
Master thesis

Effects of inorganic nitrogen
additions on methane and carbon

dioxide production from incubated
boreal bog samples

Marianne Böhm
geboren am 02.04.1997 in Rosenheim

Matr. - Nr. 199024

Jena, 20.03.2024

Friedrich-Schiller-Universität Jena
Institut für Geographie

Erstgutachterin: Dr. Karin Potthast
(Friedrich-Schiller-Universität Jena)

Zweitgutachterin: Dr. Claire Treat
(Alfred-Wegener-Institut Potsdam)





3

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 CO2 and
CH4 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 CO2 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 CO2 but increased CH4 release with temperature.
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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.
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Zusammenfassung

In borealen Mooren wird der fortschreitende Klimawandel durch eine Beschleunigung
der Zersetzung und einem Wandel der Ökosysteme den Kreislauf von organischem
Material antreiben. Neben Kohlenstoff werden auch Nährstoffe zunehmend aus zuvor
kaum zersetzter Organik für Zersetzer verfügbar. Da sie einen großen Teil des globalen
Kohlenstoffspeichers in Böden ausmachen, ist die Reaktion von Mooren der höheren
Breiten auf steigende Temperaturen und Nährstoffverfügbarkeit eine relevante, aber
noch nicht zufriedenstellend gelöste Frage. Diese Masterarbeit möchte 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 südlichen Finnland, in dem mangelnde Stickstoffverfügbarkeit vermut-
lich die Mikrobengesellschaft einschränkt.

Ergebnisse der 190-tägigen Inkubation zeigen, dass N-Zugaben die kumulative
Freisetzung von CH4 und CO2 verminderten und den Verlauf der Produktionsraten
beeinflussten. Proben von ober- und unterhalb des Wasserstands hatten unter-
schiedliche Produktionsmuster: Die Oberflächenproben beherbergten keine detektier-
baren Zahlen an Methanproduzenten und setzten dementsprechend kein Methan frei,
während der tieferliegende Torf ebensoviel oder sogar mehr Kohlenstoff als Methan
wie als CO2 emittierte. Die Methanproduktion, und damit auch die gesamte C-
Mineralisierungsquote der methanproduzierenden Proben, reagierte sehr empfindlich
auf eine erhöhte Inkubationstemperatur, die Oberflächenproben jedoch kaum. Höhere
Temperaturen und mehr Ammonium führten zu einem höheren Anteil von Methan
an der freigesetzten Gesamtmenge. Ein wichtiges Ergebnis war außerdem, dass die
Muster in den Daten deutlich besser erklärt werden konnten, wenn der Oxidationstatus
des zugegebenen Stickstoffs berücksichtigt wurde. Ammonium führte im Allgemeinen
zu einer stärkeren 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 CO2. Die Stickstoffzusätze beeinflussten weiter-
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hin die Empfindlichkeit der Kohlenstoffabgabe gegenüber der Temperatur - und das
je nach Schicht unterschiedlich: Ammonium dämpfte den Temperatureffekt in Proben
unterhalb der Wasseroberfläche, aber verstärkte ihn in den Oberflächenproben. Nitrat
wirkte sich in diesem Kontext nur auf die wassergesättigte Schicht aus und führte dort
zu einer verminderten Reaktion von CO2, aber einer gesteigerten Reaktion von CH4 auf
Wärme.
Diese Ergebnisse deuten darauf hin, dass der Blickwinkel der Stickstofflimitierung
nicht ideal für ein verbessertes Verständnis von Treibhausgasemissionen aus Mooren
geeignet ist. Andere Faktoren, wie etwa co-Limitierung durch andere Nährstoffe,
Konkurrenz zwischen unterschiedlichen Energiestoffwecheln, und möglicherweise
Toxizität der Stickstoffbeigaben selbst oder ihrer Stoffwechselprodukte könnten in
Kombination die beobachtete Reduktion der Treibhausgasproduktion erklären.
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 km2

(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. km2 that is not affected by per-
mafrost (Hugelius et al., 2020), which corresponds to roughly a tenth of the global soil
C stocks of 2 270 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-
questration is gaining interest, but possible enhancement of methane production under
elevated temperatures and atmospheric CO2 concentrations may surpass their carbon
sink potential (Van Groenigen et al., 2011). Boreal peatlands currently emit 23.6 - 64.2
Tg CH4 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
et al., 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 influences the
climate directly as N2O, 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 CO2 and CH4

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
fluctuating 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 efficient 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



1.1 Background: Carbon and nitrogen cycling in boreal wetlands 15

up with climate change: More CO2 and CH4 production are expected for northern peat-
lands; complementing this, CH4 oxidation and CO2 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 Öquist,
2009, p. 134).
Boreal bogs are typically moderate sinks of CO2 and small sources of CH4 (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-CO2 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 define 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 profiles with depth (Griffiths 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 stratified
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
et al., 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: CO2, 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 Öquist, 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 Öquist, 2009; Reddy et al., 2023).

Temperature influences 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 specific optimum is crossed. The reaction of net carbon flux
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
quality 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 N2, NH +

4 , NO –
2 , NO –

3 , NO,
and N2O. 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 fixation (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 N2 or N2O (denitrification) or reduced to ammonia,
and serves as a terminal electron acceptor in the associated decomposition pathways.
Ammonium may be transformed back to nitrate via nitrification, 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 (Griffiths 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 (NO3,
NO2) for denitrifiers that outcompete methanogens for substrate, or as the basis for den-
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itrification whose intermediate products (NO2, N2O and NO) are toxic to methanogens
(Bodelier and Steenbergh, 2014).
The terrestrial N cycle is heavily modified 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 Vulnerability to and nature of predicted changes

Müller 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 influential because
these ecosystems are typically nutrient-limited. Firstly, by definition, the receive little
external input - only atmospheric gaseous or particulate sources or precipitation, but
no lateral inflow. Any present nutrients are severely competed for and quickly immo-
bilized (K. Dierßen and B. Dierßen, 2001, p. 66).
Previous studies found significant impacts of N, either as artificial addenda or along
natural gradients, on carbon dynamics in peatlands. Bragazza et al. (2006) observed
increased CO2 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,
field studies found that inorganic N additions generally intensified CH4 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 significant effects, respiration rates were lowered by small and enhanced by
large amounts of additional ammonia.
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 fixation 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−2 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).
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Furthermore, some microbes that are addressed collectively as diazotrophs fixate
molecular nitrogen. They are taxonomically placed within the Cyanobacteria and 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 fixation contributes a notable
N influx 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−1yr−1 (K. Dierßen and B. Dierßen, 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-
ficially) elevated temperatures in a live bog ecosystem, available ammonia and phos-
phate rise exponentially, and without any mitigation by heightened CO2 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 influx of dead plant material,
and sustained amplification 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 CO2 and CH4 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. A time 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
first, 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 specifically should stimulate decomposition. Nitrate is
vital to decomposition processes in anoxic conditions, being the second-
most energetically favourable electron acceptor after oxygen. Additionally,
NH +

4 is accumulating under anoxic conditions, while NO –
3 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 influential than ammonium.

(b) CO2:CH4 is increased by availability of terminal e− acceptors like NO3

(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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2. Data and Methods

2.1 Origin of peat samples

2.1.1 Siikaneva site description

Figure 2.1: Location of the sample site within Europe (small inset), the Siikaneva mire complex
(right) and the patterned bog area (drone image, left). On the orthophoto, the boardwalk to-
wards the eddy covariance tower and other flux measurement equipment is visible as a faint
white line. Map sources: Drone imagery by Lion Golde and Tabea Rettelbach; topographic map
and hillshade by National Land Survey of Finland; Global vector map by Openstreetmap Con-
tributors.

The peat samples used in this study originate from the Siikaneva peatland complex in
Ruovesi, western Finland; the exact location is indicated in Figure 2.1. In peat cores,
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Mathijssen et al. (2016) found ages up to 11 000 years and peat depths between 2.4 and
6.8 m. They estimate a current carbon storage of almost 1000 Gg C.

Mean annual rainfall in Siikaneva amounts to 711 mm (Alekseychik et al., 2021) The
Juupajoki-Hyytiälä weather station some 10 km from the site records an average annual
temperature is 4.2 °C, with -7.2 °C in January and 17.1 °C in July (averages of the 30-
year period 1982–2011, Korrensalo et al., 2018). Most years between 2011 and 2016
had warmer and drier summers than the 30-year average (Alekseychik et al., 2021). In
2022, mean air temperatures were at 16.3°C in summer and 6.7°C in autumn, and soil
temperatures at 2 cm depth were similar with a slightly buffered variability (Jentzsch
et al., 2024, in review).

Siikaneva hosts several research projects and infrastructure (e.g. Baysinger et al., 2024,
Korrensalo et al., 2018, Jentzsch et al., 2024). It features an eddy covariance tower that
recorded a net uptake of CO2 of 61 ± 24 g C /m2 and net CH4 release of 7.1 ± 0.7 g C /m2

per year during the growing season of 2011-2016 (Alekseychik et al., 2021).

The Siikaneva complex lies within the southern boreal vegetation zone (Korrensalo et
al., 2018). Siikaneva is an open peatland that comprises both ombrotrophic and olig-
otrophic parts. This study focuses on the ombrotrophic bog area. Within its "mosaic
of plant communities", Korrensalo et al. (2018) differentiate seven types of microsites:
High Hummock, Hummock, High Lawn, Lawn, Hollow, Bare Peat, and Water. These
differ in species composition according to the local distance of the water table from the
surface. Sphagnum lawn occupies around 13% of the bog area of Siikaneva (Golde,
2023, unpublished thesis), and was sampled for this study. This microform is character-
ized by a productive moss layer dominated by Sphagnum papillosum, S. magellanicum
and S. balticum and hosts few vascular plants. Compared to other microtopographies,
it is low in C and N contents and relatively wet: the water table was detected at 4 cm
below the moss surface (Korrensalo et al., 2018).

2.1.2 Sample collection

Shallow peat samples were obtained in October 2022 from a homogeneous sphagnum
lawn at three locations within several meters distance (see Figure 2.1). Three horizons
were distinguished according to the position of the water table. The soil material was
cut out in bulk with a bread knife, and transported and stored at 4°C in heat-sealed
aluminium bags under dark and anaerobic conditions until the incubation was started
in April 2023. The following table (2.1) provides an overview of the sample material.



2.2 Properties of the peat samples 25

layer depth spatial replicate analysis
AWT 0 - 3 cm 1
(above 0 - 3 cm 2 GHG production + geochemical
water table) 0 - 2 cm 3
WT 3 - 6 cm 1
(water table) 3 - 7 cm 2 geochemical only

2 - 6 cm 3
BWT 6 - 15 cm 1
(below 7 - 20 cm 2 GHG production + geochemical
water table) 6 - 16 cm 3

Table 2.1: Overview of the sample material

For the experiment, two depth layers were created by mixing the material from the
spatial replicates from similar horizons: the surface layer above the water table (AWT),
and the layer that was clearly below the water table (BWT). While intact sphagnum and
sedges in colours ranging from vivid green to light brown or red made up the AWT
samples, the BWT layer consisted of a medium brown slurry of partly decomposed
leaves. Both contained sporadic parts of sedges and other higher plants. Material from
the periodically oxic zone was not incubated to prioritize the clearly distinguishable
layers above and below.

