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Abstract	
 
Peatlands play a substantial role in regulating the global carbon balance and concentrations 

of the greenhouse gases CO2 and CH4 in the atmosphere, and are thus of utmost importance 

from a climate change perspective. Any changes of peatland functions due to natural or 

anthropogenic perturbations may result in changes in these ecosystem services. Soil 

microbial communities are essential drivers of biogeochemical processes, including the 

carbon cycle. In order to fully understand the effect of environmental perturbations on 

peatland functions, it is essential to understand how microbial communities are affected. 

The aim of the research presented in this thesis was to investigate the responses of the peat 

microbial communities to climate change and increased precipitation of nitrogen (N) and 

sulfur (S) compounds. High-throughput sequencing approaches were used to investigate the 

taxonomic and functional composition of microbial communities, and quantitative PCR was 

used to specifically target the methanogen community. Two field studies including three 

ombrotrophic peatlands each that differed in climatological conditions and atmospheric N 

and S depositions, were used to investigate and compare the effect of large- and local-scale 

environmental conditions on microbial communities. The results show that the variation in 

geo-climatological (temperature and precipitation) and atmospheric deposition conditions 

along the latitudinal gradient modulate the peat microbial community composition and the 

abundance of active methanogens to a greater extent than site-related microhabitats. 

Furthermore, a tight coupling between the plant community composition of a site and the 

composition of its microbial community was observed, and was found to be mainly driven 

by plants rather than microorganisms. These co-occurrence networks are strongly affected 

by seasonal climate variability and the interactions between species in colder areas are more 

sensitive to climate change.  The long-term effects of warming and increased N and S 

depositions on the peat microbial communities were further investigated using an 18-year 

in-situ peatland experiment simulating these perturbations. The impacts of each of these 

perturbations on the microbial community were found to either multiply or counteract one 

another, with enhanced N deposition being the most important factor. While the long-term 

perturbations resulted in a substantial shift in the taxonomic composition of microbial 

communities, only minor changes occurred in genome-encoded functional traits, indicating 

a functional redundancy. This could act as a buffer maintaining ecosystem functioning when 

challenged by multiple stressors, and could limit future changes in greenhouse gases and 

carbon exchange. 

 

Keywords: Microbial communities, methanogens, plant communities, peatland, 

temperature, nitrogen, long-term, field experiment, high-throughput sequencing. 

 

 

	



	
	

Sammanfattning	
	
Myrmarker har en stor roll i regleringen av den globala kolbalansen och koncentrationerna 

av koldioxid och metan i atmosfären, vilket gör dem till speciellt viktiga ekosystem ur ett 

klimatförandringsperspektiv. Förändringar av myrmarker genom naturlig utveckling eller 

antropogen påverkan kan därför få långtgående störningar av myrars klimatreglerande 

funktion. Mikroorganismer har en avgörande roll i biogeokemiska processer genom att t ex 

bryta ned organisk material i mark och därmed styra kolets kretslopp. För att förstå hur 

myrsystemen reagerar på störningar är det därför väsentligt att veta hur 

mikroorganismsamhällena reagerar genom förändringar i sammansättning och 

biogeokemisk aktivitet. Målet för studierna, som ligger till grund för denna avhandling, var 

att undersöka hur mikroorganismsamhällen i myrar reagerar på uppvärmning genom 

klimatförändring och ökade kväve- (N) och svavel- (S) halter i nederbörd. High through-put 

sekvensering användes för att studera taxonomiska och funktionella egenskaper hos 

mikroorganismerna i myrar och quantative PCR användes för att mer specifikt studera de 

metanbildande arkeorna. Två fältkampanjer vardera omfattande tre ombrotrofa myrar med 

olika klimatförhållanden och olika mängder N och S i nederbörden användes för att 

undersöka lokala och storskaliga effekter på myrars mikrobiella samhällen. Resultaten 

visade att latudinell variation i geoklimatologiska förhållanden (temperatur och 

nederbördsmängd) och deposition av näringsämnen hade en påverkan på 

sammansättningen av de mikrobiella samhällena och aktiva metanbildare förr än 

variationen i den kemiska miljön inom varje specifik myr. Myrväxtsamhällenas 

sammansättning för en specifik myr visades sig i stor utsträckning styra sammansättningen 

av motsvarande mikrobiella samhälle i torvprofilen. Detta framgick klart av i en analys av 

samexisterande nätverk av mikroorganismsamhällen och motsvarande växtsamhällen i en 

studie av tre geografiskt skilda myrar med olika kvävedeposition. Effekterna av 

klimatförändring och nederbörd med olika mängder av N och S studerades mer specifikt 

genom att analysera de mikrobiella samhällena i ett långliggande (18 år) försök. Påverkan av 

var och en av dessa manipulationer antingen förstärktes eller minskades, när de förekom i 

kombinationer. Ökad kvävedeposition var den faktor som hade starkast effekt. De 

långvariga störningarna medförde stora förändringar i den mikrobiella taxonomin inom 

samhällena. Detta återspeglades dock inte i den fysiologiska kapaciteten, vilket visar att det 

finns en stark buffring i myrarnas mikrobiella funktion. Detta tyder på att framtida 

utveckling av myrar i relation till olika störningar sannolikt inte kommer att påverka 

myrarnas roll för kolbalans och växthusgasutbyte med atmosfären. 

 

Nyckelord: Microbiella samhällen, metanogener, växtsamhällen, myrar, torv, temperatur, 

kväve, långtid, fältexperiment, high-throughput-sekvensering. 
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1.	Introduction	
 

Microbial communities are ubiquitous, and exhibit vast phylogenetic and 

physiological diversity. For example, one gram of soil has been estimated to contain 

up to 107 species (Torsvik et al., 2002; Gans et al., 2005). These communities are 

essential drivers of biogeochemical processes that directly affect ecosystem services 

and functions (e.g. Falkowski et al., 2008; Rousk and Bengtson, 2014; Graham et al., 

2016). As such, the abundance and diversity of, as well as interactions between, 

different functional groups (microbial community structure) play key roles in 

controlling the dynamics of carbon (C) and other nutrients within ecosystems. For 

example, the abundance of specific microbial taxa that are able to produce methane 

is associated with the rate of methane emission in permafrost ecosystems (McCalley 

et al., 2014). The resistance and resilience of interactions between species (ecological 

networks), with regard to environmental perturbations, are essential for ecosystem 

stability and are dependent on the microbial community structure (reviewed in 

Griffiths and Philippot, 2013). For instance, the peat microbial community has been 

reported to be highly resilient after 8 years of increased sulfate deposition and 

resistant or resilient to 11 years of simulated warming (Strickman et al., 2016; 

Weedon et al., 2017). Microbial communities change their structures in response to 

climate change and environmental perturbations (e.g. warming, altered 

precipitation, increased carbon dioxide (CO2), increased atmospheric nitrogen (N) 

and sulphur (S) depositions), and the extent to which this occurs is dependent on the 

ecosystem type (e.g. Castro et al., 2010; Fierer et al., 2012; Hu et al., 2013; Shen et al., 

2014; Contosta et al., 2015; Strickman et al., 2016; Zeng et al., 2016). These changes in 

microbial community structure may affect ecosystem functioning and stability, 

which in turn may impact the climate system via changes in greenhouse gas (GHG) 

turnover and other ecosystem-scale processes. The impact of environmental 

perturbations on ecosystems may be attenuated to a certain extent by functional 

redundancy, assuming that some species can mediate similar functions in the 

ecosystem (Lawton and Brown, 1993).  

 

All ecosystems are affected by climate change and other perturbations caused by 

anthropogenic activities, which can impact essential ecosystem services. Warming 

leads to an increase in microbial biomass and metabolic activity, and to a shift in 

composition which may result in increased rates of organic matter decomposition 

and consequent higher turnover and potential loss of soil organic C (e.g. Castro et 

al., 2010; Luo and Weng, 2011; Shen et al., 2014). The global average surface 

temperature has increased by an average of 0.85°C between 1880 and 2012, and is 
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projected to have increased by an estimated 1.1 to 6.4°C by the end of the twenty-

first century. At northern latitudes, an even greater degree of warming has been 

projected (IPCC, 2013). The availability of reactive N in the atmosphere has 

increased due to industrial and agricultural activities, and is projected to continue to 

increase in line with global population growth (Galloway et al., 2003; Galloway et 

al., 2004). Consequently, annual N deposition rates in terrestrial ecosystems are 

estimated to increase by a factor of approximately 2.5 (Lamarque et al., 2005). 

Combustion processes also result in sulfur dioxide emissions to the atmosphere. S 

emission peaked in the 1970s but, following a period of decline, an increase in 

emission rates has resumed (Gauci et al., 2004; Smith et al., 2011). Atmospheric N 

and S depositions may lead to eutrophication, acidification, biodiversity changes in 

ecosystems, and increased rates of litter decomposition. The extent of shifts in 

microbial composition, biomass and diversity, and rates of decomposition are 

dependent on both ecosystem type and time-scale (e.g. Fierer et al., 2012; Hu et al., 

2013; Contosta et al., 2015; Strickman et al., 2016; Zeng et al., 2016; Xu et al., 2017). In 

peatlands, for example, microbial decomposition rates have been found to increase 

with N loading, resulting in C loss (Bragazza et al., 2006; Currey et al., 2010). 

 

As northern peatlands (latitude 40° to 70°N) generally exist in areas of low 

temperatures and are nutrient-poor, they are among the most vulnerable ecosystems 

to projected climate change and increases in atmospheric N and S deposition 

(Limpens et al., 2008; Artz, 2009; Luo and Weng, 2011). One of the most important 

services provided by ecosystems, and peatlands in particular, is the regulation and 

stabilisation of the climate, as their C cycle dynamics (mediated by plants and soil 

microorganisms) control the exchange of GHGs – primarily CO2, methane (CH4), and 

nitrous oxide (N2O) – with the atmosphere. Since the last de-glaciation, undisturbed 

peatland ecosystems have contributed to global cooling by generally functioning as 

net sinks of atmospheric CO2 due to their slow rates of organic matter decomposition 

(Frolking and Roulet, 2007; Roulet et al., 2007; Nilsson et al., 2008; Turetsky et al., 

2014). Northern peatlands are particularly important; covering approximately 3% of 

the land area of the Earth, they contain roughly 30% of the global pool of stored soil 

C and 10% of available freshwater (Gorham, 1991; Yu, 2012). However, peatlands 

also contribute to warming, as they are a major source of atmospheric CH4 as a 

consequence of their water-saturated conditions, which foster anaerobic 

decomposition of the peat organic matter (e.g. Roulet et al., 2007; Nilsson et al., 2008; 

Turetsky et al., 2014). The estimated CH4 emissions of northern peatlands make up 

approximately 11% of global emissions (Wuebbles and Hayhoe, 2002). Methane is 

more efficient at absorbing radiation than CO2; thus, over a one hundred-year 

period, the impact of CH4 on climate change is estimated to be 25 times greater than 
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that of CO2 (Forster et al., 2007). The balance between the CO2 withdrawal (cooling 

effect) and CH4 emissions (warming effect) of peatlands has until the present 

resulted in a negative net radiative force, i.e. a global cooling effect. It is thus 

essential to understand how peatlands are affected by environmental and climatic 

factors in order to better predict their responses to climate change (Granberg et al., 

2001; Galloway et al., 2004; Gauci et al., 2004; Phoenix et al., 2012; IPCC, 2013).  

