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ABSTRACT

Nitrous oxide (N,O) is the third most important anthropogenic greenhouse gas, with atmo-
spheric concentrations increasing from 273 to 336 ppb since 1800, primarily due to the use of
agricultural fertilisers. While N,O fluxes from managed agricultural soils are well-studied,
recent studies have shifted focus toward nutrient-rich Arctic soils. However, the majority
of Arctic soils remain nutrient-poor, and low N>O fluxes are poorly understood. This thesis
advances our understanding of low N, O fluxes in a nutrient-poor, highly heterogeneous Arctic
peatland through three years of repeated manual chamber measurements across the snow-free
season.

A key challenge in quantifying low fluxes is methodological sensitivity. We evaluated the
performance of a novel portable gas analyser (Aeris MIRA Ultra N;O/CO;) under laboratory
and field conditions, confirming its suitability for manual chamber measurements in the
Arctic. We developed practical guidelines for instrument setup, chamber closure times, and the
critical need to measure N, O fluxes under both light (transparent chambers) and dark (opaque
chambers) conditions.

We demonstrate that a nutrient-poor peatland acts as a continuous, non-negligible yet
small sink for N,O during the snow-free season—first in-situ evidence of sustained uptake in
Arctic peatlands. However, we also identify a localised N> O hot spot, showing that a single
site could transform the ecosystem from a net sink to a net source. Using random forest
models, we identify photosynthetically active radiation (PAR) and net ecosystem exchange as
the dominant drivers of low N,O fluxes, with consistent differences between light and dark
conditions (Wilcoxon rank-sum test: 0.37, p < 0.001).

This work provides robust methodological guidance, reveals a persistent N, O sink and
unexpected hot spots, and identifies key environmental drivers of low N,O fluxes. It under-
scores the necessity of repeated, paired light—dark measurements and sufficient replication to
detect hot spots in variable Arctic ecosystems. These findings are relevant to Arctic and other
nutrient-poor ecosystems globally.

Keywords: nitrous oxide, Arctic, PAR, peatland, Aeris MIRA Ultra N,O/CO,
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1 INTRODUCTION

1.1 What is the Arctic and why does it matter?

The Arctic refers to the polar region of the Earth which surrounds the North Pole; however,
a uniform definition of it does not exist. The extent of the terrestrial Arctic region can be
described according to four definitions: 1. the astronomically distinguished line of latitude,
i.e. the area above the Arctic circle (66°33’N); 2. the climatological area in the Northern
Hemisphere where the average temperature for the warmest month, July, is below 10°C; 3.
the (geo)botanical criteria of the northern boundary of the tree line extent (Przybylak 2016),
and the hydrological drainage basin, i.e. the watersheds which drain into the Arctic ocean
(McGuire et al. 2010). Independent of the definition, areas on the borders of the Arctic circle
can serve as precursor regions to anticipate potential changes further north.

The Arctic plays a key role in the global carbon (C) and nitrogen (N) cycles (Schuur
et al. 2022), and can considerably affect the global climate. Ecosystems at high latitudes are
experiencing warming at rates two to four times greater than the global average (Hugelius
et al. 2020; Rantanen et al. 2022), leading to permafrost thaw and soil warming, especially
in regions like northern Sweden (Biskaborn et al. 2019; Strand et al. 2021). Permafrost soils
store an estimated 1000 £ 200 Pg of organic C and 60 + 20 Pg of N within the upper 3 m,
with roughly one third stored in peatlands (Palmtag et al. 2015; Palmtag et al. 2022). Including
the stocks below 3 m, these soils represent the largest terrestrial C and N reservoir on Earth
(Strauss et al. 2021). Warming can boost microbial activity and the decomposition of soil
organic matter, thereby unlocking this huge reservoir of C and N and increasing emissions of
greenhouse gases (GHGs) such as carbon dioxide (CO;), methane (CHy) and nitrous oxide
(N,O) (Palmtag et al. 2022). The release of these GHGs to the atmosphere would result in a
positive feedback loop that intensifies global climate change and further accelerates global
warming (Turetsky et al. 2020).

1.2 Global and Arctic N,O fluxes

With a global warming potential almost 300 times stronger than CO, over a period of 100
years, N7O is the third most important GHG on this planet (Intergovernmental Panel On
Climate Change (Ipcc) 2023). It stays in the atmosphere for more than 100 years, and its
concentration in the atmosphere has increased by nearly 25% since 1750 (Thoning et al. 2022).
According to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(Intergovernmental Panel On Climate Change (Ipcc) 2023), N,O emissions contributed 6.4%
to the total effect of GHGs on global warming since pre-industrial times. Most of this increase
is due to the introduction of synthetic N fertilisers in agriculture in the 1910s-1920s (Maaz
et al. 2021), which is also the reason why most N»>O research has, so far, focussed on managed
agricultural soils (De Klein et al. 2020). Nevertheless, natural sources dominate the global
N,O budget, contributing 11.8 Tg N yr~! (Tian et al. 2020). About half of these emissions
originate from soils, with tropical soils exhibiting the highest fluxes among natural soils, while
permafrost soils account for roughly 4% of global N,O emissions (Tian et al. 2020, 2024).
However, the magnitude of the Arctic NoO budget is highly uncertain (Hugelius et al. 2024).
Anthropogenic sources follow, contributing 6.5 Tg N yr—!, of which agriculture is responsible
for more than half (3.6 Tg N yr~!) (Tian et al. 2024).
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While the majority of Arctic research has focussed on CO; and CHy fluxes, N, O fluxes
have been previously neglected. This is mainly due to the traditional assumption that Arctic
soils generally have a low availability of reactive N (Martikainen et al. 1993; Christensen et al.
1999), until more recent research challenged this view, especially under global warming. Since
2009, several studies have reported high N>O emissions from organic-rich ecosystems and in
the Arctic, with flux rates similar to those from agricultural soils (Repo et al. 2009; Elberling
et al. 2010; Marushchak et al. 2011). High N,O emissions have also been reported from
disturbed soils following permafrost thaw (Yang et al. 2018; Marushchak et al. 2021). These
findings have shifted the focus to selected high-nutrient areas within the Arctic. However,
it is equally important to report and understand near-zero N,O fluxes from nutrient-poor
ecosystems to avoid a biased site selection favouring high-emitting areas (Voigt et al. 2020).
In addition, low N and especially wet ecosystems could favour N,O uptake (Martikainen
et al. 1993), which has, to date, not been confirmed in Arctic field studies (Schlesinger 2013;
Buchen et al. 2019). Along these lines, studies exploring NoO processes in nutrient-poor
Arctic ecosystems are rare and mostly laboratory-based (Palmer et al. 2012; Song et al. 2022).
As aresult, the highly heterogenous Arctic landscapes and high temporal and spatial variability
of N, O fluxes still make it challenging to assess the magnitude and impact of individual drivers
on N,O fluxes (Butterbach-Bahl et al. 2013; Voigt et al. 2020).