2.2 Properties of the peat samples

2.2.1 Analysis of physical and chemical soil properties

From the frozen archive portion of the peat moss samples, 30.0 g (AWT) and 55.6 g
(BWT) were extracted and placed in plastic bags. These were covered with tissues and
dried overnight in a sublimation dryer at 50°C.
Gravimetric water content was determined by comparing the masses of the same sam-
ple before and after drying. Once dry, around 1 g of each homogenized sample was
ground into a fine powder using a planetary mill with corundum containers at 300
turns per minute. The milling process was run for four minutes initially and then re-
peated for two minutes until no fibers were visible in the powder.
Powedered samples were analyzed for carbon content in a elementar soli TOC cube (El-
ementar Analysensysteme GmbH, Germany) from two aliquots of each sample. This
instrument uses combustion to release all carbon compounds from powdered samples,
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uses N2 to carry it through a Platinum catalyst and filters for moisture and reactive com-
pounds like halogens, and finally detects the produced CO2 using infrared absorption.
A temperature ramp is employed to distinguish between organic carbon (mobilized at
400°C), residual organic carbon (600°C) and inorganic carbon (900 °C).
Nitrogen contents were measured in a elementar exceed rapid maxN (Elementar Anal-
ysensysteme GmbH, Germany), which detects total N content by a similar principle
as the TOC analyzer described above, but using a constant temperature program and
Helium as carrier gas.

2.2.2 Pore water chemistry

Pore water was extracted from subsamples of archived homogenate that were thawed
at 4 - 10 °C in whirlpaks. A Rhizon Soil Moisture Sampler (Rhizosphere Research Prod-
ucts bv, Netherlands; type MOM, 10 cm length of porous part, 0.12 - 0.18 µm pore
width) was inserted into each sample, then the packs were wrapped tightly in tape,
and a plastic syringe was connected to the Rhizon with an adapter. A vacuum was
applied by pulling the plunger and holding it in place with a piece of plywood. The
extraction was conducted in a dark storage room at 4°C. Every few hours, when some
water had accumulated and the negative pressure had weakened, the syringes were
emptied into a clean Schott glass bottle and re-installed. The extraction was continued
until a target amount of 30 ml was retrieved, which took about 24 h. About 1.8 ml of
water were transferred into 2 ml Eppendorf tubes and stored frozen, in order to pre-
serve them for nitrate and ammonia analysis which was not possible due to instrument
failure at the time of extraction.

Figure 2.2: Setup to extract pore water
from peat samples with Rhizons

Of the tap water that was used to create the treat-
ments, no subsample had been preserved in sim-
ilar conditions as the peat samples. Thus values
measured by the water management office (En-
ergie und Wasser Potsdam GmbH, 2022) are re-
ported in the results.

Electric conductivity and pH Electric conduc-
tivity was measured with a probe (WTW TetraCon
/ Cond340i, Xylem Analytics Inc.). To optimize
sample use, a few ml of water sample were filled
into a small plastic bag that was wrapped tightly around the probe to ensure its full im-
mersion. The pH was measured by inserting a probe (ThermoScientific Orion VersaStar
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Pro, Thermo Fisher Scientific) into the small bag that was previously used for EC.

DOC and TDN Dissolved organic carbon and nitrogen are often operationally de-
fined as those C or N containing compounds that pass a certain filter, usually of 0.45 µm
pore size. Its sources are standing dead biomass, detritus and soil organic matter from
which it is leached or released during decomposition, as well as potential allochthonous
entry with water; it then serves as a very mobile pool of carbon and energy within the
wetland ecosystem (Reddy et al., 2023, p. 193). In the ombrotrophic Siikaneva bog,
inorganic carbon is assumed to be negligible. Relevant organic N components include
amino acids that organisms can acquire as nutrients. Inorganic dissolved nitrogen com-
prises dissolved gases (N2,NH3, N2O) and solids like NH +

4 , NO2 and NO3, but is usually
only a small fraction of less than 3% of TDN (Reddy et al., 2023, pp. 286–287). In this
study, the observed components must be smaller than the Rhizon membrane size of
approximately 0.15 µm pore width. Note also that the results don’t purely represent
contents of extracellular water that was adsorbed to the sphagnum, but rather, con-
tents of microbial or plant cells that were destroyed when the samples were frozen and
thawed are also detected. Furthermore, both dissolved partitions are also included in
the solid C and N because it was conducted on water-saturated samples.
20 ml of each sample were decanted into glass exetainers and stabilized by acidification
with 25 µL HCl (30% suprapure). Contents of dissolved organic carbon and nitrogen
were analyzed in a TOC-L analyzer (Shimadzu, Japan) extended with a TNM-1 module
by combustion catalytic oxidation: the liquid sample is heated to 720°C in the presence
of a platinum catalyst and oxygen supply. The resulting CO2 and N2 are quantified
using an infrared gas analyzer and a chemoluminescence detector, respectively. TOC is
reported as NPOC (non-purgeable organic carbon).

Bulk density measurements had not been taken from the unaltered samples before
they were placed in bags. Therefore, to approximate, existing data obtained in 2021
from the same site were selected for the appropriate depths and averaged (Johanna
Schwarzer, unpublished data).

2.2.3 Microbial assay

Quantitative Polymerase Chain Reaction (qPCR) was used to quantify three key genes
of microbial methane cycling: mcrA, a subunit of the gene encoding methyl coen-
zyme M reductase - an enzyme common to all methanogenic pathways - indicates the
abundance of methanogens; pmoA 621-R/ pmoA mb661-R (particulate methane mono-
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oxygenase) is related to methane oxidizers; and 16s serves as a marker of total bacterial
abundance (Nazaries et al., 2013; Peltoniemi et al., 2016). Samples were processed as in
Laurent et al. (2023) in technical triplicates from multiple subsamples, which were taken
from the homogenized peat during the incubation setup in the anaerobic workstation.
Copy numbers of mcrA and pmoA were put in relation to 16s to gauge their relative
importance in the microbial community (note that methane cycling is conducted by
archaea, which are not represented in the 16s result).

2.3 Incubation setup

To study process rates of organic matter decomposition and how they are impacted
by variations in environmental factors, incubations are a common tool that allows the
researcher to tightly control the factors of interest. In an incubation vial, complex inter-
actions of real ecosystems are simplified, and any outputs can be monitored (Schädel
et al., 2020).
In this study, a laboratory incubation of peat material under anoxic conditions was con-
ducted in order to monitor changes in GHG production under a factorial variation of N
addition. By design, this setup excludes any transport processes of substrate, nutrients,
and gases in and out of the observed material, other than through gas exchanges with
the headspace. The peat was incubated at two temperatures: a) at 4 °C to represent
shoulder-season conditions, which contribute a non-negligible fraction of yearly emis-
sions in northern ecosystems b) at 20 °C to simulate maximum potential production
during a very warm summer (climate data see Alekseychik et al. (2021)). A nitrogen-
gas headspace and water additions simulated completely waterlogged, anoxic condi-
tions. We assume that due to the lack of oxygen, no methane was oxidized, and fungal
decomposition can be neglected.
Figure 2.3 presents the concept of the incubation experiment.

2.3.1 Nitrogen treatments

Baseline contents of Nitrogen species were estimated using a measurement of Total
Dissolved Nitrogen (TDN) and literature values of typical fractions of ammonium and
nitrate: TDN in porewater was measured in situ at several sites and depths in October
2022 (Jentzsch et al., 2024, in review). For this experiment, the results from the appropri-
ate microtopography (hollow) at 7 cm and 20 cm depth were averaged to yield a mean
concentration of 0.495 mg l−1. Contents of nitrate and ammonia in leachate as reported
by Treat et al. (2016) for their control group in the fall season were applied to estimate
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BLK
blank 
Autoclaved tap water only

N0
ambient concentration
of both NO3 and NH4

N2
+ 2.5 times ambient NH4
plus ambient NO3

N5
+ 5 times ambient NH4
plus ambient NO3

N2
+ 2.5 times ambient NO3
plus ambient NH4

N5
+ 5 times ambient NO3
plus ambient NH4

Figure 2.3: Overview of the incubation layout (figure partially created with biorender.com)

the target concentrations. The applied ratios were: NH4 : TDN = 0.19, NO3 : TDN =
0.61, resulting in the target concentrations listed in table 2.2.

treatment total N NH4-N NO3-N
mg l−1 mg l−1 mg l−1

N0 ambient 0.495 0.094 1 0.302
N2 + 2.5 x ambient 1.73 0.329 1.06
N5 + 5 x ambient 2.97 0.565 1.81

Table 2.2: Target concentrations of total dissolved nitrogen, ammonium and nitrate

To create the nitrogen treatments, either ammonium chloride (NH4Cl) or sodium nitrate
(NaNO3) were added to autoclaved tap water. The concentrations of the stock solutions
were calculated so as to preserve ambient concentrations (2.2) for the N0 group, and to
add 2.5 times or 5 times ambient concentrations for the N2 and N5 treatment groups, re-
spectively, while also accounting for the molecular weight fraction of nitrogen in either
salt and the high natural water content of the samples (assumed to be 95%).
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treatment group NH4Cl NaNO3 NH4-N NO3-N total N
mg L−1 mg L−1 µg µg µg

CTR-N0 3.56 18.4 0.941 3.02 3.96
NH4-N2 20.9 18.4 5.53 3.02 8.55
NH4-N5 38.3 18.4 10.1 3.02 13.1
NO3-N2 3.56 107 0.941 17.8 18.7
NO3-N5 3.56 197 0.941 32.5 33.4

Table 2.3: Concentrations of ammonia and nitrate solutions used for Nitrogen treatment and
resulting amounts of N, in either form or in total, added to each vial.

2.3.2 Incubation vial preparation

Figure 2.4: Examples of incubation vials of peat
from above (left) and below the water table
(right), and a procedural blank (center).

For each layer separately, the bags were
opened inside an anaerobic workspace,
emptied into a large beaker together, and
mixed thoroughly using sterilized lab
equipment. The three cores contributed
evenly to the pool replicate. 10g of this
mix were weighed into 120 ml glass in-
cubation vials. Large twigs or roots were
removed to avoid in-homogeneous dis-
tributions of materials in the incubation
vials. All leftovers were stored in a
freezer at -25 °C for further analysis and
archive purposes.

For the N treatments, 1 ml of the designated stock solution was added to each incu-
bation vial along with 1 ml N0 solution of the other nitrogen species (Table 2.3) and 8
ml autoclaved tap water to achieve a total addition of 10 ml H2O. The vials were then
sealed with rubber stoppers, secured with aluminum crimps, and flushed with N2 for
5 minutes (see Figure 2.4). After taking the first headspace sample, the incubation vials
were stored in dark incubators with constant temperatures of 4°C or 20°C according to
their treatment group.
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2.4 Greenhouse gas fluxes

2.4.1 Headspace sampling procedure and gas chromatography

To determine greenhouse gas concentrations, the incubation vial headspaces were sam-
pled regularly with a syringe. Multiple samples were taken during the first week,
then the sampling interval was relaxed to weekly and then monthly as productivity
declined. Vials were gently shaken before the procedure to release any trapped air bub-
bles and enforce equilibriation between the water and the gas phase. One sampling
sequence consisted of extracting 5.5 ml of headspace gas through the stopper with a
sterile needle, flushing 0.5 ml and injecting 5 ml into an evacuated 20 ml exetainer with
a rubber septum. The incubation vials were then repressurized by injecting 5.5ml N2.
The sample exetainers were run through a Shimadzu Nexis GC-2030 gas chromato-
graph equipped with an automated headspace sampler (Shimadzu, Japan). CO2 and
CH4 concentrations were determined by a flame ionization detector (GC-FID) with a
Jetanizer component for detecting CO2 (More details on the instrument’s internals are
given in the appendix A.1). As instrumental blanks, evacuated vials were run along-
side the samples. Gas concentrations were computed from the chromatogram peak
areas via a calibration curve. Over the course of the experiment, the retention time of
CO2 moved from 12.59 to 12.98 minutes. A new calibration was conducted in July 2023
and applied to all data.
Whenever a threshold of 10 000 ppm of either gas was crossed, the vial was flushed
with N2 for 3 minutes on the subsequent measurement date, and measured again to
obtain a baseline concentration. By this procedure, concentrations in the headspace are
kept within a natural range (e.g. < 14 000 ppm CH4 in H. Zhang et al., 2021; see also
Laurent et al., 2023; Knoblauch et al., 2013 ), as excessively high headspace concentra-
tions would inhibit further production (Nilsson and Öquist, 2009).

