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Abstract

Boreal peatlands face enhanced organic matter cycling due to accelerated decomposi-
tion and ecosystem shifts with progressing climate warming. Together with carbon,
nutrients that were previously bound in undecomposed organic matter will increas-
ingly become available to the decomposer microbial communities. As they hold a large
fraction of the global soil carbon stocks, how northern wetland carbon pools react to
rising temperatures and nutrient status is a relevant but so far unresolved question.
This thesis studies the impacts of inorganic N addenda on methane and carbon diox-
ide release from peat in an anaerobic ex-situ incubation at 4 °C and 20 °C. The samples
originate from Siikaneva bog, an ombrotrophic peatland in southern Finland where
nitrogen scarcity likely limits the activity of the microbial community.

Results from 190 days of incubation show that N addenda reduced cumulative CO, and
CH, production and changed the trajectory of carbon release. Samples from different
positions towards the water table exhibited different patterns of carbon mineralization:
Samples from above the water table didn’t harbor methanogenic archaea in detectable
amounts and consequently didn’t produce any methane, while in samples from be-
low the water table, methane release equalled or even surpassed that of carbon diox-
ide. Methanogenesis, and in consequence, total C release from the methane-producing
samples, was extremely responsive to a warmer temperature, but the surface samples
were indifferent. Higher temperatures and more ammonium led to a higher fraction
of carbon released as methane. An important finding was that most patterns in the
data remained unexplained unless oxidation state of the addendum were accounted
for. Ammonium generally resulted in a stronger reduction per unit compared to ni-
trate. Nitrate mainly impacted methanogenesis and the CO, release connected to it in
the same metabolic system. Nitrogen addenda furthermore impacted the temperature
sensitivity of carbon release, and differently depending on the sampled layer: Ammo-
nia dampened the temperature effect in subsurface- but increased it in surface samples.
Nitrate only had a significant effect on temperature reactivity in the peat from below
the water table, where it attenuated CO, but increased CH, release with temperature.



These results suggest that viewing decomposition through the lens of nitrogen limita-
tion is not ideal for advancing the understanding of peatland greenhouse gas emissions.
Other factors, such as co-limitation by other nutrients, competition of different anaero-
bic metabolic systems, and potential toxicity of N addenda or accumulating metabolic
byproducts may explain the observed decrease in greenhouse gas emissions. The iso-
lated observation of N impacts finally indicated that the peatland carbon sink is not
endangered by nitrogen release.



Zusammenfassung

In borealen Mooren wird der fortschreitende Klimawandel durch eine Beschleunigung
der Zersetzung und einem Wandel der Okosysteme den Kreislauf von organischem
Material antreiben. Neben Kohlenstoff werden auch Nahrstoffe zunehmend aus zuvor
kaum zersetzter Organik fiir Zersetzer verfiigbar. Da sie einen grofsen Teil des globalen
Kohlenstoffspeichers in Boden ausmachen, ist die Reaktion von Mooren der hoheren
Breiten auf steigende Temperaturen und Néahrstoffverfiigbarkeit eine relevante, aber
noch nicht zufriedenstellend geloste Frage. Diese Masterarbeit mochte dazu beitra-
gen, indem sie die Effekte von Zugaben inorganischen Stickstoffs auf die Produktion
von Methan und Kohlenstoffdioxid aus Torf in einer Inkubation unter Sauerstoffauss-
chluss bei 4 °C und 20 °C untersucht. Die Proben stammen aus Siikaneva, einem
Hochmoor im stidlichen Finnland, in dem mangelnde Stickstoffverfiigbarkeit vermut-
lich die Mikrobengesellschaft einschrankt.

