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Abstract

It’s clear that human activities have heated our climate via the release of
anthropogenic greenhouse gases. Recent changes within the earth climate are rapid,
intensifying, and unprecedented. With each additional increment of warming,
climate change is impacting ecosystems through changes in average conditions,
climate variability, coupled with other associated changes such as biodiversity loss
and changes in elemental cycles.

One ecosystem of particular importance are peatlands. Despite covering only ~3%
of the terrestrial environment, northern peatlands are estimated to store 415 = 150
Pg carbon, while permafrost peatlands are estimated to store 185 + 66 Pg of soil
organic carbon soil, thus acting as a large carbon sink. The highly concentrated
carbon is maintained by the waterlogged anaerobic conditions that limit oxygen and
bacterial decomposition. However, these anaerobic conditions favour
methanogenesis, i.e. the formation of the strong greenhouse gas methane.

During the thesis, one laboratory and three in-situ field studies were conducted. In
paper I, we studied variation in methane fluxes with the structure and function of
methane producing and consuming communities. In paper II, we performed an in-
situ drought experiment across two years where we identified the effects of drought
on the functional potential of methane producing and consuming communities.
While working on paper II, we conducted a temporal experiment (paper IV) to
intemperate the variation in methane emission rates and their 8'*C-CH, values.
Finally, paper III addresses how sub-arctic peatland microbial communities
respond to permafrost thaw at different degradation rates and whether this change
is reflected in greenhouse gas emissions.

We found that the structure and composition of the whole methane producing, and
consuming community has minor effect on predicting the magnitude methane fluxes
(paper I), however, during drought the structure and functional composition
significantly changed in favor of more methane oxidation despite the lower methane
emissions (paper II). In the sub arctic, paper I1I concluded that peatlands with fast
permafrost degradation yielded the most differences in functional potential between
thaw categories, indicating that the microbial community may be responding to
newly available substrate previously inaccessible to microbial degradation. Finally,
paper IV suggested that the substrate availability for methanogenesis is a major
factor in explaining the spatial variation, but not the temporal variation in methane
fluxes. Combined, these results suggest that the methane producing, and consuming
community hold a high functional potential and can produce and consume methane
in many ways despite disturbances such as drought and permafrost loss. This
highlights a resilient community with the functional ability to adapt to future climate
conditions.



Populérvetenskaplig sammanfattning

Det dr uppenbart att mansklig verksamhet har uppvarmt vart klimat genom utslapp
av antropogena vaxthusgaser. De senaste forandringarna i jordens klimat &r snabba,
intensiva och saknar motstycke. Med varje ytterligare steg av uppvarmning paverkar
klimatforandringarna ekosystemen genom fordndringar i de genomsnittliga
forhallandena, klimatvariationer, i kombination med andra associerade fordndringar
sasom forlust av biologisk méngfald och forédndringar i elementéra cykler.

Ett ekosystem av sérskild betydelse ér torvmarker. Trots att de ticker endast ~3 %
av den terrestra miljon (Minasny et al., 2019) berdknas nordliga torvmarker lagra
415 £ 150 Pg C, medan permafrosttorvmarker berdknas lagra 185 + 66 Pg organiskt
kol i marken och 7,1 + 4,7 PG totalkvdve i marken och fungerar dirmed som en stor
kolsédnka. Det hogkoncentrerade kolet uppritthalls av de vattenmittade anaeroba
forhallandena som begrinsar syre och bakteriell nedbrytning. Dessa anaeroba
forhallanden gynnar dock metanogenes, dvs. bildandet av den starka vixthusgasen
metan.

Under en fyraarsperiod genomfordes en laboratorieundersdkning och tre faltstudier
pa plats. I artikel I studerade vi variationen i metanfloden med strukturen och
funktionen hos metanproducerande och metankonsumerande samhéllen. I artikel 11
utforde vi ett torkexperiment pé plats under tva ar dar vi identifierade effekterna av
torka pad den funktionella potentialen hos metanproducerande och
metankonsumerande samhéllen. Samtidigt som vi arbetade med artikel II utférde
vi ett tidsméssigt experiment (artikel IV) for att intemera variationen i
metanutslippshastigheterna och deras §'*C-CHgy-virden. Slutligen behandlar artikel
I hur mikrobiella samhéllen i subarktiska torvmarker reagerar pa permafrostens
upptining med olika nedbrytningshastigheter.

Vi fann att strukturen och sammanséittningen av hela det metanproducerande och
metankonsumerande samhéllet har en liten effekt pa forutsdgelsen av de stora
metanflodena (artikel I), men under torka foréndrades strukturen och den
funktionella sammanséttningen avsevért till formén for mer metanoxidation trots de
lagre metanutsldppen (artikel II). I den subarktiska delen av Arktis konstaterades i
artikel III att torvmarker med snabb permafrostnedbrytning gav de storsta
skillnaderna i funktionell potential, vilket tyder pa att det mikrobiella samhéllet kan
reagera pa nytillgéngligt substrat som tidigare varit otillgdngligt for mikrobiell
nedbrytning. I artikel IV slutligen foreslas att substrattillgéngen for metanogenes
ar en viktig faktor for att forklara den rumsliga variationen, men inte den tidsméssiga
variationen 1 metanflddena. Sammantaget tyder dessa resultat pa att det
metanproducerande och metankonsumerande samhillet har en hog funktionell
potential och kan producera och konsumera metan pd manga olika sétt trots
storningar som torka och forlust av permafrost. Detta visar pé ett motstdndskraftigt
samhille med funktionell férmaga att anpassa sig till framtida klimatférhallanden.
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Foreword

Rational and thesis structure

Methane (CHa4) cycling in peatlands is an evolving field over many decades. The
overall aim of the research is to understand what drives the magnitude of CH,4 fluxes
from peatland environments. In attempt to understand this, research has traditionally
been conducted in many areas including measurements of greenhouse gas (GHG)
fluxes both spatially (closed chamber method) and temporally (eddy co-variance
and automated chambers). Once these studies determined the magnitude of CHy
fluxes, the identification of major drivers was required. This included analysing the
effect of vegetation type, substrate availability, hydrology, and temperature
dependence. However, until relatively recently, the analysis of the microbes that
produce and consume the CHs gas has been relatively ignored.

In this thesis you will find an introduction to the importance of CHy4 in a changing
climate followed by microbial controls on CH4 fluxes. This is followed by an in-
depth description of the methods used throughout the study and finally, the results
and discussion. The results and discussion of this thesis have been divided into two
sections. In part I, we look at the spatial variability of CHy fluxes from different
plots within peatlands. We start with CH4 emissions from natural wetlands as they
are known to exhibit high spatial variability. Traditional drivers of CH4 emissions
often ignore the composition and function of the microbial community, therefore in
paper I we determine if analysing the whole metagenome of CH4 producing and
consuming community acts as a good proxy for predicting CHs fluxes in
Eriophorum vaginatum dominated mesocosms. However, vegetation is not the only
factor contributing to spatial variability in CH4 emissions. In paper III we then
expand our spatial variability further to address how sub-arctic peatland microbial
communities respond to permafrost thaw at different degradation rates (slow,
medium, fast) and whether this change is reflected in GHG emissions.

In part II we leave spatial variability and move towards temporal variability in
peatland CH4 emissions. The magnitude of CH4 emissions are controlled by the
microbial production (methanogenesis) and oxidation (methanotrophy) of CHs, and
the transport of CH4 from peat to the atmosphere. Stable isotope signatures of
emitted CHy4 can give us clues to the causes of variation in temporal emissions,
therefore in paper IV we investigate whether temporal variation in CHs emission
rates and their associated §'°C-CH, values reflect the composition of the CHy
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producing and consuming microbial community. In addition to traditional drivers of
temporal variability in CH4 emissions, disturbance is known to affect emissions in
short- and long-term time frames. We know that drought conditions alter the GHG
balance in peatlands: CH4 emissions decrease due to the drop in water table while
bacterial decomposition increase in the new oxic zone resulting in higher
heterotrophic respiration. However, we have little knowledge on the temporal
response in the microbial community. Therefore, in paper II, we address whether
drought disturbance impacts the CH4 producing and consuming community and link
it to the temporal differences in CH4 flux between drought years.

14



Introduction

The importance of methane in a changing climate

The International Panel on Climate Change (IPCC) stated that the widespread rapid
warming observed in the atmosphere, ocean, cryosphere and biosphere are
unequivocally caused by human activities (IPCC, 2021). Each of the last four
decades has been successively warmer than the last and is leading to more frequent
and intense drought, storms, heat waves, rising sea levels, melting glaciers and
warming oceans that can directly harm animals, destroy the places they live, and
affect people's livelihoods.

