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Abstract:

This study explored how the chemical nature of organic matter may drive
microbial communities and their metabolic processes of methane production in
the Oldman River sediment and adjacent riparian cottonwood tree stems in
southern Alberta. Carbon (C) and nitrogen (N) content in tree stems and river
sediment environments were measured, while molecular genetic techniques and
stable carbon isotope measurements were used to explore the microbial
communities and methane production pathways. River sediment organic matter
had lower C/N ratios than in tree stems, likely forming different substrates for
microbial growth, resulting in contrasting microbial communities and greater
microbial diversity observed in river sediments than in tree stems. The microbial
communities differed in their metabolic pathways, with methane produced in tree
stems occurring primarily through CO> reduction, while river sediments produced
more methane through acetate fermentation. This study highlights distinct
microbial communities and metabolic pathways contributing to net ecosystem

methane emission.
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1. INTRODUCTION

1.1 Natural methane production and emission

Forests and freshwater streams play an uncertain role in the global
methane budget (Stanley et al., 2016; Barba et al., 2019; Saunois et al., 2020).
Natural ecosystems can harbour a consortium of anaerobic microorganisms
whose metabolic activities decompose organic matter, with methane produced in
the final stage by a diversity of Archaea known as methanogens (Conrad, 1999;
Enzmann et al.,, 2018; Lyu & Liu, 2018). Uncertainty in natural methane
emissions stems from limited research into the microbial ecology and details of
the methane production pathways (Barba et al., 2019; Covey & Megonigal,
2019). A more nuanced understanding of the microbial community involved in
methane production and their associated biogeochemical pathways are required
for the creation of accurate mechanistic models, that can lead to the development
of mitigation strategies to reduce net methane emissions to the atmosphere

(Wang et al., 2016; Barba et al., 2019; Conrad, 2020a).

Decomposition of organic matter to methane has four main stages that
operate in a complimentary fashion, which are performed by a diverse community
of microorganisms in anaerobic environments (Whiticar, 1999; Conrad, 2020a).
The first stage is performed by hydrolytic and fermenting bacteria, which break
down complex polymeric substrates into simple monomers (Whiticar, 1999;
Conrad, 2005). Hydrolytic and fermenting bacteria are highly diverse, with most

known to belong to the phyla Bacteroidetes and Firmicutes (Nozhevnikova et al.,



2020). Second, acidogenic fermenting bacteria ferment the simple monomers into
smaller compounds such as alcohols and volatile fatty acids (Whiticar, 1999;
Nozhevnikova et al., 2020). Acidogenic bacteria involved in anaerobic methane
production belong to the phyla Bacteroidetes, Chloroflexi, Firmicutes and
Proteobacteria (Nozhevnikova et al., 2020). Next, syntrophic organisms such as
Syntrophomonas degrade the products from previous stages to form the
substrates (primarily H2, CO2, and acetate; discussed in following paragraph)
required for methane production (Nozhevnikova et al., 2020). Anaerobic fungi can
also be present and are capable of breaking down many classes of molecules
(Chapin et al., 2011; Buresova et al., 2019; Ma et al., 2020). Methane production
(methanogenesis) is the final stage of organic matter decomposition performed

by Archaea known as methanogens (Whiticar, 1999; Lyu & Liu, 2018).

Methanogens are phylogenetically diverse obligate anaerobic methane
producers belonging to Euryarchaeota, and possibly other archaeal phyla (Evans
et al., 2015; Lang et al.,, 2015; Lyu & Liu, 2018). Methanogens are obligate
anaerobes that fulfill a wide range of environmental niches and use a multitude of
substrates for their metabolic pathways of methane production (H2 + COo,
acetate, formate, CO, methanol, secondary alcohols, methylamine and
methoxylated aromatic compounds; Conrad, 2005; Lyu & Liu, 2018). Natural
ecosystems can be dominated by methanogens, leading to methane emissions
that were previously overlooked (Wang et al., 2016; Pitz & Megonigal, 2017;

Flanagan et al., 2021). While our understanding of methanogens has grown



dramatically over recent years, the difficulty in culturing these microorganisms
has hindered our understanding of their physiological and metabolic features (Lyu
& Liu, 2018; Michal et al., 2018). To improve our understanding of the drivers of
natural methane emissions, we require further study of the methanogens present
and their interactions with the environment and associated microbial community

(Barba et al., 2019; Covey & Megonigal, 2019; Yip et al., 2019).

1.2 Riparian ecosystems and processes of methane production

Riparian zones contain a river channel and adjacent terrestrial ecosystem
and have numerous processes that influence net methane exchange (Kemnitz et
al., 2004; Flanagan et al., 2021). In southern Alberta, the Oldman River feeds the
alluvial groundwater underneath the adjacent terrestrial plains, which is taken up
by the deep roots of the cottonwood trees (Populus spp.) to supplement their
water requirements (Flanagan et al., 2019). Methane production, being an
anaerobic process, has been identified in river sediment (Buriankova et al., 2013;
Mach et al., 2015) and deep saturated soil in previously studied ecosystems
(Kemnitz et al., 2004; Covey & Megonigal, 2019). While freshwater streams
generally contain high quantities of dissolved oxygen (Buriankova et al., 2013;
Flury & Ulseth, 2019), microbial O2 demand for oxidation reactions often leads to
the formation of anaerobic sediments and anoxic microsites (Megonigal &
Guenther, 2008; Conrad, 2020a). The Oldman River was found to emit significant
quantities of methane, indicating the sediments have active methanogens

(Flanagan et al., 2021).



Trees have also been found to be a source of methane (Bushong, 1907),
with emission rates varying by tissue type with the greatest magnitude of
methane emission coming from the stems (Barba et al., 2019; Feng et al., 2020).
Methane emitted from tree stems can originate from one of two sources (Barba et
al., 2019; Covey & Megonigal, 2019). It has been demonstrated that plants and
trees are able to act as a conduit for methane produced below ground by taking
up water containing dissolved methane, which subsequently diffuses through the
tree stem or is released from the leaves with water vapour (Nisbet et al., 2009;
Pangala et al., 2013; Megonigal et al., 2020). Second, tree stems with high
internal water content are low-oxygen environments that can host methanogens
(Zeikus & Ward, 1974; Wang et al., 2017; Yip et al., 2019). Cottonwood trees
adjacent to the Oldman River were found to emit varying quantities of methane
from their stems, and DNA analyses indicated that methanogens present in the

stems contribute significantly to these emissions (Flanagan et al., 2021).

Net ecosystem gas exchange measurements showed that the Oldman
River and adjacent riparian cottonwood forest was a net source of methane
emission over the 2017 growing season (Flanagan et al., 2021). Due to the
complexity and limited knowledge of the processes of methane production, the
relative contribution of tree stems and the river surface to net ecosystem
methane emission is poorly understood (Flanagan et al., 2021). Investigations
into the microbial ecology and metabolic pathways of methane production in

cottonwood tree stems and the adjacent river sediment are required to parse out



the contribution of these contrasting environments to net ecosystem methane

emission (Barba et al., 2019; Saunois et al., 2020; Flanagan et al., 2021).

1.3  Microbial ecology and pathways of methane production

It is not known whether the methanogen species within the cottonwood
tree stems are the same as those in the adjacent river sediment. Water from the
Oldman River feeds the alluvial groundwater, which is then taken up by the
cottonwood trees (Flanagan et al., 2019), providing a possible conduit for
methanogens and their metabolic products (methane) in the river water to access
the tree stems. Ecological conditions such as pH, oxygen content and the nature
of organic matter; however, are the principal drivers of microbial community
composition (Wen et al., 2017; Cregger et al., 2018; Lyu & Liu, 2018; Bertolet et
al., 2019). Therefore, differences in the characteristics between tree stem and
river sediment environments are expected to lead to contrasting microbial
communities and different methanogen species being present in the tree stems

and river sediments.

While numerous methane production (methanogenic) pathways have been
proposed, methanogens primarily use one of two metabolic pathways that can
operate simultaneously in natural environments (Whiticar, 1999; Conrad, 2005).
Methanogens obtain energy by reducing CO2 using H: (hydrogenotrophic
methanogenesis) or through acetate fermentation (acetoclastic methanogenesis)

with methane formed as the end product (Conrad, 2005; Lyu & Liu, 2018).



Methanogen growth is often limited by substrate availability, so they are reliant on
the associated microbial community to breakdown organic matter to form H2/CO2
and acetate (Worm et al, 2010; Nazaries et al., 2013; Conrad, 2020a).
Syntrophic interactions between methanogens and the microbial community elicit
strong control on methanogen growth (Worm et al., 2010; Bertolet et al., 2019;
Conrad, 2020a), as exemplified by the increase in methane production with the
abundance of bacteria and archaea present (Liu et al., 2013). With methanogen
growth largely limited by substrate availability (Conrad, 2020a), the relative
abundance of CO: reducing and acetate fermenting methanogens in an
environment should be mirrored by the relative contribution of these pathways to
total methane produced (Buridnkova et al., 2012; Wang et al., 2016; Barba et al.,

2019).

1.4 Influence of organic matter quality on microbial community
composition and methane production

The extent to which each methane production pathway proceeds, limited
by precursor substrate availability (H2/CO2 and acetate), is strongly regulated by
the quality of organic matter decomposed (Hodgkins et al., 2014; Bertolet et al.,
2019; Conrad, 2020a). The source organic matter can be solid, dissolved, or
suspended particulate, and the nature of these compounds strongly dictates the
rate and primary metabolic pathway of methane production (Hodgkins et al.,
2014; Bodmer et al., 2020; Conrad, 2020a). Breakdown of high-quality organic

matter such as glucan, typically produces acetate and H2/CO2 in a 2:1 ratio



(Conrad, 2020a). In contrast recalcitrant compounds resistant to decomposition
such as cellulose, generally produce high levels of H> and CO> (Ji et al., 2018;
Conrad, 2020a). This leads to the dominance of acetate fermenting methanogens
in environments with high quality organic matter, while CO2 reducing
methanogens dominate substrate-poor environments (Mach et al., 2015; Finn et
al., 2020). The microbial community responsible for breaking down this organic
matter to substrates for methane production also vary with organic matter quality
(Chen et al., 2018; Wu et al., 2018). Properties commonly used to characterize
organic matter quality include the molecule size, structure, and nutrient contents

(Chapin et al., 2011; Hodgkins et al., 2014; Bodmer et al., 2020).

An indicator of organic matter quality is the ratio of carbon mass to
nitrogen mass (C:N), with low values (higher nitrogen content) equating to higher
quality organic matter (Chapin et al., 2011). Metabolic conversion of substrates is
often limited by nitrogen availability (Chapin et al., 2011), so organic matter with
higher nitrogen content, or lower C:N ratios results in a significant increase the
rate of methane production (Gebert et al., 2006; Duc et al., 2010; Bednafik et al.,
2019). High quality compounds are generally degraded first, leaving more
recalcitrant matter to accumulate (Ji et al., 2018; Wu et al., 2018). This in turn
results in the subsequent increase in the contribution of CO2 reduction to total
methane production, and decreased contribution of acetate fermentation (Ji et al.,
2018). While C:N ratio is important, additional organic matter characteristics

strongly dictate the rate of decomposition and quantities of substrates formed



(Chapin et al., 2011; Garcia-Palacios et al., 2015; Conrad, 2020a). Breakdown of
large or irregularly shaped molecules, such as cellulose or lignin, requires the
secretion of microbial enzymes (or involvement of additional microorganisms
such as fungi) so they are resistant to full decomposition (Chapin et al., 2011).
The control of molecule size has also been suggested for dissolved organic
matter, as high molecular weight compounds are often hydrolyzed into smaller
molecules, leading to the accumulation of small recalcitrant compounds
(Hodgkins et al., 2014). Complete degradation of cellulose will produce high
quantities of acetate (Conrad, 2020a); however, due to its recalcitrance, cellulose
is expected to only be partially broken down, which yields H2/CO- and little to no
acetate (Harwood et al., 1998). The quality of organic matter also strongly
dictates the non-methanogen community composition (Wu et al., 2018; Bertolet
et al., 2019; Buresova et al., 2019). This leads to differing methanogen and
bacterial communities observed for similar physical environments but with varying
substrate quality, particularly nutrient contents (Finn et al., 2020). Organic matter
quality, thus, appears to play a dominant role on the microbial community
composition, as well as the rate and relative contribution of each methanogenic

pathway to total methane produced.