1.2.1 How have we measured N,O fluxes in the Arctic so far?

The most widely used method to measure gas fluxes from the soil surface are chambers
(Rapson and Dacres 2014). During closed chamber measurements, a chamber of a known
volume is placed onto the soil to enable the accumulation or depletion of gases in or out of
the chamber. Until recently, NoO concentrations in the Arctic were determined by collecting
(typically) between four and six air samples with a syringe from the head space of a closed flux
chamber, and then analysing the samples using a gas chromatography (GC) in the laboratory
(Denmead 2008; Hensen et al. 2013; Pavelka et al. 2018). This is the traditional approach
when using portable chambers, and even though it has been used for decades, it is known
that differences in low flux concentrations are hard, if not impossible to capture with this
method (Hiibschmann 2015; Fiedler et al. 2022). This is because so few samples drawn from a
fluctuating time series may not display a linear trend, especially for N,O (Hiibschmann 2015).
On top of that, the GC method includes the handling of gas samples and is prone to human
error, making the detection limits of this method lower (Fiedler et al. 2022). Additionally,
the large majority of N,O fluxes was measured using opaque chambers, thus artificially
excluding sunlight and seldom separating light and dark periods (Stewart et al. 2012). Recent
advances in laser spectroscopy led to novel, portable (<15 kg), and fast-responding (1 Hz, i.e.,
sampling every second) GHG analysers, offering new possibilities for measuring low N,O
concentrations in the field (Subke et al. 2021). These analysers have lower detection limits and
provide a higher precision method that allows for near-continuous monitoring of concentration
changes in the field (Hensen et al. 2013). The detection limit was a significant constraint, as
many reported N> O fluxes were below the threshold of the GC method and made it impossible
to investigate drivers of low N,O fluxes accurately. With these recent advances, however,
studies are needed to evaluate the performance of such instruments in different ecosystems.
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1.2.2  How is N>O in soils produced and consumed?

The primary sources of N, O in natural soils are nitrification and denitrification, both of which
are mediated by soil microbes (Butterbach-Bahl et al. 2013). However, there are many other
pathways that have been reported in the last decade, and perhaps many that still remain
unknown (Butterbach-Bahl et al. 2013). On top of that, because soils are so heterogenous,
many contrasting micro-environments (e.g., aerobic and anaerobic) can co-occur on a small
scale, and allow N transformation processes to happen at the same time (Bhattarai et al. 2022).

To understand the complexity of N,O fluxes, it is essential to consider the main soil N
cycling processes. These include inputs through atmospheric deposition and biological Nj
fixation, plant uptake, microbial immobilisation, mineralisation, nitrification, and denitrifica-
tion (Robertson and Groffman 2024). Atmospheric deposition (from lightning, combustion,
and long-range transport) introduces reactive N forms to soils. Plant uptake and microbial
immobilisation remove available N, while mineralisation converts organic N to inorganic
forms, supplying substrates for nitrification and denitrification. Nitrification is a mostly aer-
obic, autotrophic process in which nitrifying microbes oxidise ammonium (NHZ{) to nitrite
(NO, ) and nitrate (NO53), resulting in the release of N>O (Robertson and Groffman 2024). In
contrast, denitrification occurs under anaerobic conditions, where denitrifying microbes use
NOj as an electron acceptor instead of O, when degrading organic compounds (Firestone and
Davidson 1989). This process can result in either incomplete denitrification, leading to N,O
emissions, or complete denitrification, which closes the N cycle by releasing N back into the
atmosphere (Robertson and Groffman 2024).

On the other hand, the ability of soils to take up N,O has been recognized for years (Fire-
stone and Davidson 1989). N>O uptake has been observed in Arctic and boreal ecosystems,
particularly in soils with limited N availability and high moisture levels (Martikainen et al.
1993; Brummell et al. 2012, 2014; Voigt et al. 2020). Under these conditions, denitrifying
microbes can take up atmospheric N>O as an alternative electron acceptor when O, and NO3—
are absent (Martikainen et al. 1993; Brummell et al. 2012; Voigt et al. 2020). The only pathway
known for this N,O uptake is the microbial-mediated reduction of N>O to N,. This process
is carried out by the enzyme N, O reductase, and it is the nosZ gene that contains the DNA
for making this enzyme (Sanford et al. 2012). It can be divided in two clades, which are
groups of genes that share a common evolutionary origin: clade I, hosted by microbes who
can both produce and consume N, O, and clade II, hosted mainly by microbes consuming N,O
from the atmosphere (Sanford et al. 2012; Jones et al. 2013). When we differentiate between
incomplete and complete denitrification, other genes, namely nirK and nirsS, also play a role:
in incomplete denitrification, the absence of nosZ and presence of nir lead to N, O emissions,
while in complete denitrification, nitrite reductase nirK and nirS genes produce NO, further
converted to N, O, part of which can be reduced to N, (Graf et al. 2014). The balance between
N, O producing and N,O consuming genes can be expressed as (nirK + nirS)/nosZ gene ratio.
This ratio largely determines how much N,O is produced as the net sum of the production
and consumption processes (Jones et al. 2013). Overall, the balance between nosZ genes
(complete denitrification or direct consumption of N»O) and nirK + nirS genes (incomplete or
complete denitrification), influenced by environmental factors such as nutrient availability and
soil moisture, determines if an ecosystem is a source or sink of NoO (Jones et al. 2013). Given
the complexity, relatively little is known about microbial processes producing or consuming
low N> O fluxes in the Arctic region.
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1.2.3  What drives Arctic N>O fluxes?