The main driver of climate change is the increase of well mixed greenhouse gases
(GHG) in the atmosphere (IPCC, 2021). Since 2011, concentrations have continued
to increase in the atmosphere, reaching annual averages of 410 parts per million
(ppm) for carbon dioxide (CO), 1866 parts per billion (ppb) for CHa4, and 332 ppb
for nitrous oxide (N2O) (IPCC, 2021). These increases in CO,, CH4 and N>O are a
result of many sources, but primarily from fossil fuel burning, agriculture, land use
change and forestry (IPCC, 2021). One particularly important GHG is CH4, due to
rapid rise in atmospheric concentrations and its global warming potential is 28 times
stronger over a 100-year time-period (Dlugokencky et al., 2009, Saunois et al.,
2020). While the atmospheric concentration of CHs4 is 200 times lower than COs,
the increase in atmospheric CHs concentrations has contributed ~ 23 %
(~0.62Wm™) to the additional radiative forcing accumulated in the lower
atmosphere since 1750 (Etminan et al., 2016). Therefore, drivers of CH4 emissions
lay the foundation of this thesis.

The relevance of methane to global climate change

Climate change has the potential to increase CH4 emissions to the atmosphere from
critical environments including peatlands, marine and freshwater systems,
permafrost, and CH4 hydrates, through shifts in temperature, hydrology, vegetation
and landscape disturbance. Of particular interest is knowing if an increase in CHy
emissions from these systems could occur in response to climate change, as
increases in these emissions would result a in a further positive climate feedback
loop.

15



Methodologies for researching CH, emissions from both natural and anthropogenic
sources have primarily focused upon in-situ observations. These measurements are
traditionally conducted using cavity ring-down spectroscopy combined with
metadata from environmental variables which are known to affect the magnitude of
the CH4 flux to the atmosphere. However, the source of the CH4 emission from
microbial activity are often treated as a “black box™ and has been identified by Dean
et al. (2018) as a substantial research gap. Therefore, a deeper focus on the role of
the microbial processes governing CHs production and consumption are needed
within the research field with special attention paid to the degree these microbial
processes drive key global CHy4 feedbacks at present, and under future climate
scenarios.

Recent trends and sources of atmospheric methane

During 2008-2017, global CH4 emissions from both natural and anthropogenic
sources were estimated at 576 (range 550-594) Tg CH, yr™' (Saunois et al., 2020),
~2.6 times higher than the pre-industrial equilibrium (Dean et al., 2018, Saunois et
al., 2020). The spatial and temporal trends of atmospheric CH4 have been researched
in great detail over the past decades using in-situ and modelling approaches
(Dlugokencky et al., 2009). The mean growth rate of atmospheric CH4 decreased
from 15 £ 5 ppb yr' in the 1980°s to 0.48 + 3.2 ppb yr ' during 2000-2006, better
known as the equilibrium phase (Dlugokencky et al., 2003). However, following a
low growth period, growth rates quickly returned to an average of 7.6 £ 2.7 ppb yr~
! during 2010-2019 and higher again, over the last six years of the 2010 — 2019
period (9.3 £ 2.4 ppb yr ') (Dlugokencky et al., 2003, Dlugokencky et al., 2009).
The IPCC (2021) highlighted that if CH4 were to continue growing at such rates, it
would contribute to decadal scale climate change and hinder any long term
temperature goal set by the Paris Agreement in 2015. Therefore, planned mitigation
targets focused on CHy4 emissions are underway. However, it is critical to understand
if the changes in emission rates are caused by human activities or by natural
processes responding to changing climate. Therefore, robust estimations of each
major CHy source is essential.

CHy is emitted from several different sectors and is usually reported as natural or
anthropogenic sources (figure 1). The contribution of natural sources to global
emissions since 1980 is estimated to be between 33 and 54%, while anthropogenic
sources accounted for between 46 and 67% (Kirschke et al., 2013). For the decade
between 2008-2017, anthropogenic sources contributed a total of 366 [349—
393] Tg CH4 yr !, while natural sources represent a lower contribution of 232 [194—
276] Tg CH4yr ' (Saunois et al., 2020). Natural CH4 sources are represented by
environments including vegetated wetlands and inland water systems, land
geological sources, wild animals, termites, thawing terrestrial and marine
permafrost, and oceanic sources. Within these natural sources, wetlands are the
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largest contributor to the global CH, budget emitting 194 [155-217] Tg CHy yr'
(Saunois et al., 2020).

Among natural sources, wetlands are the largest contributor and the most uncertain
in the global CH4 budget (Salmon et al., 2022). Peatlands are of particular interests
because peat is composed of organic matter that has a high carbon content.
Consequently, peatlands are large soil organic carbon reservoirs that have been
functioning as a source of CHa, but also a sink of CO; to the atmosphere. They cover
around 3 % of the surface of continental lands but store approximately one-third of
the global soil carbon (Minasny et al., 2019, Salmon et al., 2022). They are located
in boreal and sub-arctic regions with small areas around the tropics. Due to their
high carbon content the need to understand what drives CH, emissions from high-
latitude peatlands is important given the high distribution (figure 2) and concerns
on their sensitivity to a warming climate.

Methane (CH4) Budget Flux: Million tonnes of CH, per year (Tg CH,/yr)
Atmosphere M Natural 'Anlhrcpogemc L Both
2005 +3127 17 Stocks: Million tonnes of Methane (CH,)

O Stocks @Anthropogenic change

Stratospheric Tropospheric
loss

) Tropospheric
chlorine loss

hydroxyl loss

Average increase
19+8

v
12-37 1-35 483-682
18-65 3-15 22-39 114-116 55-77 25-37  106-115 17-212 102-182

-

Geological Oxidation Termites Biomass  Fossil fuels i Livestock. —
sources i SoiS uming and waste ~cultivation Freshwaters Wetlands

2- 8,000,000
511,000-1,513,000 Ocean hydrates
I Gas reserves
Permafrost hydrates

Figure 1: Global methane (CH4) budget (2008—-2017). The atmospheric stock is calculated from mean
CHy,4 concentration, multiplying a factor of 2.75 + 0.015 Tg ppb™, which accounts for the uncertainties in
global mean CH, (adapted from Chandra et al., 2021).
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Peatland carbon cycling under a changing climate

Northern peatland ecosystems have cycled and stored substantial amounts of carbon
over the last 11,700 years. Permafrost peatlands, a subsection of natural wetlands,
occupy more than 1.7 £ 0.5 million km?and are an important component of the
permafrost carbon feedback through the release of CH, to the atmosphere (Hugelius
et al., 2020). Northern peatlands are estimated to store 415 £ 150 Pg C, while
permafrost peatlands are estimated to store 185 + 66 Pg of soil organic carbon and
7.1 £ 4.7 PG of total nitrogen (Hugelius et al., 2020)(figure 2). One third of all
terrestrial carbon exists in the form of partially decomposed organic matter, known
as peat (Turunen et al., 2002, Vitt et al., 2000).

Northern peatlands occur mostly in boreal and subarctic regions in the northern
hemisphere (figure 2). The cold climate, low evaporation rates, and high effective
moisture are essential for the formation and development of northern peatlands (Yu
et al., 2009). Despite the generally short summer season at high latitudes and the
moderate NPP of peatland vegetation, peatlands accumulate excess organic matter
as peat owing to depressed decomposition in waterlogged and anoxic conditions
(Finlayson and Milton, 2018). Northern peatlands typically establish where mean
annual temperatures are between -12°C and 5°C and mean annual precipitation is
between 200 and 1000 mm.

Despite overall net uptake of atmospheric C, these saturated, anoxic, organic-rich
peatlands are also conducive to CHy4 production, the terminal step in anaerobic
decomposition. The initial degradation (hydrolysis) yields a variety of organic
molecules (monomers and oligomers), which are then further reduced into
carboxylic acids, hydrogen (H,), and CO, (Galand et al., 2005). Generally,
methanogenesis is the final reaction in anaerobic degradation and often dominates
carbon turnover in peatland environments, see following sections for more details
(Dean et al., 2018).

Studies have shown that peatlands respond differently to climate change because of
either different hydrological and ecological characteristics in addition to different
developmental states (Belyea and Malmer, 2004, Bridgham et al., 2008). Under
future climate scenarios we can expect the increased CO, uptake by plants, which
is likely to be offset by increased soil respiration rates in response to warmer soils
and lowered water tables (Moore et al., 1998, Rinne et al., 2020).

