2O fluxes (p < 0.001).

Figure  5b shows RN2O values calculated from 
aquacosm and batch experiments (see Materi-
als and Methods). Nearly half of aquacosm values 
remained between 0 and 0.1 (46% of replicates; 
mean of all values = 0.09 ± 0.40), except in drained 
peatland forests where they reached up to 1.5. 
Additionally, 34% of replicates showed RN2O val-
ues below 0, and 5% above 1. Batch RN2O values 
exhibited greater variability and inconsistencies 
(mean = 2 ± 10), with 32% of replicates exceeding 

1 and none below 0. Due to this high variability, no 
significant difference was detected between aqua-
cosm and batch RN2O values (p = 0.177). When 
focusing on values between 0 and 1 (theoretical 
range, as RN2O = N2O: (N2O + N2)), batch values 
were significantly higher than aquacosm values 
(delta = 0.41 ± 0.08, p < 0.001).

Figure  5c highlights the differences between 
aquacosm and batch N2O fluxes. Except for one 
replicate with a negative flux ratio (due to a nega-
tive value of N2O flux in aquacosm experiments), 
all ratios were between 0 and 0.95, signifying that 
aquacosm-derived fluxes were systematically lower 
than batch fluxes. Ratios for alluvial forests dis-
played the widest variability (mean = 0.3 ± 0.3), 
while ratios for floodplains and open peatlands did 
not exceed 0.15 (respectively, mean = 0.03 ± 0.05 
and 0.03 ± 0.04), consistent with their extremely 
low aquacosm N2O fluxes (Fig. 5a). All other wet-
land types showed ratios below 0.3. Pairwise com-
parisons among wetland types revealed a single 
significant difference: alluvial forests differed from 
open peatlands (Holm-adjusted p = 0.042), while 
no other contrasts were statistically significant.

Discussion

Each experimental approach successfully provoked 
high transient N2O emissions, and their compari-
son helped characterise different aspects of these 
hot moment dynamics. Substantial variability was 
observed throughout the measurements, possibly 
attributable to initial environmental conditions or 
alternative N2O-producing pathways.

Reproducing denitrification‑driven N2O hot moments

Baseline emissions were frequently substantial: 24% 
of replicates exceeded 10  µmol  m⁻3  h⁻1 and some 
drained peatland forests surpassed 100 µmol m⁻3 h⁻1 
(Fig. 2b and c). Most replicates (65%) ranged between 
0 and 10 µmol m⁻3 h⁻1. These values confirm that nat-
ural wetlands can act as persistent N2O sources (Pärn 
et al. 2018; Mander et al. 2021; Christensen & Rousk 
2024), with emissions amplified after an environ-
mental perturbation affecting nitrate availability. A 
minority of measurements (11% of replicates) showed 
negative baseline fluxes, indicating net N2O uptake. 
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These values were never observed consistently within 
a single site and were not correlated with measured 

initial physico-chemical properties (listed in Appen-
dix Table  2). They may reflect localised lower soil 

Fig. 2   Comparison of field N2O fluxes for all study sites, 
symmetric-log scale. To ensure linearity on the symmetric-
log scale, the axis scales are smaller between − 100 and 100. 
a Fluxes measured 3  h after water or water + nitrate treat-
ment, raw versus normalised. b Normalised fluxes measured 

before and 3  h after water treatment. c Normalised fluxes 
measured before and 3  h after water + nitrate treatment. d 
Normalised fluxes measured 3 h after treatment, water versus 
water + nitrate



	 Biogeochemistry          (2026) 169:47    47   Page 12 of 26

Vol:. (1234567890)

moisture not captured by the probe, as dry soils have 
occasionally been reported to act as N2O sinks (Gold-
berg & Gebauer 2009).