2.4.2 Flux calculations

Quality control

Data quality was ensured by the following measures:

• taking notes of mistakes such as erroneous amounts of gas sample,

• analyzing chromatograms by eye to find any abnormalities,

• plotting the time series of concentrations and production rates of all replicates of
each treatment group, identifying any unrealistic outliers, and
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• compiling this knowledge in a flag column, indicating if a sample was reliable (0),
suspicious (1) or totally unreliable (2). Data points assigned to the last category
were excluded and treated as if no data had been obtained. Group 1 data were
included, but subjected to additional checks and discarded if necessary.

Concentrations in procedural and GC blanks were plotted to identify any issues with
the measurement procedure. One set of measurements had to be discarded entirely due
to instrument failure.

Production rates of CH4 and CO2

All data analyses were carried out in R (version 4.3.1) within the RStudio programming
environment and relied mainly on packages within the "tidyverse" for data manage-
ment (R Core Team, 2023; Wickham et al., 2019). Microsoft Excel was used to digitize
lab notes and to manually compile and edit tabular data.

To prepare for analysis, the calibrated GC outputs from all dates were collected in one
file along with quality annotations. Any negative concentrations - that arise from the
calibration curve not being forced to cross the origin - were set to zero, and necessary
information on the samples was attached.

To account for the dilution of gas concentrations caused by the sampling procedure,
a post-sample concentration was calculated for each date using the formula d =

(volh − volx)/volh, wherein the dilution factor d is calculated from the headspace vol-
ume volh and the volume of exchanged gas volx. For this step, headspace volume was
estimated using moss bulk density (3.1) and known weights. Pressures were assumed
to be constantly at 1 atm for the calculations.

The concentrations were then converted to µg C per vial applying the ideal gas law:

Cm[µg/L] =
Cv[ppm] ∗ M[g/mol] ∗ P[atm]

R[ L∗atm
K∗mol ] ∗ T[K]

with
Cm: concentration in mass per volume
Cv: concentration expressed as amount fraction

M: molar mass of carbon
P: pressure
R: universal gas constant in the appropriate unit
T: temperature
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(Robertson et al., 1999). Proportionally to the headspace concentration, a fraction of the
gases dissolves into the water contained in the incubation vial. The relation between
concentrations of the gaseous and aqueous phase at equilibrium is quantified by the
Henry’s law constant for a given gas and temperature. After Burkholder et al. (2019),
the constants applied here are:

Hs(CO2) = 3.44 ∗ 10−2 M
atm and

Hs(CH4) = 1.41 ∗ 10−3 M
atm

(transformed to concentration/concentration basis using the online tool provided by
Sander (2023) to Hcc(CO2) = 0.842, Hcc(CH4) = 0.0345). These are the values at refer-
ence temperature (298 K) and assumed appropriate for the samples that spent several
minutes at room temperature whenever they were sampled. The presence of bicarbon-
ate ions is presumed to be negligible.

Measured, diluted and dissolved gas concentrations were multiplied with the appropri-
ate volume (of water or headspace) to obtain absolute amounts in µg. The production
rates were then calculated by dividing the change in carbon amount in headspace and
water by the time since the last sample was taken, taking into account when a vial was
flushed.

Missing data points were handled by removing them from the data set of concentra-
tions, and calculating the production rates over the longer time span between the ad-
jacent reliable measurements. Missing measurements from after the flushing of a vial
were filled with the mean concentration of all post-flush measurements.

To correct for variabilities induced by the measurement, the production rates in the
procedural blanks were subtracted from the production rates in the samples. This was
only possible for CO2, as no measurable methane production occurred in the blanks.

Cumulative production and normalized rates

Finally, production amounts of single timesteps were added up to the cumulative pro-
duction. Both cumulative production and production rates were normalized by dry
weight [g] and organic carbon [g] (converted from %dw to g using the individual sam-
ple weight and water content per layer).

2.4.3 Derived metrics

The CO2:CH4 ratio was directly computed from the time series of cumulative produc-
tion, normalized to g TOC.

To condense the total carbon loss into one number, the amounts of CH4-C and CO2-C
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were added up and normalized per g TOC.

To quantify the impact of incubation temperature in a simple form, the Q10 was com-
puted as Q10 = (R2/R1)

10/(T2−T1) from sample pairs which differed only in incubation
temperature. This value describes the expected increase in respiration caused by a 10
K temperature increase (Hamdi et al., 2013). To cover the whole range of potential re-
sults, nine values per treatment group were calculated from all combinations of three
plus three replicates.

To characterize the treatment effects on the time dimension, timing and magnitude of
peak production rates were determined.

2.4.4 Fitting compartment models for decomposition

The organic origin of gasesous carbon observed in incubations can be conceptually di-
vided into kinetic pools: a fast pool that dominates the initial carbon release, and a
slow-cycling pool that becomes relevant once the labile carbon is depleted (Schädel et
al., 2020). To estimate the fractionation into a labile and a stable fraction of carbon, a
two-pool model with reciprocal exchange between the pools was fit for each treatment
group. The model structure was constructed with the R package SoilR (Sierra et al.,
2012) and fit to the observed carbon production using the Nelder-Mead optimization
provided by FME (Soetaert and Petzoldt, 2010). The model represents decomposition
abstractly as the exponential decay of two connected compartments, and contains no
other process-based information.

A model consists of five parameters: the decomposition rates of the "fast" pool of labile
carbon (pool 1) and the "slow" pool of recalcitrant carbon (pool 2), transfer coefficients
between the two pools, and an initial fraction of carbon contained in the fast pool.
The initial values are given in Table 2.4. The decomposition rates were estimated from
average GHG-carbon flux rates in the first 60 days and the whole incubation time for
pool 1 and 2, respectively. A small amount of 10% initial labile carbon and a very small
exchange in both directions was assumed.

Separate models were fit to average cumulative carbon production per gram dry weight
( (CO2-C + CH4-C) gdw-1) of each treatment group. The resulting estimates of decom-
position rates and transfer coefficients could then be analyzed for differences between
treatment groups using Kruskal-Wallis tests.
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parameter meaning initial value
k1 decomposition rate of pool 1 0.01
k2 decomposition rate of pool 2 0.005
α21 transfer coefficient to pool 2 from pool 1 0.01
α12 transfer coefficient to pool 1 from pool 2 0.01
γ1 fraction of carbon contained in pool 1 0.1

Table 2.4: Parameters that are optimized in the two-pool decomposition model and their initial
values.

2.5 Statistical analysis of treatment effects

Multiple linear models were built and compared with regard to how well they could
explain normalized cumulative carbon production. The goal was to look for any statis-
tical evidence whether:

• Nitrogen addition changes the amount of GHG production significantly,

• This trend is either negative or positive,

• the impacts of oxidized and reduced forms of N are not the same.

To investigate the effects of Nitrogen treatments and their form, either the total amount
of NH4-N + NO3-N was supplied as one explanatory variable (total_N_ug), or as two
separate variables NH4_N_amount and NO3_N_amount (see Table 2.3) together with the
incubation temperature temp. Additionally, similar models were built to quantify ef-
fects on sustained global warming potential and Q10 that included interaction terms.
Diagnostic plots were employed to check for violations of the preconditions for linear
regression. The response was log-transformed as that improved the normality of all
models’ residuals. Models were further assessed by explained variance (r2) and com-
pared by AIC. The coefficient estimate of each predictor was used to assess the effect
size of each treatment and evaluate its statistical significance by the p-value.
Differences of model parameters between N treatment and temperature groups were
tested with one-way Kruskal-Wallis tests.
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3. Results

3.1 Sample properties

3.1.1 Chemical and physical properties of soil and pore water

The samples were oversaturated with water, as was evident during the preparation
where pools of water formed at the bottom of their container. The carbon content was
dominated by organic carbon, while the mineral fraction is negligible in comparison
(Table 3.1). C:N decreases with depth, which is mainly due to a higher N content, as
all other parameters differ only marginally. The BWT material was slightly denser and
thus contained less water on a weight basis, despite its origin from below the water
table.

depth %H2O %TC %TOC %TIC %TN C:N dry BD
cm % ww %dw %dw %dw %dw g/cm3

AWT 0 - 3 97.3 42.0 41.9 0.125 0.628 70 0.0214
BWT 6 - 20 96.8 42.9 42.8 0.105 0.785 53.6 0.0339

Table 3.1: Peat properties: gravimetric water content, content of total carbon (TC), organic
carbon (TOC) and inorganic carbon (TIC), total nitrogen (TN), carbon to nitrogen, and dry bulk
density. C:N is calculated as total C divided by total N.

The pH of all water samples was acidic with a mean pH of 4.03 (Table 3.2), indicating
that compounds are protonated in this environment. The presence of ions as indicated
by electrical conductivity was low, decreasing with depth, and notably higher in the
tap water that was used for creating treatment solutions. All of electrical conductivity,
dissolved organic carbon and dissolved nitrogen showed a clear decreasing trend with
depth/ decomposition stage.
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pH EC DOC TDN C:N
µS/cm mg L−1 mg L−1

AWT (0 - 3 cm) 4.02 347 1 130 23.8 47.5
_WT (3 - 6 cm) 4.04 119.1 457 5.72 79.9
BWT (6 - 20 cm) 4.03 64.6 186 3.28 56.7
tap water (stored) 7 to 8 554 NA NA NA
tap water (report) 7.7 550 - 800 1.7 NA NA

Table 3.2: Water properties: pH, electric conductivity (EC), dissolved organic carbon (DOC),
total dissolved nitrogen (TDN), and DOC:TDN.

3.1.2 Microbial community

Figure 3.1 shows the total number of 16s copies, which indicate total microbial abun-
dance, as well as gene copies indicative of methanogen and methanotroph presence
(mcrA and pmoA, respectively) for each layer. Numbers are given as averages of repli-
cates.

Figure 3.1: Gene copy numbers of 16s g−1 fresh weight (upper panel) and of mcrA (bottom left)
respectively pmoA (bottom right) relative to 16s.
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In general, microbial abundance peaks in the zone of fluctuating water table. Methane-
related genes were more frequently expressed with depth (both on relative and absolute
terms), and methanogens were completely absent in the top 3 cm. At every depth,
methanotrophs were more numerous than methanogens.

3.2 Observed greenhouse gas fluxes

Blanks and measurement uncertainty

No trend was observed in the procedural blanks. Variations in blanks with and without
N treatment solutions follow each other closely. This confirms that contamination with
living organisms was avoided, and supports the assumption that blank data record
methodical and measurement variations. On average, the concentrations varied by 140
ppm (one standard deviation of all measurements).