Aquatic systems rich in high-quality organic matter were believed to be
dominated by acetoclastic methanogens (Conrad, 1999; Conrad, 2020a).
However, recalcitrant organic matter, that can also be present in river sediments

typically, produces H> and CO- at greater quantities than acetate (Flury & Ulseth,



2019; Conrad, 2020a). For example, previous studies of river sediments found
that the abundance of both hydrogenotrophic (Methanomicrobiales and
Methanobacteriales) and acetoclastic (Methanosarcinales) methanogen orders
varied depending on sample location (Kemnitz et al., 2004; Buriankova et al.,
2012; Mach et al., 2015). Of importance, suspected members of the
Methanosaetaceae family are obligate acetate consumers previously observed in
river sediments, indicating steady-state quantities of acetate are present
(Buriankova et al., 2012; Mach et al., 2015). Streams continuously erode,
transport, and deposit surface sediment and microorganisms, leading to a mosaic
pattern of microbial communities with increased methanogen and bacterial
diversity in areas of high deposition (Braatne et al., 1996; Febria et al., 2012,
Buriankova et al., 2013). River sediments with greater flooding frequencies and
sediment deposition were also found to contain greater quantities of acetate
fermenting methanogens, presumably from increased amounts of high-quality
organic matter inputs (Kemnitz et al., 2004; Buriankova et al., 2013). High
variability in the microbial community composition and lack of knowledge
regarding details of methane production pathways in river sediment and tree
stem environments has contributed to uncertainty in the role freshwater streams

play in the global methane budget (Stanley et al., 2016; Saunois et al., 2020).

In tree stems, the partial breakdown of wood cellulose produces the
substrates CO2 and H2 (Zeikus & Ward, 1974; Conrad., 2020a), while acetate is

formed during fermentation of glucose and pectin (Schink et al., 1981). While



DNA analyses suggest both methane production pathways could be active (Yip et
al., 2019), the dominance of the hydrogenotrophic Methanobacterium (Zeikus &
Ward, 1974;; Yip et al., 2019) and Methanobrevibacter (Zieikus & Henning, 1975;
Balch et al., 1979) methanogen genera (Family Methanobacteriaceae) indicate
that H> and CO, are the major substrates used in producing methane in tree
stems. While the microbial community in tree stems has been investigated, the
abundance of some microbes can vary significantly between tree species and
tissue type (Cregger et al., 2018; Yip et al., 2019). To better understand natural
methane production, the interactions among methanogens, the associated
microbial community, and environmental variables must be further studied (Barba
et al., 2019; Saunois et al., 2020). While there are presumably many forms of
organic matter present in the tree stems and river sediments (Flury & Ulseth,
2019; Li et al., 2019; Bogard et al., 2014), the properties of river sediment organic
matter were found to elicit stronger control on methane production than dissolved
organic matter in the porewater (Bodmer et al., 2020). This study will therefore
focus on solid organic matter as a primary driver of microbial community

composition and the methane production pathways.

1.5 Stable carbon isotope composition of methane

To study the relative contribution of different source and sink processes
that affect the concentration of atmospheric methane, stable carbon isotope
("3C/?C) compositions of methane can be analyzed (Whiticar, 1999; Conrad,

2005). The stable carbon isotope composition of methane is typically represented

10



using delta notation (5'3C, defined in the Methods section 2.3 - see equation 2).
Currently, the global average &'3C value of atmospheric methane is
approximately -47.5%., and this &'3C value illustrates a latitudinal gradient
(approximately 0.5%o0 lower in the northern hemisphere than the southern
hemisphere) and a seasonal cycle, with maximum seasonal changes of
approximately 0.2 to 0.6%o (lower &'3C values in northern hemisphere summer
and higher §'3C values in winter; Quay et al., 1999; Dlugokencky et al., 2011).
Methane’s §'3C value differs between sources, largely as a result of the
production pathway (Whiticar, 1999). For example, methane produced by
fermentation of acetate can have §'3C values of methane depleted in '3C by 5%o
to 35%. relative to the source methyl carbon of acetate (Whiticar, 1999). In
contrast, methane produced by CO; reduction can have §'3C values of methane
depleted in "3C by 28%. to 79%o. relative to the source carbon in CO, (Whiticar,
1999; Penger et al., 2012). Acetate and carbon dioxide are the primary molecules
that serve as substrates for methanogenesis during decomposition of plant
organic matter (Conrad, 2005). Since there are only minor isotopic changes
during decomposition and respiration processes that generate acetate and CO2
from plant organic matter, the §'3C values of these methanogenic substrates
typically have values in the range -34%o to -23%. (Conrad, 2005). Of relevance to
the current study, stem wood samples extracted from cottonwood trees in the
Lethbridge Helen Schuler Nature Reserve (HSNR) have §'3C values of -28%o to
-25%o0 (Flanagan, unpublished data). Stable carbon isotope measurements of

methane within Populus trees (3'3C: -78.3 to -89.1%0; Wang et al., 2016) and river
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sediment (§'3C: -19 to -70.9%o; Mach et al., 2015; Flury & Ulseth, 2019; Bednafrik
et al., 2019), are consistent with the suggestion for the dominance of CO:
reduction in tree stems (Zeikus & Ward, 1974; Yip et al., 2019) and greater
contribution of acetate fermentation in freshwater streams (Kemnitz et al., 2004;

Buriankova et al., 2013; Conrad, 2020a).

1.6  Primary research goal and hypotheses

The cottonwood tree stems and adjacent river sediment in the Oldman
River riparian ecosystem, as connected by the supply of alluvial groundwater,
offer a unique opportunity to investigate the ecological controls on methane
production. The primary objective of this thesis was to study the microbial
ecology and details of methane production pathways in the Oldman River
sediment and adjacent Populus tree stems. To address these objectives,
molecular genetic techniques allowed for characterization of the methanogen and
bacterial community composition, and stable carbon isotope measurements of

methane provided insight to the metabolic pathways of methane production.

While it is possible that the same methanogen species will be present in
the tree stem and river sediment, because the alluvial groundwater provides a
conduit for exchange of microbes between these linked environments, |
hypothesize that significant differences in the environments and available
substrates will result in distinct methanogen and bacterial community composition

present in the tree stem and river sediments. More specifically, the chemical
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composition of solid organic matter present in the river sediment is expected to
lead to increased acetate availability (Buriankova et al., 2013; Conrad, 2020a),
and a greater abundance of the acetoclastic Methanosarcinales in the river
sediment than in the tree stems. In contrast, tree stems will harbour the
hydrogenotrophic family Methanobacteriaceae, because of the expected high
quantities of H> and CO- substrates in the tree stem resulting from the partial
decomposition of cellulose (Zeikus & Ward, 1974; Harwood et al., 1998; Conrad,
2020a). The greater abundance of acetoclastic methanogens in the river
sediment would lead to a greater portion of methane produced through acetate
fermentation while CO2 reduction is expected to be the primary methane
production pathway in tree stems from the dominance of CO: reducing
methanogens. Therefore, | hypothesize that distinctive stable carbon isotope
composition of methane produced in the river sediment and tree stems will be
observed, with river sediment producing methane more isotopically enriched in
13C (8"3C: -45 to -65%0) than methane produced in the tree stems (8'3C: -70 to -
110%o). Findings from this study will provide insight to the ecological controls on
methane production pathways and provide information necessary for parsing out

the contribution of these sources to net ecosystem methane emissions.

13



2, METHODS

21 Field site description

The experimental site was a riparian cottonwood forest located in the
Helen Schuler Nature Reserve (HSNR) and the adjacent Oldman River in
Lethbridge Alberta (49.702 N, 112.863 W, elevation 928 m; Fig. 2.1). This forest
was primarily populated by the prairie cottonwood (Populus deltoides Bartr. Ex
Marsh) and narrowleaf cottonwood (Populus angustifolia James) as well as their
intersectional hybrids, known as lanceleaf cottonwoods (P. x acuminata Rydp.)
(Kranjcec et al., 1998). Some balsam poplar (P. balsamifera L.) trees, or the
closely-related and phenotypically similar black cottonwood (P. trichocarpa T. &
G.) are also present, and they do hybridize with the other cottonwood taxa (Gom
& Rood, 1999). Poplar trees account for ¢. 50% of the total ecosystem leaf area
index (1.8 £ 0.2 m? m~2; measured in 2014), with understory plants making up the
remaining fraction (Flanagan et al., 2017). The Oldman River is fed by the
meltwater from the Rocky Mountains, with water outflow through the streambed
to the alluvial groundwater beneath the adjacent terrestrial plains, supplementing
the water requirements of the cottonwood trees (Rood et al., 2003; Flanagan et
al., 2019). The growing season (May to August) has a mean air temperature of
15.6°C, and precipitation of 211.8 mm (1981-2010) as recorded at the Lethbridge

regional airport (Environment Canada, 2020).
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2.2 Molecular genetic analyses of microbial community composition

2.2.1 Field sample collection

Tree wood samples were collected (February 11, 13 & 18, 2020) from nine
separate cottonwood trees using sterilized 9 mm diameter tree increment borers
(Model 10- 100- 1018, Haglof Inc., Langsele, Sweden) and immediately placed in
sterile Whirl-Pak bags (S-22729, Whirl-Pak, Uline, Canada). Three cottonwood
taxa (P. deltoides, P. angustifolia, and an intersectional hybrid) found in close
proximity were sampled at each of the three locations along a transect of
increasing distance perpendicular to the adjacent Oldman River (Cluster 1: 84 +
16 m, Cluster 2: 145 + 20 m, & Cluster 3: 205 £ 17 m; fig 2.2). To investigate
possible relationships between tree characteristics and the microbial community
composition, diameter at breast height (DBH, 1.3 m above the ground) and tree

height were measured using a diameter tape and clinometer.

Six river bottom sediment samples (10 cm depth) were collected (July 24,
2020) along 2 transects across the width of the Oldman River at locations
between the two bridges in Lethbridge that cross the river (Highway 3 bridge and
Whoop-up Drive bridge), in areas that are adjacent to the HSNR (Fig. 2.2).
Sediment samples were collected using a sterilized copper pipe (approximately 2
cm diameter) and pushed out into sterile 50 mL centrifuge tubes using a sterile

solid copper rod. River column depth was recorded for each location sampled.
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Groundwater samples were collected from 2 pre-installed wells made from
2.5 cm diameter PVC pipes that penetrate the groundwater table (approx. 2.5 m
depth) below the HSNR cottonwood forest (Fig. 2.2). Standing water was
pumped out and discarded, and the well was allowed to refill before collection in

50 mL centrifuge vials with a screw lid.