Ergebnisse der 190-tdgigen Inkubation zeigen, dass N-Zugaben die kumulative
Freisetzung von CH, und CO, verminderten und den Verlauf der Produktionsraten
beeinflussten. Proben von ober- und unterhalb des Wasserstands hatten unter-
schiedliche Produktionsmuster: Die Oberflichenproben beherbergten keine detektier-
baren Zahlen an Methanproduzenten und setzten dementsprechend kein Methan frei,
wihrend der tieferliegende Torf ebensoviel oder sogar mehr Kohlenstoff als Methan
wie als CO, emittierte. Die Methanproduktion, und damit auch die gesamte C-
Mineralisierungsquote der methanproduzierenden Proben, reagierte sehr empfindlich
auf eine erhohte Inkubationstemperatur, die Oberflaichenproben jedoch kaum. Hohere
Temperaturen und mehr Ammonium fiihrten zu einem hoéheren Anteil von Methan
an der freigesetzten Gesamtmenge. Ein wichtiges Ergebnis war aufierdem, dass die
Muster in den Daten deutlich besser erklart werden konnten, wenn der Oxidationstatus
des zugegebenen Stickstoffs berticksichtigt wurde. Ammonium fiihrte im Allgemeinen
zu einer stirkeren Abnahme der Respiration als Nitrat. Nitrat hinwiederum beein-
flusste vor allem die Produktion von Methan bzw. die damit in einem metabolischen
System verbundene Produktion von CO,. Die Stickstoffzusédtze beeinflussten weiter-



hin die Empfindlichkeit der Kohlenstoffabgabe gegeniiber der Temperatur - und das
je nach Schicht unterschiedlich: Ammonium dampfte den Temperatureffekt in Proben
unterhalb der Wasseroberfldche, aber verstdarkte ihn in den Oberflichenproben. Nitrat
wirkte sich in diesem Kontext nur auf die wassergesittigte Schicht aus und fiihrte dort
zu einer verminderten Reaktion von CO,, aber einer gesteigerten Reaktion von CH, auf
Warme.

Diese Ergebnisse deuten darauf hin, dass der Blickwinkel der Stickstofflimitierung
nicht ideal fiir ein verbessertes Verstdndnis von Treibhausgasemissionen aus Mooren
geeignet ist. Andere Faktoren, wie etwa co-Limitierung durch andere Nahrstoffe,
Konkurrenz zwischen unterschiedlichen Energiestoffwecheln, und moglicherweise
Toxizitat der Stickstoffbeigaben selbst oder ihrer Stoffwechselprodukte konnten in
Kombination die beobachtete Reduktion der Treibhausgasproduktion erkldren.
Zusammengefasst deutet diese isolierte Betrachtung der Effekte von inorganischem
Stickstoff darauf hin, dass die Funktion borealer Moore als Kohlenstoffsenke nicht
durch Stickstofffreisetzung an sich in Gefahr ist.
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1. Introduction

High-latitude areas are expected to undergo fundamental ecological changes with pro-
gressing environmental change. Rising temperatures, altered precipitation patterns,
and shifting seasonality will affect all actors of biogeochemical cycles: plants, microbes,
fauna, and abiotic processes (Baird et al., 2009).

In the high latitudes, wetlands are a common ecosystem that covers 3.7 million km 2
(Hugelius et al., 2020). Due to slowed decomposition processes under cold and water-
logged conditions, these ecosystems accumulate an especially high detritus C storage.
Additionally, carbon is contained in live plant biomass, microbial biomass, or in dis-
solved or gaseous form (Reddy et al., 2023, pp. 120-123). In total, northern peatlands
store 230 Pg C and 3.4 Pg N within an area of 2 mil. km? that is not affected by per-
mafrost (Hugelius et al., 2020), which corresponds to roughly a tenth of the global soil
C stocks of 2270 Pg C (Jackson et al., 2017).

Transfers between these stocks are carried out primarily by microbial activity: Various
phyla of bacteria, archaea and fungi form metabolic chains that deconstruct organic
matter into simple low-molecular forms of carbon and nutrients - and ultimately carbon
dioxide and methane, major greenhouse gases (GHG) (Dolman, 2019, p. 176). However,
these complex, interconnected systems of cycles have only been recently incorporated
in models that predict the future of global change that humanity will have to adapt to
(Nazaries et al., 2013; H. Zhang et al., 2021).