 

The effects of warming and nutrient deposition in northern peatlands on vegetation 

and GHG dynamics have been extensively studied (e.g. Gauci and Dise, 2002; Vile et 

al., 2003; Gauci et al., 2004; Bubier et al., 2007; Eriksson et al., 2010a, 2010b; Bragazza 

et al., 2012). However, microbial communities and their interactions with plant 

communities, that mediate the C turnover and nutrient mineralisation and uptake, 

have been less addressed. Therefore, to fully understand the effects of climate 

change and other perturbations on peatlands, it is essential to study how microbial 

communities are affected and respond. It has recently been demonstrated that 

predictive models for global biogeochemical cycles are improved when taking into 

account microbial community structures, particularly when including functional 

genes (Powell et al., 2015; Graham et al., 2016). With regard to peatlands, it has also 

been established that new insights into biogeochemical dynamics can be gained by 

studying peat microbial community structure and function, which can lead to 

further improvements to predict the responses of peatland ecosystems to global 

change (Bragazza et al., 2015).  
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2.	Research	objectives	
 

Given the vulnerability of northern peatlands to a changing climate and their critical 

function as global climate regulators, there is a need to understand how these 

ecosystems respond to environmental change. The dynamics of microbial 

communities and their interactions with plant communities play a key role in 

mediating biogeochemical process related to climate regulation; thus, understanding 

the response of microbial communities to environmental perturbations will provide 

important insights into ecosystem sensitivity and resilience to climate and 

environmental change. Although there exists a substantial body of literature on C 

balance dynamics and concomitant methane emissions from northern peatlands in 

relation to plant distribution, warming, water table fluctuations, and the deposition 

of anthropogenic-derived pollutants, there is a lack of knowledge regarding 

microbial community dynamics and interactions with plants.  

 

The overall aim of the research presented in this thesis was to investigate how 

microbial communities in boreal peatlands respond to environmental change. In 

order to address this, three specific research objectives were developed. Firstly, the 

impact of local- and large-scale environmental conditions on peat microbial 

communities were assessed and compared (Papers I, II). Secondly, based on the 

outcomes of the first research objective, three environmental perturbations (warming 

and increased rates of N and S deposition) were selected and analysed in order to 

understand their effect on microbial communities (Papers III, IV). Finally, the 

relationship between plant and microbial communities in relation to environmental 

perturbations was further examined (Paper I).  

 

These research objectives were approached by a combination of two field studies of 

peatlands with naturally differing climatological and nutrient conditions, and a 

long-term in-situ experiment simulating warming and N and S deposition (Table 1). 

Two of the studies investigated the taxonomic and functional composition of 

microbial communities, and two focused specifically on methanogenic archaeal 

community. These studies, as presented in the four articles that form the basis of the 

research presented in this thesis, are summarised in Table 1.  
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Table 1. An overview of the contributions of each paper to the research presented in this 
thesis, showing the microorganisms studied and the traits targeted, as well as the study sites 
and environmental perturbations that were investigated. T: Temperature. N: Nitrogen. S: 
Sulfur. P: Precipitation.  

 

Paper Microorganisms Trait Study site 
Environmental 

perturbation 
I Prokaryotic 

community 
Taxonomic 

composition 
 

Three 
northern 
peatlands 

 

T, N, S, P 
 

II Methanogenic 
archaea 

mcrA gene 
expression 

 

Three 
northern 
peatlands 

 

T, N 
 

III Prokaryotic 
community 

Taxonomic 
composition 
Functional 
potential 

 

in-situ 
manipulations 

 

T, N, S 
 

IV Methanogenic 
archaea 

mcrA gene 
expression 

in-situ 
manipulations 

T, N, S 
 

 

 

To provide a foundation for the outcomes and reflections of the research presented 

in this thesis, a background (Chapter 3) is presented, which briefly describes the 

boreal peatland ecosystem and gives an overview of the degradation of organic 

matter as mediated by the microbial community and the importance of the 

relationship between plants and microorganisms. The importance and implications 

of the molecular tools that were used to study microbial communities are also 

described in brief. In Chapter 4, the methodology used is presented and discussed in 

relation to site selection, sampling strategies and molecular and statistical 

approaches. Comprehensive descriptions of the methods are given in the four 

papers appended to this thesis. In Chapter 5, the results are presented and discussed 

according to the research aims outlined above. The final outcomes and reflections 

are presented in Chapter 6. 
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3.	Background	

3.1.	The	boreal	peatland	ecosystem	
 

Peatlands are a type of wetland that are characterised by their unique ability to 

accumulate and store partially decomposed organic matter, referred to as ‘peat’ 

(Gorham, 1991). Peat formation (C storage) occurs due to an imbalance between the 

rates of primary production of plants and microbial decomposition. Current global C 

stock estimates for peatlands are 270 to 600 Pg of organic C (Gorham, 1991; Turunen 

et al., 2002; Yu, 2012). Decomposition occurs at a relatively slow rates due to a 

combination of several factors that energetically constrain microbial metabolism: 

water-saturated conditions and subsequent anoxia, recalcitrant Sphagnum moss 

tissue, relatively low peat temperature, and low pH (Frolking et al., 2001). Thus, 

peatlands are long-term C-storage ecosystems, and one of the most important 

ecosystem types with regard to the regulation of the global C cycle. The majority of 

peatlands are located at northern latitudes, with one-fifth present in the tropics 

(Holden, 2005).  

 

There is a continuous hydrological gradient between two types of peatland: 

ombrotrophic bogs and minerotrophic fens (Rydin and Jeglum, 2006). Ombrotrophic 

bogs only receive water and nutrients from precipitation and are nutrient-poor, 

acidic (pH < 4), and Sphagnum-dominated. Minerotrophic fens, which also receive 

water and nutrients from groundwater, are richer in nutrients, have higher pH, and 

are dominated by vascular plants (mainly graminoids such as Carex spp.). The 

studies conducted for this thesis focused on ombrotrophic bogs. The vegetation in 

northern peatlands consists largely of Sphagnum mosses, while vascular plants are 

represented in the form of graminoids and dwarf shrubs. Sphagnum mosses are very 

efficient in retaining N and other nutrients, which is why, under natural conditions 

of low N availability, the vegetation community is dominated by Sphagnum (Clymo, 

1963; Van Breemen, 1995). Sphagnum mosses also contain considerable amounts of 

uronic acids and polyphenols, which are strong inhibitors of microbial 

decomposition (Clymo and Hayward, 1982). The shift in vegetation from Sphagnum-

dominated communities to vascular plant-dominated ones follows chemical 

conditions (pH and nutrients) along the gradient, from an ombrotrophic bog to a 

minerotrophic fen (Rydin and Jeglum, 2006). The metabolic pathways for 

methanogenesis differ between types of peatland (see Section 3.2), and microbial 

diversity increases along the gradient from ombrotrophic to minerotrophic peatland 

types (Galand et al., 2005; Juottonen et al., 2005). 
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The spatial hydrological conditions and plant types of peatlands define their 

microtopography (Figure 1), with a gradient from hollows (depressions always 

covered by water) to lawns (often inundated) and hummocks (dry elevations up to 

50 cm) (Rydin, 1986; Fisk et al., 2003). Lawns have higher methane emission rates 

and less vascular plant cover than hummocks (e.g. Svensson and Rosswall, 1984; 

Saarnio et al., 1997; Lai, 2009). The microtopography formation results in different 

microhabitats, characterised by different Sphagnum mosses and vascular plants 

(Saarnio et al., 1997; Rydin and Jeglum, 2006; Robroek et al., 2009). The composition 

of specific microbial guilds (e.g. methanogens and methanotrophs), along with 

bacterial community composition as a whole, also differ between microhabitats 

(Galand et al., 2003; Kotiaho et al., 2012; Robroek et al., 2014; Juottonen et al., 2015). 

Nonetheless, the effect of microtopography on microbial communities is site-

dependent, and climatic conditions seem to be an important factor that affects 

community structure (Yavitt et al., 2012; Robroek et al., 2014; Juottonen et al., 2015).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. A photograph showing hummock-lawn microhabitats. The hummock microhabitat 
is located where Dr. Bjorn J.M. Robroek is sitting, while the lawn microhabitat is where he is 
measuring the chlorophyll content of the grass. Photograph by Magalí Martí Generó, printed 
with Dr. Robroek’s consent. 
 



	 9	

3.2.	Microbial	degradation	of	organic	matter	in	peatlands	
 

In peatlands, there is a vertical stratification of the microbial energy-metabolism that 

is governed by the water level (Rydin and Jeglum, 2006; Artz, 2009). As the 

availability of O2 drastically declines with depth, the degradation of organic matter 

is constrained to metabolic pathways that utilise alternative terminal electron 

acceptors and fermentative processes coupled to methanogenesis (Figure 2). The 

upper horizon (acrotelm), located above the water level, is mainly oxic, and organic 

matter there is degraded largely by aerobic microorganisms (fungi and bacteria). 