Before field sampling, instruments were cleaned, rinsed with bleach then
sterile water, then autoclaved and sealed in individual autoclave bags for
transport to the field site. Samples were held on ice for transport to the lab and
stored at -80°C until DNA extraction. A small subset of each tree stem and river
sediment sample was sacrificed for determination of pH. Tree stem pH was
measured by mincing dried tissue, soaking 150 uL of finely minced wood in 1.2
mL sterile water and shaking (600 rpm) for 2 hours before centrifugation (1300 x
g for 2 minutes) and measuring the pH of the supernatant (Yip et al., 2019). River
sediment was centrifuged (1300 x g for 2 minutes) and the pH of the supernatant

was measured.
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Figure Legend
® = Populus deltoides
® = Populus angustifolia

® = Intersectional hybrid

Side Channel

O= Groundwater well

O= River sediment

Figure 2.2: Diagram of river sediment, tree stem, and alluvial groundwater
sampling locations within the HSNR in Lethbridge Alberta. In this diagram the
dark green patches indicate forested areas, light brown is grassland, light green
is grassland in the Elizabeth Hall Wetlands, brown lines are walking paths and
the grey area is a roadway.
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2.2.2 DNA extraction and lllumina sequencing

Environmental DNA (eDNA) was extracted from all field samples using a
Powersoil DNA extraction kit according to protocol (Qiagen, Toronto, ON,
Canada). Tree cores were minced (<2 mm) with a sterile razor blade (Cregger et
al., 2018; Yip et al., 2019), while sediment samples were sieved (<2 mm). For
wood samples, two technical replicates were combined to increase DNA yield
(Yip et al., 2019). River sediment was centrifuged (10,000 x g for 60s) and the
supernatant and upper rock layers were discarded, using the fine sediment for

DNA extraction (Buriankova et al., 2013).

The eDNA from river sediment, groundwater and tree cores, as well as
extraction buffer (blank control) were sent to Génome Quebec for shotgun
metagenomic sequencing to characterize the methanogen community
composition. River sediment and tree core eDNA were also sequenced to
characterize the bacterial community composition. Sequencing was performed
using a 2-step PCR approach using universal primers specific to bacterial 16s
rRNA (515F: 5'- GTG CCA GCM GCC GCG GTA A-3’ and 806R: 5- GGA CTA
CHV GGG TWT CTA AT, Walters et al.,, 2016) and methanogen mcrA genes
(mcrAfornew: GGT GTM GGD TTC ACH CAR TAY GC-3' and mcrArevnew: 5'-
TTC ATN GCR TAG TTH GGR TAG TT-3' ;Gagnon et al., 2011). Amplicons were

sequenced using an lllumina MiSeq (PE 250).
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2.2.3 Processing DNA sequencing data

Raw reads were processed using the DADA2 package (Callahan et al.,
2016) in R version 4.0.3 (R Project for Statistical Computing, Vienna, Austria) to
create amplicon sequence variants (ASV’s; Callahan et al., 2017). Forward and
reverse reads were trimmed (primers + 3 bases were removed, forward and
reverse reads were truncated at 210 bases for 16s rRNA and 242 for mcrA) and
filtered (no ambiguous bases, maximum expected error of 2 for 16s rRNA and 3
for mcrA) before dereplication. Filtered reads were pseudo-pooled for de-noising
for better identification of rare taxa, then forward and reverse reads were merged
(perfect overlap of = 12 bases for 16s rRNA and = 8 for mcrA) and chimeric reads
were removed. Taxonomic classification of ASV’s were conducted using the RDP
Naive Bayesian classifier (Wang et al., 2007) with bootstrap values of 80%
(Steinberg & Regan, 2008; Chen et al., 2020). Bacterial ASV’s were assigned
taxonomy using the SILVA 138 database (Quast et al., 2013), while mcrA
sequences were assigned to the original mcrA database (Yang et al., 2014) that
was modified as follows. Following conversion to a DADA2 compatible format,
redundant sequences with taxonomic classification of “Uncultured Archaeon”
were removed (Chen et al., 2020). Whole methanogen genome and entire methyl
coenzyme reductase nucleotide sequences from pure cultures were pulled from
Genbank (Clark et al., 2016) using script written in Perl (Wall et al., 2000) to pull
and format their nucleotide sequence and taxonomic classifications appropriately.
To extract the mcrA nucleotide region, the reference sequences were flanked and

truncated using the mcrA (Steinberg & Regan, 2009), ML (Luton et al., 2002),
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mcrA159F/mcrA345R (Vaksmaa et al.,, 2017), and mcrANEW (Gagnon et al.,
2011) primer sets in Cutadapt V1.16 (Marcel, 2011) on the public server
usegalaxy.org (Afgan et al., 2015). Additional script was written to merge only
unique mcrA nucleotide sequences with the trimmed mcrA database (Yang et al.,
2014). ASV’s that did not receive taxonomic classification were excluded from

analyses.

For bacterial 16s rRNA sequences, taxa identified as “Mitochondria” (av.
0.15%) “Chloroplast” (av. 1.1%), or “Archaea” (av. 1.4%) were removed as
possibly derived from plant material. Each tree stem and river sediment sample in
the final rarefied (See Appendix 7.3) dataset contained 23, 647 mcrA sequences
representing 664 ASV’s, and 12,157 bacterial 16s rRNA sequences representing

5706 ASV’s (See Appendix 7.1 for the number of ASV’s per sample and sample

type).

2.2.4 DNA sequence analyses

Statistical analyses of tree stem and river sediment sequence data were
conducted individually for methanogen and bacterial datasets using vegan 2.4-2
(Oksanen et al., 2017) with figure generation using ggplot2 (Wickham, 2016) as
part of the open source software Bioconductor (Huber et al., 2015). Boxplots
were generated using MATLAB software (R2020a, The Mathworks Inc., Natick,
MA, USA). Alpha diversities were statistically evaluated between sample type

and tree cluster/taxa based on species (ASV) richness and Shannon (Shannon-
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Wiener) diversity index (Shannon & Weaver, 1949; eq. 1). In the Shannon

diversity index (H’), pi is the proportion of species i, In is the natural logarithm and
2 indicates the sum for all species (S).

H =-»5P, InP, (1)

Relative abundance values for methanogen and bacteria taxa were

determined by summing the sequence counts for ASV’s corresponding to a given

phylogeny, then dividing this by the total number of sequences in the sample and

presented as a percentage (%).

Beta-diversity of the bacterial communities were calculated using the Bray-
Curtis dissimilarity index and visualized by non-metric multidimensional scaling
(NMDS) using metaMDS. River sediment and tree stem bacterial community
compositions were compared using permutational ANOVA (PERMANOVA)
models with 999 permutations using adonis in vegan. Pairwise PERMANOVA
was used to determine whether bacterial community composition was
significantly different for tree taxa or tree cluster (distance from the river) with

FDR correction to account for type 1 errors.
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2.3 Investigating the metabolic pathways of methane production

2.3.1 Tree stem and river sediment sample collection

Tree wood samples were collected (September 4, 2020) as previously
described (See section 2.2.1; Fig. 2.2) and immediately placed in 50 mL

centrifuge tubes filled with sterile water (Fisher Chemical, W7-4, Lot 172156).

Six river bottom sediment samples were collected (August 19, 2020) as
previously described (See section 2.2.1; Fig. 2.2), with samples pushed out into
Mason jars. The sediment samples were subsequently submerged in sterile

water in the sealed Mason jars.

Before field sampling, instruments were cleaned, rinsed with sterile water
then 95% ethanol, and individually wrapped in aluminum foil for transport to the
field site. Tree and sediment samples were returned to the lab and stored in the

dark at 4°C until incubation experiment preparation (<12 hours).

2.3.2 Anaerobic sample incubation and gas analysis

In vitro incubation experiments, constructed using a previously reported
protocol (Conrad et al., 2011; Mach et al., 2015; Ji et al., 2018), used river
sediment and tree core samples held under anaerobic conditions to promote
methane production, allowing for the analysis of methane and CO> concentration

and their associated §'3C values.
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Tree cores (3.9 + .15 g) were removed from sterile water and immediately
broken into 8 pieces of similar size, and river sediment was sieved (<2 mm).
Saturated tree cores or 30 mL of river sediment with 30 mL of sterile water were
added to sterile 100 mL glass beakers. Beaker containing samples were placed
in sterile 500 mL Mason jars with gas inlet and outlet connections made by
inserting ~11 cm tubing (Bev-a-Line IV tubing, LABCOR, Concord, ON, Canada)
through holes drilled in the lid and fitted with male and female (Masterflex fitting
RK-45508-80 & RK-45512-82, Gelsenkirchen, DEU) adapters with one-way
stopcock valves (Luer-Lok, 420163-0001, Franklin Lakes, NJ, USA), then sealed

using Qubitac (Qubit, Kingston ON, Canada).

Mason jars were flushed with N2 gas (Praxair, Lethbridge, AB, Canada) at
a rate of 700 mL/min for ~10 minutes, with output gas passed though drying
agent (MgCl,) before the [CO2] was measured (LI-820 CO2 gas analyzer, LI-COR
Biosciences, Lincoln, NE, USA). Flushed Mason jars, with [CO2] lower than 12
ppm, were incubated in the dark at room temperature. At intervals, 50 mL gas
samples were removed from the headspace of the jars, using syringes (SOFT-
JEC, 1481757, Henke-Sass Wolfe, Tuttlingen, DEU) with one-way stopcock
adapters, after 10, 20 and 45 hours (with an additional sample point of 64 hours

for the tree cores).

Of the 50 mL gas sample, 20 mL was expelled before injecting the

remaining 30 mL to measure [CHadry], [CO2dry], §"*C CH4 and §'3C CO; using a
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small sample introduction module (A0314, Picarro, Santa Clara, CA, USA)
attached to a gas analyzer (G2201-i analyzer, Picarro, Santa Clara, CA, USA).
The carbon isotope composition of methane and CO2 were reported using delta
(8) notation, which is the ratio of '*C/'2C in a sample molecule compared to that
of the VPDB standard and routinely expressed in parts per thousand or per mil
[%o0] (Coplen, 1994) (eq.2):

13¢
2 sample

8"3C vppB = (13CC— — 1) x 1000 %o (2)

astandard

8'3C values of CHs and CO; were calibrated to reference gas
measurements taken prior to and following sample analyses (Environment
Canada, Greenhouse Gas Lab). A standard curve was created to calibrate CH4
and CO2 concentration measurements using 5 reference gases previously
calibrated by the Greenhouse Gas Lab at Environment Canada. Empty
incubation chambers were flushed with each reference gas, then discrete gas
samples were taken, analyzed, and plotted against the true values obtained from
the 30-minute average of each reference gas measured by flowing through an
Ultra-Portable Greenhouse Gas Analyzer (UGGA; Los Gatos Research,
Mountain View, CA, USA). Predicted [CH4] and [CO2] differed from the actual
values by <21.3 (ppb) and 0.91 (ppm) respectively. Precision of 5'*C CH4 and
813C CO; values were < 0.8 %o and 0.11 %o, respectively, based on repeated

measures of a reference gas taken prior to and following sample measurements.
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2.4 Analysis of sample organic matter characteristics

Following incubation experiments, tree core and river sediment samples
were oven-dried at 60°C. Dried tree core samples were first minced using a
sterile razor blade and cutting board, then all samples were pulverized and
homogenized in a ball mill (Retsch MM200, Haan, Germany). Inorganic carbon
was removed from river sediment (5 g), by mixing with 1.2 N HCI (10 mL) in 50
mL falcon tubes sealed and wrapped with parafilm for 2 hours, shaking manually
every 15 minutes followed by centrifugation (4000 RPM for 15 minutes;
Eppendorf® Centrifuge 5804 R, Hamburg, Germany) and removal of the
supernatant. In order to prevent organic carbon loss during sample drying, 3 DI
H20 washes (20 mL) were performed with centrifugation (4000 RPM for 15
minutes) and removal of the supernatant following each step. River sediment was

re-dried at 60°C, then pulverized using a sterilized mortar and pestle.