In the context of climate change mitigation, wetlands' capacity for natural carbon se-
guestration is gaining interest, but possible enhancement of methane production under
elevated temperatures and atmospheric CO, concentrations may surpass their carbon
sink potential (Van Groenigen et al., 2011). Boreal peatlands currently emit 23.6 - 64.2
Tg CH, annually, therefore contributing 4 - 11 % of global annual emissions (Petro et
al., 2023; Poulter et al., 2017). Global methane emissions are projected to increase, espe-
cially from wetlands, and spin up a positive feedback loop with climate change (Dean
etal., 2018).

With enhanced decomposition, not only carbon but also nutrients such as nitrogen will
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be released from organic matter storages in wetlands (Salmon et al., 2016). Remote
effects of industrial fertilization as well as increased litter input from spreading vascular
plants are added on top of that (Fowler et al., 2013; Petro et al., 2023). N in uences the
climate directly as N ,O, but also indirectly by interacting with the C cycle (Dolman,
2019, pp. 176-178). As carbon and nitrogen cycles are tightly linked, and peatlands are
typically N-limited, effects of increased N availability on greenhouse gas production
can be expected.

Therefore, how wetland greenhouse gas production responds to N availability needs
to be studied to improve the understanding of global change and ultimately, to keep
global temperatures within a human-friendly range.

This thesis will approach this topic by analyzing an experiment in which CO ,and CH,
production were observed in anaerobically incubated samples from Siikaneva bog, an
ombrotrophic peatland in boreal Finland, after amending them with varying levels of
ammonium and nitrate.

1.1 Background: Carbon and nitrogen cycling in boreal wet-
lands

1.1.1 Peat accumulation and peatland carbon storage

Peatlands accumulate soil organic matter because their net primary productivity ex-
ceeds decomposition rates (Bragazza et al., 2009, p. 99). They have provided a con-
sistent carbon sink throughout the Holocene (Yu, 2011) mainly because decomposition
rates are restricted. Glaser and Chanton (2009, pp. 145-146) explain the mechanics as
follows:

"Peat accumulation is driven by a high water table, which restricts the zone
of rapid decomposition to a thin veneer of organic soil directly above the
uctuating water table. Rates of decomposition decline dramatically below
the water table where anoxic conditions prevail and the breakdown of or-
ganic matter is restricted to the less thermodynamically ef cient processes
of fermentation and methanogenesis. The biodegradation of organic matter
within this deeper anoxic zone may be further reduced by the increasing
fraction organic matter resistant to decay, low temperatures, limited of sup-
ply of nutrients, and the accumulation of toxic metabolites. "

Processes on both the in- and output side of this carbon balance are predicted to speed
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up with climate change: More CO , and CH 4, production are expected for northern peat-
lands; complementing this, CH , oxidation and CO , uptake by growing plant biomass
will also increase (GCTE-NEWS et al., 2001, Yu et al., 2009, p. 55, Belyea, 2009, p. 15).
This study focuses the output side by observing decomposition while excluding pri-
mary productivity.

1.1.2 Drivers of decomposition and greenhouse gas production

Decomposition complements net primary production and thus closes the carbon and
nutrient cycle. Litter and other compounds released by plants, such as root exsudates,
provide complex plant polymers that are subsequently broken up into oligomers via
extracellular enzyme hydrolysis. These act as substrate for other microbes, providing
energy and material for biomass growth.

Ultimately, decomposition produces two carbon compounds - methane and carbon
dioxide - that act as greenhouse gases upon entering the atmosphere. In which ra-
tio they are released varies widely in the literature, and depends on the contribution
of aerobic and anaerobic degradation processes, which are governed by the position
of the water table and the presence of relevant microorganisms. (Nilsson and Oquist,
2009, p. 134).

Boreal bogs are typically moderate sinks of CO, and small sources of CH, (Aleksey-
chik et al., 2021), but climate projections predict a weakening sink strength (Wu and
Roulet, 2014). Methane is the more potent greenhouse gas (Neubauer and Megonigal,
2015) and staying within the remaining global carbon budget depends on the reduc-
tion of non-CO , emissions (Rogelj and Lamboll, 2024). Peatlands are the largest natural
methane source in the northern hemisphere, but large uncertainties still envelope the
global budget (Yu et al., 2009, p. 55). For these reasons, this study will put a focus on
drivers of anoxic decomposition and methane production in peat samples.