CH,4 emissions are likely to decrease in most peatlands because of lowered water
tables, and in permafrost areas, the collapse of dry palsa’s has lead to increase CH4
emissions from new anoxic areas and the establishment of sedge vegetation, but this
is uncertain (Strom et al., 2003, Woodcroft et al., 2018). The storage of carbon in
peatlands is sensitive to all carbon cycle components and is difficult to predict, but
the CH4 cycle is particularly difficult due to the number of drivers affecting the
magnitude of flux.
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Figure 2: Global peatland distribution map according to PEATMAP (adapted from Xu et al., 2018)

Spatial variability of peatland methane emissions

CH4 emissions from natural wetlands exhibit both spatial and temporal variability
(Sun et al., 2013, Rinne et al., 2022) The spatial variability makes wetland CHs
emissions difficult to predict, as CH4 emission within a distance of less than a meter
can vary by several orders of magnitude (Bridgham et al., 2013). Traditionally, both
production and consumption of CHy is influenced by (i) the water table depth, which
determines the level of anoxia; (ii) the plant species composition, which provides a
transport pathway of CHs to the atmosphere; (iii) the temperature of the soil, which
affects the rate of microbiological metabolism; and (iv) substrate availability (Strom
et al., 2012, Korrensalo et al., 2018, Juottonen et al., 2008, Joabsson et al., 1999).

The recent advancements in molecular techniques have allowed researchers to
reveal further complexities in community composition and function, by which
microbial processes contribute to spatial variability of CH4 fluxes in peatlands
(Bridgham et al., 2013, Dean et al., 2018). CH4 production and consumption genes
such as methyl coenzyme M reductase (mcrd) and methane monooxygenase
component A alpha chain (mmoX) are commonly targeted to determine the
production and consumption of CH4 (Liebner et al., 2012). However, due to the
complexity and large number of genes involved with CHs production and
consumption, larger sets of genes need to be targeted to address the functional
potential of methanogenic communities. Therefore, addressing whether the whole
structure of the CH4 producing and consuming community and their functional
genes can explain CHy variability has become more important.
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Pathways to the atmosphere

CH4 emissions are not uniform across peatlands due to their heterogeneous nature.
Once CHa is produced in the anaerobic peat layers it is transported to the atmosphere
via three pathways: Diffusion through the water column, ebullition in the form of
bubbles and finally via plant mediated transport through specialist vegetation which
contains aerenchyma tissue. The variability in research amongst these individual
transport pathways is contradicting, making peatland CH4 emissions difficult to
predict.

Diffusion through water is caused by the low solubility of CHy (23-40mg 1),
combined with the large difference in the concentration within the soil pore space.
Diffusion is believed to contribute least to the flux of CH4 emissions due to difficulty
passing the water-atmosphere boundary (Lai, 2009, Schlesinger and Bernhardt,
2013). However, as more open water areas increase due to permafrost loss in arctic
regions, additional attention must be paid to these areas. One recent research article
conducted over one year studied the hydrodynamic transport of CH4 and concluded
that diffusion was responsible for 32% of the annual CH4 emissions (Poindexter et
al., 2016).

Within peatland emissions, the largest uncertainty is related to the magnitude of
ebullition. Ebullition (the action of bubbling) occurs when the partial pressure of the
CHj4 gas in the water surpasses the hydrostatic pressure in the soil (Baird et al.,
2004). This pressure increase only takes place when the production of CHy is higher
than the diffusion potential of the gas (Lai, 2009, Schlesinger and Bernhardt, 2013).
The ebullition process bypasses the oxic layer without exposure to oxidation due to
the low solubility of CH4 and rapid transfer from the anaerobic zone to the
atmosphere (Lai, 2009). Ebullition events can occur either by natural or artificial
disturbance. The proportion of ebullition in the total emission varies from 3 %
(Green and Baird, 2013) to 50 % (Christensen et al., 2003).

Some wetland plant species have developed phenological responses to soil anoxia
in a process known as plant-mediated transport. This strategy involves developing
air-filled channels within their tissues, named aerenchyma (Greenup et al., 2000).
The aerenchyma tissue allows plants to survive for long periods of time inundated
under water by facilitating the transport of oxygen (O>) to the water-logged roots
(Greenup et al., 2000). However, at the same time, aerenchyma tissue acts as a
conduit, facilitating the transport of CHs to the atmosphere. During the peak
growing season it is believed to be responsible for the majority of CH4 flux to the
atmosphere from wetland ecosystems (Christensen, 2010). Waddington et al. (1996)
estimated in boreal peatlands that 55-85% of CH4 emissions are the result of plant
mediated transport.

The contribution of each pathway to the magnitude of CH, emissions varies. One
potential research gap is how much CHy is oxidised due to the presence or absence
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of methanotrophs. Tveit et al. (2020) recently identified endo- and epiphytic
microbial communities of natural northern peatland mosses relating to peatland
type. They concluded that microbial diversity and community structure were
distinctly different between Amblystegiaceae and Sphagnum peatlands (Tveit et al.,
2020). These results highlight the need for further genomic research in peatland
transport pathways. We may not be aware of potential microbial processes occurring
in new areas, thus run the risk of under or over estimating CH4 emissions.

Microbial controls on methane fluxes in peatlands

Microbial drivers of peatland methane climate feedbacks

CH,4 producing and consuming microorganisms are sensitive to climate change in
peatlands due to their susceptibility to peat temperature fluctuations, altered
hydrology and drought (Brandt et al., 2015, Potter et al., 2017). Increased peat
temperature as a response to a warmer climate is known to increase CHy4 production
and consumption (van Winden et al., 2012). In a global meta-analysis, Yvon-
Durocher et al. (2014) concluded that peatland CH4 emissions are likely to increase
relative to projected CO, emissions due to climate warming. Their results indicated
that as peat temperatures increase with climate change, a corresponding 57-fold
increase in CH4 emissions would follow. However, these results are dependent on
the temperature optima of different microbes and their associated enzymes,
indicating that the community cannot be looked at as a whole but individually
according to their species dependant metabolic potential. This becomes important
from a microbial modelling perspective where we want to know which functional
group dominates under increased peat temperature. This will allow us to determine
the size the carbon pools they consume. i.e. if acetoclastic methanogenesis becomes
dominant under increased temperature we can then use a mechanistic approach to
determine the size of the acetate pool in the model.

The influence of temperature on the production of CH4 from microbes is also tightly
linked to hydrologic conditions. While climate change models are forecasting
increased precipitation at northern latitudes, these events are predicted to be more
concentrated and less frequent in time with longer periods of dryer warm weather
in between (IPCC, 2021). Increased precipitation will raise water tables and even
expand wetland areas, thus promoting carbon sequestration and CHs emissions,
resulting in greater pressure on the oxidative capacity of the methanotroph
community due to increase anoxia. It is well established that droughts will lower
water tables in peatlands and decrease CH4 emissions but increase bacterial CO»
respiration (Rinne et al., 2020). What is not understood well is the resilience of the
microbial community to such disturbances.
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Polar ecosystems are warming faster than anywhere else on the globe in a
phenomenon known as arctic amplification (Rantanen et al., 2022). Permafrost
regions including wetlands >60°N are currently experiencing high degradation rates
and are expected to contribute ~ 9 (2-18) Tg CHy4 yr™' to the global CH, budget
(Saunois et al., 2020). These values represent 1-7% of total annual natural CHs
emissions and are expected to increase under future climate scenarios (Kirschke et
al., 2013). At present, these emissions are low in comparison to other CHs sources,
but they are predicted to rise due to continual permafrost thaw, that leads to
increased soil moisture and substrate availability for microbial decomposition
(Fofana et al., 2022). As permafrost peatlands thaw, temperature, soil moisture, and
substrate availability will on average increase, resulting in the potential to enhance
microbial activity. A large body of work has been done on responses of microbial
communities to permafrost thaw gradient, primarily at Stordalen mire in Sweden
(Fofana et al., 2022, Mondav et al., 2017, Woodcroft et al., 2018). However,
Akerman and Johansson (2008) identified that not all sites lose permafrost at the
same rate, despite similar meteorological values. Therefore, if we wish to
extrapolate CH4 emissions across regions such as the sub-arctic, we need to
understand how microbial processes may vary under different rates of permafrost
degradation.

The balance between peat temperature fluctuations, altered hydrology and drought
is critical in determining whether future changes in peatlands are contributing as a
positive or negative climate feedback. Protective restoration and sustainable
management of peatlands can provide potential climate change mitigation benefits,
but a better understanding of the mechanisms controlling the magnitude of CH4
emissions under a shifting climate are needed to determine the best policies.

Common peatland methanogens

Methanogens, the umbrella term for microorganisms that produce CHs as a by-
product of cellular metabolism, display high phylogenic diversity spanning
Euryarchaeota, Halobacterota and Thermoplasmatota phyla (Brauer et al., 2020). In
total, five orders and two candidate taxa are commonly discovered in peat:
Methanomicrobiales, Methanocellales and Methanosarcinales of the phylum
Halobacterota; ~ Methanobacteriales of  the  phylum  Euryarchaeota;
Methanomassiliicoccales of the phylum Thermoplasmatota, and finally candidate
family Methanoflorentaceae and candidate phylum Bathyarchaeota (Briuer et al.,
2020).