In field experiments, water addition alone did 
not significantly alter N2O fluxes relative to base-
line (Fig.  2b; p = 0.651), except in open peatlands 

Fig. 3   Examples of normalised N2O fluxes observed dur-
ing each experiment. a In  situ measurements, Spanish site of 
Tordera. b Continuous in  situ measurement, Estonian site of 
Agali. c Batch incubations with and without acetylene, Spanish 

site of Tordera; acetylene added between 3 and 4 h after incu-
bation start. Error bars denote the standard error of the mean. 
d Aquacosm experiments with intact cores, Estonian site of 
Agali
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where fluxes were reduced by half (ratio = 0.45, 
log-delta = −  0.7 ± 0.3, p = 0.008). Water + nitrate 
addition, by contrast, significantly increased fluxes 
(Fig.  2c; log-delta = 1.60 ± 0.18, p < 0.001), with a 
consistent effect among all wetland types. At the 
Agali site, the only location equipped for continuous 
field monitoring (Fig.  3b), emissions persisted for 
2–4 days following nitrate addition. As these in  situ 
N2O emissions were induced by an environmen-
tal perturbation (water + nitrate addition), reached 
high values compared to the baseline (Fig.  2c; log-
delta = 1.60 ± 0.18), and lasted only for a short time 
(Fig.  3b; 60–90  h), they meet the definition of N2O 
hot moments (Groffman 2012).

A direct comparison between the water-only and 
water + nitrate treatments further highlights the effect 
of nitrate alone, with higher N2O emissions observed 
under the water + nitrate treatment (Fig.  2d; log-
delta = 0.7 ± 0.2, p = 0.001), indicating that nitrate 
stimulated these hot moments. Because denitrifica-
tion consumes nitrate to produce N2O, this nitrate 

dependence is consistent with a denitrification-
driven mechanism. These soils may have contained 
the conditions required to trigger a hot moment but 
were likely limited by nitrate availability, supporting 
the interpretation of these events as denitrification-
driven N2O hot moments. When focusing on wetland 
types, this response was significant only in mountain 
peatlands and open peatlands, whereas alluvial for-
ests also showed higher fluxes after water + nitrate 
treatment, although not statistically significant (log-
delta = 0.5 ± 0.3, p = 0.118). According to Appendix 
Table 2, these sites had initial nitrate concentrations 
below 1.5 mg N L−1, supporting this interpretation of 
nitrate limitation. Only one floodplain was measured 
in situ, preventing any robust conclusion from being 
drawn. Drained peatland forests showed no response 
to water + nitrate compared to water-only (log-
delta = 0.2 ± 0.3, p = 0.560), suggesting low nitrate 
constraints on these emissions. Two drained peat-
land forests exhibited initial nitrate concentrations of 
3.5 and 20.9 mg N L−1, supporting the hypothesis of 

Fig. 4   Normalised N2O fluxes for all study sites, measured 
3  h after water + nitrate treatment, symmetric-log scale. To 
ensure linearity on the symmetric-log scale, the axis scales are 
smaller between − 100 and 100. a Field versus aquacosm fluxes. 

b Batch versus aquacosm fluxes. More data points appear in 
b because in  situ measurements were not feasible at all sites 
owing to technical constraints
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an excess of nitrate in these sites, although the same 
trend appeared in other drained peatland forests with 
lower nitrate contents. Field experiments therefore 
provide an ecologically realistic framework to repro-
duce denitrification-driven N2O hot moments and 
capture their expression under intact soil conditions 
(O’Connell et al. 2022).