N, O fluxes — and the underlying production and consumption processes that regulate them —
are controlled by many interacting environmental drivers (Butterbach-Bahl et al. 2013). To
understand the mechanisms underlying N> O fluxes, it is essential to consider the key drivers
that influence soil microbial activity, which plays a central role in regulating N,O fluxes
(Butterbach-Bahl et al. 2013). In permafrost soils, the most studied of these are soil moisture,
soil temperature, and the availability of nitrogen (N) and carbon (C) substrates, all of which are
strongly modulated by vegetation cover (Voigt et al. 2020). Three primary factors contribute
to elevated N> O emissions:

(a) optimal soil moisture, which creates an environment that supports both aerobic and
anaerobic microbial activities. Intermediate water-filled pore space values (60-70 %)
have been shown to promote coupled nitrification and denitrification, resulting in net
N, O release (Voigt et al. 2017a).

(b) high soil temperatures, which increase microbial activity and, consequently, N,O emis-
sions. Higher soil temperatures are consistently associated with increased N,O emis-
sions when soil moisture or N availability are not limiting (Koponen et al. 2006; Voigt
et al. 2017a; Wu et al. 2017).

(c) sufficient supply of N and C, which fuels heterotrophic denitrifying and autotrophic
nitrifying microbes. Enhanced mineral N availability in the form of NH4+ and NO3,
triggered by increased mineralisation and further nitrification and denitrification, can
promote N> O emissions (Voigt et al. 2020).

These factors are interconnected and influenced by various environmental parameters. For
example, vegetation affects N,O exchange by competing for reactive N, modifying soil
temperature through shading, and altering soil moisture through transpiration (Marushchak
et al. 2011; Voigt et al. 2017a). Bare peat surfaces, in particular, can act as hot spots due to
high mineral N availability in the absence of plants. Thawing permafrost may further amplify
these effects, leading to large emissions from drier palsa mounds on thawing permafrost
peatlands, while collapsed, wetter areas typically show low fluxes (Elberling et al. 2010; Voigt
et al. 2017b). By understanding the complex interplay between these factors, we can better
comprehend the mechanisms controlling N, O fluxes in permafrost regions and predict how
they may respond to environmental changes.

Because most N>O studies measured N,O fluxes only in dark conditions (by adding a
light-reflective tarpaulin on the chamber or using opaque chambers), the relationship between
photosynthetically active radiation (PAR) and N, O fluxes is complex and understudied, par-
ticularly in Arctic ecosystems (Shurpali et al. 2016; Keane et al. 2018). This is because soil
N, O fluxes are a result of multiple production and consumption processes, none of which
are currently known to be completely suppressed in dark conditions, unlike gross primary
production (GPP). Stewart et al. 2012 reported light-dependent N,O fluxes from High Arctic
polar-desert soils, with N> O sources under dark, and N, O sinks under light conditions. They
suggested that the effect of light on N> O fluxes is highly site and condition dependent, with
vegetation and soil moisture playing an important role (Stewart et al. 2012); however, their
results were not statistically significant. As a driver of photosynthetic activity, PAR has been
shown to stimulate root exudation in agricultural soil by increasing the discharge of readily
available C from plant roots which is supplied to denitrifying microbes (Keane et al. 2018;
Wu et al. 2021). C availability drives denitrification both directly (Firestone and Davidson
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1989) an indirectly by depleting the soil of O, through microbial respiration (Farquharson and
Baldock 2008), and can therefore lead to higher N, O emissions (Wu et al. 2021). In addition
to PAR, the N,O-CO; flux relationship remains poorly understood, despite its importance for
global carbon—nitrogen interactions (Xu et al. 2008). Across ecosystems, CO, fluxes (both
net ecosystem exchange (NEE) and ecosystem respiration (ER)) were significantly positively
correlated to N, O fluxes and explained 52-84% of N, O variation, likely due to root-zone oxy-
gen concentrations, root exudation of labile C by plants (Xu et al. 2008), or vegetation-driven
N uptake (Zona et al. 2013). While CO; fluxes are routinely partitioned into gross primary
production (GPP) and ecosystem respiration (ER), N, O studies are seldom separated into light
and dark measurement periods (Stewart et al. 2012). Chamber measurements during light
conditions are crucial to fully understand this relationship, but have been rarely conducted in
high-latitude ecosystems.

2 AIMS OF THIS STUDY

The overall aim of this study was to bring forward our knowledge on N,O fluxes in Arctic
regions by detailed studies on a subarctic palsa mire. Specifically, my study introduces new,
practical guidelines on how to successfully measure N> O fluxes in Arctic and other nutrient-
poor ecosystems (I), investigates drivers of both Arctic NoO emissions and uptake using a
unique, extensive dataset (n = 1483) from seven field campaigns covering all months between
May and September (II, IIT), and examines the impact of microbes on N>O fluxes during
differing light conditions (III):

I How can we best measure low N,O fluxes in the Arctic? (Study I)

II How do micro habitat properties, microbial activity, and seasonal weather conditions
affect N, O fluxes at the Stordalen mire? (Study II, IIT)

IIT Can microbes explain the effects of differing light conditions on N>O fluxes? (Study
I1I)

Study I focussed on practical guidelines, including optimal chamber closure times, and
the recommendation to include both light (transparent) and dark (opaque) measurements. We
further tested the performance of the N;O/CO, portable gas analyser (Aeris MIRA Ultra) in
Arctic ecosystems. Having found a significant difference between light and dark measurements
on N, O fluxes during the first test field campaign, study II focussed on the effect of micro
habitat properties and environmental variables (PAR, CO,, as well as soil temperature, soil
moisture, soil nutrient availability, and vegetation) on N>O fluxes, providing novel insights
on drivers of N;O fluxes in the Arctic. Study III completes the dissertation by analysing the
impact of microbes on the light and dark difference.
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3 MATERIALS AND METHODS

We use the terminology proposed by Fiedler et al. (2022), with location describing the area
where sampling occurs (”Stordalen mire”), site describing a vegetation unit within the location
("’palsa lichen”, ”palsa moss”, bog”, ’fen”), and chamber base position (i.e. plot) for the
exact spot where N> O was measured. With “chamber closure time”, we specify the time frame

a chamber was closed onto the soil; one of these periods is then called “measurement period”.