Despite the expansive phylogenetic diversity, methanogen’s metabolic pathways are
extremely limited and include: hydrogenotrophic methanogenesis, the CO; reducing
methanogens, using H,, formate, ethanol or isopropanol as electron donors;
acetoclastic methanogenesis (acetate splitting) and methylotrophic methanogenesis,
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using methyl compounds including methanol or methylamines (Andersen et al.,
2013, Brauer et al., 2020)

Hydrogenotrophic methanogenesis is carried out by microorganisms from the order
Methanobacteriales, Methanomicrobiales and Methanococcales. While acetoclastic
methanogenesis is carried out by Methanosarcinales (order) within the family
Methanosaetaceae and Methanosarcinaceae (Briuer et al.,, 2020). Finally,
methanogenesis via methanol and methylamines is carried out by members of the
Methanosarcinaceae and Methanoplasmatales order (Liu and Whitman, 2008). All
pathways hold unique functional genes to process substrates but commonly share
the final three genes (mtrA, hdrA and mcrA) used in the formation of CH,4 (figure
3) (Lambie et al., 2015).

Methanogenesis in peatlands: two dominant metabolic pathways

Hydrogenotrophic methanogens utilize H, as an electron donor to reduce CO, to
CHy (figure 3). The oxidation of H» is achieved using two main hydrogenases: the
soluble F420-reducing hydrogenase (Frh) reduces the methanogenic cofactor F420
to F420H, which is then re-oxidized through the reduction of CO; to CHs4. In
addition, soluble Mvh hydrogenase forms a complex with a heterodisulfide
reductase (HdrABC) that couples the oxidation of H, to the reduction of ferredoxin
and the heterodisulfide CoM-S-S-CoB in a process called flavin-based electron
bifurcation (Kaster et al., 2011). This reduced ferredoxin is essential for the first
step in methanogenesis, and ultimately the reduction of CO, to a cofactor-bound
formyl group. The CoM functions as a methyl carrier and forms the heterodisulfide
together with CoB in the last step of methanogenesis (Conrad, 2020). To replenish
the cell with reduced ferredoxin, methanogens use energy-converting hydrogenases
Eha that catalyzes the sodium motive force driven reduction of ferredoxin with H»
(Conrad, 2020, Thauer et al, 2008). The energy conservation during
hydrogenotrophic methanogenesis happens exclusively during a methyl transfer
reaction that is part of the core pathway shared by all methanogenesis pathways.
The membrane-bound methyltransferase Mtr, translocate sodium ions across the
cell membrane leading to the accumulation of a sodium that is subsequently used
by an ATP synthase (Thauer et al., 2008).

During acetoclastic methanogenesis, acetate is activated to Acetyl-CoA within the
cell (figure 3). The Acetyl-CoA molecule is dismutated via Acetyl-CoA
decarbonylase/synthase. This carbonyl group is oxidized to CO, while the methyl
group is channelled into the central methanogenic pathway to be reduced to CHa.
The energy conservation happens at the membrane-bound methyltransferase Mtr as
observed in hydrogenotrophic pathway. In addition, a membrane-bound electron
transport chain utilizes reduced ferredoxin and the heterodisulfide which both are
produced during methanogenesis (Ferry, 2011, Welte and Deppenmeier, 2014).
During acetoclastic methanogenesis, more Na+/H+ ions translocate during a single
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round of methanogenesis compared with hydrogenotrophic methanogenesis, yet the
former pathway of methanogenesis also requires an initial ATP investment during
the activation of acetate to Acetyl-CoA (Welte and Deppenmeier, 2014).

Hydrogenotrophic
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Figure 3: Schematic diagram of the acetoclastic (blue), hydrogenotrophic (black) and methylotrophic
(green) methanogenesis pathways. Genes are written in bold black text while compounds are in standard
black text. Adapted from (Lambie et al., 2015)

Methanogenesis during drought

During drought, i.e. high air temperatures and reduced precipitation, peatland water
tables and soil moisture decrease, aerating previously anoxic peat layers. This leads
to increased heterotrophic respiration, and consequently a higher release of CO; to
the atmosphere (Keane et al., 2021, Rinne et al., 2020). Concurrently, CHy
emissions are reduced since oxygen (O,) inhibits CH4 production upon exposure to
methanogen cells combined with increased methanotrophic CH4 oxidization (Miller
et al., 2019, Thauer et al., 2008). In addition, inhibitory phenolic compounds are
built-up, these compounds prevent the activity of polyphenolic carbon degrading
aerobes, which enable greater conversion of peat organic carbon into smaller
substrates such as sugars, organic acids, H,, and CO, that are more bioavailable for
the anaerobic methanogens (Wilmoth et al., 2021, Fenner and Freeman, 2011).
However, if O, is introduced through a drop in water table depth, phenol oxidase
can remove phenolic inhibitors, enabling hydrolases to resume normal
mineralization of organic matter that subsequently provide additional substrates for
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methanogenesis upon the return to anoxic conditions (Fenner and Freeman, 2011,
Wilmoth et al., 2021).

Methanotrophy: the biological sink of methane

When CH4 produced by methanogens reaches the atmosphere it is mitigated by
microorganisms called methanotrophs. Methanotrophs oxidize CH4 to obtain energy
under oxic and anoxic conditions using a range of diverse electron acceptors
including sulphate, nitrite, nitrate, iron, and manganese. Methanotrophs occur in a
wide range of habitats where both CH4 and oxygen are available. Within peatlands,
methanotrophs primarily exist at the interface between oxic and anoxic conditions
such as peat layers close to the surface, root adjacent and on the surface of specialty
vegetation such a sphagnum mosses (Wendlandt et al., 2010, Tveit et al., 2020). A
defining characteristic of these organisms is the use of methane monooxygenase
(MMO) enzymes to catalyse the oxidation of CHs to methanol (Dedysh and Knief,
2018).

Methanotrophy is performed by bacteria traditionally thought to belong strictly to
the phylum Proteobacteria. However, discoveries in the last two decades have
broadened the view of methanotrophy with the identification of microorganisms
outside the Proteobacteria phylum and archaea domain capable of oxidizing
methane anaerobically and aerobically (Guerrero-Cruz et al., 2021). Based on
physiological, morphological, ultrastructural, and chemotaxonomic traits, all
aerobic methanotrophs can be divided into three major groups, type I and type 11
and Verrucomicrobia. Aerobic methanotrophs belong to the Gammaproteobacteria
(Type I, with families Methylococcaceae and Methylothermaceae),
Alphaproteobacteria  (type 1I, with families Methylocystaceae and
Beijerinckiaceae), and the Verrucomicrobia phyla (of family Methylacidiphilaceae)
(Guerrero-Cruz et al., 2021).

Aerobic CHs; oxidation is catalysed by particulate and soluble CHs
monooxygenases. Both enzymes oxidize CH4 to methanol where then methanol
dehydrogenases oxidize methanol to formaldehyde. Finally two more oxidation
steps are involved and the intermediates are used for carbon assimilation from
formaldehyde (Guerrero-Cruz et al., 2021). In addition to aerobic oxidation of CHy,
a large body of literature on microbial anaerobic oxidation of CHs in marine
sediments exists. However, its importance in peatlands to the global CH4 budget,
has scarcely been addressed (Smemo and Yavitt, 2011). Anaerobic oxidation of CH4
was thought to be unimportant in peatlands; however, Gupta et al. (2013) suggest
that this process is important in peatlands, but report the primary mechanism of
carbon assimilation remains uncertain. The known microbes responsible for this
anerobic oxidation of CHs are Candidatus Methylomirabilis oxyfera and
Candidatus Methanoperedens nitroreducens. Candidatus Methylomirabilis oxyfera
belongs to the NC10 bacteria. While M. nitroreducens, which is affiliated with
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ANME-2d archaca, may be able to catalyse AOM through the reverse
methanogenesis pathway (Cui et al., 2015).

More recent evidence indicates that aerobic methanotrophs can thrive under
oxygen-limitation, and even under anoxic conditions challenging the conventional
view of aerobic methanotrophy (Guerrero-Cruz et al., 2021). Thus, Methanotrophs
determine the fate of CHy in both natural and human-impacted ecosystems, where
the mitigation of greenhouse gas emissions is recognized as one of the most
important environmental development goals.

Thesis aims

The aim of the research project is to identify the functional potential of CHa4
producing and consuming microbes in response to different environmental
conditions and disturbances in temperate and sub-arctic peatlands. As described
above, the production of CH4 in peatland environments is complex and requires
many different methodologies to address the biogeochemical elements that vary
both spatially and temporally. Exploring these elements requires new genomic
methodologies combined with established closed chamber flux and stable isotope
analysis to bring light on previously unknown processes. This was achieved across
four individual projects that were conducted during 2017 to 2020. Paper I was a
laboratory experiment conducted at Lund Universities growth laboratory while
papers IL, IIT and IV were in-situ conducted at Myckelmossen mire and sub-arctic
Abisko.

