
 UNIVERSITY OF CALGARY 

 

Effect of Drainage on Carbon Biogeochemistry and Microbiological Communities in Western 

Canadian Boreal Peatlands 

 

by 

 

Jaime M. Graham 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE  

DEGREE OF MASTER OF SCIENCE 

 

 

 

DEPARTMENT OF BIOLOGICAL SCIENCES 

CALGARY, ALBERTA 

APRIL, 2013 

 

 

Jaime M. Graham 2013 



 ii 

Abstract 

This study compared the bacterial and archaeal communities between a natural peatland 

and a peatland affected by water table drawdown along a microtopographic position and depth 

gradient. Peat physicochemical properties, carbon flux and potential CO2 and CH4 production as 

well as CH4 oxidation were measured to determine which factors affect microbial composition 

and diversity. 

Bacterial and archaeal communities were described by targeting the 16S rRNA gene 

using pyrosequencing. Physicochemical parameters measured included pH, peat temperature, 

humification, acetate, formate, sulfate, nitrite and nitrate.  

The most predominant methanotroph genus was Methylocella and the most predominant 

methanogen group was Methanomicrobiales Rice Cluster II. Diversity indices show humification 

and position relative to the water table as significant drivers affecting microbial diversity and 

richness. The control and drained sites differed significantly regarding the physicochemical 

influences on microbial relative abundance, however, pH affected methanotroph and methanogen 

relative abundance at both peatland sites.  
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Chapter One: Thesis Introduction  

1.1 Introduction to the Thesis 

The worldwide coverage of peatlands is only approximately 3% of the earth’s surface, 

but north of 45° approximately 3-4 million km2 (or 10% of all the land north of 45°N) is covered 

by peatlands (Basiliko et al. 2007; Frolking et al. 2009). Northern peatlands are important in the 

global carbon (C) cycle as a long-term sink of atmospheric carbon dioxide (CO2). They contain 

approximately 200-400 Petagrams (Pg = 1015) C representing between 10-20% of total soil C 

(Frolking et al. 2009). While peatlands are considerable long-term CO2 sinks, in any given year 

they may act as a C source and typically contribute large amounts of methane (CH4) emissions to 

the atmosphere depending on various environmental factors (Basiliko et al. 2007).  

Land-use changes in peatlands, including drainage for forestry, agriculture, peat mining 

or energy exploration and extraction, have increased over the last 50 years. This has important 

global implications on the functioning of peatlands as long-term CO2 sinks (Waddington & 

Price, 2000).  Drained peatlands often release CO2 and a more potent greenhouse gas (GHG) 

nitrous oxide (N2O) due to enhanced aerobic decomposition and denitrification (Turetsky & St. 

Louis, 2006). The unique biochemistry at any given peatland is largely determined by the long-

term feedback mechanisms present between hydrological and ecological dynamics; however, 

controls on the microbial communities responsible for the net carbon balance and their effects on 

the biochemistry are poorly understood (Basiliko et al. 2007).  

Previous research has shown that carbon cycling in peatlands is related to environmental 

factors such as temperature, local hydrology, vegetation, peat physiochemical properties and the 

nature of the microbial community (Laine et al. 2007; Moore et al. 2007; Pelletier et al. 2007; 

Mäkiranta et al. 2009; Kotiaho et al. 2010; Pihlatie et al. 2010).  Since peat chemistry and 
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microbiology affect and are affected by the physical conditions and the vegetation community at 

a site, these factors should be sensitive to any disturbance. As such, peat chemistry and 

microbiology may be appropriate indicators for assessing peatland carbon cycling.  

As 25% of the world’s peatlands are located within Canada, the dominance of this feature 

on the Canadian landscape is evident (Vitt, 2006). While land-use decisions are changing the 

coverage of peatlands in Canada, increasing temperatures in recent decades have been stronger at 

northern latitudes and are affecting water table levels within peatlands (Frolking et al. 2009). 

These changes have important implications on the ability of peatlands to continue to sequester C 

long-term. Identifying variables that control the nonlinear response of peatlands to environmental 

forcing is key to improving our understanding of feedbacks on the climate system (Belyea, 

2009).   

 

1.2 Research Objectives 

The objectives of this research were to collect baseline carbon cycling data in a natural 

(undisturbed) boreal peatland and then compare these data to a boreal peatland subjected to water 

table drawdown. This will determine how carbon cycling is affected in a long-term drought 

scenario. Although some research has investigated drainage effects on peatland carbon cycling, 

nutrient dynamics and microbiological community, (Waddington & Price, 2000; Juottonen, 

2008; Knorr & Blodau, 2009; Macrae et al. 2012; Lin et al. 2012), the comparisons between 

these parameters along both a microtopographic and depth gradient in a northern Alberta 

peatland are yet to be described. It is worth pointing out that this study is not a randomized block 

design and this may be a limitation in interpreting the results. The drainage of the peatland was 

not carried out as a part of the experiment; therefore, study sites were limited to what was 
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available. However, peatland feature is the fixed effect (hummock and hollow microforms) with 

each feature chosen randomly within a site and is statistically relevant, while the drainage effect 

is exploratory. While there is appropriate within-site replication, the ideal experimental design 

would be to collect data from multiple control (undisturbed) peat bogs and drained peat bogs. In 

practice this was not feasible given the expense and environmental impact of draining multiple 

sites. Regardless, this research will address the need to investigate the response of carbon cycling 

in peatlands under disturbance with a local ecosystem approach to determine whether drought 

affects peat substrate quality and microbial diversity and how these responses vary along a 

microtopographic and depth gradient. Moreover, this research will provide microbiological, 

chemical and physical baseline data valuable for monitoring the effects of land management on 

peatland function.  

 

1.3 Subsequent Sections of the Thesis  

The investigation of this knowledge gap will occur in two major sections:   
 

1) Microbial characteristics:  

Cores of peat taken from both control and drained sites along a microtopographic 

position (hummocks and hollows) were divided into sections depending on water table 

position (two or three sections above and two below the water table). In addition, CO2 

and CH4 flux measurements were taken at each microform in each bog. An incubation 

study was completed to characterize the microbial community by determining the 

potential rates of CO2 and CH4 production as well as CH4 consumption over time using 

gas chromatography. Bacterial and archaeal communities were described by targeting the 

16S rRNA gene using pyrosequencing; and 
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2) Comparisons between the microbial community and physicochemical characteristics:  

The differences in the quality and quantity of substrate along both the microtopographic 

position and between drainage treatments were determined through the analysis of 

humification status by the von Post method and the concentrations of major anions such 

as acetate, formate, nitrite, nitrate and sulfate through the use of High-Performance 

Liquid Chromatography (HPLC). Additionally, supplementary field physical data such as 

peat temperature and pH were collected at both the control and drained sites along the 

microtopographic position and depth gradient.    

 

1.4 Study Sites 

The peatland study area is located in central Alberta near Wandering River, (46o40’N, 

71o10’W) on a property managed by Sun Gro Horticulture (Figure 1.1).  One site acted as a 

control in its natural state whereas the other site had been drained in 2003 for preparation for 

peat harvesting. The nearest meteorological station (approximately 75 km from the study site in 

Athabasca, AB) reports an annual average temperature of 2.1oC with the warmest and coolest 

months occurring in July and January at an average 16.2oC and -14.9oC, respectively 

(Environment Canada, 2010). The annual average precipitation is 503.7 mm with the most 

rainfall occurring in July (Environment Canada, 2010).      
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Figure 1.1 Locations of research sites near Wandering River, Alberta. Photo source: Google 

Earth (public domain), 55°18’38.95”N and 112°28’51.29”W elevation 572 m, 2013.  

 

The control site vegetation is characterized by Picea mariana, understory shrubs Ledum 

groenlandicum, Vaccinium vitis-idaea and herb Rubus chamaemorus and mosses Sphagnum 

fuscum and Sphagnum angustifolium (Figure 1.2). The drained site vegetation is characterized by 

Picea mariana, understory shrubs Ledum groenlandicum and Chamaedaphne calyculata and 

mosses Polytrichum strictum, Sphagnum capillifolium, Sphagnum angustifolium and Cladonia 

stellaris (lichen) (Figure 1.2). Both sites in this study are classified as ombrotrophic bogs 

(Chapter 2.1).  
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Figure 1.2 The control site (above) shows stunted Picea mariana (Black Spruce) while the 

drained site (below) shows mature Black Spruce and a higher density of Ledum groenlandicum 

(Labrador tea). Photo: Jaime Graham.  
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Chapter Two: Literature Review 

2.1 Introduction to Canadian Peatlands and Vegetation 

With coverage of approximately 1.136 million km2 (or 12% of the land area), peatlands 

across Canada are a dominant physical feature of the landscape (Tarnocai, 2006).  Peatlands are 

any area of waterlogged organic substrate greater than 40 cm thick, resulting from thousands of 

years in which net primary production (NPP) has exceeded decomposition (Blodau, 2002; Vitt, 

2006). The persistence of peatlands depends on a constant, long-term supply of water in which 

the waterlogged condition of the soil influences the form and the function of peatlands (Vitt, 

2006). The waterlogged condition of peatlands leads to a vertical structure where an oxic surface 

layer known as the acrotelm exists above the water table and an oxygen-depleted layer known as 

the catotelm exists underneath the acrotelm (Blodau, 2002; Charman, 2002).  The thickness of 

the acrotelm varies depending on microform topography and the position of the water table; 

however, these differing vertical profiles influence the peat accumulation rates along with the 

aerobic and anaerobic decomposition rates of organic matter (OM) (Charman, 2002; Vasander & 

Kettunen, 2006).   

Peatlands in Canada are grouped into four basic types: ombrotrophic bogs, minerotrophic 

fens, intermediate or poor fens and calcareous fens (Blodau, 2002). The distinguishing 

characteristics are pH, cation concentrations, hydrologic dynamics and dominating vegetation 

(Blodau, 2002).  Fens receive inputs from groundwater and surface runoff (as well as 

atmospheric precipitation), and therefore tend to be more nutrient-rich and more basic than bogs 

(Charman, 2002). However, there is a great range in the trophic status of fens making it difficult 

to precisely differentiate the systems based on geochemical criteria (Charman, 2002). The 

distinction between a bog and fen was first classified based on vegetation and not by 
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hydrological or hydrochemical definitions (Wheeler & Proctor, 2000). Distinguishing a bog and 

fen based on vegetation is problematic as assumptions about the presence of a particular plant 

species as an indicator of minerotrophy is potentially incorrect (Wheeler & Proctor, 2000). 

Wheeler and Proctor (2000) noted that multivariate analyses of peatland vegetation corresponded 

better to a split of bog and poor fen together vs. rich fen. For these reasons, Wheeler and Proctor 

proposed the differences between a bog and a fen are better defined on the basis of pH and 

further subdivided by substratum fertility (capacity to support plant growth). Bogs and poor fens 

are distinguished by low pH (<5) and low calcium concentrations. Rich fens are characterized by 

high pH (>5.6) and high calcium concentrations (Wheeler & Proctor, 2000; Kulzer et al. 2001; 

Charman, 2002).  

In this study, both sites under investigation are classified as ombrotrophic bogs. Since 

ombrotrophic bogs are influenced primarily by water derived from rain and snow, the water 

balance and nutrient status depends on the inputs of atmospheric water and evapotranspiration 

rates from the bog surface (Charman, 2002; Vitt, 2006).  The dissolved cations and anions from 

the water input source along with the evapotranspiration rates exert strong influences on 

vegetation and function of ombrotrophic bogs (Vitt, 2006). It is important to note that the water 

chemistry itself cannot be used to predict the type of vegetation at a particular site as two sites 

with similar water chemistry can support different plant communities. However, the long-term 

ombrotrophic status of a bog can be visually affirmed by identifying the vegetation that exists at 

a site (Vitt & Chee, 1990). For instance, normally reliable floristic indicators of ombrotrophy in 

Canada include Picea mariana (Black Spruce), Rubus chamaemorus (cloudberry), Ledum 

groenlandicum (Labrador tea) and Sphagnum fuscum whereas minerotrophy may be 
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characterized by vegetation such as Betula glandulosa (dwarf birch), Sphagnum riparium and 

numerous regional Carex species (grassy sedges) (Vitt, 2006).  

Sphagnum-dominated peatlands are distinguished from other peat-accumulating wetlands 

based primarily on acidity (Kulzer et al. 2001). Sphagnum has several key properties that allow it 

to influence the physicochemical properties of a peatland. Sphagnum takes up mineral nutrients 

(e.g., Ca2+, Mg2+ etc.) from water but releases hydrogen ions (H+) in the process, thus 

contributing to peatland acidity (Kulzer et al. 2001). The increased acidity affects the growth and 

presence of certain vegetation types such as vascular plants and trees, but also affects the 

structure of the microbial communities and decomposition rates (Kulzer et al. 2001).  

While nutrient status affects vegetation between peatland types, vegetation will also 

differ within peatlands throughout the two broad microtopographic variations (hummocks and 

hollows). Hummocks and hollows represent elevated and depressed areas, respectively, on the 

scale of a square meter (Blodau, 2002).  The position of the water table relative to the surface of 

the peat will limit the type of vegetation that can grow. In a poor fen, for example, hummocks 

are raised above the water table, forming dry microhabitats that are expected to support dense 

stands of dwarfed shrubs as well as mosses such as Sphagnum that continuously cover the 

microform (St Arnaud, 2007).  In the wet, hollow areas of a poor fen, vegetation is expected to 

be sparse and consist of sedges such as Carex oligosperma (St Arnaud, 2007).  

Certain types of flora such as sedges are capable of enhancing the emission of CH4 

produced at depth through root-leaf transport structures as discussed further in Section 2.2 

(Kotsyurbenko, 2010). Vascular plants can also enhance CH4 production at depth by providing 

fresh substrate through root exudation and decay, and CH4 oxidation by transporting oxygen to 

the rhizosphere (Bellisario et al. 1999; Popp et al. 2000).   
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2.2 Peatland Carbon Balance 

Peat organic C content varies throughout the peat profile as it is affected by varying 

inputs from woody, vascular plant and bryophytes (non-vascular plants) and by varying amounts 

of cellulose and lignin-like compounds from decomposition (Chambers et al. 2011). Original 

litter inputs influence peat bulk density and Sphagnum-derived peatlands in western Canada 

often have lower bulk density than non-Sphagnum, sedge and forest peats (Chambers et al. 

2011). Bulk density values for organic soils range from 0.05 g cm-3 in very fibric, undecomposed 

materials to less than 0.5 g cm-3 in well decomposed materials (Andriesse, 1988). Dark-coloured 

highly humified peat indicates either fast decomposition or a longer residence time in the 

acrotelm under dry or warm temperatures (de Jong et al. 2010). Conversely, light-coloured 

unhumified peat indicates a shorter transfer time to the catotelm or a slow rate of decomposition 

under wet or cool conditions (de Jong et al. 2010). Therefore, even though peat is a large 

reservoir of carbon, the carbon in the peat matrix can be very resistant to decomposition 

(especially in the anoxic conditions that prevail at depth), as the more labile compounds are 

preferentially used by microbes and only the more recalcitrant compounds are left behind 

(Kettunen, 2002).  

While peatlands serve many valuable ecological functions, their role as long-term stores 

of soil carbon is globally important. Peatlands represent an important terrestrial carbon sink with 

an estimate of 462 Pg C currently stored worldwide (Keller & Bridgham, 2007).  However, 

estimates of peatland coverage, bulk density, mean depth of peat layers and C content vary, so 

estimates of global peatland carbon pools have a large variation (Vasander & Kettunen, 2006). 