3.1 Study site

We collected the majority of our data at the Stordalen mire, a complex palsa mire underlain by
sporadic permafrost located in subarctic Sweden (68° 20.0’ N, 19° 30.0” E), 10 km east of
Abisko (Abeskovvu in Northern Sami language). Here, the classification as “subarctic” follows
the updated K&ppen-Geiger climate classification, indicating cold summers and winters and
no significant precipitation difference between seasons (Peel et al. 2007). Permafrost has been
thawing rapidly at this location over the last decades, and only remains in the dry uplifted
areas on the peatland (palsas) (Sjogersten et al. 2023). Palsas are raised peat mounds that form
when frozen ice lenses push peat layers upward (Seppild 2011). They are a common - but
disappearing - landscape feature in Fennoscandia. For our study, we randomly selected 24
chamber base positions in three transects on a dry-to-wet thawing gradient from palsa to bog to
fen, with 6 replicates for each land cover type: palsa lichen, palsa moss, bog, and fen (Figure
1). Vegetation on the palsa is mainly dominated by lichen (Cladonia spp.), shrubs (Empetrum
hermaphroditum, Betula nana, Vaccinium uliginosum, V. vitis-idaea, Rubus chamaemorus)
and some mosses (Dicranum elongatum, Sphagnum fuscum). Both bogs and fens contain
peat-forming mosses (Sphagnum balticum, S. lindbergii, S. riparium), with the dominant
vascular plants on fens being cotton grass (Eriophorum vaginatum, E. angustifolium) and in
bogs sedges (Carex rotundata, C. rostrata). The soils in the area are classified as organic
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Figure 1: Three transects with chamber base positions in Stordalen overlaid on satellite image from
©Google Maps. The location of the Stordalen mire is marked with a star. Here, micro habitats are
represented with different colours and symbols for clarity. The spatial data of each country can be found
athttps://simplemaps. com, last access: 17/09/2024 (I)
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histosols or, if permafrost occurs within 2 m of cryoturbation activities, as cryosols (Siewert
2018). Transects 1 and 2 each contain 6 chamber base positions and are located in the northern
centre of the mire, within the footprint of an Integrated Carbon Observation System (ICOS,
SE-Sto) eddy covariance tower which has been operating since 2014 (Lundin 2022, Figure 1).
Transect 3 lies in the most north-eastern part of the palsa (Figure 1). We further conducted
some “hot spot screening” all over the palsa, during which we lowered the chamber on bare
soil patches to specifically look for hot spots.

To test if our hypothesis about the light dependency of N>O fluxes holds true for other
peatlands as well, we further collected data at the Storflakket mire (68° 20.8° N, 18° 58.3” E)
near Stordalen during two days in June and July 2024.

3.2 GHG flux measurements
3.2.1 Flux sampling

Data were collected in September 2022, May, June, July, and September 2023, and June, July,
and August 2024. For our measurements, we used a custom-built static, non-steady state,
non-flow-through chamber (Livingston and Hutchinson 1995) made from acrylic glass (Go6li
GmbH, Germany) with a height of 250 mm and a diameter of 250 mm (Figure 2). The chamber
was equipped with a fan (SUNON Maglev, 80 mm x 80 mm x 25 mm, 2000 RPM) to ensure
well-mixed conditions within the chamber during the measurements, a relative humidity (RH)
and temperature probe (EE08, E+E Elektronik, Germany), and a pressure sensor (61402V, RM
Young). As complementary variables, we measured soil temperature at 15 cm depth (PT100
4-wire sensors, JUMO GmbH & Co. KG) at each quadrant outside of the plot, soil moisture at
12 cm and 30 cm (CS655-DS and CS650-DS, Campbell Scientific), and photosynthetically
active radiation (PAR) (PQS1, Kipp and Zonen). To measure N,O and CO; concentrations
within the chamber head space, we used the Aeris MIRA Ultra N,O/CO, analyser (Aeris
Technologies; sensitivity: 0.2 ppb/s for CO, and N, O, frequency: 1 Hz). To measure CO, and
CHy4, we used the Li-7810 CH4/CO,/H,0 Trace Gas Analyser from LI-COR. For the dark
measurements, a custom-made, reflective, light-impermeable tarpaulin was placed on top of
the transparent chamber. We used a chamber closure time of 5 min (II, IIT) and 10 min for
testing purposes (I), respectively.

Figure 2: Chamber setup during measurement period, with soil moisture and soil temperature sensors
installed in the soil, and all inlets connected. Photo: Fabio Cian, “Ubiquitous Anomaly”’, CC BY-NC-ND
4.0@)
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3.2.2  Flux calculations

In our study (I, IL, III), we calculated N, O fluxes using all data points from one measurement
period, rather than subjectively selecting suitable parts of the curve as is commonly done for
other GHG (Jentzsch et al. 2025). We removed 8 secs in the start of the measurement period
to account for the time delay until the concentration from the chamber reached the cell of the
gas analyser. An extra 7 secs were removed for opaque measurements, since we needed more
time in the field to cover the chamber with the reflective tarpaulin. To calculate the fluxes with
both linear (LM) and non-linear (HM) methods in a reproducible way, we used the R package
goFlux (v0.2.0, (Rheault et al. 2024)). The linear equation was applied as follows in Eq. 1:

Vv
F)==—">~ (1)

where F(t) is the gas flux rate at a given location during the chamber closure time (t), %y) is

the mass concentration change with time, V is the volume of the chamber, and A the area of the
soil covered by the collar (Subke et al. 2021). To report our flux rates, we used the atmospheric
sign convention, i.e. negative signs for an uptake of N,O into the soil, and positive signs for
emissions.

The HM model approach in goFlux is based on the Hutchinson and Mosier 1981 approach as
given in Eq. 2:

Ct)=9+(Co—@)e ™ 2)

Here, ¢ is the assumed constant gas concentration of the source within the soil (Pedersen et al.
2010); Cy is the gas concentration in the chamber at the moment of chamber closure; and x is
the model parameter. An improved version of the HM model approach (Hiippi et al. 2018) is
further implemented into the package.

3.3 Nutrient and microbial sampling
3.3.1 Nutrient sampling

From June to September 2024, we added six Plant Root Simulator (PRS®, Western AG,
Canada) probes (3 anion- and 3 cation adsorbing) next to each chamber base position to
get more information on the nutrients. These PRS® probes are in-situ ion exchange resin
membranes that measure the ion supply in soils by adsorbing cations and anions (Sharifi et al.
2009). We added them for 2-3 weeks during and in between the measurement campaigns in
2024 (II).