Having data from spatial and temporal sources in temperate to sub-arctic mires is
particularly valuable as it allows us to identify variability in processes from within
and across different sites. Specifically, this project combines different
methodologies with spatial and temporal data to address research gaps within the
peatland CH4 emissions, therefore this thesis aims to:

1) Determine if analysing the whole metagenome of CH4 producing and
consuming community acts as a good proxy for predicting CHs fluxes

2) Identify whether the CH4 producing or consuming community are resilient
to drought

3) Address how sub-arctic peatland microbial communities respond to
permafrost thaw at different degradation rates (slow, medium, fast) and
whether this change is reflected in GHG emissions.

4) Investigate whether temporal variation in CH4 emission rates and their
associated 8'°C values reflect the composition of the CH, producing and
consuming microbial community.
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Methods

The following section outlines the experimental set-ups and methodological
approaches used in this thesis. A combination of laboratory (paper I) and field
experiments (papers I, III and IV) were used in combination with metagenomics,
GHG flux and stable isotopes (papers I and IV) methodologies to address the
research aims L, I1, IIT and IV.

Site descriptions

Paper I was conducted in a growth laboratory where 9 peat-plant mesocosms were
collected from Fédjemyr, an ombrotrophic bog located in Skane, southern Sweden
(56°15'53.3"N 13°33'14.1"E). The peatland is classified as an eccentric bog and is
dominated by semi-forested areas alternating between raised hummocks, hollows
and moss lawns (Lund et al.,, 2007). Long-term (1961-1990) mean annual
temperature and precipitation are 6.2°C and 700mm respectively (SMHI, 2006). The
peat depth ranges between 4-5m, while the peat water pH is generally below 4
throughout the entirety of the growing season (Lund et al., 2007). Vegetation
composition at Fdjemyr is diverse including hummocks dominated by dwarf shrubs
such as Calluna vulgaris and Erica tetralix. The moss lawns are carpeted with
Sphagnum-mosses including S. magellanicum and S. rubellum, while the raised
drier hummocks are dominated by dwarf Scots pine (Pinus sylvestris). The
dominant sedge species within the site is Eriophorum vaginatum (Lonnstad and
Lofroth, 1994, Lund et al., 2007)

Paper II and IV were conducted at Mycklemossen peatland, a hemi-boreal mire
with bog-like vegetation, located in Southern Sweden (58°21°N, 12¢10’E).
Mycklemossen is a sub-section of the Skogaryd Research Catchment and Swedish
Infrastructure for Ecosystem Science network. Common to hemi-boreal fens, the
peatland consists of wet low areas dominated by Sphagnum rubellum and
Rhynchospora alba, while the raised intermediate areas are a result of the tussock
building sedge Eriophorum vaginatum. Once the tussocks are established, soil
conditions become drier and are no longer anoxic. This allows for the establishment
of small shrubs such as Calluna vulgaris, Erica tetralix and Andromeda polifolia.
The long-term (1990-2019) mean annual air temperature and total precipitation
were 6.7°C and 1021 mm respectively, as measured by the closest national
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monitoring station (Vanersborg, 10 km to the east and at a 30 m lower elevation to
Mycklemossen).

Paper I1I was conducted in the Tornetrdsk region, located in northern Sweden, and
extends along a strong West-East oceanic-continental climatic gradient, with
precipitation and winter air temperature decreasing towards the East due to the
greater distance from the Atlantic Ocean and the rain-shadow effect exerted by the
Scandes Mountains. For this study, we selected three sites which present different
rates of permafrost degradation: Katterjakk (68°25°N, 18°10’E) that thawed
completely in 2010, Kursflaket (68°21°N, 18°52°E) which has been degrading at a
rate of 1.3 cm y™' over 1978-2020, and finally Storflaket (68°20°N, 18°58°E) which
is degrading at 1.0 cm y™. The climate differs considerably among these sites,
contributing to the observed differences in permafrost dynamics: mean winter (DJF)
air temperature is -10.0 °C in the westernmost site at the Katterjdkk mire (515 m
a.s.l; SMHI), -9.7 °C at the Abisko naturvetenskapliga station (~385 m a.s.l; ANS
2020), which represents Kursflaket mire, and -11.1 °C at the easternmost site
Storflaket (350 m a.s.l.; M. Johansson, not published). Total annual precipitation
between 2010 and 2019 ranged from 848 mm at the Katterjdkk mire (SMHI) to only
358 mm at the ANS (ANS 2020). The more maritime climate at the Katterjadkk mire
results in a much thicker mean winter snowpack (c. 80 cm, 1972-2019; SMHI),
compared to the continental climate at the Kursflaket and Storflaket mires (c. 10 cm
at Storflaket; Johansson et al. 2013).

Measurement techniques

Metagenomics

Historically, methanogens have been difficult to study using culture dependent
methods (Brumfield et al., 2020). However, the field of metagenomics developed
rapidly by utilizing the genetic material of an environmental sample to identify
accurately the functional gene composition (Brumfield et al., 2020, Smith and
Osborn, 2009). Techniques included the establishment of polymerase chain reaction
(PCR) based studies, where marker genes are used to evaluate microbial community
composition via employing amplification of conserved regions by targeting the
marker gene 16S in ribosomal ribonucleic acid (rRNA).

In addition to the analyses of taxonomic composition via 16S rRNA, researchers
have also targeted functional genes via quantitative PCR (qPCR) to obtain
measurable levels of activity in microbial groups. In peatland research, methane
production and consumption genes such as mcrA and pmoA are commonly targeted
to determine the production and consumption of CHs (Liebner et al., 2012).
However, due to the complexity and large number of genes involved with
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methanogenesis, larger sets of genes need to be targeted to address the functional
potential of methanogenic communities.

Many studies in peatland environments have used the techniques described above
to establish knowledge of microbial community structure (Chroniakova et al., 2019,
Freitag et al., 2010, Galand et al., 2002). Studies have identified how community
change from hydrogenotrophic to acetoclastic methanogenesis with increasing
depth, changes in community composition and how communities respond to
vegetated upper layers in peatland environments (Cadillo-Quiroz et al., 2006,
Galand et al., 2002, Galand et al., 2003, Merild et al., 2006, Chronakova et al.,
2019).

Recently it has been suggested that studying the entire metagenome is a better
prediction of soil functional potential (Gravel et al., 2012, Kushwaha et al., 2015,
Manoharan et al., 2017). To attain the necessary depth of coverage required to
analyse the functional potential of soil microbial communities, whole metagenomic
sequencing is required (Dinsdale et al., 2008, Fierer et al., 2014, Manoharan et al.,
2017). Though, even with the constant advancements in sequencing technology,
metagenomics studies require large computational data and financial resources to
obtain the necessary coverage depth to ensure small microbial communities such as
Archaea, are detected (Escobar-Zepeda et al., 2015, Pereira-Marques et al., 2019).
In response to this issue, we choose to use the technique “captured metagenomics”
to target key genes related to the metabolism of both methanogenic Archaea and
methanotrophic Bacteria (Kushwaha et al., 2015, Manoharan et al., 2015).

Captured Metagenomics

Whole metagenome (WMG) sequencing is the process of obtaining information on
the functional potential of all microorganisms present within the sample. Paper I11
used WMG sequencing to obtain information on the WMG community while
papers I, II and IV used the novel molecular technique named captured
metagenomics. Captured metagenomics uses custom-designed, hybridization-based
oligonucleotide probes to target functional genes of interest in WMG libraries,
where only probe-bound DNA fragments of interest are sequenced (figure 4)
(Manoharan et al., 2015). In this thesis, we targeted CH4 producing and consuming
sequences to obtain the functional potential of these communities in peatland
environments.

To design the hybridization-based oligonucleotide probes for the captured
metagenomics technique we used the Kyoto Encyclopedia of Genes and Genomes
database (KEGG). KEGG is an integrated database resource for biological genome
sequences and was used for developing a local CH, database which contains the
nucleotide sequences coding for CH4 taxonomy and function. Within the KEGG
database, functional genes are linked to ortholog groups and are stored under KEGG
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Orthology (KO) numbers. Using the KEGG map for methane metabolism (map
00680), we selected KO’s of interest and downloaded associated genes through a
custom R script. In total 564 055 gene sequences were downloaded to create a local
CH, database.

Figure 4: Captured metagenomics visualisation where we can see the custom-designed, hybridization-
based oligonucleotide probes hybridizing to target sequences (Green sequences in this exaple).

The nucleotide coding sequences of the CH4 database were used to design probes
for sequence capture. From the local database, 564 055 sequences were obtained.
Using the MetCap pipeline developed by Kushwaha et al. (2015). The probe design
was based on sequence similarity of 90% with an average 4 probes per cluster. In
total, 193,386 individual probes were generated after clustering. They were
generated with a melting temperature of 55°C and probe length 40mer which is
suitable for use with our protocol that is based on NimbleGen SeqCap EZ (Roche
NimbleGen Inc., Madison, USA).