Canadian peatlands are estimated to contain approximately 147 Pg soil C which represents 

approximately 56% of the organic C stored in all Canadian soils (Tarnocai, 2006). Despite the 
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variations in methods assessing peatland carbon pools, peatlands show positive long-term 

sequestration of large amounts of atmospheric C; however, they simultaneously are the most 

important global CH4 source (Vasander & Kettunen, 2006). Because of this, peatlands are 

globally important to the climate system, considering CH4 has a global warming potential factor 

25 times that of CO2 over a 100-year time frame (Vasander & Kettunen, 2006; IPCC, 2007).   

The storage of carbon is represented by the difference between primary production and 

decomposition (Clymo 1984). The peatland carbon balance can be represented with the equation:  

∆C = -(NEE + FCH4 + FDOC + FDIC+ FPOC). 

Where: ∆C is the change in carbon content; NEE is the net flux of carbon as CO2 from 

ecosystem to atmosphere; FCH4 is the net CH4 flux; FDOC is the net waterborne exchange of 

dissolved organic carbon (DOC); FDIC is the net waterborne exchange of dissolved inorganic 

carbon (DIC); and FPOC is the net waterborne exchange of particulate organic carbon (POC) 

(Strack et al. 2008). For fluxes, negative values represent a net gain wherein the flux is from the 

atmosphere to the peatland and positive flux values indicate a net loss wherein the flux is from 

the peatland to the atmosphere. In addition, Bäckstrand et al. (2008) found that non-methane 

volatile organic carbon emissions (such as plant produced isoprene or terpene) can represent 

~5% of the total net carbon exchange at a peatland during a growing season.   

 Atmospheric CO2 sequestered into vegetation is the main carbon input into the peatland 

and while some CO2 is lost through plant and microbial respiration, the waterlogged condition of 

the peatland leads to a transformation of some of this carbon to CH4 in the catotelm (Charman, 

2002; Vasander & Kettunen, 2006). The anaerobic decomposition of organic matter resulting in 

methanogenesis is described in detail in Section 2.4.3.  Methane is subject to oxidation via 

methanotrophy in the acrotelm as this layer is more oxic, producing CO2 as an end product 
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(Vasander & Kettunen, 2006). Figure 2.1 shows a flow diagram of the processes and transport 

mechanisms affecting carbon exchange in a peatland.  

Methods for CH4 transport include diffusion through the peat matrix, ebullition and 

passage through vascular plants (Vasander & Kettunen, 2006). CH4 transport by diffusion 

through the peat matrix is slow and as it passes through the acrotelm, CH4 is subject to aerobic 

oxidation (Strack et al. 2004). However, transport of CH4 through peatland vascular plants is an 

important mechanism of releasing CH4 to the atmosphere as it bypasses methanotrophic bacteria 

in the oxic layer (Waddington et al. 1996).  Additionally, Rosenberry et al. (2006) suggested that 

the sudden release of free-phase gas bubbles into the atmosphere (ebullition) alter hydraulic 

gradients and movement of water and nutrients within the peatland. Moreover, the presence of 

CH4 bubbles affect the local CH4 diffusive flux as the rate of CH4 diffusion is related to the CH4 

concentration gradient (influenced by the presence of CH4 bubbles), (Strack et al. 2005).  

 DOC is produced through the release of exudates from growing plants and the incomplete 

decomposition of dead plant material (Fenner et al. 2007). DOC is leached from peatlands as a 

result of runoff and can also be leached through the peat profile to the groundwater level 

(Vasander & Kettunen, 2006). A large portion of exported DOC can be broken down into CO2 

and released into the atmosphere downstream of peatlands (Strack et al. 2008).  
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Figure 2.1 Flow diagram of the carbon cycle in peatlands adapted from Faubert (2004).  

 

2.3 Water Table Drawdown and Carbon Cycling Response 

The average annual air temperature in Canada is expected to increase between 3-5°C by 

2020 and between 5-10°C by 2050 (Tarnocai, 2009). As a result of increasing temperatures, 

ground temperatures will rise, which will increase both evapotranspiration (ET) rates and the 

drying of non-permafrost peatlands (resulting in water table drawdown) especially in the 

southern Boreal region (Tarnocai, 2009). While there are several controls on the rates of CO2 

production including temperature and the quality of substrate for decomposition, predicted 

climate change impacts in the southern Boreal region associated with drought and higher ET 

rates are expected to result in increased production of CO2 due to enhanced aerobic 

decomposition in the acrotelm (Moore & Dalva, 1997; Tarnocai, 2009).  



 14 

 The effects of water table drawdown on CH4 emissions are more complex as there may 

be enhanced CH4 production through root exudates and litter associated with denser vascular 

plant colonization, but there may also be enhanced transport of CH4 directly to the atmosphere 

(Strack et al. 2008). However, while CH4 production may be enhanced, CH4 oxidation may also 

be enhanced due to the transport of O2 to the rooting zone  (Sundh et al. 1995; Strack et al. 

2008).  Climate change impacts associated with higher air and soil temperatures will affect 

peatland CH4 fluxes differently depending on the geographical location of the peatland and local 

conditions including hydrology, microbial community, substrate quality and substrate 

availability (Sundh et al. 1995; Moore & Dalva, 1997; Strack et al. 2008). However, as both 

CH4 production and consumption are positively correlated to temperature, but production more 

so, (Dunfield et al. 1993), Strack et al. (2008) suggested the increase in atmospheric 

temperatures (and thus ground temperatures) alone should enhance overall peatland CH4 

emissions.    

There are many causes of the slow decay rate of peat, including low concentrations of 

O2, recalcitrant carbon, permafrost, low nutrient supply, low temperature and acidity (Freeman et 

al. 2001; Thomas & Pearce, 2004; Frolking et al. 2009).  How water table drawdown affects 

peatland carbon exchange varies depending on the time-scale, vegetation composition and fresh 

substrate inputs, temperature and soil pH (Peltoniemi et al. 2012). However, understanding the 

interactions that control the nonlinear response of peatlands to environmental forcing is key to 

improving our understanding of feedbacks on the climate system (Strack et al. 2008; Belyea, 

2009).     
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2.4 Peatland Microbiology and Function 

Microbial diversity in soils is critical for soil functioning and health as microbes are 

responsible for a wide range of nutrient cycling and geochemical processes (Smalla et al. 2007). 

For instance, the turnover of bacterial populations contributes a net release of nitrogen to soils 

(DuPont et al. 2009) and temporal variability in resource supply can generate pulses of 

ecosystem activity through major biogeochemical fluxes of energy and nutrients (Lennon & 

Cottingham, 2008). For these reasons, the study of the interactions between bacteria and their 

environment can reveal how they would respond to various natural or man-made disturbances 

(Zhang & Xu, 2008).  This is especially relevant in peatlands as increased temperatures from 

climate change impacts may alter the long-term function of a peatland as a carbon sink by 

affecting microbial decomposition rates.  

 

2.4.1 Bacterial Communities 

The acidic environment of Sphagnum-dominated bogs coupled with low temperatures, 

water-saturated conditions and low concentrations of nutrients, provides an extreme habitat for 

microorganisms (Opelt et al. 2007a). Although peatlands are globally important for their role in 

carbon cycling, bacterial, archaeal and fungal communities are still poorly described and 

understood (Peltoniemi et al. 2009).  

The principal aerobic decomposers in peatlands are considered to be fungi, which act 

upon the surface litter layer, although the role of fungi declines with depth as the moist and 

anoxic conditions inhibit their growth (Pankratov et al. 2011). Consortia of different 

microorganisms carry out the degradation of plant litter, but their species compositions and roles 
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are poorly understood (Pankratov et al. 2011). The major components of peat carbon are plant 

polysaccharides such as cellulose and hemicellulose (Tveit et al. 2012). These polysaccharides 

are broken down into simple sugars by hydrolytic extracellular enzymes produced by 

microorganisms (Tveit et al. 2012). The inhibiting effect of phenolic substances, which 

accumulate in anoxic peat, has been suggested as a major factor in the low rates of organic 

matter (OM) decomposition in peat soils (Tveit et al. 2012). Actinobacteria are suggested to be 

important decomposers as these bacteria can degrade cellulose and some can even metabolize 

lignin and other complex polymers (Pankratov et al. 2006; Peltoniemi et al. 2009). Additionally, 

species of the Planctomycetes phylum densely colonize acidic ecosystems including northern 

peatlands and are thought to function as slow-acting decomposers of plant-derived organic 

matter (Ivanova & Dedysh, 2012).  

Acidobacteria have been detected in a wide variety of environments including peatlands, 

but their broad phylogenetic and functional diversity (and lack of cultures and functional data) 

make it difficult to determine their functions (Pankratov et al. 2008). The Acidobacteria phylum 

is highly diverse comprising 26 distinct phylogenetic subdivisions in which cultured 

representatives only exist for 5 of the subdivisions (Ward et al. 2009).  Members of the 

Acidobacteria phylum have been very difficult to isolate and culture as they do not grow on 

standard media, requiring several days to weeks to form visible colonies on complex, low-

nutrient media (Ward et al. 2009). These culturing difficulties affect the ability to determine 

metabolic and physiological traits of Acidobacteria (Ward et al. 2009). However, Dedysh et al. 

(2006) managed to isolate an acidobacterium that was detected as a predominant member of the 

community (1 of 24 16S rRNA Acidobacteria clones detected). This isolate was taxonomically 

described as a chemo-organotroph (Geothrix fermentans) that utilized various organic acids as 
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electron donors and humic acids as an alternative electron acceptor. Other recently cultured 

representatives from the Acidobacteria phylum as reviewed by Dedysh (2011), include those of 

the genera Granulicella, Telmatobacter, Bryocella and Bryobacter, all of which are acidophilic 

chemo-organotrophs that grow at pH values between 3.0 and 6.5-7.5. The ability to degrade 

various plant-derived polymers varies between different Acidobacteria species but 

Telmatobacter bradus is capable of hydrolyzing cellulose (Dedysh, 2011). Dedysh (2011) noted 

that most peat-inhabiting acidobacteria utilize certain acids produced from the decomposition of 

Sphagnum moss and members of this phylum seem to play an important role in degrading plant-

derived polymers in peatlands.  

Proteobacteria of the genus Burkholderia are a typical component of the Sphagnum peat 

bog microbial community due to the high adaptability of Burkholderia to northern peat bog 

conditions (Belova et al. 2006; Opelt et al. 2007a). Burkholderia spp. have been shown to be 

moderately acidophilic, psychrotolerant, and nitrogen-fixing. Some species can solubilize 

phosphate (Opelt et al. 2007a).  Burkholderia spp. utilize various organic acids, sugars, alcohols 

and some aromatic compounds (Pankratov et al. 2011). This is of particular importance as 

various phenolic compounds and derivatives of benzoic acid are major organic compounds 

produced by mosses and accumulated in Sphagnum peat bogs (Belova et al. 2006).  Additionally, 

it is thought that Burkholderia spp. may survive in methanotrophic communities by metabolizing 

polysaccharides from methanotrophic capsule material or from the organic matter of dead cells 

(Belova et al. 2006). Belova et al. (2006) found that by determination of the partial sequences of 

16S rRNA genes in Sphagnum bog isolates, members of the genus Burkholderia constituted 

approximately 30% of the bacterial community.  



 18 

Methanotrophic bacteria as well as the methanogenic archaea in peatland ecosystems can 

be easily linked to CH4 cycling as these groups have an obligate metabolism and can be 

identified on the basis of phylogeny. A detailed discussion on methanotrophs and methanogens is 

presented in Sections 2.4.2 and 2.4.3.   

 

2.4.2 Methanotrophs 

The CH4 produced anaerobically in peatlands is released to the atmosphere via various 

pathways as shown in Figure 2.1, unless consumed by aerobic CH4-oxidizing bacteria 

(methanotrophs). Aerobic methanotrophs belong to four different phylogenetic groups including 

two classes of the Proteobacteria phylum: Alphaproteobacteria and Gammaproteobacteria, 

which are found in a wide variety of ecosystems (Kip et al. 2010).  Recently, three newly 

discovered thermoacidophilic methanotrophs that represent a distinct lineage in the phylum 

Verrucomicrobia are proposed to be included in a new genus termed Methylacidiphilum 

(Dunfield et al. 2007; Op den Camp et al. 2009). In addition, a newly discovered anaerobic 

methanotrophic bacterium Candidatus Methylomirabillis oxyfera (belonging to the uncultured 

NC10 phylum) was recently shown to convert two nitric oxide (NO) molecules into N2 and O2. 

The O2 was then used to oxidize CH4 (Ettwig et al. 2010). The known taxa in each group of 

methanotrophs are depicted in Table 2.1 (adapted from Siljanen, 2012). 
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Table 2.1 Taxonomic classification of methanotrophs.    

Phylum Class Family Genus 
Proteobacteria Alphaproteobacteria Methylocystaceae Methylosinus 
 Methylocystis 
 Beijerinckaceae Methylocapsa 
 Methyloferula 
 Methylocella 
Proteobacteria Gammaproteobacteria Methylococcaceae Methylobacter 
 Methylococcus 
 Methylocaldum 
 Methylohalobius 
 Methylomicrobium 
 Methylomonas 
 Methylosoma 
 Methylosarcina 
 Methylosphaera 
 Methylothermus 

Methylovulvum 
 Crenothrix 
 Clonothrix 
Verrucomicrobia   Cand. Methylacidiphilum 
NC10   Cand. Methylomirabillis  

 

 

The oxidation of CH4 by aerobic methanotrophs is initiated by methane monooxygenase 

enzymes that split the O-O bonds of oxygen to reduce one to H2O and incorporate the other into 

CH4 as CH3OH (methanol) (Hanson & Hanson, 1996). There are two types of methane 

monooxygenases: particulate (pMMO) bound in an intracytoplasmic membrane (ICM) and 

soluble (sMMO) that is not membrane-bound (Vorob’ev et al. 2011). Almost all known 

methanotrophs possess pMMO with the exception of the genera Methylocella and Methyloferula 

which possess only sMMO (Dedysh et al. 2000; Vorob’ev et al. 2011).  The oxidation of CH4 by 

aerobic methanotrophs results in a final product of CO2 (Hanson & Hanson, 1996).  

Most aerobic methanotrophic bacteria are capable of growth on only C1 compounds such 

as CH4, CH3OH, methylamine and formate (Dedysh & Dunfield, 2010). However, members of 
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the genus Methylocella are the first fully authenticated facultative methanotrophs shown to 

utilize CH4 or some multi-carbon compounds (e.g., acetate and ethanol) as their sole carbon and 

energy source (Dedysh & Dunfield, 2010).  Interestingly, in a study of Methylocella by Dedysh 

et al. (2005a), when both acetate and CH4 substrates were provided in excess, acetate was 

preferentially used and as a result, CH4 oxidation was shut down. Therefore, with changing 

peatland vegetation and thus substrate quality at depth, it is possible that a system dominated 

with Methylocella-like methanotrophs may show an altered CH4 cycle (e.g., higher CH4 

concentrations) if acetate availability drastically increases (Dedysh & Dunfield, 2010).   

Methanotrophs in peat have been investigated using 16S rRNA gene analysis and by 

functional marker genes such as mmoX and pmoA (McDonald et al. 2008). The mmoX and pmoA 

genes encode for subunits of the sMMO and pMMO enzymes, respectively. Since Methylocella 

spp. do not possess sMMO, mmoX must be used to detect this methanogen (it will not be 

detected in pmoA based studies) (Kip et al. 2010).  