At the Agali site, where continuous in  situ meas-
urements enabled direct comparison with mesocosm 
experiments, aquacosm reproduced both the shape 
and timing of field emissions, though with flux mag-
nitudes 2 to 50 times higher (Fig.  3b, d). The bell-
shaped emission curve of these N2O peaks is typi-
cal of denitrification hot moments following nitrate 

Fig. 5   Key determinants of N2O hot moments after 
water + nitrate treatment. a Duration of emission and maxi-
mal flux in aquacosms; replicates are outlined when emissions 
remained stable or increased. b Comparison of RN2O between 
aquacosm and batch experiments; the red zone highlights batch 
RN2O values exceeding 1, blue zones show aquacosm RN2O 

values below 0 or above 1. c Ratio of N2O fluxes (aquacosm: 
batch) measured 3 h after treatment; letters indicate significant 
differences among wetland types based on linear mixed-effects 
models (site as a random factor) with Holm-adjusted pairwise 
comparisons (p < 0.05)
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addition (Frostegård et  al. 2022). When comparing 
aquacosm and field results across all sites, flux mag-
nitudes were largely similar (Fig. 4a; p = 0.084), sug-
gesting that aquacosms can be considered reliable 
proxies for simulating denitrification-driven N2O hot 
moments in structured soils (Kanaan et al. 2025).

N2O fluxes measured 3 h after water + nitrate treat-
ment were 4 to 30 times higher in batch incubations 
than in aquacosm and field measurements (Fig.  4b; 
ratio = 4.64 in alluvial forests and 28.42 in flood-
plains). This indicates that slurry soil incubations 
created near-optimal conditions for denitrification-
driven N2O hot moments, producing fluxes that were 
maximised yet less ecologically realistic. Free from 
structural constraints and environmental heterogene-
ity, batch incubations can therefore be interpreted as 
approximations of large-scale denitrification hotspots, 
where N2O emissions approach their theoretical max-
imum (Friedl et al. 2020).

Characterising the dynamics of hot moments

Single-point field measurements alone were insuf-
ficient to capture the full dynamics of N2O hot 
moments. Although nitrate addition was followed 
by hour-scale N2O emissions (Fig.  3a), discrete 

field measurements could not resolve key dynamic 
features such as peak intensity or emission dura-
tion. These were successfully quantified in aqua-
cosm experiments (Fig.  5a), where N2O emissions 
ranged from 10 to 150 h and maximal fluxes reached 
25,000  µmol  m⁻3  h⁻1, illustrating the short-lived yet 
highly intense N2O fluxes characteristic of denitrifi-
cation hot moments. Among wetland types, drained 
peatland forests exhibited the highest and most vari-
able fluxes (mean = 10,000 ± 9,000  µmol  m⁻3  h⁻1) 
and the longest duration (mean = 100 ± 50  h). The 
second highest fluxes were observed in alluvial for-
ests (mean = 3,000 ± 3,000  µmol  m⁻3  h⁻1), whereas 
all others wetland types presented fluxes below 
2,500  µmol  m⁻3  h⁻1. These contrasting results con-
firm that the identification of N2O hot moments must 
be contextualised according to ecosystem type. The 
observed ranges of N2O emission magnitude and 
duration across wetland types (listed in Table S4) pro-
vide ecosystem-specific reference ranges that illus-
trate the typical characteristics of nitrate-induced hot 
moments. These values are intended to provide con-
textual reference points rather than universal thresh-
olds. The variable timing, expanding up to six days, 
explains why capturing complete hot moments in situ 

Fig. 6   Summary of the strengths, limitations, and applications of field, aquacosm, and batch experiments for studying denitrification 
hot moments
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was challenging, as night-time measurements were 
impracticable.

One of the main difficulties in understanding and 
predicting denitrification hot moments is that these 
high and transient emissions only occur within 
microbially active microsites that meet the physico-
chemical conditions necessary for denitrification 
(Chen et  al. 2018; Schlüter et  al. 2025). The main 
distinction between aquacosm and batch experi-
ments was that intact cores retained soil structure 
and were therefore subject to diffusion limitations 
and heterogeneity in active microsites. These con-
straints could have led to localised oxic conditions 
or spatial heterogeneity in carbon and nitrogen 
distribution, potentially shifting microbial activ-
ity toward N2O-producing pathways alternative to 
denitrification. Batch experiments, conducted using 
slurry samples with homogenised environmental 
conditions, likely experienced significantly reduced 
diffusion limitations and therefore provided opti-
mised conditions for denitrification, maximising the 
proportion of active denitrifying microsites. A com-
parison between slurry and core experiments could 
thus inform on differences in N2O production attrib-
utable to soil structure and heterogeneity, providing 
an estimate of the proportion of active microsites. 
Figure  5c illustrates this comparison by dividing 
volumetric N2O fluxes in batch incubations by those 
in aquacosms.

