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Abstract 

 

The contribution of trees to the methane (CH4) wetland budget is still uncertain. CH4 

emissions from tree stems need to be investigated with respect to hydrological fluctuations that can 

affect both CH4 production and oxidation in soil. The present study focuses on characterising stem 

CH4 fluxes at low water tables, the presence and distribution of CH4 production and oxidation in tree 

stems and the CH4 related microbial diversity potentially responsible for these processes. 

The study was conducted on Shorea balangeran and Xylopia fusca in a tropical site and 

Alnus glutinosa and Betula pubescens in a temperate site. These species had previously been 

investigated in wet soil conditions. Analyses were performed at multiple heights including stem CH4-

CO2 coupled flux measurements, and CH4 production and oxidation activity rates. Moisture, density 

and pH of wood cores were measured as potential controlling factors. The microbial community was 

characterised from the tree stems, bark and soil.  

Stem CH4 fluxes were significantly lower compared to previous studies, and the presence of 

CH4 uptake suggested that wetland trees can potentially switch from sources to sinks with lower 

water tables. The low stem and soil fluxes reflected the low CH4 production in drier soils. The CH4-

emission pattern along the length of the tree was heterogenous, with no clear pattern with stem height.  

CH4 production was mostly at the stem base. Both low and high affinity oxidation were detected in 

all tree species at both sites. A diverse, although sparse community of methanogens and 

methanotrophs was detected in trees, which were potentially involved in CH4-cycling. Their diversity 

and proportion may shift across different seasons, so future studies should consider measuring both 

the flux and microbial processes year-round, including following extreme weather events if we are 

to estimate CH4 emissions accurately in upscaling exercises, process-based models and the global 

CH4 budget.  
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Chapter 1 

Introduction 

 

1.1 The role of wetlands in the global methane budget 

 

Methane (CH4) is the second most important greenhouse gas after carbon dioxide (CO2); 

although CH4 represents around 1% of the CO2 emitted to the atmosphere its warming potential is 28 

times higher than CO2 in a 100-year time scale (Myhre et al., 2013; Saunois et al., 2020), a small 

increase in atmospheric concentration can have a large impact on future climate.  

Atmospheric CH4 concentration has increased by 63 ppb since 2011 reaching annual averages of 

1866 ppb, and its growth rate is further accelerating (IPCC, 2021; Nisbet et al., 2020); CH4 

contributed to an increase of ~23% in the total radiative force accumulated in the atmosphere since 

1750 (Etminam et al., 2016). CH4 has a shorter lifetime in the atmosphere compared to CO2 and the 

mitigation of CH4 emissions could rapidly reduce and stabilise the radiative forcing in the atmosphere 

(Saunois et al., 2020). 

CH4 can be produced by microbial, thermogenic and pyrogenic processes; thermogenic CH4 

originates from thermochemical reactions resulting from pressure in the Earth internal crust and 

magmatic processes, while pyrogenic CH4 is the product of peat and biomass fires and biofuel 

burning (Schoell et al., 1988). Microbially produced CH4 is the result of the activity of methanogenic 

microorganisms in oxygen depleted sites where the organic matter is decomposed at a slow rate. 

These sites can be anthropogenic or natural; they include wetlands, rice paddies, marine sediments, 

landfills, wastewater facilities and animal digestive systems (Nisbet et al., 2020). Most CH4 present 

in the atmosphere is consumed by photochemical reactions with OH radicals (~80%), but at ground 

level up to 80% of the CH4 produced is consumed by methanotrophic bacteria near the site of 

production before it escapes to the atmosphere, mitigating CH4 emissions (Conrad et al., 2009).  

CH4 emissions are usually estimated using two different approaches: independent 

observations of processes (biogeochemical, agriculture, fossil fuels and biomass burning) at a local 

and regional level (bottom-up) or from satellite data combined with atmospheric transport and 

chemistry models (top-down) (Saunois et al., 2016). Bottom up and top-down estimations of CH4 

entering the atmosphere amount to 737 Tg CH4 yr-1 and 576 Tg CH yr-1 respectively based on the 

most recent report (Saunois et al., 2020), while the global sink estimation amounts to 625 Tg CH4 

yr-1 and 556 Tg CH4 yr-1 from both approaches respectively (Figure 1.1) (Saunois et al., 2020). 

Total bottom-up measurements exceed top-down results mostly due to errors in upscaling 

local measurements to global estimates and the overlapping classification of local natural sources; 

on the other side, top-down estimates from wetlands are higher than bottom-up results, averaging 

181 Tg CH4 yr-1   and 149 Tg CH4 yr-1 respectively, constituting 30% and the 22% of global emissions 
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respectively. In the case of wetlands, bottom-up estimates are reduced compared to previous reports 

because updated and more accurate wetland extent datasets were used (Saunois et al., 2020). 

 

Figure 1.1 Global CH4 budget including bottom-up and top-down estimates, from Saunois et al., 2016. 

 

Wetlands are seasonally or permanently water saturated ecosystems and include freshwater 

marshes, forested and non-forested floodplains, swamps, flooded forests, coastal wetlands, 

brackish/saline wetlands, bogs, fens, mires, and intermittent wetland/lakes. Peatlands are specific 

types of wetlands with soil predominantly composed of decaying plant material to a depth greater 

than 0.3 m (Katsyurbenko et al., 2019). Forested wetlands represent around 60% of the total wetland 

area (Denman et al., 2007). Wetlands extend from arctic to tropical areas and cover 3-6% of the 

global surface (Matthews & Fung 1987, Pekel et al., 2016) and can be classified into non-water and 

water (open water) wetlands (Hu et al., 2017) (Figure 1.2). 

 

Discrepancy between bottom-up and top-down estimations of the wetland CH4 budget 

mainly results from uncertainties in the estimation of the wetland extent, due to the inaccurate or 

overlapping classification of some of the wetlands that were included in the inland waters category 

(or vice versa), and to the limitations of the datasets used for the classification (which for example 

use vegetation rather than hydrological characteristics to discriminate between wetlands and non-

wetlands). Discrepancies also result from a lack of data on the seasonal and interannual spatial 

variations of water coverage. Moreover, wetland extent can be altered by drought, flooding and other 

natural or anthropogenic factors (O’Connell et al., 2018  ̧Zhang et al., 2017). Top-down estimations 

also present discrepancies; they are result of the integration of various satellite measurements that 
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account for the spatial and vertical variation of the hydroxyl radical (OH) which reacts with methane 

in the troposphere (CH4) (Kirschke et al. 2013; Zhao et al., 2020).  

Wetlands contribute the highest level of uncertainty of any source within the global CH4 

budget and increasing process-based studies at regional and global scales are important for reducing 

the gap in the global CH4 budget (Kirschke et al., 2013, Saunois et al., 2016). 

 

Figure 1.2 Potential global distribution of wetlands, based on water and non-water wetland datasets (unit of 

area: million km2; from Hu et al., 2017) 

 

Within CH4 sources in wetland ecosystems, the role of vegetation in CH4 emission has been 

recognised only recently, although still not considered as a separate source category in the CH4 

budget estimations. This is due to the limited number of studies and the complexity of the CH4 source 

and sink interactions related to plant morphology and physiology (Covey et al., 2019).  

Carmichael et al. (2014) estimated that CH4 emissions from vegetation (wetland and non-wetland) 

may represent between 5 and 22% of the global CH4 budget, in the range of 32–143 Tg of CH4 

emitted to the atmosphere, although better estimates would be possible with an improved 

characterisation of sources and sinks and their controlling variables. Many studies have showed that 

herbaceous plants can contribute to more than half of the ecosystem CH4 flux (Carmichael et al, 

2014). Tree stem emissions accounted for up to 87% of the ecosystem flux in a South-east Asian 

swamp forest, up to 58.3% in a South American floodplain and up to 63% in a temperate peatland in 

the UK (Pangala et al., 2013, 2017 and 2015 respectively). Pangala et al. (2017) observed that most 

of the CH4 emissions from a large area of the Amazon floodplain originated from tree stems, 

accounting for 15-21 Tg CH4 yr-1, helping to reconcile the bottom-up and top-down estimates of the 

Amazon CH4 budget. Concurrently, CH4 emissions from trees reduced the soil CH4 uptake by more 
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than two thirds in a floodplain dominated by Fraxinus mandshurica (Terazawa et al., 2007), and by 

35% in a coniferous upland (Machacova et al 2016). In uplands1, tree stem CH4 fluxes range from 

0.012 µg m-2 h-1 (Machacova et al., 2016) to 320 µg m-2 h-1 (Wang et al., 2017), while wetland tree 

emissions can reach up to ~400 mg m-2 h-1 (Pangala et al., 2017). Stem CH4 emissions from upland 

trees are generally smaller compared to wetlands, but they can temporarily turn into significant CH4 

emitters during wet conditions (Pitz & Megonigal, 2017). Moreover, stem CH4 emissions from 

tropical trees are typically higher compared to temperate trees, but a peak CH4 stem emission has 

been recently measured by Terazawa et al. (2021) in a temperate wetland, that exceeded 10 mg CH4 

m-2 h-1 after a record rainfall event. 

Whilst studies focussing on CH4 emissions from trees are increasing, further work is needed to 

understand the emission mechanisms, spatial-temporal patterns and magnitude before integrating 

tree emissions in the global CH4 budget (Saunois et al., 2016). This introductory chapter focuses on 

reviewing the role of trees in transporting soil borne CH4 and their role in hosting microbial CH4 

sources and sinks. 

 

1.2 Trees as conduits for soil borne CH4  

1.2.1 Soil hydrology and soil variables controlling CH4 stem fluxes 

 

Most studies on wetland trees have observed that stem CH4 fluxes depend heavily on CH4 

concentration in the soil, which mainly depends on the degree of water saturation (Turetsky et al., 

2014). Water saturated soils and anoxic conditions favour methanogenic activity, while more aerated 

soils favour CH4 oxidation. Oxygen (O2) availability, as well as CH4 availability are limiting factors 

for methanotrophs, thus CH4 oxidation increases in the soil layers that fluctuate between oxic and 

anoxic conditions, where CH4 is more available (Cicerone & Oremland, 1988). The degree of water 

saturation also depends on soil texture and type, which determines the impact of aerobiosis, the speed 

of decomposition of organic matter, and the rate of diffusion of CH4 from the soil to the atmosphere. 

The water-table elevation also affects soil temperature, which is an important factor controlling CH4 

production in soil (Segers, 1998). Further details on the controlling factors of methanogenic and 

methanotrophic activity are included in the Section 1.3.2.2 and 1.3.2.5.  

As soil CH4 depends on soil water saturation level (Turetsky et al., 2014), the variation of 

the water table level represents an essential variable controlling stem CH4 fluxes and its effect varies 

depending on both spatial gradients and on temporal/seasonal factors. 

The presence of CH4 in soil pore water can be positively related to stem CH4 fluxes as 

observed in a temperate forested wetland (Pangala et al., 2015), in a temperate coastal wetland (Ward 

et al., 2019), a temperate floodplain (Terazawa et al., 2015) and in a temperate riparian wetland 

(Sakabe et al. (2021). Terazawa et al. (2015) found a direct relation of seasonal changes in 

 
1 In this context, ‘uplands’ refer to non-wetland areas. 
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groundwater and stem CH4 fluxes in a temperate floodplain in Japan. In tropical wetlands, Pangala 

et al. (2013) observed significant CH4 flux rates from stems of various tree species during the wet 

season in a swamp forest in Southeastern Asia.  

 Spatial variability of the water table levels can also overcome seasonal variability of stem 

CH4 fluxes; Pitz et al. (2018) monitored tree stem CH4 fluxes from a few temperate species on an 

upland-wetland water-table-depth gradient in a brackish tidal area in two different seasons and 

showed a strong relationship between stem CH4 fluxes and groundwater depth, and no seasonal 

trends, despite the differences in air temperature in the two seasons. The primary role of water table 

position over seasonal changes in temperature as a controlling factor for stem CH4 emissions was 

also highlighted by Jeffrey et al. (2020) Interestingly, the highest stem CH4 emissions from stems of 

Casuarina glauca and Melaleuca quinquenervia occurred in the wettest and coolest winter periods, 

in a subtropical, coastal, freshwater wetland. 

On the other hand, if the water table remains constant, other factors can play a role in 

determining stem emissions, as observed by Pangala et al. (2015); they measured stem CH4 fluxes 

monthly from Alnus glutinosa and Betula pubescens in a temperate wetland characterised by flooded 

soil all year round; they found higher emissions in autumn, possibly controlled by tree biomass 

turnover and increased organic matter enhancing methane production in soil in that time of the year.  

Stem CH4 emissions can significantly increase after intense rainfall, that can cause CH4 

concentration in soil to increase significantly (Sakabe et al., 2021). Kohn et al. (2020) conducted a 

two-years study on A. glutinosa and observed overall intermittent stem CH4 emissions, and 

significant increases in emissions during periods of inundation only. On the other hand, Moldaschl 

et al. (2021) did not observe a significant variation in stem fluxes after a flooding event and 

concluded that a short inundation time of 1-3 days was insufficient to trigger CH4 production.  

Stem CH4 fluxes measured along with soil CH4 fluxes can help understanding the effect of 

the water table level; Kohn et al. (2021) measured stem CH4 fluxes from A. glutinosa during two 

years across a wet-dry gradient and observed significantly smaller stem CH4 fluxes compared to the 

previous studies in wetlands; they measured relatively higher stem CH4 emissions in summer but 

almost no fluxes during very dry conditions in summer of the following year (with groundwater 

around 1 m deep). Interestingly, fluxes from tree stems peaked with the highest water table, while 

soil fluxes peaked when the water table was lowered and suggested that stems were the preferential 

path for CH4 when soils were flooded.  In a flooding experiment by Schindler et al. (2020) in an 

Alnus incana riparian forest, stem CH4 fluxes were 100 times higher than soil CH4 fluxes with raising 

water table, highlighting the need to include measurements of stem emission during extreme climate 

events. 

Unusual drought conditions in temperate wetlands, and fluctuations of the water table in 

tropical areas due to seasonal hydrological alterations can result in significant changes in tree stem 

CH4 emissions. Also, studies in tropical wetlands focussed on the wet season (Pangala et al., 2013; 

Pangala et al., 2017). More studies would be needed to assess fluxes magnitude in dry season in 
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tropical areas and also during contrasting environmental conditions in temperate ecosystems (Barba 

et al., 2019). Moreover, high frequency measurements would be also needed to analyse temporal 

dynamics and variations (Barba et al., 2019). 

 

1.2.2 Transport mechanisms of CH4 and emission patterns from wetland tree stems 

 

Mechanisms of CH4 transport and emission through tree stem, and the most recent literature 

on the role of trees in CH4 emissions, were recently reviewed by Covey et al. (2019) and Barba et al. 

(2019). CH4 produced in soil can reach the atmosphere through three different pathways: 1) diffusion 

from water-air exchange, 2) ebullition, through ‘bubbles’ from anoxic layers, and 3) plant mediated 

transport, usually through aerenchyma tissues bypassing oxic zones (Whiting & Chanton, 1992, 

Chanton et al., 2005). Transport through plants can account for up to 90% of the total emissions 

(Carmichael et al., 2014). Aerenchyma is a specialised tissue typical of wetland vegetation adapted 

to supply O2 to the roots in anoxic and flooded environments (Jackson & Armstrong, 1999; 

Megonigal & Day, 1992). In non-wetland and more aerated soils, gases including CH4 can also be 

transported through connected gas-filled pore spaces (Armstrong, 1980). CH4 can be actively 

transported through plant and tree stems, by pressurised ventilation, that is actively driven by 

atmospheric temperature that creates a pressure gradient between tree stems and air, and by 

mechanisms coupled with tree physiology.  

In an experiment by Rusch & Rennenberg (1998), CH4 emissions from the saplings of A. glutinosa 

decreased linearly along the stems and depended on CH4 concentrations in roots, suggesting a 

diffusion mechanism for the emission. In another mesocosm experiment, Garnet et al. (2005) showed 

that CH4 transport in Taxodium dysticum was driven by foliar transpiration as they observed a 

positive relation with stomatal conductance. Terazawa et al. (2007) investigated the transport 

mechanism in F. mandshurica in a temperate floodplain and concluded that diffusive transport was 

the main mechanism of transport and emission, as there was no diel variation in stem CH4 fluxes, and 

the transport was also facilitated by the aerenchymatic tissues typical of the tree species examined. 

Kutschera et al. (2016) suggested that the low CH4 concentration in soil resulted in a passive 

diffusion mechanism of transport and low CH4 emissions from stems of Populus trichocarpa, while 

higher soil CH4 could trigger a different transport mechanism and higher emission rates, as also 

discussed in the later study by Kohn et al. (2021). Moreover, diffusive transport occurs also from 

dead tree stands (Carmichael et al. 2018; Martinez & Ardon, 2021). Passive and active transport 

mechanisms can also be observed within the same tree species: A. glutinosa can transport CH4 by 

pressurised ventilation (Große & Schroder, 1984; Schroeder, 1989) and also by diffusion as no 

variation in stem CH4 emissions was observed during the night (Pangala et al., 2014) and after leaf 

loss (Pangala et al., 2015) from this tree species. In this latter study, Betula pubescens showed a 

sudden decrease in stem CH4 emissions after leaf loss, and the study authors suggest that the CH4 

transport predominantly occurred via the transpiration stream in this tree species. In uplands, Pitz & 
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Megonigal (2017) suggested that trees emit more CH4 during the day and   transpiration pathway 

could be the main transport mechanism in many forest species. Trees actively mediate the axial CH4 

transport, and this can vary between species and CH4 availability in soil. 

 

1.2.3 Transport of CO2  

 

The measurement of tree stem CH4 emission has been coupled with the measurement of CO2 

in some recent studies in upland and wetland trees. The CO2 resulting from tree respiration can be 

either emitted to the atmosphere bypassing lateral barriers to diffusion or transported along the stem 

in the transpiration stream, and part of it can be photosynthetically fixed. CO2 can also be absorbed 

from the soil and transported through the xylem (Teskey et al., 2008). Coupling the measurements 

of these two gasses can help understand whether CH4 follows via transpiration stream and emitted to 

the atmosphere through the same pathway as CO2. CH4 and CO2 can originate from different sources, 

but they can share the same transport mechanism along the stem, indicating their emission rates are 

constrained by the same barriers to diffusion (Megonigal et al., 2020). Barba et al. (2019b) observed 

a seasonal pattern for CO2 and CH4 stem emissions; stem emissions of both gases were also related 

to temperature, soil moisture and sap flux, and CH4 and CO2 fluxes were related when considering 

individual trees. Pitz & Megonigal (2017) found a moderate correlation between CH4 and CO2 fluxes 

and that both gases had their highest fluxes after the midday sap flux peak. Both studies highlighted 

the need to include high frequency measurements of both gasses to disentangle the transport 

mechanisms and to understand the magnitude of stem CH4 fluxes. On the other side Kohn et al. 

(2020, 2021) found no relation between stem CH4 and CO4 fluxes for A. glutinosa and no diurnal 

variations, indicating that CH4 emission was independent from tree physiology. Ward et al. (2019) 

found no relation between CO2 and CH4 concentrations measured from tree stems in coastal 

ecosystems, concluding that CH4 was driven by soil CH4 concentration in soil pore water, while CO2 

depended on the species and tree characteristics.   

 

1.2.4 Tree stem internal variables and CH4 emission patterns  

 

High CH4 concentrations in tree trunks can be a good proxy for estimating CH4 emissions, 

but there are no current studies for wetland trees, as in these ecosystems the CH4 concentration in 

soils was established as the most important factor controlling stem CH4 emission. Some observations 

were made for upland trees, where high concentrations of CH4 were found in living tree tissues that 

were not coupled with high CH4 concentrations in soil (Covey et al., 2012; Hietala et al., 2015; 

Mukhin & Voronin, 2007), suggesting an internal microbial source. Internal CH4 concentrations were 

used to model the stem radial diffusion of CH4 to the atmosphere in wetwood species by Covey et 

al. (2012) using a modified version of Fick’s law for gas diffusion as:  
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𝐹 = −𝑓𝜌𝜌𝑎𝐷 +
𝑟1

𝑟2

(
𝛿𝜔

𝛿𝑟
) 

 

where F is the radial diffusion flux, f is a radial diffusivity scale factor, 𝜌 is the wetwood 

density, 𝜌𝑎 is air density, D is the CH4 diffusivity in ambient air, 𝜔 is the CH4 molar mixing ratio, r1 

and r2 are the radius of the heartwood and tree trunk, and r is the radius of the tree section, 

respectively. 

Wang et al. (2016) found high CH4 concentrations in the heartwood of Populus davidiana 

and observed that CH4 was lower in the outer tree tissues; they suggested that stem CH4 emissions 

were slowed down by radial barriers to diffusion inside the stem, and stem fluxes did not reflect the 

actual concentrations of CH4 in tree trunks. Moreover, the barriers to diffusion may cause CH4 to 

move through non-radial pathways to reach the atmosphere. Although they found a weak inverse 

correlation between stem fluxes and heartwood density, the exact identity of diffusion barriers and 

their strength could not be determined. On the other hand, Steppe et al. (2007) showed a linear 

relation between fluxes and stem CO2 concentrations when measuring CO2 fluxes from stems of 

Populus deltoides. 

Pangala et al. (2013) observed an inverse relation between stem CH4 fluxes and wood density 

in tropical tree species, whilst Pangala et al. (2015) observed that CH4 emissions from two temperate 

tree species, A. glutinosa and B. pubescens, were inversely related to wood density. Interestingly, B. 

pubescens showed higher stem fluxes, but it had an overall higher wood density compared to A. 

glutinosa; more porous spaces should increase the flux and an opposite trend would be expected, 

with higher stem fluxes from A. glutinosa, and they concluded that wood density alone cannot explain 

variation in CH4 fluxes along stems.  

Tree radial anatomy changes depending on the species and tree age and determined by the 

ring growth patterns from pith to bark, that can result in 1) ring-porous anatomy, with a pattern of 

large diameter and small diameter vessels, and 2) diffuse porous anatomy, with vessels of varying 

size but with a less distinct pattern. These differences can influence gas and water content (Gartner 

& Meinzer, 2005); Sorz & Hietz (2006) observed that O2 diffusivity decreased in diffuse porous 

species. The relation between this feature and stem CH4 flux was investigated in Pitz et al. (2018) 

but no pattern was observed although tree species showed both ring and diffuse porous anatomy, and 

there have been no further studies in wetland trees. Moreover, sapwood and heartwood thickness, 

along with their density and moisture content can vary between tree species, and wood anatomy can 

also be altered in the presence of wood decay (Covey et al. 2012).  The tree internal structure plays 

an important role in regulating stem CH4 emissions and should be included when performing stem 

flux measurements. 

Another variable that was investigated, as a potential control for CH4 stem emissions, was 

the tree diameter (diameter at breast height, DBH). Although a few studies observed no relation 

between DBH and stem fluxes (Warner et al., 2017; Pitz et al., 2018), Wang et al. (2018) observed 
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a positive relation while Pangala et al. (2015, 2017) found an inverse relation between DBH and 

stem CH4 fluxes. In both the latter studies, fluxes were also higher from younger trees, suggesting 

that DBH might also mask the role of age (and changes in tree physiology with aging) that should be 

considered as an independent factor (Barba et al.  2019). 

Regardless of the CH4 transport mechanism, CH4 needs to overcome the lateral barriers from 

the xylem to be emitted to the atmosphere, and the radial emission of CH4 is likely to occur through 

diffusion, and an active transport mechanism has no direct control on this mechanism (Barba et al., 

2019). It is also likely that emission pathways interact along with other pathways such as cracks and 

macropores on tree trunks (Teskey et al., 2008). Lenticel density can represent an important variable 

controlling axial variability of stem CH4 fluxes (Pangala et al., 2014) as they are organs that facilitate 

direct gas exchange between tree and atmosphere, but no other studies to date have included this 

variable. Many factors such as age, tree species and habitat alterations can interact with tree 

morphology and emission rates (Covey et al., 2019).  

 

1.2.5 Spatial variability of CH4 emissions along wetland tree stems 

 

Tree CH4 emissions in wetland typically decrease along the stem; a few studies included 

measurements at different stem heights to investigate the axial variability of stem CH4 fluxes, 

typically within one metre above the forest floor, and observed higher CH4 emissions from the tree 

base. Terazawa et al. (2007) included two interval measurements at 15 cm and 70 cm, and other 

studies have taken measurements at 20 cm to 130 cm (Pangala et al., 2013), and in the range of 15 

cm to 140 cm at 30 cm intervals (Pangala et al., 2017).   

Other studies in wetlands found that CH4 emissions were higher at the tree base and 

decreased with stem height (Terazawa et al., 2015; Ward et al., 2019). Trees were measured at 

heights up to 3.6 m (Moldaschl et al., 2021), 4 m (Wang et al., 2016) and 4.9 m (Van Haren et al., 

2021). Stem fluxes measured from a tropical tree species by Van Haren et al. (2021) displayed an 

exponential decay with stem height; they highlighted the importance of measuring CH4 fluxes above 

2 m of stem in order to accurately quantify the real contribution of trees to CH4 emissions 

Sjögersten et al. (2020) measured stem fluxes at 35 cm, 75 cm and 115 cm and used these 

measurements to calculate stem fluxes at upper intervals up to 5 m. When measuring axial variability, 

sampling from upper parts of the stem can be challenging and measurements are usually performed 

close to the tree base. Although stem fluxes in wetlands usually decrease along the stem, a more 

heterogenous pattern might be present if considering a wider range of height intervals, or if intervals 

were measured consecutively. 

Barba et al. (2019) proposed different potential axial and radial patterns of stem CH4  

emissions (without distinguishing between upland and wetland trees) that combined the potential site 

of production (soil or tree), the continuity of production (steady or non-steady) and the transport 

mechanism (diffusion, sap flow, aerenchyma); they distinguished five different patterns: 1) 
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progressive decrease of CH4  flux along the stem, with soil production and high radial emission rates; 

2) homogenous pattern along the stem (no visible axial pattern) and soil or stem production with low 

radial rates; 3) irregular pattern along the stem, resulting from non-steady stem production and 

constant radial rate – or soil/stem base production with variable radial rate – or controlled by irregular 

pores and lenticels along the stem; 4) combination of all patterns; 5) homogenous or heterogenous 

pattern but with radial heterogeneity.  

Axial variability of CH4 emissions was also investigated including other surfaces such as 

leaves, twigs, shoots and roots; in boreal uplands, Machacova et al. (2016) observed that shoot 

emissions were one order of magnitude higher than stem CH4 emissions, with some branches of trees 

and acting as CH4 sinks in boreal ecosystems (Sundqvist et al., 2012). On the other hand, Wang et 

al. (2016) found that leaves and twigs in the temperate species Populus davidiana were not emitting 

any CH4. 

Other surfaces contributing to extend the magnitude of woody CH4 emissions are standing 

dead trees (Carmichael et al., 2018; Martinez & Andon, 2021), and coarse and decayed wood debris 

(Warner et al., 2017, Mukhortova et al., 2021). Another potential variable for axial variability that 

should be investigated is the role of roots and their structure, extension, depth, mycorrhizas, tissue 

composition and density but there are no studies to date in wetlands (Barba et al., 2019). 

 

1.2.6 Tree-soil interaction and soil CH4 concentration 

 

Tree physiology can indirectly modify soil CH4 concentration with root exudates. Root 

exudates, as sugars and organic acids, represent a significant source of labile C that favours 

methanogenic activity; the release of root exudates also enhances the supply of electron donors for 

methanogens, which would otherwise be outcompeted by other microorganisms (Section 1.3.2.2).  

Root exudates depend on photosynthesis, which increases with elevated atmospheric CO2 

(Megonigal et al. 2004). Megonigal & Schlesinger (1997) and Vann & Megonigal, (2003) showed a 

linear relation between CH4 stem emission and photosynthesis from Taxodium dysticum. Elevated 

CO2 also reduced tree transpiration and water uptake, causing an indirect increase in soil water 

content; this resulted in increased anaerobic conditions in soil, favouring methanogenesis (McLain 

et al., 2002). In flooded environments, trees supply O2 to the roots and rhizosphere to avoid hypoxia; 

this enhances methanotrophic activity, and CH4 oxidation in roots ultimately contributes to reducing 

ecosystem emissions (Chanton & Whiting, 1996; Christensen et al., 2010).  

 

1.3 Trees as CH4 sources and sinks 

1.3.1 Abiotic sources in plants 

 

Several laboratory experiments have shown that CH4 can originate from non-microbial sources. 

Keppler et al. (2006) first proposed a new abiotic pathway for CH4 formation from intact plants and 
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plant foliage in an incubation experiment under aerobic conditions; they suggested that components 

of pectin might have a major role as CH4 precursor under sunlight. Substantial CH4 production from 

pectin under UV light exposure was observed by Vigano et al. (2008) and via the generation of 

reactive oxygen species (ROS), with similar CH4 production (McLeod et al., 2008). Messenger et al. 

(2009) demonstrated that certain types of ROS species could generate CH4 from pectin in the absence 

of UV light and that other stressors or UV independent factors, as physical injuries might act as ROS 

generators (Wang et al., 2009) or methyl-group generators (Lenhart et al., 2015) contributing to CH4 

production.  

Bruggerman et al. (2009) investigated the role of aerobic CH4 production under low light 

conditions and suggested that this was a minor pathway in temperate and boreal ecosystems 

compared to tropical and high light environments; in another study CH4 was produced aerobically in 

darkness (Martel & Qaderi, 2017). CH4 can potentially be produced from lignin and cellulose 

(Vigano et al., 2008, 2009) and even from non-structural components (ascorbic acid, Althoff et al., 

2010), although in orders of magnitude in the range of ng g-1 h-1 as observed for the production from 

pectin. It is likely that aerobic CH4 production results from the interaction of multiple factors 

(Abdulmajeed et al., 2017; Liu et al., 2015; Qaderi & Reid 2009, 2011). Many measurements have 

been carried out in laboratory experiments, which would have been more informative in situ, 

although it is difficult to isolate abiotic sources from microbially produced CH4 in the field (Covey 

et al., 2019). Moreover, CH4 production in aerobic conditions can suggest an abiotic source; 

however, CH4 can be produced in anaerobic microsites, and some methanogenic groups can also 

tolerate atmospheric O2 (Megonigal et al., 2004). Although the pathway of aerobic CH4 production 

can occur in plants, there is consensus that its contribution to the global CH4 budget is <0.2% (Bloom 

et al., 2010; Fraser et al., 2015). At present, there is no evidence of abiotic CH4 oxidation in forest 

ecosystems. 

 

1.3.2 Microbial sources and sinks 

1.3.2.1 Classification and metabolism of methanogens  

 

Methanogenesis is the final step of the degradation of organic matter by archaea 

microorganisms and it is widespread in anaerobic wetland soils. Methanogens belong to the Classes 

Methanobacteria, Methanomicrobia, Methanopyri and Methanococci of the Phylum Euryarchaeota.  

The two main methanogenic pathways are as follows: 1) hydrogenotrophic methanogenesis, that uses 

H2 as substrate coupled with CO2 reduction (equation 1) and 2) acetoclastic methanogenesis which 

uses acetate (equation 2) (Conrad, 2007): 

 

                                               4H2 + CO2 → CH4 +  2H2O                                                       (1) 

  CH3COOH → CH4 + CO2                                                   (2) 
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These reactions are both catalysed by the methyl-CoM reductase. Most methanogens grow 

on H2 and CO2, while acetoclastic methanogens all belong to the Methanosarcinaceace and 

Methanosaetaceae Families, although they can also use H2 and CO2 as substrates (Conrad, 2007) 

Methanogenic substrates derive from complex metabolic pathways of other groups of 

microorganisms that live in association with methanogens. In the degradation of organic matter, 

polysaccharides are hydrolysed to sugars; sugars can be converted to fatty acids, alcohols and also 

to acetate, H2 and CO2 by primary fermentation. Fatty acids and alcohols that cannot be used as 

substrates by methanogens, are converted to H2, CO2 and acetate by synthropic microorganisms in a  

secondary fermentation; synthrophs are typically sensitive to the concentration of their end products 

and their activity depend on the consumption of these products by other non-fermentative 

microorganisms (Conrad, 2020). The cooperation between fermentative bacteria (syntrophs) and 

methanogens is defined as a syntrophic interaction where they mutually take advantage from their 

metabolic activity (Schink, 1997). Sugars, acids, alcohols, lignin-derived aromatic methoxyl groups, 

among others can also be converted to acetate by acetogenic bacteria (Drake, 1994); some of the 

acetogenic bacteria are also able to covert H2 and CO2 to acetate (Conrad, 2020); CH4  production 

from H2 and CO2 is more favoured than the one from acetate, as it has been observed that 

methanogens grow more slowly on acetate; moreover, the accumulation of acetate is also favoured 

by syntropic microorganisms that simulate acetogenesis by using its by-products (Duddleston et al., 

2002; Hines & Duddleston, 2001). The occurrence of acetogenesis reaction determines the ratio of 

hydrogenotrophic and acetoclastic pathways in the environment.  