One of the most numerically dominant and metabolically active populations in acidic 

peatlands is Methylocystis (Dedysh, 2009). Two representatives of the methanotrophs belonging 

to the genus Methylocystis have been isolated from acidic Sphagnum peat bogs (Dedysh, 2009). 

Interestingly, one strain of Methylocystis bryophila is able to grow slowly on acetate in the 

absence of CH4 (Dedysh, 2009). Members of the genus Methylocella are widely distributed in 

acidic and neutral peatlands (Dedysh, 2009). Closely related to Methylocella spp., members of 

the genus Methylocapsa acidiphila have been detected in acidic peatlands and have been shown 

to be an obligate methanotroph (Dedysh, 2009). However, Methylocapsa aurea is a facultative 

methanotroph and grows on acetate as well as CH4 and CH3OH (Dunfield et al. 2010). Bacteria 

related to Methylocapsa have been linked to the atmospheric consumption of CH4 (Dedysh, 
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2009). Members of the Methylococcaceae have also been detected in peatlands but do not 

represent a numerically significant methanotroph population (Dedysh, 2009). Furthermore, it has 

recently been shown that a nitrite-reducing anaerobic methanotroph from the NC10 phylum has 

been enriched from a minerotrophic peatland infiltrated by nitrate-rich groundwater (Zhu et al. 

2012).  

 

2.4.3 Methanogens 

Methanogens are anaerobic prokaryotes belonging to the domain Archaea and are unique 

in the sense that they obtain energy from selected low molecular weight carbon compounds and 

hydrogen while producing CH4 (Juottonen, 2008).  Methanogens can be divided into three main 

nutritional categories: (i) hydrogenotrophs that oxidize H2 and reduce CO2 to form CH4; (ii) 

acetoclastic methanogens that utilize the methyl group of acetate to produce CH4; and, (iii) 

methylotrophs that utilize methyl compounds such as CH3OH, methylamines or dimethylsulfides 

to produce CH4 (Garcia et al. 2000; Galand, 2004).   

Acetate and H2/CO2 are quantitatively important CH4 precursors in anoxic peat 

(Kotsyurbenko, 2010). Most studies suggest that CH4 formation by acetoclastic methanogens is 

the most important pathway in nutrient-rich fens whereas CO2 reduction coupled with H2 

oxidation is the most important methanogenic pathway in Sphagnum-dominated bogs 

(Duddleston et al. 2002; Kotsyurbenko, 2010).  

There are five known orders of methanogens: Methanobacteriales, Methanococcales, 

Methanomicrobiales, Methanosarcinales and Methanopyrales (Garcia et al. 2000). Of these 

orders, members of Methanosarcinales are known to contain acetoclastic methanogens although 

certain species may be exceptions (Garcia et al. 2000). The other four orders primarily contain 
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hydrogenotrophic methanogens, of which some can utilize formate as an alternative to H2 and 

some may have additional potential substrates such as methanol (Garcia et al. 2000; Galand 

2004).   

Peat carbon provides a limited substrate for methanogenesis due to the resistant nature of 

organic matter (OM). Older OM is harder to decompose than newer OM simply because 

microbial decomposition of OM begins with the fractions that are easier to decompose (Hogg, 

1993).  However, vascular plants supply fresh substrate through root exudation and litter decay 

to the anoxic layers of the peatland, enhancing CH4 production because of the quality and 

relative ease of decomposition of newer substrate over the older material (Waddington et al. 

1996).    

The first step of anaerobic OM decomposition is hydrolysis (Figure 2.2) in which 

fermenting bacteria cleave polysaccharide polymers to monomers (Galand, 2004). Following 

this, fermentation of the monomers results in the release of simple compounds such as fatty 

acids, H2, CO2 and alcohols (Galand, 2004). Alternatively, monomers can be fermented to 

acetate by homoacetogenic bacteria. Syntrophic bacteria (e.g., sulfate-reducing bacteria) degrade 

primary fermentation products into acetate, H2 and CO2 (Galand, 2004). Methanogenesis is the 

final step of anaerobic OM degradation through the three main pathways discussed at the 

beginning of this section.  
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Figure 2.2 Flow diagram of anaerobic OM decomposition and methanogenesis modified from 

Conrad (1999) as cited in Galand (2004) and Juottonen (2008).  
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Methanogenesis is a strictly anaerobic process; however, methanogens have adapted to 

changing moisture conditions in northern peatlands, as they remain attached to peat in pores 

(Kotiaho et al. 2010). In this way, methanogens can survive under more aerated conditions in 

waterlogged microenvironments in smaller pores above the water table (Kotiaho et al. 2010). In 

vitro incubation studies have been used to assess the vertical distribution of methanogenic 

activity through measuring anaerobic potential CH4 production (Kotiaho et al. 2010). Several 

studies have resulted in the observation of the highest potential CH4 production rates within 20 

cm below the water table (Sundh et al. 1995; Cadillo-Quiroz et al. 2006; Juottonen, 2008; 

Kotiaho et al. 2010). Although measurements of CH4 production can be quantified both in the 

field and in the laboratory, relatively little is known about the mechanisms of CH4 production in 

peatlands and the methanogenic community composition (Kotsyurbenko, 2010).  

Methanogens in peat have been investigated with the 16S rRNA gene and the alpha 

subunit methyl coenzyme M reductase (mcrA) functional gene as molecular markers. The mcrA 

enzyme catalyzes the terminal step in methanogenesis (Hallam et al. 2003). Methanomicrobiales, 

Methanobacteriales, Rice Cluster I (RCI), Rice Cluster II (RCII) and Methanosarcinales 

(members including the Methanosarcinaceae and Methanosaetaceae families) have frequently 

been detected in peat (Table 2.2). In addition, an acidophilic methanogen of the 

Methanomicrobiales order (Methanoregula boonei) has recently been isolated from an acidic 

(pH 4.0-4.5) ombrotrophic bog near New York, USA (Bräuer et al. 2011). Also, a 

hydrogenotrophic methanogen of the Methanomicrobiales order (Methanosphaerula palustris) 

has been isolated from a minerotrophic fen (Cadillo-Quiroz et al. 2009).   
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Table 2.2 Summary of a sample of 16S rRNA gene molecular marker studies of methanogens in 

peatlands.    

Site and Region Site pH  Molecular 
markers / 
methods 

Phylogenetic affiliation References 

Bakchar Bog, West 
Siberia 

4.2 – 4.8 16S rRNA / 
T-RFLP  

Rice Custer II 
Methanosarcinaceae; 
Methanomicrobiaceae; 
Methanobacteriaceae 

Kotsyurbenko 
et al. (2004) 

Sylvie’s bog north-
central AB; continental 
bog Patuanak, Sask 

3.6 – 4.5 16S rRNA / 
Clone RFLP 

Rice Custer II 
Methanomicrobiales 
Methanosaetaceae 
Methanosarcinaceae 
Methanobacteriaceae 

Yavitt et al. 
(2006) 

McLean bog and 
Chicago bog, New 
York State 

3.5 – 4.5 16S rRNA / 
T-RFLP 

Rice Custer I 
Rice Custer II 
Methanomicrobiales 
Methanosaetaceae 
Methanosarcinaceae 

Cadillo-
Quiroz et al. 
(2006) 

15 high-latitude 
peatlands in Alaska; 3 
mid-latitude peatlands 
in Massachusetts 

3.9 – 4.65;  
5.61 – 7.01 

16S rRNA / 
DGGE  

Methanomicrobiales 
Methanobacteriaceae 
Methanosaetaceae 

Rooney-Varga 
et al. (2007) 

Six peatlands arrayed 
775 km from eastern 
Ontario, Canada to 
West Virginia, USA 

3.8 – 4.8; 
6.8 

16S rRNA / 
Clone RFLP 

Rice Custer I 
Rice Custer II 
Rice Custer III 
Methanomicrobiales 
Methanosaetaceae 
Methanosarcinaceae 

Yavitt et al. 
(2011) 

Rich, intermediate and 
acidic poor fen, 
Ontario, Canada  

Rich fen 6.31;  
int. fen 6.15;  
poor fen 4.77 

16S rRNA / 
T-RFLP 

Rice Custer I 
Rice Custer II 
Methanosarcinaceae 
Methanomicrobiales 
Methanosaetaceae  

Godin et al. 
(2012) 
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2.5 Microbial Identification and Characterization 

It is estimated that 1% or fewer of global microorganism species are currently cultured 

due to the difficulties in reproducing the complex environmental parameters that support some 

species in the laboratory (Hurst et al. 2007). For this reason, microbial community structure and 

species diversity are best studied with cultivation-independent approaches (Shah et al. 2011).  

16S rRNA gene sequences have been most commonly used as genetic markers to study bacterial 

and archaeal phylogeny (Janda & Abbott, 2007). This is primarily due to the fact that the 16S 

rRNA genes: (i) are present in almost all bacteria and archaea; and (ii) are highly conserved in all 

bacteria and archaea suggesting that random sequence changes are an accurate measure of 

evolution (Janda & Abbott, 2007). Molecular analysis of microbial communities begins with 

DNA extraction from the environmental sample, polymerase chain reaction (PCR) amplification 

of marker genes (e.g., 16S rRNA), and differentiation of amplicons via a chosen community 

fingerprinting or cloning technique.  

PCR products differentiated by culture-independent pyrosequencing provide a low-cost, 

high-throughput method for generating sequences. Pyrosequencing generates hundreds of 

thousands of sequences in a single run and eliminates the need of producing clone libraries 

(Hamady et al. 2008). Adding a unique tag (barcode) to each primer before PCR amplification 

controls costs and allows for as many as 60 samples to be run in a single pyrosequencing run 

rather than splitting a single plate across multiple runs (Hamady et al. 2008).  The vast datasets 

resulting from pyrosequencing have revealed much greater species diversity in several different 

environments than previously anticipated (Shah et al. 2011). In pyrosequencing, the 

incorporation of a nucleotide by DNA polymerase during DNA synthesis results in the release of 

pyrophosphate, which ultimately results (after a number of other reactions) in the release of 
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visible light (Mardis, 2008). The amount of light produced is captured by a charge-coupled 

device camera and corresponds to the number of nucleotides incorporated (Mardis, 2008). While 

the four nucleotides (TCGA) are added sequentially, there is some difficulty in determining the 

number of incorporated nucleotides following the incorporation of >6 identical nucleotides 

(Ronaghi, 2001). The intensity of light produced at these long stretches of homopolymeric 

regions is difficult to correlate to the actual number of nucleotide positions (Mardis, 2008).  This 

typically results in base insertion or deletion errors in homopolymeric regions (Mardis, 2008).  

 PCR processes and pyrosequencing can introduce errors and lead to inflated diversity 

estimates (Kunin & Hugenholtz, 2010). Chimeras are PCR artifacts resulting from a prematurely 

terminated amplicon when it reanneals to a different template DNA (DNA sequences composed 

of DNA from two or more parents) (Gonzalez et al. 2004). Chimeras need to be removed using 

chimera detection software otherwise the researcher would have the false impression that this is a 

newly discovered previously unknown species (Kunin & Hugenholtz, 2010). Also, to avoid 

interpreting sequence errors as naturally occurring populations, pyrosequencing reads are 

clustered at a sequence identity threshold (typically 97-98%) (Kunin & Hugenholtz, 2010).  

There are several software packages available for the comparison and analysis of 

pyrosequenced datasets. In this study, we utilize QIIME (pronounced “chime”), which stands for 

Quantitative Insights into Microbial Ecology. QIIME processes pyrosequencing reads by 

assigning Operational Taxonomic Units (OTUs) based on sequence similarity within the reads. 

The OTUs are then queried against one of several online large, curated databases of 16S rRNA 

sequences such as SILVA to identify taxonomy (Haas et al. 2011).  

While bacterial and archaeal communities can be phylogenetically identified through 

targeting the highly conserved 16S rRNA gene, the detection of these microbes gives little 
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information on ecosystem function (Juottonen, 2008). However, the microbes essential to the 

CH4-oxidizing and CH4-producing functions are relatively well known and therefore the 

molecular detection of methanotrophs and methanogens can infer function (Juottonen, 2008).  
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Chapter Three: Microbial Characteristics of the Wandering River Natural and Drained 

Bogs 

3.1 Introduction 

While peatlands serve many valuable ecological functions, their role as long-term stores 

of soil C is globally important. They represent an important terrestrial carbon sink of 462 Pg 

stored carbon (Keller & Bridgham, 2007). Increasing temperatures in recent decades have been 

strongest at northern latitudes and are affecting both permafrost and water table levels within 

northern peatlands (Frolking et al. 2009). These changes have important implications on the 

ability for peatlands to continue to sequester C long-term, because the drawdown of the water 

table leads to an increased depth of the acrotelm (Worrall & Burt, 2005; Tarnocai 2006).  An 

increased depth of the acrotelm may lead to an increase of CO2 production as the decay of dead 

plant material via microbial respiration is enhanced under aerobic conditions (Laiho, 2006). The 

deeper acrotelm may also lead to an increase of the oxidation of CH4 as it diffuses from depth to 

the atmosphere, creating more CO2 as a byproduct of methanotrophy and reducing the overall 

CH4 efflux (Vasander & Kettunen, 2006).  

Bacterial and archaeal communities can be phylogenetically identified through targeting 

the highly conserved 16S rRNA gene. The detection of these microbes forms a starting point 

from which to understand microbial diversity, but it tells little of ecosystem function (Juottonen, 

2008). However, the microbes essential to CH4 oxidation and CH4 production are relatively well 

known and therefore the molecular detection of methanotrophs and methanogens can be linked 

to function (Juottonen, 2008).  Although some research has investigated drought effects on 

peatland carbon fluxes, the comparison between the microbial community and carbon cycling 
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along both a microtopographic position and depth gradient in a northern Alberta peatland is yet 

to be described.   

The objective of the research presented in this chapter was to investigate carbon cycling 

in undisturbed and disturbed peatlands to determine whether long-term water table drawdown 

affects the microbial community at different microtopographic positions and depth above and 

below the water table.  

 

3.2 Materials and Methods 

3.2.1 Peat Coring, Water Table Measurements and Flux Sampling 

At each of the control and drained sites (Chapter 1.4), three hummock and three hollow 

microforms were chosen to extract peat cores, insert water wells for water table measurements 

and to measure carbon fluxes (twelve microform sample sites in total; sampling in July 2010). 

Peat cores were divided into 15-cm intervals that captured 2-3 sections above the water table and 

2 sections below. Samples were transported on ice in coolers from the research sites and frozen 

approximately 6 hours later upon arrival at the lab at -80° C for samples used for DNA extracts 

and -20° C for samples used for other experiments. Twelve aluminum collars (grooved at the top 

to be filled with water and fitted with a chamber), 60 cm x 60 cm length by width, were inserted 

approximately 30 cm into the peat at three hummocks and three hollows at both the control and 

drained sites. Fluxes of CO2 and CH4 were each measured three times at each sampling plot over 

a one-week time frame (with the exception of the drained CH4 fluxes which were measured 

twice) using the closed chamber method (e.g., Tuittila et al. 2000). A series of gas samples was 

drawn from the chamber headspace into 20-mL syringes at 7, 15, 25 and 35 minutes after closing 

the chamber. Carbon dioxide gas mixing ratio was determined in the field using a portable 
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infrared gas analyzer and CH4 samples were collected with 20-mL syringes and stored in 

evacuated vials (Exetainers) (12-mL) sealed with rubber septa (Labco Ltd., UK). These were 

later analyzed on a gas chromatograph (GC) in the laboratory. Fluxes were determined from the 

linear change in the gas-mixing ratio within the chamber over time.  