This leads to CO2 production, and up to 50% of the CH4 that diffuses towards the 

atmosphere is oxidised to CO2 by methanotrophs (Conrad, 1996). The bottom and 

most voluminous horizon (catotelm), located below the water level, is constantly 

anoxic, and is dominated by anaerobic degradation that takes place at lower 

decomposition rates than aerobic degradation. Under anaerobic conditions, organic 

matter is degraded to the end products CH4 and CO2 (Figure 2). The interface 

(mesotelm) between the acrotelm and the catotelm is periodically oxic and 

periodically anoxic, and is the most metabolically active horizon; here, both aerobic 

and anaerobic metabolisms meet. The anaerobic decomposition process of organic 

matter consists of complex and interconnected (syntrophic and competitive 

interactions) successive steps involving different microorganisms, including 

fermenters, acetogens, syntrophs, syntrophic acetate-oxidising bacteria (SAOB), and 

methanogens (Conrad, 1999; Whalen, 2005; Bridgham et al., 2013). In brief (Figure 2), 

the organic matter that enters the anoxic horizon consists mostly of polysaccharides 

(mainly cellulose and hemicellulose), proteins, and lignin. The majority of the 

biopolymers are hydrolysed into monomers (glucose, amino acids) by extra-cellular 

hydrolytic enzymes, which are produced and excreted by fermenting bacteria and 

fungi. These monomers are subsequently fermented into fatty acids, alcohols (e.g. 

acetate, ethanol, propionate), hydrogen (H2), and CO2. Acetate can also be directly 

produced as an end product of the fermentation of monomers, or from H2 and CO2 

by acetogenic bacteria (homoacetogenesis). The fatty acids and alcohols are 

fermented into acetate, H2, and CO2 by syntrophic bacteria, and function as 

substrates for methanogens. Syntrophic bacteria produce H2 but, at the same time, 

need a low partial pressure of H2 for fermentation to be thermodynamically 

favourable. Thus, as H2 is utilised by methanogens as an electron donor, both guilds 

live in syntrophy (Schink, 1997).  

 

Several microbial taxa with the metabolic potential for organic matter degradation, 

as well as their key enzymatic pathways, have been identified in various types of 

peatland ecosystem  
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(Hamberger et al., 2008; Drake et al., 2009; Wust et al., 2009; Tveit et al., 2013; Lin et 

al., 2014; Schmidt et al., 2015; Tveit et al., 2015; Schmidt et al., 2016; Juottonen et al., 

2017). Generally, the most abundant phyla detected in peat samples comprise 

several taxa that are able to produce energy through fermentative processes, i.e. 

Actinobacteria, Acidobacteria, Bacteroidetes, Firmicutes, Proteobacteria, 

Spirochaetes, and Verrucomicrobia. However, microbial community composition 

and metabolic potential differ among peatland types.  

 

Methanogenesis is the last step of the anaerobic degradation of organic matter that 

leads to CH4 formation. In principle, it takes place when alternative terminal electron 

acceptors such as O2, NO3-, Fe3+, and SO42- are limited or depleted, which is a 

common situation in peat (Conrad, 1999; Bridgham et al., 2013). Members of the 

phyla Actinobacteria and Proteobacteria have been related to the anaerobic 

respiration in peat (Tveit et al., 2013). There are three main metabolic pathways for 

CH4 formation based on the substrate that is utilised, and all involve the conversion 

of a methyl group to CH4 (Garcia et al., 2000; Deppenmeier, 2002; Ferry, 2002; Liu 

and Whitman, 2008): (1) Hydrogenotrophs reduce CO2 (electron acceptor) with H2 

(electron donor); some are able to utilise formate (HCOOH) as a source of both CO2 

and H2. The orders Methanomicrobiales, Methanococcales, Methanopyrales, and 

Methanobacteriales (except for the genus Methanosphera) are obligate 

hydrogenotrophic methanogens. (2) Acetotrophs cleave acetate (C2H3O2-) into methyl 

and carbonyl groups. The oxidation of the carbonyl group into CO2- is coupled to the 

reduction of the methyl group into CH4. The acetotrophic pathway is carried by the 

order Methanosarcinales, which is the most metabolically versatile order aside from 

the family Methanosaetacea, which is an obligate acetotroph. (3) Methylotrophs utilise 

methylated compounds such as methanol, methylamines, and methylsulfides, which 

act as both electron donor and acceptor. However, H2 is also used as an electron 

donor. Methanogens that belong to the order Methanosarcinales and the genus 

Methanosphera (order Methanobacteriales) are methylotrophs.  

 

The hydrogenotrophic pathway – which is the most energetically favourable 

reaction (-135.6 KJ/mol CH4 at standard conditions) – is more common in acidic 

ombrotrophic bogs, while the acetotrophic pathway – the least energetically 

favourable reaction (-31 KJ/mol CH4 standard conditions) – is more common in 

minerotrophic habitats (Horn et al., 2003; Kotsyurbenko et al., 2004; Galand et al., 

2005; Kotsyurbenko et al., 2007). 
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Some archaea, which are phylogenetically related to methanogens, perform 
anaerobic oxidation of methane (AOM) via reverse methanogenesis coupled to 
alternative electron acceptors (i.e. sulfate-dependent, nitrate-/nitrite-dependent, and 
iron-/manganese- or humic acid-reduction), reviewed in Cui et al. (2015) and 
Timmers et al. (2017). AOM has been reported in peatland ecosystems (Smemo and 
Yavitt, 2007; Shi et al., 2017).  
 
Methanogenesis in peatlands is primarily regulated by the availability and 
degradability of organic matter, which is determined by the primary production and 
composition of the plant community (Svensson and Sundh, 1992; Bridgham et al., 
2013). Methanogens are dependent on temperature, with optimal methanogenic 
activity occurring between 20 and 35°C, meaning that temperature is a limiting 
factor in northern peatlands (Svensson, 1984; Bergman et al., 1998). It has been 
shown that temperature strongly influences the composition and methane 
production rates of the methanogenic community in peatlands (Liu et al., 2012; Blake 
et al., 2015), and that the impact of temperature on methanogens is modulated by 
moisture regimes and S deposition (Vile et al., 2003; Gauci et al., 2004; Turetsky et al., 
2008; Peltionemi et al., 2016). In the presence of sufficiently high concentrations of 
sulfate (electron acceptor of sulphate-reducing bacteria [SRB]), methanogens may be 
outcompeted by SRB due to the fact that both guilds utilise H2 as electron donor, and 
SRB have a higher affinity for H2 (Abram and Nedwell, 1978; Kristjansson et al., 
1982). 
 

3.3.	 Interactions	 between	plant	 and	microbial	 communities	 in	
peatlands	
 
While microbial communities have long been seen as key drivers of biogeochemical 
processes, the interconnection between plant and soil microbial communities is 
being increasingly recognised as a major component of ecosystem processes such as 
C dynamics (Wardle et al., 2004; Singh et al., 2010). Plants regulate soil microbial 
growth by providing organic matter into the soil (C input into the system) through 
root exudates and plant litter. The decomposition and mineralisation of this organic 
matter, carried out by the soil microorganisms (C output of the system), in turn 
regulates plant growth by determining the availability of soil nutrients. As regards 
peatlands, consensus is building that the structure and activity of microbial 
communities, with direct consequences for C and nutrient-transformation dynamics, 
as well as CO2 and CH4 fluxes, are related to the plant community composition (Fisk 
et al., 2003; Rooney-Varga et al., 2007; Bragazza et al., 2012; Jassey et al., 2013; Jassey 
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et al., 2014; Kupier et al., 2014; Robroek et al., 2015; Yavitt and Williams, 2015). 
Sedges such as Carex spp. and Eriophorum spp., for example, are well adapted to 
anoxic conditions as a result of the fact that they are able to transport oxygen into 
their roots through aerenchymal tissues (Armstrong et al., 1991). The presence of 
root systems within the anoxic zone has a direct effect on microbial activity, in that 
these systems transport O2 and supply easily degradable root exudates. These may 
stimulate the decomposition of the recalcitrant fractions of the organic matter that is 
yet to be degraded, ultimately promoting methanogenic activity, meaning that 
sedge-dominated peatlands produce more CH4 than Sphagnum-dominated ones 
(Joabsson et al., 1999; Lai, 2009; Nilsson and Öquist, 2009; Preston et al., 2012). 
Climatic change scenarios and increased rates of atmospheric nutrient deposition are 
projected to have direct effects on plant communities and, consequently, microbial 
communities in peatlands (Limpens et al., 2011; Bragazza et al., 2013). Ultimately, 
such changes may result in feedbacks on the climate system. It is thus of great 
importance to investigate the effects of climate and environmental change on the 
interactions between plant and microbial communities in peatlands. 
 

3.4.	Molecular	detection	and	characterisation	of	microbial	
communities	
 
The primary challenge in elucidating the link between microbial community 
composition/function and ecosystem processes lies in the methodology (Prosser et 
al., 2007; Prosser, 2015; Graham et al., 2016; Widder et al., 2016). Until the mid-1980s, 
microbes were usually studied using culture-dependent methods, but laboratory 
cultivations have been shown to be insufficient as regards characterising the vast 
microbial richness of the biosphere, with estimations suggesting that < 1% of all 
microorganisms are cultivable (Staley and Konopka, 1985). In addition, it has 
recently been shown that the common practice for agar medium preparation 
generates byproducts that are harmful to many microorganisms (Tanaka et al., 2014).  
 
The introduction of nucleic-acid based methods (molecular methods) based on 
ribosomal RNA (rRNA) genes, which provide evolutionary and taxonomic 
information, together with the invention of Sanger sequencing in 1977, allowed the 
diversity of microorganisms in the environment to be studied more accurately 
(Handelsman, 2004). The 16S rRNA gene encodes the small subunit of ribosomal 
RNA, which is essential for protein synthesis and well conserved and ubiquitous 
across prokaryotes. Thus, it is well suited for and extensively used in the 
characterisation of microbial phylogeny and taxonomy, while 16S rRNA is used to 
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estimate microbial activity, based on the assumption that activity and growth are the 
same. However, it has been shown that 16S rRNA is often not ideal for 
characterising microbial activity in a community, mainly because concentration of 
16S rRNA and growth rate differ among taxa, thereby they are not necessarily 
correlated with activity (Blazewicz et al., 2013). This means that the relative 
abundance of 16S rRNA in a community is not necessarily indicative of which taxa 
are relatively more active. In addition, 16S rRNA is also present in dormant cells. 
Moreover, several microbial activities, such as cell maintenance or cell motility, are 
not necessary related to growth (Blazewicz et al., 2013). The use of marker genes that 
encode for specific functions is often preferred when assessing microbial activity, as 
some of the microbial genes that encode for enzymes are unique to specific 
processes. For example, the methyl-coenzyme M reductase (MCR, EC 2.8.4.1) 
catalyses the final reaction in methanogenesis, wherein the methyl group is reduced 
and CH4 is consequently formed. MCR is a key enzyme in methane formation, and is 
unique to and ubiquitous among methanogens (Deppenmeier, 2002). The gene 
encoding for the α-subunit of the MCR enzyme (mcrA) has been broadly used as a 
marker gene to study the abundance of methanogens, while the mcrA transcript 
(gene expression) has been used to study active methanogens in the environment 
(reviewed in Andersen et al., 2013).  
 