Subsamples of tree and river sediment samples were analysed for their
carbon and nitrogen content by weight (g C g biomass, represented in %), and
13C/12C carbon isotope composition (expressed using delta-notation, §'3C VPDB,
%o0) by Continuous Flow-Elemental Analysis-lIsotope Ratio Mass Spectrometry at
the University of Calgary Isotope lab. Measurements were conducted on CO2 and
N2 gas generated by sample combustion in an elemental analyzer (4100,
Costech Analytical Technologies, Valencia, CA, USA) and quantified with a gas
isotope ratio mass spectrometer (Delta Plus XL, Thermo Finnigan, San Jose, CA,

USA) connected by a ConflolV® device (Thermo Fisher Scientific, Waltham, MA,
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USA). For river sediment, % Cog values were determined using acid washed

samples, while non-acid washed samples were used for N measurements.

Individual C and N analyses were conducted for river sediment and tree
core samples separately. Standardization by weight was determined using
repeated measurements of internal lab standards (n=6) with different mass, and
instrument drift was accounted for by re-measuring the internal lab standards
following every 6 sample measurements. Standards used for river sediment
(Mountain soil; % C=1.7; §'3Corg=-17.87 %o; % N=0.1) and for tree cores (Peach
Leaves; % C=45.8; 8"3Corg=-25.23%0; Oak wood: % N=0.09) were characterized
against international standards (USGS-40; &'3C=-26.39%0; USGS-41,
813C=37.63%0), and re-checked by measuring both international standards (n=2)
at the beginning and end of each analysis. Precision of % C, % N and §'3C
measurements (Table 2.1) were determined by repeated analysis (n=3) of each
sample type. The mass of dried tree stem and river sediment samples from
anaerobic incubations were used to approximate total carbon and nitrogen

availability during incubation experiments.
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Table 2.1: Precision of §'3C, % C and % N measurements of organic matter by
Continuous Flow-Elemental Analysis-Isotope Ratio Mass Spectrometry. Precision
was determined using the standard deviation for measures of each sample type
(n=3).

Sample 8"3Corg (%o) % Corg % N
Tree core 0.206 0.089 5.77 x 103
River Sediment 0.203 0.046 5.30 x 10

2.5 Statistical analyses

Value standardization and data organization was performed using
Microsoft Excel (Version 16.3, Microsoft corporation., Redmond, WA, USA) with
normality tests (Shapiro-Wilks), statistical analyses and figure generation
performed using Matlab software (R2020a, The Mathworks Inc., Natick, MA,
USA) unless stated otherwise. Within each boxplot, the center line represents the
median, while the bottom and top of the box represent the 25th percentile (first
quartile) and 75th percentile (third quartile) for the data set, respectively. The
whiskers represent the smallest and largest measured values, and the red cross

represents outliers.
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3 RESULTS

3.1 Tree core and river sediment organic matter characteristics

Average organic carbon content (%) in tree stem (Populus spp.) samples
were approximately 114 times greater than sediment from the Oldman River
(Table 3.1). Nitrogen content (%) was an average of 2 times greater in tree stems
than river sediment (Table 3.1) The amount of organic carbon available during
incubation experiments was approximately 4.9 times greater for tree stems than
river sediment, while river sediment samples had approximately 10 times greater
nitrogen availability (Table 3.1). River sediment had §'3C Cqrg values significantly
more enriched than in the tree cores, by an average of 2.2%0 (Table 3.1). The
C:N ratio for tree stem samples (average + SD; 546.2 + 199.6) was much greater

than river sediment samples (9.9 + 3.4).

Table 3.1: Differences in the organic matter characteristics of Populus spp. tree
core (n=9) and Oldman River sediment (n=6) samples (mean + SD). Tree stem
samples had greater carbon and nitrogen content by weight (%), greater total C,
less total N, and more isotopically depleted Corg than river sediment samples.
These differences were statistically significant based on 1-way, unbalanced
ANOVA for carbon content, F(1,13=3.92x10%, P<0.001, nitrogen content,
F1,13=11.7, P<0.01, total carbon, F1,13=104, P<0.001, and &"3C Corg, F(1,13=27.8,
P<0.001. X?1,13=10.1, P<0.05, and a Kruskal-Wallis test for total nitrogen
X?1,13=10.1, P<0.05

Sample 5"C Corg % Corg % N Total C Total N
(%) (mg) (mg)
Tree stem -27.0+0.8 458+05 0.09+0.04 4610+ 0.94+0.35
74.6

River sediment | -24.8 £+ 0.8 04+0.2 0.04+£0.02 925+57.0 9.62+5.84
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3.2 Microbial community composition

3.2.1 Methanogen community composition

DNA sequencing identified mcrA nucleotide sequences with high genetic
similarity to methanogens in the orders Methanobacteriales, Methanosarcinales,
Methanomicrobiales, and Methanomassiliicoccales (Fig. 3.1). River sediment had
significantly greater species richness and Shannon diversity index values than
tree stems (Fig. 3.2). Methanogen species richness in tree stems did not differ
significantly between tree cluster (location) (X?2,6=3.82, P=0.15) or cottonwood
taxa (X%26=0.62, P=0.73), based on Kruskal-Wallis tests. Similarly, mcrA
Shannon diversity index values did not differ significantly between tree cluster

(XP(2,6=0.62, P=0.73) or taxa (X?@2,6)=4.36, P=0.11) based on Kruskal-Wallis tests.
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Figure 3.1: Relative abundance of dominant (>0.1%) methanogen orders in
Populus spp. tree core and Oldman River sediment samples as classified by
mcrA gene amplicons. Relative abundance is the sum of sequence counts for
ASV’s classified to a given methanogen order divided by the total number of
sequences in the sample and presented as a percentage. Labels on the bottom
indicate river sediment (RS) or tree core (T) sample type, and the associated
number represents the sediment location (Fig. 2.2) and tree stem tag (See
Appendix 7.5 for the associated taxa and cluster).
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Figure 3.2: Differences in (a) the number of mcrA ASV’s and (b) associated
Shannon diversity index values from Populus spp. tree core (n=8) and Oldman
River sediment (n=6) samples. The number of observed methanogens and
Shannon diversity differed significantly for tree stem and river sediment samples
based on Kruskal-Wallis tests. For observed methanogens, X?(1,13=8.7, P<0.01,
and for Shannon diversity, X?(1,13=10.1, P<0.01

Considering all samples, tree stems (n=9) generally had a greater relative
abundance (average = SD) of Methanobacteriales sequences (78.3 £ 22.2%)
than the river sediment samples (n=6; 60.8 + 23.4%). Methanosarcinales ASV’s
had considerable relative abundance in all river sediment samples (5.74 to
34.5%) and were only significant (>1%) in four out of nine tree stem samples
(5.30 to 45.9%; Fig. 3.3). The two alluvial groundwater samples had 12 and 15
mcrA ASV’s representing 24 unique sequences, with most (93.2 & 97% relative
abundance) classified as Methanobacteriales, and the remainder classified as

Methanosarcinales (data not shown). Methanomicrobiales ASV’s were present
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(>1% relative abundance) in six out of nine tree stem samples, and four out of six
river sediment samples, and were more abundant in tree stem (2.22 to 42.2%)
than in river sediment samples (0.05 to 2.6%; Fig. 3.3). Methanomassiliicoccus
had similar low relative abundance in all tree stem (0.23 to 5.69%) and river
sediment samples (1.10 to 7.80%; Fig. 3.3). The relative abundance of each
methanogen order did not differ significantly for tree cluster or taxa based on
Kruskal-Wallis tests (P>0.08; data not shown), except for Methanomicrobiales
(X?(113=5.79, P=0.06), which were only absent in P. angustifolia tree stem

samples.

Considering all Methanosarcinales sequences in tree stems, most
belonged to one Methanosarcinaceae ASV (65% relative abundance) and one
Methanosaetaceae ASV (29%). River sediment samples generally contained
Methanosaetaceae at greater relative abundance (10.2 £ 3.90%; average * SD)
than Methanosarcinaceae (6.53 + 7.81%). Methanobacteriales ASV’s identified in
all samples were the most genetically similar to the family Methanobacteriaceae.
Methanobacteriales ASV’s classified to genus level were primarily
Methanobacterium, except for tree 87 which also contained the genus
Methanobrevibacter in negligible relative abundance (<0.1%). Some unclassified
mcrA ASV’s from both tree stem and river sediment samples were assigned as
Methanobrevibacter when bootstrap confidence was relaxed, so methanogens in
this genus could be more abundant but had poor classification due to the limited

reference database.
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Figure 3.3: Comparison of the relative abundance (RA) of mcrA ASV’s classified
as the methanogen orders (a) Methanobacteriales, (b) Methanosarcinales, (c)
Methanomicrobiales, and (d) Methanomassiliicoccales in tree stem (n=9) and
river sediment samples (n=6). Relative abundance is the sum of sequence counts
for ASV’s classified to a given methanogen order divided by total sample
sequences and presented in percentage. Differences in the relative abundance of
Methanobacteriales, Methanosarcinales, Methanomicrobiales and
Methanomassiliicoccus were not statistically significant based on Kruskal-Wallis
tests. For Methanobacteriales, (X%1,13=4.5, P=0.19), for Methanosarcinales,
(X?(1,13)=2.0, P=0.16), for Methanomicrobiales, (X%1,13=0.9, P=0.34), and for
Methanomassiliicoccus, (X%1,13=1.39, P=0.24).
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3.2.2 Bacterial community composition in tree stems and river sediment

The average (x SD) relative abundance of dominant (>1%) bacterial phyla
identified in tree stem (n=8; one tree stem sample was excluded due to high
levels of plant contaminant) environments were Actinobacteria (30.8 £ 10.6%),
Acidobacteria (15.5 + 11.6%), Unclassified (10.1 £ 8.95%), Firmicutes (12.3 %
5.96%), Bacteroidetes (11.7 £ 4.02%), Proteobacteria (8.04 £ 10.0%), Chloroflexi
(5.78 £ 4.40%), Synergistetes (1.43 + 3.49%), and Verrucomicrobia (1.00 %

0.52%: Fig. 3.4).

The average (+ SD) relative abundance of dominant (>1%) bacterial phyla in
6 river sediment samples were Proteobacteria (30.5 + 5.6%), Acidobacteria (13.3
t+ 4.5%), Verrucomicrobia (11.02 + 2.65%), Bacteroidetes (9.46 + 3.67%),
Chloroflexi (7.37 £ 2.07%), Plantomycetes (7.15 + 4.75%), Actinobacteria (4.03
1.93%), Desulfobacterota (3.80 + 3.23%), Nitrospirota (2.65 = 0.79%),
Myxococcota (1.74 £ 0.39%), unclassified Gemmatimonadetes (1.66 + 0.36%),
Myxococcota (1.74 + 0.39%), and unclassified Armatimonadetes (1.00 + 0.92%;
Fig. 3.4).