In August 2024, we combined flux measurements with soil sampling for geochemical
and microbial analyses (III). We sampled approximately 20 g of soil next to each chamber
base position during both day and night flux measurements by transparent chambers. In the
laboratory, we measured soil pH and electrical conductivity (EC), and extracted nitrite (NO; ),
nitrate (NO3'), sulfate (SOi*), phosphate (PO?[), chloride (CI™), dissolved organic carbon
(DOC), and dissolved nitrogen (DN) content. We calculated dissolved organic nitrogen (DON)
as the difference between total dissolved nitrogen (DN) and inorganic nitrogen. For carbon
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and nitrogen analysis, we ground oven-dried samples and measured them using an elemental
analyser coupled to isotope ratio mass spectrometry (EA-IRMS).

3.3.2  Microbial sampling

We extracted total community DNA and RNA from all 48 samples (2 per day (day and night)
x 4 micro habitats x 2 depths x 3 replicates), and assessed their quality (IIT). We quantified
the extracted RNA and DNA and, for consecutive qPCR analyses, treated some RNA with
DNase to remove residual DNA. We used quantitative real-time Polymerase Chain Reaction
(qPCR) to quantify key functional genes involved in denitrification (nirS and nirK) and N,O
consumption (nosZ clade I and nosZ clade II). We further extracted community DNA through
metagenome sequencing and assembly. In total, we used 8 samples (4 micro habitats x 2
depths, 2 and 15 cm) for sequencing (III).

3.4 Statistical analyses

All data were processed in R (version 4.5.0; R Core Team, 2025) and version controlled in
GitLab (for more information, see https://git.bgc-jena.mpg.de/ipas/fluxprogeniereleases). A
filter script was applied to pre-process and quality-control the raw data, such as removing
data points within a specific time interval at the start of the measurement period to account
for the time lag of gases moving through the tubes to reach the laser cell. The filter script
also included quality control of other parameters by, e. g., removing implausible values (e.g.,
-9999), replacing negative PAR values with 0, averaging soil temperature gained from the four
sensors, and setting minimum and maximum values for all parameters (I, IL, III).

We used our openly available script to show differences between chamber closure times (I,
see chapter 4.1.2. and Figure 3). First, we calculated all fluxes using a 10-minute chamber
closure time. To see how different closure times affect N, O fluxes, we shortened the closure
time by 1 minute at a time, starting from 9 minutes, and recalculated the fluxes for each new
time (e.g., 9 minutes = 540 sec, 8 minutes = 480 sec, etc.). We compared how chamber closure
time affects flux rates during light and dark measurements, and identified the number of fluxes
above the minimum detectable flux based on the goFlux output. While calculating our fluxes,
we became aware of one chamber base position acting as a hot spot, i.e. showing much higher
flux rates than the other chamber base positions. Since we wanted to focus our analyses on low
fluxes, we removed this hot spot from analyses in the first study (I), and conducted statistical
analyses for the second study separately for low and high N,O fluxes (II). The hotspot was
also excluded from the third study (IIT).

We examined how N> O fluxes varied across micro habitats and environmental conditions
using a combination of statistical tests and modelling approaches (II, I1I, see chapters 4.3 and
4.4). To compare average flux rates between micro habitats, we applied a one-way ANOVA
followed by Tukey’s HSD post-hoc test (see chapter 4.2 and Figures 4A and 5). Differences
between light and dark chamber measurements were assessed with a Wilcoxon rank-sum test
(I). To analyse the impact of PAR on N,O fluxes, we calculated non-linear light-response
models of N,O fluxes against PAR for each microhabitat and for the pooled dataset, using a
Michaelis—Menten type function (II). To explore environmental drivers of low N, O fluxes, we
trained a random forest model using PAR, CO; fluxes, green canopy cover, active layer depth,
soil moisture, and soil temperature as predictors (II). Finally, we investigated the relationships
between the high N>O flux (hot spot) and environmental variables by fitting exponential
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regression models (on log-transformed fluxes) separately for light and dark conditions. Model
fit was summarised by sample size, R?, and p-values, enabling comparisons across predictors
(II, see chapter 4.4 and Figure 7).

4 OVERVIEW OF KEY RESULTS & DISCUSSION

4.1 Practical guidelines for successfully measuring N,O in the Arctic
4.1.1  Performance of Aeris MIRA Ultra N,O / CO;

Before taking an instrument to the field, it is important to test its performance in the laboratory;
key aspects include checking for the drift of the instrument, and its sensitivity to water (I).
In our 10 h sampling period, the Aeris MIRA Ultra N,O / CO, showed a very stable signal
with no apparent drift, and a low standard deviation of 0.29 ppb. The Allan deviation plot
showed low instrument noise of approximately 0.18 pbb at 2 secs averaging. We further
tested the sensitivity of the Aeris MIRA Ultra N,O / CO, towards fluctuations in water vapour
concentrations using a standard gas, since this is a commonly known issue of portable gas
analysers (Webb et al. 1980; Crosson 2008). We conducted our tests with four relative humidity
(RH) levels of approximately 28%, 45%, 60%, and 83% and found that our analyser was
insensitive to differing RH levels with mean N,O concentrations of 332.7, 332.6, 332.7, and
332.5 ppb, respectively. Overall, with low noise and water interference along with negligible
signal drift after the warm-up period, we decided that the Aeris MIRA Ultra N,O / CO, was a
suitable instrument for measuring low N> O fluxes in Arctic ecosystems (I).

4.1.2  Ideal chamber closure time and flux calculation

One key aspect of successful chamber measurements is the chamber closure time, which,
ideally, should be kept as short as possible to minimise disturbances between soil-air conditions
and observational artefacts. These include potential impacts when closing the chamber, e.g.,
pushing atmospheric air or flushing soil gas into the chamber, or increasing temperature
and humidity inside the chamber due to soil and plant evaporation caused by the chamber’s
transparency acting as a greenhouse (Rochette and Eriksen-Hamel 2008; Subke et al. 2021).
Our results suggest that for measurements of low N, O fluxes with a small chamber (height and
diameter 25 cm), a minimum of 4 min and 3 min closure time is required for light (transparent)
and dark (opaque) measurements, respectively (Figure 3, I). Below this time, the amount of
flux rates for light measurements below the minimal detectable flux (MDF) may be too large,
or the time may not be sufficient to achieve a change in the N, O concentrations high enough
to detect a significant trend over the measurement noise (Figure 3 a) ). For dark measurements,
longer chamber closure times may lead to an underestimation of the N,O sink (Figure 3 b)
). This is because N, O availability through soil diffusion is often the limiting factor for N,O
uptake by NoO-reducing microbes (Liu et al. 2022), so that when the chamber is closed, the
uptake rate decreases due to the concentration gradient between soil and chamber head space
and the resulting substrate limitation. For an optimal balance between detection sensitivity and
measurement efficiency, we recommend a standard 5 min closure time for all measurements
with smaller chambers, which allows to detect most N,O fluxes (I, II, III).