In the last decade, the development of next-generation sequencing (NGS) 
technologies that enable massive parallel sequencing (high-throughput sequencing) 
has revolutionised the microbial ecology field (Margulies et al., 2005), making it 
possible to characterise the entire composition of a microbial community (phylogeny 
and taxonomy) and genetic pool of a sample (Thomas et al., 2012; Vincent et al., 
2016). The use of these techniques has provided a new understanding of the 
functional and ecological roles of individual microbial taxa. Metagenomics enable 
the direct characterisation of the genetic pool (genomes) of an environmental sample 
through sequencing of all of the DNA fragments that it contains. To obtain insight 
into microbial activity, the gene expression can be characterised by sequencing the 
messenger RNA (mRNA) in a process that is referred to as ‘metatranscriptomics’ 
(Carvalhais et al., 2012; Thomas et al., 2012; Prosser, 2015). However, NGS 
technologies are not exempt of limitations: They are affected by the common bias 
problems of molecular techniques, such as nucleic acid extraction, polymerase chain 
reaction (PCR), and sequencing errors (Knief, 2014). The classification of sequences 
into known operational taxonomic units (OTUs) and functions depends on available 
database coverage (Thomas et al., 2012). It should also be noted that high-
throughput sequencing data is presented in the form of relative abundance, and it is 
thus important to be careful when relating differences in the relative abundance of 
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functional genes to potential activity rates and processes in ecosystems (Prosser, 
2015). The comparison of functional genes by their relative abundance means that an 
increase in one gene reduces the relative abundance of others, but not necessarily 
their absolute abundance. For example, increased S deposition in peatlands might 
stimulate S reduction, and therefore increase the abundance of functional genes 
related to that process. Increases in such genes imply a reduction in the relative 
abundance of other genes, such as those involved in methanogenesis. Additionally, 
comparing and integrating data from different studies is not straightforward due to 
the general lack of standardised methods for undertaking this process (Philippot et 
al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	16

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 17

4.	Methods	 	

4.1.	Site	selection	and	sample	collection	

4.1.1.	Ombrotrophic	raised	bogs	(Papers	I,	II)	
 
Ombrotrophic raised bogs constitute optimal sites for studying the effects of 
atmospheric nutrient deposition due to their being nutrient-poor, with rainfall being 
the only supply of water and nutrients. The microtopography of these bogs, as 
shaped by the hummock-lawn contrast along the water table gradient and the 
consequent formation of microhabitats, makes those ecosystems ideal for 
investigating the influence of site-intrinsic conditions (local-scale) on above- and 
below-ground biotic communities. 
 
To assess microhabitat influences and compare these to geo-climatic influences on 
microbial communities (Research Objective 1), peat samples were collected from 
European ombrotrophic raised bogs, as is described in Papers I and II. These two 
studies were a part of a European collaboration project within ERA-net: ‘Pollution, 
Precipitation and Temperature Impacts on Peatland Biodiversity and 
Biogeochemistry’. Within this ERA-net project, 59 ombrotrophic raised bogs were 
selected along an atmospheric N deposition, climate, and latitudinal gradient. 
Average data from 2005 to 2009 of atmospheric deposition (total N and S) and 
bioclimatic factors (mean annual temperature, mean annual precipitation, 
temperature seasonality, and precipitation seasonality), which were used to describe 
environmental differences between the sites (Table 2 in Section 5.1), were obtained 
from the European Monitoring and Evaluation Programme (EMEP) and the 
WorldClim database, respectively (Hijmans et al., 2005). In order to assess the 
influence of geo-climatic conditions, three sites (Degerö Stormyr, Cena Mire, and 
Dosenmoor) that differed in terms of climatological conditions and atmospheric N 
and S depositions were selected for the study presented in Paper I (Figure 3 and 
Table 2). Two other sites (Store Mosse and Lille Vildmose) and Degerö Stormyr were 
selected for the study presented in Paper II.  
 
In Paper I, in order to investigate how the link between plants and microorganisms 
is affected by differing environmental conditions (Research Objective 3) and 
microtopography (Research Objective 1), plant species abundance was recorded at 
each hummock-lawn microhabitat (n = 6 per site) in a 0.5 m2 area. Peat extraction was 
then performed for the purpose of microbial analysis at the same quadrants, with 
peat samples being collected from above the water table level (AWTL) and below the 
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water table level (BWTL). A similar approach was used in order to elucidate how 
methanogens are affected by site-intrinsic microhabitats (Research Objective 1; Paper 
II), with peat samples being collected following the microtopographic gradient of the 
hummock-lawn mosaic north to south (Figure 1 in Paper II). Thus, five 
microtopographic gradients were sampled per site, with peat samples being 
collected from both AWTL and BWTL.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The location of the peatland sites studied in Papers I (Degerö Stormyr, Cena Mire, 
and Dosenmoor) and II (Degerö Stormyr, Store Mosse, and Lille Vildmose). 
 

4.1.2.	Field	experiment:	Degerö	Stormyr	(Papers	III,	IV)	
 
In order to avoid problems relating to variation between samples arising from the 
differing geo-climatological conditions of sites and other site-related conditions - 
such as plant distribution, water regimes, peat age, and pH - peat samples were 
collected from an experimental site in a Sphagnum-dominated oligotrophic mire at 
Degerö Stormyr, northern Sweden (64°11’N, 19°33’E, 270 m above sea level). The 
experimental site simulates warming and increased N and S depositions, and by 
avoiding the above-mentioned variables, allows investigations of the specific effects 
of these three perturbations on the mire (Research Objective 2). The experimental site 
(Figure 4), which was established in 1995, consists of a full factorial experimental 
design of 20 plots (all of 2 x 2 m, and surrounded by a 0.5 m deep polyvinyl chloride 
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frame 0.5 m deep). The full factorial design includes two levels of N (ambient [2 kg] 
and addition of [NH4NO3] to reach 30 kg N ha-1 yr-1), two levels of S (ambient [3 kg] 
and addition of [Na2SO4] to reach 20 kg S ha-1 yr-1), and two levels of warming 
(ambient or with greenhouse covers, performed by covering the plots with 
perforated plastic film, supported by transparent polycarbonate frames, during each 
summer). Each experimental combination was duplicated. The levels of addition of 
N and S represent the deposition levels of these elements in south-western Sweden 
at the start of the experiment (Granberg et al., 2001). For a detailed description of the 
experiment see Granberg et al. (2001). For details regarding the treatment effects on 
vegetation composition and CH4 fluxes, see Wiedermann et al. (2007) and Eriksson et 
al. (2010a,b). In brief, CH4 emissions and production rates have increased with 
(simulated) increased N deposition, and decreased with simulated warming after a 
decade of experimental manipulations. The vegetation community has shifted 
towards vascular plant dominance with both increased N deposition and warming. 
 

 
Figure 4. A photograph of the Degerö Stormyr site, taken in August 2013 (by Magalí Martí). 
 
This field experiment was thus judged to be ideal for investigating the long-term (18 
years) effects of warming and increased N and S depositions on peat microbial 
communities (Research Objective 2). Samples were collected at five different depths 
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in order to cover the peat redox profile that constrains the aerobic metabolism in the 
upper peat horizon (acrotelm), the anaerobic metabolism in the deeper peat horizon 
(catotelm), and an intermediate zone (mesotelm) where both types of metabolic 
process occur (Papers III, IV). 
 

4.2.	Molecular	methods	
 
Peat samples present a particular challenge with regard to the use of molecular 
techniques due to the overall low microbial biomass and peat matrix conditions. The 
combination of high acidity, high content of humic acid, high water content (up to 
90%), high capacity to form complex with nucleic acids, high content of phenols, and 
other co-extractable organic matter, affects the quality of the nucleic acid extraction 
and the enzyme reactions that form the basis of the molecular techniques (Vaughan 
and Ord, 1982; Crecchio and Stotzky, 1998). During the work that is presented in this 
thesis, various methods were used to investigate the structure and function of 
microbial communities (Figure 5). Sample preparation was the same for all of the 
molecular methods used, and involved homogenisation followed by total nucleic 
acid extraction. All of the methods are based on the PCR technique, which amplifies 
a specific sequence of DNA or complementary DNA (cDNA) across several orders of 
magnitude in order to enable detection.    
 
Quantitative PCR (qPCR)  

This technique is derived from conventional PCR, and enables the real-time 
detection of a fluorescent signal of the amplified sequence throughout each 
amplification cycle (Smith and Osborn, 2009). This allows the initial amount of DNA 
or cDNA in samples to be determined. Thus, qPCR is a widely-used method for 
quantifying the amount of genes that is present in a sample, and was used in the 
work described in Papers II and IV to quantify the amount of the mcrA gene and 
mcrA transcript per gram of soil.  
 

Terminal restriction length polymorphism (T-RFLP) 

This technique is a fingerprinting method that is based on the position of the 
terminal restriction fragments (short sequences recognised by restriction enzymes) 
of a specific gene that has been amplified using PCR (Dunbar et al., 2001). T-RFLP is 
a good and cost-effective method of determining the diversity of a specific gene 
present in a sample, and was used in the work described in Paper II to characterise 
the diversity of the mcrA gene and mcrA transcript in peat samples. 
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Figure 5. Overview of the molecular methods used in the work presented in this thesis. 

 
 

Amplicon sequencing 
This technique enables the entire microbial composition of a sample to be analysed 
by sequencing the 16S rRNA gene across multiple species (Vincent et al., 2016). It is 
frequently used in studies of microbial ecology due to the fact that it reveals the 
microbial phylogeny and taxonomy present in a sample. In the work described in 
this thesis, both 16S rRNA gene amplicon sequencing (Paper III) and 16S rRNA 
amplicon sequencing (Papers I, III) were used to characterise the prokaryotic 
taxonomic composition of the peat samples.  
 