 

1.3.2.2 Variables controlling methanogenic activity in wetland soils 

 

The diversity and  activity of methanogens along with their controlling variables have been 

extensively studied in wetland soils and rice fields (e.g.,Conrad, 2002; Dubey, 2005; Narihiro et al., 

2011; Watanabe et al.,1997; Watson et al., 1997). 

Methanogens are inhibited in the presence of O2 (Fetzer et al., 1993) but they have been 

detected in an inactive state in oxic environments including upland soils, grasslands and deserts 

(Angel et al., 2012; Aschenbach et al., 2013; Hernández et al., 2019; Peters & Conrad, 1995; Praeg 

et al., 2014). Methanogens can be inactive during aerobiosis and rapidly recover (Liu et al., 2008; 

Yuan et al., 2011). Methanogenesis can also increase after submergence and sudden desiccation 

events (Conrad et al., 2014). Methanogenic activity is not restricted to wetlands; moreover, the genus 

Methanobrevibacter can be active in the presence of O2 and many other genera might have developed 

strategies to survive in oxic environments (Knief et al., 2019). 

Other variables controlling methanogenesis are the presence of alternative terminal electron 

acceptors (TEAs), temperature, organic substrates, pH, plant physiology and plant community 

composition. These factors also affect fermentation and other processes coupled with 

methanogenesis, regulating its substrates. 
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Anaerobic microorganisms like methanogens obtain their energy by transferring electrons from an 

external electron donor through a transport chain to an external electron acceptor. Electron donors 

include molecular hydrogen (H2), ammonium (NH4+), manganous manganese (Mn (II)), ferrous iron 

(Fe (II)), and hydrogen sulphide (H2S). The common terminal electron acceptors are nitrate (NO3
-), 

manganic manganese Mn (IV), ferric iron (Fe (III)), sulphate (SO42-), and carbon dioxide (CO2). 

Some microorganisms can use more than one electron donor to adapt to different levels of redox 

conditions. In anaerobic environments methanogenesis is the less thermodynamically favoured 

metabolism, while the more favoured is nitrate reduction followed by Mn (IV) reduction > Fe (III) 

reduction > SO4
2- reduction. Their ability for outcompeting is related to the level of affinity to the 

substrate, the higher the affinity the more competitive one metabolism will be. Aerobic metabolisms 

outcompete anaerobic metabolisms like methanogenesis because they have a higher thermodynamic 

yield and because O2 is toxic to methanogens (Megonigal et al., 2004). The spatial and temporal 

variability of electron donors determine the contribution to each metabolism to the ecosystem. 

Changes in the oxic and anoxic interfaces contribute to enhance less favoured aerobic metabolism 

like methanogenesis, once most of the electron competitors are oxidised. Moreover, metal reducing 

bacteria can use primary fermentation products directly, while methanogens require a secondary 

fermentation to occur for its substrates to be available. In summary, inhibition of methanogenesis by 

alternate electron acceptors occurs because they reduce substrates for methanogenesis, because their 

presence increases the redox potential or because of their toxicity. 

Methanogens are neutrophiles, although low pH can prevent substrates such as acetate from 

being dissociated (Fukuzaki, 1990).  Dunfield et al. (1993) observed that optimum pH was 0–2 units 

above field pH for peat samples from five different acidic sites. So, the adaptation to in situ pH of 

the microorganisms controlling CH4 production is variable. 

CH4 production generally increases with temperature (Yvon-Durocher et al., 2014; Segers, 

1998) and reaches maximum activity in the temperature range of 20-30°C (Inglett et al., 2012); high 

temperatures generally favour the hydrogenotrophic pathway while low temperatures favour the 

acetoclastic pathway (Conrad, 2020). The increase in production rate can also result from a slower 

activity of methanogenic competitors in depleting electron acceptors (Segers, 1998). Chen et al. 

(2020) observed a compensatory thermal response of CH4 production with increasing temperatures, 

that induced shifts in the methanogenic community composition and lowered metabolic rates; this 

suggested that the stimulatory effect of warmer global temperatures on methanogenesis might be 

lower than currently thought, although it also depends on the ecosystem type and seasonality and 

should be further investigated.  

Methanogenic activity is higher when there is a constant and fresh supply of carbon 

substrates, as its competitors exhaust the electron acceptor pool and substrates are more available for 

methanogens (van Hulzen et al., 1999). Therefore, CH4 production decreases with soil depth, as older 

carbon is deposited in deeper soil layers, although an opposite trend can be observed near plant roots, 

where labile organic carbon availability is higher (Valentine et al., 1994). Moreover, low C:N, and 
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lignin:N ratios indicate high quality organic matter favours methanogenesis and high decomposition 

rates (Valentine et al., 1994). 

The contribution of acetoclastic and hydrogenotrophic pathways vary both seasonally and 

spatially. Acetoclastic methanogenesis prevails in fen peatlands, characterised by high nutrient 

availability and inputs from groundwater which does not occur in bogs, where the hydrogenotrophic 

methanogenesis prevails  

Zhang et al. (2018) observed that methanogenic communities in soil of a constructed wetland 

depended on the dominant plant species, and where the acetoclastic pathway dominated increasing 

emissions were observed; they suggested that these differences were probably related to different 

mechanisms of transport of O2 to the roots. Williams & Yavitt (2009) observed that plant species 

influence CH4 production, and this difference resulted from the composition of organic matter rather 

than the production of root exudates. In ombrotrophic peatlands like bogs, where acetogenesis 

dominates, low CH4 production may result from either inhibitory compound such as phenolic or 

aromatic substances produced by Sphagnum species typical of bog ecosystems (Rasmussen et al., 

1995) or by the accumulation of acetate, as some inhibitory compounds such as humic acids which 

can inhibit methanogenesis, but not the acetogenesis, which results in high acetate but low CH4 

production (Minderlein & Blodau, 2010).  

 

1.3.2.3 Classification and metabolism of methanotrophs 

 

CH4 produced by methanogens in anaerobic environments is partially consumed by 

methanotrophs at the oxic-anoxic interface before being emitted to the atmosphere (King, 1992). 

Methanotrophs belong to the methylotrophic bacteria that use CH4, methanol and different 

methylated compounds as source of energy; obligate methanotrophs among them can grow on CH4 

only (Bowman et al., 1993). Most methanotrophic genera are classified within two classes of 

Proteobacteria: Gammaproteobacteria (or type I methanotrophs) in the families Methylococcaceae, 

Methylotermaceae and Crenotrichideae and Alphaproteobacteria (type II) in the families of 

Methylocystaceae and Beijerinckiaceae (Hanson & Hanson, 1996). Recently discovered 

methanotrophs belong to the Verrucomicrobia (Dunfield et al. 2007) in the family of the 

Methylacidophyliceae (type III). 

The first step of CH4 oxidation is the conversion of CH4 to methanol by CH4 

monooxygenase; this enzyme can have a particulate cellular membrane-bound form (pMMO) which 

is widespread among most of methanotrophic groups (Cai et al., 2016), or a soluble cytoplasmatic 

form (sMMO) which occurs within the Alphaproteobacteria which has a broader range of substrates 

including xenobiotic compounds. The net reaction of aerobic CH4 oxidation is: 

 

CH4 + 2O2 → CO2 + 2H2O 
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The production of CO2 occurs through intermediate reactions that produce methanol 

(CH3OH), formaldehyde (CH2O), and formate (CHOOH) (Dedysh & Knief, 2018; Hanson & 

Hanson, 1996,). 

The assimilation of formaldehyde can occur through the serine pathway and the ribulose 

monophosphate (RuMP) pathway, and this was used to classify methanotrphs in type I and II 

respectively. The Methylacidiphileae family of the phylum Verrucomicrobia rely on the Calvin cycle 

(Khadem et al. 2011). Nitrifier bacteria have a similar enzymatic system like pMMO, called 

ammonia monooxygenase (AMO) (Holmes et al., 1999); CH4 and NH3/NH4
+ have similar size so 

that methanotrophs and ammonia oxidisers can oxidise these molecules, and this can result in the 

inhibition of CH4 oxidation.  

 

1.3.2.4 Low and high affinity methanotrophs 

Aerobic methanotrophs can be classified in two categories based on their affinity for CH4. 

The first group conducts low affinity CH4 oxidation or ‘conventional’ CH4 oxidation at CH4 

concentrations > 40 ppm and it is common in environments with high CH4 concentrations, including 

at oxic-anoxic interfaces in wetland and peatlands ecosystems. The methanotrophs belonging to the 

Alphaproteobacteria, Gammaproteobacteria and the Methylacidiphileae family usually perform low 

affinity oxidation (Chowdhury & Dick., 2013). 

The second group performs high affinity oxidation at atmospheric CH4 concentrations (< 2 

pm) and concomitant low amounts of NH4
+. The Michaelis Menten constant (the substrate 

concentration that allows half of the maximum enzymatic capacity - Km) is usually in the range of 

0.8-32 µM for low affinity and 0.01-0.28 µM for high affinity methanotrophs (Shukla et al., 2013). 

Obligate high affinity oxidation can be found in upland soils, where CH4 is present at 

atmospheric concentrations (Holmes et al., 1999); high affinity methanotrophs in uplands are 

classified within the alpha or gamma upland soil clusters (USCγ and USCα), and include mostly 

uncultured organisms (Belova et al., 2020; Knief et al., 2019). Several studies have shown evidence 

of high affinity oxidation in tropical, temperate and boreal wetlands (e.g., Dedysh & Panikov, 1997; 

Inubushi et al., 2003; Kettunen et al., 1999; Whalen & Reeburgh, 2000; Takakai et al., 2008). The 

capacity to grow on low amounts of CH4 in wetlands can be induced by CH4 starvation in periodically 

dry conditions, and it can be attributed to methanotrophs able to switch from low affinity oxidation 

to high affinity oxidation (Cai et al., 2016), non-classified high affinity methanotrophs that can be 

present in wetlands, and high affinity oxidation performed by ammonia oxidisers (Chowdhury & 

Dick, 2013). Moreover, Cai et al. (2016) noticed that the ability of microbial communities to grow 

on atmospheric CH4 could be attributed to a higher abundance of methanotrophs belonging to the 

Alphaproteobacteria, which are generally more stress tolerant.  

1.3.2.5 Variables controlling methanotrophic activity in wetland soils 
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As for methanogens, hydrology and O2 levels are key factors for CH4 oxidation, and CH4 

oxidation reaches its maximum capacity at oxic-anoxic interfaces and close to the plant rhizosphere 

(Bodelier et al, 2000). CH4 can diffuse to the atmosphere without being oxidised when the soil 

reaches a water holding capacity of ~85% (Spahni et al., 2011). CH4 oxidation can be maintained 

with water level fluctuations and after periods of desiccation, as methanotrophs can survive inactive 

in anaerobic conditions and later increase their activity by scavenging CH4 from anaerobic microsites 

(Megonigal et al, 1997), and also because of increasing diffusion of CH4 when soils become drier 

(Laanbroek et al, 2010).  CH4 activity is resilient to desiccation-rewetting stress, as observed in an 

experiment by Ho et al. (2016); they observed that the oxidation rates were higher after a single event 

of disturbance compared to an undisturbed microcosm, although recurring disturbance events were 

likely to compromise methanotrophic activity or to alter community composition, with shifts in 

communities towards Alphaproteobacterial genera, typically more stress tolerant compared to 

Gammaproteobacteria. Methanotrophs are also able to outcompete other aerobic microorganisms 

when O2 levels are low, as they have high affinity for O2 (Megonigal et al, 2004). 

Besides CH4 availability that can limit methanotrophic metabolism, inorganic nitrogen can 

act both as an inhibitor and a stimulator for CH4 oxidation; ammonia (NH3) and ammonium ion 

(NH4
+) can also inhibit the monooxygenase enzyme (Conrad, 1995). Toxic intermediates of 

nitrification or denitrification that can cause nitrosative stress can be overcome by specific 

methanotrophic genes (Khadem et al, 2012). Their interaction with anaerobic CH4 oxidisers is yet 

not well studied but they can coexist at the oxic-anoxic interfaces in wetlands. Methanotrophs might 

also be outcompeted by the many N-cycling microorganisms depending on the different affinity for 

the substrates (Bodelier et al, 2019).  

Methanotrophs with pMMO need copper for their correct functioning and they can produce 

copper-binding peptides called methanobactins to retrieve copper from the environment (DiSpirito 

et al., 2016). 

Methanotrophs and methanotrophic activity have been detected across a wide range of 

temperatures (Bodelier et al., 2019). Although an increase in temperature can increase CH4 

diffusivity and availability, there is evidence that temperature alone does not have any effect on CH4 

oxidation (Le Mer & Roger, 2001). If combined with changes in water content, higher temperature 

coupled with high water content seem to have a negative effect on CH4 oxidation (Shukla et al., 

2013). 

pH is not a strong controlling factor for methanotrophs as it is for methanogens, although 

Alphaproteobacterial methanotrophs usually dominate in oligotrophic and acidic bogs with pH <5, 

while Gammaproteobacteria generally dominate in minerotrophic and less acidic fens with pH >5 

(Verbeke et al., 2019) but a mixture of both are present at different ratios depending on pH (Stein et 

al., 2012). Verrucomicrobia methanotrophs are more characteristics in wetlands with very acidic pH 

<4.  
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Gammaproteobacteria prefer CH4 rich and O2 depleted environments, while the opposite 

preference was observed for Alphaproteobacteria (Amaral & Knowles 1995, Chowdhury & Dick, 

2013). Singleton et al. (2018) also found niche differentiation of Alpha- and Gamma- proteobacteria 

based on different CH4 concentrations. 

  

1.3.2.6 Anaerobic CH4 oxidation 

 

The constant progress in cultivating new lineages and new molecular tools such as 

metagenomics have allowed the discovery of new taxa among the Euryarchaeota, but also other entire 

phyla such as Candidatus Bathyarchaeota and Candidatus Verstraetearchaeota (Evans et al., 2015; 

Vanwonterghem et al., 2016). Among these new phyla, some genera are methylotrophic 

methanogens, growing on fermentation processes using amino acids, fatty acids or sugars as 

substrates and performing anaerobic CH4 oxidation. Anaerobic methanotrophic archaea (ANME) 

have been detected by many wetland studies (Hu et al., 2014; Segarra et al., 2015), contributing to 

reduce CH4 emissions by up to 50% (Smemo & Yavitt, 2011).  

Anaerobic CH4 oxidation can be also coupled with iron reduction (Cai et al., 2018) and 

sulfate reduction; they have both been observed in terrestrial ecosystems including wetlands 

(Miyashita et al., 2009; Murase & Kimura, 1994; Segarra et al., 2015).  

 

1.3.2.7 Evidence of methanogens and their activity in wetland vegetation 

 

The diversity and activity of methanogens and methanotrophs along with their controlling 

variables have been extensively studied in plant roots systems (Chin et al., 2004; Conrad et al., 2008; 

King, 1996; Van Der Nat and Middelburg, 1998;), specifically rice roots (Breidenbach et al. 2016; 

Chin et al., 2004; Conrad et al., 2002, 2008; Knief et al., 2012; Liechty et al.,2020; Minamisawa et 

al., 2016; Pump et al., 2015) and direct CH4  production by fungi (Lenhart et al., 2012).   

Evidence of methanogens and CH4 production was observed in slurries of tank bromeliads, tropical 

epiphytic plants with tank-like leaves capable of retaining water, that create anaerobic niches that 

can favour CH4 production. Goffredi et al. (2011) found evidence of CH4 production in slurries of 

tank bromeliads at rates similar to that of soil of other wetland ecosystems - in the range of 10-300 

nmol ml-1 d-1. Methanogens were dominant among the archaea communities detected with members 

of the acetoclastic Methanosarcinales and the hydrogenotrophic Methanomicrobiales. Martinson et 

al. (2010) also measured CH4 production in bromeliad tanks; they suggested that CH4 was produced 

inside the tanks, transported through the aerenchyma of leaf trichomes and then dissolved in tank 

water. More evidence of CH4 production in tank bromeliads was observed by Brandt et al. (2017), 

Kotowska & Werner (2013) and Louca et al. (2017). 

1.3.2.8 Evidence of methanogens and their activity in wetland trees 
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Bushong (1907) first observed evidence of CH4 inside trees stems in the form of bubbles 

originating from freshly cut stems of cottonwood trees and found that 60% of the gas was CH4. 

Zeikus et al. (1974) first performed anaerobic incubations of wetwood cores from different tree 

species and measured CH4 production and identified the Methanobacterium genus as the main 

component of the methanogenic community. For example, Methanobacterium arbophilicum was 

isolated by Zeikus & Henning (1975) from wetwood enrichment cultures. Schink et al. (1981) 

observed a high number of the obligate anaerobe genus Clostridium in wetwood that was responsible 

for pectin degradation in the xylem tissue that resulted in the production of methanogenic substrates 

as acetate. Further evidence of the production of methanogenic substrates was cellulose degradation 

observed in wetwood by Warshaw et al. (1985). Streichan et al. (1986) found a higher proportion of 

aerobic bacteria colonising wet heartwood and suggested that the centre of stem had sufficient O2 

content and anaerobic microsites for fermenting bacteria supporting methanogenesis.  

Although the previous studies mentioned focused on wetwood, non-wetwood trees can also 

host methanogens and CH4  production. Mink & Dugan (1980) observed CH4  production from wood 

of coniferous and deciduous species, favoured by lignocellulose, wood water soluble carbohydrates 

and H2/CO2, and inhibited by alcohol soluble compounds i.e. tannins, common antimicrobial in 

plants. Mukhin & Voronin (2008) observed CH4 production in wood cores of Betula pendula and 

Pinus sylvestris enhanced by wood-decaying fungi. Fungi possibly carried out fermentation of lignin, 

providing wood carbohydrate products and ultimately H2 and CO2 to methanogens. Mukhin & 

Voronin (2011) confirmed a microbial source of CH4  in the same tree species as in Mukhin & 

Voronin (2008) and observed that CH4 production was coupled with CO2 emission, and they 

suggested that CH4  production was closely related to physiological and respiration processes. 

More studies on methanogenesis associated with woody tissues were performed on upland 

trees; Covey et al. (2012) found CH4 concentrations >15,000 mL L-1, which is 80,000 times higher 

than atmospheric concentrations, in trunks of common non-wetwood deciduous tree species; they 

suggested that early stages of tree heart rot caused by fungi could promote methanogenesis, as the 

aerobic decomposition of wood tissues produced CO2 enhancing anaerobic conditions for 

methanogens. They affirmed that this mechanism could be widespread in forests, regardless of soil 

CH4 concentrations. Covey et al. (2016) measured CH4 concentrations 24 times greater than ambient 

air in deadwood of large trunks of Quercus rubra with early stages of decay and concluded that the 

CH4 production was driven by non-structural carbohydrates resulting from decay processes. 

Wang et al. (2016) observed a CH4 production of ~40 ng g h-1 from Populus davidiana tree 

cores, related to high water content in the wood; they found no relation to soil CH4 and suggested a 

microbial source within the tree stems. They extrapolated the stem flux rate from the CH4 production 

rates and concluded that those rates could support a higher CH4 flux rate compared to the ones 

measured, suggesting that both water and wood density could act as barrier to diffusion. Wang et al. 

(2017) also found high CH4 concentration ≥10,000 μL L-1 in stems and determined a water content 

threshold of >50% for a significantly increase in CH4 production. A more recent study by Wang et 
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al. (2021) found that up to 13% of the trees across a climate transect in a boreal, temperate and 

tropical upland had substantial CH4 concentrations of ≥ 10,000 µL L–1 in heartwood, with 

concentration dependent on their moisture level. 

Li et al. (2020) detected Methanobacterium in stems of Populus canadensis and measured 

CH4 production of 300 ng g−1 h−1 and observed a positive relation with water content, with sudden 

increases in CH4 production with > 60% of wood moisture. CH4 production was also enhanced by 

water soluble secondary metabolites containing carbohydrates and suppressed by ethanol soluble 

extractives obtained from wood. Yip et al. (2018) found that Methanobacterium dominated microbial 

community in heartwood of Populus deltoides, along with other potentially fermentative and 

anaerobic microbial groups. They observed that the presence of methanogens was inversely related 

to the tree diameter and was not related to the water content, suggesting that underling mechanisms 

were determining the distribution of methanogens within the stems.  

Bomberg et al. (2011) investigated the effect of temperature on the archaea community in 

the roots of upland trees and observed a switch from a Crenarchaeota dominated community to a 

Euryarchaeota / methanogenic dominated root environment, concluding that elevated temperatures 

could shift community composition and increase methanogenic activity. Evidence of the 

methanogenic gene marker (mcrA) was also found in stems of Populus spp. by Flanagan et al. (2020), 

in roots of Betula pendula (Bomber & Timonen, 2009) and in needles of coniferous trees in uplands 

(Putkinen et al., 2021) 

Currently, there are two studies that have found evidence of methanogens and methanogenic 

activity in wetlands trees; Pangala et al (2017) measured CH4 production up to 440 μg h−1 m−3 from 

wood cores in the Amazon, although trees showing evidence of CH4 production represented 4% of 

all trees that were emitting CH4, suggesting that trees were a negligible source of CH4 compared to 

soil. Jeffrey et al (2021) detected methanogens dominated by Methanobacterium in bark of 

Melaleuca quinquenervia that represented up to 2.5% of the microbial community; they suggested 

that the high CH4 stem emissions were likely the result of the methanogenic activity in the soil and 

not in the wood, although they did not exclude a potentially active community of methanogens in the 

inner stem tissues.  

 

1.3.2.9 Evidence of methanotrophs and CH4 oxidation in wetland vegetation 

 

Most studies on methanotrophs and CH4 oxidation in plants have focused on Sphagnum 

mosses in temperate wetlands. Kip et al. (2010, 2011) found a highly diversified methanotrophic 

community of genera belonging to both the Alpha- and Gamma-proteobacteria and measured 

oxidation rates up to 23 - 80 µmol CH4 g-1 d-1 from Sphagnum spp from different peatlands. The 

bacterial activity was present on the hyaline cells of the mosses and their activity increased with 

temperature and with water table elevation.  Kip et al. (2012) suggested that methanotrophic 
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oxidation in Sphagnum depended on CH4 concentration in soil pore water and was higher from plants 

closer to the water table. 

Raghoebarsing et al. (2005) measured CH4 oxidation rates in the range of 30 to 200 mg g-1 

d-1 and observed the predominance of endophytic Alpahaproteobacteria methanotrophs in the hyaline 

cells of the outer cortex of Sphagnum. Methanotrophs were in a symbiotic association with the plant 

contributing up to 20% of the carbon fixed by Sphagnum in exchange for O2 from photosynthesis. 

CH4 oxidation rates also can depend on the water holding capacity of plant cells and their level of 

oxygen (Larmola et al. 2010), with cells hosting nitrogen fixation directly or indirectly stimulated 

by methanotrophs. Methanotrophs can contribute to nitrogen fixation but also with CO2 that 

stimulates N2 fixation by phototrophic and heterotrophic microorganisms (Larmola et al. 2014). 

Basiliko et al. (2004) found that CH4 oxidation rates differed between Sphagnum species due to 

morphological features and different gas transfer capacity of CH4. Stepniewska et al. (2018) 

demonstrated CH4 oxidation by methanotrophic gammaproteobacteria in the vascular plants 

Eriophorum vaginatum, Carex nigra, and Vaccinium oxycoccos. More evidence of both 

methanotrophic Alpha- and Gamma- proteobacteria in Sphagnum was found by Stepniewska et al. 

(2013) with oxidation rates two orders of magnitude lower than in other wetlands.  

Putkinen et al. (2012) suggested that the association between methanotrophs and Sphagnum 

mosses is promoted by water dispersal, as water served as a route for methanotrophic colonisation 

and peatland drainage might lead to less methanotrophic activity by these plants. Putkinen et al. 

(2014) found Gammaproteobacterial methanotrophs to dominated in early succession stages of a 

peatland with more stable conditions and nutrient availability, while Alphaproteobacterial were more 

resilient in later stages (nutrient and oxygen depleted).  

In boreal wetland, Parmentier et al. (2011) observed decreasing CH4 fluxes in a Sphagnum 

dominated area compared to a non-vegetated area due to increasing oxidation activity by Sphagnum 

endophytic methanotrophs; suggesting they were likely to contribute to reduce the CH4 emissions by 

15% at the site. In a boreal polygonal wetland, Liebner et al. (2011) observed light-dependent 

methanotrophic activity, suggesting a strong control of photosynthesis on CH4 oxidation in contrast 

with the absence of oxidation in darkness and consequent CH4 accumulation. With active 

photosynthesis, oxygen is released and used by methanotrophs.  

Light also favoured N2 fixation and CH4 oxidation in Sphagnum mosses (Kox et al. 2020), 

suggesting that both mechanisms could benefit from photosynthesis. These authors hypothesised that 

light can stimulate the methanotrophic activity by increasing the excretion of photosynthates (that 

are used as substrates by methanotrophs) by the moss or the light dependent CH4 production by 

cyanobacteria. More evidence of methanotrophs on Sphagnum was found by Bragina et al. (2012, 

2013).  In the tropics, Brandt et al. (2017) found that methanogens actively present in tank bromeliads 

were supporting methanotrophic activity and they were correlated with O2 concentration; moreover, 

CH4 oxidation rates were higher after changes in water content and drier periods.  

1.3.2.10 Evidence of methanotrophs and CH4 oxidation in wetland trees 
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As for methanogens and CH4 production, most studies on methanotrophs and CH4 oxidation 

have focused on upland trees. The Methylosinus genus was found from bark enrichments of Quercus 

(Iguchi et al. 2012). Methylocistaceae and Methylobacteriaceae (Doronina et al. 2004; Haas et al., 

2018; Rua et al., 2016), and methanotrophic gene markers (Putkinen et al., 2021) were detected on 

seeds buds and needles of pine and spruce. Methylobacterium was detected by Van Aken et al. (2004) 

in wood of Populus deltoides; although this genus is typically methylotrophic, the new species 

detected could grow on CH4. Methylobacterium is a member of the Betaproteobacteria that typically 

grow on methanol, although some species can also grow on CH4 (Iguchi et al., 2015); 

Betaproteobacteria in plants usually promote hormone production and plant growth, provide the plant 

with nutrients, and induce resistance to pathogens. 

Yip et al. (2018) found that the methanotrophic communities belonging to both Alpha- and 

Gamma- proteobacteria represented <0.05% of the microbial community in Populus deltoides 

heartwood, that was mostly represented by anaerobic and methanogenic members. They suggested 

that methanotrophic populations might be present in the outer components of the stem such as 

cambium, phloem or bark. 

In deadwood from upland tree species Maakipa et al. (2018) detected members of the 

methanotrophic Alphaproteobacteria expressing the nitrogenase enzyme and suggested that they 

supplied N to decomposing fungi. Diazotrophic endophytes, actively involved in CH4  cycling, were 

actively present in both living and dead wood of trees (Doty et al., 2009; Mäkipää et al., 2018). 

Wang et al. (2016) found no evidence of CH4 oxidation after measuring heartwood, sapwood 

and bark of upland tree species, although they measured high concentrations of CH4 inside tree stems. 

There are two studies that focused on wetlands trees; Poblador et al. (2020) found evidence 

of methanotrophs inhabiting wood of Fraxinus angustifolia and Quercus robur in a flooded forest, 

whilst Jeffrey et al. (2021) found significant rates of CH4 oxidation from bark of Melaleuca 

quinquenervia in a subtropical wetland in the range of 3.0 to 81.2 μmol m−2 d−1 (16 to 882 μg kg−1 

d−1). The methanotrophs, including members of the Methylacidiphilaceae, represented 3.2% to 

12.8% of the microbial community and their composition differed from the nearby soil, suggesting 

that they adapted to the acidic pH of the bark. Methane-oxidising bacteria (MOB) abundance was 

related to the CH4 oxidation rates, and it is estimated that they mitigated 36% of the CH4 emissions 

from M. quinquenervia tree stems. A study from Pangala et al. (unpublished), found evidence of both 

low and high affinity CH4 oxidation in trees across a boreal, temperate and tropical wetland. They 

measured up to 322 μg CH4 h-1 m-3 and up to 30 μg CH4 h-1 m-3 of low and high affinity oxidation 

rates respectively with different CH4 enriched incubations. They observed a switch from low to high 

affinity oxidation from the water surface to higher stem intervals.  

Trees might play an active role as CH4 sources and sinks across forest ecosystems, but the 

production and oxidation processes and their variability in tree stems still need to be investigated.  
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1.4 Knowledge gap 

 

As affirmed by recent reports on the global CH4 budget, process-based studies at local scale 

can help reduce the uncertainties around the contribution of wetlands to CH4 emissions. The 

contribution of trees to the global CH4 budget is still underestimated, although they cover most 

wetland areas.  

Temporal dynamics and variations in stem CH4 emissions should be investigated under 

contrasting environmental conditions; soil hydrological fluctuations can strongly affect CH4 

production and oxidation and ultimately stem CH4 emissions to the atmosphere. Soil hydrology, tree 

internal structure and tree physiology affect how CH4 is cycled, transported, and emitted and they 

should be investigated in parallel when measuring stem CH4 fluxes. 

Wetland trees can host methanogenic and methanotrophic activity, and the few studies to 

date suggest that they might be widespread in wetland trees in all forest ecosystems. O2 is an 

important regulator of CH4 production and oxidation, and trees present both anoxic, hypoxic and 

oxic niches that can potentially host these processes. 

The measurement of stem CH4 fluxes, production, and oxidation rates should be coupled 

with microbial ecology studies. Shifts in the microbial communities hosted by trees, resulting from 

changes in environmental conditions, alters metabolic pathways thus affecting CH4 production and 

oxidation rates, which ultimately modify CH4 fluxes to the atmosphere, and these should be studied. 

 

1.5 Aims of the study and hypotheses 

 

The main research objectives and underlying hypotheses are listed below. 

 

1. To investigate stem CH4 fluxes from trees in wetlands characterised by periodically dry 

soil conditions. 

 

Stem CH4 fluxes contribute significantly to the ecosystem CH4 emission in wetlands, and 

their variability mainly depends on the fluctuation of the water table. Trees actively emit significant 

amount of CH4 in wetland during flooded conditions, and these emissions can potentially decrease 

during periods with lower water tables, with trees switching from sources to sinks. Just as upland 

trees can emit significant amount of CH4 during wet conditions, wetland trees might also contribute 

to the CH4 sink when conditions are drier. 

 

2. To determine if wetland trees host microbial CH4 production and oxidation that 

potentially contribute to stem CH4 emissions. 
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Although wetland trees act as conduits for soil borne CH4, they potentially host CH4 

production indicating methanogenic activity that contributes to the stem CH4 emissions; thus, CH4 

production within tree stems can potentially contribute to stem fluxes. CH4 consumption, indicating 

methanotrophic activity can be potentially present in tree stems. Both low and high affinity 

methanotrophic activity can also be detected depending on CH4 availability. The upper parts of the 

tree stems might harbour low CH4 concentrations that are suitable for high affinity metabolism. The 

variability of these processes can also explain the variability of stem CH4 fluxes.  

 

3. To characterise the variation of stem CH4 fluxes and CH4 production and oxidation 

along the tree stems. 

 

Stem CH4 fluxes from wetland trees display a decreasing pattern along the stem, although at 

lower rates due to drier soil conditions. If detected, CH4 production, and low and high affinity 

oxidation would potentially display axial patterns. CH4 production within the tree, along with CH4 

produced in soil, contribute to define the pattern of the CH4 emissions along the stem; low affinity 

oxidation is expected to decrease along the stem as CH4 production (and CH4 availability), and high 

affinity oxidation to increase at upper height intervals where CH4 is less available. 

 

4. To find evidence of methanogenic and methanotrophic communities that can be 

responsible for CH4 production and oxidation activities detected in 2. and characterise 

the diversity of the microbial community within tree tissues.  