A Varian CP-3800 GC was utilized to analyze CH4 concentration in gas samples stored 

in the Exetainers from the field chamber measurement as well as the CH4 and CO2 from the oxic 

and anoxic experiments described in Section 3.2.2. Samples (5-mL) were injected via a syringe 

from the Exetainers into the GC. For quality control, standards and controls were used before 

and after each set of 12 samples.  The standards and controls consisted of a CO2 and CH4 

mixture gas in which the area calculated under each chromatograph curve (one-point standard 

curve) in the GC resulted in known values for both gases. The concentration of the standard gas 

was 52 ppm CH4 and 500 ppm CO2 with balance N2 supplied by Praxair Canada, (Calgary, 

Alberta).  

 

3.2.2 Incubation Study 

Peat core samples were frozen for approximately three months until the commencement 

of the incubation study. Peat samples were allotted a 48-hour period in which to defrost before 

being measured into 125-mL glass jars fitted with I-Chem septa lids. The incubation study was 

divided into two parts, oxic to determine CH4 consumption and anoxic to determine CH4 

production. CO2 production was also measured in both the oxic and anoxic experiments. A 

random replication of six samples for each the oxic and anoxic incubation experiments were 

taken to ensure results from within a section of the core were within a repeatable range.   
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 After the thawing period, between 11-13 grams (wet weight) of peat from 54 samples 

(Table 3.1) were placed in 125-mL glass jars fitted with a septum lid, first for the oxic 

experiment then new samples were prepared the same way for the anoxic experiment. During the 

oxic study, samples were incubated at approximately 15°C and 20-mL of the standard mixture 

(resulting in 8.32 ppm CH4) was injected into each of the jars to determine CH4 oxidation as 

well as CO2 production. For the anoxic experiment, distilled water was added to each sample 

until saturation and the samples were left overnight to acclimate in the incubator.  The following 

day, a glove bag was used to flush the samples with N2 for 15 minutes to simulate anoxic 

conditions to determine potential CH4 and CO2 production. One end of the glove bag was 

connected to a valve, which was then connected to the N2 gas. The other end of the glove bag 

containing the samples was sealed. The N2 was turned on to fill the bag and when full, the seal at 

the end of the glove bag was opened to flush the air out and then re-sealed after the procedure 

was completed. The fill and flush glove bag method was continued for 15 minutes after which 

the jars were sealed with their lids inside the sealed glove bag.  

Samples in both the oxic and anoxic runs were incubated for 5 days and 20-mL of air 

from the jar headspace was sampled every 12 hours via a syringe during that time period and 

stored in 12-mL evacuated Exetainers until analyzed. To maintain constant air volume and 

pressure, the jars were backfilled with 20-mL N2 via a syringe and the septum seal puncture was 

resealed with silicone. Prior to the sampling of the anoxic samples, the sample jars were 

mechanically agitated for ten minutes to mix the gases within peat pore spaces and the jar 

headspace.  

The concentrations of CH4 and CO2 were determined through use of a GC (Section 

3.2.1) and calculated fluxes were corrected for volume loss during sampling by backfilling of 
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N2. Production rates were determined from the slope of the gas concentrations versus incubation 

time (linear increases for CO2 production and PMP and linear decreases for PMO); slopes with 

r2 values less than 0.75 were discarded. For further in vitro peat incubation methodology, see 

Waddington et al. (2001).  

 

Table 3.1 List of 54 samples and categorical attributes used in the incubation experiments and 

the microbial pyrosequencing. The naming convention is as follows: CH=Control hummock, 

CW=Control hollow, DH=Drained hummock, DW=Drained hollow. Number values refer to the 

depth of the sample from surface (i.e., 135150 = 135 to 150 cm). A, B and C are different cores.      

Control Site 
Sample Name 

Microform Water Table 
Position 

Drained Site 
Sample Name 

Microform Water Table 
Position 

CHA015 Hummock Above DHA015 Hummock Above 
CHA5065 Hummock Above DHA7085 Hummock Above 
CHA6580 Hummock Below DHA110125 Hummock Above 
CHA8095 Hummock Below DHA125140 Hummock Below 
CHB015 Hummock Above DHA140155 Hummock Below 
CHB5065 Hummock Above DHB015 Hummock Above 
CHB6580 Hummock Above DHB7085 Hummock Above 
CHB8095 Hummock Below DHB155170 Hummock Below 
CHC015 Hummock Above DHB170185 Hummock Below 
CHC110125 Hummock Below DHB185200 Hummock Below 
CHC8095 Hummock Below DHC015 Hummock Above 
CHC95110 Hummock Below DHC7085 Hummock Above 
CWA015 Hollow Above DHC85100 Hummock Above 
CWA2035 Hollow Above DHC100115 Hummock Above 
CWA3550 Hollow Below DHC115130 Hummock Above 
CWA5065 Hollow Below DWA015 Hollow Above 
CWB015 Hollow Above DWA3550 Hollow Above 
CWB2035 Hollow Below DWA7590 Hollow Above 
CWB3550 Hollow Below DWA90105 Hollow Above 
CWB5065 Hollow Below DWA105120 Hollow Below 
CWC015 Hollow Above DWB015 Hollow Above 
CWC5065 Hollow Below DWB3550 Hollow Above 
CWC6580 Hollow Below DWB105120 Hollow Above 
CWC8095 Hollow Below DWB120135 Hollow Below 
   DWB135150 Hollow Below 
   DWC015 Hollow Above 
   DWC3550 Hollow Above 
   DWC105120 Hollow Below 
   DWC120135 Hollow Below 
   DWC135150 Hollow Below 
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3.2.3 Extraction of Total DNA 

In addition to characterizing the potential microbial activity via the incubation study, 

bacterial and archaeal diversity was analyzed based on recovery of 16S rRNA genes. DNA was 

extracted from 0.4 g of peat soil for 54 samples (Table 3.1) using the FastDNA® SPIN Kit for 

Soil following the manufacturer's instructions (MP Biomedicals). Additional washes using 5.5 M 

guanidine thiocyanate were used to remove excess humic acids and to increase DNA recovery 

(Sharp et al. 2012). DNA was suspended in a final volume of 50 μL DNase/Pyrogen-free water 

and stored at -20 °C until used for PCR assays.  

 

3.2.4 PCR Amplification, Purification and Quantification 

The 16S rRNA gene was targeted using FLX Titanium amplicon primers 454T_RA_X 

and 454T_F containing the target primers 926f and 1392r at their 3’-ends, along with the 

adaptors necessary for the Roche Titanium chemistry (Sharp et al. 2012). Each reverse primer 

contained a unique 10-nucleotide identifier barcode sequence that allowed for sequences to be 

discerned according to the particular sample (Sharp et al. 2012). The PCR reaction mixtures 

contained 0.04 μM of the forward primer, 25 μL of 2 × Premix F (Interscience), 1.25 U of Taq 

DNA polymerase (Fermentas), 0.04 μM of the reverse primer with its unique barcode sequence 

for each sample, 1 μL of template DNA and nuclease-free water (Qiagen) to make up the total 

volume of 50 μL (Sharp et al. 2012).   

PCR amplification was performed with a thermal cycler with a temperature profile as 

follows: initial denaturation at 95° C for 3 min followed by 35 cycles of denaturation at 95° C for 

30s, annealing at 55° C for 45s and extension at 72° C for 90s, and a final elongation at 72° C for 

10 min.  
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 PCR products were visualized on a 1% agarose gel and then purified using an EZ-10 Spin 

Column PCR Purification Kit (BioBasic Inc.). For quality control purposes, the purified PCR 

products were quantified via a Qubit Fluorometer using a Qubit-iT dsDNA HS Assay Kit 

(Invitrogen) to ensure a sufficient amount of DNA was available for the pyrosequencing 

(typically 150 ng total DNA). In some cases, the purification step reduced the concentration of 

DNA necessary for pyrosequencing and additional PCR products had to be combined and added 

to the sample. PCR products were then sent to Genome Quebec and McGill University 

Innovation Centre, Montreal, Quebec where they were analyzed by pyrosequencing using a GS 

FLX Titanium Series Kit XLR70 (Roche Diagnostics Corp.).  

 

3.2.5 Statistical Analyses 

Statistical analyses were conducted using Minitab 14.1 (Minitab Inc., PA, USA) and 

SYSTAT 13 (Cranes Software International, Chicago, IL). The major statistical methods 

included regression, general linear model and equality of two proportion tests. Resulting P values 

less than 0.05 were accepted as statistically significant. The analyses of the incubation and 

microbial community were categorized based on the data presented in Table 3.1.  

 

3.3 Results 

3.3.1 Field Fluxes and Water Table Position 

The field flux measurements (Table 3.2) measured the CO2 and CH4 flux averaged for 

each microform at the respective control and drained sites. The drained site had the highest CO2 

efflux. Only the control hollow showed CH4 release while the other microforms consumed 

atmospheric CH4 (i.e., negative flux); however, it is important to note the standard error 
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variability and the number of flux measurements. The CH4 fluxes were not significantly different 

from zero with the exception of the drained hollow. The water table position relative to the 

surface of the microform in each site is depicted in Figure 3.1. 

 

Figure 3.1 Average water table levels from the top of the peat surface (n=3 for each; measured 

from microform surface). Water table level is shown at 0.  

 

Table 3.2 CO2 and CH4 fluxes (mean ± SEM) from the chamber method field flux 

measurements taken at the Wandering River bogs in July 2010. Positive values are emission 

from the peatland to the atmosphere while negative values are uptake from the atmosphere to the 

peatland.   

 Control 
Hummock 

Control 
Hollow 

Drained 
Hummock 

Drained  
Hollow 

CO2 Flux  

(g CO2 m-2 d-1) 

25.6 ± 1.6 

(n=9) 

22.3 ± 2.3 

(n=9) 

38.6 ± 3.3 

(n=9) 

30.0 ± 0.9 

(n=9) 

CH4 Flux  

(mg CH4 m-2 d-1) 

− 3.7 ± 4.2 

(n=9) 

0.5 ± 2.5 

(n=9) 

−1.6 ± 3.5 

(n=6) 

−12.0 ± 6.7 

(n=6) 
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CO2 flux was plotted against the water table levels to determine if a deeper water table 

(drier conditions) was correlated with higher CO2 flux. While CO2 flux increased with drier 

conditions (deeper WT) in both the control and drained sites, there was no statistically significant 

correlation (control site: F1,4=2.60, P=0.182, R2=0.394; drained site: F1,4=5.31, P=0.083, 

R2=0.570). Also, CH4 flux was plotted against the water table levels to determine if a deeper 

water table (drier conditions) was correlated with lower CH4 flux. There was no significant 

correlation between water table and CH4 fluxes at the control site (F1,4=0.17, P=0.701, 

R2=0.410) or the drained site (F1,3=8.02, P=0.066, R2=0.728).   

 

3.3.2 Potential CO2 Production 

For both the oxic and anoxic experiments, the potential CO2 production rate was 

significantly higher at the control site than the drained site (Figure 3.2; Table 3.3). Additionally, 

potential aerobic CO2 production was significantly higher above the WT than below the WT at 

both sites (Figure 3.3; Table 3.3). The average aerobic and anaerobic potential CO2 production 

rates at the microforms are also shown although there were no significant differences (Figure 

3.3; Table 3.2).  
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Figure 3.2 Average aerobic (a) and anaerobic (b) potential CO2 production with 1 SEM bars by 

site. The control site had significantly higher aerobic and anaerobic potential CO2 production 

compared to the drained site. N=24 for the control site and 30 for the drained site. The asterisks 

indicate statistically significant differences between sites for aerobic and anaerobic potential 

CO2 production (P<0.05) (i.e., aerobic control was significantly higher than aerobic drained and 

anaerobic control was significantly higher than anaerobic drained).  
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Table 3.3 Statistical results (general linear model) show significant differences in aerobic and 

anaerobic potential CO2 production rates as tested between sites, microforms and WT categories.  

 Aerobic Potential 

CO2 Production 

Anaerobic Potential 

CO2 Production 

 F1,46    P F1,46    P 

Drainage Treatment 9.78 0.003 14.2 0.000 

Microform (hummock/hollow) 0.86 0.359 2.41 0.127 

WT (above/below) 7.21 0.010 3.09 0.085 

Drainage Treatment x Microform 2.09 0.155 0.46 0.503 

Drainage Treatment x WT 2.53 0.119 1.40 0.243 

Microform x WT 0.19 0.665 0.08 0.780 
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Figure 3.3 Average aerobic and anaerobic potential CO2 production (±1 SEM) by site microform 

(a and b) and site water table category (c and d). The aerobic potential CO2 production was 

higher above the water table than below (GLM Table 3.3). N=12 for control hummocks and 

control hollows, 15 for drained hummocks and drained hollows. N=10 for control above, 14 for 

control below, 19 for drained above and 11 for drained below.  
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3.3.3 Potential CH4 Oxidation (Oxic Incubation Study)  

The results from the oxic incubation study showed net potential CH4 oxidation (PMO) 

but only at the hummocks. Unexpectedly, the data showed net CH4 production (PMP) at the 

hollow microforms although the standard error was large (Figure 3.4). Statistical tests revealed 

no significant differences with the exception of the microform and water table interaction (Table 

3.4; Figure 3.4). However, there were no significant differences in PMO between the two sites or 

for control and drained above or below the water table (Table 3.4).  

 

 

Figure 3.4 Average potential CH4 oxidation (oxic experiment) (±1 SEM) at the control and 

drained site microforms (a) and at the microform position as above or below the water table (b). 

Positive values exhibit potential CH4 production and negative values indicate potential CH4 

oxidation (consumption). Control hummocks (n=12), control hollows (n=12), drained hummocks 

(n=15) and drained hollows (n=15). The hummocks above the water table (b) had significantly 

larger potential CH4 oxidation than the hollow above or below the water table (Table 3.4). 

Hummock above (n=16), hummock below (n=11), hollow above (n=13) and hollow above 

(n=14).  
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Table 3.4 General linear model results show no significant differences in PMO as tested between 

sites, microforms and WT categories.  

 PMO 

 F1,42    P 

Drainage Treatment 0.72 0.401 

Microform (hummock/hollow) 0.89 0.350 

WT (above/below) 0.88 0.351 

Drainage Treatment x Microform 0.82 0.776 

Drainage Treatment x WT 1.83 0.183 

Microform x WT 4.75 0.035 

 

3.3.4 Potential CH4 Production (Anoxic Incubation Study) 

 There were no significant treatment differences in PMP with the exception of the water 

table position (Figure 3.5; Table 3.5). The average PMP below the WT was the highest; however 

there was no interaction between site and WT levels therefore, there were no significant 

differences between the control and drained sites for PMP.  

 

Table 3.5 General linear model results show significant differences in potential CH4 production 

(PMP) as tested between sites, microforms and WT categories.  