Shotgun sequencing  

This technique enables genomes contained in an environmental sample to be 
analysed by sequencing the entire genetic pool of the microbial community (Thomas 
et al., 2012). It was used to characterise the entire genetic pool (i.e. functional 
potential) of each peat sample taken from the experiment at Degerö Stormyr (Paper 
III).  
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4.3.	Statistical	analysis	
 
Analysis of variance 

Permutational multivariate analysis of variance (Adonis) is a nonparametric 
equivalent to the analysis of variance (ANOVA), and is used to test for significant 
differences between two or more groups based on a dissimilarity matrix (Anderson, 
2001). Adonis was used to test the hypothesis that microbial communities from the 
same sites were more similar in terms of composition to one another than to 
communities from different sites (Research Objective 1; Papers I, II). It was also used 
to test the hypothesis that microbial community taxonomic and functional 
composition had been affected by warming and increased N and S depositions 
(Research Objective 2; Paper III). Microbial community richness and evenness 
(alpha-diversity) were tested for differences between sites (Paper I) and treatment 
effects (Paper III) using ANOVA. 
 
Correlations and relationships 

Pearson correlation was used to analyse the degree of association between 
abundance of methanogens and edaphic variables (Paper II), abundance of plants 
(Paper IV), and CH4 production rates (Paper IV). Multiple linear regression (MLR) 
was used to test the hypothesis that individual metabolic traits are affected by 
warming and increased N and S depositions, and that the effects of these 
perturbations interact with one another (Research Objective 2; Papers III, IV). 
Distance-based redundancy analysis (db-RDA) (Legendre and Anderson, 1999) is a 
constrained linear ordination method that combines principal component analysis 
(PCA) and MLR. It constrains the main components (response variables) such that 
they are linear combinations of the explanatory variables, where MLRs are fitted to 
find the best solution. This methodology was used to explore possible multiple 
linear correlations between the response variable (microbial communities) and the 
explanatory variables (edaphic variables, environmental variables, and vegetation 
community composition; Papers II, III). Mantel test calculates correlation coefficients 
between two (dis)similarity or distance matrices (Mantel, 1967), and was used to test 
the relationship between microbial community composition and climatic and 
nutrient factors (Paper I). Correspondence between the data sets of Paper III was 
investigated using Procrustes superimposition combined with a randomisation test 
(Peres-Neto and Jackson, 2001).  
 
Ordination methods 

Non-metric multidimensional scaling (NMDS) maps the pairwise dissimilarity of 
ranked distances to a k-dimensional ordination space, where the distance between 
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objects corresponds to their (dis)similarity (Minchin and Peter, 1987). It is an 
iterative numerical procedure for finding the best ordered solution. NMDS was used 
to visualise the distribution of communities across sites (Paper I) and treatments 
(Paper III), as well as to assess the co-variation between community composition and 
CH4 production/oxidation rates by fitting the process data onto the ordination 
(Paper III).  

4.4	Co-occurrence	network		
 
Co-occurrence networks were applied to detect co-presence or exclusion of 
prokaryotes and plants, indicative of the ecological interactions structuring the 
communities. The networks were obtain using a correlation matrix, where each 
species (or OTUs) was pair-wise related to the others (Pearson’s correlation) (Berry 
and Widder, 2014). Significant (p < 0.05) r values ≤ 0.6 were considered to 
demonstrate as negative relationships (-1), and r ≥ 0.6 as positive relationships (+1), 
(Williams et al., 2014). Each Pearson’s correlation matrix then was transformed into a 
binary matrix based on the presence (+1 or -1) or absence (0) of links. Finally a set of 
network features was evaluated:  
 
Network topography 

Network indices were used to evaluate the topological properties of the co-
occurrence networks: Node degree (D) is the number of links of a node. Betweenness 

centrality (BC) evaluates the importance of a node in connecting the different clusters 
within a network (Freeman, 1977). BC is considered to be indicative of network 
resilience (Newman, 2003). Closeness (C) calculates the average distance of a given 
node to any other node. Shortest path length (SP) is the shortest path between any two 
nodes with the least links between them.  
 
Network dissimilarity 
Differences in species interactions between networks (βWN), derived from differences 
in species composition and shared species interactions between pairs of network 
(Poisot et al., 2012),was used to quantify the degree of (dis)similarity between 
networks.  
 
Keystone species 

Species that have a disproportionate deleterious effect on the network properties 
upon their removal are considered keystone species. These were defined by 
calculating the generalized keystone index (GKI), which is the mean of all scaled and 
standardized network indices (D, BC, C and SP). 
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5.	Results	and	discussion	
 
Microbial community dynamics are strongly affected by peat redox conditions, 
which in turn are determined by the water table level (see Section 3.2). Thus, the 
impact of environmental perturbations on microbial communities is often depth-
dependent. In the discussion that follows, and where depth had an effect on the 
result, the depth horizons are reported as AWTL, FWTL, and BWTL, where ‘A’ 
denotes ‘above’, ‘F’ ‘flanking’, and ‘B’ ‘below’, corresponding to the acrotelm, 
mesotelm, and catotelm, respectively. If no mention is made of depth, it had no 
influence on the final result.  
 

5.1.	Local-	and	large-scale	variability	of	microbial	communities	
(Papers	I,	II)	
 
This section assesses the role of the microhabitat within sites (local-scale) in relation 
to site locations (large-scale) with regard to effects on archaeal and bacterial 
community composition (Paper I) and methanogen community dynamics (Paper II). 
Peat samples (for microbial analysis) and pore water (for nutrient content analysis) 
were collected from five ombrotrophic bogs of differing atmospheric deposition and 
climatic conditions (Table 2).  
 
Table 2. The climatological and atmospheric deposition variables used to describe the 
differences between the study sites. MAT: Mean annual temperature. MAP: Mean annual 
precipitation. TS: Seasonality in temperature. PS: Seasonality in precipitation. 
 

  Degerö 
Stormyr 

Store 
Mosse 

Lille 
Vildmose 

Cena 
Mire 

Dosenmoor 

Location  Northern 
Sweden 

Southern 
Sweden 

Denmark Latvia 
Northern 
Germany 

Paper  I, II II II I I 
Climate MAT (°C) 1.2 6.2 7.6 6.4 8.0 
 MAP (mm) 730 970 680 710 760 
 TS (°C) 9.3 6.1 6.6 7.9 5.9 
 PS (%) 26 22 22 31 19 
Deposition Total N   130 620 680 760 1260 
 (mg m2 yr-1) Total S 83 290 400 480 480 

*TS: amount of temperature variation over a given year based on the standard deviation of 
monthly temperature averages. 
**PS: ratio of the standard deviation of the monthly total precipitation to the mean monthly 
total precipitation (coefficient of variation). 
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5.1.1.	Spatial	variability	of	Archaea	and	Bacteria	community	compositions			
 
The prokaryote community composition differed significantly across sites (large-
scale), while the effect of the hummock-lawn microhabitat (local-scale) on the 
community turnover was site-dependent (Table 2 and Figure 3 in Paper I). At the 
AWTL horizon, site explained 23% and 25% of the archaeal and bacterial community 
variance, respectively. The turnover of the archaea community was only related to 
the difference in nutrient content (r = 0.2, p < 0.05; NO3-, NH4+, PO43, SO42-) among 
sites, while that of the bacterial community was related to nutrient content (r = 0.6, p 

< 0.05) and to climatic factors (r = 0.2, p < 0.05; MAT, MAP, TS, and PS). The bacterial 
community also had a high degree of correspondence with the plant community (r = 
0.8, p < 0.001). At the BWTL horizon, the site had a stronger effect on the prokaryote 
community composition compared to the AWTL horizon, explaining 40% and 37% 
of the archaeal and bacterial variance, respectively. The bacterial community 
turnover was only related to climatic factors (r = 0.3, p < 0.001), while that of the 
archaeal community was related equally to both nutrient content and climatic factors 
(r = 0.3, p < 0.001). Both bacterial and archaeal communities displayed a high 
concordance with the plant community at BWTL (bacteria r = 0.9 and archaea r = 0.8, 
p < 0.001). The plant community turnover was also strongly influenced by site 
(which accounted for 40% of the variance), and correlated with the climatic factors (r 

= 0.6, p < 0.05) and, to a lesser degree, the nutrient content (r = 0.3, p < 0.05). Due to 
the nutrient-poor conditions in these peatlands, additional nutrient deposition is 
likely to be immediately taken up by plants, which is the likely explanation for why 
the BWTL communities, compared to the AWTL, were less related to nutrient 
content. The impact of climatic factors on the prokaryote community was more 
pronounced at the BWTL horizon. The plant community also showed stronger 
correlations with the climatic factors compared to the nutrient content in the peat, 
indeed clear effects of climatic perturbations on plant communities have been 
observed in peatlands (Wiedermann et al., 2007; Limpens et al., 2011; Bragazza et al., 
2013). It is thus, suggested that the effect of the climatic factors on the BWTL 
communities may be mainly indirect through induced changes to plant community. 
 
Although the observed microbial community turnover across sites was clearly 
related to climatic factors as well as plant composition and the nutrient content of 
the peat, dispersal limitation may also potentially constrain the microbial 
composition (Ramette and Tiedje, 2007; Landesman et al., 2014). However, according 
to findings by Fierer and Jackson (2006) and Landesman et al. (2014), we expect that 
dispersal limitation has a minor effect on the peat microbial community 
composition. In their efforts to determine the best predictors of microbial community 
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composition and structure in relation to describing the large-scale spatial variation 
of microorganisms (i.e. microbial biogeography) they consistently found that 
environmental factors – primarily pH – seem to be the main drivers of community 
composition among different soil ecosystems, and that dispersal limitation (i.e. 
geographical distance) contributes to a minor extent (Fierer and Jackson, 2006; 
Landesman et al., 2014). In addition, soils from different sites with similar 
environmental characteristics that determine species habitat (ecological niche) have 
similar bacterial communities, regardless of geographical distance (Fierer and 
Jackson, 2006). Moreover, particularly in peatlands, the methanogenic community 
composition turnover across six peatlands in North America was found to be 
strongly related to pH and temperature, and weakly related to geographical distance 
(Yavitt et al., 2012). Taken together, these results point to the clear impact of climatic 
factors on microbial community composition.  
 