With 300 data points collected during a 5-min chamber closure time, we further recom-
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Figure 3: Mean N, O fluxes (note: not concentrations) for transparent and opaque measurements, with
number of measurement periods above the minimal detectable flux (MDEF, %). Note the different y-axes
for the upper and lower plots. The range indicates the upper and lower limit of the 95% confidence
interval (I).

mend to use all available data points for non-linear flux calculation for all (low) N,O flux
measurements (I, IL, IIT). Using all data points, after filtering out unrealistic values and visual
verification of flux estimates, enhances the reproducibility and consistency of future Arctic
N, O fluxes, as well as their comparison. This can be improved by using novel software pack-
ages, which offer the possibility to calculate fluxes both linearly and non-linearly, and report
these flux rates in a reproducible way (Rheault et al. 2024). Linear and non-linear approaches
may typically be seen as alternatives and not as complimentary approaches. However, the
non-linear fitting includes the linear fitting as a special case when flux rates are low. In that
case, if data points show a linear trend, the exponential fitting will automatically reduce to
a linear fitting with the same slope. This special case was confirmed in our data set, where
all N,O fluxes could be calculated with the non-linear approach, which was reduced to the
linear approach in 41 % of all fluxes (n = 1728, I). We encourage future research to provide
reproducible ways of calculating fluxes, and testing optimal chamber closure times for other
low-nutrient ecosystems. We further recommend that future Arctic studies measure N,O
fluxes with high-precision portable gas analysers in low- and high-nutrient ecosystems.
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4.2 Thawing permafrost peatland as continuous N,O sink

Our results confirmed that the nutrient-poor Stordalen permafrost peatland can act as a contin-
uous, non-negligible sink of N,O, with a mean / median flux and standard error (SE) across
all years, measurement campaigns, and sites of -0.57 /- 0.38 & 0.05 ug Ny O-Nm~2h~! (n=
1383) (Figure 4 NET N,O FLUX panel and 5, I, IT). Because we tested the suitability of our
instrument to measure low N, O fluxes (I) and repeatedly measured N, O uptake, we are confi-
dent that our results indicate an actual biological process rather than an methodological artefact
(I, IT). Palsa lichen plots (mean / median flux of -0.29 /-0.25 £ 0.07 ug N,O-N m2h !n=
379) showed a significantly lower sink than bog (-0.71 /-0.44 4+ 0.10 ug Ny O-N m—2h~';
n = 378) and fen (-0.71 / -0.46 + 0.12 ug N,O-N m~2h~!; n = 331), respectively (Figure
4A). Palsa moss plots were not different from others (mean / median flux of -0.59 /-0.47 &+
0.10 g NoO-N m~2h~!; n = 295). This sink for dry palsa lichen and palsa moss habitats is
particularly interesting, as this has not been reported previously.

We also observed a pronounced seasonal course (Figure 5), with the sink strength peaking
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Figure 4: Overview figure of key results, with differences in micro topography, vegetation, water
table, and permafrost boundary for the micro habitats palsa moss, palsa lichen, bog, and fen. Orange,
upward-facing arrows show N, O emissions during high photosynthetically active radiation (PAR), i.e.
sunny conditions, whereas grey, downward-facing arrows indicate a sink during low PAR, i.e. dark
conditions. A hot spot and it’s magnitude related to the other micro habitats is shown in the NET N,O
FLUX panel, with an overall N, O sink for the micro habitats excluding the hot spot. The MICROBIAL
PROCESS panel shows the microbial process responsible for at least part of the differences in high and
low PAR N;O fluxes. [llustration: Annett Boerner
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for all micro habitats in the hot summer months June and July, and strongly reduced to near-
neutral uptake or small emission in all other months (II). The vast majority of monthly mean
fluxes were negative, except for net emissions observed from palsa lichen in May (median
/ mean: 0.3 /0.18 + 0.10 g NoO-N m~2h~"), and from fen in September (median / mean:
0.11/0.14 £ 0.10 ug NO-Nm2h ).

It was not surprising to observe an N;O sink in bogs and fens, given their high water
tables and the resulting reducing soil conditions (Martikainen et al. 1993; Voigt et al. 2020).
In these environments, where nitrate (NO3 —N) is absent (as indicated by our nutrient data),
atmospheric N> O can serve as the terminal electron acceptor in denitrification (Martikainen
et al. 1993; Brummell et al. 2012). What is more unexpected, however, is the detection of a
N, O sink activity on dry palsa surfaces. To the best of our knowledge, this phenomenon has
not yet been documented in field studies, although it was observed in a laboratory mesocosm
experiment with soil from a Finnish permafrost peatland (Bhattarai et al. 2022). This thesis is
thus the first one to report a persistent, non-negligible sink of N> O in a sub-Arctic permafrost
peatland over several years, including uptake in the drier parts of it. When we compare our
values to a recent review, our results show a stronger sink than previously reported for wetlands
(median (25-75 percentiles): 0.42 (-0.33, 4.83) ug N;O—N m~2 h™!, (Voigt et al. 2020)),
even when we include our hot spot (mean / median + standard error N,O fluxes of 0.54 /
-0.28 + 0.24 ug N,O-N m2h~! (n = 1462)). This could be explained by methodological
differences: with our portable gas analyser, we used much shorter chamber closure times,
which are essential for measuring N>O uptake because diffusion-limited N,O is rapidly
depleted, causing longer closure times to underestimate N, O uptake rates (I). This could also
be one of the reasons why we detected a sink in dry palsas, which on its own contributed to a
stronger sink.
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Figure 5: N, O flux (mean + SE?) divided into months and micro habitats, excluding one hot spot (light
and dark conditions combined). PL and PM indicate Palsa Lichen and Palsa Moss, respectively. Letters
indicate significance according to ANOVA and Tukey HSD post-hoc tests, with differing letters between
micro habitats indicating significant differences. The purple horizontal line indicates the border between
a source (positive values) and sink (negative values) (II).
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4.3 PAR drives N,O fluxes

We found significant differences between mean N> O fluxes during light and dark conditions
across micro habitats (Wilcoxon signed rank test 0.37, p < 0.001), with a median and stan-
dard error (SE) of 0.42 + 0.06 ug N»O-N m~2h~! for light (n = 673), and -1.06 + 0.06
pg NoO-N m~2h~! for dark fluxes (n = 710), respectively (Figure 4, IT). Prompted by our
observations in 2022 and 2023, we were curious to see if:

(a) this phenomenon was specific to our site;

(b) the differences in light and dark measurements would be confirmed during the night and
could thereby exclude measurement artefacts;

(c) microbes could explain the differences between day and night.