The rate and pathways of organic matter decomposition are determined by a network
of factors: substrate quality and quantity, the microbial community, soil aeration status,
temperature, and type and availability of alternative electron acceptors. The following
paragraphs will shortly introduce each of these factors.

Soil organic matter quality and quantity The quality of organic matter determines
how well the substrate can supply a microbial population. It consists of multiple
chemical and physical characteristics, whereof no single one can de ne quality alone,
but lignin and nitrogen content are candidates as "key indicators" (Reddy et al., 2023,
p. 167). Sphagnum moss, the architect species of bogs, produces litter that is rich in
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inhibitory compounds but poor in nutrients, and thus typically decomposes slowly
(Bragazza et al., 2009). While nutrients may be abundant in absolute terms, the C:N
ratio is unfavourably high, and microbes need to obtain nutrients from their environ-
ment in addition to their substrate. With little supply of other organic matter, nutrient
availability potentially limits microbial and plant growth, especially in ombrotrophic
(rain-fed) peatlands (Reddy et al., 2023).

During decomposition, the C:N ratio typically tightens, as carbon transitions to the
atmosphere as carbon dioxide or methane, while N is immobilized in microbial biomass
(Amelung et al., 2018, p. 83). Therefore C and C:N typically decrease, while N increases,
along peat pro les with depth (Grif ths and Sebestyen, 2016).

Soil aeration status and microbial community Microbial biomass adapts dynami-
cally to its environment (Reddy et al., 2023, p. 171). Wetland microbes are strati ed
vertically according to oxygen and alternative electron acceptors' presence: aerobic bac-
teria and fungi thrive above the water table, and facultative or obligate anaerobes pop-
ulate deeper strata where oxygen is depleted. Therefore, the position of the water table
is one central driver of peatland carbon dynamics. Decomposition under oxic condi-
tions, being more energetically favourable, achieves 2-3 times more mass loss (Bragazza
etal., 2009, p. 102).

Aerobic respiration results in the complete decomposition of organic matter to carbon
dioxide. In the absence of oxygen, respiration depends on alternative terminal electron
acceptors (see below) and a complex metabolic network of microbes that performs a
chain of "chemical handoffs" (Dolman, 2019, p. 176), including hydrolization and fer-
mentation, where products of one step provide substrate for the next.

Ultimately, methane is produced by archaea of the phylum Euryarchaeota Three
main methanogenic pathways - hydrogenotrophic, aceticlastic and methylotrophic -
allow them to utilize different substrates: CO ,, acetate, and methyl group contain-
ing compounds such as methanol and methylated amines (Nazaries et al., 2013). In
ombrotrophic peatlands, hydrogenotrophic methanogenesis dominates (Artz, 2009,
pp. 112-16).

The complexity of the anaerobic respiration system brings about that it reacts sensi-
tively to disturbance (Nilsson and Oquist, 2009, p. 141). Methanogens in particular are
sensitive to environmental conditions like temperature and pH, but their competitive
and adaptive strategies are poorly known (Bodelier and Steenbergh, 2014; Nazaries et
al., 2013).

Most methane is oxidized to carbon dioxide on its way upwards through the oxic zone
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(Dean et al., 2018). Additionally, anoxic methane oxidation pathways that rely on a
coupled energy pathway have also been discovered and may be widespread (Gupta
et al., 2013; Raghoebarsing et al., 2005).

Availability of electron acceptors ("redox ladder"): Where oxygen is unavailable,
other compounds are used as electron acceptors to facilitate organic matter oxidation.
Depending on their redox potential, a sequence of alternative e~ - acceptors are used
under increasingly reducing conditions and with decreasing energy yield: 1. nitrate,

2. manganese, 3. ferric ions, 4. sulfate and 5. carbon dioxide (hydrogenotrophic
methanogenesis), among others. Decomposition of organic matter supported by the
most favourable compounds is carried out by facultative anaerobes and works simi-
larly to oxic conditions, in that it produces mainly carbon dioxide and the reduced form

of the oxidant. Once competing terminal e - - acceptors are depleted, methanogenic con-
ditions are reached (Amelung et al., 2018; Nilsson and Oquist, 2009; Reddy et al., 2023).