Because batch experiments are assumed to 
produce N2O primarily through denitrification, 
whereas aquacosms may also retain alternative 
N2O-producing pathways, this ratio likely overes-
timates the true proportion of denitrifying micro-
sites. Nevertheless, the aquacosm: batch N2O flux 
ratio provides a first approximation of the influence 
of soil structure on denitrification-driven N2O hot 
moments by relating maximal potential denitrifica-
tion activity to ecologically realistic fluxes. Apart 
from one negative outlier, ratios ranged between 0 
and 0.95, supporting the coherence of this approxi-
mation, with 95% of replicates below 0.3. Alluvial 
forests displayed the greatest variability, unrelated 
to carbon or nitrogen content (Appendix Table  2). 
We encourage future studies to refine this approach 
by minimising the contribution of alternative 
N2O-producing pathways in structured soils, for 
example by combining flux measurements with iso-
topic analyses, selective inhibitors, or molecular 

approaches targeting denitrification genes (Wrage 
et al. 2004; Wallenstein and Vilgalys 2005; Hu et al. 
2015). Once improved, this ratio may offer a simple 
yet informative metric to quantify microscale het-
erogeneity in denitrification, a long-standing chal-
lenge for both experimental and modelling studies 
(Wang et al. 2019; Schlüter et al. 2025).

Detection of possible alternative N2O‑producing 
pathways

The normalisation of N2O fluxes was intended to 
correct for the impact of soil heterogeneity on deni-
trification, particularly differences in soil tempera-
ture and moisture. Because field and aquacosm 
experiments both preserved soil structure and diffu-
sion effects, normalised N2O fluxes were expected 
to be similar between the two approaches. This pat-
tern was observed when considering all replicates 
together (Fig.  4a; p = 0.084); however, among wet-
land types, only open peatlands showed significantly 
higher fluxes in field conditions compared to aqua-
cosm experiments (log-delta = 2.9 ± 1.0, p = 0.005). 
For these sites, this difference may reflect the con-
tribution of additional N2O-producing pathways in 
field experiments, resulting in higher fluxes. Because 
aquacosm experiments provided fully saturated con-
ditions, whereas in  situ experiments involved only 
partial water saturation, it can be hypothesised that a 
substantial proportion of oxic microsites was present 
in the field, providing favourable conditions for oxic 
metabolisms such as nitrification. This interpretation 
is consistent with previous findings at the Agali site 
(Appendix Table  1), where drained soils exhibited 
higher N2O emissions attributed to nitrification, while 
rewetted soils showed lower emissions mainly associ-
ated with denitrification (Masta et al. 2024).