Methanotrophic genera were present within tree stem samples belonged to
Crenothrix (<3.8%), Methylobacterium (<0.65%), and Methylocystis (<0.03%;

data not shown).
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Figure 3.4: Relative abundance of dominant (>0.1%) bacterial phyla in Populus
spp. tree core and Oldman River sediment samples classified by 16s rRNA
amplicons. Relative abundance is the sum of sequence counts for ASV’s
classified to a given bacterial phyla divided by the total number of sequences in
the sample and presented as a percentage. Labels on the bottom indicate river
sediment (RS) or tree core (T) sample type, and the associated number
represents the sediment location (Fig. 2.2) and tree stem tag (See Appendix 7.5
for the tags associated taxa and cluster).
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River sediment samples had an average of 4.8 times as many bacterial 16s
rRNA ASV’s than tree stems, and river sediments had greater Shannon diversity
index values (Fig. 3.5). The bacterial community compositions differed
significantly for tree stem and river sediment samples, and within-group beta-
diversity did not differ significantly for sample type (Fig. 3.6). In tree stem
samples the bacterial community compositions did not differ significantly between

cottonwood taxa or tree cluster (Fig. 3.7).
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Figure 3.5: Differences in (a) the number of bacterial 16s rRNA ASV’s and (b)
associated Shannon diversity index values from Populus spp. tree core (n=8) and
Oldman River sediment (n=6) samples. The number of observed bacterial ASV’s
and Shannon diversity differed significantly for tree stem and river sediment
samples based on Kruskal-Wallis tests. For observed bacterial ASV’s,
X?1,12=9.60, P<0.01, and for Shannon diversity, X%1,12=9.60, P<0.01.
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Figure 3.6: Non-metric multidimensional scaling (NMDS) with Bray-Curtis
distance for bacterial 16s rRNA ASV counts in Populus spp. tree core (T; n=8)
and Oldman River sediment (RS; n=6) samples. River sediment and tree stem
bacterial community compositions differed significantly based on permutational
multivariate analysis of variance (PERMANOVA) with 999 permutations
F1,12=2.68, P<0.01. Within-group beta diversity did not differ significantly for tree
stem and river sediment samples based on PERMANOVA with 9,999
permutations F1,12)=0.01, P=0.92. Tree core and river sediment dissimilarities are
expanded in figures 3.7 & 3.8. The ordination stress is 8.70x10°
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Figure 3.7: Non-metric multidimensional scaling (NMDS) with Bray-Curtis
distance for bacterial 16s rRNA ASV counts in Populus spp. tree core samples.
Bacterial community composition in tree stems did not differ significantly between
taxa (Fi2,5=1.04, P=0.44) or cluster (F@2,5=1.13, P=0.21) based on PERMANOVA
tests with 999 permutations. The ordination stress is 0.11
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Figure 3.8: Non-metric multidimensional scaling (NMDS) with Bray-Curtis
distance for bacterial 16s rRNA ASV counts in Oldman River sediment (RS)
samples. The ordination stress is 0.03
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3.3 Metabolic pathways of methane production

3.3.1 Methane and carbon dioxide gas production

Each river sediment and tree core sample had significant increases in the
concentration of CO2, and CHs in the chamber headspace over the course of
anaerobic incubation experiments (Fig. 3.9; Fig. A.1.1 — A.1.14). River sediment
sample 1 was lost during the experiment. Concentrations of methane in the
headspace did not differ significantly for sample type (Fig. 3.9a). Tree core
samples produced significantly greater quantities of CO> than the river sediment
(Fig. 3.9b), with tree core samples having greater than twice the average [CO-] of

river sediment at every time point.
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Figure 3.9: Comparison of (a) methane and (b) carbon dioxide gas production by
tree cores (Populus spp.; n=9) and Oldman River sediment (n=5) during
anaerobic incubation, represented as the mean + SE. Sample type and time were
statistically significant effects for [CO2], while only time was a significant effect for
[CH4], based on 2-way, unbalanced, repeated measure ANOVA on [CO2] and
In([CHa]) values (time is repeated factor). Methane values were transformed due
to non-normal distribution at 20 and 45 hours, and because of a significant
increase in variance for the river sediment measures. For In([CH4]) values, time
effect was significant, F2,24=40.36, P<0.001, whereas sample type, F1,12=2.62,
P=0.13, and interaction F(224)=0.77, P=0.47, were not. For [CO2] values, sample
effect, F¢,12=7.66, P<0.05, and time effect, Fp24=15.7, P<0.001, were
significant, while their interaction was not, F(224)=2.03, P<0.05.
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3.3.2 Stable carbon isotope analyses

Methane initially produced by tree cores was relatively enriched in 3C
(-20%0), but its stable carbon isotope composition became more depleted with
increasing accumulation of methane, leveling off with §'3C CH4 values near -84%o
at high methane concentrations (Fig. 3.10b). The largest change in tree core §'3C
CHy4 values was seen from 2000 to 3000 ppb, which showed depletion in *C by
~20%0 (Fig. 3.10b). This contrasts with trends observed for river sediment
incubations, which had no significant change in methane §'3C values as methane

accumulated in the chamber headspace (Fig. 3.11).

At the end of the incubation experiment, the average stable carbon isotope
composition of methane from the river sediment (-52.2 %.) was enriched in 3C by
an average of 35.4%. compared to methane produced by tree cores (-87.6 %o;
Fig. 3.12). Methane &'3C values from river sediment (-48.4 to -55.1%.) showed

less variation than from tree cores (-70.6 to -103.7%o; Fig. 3.12).

43



Tree cores

_40 T T T T T T
- a
é¢ 50k A
a &
o
¢ -60r 7
™ n=7
© 70t 2
-80 — : : : ' '
10 20 30 40 50 60
Time (hours)
& 20p o Original Data i
e 40 L Smoothed trendline | |
= -
O &®
o -60f YV 58o® -
Q o
w 80 A i
o0
100 } ° ° . b

0 1000 2000 3000 4000 5000 6000
[CH,] (ppD)

Figure 3.10: Trends in the stable carbon isotope composition of accumulated
methane produced by tree cores (Populus spp.) during anaerobic incubation,
expressed as (a) time course of the average isotopic signature (n=9 unless
denoted where sample size was reduced due to methane concentrations being
below the limit of detection for §'*C values) + SE, and (b) a combination of all
[CHa4] versus §'3C data points (n=30), excluding one outlier with [CH4] > twice the
average [CH4] at the end of incubation. The black line is a smoothed trendline
from a linear LOESS model (Cleveland & McGill., 1984), with a smoothing
parameter of 0.7 (See Fig. 7.8 for model comparisons) using MATLAB functions
written by W. L & A. R Martinez (2002).
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Figure 3.11: Trends in the stable carbon isotope composition of accumulated
methane produced by Oldman River sediment during anaerobic incubations.
Values are represented as (a) time course of the average isotopic signature (n=5)
+ SE, and (b) combination of all [CH4] versus §'*C CHs data points (n=14),
excluding one outlier with [CH4] > twice the average [CH4]. The dashed line
shows the median value as §'3C CH4 did not change significantly with [CHa],
based on an F test of the linear regression model, F1,13)=2.84, P=0.12.
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Figure 3.12: Box and whisker plots for the stable carbon isotope composition
(8"3C values) of methane produced by tree stem (Populus spp.) and Oldman
River sediment samples following anaerobic incubation. §'*C CH4 changed with
[CH4] as methane accumulated, so river sediment (n=3) and tree core (n=4)
values represent samples with significant [CH4] (>>2000 ppb) at the end of the
incubation period. 8'3C values of methane produced by tree cores and river
sediment at the end of incubation were significantly different, based on a Kruskal-
Wallis test (X?1,5=4.5, P<0.05)
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4, DISCUSSION

41 Methanogen community composition

Oldman River sediment, alluvial groundwater and Populus tree stems in
the adjacent riparian forest harboured different methanogen communities (Fig.
3.1). As expected, the relative abundance of ASV’s classified as CO2 reducing
Methanobacteriales was significantly greater in tree stems (89.7 to 99.6%) than in
the river sediment (28.2 to 98.4%; Fig. 3.1). Predictably, Methanosarcinales had
significant (>1%) relative abundance in all river sediment samples (average + SD;
16.9 + 10.1%), and they were only in four out of nine tree stems (11.5 + 17.1%;
Figs. 3.1 & 3.2). Methanogen communities in the river sediment were more
diverse than in tree stems, as ~3 times as many methanogen ASV’s were
detected, and Shannon’s diversity index values were significantly greater in the
river sediment (2.72 to 4.64) than tree stems (0.34 to 1.73; Fig. 3.2).
Methanogens in the alluvial groundwater may change seasonally with flooding
events and subsequent organic matter supply as demonstrated for bacterial
communities (Xia et al., 2020), so the identification of primarily (>93%)
Methanobacteriales in the alluvial groundwater could be a result of the date

sampling was conducted.

Most (>99.9%) Methanobacteriales ASV’s classified to genus were
Methanobacterium, and their high abundance observed in the cottonwood tree
stems aligns with previous studies (Zeikus & Ward, 1974; Yip et al., 2019).
Similarly, Methanobrevibacter classified ASV’s were only identified in one tree

stem in low abundance (<0.1%), which is consistent with a previous study of
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poplar tree stems (Yip et al., 2019). The presence of methanogen orders
Methanosarcinales, Methanobacteriales, Methanomicrobiales and
Methanomassiliicoccales in the river sediments was also consistent with previous
reports (Kemnitz et al., 2004; Buriankova et al., 2013; Mach et al., 2015;
Cozannet et al., 2020). Nearly 1/3 of mcrA nucleotide sequences variants
identified in the cottonwood trees were present in the river sediment, and
phylogenetic analyses of the remaining amplicons suggested they were
genetically similar (See Appendix 7.2). While the same methanogen species
could be present in each environment, contrasting abundance of different
methanogen species in the tree stems and river sediment demonstrate the
environmental pressures driving methanogen growth and community composition

in the two environments (Wen et al., 2017; Lyu & Liu, 2018).

ASV’s classified as the methanol-reducing order Methanomassiliicoccales
had similar relative abundance in cottonwood tree stems (0.23 to 5.70%) and the
Oldman River sediment (1.52 to 7.80%; Fig. 3.3). While a previous study of
cottonwood trees found the bacterial and archaeal community contained
Methanomassiliicoccales in low relative abundance (<1%; Yip et al., 2019), these
results suggest they can account for a considerable portion of the methanogen
community (Fig. 3.3). Methanol is often formed through pectin degradation, so
this pathway has been suggested to be more important in environments with high
quantities of pectin (Schink et al., 1981; Conrad, 2020a). The breakdown of

pectin to methanol generally produces the substrates H,/CO2 and acetate (Schink
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et al., 1981; Conrad, 2020a), which may contribute to the greater abundance of
Methanobacteriales and Methanosarcinales (Fig. 3.3). Contrary to expectations
and previous studies of cottonwood trees (Zeikus & Ward, 1974; Balch et al.,
1979; Wang et al., 2016; Yip et al., 2019), Methanosarcinales were identified in
tree stems up to relative abundance of 45.9%, suggesting acetate fermentation
could occur to some extent in tree stems (Lyu & Liu, 2018). This was supported
by functional gene mapping within cottonwood trees that suggested both CO>
reduction and acetate fermentation pathways could be active simultaneously (Yip
et al., 2019). Of importance, a majority of Methanosarcinales sequences in tree
stems belonged to Methanosarcinaceae, which can also perform
hydrogenotrophic methanogenesis (Lyu & Liu, 2018). Consistent with previous
studies (Cregger et al., 2018; Yip et al., 2019), the relative abundance of each
methanogen order, and methanogen alpha diversity, did not differ significantly
between cottonwood taxa or distance from the river, except for
Methanomicrobiales, which were absent from P. angustifolia samples. The
absence of Methanomicrobiales in P. angustifolia could be due to them being
missed during sampling, differences in Populus biochemical products within the
stem, or microbial interactions such as differing abundance of bacterial/fungal

pathogens between tree species (Cregger et al., 2018).