DNA from samples obtained in the field are extracted using DNeasy Power Soil
DNA isolation kit (Qiagen, Venlo, Netherlands). The extractions were carried out
according to the manufacturers protocol with 0.25 g of peat as the starting material.
The extracted DNA was tested for quality (A260/280) and concentration using
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NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, NC,
USA).

Sequence capture process is carried out following the SeqCap Hypercap protocol
(Roche Nimblegen, Basel, Switzerland). The University of Liverpool’s Center for
Genomic Research performed the protocol and sequenced the libraries on the
Illumina HiSeq 4000 (Papers I, II and IV) (Illumina Inc., California, USA).
Samples are processed with paired end reads and with 2x150 base pair sequencing,
generating >280 million data clusters per lane.

Greenhouse gas flux measurements

The static chamber technique

The closed chamber method was used in papers I, III and IV. Flux measurements
of CO, and CH4 were made using the static chamber technique (Crill et al., 1988,
Livingston and Hutchinson, 1995). For each replicate, 6-minute-long measurements
in both light and dark conditions were conducted to establish Net Ecosystem
Exchange (NEE) and Ecosystem Respiration (Reco). We used a negative sign
convention where negative values indicate an uptake of CO, from the atmosphere
and positive a release. Gross Primary Production (GPP) was calculated according to
the relationship GPP = NEE - Re,. Measurements were performed using a
transparent 5-liter cylindrical polycarbonate chamber that was covered with a dark
hood for Reco measurements (figure 5). The chamber was equipped with a rubber list
to ensure an airtight seal and a fan to circulate air. Both CO, and CH4 concentrations
were measured with a LGR Fast Greenhouse Gas analyser (model 9110010, Los
Gatos Research, CA USA). The CO; and CH4 fluxes were calculated via changes in
gas concentration as a function of time using linear fitting over 6-minute
measurement periods. Data was corrected for both air pressure, volume of the
chamber and ambient air temperature.
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Figure 5: The static chamber method at Myckelmossen mire during the 2018 drought.

Automated greenhouse gas flux measurements

Surface GHG fluxes were measured using the SkyLine2D system in paper II. The
SkyLine2D is an automated chamber system designed and built at the University of
York to measure greenhouse gas exchange. For a full description of the SkyLine2D
system, we refer to Keane et al. (2018). In short, the flux chamber comprised of a
translucent Perplex cylindrical chamber (inner diameter 20 cm, height 40 cm),
which was suspended from a motorized trolley and programmed to traverse ca. 2 m
above the transect. The system was pre-set to visit the pre-selected plots along the
transect, where the chamber was lowered onto pre-installed collars for a
measurement period of 4 minutes. Following the 4-minute measurement period, the
system raised the chamber and moved to the next plot. The time taken to complete
a full cycle was approximately 2.5 h, which allowed each chamber to be measured
ca. 10 times per day. The headspace gas from within the sealed chamber was
circulated through a Los Gatos cavity ring-down laser (CRD, LGR U-GGA-91, Los
Gatos Research, CA United States) to measure the change in concentration of CHy.
Fluxes were calculated as the increase in headspace concentration over time,
determined by linear regression, and adjusted for temperature and area of the
chamber.
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Stable isotope analysis

The CH, emission and its §'°C signature were determined using a cavity ring-down
laser absorption spectrometer (CRDLAS) (paper I and IV) with the closed chamber
technique described above (G22011, Picarro, Santa Clara, USA). The surface of each
peat mesocosm was covered with a transparent cylindrical chamber for 25-30
minutes while the CHs mixing ratio and §"°C-CH4 was recorded with 1 second
intervals. Data was averaged over one minute and the §13C signature of emitted
CH4 was determined with a Keeling plot intercept approach (Keeling, 1958, Thom
et al., 1993). We compared values from the CRDLAS instrument with an isotope
ratio mass spectrometer (IRMS) by taking air samples from the flux chamber during
measurements from the CDRLAS and analyzing these with the IRMS (Rinne et al.,
2022). The values from the IRMS indicated a bias of -3.4 %o on the CRDLAS, thus
we have corrected the values of the §"°C signature by adding 3.4 %o.

In paper III, Using the same chamber described above, §'*C-CH* and 8Dcn4 were
measured. Air was sampled to the supleco Supel™-Inert Foil Gas Sampling Bags
through a three-way valve that was installed onto the original tubing system. A
separate line was connected to the external electric pump to take a small portion of
air, to avoid disturbing the flux measurement system. The sample filled bags were
sent to Utrecht University in the Netherlands, where §'*C-CH* and 8Dcns were
measured.
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Results and discussion

Part I: Spatial variability of methane fluxes and their
relationship to the microbial functional potential

Large spatial variability in CH4 fluxes has been observed in many natural peatlands
and CH4 emissions can vary by several orders of magnitude within a distance of less
than a meter (Bridgham et al., 2013). It is traditionally thought that CH,4 fluxes are
driven by (i) the water table depth, (ii) the plant species composition (iii), the
temperature of the soil and (iv) substrate availability for microbes (Joabsson et al.,
1999, Juottonen et al., 2008, Korrensalo et al., 2018, Strom et al., 2012). However,
these traditional drivers often do not explain spatial variability. Therefore, in paper
I we explored whether the functional potential of the whole CH4 producing and
consuming community could explain the variability of CH4 fluxes in temperate
peatlands (thesis aim I).

In paper I, we observed significant variability in CH,4 fluxes that ranged between
152 (SE +22.2) to 371 (SE £9.6) pmol of CHym? h™! despite the mesocosms being
dominated by one singular vascular plant and the same growth conditions (figure
6). Surprisingly, we observed no significant differences in the composition and
functional potential of the methanogen and methanotroph community in relation to
low, medium, and high emitting mesocosms. We believed that the lack of structural
difference observed in paper I may have been in response to the dominant
vegetation present in all the mesocosms. In a similar study, Wu et al. (2021)
concluded that the vegetation type considerably influenced the methanogenic
community composition. Therefore, an expanded study to include all vegetative
types (paper III) present in peatlands was needed to fully determine if analysing
the functional potential of the microbial community acts as a good proxy for
predicting CH4 fluxes.

The results in paper I become relevant in the terms of ecosystem models, where
microbial processes are assumed as spatially homogenous within peatlands
(Chadburn et al., 2020). Our results confirm this model assumption as correct, but
only in terms of peatlands dominated by one vegetative ecotype. Due to the spatial
heterogeneity of vegetation in different peatlands, this conclusion may not be robust.

35



-15
400
1
£ T
& 300 B
I3 £
S ©
g £
3 £
25
3 &
200 [©]
1
-30
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 Group
Mesocosm Mesocosm £ HEM
A7i5 200 LFM
MFM
. 150 =
i T -400 —
¥ «
= £
] =
£ 125 g ‘
£
£ £
Q ul -s00
3 w
4 z
10.0
-800
75
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Mesocosm Mesocosm

Figure 6: Boxplots of all carbon fluxes according to individual mesocosms. Fluxes measured during
the peak growing season. CH, umol m? hr', gross primary production (GPP) mmol m? hr', ecosystem
respiration (Reco) mmol m2 hr', net ecosystem exchange (NEE) mmol m? hr' (paper 1).

In paper 111, we expanded our aims to include all vegetative types. In addition, three
peatlands, including drained, mesic, and wet ecotypes with different rates of
permafrost degradation were added to further explore spatial variability across and
within sites (thesis aim III).

In paper III, we observed the same spatial variability of GHG’s as in paper 1.
Variability occurred both between sites and within. The same variability was also
observed within the relative abundance of microbial taxa, where significant
variation in the structure and composition of the microbial community was observed
between Storflaket, Kursflaket and Katterjadkk peatlands. Our results suggest that
shifts in microbial communities are time dependent, indicating that mires with faster
permafrost degradation (i.e. Kursflaket) require time to reach a new microbial
steady state, such as communities observed at Katterjakk. In addition to spatial
variability observed between sites, we also observed large spatial variability
between ecotypes within and across sites. We believe this variation was driven by
the dominant vegetation found in the plots and this is in line with previous research.
Galand et al. (2003) observed that dry ecotypes were dominated by members
belonging to Methanomicrobiales, and sequences dominating the upper part of the
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wet ecotypes were related to members of the order Methanosarcinales. This result
confirms our conclusions from paper I, where the lack of structural difference
observed in the microbial community may have been in response to the vegetation
present in the mesocosms.

After upscaling the C fluxes, it became apparent that the most degraded mire,
Katterjakk, has the highest area-weighted emission of CH, (4.72 mg CHs m-*> h'")
compared to Kursflaket (4.40 mg CHs m-? h'") and Storflaket (1.68 mg CHs m-* h"
1. Of the three peatlands, Katterjakk has a larger proportion of wet areas (100%),
while Kursflaket and Storflaket have 71% and 21% respectively. The high levels of
wet areas lead to anoxic conditions where methanogenesis carbon cycling prevails,
and thus it becomes reasonable that Katterjakk is the overall largest emitter of CHs4
when averaged across the site.