In aquacosm experiments, the RN2O ratio was 
calculated by dividing the total N2O emitted by the 
difference in soil nitrate concentration between the 
beginning and the end of emissions (see Materials 
and Methods). Assuming denitrification was the only 
process capable of consuming nitrate and producing 
N2O in these soils, RN2O would represent denitrifi-
cation efficiency and theoretically range between 0 
and 1. It was inferior or equal to 0.1 for 46% of rep-
licates (Fig. 5b), consistent with values used in exist-
ing denitrification models (e.g. 0.1 in Guilhen et  al. 
2020; 0.02 in Scheer et  al. 2020). However, 34% of 
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replicates showed values below 0, indicating a nega-
tive denominator and thus nitrate net production dur-
ing the experiment. This production may be attrib-
utable to nitrification, which can produce N2O as a 
by-product. Similarly, 5% of replicates showed values 
exceeding 1, indicating N2O production greater than 
nitrate consumption, which would be impossible if 
denitrification were the sole N2O-producing pathway. 
Such anomalous values occurred mostly in drained 
peatland forests, consistent with Masta et al. (2022), 
who identified a minor but non-negligible contribu-
tion of DNRA and nitrification to N2O production in 
drained wetlands after rewetting. However, the extent 
of these pathways remains uncertain, and even RN2O 
values between 0 and 1 cannot be assumed to reflect 
denitrification alone. Future DNA- or RNA-based 
analyses targeting nitrification, denitrification, and 
DNRA, or isotope tracing of added nitrogen, would 
better resolve the contribution of each pathway and 
improve interpretation of these results (Wrage et  al. 
2004; Wallenstein and Vilgalys 2005).

By contrast, batch experiments provided near-ideal 
conditions for denitrification: saturated, homogenised 
soils with nitrate enrichment and constant tempera-
ture. The high N2O fluxes observed (Fig.  4b) are 
therefore most plausibly attributed to denitrification. 
Moreover, as emphasised by Hu et al. (2015), in situ 
fluxes are commonly orders of magnitude lower than 
those measured under fully controlled laboratory con-
ditions due to strong spatio-temporal variability and 
environmental constraints in the field.

High variability in N2O emissions

Open peatlands showed low emissions in field and 
aquacosm trials (Figs. 4a and 5a). As these soils were 
already saturated (0.60–0.72 initial soil moisture; 
Appendix Table 2), added water likely failed to trans-
port nitrate effectively, limiting denitrification.

Alluvial forests exhibited the highest variability 
in the aquacosm: batch N2O flux ratio (Fig. 5c; mea
n = 3,000 ± 3,000  µmol  m⁻3  h⁻1). The highest ratios, 
above 0.3, were recorded in sites with low initial 
soil moisture (0.35–0.48; Appendix Table  2). These 
sites (Confluent dry, Rhinau, and Canoves) experi-
ence quasi-permanent dry conditions (Appendix 
Table  1), and rewetting likely disturbed denitrifier 
communities, increasing the proportion of active 
N2O-producing microsites. This pattern agrees with 

Vidon et al. (2016) and Richardson et al. (2025), who 
reported short, intense N2O bursts after rewetting 
long-term dry soils.

Drained peatland forests showed the high-
est variability across all setups (Fig.  4a, b), with 
both the greatest emission magnitude and long-
est duration (Fig.  5a; duration = 100 ± 50  h, maxi-
mum = 10,000 ± 9,000  µmol  m⁻3  h⁻1). Like alluvial 
forests, half of these sites had low initial soil moisture 
(below 0.5) and long-term dry conditions (Appendix 
Tables A1 and A2), possibly explaining their variabil-
ity and high emissions, as observed by Ranniku et al. 
(2024) at Agali. Figure 2a highlights their particular 
case, as these were the sites for which correction by 
soil moisture and temperature strongly modified N2O 
fluxes (ratio = 5.06). Because their initial temperature 
did not differ markedly from other wetland types, it 
can be hypothesised that the main correction effect 
was related to low soil moisture, even after treatment 
addition. Additionally, as drained peatland forests 
were associated with the possible presence of other 
N2O-producing microorganisms, these alternative 
pathways may also have contributed to their elevated 
emissions.

More broadly, replicate variability (illustrated at 
Agali; Fig. 3b, d), highlights the strong spatial hetero-
geneity and limited predictability of N2O emissions 
in wetland soils. Unexpectedly high N2O emissions 
following water treatment (one replicate in Fig.  3b) 
further underscore the complexity of denitrification-
driven N2O hot moments. In this particular case, the 
soil may already have contained high nitrate concen-
trations, as suggested by the high and variable initial 
nitrate levels at the Agali site (Appendix Table  2), 
and thus water addition alone may have triggered a 
localised denitrification hotspot. Understanding deni-
trification at fine spatial scales is necessary to iden-
tify consistent responses to nitrate addition and to 
improve quantification of global terrestrial N2O emis-
sions. The proportion of actively denitrifying soil vol-
ume estimated here may contribute to resolving these 
heterogeneous hotspots.