 

Trees are conduits for soil-borne CH4 but they potentially host methanogens and 

methanotrophs that contribute to define stem CH4 emissions. Different methanogenic and 

methanotrophic taxa possess different metabolism and capacity in producing and oxidising CH4. 

Looking at the entire bacterial and archaeal community may help identify groups potentially involved 

in the CH4 cycle, such as methylotrophs, diazotrophs, fermentative and aerobic/anaerobic 

populations.  

 

5. To investigate the relation of variables such as pH, moisture status and wood density, 

which potentially control CH4 production, oxidation, microbial diversity and CH4 stem 

emissions.  

 

Stem CH4 fluxes are expected to decrease at higher moisture content and higher wood 

density, as water acts as a barrier to diffusion, and less porosity can also reduce flux rates. Moisture 

and porosity variation along the stem may also explain the magnitude and patterns in stem CH4 flux. 

Moisture content is known to influence the level of O2 diffusivity in soil, in turn influence the 
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presence of methanogens and methanotrophs and may therefore exert similar control in tree stems. 

pH is an important factor for CH4 cycling microorganisms in soil and if it displays a relation with 

stem CH4 fluxes it may also indicate the presence of active CH4-cycling microbial groups.  

 

6. To investigate the relation between CH4 and CO2 fluxes from tree stems  

 

Measuring CO2 along with CH4 can help understand if CH4 is emitted to the atmosphere 

through the same pathways as CO2, hence, actively transported by the tree along the stem. This would 

potentially allow us to estimate CH4 using CO2 fluxes. If CH4 was transported by diffusion, CO2 

would not be expected to show a relation to CH4 fluxes or have the same axial distribution. If stem 

CH4 fluxes follow the same pattern as CO2 fluxes, tree physiology actively regulates tree-stem 

emissions. 

 

7. To find species-specific differences in stem CH4 fluxes, CH4 production, and CH4 

oxidation processes, methanogenic and methanotrophic communities.  

 

Different tree species display different morphological and physiological features reflected in 

different wood moisture, density and pH, and they are expected to show differences in the distribution 

and diversity of the microbial communities, in the production and oxidation processes and in stem 

CH4 fluxes. 

 

8. To compare CH4 fluxes and stem production and oxidation processes in trees with those 

in soil.  

 

The comparison of stem CH4 fluxes with soil CH4 fluxes, and soil variables such as water 

content and CH4 in soil pore water can help understand the contribution of soil conditions to the stem 

CH4 emissions. Lower water-table levels resulting in increased soil aerobic conditions can lead to a 

decrease in CH4 concentration and in lower soil and stem CH4 fluxes, while higher stem CH4 fluxes 

compared to soil may be the result of CH4 production within tree stems. CH4 fluxes vary between 

soil and trees, and this may reflect differences between tree and soil variables that affect production 

and oxidation activities. The differences in microbial diversity between trees and soil could 

potentially relate to the differences in stem CH4 fluxes and production and oxidation processes.  

 

1.6 Structure of the thesis 

 

The thesis is organised in six chapters; Chapter 1 presents the research background, the 

knowledge gaps and general objectives of the study. Chapter 2 describes the field sites where the 
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investigation was conducted, research strategy and detailed methods that are referred to throughout 

the thesis. 

Chapters 3, 4 and 5 describe the experimental findings: Chapter 3 presents the stem CH4 flux 

measurements from trees and relation with their controlling variables in dry soil conditions. Chapter 

4 provides evidence of microbial methane production and oxidation in both wood and soil, and it 

analyses the variables controlling stem methane fluxes. Chapter 5 describes the microbial diversity 

and abundance in the woody tissues and soils investigated in Chapter 3 and 4 and discusses possible 

explanations for the findings of these previous Chapters. Chapter 6 summarises the research findings, 

discusses study limitations and future work, and draws conclusions from the study.  
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Chapter 2 

Methodology 

 

2.1 Introduction 

 

This chapter describes the methods that were used throughout the investigation, which 

included two field campaigns with off-site measurements, and molecular analysis based on data and 

samples collected during the field campaigns. The following sections describe (1) the field sites, tree 

species and tree selection, (2) the methods used in-situ for: stem and soil flux measurements, tree 

stem and soil chambers set-up, water sample collection to determine CH4 concentration in soil, 

measurements of the water table level, and the incubation of tree and soil samples to measure CH4 

production and oxidation rates; (3) off-site measurements including the analysis of gas samples from 

the incubations, and measurements of tree and soil pH,  moisture content and density; 4) the 

calculations used to obtain stem and soil flux rates, CH4 production and oxidation rates, and the 

concentration of CH4 in water samples; (5) the molecular analysis of samples collected at the 

temperate site to characterise microbial communities, including DNA extraction and preparation for 

DNA sequencing, and sequencing analysis.  

 

2.2 Tropical and temperate forested wetland sites 

2.2.1 Sebangau forest 

 

The tropical study area was in the northeast border of the Sebangau National Park, in the 

upper Sebangau River catchment, 20 km southeast of Palangkaraya city in Central Kalimantan, 

Indonesia (2˚ 20’ S, 113˚ 55’ E) (Figure 2.1 and 2.2). The site is characterised by a relatively 

undisturbed mixed swamp forest that covers the area along the river Sebangau, up to 5 to 6 km into 

the inner areas of the park. The area along the river is constantly flooded and the vegetation grows 

on a thin peat layer (<2 m), whilst the study site (Figure 2.3) is seasonally flooded and has a peat 

layer of around 3 m. The composition of the vegetation changes along a riverine-to-inner forest 

gradient of peat thickness and water table level, that reaches up to 10 m and up to 20 cm below the 

forest floor respectively in the innermost low pole forest (Page et al., 1999). 

In the mixed swamp forest, common canopy trees are 12 to 35 m tall and include Shorea 

balangeran, Calophyllum hosei, Cratoxylum glaucum, Dipterocapus coriaceus, Ganua mottleyana 

and Xylopia fusca, among others (Page et al., 1999). Trees grow on large hummocks formed by their 

roots, and they are intercalated with flooded or partially flooded hollows depending on the season.  

Climate in Central Kalimantan is characterised by a wet season, lasting from October to May and a 

dry season, from June to September, although their duration varies from year to year depending on 

the two monsoon systems (wet and dry) driving the rainfall regimes (Jauhiainen et al., 2005). Mean 
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annual rainfall in the area is around 2400 mm (Mirmanto et al., 2010). Rainfall is the main factor 

causing water table level fluctuations; during the wet season, the water table level rises above the 

surface, while in drier months it drops below the surface by up to 0.6 or even 1 m. This is despite the 

differences in peat depth in different areas of the peat dome, with the water table depth fluctuating 

between 0.6 in the most riverine edge to 0.45 m close to the forest centre (Page et al., 2006). 

 

Figure 2.1 Wetlands distribution in Indonesian islands (Andreas et al., 2019) and field site location (yellow 

arrow). 

Peatland area 
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Figure 2.2 Map of the vegetation cover in Sebangau forest area (Husson et al, 2018); the field location was 

within 1 km in the mixed swamp forest close to the Research Camp (yellow triangle). 

 

The field campaign was conducted within 1 km from the Research Camp (Borneo Nature 

Foundation Research Camp managed by the Centre for International Cooperation in Sustainable 

Management of Tropical Peatland – CIMTROP - University of Palangkaraya). The study was 

conducted from the end of March to the beginning of June 2018, during transition from the wet to 

the dry season. The average water table level, at the river edge, dropped in April from 15 cm to 5 cm 

above the ground (the water table level at the investigation plots were measured as in Section 2.4.4. 

The average rainfall during this period was ~10 mm d-1 (Takahashi, 2018), and the average air and 
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soil temperatures during the field campaign were 28.8 ± 1.3oC and 26.2 ± 0.1oC, respectively. 

 

 

 

 

 

Figure 2.3 Tropical forested wetland study site; on the right a Shorea balangeran tree. 

 

2.2.2 Flitwick Moor 

 

The temperate study area was in Flitwick Moor (52° 0’ N, 0° 28’ W), which is a Site of 

Specific Scientific Interest in Flitwick, Bedfordshire, UK (Figure 2.4). Flitwick Moor is a nutrient 

rich valley mire of 67 hectares, covered with swamp forest (Figure 2.5) and grassland areas, that are 

partially flooded all year round. Flitwick Moor is classified as a minerotrophic peatland as it resulted 

from the accumulation of organic matter and the upwelling of water from the underground aquifers 

and surrounding land. The underground water also feeds into the River Flit that drives the hydrology 

of the area. The moor is characterised by both alkaline peat fens and iron rich marshes, which are 

slightly acidic habitats fed from the underlaying greensand aquifer (Gilman, 1989). 

Dominant tree species within the woodland area are 10 to 20 m tall (Pangala et al., 2015) 

and include Alnus glutinosa, Betula spp., and Quercus robur, with Carex paniculata prevailing 

among the woodland ground plant species. Phragmites australis, Typha latifolia and Carex 

acutiformis dominate the fen, while Sphagnum spp. and Scrophularia auriculata among others were 

presentwithin the springs and the marshes (Bedfordshire, Cambridgeshire, and Northamptonshire 

Wildlife Trust (BCNWT), 2019). The field campaign was conducted in July until the beginning of 
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August 2018; during this time no rainfall was recorded except for five days in July with a rainfall 

average of 0.3 ± 0.9 mm d-1. (Environment Agency, 2021). Air and soil temperature during the day 

averaged 25.54 ± 3°C and 16.56 ± 0.3°C, respectively, during the sampling campaign. The water 

table level in Flitwick Moor dropped from ground level to 20 cm below ground at the beginning of 

June 2018 (BCNWT, 2019). 

Figure 2.4 Temperate forested wetland field site location. Map of wetland distribution by the Wetland Vision, 

from Stratford & Acreman (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Woodland area in Flitwick Moor 
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2.3 Species and trees selection 

 

The investigation was conducted on the two most dominant tree species at each site, which 

were Shorea balangeran and Xylopia fusca in Sebangau Forest, and Alnus glutinosa and Betula 

pubescens in Flitwick Moor. These tree species were also included in previous studies at the same 

field sites (Pangala et al., 2013, 2015; Section 1.2), and they showed significant stem CH4 emissions.  

For the study, trees were selected from a 40 x 40 m plot at each site, based on similar diameter at 

breast height (at 1.3 m height; DBH). DBH of the selected trees averaged 23.5 ± 6.7 cm in Sebangau 

Forest and 16.6 ± 4.4 cm in Flitwick Moor. The same trees that were selected at each plot were used 

throughout the investigation.  

Although the characteristics of the site and the morphological features indicated that the Betula 

species corresponded to B. pubescens, the metagenomic analysis on the whole DNA content in wood 

cores (2.7.3.2) showed a higher percentage of DNA sequences belonging to B. pendula (64% of the 

DNA sequences) compared to B. pubescens (0.2% of the DNA sequences.). Other DNA belonging 

to the genus Betula was classified as other Betula species or unclassified. In the case that a genome 

has not been fully sequenced, as for B. pubescens, the DNA sequences are classified as the first 

nearest species present in the database, in this case Betula pendula.  The term B. pubescens has been 

used throughout the present study to refer to the Betula species present at the site. 

 

2.4 Field measurements  

2.4.1 CH4 and CO2 flux measurements 

2.4.1.1 Sampling strategy for CH4 and CO2 flux measurements  

 

CH4 and CO2 fluxes were measured from 10 trees for each species (20 trees in total at each 

site) at 2 height intervals (from 20 to 50 cm and from 110 to 140 cm), as in Pangala et al. (2013, 

2015). Three trees out of the ten for each species were selected for flux measurements at 15 cm 

intervals starting at 15 cm from the ~ base to 300 cm.  Undisturbed soil locations were selected 1 m 

from these six trees to measure soil CH4 and CO2 fluxes. Flux measurements from the aerial roots of 

X. fusca trees were excluded from the present study (Figure 2.6); the high density and morphology 

of the aerial roots required a different design of materials and equipment. Therefore, fluxes from X. 

fusca were measured at 125 and 165 cm, and the 15 cm intervals started at 125 cm for the 

measurements up to 300 cm. Uneven bark surface, and the presence of small branches on the stem, 

characteristic of the temperate tree species, prevented flux measurements at some height intervals 

(see Section 2.4.1.3). 
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Figure 2.6. X. fusca tree at the study site in the Sebangau forest 

 

The sampling strategy for measuring at different stem heights was to investigate (as 

discussed in Section 1.2.5) whether methane fluxes decreased with height. The upper height limit of 

300 cm was contingent on field conditions and accessibility.  

 

2.4.1.2 Portable methane analyser 

 

Stem and soil CH4 and CO2 fluxes were measured in real time using a portable greenhouse 

gases analyser (UGGA-Ultraportable Greenhouse Gas Analyser, Los Gatos Research, Mountain 

View, CA, USA,) with Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS). The UGGA is 

capable of measuring CH4 and CO2 simultaneously using two laser beams of different wavelengths: 

1.65 µm and 1.5 µm respectively. The lasers are directed into a cavity with two reflecting mirrors 

and a photodetector; the lasers are oriented off-axis with respect to the cavity and the two mirrors 

reflect the lasers thousands of times inside the cavity (Baer et al, 2002). The concentration of CH4 

and CO2 is obtained by the detector which records the rates of decay of the laser beam resulting from 

the absorption of CH4 and CO2 which depends on the amount of CH4 and CO2 present. The 

measurement range of the UGGA is 0.01 to 100 ppm for CH4, with an accuracy of ± 2 ppb, and 1 to 

20000 ppm for CO2, with an accuracy of ± 300 ppb. The internal pump of the UGGA had at a flow 

rate of 0.5 l min-1. Gas concentrations were measured at 5 seconds intervals (Wilkinson et al., 2018). 

Calibration was performed by the manufacturer at the beginning of the field campaigns; constant 

inspection of the ring down time values and lasers position were performed during field and off-site 

measurements as per manufacturer advice.  
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2.4.1.3 Stem and soil flux chambers and closed loop configuration for flux measurements 

 

Stem CH4 and CO2 fluxes were measured from tree stems using semi-rigid static chambers 

built according to Siegenthaler et al. (2016); the chambers were constructed with a polycarbonate 

transparent sheet with two sampling gas ports and airtight neoprene foam strips on the edges for 

adhesion to the stem (Figure 2.7). 

Two different chambers were used in both study sites. A 30301.5 cm chamber, which 

was used to measure fluxes from 20 trees, from 20 cm to 50 cm, and from 110 to 140 cm, height 

interval respectively (referred as 35 and 125 cm in the following sections and Chapters); a 30153 

cm chamber was used for measurements at 15 cm intervals, covering a height interval starting at 15 

cm up to 300 cm. The chambers were built based on the average circumference of the trees in order 

to cover most of the stem surface at each height interval. 

The semi rigid static chambers were secured around the tree trunk using ratchet straps 

(care was taken not to alter the volume inside the chamber) and play-doh (Hasbro, UK), which was 

used to seal potential fissures at the edges of the foam, as in Siegenthaler et al. (2016). The chambers 

were not designed to enclose uneven sections of the trunk or small branches. 

Stem CH4 and CO2 fluxes were measured from hollows at 1 m from each of the six selected 

trees (used for analysis up to 300 cm height). The soil chamber was built from a metal cylinder with 

a transparent airtight lid with sampling ports; it had an internal diameter of 16 cm  25 cm height. 

The soil chamber was inserted 5 cm into the peat and the lid left open for 15 minutes for ambient 

equilibration before each flux measurements`. 

The chamber raw materials were tested and did not interfere with measurements from the 

environment (Siegenthaler et al., 2016). Fluxes were measured at the same time each sampling day 

to exclude the impact on potential diel variability of tree stem fluxes. 
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Figure 2.7 On the left, A 30301.5 cm semi rigid static chamber secured on a A. glutinosa tree stem for a real 

time flux measurement with the portable gas analyser (UGGA); on the right, tubes connected to the inlet and 

outlet ports of the UGGA. 

 

To measure CH4 and CO2 fluxes, the chambers were secured and airtight sealed on the 

stem or soil and the tubes were connected to the chamber and the UGGA creating a closed loop. Each 

tube was inserted into the inlet and outlet ports of the analyser and the gas sampling ports of the 

chambers (Figure 2.7). The closed loop allowed the chamber headspace to be pumped through the 

inlet port into the OA-ICOS system, and to be returned to the stem/soil chamber through the outlet 

port. The chamber headspace was circulated in the closed loop for a minimum of 3 minutes up to 10 

minutes, monitoring any change in CH4 ppb and CO2 ppm.  Time 0 corresponded to the time when 

the tubes were connected, and the chamber headspace began to flow into the UGGA. The pressure 

applied to the stem chamber, whilst connecting the tubes, often resulted in a sudden increase in CH4 

concentration. This artifact increases in concentration followed by a decrease and stabilisation to 

baseline (time 0 – atmospheric ppm before connecting the tubes) was removed from final data using 

the baseline concentration as a reference. Constant increases (emissions) or decreases (uptake) in gas 

concentrations indicated no leaking from the stem chambers set up. Potential leaks could be detected 

if both CO2 and CH4 changes in concentration were not linear and showed scattered behaviour. Time 

zero and final time of the measurements were used to select the gas concentrations recorded by the 

UGGA. Temperature and pressure at the study plot were recorded with a thermo-barometer probe 

(Comet) during the flux measurement for the calculation of flux rates (Section 2.6.1). 
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2.4.2 Tree tissues and soil sampling 

 

Wood and bark samples were collected in triplicate at 35 and 125 cm from 20 trees at each 

site and at 225 and 300 cm stem height from the six threes used for measurements up to 300 cm. 

Samples were used for incubations to measure CH4 production and oxidation potentials (Sections 

2.4.3, 2.5.1, 2.6.3) and to measure wood and bark pH, wood moisture, and wood density (Section 

2.5.2 and 2.5.3). Stem fluxes were measured at different heights, assuming a variable emission 

pattern with height; wood cores and bark samples were collected from the same height intervals to 

determine how the stem flux patterns, if any, were determined by tree variables and microbial 

communities potentially producing and oxidising CH4, assuming radial diffusivity across the tree 

cross section. 

Wood cores and bark samples were collected from the centre of the area enclosed by the 

stem chambers. Wood cores were extracted from tree stems using an increment borer (Haglof) 

(internal diameter = 5 mm) at 120° from one another. The drilling was performed at full length of 

cross section of the stem and the cores length depended on the diameter of each tree. An extractor 

was used to pull the core from inside the borer (Figure 2.8). The holes made by coring were covered 

with beewax (Furniture Clinic, UK). A total of 120 wood cores were extracted from 20 trees in 

Flitwick Moor at 35 and at 125 cm (60 for each tree species) and further 36 wood cores were extracted 

from 6 trees at 225 and 300 cm (18 for each tree species). A total of 90 wood cores were extracted 

from trees in Sebangau Forest (60 for S. balangeran at 35 and 125 cm and 30 for X. fusca at 125 cm 

only). In Flitwick Moor, bark samples (approximately 5×5 cm) were collected using a scalpel at 35, 

125 225 and 300 cm from 6 trees from the centre of the area enclosed by the stem chamber. The 

scalpel was cleaned with ethanol wipes (70%) before and after the samples collection. A total of 72 

bark samples were collected (36 for each tree species). 

As for trees, peat cores were collected from the centre of the area enclosed by the soil 

chamber; as different stem heights were sampled to characterise tree variables and CH4 production 

and oxidation rates, different soil depths were also sampled assuming vertical variability in soil pH, 

moisture, density and microbial communities to determine how soil fluxes could be potentially 

affected, assuming a vertical diffusivity of CH4 from the deeper peat layers to the atmosphere. 

Peat cores were extracted in triplicate using a soil corer at depths of -20 and at -50 cm. 

Portions of the peat core were inserted in a syringe with a spatula to measure a final volume of 5 cm3 

for each sample to obtain a soil mass-headspace volume ratio of 1:10 (Christiansen et al., 2017). A 

total of 36 peat samples were collected at each field site (18 next to each of the tree species). Further 

wood, bark and soil samples were extracted in triplicate for molecular analysis (Section 2.7) at 35 

cm, in parallel to the ones extracted for incubations and variables measurements. Samples for 

molecular analysis were collected from four trees out of the six trees that were measured up to 300 

cm. Peat samples were collected at 20 cm below the forest floor in parallel to the peat cores used for 

incubations and soil variables measurements. The samples were immediately stored separately in 15 
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ml centrifuge tubes and put in ice bags, and then frozen at -20°C (Bainard et al., 2010) at the end of 

the day. The components of the increment borer and the soil corer were sterilised with 70% ethanol 

before and after the extractions to avoid samples cross contamination and contamination from the 

environment (Deguilloux et al. 2002; Procópio et al. 2009). 

 

 

Figure 2.8. A wood core extracted with the increment borer 

 

2.4.3 Incubations of wood, bark and soil samples 

 

Each of the wood, bark and soil samples were incubated to measure CH4 production and 

oxidation over a 24-hour interval, as an indirect way to measure the microbial activity responsible 

for producing and oxidising CH4. The methane production potential (MPP) was obtained by 

incubating the samples anaerobically, as microbial methane production is an anaerobic process and 

aerobiosis can potentially inhibit methanogenic communities in the samples. 

Anaerobic incubations to obtain MPP rates have been performed in many studies in wetland soil (Lu 

et al., 1999; Segers, 1998; Wang et al., 2018; Yao & Conrad, 2000); in wetland trees, by Pangala et 

al. (2017) and by Covey et al. (2012) and Wang et al. (2016) in upland trees. After each sample 

extraction, samples were immediately inserted into 50 ml glass serum vials sealed with rubber septa 

and aluminium seals using a crimper. The vials were flushed in situ with N2 from a portable N2 gas 

cylinder (99,9%, Calgaz, UK) to create anaerobic conditions, as previously described (Segers, 1998 

and references therein). The gas cylinder was connected to the vial with a Tygon tube, and a needle 

inserted through the rubber septa acting as N2 inlet (Figure 2.9). A second needle was inserted as the 

outlet to evacuate air from the vial and to avoid overpressure (Figure 2.9). The headspace of each 

incubation vial was flushed at a fixed flow of 0.5 L min-1 for 2 minutes.  

Methane oxidation potential (MOP) was obtained by incubating the samples in a CH4-

enriched headspace and determining the rate of consumption in a 24-hour interval (Brandt et al., 

2017; Steenberg et al., 2009). After extraction, the samples were inserted in glass serum vials, which 

were maintained open in the field prior to inserting the samples to equilibrate the headspace with the 
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environment. The vials were sealed with rubber septa and aluminium caps using crimpers after 

inserting each sample. Upon returning to the laboratory, the vials for CH4 production measurements 

were flushed for a second time with N2.   

In order to measure low and high affinity oxidation, two different batches of vials were 

prepared using the remaining two replicates out of the three collected at each stem height. For low 

affinity (MOP – LA) CH4, concentrations in the headspace were increased to around 700 ppm, 

injecting 2 ml of 2% CH4 (Calgaz, UK). For MOP-HA, 0.5 ml of 500 ppm CH4 (Calgaz, UK) were 

injected in the vials to obtain around 6.5 ppm of CH4. These CH4 concentrations of ≤700 ppm and 

≤12 ppm represented non-limiting substrate concentrations for low and high affinity oxidation 

respectively (Segers, 1998, Le Mer & Roger 2001). CH4 was injected using an airtight syringe 

connected to a needle inserted through the rubber septa and using an outlet needle to evacuate the 

equivalent volume of gas injected and to equilibrate the pressure.  A negative control was set-up for 

every 10 samples for the same incubation type. The starting time for the incubations (time zero) was 

calculated from the steps carried out in the laboratory facilities. Samples were incubated for 24 hours 

(Bender & Conrad 1994) and CH4 concentration was analysed at time 0 and after 12 and 24 hours, 

as detailed in 2.9.  

For each incubation type in Flitwick, 52 wood cores from a total of 156 (extracted at 35 

and 125 cm for 20 trees and at 225 and 300 cm for 6 trees,) and 24 bark samples from a total of 72 

samples (extracted from 6 trees at 35, 125, 225 and 300 cm) were incubated; 12 peat samples of a 

total of 36 were used for each incubation type at both field sites. For each incubation type in Sebangau 

Forest, 32 wood cores of the 96 extracted from S. balangeran were incubated, while 22 of a total of 

66 were incubated for X. fusca (at 125 cm only). No replicates were used for each incubation type, 

because of sampling limitations: more than three drillings at the same height interval could damage 

the tree; a whole radial cross section of the stem was also necessary for each incubation type, as it 

reached the minimum volume necessary to detect changes in CH4 concentrations, as for soil cores 

(Christiansen et al., 2017).  
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Figure 2.9 A tree core in its incubation vial while being flushed with N2 in the field. 

 

2.4.4 Water table level  

 

The water table level is one of the main drivers of CH4 fluxes from wetlands. At each study 

site, the water table level was measured with 1 m dip wells constructed from perforated plastic pipes 

sealed on one extremity. The dipwell was inserted into the peat in hollows at 1 m from the study 

trees, leaving 10 cm of the dipwell exposed above ground. A measuring stick was inserted into the 

dipwell, and lengths of the dry and wet sections indicated the depth of the water table level. The 

water table level was measured from 10 hollows in Sebangau Forest, and from 2 hollows in Flitwick 

Moor. The final water table level was calculated considering the height of the hummocks on which 

the trees were located. 

 

2.4.5 Soil CH4 pore water collection 

 

Soil pore water was collected in duplicate at depths of 20 and 50 cm below the ground from 

the area of the hollow that was enclosed by the soil chamber in order to measure the CH4 

concentration present in soil. The pore water sampler or ‘sipper’ technique was used to extract soil 

pore water (Gauci et al., 2002). The sampler included a) a polycarbonate tube with 1 cm fissures 

(built by the OU engineering laboratories, Figure 2.10) a vacuum hand pump (Mytivac, USA), plastic 

tube, a three-way valve, a plastic container and a syringe. The polycarbonate tube was connected to 
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the vacuum hand pump with a plastic tube. In between the tube and the hand pump, the plastic tube 

also connected the plastic container and the three-way valve. A vacuum was created in the 

polycarbonate tube using the hand pump that sucked the soil water into the container-Tygon tube-

three-way valve system; 4 ml of soil water were collected with an airtight syringe attached to the 

three-way valve and injected into 12 ml airtight vials (Extetainers, Labco, UK). Water and headspace 

in the vials were equilibrated for 12 hours and the CH4 concentration in the headspace was measured 

as described in Section 2.6.4.      

 

Figure 2.10. Perforated tube used to collect soil pore water 

 

2.5 Off-site measurements 

 

Gas samples collected at Sebangau River (Section 2.5.1) were analysed at the Research 

Camp. Wood and soil were analysed at the facilities at the University of Palangkaraya (Central 

Kalimantan), except for wood and soil pH (Section 2.5.2) that were analysed at the facilities at LIPI 

– Institute of Sciences (Bogor, Java, Indonesia) by the staff members. Wood, bark and soil samples 

collected at Flitwick Moor were analysed at the Open University (OU) laboratory facilities. 

 

2.5.1 Gas samples measurements with the closed loop 

 

CH4 concentration in the headspace of the incubation vials was measured at time 0, and 

after 12 and 24 hours to determine MPP, MOP-LA and MOP-HA. Gas samples were analysed with 

the UGGA using the method developed by Baird et al., 2010. This method allows the analysis of 

discrete gas samples via syringe injection, and specifically allowed the analysis of gas samples off-

site in Sebangau Forest without the need of storing and shipping them to the UK to be analysed with 

other methods (e.g., gas chromatography). As for the flux measurements with the stem and soil 

chambers, this system uses a closed loop configuration connecting a tube system to the inlet and the 

outlet ports of the UGGA. The inlet and outlet tubes are joined to a three-way airtight valve (Figure 

2.11). 
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Figure 2.11. Closed loop for sample injection and analysis with the UGGA. From Wilkinson et al. (2018). The 

red arrows indicate gas flow in the closed loop mode, while blue arrows indicate the opened-vent mode. The 

sample injection occurred during the closed loop mode, opening the three way valve connecting to the syringe 

containing the 2 ml gas sample (septum) and closing the three way valve immediately after the injection. 

 

 When closed, this loop works similarly to the UGGA-chambers system, creating a stable air 

flow in and out of the UGGA, or ’baseline’ concentration. The gas samples (2 ml of gas headspace) 

were injected into the UGGA first connecting the syringe to the three-way valve, and then opening 

the valve for the injection into the closed loop. The baseline and the concentration of CH4 after the 

injection were recorded and adjusted considering the system dilution described in Section 2.6.2.  

Calibrated reference gas standards were previously tested with the UGGA and the closed 

loop to ensure accuracy of sample measurements  

 

 

2.5.2 Wood and soil pH 

 

A protocol used to measure soil pH, (used in the OU laboratory, Loeppert, 1996) was adapted 

from the method used to measure wood/bark pH. The protocol adaptations aimed to (1) decrease the 

volume of material needed to measure pH, considering that 5 g of material was needed according to 

the soil pH protocol, but only 1g of wood/bark was available for each sample; (2) reduce the time 

needed for shaking the samples before measuring the pH; wood/bark material should be shaken for 

4 hours (Kricke et al, 2002), while 1 hour is recommended for soil samples based on the original 

protocol. In order to validate the use of 1g of wood and bark material, pH was measured on 5g, 3g 

and 1g of two air-dried soil standards (sieved <2 mm) in triplicate with known pH (pH 6.95 and pH 

4.24) in a 1:5 suspension ratio. Results showed no differences in pH (difference of < 0.1 of pH unit); 

as a result, 1 g of wood/bark was used for pH measurements. Wood and bark were ground to 3 mm 

using a coffee grinder and inserted in 50 ml centrifuge tubes (Falcon). 5 ml of distilled water was 
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added to obtain a suspension ratio of 1:5. In order to modify the shaking time, two batches of 18 

samples in total (1 g each), including soil standards with known pH, and wood/bark samples from 

the study trees, were ground and suspended in distilled water as described above and shaken for 4 

hours and 1 hour using a shaking table at a speed of 120 rpm; there were no differences above 0.15 

pH units between the samples shaken for 4 hours or 1 hour. The remaining wood and bark samples 

were shaken for 1 hour. The pH meter was calibrated every 10 measurements using buffer solutions 

with pH 4 and pH 7 with a maximum of ± 0.15 pH variation. The pH was measured from the same 

replicates of wood, bark and soil samples used for the incubations. 

 

2.5.3 Density and water content 

 

Wood and soil density and wood, bark and soil moisture were measured from each of the 

samples (this was used to determine the volume of air-filled and water-filled space that could 

potentially affect gas diffusivity, ratio of aerobic and anaerobic microenvironments and microbial 

activity). 

The wood, bark and soil moisture contents were calculated from the difference in wet and 

dry weights. The wet weight represented the weight of the samples as they were collected, not their 

water-saturated weight. Wood and soil samples were oven-dried at 60°C overnight. Wood and soil 

density were calculated from the dry weight divided by the volume. Bark density was not calculated 

as the exact volume of bark samples could not be readily determined.  

 

2.6 Calculations of flux rates and CH4 concentration in samples  

2.6.1 Flux rate calculation  

  

Flux rates were obtained from the variation in concentration (every 5 seconds) versus time 

using the slope value obtained by linear regression as in Green et al. (2018).  The time series was 

normalised from 0 to 1, using the 24 hours format. CO2 fluxes were calculated when changes in CO2 

concentration with time showed r2 > 0.70; this criterium wasn’t used for CH4 fluxes, as lower r2 are 

expected if changes in concentrations are smaller or close to zero (Plain et al., 2019; Subke et al., 

2018).  

The ‘false’ increase in concentration followed by a decrease and stabilisation to baseline 

(time 0) created by the connection of the tubing as described in detail in Section 2.4.2 was removed 

from final data using the baseline concentration as a reference. The total time removed for each 

measurement was around 20 seconds. Time zero and final time of the measurements were used to 

select the gas concentrations recorded by the UGGA.  