To investigate the influence of sampling location, we collected 24 daytime measurements
(4 micro habitats x 6 replicates) on 16 June and 23 July 2024 in a nearby permafrost peatland
to investigate if light and dark fluxes would show a similar pattern than at our site, which
was indeed the case. We concluded that the phenomenon was not specific to our site (II). In
June, July, and August 2024, we also conducted six night time measurements (19 / 20 June,
17 /18 July, 20/ 21 August between 20:00 and 02:00 Swedish local time, UTC+2) to check
if N> O fluxes measured with a transparent chamber in naturally dark conditions during the
night would be similar to those measured with an artificially darkened opaque chamber in the
day time. We did these measurements in both polar day conditions in June and July (i.e., the
sun did not set) and dark nights in August (I, IIT). In August, we further included microbial
sampling. We found that during night time, N,O was indeed taken up in palsas, bogs, and
fens, with palsa lichen and palsa moss showing even a larger uptake during nights than fluxes
measured in dark conditions during the day based on median flux rates in July. In bogs and
fens, as well as in August (dark nights), night measurements showed lower uptake rates than
dark measurements during the day (II).

To understand more about the mechanisms behind this, a closer look into the soil was
needed. Our microbial analyses by gPCR showed that, although genes for both N, O production
(nirK and nirS) and N»>O uptake (nosZ clade I and II) were present at our site (DNA level),
only the nirK and nosZ clade I genes were active (RNA level) (III). However, instead of,
e.g., nirK being active during the day and nosZ clade I being active during the night, it was
the nirK / nosZ clade I gene expression ratio that closely aligned with the diurnal pattern of
N, O fluxes (Figure 6). We found a high expression of both nirK and nos Z clade I during
the day compared to a low expression during the night, indicating that microbes were more
active in producing N, O during the day (Figure 4 and 6). In other words, the differences in
N,O fluxes were driven primarily by N,O production rather than reduction. Additionally,
our nutrient analyses in August showed that the concentrations of dissolved organic carbon,
NO3, and NHI were higher during the day in fen and palsa moss (III). This aligns with
patterns when fitting a light-response curve to our data (II): both fen and palsa moss follow a
hyperbolic curve, suggesting that the effect of PAR is particularly strong at low values - during
dark conditions. This similarity between palsa moss and fen may be explained by a higher
green canopy cover in summers with temperatures above and soil moisture below average. In
such canopy conditions, Sphagnum spp. mosses in bogs tend to dry out and become yellow,
whereas shrubs in palsa moss and cotton grass in fens can tolerate more heat and drought,
resulting in a higher green canopy for palsa moss and fen (II).

Based on the PAR dependence of N>O flux and the close match between microbial gene
expression and N, O flux, we can conclude with a high certainty that the light-dark effect we
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Figure 6: Overview of microbial activity, with high PAR at day time leading to increased microbial
activity and a high expression of nirK and nosZ clade I genes, resulting in a high nir/nosZ ratio and
N, O emissions. Shaded in grey are night time conditions with low PAR, low microbial activity and a
low expression of nirK and nosZ clade I genes, resulting in a low nir/nosZ ratio and N, O uptake. Fold
change refers to the ratio between the nirK and nosZ genes. Credits: Dhiraj Paul

observed is a real phenomenon, not a measurement artefact. Our analyses indicate that the
light-dependent N, O flux in a nutrient-poor thawing permafrost peatland is regulated by a
combination of factors, including vegetation effects (potentially through root exudation or
plant-mediated N> O production) and microbial activity. This complex interplay contributes
to the diurnal and seasonal patterns of net N,O fluxes, and can even determine whether the
ecosystem functions as a net sink or source of N>O. This difference -although the opposite
direction- had been reported from polar desert soils (Stewart et al. 2012), but without signifi-
cance. Interestingly, Stewart et al. 2012 suggested that soil moisture and plant communities
were the key drivers of these differences, with larger N, O uptake in wet and dark conditions
and larger N>, O emissions during light conditions, which aligns with our findings. They also
hypothesised that the differences of N>O fluxes in light and dark conditions can result from
short-term effects of vegetation and soil microbes competing for resources in response to
light-driven changes in O, availability (Stewart et al. 2012). Apart from our study, we are
not aware of any studies following up on these hypotheses, and strongly recommend further
studies to clarify the PAR effect on N,O fluxes.

4.4 Heterogeneous Arctic landscape and other drivers of N,O fluxes

Our measurements highlight the importance of a sufficient amount of replicates in heteroge-
neous ecosystems like the Arctic: one of our chamber base positions, a vegetated area on
palsa moss, acted as a continuous hot spot over the three years of our study (Figure 4). When
we include this hot spot, our study site shows a mean / median flux of 0.61 /-0.25 + 0.25
g NoO-N m~2h~! (n = 1402), with palsa moss showing both mean and median emissions
of 4.24/0.12 4+ 0.25 ug N,O-N m—2h~! (n = 344). Motivated by this hot spot, we extended
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Figure 7: Drivers of the single palsa moss N,O hot spot, with a) showing light (orange boxplots) and
dark (grey boxplots) measurements during all measurement campaigns and the red dashed line indicating
source (positive values) and sink (negative values). Other plots show simple regression models between
the N, O flux and b) Soil temperature at 15 cm depth, ¢) Volumetric Water content (%), i.e. soil moisture
at 12 cm depth, d) Green canopy cover, e) Active layer depth, f) CO, flux, and g) CH,4 flux. We tested
linear, quadratic, logarithmic and exponential models and compared them by AIC. The lowest AIC for all
predictors were given by the exponential model: y = ePotPix \where v is NoO flux and x is the predictor.

our search across the site, including bare soils where hot spots have previously been observed
Marushchak et al. 2011. Only one further hot spot was detected (Figure 4). Nevertheless, the
presence of hot spots could significantly enhance the landscape-integrated N,O emissions,
and maybe even change the site from a net sink to a net source (II).