Limitations in result interpretation

Because normalisation did not alter the general trends 
of N2O fluxes but mainly affected their magnitude 
(Fig.  2a), it appears to offer a reasonable correction 
for soil temperature and moisture variability, isolating 



	 Biogeochemistry          (2026) 169:47    47   Page 18 of 26

Vol:. (1234567890)

the effect of nitrate addition. Nevertheless, its formu-
lation could be improved. Specifically, using a fixed 
optimal temperature (25 °C) may not reflect microbial 
optima across all regions. For instance, denitrifiers in 
northern Finnish soils may be adapted to cooler tem-
peratures than those in southern Spain. As empha-
sised by Powlson et  al. (1988), no universal tem-
perature optimum exists for denitrification, and the 
standard value of 25 °C used in many models likely 
oversimplifies complex microbial responses. Future 
models should therefore adopt site-specific tempera-
ture optima to improve predictive accuracy.

In addition, normalisation accounted only for envi-
ronmental parameters measured at the time of flux 
monitoring, such as initial and instantaneous soil 
temperature and moisture. However, microbial activ-
ity may depend on antecedent conditions. Seasonal 
cycles, short droughts, or prior rewetting (Hernan-
dez & Mitsch 2006) could have legacy effects on 
denitrification potential. Incorporating such temporal 
dynamics into models will be essential for more reli-
able predictions of N2O emissions.

Batch-derived RN2O values represent the classi-
cal approach to estimate denitrification efficiency. 
They provide a point estimate of N2O relative to 
N2O + N2 fluxes, determined by inhibiting the final 
step of denitrification (see Materials and Methods). 
These values showed substantial variability and often 
exceeded 1 (in 32% of replicates; Fig. 5b), suggesting 
that acetylene may have influenced net N2O produc-
tion beyond simple inhibition of N2O reduction. This 
supports recurring criticism of DEA assays, which 
highlight acetylene interference with microbial activ-
ity, as acetylene can inhibit N-cycle metabolisms such 
as nitrification and denitrification (Tilsner et al. 2003; 
Felber et al. 2012). Moreover, DEA assays have been 
shown to be less efficient in wet soils due to the lim-
ited acetylene diffusion in water (Tilsner et al. 2003). 
When restricting values to the theoretical range of [0, 
1], batch RN2O values remained significantly higher 
than aquacosm values (Fig.  5b), suggesting possible 
overestimation linked by acetylene interference.

Thus, both aquacosm- and batch-derived RN2O 
ratios present limitations. Batch experiments maxim-
ise denitrification and ensure it remains the dominant 
process; however, RN2O determination is restricted 
to the first hours following water + nitrate addition 
and may not represent realistic ratios in natural soils. 
Furthermore, acetylene inhibition itself may lead to 

overestimation of the ratio. Aquacosm RN2O val-
ues integrate emissions over the entire experimental 
period and directly relate N2O production to nitrate 
consumption, making them potentially more repre-
sentative of field conditions. However, because soil 
structure is preserved, aquacosms may also sustain 
alternative N2O-producing and nitrate-consuming 
pathways that could bias ratio estimation. Despite 
these limitations, aquacosm-derived RN2O values 
should be preferred over batch-derived values for 
characterising and simulating denitrification-driven 
N2O hot moments, as they better reflect structured 
soil conditions. N2O fluxes from batch incubations 
presented in Figs. 4b and 5c, as they were measured 
without acetylene, were free from these perturbations. 
By inducing the maximal potential hot moment for 
each soil, this experiment provided the upper range 
of N2O fluxes attributable to denitrification, enabling 
comparison with structured soils.