The moles of CH4 contained in the chamber volume at standard temperature and pressure 

(STP) were obtained by the equation: 
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𝑛𝐶𝐻4  = 𝑉 /  𝑉𝑚𝑜𝑙𝑎𝑟 

 

Where V was the volume of CH4 in the chamber at STP, Vmolar was the volume (m3) 

occupied by a mole of an ideal gas at STP, which corresponded to 0.022 m3/mol. V was obtained by 

the product of the slope value divided by 106 (converted from ppm to mol mol -1) and the volume of 

the chamber (m3), then adjusted with standard pressure and temperature in KPa and ºK, as follows: 

 

V = (((
𝑠𝑙𝑜𝑝𝑒

106 ) ∗ 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 (𝑚3)) ∗ (P (KPa)/T(K))  ∗  (273.15/100) )  

 

To obtain the final flux rate in µg m-2 (for both stem and soil surface), the moles of gas 

were converted into mass (g) by multiplying for the molecular weight of CH4 (16.04 g/mol) and then 

transforming into mg. The result was divided by the surface area of the chamber (m2). To obtain flux 

rate per hour, the total was divided by 24 hours. The general equation to obtain the flux rate in µg m2 

h-1 was: 

 

Flux (µg m2 h-1) = (((𝑛𝐶𝐻4 ∗ 16.06 ∗ 1000)/ chamber (m2))/24 hr) *1000 

 

2.6.2 Gas samples analysis of vial headspace  

 

While flux rates were obtained in real time from changes in CH4 concentration over time, the 

discrete measurements of CH4 present in the samples extracted from the vial headspace needed to 

account for the CH4 present in the internal and external components (UGGA and tubes) before 

sample injection. The method followed to calculate the final CH4 concentration in the samples is 

described in Baird et al. (2010). The concentration of CH4 in the sample injected depends on the 

system dilution and volume and it’s calculated knowing the concentration of CH4 in the external loop 

and in the internal components of the analyser or MCDA, which includes tubes and measuring cells 

(MCDA is the standard way of calling the gas analyser systems). In order to measure the 

concentration of methane in the MCDA -loop system, a known volume of a standard gas with low 

or no CH4 content should be injected and then the final concentration used to adjust the concentration 

in the real sample; this protocol was performed before each set of sample measurements. 

The concentration of CH4 in the sample is obtained by the difference of the final and the baseline 

concentrations in the system. The final concentration of the sample is finally converted to a 

volumetric unit to express the rates of CH4 production and oxidation. 
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2.6.3 MPP, LA-MOP and HA-MOP calculations  

 

For each incubation vial, 2 ml of headspace was extracted after 0, 12, 24 hours and injected 

into the UGGA closed loop as described in section 2.5.1. Sample analysis was performed t time 0, 

and after 12 and 24 hours. Time 12 h was not used to calculate the final CH4 potential, as changes 

(increases and decreases) in ppm were observed also after 12 h up to the 24h. 24h was used as the 

only reference. The CH4 value was obtained by multiplying the difference in CH4 concentration by 

the volume of the vial headspace as follows:  

                                             µ𝑚𝑜𝑙 CH4 = (𝐶𝑓 −  𝐶𝑖) ∗ (𝑉𝑖𝑛𝑐 +
𝑉𝑡𝑜𝑡−𝑖𝑛𝑗 

1000
−  𝑉𝑐𝑜𝑟𝑒 )                                

Where 𝐶𝑓 and 𝐶𝑖 were the final and initial ppm of CH4; Vinc is the volume of the vial (50 ml=0.005 

L) and Vtot-inj is the volume injected to the closed loop at each time interval; Vcore was the volume of 

the sample in the vial (L). Results were adjusted to STP and to molar volume (L mol-1) and converted 

to µg h-1 m-3 using the core volume (m-3). 

 

2.6.4 CH4 concentration in equilibrated water samples 

 

Methane concentration in the pore water samples was measured after a 12 h equilibration 

of the aqueous CH4 with the vial headspace at ambient temperature. After the equilibration, 2 ml of 

headspace was collected and measured as for gas samples using the UGGA-closed loop system. CH4 

concentration in water was diluted by the air volume present in the vials before inserting the water 

sample, thus this needed to be removed to obtain the original CH4 concentration of the sample. Moles 

of CH4 (CH4 head) were found using the volume of the vial and the volume of the vial headspace. The 

concentration in mg/L of aqueous CH4 in the equilibrated headspace (in mg L-1) was calculated with 

the following equation:  

 

   CH4head =
Vhead

Vvial −  Vhead
∗ PCH4

∗
MWCH4

22.4
∗ 

273.15 

T + 273.15 
∗ 1000 

 

 Where 𝑉ℎ𝑒𝑎𝑑 is the vial headspace (air) volume and 𝑉𝑣𝑖𝑎𝑙 the total volume of the vial where the 

sample was equilibrated; 𝑃𝐶𝐻4
is CH4 partial pressure, that was obtained multiplying the CH4 ppm 

measured after equilibration with the atmospheric pressure. The result in mg/L was converted to ug 

L-1 multiplying by 1000 and then divided by molecular weight of CH4 16.04 to obtain nM L-1. 

 

2.7 Molecular biology analysis 

 

DNA was extracted from wood, bark, and soil samples collected and stored as described in 

Section 2.4.2 and sequenced to characterise the diversity of the microbial communities. 
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2.7.1 Samples preparation for DNA extraction 

 

Unlike peat soil, which mixes readily with the DNA extraction reagents, wood and bark 

tissue needed to be ground before starting the DNA extraction, to help cell walls disruption and the 

release of the DNA material. The grinding needs to be done at low temperature to avoid molecular 

degradation. Wood cores and bark samples were placed in a 35 ml stainless steel grinding jar with a 

20 mm grinding ball, and ground at -196°C using a cryomill (Retsch®, UK) (Hu et al., 2018) to a 

particle size in the range 5 to 20 µm.  

Triplicate samples were homogenised in the same grinding step. Between samples the 

grinding jar and ball were sterilised with 70% ethanol and washed with distilled water, and DNA 

away® in a microbiology safety cabinet (MSC). Wood cores that were in contact with the increment 

borer internal components were also sterilised with ethanol 70% and washed with distilled water in 

the MSC before being inserted into the jar. This eliminated external and cross-contaminations from 

the other samples. Two water samples (nuclease-free water) were processed in the cryomill and used 

as negative controls, to validate the sterilisation step. Cryo-grinding conditions were 5 cycles of 2 

minutes each at 30 Hz, with 30 seconds of intermediate cooling. After grinding, each sample was 

collected in a 15 ml Falcon tube in the MSC and stored at -20°C. Samples were used for DNA 

extraction within a week of being ground. 

 

2.7.2 DNA extraction 

 

Total DNA from wood (n=12) and bark (n=12) from A. glutinosa and B. pubescens collected 

at a height of 35 cm was extracted with a DNeasy plant kit (Qiagen) from 1 g of ground wood/bark 

following the manufacturer instructions. The total DNA from soil (n=12) collected at 20 cm below 

the forest ground beside each study tree was extracted using a PowerSoil Kit (Qiagen) from 0.25 g 

of soil following the manufacturer instructions. The plant DNA extraction kit performed a 

preliminary extra step compared to the soil DNA extraction kit in order to lyse and precipitate 

polysaccharides (as hemicellulose and pectin) present in tree tissues. The final elution step of the 

DNA extraction was performed in 2 × 750 µl of 10 mM Tris solution (Tris·Cl, 0.5 mM EDTA, pH 

9.0) for wood and bark DNA and 100 µl of 10 mM Tris solution for soil DNA, as per manufacturer 

instructions. DNA was extracted in duplicate or triplicate (depending on the amount of material 

available) from each homogenised sample. Two nuclease-free water samples were included in the 

wood and bark DNA extraction and one in the soil DNA extraction as negative controls. DNA 

extractions were also performed from the negative controls processed in the cryomill. 
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2.7.3 DNA quality and quantification  

 

DNA purity was analysed with a Nanodrop spectrophotometer (NanoDrop™ One, 

Thermofisher) DNA quality was evaluated measuring the A260:A280 and the A260:A230 ratios; 

DNA has a maximum absorbance at 260 nm, while high absorbance peaks at 230 and 280 indicate 

the presence of contaminants (as proteins and phenols) that can cause lower DNA extraction yields; 

optimal ratios of A260:A280 and A260:A230 are ~1.8. DNA was quantified with Qubit fluorometer 

which uses fluorescent dyes to detect the DNA in sample. 

 

2.7.4 Microbial DNA detection techniques 

 

Two approaches were used to detect and characterise the microbial DNA from the total DNA 

extracted from tree and soil samples: (1) polymerase chain reaction (PCR) amplification and 

sequencing of the prokaryotic16S rRNA gene and (2) whole metagenomic shotgun sequencing 

(WGS). 

 

2.7.4.1 PCR amplification  

 

PCR amplification is a common method to target and amplify specific genes of interest from 

a DNA sample using DNA templates of known DNA sequences (primers); the 16S ribosomal RNA 

gene is a highly conserved gene present in Bacteria and Archaea and it is commonly used for 

prokaryotic taxonomy. This gene is approximately 1600 base pairs long and includes many 

hypervariable regions (V1 to V9). These regions contain nucleotide heterogeneity compared to the 

conservative regions that are common to all microbial groups; the level of diversity of the 

hypervariable regions is used for higher taxa identification up to the genus/species level (Baker et 

al., 2003).  

For this investigation, a two-step amplification approach (or nested PCR) was used to 

amplify Bacteria and Archaea DNA; in the nested PCR, the amplification product of the first round 

PCR is used as a template in the second round of amplification; this approach has the advantage of 

obtaining more DNA material from low or undetectable starting amounts of DNA compared to a one 

round PCR, thus allowing the detection of low abundant taxa. On the other side, a disadvantage of 

this approach is that it can also amplify negligible amounts of ‘contaminant’ DNA present in the 

negative controls, which would be undetectable after a one round PCR, complicating the 

interpretation of the sequencing results. 

During the PCR amplification, specific hypervariable regions of the 16S rRNA are targeted 

and copied with DNA templates or primers. The selection of specific primers determines the 

prokaryotic taxa coverage because the hypervariable regions differ between the prokaryotic groups, 

thus the primer selection can also introduce bias in the characterisation of the microbial communities 



Chapter 2 - Methodology 
 

 
46 

 

of a DNA sample.  Moreover, when amplifying the 16S rRNA gene from plant DNA the homology 

between the 16S rRNA and the DNA of organelles such as mitochondria and chloroplasts/plastids, 

that have a prokaryotic lineage, can be a major source of contamination (Bekers et al., 2016); one 

method which is used to avoid the amplification of non-target DNA is the use of primers mismatching 

chloroplast and mitochondrial DNA sequences (Chelius & Triplett, 2001). 

The primers used for the 1st round of PCR were 335F (forward) 

(CADACTCCTACGGGAGGC) and 1391R (reverse) (GACGGGCGGTGWGTRCA) (Table 2.1) 

that targeted from the V3 to the V8 regions of the 16S rRNA (Dorn-In et al., 2015; Walker & Pace 

2007,).  Two primer sets were used in the second round of PCR, one specific for Archaea and the 

other for Bacteria (Table 2.1). The primer set 958F and 1100R was used to target the Archaeal V6/V7 

regions, of the 16S rRNA gene and 799F and 1193R was used to target Bacterial V5-V6-V7 regions 

of the 16S gene, which are the regions with the highest number of mismatches with plant material 

(Dorn-In 2015). This primer set 799F and 1193R, originally designed for plant microbial DNA, can 

be also used for soil microbial DNA as showed in Qiu et al. (2020),  

PCR conditions and annealing temperatures were tested for each primer set with gradient PCRs and 

are summarised in Table 2.1.  
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Table 2.1. Summary of primer sets, primer sequences, amplicon length and annealing T used for DNA amplification of wood, bark and soil samples 

PCR step Primers Sequence Reference Amplicon 

length (bp - 

base pair) 

Annealing 

T(°C)  

1st round 

PCR 

335F CADACTCCTACGGGAGGC Dorn-In et al., 2015; Nakano et al., 2018 1057 55 

1391R GACGGGCGGTGWGTRCA Beckers et al., 2016; Walker & Pace 2007; Thijs et al., 

2017, Watanabe et al., 2002 

2nd round 

PCR 

(bacteria) 

799F AACMGGATTAGATACCCKG Bodenhauser et al., 2013; Beckers et al., 2016 Chelius 

&Triplett 2001; Sogin et al., 2006  

Wang et al., 2018; Thijs et al., 2017 

395 55 

1193R ACGTCATCCCCACCTTCC Bodenhauser 2013; Thijs et al., 2017; Wang et al., 2018 

2nd round 

PCR 

(archaea) 

958F AATTGGANTCAACGCCGG Bolhuis etal., 2011; Sogin et al., 006 143 58 

1100R TGGGTCTCGCTCGTTGCC  Cadillo Quiroz et al., 2010; Goffredi et al., 2011; Hales 

et al., 1996 
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The PCRs were performed with a C1000 Touch™ Thermal Cycler (Bio-Rad). Reaction 

volumes (50 μL) contained: 5 µL of DNA sample, 25 µL PCRBIO TaqMix (PCR Biosystems), 2 µL 

forward primer, 2 µL reverse primer (10 pmol/µL each) (Eurofins Genomics) and 16 µL of nuclease-

free water. Samples were amplified in triplicate. Positive controls were used to validate the PCR 

procedure and included bacterial DNA from Escherichia coli (0.8 µL with a concentration of 4640 

ng/ml) used in both the 1st round and the 2nd round with the Bacterial primers, and the Archaea 

Methanobacterium subterraneum (0.8 µL of heat-shocked cells in culture) used in the 2nd round PCR 

with the Archaea primers. Six negative controls containing nuclease free water were included in the 

1st round PCR from: 1) two negative controls from the grinding (5 µL); 2) two negative controls from 

the DNA extractions (5 µL); and two negative controls to validate the PCR (5 µL).  

The cycling conditions of the 1st round PCR with primers 335F and 1391R included an 

initial denaturation at 95°C for 2 min, followed by 24 cycles of denaturation at 95°C for 30 s, 

annealing at 55°C for 90 s, extension at 72°C for 45 s and final extension at 72°C for 7 min.  

The presence of microbial amplicons was detected by gel electrophoresis. The PCR products 

were loaded in a 1.5% agarose gel matrix (containing TAE buffer, agarose and ethidium bromide 

dye for UV visualisation) and ran at 75 V for 75 min. The relatively low voltage allowed a slower 

migration of the fragments towards the negative charge, while a relatively high agarose content 

allowed small amplicons to migrate faster through the matrix, and a better separation from non-target 

amplicons of different sizes. A DNA ‘ladder’ containing DNA fragments of known sizes was loaded 

along with the PCR products as a reference for the final identification of the size of the amplicons. 

The positive controls from the PCRs were used to validate the presence of microbial amplicons. 

Resulting DNA bands were visualised with GelDoc® (Bio-Rad) under UV light. The microbial 

amplicons were extracted from the agarose matrix and purified using a Monarch® DNA Gel 

Extraction Kit (New England Biolabs) following manufacturer instructions. The resulting purified 

amplicon DNA was used for the 2nd step PCR. Positive and negative controls from the 1st round PCR 

were also purified and included in the 2nd round PCR. The second step PCR was set up with the same 

reaction volumes as for the 1st round.  

The cycling conditions for the 2nd round PCR with the bacterial primers 799F/1193R 

included an initial denaturation at 94°C for 2 min, followed by 24 cycles of denaturation at 94°C for 

30 s, annealing at 55°C for 30 s, extension at 72°C for 60 s and final extension at 72°C for 7 min. 

For the archaea primer 958F/1100R the cycling conditions included an initial denaturation at 94°C 

for 3 min, followed by 24 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 45 s, 

extension at 72°C for 60 s and final extension at 72°C for 2 min. In addition to the six negative 

controls from the 1st round, one negative control was included for the 2nd round PCRs. 

Final PCR products were analysed with gel electrophoresis at the same conditions as for the 

1st step PCR and visualised with Gel Doc (BioRad). PCR products were purified with Monarch® 

PCR & DNA Cleanup Kit (New England Biolabs) following manufacturer instructions. The 

triplicates of each sample were pooled in the same tube and final DNA volume was checked with 
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Nanodrop for quality and quantified by Qubit assay following manufacturer instructions.  Final 

bacterial DNA resulted in a total number of 12 samples (n=6 each species - wood=2, bark =2, soil=2). 

Different final volumes were prepared depending on the requirements for sequencing analysis, that 

were a minimum concentration of 10 ng/µL in a minimum volume of 20 µL.  

 

2.7.4.2 Whole metagenomic shotgun   

 

Whole shotgun metagenomics (WGS) was the other approach used to detect microbial 

communities in tree and soil samples. Unlikely the 16S gene sequencing, WGS doesn’t target specific 

gene markers, and a DNA sample is fragmented and sequenced to obtain the whole genomic 

information. This allows also to explore sequences coding for specific metabolic functions 

(functional annotation). Other advantages of this method include avoiding the biases introduced by 

the amplification of specific regions of the 16S rRNA gene with primers and avoiding the potential 

contamination during the PCR set up. Disadvantages are that WSG requires a higher coverage 

(millions of reads) and more complex data analysis compared to the 16S rRNA sequencing, and that 

the host DNA can exceed microbial DNA so that low abundant taxa are difficult to detect (Sharpton 

et al., 2014). On the other hand, the much higher taxonomic resolution compared to the amplicon 

sequencing also allows the assemblage of novel genomes (Sharpton et al., 2014) 

Samples sequenced with WSG included DNA from four trees (same used for 16S sequencing), and 

DNA from soil corresponding to two trees only, resulting in a total of 6 samples. 

 

2.7.5 Sequencing data analysis 

 

The sequencing data analysis and bioinformatics for taxonomy assignments of both the 16S 

rRNA and the shotgun metagenomic data was performed by Igatech (Italy). A brief summary of the 

sequencing steps and the data analysis is provided below. 

The 16S rRNA gene sequencing was performed by the Illumina Miseq platform (Caporaso 

et al., 2012). DNA concentrations of samples were normalised, and samples were initially pooled 

together for sequencing and later demultiplexed by the platform indexing system using 

unique sequences (barcodes), that were initially ligated to the individual samples’ DNA. Data 

analysis of raw sequences was performed with QIIME software and the USEARCH algorithm. 

Quality improvement of sequences included trimming of sequences ‘leftovers’ (as sequences 

adapters). Following steps included grouping of replicate sequences, sorting sequences per 

decreasing abundance and grouping into similar Operational Taxonomic Units clusters using a 

threshold level of similarity for OTU identification. Quality control of sequences was performed with 

FastQC platform (Brown et al., 2017) and included quality scores of sequencing errors (or Phred 

score), GC content, N content and sequence length distribution. Taxonomy classification was 

performed with RDP classifier based on the GreenGene database.  
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Diversity analysis was based on rarefaction curves based on the 50% of the target sequencing 

coverage (for 100,000 fragments a cutoff of 50,000 fragments was applied). Alpha and beta diversity 

analysis was performed based on rarefaction curves. Rarefaction curves are obtained from plotting 

the observed number of operational taxonomic units (OTUs) against the number of sequences 

randomly chosen from a sample: the DNA is randomly divided in many groups with increasing 

number of reads (rarefied samples). The rarefaction technique is commonly used to estimate the 

number of observations or sequencing depth required to obtain a representative amount of OTUs for 

each sample. Alpha and beta diversity analysis is based on the minimum DNA sequences/sample 

size where the number of similar OTUs reach a plateau, meaning that the OTUs number will not 

increase if the number of reads keeps increasing (Kim et al., 2017).  

An OTU for a bacterial taxon is defined based on sequence similarity percentage of 97% or 

higher of a phylogenetic gene marker, such as the rRNA 16S gene. OTUs richness, Shannon, 

Simpson and Chao1 diversity indices were calculated for α-diversity (level of diversity within each 

sample). Good’s coverage indicates if the sequencing depth shows the actual bacterial diversity in 

the samples, revealing the true diversity (Jiang et al., 2021). OTUs richness is the number of taxa (at 

species level in the present study) in a given sample; OTUs richness alone cannot represent diversity 

as it does not consider the number of individuals present for each species - their relative abundance 

– or evenness. Shannon and Simpson indices consider both richness and evenness. Shannon index 

puts more weight on the species richness, and the value of the index increases as the number of 

species increases and as the distribution of individuals among the species becomes even. Simpson 

considers more the evenness compared to the richness; the index increases from 0 to 1 as the 

probability of two random individuals to belong to the same species increases, as the distribution of 

individuals for each species is less uniform (Kim et al., 2017). Chao1 is an abundance-based 

estimator of species richness that considers rare or single OTUs to infer information about the total 

number of species, giving more weight to low abundant species (Kim et al., 2017). -diversity 

(similarities of diversity between samples) was showed with PCoA (Principal coordinates analysis) 

using Bray-Curtis distance (An et al., 2019). The diversity analysis was based on rarefied samples 

based on the rarefaction curves plot. Final indices were obtained from the average of five different 

sub-samplings. 

Shotgun metagenomic sequencing analysis was processed by the Illumina platform. In the 

shotgun sequencing, genome DNA is fragmented into small segments which are individually 

sequenced and then reassembled into longer, continuous sequences (contig) (Sharpton et al., 2014).  

Lower quality bases and adapters were removed by ERNE2 sofware. Quality control of sequences 

was performed with FastQC platform as for the 16S sequencing. High quality reads were 

taxonomically classified Kraken2 software (Wood & Salzberg, 2014) on the NCBI nt database. 

Results from classification were included in Kraken reports and in interactive Krona graphs. Kraken 

reports included percentage of fragments and absolute number of fragments covered by a determined 
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taxon. The diversity analysis wasn’t provided by the analysis pipeline used for the shotgun 

metagenomic. 
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Chapter 3 

Dry season tree-mediated CH4 fluxes from tropical and 

temperate wetlands 

 

3.1 Introduction  

 

Natural wetlands emit 30% of the global CH4 source (Saunois et al., 2019) although they 

only cover ∼ 6% of the Earth surface (Hu et al., 2017). High water table levels and anoxic conditions 

favour microbial CH4 production in wetland soils; CH4 oxidising microorganisms consume part of 

the emitted CH4 in the thin oxic soil layers mitigating CH4 emissions to the atmosphere (Schutz & 

Conrad, 1989). There is growing evidence of trees as conduits for soil microbially produced CH4 in 

both tropical ( Jeffrey et al., 2020; Pangala et al., 2013, 2017; Sjögersten et al., 2020,) and temperate 

wetlands (Gauci et al., 2010; Kohn et al., 2020; Pangala et al., 2015; Pitz et al., 2018; Terazawa et 

al., 2007, 2015).  

Water table depths exert a major control on soil CH4 production. Wetter periods induced by 

rainfall or flooding often translate to increased production thereby increased CH4 emissions and dryer 

periods correspond to decreased emissions. In wetlands, variability in stem CH4 fluxes with water 

table level fluctuations result in seasonal to annual changes in emissions (Sakabe et al., 2021; 

Terazawa et al., 2007, 2015, 2021) and soil hydrological gradients influence stem CH4 flux 

variability (Kohn et al., 2020; Pitz et al., 2018). A recent study in a peat swamp forest in Panama 

measured emission on a seasonal scale at different water table levels and found emissions to decrease 

during the drier months (Sjögersten et al., 2020). Studies in the tropical wetlands of Southeast Asia 

(Pangala et al., 2013) and the Brazilian Amazon (Pangala et al., 2017) showed significantly high 

tree-stem CH4 emission during the wet season, with stem-CH4 emission measurements in the dry 

season still lacking in these regions. Jeffrey et al. (2020) found lower stem CH4 fluxes from the drier 

area of a hydrological gradient in a subtropical wetland. Drought conditions can reduce and, in some 

cases, completely curb stem CH4 emissions (Kohn et al 2020). Stem CH4 emissions in seasonally 

‘dry’ wetlands are similar to the ones found in forested uplands, characterised by well drained and 

oxygenated soils where trees can act as CH4 sources and sinks (Machacova et al., 2016, 2020; Maier 

et al., 2017; Pitz & Megonigal, 2017; Pitz et al., 2018; Plain et al, 2019; Warner et al., 2017). Despite 

the growing interest in wetland tree emissions and that 60% of global wetlands are forested (Lehner 

& Döll, 2004; Matthews & Fung, 1987; Prigent et al., 2007), CH4 estimates from the tree-stem 

pathway are still uncertain due to limited observations examining variability across different seasons 

and soil hydrological conditions from local to regional scale (Barba et al, 2019; Covey & Megonigal, 

2019).   

Uncertainties in CH4 emissions from trees are also due to the inaccessibility of upper parts 

of the tree stem and the canopy. Stem CH4 fluxes have been generally measured close to the stem 
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base and at select height intervals, but CH4 emissions tend to be higher at the bottom of the stems 

and  decrease with stem height (Pangala et al., 2013,2015,2017; Sjögersten et al., 2020; Terazawa et 

al., 2007, 2015; Van Haren et al., 2021). Trees were measured up to 3.6 m (Moldaschl et al. (2021), 

4 m (Wang et al., 2016) and 4.9 m (Van Haren et al., 2021), and in another study stem CH4 fluxes at 

5 m were extrapolated based on measurements at lower intervals, that followed a decreasing pattern 

(Sjögersten et al., 2020); only one study measured stem CH4 fluxes at consecutive height intervals 

from the tree bases (Pangala et al., 2015). Spatially continuous measurements of stem CH4 emissions 

along a stem profile that offers insights into the spatial variability of stem CH4 fluxes along the length 

of the tree is essential if we are to accurately estimate their potential ecosystem contributions. 

There are several additional variables which may drive variability in tree fluxes. CH4 

transport through the stems can be limited by the internal structure of trees. Wood density and tree 

diameter at breast height (DBH) were inversely related to stem CH4 emissions in Pangala et al. (2013, 

2015) but contrasting relationships between diameter and stem CH4 emissions were also observed 

(Pitz et al., 2018; Terazawa et al., 2015). Wood density can also vary radially depending on the tree 

species (Gartner & Meinzer, 2005) resulting in gases accumulating in wood air spaces. An upland 

study from Wang et al. (2016) measured wood density and moisture content from heartwood, 

sapwood and bark of Populus davidiana and observed high CH4 concentrations in the heartwood, 

suggesting that low wood density and high moisture content favoured anoxic conditions and 

microbial CH4 production; moisture content in heartwood was also directly related to emission rates 

(Wang et al., 2017). Wood moisture content can be associated with methanogenesis and can also act 

as a barrier to lateral gas diffusion, thereby controlling emission rates (Covey & Megonigal, 2019; 

Megonigal et al., 2020; Teskey et al., 2008). There are no studies in wetlands assessing the relation 

between wood moisture content and stem CH4 fluxes. Some flood tolerant species facilitate gas 

exchange through lenticels on stem and roots (Kozlowski, 2012). A mesocosm experiment by  

Pangala et al. (2014) found a significant relationship between lenticel density and CH4 soil pore 

water and stem emissions, but there are no studies in natural wetlands which assessed the relation 

between stem lenticels and CH4 emission rates.  

The relationship between CH4 cycling and soil pH has been extensively studied in wetland soils, with 

CH4 production generally reported at neutrality (Dunfield et al., 1993). Only one study has 

investigated the relationship between stem pH and relative abundance of CH4 producers in the 

heartwood of Populus deltoides in a temperate riparian forest (Yip et al., 2018) and found a 

relationship between certain microbial groups, pH and tree diameter. Changes in wood pH influence 

CH4 cycling microbial population thereby potentially control stem CH4 fluxes. 

The gas transport mechanisms through the stem have been extensively studied for CO2; CO2 

is a major component of tree stem respiration, and tree CO2 can be produced by the living cells in 

the stem, but also in the soil and the rhizosphere. It can also be assimilated and transported through 

the transpiration stream (sap flow) through the stem encountering physical barriers before being 

emitted (Teskey and Mcguire, 2007; Teskey et al., 2008; Wang et al., 2019).  CH4 entering the stem 

can be transported by molecular diffusion or enter the transpiration stream, as CO2. The presence or 
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absence of a relation between CH4 and CO2 and the similarities in their axial pattern can help 

understanding if they share the same transport mechanisms and if they encounter the same barriers 

to diffusion to the atmosphere, which can determine the CH4 flux rates; ultimately, CH4 can be 

estimated from CO2 fluxes. With cheaper CO2 real-time analysers and multiplexers to measure 

emissions simultaneously across different scales and time readily available, measurements of stem 

CO2 flux alone could potentially help us estimate stem CH4 fluxes which often rely on more 

expensive analysers limiting measurements both in space and time.   

There are only a few studies in forested wetlands which have measured CH4 and CO2 in 

parallel (Barba et al., 2019; Kohn et al., 2020; Ward et al., 2019; Warner et al., 2017; Pitz et al., 

2018) but further analysis and comparison across tree species should be performed. 

  

3.2 Aims and hypothesis 

 

This Chapter aims to: 

 

1. To determine whether stem CH4 emissions continue during the dry season in a temperate and 

tropical forested wetland. These sites displayed significant stem CH4 emissions in previous 

studies with high water tables; with lower water tables, trees may emit less CH4 due to 

reduced CH4 production and increased oxidation in soil and possibly display CH4 uptake 

fluxes by the stem. 

2. To understand how CH4 fluxes change with stem sampling position up the length of the tree 

and to extend the measurements to upper heights that have not been measured before; flux 

magnitude is expected to be lower due to drier soil conditions, but stem CH4 fluxes should 

be higher at the tree base and display a decreasing pattern with fluxes close to 0 on the upper 

stem. 

3. To determine if wood and bark density, moisture content and pH can explain the variability 

of stem CH4 fluxes; high wood and bark densities and moisture can act as barriers to radial 

diffusion resulting in slower rates of stem emissions. Furthermore, the level of air or water 

filled pores may result in different aerobic or anaerobic conditions. Low water content and 

low wood density can indicate that CH4 flux is facilitated and emissions increase. The 

variations in wood pH might help uncover underlying microbial activity promoting CH4 

production or consumption within tree stems; if wood pH shows a relation to CH4 fluxes, 

and this may indicate a potential dependency of CH4 fluxes to a microbial/methanogenic 

source. 

4. To investigate the similarities in emission patterns along the length of the tree and 

relationship between stem CO2 and CH4 fluxes. CO2 is a major component of tree respiration, 

and its behaviour has been extensively studied in trees; if CH4 and CO2 are related and if 

trees display similar axial distributions of stem CH4 and CO2 fluxes, it is likely that they are 
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transported and emitted through similar pathways, and thus CH4 fluxes can potentially be 

estimated from CO2 fluxes. 

5. To determine species-specific differences in stem CH4 fluxes; different tree species have 

different CH4 transport mechanisms and wood traits resulting in different emission rates. 

Wood water content, density and pH can be specific for each tree species and can help 

understanding why different tree species display different ranges of stem CH4 fluxes, e.g., a 

low CH4 emitting tree species has a general lower wood water content, high density, and low 

pH compared to a high emitting one. 

6. To understand the relations between stem CH4 fluxes, soil CH4 fluxes, soil water content and 

CH4 in soil pore water. Lower water-table levels resulting in increased soil aerobic conditions 

can lead to a decrease in CH4 concentration and in lower soil and stem CH4 fluxes 

 

3.2 Methods 

3.3.1 Sites and tree species 

 

The study was conducted in both a tropical and a temperate wetland, in the same locations 

included in previous studies by Pangala et al. (2013, 2015 respectively). At the topical site, the study 

was conducted at the beginning of the dry season (April-May 2018) in the Sebangau Forest - a peat 

swamp forest within the Sebangau river catchment, 20 km from Palangkaraya City, Central 

Kalimantan, Indonesia. The temperate study was conducted in summer (July 2018) in Flitwick Moor 

– a protected forested wetland in Bedfordshire, UK. Both sites can be classified as non-water 

wetlands (Hu et al., 2017). The description of the study sites, sampling strategy and tree selection 

are detailed in Sections 2.2 and 2.3. Stem CH4 fluxes were measured from dominant species at each 

site: Shorea balangeran and Xylopia fusca in the Sebangau Forest, also included in Pangala et al. 

(2013), and Alnus glutinosa and Betula pubescens at Flitwick Moor, as in Pangala et al. (2015). All 

trees were measured from hummocks, which were predominant in both sites, and were selected based 

on similar DBH (diameter at breast height).  