General observations

While CO2 production set in immediately in the first week and then steadily decreased,
methane production was observed only after several days, where it occured at all: the
surface samples exhibited no methane release until the end of this study.
A second productivity peak was observed in the AWT samples around day
60. The highest CO2 production rate was 1 271 µg CO2−C gTOC-1 d−1 (532.3
µg CO2−C gdw-1 d−1). Peak methane production amounted to 122.0 µg CH4−C gTOC-1 d−1

(52.21 µg CH4−C gdw-1 d−1). A high CH4 production around day 10 to 60 is associated
with a coincident or slightly preceding decrease in CO2 concentrations.
Final carbon dioxide to methane production ratios ranged from 0.11 to 4.1 in the
methane-producing samples. At its onset, of methane production is usually one or
two orders of magnitude smaller than carbon dioxide production, but within the first
two months, a much tighter ratio is approached that then remains mostly stable (see
Figure 3.2).
In the subsequent text, cumulative productions are reported as means ± standard de-
viation unless indicated otherwise.
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Figure 3.2: Time series of carbon dioxide to methane ratio in samples where methane was pro-
duced. Note that the vertical axis is logarithmic.

3.3 Effects of sampled layer

Potential GHG production in the 20 °C control group

The samples incubated at 20 °C under ambient nitrogen concentrations can provide an
estimate of potential maximum GHG production of the Siikaneva bog material. Af-
ter 190 days, a total of 14.6 ± 0.7 mg CO2−C gTOC-1 were produced in the surface layer
samples, but no CH4 production occurred at all. In the BWT samples, mean CO2 pro-
duction amounted to 6.7 ± 2.2 mg CO2−C gTOC-1, which was very similar to methane
with 6.9 ± 1.9 mg CH4−C gTOC-1. This corresponds to approximately 1.5 % of TOC be-
ing released in the surface samples, and a very similar fraction of 1.4 % in the deeper
layer, after 190 days under summer-like incubation temperature.

Timing and magnitude of peak carbon release rate

Peak CO2 production was reached by day 7, on average; however, this differs between
the subsurface samples, where the majority of samples start with peak production on
day 1, and the surface samples, whose peak is slightly delayed to day 5 (median). After
two weeks, surface samples had produced almost an order of magnitude more CO2-C
than subsurface samples in the same treatment group, a trend that continues through
to two months and is only balanced out by strong BWT methane production. Peak
methane production is reached after around 55 days (median, range of replicate means:
29 - 65 days).
As samples from the oxic surface layer and naturally waterlogged layer exhibited such
different gas production behaviour, they were modelled separately in the subsequent
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(a) Cumulative CO2-C production in NH4-treated samples

(b) Cumulative CH4-C production in NH4-treated samples

Figure 3.3: Development of cumulative carbon production over time in the samples treated
with ammonium. Within each panel, colors compare N treatment level to the control. Individ-
ual samples’ data are shown in transparent points and their means as lines. Solid points with
errorbars show means ± standard errors for each group at three time steps of interest. Points
are shifted horizontally for better visualization.
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(a) Cumulative CO2-C production in NO3-treated samples

(b) Cumulative CH4-C production in NO3-treated samples

Figure 3.4: Development of cumulative carbon production over time in the samples treated
with nitrate. Within each panel, colors compare N treatment level to the control. Note that the
control groups are shared between nitrate and ammonium treatments.
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data analysis.

3.4 Effects of incubation temperature

Timing and magnitude of peak carbon production rate

In the second week of incubation (12 days), a clear temperature effect could be ob-
served: carbon production in the 20°C vials consistently surpassed their 4°C equiva-
lents. Methane production had started only in the 20°C incubation. However, CO2

production was already quite active, leading to a high CO2:CH4 ratio. Consequently,
peak carbon production rates of 20°C incubations were higher than of 4°C incubations.
Over time, carbon dioxide release in the surface samples converged. Additionally, the
temperature affected the trajectory of carbon production: at four degrees, it was more
linear, while at 20 °C, it resembles a logarithmic curve . However, temperature had no
significant effect on the day of peak carbon production.

Figure 3.5: Q10 of anaerobic carbon dioxide production (left) and methanogenesis (right) in the
N treatment groups; mind the different scales of the vertical axis.

Cumulative carbon production Material from different positions relative to the
water table showed very different responses to temperature. While the to-
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tal C production in the AWT 4°C control group reached a comparable amount
of 13.9 ± 1.9 mg CO2−C gTOC-1 to its 20°C counterpart, production in the BWT
group was reduced to 1.3 ± 0.2 mg CO2−C gTOC-1 and, by an order of magnitude,
0.6 ± 0.2 mg CH4−C gTOC-1 at 4 °C.

For anaerobic CO2 production, the average Q10 within the control group was 1.1 in
surface-, and 5.4 in subsurface peat. The average over all samples was 2.1, with a range
from 0.41 to 11 (Figure 3.5). In the linear models that accounted for N oxidation state,
the effect of the warmer temperature treatment was a 19% productivity increase in the
samples from above the water table. Samples from below the water table were more
reactive to temperature: There, CO2-C productivity exactly doubled from 4 to 20 °C.

Methanogenesis reacted more than twice as sensitively to temperature: the control
group had a Q10 of 12. Overall, values ranged from 5.9 to 44 with a mean of 13 Fig-
ure 3.5. Also, in the linear model, material incubated at 20 °C was estimated to produce
11 times more µg CH4−C gTOC-1 than at 4 °C. This estimate was stable across both
total-N and N-species-specific models.

Total C loss Figure 3.6 shows the cumulative carbon production expressed as a per-
centage of initial TOC. While most treatment groups range within a similar magnitude,
the material from below the water table that was incubated at 4 °C stands out with
values that are 5 to 10 times lower.

Because of the behaviour of the 4°C BWT group as seen in Figure 3.6, it seemed ap-
propriate to include an interaction term between layer and temperature in the linear
model. This interaction was highly significant, and implied that temperature was 4.2
times more influential in the BWT samples. The temperature term itself was not signif-
icant, but the layer term indicates that peat from the anoxic zone released only a tenth
of the carbon originating from the surface.

CO2:CH4 The ratio between the two greenhouse gases approaches a stable value in
the second half of the experiment that differs significantly between incubation temper-
atures: At 4°C, the average CO2:CH4 ratio is 2.55, while at 20°C, it is 0.54.
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Figure 3.6: Comparing final proportions of TOC respired between treatment groups. Points
with errorbars indicate means with standard deviations. Colors differentiate incubation tem-
perature, the panels between peat depths.

3.5 Effects of nitrogen treatments

3.5.1 Total amount of N added

Cumulative carbon production

In exploratory plots, no clear relationship of carbon mineralization with total N appli-
cation appeared. Linear models of carbon dioxide production were either insignificant
as a whole (CO2-C, AWT) or left residual patterns that point to unexplained additional
factors. This indicates that either, N addenda had no effect at all, or that the form (oxi-
dized/ reduced) of N determines its influence.

However, log-transformed CH4-C production is well represented (R2 = 0.95) by tem-
perature and total N addition. According to this model, adding one µg of N in any
form results in a significant 2% reduction of methane release. It must be noted that the
good model fit is probably caused by the strong temperature effect that dominates the
variance in this model.
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Other parameters

In general, total N load appeared to be a suboptimal linear predictor of most quantities
of interest: It had no significant effect on the timing and magnitude of peak carbon
production rate. In the model of total C loss, the nitrogen term was not significant.
Additionally, the model where N treatments were supplied as two different variables
performed slightly better in terms of R2

adj and AIC.

Figure 3.2, where nitrogen treatments are ordered by the total amount of N from left to
right, does not indicate that Q10 would be modelled well by a linear regression of the
total nitrogen amount.

3.5.2 Oxidation state

In general, comparing treatment sets within each N form, temperature and soil layer
shows that higher treatment amounts either resulted in decreased C mineralization, or
no conclusive trend at all.

In the following, results from modelling carbon release and derived quantities based
on the predictors amount of NH4-N, amount of NO3-N and temperature are reported.
In all models, the diagnostics were improved by log-transforming the response (green-
house gas production in µg C per g TOC).

Cumulative carbon production

CO2-C release in the AWT samples was predicted moderately well by its model (R2 =
0.46). Ammonium addition and temperature were significant linear predictors at the
5% confidence level, but nitrate-N was not. For every additional µg of ammonium-N,
a 5% reduction in carbon dioxide production was estimated. For the peat from below
the water table, all three predictors were significant, and 56% of total variance could be
explained by the model. Both forms of N reduced CO2 production, namely by 13 % per
µg ammonium-N and 3% per µg nitrate-N.

Methane production was very well explained by the model (R2 = 0.95), but again, this
result is dominated by a very high temperature effect. In this case, only nitrate resulted
in a significant productivity decrease, which was estimated to 2 % per µg NO3-N. (The
factor for ammonium-N was almost identical but not significant.) This difference ap-
pears after day 60 when higher NO3 addenda reduce the production rate compared to
the control.
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Proportion of C respired

The model which included N addenda as two numerical variables NO3_N_amount and
NH4_N_amount explained 92% of the total variance of carbon mineralization. Both N
addenda hat a statistically significant impact: Adding ammonium decreased C release
by 5% and nitrate by 1% per µg N.

Timing and magnitude of peak carbon production rate The CO2 peak production
was significantly sped up in the surface samples by both ammonium (3 days per µg)
and nitrate (0.9 days per µg). The treatments primarily affected the magnitude of the
second productivity peak. Contrastingly, there was no effect of the addenda on the
CO2-C peak timing in the BWT samples. After two months, the NH4 addenda strongly
reduced CO2-C and simultaneously increased CH4-C production in the samples from
the waterlogged layer. This effect was large enough that 20°C incubated samples that
were treated with ammonium then fell behind 4°C samples in terms of carbon dioxide
production. For surface peat, a moderate increase of nitrate seemed to stimulate the
release of carbon dioxide, although this effect was not reproduced under colder tem-
peratures. There, ammonium addenda resulted in less carbon dioxide.

For methane, coefficients of all N treatments on the day of peak production were posi-
tive but insignificant. There appeared a positive linear relationship between peak tim-
ing and magnitude. On the short term, elevated NO3 clearly reduces methanogenesis -
the N5 treatment emitted less than half as much C as the control group (at 20 degrees,
CTR 463.8 ± 17.6 µg CH4−C gTOC-1 vs. N5 200.4 ± 16.6 µg CH4−C gTOC-1. ) - but only
for a few weeks.

CO2:CH4 ratio The availability of nitrate initially increases the ratio. In the 20 °C
incubation however, it falls below the control treatment after around 40 days.