River sediments contained the acetoclastic family Methanosaetaceae at

greater relative abundance (10.2 + 3.90%; average = SD) than

Methanosarcinaceae (6.53 + 7.81%). Buriankova et al. (2013) found
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Methanosaetaceae spp. present in river sediments with consistently high
concentrations of acetate in the porewater, suggesting that significant quantities
of acetate were present the Oldman River sediment. These results differ
significantly from previous studies that reported a greater abundance of
Methanosarcinaceae in river surface sediments, while Methanosaetaceae were
absent or rare in surface layers but increased with sediment depth (Buriankova et
al., 2013; Mach et al., 2015). Methanosaetaceae have a high affinity for acetate
and dominate in low concentrations (<30 uM; Kemnitz et al., 2004), while
Methanosarcinaceae generally use acetate when it is in high quantities (~1 mM,;
Lyu & Liu, 2018). Additionally, Methanosarcinaceae sp. are generally more
tolerant of oxygen than Methanosaetaceae sp. (Kemnitz et al., 2004; Conrad,
2020b). The greater abundance of Methanosaetaceae observed in this study

could thus be indicative of differences in O2 content or acetate availability.

4.2 Bacterial community composition

The bacterial community associated with methanogens has been
suggested to strongly regulate methanogen growth by controlling the formation of
precursor methanogenic substrates (Bertolet et al., 2019; Conrad, 2020a). River
sediment and tree stem bacterial community compositions differed significantly
(Fig. 3.6), which likely contributed to the dominance of different methanogen

species.
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Differences in the abundance and activity of bacteria involved in breaking
down organic matter could yield H2/CO2 and acetate in differing quantities
(Conrad, 2020a; Nozhevnikova et al., 2020), resulting in the dominance of
different methanogen species. The bacterial community composition in tree
stems did not differ significantly between cottonwood taxa or location, which is
consistent with previous reports (Cregger et al., 2018; Yip et al., 2019). Bacterial
diversity in river sediments has been found to increase with sediment
accumulation, leading to a mosaic pattern of microbial communities (Leff et al.,
1992; Besemer, 2015; Chen et al., 2018). River sediment locations with greater
organic matter inputs and bacterial diversity may support the growth of more
methanogens. This is consistent with the large variation in the number of mcrA

ASV'’s observed among river sediment samples (Fig. 3.2).

In alignment with previous studies (Yip et al., 2019), methane consuming
bacteria (methanotrophs) were found in low relative abundance in some tree
stem samples and belonged to the genera Crenothrix (<3.8%), Methylobacterium
(<0.65%), and Methylocystis (<0.03%; data not shown). Of importance, some
oxygen rich tree bark can harbour methanotrophs (lguchi et al., 2012; Iguchi et
al., 2015; Jeffrey et al., 2021), so it is possible methanotroph DNA detected in
tree stem samples originated from the tree bark and contaminated samples
during collection (Yip et al., 2019). Regardless, their observed presence
highlights the potential for methane consumption processes to occur within tree
stems or in the bark, reducing net methane emission from tree stems (Jeffrey et

al., 2021). Further studies should test for the presence of methanotrophs in bark
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and determine the extent to which they reduce methane flux from cottonwood

tree stems.

4.3 Effect of organic matter on microbial community composition

The methanogen species present in an environment depends largely on
the availability of substrates used to support their growth (Lyu & Liu, 2018;
Conrad, 2020a), indicating that greater quantities of Ho/CO2 were produced in the
tree stems, while more acetate was formed in the river sediment. The nature of
organic matter has been suggested to strongly dictate the quantities of precursor
methanogenic substrates (Ji et al., 2018; Conrad, 2020a), and river sediment and
tree stem samples differed significantly as observed by their unique 8'3C Corg,
% C, % N values (Table 2.1). High quality organic matter often has greater
nitrogen content and a lower C:N ratio, and is suggested to produce greater
quantities of acetate than H2/CO2 (Conrad, 2020a) and strongly control microbial
community composition (Wu et al., 2018; Grasset et al., 2019; Xia et al., 2020).
Cottonwood tree stems had greater nitrogen content per gram biomass (0.09 +
0.04%) than the river sediment (0.04 + 0.02%; Table 3.1), however the tree
stems high C:N ratio (546.2 £ 199.6) suggests this nitrogen was incorporated into
recalcitrant structural components such as cellulose (Cowling & Merrill, 1996;
Chapin et al., 2011). This is supported by the estimated total carbon and nitrogen
available during incubation experiments, as tree stems had significantly greater
carbon but approximately 9 times less available nitrogen than river sediments

(Table 3.1). The partial breakdown of cellulose has been found to form high
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quantities of H2/CO. (Harwood et al., 1998; Conrad, 2020a), which likely
supported the dominance of Methanobacteriales in the cottonwood tree stems
(Fig. 3.3). This conclusion is supported by the greater abundance of ASV’s
belonging to the class Clostridia observed in trees (See section 7.4; Fig. 7.4.1),
whose metabolic processes are suggested to degrade cellulose (Amin et al.,
2021). Clostridium have also been proposed to break down pectin to form H2/CO2
and acetate (Schink et al., 1981; Amin et al., 2021), which could support the
growth of Methanosarcinales observed in tree stems (Fig. 3.1). The abundance of
Methanosarcinales in tree stems was not associated with any organic matter or
tree characteristic measured; however, cottonwood trees have been found to
vary in the abundance of fungal pathogens (Cregger et al., 2018), which could
alter microbial interactions or the quantities of H2/CO2 and acetate substrates

produced (Ma et al., 2020).

Organic carbon content in the river sediment (0.4 £ 0.24) was within the
range previously reported for methanogen-inhabited river sediments (0.5 to 3.1;
Mach et al., 2015; Bednafik et al., 2019), with C:N ratio (9.9 + 3.4) lower than
previously reported (12.6 + 1.8; Flury & Ulseth, 2019; 16.5 + 5.8; Chen et al.,
2018; 10.2 £ 0.2; Bednairik et al., 2019). These previous studies showed that river
sediments harboured a large number of Methanosarcinales, indicating organic
matter present in the Oldman River sediment breaks down to form significant

quantities of acetate. This assumption is supported by the presence of stress
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intolerant Methanosaetaceae in each sediment sample that obligately utilize

acetate for metabolism (Buriankova et al., 2013; Lyu & Liu, 2018).

Microbial diversity and metabolic processes have been shown to increase
in river sediment with higher organic matter inputs (Chen et al., 2018; Bednafik et
al., 2019). Species richness and Shannon diversity index were both greater in
river sediment environments than in tree stems (Fig. 3.5), likely due to greater
organic matter inputs supporting the growth of a wider range of microorganisms
(Chen et al., 2018; Xia et al., 2020). While not explored in this study, greater
quantities of dissolved labile (lipid-like) and recalcitrant (lignin-like) organic matter
can increase the complexity of bacterial metabolism (Flury & Ulseth, 2019).
Dissolved organic matter is typically present in freshwater streams (Flury &
Ulseth, 2019; Bodmer et al., 2020), and presumably contributed to the greater

bacterial diversity observed in the river sediments than tree stem (Fig. 3.5)

4.4 Primary metabolic pathways of methane production

Investigation into methane production in river sediment (Oldman River)
and Populus tree stems in the adjacent riparian forest revealed striking
differences in their metabolic pathways of methane production. As expected, at
the end of incubation experiments the stable carbon isotope composition of
methane produced by tree stems (-70.6 to -103.6%.) were more depleted in '3C
than methane from the river sediment (-48.4 to -55.1%0) (Fig. 3.12). Methane

produced by tree core samples had §'3C values indicative of methane production

54



dominated CO> reduction (-70 to -110%o), while river sediment 3'3C CH4 values
indicated a greater contribution of acetate fermentation (-45 to -65%.; Whiticar

1999).

Methane produced by tree cores had an average &'C value (-87.6%o) in
the range of previous measurements in upland forest cottonwood tree stems
(-78.3 to 89.1%0; Wang et al., 2016), where values were consistent with CO>
reduction being the primary metabolic pathway (Whiticar, 1999). In this study
river sediment produced methane with 8'3C values (-52.2%0) that were slightly
more enriched in '3C than river sediments environments studied previously (-59
to -68%0; Mach et al., 2015; -67.1 to -70.9%0; Bednafik et al., 2019). In these
previous studies, the relative contribution of acetate fermentation to total methane
produced in sediment ranged from 25-59%, indicating significant contribution of
acetate fermentation to total methane production in the Oldman River sediment
(Mach et al., 2015; Bednafik et al., 2019). These previous reports were also
consistent with additional studies noting the dominance of CO:2-reducing
methanogens in tree stems (Zeikus & Ward, 1974; Zieikus & Henning, 1975;
Wang et al., 2016; Yip et al., 2019), and the high diversity of both CO> reducing
and acetate fermenting methanogens in river sediments (Kemnitz et al., 2004;

Buriankova et al., 2013; Mach et al., 2015).

Methane produced by the river sediment had little variation in §'3C values

(Fig. 3.11), whereas methane from tree cores was initially enriched in "*C but
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became more depleted over the course of anaerobic incubation (Fig. 3.10). Ji et
al. (2018) observed significant changes in methane’s §'3C value during anaerobic
incubation as organic matter became more recalcitrant and the contribution of
CO2 reduction increased; a mechanism not anticipated in this study due to the
short incubation time (64 h) in comparison to the Ji et al. (2018) study (120 days).
The observed changing 3'3C values of methane from tree cores were thus
consistent with non-steady-state conditions such as decreased substrate
availability (Whiticar, 1999) and methanogen growth phase eliciting varying levels
of isotope fractionation (Valentine et al., 2004; Okumura et al., 2016). Once
steady-state was reached, the &'3C values were representative of the primary
methane production pathway (Conrad, 1999; Conrad, 2005; Bednafik et al.,
2019), with the accumulation of methane trending towards these steady-state

values (Fig. 3.10b).

4.5 Organic matter characteristics driving methane production

The primary metabolic pathway for methane production and the
associated microbial community necessary for organic matter decomposition are
driven by ecological conditions (Lyu & Liu, 2018; Yip et al., 2019; Xia et al.,
2020). The rate at which each methanogenic pathway proceeds is limited by
substrate availability (Conrad, 2005; Conrad, 2020a), indicating greater quantities
of acetate are produced in the Oldman River sediment, while more Hx/CO2 is
produced in cottonwood tree stems. Quantities of Ho/CO2 and acetate produced

depend on the nature of organic matter decomposed (Conrad, 2020a; Bertolet et
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al.,, 2019), implying different organic matter types were present in the river
sediment and tree stem environments, which were supported by their distinct
8'3C Corg values (Table 3.1). The available carbon in cottonwood tree stem
samples during anaerobic incubations was an average of 4.9 times greater than
river sediment samples (Table 3.1), which is attributed to the high abundance of
the structural components, lignin and cellulose (Sannigrahi et al., 2010; Chapin et
al., 2011). The highly recalcitrant nature of these compounds hinders their full
decomposition (Chapin et al., 2011), with the partial breakdown of cellulose
yielding high quantities of the substrates H2 and CO2 and no acetate (Harwood et
al., 1998; Conrad, 2020a). Partial cellulose decomposition likely explains the
greater CO. production by tree cores than the river sediment, a trend that is not
attributed to differences in overall metabolic activity as rates of methane
production were similar (Fig. 3.9). Organic carbon content (%) in the river
sediment (0.4 £ 0.24) was similar to values reported for river sediments with
methanogens by Mach et al. (2015; 0.55 + 0.06) and less than values reported by
Bednafik et al. (2019) in surface sediment (0-10 cm; 2.5 £ 0.6) and in deeper
sediment layers (10-20 cm; 1.1 + 0.6). Of importance, Bednafik et al. (2019)
found the contribution of acetate fermentation to total methane produced was
lower in the surface sediment with greater organic carbon content. These findings
suggest the primary metabolic pathway of methane production is more strongly