The estimation of active soil volume (Fig.  5c) 
also merits discussion. N2O fluxes 3 h post-treatment 
under diffusion-limited versus diffusion-free condi-
tions may not be directly comparable, as the rate of 
N2O consumption (last step of denitrification) might 
differ between setups, leading to inaccurate compari-
son of two different dynamics. In addition, denitrifi-
cation may not have been the sole pathway produc-
ing N2O in these experiments (especially in field and 
aquacosm experiments), where alternative processes 
could bias estimates of the proportion of actively den-
itrifying soil. Nevertheless, this ratio-based approach 
has the advantage of being simple to apply across 
multiple sites and provides a first approximation that 
can guide the development of refined methods. Anal-
ysis of nitrogen stable isotope abundance throughout 
the soil profile could further clarify the influence of 
diffusion and microsite heterogeneity on N2O pro-
duction (Goldberg et  al. 2008). Several studies have 
applied this approach to assess the effects of drought 
(Goldberg & Gebauer 2009; Berger et  al. 2013b 
in East Asian forest soils), drying/rewetting cycles 
(Goldberg et  al. 2010; Berger et  al. 2013a in South 
Korean rice paddies), and freeze/thaw events on N2O 
production and consumption in diverse soils. Using 
this method, these authors were able to determine 
more precisely the depth and magnitude of N2O emis-
sions following such perturbations.
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Importance for modelling efforts

Most denitrification models estimate daily or annual 
mean N2O fluxes, typically through simplified geo-
physical formulations (Heinen 2006; Martínez-Espi-
nosa et al. 2022). The short-lived N2O hot moments 
observed in this study (10–150 h in aquacosm experi-
ments; Fig.  4a) emphasises the need for hourly-res-
olution models to accurately simulate and predict 
these emissions. The challenge of incorporating 
small-scale heterogeneity in global models has been 
well documented (Or 2020; Del Grosso et al. 2020), 
and the solution relies on a balance between detailed, 
metabolism-based formulations, and data avail-
ability and resolution. Microbial and enzymatic con-
trols are particularly important during transient hot 
moments, when microbial kinetics, rather than bulk 
environmental drivers, govern emissions. As slurry 
soil experiments allow controlled perturbations (e.g., 
acetylene addition) under stable conditions, they are 
well-suited for studying these aspects. Future studies 
on microbial-based models are encouraged to focus 
on these types of experiments to calibrate enzymatic 
parameters and transient dynamics.

Wang et  al. (2019) proposed to consider the soil 
as a matrix containing a defined volume of active 
micro-aggregates to comprehend and quantify GHG 
exchanges from soil. This conceptualisation, associ-
ated with a microbial-based formulation of denitrifi-
cation (Ebrahimi & Or 2016), might be key to predict 
and reproduce N2O hot moments in heterogeneous 
hotspots. The estimated fraction of actively denitrify-
ing soil (Fig. 5c) provides an attempt to quantify these 
micro-aggregates. Future models should incorporate 
this spatial heterogeneity to accurately simulate N2O 
hotspots and hot moments.

Most denitrification models employ a single RN2O 
value (Guilhen et  al. 2020; Scheer et  al. 2020). We 
argue that the experimental calibration of this ratio 
should be subject to extreme caution, as it strongly 
depends on methodology and may be influenced 
by other N2O-producing pathways. Notably, batch-
derived RN2O estimations may be affected by acety-
lene, whereas aquacosm-derived values may include 
non-denitrification processes, leading to incorrect 
estimations (Fig.  5b). As Weier et  al. (1993) noted, 
using a universal RN2O for diverse ecosystems may 

lead to false estimations as N2O-producing soils can 
be considerably different from each other, and global 
models should apply wetland-type-specific or condi-
tion-specific values.