Temperature in uences many bio-chemical processes in decomposition, such as en-
zymatic activity and the survival and growth of cells. In general, they are boosted in
warmer conditions until a speci ¢ optimum is crossed. The reaction of net carbon ux
of an ecosystem to temperature changes integrates different sensitivities of the involved
processes. Heterotrophic respiration is mainly controlled by temperature, and more so
than primary productivity (Rankin et al., 2022). Reactions with less favourable energy
outcomes tend to be more temperature sensitive, for example the decomposition of low
guality material or methanogenesis (Reddy et al., 2023).

1.1.3 Coupling of C and N cycle

The carbon and nitrogen cycles are tightly linked, as all organisms require both ele-
ments in their biomass, and both are released together when organic matter is broken
down. Additionally, some anaerobic decomposition pathways involve a connection to
N transformations. Figure 1.1 gives an overview of the coupled C and N cycles.

N in wetlands can exist as inorganic compounds such as N,, NH 4+, NO,, NOj3, NO,
and N,O. Organic forms include proteins, nucleic acids and amino sugars (Reddy et
al., 2023) and are usually more abundant then inorganic forms (Weedon et al., 2012).
Of all these, ammonium, nitrate and amino acids make up the plant-available N forms.
Microbes acquire (immobilize) N via biological N xation (BNF) or assimilation of ni-
trate or ammonium. While nitrate is soluble and easily leached, ammonium is more
stable and often adsorbed to clay minerals (Amelung et al., 2018, p. 523). Nitrate fur-
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Figure 1.1: Schematic of the coupled C and nutrient cycles, adapted from Reddy et al. (2023).
Processes are shown in white boxes and their in- and output compounds in solid boxes. Trans-
formations that require oxygen are coloured in blue. Anaerobic methane oxidation was ex-
cluded for simplicity.

thermore is transformed to gaseous N, or N ,O (denitri cation) or reduced to ammonia,
and serves as a terminal electron acceptor in the associated decomposition pathways.
Ammonium may be transformed back to nitrate via nitri cation, but only under oxy-
gen supply. Consequently, it accumulates in the anoxic zone, while nitrate forms near
the surface and migrates downwards (Reddy et al., 2023, p. 353). Therefore, ammonium
concentrations increase with depth (Grif ths and Sebestyen, 2016).

The fundamental coupling of the two cycles expresses itself in a sensitivity of decom-
position towards nutrient status, for example in incubations: Second only to carbon
content, N content strongly controls how much carbon gets mineralized (Knoblauch
et al., 2013). N addenda are incorporated into additional microbial biomass, and stim-
ulate the decomposition of labile carbon, but attenuate complex carbon deconstruction
(Lavoie et al., 2011; Currey et al., 2009). Furthermore, soil nutrient status seems to steer
the temperature response of respiration (Weedon et al., 2013; H. Zhang et al., 2021).
Methanogens need to acquire N like any other organism and can be N-limited. At the
same time, some N compounds may inhibit methanogenesis, either as oxidant (NO 5,
NO ) for denitri ers that outcompete methanogens for substrate, or as the basis for den-
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itri cation whose intermediate products (NO ,, N,O and NO) are toxic to methanogens
(Bodelier and Steenbergh, 2014).

The terrestrial N cycle is heavily modi ed by human activity, particularly by the Haber-
Bosch process, the chemical process to produce industrial fertilizer (Dolman, 2019,
p. 181). This has led to an enrichment of the biosphere with N relative to C and fu-
eled the additional yearly uptake of 2.6 Pg terrestrial C (Zaehle, 2013).