Although Katterjakk held the highest total CH4 emissions when summed across the
entire site, it held the lowest per plot average in CH4 flux for the wet category. One
reason for the observed low fluxes could be the availability of usable substrates for
methanogenesis. As the permafrost thawed quickly at Katterjdkk, organic material
previously held in permafrost became available for microbial decomposition. This
may have resulted in a sudden burst of microbial activity with associated larger
GHG fluxes, like results seen at Storflaket and Kursflaket mires. Once this newly
available organic material was consumed by microbes, the only new carbon input
was through litterfall and plant exudation. This, in combination with increased
anoxia from permafrost subsidence led to a new microbial community steady state
with lower associated Reco. This shift is reflected in the microbial community, where
we observed significantly different communities between Katterjdkk and Storflaket
mires. In addition, no statistical difference in the structure of the microbial
community was observed between Katterjakk and Kursflaket plots suggesting that
mires with slower permafrost degradation (i.e., Storflaket) hold the potential for
larger GHG fluxes during thaw.

Our results suggest that shifts in microbial communities are time dependent,
indicating that peatlands with faster permafrost degradation (i.e., Kursflaket) require
time to reach the new microbial steady state observed at peatlands that have
completely thawed (i.e. Katterjakk). This result is also reflected in the GHG
emission of peatlands where rapidly thawing sites emit larger amounts of CHa4, while
GPP increased with thawing wet locations, presumably from the availability of new
substrates injected into the system through via GPP and plant exudation. This is an
important result as we can no longer assume that the highest CH4 in sub-arctic
peatlands is driven solely by wetness, but rather the combination of wet areas and
rapid permafrost degradation that contribute to larger CH4 fluxes in sub-arctic mires
(Cooper et al., 2017).

Interestingly, Katterjakk was the only peatland where acetoclastic methanogenesis
was present according to the 8'°C CHy signal, despite fen like environments in all
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sites. As this metabolic pathway in methanogenesis is common in fen environments,
the lack of any isotopic signal indicating acetoclastic methanogenesis was
surprising. This result is supported by McCalley et al. (2014) where in nearby
Stordalen mire they suggested that changes in vegetation and increasing methane
emissions with permafrost thaw are associated with a switch from hydrogenotrophic
to partly acetoclastic methanogenesis. This was also observed in the functional
methanogenesis genes where 3 hydrogenotrophic sequences coding for mch, fwdA
and mer were significantly lower at Katterjadkk than Kursflaket, while the
acetoclastic gene, pta, significantly increased. This result is in agreement with
paper IV’s conclusions, where we observed hysteresis like behaviour in the §'°C
signal of emitted CH4. Thus, indicating the potential to produce CHs via multiple
metabolic pathways despite the dominant environmental conditions.

Part II: Temporal variability in methane fluxes and
metabolic pathways

Drivers of temporal variation in CH4 emissions from mire ecosystems are not fully
understood (Rinne et al., 2022). Temporal data in metagenomic studies are limited
and most often studies focus upon the peak growing season rather than the entire
year, especially in hard to sample arctic locations (Metcalfe et al., 2018). Here, we
present two temporal studies. First, paper IV where we investigate whether
temporal variation in CH4 emission rates and their associated §'*C-CHa values
reflect the composition of the CH4 producing and consuming microbial community.
And secondly, in paper II, we address whether drought disturbance impacts the
CHj4 producing and consuming community and link it to the temporal differences in
CHj; flux.

In paper IV we observed the time series of CH4 emission rates and display a typical
seasonal cycle, with the highest emission rates in late summer and lower emissions
in winter. The highest emission rates were observed in chambers containing
abundant sedges such as E. vaginatum and R. alba. While chambers dominated by
Erica tetralix held the lowest values and displayed a less pronounced annual cycle.
These results are consistent with previous research that addressed plant species
composition and the functioning of wetland ecosystems that indicated changes in
the species composition alter CHs emissions (Strom et al., 2005). However, the
results of paper IV showed that large and systematic spatial variations in 8'*C-CHy4
of up to 15%., within one plot, indicating not only variability in the magnitude of
CHj4 emissions but also shifts in metabolic production pathways.

The temporal relation of 8'°*C-CH4 values and CHs; emission rates showed a
hysteresis-like behaviour in three of the measurement chambers. They displayed
lower 8'*C-CH, values in the early part of the growing season than during a period
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with similar emission rates later in the season. This hysteresis like behaviour
indicates that the temporal variation in CH4 emission rates from this mire could be
a result of two-time lagged compounding effects. First, the increasing CHy
emissions during the first half of the growing season could be caused by increasing
peat temperature enhancing the activity of methanogens, and secondly, later in the
growing season, the increased input of root exudates from vascular plants would
increase the substrate availability, resulting in less depleted 5'*C-CH, values than in
the early season. In addition, the genomic analysis revealed that the microbial
community hold the functional potential to produce CH4 via the hydrogenotrophic
and acetoclastic pathways, thus confirming the ability of shifts in §'*C-CHy to reflect
both spatial and seasonal changes. This temporal variability in §'*C-CH,4 combined
with the genomic analysis suggests a dynamic microbial community with specific
functional groups responding to environmental stimulants at different times of the
year.

We concluded that the seasonal variation in CHy4 emissions is likely controlled by
both temperature (beginning of season) and substrate availability (end of season).
The microbial community composition has the functional potential to produce CHs
via multiple metabolic pathways (i.e. hydrogenotrophic and acetoclastic
methanogenesis), enabling shifts depending upon changes in the substrate
availability. However, the highly depleted §'°C-CH4 values observed indicate the
dominance of hydrogenotrophic methanogenesis, and thus the variation in §'*C-CH,
may be due to the energetics of this process.

Paper II built upon the functional potential of the microbial community at
Myckelmossen mire (paper IV), but under drought conditions. Here we measured
the functional potential of the methane producing and reducing community
combined with environmental parameters, including soil and air temperature,
precipitation, water table depth, as well as CHy fluxes during the summer of 2017
under typical growing conditions — and in 2018 during a drought to address thesis
aim II1.

During the 2018 drought, we observed a substantial increase in air and soil
temperature, reduced precipitation, and a lower water table depth. The increased air
temperature resulted in higher peat temperatures, a common driver of microbial
activity. In addition, the reduced precipitation, primarily observed in June and July,
drastically lowered the water table depth resulting in oxidative stress on the
methanogen community. These factors led to a significant reduction in CHa
emissions from plots dominated by C. vulgaris and R. alba, however the same
reduction was not observed in E. vaginatum plots (figure 7).
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Figure 7: Boxplots of daily mean CH, flux measured during the growing season (May to October) in
2017 (blue) and 2018 (red) at Mycklemossen mire. The boxes show quartiles and the median, the
whiskers denote data within 1.5 times of the interquartile range. Colored stars denote outliers while
significant differences using linear mixed effects models are labelled with the p value and “n.s.”
indicates a non-significant result (Paper Il) .

Under drought conditions, the taxonomic and functional gene composition
significantly shifted in favour of a higher methanotroph community. The relative
abundance of methanotrophs increased by 8% and the shift in dissimilarity between
genera was driven by type II methanotroph Methylocella, Methylosinus and type I:
Methylococcus. Interestingly, the relative abundance of methanogens also
increased, primarily from genera Methanoregula, Methanosarcina and
Methanosphaerula that possess expanded genomic features that enable better
adaptation to oxidative environments using oxygen-detoxifying enzymes such as
catalase, superoxide dismutase, superoxide reductase. These genomic traits not
found in all methanogens gave these genera an eco-physiological advantage that
allows for growth during desiccation.

Our results suggest that specific functional groups respond differently to drought
events due advantageous genomic traits, giving a competitive edge when under
oxidative stress. To be able to predict more accurately the effect of anthropogenic
climate change, including drought events, on methanogen and methanotroph
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communities, additional attention should be paid towards the frequency and length
of drought events. In peatland environments we observe a highly resilient
methanogen community, which surprisingly expanded in relative abundance during
drought conditions, but this increase is not reflected in CH, emissions, presumably
due to the even higher increase in methanotrophy. This high abundance of both
communities indicates that the severe drought from 2018 did not deteriorate the
functional potential of the peatland microbial community.

Consistencies across all peatland environments

Interestingly, the methanogen and methanotroph community were consistent in
papers L, IL, III and IV and held all the necessary functional groups to produce CHs
via all metabolic pathways (i.e., hydrogenotrophic, acetoclastic, methylotrophic),
despite differences in site characteristics. This consistency suggests an adaptive
community that can be found from temperate bogs to sub-arctic peatlands. In paper
I, IIT and IV we observed that the 8'*C-CHy, signal of emitted CH, indicated the
dominant pathway was hydrogenotrophic methanogenesis, however hysteresis like
behaviour in different chambers in papers I1I and IV indicated alternative pathways
may be underway. This result indicates that spatial and temporal development of
CH4 emissions may not be dominated by one functional group, but rather a
combination of different functional groups taking advantage of substrate availability
during various times of the year. The presence of all metabolic pathways and in
papers L, IL, IT and IV suggests a dynamic community with a high resilience (paper
) to different environmental change.