 PMP 

 F1,42    P 

Drainage Treatment 0.48 0.493 

Microform (hummock/hollow) 0.04 0.853 

WT (above/below) 6.00 0.019 

Drainage Treatment x Microform 1.64 0.207 

Drainage Treatment x WT 0.03 0.860 

Microform x WT 0.00 0.938 
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Figure 3.5 Potential CH4 production (anoxic experiment) (±1 SEM) shows a higher potential 

CH4 production below the water table as compared to above the water table. Control above 

(n=10), control below (n=14), drained above (n=19) and drained below (n=11).  
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3.3.5 Microbial Community 

The QIIME software platform (Caporaso et al. 2010) was used to analyze the 

pyrosequenced 16S rRNA genes. QIIME removed low-quality sequences based on a minimum 

quality score of 25, clustered Operational Taxonomic Units (OTU) based on 97% identity, 

identified and removed chimeric sequences via ChimeraSlayer, and classified the sequences via 

the nucleotide BLAST algorithm against the SILVA 108 core database for 16S rRNA gene 

amplicons (Ramos-Padron et al. 2011; Sharp et al. 2012).   

The results of the pyrosequencing revealed an overall amount of 19,056 OTUs from 

437,180 reads across 54 samples. The average number of reads per sample was 8,095 with a 

maximum of 17,500 and minimum of 2,178. The dominant taxonomic phyla across all samples 

(>1% of all sequences) were 57.7% Proteobacteria, 13% Acidobacteria, 11.2% Euryarchaeota, 

7.9% Actinobacteria, 2.9% Bacteroidetes, 1.6% Planctomycetes and 1.6% Crenarchaeota.  

Taxonomic orders of the most abundant families (in which many OTUs were summed to 

the family level) represented as a percentage of all reads are listed in Table 3.6. There was a 

large relative abundance of the class Betaproteobacteria family Burkholderiaceae, which 

constituted nearly 38% of all reads.  
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Table 3.6 Taxonomic descriptions of the ten most abundant families (in which many OTUs were 

summed to the family level) across all 54 samples (as a percentage of all reads).  

Rank # of 

Reads 

% of all 

Reads 

Taxonomic Description (Phylum or Class; Order; Family) 

1 164,994 37.7% Betaproteobacteria; Burkholderiales; Burkholderiaceae 

2 44,244 10.1% Methanomicrobia; Methanomicrobiales; Rice Cluster II 

3 42,652 9.8% Acidobacteria; Acidobacteriales; Acidobacteriaceae 

4 13,295 3.04% Alphaproteobacteria; Rhodospirillales; Acetobacteriaceae 

5 10,746 2.46% Actinobacteria; Acidimicrobiia; Acidimicrobiales; TM214 

6 10,135 2.32% Actinobacteria; Actinobacteria; Corynebacteriales 

7 9,938 2.27% Betaproteobacteria; Burkholderiales; Oxalobacteraceae 

8 8,536 1.95% Gammaproteobacteria; Xanthomonadales; Sinobacteraceae 

9 7,656 1.75% Gammaproteobacteria; Xanthomonadales; Xanthomonadaceae 

10 6,226 1.42% Alphaproteobacteria; Sphingomonadales; Sphingomonadaceae 

 

 

Large differences in the relative abundance from the control site to the drained site 

include a 12% decrease of Burkholderiaceae, a 4% increase of Acidobacteriaceae and a 3% 

increase of Acetobacteraceae. Refer to Chapter 4, Section 4.3.4 for a presentation of diversity 

indices; however, the drained site had higher microbial diversity and evenness (Chao1, Shannon 

and Simpson indices) as compared to the control site.  

The relative abundances of the most abundant families are plotted to show differences in 

composition between the control and drained microforms (Figure 3.6) and water table 

categorization (Figure 3.7). Large differences in the relative abundance from the control 

hummock to the drained hummock included a 14% decrease of Burkholderiaceae, a 7% increase 

of Acidobacteriaceae and a 5% decrease of Corynebacteriales (Figure 3.6). Also, large 
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differences in the relative abundance from the control hollow to the drained hollow included an 

8% decrease of Burkholderiaceae, a 4% increase of Acetobacteraceae and a 3.5% decrease of 

Corynebacteriales (Figure 3.6).  

Large differences in the relative abundance from the control above the WT to the drained 

above the WT included a 37% decrease of Burkholderiaceae, an 8% increase of 

Acidobacteriaceae and a 3% increase of Sinobacteraceae (Figure 3.7). Also, large differences in 

the relative abundance from the control below the WT to the drained below the WT included a 

7% increase of Burkholderiaceae, a 7% decrease of Corynebacteriales and a 4% increase of 

Acetobacteraceae and (Figure 3.7). 
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Figure 3.6 Relative abundance of the most abundant families identified across all samples and 

organized by control and drained microforms. Samples were pooled as per Table 3.1 and 

calculated based on the number of reads to the total number of reads within each category.  
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Figure 3.7 Relative abundances of the most abundant families identified across all samples and 

organized into control and drained sites both above and below the water table. Samples were 

pooled as per Table 3.1 and calculated based on the number of reads to the total number of reads 

within each category.  
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3.3.6 Methanotroph Community 

 The different methanotrophs detected are depicted in Figure 3.8. The Figure represents all 

of the methanotroph groups identified through pyrosequencing from both the control and drained 

sites, represented as a percentage of the total methanotroph reads. While a very small number of 

the Cand. Methylacidiphilum methanotrophs were identified a larger group of closely related 

Verrucomicrobia not currently classified as methanotrophs was also noted. Additionally, the 

phylogenetic position of the methanotrophs identified as per a 16S rRNA sequence-based tree is 

shown in Figure 3.9.  

 
 

Figure 3.8 Relative abundance of methanotrophs identified across all samples.  Overall, there 

were 930 reads of all methanotrophs of which 61% belong to Methylocella followed by 28% 

Methylosinus/Methylocystis. 
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Figure 3.9 16S rRNA gene sequence-based tree showing phylogenetic position of methanotrophs 

identified in this study (designated with prefix ‘WR’ in bold) assembled as per the Neighbor-

Joining method with a Jukes-Cantor correction. Bootstrap support values (% of 1,000 replicates) 

greater than 50% are indicated at the nodes. A skeleton tree was made from nearly full-length 

sequences (>1400 nt) and the shorter pyrosequences (450 nt) were added to this tree via 

parsimony. The sequence alignments were from the ARB-Silva database and calculations were 

made using ARB (Ludwig et al. 2004). The numbers of pyrosequencing reads for the present 

study are shown in parentheses. The scale bar represents a 0.1 change per nucleotide position.  
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The relative abundances of Methylocella and Methylosinus/Methylocystis (as a 

percentage of the total community) at the control and drained sites were not significantly 

different (equality of two proportions; Z=0.41, P=0.682).  

The relative abundance of methanotrophs (as a percentage of the total community) based 

on site microforms, is illustrated in Figure 3.10.  Equality of two proportions testing revealed no 

significant differences (P<0.025 for two-tailed test) in the relative abundance of Methylocella 

and Methylosinus/Methylocystis between control and drained hummocks (Methylocella: Z=0.09, 

P=0.922; Methylosinus/Methylocystis: Z=-0.82, P=0.412) or between control and drained 

hollows (Methylocella: Z=0.47, P=0.635; Methylosinus/Methylocystis: Z=1.66, P=0.096).  

 

 

Figure 3.10 Relative abundance of methanotrophs identified as a percentage of the total 

community across all samples by control and drained microforms.   
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3.3.7 Putative Anaerobic Methanotrophs 

There were 66 pyrosequencing reads identified in this study that were affiliated to the 

NC10 phylum. These sequences were imported into ARB (a centralized database of processed 

and aligned sequences; Ludwig et al. 2004) and compared to the currently known enrichment 

cultures of nitrite-reducing anaerobic methanotrophic bacteria (Cand. Methylomirabilis spp.) 

from the NC10 phylum (Ettwig et al. 2009; Zhu et al. 2012).  The phylogenetic position of the 

putative anaerobic methanotrophic bacteria found in this study is shown in the 16S rRNA 

sequence-based tree (Figure 3.11). The phylogenetic position of the sequences identified in this 

study as compared to Cand. Methylomirabilis spp. was verified with a maximum likelihood tree 

puzzle method (data not shown) (Strimmer & von Haeseler, 1996; Schmidt et al. 2002). 

 Ettwig et al. (2009) screened sediment slurries from floodplain agricultural drainage 

ditches for NC10 bacteria (inoculum) and subsequently used the sediments to enrich for NC10 

bacteria in an anaerobic continuous culture bioreactor (enrichment). Results from Ettwig et al. 

indicated only the enriched group of NC10 bacteria in their study was responsible for anaerobic 

CH4 oxidation coupled to nitrite reduction. In the present study, there was better alignment with 

the inoculum (Ino-F12) NC10 representatives from Ettwig et al. (2009) rather than the 

enrichment culture. Therefore, these pyrosequencing reads can only be referred to as putative 

anaerobic methanotrophs. Additionally, the sequences did not affiliate closely to NC10 

enrichment cultures from a minerotrophic peatland (16S rRNA GenBank accession numbers 

JX262156- JX262161) Zhu et al. (2012).  
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Figure 3.11 16S rRNA gene sequence-based tree showing phylogenetic position of the putative 

anaerobic methanotrophs from the NC10 phylum identified in this study (designated with prefix 

‘WR’ in bold) assembled as per the Neighbor-Joining method with a Jukes-Cantor correction. 

Bootstrap support values (% of 1,000 replicates) greater than 50% are indicated at the nodes. 

GenBank accession numbers precede the NC10, Nitrospirae, Deferribacteres and the 

Chrysiogenetes phylum reference sequences. The tree was rooted against a set of sequences from 

the Nitrospirae, Deferribacteres and the Chrysiogenetes phyla. The scale bar represents 0.1 

change per nucleotide position. 
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3.3.8 Methanogen Community 

The different methanogens detected across all samples are shown in Figure 3.12. The 

figure represents all of the methanogens identified through pyrosequencing from both the control 

and drained sites and represented as a percentage of the total methanogen reads. The 

overwhelmingly relatively abundant methanogen is the Methanomicrobiales Rice Cluster II 

(RCII) at 91% of all methanogens detected.  

 

 
Figure 3.12 Relative abundance of methanogens identified across all samples.  Overall, there 

were 48,467 reads across all methanogens of which 91% belonged to Methanomicrobiales, Rice 

Cluster II methanogens.  
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The relative abundance of methanogens (as a percentage of the total community) based 

on site microforms, is illustrated in Figure 3.13.  Equality of two proportions testing revealed no 

significant differences (P<0.025 for two-tailed test) in the relative abundance of RCII and 

acetoclastic methanogens between control and drained sites (RCII: Z=-1.09, P=0.273; 

acetoclastic methanogens: Z=4.09, P=0.682), between control and drained hummocks (RCII: Z=-

0.77, P=0.439; acetoclastic methanogens: Z=0.09, P=0.922) or between control and drained 

hollows (RCII: Z=-0.78, P=0.433; acetoclastic methanogens: Z=0.47, P=0.635).   

 

 

Figure 3.13 Relative abundance of methanogens identified across all samples and organized by 

control and drained microforms.  
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3.4 Discussion 

3.4.1 CO2 Flux, WT Position and Potential CO2 Production  

There are conflicting results in the literature regarding the relative importance of thermal 

and hydrological regimes in controlling peatland ecosystem respiration (ER). Lafleur et al. 

(2005) found that growing-season ER in a dry ombrotrophic bog was strongly correlated with 

peat temperature but only weakly correlated with water table depth. Moreover, in a study by 

Deppe et al. (2010), water table fluctuations had no clear impact on CO2 flux although this 

research was based on short-term irrigation regimes and small fluctuations in water table levels 

on cores in the laboratory. However, in an experimental water table manipulation study in a rich 

fen, Chivers et al. (2009) documented significant changes to ecosystem CO2 flux wherein the fen 

changed from a net sink to a net source of atmospheric CO2 (primarily through reduced plant 

productivity) in year two after experimental water table drawdown. The conflicting results in 

previous research may be explained by site-specific plant productivity (as driven by plant 

community, nutrient status and hydrological regime), which affects the gross ecosystem 

photosynthesis and therefore the amount of CO2 taken up and released (Strack et al. 2008). 

While plant productivity is also related to seasonal temperatures, Strack et al. (2008) noted that 

soil respiration is higher under oxic conditions and ER tends to be enhanced with deeper water 

table positions. Therefore, drier conditions and lowered water tables are expected to increase the 

zone of oxidation and stimulate aerobic decomposition (Laiho, 2006) although the magnitude of 

the resulting CO2 flux will depend on site-specific plant productivity. In this study, average CO2 

flux in both sites was not significantly related to decreasing water table depth (drier conditions) 

although overall, CO2 efflux was higher at the drained site. However, this finding must consider 

the chamber measurement technique and the sampling period.  
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Chamber measurements performed in this study are of limited value as the installation as 

well as walking through the bogs from one chamber to another introduces disturbance to the 

ecosystem and can artificially affect the results. For instance, CH4 can escape the bog to the 

atmosphere through diffusion, structural vegetation transport or through ebullition events. The 

disturbance associated with installing and sampling chambers may cause an ebullition event that 

would have otherwise not occurred at that time. Additionally, the chamber measurements were 

only a ‘snapshot’ in time and did not capture complete diurnal ER and seasonal effects.  

Contrary to flux measurements, the potential CO2 production showed that the control site 

had a significantly higher production potential compared to the drained site. The potential CO2 

production ranged from 0.14 to 2.24 mg CO2 g peat-1 d-1 at the control site and 0.08 to 1.05 mg 

CO2 g peat-1 d-1 at the drained site. This is in agreement with the ranges published in other 

studies. In a multi-site study carried out by Glatzel et al. (2004), the oxic potential CO2 

production rates ranged from 0.04 to 1.05 mg CO2 g peat-1 d-1. Additionally, Moore and Dalva 

(1997) determined oxic potential CO2 rates to range between 0.08 to 5.0 mg CO2 g peat-1 d-1.  

The lower potential CO2 production rate at the drained site may be partially explained by 

the different litters produced by the vegetation communities following long-term drainage and 

how easily these are decomposed (Laiho, 2006). While the drained site has a larger oxic zone 

due to drainage, Bridgham and Richardson (1992) noted that peat soils exposed to long periods 

of aerobic decomposition may be highly resistant to further decomposition due to the recalcitrant 

nature of the remaining carbon substrate. Therefore, while CO2 flux was higher at the drained 

site but potential CO2 production was higher at the control site, it is possible the substrate is 

more recalcitrant at the drained site affecting the potential CO2 results but more of this poor 

substrate is exposed to oxic conditions leading to the higher net CO2 efflux. Additionally, tree 
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root growth and the resulting increase in root respiration at the drained site supports higher CO2 

flux results.  This finding is supported by Choi et al. (2007) who found that water table 

drawdown in a minerotrophic fen resulted in an increase in radial growth of trees through 

enhanced photosynthetic capacity.    

 

3.4.2 CH4 Flux, WT Position, and Potential CH4 Production/Oxidation  

Methanogenesis is a strictly anaerobic process driven largely by temperature, microbial 

community present and plant productivity in terms of substrate quantity and quality (Strack et al. 

2008). However, the flux of trace gases such as CH4 into the atmosphere is driven by the soil and 

atmosphere concentration gradient (Conrad, 1996) as well as the transport mechanism. While 

average CH4 flux in this study shows large variation and contrasting results between the control 

and drained sites, the chamber method and temporal resolution is not robust enough to come to 

any definitive conclusions.  However, Sundh et al. (1995) also noted a large range in CH4 flux at 

both the drier hummocks (-1.9 to 28 mg CH4 m-2 d-1) and the hollows (42 to 104 mg CH4 m-2 d-

1) in their research sites. Sundh et al. observed the consumption of atmospheric CH4, as was the 

case in the present study. While this study does not attempt to determine the carbon balance of 

the control and drained sites, it is important to note that there are large interseasonal and 

interannual ranges of CO2 and CH4 flux in northern peatlands and resolving these data is 

difficult without an extensive multi-year study (Roulet et al. 2007). 