 

3.3.2 Stem and soil flux measurements 

 

 A similar sampling strategy was used at both sites; within a 40 x 40 m plot, stem CH4 

fluxes were measured from 1) 20 trees (10 trees of each species) at 35 and 125 cm above the ground; 

and 2) six of the 20 trees (three trees per species) were selected to perform stem flux measurements 

from the tree base up to 300 cm at 15 cm intervals. DBH of the 20 trees ranged from 10.9 to 26.1 cm 

in Flitwick Moor, and 14.3 to 35 cm in the Sebangau Forest. The number of trees sampled was 

considered appropriate to investigate stem CH4 fluxes from sites previously measured under different 

hydrological conditions, and to investigate the activity and diversity of the microbial community that 

may be involved in CH4 production and emissions (Chapters 4 and 5). 
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 Semi-rigid static chambers built as described in Siegenthaler et al. (2016) were used to 

measure stem CH4 and CO2 fluxes. A 30301.5 cm chamber was used to measure fluxes from 20 

trees at 35 and 125 cm above the ground, and a 30153 cm chamber was used to measure CH4 and 

CO2 fluxes at 15 cm intervals. The chambers were secured around the tree trunk using ratchet straps 

(care was taken not to alter the volume inside the chamber) and play-doh (Hasbro, Pawtucket) was 

used to seal potential fissures at the edges of the foam to achieve gas tight seal. The soil chamber (16 

cm internal diameter × 25 cm height) was built from a metal cylinder with a transparent airtight lid 

and sampling ports and was inserted 5 cm into the soil. Fluxes were measured once from each height 

interval and the adjacent soil. Uneven surface on the bark and the presence of small branches on the 

stem, especially in Flitwick Moor, and high aerial roots of X. fusca in the Sebangau Forest (|Section 

2.4.1.1), prevented flux measurements at some height intervals due to the limitations of the stem 

chambers’ design.   

Changes in CH4 and CO2 concentrations were determined in real time using a portable 

greenhouse gas analyser (UGGA-Ultraportable Greenhouse gas analyser, Los Gatos research, 

Mountain View, CA, USA; Section 2.4.1.2). The stem chamber was connected using Tygon tubes to 

the UGGA creating a closed loop; the chamber headspace was circulated into the UGGA at a flow 

rate of 0.5 L min-1. Changes in CH4 and CO2 concentration were measured for around 5 minutes; flux 

rates were calculated from linear regression between the changes in CH4 concentration and the 

elapsed time considering the chamber volume. Temperature and pressure were recorded using a 

thermo-barometer probe (Comet) during the flux measurements to adjust final CH4 concentrations. 

Soil CH4 fluxes were measured 1 m away from the six study trees at each of the sites. Flux 

measurements and calculations are described in detail in Sections 2.4.1 and 2.6.1. 

 

3.3.3 Tree and environmental variables 

 

At 35 and 125 cm stem height, following stem flux measurements, wood cores were sampled 

in triplicate from each of the 20 trees at each site using an increment borer (internal diameter 5 mm; 

Haglöf, Sweden AB, Långsele, Sweden). Further wood cores were sampled at 225 and 300 cm from 

the six selected trees within each site, and bark samples were also collected at 35, 125, 225 and 300 

cm from the six trees (Section 2.4.2). Wood and bark samples were used to measure moisture content, 

density and pH (Section 2.5.3). pH was measured using a modified soil protocol as described in 

Section 2.5.2. 

Soil cores were collected in triplicate using a soil corer from the same area that was enclosed 

by the soil chamber. They were extracted from hollows at -20 and -50 cm soil depths (Section 2.4.2). 

Soil cores were used to measure soil density, water content and pH as for wood and bark samples.  

Soil CH4 pore water samples were collected in duplicate at -20 and -50 cm soil depths using a pore 

water sampler system described in Section 2.4.5. In the Sebangau Forest, the soil pore water was 

collected from the same area that was enclosed by the soil chamber (within 1 m from the study trees); 

in Flitwick Moor it was collected at >1 m from the study trees. At 1 m distance (corresponding to the 
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area enclosed by the soil chamber) the soil pore water could not be collected using the pore water 

sampler system, as the soil was too dry. Thus, final CH4 concentrations in soil pore water in Flitwick 

Moor did not correspond to the soil used for CH4 production and oxidation activity measurements, 

but they were considered as providing indicative CH4 concentrations of the tree environments. Water 

samples were equilibrated for 12 hours in Labco exetainers and CH4 concentration were measured 

with the UGGA as described in Baird et al. (2010) (Section 2.5.1 and 2.6.4).  

The water-table level was measured from 10 hollows close to the study trees as described in 

Section 2.4.4. The final water table levels corresponding to the tree location were calculated 

considering the height of the hummocks where they were rooted, as for the soil sampling, except for 

X. fusca trees that showed aerial roots and not hummocks. 

 

3.3.4 Data analysis and statistics 

CO2 fluxes were calculated when changes in CO2 concentration with time showed r2 > 0.70; 

this criterium wasn’t used for CH4 fluxes, as lower r2 are expected when changes in concentrations 

are close to zero (Plain et al., 2019; Subke et al., 2018). Flux calculations were performed in Excel 

(version 2109). Statistical analyses were conducted in R software (version 3.6.0) using a confidence 

interval of 95%. Data visualisation was performed using ggplot2 package in R. Differences in CH4 

fluxes and variables measured between tree species and height intervals were analysed using the 

Kruskall-Wallis test, as flux data followed a non-normal distribution, with peak fluxes that were not 

excluded from the analysis, as single trees can represent ‘hotspots’ for methane dynamics and fluxes 

(Barba et al., 2021).  

Relations between stem CH4 and CO2 fluxes, and tree variables were analysed using linear 

regression considering each height interval dataset separately. Statistics were all performed with a 

minimum of 10 data points for each variable, except for soil variables where six data points were 

used. Fluxes from the height intervals 20 to 50 cm and 110 to 140 cm and the corresponding height 

intervals of the trees when measured again up to 300 cm (15-30, 30-45, cm and 105-120 to 120-135) 

were not statistically compared as different stem chambers were used for the measurements and the 

surfaces enclosed do not correspond. 

The relative contribution of CH4 emission and net CH4 uptake to the overall CH4 stem flux was 

calculated for all trees of each species at 35 and 125 cm (except for X. fusca, only at 125 cm), and 

from six trees for each species at 15 cm height intervals up to 300 cm, to determine whether emissions 

or uptake prevailed at a specific height for a specific tree species (not for calculating the contribution 

of each to the total atmospheric emissions). In other words, the net balance of emission/uptake and 

its distribution along the stem. 

Total emissions/uptake was divided by the sum of the emission and uptake fluxes (absolute values 

with no negative sign) and multiplied by 100 to obtain the percentage of emission/uptake on the total, 

as follows: 

  

% emission = emission/ (emission + |uptake|)/ x 100 
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% uptake = uptake/ (emission + |uptake|)/ x 100 

 

such that 50% represents a balanced situation where emission and uptake are equal. 

3.4 Results 

3.4.1 Spatial patterns and species-specific differences of CH4 stem fluxes  

 

The water table level in the Sebangau Forest was -38.03 ± 20.64 cm in hummocks and -15.75 

± 17.5 cm in hollows. Soil and air temperatures were 26.2° ± 0.1 and 28.7° ± 1.3 C respectively.  

In the Sebangau Forest, CH4 fluxes from S. balangeran averaged 13.18 ± 26.97 µg m-2 hr-1 

and -6.7 ± 23.53 µg m-2 hr-1 at 35 and 125 cm, respectively; CH4 fluxes from X. fusca averaged - 0.29 

± 2.74 µg m-2 hr-1 at 125 cm; raised roots of X. fusca prevented measurements at 35 cm. Stem CH4 

fluxes from S. balangeran had large variability compared to X. fusca (Fig. 3.4.1). A maximum 

emission rate of 81.07 µg m-2 hr-1 at 35 cm (tree S86) and a maximum uptake of -66.62 µg m-2 hr-1 at 

125 cm (S78) were observed for S. balangeran. Stem CH4 fluxes from X. fusca ranged from -7.07 

µg m-2 hr-1 to 3.42 µg m-2 hr-1. Most trees of both species displayed CH4 emission (Fig. 3.4.1). Higher 

standard deviations than the averages for both species indicate a wide distribution and large 

variability between individual trees; there was a visible difference between heights for S. balangeran 

due to higher fluxes at 35 and very low fluxes at 125 cm from some of the trees (Fig. 3.4.1), there 

was no statistically significant difference between heights for S. balangeran. Although the range of 

stem CH4 fluxes for X. fusca was visibly lower, there were no statistically significant differences 

between species. Six out of 10 trees displayed uptake fluxes (although close to 0, as for S79 and S80, 

Figure 3.1) for S balangeran, and three out of 10 trees showed evidence of uptake for X. fusca (Figure 

3.1). 

In Flitwick Moor, the water table level was - 45.75 ± 1.25 in hummocks and -18.25 ± 1.2 cm 

in hollows. Soil and air temperatures were 16.56 ± 0.3 and 25.54 ± 3 °C respectively. Similar to the 

Sebangau Forest, there was high variability in stem CH4 fluxes among individual trees (Figure 3.1). 

Stem CH4 fluxes differed significantly between species (p=0.001, χ2=9.84), with average stem CH4 

fluxes of A. glutinosa an order of magnitude lower than B. pubescens at both heights. Stem CH4 

fluxes from A. glutinosa averaged 1.4 ± 1.80 µg m-2 hr-1 at 35 cm and 0.2 ± 0.42 µg m-2 hr-1 at 125 

cm; CH4 fluxes from B. pubescens averaged 12.9 ± 23.4 µg m-2 hr-1 at 35 cm and 5.3 ± 6.4 µg m-2 hr-

1 at 125 cm. B. pubescens displayed large variability in stem CH4 than A. glutinosa with a maximum 

emission rate of 72.82 µg m-2 hr-1 (B7) and a maximum uptake of -1.58 µg m-2 hr-1 at 35 cm (B2).  

Seven out of 10 B. pubescens trees displayed higher emission rates at 35 cm than at 125 cm, although 

the difference between height intervals was not statistically significant. All of the A. glutinosa trees 

studied displayed higher emissions at 35 cm, with small significant difference between heights (p = 

0.058, χ2 = 3.57). CH4 fluxes differed significantly at 125 cm considering the trees of both species 

(p=0.0003, χ2 = 12.62), but not at 35 cm. Four out of 10 trees showed uptake for A. glutinosa while 

one tree for B. pubescens showed evidence of uptake. The distribution of uptake rates in the Sebangau 

Forest was characterised by a few extreme fluxes while in Flitwick Moor uptake fluxes were lower 
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(Fig. 3.1). Extreme fluxes were not considered as outliers and were included in further analysis 

(3.4.2) as they reflect the heterogeneity of biogeochemical conditions of individual trees (Pitz et al., 

2018). 

 

 

Figure 3.1 Tree stem CH4 fluxes measured for S. balangeran and X. fusca in the Sebangau forest (n = 20) and 

from A. glutinosa and B. pubescens (n = 20) at 35 and at 125 cm in Flitwick Moor Note the difference in scale 

for stem CH4 flux for each tree species. 

 

3.4.2 Stem CO2 fluxes 

 

Stem CO2 fluxes were up to six orders of magnitude higher than CH4 fluxes in both study 

sites (Fig. 3.4.2). In the Sebangau Forest, stem CO2 fluxes averaged 86.9 ± 84.2 mg m-2 hr-1 and 53.8 

± 133 mg m-2 hr-1 at 35 and 125 cm respectively from S. balangeran and 62.4 ± 50.2 mg m-2 hr-1 at 

125 cm from X. fusca. Stem CO2 emissions ranged from -137 to 269 mg m-2 hr-1 (S85 and S80 

respectively) and -24 to 141 mg m-2 hr-1 (X92 and X74 respectively) for S. balangeran and X. fusca, 
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respectively. In Flitwick Moor, stem CO2 fluxes averaged 93.9 ± 91.5 mg m-2 hr-1 and 51.9 ± 37.1 m-

2 hr-1  at 35 cm and 125 cm respectively for A. glutinosa and 131.02 ± 92.9 m-2 hr-1 and 122 ± 84.1 

mg m-2 hr-1 at 35 and 125 cm respectively for B. pubescens; the range was from -5.3 to 306 mg m-2 

hr-1 for A. glutinosa (A14 and A15 respectively) and 17.8 to 297 mg m-2 hr-1 for B. pubescens (B8 & 

B9 respectively). Stem CO2 fluxes were generally higher at 35 cm at both sites, displaying high 

variability among tree individuals as for stem CH4 fluxes (Fig. 3.4.2). 

In the Sebangau Forest, CO2 fluxes showed no significant difference between species and 

height, while significant differences were observed between species in Flitwick Moor (p=0.02, 

χ2=4.8) where B. pubescens displayed higher stem CO2 fluxes than A. glutinosa at 125 cm (p=0.03, 

χ2=1.05) but not at 35 cm. In Flitwick Moor, there was a positive relationship between CO2 and CH4 

fluxes at 35 cm in A. glutinosa (y= 0.01x-0.33, r2=0.90, p<0.01) and between CO2 and CH4 emissions 

alone at 35 cm (y= 0.01x -0.24, r2=0.87, p<0.01) (Figure 3.3) for A. glutinosa. One individual tree 

displayed stem CO2 uptake at both height intervals (Tres A14, Figure 3.2). 
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Figure 3.2 Tree-stem CO2 fluxes measured from S. balangeran and X. fusca in the Sebangau forest (n = 10) 

and from A. glutinosa and B. pubescens in Flitwick Moor (n = 10). Note the difference in scale for stem CH4 

flux for each tree species 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Relationship between CH4 fluxes and CO2 fluxes at 35 and at 125 cm from S. balangeran and X. 

fusca in the Sebangau forest (n = 10) and from A. glutinosa and B. pubescens in Flitwick Moor (n = 10). CH4 

fluxes increased with CO2 fluxes at 35 cm in A. glutinosa (y= 0.01x -0.33; r2 = 0.90); p < 0.001). 

 

3.4.3. CH4 and CO2 flux measurements at 15 cm intervals  

 

 CH4 and CO2 fluxes were measured from the base to 300 cm of stem height at 15 cm 

intervals from three trees per species at each site. Stem CH4 fluxes from S. balangeran and A. 

glutinosa significantly decreased with height (r2=0.05, p<0.05; r2=0.24, p<0.001), while fluxes from 

X. fusca and B. pubescens failed to display any significant pattern along the stem (Figures 3.4 and 

3.5). 

CO2 fluxes decreased significantly along the stem of A. glutinosa (r2 = 0.21; p<0.01; Figure 

3.7) and showed a positive relation with CH4 fluxes (r2 =0.15; p<0.01; Figure 3.9) while other species 

showed no significant pattern, although stem CO2 fluxes generally decreased along the stem and 

most uptake occurred at greater heights, as it was for CH4 fluxes.  
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Figure 3.4 Stem CH4 fluxes measured from 30 to 300 cm tree stem height at 15 cm intervals from S. balangeran 

(n=3) and X. fusca (n=3). Stem CH4 fluxes from S. balangeran decreased significantly with stem height 

sampling position (y= -0.012x + 2.91; r2 = 0.05; p<0.05). 

 

 

Figure 3.5 Stem CH4 fluxes measured from 30 to 300 cm tree stem height at 15 cm intervals from A. glutinosa 

(n=3) and B. pubescens (n=3). Stem CH4 fluxes from A. glutinosa decreased significantly with stem height 

sampling position (y= -0.011x + 2.29; r2 = 0.24; p<0.001). 
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Figure 3.6 Stem CO2 fluxes measured from 30 to 300 cm tree stem height at 15 cm intervals from S. balangeran 

(n=3) and b) X. fusca (n=3).  

 

 

 

Figure 3.7 Stem CO2 fluxes measured from 30 to 300 cm tree stem height at 15 cm intervals from A. glutinosa 

(n=3) and B. pubescens (n=3). Stem CH4 fluxes from A. glutinosa decreased significantly with stem height 

sampling position (y= -0.76 + 214.65; r2 = 0.21; p<0.001). 
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Figure 3.8 Relationship between stem CH4 and CO2 fluxes measured from 30 to 300 cm tree stem height at 15 

cm intervals from S. balangeran (n=3) and b) X. fusca (n=3).  

 

 

Figure 3.9 Relation between stem CH4 and CO2 fluxes measured from 30 to 300 cm tree stem height at 15 cm 

intervals from A. glutinosa (n=3) and B. pubescens. Stem CO2 fluxes from A. glutinosa increased significantly 

with stem CH4 (y = 0.006x -0.21; r2 = 0.15; p<0.01).  

 

3.4.4. CH4 and CO2 emission and uptake 

3.4.4. Relative contribution of CH4 emission and net CH4 uptake to the overall CH4 stem flux  

 

Fluxes were expressed here as a percentage of emissions/uptake at each stem height on the 

total cumulated emission and uptake (absolute value) as described in 3.2., such that 50% represents 

a balanced situation where emission and uptake are equal. In the Sebangau Forest, the percentage of 

emissions and uptake from S. balangeran were 93.4% and 6.6% respectively on the total absolute 

value of fluxes at 35 cm and 23.3% and 76.6% at 125 cm. Percentages of the emissions from X. fusca 



Chapter 3 - Dry season tree-mediated methane fluxes from tropical and temperate wetlands 

 
65 

 

were 40.9% and uptake was 59% at 125 cm (Figure 3.10). The percentages of the emissions of CO2 

were higher than the uptakes at all heights and species in the Sebangau Forest, with the 81.2% and 

85.7% at 35 and 125 cm respectively from S. balangeran and 96.1% from X. fusca.  

Relative percentages of CH4 emissions in Flitwick Moor were 96.3 % and 79 % at 35 and 

125 cm respectively from A. glutinosa and 98.8% and 100 % from B. pubescens (Figure 3.10); CO2 

emissions were overall higher than CO2 uptake in Flitwick Moor. 

  

Figure 3.10 Relative percentages of stem CH4 and CO2 emissions and uptake measured from S. balangeran (n 

= 10), A. glutinosa (n = 10) and B. pubescens (n=10) at 35 and 125 cm tree stem height. X. fusca (n = 10) was 

measured at 125 cm tree stem height only, as the raised roots prevented measurements at 35 cm.  

 

Relative percentages of emissions of the trees measured up to 300 cm generally decreased 

with height. In general, relative percentage of emissions were higher at the stem base and uptake was 

higher in the upper stem heights in both The Sebangau forest and Flitwick Moor (Figure 3.11). CH4 

uptake exceeded emissions at 125 cm in A. glutinosa. CO2 relative percentages showed mostly 

emission from all heights (Figure 3.12) and most of the uptake was in the upper stem height. Relative 

CO2 emissions are mostly >50% across all trees and sites with a few peaks of uptake mostly at upper 

stem heights.  
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Figure 3.11 Relative percentages of stem CH4 emissions and uptake measured from S. balangeran (n = 3), X. 

fusca (n = 3), A. glutinosa (n = 3) and B. pubescens (n = 3) between 15 and 300 cm tree stem height at 15 cm 

intervals. 
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Figure 3.12 Relative percentages of stem CO2 emissions and uptake measured from S. balangeran (n = 3), X. 

fusca (n = 3), A. glutinosa (n = 3) and B. pubescens (n = 3) between 15 and 300 cm tree stem height at 15 cm 

intervals. 
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3.4.5 Relation between CH4 and CO2 stem fluxes, wood density, water content and pH 

 

Wood density, water content and pH were measured from wood cores collected from 20 trees 

at 35 and 125 cm stem height from the same stem surfaces enclosed by the stem chamber, and also 

at 225 and 300 cm from the trees selected for measurements up to 300 cm. Density, water content 

and pH were also measured from samples of bark collected at 35, 125, 225 and 300 cm from A. 

glutinosa and B. pubescens trees. Averages, standard deviations and range of the variables measured 

are summarised in Table 3.1 and 3.2. 

In the Sebangau Forest, S. balangeran had higher wood density (p=0.005, χ2= 7.87) lower 

pH (p=0.001, χ2=13.5) and lower wood moisture compared to X. fusca at 125 cm (p=0.03, χ2=3.87); 

there were no differences in these variables between height intervals for S. balangeran. Despite 

differences between species in wood density and pH, there were no relations between these variables 

and stem CH4 fluxes (Figure 3.13). 

In Flitwick Moor, B. pubescens had higher wood density than A. glutinosa considering both 

heights together (p=0.001, χ2 =5.92) and higher pH at 125 cm compared to the tree base (p=0.01, 

χ2=5.85), while there was no significant difference in wood moisture between heights and species. 

Stem CH4 fluxes showed no relation to height intervals in B. pubescens despite differences in pH, 

while higher stem CH4 fluxes and higher wood density corresponded to B. pubescens compared to 

A. glutinosa. Bark moisture was visibly lower than wood moisture for B. pubescens, although it was 

not statistically tested (Table 3.2) 

CO2 fluxes slightly increased with wood moisture for X. fusca at 125 cm (p<0.06, r2=0.36), 

although no pattern was observed between stem CO2 flux with height intervals in none of the species. 

CO2 fluxes and increased at more acidic wood pH at 35 cm in A. glutinosa (p<0.01, r2=0.41) 

(Figure 3.14), where B. pubescens displayed higher stem CO2 fluxes than A. glutinosa at 125 cm 

(p=0.03, χ2=1.05) but not at 35 cm No other significant patterns were shown between CO2 fluxes 

and the tree variables measured for other species at both sites.  

Relationships between fluxes and tree variables are showed in Figures 3.13 and 3.14.  

The relationships between stem CH4 fluxes and tree variables at 225 and 300 cm and between 

fluxes and bark variables were not statistically analysed due to the limited dataset, although data are 

presented in Tables 3.1. and 3.2. 
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Table 3.1. Average, SD and range of variables measured from the wood and bark samples of S. balangeran 

(n=10) at 35 cm and 125 cm and from X. fusca at 125 (n=10) and at 165, 225 and 300 cm (n=5); six trees were 

selected for further wood cores collection at 225 and 300 cm from both species; samples were extracted from 

the same area used for the stem CH4 flux measurements. 
a X. fusca had higher pH and wood moisture than 

S. balangeran at 125 cm (p=0.0002, χ2=13.5 and p=0.04, χ2=3.87 respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sebangau forest 

S. balangeran 

Height 

(cm) 

Wood density (g cm -3) Water content (%) pH  

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

35 0.52 ± 0.15 0.35 0.73 43.96 ± 10.32 26.98 77.2 4.33 ± 0.49 3.73 5.16 

125 0.43 ± 0.14 0.22 0.63 45.96 ± 17.67 23.03 74.61 4.29 ± 0.25 3.91 4.6 
 

X. fusca 

Height 

(cm) 

Wood density (g cm- 3) Water content (%) pH  

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

125 0.36 ± 0.08 0.28 0.54 49.25 ± 5.26
a
 38.15 53.45 6.43 ± 0.80

a
 4.73 7.44 
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Table 3.2. Average, SD and range of variables measured from the wood and bark samples of A. glutinosa and 

B. pubescens at 35 and 125 cm (n=10) and at 225 and 300 cm (n=3). 
b
 B. pubescens had higher pH at 125 

cm (p=0.01, χ2=5.85), 

Flitwick Moor 

A. glutinosa 

Height 

(cm) 

Wood density (g cm- 3) Water content (%) pH  

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

35  0.4 ± 0.07 0.25 0.5 39.7 ± 10.7 21.08 62.51   4.8 ± 0.32 4.25 5.23 

125  0.4 ± 0.11 0.27 0.57 38.7 ± 14.1 19.21 60.59  4.8 ± 0.28 4.55 5.34 

225 0.44 ± 0.15 0.34 0.62 49.2 ± 22.21 15.55 57.55 4.65 ± 0.37 4.23 4.92 

300 0.39 ± 0.16 0.2 0.51 47.06 ± 13.99 31.77 56.02 4.87 ± 0.69 4.07 5.29 
  

Height 

(cm) 

Bark water content (%) Bark pH 

Average ± SD Range Average ± SD Range 

min max min max 

35 24.18 ± 12.63 9.9 33.86 4.99 ± 0.20 4.76 5.13 

125 30.65 ± 18.31 10.34 45.89 5.09 ± 0.19 4.88 5.25 

225 42.90 ± 5.57 36.47 46.35 5.25 ± 0.32 4.95 5.6 

300 40.47 ± 11.16 31.59 53.01 5.39 ± 0.09 5.28 5.48 
 

B. pubescens 

Height 

(cm) 

Wood density (g cm- 3) Water content (%) pH  

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

35 0.5 ± 0.14 0.27 0.67 39.6 ± 18.2 14.4 67.2    5.3 ± 0.71 4.45 6.7 

125 0.5 ± 0.13 0.27 0.67 40.5 ± 15.6 21.3 71.9    5.4 ± 0.44
b
 4.38 5.79 

225 0.46 ± 0.21 0.31 0.71 21.1 ± 2.83 17.4 24.3 5.94 ± 1.15 4.98 7.22 

300 0.41 ± 0.11 0.32 0.55 14.2 ± 2.64 10.5 16.1 5.43 ± 0.49 5.1 6 
  

Height 

(cm) 

Bark water content (%) Bark pH 

Average ± SD Range Average ± SD Range 

min max min max 

35    9.16 ± 1.05 8.16 10.3 5.88 ± 0.97 5.32 7 

125 12.79 ± 1.33 11.3 13.9 5.71 ± 0.38 5.38 6.13 

225 21.14 ± 3.47 17.48 24.39 5.30 ± 0.39 4.85 5.59 

300   14.28 ± 3.24 10.55 16.16 5.15 ± 0.28 4.84 5.34 
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Figure 3.13 Stem CH4 fluxes and wood variables measured at 35 and 125 cm (n=10 per species) and at 225 

and 300 cm for A. glutinosa and B. pubescens (n=3 per species).  
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Figure 3.14. Stem CO2 flux and variables measured at 35 and 125 cm (n=10 per species) and at 225 and 300 

cm for A. glutinosa and B. pubescens (n=3 per species); CO2 fluxes were inversely related to pH at 35 cm in 

A. glutinosa (y = - 200.01x + 1062.18; r2 = 0.41; p < 0.05) 

 

3.4.6 Soil CH4 fluxes and soil variables 

 

Soil CH4 and CO2 fluxes were measured from six undisturbed and unvegetated hollows close 

to each of the study tree used for stem flux measurements up to 300 cm.  

In the Sebangau Forest, soil CH4 fluxes averaged 13.03 ± 19.6 µg m-2 h-1 close to X. fusca, 

with a maximum soil CH4 flux of 35.66 µg m-2 h-1 for soil of tree X91. X. fusca also displayed visibly 

higher soil CH4 in pore water compared to S. balangeran soil, although this was not statistically 

tested. Soil CH4 averaged 61.90 ± 103.46 µM CH4 l-1 and 2.95 ± 3.19 µM CH4 l-1 for X. fusca at - 20 

and - 50 cm below the soil surface respectively. One X. fusca tree (X91) had a maximum of 181.34 

µM CH4 l-1 of CH4 in soil pore water, the tree that also displayed the highest soil CH4 flux (35.66 µg 

m-2 h-1; Figure 3.15).  

For S. balangeran, soil CH4 fluxes averaged 5.24 ± 5.8 µg m-2 h-1 and CH4 concentrations in 

soil pore water averaged 0.36 ± 0.20 µM CH4 l-1 and 0.23 ± 0.01 µM CH4 l-1.  

No CH4 uptake fluxes were observed from soil of none of the tree species in Sebangau Forest.  

Stats were not performed to assess differences between species (three data points each 

species), but just between soil variables and soil fluxes without considering species (six data points). 

Soil CH4 fluxes increased with CH4 pore water at -20 (p<0.001; r2 = 0.88), and soil density 

(p<0.001; r2 = 0.97) and increased at lower soil water content (p<0.001; r2 = 0.86). There was no 

difference in CH4 in soil pore water between -20 and -50 cm. 

g cm-3 
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In Flitwick Moor both soil CH4 fluxes and CH4 concentrations in soil pore water were higher 

for B. pubescens compared to A. glutinosa. Soil fluxes averaged 27.35 ± 11.47 µg m-2 h-1 and all 

were positive from soil close to B. pubescens with a maximum of 34.3 µg m-2 h-1 (B1). CH4 

concentrations in soil pore water averaged 328.65 ± 70.3 uM CH4 l-1 and 21.19 ± 17.2 uM CH4 l-1 at 

-20 and -50 cm respectively, with a maximum of 401.4 uM CH4 l-1   for tree B1 (Table 3.3). 

Soil CH4 fluxes close to A. glutinosa averaged 2.48 ± 9.89 µg m-2 h-1 and CH4 uptake was observed 

from A. glutinosa soil with a maximum uptake of -4.3 µg m-2 h-1 (A16). CH4 concentrations in soil 

pore water averaged 13.66 ± 1.91 uM CH4 l-1 and 5.49 ± 1.46 uM CH4 l-1 for A. glutinosa at -20 and 

-50 cm below the soil surface respectively. CH4 in soil pore water was one order of magnitude higher 

at - 20 cm for both species. Soil CH4 fluxes increased with soil pore water at -20 cm (p<0.001; r2 = 

0.73.). Soil pore water CH4 and pH were significantly higher at -20 cm (p=0.02, χ2 = 5.77; p=0.04, 

χ2 = 4.33).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. CH4 fluxes for each species at both study sites including fluxes from soil spots close to each tree 

(n=3) and stems measured up to 300 cm at 15 cm intervals (n=3). The raised roots prevented measurements 

from X. fusca up to 120 cm 
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Table 3.3: Soil CH4 flux (n=3 for each species) and variables measured at -20 and -50 cm below the soil surface (n=3 at each depth for each species) from hollows at 1 m from the selected 

trees in the Sebangau Forest and at >1m from the selected trees (n=3) in Flitwick Moor. Note that the soil depths are calculated from the base of the study trees, that were located in hummocks 

 

Site Tree species  Soil CH4 flux 

(µg m-2 h-1) 

 Soil CO2 flux       

(mg m-2 h-1) 

Soil 

depth 

(cm) 

Soil CH4 pore water 

(uM CH4
 l-1) 

Soil water content 

(%) 

Soil density (g 

cm-3) 

pH 

Average ± SD Average ± SD 
 

Average ± SD Average ± SD Average ± SD Average ± SD 

Sebangau 

forest 

S. balangeran 5.24    ± 5.82 608.36  ± 101.69 -20 0.36 ± 0.20 78.49 ± 2.06 0.21 ± 0.01 4.12 ± 0.13 

-50 0.23 ± 0.01 78.41 ± 6.19 0.21 ± 0.06 4.04 ± 0.10 

X. fusca 13.03   ± 19.60 522.38  ± 246.59 -20 61.9 ± 103.46 74.85 ± 7.18 0.22 ± 0.04 4.29 ± 0.09 

-50 2.95 ± 3.19 78.47 ± 3.70 0.2 ± 0.03 4.07 ± 0.18 

Flitwick 

Moor 

A. glutinosa 2.48     ± 9.89 358.74  ± 169.48 -20 13.66 ± 1.91 66.65 ± 11.19 0.24 ± 0.07 3.71 ± 0.45 

-50 5.49 ± 1.46 57.3 ± 11.24 0.45 ± 0.24 3.05 ± 0.87 

B. pubescens 27.35   ± 11.47 630.57  ± 184.6 -20 328.65 ± 70.36   67.24 ± 4.34 0.19 ± 0.01 3.37 ± 0.21 

-50 21.19 ± 17.24 71.18 ± 6.75 0.17 ± 0.01 2.62 ± 0.32 
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3.5 Discussion 

 

This study demonstrates that tree stems at both the Sebangau forest and Flitwick Moor during 

periods of drier soil conditions, emit significantly less CH4 compared to previous studies conducted 

at the same site during wetter conditions (Pangala et al., 2013, 2015). This is the first report of stem 

CH4 fluxes in the peat swamp forest of the Sebangau river catchment during the transition from the 

wet to dry season, and in Flitwick Moor nature reserve, a typical temperate alder carr forested 

peatland, experiencing dry soil conditions.  

 

Lowered stem CH4 emissions as a result of lowered water table levels 

 

Low stem CH4 emissions were a result of lowered water table. Wetland trees typically emit 

soilborne CH4 (Pangala et al., 2013, 2017; Sjögersten et al., 2020, Jeffrey et al., 2020), and more 

aerobic conditions in the soil are likely to lead to decreased soil CH4 production and ultimately less 

CH4 being released from the tree stem surfaces.  

In the Sebangau Forest, seasonality is defined by wet and dry season. The water table was 

38 ± 20.6 cm below the ground at trees located in tree hummocks, displaying high variability as the 

swamp forest ground surface is typically very irregular. Average water table level in the previous 

study conducted in the same plot during the wet season (Pangala et al., 2013) was 16 ± 3.5 cm below 

the ground in hummocks (tree and non-tree).  