Additionally, a pronounced decrease in the 20°C ammonium treatment group appears
(Figure 3.2). NH4 (and in less clear form, NO3) changes the shape of the CO2:CH4 time
series curve, adding in a second drop around day 40 (20°C only), whereas the con-
trol treatment follows a nearly perfect negative exponential in logarithmic space. This
leads to a significant effect of the N treatment on the final ratio in the 20°C incuba-
tion (Kruskal-Wallis test). Again, this emphasizes an intermediate period where CO2

declines while CH4-C production accelerates.
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3.5.3 Impact of N treatment on temperature sensitivity

The temperature sensitivity of carbon dioxide production was also impacted by the
Nitrogen addenda. As Figure 3.5 already indicates, the direction and magnitude of
this impact diverges according to position relative to the water table. A linear model
that included an interaction term of ammonium- and nitrate-N-additions with the layer
achieved an R2 of 0.75 and was much more informative than one without (AIC: 164 vs.
86.1). The interaction of layer and ammonium resulted in a shift of direction: while in
the surface samples, NH4-N was estimated to increase temperature sensitivity by 3.3%,
the resulting effect in the subsurface samples was a 22% decrease in sensitivity. Nitrate
attenuates Q10 significantly in the subsurface samples only (factor 0.968).
For methane, no such interaction was calculated but the fundamental difference be-
tween the layers is clear from the lack of methanogenesis there. Both N treatments
were significant, but in different directions. NO3 boosted the temperature response by
1.5 % per µg N, while NH4-N dampened it by 4.4%.

3.6 Results of fitting decomposition models

The model fitting process resulted in twenty different outputs (Figure 3.7). Two models
didn’t converge (AWT 20°C NH4 N2, BWT 4°C control), and two had parameter esti-
mates that departed unrealistically much from the bulk of all models (AWT 4°C NH4

N2 and BWT 20°C NO3 N5, marked red in Figure 3.7). All other models estimated a
mean release rate of 0.66 d-1 from the fast and 0.016 d-1 from the slow pool.
In most models, the cumulative release from the fast pool plateaus after less than a
week, and the overall release was dominated by the slow pool. (For a visualization of
the individual model outputs, see appendix A.4).
In both layers, the slow pool in the 20 °C incubations was more active than at 4 °C
(p=0.09). In the surface samples however, the fast pool was slower and the initial frac-
tion of fast material was also considerably larger.
A consistent acceleration of the decomposition rate of the fast pool with increasing N
addenda can be observed in the 20°C AWT ammonium treatment and the 4°C BWT
nitrate treatment. In a Kruskal-Wallis test, no differences of any of the five fitted pa-
rameters between N treatments were found to be significant. However, statistical tests
were impaired by the fact that results from some treatment groups could not be con-
sidered, especially the BWT 4°C control group. Furthermore, the residuals are quite
large, indicative of a poor fit. In some cases, root mean square residuals approach
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treatment group k1 k2 α21 α12 γ R.M.S.R. cum. C SE

AWT_04_CTR_N0 0.387 0.016 1.6% 1.4% 2.5% 2.20             5.81             0.45             

AWT_04_NH4_N2 98.982 0.014 97.1% 0.6% 1.3% 1.73             4.71             0.15             

AWT_04_NH4_N5 0.498 0.010 0.9% 1.5% 3.9% 0.84             3.15             0.44             

AWT_04_NO3_N2 0.364 0.014 2.2% 0.8% 3.2% 0.62             5.64             1.12             

AWT_04_NO3_N5 0.345 0.017 26.2% 0.6% 2.9% 1.30             5.99             0.89             

AWT_20_CTR_N0 0.040 0.039 1.0% 1.0% 12.1% 5.57             6.12             0.18             

AWT_20_NH4_N2 0.044 0.043 1.0% 1.0% 12.1% 0.68             5.44             0.95             

AWT_20_NH4_N5 0.113 0.039 1.0% 1.0% 9.5% 0.38             4.89             0.93             

AWT_20_NO3_N2 NA NA NA NA NA -               6.87             0.08             

AWT_20_NO3_N5 0.039 0.038 1.0% 0.9% 14.6% 1.43             6.11             0.72             

BWT_04_CTR_N0 NA NA NA NA NA -               0.80             0.04             

BWT_04_NH4_N2 1.060 0.001 0.7% 1.9% 3.2% 2.07             0.79             0.07             

BWT_04_NH4_N5 0.787 0.001 1.1% 1.1% 3.8% 1.64             0.73             0.03             

BWT_04_NO3_N2 0.892 0.001 1.1% 1.2% 3.2% 1.25             0.55             0.07             

BWT_04_NO3_N5 1.665 0.001 1.1% 1.5% 2.7% 0.75             0.51             0.03             

BWT_20_CTR_N0 1.212 0.009 1.4% 0.9% 4.0% 1.44             5.82             1.02             

BWT_20_NH4_N2 0.299 0.006 1.1% 1.0% 6.5% 1.47             2.86             0.07             

BWT_20_NH4_N5 0.678 0.006 1.3% 1.3% 3.8% 4.04             2.24             0.08             

BWT_20_NO3_N2 2.058 0.009 0.9% 4.5% 1.8% 0.81             4.44             1.49             

BWT_20_NO3_N5 0.012 0.000 0.4% 0.3% 71.6% 4.05             2.72             0.13             

mean (valid models) 0.655 0.016 2.7% 1.3% 5.6% 1.66             3.82             0.53             

Figure 3.7: Modelled decomposition rates [d-1], exchange ratios and labile fraction for all treat-
ment groups, as well as the square root of mean square residuals (mg C gdw-1). Mean and
standard error of cumulative C release on the last day are also provided as a reference. Models
that did not converge or were considered unreliable are marked in red. Grey bars give an indi-
cation of a cell’s value relative to the other values in the same column.

(AWT_20_CTR_N0) or even surpass (BWT_20_NH4_N5) the mean cumulative C re-
lease of the treatment group. Many models underestimate production, particularly to-
wards the end of the incubation.
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4. Discussion

4.1 Position relative to the water table and microbial commu-
nity

Like Currey et al. (2009), this study found stronger effects of depth (i.e., position relative
to the water table and decomposition state) compared to N load or form.

The hypotheses (section 1.2) predicted a longer time lag until the onset of methane
production for the samples from above the water table, where the decomposer commu-
nity would be less adjusted to the anoxic conditions in the incubation vial. In practice,
methane was not produced by the surface samples until the end of the experiment,
while the sub-surface peat exhibited instant and productive methanogenesis. The com-
plete lack of detectable methanogens in the surface peat explains why no methane was
produced there (Figure 3.1). Therefore, two fundamentally different metabolic systems
define these layers, which is not surprising given that they were chosen to represent
two naturally different environments.

Although periodically limited oxygen supply at the surface is part of the seasonal cy-
cle in Siikaneva, when the bog is covered in snow in winter and subsequently flooded
by meltwater, methanogenic microbes were not established there. The microbial com-
munity was not at a steady state under anaerobic conditions (Nilsson and Öquist, 2009,
p. 136), had to adapt more than the community from below the water table (as indicated
by longer lag times), and results might deviate further from real-world conditions.
Even below the water table, methanotrophs were more abundant than methanogens.
Thus the sampled depth of 7-20 cm probably did not reach completely anoxic condi-
tions.

A substantial delay of the methane peak was also observed in other studies (Knoblauch
et al., 2013). As methane production did set in after a few days only, the presence of
more favourable electron acceptors suggests itself as the most likely explanation for the
delay, as sufficiently reducing conditions had to be reached first.
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Samples from above the water table had more favourable stoichiometry in the water,
but less so in the bulk C:N. This divergence is interesting, because it indicates that the
release of cell material by frost damage was not ample enough to align the liquid C:N to
the same as in the solid material. Even though two samples provide insufficient support
to draw conclusions on the substrate effects on production, it may explain why there
was no notable difference between the layers in the final proportion of TOC that was
released: While the BWT microbial community faced familiar conditions, decomposers
above the water table had superior substrate (assuming that dissolved C and N are
more available to microbes, compare L. Chen et al. (2018)). These geochemical results
were not represented in a larger fast pool of the surface samples in the decomposition
models. This may be a misrepresentation or reinforce the aforementioned point that
the surface microbial community was not equipped to access the full carbon reservoir.
In fact, production rates levelled off substantially in the AWT samples after just a few
months, while the control of BWT was still active.

Wilmoth et al. (2021) stress that fluctuating oxygen supply greatly (2000 times!) en-
hances methane production during anoxic conditions, due to functional shifts between
different microbial communities. The microbial assay also detected the highest amount
of (unspecified) bacteria in the WT layer, which wasn’t incubated. Because it’s bound-
aries were hard to delineate in the field, the material which was clearly in a fresh or
decomposed state, respectively, was prioritized.

4.2 Temperature reactivity

As hypothesized, higher temperatures resulted in higher production rates for both ob-
served greenhouse gases. The reaction was more extreme for methanogenesis and
drives a pronounced difference in total carbon release between the two peat depths that
were sampled: production in peat from below the water table is much more sensitive
to temperature.

Mean Q10 for CO2 was within the typical range for peat samples (Hamdi et al., 2013;
Treat et al., 2015). However, this average interpolates between a rather low reactivity
in the above water table, where cumulative carbon production hardly differed between
the cool and warm incubation, and a rather high value of 5.4 below the water table.
Another study of Siikaneva peat found a much lower Q10(CO2) of 0.6 - 0.8 (Baysinger
et al., 2024), and their deep peat (30-50 cm) was even less sensitive. This agrees with the
surface samples here, but contrasts the highly temperature-driven below water table
emissions in this study.
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For methanogenesis, a higher Q10 was expected (Nilsson and Öquist, 2009), but the
results exceeded those of Treat et al. (2015) multiple times (median: 1.16, range 0.96
- 3.10, here: control group average of 12). A possible explanation could be that they
summarized studies of permafrost soils with a markedly lower organic fraction, i.e.
less substrate to support a large reactive decomposer community. Moreover, the values
presented here may be somewhat inflated as they were derived from individual mea-
surements rather than averages, but the control group values are not highly skewed.

As expected, higher temperatures shifted the ratio of CO2 : CH4 towards CH4. Its final
value drops below 1 only at 20°C, which would have been the expectation for ideal
methanogenic conditions (Nilsson and Öquist, 2009, p. 135).

That temperature also modifies the shape of the time series (most evident in 3.4a) re-
flects the fact that higher temperatures result in a faster depletion of available substrate.
The decomposition models partly attribute this to an accelerated turnover of the slow
pool. While initial rates in the warmer temperature groups are much higher, final car-
bon release is equally around 1.5% in the AWT samples. This may represent the size of
a limited accessible carbon pool that all samples have in common (Figure 3.6). Samples
inhibited by Nitrogen addenda or lower temperatures (BWT) did not achieve their full
potential to mineralize this pool. The decomposition models’ mean estimate of 5.6% la-
bile carbon is somewhat higher but also unstable, as it varies between 1.8% and 14.6%.
Interestingly, a larger carbon fraction was assigned to the labile pool under warmer
temperatures, where more "difficult" substrate may become accessible. Note also that
the slow pool in these models does contribute to carbon release and does not represent
an inert carbon stock.