The hot spot at our site showed a clear pattern between light and dark fluxes, similar to
the other plots, but with larger fluxes (Figure 7a). Opposite to the other plots, fluxes showed
highest emissions in the peak summer (Figure 7a), although only few data points are available
(n = 14 for July). This trend runs through most main drivers: while for the “low N,O flux
chamber positions”, increasing CO, fluxes, green canopy cover, and soil temperatures lead to
a higher N, O flux uptake (II), the high N,O emissions from the hot spot correlated positively
with green canopy cover (Figure 7 d R? = 0.43, p < 0.001), CO» fluxes (Figure 7f R> = 0.41, p
< 0.001), and soil temperature (Figure 7b R> = 0.37, p < 0.001). The positive temperature
dependency has been previously reported from N,O hot spots, suggesting that other factors
such as soil moisture or N availability are not limiting N,O production (Marushchak et al.
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2011). When we exclude the influence of other predictors (partial regression), only GCC and
CO; flux remain positively correlated with NoO (Kendalls 7 0.32 and 0.28 with p-value <
0.01 and 0.01, respectively), and CH4 becomes more important (Kendalls 7 0.18, p = 0.08, II).

The vegetation composition and green canopy cover on the hot spot was similar to other
palsa moss replicates, and the hot spot did also not differ in nutrient concentrations at the peat
surface, soil moisture, soil temperature, or any other measured environmental variable. While
the exact cause of this hot spot remains unclear, its occurrence may be related to a barely
visible, straight line on the ground surface—possibly an early-stage crack in the permafrost
peatland (data not shown). One possibility is that in and next to this crack, the deeper layers
within the peat profile are more aerated, which could boost both mineralisation and nitrification
due to the higher mineral N contents and lower C/N ratios, and lead to N,O emissions on
the surface (Keuper et al. 2012). However, since N, O flux rates are not consistently higher
in late season with deeper active layers, it is likely that N,O from deeper layers is not the
only reason for the hot spot. As stated above, a hot spot has the potential to shift the net
N, O budget of an ecosystem; the vegetated hot spot in our study makes extrapolation efforts
extremely uncertain since there is no easy option to tell the frequency of these hot spots and
their emission strengths. One way forward may be airborne scanning of N> O hot spots using
drones, but it remains unclear if the N, O concentrations are high enough to capture using this
method.

5 CONCLUSION

This dissertation presents the most comprehensive dataset on Arctic N,O fluxes to date,
gathered using the manual chamber method. By repeatedly measuring the same plots over
three years and during different parts of the snow-free period, we were able to use advanced
statistical techniques to disentangle the complex drivers of low N>O fluxes. Our findings
highlight the high spatio-temporal variability of N,O fluxes and underscore the challenges of
analysing N> O drivers in heterogeneous ecosystems like the Arctic.

With our results, we provide practical guidelines for successful Arctic N, O studies, and
emphasise the need to conduct both light and dark measurements, and, if possible, include
simultaneous measurements of carbon fluxes. These recommendations are not only relevant
to Arctic studies but also applicable to investigations of low N> O fluxes in other ecosystems,
such as peatlands and forests in temperate and boreal regions. The use of novel gas analysers,
like the Aeris MIRA Ultra N,O/CO,, while adjusting chamber closure times to the size of
the chamber and ecosystem, are crucial for accurate measurements. Our expertise with this
analyser has already gathered international attention, with researchers from around the world
seeking our advice on its use.

The N,O sink we report from the Stordalen mire is stronger than previously reported
values from sub-Arctic ecosystems. Combined with the fact that the large majority of these
studies were conducted under dark conditions, it is possible that a) Stordalen really is indeed a
stronger N,O sink than other comparable ecosystems, or b) previous studies overestimated
N, O fluxes due to methodological limitations. Our two-days comparison measurements at
the nearby Storflakket mire suggest that it may be an even stronger N, O sink than Stordalen,
but further measurements on other Arctic (palsa) peatlands are needed to confirm this. The
large uncertainties associated with previous near-zero estimates of N> O fluxes in sub-Arctic
ecosystems, on the other hand, highlight the need for more accurate and comprehensive
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measurements. This discrepancy may be due to the fact that most studies were conducted
under dark conditions and without portable gas analysers, which could lead to underestimation
of N, O sink strength.

Our study makes a significant contribution to the field by demonstrating the importance
of including N> O measurements in soil-to-atmosphere flux studies, particularly in the Arctic.
While our study focused on nutrient-poor peatlands, future research should also investigate
mineral Arctic soils to determine if the processes we identified are similar to those in other
nutrient-poor areas. Additionally, hot spots of N, O emissions in Arctic ecosystems, including
vegetated soils, should not be neglected, as they are crucial in determining the sink or source
function of an ecosystem. To be able to detect low fluxes, high-precision, portable gas analysers
must be prioritised to conduct measurements across multiple palsa peatlands and other Arctic
ecosystems to improve estimates of the pan-Arctic N,O budget. Our work has the potential
to challenge current upscaling efforts, which may have systematically overestimated N,O
emissions in the Arctic.

Our dataset, although comprehensive, is limited to the snow-free season. Continuous
measurements using automated chambers or eddy covariance towers could provide valuable
insights into the temporal aspects of N, O fluxes, complementing our spatially extensive dataset.
Winter measurements, although challenging, are crucial for understanding the full range of
N,O fluxes in the Arctic. Easily accessible areas like the Stordalen mire can serve as ideal
locations for these measurements. Furthermore, future chamber studies should investigate
the light-dependency of N, O fluxes across a range of ecosystems, ideally including microbial
analyses to elucidate the underlying processes.

In summary, this dissertation presents a groundbreaking study on Arctic N,O fluxes, pro-
viding critical insights into the complex drivers of these fluxes and highlighting the need for
more accurate and comprehensive measurements. Our findings have far-reaching implica-
tions for the field, and we are confident that our research will contribute significantly to the
advancement of N> O research in the Arctic and beyond.
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