1.1.4 \Wulnerability to and nature of predicted changes

Muller and Joos (2021) estimate that under the boundary conditions of 2014, 10% of
northern peatland carbon until 2100 will be lost, mainly through a decline in peatland
area. Even higher losses are expected in climate scenarios with higher radiative forcing,
but a notable amount is also preserved in relict peat horizons after the transition to dif-
ferent ecosystems. Local precipitation and temperature were the main drivers of area
changes. These results suggest that large parts of today's northern peatlands might be
at risk under future climate change - and the high latitudes are warming even faster
than the global average (Intergovernmental Panel On Climate Change, 2023). In peat-
lands, temperature increases lead to faster N cycling, due to enhanced decomposition
but also ecosystem shifts that go along with the expansion of vascular plants that shed
more leaf and root litter (Weedon et al., 2012; Iversen et al., 2023). In reverse, external
N supply determines whether climate warming promotes vascular plants (high N) or
sphagnum growth (low N), tipping the balance between net C release or accumulation
(Heijmans et al., 2008).

Nutrient inputs into ombrotrophic peatlands are suspected to be in uential because
these ecosystems are typically nutrient-limited. Firstly, by de nition, the receive little
external input - only atmospheric gaseous or particulate sources or precipitation, but
no lateral in ow. Any present nutrients are severely competed for and quickly immo-
bilized (K. DierBen and B. Dierf3en, 2001, p. 66).

Previous studies found signi cant impacts of N, either as arti cial addenda or along
natural gradients, on carbon dynamics in peatlands. Bragazza et al. (2006) observed
increased CO, and DOC release along a gradient of increasing atmospheric N deposi-
tion across european bogs, and conclude that removing microbial N limitation and im-
proving litter quality will endanger the C sink that bogs currently provide. Similarly,

eld studies found that inorganic N additions generally intensied CH  , emissions and
reduced its uptake (Liu and Greaver, 2009; Nazaries et al., 2013). A recent review (Bob-
bink et al., 2022) outlines that both stimulating or neutral responses of greenhouse gas
production to N amendments have previously been found.
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While the fact that nitrogen impacts the carbon cycle somehow is quite established, the
implications of this connection on the net carbon release or uptake of ecosystems are
less clear and driven by several interacting factors. For example, nutrient availability
reinforces how strongly methanogenesis reacts to temperature changes (H. Zhang et al.,
2021). Additionally, the trend direction may vary depending on the recalcitrance of the
substrate: while labile carbon pools are depleted more quickly in N-amended peat, the
less easily available carbon sources are utilized to a lesser extent in some studies, and
effects varied over time (Currey et al., 2009; Lavoie et al., 2011). Finally, Currey et al.
(2009) also found contrasting effects of N supplied as nitrate or ammonia: while nitrate
had no signi cant effects, respiration rates were lowered by small and enhanced by
large amounts of additional ammaonia.

To conclude, boreal bogs' responses to nutrient status and warming have been observed
in several large-scale studies, like in the Whim Moss in Scotland (Sheppard et al., 2013)
and the SPRUCE experiment in Minnesota, US (Petro et al., 2023). However, there is
a lack in small-scale studies like incubations that allow more control of environmen-
tal parameters and therefore better insights into the effects of nitrogen additions on
methanogenesis, which are still "controversial" (Nazaries et al., 2013).

N sources in wetlands

The following paragraphs will provide an overview of nitrogen sources and their scales

in peatlands: namely atmospheric deposition, biologic nitrogen xation and decompo-
sition of organic matter.

Firstly, nitrogen can enter terrestrial ecosystems via deposition from the atmosphere.
Ammonia and nitrate, originating for example from agricultural fertilizer dust, are
transported bound to aerosols (Dolman, 2019, p. 180). Deposition increased during
the years of 1850 - 2000, including in southern Finland (Artz, 2009, p. 111, Dolman,
2019, p. 185, ). Southern Finland recieves 200-400 mg N M yearly from atmospheric
deposition in equal parts in oxidized and form (model results for 2021, EMEP, 2023).
This is below the critical threshold for bogs at 500-1000 mg N m 2 (Bobbink et al., 2022),
but enough to place Siikaneva within the risk areas for both eutrophication and biodi-
versity loss in 2020 (Hettelingh et al., 2017, p. 15). Additionally, damages may occur at
the lower end of this threshold already, and lower thresholds have been proposed for
similar ecosystems (e.g. Wieder et al., 2019).