5.1.2.	Spatial	variability	of	methanogenic	archaeal	community		
 
The abundance of mcrA gene (bulk methanogens) and mcrA transcript (active 
methanogens) was significantly influenced by the site factor (explaining 19% and 9% 
of the variance, respectively; Table 3 in Paper II). The highest abundance of active 
methanogens was observed at the site with the highest temperature and that 
received the greatest amount of N deposition, while the lowest abundance of active 
methanogens was observed at the site with the lowest temperature and least N 
deposition (Figure 2 in Paper II). The mean daily amplitude soil temperature (for 
June to September 2009) correlated with the abundance of the mcrA gene (r = 0.47, p 

< 0.01). There was a correlation between the abundance of mcrA transcript and the 
amount of NO3- and dissolved organic carbon (DOC) in the pore water (r = 0.3, p < 
0.01). When the influence of the site was not factored in, an effect of the microhabitat 
on both the mcrA gene and its transcript was observed for Degerö Stormyr 
(explaining 7% and 6% of the variance, respectively) and Lille Vildmose (explaining 
9% and 25% of the variance, respectively). Overall, there was a greater abundance of 
the mcrA gene and its transcripts in the lawn microhabitat than the hummock one. 
This was expected due to the location of the water table to the peat surface, which is 
known to result in higher methane production and emissions from lawn 
microhabitats (e.g. Svensson and Rosswall, 1984; Granberg et al., 1999). These 
findings were in line with those of a parallel study conducted at the same sites and 
sampling locations, in which the site was the main factor in the variation in plant 
and bacterial community composition, and the influence of the microhabitat on plant 
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and microbial communities was only revealed when the site effect was partialed out 
(Robroek et al., 2014).  
 
The methanogenic community composition was only influenced by the site with no 
effect of the microtopography. Similar results were found by Juottonen et al. (2015), 
which investigated the effect of microtopography on the methanogenic diversity of 
four boreal bogs. They concluded that the effects of microtopography are site-
dependent, which supports the results in Papers I and II. On the contrary, the 
findings from Galand et al. (2003) showed that the methanogenic community of a 
minerogenic oligotrophic fen was affected by its microtopography. This discrepancy 
indicates that the spatial distribution of methanogens along the microtopography 
may be influenced by the ombrotrophic-minerotrophic gradient. In the present 
study, median soil temperature of the growing season from June to September and 
DOC content across the sites explained the variation in methanogenic community 
composition by 26% and 12%, respectively. In accordance with these results, a 
previous study showed that mean summer air temperature and DOC accounted for 
almost half of the variance in the methanogenic community composition across five 
different wetlands, including one peatland, in China (Liu et al., 2012). The 
concentration of DOC in peat is suggested to be related to the abundance of vascular 
plants coupled to a decline in Sphagnum cover and increase in phenolic compounds 
(Fenner et al., 2007; Bragazza et al., 2013). 
 
In line with the general notion that the hydrogenotrophic pathway is the most 
common in acidic ombrotrophic bogs (see Section 3.2), the family Methanoregulaceae 
was found to dominate in the three sites reported in Paper II. Furthermore, the 
composition of the methanogenic community derived from the 16S rRNA was also 
dominated by the hydrogenotrophic pathway in the three sites reported in Paper I, 
as the family Methanobacteriaceae accounted for 84% of all classified sequences across 
the three studied sites. However, in the in-situ experiment (Paper III), the treatment 
plots receiving N addition or warming revealed a clear dominance by the family 
Methanosarcinaceae, accounting for 100% of all classified 16S rRNA sequences. The 
order Methanosarcinales is the most metabolically versatile (see Section 3.2). Still the 
hydrogenotrophic family Methanobacteriaceae dominated the methanogen 
community in the treatment plots receiving S addition, representing 100% of all the 
classified 16S rRNA sequences. The main difference of the in-situ experiment is that 
long-term warming and N addition have promoted vascular plants (primarily 
Eriophorum vaginatum L., Andromeda polifolia L. and Vaccinium oxycoccos L.), which 
will indirectly and directly affect the methanogens. Thereby, a plausible explanation 
is that the plants via their root exudates provide acetate, which would directly 
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promote acetotrophic methane production. This is supported by Ström et al. (2003), 
who showed that acetate is a main labile part of the root exudate from the sedge 
Eriophorum scheuchzeri (Hoppe) and that the rate of acetate formation is dependent 
on the photosynthetic rates. The lack of Methanosarcinales in the S-amended plots is 
likely due to the low abundance of vascular plants in these plots. Thus, it seem as if 
the presence of Methanosarcinales is related to the occurrence of vascular plants in 
mire systems. This is corroborated by the results from studies of nutrient gradients 
in mire ecosystems, where acetotrophic methanogens often dominate (cf. Galand et 
al., 2005; Juottonen et al., 2005; Galand et al., 2010). The long-term of N addition and 
warming treatments seem to have moved the oligotrophic poor fen type system at 
Degerö Stormyr to a more nutrient-rich habitat, which seem to be confirmed by the 
development of the methanogenic community structure. 
	

5.2.	Effects	of	warming	and	increased	atmospheric	N	and	S	
depositions	on	microbial	communities	(Papers	III,	IV)		
 
The results presented in this section were obtained from two studies based on a 
long-term in-situ experiment that simulates warming and increased atmospheric N 
and S depositions (Papers III, IV). Here the responses of the prokaryote taxonomic 
and functional composition (Paper III) and active methanogens (Paper IV) to these 
perturbations are assessed. 
 

5.2.1.	Microbial	community	responses	to	warming	and	increased	N	and	
S	depositions	(Paper	III)		
 
The taxonomic composition of the microbial community significantly shifted in 
response to the three perturbations after a long-term, 18 years, of field simulations 
(Table 1 and Figure 1 in Paper III). Among the three perturbations, increased N 
deposition had the highest impact on the microbial community composition, 
significantly affecting it throughout all of the depth horizons and contributing the 
most to the explained variance (from 8% to 25 %, Table 1 in Paper III). The turnover 
in community composition was clearly different for each perturbation; this is shown 
by an NMDS plot (Figure 6), where the proximity of sites indicates similarity in 
terms of microbial composition. The taxonomic composition derived from the 16S 
rRNA gene was strongly correlated with the functional potential (assessed by 
sequencing the entire genetic pool; r = 0.87, p < 0.01). However, the functional 
potential of the microbial community, was only statistically significantly affected by 
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simulated N deposition, which explained 14% of the variance (Table 1 in Paper III). 
The general lack of significant responses to the perturbations is likely explained by 
the composition of the genetic pool, in which core (housekeeping) genes, rather than 
specific functional ones, account for most of the metagenome. These core genes 
encode for the central metabolism and anabolism that are common to most bacteria 
(e.g. nutrient uptake, energy retrieval, and synthesis of microbial biomass), while the 
functional genes encode for energy metabolism (Medini et al., 2005; Chubukov et al., 
2014).  
 
The lack of response of the functional potential to the perturbations, in complete 
contrast to the clear changes in taxonomic composition, indicates a high degree of 
functional redundancy among the microbial community members selected for under 
the various perturbation conditions. Functional redundancy has also recently been 
suggested among the peat fermentative taxa of an oligotrophic, a mesotrophic and 
an eutrophic peatland, as different microbial communities in these peatlands were 
found to perform similar anaerobic energy-metabolism processes (Hunger et al., 
2015). Plant community composition has also been found to have a high degree of 
functional redundancy in peatlands (Robroek et al., In review). There were 
significant correlations between microbial taxonomic composition, especially as 
derived from 16S rRNA, and CH4 production and oxidation rates (Table 2 in Paper 
III). The interval of six years between the process rate measurements of Eriksson et 
al. (2010a) and the microbial community investigations (Paper III) imply that the 
stabilization of the plots to the effects of the perturbations was sustained also to the 
time for the present sampling. This is strongly corroborated by the development of 
the plant distribution patterns, which are largely unchanged since then. This 
suggests that the newly established community composition that was selected under 
each set of perturbation conditions is related to the anaerobic degradation processes 
that lead to methanogenesis. In support to this, peat microbial dynamics have found 
to respond rapidly to a simulated temperature increase (from 1 to 30°C) with 
consequent higher rates of CH4 production with higher temperatures, in a laboratory 
incubation study (Tveit et al., 2015). 
 
There was a correspondence between microbial taxonomic and functional 
composition, and the plant community composition previously reported by 
Wiedermann et al. (2007) (r=0.4 to 0.7, p<0.001; Table S1 in Paper III). The latter was 
also affected by long-term increased N deposition and warming, which have 
resulted in a shift towards vascular plants (E. vaginatum, A. polifolia, and V. oxycoccus) 
to the detriment of Sphagnum spp. cover. This indicates that the plant community 
strongly influences the composition of a microbial community and its genetic pool, 
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and is in line with other studies of soil ecosystems, in which shifts in the microbial 
community structure were due to soil-plant-microbe interactions driven by N 
loading (Ramirez et al., 2010; Fierer et al., 2012; Leff et al., 2015; Zhou et al., 2015; 
Boot et al., 2016; Zeng et al., 2016). 

 
Figure 6. A NMDS plot showing the various treatments based on microbial community 
composition, derived from the 16S rRNA gene (A) and the 16S rRNA (B). Stress values: 0.09 
(A); 0.12 (B). T: Temperature. S: Sulfur. N: Nitrogen. C: Control.  
 
Relevant functional genes related to the experiment, i.e. genes coding for key steps 
in the anaerobic degradation of organic matter process, as well as aerobic methane 
and ammonia oxidation, were specifically assessed (Table S4 in Paper III). At the 
AWTL horizon, few genes that encode for key steps in processes such as hydrolysis 
(0.2%), syntrophy (2%), methanogenesis (9%), nitrate reduction (2%), sulfate 
reduction (7%), sulfur oxidation (3%), and N fixation (4%) showed a significant 
response to any of the perturbations including their interactive effects (Figure 3A in 
Paper III). The values listed refer to the percentage of genes that had a significant 
response to any of the perturbations within the pool of genes that were identified as 
coding for the same metabolism in the data set. The majority of the responses were 
connected to interactive effects, although some effects of the main perturbations 
were observed. In brief: plant polymer hydrolytic degradation potential decreased 
with warming, while sulfur oxidation potential increased. Dissimilatory sulfate 
reduction potential increased with simulated S deposition, while methanogenic 
potential decreased in response to all three main perturbations. Similar results were 
obtained for simulated N deposition when potential methanogenesis was 
investigated using qPCR analysis of the mcrA gene, but opposite results were found 
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for warming and S deposition (Figure 1A in Paper IV; see Section 5.2.2). At the 
BWTL horizon, few of the genes that encode for hydrolysis (0.2%), syntrophy (2%), 
methanogenesis (3%), nitrate reduction (2%), sulfate reduction (3%), sulfur oxidation 
(3%), and Fe oxidation (11%) had significant responses, mainly connected to 
warming and simulated S deposition (Figure 3B in Paper III). Sulfate reduction 
potential increased with simulated S deposition, while the rest of the genes encoding 
for the other metabolic pathways decreased in response to warming and increased S 
deposition. 
 
