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ABSTRACT

Nitrous oxide (N2O) 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 uxes 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 NoO uxes are poorly understood. This thesis
advances our understanding of low N,O uxes 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 uxes is methodological sensitivity. We evaluated the
performance of a novel portable gas analyser (Aeris MIRA Ultra N,O=CO3) under laboratory
and eld conditions, con rming 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 uxes 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  rst 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 uxes, 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 identi es key environmental drivers of low N,O uxes. It under-
scores the necessity of repeated, paired light dark measurements and suf cient replication to
detect hot spots in variable Arctic ecosystems. These ndings 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 de nition of it does not exist. The extent of the terrestrial Arctic region can be
described according to four de nitions: 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 de nition, 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 (GHGSs) such as carbon dioxide (CO;), methane (CH,4) and nitrous oxide
(N20) (Palmtag et al. 2022). The release of these GHGs to the atmosphere would result in a
positive feedback loop that intensi es global climate change and further accelerates global
warming (Turetsky et al. 2020).

1.2 Global and Arctic N,O uxes

With a global warming potential almost 300 times stronger than CO; over a period of 100
years, N2O 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 uxes 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 N,O budget is highly uncertain (Hugelius et al. 2024).
Anthropogenic sources follow, contributing 6.5 Tg N yr—2, of which agriculture is responsible
for more than half (3.6 Tg N yr~1) (Tian et al. 2024).
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While the majority of Arctic research has focussed on CO, and CH; uxes, NoO uxes
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 ux 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

ndings have shifted the focus to selected high-nutrient areas within the Arctic. However,
it is equally important to report and understand near-zero NoO uxes 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 con rmed in Arctic eld studies (Schlesinger 2013;
Buchen et al. 2019). Along these lines, studies exploring N2O processes in nutrient-poor
Acrctic ecosystems are rare and mostly laboratory-based (Palmer et al. 2012; Song et al. 2022).
As a result, the highly heterogenous Arctic landscapes and high temporal and spatial variability
of NoO uxes still make it challenging to assess the magnitude and impact of individual drivers
on N,O uxes (Butterbach-Bahl et al. 2013; Voigt et al. 2020).

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

The most widely used method to measure gas uxes 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, N,O 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 ux
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 ux concentrations are hard, if not impossible to capture with this
method (Habschmann 2015; Fiedler et al. 2022). This is because so few samples drawn from a
uctuating time series may not display a linear trend, especially for NoO (Habschmann 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 uxes was measured using opaque chambers, thus arti cially
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 eld (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 eld (Hensen et al. 2013). The detection limit was a signi cant constraint, as
many reported NoO uxes were below the threshold of the GC method and made it impossible
to investigate drivers of low N,O uxes 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 nitri cation and denitri cation, 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 NoO uxes, it is essential to consider the main soil N
cycling processes. These include inputs through atmospheric deposition and biological N,

xation, plant uptake, microbial immobilisation, mineralisation, nitri cation, and denitri ca-
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 nitri cation and denitri cation. Nitri cation is a mostly aer-
obic, autotrophic process in which nitrifying microbes oxidise ammonium (NH;)) to nitrite
(NO3) and nitrate (NO3'), resulting in the release of N,O (Robertson and Groffman 2024). In
contrast, denitri cation occurs under anaerobic conditions, where denitrifying microbes use
NOj3 as an electron acceptor instead of O, when degrading organic compounds (Firestone and
Davidson 1989). This process can result in either incomplete denitri cation, leading to N,O
emissions, or complete denitri cation, 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 N2O 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 I, 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 denitri cation, other genes, namely nirK and nirS, also play a role:
in incomplete denitri cation, the absence of nosZ and presence of nir lead to N2O emissions,
while in complete denitri cation, 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 denitri cation or direct consumption of N2O) and nirK + nirS genes (incomplete or
complete denitri cation), in uenced by environmental factors such as nutrient availability and
soil moisture, determines if an ecosystem is a source or sink of N,O (Jones et al. 2013). Given
the complexity, relatively little is known about microbial processes producing or consuming
low N2O uxes in the Arctic region.
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1.2.3  What drives Arctic NoO uxes?

N2O uxes 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 uxes, it is essential to consider the key drivers
that in uence soil microbial activity, which plays a central role in regulating NoO uxes
(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 (Moigt et al. 2020). Three primary factors contribute
to elevated N2O emissions:

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

(b) high soil temperatures, which increase microbial activity and, consequently, NoO 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
etal. 2017a; Wu et al. 2017).

(c) suf cient 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 nitri cation and denitri cation, can
promote N>O emissions (Voigt et al. 2020).

These factors are interconnected and in uenced 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
etal. 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 uxes (Elberling et al. 2010; Voigt
et al. 2017b). By understanding the complex interplay between these factors, we can better
comprehend the mechanisms controlling NoO uxes in permafrost regions and predict how
they may respond to environmental changes.

Because most N»O studies measured N,O uxes only in dark conditions (by adding a
light-re ective tarpaulin on the chamber or using opaque chambers), the relationship between
photosynthetically active radiation (PAR) and N,O uxes is complex and understudied, par-
ticularly in Arctic ecosystems (Shurpali et al. 2016; Keane et al. 2018). This is because soil
N2O uxes 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 NoO uxes from High Arctic
polar-desert soils, with N2O sources under dark, and N»O sinks under light conditions. They
suggested that the effect of light on N,O uxes 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 signi cant. 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;
Wau et al. 2021). C availability drives denitri cation 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, ux relationship remains poorly understood, despite its importance for
global carbon nitrogen interactions (Xu et al. 2008). Across ecosystems, CO, uxes (both
net ecosystem exchange (NEE) and ecosystem respiration (ER)) were signi cantly positively
correlated to N,O uxes 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, uxes are routinely partitioned into gross primary
production (GPP) and ecosystem respiration (ER), N2 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 uxes in Arctic
regions by detailed studies on a subarctic palsa mire. Speci cally, my study introduces new,
practical guidelines on how to successfully measure N,O uxes in Arctic and other nutrient-
poor ecosystems (1), investigates drivers of both Arctic N,O emissions and uptake using a
unique, extensive dataset (n = 1483) from seven eld campaigns covering all months between
May and September (11, 111), and examines the impact of microbes on NoO uxes during
differing light conditions (I11):

I How can we best measure low N2O uxes in the Arctic? (Study I)

Il How do micro habitat properties, microbial activity, and seasonal weather conditions
affect NoO uxes at the Stordalen mire? (Study I, 111)

111 Can microbes explain the effects of differing light conditions on N,O  uxes? (Study
)]

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 signi cant difference between light and dark measurements
on N2O uxes during the rst test eld campaign, study Il 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 uxes, providing novel insights
on drivers of N,O uxes in the Arctic. Study 111 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 classi cation as subarctic follows
the updated Keppen-Geiger climate classi cation, indicating cold summers and winters and
no signi cant 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) (Sjegersten et al. 2023). Palsas are raised peat mounds that form
when frozen ice lenses push peat layers upward (Seppala 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 classi ed as organic

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
at https://simplemaps.com, last access: 17/09/2024 (1)
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