N-associated risk projections have been moderated between 2005 and 2020 (Hettelingh
et al.,, 2017). The nearest available observations at Valkea-Kotinen observed a small
decrease of total inorganic nitrogen deposition over 1990-2012 (Vuorenmaa et al., 2017).



1.2 Research objectives and hypotheses 21

Furthermore, some microbes that are addressed collectively as diazotrophs xate
molecular nitrogen. They are taxonomically placed within the Cyanobacteriand Acti-
nomycetes Some live symbiotically with sphagnum mosses, are anaerobes, and/or
methanogens or sulfate reducers. Inorganic N addition suppresses their activity (De-
Laune et al., 2013) as well as warming, likely through competition with less energy-
intensive N sources (Petro et al., 2023). Biologic nitrogen xation contributes a notable
N in ux on the order of 36.5 - 2190 mg N m 2 yr-1 in peat bogs (DeLaune et al., 2013,
pp. 287-90).

Finally, N travels along the cycle of growth and decomposition within the peatland. Im-
mobilization binds around 65 kg N ha 'yr?! (K. DierRen and B. DierRen, 2001, p. 143).
Climate warming is projected to increase nutrient release within wetland ecosystems
by enhancing decomposition. For example, Iversen et al. (2023) show that with (arti-
cially) elevated temperatures in a live bog ecosystem, available ammonia and phos-
phate rise exponentially, and without any mitigation by heightened CO , concentra-
tions. Similarly, simulated climate change (warmer summers) led to accumulation of
organic N plus both ammonia and nitrate in Weedon et al. (2012). This is partly re-
lated to sphagnum mortality as the ecosystem shifts with stronger warming and brown
mosses and higher plants outcompete sphagnum (Bragazza et al., 2009; Petro et al.,
2023, p. 104). Enhanced decomposition thus works through three processes: acceler-
ated decomposition of existing organic matter, temporary in ux of dead plant material,
and sustained ampli cation of litter input from higher plants.

1.2 Research objectives and hypotheses

This thesis aims to answer the main research question “What effect do increased levels
of ammonia and nitrate have on CO , and CH , production from Siikaneva bog? ”,
namely on the total amount of C respired as either gas, the ratio between them, and their
development in time. Additionally, it will investigate how this effect depends on the
form of nitrogen (oxidized or reduced), and how these factors interact with temperature
and source layer.

Based on the existing research outlined in chapter 1, the following hypotheses describe
the expected results that will be compared to this study's new data:

1. According to basic biological principles, higher respiration rates are expected in
warmer temperatures .

2. Atime lag until the beginning of methane production is expected in the surface
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layer samples, as the microbial community needs to adapt to anoxic conditions
rst, while the below-water-table community thrives under conditions closer to
their natural environment.

3. Both inorganic N forms are easily available nutrients that microbes can assimi-
late. Increased supply should facilitate microbial growth and their capability to
decompose organic matter. Thus higher additions are proposed to lead to higher
respiration .

4. Supplying N in oxidized or reduced form is expected to lead to different effects.

(a) Nitrate addition speci cally should stimulate decomposition . Nitrate is
vital to decomposition processes in anoxic conditions, being the second-
most energetically favourable electron acceptor after oxygen. Additionally,
NH ;" is accumulating under anoxic conditions, while NO 5 is depleted - and
more generally, wetlands are typically limited in electron acceptors, but not
-donors (Reddy et al., 2023, pp. 174-175). Consequently, adding nitrate is
expected to be more in uential than ammonium.

(b) CO,:CH, is increased by availability of terminal e acceptors like NO 3
(Artz, 2009, p. 137), so this should be mirrored in this experiment, at least
initially.

5. Nitrogen addenda are expected to intensify the decomposition of labile carbon,
but not of recalcitrant substrate .
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