Twelve years of simulated increased S deposition has resulted in a decrease in 
methane production rates (Eriksson et al., 2010a) and 6 years later, concomitantly, 
we observed a decrease in methanogenic potential. At AWTL, the increase in SRB, as 
indicated by the higher relative abundance of genes encoding for sulfate reduction, 
likely to some extent outcompeted the methanogens. At BWTL, the observed 
decrease in hydrolytic and syntrophic potentials together with an increase of the 
sulfate-reduction potential with simulated warming and increased S deposition, 
imply that less organic matter is being fermented, resulting in lower amount of 
metabolic intermediates and consequently less substrate availability as well as 
electron donors (H2) for methanogenesis. The decrease of the methanogenic potential 
after 18 years of warming is in line with the previous observed decrease of methane 
emission and production rates (Eriksson et al., 2010a). The decrease in hydrolytic 
and syntrophic potentials, especially BWTL, likely reflects the effect of warming on 
the carbon turnover, i.e. higher aerobic respiration rates at the oxic and warmer 
layers resulting in lower inputs of organic matter to the anoxic zone (BWTL), that 
might also be more recalcitrant. 
 
In contrast to the taxonomical composition, no significant correlations were found 
between either process rates and overall functional potential or the specific 
functional genes that encode for methanogenesis and methanotrophy. This lack of 
correspondence may have several causes, one of which is a decoupling between 
gene abundance and expression (Roling, 2007; Freitag and Prosser, 2009). This 
decoupling is affected by the presence of dead or dormant cells from which the 
genes are still detected (methodological issue). The lack of correspondence may also 
be due to changes in gene expression that are a result of cellular activity, the 
regulation of which is influenced primarily by environmental conditions, enzyme 
concentrations, and/or substrate concentrations. Moreover, high-throughput 
sequencing displays data in relative abundance (e.g. genes in relation to the 
metagenome), and so the variation of genes in relative abundance may not represent 
variation in the process that they encode for. It should also be noted that the 
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percentage of genes, coding for the same metabolism, that their relative abundance 
was significantly affected by any of the perturbations was very low (< 10%). 
Therefore, further investigations were carried out using qPCR in order to quantify 
the absolute abundance of the mcrA gene and its transcripts (Paper IV, Section 5.2.2). 
The metatranscriptome was also sequenced to assess whether gene expression is 
indeed linked to ecosystem processes and thus constitutes a better predictor. The 
metatranscriptome data set will be analysed in the future.  
 

5.2.2.	Responses	of	methanogens	to	warming	and	increased	N	and	S	
depositions	(Paper	IV)	

 
The analysis of the mcrA gene and mcrA transcript using qPCR corroborated the lack 
of correlation between the gene and its expression. Furthermore, strong correlations 
between the abundance of mcrA transcript and CH4 production rates were observed, 
in contrast to the few correlations found between the gene and CH4 production rates. 
These results support above mentioned findings that suggest that there is no direct 
link between the relative abundance of genes and processes rates in peat, and that 
the prokaryote community that has established after 18 years of simulated 
perturbations is related to anaerobic degradation process that lead to 
methanogenesis (see Section 5.2.1). Thus, in the following analysis, only those results 
that were achieved using the gene expression (mcrA transcript) indicative of active 
methanogens are discussed. Overall, a trend towards an increase in mcrA transcript 
abundance after 18 years of simulated warming and increased N deposition was 
observed (Figure 1B in Paper IV), although the response was not statistically 
significant. In addition, no effect of increased S deposition was observed.  
 
Long-term increased N availability has affected the plant community composition in 
the form of a shift from Sphagnum dominance to vascular plant dominance, as well 
as increased CH4 production and emission (Wiedermann et al., 2007; Eriksson et al., 
2010a,b). The abundance of mcrA transcript correlated with the rates of CH4 
production of the samples from the simulated increase in N deposition at BWTL (r = 
0.8, p < 0.05; Table 1 in Paper IV). A tendency towards an increase in mcrA transcript 
abundance with an increase in N deposition in contrast to the ambient levels, was 
observed. A greater abundance of vascular plant results in a larger root biomass, and 
likely also increased root exudation (e.g. Limpens et al., 2008; Eriksson et al., 2010b; 
Bragazza et al., 2012). Consequently, a greater amount of easily degradable plant 
litter will be available, which may ultimately increase methanogenesis. However, 
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this increase in root abundance has been found to occur 10-15 cm below the peat 
surface – i.e. all of the oxic zone – as the annual average WTL is 14 cm below the 
surface (Granberg et al., 2001; Eriksson et al., 2010a; Olid et al., 2017). Thus, the 
increase in vascular plants did not result in a substantial increase in root exudation 
in the anoxic zone. In line with this, positive correlations between the abundance of 
mcrA transcript and vascular plants (E. vaginatum, A. polifolia, and V. oxycoccus) were 
found for AWTL and FWTL, but not for BWTL. The simulated increase in N 
deposition is achieved by adding NH4NO3 in five doses between May and 
September so as to reach a level of 30 kg N ha-1 yr-1. As this system is N-limited, the 
plants likely directly take up the NH4NO3 when is added, which is supported by the 
fact that nitrate has only been detected in the pore water in direct conjunction with 
immediately following the addition of one of the five doses. Therefore, the impact of 
N loading on methanogens, as well as the microbial community as a whole, is likely 
to occur primarily in the form of induced changes in the plant community.  
 
Simulated warming also promoted a shift from Sphagnum towards vascular plants; 
this was likely a result of changes in the water level, with a consequent increase in 
root biomass in the upper 10-15 cm. In contrast to increased N deposition, however, 
warming resulted in a decrease in CH4 production rates and emission. The 
abundance of mcrA transcript correlated with the rates of CH4 production under 
simulated warming conditions at BWTL (r = 0.7, p < 0.05; Table 1 in Paper IV). The 
in-situ experiment only simulates warming during the growing season, with a 
maximal peat temperature increase of 2-3°C at 18 cm below the surface. This means 
that the maximal peat temperature change occurs throughout the oxic zone, and 
thus likely promotes aerobic decomposition (see Section 3.2). Consequently, the 
organic matter left available when it reaches the anoxic zone is of lower 
degradability, and thus ultimately negatively affecting the methanogen community. 
A decrease in the hydrolytic potential BWTL that supports this conclusion was 
found during the work presented in Paper III, and which likely reflects lower 
biopolymer availability (see Section 5.2.1). 
 
The abundance of mcrA transcript also correlated with the rate of CH4 production 
with increased S deposition at BWTL (r = 0.8, p < 0.05; Table 1 in Paper IV). The 
absence of any discernible effect of increased S deposition on the mcrA transcript 
was in line with the observations of a study conducted by (Eriksson et al., 2010a), in 
which no effect on CH4 production was observed as a result of simulated S 
deposition.  
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5.2.3.	Effects	of	interactions	between	simultaneous	warming	and	
increased	N	and	S	depositions	(Papers	III,	IV)	
 
Ecosystems are often subjected to multiple simultaneously occurring environmental 
perturbations, where the effects of any individual perturbation are likely modulated 
by its interactions with the others. In this section, the hypothesis that the response of 
microbial communities to warming (described in Section 5.2) would be affected by 
increased N and/or S deposition is assessed.  
 
Interactions between perturbations that amplified the effects of the individual 
perturbations on microbial community composition were observed, particularly in 
the upper depth horizons (Figure 1 in Paper III). The dissimilarity among 
communities increased with multiple perturbations, and the new community 
composition was not representative of the additive composition observed for 
individual perturbations (Figure 1 in Paper III). However, the community 
composition was generally similar for all treatment plots that received N addition 
(Figure 6), demonstrating that N is an important factor in strongly affecting, directly 
or indirectly, microbial communities in peatlands. This is most likely mainly an 
indirect effect occurring via induced changes in the plant community, as is discussed 
above (Section 5.2).  
 
The specific functional genes that had a significant response to the perturbations at 
the AWTL horizon (see Section 5.2.1), reflected by either an increase or decrease in 
their relative abundance, were mainly a result of simultaneous perturbations. 
Generally, the effect of warming was modulated by simultaneous increased 
deposition of N and/ S (Figure 3A in Paper III). In particular for the marker genes 
that encode for methanogenesis, the effects of two-way interactions (NxS, NxT, SxT, 
where ‘T’ is ‘temperature’) were observed, counteracting the effect of individual 
perturbations and resulting in an increase in the relative abundance of such genes. 
On the contrary, the three-way interaction (NxSxT) further amplified the effects of 
the individual perturbations. At the BWTL horizon, however, few significant effects 
of the combined perturbations on the selected functional genes were observed 
(Figure 3B in Paper III). 
 
Similarly, the abundance of mcrA transcript responded significantly to simultaneous 
perturbations, generally increasing with combined effects (Figure 1B in Paper IV). 
Such increases were the results of warming and/or increased S deposition in 
connection with simultaneous increase in N deposition (Figure 3B in Paper IV). 
Thereby, as found for the microbial community composition, N was the main factor 
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modulating the effect of the others. No effects of warming in combination with 
increased levels of S were observed, which contradicts the findings of Vile et al. 
(2003) and Gauci et al. (2004). However, Gauci et al. (2004) found that warming 
reduced the suppression of CH4 emission by sulfates, while Vile et al. (2003) found 
the opposite. 
 

5.3.	Plant-microorganism	interactions	(Papers	I,	III,	IV)	
 
Correlations between the microbial and plant communities were found in all of the 
studies described in this thesis. At the in-situ experiment, the abundance of mcrA 
transcript was positively correlated with the relative abundance of the vascular 
plants E. vaginatum, A. polifolia, and V. oxycoccus (Paper IV). Similarly, a concordance 
between the plant and microbial taxonomic and functional composition was also 
observed (Paper III). Additionally, with regard to samples from the treatment plots 
that received additional NH4NO3, the microbial community composition was 
positively correlated with the relative abundance of the dominant vascular plants (E. 

vaginatum, A. polifolia, and V. oxycoccus) and negatively correlated with total 
Sphagnum ssp. and S. balticum cover (Paper III). From the field study, a high degree of 
correspondence was found between both the archaeal and bacterial communities 
and the plant community among three peatlands (Paper I). 
 