4.3 Nitrogen addenda

N additions were hypothesized to lead to higher respiration. However, the opposite
effect was observed in the experiment: The only statistically signifcant effect of N load
was an inhibition of methane production. This contrasts the initial hypothesis that
lifting a proposed N limitation of decomposers in Siikaneva bog would allow them
to mineralize higher amounts of carbon, but other studies have also found similar re-
sults: For example, N additions impaired basal respiration in the denitrification study
of Francez et al. (2011) (methane production was unaffected). Breeuwer et al. (2008) also
found no effect of N deposition levels on sphagnum mass loss in litter bags, and not
of temperature, either. In an anaerobic setting, Kim et al. (2015) connected an observed
inhibition of methane release by N and P supply to competition with denitrification.
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Furthermore, N addenda may have nonlinear effects: Contrary to all other treatments,
low N deposition - doubling ambient atmospheric input - in Currey et al. (2009) did
not stimulate carbon turnover. Transferred to this study, the treatments may have been
too conservative. But they oriented their treatments on atmospheric deposition and ap-
plied them in a natural ecosystem, whereas this study uses the much larger natural N
stock and traps the N in the incubation vial, so the N2 treatment here should surpass
the "low" range in Currey et al., 2009.
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.
A second important finding was that the oxidation state of N addenda shapes the reac-
tion of carbon release. Contrary to the initial assumption, nitrate did not affect decom-
position more than ammonium, but rather, production in ammonium-treated samples
was more strongly reduced than in those with nitrate treatment. This confirms the find-
ings of Currey et al. (2009), who found significant results only for ammonium.
The fact that total N load was not a good linear predictor, even though both forms of
addenda had inhibiting properties, could mathematically be explained by the fact that
the N effects have different slopes, that were observed at different points (i.e. nitrate
effects are less drastic, but higher amounts of N were added as nitrate).
The following paragraphs will explore several processes that potentially contributed to
the results.

4.3.1 NO3 as competing terminal e--acceptor

Nitrate mainly impacted methanogenesis - an expected result, as alternative electron
acceptors like nitrate "competitively inhibit methanogenesis and support anaerobic
methane oxidation" (AMAP, 2015, p. 16). Nitrate as the most energy-efficient oxidant
after molecular oxygen is depleted first, followed by manganese, iron and sulfate, via
pathways that release carbon as CO2, before methanogenic conditions are reached. This
lag phase shortens with higher temperatures that speed up decomposition (Reddy et
al., 2023, p. 184). Indeed, a lag of several days before the onset of methane production
was observed in this incubation that also differed between temperatures (section 3.3).
Nitrate addenda did have a significant diminishing effect on carbon production in the
samples from below the water table that develops around day 50 (Figure 3.4a, 3.4b).
However, a temporarily limited competition of other electron acceptors with methano-
genesis should result in cumulative respiration curves that diverge between treatments,
but then continue in parallel once the alternative acceptors are depleted, and this is
not the case. Why nitrate did not significantly affect carbon dioxide production in the
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samples from above the water table is not clear, as carbon dioxide-producing electron
pathways are also less favourable than nitrate. The large within-treatment variation
definitely impacted the associated statistics, but the high cumulative production of the
20°C N2 treatment could point to a nonlinear response that would not have been ac-
curately represented by linear models. In general, NaNO3 impacts were potentially
buffered by the pH increase that they cause by replacing H+ with Na+ ions (Currey et
al., 2009).

Therefore the presence of alternative electron acceptors can’t fully explain the observed
trends. However, looking at the data from this angle might provide some further in-
sights into the actual processes that shaped them.
Firstly, other alternative terminal electron acceptors were likely present. For example,
sulfate-reducing microbes transform sulfate to hydrogen sulfide (H2S). This gas was
not measured in the headspace samples, but a smell was perceptible whenever the in-
cubation vials were flushed fits the description of the foul odor of hydrogen sulfide.
Around 10.95 µg g−1 SO 2–

4 can be expected in bog water, which is an order of magni-
tude more than the nitrate found in the same study (H. Zhang et al., 2021) and consid-
erable amounts were added with the tap water. Therefore sulfate reduction probably
took place in the incubation as well and competed with methanogenesis. Furthermore,
as it facilitates anaerobic methane oxidation (Raghoebarsing et al., 2005), some methane
may have been consumed as well.
Secondly, CO2 and methane that are produced in acetotrophic methanogenesis (pro-
duces CO2) should be impaired by nitrate additions similarly. But if nitrate metabolism
outcompetes hydrogenotrophic methanogenesis (which consumes CO2), it should be
expressed by higher CO2 and lower CH4. The CO2 and CH4 release rates were gener-
ally correlated. However, between day 20 and 50 the onset of methanogenesis was pre-
ceded by a decline in CO2 concentrations. This points to a methanogenic pathway that
uses CO2 as substrate (hydrogenotrophic methanogenesis), unlike in the permafrost in-
cubation of Knoblauch et al., 2013 where they increased together. In Figure 3.2, the
nitrogen-treated samples exhibit a bulge and subsequent drop of CO2:CH4 that would
indicate an initial stimulation and subsequent inhibition of hydrogenotrophic methano-
genesis, or alternatively, a shift of the methanogenic pathway. Another hint on the tight
connection of carbon release pathways are given by N effects on Q10 (section 3.4) that
were more consistent between the greenhouse gases within one layer, than for CO2

across the two layers.

The nitrate treatments were probably lost quickly to denitrification and DNRA. For
example, Francez et al. (2011) observed that denitrification was stimulated by nitrate
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treatments, and depleted their nitrate addenda within less than 10 days. In this study,
NO3 treatments ceased dampening methanogenesis around day 40. Therefore, com-
peting metabolic pathways can explain initial effects of nitrate until its depletion, but
another process has to underlie the subsequent second decrease.

4.3.2 Toxicity of addenda or intermediate products

Toxicity of ammonium for methanogens is a known issue from biogas production (Y.
Chen et al., 2008). Concentrations that are discussed in that context surpass those of
bog samples by several orders of magnitude: 200 mg L−1 are regarded as beneficial for
methanogenesis, and toxicity research operates at scales of g L−1 and higher. However,
communities adapted to nutrient-scarce bogs might still be impacted by much lower
levels, and this could explain that ammonium inhibited GHG production in this ex-
periment. An argument in favour of this theory would be that ammonium severely
dampened the temperature response of samples from below the water table, where ini-
tial concentrations were probably already higher.

For nitrate, the toxic intermediate products of denitrification - dinitrogen oxide, ni-
trous oxide and nitrite - could have impacted the methanogen community (Bodelier
and Steenbergh, 2014). It seems reasonable that larger quantities of those would be
produced from higher loads of NO3-N, resulting in the observed effect. Additionally, it
is transformed to ammonium under reducing conditions.

Instantaneous toxicity should result in lower production rates in general but secondary
products could build up over time, as incubation vials encapsulate a closed system
where any metabolites accumulate (e.g. also H2S). This matches the ongoing effect of
the treatments as represented in diverging cumulative C production curves. Potential
other influences could be by Sodium and Chloride in the treatments or the accumula-
tion of excess H+ over time.

4.3.3 Carbon use efficiency improved by nitrogen

Schimel and Weintraub (2003) argued on the basis of a microbe-focused decomposition
model that alleviating N limitation would result in reduced respiration, as microbes
would direct more carbon towards biomass growth when their N demand was fulfilled,
and less would be respired through "overflow metabolism". They argue that a decrease
in respiration after a pulse addition of N is no proof that microbes were not N-limited.
Concurring empirical evidence has been found in thawing permafrost (L. Chen et al.,
2018). If this was the driving mechanism in this experiment, N-amended incubation
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vials should contain higher microbial biomass and a tighter C:N ratio. However, this
could not be tested within the scope of this thesis, as the incubation was still ongoing.
Furthermore, this theory can not explain differences between ammonium and nitrate
treatments.

4.3.4 Colimitation

While N is a key nutrient, other limitations may also restrict microbial decomposition
that have not been explicitly addressed in this experiment (Bobbink et al., 2022). In
general, K and P are known to mitigate the N impact on Sphagnum (Carfrae et al., 2007).
Nitrogen additions only boost methane release if combined with P and K supplemen-
tation (Juutinen et al., 2018). Enhanced decomposition induced in a whole-ecosystem
warming experiment caused N and P availability to increase simultaneously (Iversen
et al., 2023).

In the presented experiment, the N:P ratio was somewhat unnaturally widened in
stronger treatments, as P was added at uniform levels with the tap water while N was
varied. With % P = 0.017 ( Korrensalo et al., 2018, 0 - 20 cm of sphagnum lawn) the
background N:P would be between 37 and 46.

To conclude, co-limitation would be a potential explanation for missing effects of N
addenda, but not inhibiting effects. These could be the combined outcome if microbes
experience concurrent impacts of ongoing nutrient limitation and competition or expo-
sure to toxic environmental conditions.

4.3.5 Diverging effects of N on the slow and fast C pool

Some studies suggest that N addenda have contrasting effects on organic matter in
different stages of decomposition or of different degrees of recalcitrance: N addenda
stimulated labile carbon decomposition, but reduced processes related to the decom-
position of more complex carbon compounds. Their line of reasoning is that N supply
makes respiration more productive, but relieves microbes of the need to decompose
complex molecules to access the nitrogen therein. Measures of enzyme activity partly
support this theory (Currey et al., 2009; Lavoie et al., 2011). Alternatively, N availabil-
ity could stimulate complex organic matter decomposition by improving decomposer
nutrient status.

In this study, any initially available labile carbon had several months to be depleted
while the samples were stored at 4°C. Therefore, the carbon mineralized during the
incubation may be sourced mainly from a slow pool, with some additional labile in-
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puts that were introduced with the water treatment or released by disturbance when
the experiment was launched. Following the aforementioned reasoning, N-amended
samples should have a higher turnover rate in a small fast pool, but a lower rate in
the slow pool. The two-pool decomposition models (subsection 2.4.4) were an attempt
to explore this but did not yield any significant differences between treatment groups.
Furthermore there were several indicators that the models were not reliable enough to
confirm or deny hypotheses: the volatile estimate of labile pool size, large residuals,
underestimation of production rates, and a high sensitivity to initial parameters during
the fitting process (not shown).

4.4 Interactions

Multiple interactions were observed between the drivers of decomposition in this study
and others before (Lavoie et al., 2011). For one, ammonium affected CO2-C release from
below the water table more strongly than that from above, and nitrate effects were only
significant there. Interestingly, nutrient release during experimental warming has also
been observed to increase with depth (Iversen et al., 2023, depths of 30, 60 and 90 cm).
Moreover, subsection 3.5.3 showed that N addenda affected the temperature sensitivity
of anaerobic decomposition. NO3 boosted the temperature response of CH4 produc-
tion, which agrees with what H. Zhang et al. (2021) found for the combined availability
of several nutrients. A simple explanation for this could be a higher abundance of
methanogens under improved nutrient supply (Martí et al., 2019). However, NH4 had
the opposite effect in this study.
The observed temperature response of methanogenesis might also just represent that of
nitrate cycling: higher NO3 levels support a metabolism that competes with methano-
genesis (reduction to gaseous N or ammonia), which in turn occurs faster under higher
temperatures, leading to a quicker loss of nitrate and stronger onset of methanogenic
conditions.

4.5 Realism and representativeness

4.5.1 Sample properties

The sample properties described in section 3.1 largely agreed with other studies done
in Siikaneva (Mathijssen et al., 2016; Korrensalo et al., 2018). We can therefore rely on
these results to be typical for this material. One notable difference lies in the wider
C:N ratio of the surface layer samples (70), which are from fresh sphagnum and not
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comparable to peat in further stages of decomposition (typical range: 40 -60, Amelung
et al. (2018)).
Siikanevas microbial community appears to be exceptionally rich in methanogens
and poor in methanotrophs compared to other Finnish bogs (H. Zhang et al., 2021).
This study can not confirm this proportion, as it counted more methanotroph than
methanogen genes (subsection 3.1.2). In a more detailed microbial assay of Siikaneva
peat, a substantial amount of methanogenic archaea within the top 30 cm was identi-
fied as the group Rice Cluster II. In general, the microbial community was distinct from
adjacent forest and intermediate ecosystems and included Acidobacteriota, Syntrophobac-
teraceae (Desulfobacterota), and several phyla of Proteobacteria (Isospheraceae, Pirellulaceae,
Acetobacteraceae and Beijerinckiaceae). Methanotrophs decreased substantially in abun-
dance below 30cm, but so did methanogens (Baysinger et al., 2024, in review).