Stem CH4 fluxes averaged 13.18 ± 26.97 µg m-2 hr-1 and - 0.29 ± 2.74 µg m-2 hr-1 from S. balangeran 

and X. fusca respectively, up to two orders of magnitude lower than previously reported, probably 

resulting from a decrease in the water table level of around 20 cm compared to the previous study 

(Pangala et al., 2013). This is consistent with other studies of wetland trees: Jeffrey et al. (2020) 

measured stem CH4 fluxes on a topo-hydrological gradient in a tropical wetland in Australia 

including dry and wet areas from a lower to a more elevated zone. Total stem CH4 fluxes ranged 

from 13 to 2000 µg m-2 hr-1 in dry areas with the water table levels at 0.9 m and at 0.3 m below 

ground respectively. Sjogersten et al. (2020) measured stem CH4 fluxes from different forest types 

in a tropical wetland in Panama; they observed a decrease of up to two orders of magnitude in stem 

CH4 fluxes (close to 0 to around 250 mg per tree d-1) across a water-table level difference of 30 cm 

below ground. A recent study in a temperate wetland observed stem CH4 fluxes that were more than 

tenfold higher following an increase of the water table level of ~20 cm (Terazawa et al., 2021). On 

the other hand, in another temperate wetland, Moldaschl et al. (2021) did not observe differences in 

stem fluxes from flooded and non-flooded area, possibly due to the short-term flooding event which 

failed to increase soil CH4 and consequently stem emissions.  

In this study CH4 concentrations in soil pore water were below 10 µM CH4 l-1 and reached a 

maximum of 180 µM CH4 l-1 close to an individual X. fusca tree, which also displayed the highest 

soil and stem CH4 emission among the X. fusca trees (Figure 3.15). 
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Although the water table levels in this study were generally lower than in Pangala et al. 

(2013), some soil hollows exhibited similar water table levels as in the previous study. The forest 

floor in the Sebangau Forest was very irregular and some deep hollows were present. Also, in the 

transition from the wet to dry season, the variability in the dry-wet distribution of soil microsites can 

result in high variability in CH4 fluxes from trees and possibly other forest components. The forest 

ground morphology and the peatland type should be considered along with the fluctuations in the 

water table level when selecting trees for flux measurements. The water table level in the Sebangau 

Forest was measured from 10 spots representing this variation, but a deeper analysis of the relation 

between water table level and stem fluxes for every single tree was not performed. Moreover, in the 

Sebangau Forest soil CH4 fluxes from hollows were inversely related to the soil water content; CH4 

can easily diffuse vertically with lowered water table levels and more aerated soils; this can result in 

less CH4 entering the stem pathway, contributing to further reduction in the magnitude of the stem 

emissions (Terazawa et al., 2021).  

 

In Flitwick Moor, changes in temperature, and a less pronounced fluctuation in soil 

hydrology, with a water table level relatively stable all year round, typically mark the seasonal 

changes in stem CH4 fluxes (Pangala et al., 2015). The present study was conducted during the 

beginning of summer 2018, with temperatures averaging 25.54 ± 3 °C and unusual dry soil 

conditions. The water table averaged 45.75 ± 1.25 cm below ground in tree hummocks. 

A. glutinosa exhibited lower soil and stem CH4 fluxes than B. pubescens, consistent with the previous 

study: Pangala et al. (2015) observed a marked seasonal effect on stem CH4 fluxes for both A. 

glutinosa and B. pubescens mainly due to variations in soil pore water CH4 and temperature. They 

observed B. pubescens displaying maximum fluxes in summer averaging 174 ± 8.64 µg m-2 hr-1 and 

A. glutinosa in autumn with 166 ± 13.8 µg m-2 hr-1; Gauci et al. (2010) previously found A. glutinosa 

emitting 4 µg m-2 h-1 in spring and 101 µg m-2 h-1 in autumn at the same study site. While seasonality 

driven by temperature determines the magnitude of stem CH4 fluxes in Flitwick Moor, the present 

study highlights the role of the water table in regulating stem CH4 fluxes, and the importance of 

monitoring CH4 fluxes from trees with different hydrological conditions, especially under more 

extreme dry conditions than the trees may be accustomed to.  

Similarly, Kohn (2020) observed low emissions from A. glutinosa during unusual dry conditions. 

They measured stem CH4 fluxes from wet and dry areas with water table levels ranging from close 

to the soil surface to more than 2 m below the ground. They suggested that the A. glutinosa tree roots 

were not connected to the groundwater and CH4 source due to a sudden drop in water table. They 

further suggested that lower CH4 production in soil also contributed to reduced emissions.  

Tree roots in both the Sebangau forest and Flitwick Moor created elevated hummocks, and root 

biomass was mostly concentrated within 0-30 cm depth below the forest floor (Curt & Prevosto, 

2003), therefore the rooting depth could have limited the trees’ ability to access CH4 in deeper soil 

layers that continued to be wet during the dry periods when this measurement was performed.  Soil 

inundation inhibits root formation, and trees with a shallow and spreading root system are 
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characteristic of sites with high water table levels; moreover, these trees are less drought tolerant in 

these conditions as roots are exposed and fail to absorb water (Kozlowsky, 1997).   

CH4 production was still occurring within the plot in Flitwick Moor, as a maximum soil pore 

water CH4 concentration of 328.65 ± 70.36 uM CH4 l-1 was measured at 20 cm soil depth within 2 m 

from B. pubescens trees (Table 3.4). CH4 concentrations in soil pore water might have been lower 

within 1 m of each study tree, as soil was visibly drier, but it was not possible to collect soil pore 

water samples at that distance as the soil was too dry. CH4 concentration in soil pore water close to 

B. pubescens was in the same order of magnitude as reported in Pangala et al. (2015). The 

significantly lower soil and stem CH4 fluxes from A. glutinosa could reflect the lower CH4 

concentration in soil pore water compared to B. pubescens (Table 3.5).  

Despite the drier soil conditions at the soil surface close to the study trees, the high pore-water CH4 

concentrations observed in the plot might be due to the upwelling hydrology that usually maintains 

high levels of CH4 in Flitwick Moor (Pangala et al., 2015). The roots of B. pubescens could have 

intercepted CH4 diffusing vertically from deeper soil layers (Pangala et al., 2015), and this 

contributed to higher emissions from this tree species. 

 

At both sites, the lowered water-table along with more air-exposed roots might have also enhanced 

CH4 oxidation and inhibited methanogenesis in soil. Kohn et al. (2021) observed increased soil CH4 

fluxes at drier conditions and increased stem CH4 fluxes with higher water table levels, suggesting 

that trees may not be the preferential pathway for CH4 when water table levels are lowered. In the 

present study, the effect of lowered water table levels may have caused 1) more CH4 diffusing from 

the soil to the atmosphere, 2) increased CH4 oxidation conditions and 3) tree roots failing to reach 

CH4 producing soil layers, resulting in less CH4 uptake from tree roots and reduced tree stem 

emissions. 
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Table 3.4. Average and SD of water table levels (WTL) and stem CH4 fluxes measured in the present study and during the previous field campaigns in the same sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site WTL - hollows (cm) WTL - hummocks (cm) Tree species Stem height 

(cm) 

Stem CH4 flux (µg m-2 h-1) 

Average ± SD Average ± SD Average ± SD 

Sebangau 

Forest 

Pangala et al., 

2013 

Present study Pangala et al., 

2013 

Present study  Pangala et al., 

2013 

Present    study 

4.7 ± 1.2  -15.7 ± 17.5 -16 ± 3.5  -38 ± 20.64 S. balangeran 20-50  150 ± 10 13.18 ± 26.97  

100-130   90 ± 35 -6.7 ± 23.53  

X. fusca 20-50  180 ± 5 
 

100-130  80 ± 4 - 0.29 ± 2.74 

Flitwick 

Moor 

Pangala et al., 

2015 

Present study Pangala et al., 2015  Present study  
  

Pangala et al., 

2015 

Present    study 

3.5 -18.2 ± 1.2 -14.5 (max peak in 

May) 

- 45.7 ± 1.25 A. glutinosa 20-50  166 ± 13.8 1.4 ± 1.80  

100-130  
 

0.2 ± 0.42  

B. pubescens 20-50  174 ± 8.64 12.9 ± 23.4  

100-130  
 

5.3 ± 6.4  
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Table 3.5. Average and SD of soil fluxes and CH4 in soil pore water in the present study and during the previous field campaigns in the same sites.  

* Soil CH4 pore water in Pangala et al. (2015) from hollows close to both tree species without species distinction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Site    Species Soil CH4 flux (µg m-2 h-1) Soil CH4 pore water (uM l-1) 

Average ± SD Soil depth (cm) Average ± SD 

Sebangau 

Forest 

 
Pangala et al., 2013 Present study Pangala et al., 2013 Present study 

S. balangeran 32.9 ± 7.8 5.24 ± 5.82 -20 cm 123 ± 41.4 0.36 ± 0.20 

-50 cm 0.23 ± 0.01 

X. fusca 13.03 ± 19.60 -20 cm 61.9 ± 103.46 

-50 cm 2.95 ± 3.19 

Flitwick Moor 
 

Pangala et al., 2015 Present study 
 

Pangala et al., 2015* Present study 

A. glutinosa 774 ± 67  2.48 ± 9.89 -20 cm 275 ± 200 13.66 ± 1.91 

-50 cm 80 ± 10 5.49 ± 1.46 

B. pubescens 27.35 ± 11.47 -20 cm  328.65 ± 70.36 

-50 cm   21.19 ± 17.24 
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It is also possible that larger DBH might have partly contributed to lower fluxes than measured 

in previous studies. Pangala et al. (2013, 2015) observed a significant decrease of stem CH4 fluxes 

with larger DBH of mature trees; in the present study, S. balangeran and X. fusca DBH averaged 

24.79 ± 6.4 and 21.78 ± 3.6 cm respectively, while trees in Pangala et al. (2013) had a DBH below 

20 cm. Similar differences in DBH were observed for the study trees in Flitwick Moor compared to 

Pangala et al. (2015). Stem CH4 fluxes decreased up to one order of magnitude from young compared 

to mature trees (Pangala et al., 2015), but mature trees in the previous study still emitted CH4 at 

consistent high rates compared to the present study. Hence, the water table level had a central role in 

reducing emission rates.  

Both air and soil temperature in the Sebangau forest and Flitwick Moor were higher in the 

present study compared to the previous studies by Pangala et al. (2013,2015). Temperature was a 

minor variable controlling the magnitude of stem CH4 fluxes compared to the water table level and 

soil hydrology. For instance, Pangala et al. (2015) showed that stem CH4 fluxes generally increased 

in summer, although the water table level remained constant; on the contrary, stem CH4 fluxes of the 

present study were significantly lower, although summer average temperatures were higher than 

previous years, while the water table level dropped considerably. Moreover, temperature could have 

indirectly controlled stem CH4 fluxes in the previous study: A. glutinosa displayed higher stem CH4 

fluxes in winter (Pangala et al., 2015) as the intercellular spaces in lenticels and cambium are 

narrower, and thermo-osmotic gas transport increases (Schroder,1989). 

 

Effect of sampling height, wood density and moisture on stem CH4 fluxes distribution and 

magnitude: a comparison between wetland and upland trees 

 

Although a strong effect of drier conditions was observed on stem CH4 fluxes, the water 

table levels were still within a wetland range. Trees from the present study displayed fluxes within 

the lower range of stem CH4 fluxes reported for upland forests (138.2 µg m-2 hr-1 - 0.016 µg m-2 hr-

1; Machacova et al., 2016; Maier et al., 2018; Pitz & Megonigal, 2017; Pitz et al., 2018; Plain et al., 

2019; Wang et al., 2016; Warner et al., 2017). Forested uplands are characterised by well-drained 

soils and lower water table levels compared to wetlands, and uplands are considered overall a CH4 

net sink, although upland trees can significantly contribute to the ecosystem CH4 emissions 

(Machacova et al.,2016, 2020; Wang et al., 2016, 2017; Pitz & Megonigal, 2017; Warner et al., 

2017; Maier et al., 2018). Trees emissions in this study showed characteristics that are common to 

upland trees:  

1) Absence of a marked decreasing pattern of stem CH4 fluxes along the tree; the decreasing 

pattern along the stem, typical of wetland trees (Jeffrey et al., 2020; Pangala et al., 2013, 2015, 2017; 

Sjogersten et al., 2020; Terazawa et al. 2015, 2020) disappears in upland trees, resulting in a more 

heterogenous distribution of CH4 fluxes and displaying variability among tree individuals. For 

instance, Machacova et al. (2016) found higher CH4 emissions from Pinus sylvestris shoots 
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compared to the tree base; Pitz et al. (2017) and Barba et al. (2021) observed ‘extreme’ fluxes 

occurring from just a few tree individuals, and generally high variability among trees. These 

characteristics are widespread across upland trees (Maier et al., 2017; Pitz & Megonigal, 2017; Wang 

et al., 2017; Warner et al., 2017). Moreover, an increasing stem CH4 emission pattern, was observed 

by Maier et al. (2017) and Moldaschl et al. (2021) in an upland and a forested floodplain respectively. 

In the latter study, the increasing pattern was observed in a non-flooded area only from Fraxinus 

excelsior, while in the flooded area they observed a decreasing pattern from other tree species. 

Interestingly, the stem CH4 emissions observed in the present study from Betula pubescens were 

similar to one observed by Pihlatie et al. (2020) in a boreal upland from the same tree species (up to 

45 μg m-2 h-1). A lack of a clear spatial pattern was observed from B. pubescens in Flitwick Moor, 

while Pihlatie et al. (2020) observed a decreasing pattern of fluxes along the stem. 

Fluxes were measured during the late morning each sampling day, as mentioned in 2.4.1.3, 

which indicated that flux heterogeneity wasn’t caused by diel variability in tree physiology.  

In the present study, there were generally no statistically significant differences in stem CH4 

fluxes and sampling heights in the Sebangau Forest and marginal differences in Flitwick Moor. 

Although most emissions occurred close to the base of the trees in both sites, this was not true for all 

tree species. There was a significant decreasing pattern of CH4 fluxes up to 300 cm for A. glutinosa 

and S. balangeran, but not for B. pubescens and X. fusca (Figures 3.4.4 and 3.4.5). The spatial 

distribution of fluxes in Pangala et al. (2013, 2015) displayed a clear decreasing pattern along the 

stem for all species; strong CH4 production in soils results in stronger emissions, and when water-

table level is lowered, the production in soil is also lowered, and stem emission CH4 emissions also 

decrease along with the marked decreasing gradient along the stems.  

This is the first report of stem CH4 fluxes measured at close intervals up to 300 cm. Although 

a decreasing trend was present for some of the species, ‘peaks’ in emission occurred on the upper 

stem. Consecutive measurements at 15 cm intervals showed the high heterogeneity of stem CH4 

fluxes. Measurements performed distanced from each other might overlook localised ‘extreme’ 

fluxes. Wang et al. (2016) measured stem emissions at 435-465 cm and found similar CH4 fluxes to 

the ones at 115-145 cm, concluding that stem CH4 fluxes were similar in between height intervals. 

Stem CH4 fluxes have previously been measured at 245 cm (Pitz et al., 2017) and others have 

extrapolated fluxes at greater hights, based on modelling data from a few measurements along the 

lower stem (Pangala et al., 2015, Sjogersten et al., 2020). Sudden changes in soil hydrology and 

general ecosystem transitions might result in less predictable CH4 fluxes; extrapolations fail to 

account for stem fluxes heterogeneity and, as a result, tree-methane budget might be under or over-

estimated. Based on Barba et al. (2019), the lack of a clear spatial pattern especially for X. fusca and 

B. pubescens, may be indicative of a combination of soil and tree continuous and intermittent CH4 

production with heterogenous radial diffusion patterns, although the occurrence of uptake and 

microbial sinks were not considered in the proposed patterns. 

Another factor that might contribute to the heterogenous distribution of stem CH4 fluxes is 

the presence of cracks and holes which cannot be detected by simply inspecting the stem surface 
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(Teskey et al., 2008) resulting in ‘peak’ fluxes, emissions or uptake, at certain height intervals. 

Further analysis of CH4 production processes within tree stems are reported in Chapter 4.  

(2) Evidence of stem CH4 uptake from tree stems. In the present study, CH4 uptake fluxes 

occurred across all sites and species, with a maximum rate of -66.6 µg m-2 hr-1 from S. balangeran in 

the Sebangau Forest. This is the first study reporting evidence of uptake in a tropical wetland. 

Evidence of stem uptake in a temperate wetland was previously observed by Pitz et al., (2017). They 

observed a wide range of both emissions and uptake fluxes across an upland, a transitional 

upland/wetland, and wetland area, with a maximum uptake flux of -157.1 µg m-2 hr-1 occurring from 

trees in the wetland area. More evidence of CH4 uptake from tree stems was found only in uplands, 

both temperate (Machacova et al., 2016; Pitz & Megonigal, .2017; Wang et al., 2016) and tropical 

(Machacova et al., 2020; Welch et al., 2019). Uptake was also observed in coarse woody debris 

(Mukhortova et al., 2021; Warner et al., 2017) and in standing dead trees in a wetland (Carmichael 

et al., 2018).  

Sandqvist et al. (2015) detected CH4 uptake fluxes up to -160 µg m-2 h-1 from leaves of 

different upland trees species and observed that the uptake increased with the PAR 

(photosynthetically active radiation). They suggested that CH4 consumption was controlled by 

stomatal conductance and possibly carried out by microbial populations. As Welch et al. (2019) 

suggested, uptake fluxes might occur from a diffusion gradient resulting from decreased soil CH4 

production and consequently CH4 absorption from the atmosphere to the tree roots. A. glutinosa and 

S. balangeran showed higher uptake fluxes than B pubescens and X. fusca, lower CH4 concentration 

in soil pore water and a significantly marked spatial pattern with higher fluxes at the tree base, 

compared to B pubescens and X. fusca. This probably resulted in a more pronounced diffusion 

gradient of CH4 from the stem to the rhizosphere, based on that suggested by Welch et al. (2019).  

The heterogenous distribution of CH4 uptake fluxes along the stem at both the Sebangau 

Forest and Flitwick Moor might also be caused by localised presence of methanotrophic 

communities, and this could also explain the presence of uptake fluxes from the basal parts of the 

trees. In wetland soils, CH4 oxidation occurs at the aerobic-anaerobic interface, which is linked to 

the water-table position, where substantial CH4 concentration is often dissolved in pore water.  

Similar aerobic-anaerobic transitions can occur in tree stems where air-filled voids sit adjacent to 

anaerobic sites. Oxidation of CH4, whether CH4 has diffused up the stem from the soil, been produced 

in situ, or absorbed onto the bark surface from the atmosphere, can occur. Methanotrophic activity 

was not detected by Wang et al. (2016) in tree stems, but signs of microbial species known to oxidize 

CH4 have been detected before in trees (Brandt et al., 2017; Mäkipää et al., 2018; Martinson et al., 

2010; Yip et al., 2018). A recent study from Jeffrey et al. (2021) found a significant CH4 oxidation 

by bark-dwelling methanotrophs in tropical wetland trees, that reduced CH4 emissions by 36 ± 5 %. 

They suggested that tree methanotrophs represent a potential CH4 sink, and it may be widespread 

across ecosystems. Further analysis of CH4 oxidation processes within tree stems are reported in 

Chapter 4.  
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(3) With decreased water-table levels and decreased soil CH4, the effect of wood density on 

stem CH4 emissions is less apparent and other variables might play a role. Wood density was higher 

at the tree base in the Sebangau forest, but there were no relationships between wood density and 

stem CH4 fluxes. In the previous studies (Pangala et al., 2013) stem CH4 fluxes significantly 

decreased with wood density along the tree stem. In the Sebangau Forest (present study) stem CH4 

fluxes did not reflect the difference in wood density along the stem, that was higher at the tree base. 

Wood density might have exerted a stronger control on CH4 flux rates if these were higher; on the 

other hand, wood density was homogenous along the tree stems in Flitwick Moor (present study) and 

other variables might have played a role in stem CH4 fluxes variation along the stem. Accordingly, 

Pitz et al. (2018) did not find a clear difference in stem CH4 fluxes between ring-porous and diffuse-

porous species; such morphological differences would be reflected in different wood density, and 

this would be a limiting variable for higher CH4 fluxes. But wood density could have exerted a control 

on stem CO2 fluxes, as they were orders of magnitude higher compared to CH4 fluxes, and fluxes in 

those magnitude range could be constrained by the tree internal structure. Wood density did not affect 

the pattern of CO2 fluxes, and the density of the outer bark was not analysed in the present study 

because of experimental limitations, but it could have significantly varied along the stem length 

playing a role in limiting the gas diffusion. Moreover, B. pubescens had a visibly thinner outer bark 

and visible stem lenticels compared to A. glutinosa, and these features might have facilitated gas 

stem emissions from B. pubescens, contributing to higher stem emission rates. On the other hand, 

the bark moisture of A. glutinosa was relatively lower at the tree base compared to the 300 cm height 

interval (24% and 40% respectively). Although this difference was not supported statistically, it may 

suggest a facilitated gas diffusion to the atmosphere at lower height intervals. The relation between 

bark pH, moisture and fluxes was not analysed as for wood, but bark samples were used for further 

analysis on the microbial activity in Chapter 4. Although less water content in bark might have 

facilitated CH4 emissions, it didn’t seem it had an impact on CH4 uptake, that was higher from the 

upper stem, and could have been affected by other not identified variables. 

With lower stem flux rates, their distribution along the stem is more heterogenous, allowing 

other localised CH4 sources in the tree to emerge. For instance, two of the S. balangeran individuals 

in the Sebangau Forest showed significantly higher emissions compared to the other trees, and wood 

cores extracted from these individuals had a darker colour and moisture content above the 70%. This 

suggested the presence of wet wood, which may be associated with microbial activity or fungal 

infection (Zeikus & Ward, 1974; Covey et al., 2012). Although the pH was more acidic (~ 4) than 

wetwood pH (~7) measured by Zeikus & Ward, (1974).  

Methanogenesis could have occurred in situ in the wet wood of S. balangeran trees resulting 

in higher emissions than from the rest of trees (Wang et al., 2017). Wang et al. (2017) found that 

wood moisture-content values over 50% resulted in significantly higher stem CH4 emissions and 

suggested microbial sources as the main controlling factor for stem CH4 emissions. On the other 

hand, in Flitwick Moor two B. pubescens trees had wood moisture between 65 and 70% at 35 cm 

(B5 and B9) and at 125 (B9), but stem CH4 fluxes from B5 were smaller compared to other trees; 
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this might be also due to sampling limitations and heterogeneity of wet microsites within the radial 

section of the trees. Other upland studies (Machacova et al., 2016, Pitz & Megonigal, 2017; Plain et 

al., 2019; Warner et al., 2017) observed the same heterogenous distribution of stem CH4 fluxes and 

the absence of a direct link to soil CH4 sources, and they did not discard that a potential CH4 

production might occur inside the tree stems. Active methanogenesis was measured from incubations 

of wood cores in just a few upland studies (Covey et al., 2012; Pangala et al., 2017; Pangala et al., 

unpublished; Wang et al., 2016). Further evidence of CH4 production from tree stems is presented in 

Chapter 4.  

An important difference with upland trees is that stem CH4 emission decrease along the stem 

and typically show a positive relationship with soil CH4 and with the water table level. Upland trees 

showed only partial or no relationship with the water-table level and there is no clear seasonal effect 

on stem CH4 fluxes, and CH4 concentrations inside the tree stem are unrelated to soil conditions, 

where, moreover, the production of CH4 is not significant (Pitz et al., 2017, Pitz & Megonigal, 2017; 

Wang et al., 2016; Warner et al., 2017; Welch et al., 2019). Moreover, upland soils are overall a CH4 

sink (Machacova et al., 2016; Wang et al., 2016) although they can be a sink in the dry season and a 

source during the wet season (Welch et al., 2019) and they can switch from sink to source along a 

temperate forested upland-wetland gradient (Pitz et al., 2017). The trees of the present study might 

show an upland-like behaviour in dry conditions, but still depending on soil water table level and 

CH4 dissolved in the rhizosphere. 

Moreover, upland trees displayed stem CH4 fluxes comparable to wetland tree stem CH4 

fluxes (320 µg m-2 h-1; Wang et al., 2017) while fluxes of the present study fell within the lower 

range for upland trees (0.012 µg m-2 h-1; Machacova et al., 2016) despite the generally lower water 

table levels and the more aerated soils that characterised these uplands compared to the Sebangau 

Forest and Flitwick Moor. A possible explanation is that upland trees have bigger root systems that 

penetrates deeper into the anaerobic soil layers where most CH4 production occurs (Megonigal & 

Guenther, 2008). The roots of upland trees can also increase their sizes periodically to reach 

groundwater in ecosystems with marked dry seasons (Fan et al., 2017). Wetland tree species, 

including the species analysed in the present study, tend to have shallow root systems, and flooding 

conditions might have inhibited root growth (Kozlowsky, 1997) 

 

Relations between stem CH4 and CO2 stem fluxes 

 

Stem CO2 fluxes helped explain the CH4 variability in A. glutinosa but failed to explain stem 

CH4 flux variability for the other species at both sites. In A. glutinosa, both CH4 and CO2 decreased 

with stem height and displayed a covariation at 35 cm and when measured up to 300 cm. This may 

indicate that both gases were transported through the same mechanisms and emitted to the 

atmosphere, thereby overcoming the same barriers to diffusion. This similarity would allow, at least 

at a species level, one to potentially estimate the CH4 flux pattern from CO2 fluxes. Stem CO2 fluxes 

were within the range found in previous studies (Pitz et al., 2018, Warner et al., Barba et al.), but 
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CH4 fluxes were orders of magnitude lower than typical wetlands stem CH4 fluxes. Stem CO2 fluxes 

might vary throughout the year depending on the ecosystem, the species and also the individual tree; 

if we were to estimate the magnitude of stem CH4 fluxes from CO2 fluxes, a seasonal study 

considering both stem CH4 and CO2 should be conducted in the first place. On the other hand, it was 

possible to make some inference from the significant relationship between stem CH4 and CO2 fluxes 

for A. glutinosa. Stem CO2 and CH4 fluxes originated mostly from soil produced CH4 and CO2, and 

this is also consistent with previous studies (Barba et al., 2017). Part of the CO2 that may not have 

entered the xylem sap could have transported via passive diffusion following a diffusion gradient. 

Teskey & McGuire (2007) found that CO2 flux from the stem exceeded CO2 in the xylem sap, and it 

decreased along the tree stems, concluding that CO2 originated from the soil, not from the stem living 

cells.  

Passive diffusion and pressurised ventilation are documented to be the main mechanisms for CH4 

transport in A. glutinosa (Große & Schroder, 1984; Rusch & Rennemberg,1998; Pangala et al., 

2015); however, CO2 emissions from stem surfaces are documented to predominantly result from 

transpirational stream (Teskey et al., 2008). Alternatively, CH4 can be dissolved in sapwood if 

aerenchyma is absent, but A. glutinosa aerenchyma has been documented (Grosse & Schroder, 1986) 

and CH4 is also less soluble than CO2 (Nouchi et al., 1990), which makes the first hypothesis more 

feasible.  

The diffusion pathway might be preferred when CH4 is present at low concentrations, and this results 

in low flux rates (Kohn et al., 2020; Kutschera et al., 2016) and the lack of clear spatial patterns of 

fluxes from trees can be the result of the overall diffusion mechanism used for transporting low 

amounts of CH4. 

Moreover, CH4 and CO2 might have similar radial conductance. Resistance to gas diffusion 

from the tree stems to the atmosphere depends mostly on the strength of the diffusion barriers 

between the xylem and the inner and outer bark (Tarvainen et al., 2013, Teskey et al., 2008). The 

strength of these barriers can also vary between species (Wang et al., 2019). In Flitwick Moor, B. 

pubescens typically has a thinner bark than might have contributed to significantly higher stem CH4 

and CO2 fluxes compared to A. glutinosa.  

The radial diffusion of CO2 from the xylem to the atmosphere, whether it comes from the 

root system or is produced in xylem living cells, follows diel and seasonal cycles, and vary with 

temperature, sap pH and flow rate (Teskey et al., 2008); CO2 when dissolved acidifies the water with 

pH in the range of 4.7-7.4 (Bloemen et al., 2013; Teskey et al, 2008).  Stem CO2 fluxes increased at 

lower pH at 35 cm in A. glutinosa, suggesting that at the stem base there was more CO2 in its gaseous 

form than could diffuse to the atmosphere. Wood moisture was slightly lower at the tree base and 

compared to upper stem intervals (~40% and ~50% respectively), and less water content can increase 

the radial diffusion of CO2 (De Roo et al., 2020; Megonigal et al., 2020). Although differences 

between wood moisture were not statistically supported, the relation between CH4 and CO2 stem 

fluxes for A. glutinosa suggested a similar transport mechanism and diffusion pattern to the 

atmosphere.  
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Soil CO2 almost doubled for B. pubescens trees compared to A. glutinosa, but stem CO2 

fluxes, especially at the tree base were relatively lower for B. pubescens, and CO2 might have 

diffused through soil before being transported in the soil tree continuum and emitted through the 

stems. Also, B. pubescens individual trees measured at 15 cm intervals up to 300 cm did not display 

a clear difference in CH4 fluxes magnitude, while they clearly display a difference in CO2 fluxes, 

probably reflecting soil CO2 concentrations close to the individual trees. 

However, the occurrence of CO2 uptake mostly in the upper parts of the tree may indicate 

the occurrence of photosynthetically active stems while higher CO2 emissions at the tree base may 

be the product of respiration processes; CH4 uptake also occurred mostly from the upper stem, but 

this may reflect CH4 oxidation within tree tissues or, a downward diffusion gradient created by 

lowered CH4 concentrations in soil. On the other hand, the CO2 uptake displayed by some of the trees 

can be artifacts, resulting from the enclosing time of the stem chamber, that matched changes in CH4 

concentration only, not CO2. The concentrations of CO2 at time 0 were atmospheric, but sudden 

decreases after a few minutes occurred resulting in an uptake flux. 

 

3.6 Conclusions 

 

This study has contributed to redefining the role of trees in the Sebangau forest and Flitwick 

Moor where they were known to be significant CH4 sources, confirming the first hypothesis. It has 

highlighted the important role of the water table level in controlling stem CH4 emissions and the need 

for monitoring wetland ecosystems at different hydrological conditions, especially when climate 

change models predict increased drought in some regions. An apparent small decrease/increase in 

the water table level can result in significant changes in stem CH4 emissions. 

 

With drier conditions, trees switched to an upland like behaviour: 1) stem flux patterns were 

mostly heterogenous, with high variability between tree individuals; although two of the four species 

displayed a decreasing pattern, they also showed peaks of emission and uptake regardless of the 

height interval; 2) they showed stem CH4 uptake fluxes, showing that trees can switch from sources 

to sinks in these typical high emitting wetland areas; 3) tree variables such wood density, wood 

moisture and pH could not explain the small fluxes observed, contrarily to what was expected. 

 

Wood traits failed to explain differences between tree species at both sites, although stem 

CH4 flux magnitude and distribution differed among species, fulfilling hypothesis five. Soil 

conditions played a more significant role in determining stem CH4 fluxes magnitude and patterns. 

No significant differences between stem CH4 fluxes were observed for S. balangeran and X. 

fusca in the Sebangau Forest CH4 fluxes from the aerial roots of X. fusca were not measured, and it 

is possible that they would have displayed high CH4 emissions reflecting the high CH4 concentrations 

in the soil. or that most CH4 diffused from the soil to the atmosphere without entering X. fusca stems, 

hence this comparison was not exhaustive. 
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As expected, lower stem CH4 fluxes were observed for A. glutinosa compared to B. 

pubescens, probably resulting from lower CH4 concentrations dissolved in soil pore water. A. 

glutinosa showed overall higher uptake fluxes compared to B. pubescens, that possibly resulted from 

a diffusion gradient from the atmosphere towards the tree base due to lowered soil CH4 production. 

Soil next to A. glutinosa showed low emission and uptake fluxes, that may have reflected an increase 

in CH4 oxidation in more aerated soils, contributing to lower emissions from this tree species. 

It was not possible to determine the total balance of soil and tree fluxes, as just a few soil 

spots were selected at each site for flux measurements. On the other hand, more aerated soils 

suggested that trees were not the preferential pathway for CH4 produced in soil, and soil CH4 diffused 

to the atmosphere before entering trees. 