In a multi-site peatland study, Glatzel et al. (2004) found no consistent pattern between 

high rates of PMP relative to peat above or below the water table, and overall PMP had a large 

range of values from 0.0 to 816 µg CH4 g peat-1 d-1. Moore and Dalva (1997) also reported a 

range of PMP over four orders of magnitude from 0.01 to 100 µg CH4 g peat-1 d-1.  In this study, 



 59 

the PMP was much lower than the results from Glatzel et al. (2004) and Moore and Dalva (1997) 

as the range of PMP extended from 0.02 to 0.88 µg CH4 g peat-1 d-1. This is consistent with the 

lower CO2 production potential at the drained site, again suggesting a low-quality substrate.  

It is typical to see low PMP in bogs as ombrotrophic conditions typically do not provide 

the optimal pH for methanogen growth (Dunfield et al. 1993) and the litter type is often difficult 

to degrade (Moore & Basiliko, 2006). Actual methanogen abundance was not quantified in this 

study; therefore, it is difficult to discern whether methanogen abundance is a limiting factor for 

the PMP rates. However, it is possible that the lack of methanogen diversity is limiting PMP. 

Yavitt et al. (2011) found a significant positive relationship between the diversity of 

methanogens and potential rates of CH4 production (as sampled across six different bogs and 

fens in NE U.S. and SE Canada). Chapter 4 of this thesis will discuss the physicochemical 

drivers of the methanogen community in more detail.  

In reviewing the results of the PMO experiment, it was determined that the samples were 

not given an adequate concentration of CH4 upon the start of the incubation experiment. This has 

affected the results to the extent that the samples appear to be producing rather than consuming 

CH4. Additionally, it is possible that O2 penetration within the peat sample was limited 

particularly in the samples that were wet; however, O2 was not measured as a part of the 

incubation experiments. For these reason, the PMO results are not considered valid and will not 

be used for any other analyses in this thesis.   

 

3.4.3 Bacterial Community 

Pyrosequencing was used to compare the bacterial community structure between two 

Sphagnum bogs, two microtopographical positions (3 hummocks and 3 hollows in each bog) and 

between samples pooled above and below the water table (for a total of 54 samples).  The 
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bacterial communities at the control and drained sites were generally similar in terms of 

composition but presented some significant differences in terms of relative abundance. The high 

relative abundance of Burkholderiaceae was reduced after drainage and a large increase in both 

Acidobacteriaceae and Acetobacteraceae was noted at the drained site.  

While not a comparable method to the cultivation-independent pyrosequencing of the 

present study, Belova et al. (2006) found that by determination of the partial sequences of 16S 

rRNA genes in Sphagnum bog isolates (from a direct plating of dilutions of native peat), 

members of the genus Burkholderia constituted approximately 30% of the bacterial community. 

Since the methods of bacterial identification in the present study vs. Belova et al. were much 

different, the relative abundance of Burkholderia is not directly comparable but it is interesting 

to observe similarly high relative abundances. Approximately 44% of all pyrosequencing reads 

in the control site and 32% of the reads in the drained site were classed as the Burkholderiaceae 

family, the majority of which consisted of the genus Burkholderia. While Burkholderia species 

are known and exploited for their biological and metabolic properties in controlling fungal 

diseases in plants, little is known about their occurrence and function in natural ecosystems 

(Vandamme et al. 2007). However, some strains of Burkholderia form dominant populations on 

Sphagnum mosses and have a high antagonistic potential against fungal pathogens (Vandamme 

et al. 2007).   

Most peat-inhabiting Acidobacteria can utilize certain acids such as galacturonic and 

glucuronic acids produced from the decomposition of Sphagnum moss, and members of this 

phylum seem to play an important role in degrading plant-derived polymers in peatlands 

(Dedysh, 2011). The relative abundance of Acidobacteria in the present study increased after 

drainage from 3.5% at the control site to 6.2% at the drained site. This is considerably lower than 
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Ausec et al. (2009) who observed Acidobacteria constituted approximately 25% of 16S rRNA 

sequences in an acidic (pH 4.5) bog soil and Dedysh et al. (2006) found 24 of 84 (~28%) nearly 

full-length 16S rRNA gene peat clones affiliated with the Acidobacteria phylum.  

While the relative abundances of bacteria in a peatland may differ from study to study as 

noted above, bacterial community composition has been shown to be similar. In a study by 

Morales et al. (2006), 24 New England bogs were sampled at surface and anoxic depths to 

characterize the total bacterial diversity using the 16S rRNA gene and terminal restriction 

fragment length polymorphism (T-RFLP). As was the case in this study, Morales et al. showed 

all of the ombrotrophic bogs sampled were fairly similar in their bacterial community 

composition.     

 

3.4.4 Methanotroph Community  

The three major methanotrophic bacteria usually found in peat soils are Methylocella, 

Methylocapsa and Methylosinus/Methylocystis (Dunfield & Dedysh, 2010). This has been shown 

through the use of methanotroph-specific genes (pmoA and mmoX) from environmental samples, 

cultivation studies and also, through species-specific enumeration using oligonucleotide probes 

in fluorescent in situ hybridization (Dunfield & Dedysh, 2010). This is in agreement with the 

results of the present study as the majority of methanotrophs identified were Methylocella and 

Methylosinus/Methylocystis. However, in contrast to the present study, Kip et al. (2011) used 

pyrosequencing with pmoA PCR products from DNA extracted from Sphagnum mosses in a 

Dutch peat bog and found the highest number of reads corresponded to Methylomonas spp. 

(followed by Methylocystis). Chen et al. (2008) also observed Methylomonas spp. at an England 

bog through pmoA and microarray but conversely, not as an abundant group. Methylomonas was 



 62 

detected in the present study but only constituted 20 reads out of the 307 reads total for all 

methanotrophs. Statistical testing revealed no significant differences in the methanotroph relative 

abundance between sites or microforms.  

While some strains of methanotrophs may not require a large concentration of CH4 for 

growth (Knief & Dunfield, 2005), the low concentrations of CH4 diffusing up through the 

acrotelm may affect the methanotroph composition. In direct tests, Knief and Dunfield (2005) 

found most methanotrophs require a range of 100 to greater than 1000 ppmv of CH4 to grow; 

however, two Methylocystis strains grew at only 10-100 ppmv of CH4 and one strain oxidized 

atmospheric CH4. Therefore, methanotroph composition at the study sites may be related to the 

consumption of atmospheric CH4 or very low levels of produced CH4 (Knief & Dunfield, 2005).  

Additionally, members of the genus Methylocella have been shown to utilize CH4 or some multi-

carbon compounds (e.g., acetate and ethanol) as their sole carbon and energy source (Dedysh & 

Dunfield, 2010). As such, a system dominated with Methylocella-like methanotrophs may show 

an altered regulation of CH4 oxidation potential (Dedysh & Dunfield, 2010).  

Anaerobic CH4 oxidation in freshwater systems and especially in peatlands is largely 

unexplored. However, Smemo and Yavitt (2007) have demonstrated through in vitro assays of 

peat soil involving methanogenic inhibitors, stable isotope (13C-CH4) enrichments and natural 

abundance analysis, that anaerobic CH4 oxidation consumes a large amount of CH4 production 

(mean net anaerobic CH4 oxidation of 17 ± 2.6 nmol kg-1s-1). In marine systems, anaerobic CH4 

oxidation is established and coupled primarily to sulfate reduction but in peatland ecosystems, 

electron acceptors are scarce although this process has been linked to nitrate and nitrite (Zhu et 

al. 2012). While the results of this study show the presence of putative anaerobic methanotrophs, 
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this group may be related to, and could be affecting, nitrate and nitrite concentrations at the study 

sites. Nitrate and nitrite concentrations and differences between sites are discussed in Chapter 4.  

 

3.4.5 Methanogen Community   

The observed methanogens in this study were dominated by Rice Cluster II (RCII) 

methanogens but also contained members of Methanomicrobiaceae, Methanosaetaceae and 

Methanosarcinaceae. Cadillo-Quiroz et al. (2006) showed that RCII is phylogenetically placed 

between Methanosarcinales and the obligate CO2 reducing order Methanomicrobiales (via 16S 

rRNA sequence analysis). While RCII does not have any pure-culture representatives to 

definitively determine physiological capabilities, Galand et al. (2005) observed the related RCI 

methanogens in sites where methanogenesis was predominately supported by CO2 reduction. 

Moreover, an isolate from RCI has been shown to be a CO2 reducer but not an acetate fermenter 

(Sakai et al. 2007; Sakai et al. 2010; Godin et al. 2012). For these reasons, the RCII is assumed 

to be a group of hydrogenotrophic methanogens for the purposes of this research.  

In other studies, phylogenetic compositions of peatland euryarchaeota across six different 

peatlands in eastern Canada and U.S. region revealed the presence of RCII methanogens in four 

of the six sites (Yavitt et al. 2011). In a West Siberian peat bog (pH 4.2-4.8), Kotsyurbenko et al. 

(2004) showed the presence of methanogen members from Methanomicrobiaceae, 

Methanosarcinaceae and RCII in which Methanosarcina accounted for about half of all the 

archaeal cells. Furthermore, in two different Finnish fens, researchers noted RCII and 

Methanosaetaceae as major methanogen groups (Putkinen et al. 2009). While the distribution of 

methanogens within and among peatlands is not well known, acetoclastic methanogenesis and 

therefore acetoclastic methanogens have been documented as major methanogen groups in fens 
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but not typically at bogs (Juottonen, 2008). However, the lack of sedges, which would provide 

fresh substrate to the anoxic zone for acetoclastic methanogenesis, may be limiting the relative 

abundance of acetoclastic methanogens and this could partly explain the overwhelming 

predominance of hydrogenotrophic methanogens at both sites. As was noted in this study, peat 

provides a poor habitat for a diverse methanogen community and there is a high relative 

abundance of RCII methanogens (assumed hydrogenotrophic methanogens), which did not differ 

significantly between sites or microforms.  
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Chapter Four: Microbial and Physicochemical Comparisons of the Wandering River 

Natural and Drained Bogs 

4.1 Introduction 

 The decomposition of organic matter in a peatland is generally controlled by four 

interacting factors: substrate quality, environmental conditions, decomposers present, and 

nutrient availability (Laiho, 2006).  Although these ecosystems are usually net CO2 sinks, many 

studies have shown net CO2 release from peatlands due to changes in environmental conditions 

such as drought and melting permafrost (Blodau & Moore, 2003).  While the CO2 release is the 

greatest immediately following drainage or drought, it slows with time due to decreasing 

substrate quality (Blodau & Moore, 2003; Turetsky et al. 2008).  The input of C into the system 

may also decrease but depending on the site nutrient status, may recover with the response of the 

plant community (e.g., the transition from sedges to shrubs) (Laiho, 2006).  The structure of the 

plant community may affect the acidic and nutrient-poor environment in a peatland especially if 

Sphagnum moss coverage decreases. This in turn affects the diversity and structure of the 

microbial communities, which then affects the decomposition rate (Kulzer et al. 2001). 

 When attempting to restore a degraded peatland to a functional and self-sustainable state 

(e.g., post-harvested sites), monitoring ecologically relevant properties such as biogeochemical 

cycles, water and peat chemistry along with microbiological analyses is essential to follow the 

transition of the system over time (Andersen et al. 2006). Microbial community composition, 

diversity and activity are affected by many interacting physicochemical parameters. While there 

may not be one single clear mechanism driving microbial composition, diversity and activity, the 

aim of this chapter is to contribute to the existing research an assessment of the physiochemical 

characteristics of a natural and drained bog over both a microtopographical position and depth 
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gradient to determine which factors are related to microbial composition, diversity and relative 

abundance.  

 

4.2 Methods 

4.2.1 Study Sites and Sampling 

At each of the control and drained sites (Section 3.2.1), three hummock and three hollow 

microforms were chosen to extract peat cores and to insert water wells for water table 

measurements (twelve microform sample sites in total; sampling in July 2010). Peat cores were 

immediately divided in the field into 15-cm intervals and 2-3 sections above and 2 sections 

below the water table were captured. Peat temperature was measured for all peat core intervals as 

they were sectioned in the field. Peat samples were saturated with water and slurried prior to 

measuring the pH with a glass electrode at the field laboratory station (Orion 720A). 

 

4.2.2 Humification  

Degree of decomposition was determined on each peat section using a 10-point semi-

quantitative index known as the von Post index of humification (Stanek & Silc, 1977).  Briefly, 

the peat samples are observed to describe plant tissues ranging from unaltered (H1) to non-

recognizable (H10) (Croft et al. 2001). Samples are then pressed in the hand and the appearance 

of the liquid ranges from clear and colourless (H1) to no free water (H10). The H-value is then 

used to classify the peat samples as fibric (H1-H4), mesic (H5-H6) and/or humic (H7-H10) 

(Croft et al. 2001).  
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4.2.3 Determination of Anion Concentrations 

Peat samples were first slurried with 0.5 g peat to 2 mL Milli-Q water before the 

supernatant was extracted and centrifuged at 17,970 × g for 5 minutes. The resulting solution 

was then diluted 1:1 with Milli-Q water for each sample. As a final quality control measure, 

samples were filtered with a 45-µm sterile Acrodisc® syringe filter with Supor® membrane 

prior to analyzing with a HPLC equipped with a Dionex IonPac AS18 anion exchange column. 

Total sample injection volume was 25 µL. Resulting peaks were integrated using Dionex 

Chromeleon software. Before use, the HPLC was calibrated with linearly increasing standards 

and checked with laboratory blanks of deionized water.  

 

4.2.4 Diversity Indices and Statistical Methods  

Various indices were used in this study to explore the differences in the microbial 

community as organized against many factors including drainage treatment, microform type and 

water table levels. These indices include: (i) the Chao1 index for total species richness as a 

function of the ratio of singletons and doubletons and will exceed observed species richness as 

the relative frequency of singletons increases. Singletons are the number of observed species 

represented by a single individual and doubletons are the number of observed species 

represented by two individuals; (ii) the Shannon diversity index which increases with greater 

species richness and a more even distribution; (iii) the Simpson index (D) of diversity 

(represented as 1 - D), ranges between 0 and 1 and represents the probability that two individuals 

randomly selected from the sample are different (the index increases as the community diversity 

increases); and, (iv) the Bray-Curtis similarity index which quantifies all possible differences 

between two communities for both species identity and relative abundance (a value of one 
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indicates completely similar communities). The equations used to estimate diversity are listed in 

the Appendix.   

Multivariate statistics were performed using the general linear model in SYSTAT 13 

(Cranes Software International, Chicago, IL). Resulting P values less than 0.05 were accepted as 

statistically significant. Hierarchical cluster analysis was conducted with Ward linkage algorithm 

and Euclidean distances with SYSTAT 13 (Cranes Software Int., Chicago, IL). The Ward 

linkage method averages all distances between pairs of objects in different clusters, with 

adjustments for covariances to decide how far apart the clusters are (SYSTAT 13).  