4.5.2 Carbon fluxes

Material from Siikaneva bog has previously been incubated by Baysinger et al. (2024,
in review). After 140 days, cumulative production amounted to 3 150 µg CO2−C gTOC-1

in the 4°C incubation of material from 0-30cm depth. This amount of CO2-C clearly
surpasses the production of BWT at 4°C in this study (468 ± 147 µg CO2−C gTOC-1), is
comparable to 20°C BWT production (5 236 ± 1 274 µg CO2−C gTOC-1), but below the
4°C AWT results (11 077 ± 1 544 µg CO2−C gTOC-1) (mean cumulative production after
141 or 142 days in the control group). Methanogens were not reliably established in that
experiment. The 30-50 cm peat samples were "unresponsive" to temperature treatments
and produced significantly less CO2-C.
Concerning methane, samples in this thesis experiment were at least three times more
productive than northern bog samples in H. Zhang et al. (2021). Within 9 days, BWT
samples in the control group released 79 µg CH4-C gdw-1 on average, which equals 8.8
µg CH4-C gdw-1 d-1 compared to < 1.8 µg CH4-C gdw-1. Mean methane oxidation rates
under aerobic conditions in the same study were at 12.6 µg CH4-C gdw-1 d-1. While
these numbers can not be used to calculate a methane balance as they originate from
different incubation conditions, this still highlights a substantial potential for methane
uptake of this peat.
Total carbon release also remarkably surpassed that of a long-term incubation of per-
mafrost samples (Knoblauch et al., 2013), where 0.27–1.16% (average 0.55 +- 0.23%)
were mineralized as CO2 under anaerobic conditions within a much longer period of
1200 days. The amount of methane released from those samples with active methano-
genesis accounted for 0.005–0.83% (average 0.28 +- 0.23%) of initial carbon. This con-
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siderably higher carbon release potential underlines the critical importance of investi-
gating boreal bogs.

4.5.3 Nutrient treatments

Concerning inorganic nitrogen, H. Zhang et al. (2021) found concentrations of 2.04
µg g−1 NO –

3 and 19.10 µg g−1 NH +
4 (with variations in the same order as the mean

values) in soil extracts from the upper 10 cm of Finnish bogs. Thus their ammonium
concentrations were ten times higher than nitrate. On the contrary, Treat et al. (2016)
measured approximately three times more nitrate than ammonia, and these were the
ratios that were used to estimate the natural ambient concentrations for this experi-
ment. This may be because Treat et al. (2016) report leachate values, and nitrate is more
easily leached, while H. Zhang et al. (2021) uses soil extracts; and in fall, nitrate was on
the high, ammonium on the low end of ratios within the reported seasonality.
Total dissolved N surpassed the estimated target N0 concentration by one order of
magnitude (see Table 3.2; Note that water nutrient concentrations might be inflated
due to the extraction from archive material that had already been frozen and thawed
once, potentially leading to cell destruction and leakage of their contents). Addition-
ally, the tap water also contained 1.0 mg L−1 nitrate and small amounts of ammonium
(<0.200 mg L−1). Therefore the variation induced by the treatments, especially of nitrate,
was lower than the background value. Inorganic N pools vary substantially between
sampling sites, times, and depths in other studies (Basiliko et al., 2005; Griffiths and
Sebestyen, 2016; H. Zhang et al., 2021) and a different choice of reference may have
led to different treatment concentrations. Unfortunately, logistic reasons prevented the
quantification of N compounds directly from pre-incubation material. Inorganic N is
also the smallest N pool, and organic N should be studied alongside it (Weedon et al.,
2012).
The tap water also introduced other nutrients that are presumably scarce in Siikaneva
bog, like carbonates and calcium (see A.5). This means that not only a potential N
limitation was alleviated for the incubated microbe communities, but also other nutri-
ents. Micronutrients such as Ni, Co, Na and Fe are known factors in methanogenesis
(Dolman, 2019, p. 163). Furthermore, the acidic conditions to which bog microbes are
adapted were pushed towards neutrality through dilution with slightly alkaline water.
However, all samples received the same amount of tap water. This means that the rel-
ative variations between treatment groups still provide valuable insights, unless the
microbial community deviated substantially from the natural state because the condi-
tions deviated from the acceptable range for some phyla. Altogether, these additional
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side effects may have contributed to high within-group variabilities and smaller differ-
ences between groups, especially that N treatment variability was small compared to
the constant addition with water.

4.5.4 Transferability to the ecosystem scale

Incubations are designed to isolate heterotrophic respiration and observe its drivers in
a simplified environment. However, this isolation is also their main shortcoming, and
conditions in long-term incubations can deviate quite strongly from real ecosystems
(Schädel et al., 2020). For example, the varying transport modes and oxidation that
determine real-world methane fluxes are ignored in incubations, and results from lab-
oratory and field flux measurements may be completely uncorrelated (H. Zhang et al.,
2021).
Concerning N, incubations remove live sphagnum as an actor in the nutrient cycle.
The moss employs several strategies to obtain this essential nutrient, for example, by
hosting nitrogen-fixing symbionts in its hyalocytes. Furthermore, vital substrate inputs
from plants such as root exsudates and litter are missing (Petro et al., 2023). An isolated
input of N compounds, as in this study, does not reflect real-world scenarios, where en-
hanced decomposition by warming or litter input would entail the simultaneous release
of other nutrients. It does however more closely resemble inputs by atmospheric de-
composition. With increased development of agricultural land in the north that might
follow the northward shift of climate zones with global warming, this might become
more relevant in the future.
Some climate models predict higher temperatures and less precipitation for northern
peatlands (Belyea, 2009, p. 14). This would result in water table drawdown and a deep-
ening of the oxic zone. Another study found strongly increasing winter precipitation in
the boreal zone (Poulter et al., 2017). This underlines how local precipitation patterns
remain hard to capture in climate models. For a study with a methane focus, a fully
anoxic configuration was the most suitable option.
In this study, carbon release as methane from below the water table was more re-
sponsive to temperature, but how this translates to fluxes under real-world conditions
depends on several factors which might abate methane emissions. For one, methan-
otrophs are stimulated by rising temperatures even more than methanogens (H. Zhang
et al., 2021; Petro et al., 2023), but there also are contrasting results that find oxidation
increasingly incapable to compensate for methanogenesis when temperatures exceed
15°C (Winden et al., 2012). On the ecosystem scale, plant diversity and especially the
spread of vascular plants may offset methane emissions (Y. Zhang et al., 2023). Incuba-



60 Discussion

tions may not directly reflect processes in ecosystems, but aim to isolate single drivers
and facilitate process understanding (Schädel et al., 2020). For example, N interactions
found in field studies may be caused by a third covariate, like the water table posi-
tion (Basiliko et al., 2005). Incubations remove such confounders. Despite divergences
from natural conditions, longer incubation times result in more stable estimations of
temperature sensitivity (Hamdi et al., 2013).
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5. Conclusion and outlook

This experiment showed that nitrate and ammonium additions inhibit carbon produc-
tion from peat samples. Consequently, the results indicate that enhanced N cycling
alone does not endanger the peatland carbon sink from the decomposer side.
It further underlined that differentiating between N species is important to predict the
response of peat to N addition. This will extend well to studies of ecosystem scale, e.g.
because Sphagnum mosses prefer ammonium over nitrate (Bobbink et al., 2022).
Warmer temperatures resulted in higher respiration rates, but cumulative carbon re-
lease was limited to an apparent labile pool size of about 1.5% of total organic carbon.
Differences in carbon mineralization rate, trajectory, and form between the samples
from above and below the water reflected the distinct microbial community of dissim-
ilar habitats. Furthermore, nitrogen addenda affected the temperature response of the
incubated samples in a multifaceted way that underlines the complexity of decomposi-
tion processes even in a simplified environment. The inhibiting effects were potentially
caused by a combination of competing metabolic pathways, colimitation, and toxicity.
These results also carry relevance beyond northern peatlands. For example, soils in the
permafrost domain store large amounts of organic carbon and nitrogen that are vul-
nerable to thaw, potentially releasing plant-available nitrogen into the peatlands there
(Hugelius et al., 2020; Keuper et al., 2012). Enhanced nutrient cycling has also been
linked to arctic greening driven by increased soil development in previously sparsely
vegetated areas (Doetterl et al., 2022). On the global scale, models of carbon sinks like
peatlands need to account for potential N limitation to accurately predict their carbon
sequestration potential (Zaehle et al., 2015).
Therefore, future studies should shed more light on the processes behind the coupled
N and C cycles in peatlands. They should incorporate N2O, the third-most impactful
greenhouse gas and most direct vector of N impacts on the atmosphere. Measuring
it would not only complete the tally of climate impacts of enhanced N cycling, but
also provide more insights into the fate of the N addenda. An experimental regres-
sion design could help explore effect sizes and potentially nonlinear responses (Gotelli
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and Ellison, 2004). To improve the accuracy of the results, it would be advantageous
to prepare treatments with water from the site to avoid any unwanted changes, and
determine its chemical properties beforehand.
In a future experiment, some headspaces could be artificially enriched with methane to
observe a potential uptake by anaerobic methane oxidation (see H. Zhang et al. (2021)
and Liebner et al. (2011)). Investigating microbial gene expressions once again in post-
incubation material would clarify whether microbes were inhibited or made more effi-
cient by N addenda. The fate of the N addenda could be traced by a a repeated analysis
of C, N, and ammonium and nitrate.
This would improve understanding of the N impact on the peatland carbon cycle to
translate these findings to larger scales and modelling approaches.
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A. Appendix

A.1 GC instrument details

The headspace sampler heats the vial to 75 °C and extracts gas through a needle, which is then
transferred at 150°C to the main instrument. The GC itself operates at 35°C.
The sample first passes through a 30m SH-Rt-Q-Bond column, which is a nonpolar coated fused
silica capillary column that separates CO2 and methane from O2, N2 and CO. Then follows a
valve (V-2) whose position is switched between the arrival of methane and CO2. Its first position
directs the flow through a 30m molsieve column (SH-RT-Msieve 5A) that traps moisture and
CO and ensures a good peak shape for methane. In the second position, the gas flows through
another 30m Q-Bond column that slows the carbon dioxide down. Both pathes then converge
on a thermal conductivity detector; this is a nondestructive detector that helps with timing the
valve V-2 accurately to retention times of CO2 and CH4. Finally the gas flows through an flame
ionization detector (FID) equipped with a Jetanizer, a catalyst that turns CO and CO2 into CH4

which can be detected by FID.



A.2 Production time series

A.2.1 carbon dioxide concentration in blanks



A.2.2 CO2-C per g TOC per day



A.2.3 CH4-C per g TOC per day



A.3 multiple linear models

As all models used log-tranformed responses, the reported coefficient estimates are backtrans-
formed using exp() here.