 

The relation of CO2 and CH4 fluxes and their covariation along the stem for A. glutinosa 

indicated that these gases potentially diffused from the soil along the stem and overcame the same 

barriers to diffusion. The inclusion of more tree replicates and coupling CH4 and CO2 measurements 

at different seasons may improve understanding of whether CH4 fluxes can be estimated from CO2 

fluxes from this tree species. No patterns were observed for the other species, indicating a different 

origin and transport along the tree stems.   

 

Compared to upland trees, wetland tree roots which are often shallow and may fail to reach 

the groundwater or even deeper sections of the soil with potential CH4-rich anoxic layers when the 

soil is dry, while upland tree roots are known to grow many meters below the ground. This ‘limit’ 

may result in higher CH4 oxidation in the rhizosphere, as roots are more aerated. As upland trees can 

become a CH4 source under wetter conditions (Covey et al., 2019), the present study showed that 

typically high CH4 emitting wetland trees can act as CH4 sinks under drier soil conditions, increasing 

the overall ecosystem CH4 sink. This study therefore highlights the need to evaluate local and 

regional CH4 budgets by considering seasonal and annual variations and monitoring extreme weather 

events that may occur more often in the future. 
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Chapter 4 

Variability and controls on methane production and oxidation 

potentials in wetland trees 

 

1. Introduction  

 

Wetlands are the largest natural source of CH4, a greenhouse gas with a warming potential 

32 times higher than CO2 on a 100-yr time scale (Nisbet et al., 2020). Wetland ecosystems are 

characterised by water saturated soils and limited oxygen availability that favour CH4 production by 

methanogenic microorganisms; part of the CH4 produced by methanogens is consumed by 

methanotrophic microorganisms at the oxic-anoxic soil interface, and CH4 emissions to the 

atmosphere result from the balance of these two microbiological processes (Conrad, 2007). 

CH4 production – methanogenesis - is the last step of the microbial degradation of organic 

matter carried out by a complex community of syntrophic and fermentative microorganisms (Conrad, 

2002). In wetland soils, methanogenesis utilises mainly H2 and CO2 to produce CH4 

(hydrogenotrophic pathway) or acetate to produce CH4 and CO2 (acetoclastic pathway). CH4 

production generally increases at higher temperature (Yvon-Durocher et al., 2014) and  is stimulated 

by a constant and fresh supply of carbon substrates in the form of plant root exudates (Le Mer and 

Roger, 2001). Methanogenesis has its optimum at neutral pH and suppressed at extreme pH values 

(Conrad, 2020). CH4 production is suppressed with increasing oxygen concentration in soils resulting 

from both decreasing water table levels (Lai, 2009) and oxygenation of the rhizosphere by wetland 

plants (Laanbroek, 2010) can suppress CH4 production. However, CH4 production has been recently 

observed in bulk-oxic soil (Angle et al., 2017) and can be present, although inactive, in aerated soils 

(Angel et al., 2012). High redox conditions also suppress methanogenesis favouring the regeneration 

of alternative electron acceptors such as NO3
-, SO4

2-, Fe3+ and Mn2+ and humic acids used by other 

microorganisms that compete for acetate and H2 (Bridgham et al., 2013).  

Methanotrophs consume CH4 in the presence of oxygen producing CO2 (Conrad, 2007); 

methanotrophy can also occur anaerobically (Segers, 1998) using alternative electron acceptors, and 

coupled with NO2
- and NO3

- reduction (Dean et al., 2018). Methanotrophs are present in the thin 

layer where CH4 and O2 overlap and can consume more than 80% of the CH4 diffusing from the soil 

to the atmosphere (Conrad, 2007). CH4 oxidation  often increase with an increase in soil air-filled 

spaces and diffusivity and observed at a more acidic pH than methanogenesis (Dunfield et al., 1993). 

Methanotrophs are usually classified into two groups based on their affinity for CH4: low-affinity 

methanotrophs, that occur at concentrations higher than 40 ppm, and high-affinity methanotrophs, 

that occur at atmospheric CH4 concentration (<2 ppm) (Chowdhury & Dick, 2013); high-affinity 

oxidation occurs mostly in upland soils (Conrad, 2020) but also in wetlands (Kolb et al., 2012). High-

affinity oxidation has been observed in wetlands during dry periods, and low-affinity methanotrophs 
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can also develop a high affinity for CH4 after a period of  CH4 starvation (Cai et al., 2016).  

CH4 production and oxidation have been extensively quantified in wetland soils (Bodelier 

& Dedysh, 2013; Conrad, 2002; Dubey, 2005; Watanabe, et al., 1997; Watson et al., 1997);), plants 

root systems (Chin et al., 2004; Conrad et al., 2008; King, 1996; Van Der Nat and Middelburg, 1998) 

and in tank bromeliads (Brandt et al., 2018; Goffredi et al., 2011; Martinson et al., 2010). 

More recent studies in temperate wetlands have found significant methanotrophic activity 

associated with Sphagnum spp: CH4 oxidation increased from the aerial parts closer to the water table 

level, where higher CH4 concentrations were present (Basiliko et al., 2004; Brandt et al., 2018; 

Stępniewska et al., 2018). Methanotrophs were found inside the Sphagnum spp. hyaline cells (Kip et 

al., 2010, 2012; Raghoebarsing et al., 2005) and the water holding capacity of these cells, their 

moisture content and dimension were positively correlated to the oxidation rates (Larmola et al., 

2010). Light exposure affected CH4 oxidation rates in Sphagnum spp.(Kox et al., 2020; Liebner et 

al., 2011). Putkinen et al. (2014) found that methanotrophic activity in Sphagnum spp. depend on the 

succession stage of the peatland, and was not influenced directly by pH, water table level, species, 

and soil pore water CH4.  

A microbial source of CH4 in wetland tree was first reported by Zeikus & Ward (1974); 

Mink & Dugan (1980) found CH4 production from wood of coniferous and deciduous species, and 

fermentation products including acetate and high concentrations of CH4 were found along with 

methanogenic populations in wetwood of temperate species (Schink et al., 1981). In upland forests, 

Mukhin and Voronin (2008) found that high concentration of CH4 in living trees were accompanied 

by the presence of fungi, that started wood decomposition inducing methanogenesis by archaea in a 

symbiotic association. More recent studies on tree microbial sources of CH4 also focused on uplands: 

elevated CH4 concentrations in trunks of living trees  (Covey et al., 2012; Wang et al., 2017) and in  

deadwood (Covey et al., 2016) were found in sites where soil CH4 concentrations were negligible. 

A more recent study by Wang 2021 found that up to 13% of the trees across various climates had 

substantial CH4 concentration of ≥ 10,000 µL L–1 in heartwood, that depended on their moisture 

level.  

Wang et al. (2017) and Li et al. (2020) found that upland tree stem CH4 emissions 

increased significantly when wood moisture content was above 50% and 60% respectively, 

regardless the soil hydrology and CH4 concentrations. Yip et al. (2018) found that methanogens 

dominated the heartwood tissues of Populus deltoides, and they were also present in sapwood and 

bark tissues; they hypothesized that wood microbial CH4 may be widespread across forest 

ecosystems. Nevertheless, a recent wetland study by Pangala et al.(2017) in the Brazilian Amazon 

Forest basin found CH4  production in wood cores from a small percentage of trees (<4%). Further 

evidence of methanogens in tree stems was found by Flanagan et al. (2021) in cottonwood trees along 

with small CH4 fluxes; Jeffrey et al (2021b) observed that the methanogenic fraction of the microbial 

community on bark of Melaleuca quinquenervia was not likely responsible for the CH4 stem fluxes 

measured, but they did not exclude a potentially more expanded community of methanogens in the 
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inner stem tissues.  

There are no other studies in temperate and tropical wetlands that investigated the capacity 

of trees to host methanogenic activity, its distribution along the length of the tree stem and across 

species. Methanogenic communities are actively present in wetland soils, and they can colonise wood 

tissues, as shown in the previous studies. The interplay between moisture content and wood density 

can have a contrasting effect on in situ CH4 production and resulting stem emissions: high moisture 

content or high wood density can potentially affect gas diffusivity thereby reduce emissions: although 

they favour anaerobic conditions that result in elevated CH4 concentration inside the stem (Covey & 

Megonigal, 2019); there is no further information at present on the effect of these variables on CH4 

production in wetland trees. 

There is little evidence of methanotrophic activity in trees. One study across a boreal, 

temperate and tropical wetland (Pangala et al. unpublished), found evidence of both low and high 

affinity CH4 oxidation in trees and observed a switch from low to high affinity oxidation from the 

water surface to higher stem intervals. Further evidence can be found in a few upland studies:  

Doronina et al. (2004) found methanotrophs in tree seeds, buds and needles of two coniferous 

species; diazotrophic endophytes, actively involved also in CH4 cycling, were actively present in 

both living and dead wood (Doty et al., 2009; Mäkipää et al., 2018). Wang et al. (2016) did not find 

evidence of CH4 oxidation after measuring heartwood, sapwood and bark of upland tree species, and 

Yip et al (2018 found that methanotrophs were > 0.1 % of the microbial groups present in heartwood 

and sapwood tissues and suggested that further investigations should include outer tissues and bark. 

Wetlands tree stems can potentially host both low and high affinity methanotrophic 

activity because (1) methanotrophs have already been found in wetland vegetation and showed 

significant oxidation rates (Larmola et al., 2010; Kip et al., 2010; Raghoebarsing et al., 2005), (2) 

tree stems contain both CH4 and O2, (3) O2 concentrations and wood air filled spaces in trees are 

favourable conditions for methanotrophs, (4) low affinity CH4 oxidation is actively present in 

wetland soils and plant roots and high affinity oxidation can also occur in wetland soils. 

Despite the favourable conditions for CH4 productions and oxidation in tree stems, their 

presence, variability, and relationship to stem CH4 emissions have not been investigated in wetlands 

trees. Stem CH4 emissions may be the product of the balance between in situ CH4 production and 

oxidation, and both low and high affinity methanotrophic activity may be responsible for balancing 

soilborne CH4 that is transported through the stem. 

 

4.2 Aims and hypotheses 

 

This study aims: 

1 To identify the presence of CH4 production and oxidation in wetland trees stems, including 

both wood and bark, from tropical and temperate forested wetlands; wetland trees are 

expected to act as conduits for soil borne CH4, but CH4 can be potentially produced inside 
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the tree stem in anaerobic microenvironments. As CH4 is available inside tree stem, CH4 

oxidation potentially occur in aerobic - anaerobic interfaces within tree tissues and can help 

explain the magnitude of stem CH4 fluxes. 

2 To determine the axial variability of CH4 production and oxidation potentials in wetland 

trees. Wetland trees display higher stem emission at the tree base, and this may be potentially 

due to the presence of more methanogenic activity than in the upper stem heights. Low 

affinity oxidation is also potentially higher at the stem base, as it requires high CH4 

concentrations, and it should decrease along CH4 production potential and CH4 stem 

emissions. High affinity CH4 oxidation potential should increase along the tree stem and 

should be higher at atmospheric CH4 concentrations in the upper stem, where lower CH4 

emissions are usually observed. 

3 To investigate the relationship between production and oxidation potentials with wood 

density and moisture content; high wood density or high moisture content can result in 

anaerobic conditions favouring CH4 production, while CH4 oxidation can increase with lower 

wood density and moisture. 

4 To investigate the relationship between CH4 production and oxidation potentials and pH in 

wood; as in soil, a pH around neutrality might correspond to higher CH4 production 

potentials and more acidic pH might correspond to higher oxidation potentials. 

5 To detect CH4 production and oxidation potentials in bark and to identify differences with 

wood, in order to help localising CH4 sources and sinks; wood and bark have different 

structure and pH resulting in different ratios of anaerobic and aerobic microenvironments for 

methanogenic and methanotrophic activities. As hypothesised for wood, higher bark density 

or water can result in higher CH4 production potentials while less bark density and moisture 

in higher CH4 oxidation; a more neutral pH might lead to higher CH4 production, while more 

acidic pH might lead to higher CH4 oxidation. 

6 To determine species-specific differences between CH4 production and oxidation potentials; 

different gas transport mechanisms, tree internal structure and physiology regulate CH4 

fluxes inside the stem thus affecting the availability of substrates for CH4 production and 

oxidation. Tree species with lower wood density, lower wood moisture and lower pH might 

host lower stem CH4 fluxes and higher CH4 oxidation potential. 

7 To compare the CH4 production and oxidation potentials of tree stems with those in forest 

soil. CH4 fluxes vary between soil and trees, and this reflects differences between tree and 

soil variables that affect production and oxidation activities. Higher CH4 production 

potentials in soil resulting can be reflected in more CH4 absorbed and emitted by trees. On 

the other hand, higher oxidation potentials in soil can result in lower stem CH4 flux 

magnitude.  
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4.3 Methods 

4.3.1 Sites and tree species selection 

 

The study was conducted in a tropical (peat swamp forest within Sebangau Forest 

catchment) and temperate (Flitwick Moor, Bedordshire, UK) wetland, in the same locations included 

in previous studies by Pangala et al. (2013, 2015) respectively). The study was conducted in the 

beginning of the dry season (April-May 2018) in Sebangau forest and in the summer (July 2018) in 

Flitwick Moor. Details of the study sites and tree selection can be found in Chapter 2 (Section 2.2.and 

2.3). Methane production potential and low and high affinity CH4 oxidation potentials were measured 

from the same trees selected in Chapter 3: Shorea balangeran and Xylopia fusca in the Sebangau 

forest site, and Alnus glutinosa and Betula pubescens in Flitwick Moor. All trees were measured 

from hummocks, which were predominant in both sites, and were selected based on the same DBH 

(diameter at breast height).  

 

4.3.2 Sampling strategy  

 

Wood cores were extracted in triplicate from 20 trees (10 trees per species) at 35 and 125 cm (at 125 

and 165 cm for X. fusca) stem height from the same surface enclosed by the stem chamber for stem 

CH4 fluxes (Section 2.4.1). An increment borer (internal diameter 5 mm; Haglöf, Sweden AB, 

Långsele, Sweden) was used to extract the wood cores and the extractions were performed at 60° 

from each other and across the tree diameter in order to cover all the radial plan of the tree. Six trees 

(three trees per species) were selected from the 20 trees at each site and used for further extractions 

of wood cores at 225 and 300 cm. In Flitwick Moor, bark samples were also included and extracted 

in triplicate at 35, 125, 225 and 300 cm from the six trees selected in a similar volume as for wood 

cores. Soil cores were extracted in triplicate from hollows at -20 and -50 cm soil depth from the same 

area enclosed by the soil chamber used for CH4 fluxes (Section 2.4.1.). As for wood and bark 

samples, each of the three soil cores replicates was considered separately as they corresponded to the 

ones used each for MPP, MOP-LA and MOP-HA incubations. Wood and soil density, and wood, 

bark and soil moisture content and pH, CH4 concentrations in soil pore water and water table level 

used in Chapter 3 were also used for analysis in this Chapter.  

 

4.3.3 Incubations of tree and soil samples and measurements of CH4 production and oxidation 

potentials 

 

Each tree and soil replicate were incubated under different gas headspace conditions to 

measure CH4 production potential (MPP), low affinity CH4 oxidation potential (MOP-LA) and high 

affinity CH4 oxidation potential (MOP-HA) (Christiansen et al., 2017). Samples were inserted in 50 

ml glass serum vials immediately after the extraction, sealed with rubber septa and aluminium caps 
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and carried to the laboratories to start the incubations. For MPP measurements, the wood samples 

following extraction were immediately placed in the vial and flushed with N2 for 2 minutes to avoid 

aerobiosis of methanogenic communities and flushed a second time once in the laboratories. A set 

of 3 negative controls, one for each CH4 potential incubation, was set up in the field for every 10 

samples. For MOP-LA incubations, CH4, concentrations in the headspace were increased to around 

700 ppm by injecting 2 ml of CH4 2%; for MOP-HA, CH4 concentrations were increased to around 

6.5 ppm of CH4 by injecting 0.5 ml of CH4 500 ppm. These CH4 concentrations were non-limiting 

for both MOP-LA and MOP-HA (Section 2.4.3). 

CH4 potentials were obtained by measuring changes in CH4 concentration at 0, 12- and 

24-hours intervals. Time 0 corresponds to a maximum of 3 hours after the finalisation of the field 

experiments. Gas samples were extracted from the vial headspace at each time interval and analysed 

with a portable gas analyser (UGGA). Samples were injected to a closed loop connected to the 

UGGA, as described in Section 2.5.1. The concentration of CH4 in the sample was obtained by the 

difference between the CH4 concentration after injection and the baseline CH4 concentration before 

injection in the closed loop-UGGA system and converted to a volumetric unit (µg m-3 h-1) (Sections 

2.6.3).  

 

4.3.4 Data analysis and statistics 

 

The calculations of MPP, MOP-LA and MOP-HA were performed in Excel (version 

2109). All statistical analyses were conducted in R software (version 3.6.0) using a confidence 

interval of 95%. Average values for wood moisture content, density and pH obtained from wood and 

bark replicates at each height interval were used for the analysis in Chapter 3, while wood moisture 

content, density and pH from each of the wood/bark replicate (not the average of the three replicates) 

was considered in this chapter, as they correspond to the wood cores and bark sample replicates used 

for measuring MPP, MOP-LA and MOP-HA. 

Data followed a non-normal distribution and Kruskall-Wallis test was used to analyse 

differences between MPP, MOP-LA and MOP-HA between height intervals and species. Statistical 

tests were not performed for height intervals of 225 and 300 cm and bark variables due to limited 

sample size. Relationships between MPP, MOP-LA and MOP-HA in wood at each height were 

analysed with linear regression. Linear regression was performed with a minimum of 10 data points 

for each variable. These relationships were not analysed for samples from Sebangau forest due to 

limited sample size. Data visualisation was performed using ggplot2 package in R software (version 

3.6.0). 

The relative contribution of each potential to the total sum of potentials was calculated for all trees 

of each species at 35 and 125 cm (except for X. fusca, only at 125 cm), and from 6 trees for each 

species at 15 cm height intervals up to 300 cm, to determine whether production, high or low affinity 
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oxidation prevailed at a specific height for a specific tree species (not for calculating the contribution 

of each to atmospheric emissions). 

Total production/oxidation was divided by the sum of all potentials (absolute values with negative 

sign) and multiplied by 100 to obtain the percentage of emission/uptake on the total, as follows: 

  

% MPP = MPP / (MPP + |MOP-LA| +|MOP-HA|) / x 100 

% MOP-LA = MOP-LA / (MPP + |MOP-LA| +|MOP-HA|) / x 100 

% MOP-HA = MOP-HA / (MPP + |MOP-LA| +|MOP-HA|) / x 100 
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4.4 Results 

4.4.1 Distribution and species-specific differences of CH4 production and oxidation potentials 

from wood cores 

 

CH4 production (MPP) and oxidation potentials (MOP-LA and MOP-HA) were quantified 

from wood extracted from ten trees per species at 35 and 125 cm (at 125 and 165 cm for X. fusca 

trees) and from three trees for each species at 225 and 300 cm. MPP, MOP-LA and MOP-HA were 

also quantified from bark collected from six trees in Flitwick Moor at 35, 125, 225 and 200 cm height. 

In Sebangau forest, no statistically significant differences were observed at 125 cm 

between species and between heights within each species. Although more S. balangeran trees 

evidence of MPP for S. balangeran compared to X. fusca For S. balangeran, MPP was detected 

mostly at the tree base and mostly absent at 225 and 300 cm height. Six of ten S. balangeran trees 

showed evidence of MPP and occurred mostly at 35 cm stem height, and one tree (S77) showed MPP 

at 125 cm only (Figure 4.1). There was evidence of MPP for X. fusca from two trees at 125 cm, and 

one tree (X91) showed MPP at both 125 and 165 cm height. MPP was in the range of 0.06 to 0.61 

µg m-3 hr-1 at 35 cm for S. balangeran (S80 and S89) and 0.01 to 0.31 µg m-3 hr-1 at 165 cm for X. 

fusca (X73 and X91).  

MOP-LA was up to three orders of magnitude higher than MPP, in the range of -5.7 to -

69.07 µg m-3 hr-1 for S. balangeran, with minimum and maximum values corresponding to trees S85 

and S84 at 35 and 125 cm respectively. For X. fusca, MOP-LA ranged from -0.46 to -37.52 µg m-3 

hr-1, with minimum and maximum rates corresponding to trees X92 and X73 at 35 and 300 cm 

respectively. MOP-LA was detected from seven out of ten S. balangeran and six of ten X. fusca trees; 

MOP-LA mostly occurred at one height only for S balangeran except for S76 (at 35 and 300 cm) 

and S77 (at 35 and 125 cm), while for most of X. fusca trees occurred at multiple heights (Figure 

4.1).  

MOP-HA was in the range of -0.001 to -0.36 µg m-3 hr-1 for S. balangeran, with minimum 

and maximum rates corresponding to S82 and S88 respectively at 125 cm) and from -0.001 to -0.36 

µg m-3 hr-1 for X. fusca corresponding to trees X82 and X90 at 125 and at 165 respectively. MOP-

HA occurred from seven out of ten S. balangeran trees and eight X. fusca trees.  Trees S78 and X81 

showed no evidence of MPP, MOP-LA or MOP-HA. There was high variability between tree 

individuals for MPP, MOP-LA and MOP-HA (Figure 4.1). Other height intervals were not compared 

due to the limited dataset and the missing measurements at 35 cm for X. fusca. Averages, standard 

deviations, and range of MPP, MOP-LA and MOP-HA are summarised in Appendix I.A.  
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Figure. 4.1. CH4 production (MPP) and low and high affinity oxidation potentials (MOP-LA and MOP-HA) 

measured from wood cores for S. balangeran at 35 and 125 cm (10 trees) and 225 and 300 cm (3 trees) and for 

X. fusca at 125 and 165 cm (10 trees each species) and 225 and 300 cm (3 trees each species). Note the 

difference in scale between the CH4 potentials. 

 

In Flitwick Moor, MPP was in the range of 0.01 and 0.46 µg m-3 hr-1 for B. pubescens, 

with minimum and maximum rates corresponding to B8 and B5 at 35 and 125 cm respectively. There 

was evidence of MPP from eight out of ten B. pubescens trees and mostly occurred at one height 

only, either at 35 or 125 cm, except for B8 and B10 that showed MPP at both 35 and 125 cm (Figure 

4.2). B1 showed MPP at 300 cm only. One A. glutinosa tree showed evidence of MPP at 35 cm 

(A17). Note that the height intervals of 225 and 300 cm were sampled for trees A15, A16, A19 and 

B1, B6 and B10.  

MOP-LA ranged from -0.49 to -46.38 µg m-3 hr-1 for A. glutinosa, with minimum and 

maximum rates corresponding to A16 at 35 and 225 cm respectively and from -6.9 to -16 µg m-3 hr-

1   for B. pubescens, with minimum and maximum rates corresponding to B5 and B8 respectively at 

125 cm. MOP-LA occurred from all trees except A17 and B7 for A. glutinosa and B. pubescens 

respectively; A16 showed MOP-LA at 225 and 300 cm only, and A19 at 300 cm only, while other 

trees showed MPP at either 35 and 125 cm, or both (A18); similarly, MOP-LA occurred at either 35 

or 125 cm for B. pubescens trees, or at both heights (B5, B9 and B10), and there was evidence of  

MOP-LA at 225 cm in B6. A maximum of -46.38 µg m-3 hr-1 was measured at 225 cm for A. glutinosa 

(A16) and -16 µg m-3 hr-1 at 125 cm for B. pubescens (B8).  
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MOP-HA ranged from -0.02 to -0.73 µg m-3 hr-1 at 125 cm for A. glutinosa trees A15 and 

A16 respectively, and from -0.05 to -0.31 µg m-3 hr-1 for B. pubescens, with minimum and maximum 

rates corresponding to 125 and 35 cm (B6 and B4 respectively). MOP-HA was one order of 

magnitude lower than MOP-LA for both species and was detected from all A. glutinosa trees and 

from seven out of ten B. pubescens trees. All trees of both species showed evidence of either MPP, 

MOP-LA or MOP-HA. MOP-HA was higher for A. glutinosa compared to B. pubescens when 

considering 35 and 125 cm height intervals together, while MOP-LA did not differ between species. 

There were no statistically significant differences at 35 and 125 cm within each of the tree species. 

Comparisons at 225 and 300 cm were not performed due to the limited dataset. Averages, standard 

deviations, and range of MPP, MOP-LA and HA are summarised in Appendix I.B. 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.2. CH4 production (MPP) and low and high affinity oxidation potentials (MOP-LA and MOP-HA) 

measured from wood cores for A. glutinosa and B. pubescens at 35 and 125 cm (10 trees each species) and 225 

and 300 cm (3 trees each species). Note the difference in scale between the CH4 potentials. 

 

4.4.2 Distribution and species-specific differences of CH4 production and oxidation potentials 

from bark  

 

There was evidence of MPP from bark samples at 35 and 125 cm for A. glutinosa, although 

at one order of magnitude lower than in wood cores, at rates ranging from 0.02 to 0.03 µg m-3 hr-1 

with minimum and maximum rates corresponding to trees A19 and A15 respectively at 125 cm. 

There was no evidence of MPP from B. pubescens bark samples (Figure 4.3).  

For A. glutinosa, MOP-LA ranged from -0.14 to -6.86 µg m-3 hr-1 with minimum and 

maximum values corresponding to trees A19 and A16 at 35 and 225 respectively. For B. pubescens, 
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MOP-LA ranged from -1.42 to 10.27 µg m-3 hr-1 with minimum and maximum values corresponding 

to trees B6 at 225 and 300 cm respectively. MOP-LA occurred at 35 and 125 cm (A15), at 225 and 

300 cm (A16) and 35 cm only (A19) for A. glutinosa trees, and at 125 cm (B1) and 35 cm, 225 and 

300 cm (B6) for B. pubescens.  

For A. glutinosa, MOP-HA occurred from all bark samples and ranged from -0.009 to -0.14 µg m-3 

hr-1 with minimum and maximum values corresponding to trees A16 and A15 at 300 and 225 cm 

respectively. For B. pubescens, MOP-HA occurred from all bark samples and ranged from -0.04 to -

0.26 µg m-3 hr-1 with minimum and maximum values corresponding to trees B1 at 225 and 35 cm 

respectively.  

MPP, MOP-LA and MOP-HA were generally lower for bark compared to wood, although 

this was not statistically tested because of the limited dataset. MPP in bark ranged from 0.02 to 0.03 

µg m-3 hr-1 and ranged 0.01 to 0.46 µg m-3 hr-1 in wood; MPP was detected in all the trees samples 

for bark (n=3), while was detected in the wood of one tree only out of the 10 investigated, although 

at one order of magnitude higher.  On the other side, MPP was absent from bark of B. pubescens, 

while it was detected in wood. 

MOP-LA ranged from -1.27 to -10.27 µg m-3 hr-1 in bark and -0.49 to -46.38 µg m-3 hr-1 

in wood; MOP-HA ranged from -0.009 to -0.26 µg m-3 hr-1 in bark and -0.02 to -0.73 µg m-3 hr-1 in 

wood. 

Averages, standard deviations, and range of MPP, MOP-LA and HA in bark are 

summarised in Appendix I.C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.3. CH4 production (MPP) and low and high affinity oxidation potentials (MOP-LA and MOP-HA) 

measured from bark samples for A. glutinosa and B. pubescens (3 trees each species) at 35, 125, 225 and 300 

cm (n=3 bark samples at each height). Note the difference in scale between the CH4 potentials. 
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4.4.3 Distribution of MPP, MOP-LA and MOP-HA along the tree stem height interval 

 

In Sebangau forest, when total MPP, MOP-LA and MOP-HA of all trees at each height 

interval were considered, axial patterns could be distinguished, although the relation between 

potentials and all height intervals (n=3 for each species) was not statistically tested given the limited 

dataset. MPP was mainly detected at the tree base and was absent from the upper heights for both 

species; this decreasing pattern reflected the maximum MPP measured at 35 cm for S. balangeran 

(S89) and at 165 cm for X. fusca (X91) (Figure 4.4). When the group of three trees samples up to 

300 cm were considered, MOP-LA and MOP-HA followed opposite patterns, decreasing and 

increasing respectively along the stem for S. balangeran, and increasing and decreasing for X. fusca. 

(Figure 4.4). When the rest of the trees measured at two heights only were considered (n=7 for each 

species) MOP-LA and MOP-HA were higher at 125 cm compared to 35 cm for S. balangeran, while 

no clear pattern was observed for X. fusca. Although some spatial patterns and differences between  

 

Figure 4.4. MPP, MOP-LA and MOP-HA measured from wood cores collected at 35 and 125 for S. balangeran 

and 125 and 165 cm for X. fusca (10 trees each species) and 225 and 300 cm (3 trees each species). The sum 

of the CH4 potentials was used for each height interval to highlight their axial distribution on the tree stem. 

 

species and heights could be distinguished (Figure 4.4), these were not statistically significant (p-

value ≥ 0.1). 

In Flitwick Moor, differences between species were observed for MPP at 35 (p = 0.04, 

χ2= 4.01) and at 125 cm (p = 0.03, χ2= 4.67) and also for MOP-HA at 35 (p = 0.002, χ2= 19.12) and 

125 cm (p = 0.001, χ2= 9.75). A. glutinosa showed MPP from one tree at 35 cm (A17) and B. 
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pubescens showed MPP at 35 cm (n=5) and 125 cm (n=4). The group of three trees (measured at 35, 

125, 225 and 300) showed opposite patterns for MOP-LA and MOP-HA, that increased and 

decreased along the stem respectively for A. glutinosa, while for B. pubescens MOP-LA decreased 

and MOP-HA did not show a clear trend. When the group of trees only measured at 35 and 125 cm 

were considered (n=7), no clear pattern was visible (Figure 4.5) 

 

Figure 4.5. MPP, MOP-LA and MOP-HA measured for A. glutinosa and B. pubescens from wood cores 

collected at 35 and 125 cm (10 trees per species) and 225 and 300 cm (3 trees per species). 

 

For bark (n=3 each tree species, only in Flitwick Moor), MPP was observed for A. 

glutinosa only, from A15, A16 at 35 cm and A19 at 125 cm (in the range 0.02 -0.03 µg m-3 hr-1)   and 

mostly occurred at the tree base. Unexpected patterns were observed for MOP-LA and MOP-HA, 

with higher values at 225 cm for A. glutinosa and higher values at 35 and 300 cm for B. pubescens 

(Figure 4.6).  
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Figure 4.6. MPP, MOP-LA and MOP-HA measured for A. glutinosa (A15, A16 and A19) and B. pubescens 

(B1, B6 and B10) from bark samples (n=3) collected at 35, 125, 225 and 300 cm. 

 

4.4.4 Relative percentages of MPP, MOP-LA and MOP-HA along the trees stem 

 

The relative % of MPP, MOP-LA and MOP-HA were calculated from the sum of each 

CH4 potential for each tree and height interval as described in 4.3.4. MPP and MOP-HA had a minor 

contribution compared to MOP-LA in the total CH4 potentials measured at each height interval, 

except for S. balangeran where MOP-HA dominated at 225 cm height.   

In the Sebangau Forest, MPP had a minor contribution to the overall potential CH4 flux at 

individual heights and was a maximum of 3.1% (Table 4.1) % for S. balangeran at the tree base and 

1.1% for X. fusca at 165 cm only. There was no contribution of MPP from the upper heights. MOP-

LA contributed up to 99.2% of the CH4 potentials for S. balangeran, except at 225 cm where it was 

absent, and were MOP-HA was the only one detected. MOP-HA also contributed to up to 3.9% at 

300 cm while to the 0.3 and 0.6 at 35 and 125 cm. For X. fusca, MOP-LA also dominated with a 

minimum of 97.2 at 165 cm; MOP-HA contributed up to 1.6% of the CH4 potentials at 165 cm and 

was the 0.1% at 225 and 300 cm.  

In Flitwick Moor, MPP had also a minor contribution to the CH4 potentials, and only at 

35 cm with 0.3% for A. glutinosa and at all heights except at 225 cm for B pubescens wood. In bark, 



Chapter 4 - Variability and controls of methane production and oxidation potentials in wetland trees 

 

 
102 

 

MPP showed opposite trends, with MPP contributing to the 4.6 and 4.8% at 35 and 125 for A. 

glutinosa. and no MPP for B. pubescens (Table 4.1).  

In wood, MOP-LA contributed to most of the CH4 potentials with 98.6% for A. glutinosa 

at 225 cm and 97.9 at 300 cm for B. pubescens. In bark, MOP-LA dominated the CH4 potentials also 

at upper heights, up to the 96.7% and the 97.1% for A.glutinosa and B. pubescens respectively.  