controlled by organic matter quality than quantity.
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River sediment organic matter had a C:N ratio (9.9 + 3.4) lower than
previously reported in riparian sediments (12.6 + 1.8; Flury & Ulseth, 2019; 16.5 +
5.8; Chen et al., 2018; 10.2 £ 0.2; Bednafrik et al., 2019), indicating high quality
organic matter was present. Methane production in lake sediment was previously
found to be greatest when the C:N ratio was <10 (Duc et al., 2010), further
supporting the assumption of relatively high nitrogen contents in the organic
matter in the Oldman River sediment. Sediment C:N ratio had no significant
correlation with methane production ([CH4] or 8'3C CH4), however there was a
strong correlation between % N (x) and [CHa4] (y) at the end of the incubation
period (y = 262794x - 3699.2, r> =0.973, P <.01; data not shown). Previous
studies found rates of methane production were more strongly correlated to total
nitrogen content than to organic carbon content or C:N ratio (Gebert et al., 2006;
Duc et al., 2010; Bednafik et al., 2019). Poplar tree stems generally have a high
C:N ratio (84 to 621; Sannigrahi et al., 2010) as observed in this study (265 to
930), which likely provide insufficient nutrients (N) for complete microbial
degradation (Chapin et al., 2011). This is supported by the approximately 9 times
greater available nitrogen in river sediment incubation samples than tree stem
samples (Table 3.1). Rates of tree stem methane production were not correlated
to carbon or nitrogen content but increased significantly when stem samples were
fully submerged in water (See chapter 7.7; Fig. 7.7). Tree stem water content has
been found to significantly increase rates of methane production (Wang et al.,
2017; Wang et al, 2021), but showed no effect on the abundance of

methanogens within the tree stem (Yip et al., 2019). Significant differences in tree
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stem and river sediment solid organic matter highlights the strong control organic

matter quality elicits on the pathways of methane production.

CHAPTER 5. CONCLUSION

In southern Alberta, the Oldman River and adjacent riparian cottonwood
trees harbour a consortium of microorganisms that break down organic matter
and produce methane. Organic matter quality, which strongly controls microbial
community composition and their metabolic processes (Wen et al., 2017; Ji et al.,
2018; Conrad, 2020a), differed significantly for tree stem and river sediment
environments. In tree stems, high quantities of H2/CO> formed during the partial
breakdown of cellulose is the suggested mechanism for dominance of CO:
reducing methanogens. Acetate fermenting methanogens belonging to the family
Methanosaetaceae were more abundant in the river sediment than tree stems,
presumably due to higher quality organic matter breaking down to form greater
quantities of acetate (Conrad, 2020a). Similarly, the bacterial community required
to break down organic matter to form precursor methanogenic substrates also
differed significantly for tree stem and river sediment environments. High-quality
organic matter present in the river sediment also likely supported microbial
growth, resulting in greater methanogen and bacterial diversity than in tree
stems. Differences in substrate availability and microbial community composition
in tree stems and river sediment were mirrored by striking differences in their
metabolic pathways of methane production. Low &'3C values of methane
produced in tree cores were indicative of CO2 reduction being the dominant

methane production pathway, while the high §'*C values of methane from the
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river sediment suggest a greater contribution of acetate fermentation to total

methanogenesis.

Methanogen communities appear relatively stable over long periods when
anaerobic conditions are maintained (Mach et al., 2015; Conrad, 2020b), so their
composition in river sediment and tree stems are not expected to change
significantly over the growing season. While the microbial community composition
may remain stable, their pathways of methane production should change with
substrate availability (Ji et al., 2018; Conrad, 2020a). This thesis research
provided a simplified investigation into the microbial community and metabolic
pathways of methane production in tree stems and river sediment. For example,
methanogens can be associated with algae (Bogard et al., 2014) and freshwater
biofiims (Besemer, 2015), which can be hotbeds for methanogen activity
(Buriankova et al., 2013; Grasset et al., 2019). Additionally, microbial biofilms can
consume acetate, and in turn increase the contribution of CO. reduction to total
methane produced (Conrad 2020a). Dissolved organic matter, with such proxies
as molecular weight, aromaticity, and quantities of lipid and lignin-like
compounds, can strongly influence the microbial community (Wu et al., 2018), as
well as the rate and primary pathway of methane production (Fellman et al.,

2010; Hodgkins et al., 2014; Bodmer et al., 2020).

The effect of tree stem tissue type (heartwood and sapwood) on methane

production was explored (See Appendix section 7.7), with no significant
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difference in the rate of gas production or stable carbon isotope composition of
methane. Additional compounds could be present within tree stems that elicit
changes to the metabolic pathway of methane production (Li et al., 2019). For
example, lignin is highly recalcitrant in anaerobic environments, but can be
partially decomposed to produce methanol (Conrad, 2020a); and methanol
consuming methanogens were observed in this study. Fungi are primary lignin
degraders (Chapin et al.,, 2011) that have previously been identified within
Populus tree stems (Cregger et al., 2018) and freshwater streams (Besemer,
2015), and their inclusion in methanogen incubation experiments with
lignocellulose significantly increased methane production (Ma et al., 2020). Non-
structural carbohydrates are also present in trees and vary in abundance
between species (Covey & Megonigal, 2019), with their degradation forming
greater quantities of acetate than H. and CO. (Conrad, 2020a). Now that the
microbial community composition and primary metabolic pathways of methane
production in tree stems and river sediment have been explored, future studies
can delve further into the ecological conditions eliciting change on the rate and

primary metabolic pathways of methane production.

Uncertainty in the magnitude of natural methane emissions are being met
head-on by ambitious models that predict methane emission rates (Saunois et
al., 2020), and changes to methanogen activity (Michal et al., 2018) with different
environmental conditions. While rich in potential, these models rely on

interdisciplinary studies exploring the microbial community, their metabolic
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pathways, and ecological controls on these microorganisms (Barba et al., 2019;
Conrad, 2020a). Characterization of these aspects in upland forest tree stems
addresses a largely understudied aspect of natural methane emissions (Barba et
al., 2019). Increasing knowledge of the distinct microbial communities dominating
river sediment and tree stems and differences in methane production pathways
will provide insight into the ecological controls on these processes. §'3C
measurements of methane can be used as a reference to explore additional
methane source, sink, or transport processes eliciting change to methane’s
isotopic signature in these environments (Whiticar, 1999; Conrad, 2005).
Methane’s §'3C value from these sources can also be used to explore the relative
contribution of the river and tree stems to net ecosystem methane emission
(Flanagan et al., 2021), and for incorporation into mechanistic models using

isotopic compositions (Saunois et al., 2020).
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CHAPTER 7: APPENDICES

7.1 Number of methanogen and bacterial ASV’s detected for individual

samples

Table 7.1: Number of mcrA and bacterial 16s rRNA ASV'’s for each tree stem and
river sediment sample, as well as the total number of ASV’s observed for each
sample type and for all samples.

# of bacterial 16s rRNA
Sample # of mcrA ASV's ASV's
RS1 230 799
RS2 250 866
RS3 42 903
RS4 79 802
RS5 132 954
RS6 63 971
T17 21 N/A
T550 7 122
T555 22 179
T557 20 113
T560 68 237
T562 25 345
T78 41 126
T79 16 175
T87 34 163
Tree stem 120 1229
River sediment 588 4514
Total 664 5706
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7.2 Phylogenetic tree construction of mcrA nucleotide sequences:

All mcrA nucleotide sequences found in tree stem and river sediment
samples were aligned by codons using MUSCLE (Edgar, 2004) in Mesquite
v3.61 (Maddison & Maddison, 2019) to reference sequences pulled from
GenBank (Accession numbers in brackets on phylogenetic tree; Fig. 7.2; Clark et
al., 2016). Reference sequences from the methanogen order Methanocellales
were excluded from analyses as none were detected in this study (Fig. 3.1), and
their inclusion in phylogenetic analyses can cause unresolved clades (Lyu & Liu,
2018). Inferred amino acid sequences were run through IQ-TREE (Nguyen et al.,
2014) on the public server usegalaxy.eu (Afgan et al., 2018), and the best
maximum-likelihood tree model was predicted using the Akaike information
criterion implemented in Modelfinder (Kalyaanamoorthy et al., 2017). IQ-TREE
was then used to create a phylogenetic tree using the maximum likelihood
method (LG + F + R4) with perturbation strength set to 0.1 and statistical
evaluation with 100 bootstrap replicates. This tree was used to select ASV’s from
both tree stems and river sediment that were placed in different clades to
generate a smaller representative tree as previously described. Figure generation
was performed in FigTree v1.4.4 (Rambaut, 2014).

Of the 120 mcrA ASV’s found in tree stems, 39 were also found in river
sediment samples. Many inferred mcrA amino acid sequences were identical
between unique ASV’s, as indicated by branch lengths of 0, signifying non-

functional changes to the nucleotide sequence (Fig. 7.2). mcrA phylotypes in the
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river sediment formed clades separate from those found in tree stems, while
mcrA amplicons from tree stems were consistently found in poorly resolved
clades with those found in the river (Fig. 7.2). The origin of methanogens within
the cottonwood trees in the HSNR is believed to be from the groundwater, which
is fed by the Oldman River. This hypothesis is supported by the high genetic
similarity of mcrA gene sequences identified in the tree stems and river sediment.
This phylogenetic analysis is representative of the mcrA gene region, so it may
reflect establishment and differentiation of methanogens, but may not accurately
reflect species-level evolutionary trends. River sediment ASV’s grouped with
Methanococcales were BLAST searched (Altschul et al., 1990) in NCBI (Fassler
et al., 2000) and were genetically similar to this order (79%), but more genetically
similar (97%) to unclassified mcrA clone amplicons, so they remained labeled as

unclassified in this study.
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Figure 7.2: Phylogenetic tree based on inferred amino acid sequences of mcrA
genes obtained from Populus tree cores and Oldman River sediment. The tree
was constructed from 159 deduced amino acid sites using the maximum
likelihood model (LG + F +R4) with perturbation strength set to 0.1 and statistical
support with 1000 bootstrap replicates. Reference sequences are abbreviated to
their species name with accession numbers in brackets, and Methanopyrus
kandleri was used as the outgroup (Luton et al., 2002; Lyu & Liu, 2018). The
scalebar represents 0.1 substitutions per amino acid position. Branch colours
indicate whether the ASV was present in tree stems (pink), river sediment (blue)
or both (green). One Methanobacteriales branch was collapsed for better
visualization.
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7.3 Rarefaction curves for genetic analyses

Rarefying was performed to ensure equal sampling depth across sample
types for accurate comparisons. The number of observed mcrA and bacterial 16s
rRNA ASV’s plateaued for each sample type with increasing sequencing depth,

indicating only rare species remain unsampled (Fig. 7.3).