 

4.3 Results 

4.3.1 Physicochemical Characteristics  

 The physicochemical properties measured for each peat sample are presented in Table 

4.1.  Average pH was slightly higher at the drained site (pH=4.6) than the control site (pH=4.4) 

but ranged within all samples from 3.4 to 5.5. Peat soil temperature measurements for all 

samples ranged from 1.5 to 18.5°C at the control site and from 5.5 to 25.5°C at the drained site.  

 

  



 69 

Table 4.1 Physicochemical properties (mean ± SEM) of the peat samples and measurements 

taken at the Wandering River bog in July 2010. Soil temperature and pH are the average of 

section measurements at each microform, i.e., are averaged over depths. 

Site 
Control 

Hummock 

Control  

Hollow 

Drained 

Hummock 

Drained 

Hollow 

pH 
4.51 ± 0.19 

(n=12) 

3.97 ± 0.17 

(n=12) 

4.69 ± 0.11 

(n=15) 

4.59 ± 0.15 

(n=15) 

Soil Temperature (°C) 
6.25 ± 1.4 

(n=12) 

8.08 ± 1.4 

(n=12) 

13.87 ± 1.5 

(n=15) 

12.97 ± 1.5 

(n=15) 

 

 

4.3.2 Anion Concentrations  

 Acetate and sulfate concentrations were significantly higher at the drained site while 

formate concentrations were significantly higher at the control site (Table 4.2; Figure 4.1). There 

was also an effect of microform and WT on acetate concentrations but this was not site specific 

as there were no interaction effects when microform and drainage treatment or WT and drainage 

treatment was statistically tested (Table 4.2). However, average acetate levels were higher at the 

hummocks as compared to the hollows (Figure 4.2) and were higher below the WT as compared 

to above the WT (Figure 4.3). There was a WT effect on nitrate, which was also site-specific as 

the control below the WT and the drained above the WT had the highest average nitrate 

concentrations (Table 4.2; Figure 4.3). Sulfate concentrations were significantly different 

between site microforms, as the drained hummock was significantly higher as compared to the 

control hummock (Table 4.2; Figure 4.3).  
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Table 4.2 General linear model results for concentrations of anions (μmol g dry peat weight-1). 

DT=Drainage Treatment, WT=Water Table (Above/Below). 

 Acetate Formate Nitrite Sulfate Nitrate 

 F1,48 P F1,48 P F1,48 P F1,48 P F1,48 P 

WT 4.80 0.033 3.39 0.072 0.02 0.880 0.84 0.363 4.24 0.045 

DT 12.7 0.001 4.92 0.031 0.08 0.773 19.1 0.000 0.07 0.787 

Microform 10.9 0.002 0.85 0.362 3.00 0.089 0.55 0.461 1.93 0.171 

Microform x DT 1.79 0.187 0.68 0.412 0.26 0.612 7.06 0.011 0.12 0.727 

WT x DT 1.97 0.167 0.46 0.500 2.47 0.123 0.25 0.616 5.33 0.025 

 

 

Figure 4.1 Average anion concentrations between the control (n=24) and drained sites (n=30) 

show significant differences for acetate, formate and sulfate (±1 SEM). Asterisks represent 

significant differences between control and drained site as per the general linear model (Table 

4.2).  
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Figure 4.2 Average anion concentrations between the control and drained microforms show 

significant differences for sulfate (± 1 SEM) with letters denoting significant differences. Control 

hummock and hollow n=12, drained hummock and hollow n=15.  
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Figure 4.3 Average anion concentrations between the control and drained microforms show 

significant differences for nitrate (±1 SEM) with letters denoting significant differences. Control 

above n=10, control below n=14, drained above n=19, drained below n=11.  
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4.3.3 Humification 

 Of the 24 samples in the control site, 14 were considered to be fibric (von Post index H1 

to H4) and 10 were considered mesic (H5 to H6) for a total ratio of 58% fibric and 42% mesic. 

Interestingly, the drained site was not much different as the 30 samples revealed 17 in the fibric 

range and another 13 in the mesic range for a total of 57% fibric and 43% mesic. There were no 

significant differences noted between average levels of humification and the drainage treatment 

(F1,52=0.25, P=0.617) or between average levels of humification and the microforms (F3,50=0.43, 

P=0.736). However, when plotting humification against the distance to the WT, there was a 

negative correlation between higher levels of humification (more mesic) with depth below the 

WT in both the control (F1,22=53.67, P=0.000, R2=0.71) and drained site (F1,28=46.17, P=0.000, 

R2=0.62) (Figure 4.4).  

 
 
Figure 4.4 Regression of von Post index of humification against distance from the water table 

(shown at zero cm) shows samples below the water table (negative values) are more humified 

than those above (positive values).  
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The von Post index of humification was plotted against the aerobic potential CO2 

production and the PMP (Chapter 3) to determine how humification influenced these factors. 

Figure 4.5 (a) shows a negative correlation as increasing levels of humification resulted in 

decreasing aerobic potential CO2 production (P=0.000, R2=0.53 control site; P=0.000, R2=0.43 

drained site). Figure 4.5 (b) shows PMP decreased and was negatively correlated with increasing 

humification in the drained site (P=0.089, R2=0.06) and at the control site (P=0.025, R2=0.47). 

 

Figure 4.5 Regression plots of von Post index of humification against aerobic potential CO2 

production (a) and potential CH4 production (PMP) (b) show a negative correlation at both sites.  



 75 

4.3.4 Effects of Physicochemical Parameters on Microbial Diversity   

 The Chao1, Shannon and Simpson indices were all calculated using QIIME at a depth of 

3142 reads per sample, which eliminated one sample from the data set (n=53). Choosing a 

sampling depth that is common to most of the samples effectively normalizes the data set and 

allows for comparison of alpha diversity. In other words, the sampling depth of 3142 maintained 

the majority of the samples for comparison at a level in which the diversity indices were 

maximal and no longer influenced by sampling effort. The Chao1, Shannon and Simpson 

diversity indices were all higher at the drained site over the control site and also in the drained 

microforms over the control microforms (Table 4.3).   

 

Table 4.3 Diversity indices between the control and drained sites along with the respective 

microforms. The Chao1, Shannon and Simpson indices were all higher at the drained site. 

 Chao1 Shannon Simpson 

Control Site 952 ± 241 5.35 ± 0.66 0.89 ± 0.06 

Control Hummock 820 ± 202 5.14 ± 0.55 0.89 ± 0.04 

Control Hollow 1100 ± 182 5.62 ± 0.66 0.88 ± 0.08 

Drained Site 1185 ± 387 6.60 ± 0.95 0.95 ± 0.04 

Drained Hummock 1175 ± 382 6.60 ± 1.01 0.95 ± 0.04 

Drained Hollow 1160 ± 422 6.59 ± 0.91 0.96 ± 0.03 

 

 

To determine which physicochemical characteristics are related to microbial richness and 

diversity, multivariate statistical testing using a general linear model was utilized against the 

Chao1, Shannon and Simpson indices and the temperature, pH, humification, position to water 

table, drainage treatment and microform variables (Table 4.4). Interestingly, temperature and pH 
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were not found to be significant factors affecting microbial diversity but humification and 

position to the water table as well as interactions between drainage treatment, microforms, 

humification and position to the water table were all found to be significant factors affecting 

diversity. The control and the drained sites showed inverse relationships between the diversity 

indices and humification and position to the water table. That is, where the control site had a 

negative correlation with a diversity index and humification or position to the WT, the drained 

site had a positive correlation (Figures 4.6 and 4.7).  

  

 

Table 4.4 General linear model results showing the influencing physicochemical factors of the 

Chao1, Shannon and Simpson diversity indices. Humification, microforms and position to the 

water table are significant factors driving microbial richness and diversity.  

 Chao1 Shannon Simpson 

 F1,41 P F1,41 P F1,41 P 

Temperature 0.09 0.758 0.02 0.888 2.21 0.145 

pH 0.89 0.351 0.01 0.934 0.24 0.626 

Humification 0.49 0.485 12.5 0.001 20.9 0.000 

Position to WT 0.51 0.480 7.48 0.009 16.0 0.000 

Drainage Treatment 0.21 0.649 2.04 0.160 2.59 0.115 

Microform 1.71 0.198 8.13 0.007 7.83 0.008 

Microform x Drainage Treatment 0.69 0.413 5.85 0.020 6.73 0.013 

pH x Drainage Treatment 0.69 0.412 1.57 0.218 0.63 0.431 

Humification x Drainage Treatment 1.33 0.255 0.28 0.603 5.14 0.029 

Temperature x Drainage Treatment 3.84 0.057 0.15 0.704 2.05 0.160 

Position to WT x Drainage Treatment 7.81 0.008 0.14 0.714 6.43 0.015 
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Figure 4.6 Regression plots of Shannon and Simpson indices against humification shows a 

positive correlation at the control site but a negative correlation at the drained site with 

increasing humification.  
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Figure 4.7 Regression plots of Chao1, Shannon and Simpson indices against position to water 

table shows a positive correlation at the drained site but a negative correlation at the control site 

with increasing dryness. Zero is the water table level, negative values are below the water table 

and positive values are above the water table.  
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The Bray-Curtis similarity index was used to identify those samples in which the microbial 

species present and their relative abundances were similar. A cluster dendrogram was 

constructed to show the relative similarities among samples (Figure 4.8). Seven main clusters are 

denoted which comprise samples with the following attributes: 

1. Cluster one is comprised of all control samples that are mostly below the WT. 

Exceptions are CHA5065 and CHB5065, which are above the WT. Average pH 3.75; 

average temperature 2.9° C. 

2. Cluster two is comprised of all control samples that are mostly above the WT (with the 

exception of CWB2035) and close to the surface. Average pH 3.99; average temperature 

12.4° C. 

3. Cluster three contains samples that are mostly from the drained site surface 0-15 cm 

range and are above the WT with the exception of CWA3550 and CWA5065, which are 

below the WT.  Average pH 4.27; average temperature 18.9° C. 

4. Cluster four is all drained site samples of which the majority is above the WT with the 

exception of DHA125140, which is below the WT. Average pH 4.34; average 

temperature 13.1° C.  

5. Cluster five is deep samples that are mostly from the drained site in which most are 

above the WT with the exception of DHA140155, DWA105120 and DWB120135, 

which are below the WT. Average pH 4.69; average temperature 9.6° C. 

6. Cluster six is mostly drained site samples all of which are below the WT. Average pH 

5.37; average temperature 7.9° C. 

7. Cluster seven is mostly control site samples all of which are below the WT. Average pH 

5.17; average temperature 5.2° C. 
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Figure 4.8 Distance-scaled dendrogram across all samples of the Bray-Curtis similarity index 

using the QIIME distance matrix and Ward linkage algorithm with Euclidean distances. 

CH=Control hummock, CW=Control hollow, DH=Drained hummock, DW=Drained hollow. 

Numbers refer to the depth of the sample from surface (i.e., 135150 = 135 to 150 cm) (Table 

3.1). Temperature (T) and pH values are the averages of the samples in each cluster.   
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4.3.5 Effects of Physicochemical Parameters on the Methanotroph Community   

General linear model statistical testing was used to determine the physicochemical 

parameters affecting methanotroph relative abundance within the total microbial community, as 

well as specifically, the Methylocella and Methylosinus/Methylocystis groups as the two most 

abundant methanotroph groups. Methylocella and all methanotrophs relative abundance were 

significantly and positively correlated to nitrate concentrations at the drained site (Table 4.5; 

Figure 4.9). The drained site showed a stronger positive correlation to nitrate as compared to the 

control site for the relative abundance of Methylocella and all methanotrophs (Figure 4.9). 

Additionally, Methylosinus/Methylocystis relative abundance was significantly and negatively 

correlated to pH although there was no site-specific difference (Table 4.5; Figure 4.10).  
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Table 4.5 General linear model results show physicochemical factors in relation to Methylocella, 

Methylosinus/Methylocystis and all methanotrophs relative abundance. P values less than 0.05 

(bold) were considered significant. Nitrate and pH were significant factors affecting 

methanotroph relative abundance. DT=Drainage Treatment. 

 Methylocella Methylosinus / 

Methylocystis 

All 

Methanotrophs 

 F1,36 P F1,36 P F1,36 P 

Position to WT 0.01 0.914 0.40 0.529 0.01 0.929 

Humification 1.18 0.286 0.39 0.538 1.48 0.232 

Acetate 0.24 0.627 0.32 0.574 0.90 0.350 

Formate 0.20 0.655 0.18 0.677 0.02 0.880 

Sulfate 0.00 0.995 2.28 0.140 0.07 0.799 

Nitrate 10.9 0.002 0.98 0.330 10.7 0.002 

pH 0.06 0.806 6.45 0.016 1.43 0.240 

Temperature 0.15 0.698 0.00 0.994 0.02 0.892 

Drainage Treatment 1.54 0.223 2.17 0.149 0.24 0.631 

DT x Position to WT 0.00 0.963 2.17 0.150 0.15 0.701 

DT x Humification 0.00 0.989 0.98 0.328 0.14 0.710 

DT x Acetate 0.03 0.862 0.12 0.733 0.02 0.881 

DT x Formate 0.14 0.710 0.32 0.575 0.00 0.956 

DT x Sulfate 0.02 0.879 0.64 0.428 0.02 0.882 

DT x Nitrate 8.99 0.005 0.74 0.394 8.29 0.007 

DT x pH 1.32 0.258 2.74 0.106 0.12 0.728 

DT x Temperature 0.71 0.405 1.97 0.169 0.05 0.828 
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Figure 4.9 Regression plots with relative abundances of all methanotrophs and Methylocella 

against nitrate shows a significant and positive correlation at the drained site.  
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Figure 4.10 Regression plot with relative abundance of Methylosinus/Methylocystis against pH. 

While pH was not a significant factor affecting relative abundance between sites, pH was 

negatively correlated with decreasing Methylosinus/Methylocystis relative abundance.  
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4.3.6 Effects of Physicochemical Parameters on the Methanogen Community   

General linear model statistical testing was used to determine the physicochemical factors 

affecting methanogen relative abundance compared to the total microbial community for the 

RCII methanogen group as the most abundant methanogen group and the acetoclastic 

methanogen group.  The acetoclastic methanogens were defined as those reads classified under 

the Methanosarcinales order.   

RCII relative abundance was significantly positively correlated to humification and to 

nitrate concentrations although there was not an interaction effect with drainage treatments 

(Table 4.6; Figure 4.11). However, there was a main and drainage treatment interaction effect of 

pH in relation to RCII relative abundance (Table 4.6; Figure 4.11). As pH increased, RCII 

relative abundance increased at both sites (Figure 4.11). Conversely, temperature and position to 

the WT were significantly and negatively correlated to RCII relative abundance at the drained 

site but there was not a main effect (Table 4.6; Figure 4.11).  

Acetoclastic methanogen relative abundance was significantly and negatively correlated 

to temperature although there was not an interaction effect with drainage treatments (Table 4.6; 

Figure 4.12). However, acetoclastic methanogen relative abundance was significantly and 

positively correlated to formate and sulfate at the drained site (Figure 4.12).  
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Table 4.6 General linear model results showing the physicochemical factors affecting the Rice 

Cluster II and acetoclastic methanogen groups. P values less than 0.05 (bold) were considered 

significant. Nitrate, pH, temperature, humification, position to the WT, formate and sulfate were 

all significant factors affecting methanogen relative abundance. DT=Drainage Treatment.  