Finally, the wide geographical and ecological 
scope of this study (covering diverse wetland types, 
climates, and latitudes) produced a unique dataset 
of N2O emissions following nitrate addition. Com-
bined with high-resolution aquacosm data and fully 
controlled batch data, field observations provide a 
solid empirical foundation for calibrating and vali-
dating models that simulate denitrification N2O hot 
moments in wetlands. We strongly encourage using 
multiple ecosystems and complementary experimen-
tal methods to ensure the scalability and robustness of 
future models.

Conclusion

By integrating three complementary approaches 
(in situ measurements, intact core experiments, and 
slurry soil incubations) across a broad range of Euro-
pean wetlands, this study established a framework 
for characterising denitrification-driven N2O hot 
moments. Aquacosms, which reproduced the shape 
and timing of field N2O emission peaks, captured the 
complete dynamics of these transient events, includ-
ing peak magnitude, emission duration, and RN2O 
values. The combination of aquacosm and batch incu-
bations, in turn, could provide a novel way to estimate 
indirectly the proportion of soil microsites actively 
contributing to N2O emissions. These findings war-
rant further validation through external techniques 
such as tomography or microprobe analyses, and 
should be the focus of future investigations. A synthe-
sis of each method’s contributions and limitations is 
presented in Fig. 6.

The key determinants derived from this integrated 
approach (RN2O, flux intensity, emission duration, 
and proportion of active microsites) span a wide 
range of wetland types, latitudes, and environmental 
contexts. We encourage the use of these parameters to 
calibrate future microbial-based denitrification mod-
els aiming to simulate N2O emissions during deni-
trification hot moments. Field measurements remain 
essential for model validation, anchoring laboratory 
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and mesocosm results in real ecological conditions. 
By providing a robust experimental dataset for the 
calibration and validation of predictive models, this 
study supports a more accurate and scalable under-
standing of wetland N2O emissions, essential for 
guiding mitigation strategies and ecosystem manage-
ment under global change scenarios.
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Table 1   Summary of all study sites with their wetland type, state of restoration, and detailed description

Country Site name Type of wetland Restoration action 
(water regime change)

Description

Belgium Dyle Valley Floodplain Rewetted Alluvial floodplain with buried peat; grazing area
Belgium Zuidleie Valley Open peatland Rewetted Mesotrophic fen meadow; manual removal of sludge 

deposit
Belgium Zwarte Beek Floodplain Rewetted Floodplain with buried peat; rewetted by closing 

ditches
Estonia Agali Drained peatland forest Rewetted Rewetted naturally (beaver)
Estonia Kuresoo Open peatland Rewetted Rewetted former drained peatland
Estonia Kuresoo Control Open peatland No action Peatland
Estonia Laiuse Open peatland Rewetted Rewetted former peat extraction field; water level 

manipulation
Estonia Laiuse Control Open peatland Drained Former peat extraction field
Finland Kivalo Drained peatland forest Vegetation management Continuous cover forestry on drained peatland forest
Finland Kivalo Control Drained peatland forest Drained Drained peatland forest
Finland Lettosuo Drained peatland forest Vegetation management Continuous cover forestry on drained peatland forest
Finland Lettosuo Control Drained peatland forest Drained Drained peatland forest
Finland Rottasniitunsuo Drained peatland forest Vegetation management In restoration: removal of trees
France Bernadouze Mountain peatland No action Non-productive mountain peatland
France Confluent dry Alluvial forest No action Rarely flooded
France Confluent wet Alluvial forest No action Flooding area
France Rhinau Alluvial forest No action Rarely flooded
Spain Cànoves Alluvial forest Rewetted Receiving effluents from a wastewater treatment 

plant
Spain Estanyeres Mountain peatland No action Non-productive mountain peatland; grazing area
Spain Rubió Mountain peatland No action Non-productive mountain peatland; grazing area
Spain Tordera Alluvial forest No action Flooding area
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