250
|

200
|

150
|

Species

100
|

50
1

| T T T 1
0 5000 10000 15000 20000

Sample Size

600 800 1000
| |

Species
400
|

200
|

T T T T T T
0 2000 4000 6000 8000 10000 12000

Sample Size

Figure 7.3: Rarefaction curves for (a) methanogen and (b) bacterial genetic
sequence markers identified from tree stem and river sediment samples. Codes
on each line indicate river sediment (RS) or tree core (T) sample type, and the
associated number represents the sediment location (Fig. 2.2) and tree stem tag
(See appendix 7.5 for the associated taxa and cluster).
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7.4 Relative abundance of Clostridia in river sediment and tree stems
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Figure 7.4.1: Relative abundance of ASV’s in the class Clostridia within
Populus spp. tree core (n=8) and Oldman River sediment (n=6) samples. The
number of observed Clostridia differed significantly for tree stem and river
sediment samples based on a Kruskal-Wallis test, X?(1,12=9.60, P<0.01
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7.5 Trends in gas production for individual Populus tree core and Oldman

River sediment incubation experiments.
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Figure 7.5.1: Gas production by tree core sample 560 (Populus acuminata in
cluster 1) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours.
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Figure 7.5.2: Gas production by tree core sample 562 (Populus angustifolia in
cluster 1) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours. Note the y-axes on (a) & (b) differ from other individual sample
figures.
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Tree 87 Gas Production
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Figure 7.5.3: Gas production by tree core sample 87 (Populus deltoides in cluster
1) during anaerobic incubation, measuring (a) the concentration of methane and
(b) its stable carbon isotope composition (§'3C), as well as (c) the concentration

of carbon dioxide and (d) its stable carbon isotope composition over 64 hours.
Note the y-axes on (a) & (b) differ from other individual sample figures
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Tree 17 Gas Production
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Figure 7.5.4: Gas production by tree core sample 17 (Populus deltoides in cluster
2) during anaerobic incubation, measuring (a) the concentration of methane and
(b) its stable carbon isotope composition (§'3C), as well as (c) the concentration
of carbon dioxide and (d) its stable carbon isotope composition over 64 hours.
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Tree 557 Gas Production
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Figure 7.5.5: Gas production by tree core sample 557 (Populus angustifolia in
cluster 2) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours. Note the y-axis on (a) differs from other individual sample figures
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Tree 79 Gas Production
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Figure 7.5.6: Gas production by tree core sample 79 (Populus acuminata in
cluster 2) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours.
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Tree 550 Gas Production
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Figure 7.5.7: Gas production by tree core sample 550 (Populus deltoides in
cluster 3) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours.
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Tree 78 Gas Production
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Figure 7.5.8: Gas production by tree core sample 78 (Populus angustifolia in
cluster 3) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours.
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Tree 555 Gas Production
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Figure 7.5.9: Gas production by tree core sample 555 (Populus acuminata in
cluster 3) during anaerobic incubation, measuring (a) the concentration of
methane and (b) its stable carbon isotope composition (§'3C), as well as (c) the
concentration of carbon dioxide and (d) its stable carbon isotope composition
over 64 hours.
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River Sediment 2 Gas Production
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Figure 7.5.10: Gas production by Oldman River sediment sample 2 during
anaerobic incubation, measuring (a) the concentration of methane and (b) its
stable carbon isotope composition (5§'3C), as well as (c) the concentration of
carbon dioxide and (d) its stable carbon isotope composition over 45 hours
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River Sediment 3 Gas Production
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Figure 7.5.11: Gas production by Oldman River sediment sample 3 during
anaerobic incubation, measuring (a) the concentration of methane and (b) its
stable carbon isotope composition (§'3C), as well as (c) the concentration of
carbon dioxide and (d) its stable carbon isotope composition over 45 hours
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River Sediment 4 Gas Production
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Figure 7.5.12: Gas production by Oldman River sediment sample 4 during
anaerobic incubation, measuring (a) the concentration of methane and (b) its
stable carbon isotope composition (§'3C), as well as (c) the concentration of
carbon dioxide and (d) its stable carbon isotope composition over 45 hours
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River Sediment 5 Gas Production
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Figure 7.5.13: Gas production by Oldman River sediment sample 5 during
anaerobic incubation, measuring (a) the concentration of methane and (b) its
stable carbon isotope composition (§'3C), as well as (c) the concentration of
carbon dioxide and (d) its stable carbon isotope composition over 45 hours. Note
the y-axis on (a) differs from other individual sample figures.
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River Sediment 6 Gas Production
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Figure 7.5.14: Gas production by Oldman River sediment sample 6 during
anaerobic incubation, measuring (a) the concentration of methane and (b) its
stable carbon isotope composition (§'3C), as well as (c) the concentration of
carbon dioxide and (d) its stable carbon isotope composition over 45 hours
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7.6 Methane production in heartwood and sapwood tissue in Populus tree
stems

Incubation experiments and organic matter analyses were conducted as
previously described (See section 2.2.3 to 2.2.5) on heartwood and sapwood
samples to compare the metabolic pathways of methane production within these
tissue types. Samples were collected in duplicate from 2 poplar trees cut down in
the Elizabeth Hall Wetlands (49.704 N, -112.868 W), located parallel to the
HSNR on the west side of the Oldman River (Fig. 2.1). The exposed cross
section at the cut site was used to measure the length and distribution of
heartwood, sapwood, cambium, and bark to use as a reference for separating
tree core increments into pure tissue types. Following collection with an
increment borer, the samples were laid on a sterile glove, and the cambium/bark
layers were removed using a sterile razor blade and discarded. Heartwood and
sapwood (0.5 cm length) along the rough boundary between these tissue types
were removed and discarded to ensure pure tissue samples, which were then
stored separately in 50 mL falcon tubes with sterile water. Wood samples broken
into 8 pieces (1.485 + - 0.035 g) were prepared for incubation experiments as
previously described, with discrete gas samples taken after 20, 40 and 164 hours
for analysis. Following incubation, samples were analyzed for % Corg, % N and

8"3Corg as previously described.

Heartwood and sapwood samples from cottonwood trees did not differ

significantly in 5'3C Corg, carbon content, total organic carbon available, nitrogen
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content or total nitrogen available (Table 7.6). Both tissue types were
metabolically active, producing significant quantities of methane and carbon
dioxide over the incubation period, with production not differing significantly
between sample types (Fig. 7.6.1). The stable carbon isotope composition of
methane produced from heartwood (-50.9 to -59.6%.) and sapwood (-44.4 to -
70.2%0) were not significantly different after 185 hours of anaerobic incubation
(Fig. 7.6.2). These results are consistent with previous reports of methanogens in
heartwood and sapwood tissue of Populus trees in an upland forest (Yip et al.,
2019), and the heterogeneity in methane emissions from tree stems showing

localized “hot spots” in both tissue types (Jeffrey et al., 2020).

Table 7.6: Similar organic matter characteristics for Populus spp. heartwood and
sapwood samples. Values represent the mean (n=4) + SD. The 3"3C Corg, % Corg
and % N values did not differ significantly with sample type, as determined by
single-factor ANOVA. For 3'3C Corg, F(16=0.77, P=0.41, for % Corg, F(1,6=0.43,
P=0.54, for total carbon, F(16=1.85x10%, P=0.97, for total N F(16=0.17, P=0.69,
and for % N, F1,6=0.43, P=0.54.

813C Corg % Corg % N Total C Total N
(mg) (mg)

Heartwood -26.9+0.3 | 46.6+0.7 |0.09+0.02| 1678+ 0.30 £
38.1 0.08

Sapwood -27.2+0.6 | 46.2+0.8 | 0.08+0.01 | 168.7 £ 0.28 +
18.6 0.04
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Figure 7.6.1: Production of (a) methane and (b) carbon dioxide by heartwood and
sapwood during anaerobic incubation. Values represent the mean of heartwood
and sapwood samples (n=4) + SE. For both [CH4] and [CO:], time was a
significant effect, whereas sample type and their interaction were not. Statistical
significance based on a two-factor, repeated measures ANOVA (time is the
repeated factor) for CO2 and In([CH4]) values. Methane values were transformed
due to non-normal distribution of sapwood [CH4] values at 20 and 40 hours, and
heartwood [CH4] values at 164 hours based on Shapiro-Wilk normality tests. For
In([CH4]), time effect, Fi2,12=5.06, P<0.001, sample effect, F1,6=3.00, P=0.13,
and their interaction, Fp,12=1.08, P=0.37. For [CO2] values, time effect,
F,12=28.6, P<0.001, sample effect, F(16=0.10, P=0.75, and their interaction,
F,12=0.18, P=0.84.
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Figure 7.6.2: Box and whisker plots for the stable carbon isotope composition
(8"3C) of methane produced by heartwood and sapwood following 185 hours of
anaerobic incubation (n=4). §'3C CHs values did not differ significantly for sample
type, based on a Kruskal-Wallis test (X?%1,6=0.33, P=0.56)
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7.7 Effect of water content on the magnitude of methane production in tree
cores

Incubation experiments were performed to investigate the role of water on
methane production processes using tree core samples from the 9 trees of study
within the HSNR (Fig. 2.2). Incubation experiments were the same as previously
described (See section 2.2.4 to 2.2.5), using saturated tree cores (2.8 £ - 0.39 g
broken into 8 pieces) with and without the addition of 60 mL sterile H2O. Discrete
gas samples were collected after 10 and 20 hours of incubation for analysis as
previously described. Tree core samples submerged in water produced
significantly greater quantities of methane than samples not submerged in water,
with average methane concentrations over 13-fold greater at every time point
measured (Fig. 7.7). Interestingly, the addition of water to tree core samples did
not significantly change the rate of CO2 production (Fig. 7.7). These results are
consistent with previous studies, whereby the internal methane concentration in
tree stems was significantly higher with greater water content (Wang et al., 2017;
Wang et al., 2021). Increased methane production in tree stems with significant
water content was attributed to decreased oxygen content providing more
favourable conditions for methane production (Wang et al., 2017), however
additional properties should be considered. Decomposition of organic matter
relies on the molecules accessibility to enzymatic attack (Bertolet et al., 2019), so
low water content could hinder the rate of decomposition by limiting the diffusion

of soluble substrates.

97



1000

15000 ] |
o . —0
8 10000} | -
—_ 500 ¢
< |
T |
O, 5000¢
0 a s i C
10 185 20 10 15 20
Time (hours) Time (hours)
1500 . . . . : ;
b
€ 1000} -
=
o
500 : i
O, _§_W!th H,O
—¢— Without HZO
0 1 1 1 1

10 12 14 16 18 20
Time (hours)

Figure 7.7: Gas production of (a & b) methane on different y-axis scales and (c)
carbon dioxide by tree cores (Populus spp.) submerged and not submerged in
water. Values represent the mean (n=4) + SE. Sample type, time and their
interaction were significant effects for [CH4], while only time was a significant
effect for [CO2]. Statistical significance based on a 2-factor, repeated measures
ANOVA (time is repeated factor) for [CO2] and In([CH4]) values. Methane values
were transformed due to non-normal distribution of water-soaked tree core [CH4]
values, based on Shapiro-Wilk tests of normality, and heterogeneity of variance.
For In([CH4]), sample effect F(1,16=22.4, P<0.001, time effect, F(1,16=89.6,
P<0.001, and interaction effect F,16)=30.8, P <0.001. For [CO2], sample effect,
F1,16=0.19, P=0.67, time effect, F¢1,16=84.9, P<0.001, and interaction effect,
F1,16)=1.39, P=0.08.
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7.8 Comparison of LOESS models for data smoothing

LOESS is a nonparametric method used to smooth scatterplots by locally
weighted regression and provide a relationship between two variables (Cleveland
& McGill, 1984; Martinez & Martinez, 2002). The model chosen performs first
degree polynomial local regression, and numerous smoothing parameters were

attempted, choosing a model that most accurately fit the data (Fig. 7.8).
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Figure 7.8: Representative comparison of smoothing parameters for linear
LOESS models performed on tree core incubation data (see Fig. 3.10 b). The
smoothing parameter (a-d) is shown in the top right corner (a). Root mean square
error values for the loess models: (a) 9.87, (b) 10.8, (c) 10.8, and (d) 12.3. The a
value of 0.7 was chosen for its low root mean square error, and absence of
disproportionate effect elicited by values at the tail end of the curve.
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