A.3.1 cumulative CO2-C

AWT

N load Residual standard error: 0.2855 on 27 degrees of freedom Multiple R-squared: 0.1166,
Adjusted R-squared: 0.0512 F-statistic: 1.782 on 2 and 27 DF, p-value: 0.1875

term estimate std.error statistic p.value
(Intercept) 10700.00 0.10900 85.400 2.14e-34
total_N_ug 1.00 0.00513 0.893 3.80e-01
temp20 1.19 0.10400 1.660 1.08e-01

N load + form Residual standard error: 0.2265 on 26 degrees of freedom Multiple R-squared:
0.4646, Adjusted R-squared: 0.4028 F-statistic: 7.521 on 3 and 26 DF, p-value: 0.0008804

term estimate std.error statistic p.value
(Intercept) 1.39e+04 0.10600 89.600 6.40e-34
NH4_N_amount 9.52e-01 0.01360 -3.590 1.34e-03
NO3_N_amount 9.99e-01 0.00424 -0.126 9.01e-01
temp20 1.19e+00 0.08270 2.100 4.59e-02

BWT

N load Residual standard error: 0.6463 on 27 degrees of freedom Multiple R-squared: 0.2948,
Adjusted R-squared: 0.2426 F-statistic: 5.644 on 2 and 27 DF, p-value: 0.008957

term estimate std.error statistic p.value
(Intercept) 1390.000 0.2460 29.40 4.70e-22
total_N_ug 0.983 0.0116 -1.44 1.62e-01
temp20 2.050 0.2360 3.04 5.25e-03

N load + form Residual standard error: 0.5225 on 26 degrees of freedom Multiple R-squared:
0.5562, Adjusted R-squared: 0.505 F-statistic: 10.86 on 3 and 26 DF, p-value: 8.305e-05



term estimate std.error statistic p.value
(Intercept) 2450.000 0.24600 31.80 2.46e-22
NH4_N_amount 0.875 0.03140 -4.26 2.34e-04
NO3_N_amount 0.973 0.00979 -2.84 8.57e-03
temp20 2.050 0.19100 3.76 8.78e-04

A.3.2 cumulative CH4-C

N load Residual standard error: 0.2825 on 27 degrees of freedom Multiple R-squared: 0.9548,
Adjusted R-squared: 0.9514 F-statistic: 284.9 on 2 and 27 DF, p-value: < 2.2e-16

term estimate std.error statistic p.value
(Intercept) 602.000 0.10800 59.50 3.52e-30
total_N_ug 0.981 0.00508 -3.72 9.18e-04
temp20 11.400 0.10300 23.60 1.51e-19

N load + form Residual standard error: 0.288 on 26 degrees of freedom Multiple R-squared:
0.9547, Adjusted R-squared: 0.9495 F-statistic: 182.8 on 3 and 26 DF, p-value: < 2.2e-16

term estimate std.error statistic p.value
(Intercept) 603.000 0.1350 47.30 9.56e-27
NH4_N_amount 0.981 0.0173 -1.11 2.76e-01
NO3_N_amount 0.981 0.0054 -3.50 1.69e-03
temp20 11.400 0.1050 23.10 7.20e-19

A.3.3 day of peak CO2

(not log transformed!)

N load Residual standard error: 14.33 on 55 degrees of freedom Multiple R-squared: 0.238,
Adjusted R-squared: 0.1826 F-statistic: 4.294 on 4 and 55 DF, p-value: 0.004282

term estimate std.error statistic p.value
(Intercept) 24.600 5.130 4.80 1.24e-05
total_N_ug -0.618 0.257 -2.40 1.98e-02
layerBWT -21.300 6.770 -3.15 2.65e-03
temp20 -4.670 3.700 -1.26 2.13e-01
total_N_ug:layerBWT 0.624 0.364 1.71 9.23e-02



AWT

N load + form Residual standard error: 18.69 on 26 degrees of freedom Multiple R-squared:
0.2908, Adjusted R-squared: 0.209 F-statistic: 3.554 on 3 and 26 DF, p-value: 0.028

term estimate std.error statistic p.value
(Intercept) 39.000 8.78 4.44 0.000148
temp20 -9.400 6.82 -1.38 0.180000
NH4_N_amount -3.100 1.12 -2.76 0.010400
NO3_N_amount -0.853 0.35 -2.44 0.021900

BWT

N load + form Residual standard error: 0.3121 on 26 degrees of freedom Multiple R-squared:
0.06173, Adjusted R-squared: -0.04653 F-statistic: 0.5702 on 3 and 26 DF, p-value: 0.6396

term estimate std.error statistic p.value
(Intercept) 0.93200 0.14700 6.350 9.93e-07
temp20 0.06670 0.11400 0.585 5.64e-01
NH4_N_amount 0.01450 0.01880 0.774 4.46e-01
NO3_N_amount 0.00679 0.00585 1.160 2.56e-01

A.3.4 day of peak CH4

N load Residual standard error: 16.18 on 27 degrees of freedom Multiple R-squared: 0.1421,
Adjusted R-squared: 0.07851 F-statistic: 2.235 on 2 and 27 DF, p-value: 0.1264

term estimate std.error statistic p.value
(Intercept) 52.100 6.160 8.460 4.47e-09
total_N_ug 0.258 0.291 0.889 3.82e-01
temp20 -11.300 5.910 -1.920 6.57e-02

N load + form Residual standard error: 16.1 on 26 degrees of freedom Multiple R-squared:
0.182, Adjusted R-squared: 0.08757 F-statistic: 1.928 on 3 and 26 DF, p-value: 0.1499



term estimate std.error statistic p.value
(Intercept) 47.100 7.570 6.22 1.39e-06
temp20 -11.300 5.880 -1.93 6.49e-02
NH4_N_amount 1.300 0.968 1.34 1.92e-01
NO3_N_amount 0.357 0.302 1.18 2.47e-01

A.3.5 Q10

CO2

Residual standard error: 0.5848 on 86 degrees of freedom Multiple R-squared: 0.3648, Adjusted
R-squared: 0.3426 F-statistic: 16.46 on 3 and 86 DF, p-value: 1.542e-08

term estimate std.error statistic p.value
(Intercept) 2.150 0.15900 4.83 5.82e-06
NH4_N_amount 0.896 0.02030 -5.43 5.15e-07
NO3_N_amount 0.984 0.00632 -2.48 1.50e-02
layerBWT 1.720 0.12300 4.41 3.01e-05

CH4

Residual standard error: 0.3174 on 42 degrees of freedom Multiple R-squared: 0.4936, Adjusted
R-squared: 0.4694 F-statistic: 20.47 on 2 and 42 DF, p-value: 6.24e-07

term estimate std.error statistic p.value
(Intercept) 11.200 0.11200 21.50 2.60e-24
NH4_N_amount 0.956 0.01560 -2.86 6.58e-03
NO3_N_amount 1.020 0.00485 3.12 3.24e-03

A.3.6 released % g TOC

N load Residual standard error: 0.3105 on 55 degrees of freedom Multiple R-squared: 0.8944,
Adjusted R-squared: 0.8868 F-statistic: 116.5 on 4 and 55 DF, p-value: < 2.2e-16



term estimate std.error statistic p.value
(Intercept) 1.260 0.10100 2.25 2.82e-02
temp20 1.190 0.11300 1.53 1.32e-01
layerBWT 0.134 0.11300 -17.70 2.01e-24
total_N_ug 0.995 0.00394 -1.38 1.74e-01
temp20:layerBWT 4.190 0.16000 8.93 2.70e-12

N load + form Residual standard error: 0.2732 on 54 degrees of freedom Multiple R-squared:
0.9197, Adjusted R-squared: 0.9123 F-statistic: 123.8 on 5 and 54 DF, p-value: < 2.2e-16

term estimate std.error statistic p.value
(Intercept) 1.570 0.10400 4.33 6.61e-05
layerBWT 0.134 0.09980 -20.20 8.42e-27
NH4_N_amount 0.950 0.01160 -4.40 5.06e-05
NO3_N_amount 0.990 0.00362 -2.70 9.14e-03
temp20 1.190 0.09980 1.74 8.79e-02
temp20:layerBWT 4.190 0.14100 10.20 4.01e-14



A.4 visualization of fitted decomposition models

Graphs show the cumulative release of carbon as mg C gdw-1 from measurements (means ±
standard error of three replicates as points with errorbars), the modelled output (black line) and
contributions from pool 1 (green line) and pool 2 (pink line).









A.5 nutrients in tap water and bog

compound bog background
value

addenda (tap
water)

addenda
(treatments)

measured
(extracted water)

Chloride
(Cl)

14.42 (8.24) ug/g 65 mg/l 1:1 with NH4

Sodium (Na) 46 mg/l 1:1 with NO3

Calcium
(Ca)

100 mg/l

Sulfate
(SO 2–

4 )
10.95 (6.30) ug/g 75 mg/l

HCO –
3 presumably very

low
229 mg/l

Phosphate
(PO 3–

4 )
2.12 (3.32) <0.3 mg/l

TOC 1,7 mg C/l 42-43%
Nitrate 2.04 (2.75) ug/g 1.0 mg/l 18.4 - 197 mg/l

(target: 0.3 - 1.8
mg/l N)

Nitrite < 0.03 mg/l
Ammonium 19.10 (13.77)

ug/g
<0.200 mg/l 3.56 - 38.3 mg/l

(target: 0.09 - 0.6
mg/l N)

TIN
TDN 1 - 1.23 mg/l

(sum of iN
values)

0.49 - 2.97 mg/l
(target
concentrations)

3.28 - 23.8 mg/l

TN 0.78 (0.4)% 0.628 - 0.785 %
dw (incl. TDN)

pH 7-8 4.0
Fe +

3 1.30 (2.43) ug/g <0,01 - 0,02 (iron
in general)

Mg 46 mg/l

Table A.1: Background value from H. Zhang et al. (2021), tap water from

(Energie und Wasser Potsdam GmbH, 2022)




	Introduction
	Background: Carbon and nitrogen cycling in boreal wetlands
	Peat accumulation and peatland carbon storage
	Drivers of decomposition and greenhouse gas production
	Coupling of C and N cycle
	Vulnerability to and nature of predicted changes

	Research objectives and hypotheses

	Data and Methods
	Origin of peat samples
	Siikaneva site description
	Sample collection

	Properties of the peat samples
	Analysis of physical and chemical soil properties
	Pore water chemistry
	Microbial assay

	Incubation setup
	Nitrogen treatments
	Incubation vial preparation

	Greenhouse gas fluxes
	Headspace sampling procedure and gas chromatography
	Flux calculations
	Derived metrics
	Fitting compartment models for decomposition

	Statistical analysis of treatment effects

	Results
	Sample properties
	Chemical and physical properties of soil and pore water
	Microbial community

	Observed greenhouse gas fluxes
	Effects of sampled layer
	Effects of incubation temperature
	Effects of nitrogen treatments
	Total amount of N added
	Oxidation state
	Impact of N treatment on temperature sensitivity

	Results of fitting decomposition models

	Discussion
	Position relative to the water table and microbial community
	Temperature reactivity
	Nitrogen addenda
	NO3 as competing terminal e--acceptor
	Toxicity of addenda or intermediate products
	Carbon use efficiency improved by nitrogen
	Colimitation
	Diverging effects of N on the slow and fast C pool

	Interactions
	Realism and representativeness
	Sample properties
	Carbon fluxes
	Nutrient treatments
	Transferability to the ecosystem scale


	Conclusion and outlook
	Appendix
	GC instrument details
	Production time series
	carbon dioxide concentration in blanks
	CO2-C per g TOC per day
	CH4-C per g TOC per day

	multiple linear models
	cumulative CO2-C
	cumulative CH4-C
	day of peak CO2
	day of peak CH4
	Q10
	released % g TOC

	visualization of fitted decomposition models
	nutrients in tap water and bog