 Acetoclastic 

Methanogens 

RCII 

Methanogens 

 F1,36 P F1,36 P 

Position to WT 0.04 0.853 0.63 0.434 

Humification 1.11 0.300 4.56 0.040 

Acetate 3.85 0.058 2.24 0.143 

Formate 0.07 0.789 0.75 0.393 

Sulfate 0.00 0.965 0.44 0.512 

Nitrate 0.10 0.760 4.88 0.034 

pH 1.18 0.284 21.5 0.000 

Temperature 4.43 0.042 0.79 0.377 

Drainage Treatment 2.62 0.114 3.72 0.062 

DT x Position to WT 0.09 0.768 6.22 0.017 

DT x Humification 0.79 0.382 1.01 0.321 

DT x Acetate 3.43 0.072 1.70 0.200 

DT x Formate 4.51 0.041 0.84 0.365 

DT x Sulfate 4.96 0.032 1.10 0.302 

DT x Nitrate 0.99 0.324 2.68 0.110 

DT x pH 0.67 0.417 12.6 0.001 

DT x Temperature 3.76 0.060 6.88 0.013 
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Figure 4.11 Regression plots with relative abundance of Rice Cluster II methanogens against 

humification (a), nitrate (b), pH (c), temperature (d) and position to the water table (e). 

Humification and nitrate was positively correlated as a main effect whereas pH was positively 

correlated as main effect and a site interaction effect. Temperature and position to the water table 

showed a significant negative correlation at the drained site.  
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Figure 4.12 Regression plots with relative abundance of acetoclastic methanogens against 

temperature (a), formate (b) and sulfate (c). Temperature was significantly and negatively 

correlated to acetoclastic methanogen relative abundance at both sites. Formate and sulfate 

concentrations were significantly and positively correlated to acetoclastic methanogen relative 

abundance at the drained site. 
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4.4 Discussion 

4.4.1 Effect of Temperature and pH on Microbial Community  

While the Bray-Curtis index showed a pattern of microbial clustering that appeared to 

differ with pH and temperature, microbial diversity and richness was not significantly affected 

by temperature or pH. In a study by Fierer and Jackson (2005), soil pH was observed to be the 

best predictor of bacterial richness, diversity and composition at a continental scale but 

vegetation type, carbon availability, nutrient availability and soil moisture were noted to 

influence microbial communities at a local scale. Additionally, Lauber et al. (2009) proposed 

that soil pH may not directly alter bacterial community structure but may act as an integrated 

index of soil conditions. For instance, there are a number of soil characteristics related either 

directly or indirectly to soil pH (e.g., nutrient availability, soil moisture regime, salinity and 

organic C characteristics) (Lauber et al. 2009).  

For the methanotrophs, only Methylosinus/Methylocystis was significantly and negatively 

correlated to pH. Methylosinus/Methylocystis is mostly neutrophilic although at least one species 

has been identified as a moderate acidophile (Dunfield & Dedysh, 2010). It is interesting that 

there is a negative pH effect on the relative abundance of Methylosinus/Methylocystis as this 

group is mostly neutrophilic, suggesting there are other confounding effects influencing relative 

abundance.  

For the methanogens, RCII was significantly and positively correlated to pH at both sites 

and negatively correlated to temperature at the drained site. While RCII does not have any pure-

culture representatives to definitively determine physiological capabilities, an enrichment of the 

related RCI methanogens was successfully obtained under neutral pH and low temperature 

conditions (Sakai et al. 2007). Additionally, the acetoclastic methanogen relative abundance was 
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significantly and negatively correlated to temperature at both sites. Kotsyurbenko et al. (2007) 

found the dominance of acetoclastic methanogenesis in peat samples diminished with decreasing 

temperatures (4°C or 15°C from 25°C) while concurrently the hydrogenotrophic methanogenesis 

pathway was enhanced. While the present study did not measure and distinguish acetoclastic vs. 

hydrogenotrophic methanogenesis, the data suggest lowered overall temperatures decrease the 

relative abundance of acetoclastic methanogens.  

In a previous five year experimental warming study of a temperate mountain forest soil, 

intensive warming of +4°C did not affect microbial biomass or abundance of major microbial 

groups of the forest topsoil (Schindlbacher et al. 2011). The researchers found that shifts in the 

microbial community composition are not likely to occur until other variables such as substrate 

become limited (Schindlbacher et al. 2011). There was not a significant temperature effect on 

diversity, evenness and richness on the methanotroph relative abundance; however, temperature 

and the position to the WT are correlated to one another. As Schindlbacher et al. suggest, 

substrate limitation may be a better explanation for microbial community composition and this is 

better determined through the analysis presented between position to the WT and humification 

and the microbial community. 

 

4.4.2 Effect of Water Table Position and Humification on Microbial Community 

Increasing humification was negatively correlated with aerobic potential CO2 production 

and PMP. Glatzel et al. (2004) also found a significant negative correlation with CO2 production 

and CH4 production and humification suggesting humification is an important control on CO2 

and CH4 production. While humification was considered to be similar between sites, the method 

of sampling is semi-quantitative and this data would likely benefit from increased rigor in 
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technique with the use of Fourier Transform Infrared Spectroscopy (FTIR) to quantify the range 

of readily metabolized compounds.  

Humification was a significant factor correlated to microbial diversity and richness but 

with inverse relationships at the sites. As humification increased, the microbial diversity and 

richness increased at the control site but decreased at the drained site. Similarly, position to the 

WT was a significantly correlated with microbial diversity and richness.  However, microbial 

diversity and richness increased with drier conditions at the drained site but decreased at the 

control site. Peatlands are known to have high densities of both aerobic microorganisms and an 

abundance of acid-tolerant anaerobic archaea (such as methanogens) adding to overall diversity 

(Thomas & Pearce, 2004); however, it is interesting to note the inverse effects of drier conditions 

and diversity measures between the sites although the drained site exhibited a much stronger 

correlation.  

For functional microbial communities, humification had a significant positive correlation 

with the relative abundance of RCII methanogens at both sites. Additionally, position to the WT 

had a significant negative correlation with RCII relative abundance at the drained site. However, 

without distinguishing the principle chemical classes through a more quantitative technique such 

as FTIR, it is impossible to identify what specific component of the humified material (e.g., fats, 

aromatics, humic acids) are physiologically affecting the RCII relative abundance at the drained 

site. Also, it is important to note that the WT is an important control on other factors such as 

vegetation type, hydraulic conductivity, gas and nutrient exchange that ultimately affect the 

longevity and types of microbial communities present. For instance, Hornibrook et al. (1997), 

showed acetoclastic methanogenesis is favoured in the upper layers of peat as correlated with 

labile carbon substrates whereas hydrogenotrophic methanogenesis predominates in the more 
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recalcitrant deeper peat layers. This suggests both types of methanogens would be significantly 

affected by the WT position and humification although there was a positive correlation only 

apparent with the RCII methanogens with humification and position to the WT.   

 

4.4.3 Effect of Anion Concentrations on Microbial Community 

As acetate is a main intermediate during anaerobic decomposition, acetate can 

accumulate to high levels in a peatland in the absence of acetoclastic methanogenesis (Horn et al. 

2003). While no significant differences were found in the relative abundances of acetoclastic 

methanogens between sites, a significantly higher concentration of acetate was noted in the 

drained site as compared to the control site. Therefore, one possible explanation for the higher 

concentration of acetate at the drained site may be related to a more active proportion of 

hydrogenotrophic methanogenesis as compared to acetoclastic methanogenesis. However, there 

may be other dynamics to take into account including the activity levels of acetate-consuming 

sulfate-reducing bacteria. Without measuring the fraction of acetoclastic vs. hydrogenotrophic 

methanogenesis at both sites, it is difficult to say whether higher levels of acetate at the drained 

site are related to the acetoclastic methanogens or some other confounding effect.  

Methane production is usually inhibited by the presence of sulfate, iron or nitrate since 

these reducers typically outcompete methanogens for common electron donors (Conrad, 1996). 

However, increasing sulfate concentrations was significantly and positively correlated to the 

relative abundance of acetoclastic methanogens at the drained site. This is contrary to a study by 

Minderlein and Blodau (2010), who showed the addition of sulfate inhibited methanogenesis in 

the peat through bacterial sulfate reduction, which also accelerated anoxic CO2 production. 

While the results of the present study also show a higher CO2 flux at the drained site, it is 
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unusual that there would be a positive correlation of sulfate concentrations to relative abundance 

of acetoclastic methanogens and not hydrogenotrophic methanogens. This data suggests as 

above, there may be a confounding effect of lowered activity levels of sulfate-reducing bacteria.  

The drained site relative abundance of acetoclastic methanogens was significantly and 

positively correlated to the formate concentrations. Formate can be used as an alternative to H2 

in conjunction with CO2 during hydrogenotrophic methanogenesis and therefore it is surprising 

that formate concentrations showed a positive correlation with the relative abundance of the 

drained site acetoclastic methanogens.  

Anion concentrations were not a significant factor affecting the relative abundances of 

methanotrophs with the exception of nitrate concentrations at the drained site. It has been 

previously established that the introduction of nitrogen in fertilizers or in rainfall deposition has 

resulted in a loss of CH4 oxidation activity in oxic soils (Kravchenko, 2002).  The effect of 

nitrate on CH4 oxidation does not appear to be well documented in peat soils; Kravchenko 

(2002) found nitrate and other oxidized nitrogen compounds had an inhibiting effect on CH4 

oxidation. However, increasing nitrate concentrations were significantly and positively 

correlated to the methanotroph relative abundance at the drained site. Bodelier and Laanbroek 

(2004) provided a review on nitrogen addition as a stimulating factor of CH4 oxidation and 

found both the consumption of atmospheric CH4 and the oxidation of elevated CH4 

concentrations can be enhanced by the addition of nitrate or ammonium. The PMO data would 

have been useful to determine if CH4 oxidation is enhanced at the drained site compared to the 

control site.  
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Chapter Five: Thesis Summary and Conclusions 

Peatlands have the potential to mediate strong feedbacks on the global climate system but 

their response to future climate change is uncertain, as they are a complex matrix in which to 

study carbon cycling. The heterogeneity of these ecosystems produces fluctuations in vegetation, 

temperature, pH, hydrology, chemistry and redox conditions at many different scales.  

Drainage resulted in an increase of vascular plant and tree growth leading to enhanced 

plant and root respiration at the drained site. While the drained site had a lower potential for CO2 

production due to a lower quality substrate over the control site, the increased growth in trees 

and shrubs resulted in a higher CO2 efflux from plant and root respiration. Additionally, PMP 

was very low in comparison to other studies at both sites and this finding supports the low 

quality substrate shown in the potential CO2 production experiment.   

The methanotrophs detected were consistent with the major groups found in peat bogs 

although there was a high relative abundance of just two groups: Methylocella and 

Methylosinus/Methylocystis. It is not surprising that Methylocella was the major methanotroph 

detected in both peat bogs as even in an environment in which CH4 substrate is limited, 

Methylocella is a facultative methanotroph and can utilize other substrates such as acetate and 

ethanol for growth and survival.  

Peat bogs provide a poor habitat for a diverse group of methanogens, but even so, it is 

interesting that the methanogens detected in these sites were dominated by the RCII group. Since 

hydrogenotrophic methanogenesis is the primary pathway of methane production in an 

ombrotrophic peat bog, and no pure cultures of RCII exist to define physiological capabilities, 

RCII is presumed to be a group of hydrogenotrophic methanogens. The hydrogenotrophic 
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dominance is consistent with literature, as we would not expect to see a large relative abundance 

of acetoclastic methanogens in these ombrotrophic peat bogs.  

Soil pH has been observed to be the best predictor of diversity and richness on a 

continental scale but not at a local scale (Fierer and Jackson, 2005). The results of the present 

study are consistent with this observation, as pH did not affect microbial diversity and richness. 

However, increasing pH affected individual species: it was negatively correlated with 

Methylosinus/Methylocystis relative abundance but was positively correlated the RCII relative 

abundance. Additionally, both RCII and the acetoclastic methanogens relative abundance were 

negatively correlated with increasing temperatures. However this may have more to do with the 

position to the WT, which is highly correlated to peat soil temperature. 

Humification was significantly correlated to microbial diversity and richness but with an 

inverse relationship between the control and drained sites (negative at the drained site, positive at 

the control site). Microbial diversity and richness also increased at the drained site with drier 

conditions but the opposite was found in the control site. Enhanced laboratory methods to 

improve the quantification of humification is important to resolve this data; however, it is 

evident that there are confounding effects on microbial diversity and richness at the two sites 

beyond humification and position to the WT.  

Unexpectedly, sulfate and formate showed a positive correlation with the relative 

abundance of the acetoclastic methanogens but only at the drained site. This is unusual since the 

addition of sulfate has been shown to inhibit methanogenesis (Minderlein and Blodau, 2010) and 

formate can be used as an alternative to H2 in hydrogenotrophic methanogenesis (Garcia et al. 

2000; Galand, 2004). This finding suggests there are other unmeasured confounding variables 
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such as the presence and activity levels of sulfate-reducing bacteria, which may be affecting the 

methanotroph and methanogen communities.  

It is apparent that the control and drained sites differed significantly in terms of the 

physicochemical factors affecting microbial relative abundance. It is likely that the differences 

between these two sites in terms of the physicochemical factors affecting microbial relative 

abundance are at least partly due the temporal resolution of this data as there may be varying 

interannual and interseasonal effects not shown. Seasonal dynamics have been previously 

documented to show large variation in peatland biogeochemical fluxes (including CH4 oxidation, 

CO2 and CH4 production) affecting pH, nutrients, substrate availability and temperature regimes 

all of which influence microbial community and activity (Regina et al. 1999; Strack et al. 2004; 

Kraigher et al. 2006; Moore et al. 2011). Therefore, as Moore et al. (2011) also determined, the 

relative importance of the driving factors affecting microbial communities and activities at these 

two peatlands depends on the time scale and spatial measurements of these variables. 

Additionally, while it is unlikely, it is possible the physical distance between the two sites (9 km) 

can produce differences in atmospheric inputs, which would affect the results presented in this 

thesis.  

To build on the results found in this study, future research could include the collection of 

pore water CH4 to determine the fractions of CH4 production from acetoclastic and 

hydrogenotrophic methanogenesis. It would be interesting to see why acetate concentrations 

were significantly higher at the drained site and if the acetoclastic methanogenesis was inhibited. 

Additionally, the results presented in this study are based on relative abundances and not actual 

abundances of bacteria and archaea. It would be useful to correlate methanogenesis and 

methanotrophy to quantified methanogens and methanotrophs.   
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Appendix 

 
Richness and Diversity Indices 
 
 
Chao1 estimates total species richness as: 
 
 SChao1 = Sobs + n1

2 
             2n2 
 
where Sobs is the number of observed species, n1 is the number of species captured once and n2 is 
the number of species captured twice.  
 
 
Shannon diversity index (H): 
 
 H = -ΣS

i=1 (ni/N) log2 (ni/N) 
 
where ni is the number of individuals of taxon i, N is the total number of individuals of all 
species, S is the total number of species. 
 
 
Simpson index (D): 
 
D = ΣS

i=1 (ni/N)2  
 
where ni is the number of individuals of taxon i, S is the total number of species (OTUs), N is the 
total number of individuals of all species.  
 
 
Bray-Curtis similarity index: 
 
 BCij’=2Cij / Si +Sj   
 
where Cij is the sum of the lesser value for only those species common between both sites, Si and 
Sj are the total number of specimens counted at both sites.  
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