The analysis of co-occurrence networks between plants and microorganisms within 
three peatlands differing in climatological conditions and atmospheric depositions 
(Table 2 in Section 5.1) showed that each site had a specific network. They differed in 
terms of topological structures and species interactions, both AWTL and BWTL 
(Figure 4 and Table S4 in Paper I). Cena Mire had the most complex network 
structure (based on the topological indices), while Degerö Stormyr was the least 
complex. This indicates that the plant-microorganism networks in Cena Mire are 
more resilient than those of Dosenmoor and Degerö Stormyr, as the functions and 
resilience of such networks are reliant on their linkages (cf. Newman, 2003). The 
topological indices were positively related to the total N content in the pore water 
(Figure 6 in paper I), indicating that N availability in these N-limited ecosystems 
results in more complex and resilient networks. This may be due to the increase in 
vascular plants richness that likely resulted from higher N availability, which in turn 
may promote linkages with the microbial community. In contrast, the topological 
indices were disproportional to climate seasonality (TS/PS; Figure 6 in Paper I). The 
TS/PS ratio is supposed to have implications for plant growth, as some climates are 
expected to have strong interannual precipitation variations with lower temperature 
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amplitudes variation, or vice-versa (IPCC, 2013). High TS/PS values indicate that 
temperature seasonality is more variable than precipitation seasonality, while low 
TS/PS values indicate the opposite. The least resilient network was found in Degerö 
Stormyr, corresponding to the highest TS/PS value, while the most resilient network 
corresponded to the lowest TS/PS value. Thereby, interactions between species in 
peatlands in colder areas are more sensitive to climate change, and any shift in the 
interactions may impact ecosystem processes. These results are in line with the 
outcomes from the above results sections where increased N deposition followed by 
warming were found to be the two main factors affecting peat microbial 
communities.  
 
Several keystone species – those that, in the event of their removal from the network, 
have a disproportionately deleterious effect on it – were identified and found to 
clearly contribute to the various network structures (Figure 4 in Paper I). The 
importance of plants as keystone species increased with increased network 
complexity, in line with a decrease in the importance of microorganisms (Figure 5b 
in Paper I). The plant community turnover among sites also contributed to network 
dissimilarities (R2adj = 0.75), while no significant contribution of the prokaryotes was 
observed (Figure 5a in Paper I). These results indicate that plants are the key drivers 
of interactions with microbial communities, which supports the general idea that 
plant communities have a direct effect on microbial community composition and 
activity (Fisk et al., 2003; Wardle et al., 2004; Wardle, 2006; Rooney-Varga et al., 2007; 
Robroek et al., 2015; Yavitt and Williams, 2015) and strengthens the argument put 
forth in the discussion above results sections: That the impact of temperature and N 
deposition on microbial communities is likely primarily indirect, occurring via 
induced changes in the plant community.  
 

5.4.	Summary	of	the	results	
 
Microbial community dynamics were influenced to a greater extent by large-scale 
than local-scale conditions. Overall, the turnover of microbial community 
composition along the field study sites correlated with both environmental 
conditions (temperature, precipitation, and N deposition) and nutrient content 
(Table 3). The three specifically investigated environmental perturbations (simulated 
warming and increased N and S depositions) caused substantial shifts in the 
composition of microbial communities, which were amplified by the interactive 
effects of the perturbations. The microbial community composition also correlated 
with vegetation community composition, as well as with CH4 production rates. 
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Overall microbial functional potential was affected by the simulated N deposition 
and co-occurrence of increased S deposition and warming, and was correlated with 
vegetation community composition (Table 3). Interactions between plant and 
microbial communities were modulated by environmental parameters, where 
network complexity was weakened by interannual changes in temperature and 
increased with N content.  
 
The abundance of active methanogens correlated with concentrations of DOC and 
NO3- in the pore water, the dominant vascular plant species, and CH4 production 
rates (Table 3). A tendency towards a greater abundance of active methanogens 
resulting from higher temperatures and increased atmospheric N deposition was 
observed across the sites that differed with regard to these conditions, as well as the 
in-situ experiment (Table 3). Increased atmospheric N deposition amplified the effect 
of warming and increased S deposition on the active methanogens. The abundance 
of methanogens, investigated by qPCR analysis of the mcrA gene, and examination 
of the genes that encode for key steps in methanogenesis derived from the 
metagenome, revealed slightly different responses to the perturbations (Table 3). In 
both cases, (relative)abundance decreased with increased N deposition and the co-
occurrence of the three perturbations, and increased with simultaneous warming 
and N or S deposition. 
 
A recurrent issue in the work presented in this thesis was that the observed 
microbial responses demonstrated clear trends, but these were often not statistically 
significant. This is an intrinsic problem in complex ecological systems with many 
potential explanatory variable interactions. Microorganisms in the soil – the 
response variable in this case – also exhibit a high variability within a sample. 
Furthermore, ecological microbial data must often be analysed using non-parametric 
methods, which are more robust than parametric ones but lack in power. Taken 
together, these factors indicate that the trends observed and conclusions derived are 
not invalid, but must be cautiously interpreted. 
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6.	Outcomes	and	reflections	
 
The main aim of this thesis was to improve understanding of how microbial 
communities in peatlands respond to climate change and increased atmospheric N 
and S depositions. The results of the work show that geo-climatological conditions 
along the latitudinal gradient have a higher impact on microbial communities than 
the microhabitats within sites. Temperature and precipitation as well as atmospheric 
N and S depositions differed among the field study sites. However, these 
environmental factors are not perturbations per se, but ambient conditions at each 
site. Nevertheless, the fact that microbial community composition and abundance of 
active methanogens differed between the sites indicates the importance of these 
environmental factors in relation to microbial community dynamics. Both microbial 
community composition and active methanogens displayed a degree of variability 
among the site microhabitats, which can be attributed to peat biogeochemistry and 
plant composition (Figure 7). Thus, site-intrinsic spatial variability cannot be 
neglected when designing sampling strategies with the intention of obtaining a 
representative sample with which to study peat microbial communities and their 
effectors. 
 
Of the three perturbations that were specifically investigated during the long-term 
in-situ experiment (warming and increased N and S depositions); N deposition 
followed by warming, played the most important role driving a shift of microbial 
community composition and promoting an increase in the abundance of active 
methanogens. It is hypothesised that this effect is mainly indirect, and occurs via an 
induced shift in vegetation towards vascular plants (Figure 7). This hypothesis is 
based on the clear shift in plant community composition in connection with 
warming and the addition of N, the strong relationship between plant and microbial 
communities that is mainly driven by the plant community, and the immediate 
uptake of nitrate by the plants following the addition of N. The impact of each 
perturbation on the microbial community was found to either multiply or counteract 
one another, with increased N deposition being the most important perturbation 
modulating the impact of warming and S deposition on the activity and composition 
of microbial communities. This highlights the importance of accounting for 
simultaneously occurring environmental perturbations in order to achieve better 
and more realistic projections of ecosystem responses to climate change. For 
example, precipitation regimes are projected to change and the results of this work 
indicate that will affect plant-microorganism interactions. While several studies have 
focused on dry/wet periods, future research should assess the interactive effects of 
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moisture regime dynamics with other perturbations, such as increased atmospheric 
N deposition and warming. 
  

 
Figure 7. A schematic overview of the outcomes of this thesis. The environmental 
perturbations – nitrogen (N), temperature (T), precipitation (P), and sulfur (S) – and the 
nutrients that were found to individually have an impact on microbial communities are 
shown in coloured circles. A wider arrow implies a stronger observed effect. DOC: 
Dissolved organic carbon. DIN: Dissolved inorganic nitrogen. 
 
Beyond environmental factors affecting the microbial community, plant community 
was found to play a key role in structuring microbial interactions. Plant-microbial 
interactions were in turn highly affected by N availability and seasonal fluctuations 
in temperature and precipitation. Given the fact that network complexity potentially 
determines the resistance and resilience of a network to perturbations, these results 
show that the linkage between above- and below-ground communities can either 
weaken and thereby alter ecosystem functioning, or strengthen thus ensuring 
ecosystem stability in the face of a changing climate. Long-term in-situ experiments 
simulating climatic perturbations would be the ideal method of elucidating the 
direction of the network response to a changing climate. This highlights the 
importance of accounting for the interactions between above- and below-ground 
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communities in order to better predict the response of an ecosystem to climate 
change. 
 
Compositional analyses are useful tools for characterising microbial communities 
and their genetic content, allowing insights to be obtained regarding which taxa and 
functions of a microbial community correlate with ecosystem processes and overall 
biogeochemistry. The results of the work presented in this thesis show a large 
turnover in microbial taxonomic composition as a result of the investigated 
perturbations and their interactions. However, while multiple perturbations led to a 
large taxonomic shift, the changes that occurred in genome-encoded functional traits 
were relatively minor, indicating that the species selected for under each 
perturbation exhibit a substantial degree of functional redundancy. Thus, an 
important outcome of this thesis is that functional redundancy may be the defining 
factor in ecosystem resistance and resilience to long-term environmental change and 
constrain ecosystem services, such as GHG emissions and net C exchange between 
peatlands and the atmosphere.  
 
In order to obtain more detailed insights of the implications of the microbial 
turnover with regard to ecosystem functioning, further investigations should focus 
on specific taxa that evinced a substantial response to the perturbations. Linking 
taxonomic composition to function is a challenge, and linking microbial community 
structure and ecosystem functioning even more so. There are several methods that 
provide a means of linking phylogeny with function. Among these, there are 
computational approaches for the taxonomic annotation of protein coding genes and 
transcripts or for their prediction from taxonomy data. There are also DNA- and 
RNA-stable isotope probing (SIP) methods that enable the identification of which 
taxa actively assimilate a priory labelled substrates. qPCR analyses of specific 
transcripts would complement the approach by enabling correlations between 
absolute abundance of expressed metabolic functions and process rates. 
 
Overall, the microbial responses reported in this thesis fit the general framework of 
ecosystem processes in relation to the geo-climatic and microclimatic factors that has 
been developed by previous studies. However, a holistic view is required in order to 
reach a more complete understanding of ecosystem responses to climate change. 
Future research should optimally integrate microbial responses, in-situ process rate 
measurements, take into account network interactions between above- and below-
ground communities, and general peat biogeochemistry, under long-term conditions 
considering multiple simultaneous environmental perturbations. 
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