Similar results were observed in paper III, where the sub-arctic peatland under
permafrost degradation returned a 8'°C-CH, signal indicating acetoclastic
methanogenesis, but the taxonomic community and functional genes were
dominated by the hydrogenotrophic pathway. We believe that although the
acetoclastic and methylotrophic functional groups remain in low abundances
compared to hydrogenotrophic, the entire community is dynamic and responds to
favourable condition like a surplus of usable substrates, but then becomes dormant
when their ecological niche is not favourable.

High spatial and temporal variability in CH4 fluxes were consistent in papers I, 11,
I and IV and is in line with previous research (Rinne et al., 2022, Sun et al., 2013).
Paper I observed high spatial variability between low, medium and high emitting
mesocosms but small differences in the composition of both taxa and functional
genes. The same spatial variability was observed in paper 111, where the variability
of CH4 fluxes was related to the rate of which permafrost degrades, in addition to
the dominant vegetation and microbial community. After upscaling the CH, fluxes
in paper III, it became apparent that the mire at Katterjakk (most permafrost
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degraded site) has the highest area-weighted emission of CH4 compared to the mires
at Kursflaket (rapid permafrost degradation) and Storflaket (slow permafrost
degradation). Suggesting that total area of wet surfaces and rate of permafrost
degradation becomes an important factor when up-scaling CH4 fluxes from peatland
scale to regional.

Paper II and IV highlighted both temporal and spatial variability in temperate
peatlands. Paper IV concluded that the spatial variability in §'*C-CHy is larger than
temporal variability and is driven by differences in substrate ability rather than
methanotrophy as previously believed (Chowdhury and Dick, 2013). While paper
11, observed large temporal variability in response to drought. Consistent across all
papers was the high spatial and temporal variability of peatland CH4 emissions.
Traditional drivers have helped explain the variation in CH4 fluxes, but here we see
that inclusion of microbial data can help explain spatial and temporal variation,
unless you are looking at one dominant vegetation type (paper I).

These results become important when designing future studies. If we focus
primarily on peak growing season, we may begin to make assumptions that may not
be correct. By simply sampling in the peak growing season, we may miss important
information, we need to expand our sampling regime to include higher frequency
on a temporal scale and more spatially over different peatlands (especially in arctic
regions undergoing permafrost thaw). This combined with a metatranscriptomics
approach will allow the research community to understand better the roles other
functional groups play when not dominant, and under what conditions these change.
Thus, allowing a better understanding of the dynamics governing CH4 production
and consumption allowing for me robust models.
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Conclusions and future outlook

This thesis discusses the functional potential of methane producing and consuming
microorganisms from temperate to sub-arctic mires. We address the spatial and
temporal variability observed in CH,4 fluxes and attempt to explain the links between
these two factors. In addition, we address the impact of drought on the methanogen
and methanotroph communities and conclude that the communities are resilient and
adaptive to environmental change.

We found the captured metagenomics method particularly useful when researching
such a small component of the whole metagenomic community. Captured
metagenomics provides an alternative to studying the entire DNA pool of
metagenomic communities. This method makes it possible to target thousands of
key genes related to methanogen and methanotroph metabolism, while avoiding
lengthy lab hours and massive sequencing efforts required of large-scale
metagenomic study.

To conclude this thesis, we will return to the thesis aims and address them
individually. In Thesis aim I we wanted to determine if analysing the whole
metagenome of CH4 producing and consuming community acts as a good proxy for
predicting CH4 fluxes. We found that the overall structure and function of the CHy4
producing and consuming microbial community does not explain the variation in
CH4 fluxes under typical peatland conditions. However, we identified that the
presence of acetoclastic and methylotrophic methanogens plus type I, II and
Verrucomicrobia methanotrophs indicates that the microbial community holds the
ability to produce and consume CHj via alternate metabolic pathways. This is
important in terms of peatlands under future climate pressure, where we can see
methanogenic and methanotrophic communities hold the functional potential to
respond to altered nutrient status, hydrology, or peat chemistry.

Thesis aim II Identified whether the CH4 producing or consuming community are
resilient to drought. We found that drought is a strong disturbance to CH4 fluxes,
and significantly affects the functional potential of the microbial community in
favour of more methanotrophy. The relative abundance of methanotrophs increased
by 8% and the shift in dissimilarity was driven by type II Methylocella,
Methylosinus and type 1. Methylococcus. Interestingly, the relative abundance of
methanogens also increased, primarily from members of genera Methanoregula,
Methanosarcina and Methanosphaerula that possess expanded genomic features
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that enable better adaptation to oxidative environments. Therefore, our results
suggest that specific functional groups respond differently to drought events due to
advantageous genomic traits, giving a competitive edge when under oxidative
stress.

Thesis aim III addressed how sub-arctic peatland microbial communities respond
to permafrost thaw at different degradation rates (slow, medium, fast) and whether
this change is reflected in GHG emissions. We found that sub-arctic peatlands under
different rates of permafrost thaw yield different magnitudes of GHG flux.
Peatlands with fast permafrost degradation yielded the largest variation between
thaw categories, indicating that the microbial community may be responding to
newly available substrate previously inaccessible in permafrost to microbial
degradation.

Finally, thesis aim IV investigated whether temporal variation in CH4 emission
rates and their associated 8'°C-CH, values reflect the composition of the CHy
producing and consuming microbial community. The chamber measurements that
showed large and systematic spatial variations in 8"*C-CHj of up to 15%o, but
smaller and less systematic temporal variation. The temporal variation in
methanogenesis is likely due to the differences in substrate availability rather than
methanotrophy. The analysis of the microbial community revealed that the
functional potential to produce CH4 via the hydrogenotrophic and acetoclastic
pathways is present, thus enabling shifts in 5'*C-CH, to reflect both spatial and
seasonal changes in the availability of substrate for methanogenesis.

Future applications of the methods used in this thesis can be applied to any
environment where CHj is produced biologically. Particular interest should be paid
to peatland restoration projects where understanding the spatial and temporal
responses in carbon fluxes becomes important in deciding whether restoration
projects act as sinks or sources of carbon long term.

The work conducted in this thesis was performed in natural environments. However,
CHys sources are both natural and anthropogenic as described in the introduction of
this thesis. Therefore, the application of methods used in this thesis can be applied
to any biological production of CH4. Applications include anaerobic decomposition
in restored wetlands; paddy rice fields; livestock production systems (including
intrinsic fermentation and animal waste and anaerobic decomposition of organic
waste in landfills).

As with all research, no one method can answer all questions but rather a
combination. We suggest the combined use of metagenomics and transcriptomics
in the future. The addition of a metatranscriptomics approach will enable us to
analyse the activity of the whole meta-community, opening possibilities to
investigate further processes important in peatland carbon cycling (i.e., CO, and
N2O cycles). Rather than seeing the functional potential of the community
(metagenomics), metatranscriptomics approach will allow us to specific activity
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levels of the microorganisms present in these environments. Thus, a combined
approach to see the potential and current activity of the community will enable
further conclusions in peatland research.

Researching temporal variability of CH4 emissions is of particular importance due
to variability of CH4 emission and the relative contribution from acetoclastic and
hydrogenotrophic pathways during the season. Paper IV highlighted that the
magnitude of CH4 fluxes is substrate dependant, therefore a combine substrate and
metatranscriptomics approach could confirm this hypothesis.

Due to the rapid change observed in the sub-arctic, special attention should be paid
to these environments. A distinct lack of all year measurements exists due to the
difficulty of sampling during the cold season. This represents a key research gap in
our understanding of peatland functioning. The addition of metatranscriptomic
approach combined with concentrations of CH4 substrates with year-round
measurements will allow for easier integration of genomic data in models.

After applying these techniques to natural peatlands, we encourage the application
of these methods on peatland restorations projects. The European Union has set a
target to restore 650 000 km?” of terrestrial environments by 2030. The restoration
targets should include ecosystems that play an important role as nature-based
solutions for climate change mitigation and adaptation. Ecosystems with high
carbon storage or absorption potential have been highlighted as an important target.

With this European Union restoration goal in mind, the application of methods used
in this thesis are of particular importance. Kitson and Bell (2020) highlighted that
drained peatlands have dysfunctional microbial communities, which can lead to net
carbon emissions. Rewetting of drained peatlands is therefore an environmental
priority, yet our understanding of the effects of peatland drainage and rewetting on
microbial communities is still incomplete. Therefore, with increased attention being
paid to restoration work, understanding the microbial dynamics is important in
steering restorative work to obtain the best possible outcome for carbon storage.
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