In wood, MOP-HA contributed mostly at 125 cm for A. glutinosa and at 225 cm for B. 

pubescens, with 13.3% and 7.4% respectively. In bark, MOP-HA contributed mostly at the upper 

heights of both tree species, with up to 6.5% at 300 cm and 10.3 at 225 cm for B. pubescens (Table 

4.1). 

 

Table 4.1. Relative percentages of MPP, MOP-LA and MOP-HA from wood cores collected at 35, 125, (10 

trees per species) and 225 and 300 cm (3 trees per species). For X. fusca, the sampling heights of 35 and 125 

cm corresponds to 125 and 165 cm. 

 

wood (n=10 at 35 and 125; n=3 at 225 and 300) 
 

bark (n=3) 

Tree species Hei
ght 

% MPP % MOP-
LA 

% 
MOP-
HA 

 
Tree 

species 
Height % MPP % MOP-

LA 
% MOP-

HA 

A. glutinosa 35 0.3 93.9 5.8 
 

A. glutinosa 35 4.8 93.5 1.7 

125 0.0 86.7 13.3 
 

125 4.6 95.4 0.0 

225 0.0 98.3 1.7 
 

225 0.0 96.7 3.3 

300 0.0 95.6 4.4 
 

300 0.0 93.5 6.5 

B pubescens 35 2.2 95.5 2.3 
 

B pubescens 35 0.0 91.3 8.7 

125 1.9 96.9 1.2 
 

125 0.0 95.2 4.8 

225 0.0 92.6 7.4 
 

225 0.0 89.7 10.3 

300 1.1 96.7 2.2 
 

300 0.0 97.1 2.9 

S. balangeran 35 3.1 96.6 0.3 
      

125 0.2 99.2 0.6 
      

225 0.0 0.0 100.0 
      

300 0.0 96.1 3.9 
      

X. fusca 125 0.0 98.9 1.0 
      

165 1.1 97.2 1.6 
      

225 0.0 99.9 0.1 
      

300 0.0 99.9 0.1 
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Figure 4.7. Relative percentages of MPP, MOP-LA and MOP-HA from wood cores collected at 35, 125, (10 

trees per species) and 225 and 300 cm (3 trees per species). For X. fusca, the sampling heights of 35 and 125 

cm corresponds to 125 and 165 cm. 

 

MPP was up to 2.3% from bark samples of A. glutinosa. MOP-LA was up to 94.7 % and 93.3 %, and 

MOP-HA up to 3% and 6.6% for A. glutinosa and B. pubescens, respectively (Figure 4.8).  

MOP-HA relative percentage increased with height for bark while decreased in wood for A. 

glutinosa, while no patterns were observed for B. pubescens. 

 

Figure 4.8. Relative percentages of MPP, MOP-LA and MOP-HA from bark samples from A. glutinosa and B. 

pubescens at 35, 125, 225 and 300 cm (3 trees per species). 

 

4.4.5 MPP, MOP-LA, MOP-HA and tree variables 

 

In Sebangau forest, pH of S. balangeran was more acidic at 125 cm than at 35 cm based 

on wood cores used for MPP (p < 0.05, χ2= 4.63), MOP-LA (p < 0.05, χ2= 6.81), and cores used for 
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MPP had higher wood density (p < 0.05, χ2= 5.4) and less wood moisture (p < 0.05, χ2= 4) compared 

to X. fusca.  

Two S. balangeran trees (S85 at 125 cm and S86 at 35 cm) and one X. fusca tree (X74 at 

165 cm) had a moisture content >70%, while the rest of wood cores had a moisture <60%. No 

statistical differences between the heights within the same species and significant relationship 

between MPP, MOP-LA and MOP-HA and tree variables were observed (Figure 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Relations between MPP, MOP-LA and MOP-HA and wood variables measured for S. balangeran 

at 35 and 125 cm (<10 trees). 
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Figure 4.10. Relations between MPP, MOP-LA and MOP-HA and tree variables measured for X. fusca at 35 

and 125 cm (<10 trees). 

 

In Flitwick Moor, pH of wood cores at 125 cm used for MPP and MOP-LA was more 

acidic for A. glutinosa compared to B. pubescens (p < 0.05, χ2= 4.48; p < 0.05, χ2= 6.22) and at 35 

cm for the ones used for MOP-HA (p < 0.05, χ2= 3.29); B. pubescens had higher wood density than 

A. glutinosa (p < 0.05, χ2= 4.45).The wood density and moisture content of wood cores measured 

for MPP, MOP-LA and MOP-HA did not statistically differ between 35 and 125 cm for both tree 

species. (Figure 4.11 and 4.12).  

In A. glutinosa MOP-LA significantly decreased with wood density (r2=0.35; p=0.04) and 

increased with higher moisture content (r2=0.55; p=0.008) at 35 cm; MOP-LA decreased at higher 

pH at 125 (r2=0.43; p=0.02). B. pubescens showed an increase in MPP at higher pH at 35 cm (r2=0.42; 

p=0.02), and MOP-HA decreased with higher pH at 35 cm (r2=0.35; p=0.04)). There is no statistically 

significant relation between wood variables and other stem heights. 
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Figure 4.11. Relations between MPP, MOP-LA and MOP-HA and wood variables measured from wood cores 

for A. glutinosa at 35 and 125 cm (10 trees) and 255 and 300 cm (3 trees). MOP-LA significantly decreased 

with wood density and increased with moisture content at 35 cm (y= 35.15x -20.76; r2=0.35; p=0.04; y= -0.41x 

+10.77; r2=0.55; p=0.008) and decreased with pH at 125 (y= 7.7x -40.08; r2=0.43; p=0.02). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Relations between MPP, MOP-LA and MOP-HA and wood variables measured from wood cores 

for B. pubescens at 35 and 125 cm (10 trees) and 255 and 300 cm (3 trees). MPP increased at 35 cm with wood 

pH (y= 0.07x -0.30; r2=0.42; p=0.02), and MOP-HA at 35 cm with pH (y=0.1x -0.64; r2=0.35; p=0.04)). 
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Bark pH was more acidic for A. glutinosa than for B. pubescens and moisture content for 

A. glutinosa was higher than B. pubescens, although no statistical tests were performed due to the 

limited dataset (Figures 4.13 and 4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Relation between MPP, MOP-LA and MOP-HA measured from bark samples and bark variables 

for A. glutinosa at 35,125, 255 and 300 cm (3 trees) 
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Figure 4.14. Relation between MPP, MOP-LA and MOP-HA measured from bark samples and bark variables 

for B. pubescens at 35,125, 255 and 300 cm (3 trees). 

 

4.4.6 Distribution of MPP, MOP-LA and MOP-HA in soil  

 

As for wood and bark samples, each of the three soil cores replicates was considered 

separately as they corresponded to the ones used each for MPP, MOP-LA and MOP-HA incubations. 

Averages, SD and ranges are summaries in Table 4.1. Statistical comparisons were not performed 

because of the limited dataset of three data points for each variable. 

In Sebangau Forest, MPP was higher for soil cores close to S. balangeran (S79) with a 

maximum of 0.26 µg m-3 hr-1 at -50 cm; MPP was an order of magnitude lower in soil cores close to 

X. fusca (X91), and it was detected at -20 cm only. MOP-LA was an order of magnitude higher for 

X. fusca soil cores, with a maximum of -43.62 µg m-3 hr-1 at – 50 cm (X91). MOP-HA was higher 

from S. balangeran (S76) soil cores with a maximum of -0.45 µg m-3 hr-1 at -50 cm (Table 4.2). 

In Flitwick Moor, MPP for A. glutinosa (A16) soil cores was 0.15 µgm-3hr-1 and only 

detected at - 20 cm. MPP was absent from B. pubescens soil cores; MOP-LA was higher from A. 

glutinosa than B. pubescens soil cores and reached a maximum of - 227.7 µg m-3 hr-1 at -20 cm 

(A19) (Table 4.2). MOP-LA was observed at either -20 or -50 cm soil depths close to each of the 

trees except for B10.  MOP-HA was detected for both species at both soil depths and was higher 

from A. glutinosa with a maximum of -1.73 µg m-3 hr-1 at -20 cm (A15) and from B. pubescens at -

50 cm (B10). MOP-HA was observed at either -20 or -50 cm close to each of the trees, except B6 

(Table 4.2).  

% 
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In Sebangau forest, one tree (X91) showed evidence of MPP, but no MPP was observed 

from the soil closeby (Table 4.2).  Soil close to S79 showed evidence of MPP but no MPP was 

detected in tree tissues. There is no clear pattern of occurrence of MOP-LA and MOP-HA across 

trees and soil or differences in rates between tree and soil of both species (Table 4.3). In Flitwick 

Moor the occurrence of MPP in tree tissues seemed to be independent from soil. There was no MPP 

in soil close to B. pubescens, while B6 and B10 showed MPP in wood. Soil close to A. glutinosa 

(A15 and A19) showed MOP-LA of one and two order of magnitude higher than in soil close to B. 

pubescens (Table 4.3). 
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Table 4.2.  MPP, MOP-LA and MOP-HA from soil cores (n=3) collected from hollows within 1 m from the six selected trees of both species at each site (3 trees per species). 

 

Sebangau 

Forest 

 
Height 

(cm) 

CH4 production potential 

(MPP) (µg m-3 hr-1) 

CH4 low affinity oxidation potential 

(MOP-LA) (µg m-3 hr-1) 

CH4 high affinity oxidation 

potential (MOP-HA) (µg m-3 hr-

1) 

Average ± 

SD 

Range Average ± SD Range Average ± 

SD 

Range 

min max min max min max 

S. 

balangeran 

-20 0.15 0 0.15 -2.14 ± 3.72 0 -6.44 -0.16 ± 0.14 0.00 -0.27 

-50  0.08 ± 0.15 0 0.26 0 0 0 -0.25 ± 0.18 -0.09 -0.45 

X. fusca -20  0.047 ± 0.07 0 0.12 -13.93 ± 12.37 0 -23.63 -0.05 ± 0.07 0.00 0.14 

-50 0 0 0 -25.16 ± 17.85 -7.97 -43.62 -0.04 ± 0.04 0.00 -0.09 
               

Flitwick 

Moor 

 
Height 

(cm) 

CH4 production potential 

(MPP) (µg m-3 hr-1) 

CH4 low affinity oxidation potential 

(MOP-LA) (µg m-3 hr-1) 

CH4 high affinity oxidation 

potential (MOP-HA) (µg m-3 hr-

1) 

Average ± 

SD 

Range Average ± SD Range Average ± 

SD 

Range 

min max min max min max 

A. glutinosa -20 0.05 ± 0.08 0 0.15 -88.32 ± 122.15 0 -227.7 -1.13 ± 0.98 0 -1.73 

-50 0 0 0 -11.96 ± 15.95 0 -30.07 -0.13 ± 0.19 0 -0.35 

B. pubescens -20 0 0 0 0 0 0 -0.01 ± 0.02 0 -0.04 

-50 0 0 0 -19.28 ± 27.42 0 -50.68 -0.4 ± 0.35 0 -0.61 
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Table 4.3. MPP, MOP-LA and MOP-HA for wood (at 35 cm stem height) and soil samples (at 20 cm below 

the forest floor) close to each study tree in Sebangau forest and for bark and wood samples (at 35 cm stem 

heights) and soil (at -20 cm below the forest floor) in Flitwick Moor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tree species Tree 

number 

Sample MPP                    

(µg m-3 h-1) 

MOP LA        

(µg m-3 h-1) 

MOP HA        

(µg m-3 h-1) 

S. balangeran S76 wood 0 -10.05 0 

soil 0 -6.45 -0.22 

S77 wood 0 -13.18 0 

soil 0 0 -0.27 

S79 wood 0 -2.02 -0.006 

soil 0.15 0 0 

X. fusca X73 wood 0 -1.88 0 

soil 0 -23.63 -0.14 

X75 wood 0 -14.43 -0.16 

soil 0 0 -0.01 

X91 wood 0.26 0 -0.34 

soil 0 -18.17 0 

A. glutinosa A15 bark 0.02 -0.88 0 

wood 0 -7.35 -0.35 

soil 0 -37.24 -1.73 

A16 bark 0.02 0 -0.01 

wood 0 -0.49 -0.73 

soil 0.14 0 -1.66 

A19 bark 0 -0.14 0 

wood 0 0 -0.63 

soil 0 -227.72 0 

B. pubescens B1 bark 0 0 -0.26 

wood 0 0 0 

soil 0 0 -0.04 

B6 bark 0 -4.02 -0.11 

wood 0.25 -8.95 -0.3 

soil 0 0 0 

B10 bark 0 0 0 

wood 0.23 -8.56 0 

soil 0 0 0 
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4.5 Discussion 

 

Presence and magnitude of methane production potential (MPP) in wood and bark 

 

Tree stems, both wood and bark tissues, from both sites displayed CH4 production and 

oxidation suggesting that CH4 can be actively cycled in tree stems of forested wetlands, confirming 

hypothesis 1. In Sebangau forest, MPP averaged 0.27±0.2 µg m-3 hr-1 and 0.06±0.05 µg m-3 hr-1 at 

35 and 125 cm respectively; in Flitwick Moor MPP averaged 0.19±0.005 and 0.28±0.11 µg m-3 hr-1 

at 35 and 125 cm respectively. In Flitwick Moor MPP was up to three orders of magnitude lower 

than MPP observed in Pangala et al. (unpublished) that previously observed MPP of 97.4±44.2 and 

175±88 µg m-3 hr-1 at 35 and 130 cm respectively from the same tree species. The overall decreased 

methane in the environment and lower fluxes resulting from trees (Chapter 3) probably reflected 

lower production in trees as well. Also, MPP were three orders of magnitude lower compared to the 

ones measured in the Amazon floodplain tree stems by Pangala et al. (2017), and five to six orders 

of magnitude lower than measured in uplands by Covey et al. (2012) and Wang et al. (2016) from 

heartwood of Betula lenta and Populus davidiana.  

This is the first study that detected MPP, MOP-LA and MOP-HA simultaneously in bark 

of temperate and tropical tree species, although they occurred at lower magnitude compared to MPP, 

MOP-LA and MOP-HA in wood and did not occur for all species. MPP occurred in bark of A. 

glutinosa only in Flitwick |Moor, and at one order of magnitude lower than wood. MPP was 

absent/low within two S. balangeran and one X. fusca trees. Bark could be confirmed as a weak 

source for CH4 compared to wood tissues, although it might also contribute to stem fluxes.  

 

Presence and magnitude of methane low and high affinity oxidation potentials (MOP-LA and 

MOP-HA) in wood and bark 

 

MOP-LA was observed from trees of both species at both the sites, confirming that CH4 

can be oxidised within the tree stems. In Sebangau forest, MOP-LA for both tree species averaged -

10.87 ± 3.4 µg m-3 hr-1 at 35 cm and -12.22 ± 6.15 µg m-3 hr-1 at 125 cm (Appendix I.B). In Flitwick 

Moor, MOP-LA for both tree species was -9.45 ± 1.1 µg m-3 hr-1 at 35 cm and -9.31 ± 0.4 µg m-3 hr-

1 at 125 cm. MOP-LA in Flitwick Moor was lower compared to Pangala et al. (unpublished) that 

previously measured the same tree species and observed MOP-LA of 322±65 µg m-3 hr-1 and 91±16 

µg m-3 hr-1 at 35 and 125 cm respectively. The overall decreased CH4 concentration in the 

environment probably decreased oxidation rates in soil, which could have resulted in lower CH4 

concentrations along the soil tree continuum thus in lower oxidation rates also in trees.  

MOP-LA was observed in bark samples (-0.14 to - 10.27 µg m-3 hr-1) in A. glutinosa and 

B. pubescens, but at lower rates than in wood. No other studies observed low affinity oxidation in 

bark samples of temperate wetland species. Jeffrey et al. (2021) observed CH4 oxidation from bark 
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of Melaleuca quinquenervia in a similar order of magnitude in this study. Previous studies in plants 

found CH4 oxidation rates around three orders of magnitude higher than the MOP-LA observed in 

this study (Larmola et al., 2010, Raghoebarsing et al., 2005, Stępniewska et al., 2017).   

All species at both the sites showed evidence of MOP-HA, confirming the hypothesis that 

MOP-HA can occur in the study trees. In Sebangau forest, MOP-HA averaged 0.07±0.06 µg m-3 hr-

1 and 0.09±0.02 µg m-3 hr-1 at 35 and 125 cm respectively. In Flitwick Moor, averaged 0.32±0.06 µg 

m-3 hr-1 and 0.32±0.18 µg m-3 hr-1 at 35 and 125 cm respectively. MOP-HA in Flitwick Moor (-0.02 

to -0.73 µg m-3 hr-1) was lower compared to Pangala et al. (unpublished), that observed -3.11±1.43 

µg m-3 hr-1 and -22.2±4.1 at 35 and 125 cm respectively. The range of MOP-HA of this study was 

consistent with MOP-HA observed in soils of both tropical (Zeng et al., 2018) and temperate 

wetlands (Christiansen et al., 2016; Dunfield et al., 1993; Knief et al., 2006).  

MOP-HA was lower in bark, although this couldn’t be statistically supported, ranging from -0.009 

to -0.26 µg m-3 hr-1. No other studies on high affinity on wood and bark of wetland trees 

 

Axial distribution of MPP, MOP-LA and MOP-HA 

 

When considering the activity rates of the group of trees measured up to 300 cm (Figures 

4.4, 4.5 and 4.6) MPP contributed the most at 35 cm for all species, while at 125, 225 and 300 cm 

MOP-LA and HA increased or decreased depending on the tree species, although a species-specific 

pattern couldn’t be defined for the oxidation potentials. 

In Sebangau forest, as expected, MPP was observed mostly at the tree base for both 

species, MOP-LA decreased and MOP HA increased at upper stem heights for S. balangeran. The 

opposite pattern was observed for X. fusca MOP-LA. It is possible that both MOP-LA and MOP-HA 

were adapting to a gradient of CH4 concentrations along those height intervals. 

In Flitwick Moor, MOP-LA for A. glutinosa increased at upper heights (225 and 300) 

compared to the stem base. A. glutinosa displayed a decreasing stem flux pattern (Figure 3.4.4) and 

reduced CH4 emissions in the upper heights may be the result of increased CH4 oxidation in both 

wood and bark at upper stem heights. For B. pubescens, absence or lower MOP-LA in wood at 300 

cm was consistent with higher stem CH4 fluxes observed at high rates compared to other heights and 

to A. glutinosa stem CH4 fluxes. Absent or lower MOP-LA for B. pubescens may have resulted in a 

less marked axial pattern of stem CH4 fluxes. While the presence of MPP at the tree base suggest a 

link to soil, both MOP-LA and MOP-HA can either adapt or influence CH4 flux pattern along the 

stem, and this study wan not exhaustive to disentangle these processes. 
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Controlling factors on wood and bark MPP 

 

In Flitwick Moor, MPP increased significantly with pH in B. pubescens at 35 cm. 

Methanogenic activity is optimal around neutral pH (6-8; Conrad, 2020) and the highest MPP 

occurred within this range. This might also explain the absence of MPP in A. glutinosa (except from 

one tree), that had an overall more acidic pH. Bark samples from A. glutinosa showed evidence of 

MPP at 35 and 125 although at one order of magnitude lower than in wood cores, and this might also 

be explained by the more acidic pH. Further investigation should include larger sample size to assess 

the relationship between MPP, pH in wood and bark. 

The absence of MPP from B. pubescens bark samples may be due to the low moisture 

content (10-25%) resulting in increased aerobic conditions that suppressed methanogenesis (Le Mer 

& Roger, 2001), although wood moisture did not seem to play an important role in controlling MPP 

(Figure 4.13). This was also confirmed by the absence of/low MPP within two S. balangeran and 

one X. fusca trees which had a wood moisture >70% and showed darkened wood. Moreover, wood 

moisture was < 60% for the rest of the trees in Sebangau forest and was < 70% for most trees in 

Flitwick Moor. In Wang et al. (2017), CH4 production was triggered at moisture contents higher than 

50%, while MPPs of the present study occurred also when moisture was below this threshold, 

although MPP were in general significantly low.   

MPP occurred in bark of A. glutinosa only, and at one order of magnitude lower than wood 

(range). Although there is no statistical evidence that wood moisture affected MPP, or that wood 

misture generally triggered high MPP, a visibly lower water content in bark might have played a role 

in significantly lower MPP. 

Previous studies also showed that significant CH4 concentrations in upland tree stems occurred in 

the presence of wetwood or early stages of wood decay; in this study no sign of wood decay or 

wetwood was observed across trees, except two trees which displayed darkened wood, but did not 

show evidence of MPP.  

 

Controlling factors on wood and bark MOP-LA and MOP-HA 

 

In Flitwick Moor, there was no effect of any measured variables on MOP-LA for B. 

pubescens, while MOP-LA for A. glutinosa decreased with wood density and increased with moisture 

content at 35 cm (Figure 4.11). A. glutinosa had a lower wood density compared to B. pubescens; 

MOP-LA may be favoured by higher porosity and the presence of oxygen-filled spaces in wood; 

MOP-LA also increased at higher moisture content that may have favoured more anoxic conditions 

and higher CH4 concentrations available as substrates for oxidation. If the relation between wood 

density and oxidation potentials is absent, it may also indicate the presence of other gases other than 

oxygen and a variable oxygen level in wood microsites, which is known to enhance oxidation.  

Although there was no statistically significant difference in moisture content between A. 
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glutinosa wood cores and bark samples, B. pubescens has a thinner bark and consequently showed a 

lower moisture content than in wood cores, this difference may cause the absence of MPP from bark 

of B. pubescens, but did not appear to affect MOP-LA. MOP-LA significantly decreased at higher 

pH at 125 cm for A. glutinosa (Figure 4.11), and the higher MOP-LA occurred between pH 5-6, 

which are optimal values for methanotrophy (Bodelier et al., 2019, Shukla et al., 2013), although pH 

is not a strong control for methanotrophy as for methanogens.  

Wang et al. (2016) did not find any evidence of CH4 oxidation from tree heartwood, 

sapwood or bark although the moisture content was 46% - 64%, a similar range to the wood core 

moisture observed in this study, where MOPs were observed. The aerobic microenvironments 

present in trees of this study seemed to be sufficient to trigger CH4 oxidation by methanotrophic 

activity. 

 

Relation between MPP, MOP-HA and MOP-LA 

 

The inverse relation of MOP-HA with MPP observed for S. balangeran at 35 cm may be due 

to increased MOP-HA with less CH4 available, although other factors may have played a role 

including different microbial populations present, substrates and other inhibition variables. In 

Flitwick Moor, MOP-HA was significantly higher for A. glutinosa, that also had a more acidic pH, 

and MOP-HA of B. pubescens significantly increased at lower pH at 35 cm, showing the highest 

rates at pH between 4 to 5.5 (Figure). MOP-LA and MOP-HA showed contrasting relations to pH 

suggesting CH4 oxidising microbial communities may change depending on the pH.  

MOP-LA was overall two orders of magnitude higher than MPP, as typically observed in 

incubation experiments with wetland and peat soils (Segers, 1998) and represented >90% of the 

activity rates measured at each height (Figures 4.7 and 4.8). Aerobic metabolism also outcompetes 

methanogenesis as it has higher thermodynamic yield (Megonigal, 2004); for some of the tree’s 

MOP-HA and MOP-LA fell within the same range, and this can be explained by the lower Km and 

Vmax for MOP-HA, although MOP-HA uses lower CH4 concentrations (Dunfield, 2000). 

 

Soil conditions and their potential relation with MPP, MOP-LA and MOP-HA in tree stems 

 

In general, at both the sites, MPP was observed at 35 and 125 cm stem heigh and absent 

from wood and bark samples from the upper stem heights (except tree B1 at 300 cm); this suggests 

a possible link between methanogenesis in trees and soil proximity.  The effect of the water table on 

stem CH4 emissions has been confirmed (Pangala et al., 2015; Pitz et al., 2018; Terazawa et al., 

2007, 2015), although in upland studies tree stem CH4 production has been observed regardless of 

the tree height or the water table depths (Covey et al., 2012; Wang et al., 2016). In this study, it 

appears that methanogenic communities present in soil or tree rhizosphere may have had a role in 

increased MPP at the tree base.   
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The tree species did not differ in soil water content at each site, but differences in MPP in wood cores 

probably resulted from other tree-soil interactions. Lower MPP compared to MPP measured in 

Flitwick Moor by Pangala et al. (unpublished) also reflects the lower water table level that 

characterised the site during this investigation (water table at the surface vs. 20 cm below the surface). 

CH4 pore water concentration in soil were a minimum of 0.23±0.01 µM CH4 l-1 in Sebangau 

forest and 5.49±1.46 µM CH4 l-1 in Flitwick Moor, exceeding the limit for high affinity oxidation, 

that is around 1.7 ppmv corresponding to 2.5 nM in soil water (Bender & Conrad 1994; Dunfield & 

Conrad 2000). MOP-HA may have been induced in soil microsites with lower CH4 concentrations 

than the ones measured. 

Low water table levels lead to drier soil conditions in both sites, as stated in Chapter 3; 

this may have resulted in less CH4 produced in soil and increased aerobic conditions probably 

favouring more CH4 oxidation. Stem CH4 fluxes and MPP were both significantly lower in the 

present study compared to Pangala et al. (unpublished) that measured the same tree species in 

Flitwick Moor, but at higher water table level. MOP-LA for soil next to X. fusca was significantly 

higher than for S. balangeran soil; this might have reduced the CH4 in soil, hence reducing the CH4 

entering tree stems. Assuming a link between methanogenic activity at the tree base and in soil, this 

may explain why MPP was observed in only two X. fusca tree and stem CH4 fluxes for X. fusca were 

significantly lower compared to S. balangeran, although X. fusca aerial roots were not measured and 

this assumption was based on a comparison at 125 cm. Similarly, MOP-LA for A. glutinosa soil was 

higher compared to MOP-LA for B. pubescens (Table 4.1), which may also explain lack of MPP in 

wood (except one tree) and reduced soil and stem CH4 fluxes for A. glutinosa. Such differences 

between species could not be explained by soil moisture. Different substrate availability in soil or in 

the rhizosphere may influence the CH4 production and oxidation dynamics. 

 

Experimental limitations  

 

Stem CH4 emissions result from the balance of CH4 produced and oxidized, and the 

contribution of each of the CH4 potentials to stem CH4 fluxes was biased by experimental limitations, 

as the gas headspace composition was specific for each incubation type separately; for example, CH4 

produced from samples incubated for MPP could have been naturally oxidised, but oxidation was 

inhibited in MPP vials due to experimental anaerobic conditions. The relation between MPP, MOP-

LA and MOP-HA with stem CH4 fluxes could not be statistically estimated, although general patterns 

and distributions of MPP and MOPs have been analysed and helped localise sources and sinks within 

tree stems.  

Furthermore, the stem chambers enclosed a larger surface than the one used for core 

extractions. Nevertheless, these experimental conditions allowed understanding specific effects of 

tree variables on MPP, MOP-LA and MOP-HA. Moreover, as microsites distribution can be 
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heterogenous, methanogenic and methanotrophic microsites may have been missed as a result, which 

in soils are known to play a significant role in determining the spatial distribution of production and 

oxidation processes (Teh et al., 2005).   

Although MPP measured cannot be statistically related to CH4 stem emissions, MPP was 

generally absent/lower from the less CH4 emitting species in both sites (Figures 3.1 and 3.2). 

Contrastingly, when considering just the presence or absence of CH4 emissions and potentials from 

individual trees, the trees with the highest stem CH4 emissions did not always show CH4 production 

potential, and the lack of stem CH4 emissions did not always match with high MOP-LA or MOP-HA 

(Table 4.3). This can be due to several reasons: firstly, in-tree production may not have been the main 

source or CH4 emitted from stems, instead soil-produced CH4 may have been the source; secondly, 

the sensitivity of the methanogenic communities to oxygen exposure during sampling (Covey, 2012), 

resulting in low to zero MPP, although wood cores were immediately transferred to the vials after 

extraction to minimise the oxygen exposure. Thirdly, the gaseous radial diffusion does not 

necessarily occur perpendicularly to the stem chamber that covers the wood surface from where the 

cores were extracted, in other words, CH4 produced in situ can be also transported vertically before 

being emitted (Megonigal et al., 2020). Fourthly, the heterogenous distribution of production and 

oxidation microsites reflect the heterogenous distribution of the tree internal structure, and the limited 

number of sample replicates failed to reflect the true axial distribution of these processes along the 

stem. The large variability and the absence of MPP, MOP-LA and MOP-HA from some of the trees 

might reflect the heterogenous spatial distribution of production and oxidation processes (Covey et 

al., 2012). Fifthly, if measured along a temporal gradient, stem CH4 fluxes might display variability 

along with MPP, and this was not assessed in the present study. 

MPP were up to six orders of magnitude lower than Wang et al., (2016) where stem CH4 

emissions were up to two orders of magnitude higher than in this study. Wang et al. (2016) estimated 

stem CH4 emissions from the MPP observed and realised that the predicted fluxes exceeded the ones 

measured, suggesting that wood barriers had a key role in limiting CH4 radial diffusion; additionally, 

these estimations do not account for CH4 oxidation that can balance CH4 production. Wang et al. 

(2016) did not find evidence of CH4 oxidation inside the tree stem, but the present study suggests 

that CH4 was significantly oxidised before being emitted. In this study, CH4 concentration inside the 

tree stem was not measured; however, when measured along with stem CH4 flux and 

oxidation/production potentials could help us understand the underpinning processes including the 

role of and barriers to radial diffusion of CH4 from the stem to the atmosphere.  

Sudden soil drought events can increase CH4 oxidation (Chowdhury & Dick, 2013) but 

can also result in less oxygen in sapwood (Eklund, 2000). Moreover, differences between soil and 

wood moisture did not seem to affect the magnitude of oxidation rates. Wood moisture was measured 

without considering the radial variability of the tree tissues (heartwood-sapwood) and their different 

water content. If analysed separately, they might help explain the variation in aerobic and anaerobic 

microsites and CH4 production and oxidation processes.  
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4.6 Conclusions 

 

CH4 production and oxidation were detected within tree stems and likely contributed to 

define the magnitude of the net CH4 flux measured at the stem surface.  

 

Unlike upland trees, CH4 production was localised mostly at the tree base, suggesting a link 

to soil methanogenic communities although the presence of MPP might occur in microsites in the 

upper stem. Higher MOP-LA and MOP-HA at upper heights may have contributed to the marked 

decrease in flux pattern for A. glutinosa but the role of CH4 oxidation was not clear for other tree 

species, as it may concurrently adapt to gradients of CH4 concentration along the stem. 

 

Wood and bark moisture and wood density were used as a proxy to determine level of 

anaerobic microsites; MOP-LA for A. glutinosa decreased with wood density and increased with 

moisture content at the stem base, but no effect was observed at 125 cm or for B. pubescens. This 

could be due to heterogenous distribution of gaseous-filled pore spaces and microscale differences 

in moisture and density that were not captured using our methods. Other factors (e.g., tree physiology 

and its relationship with microbial populations) may have an effect on determining the magnitude of 

CH4 production and oxidation potentials. Additionally, pH showed significant relations to MPP and 

MOP-LA and MOP-HA, suggesting that more acidic pH did not favour MPP and MOP-HA, while 

it favoured MOP-LA, possibly indicating different microbial populations adapting to different pH.  

 

In Flitwick Moore, MPP, MOP-LA and MOP-HA were overall lower in bark compared to 

wood from both the species, suggesting that wood was the main location for these processes within 

the study trees, although should be investigated using more tree replicates.  

 

Trees hosted CH4 production, although at lower rates than measured in other studies in 

wetlands; this could be due to the dry condition of the sites, assuming that MPP in trees was related 

to reduced methanogenic population in soil. Studies at a seasonal scale are needed to investigate the 

role of seasonality in tree stem and soil CH4 production and their relationship.    

 

Even with a small sample size and measurements restricted to two tree species at just one 

time point, extreme heterogeneity in MPP, MOP-LA and MOP-HA between and within species were 

observed. Therefore, extensive studies are necessary to understand the behaviour of MPP, MOP-LA 

and MOP-HA in trees across a forested ecosystem to reduce biases in extrapolating the tree CH4 

emissions on a global scale. Measurement of stem CH4 flux, MPP, MOP-LA and MOP-HA potentials 

using a range of techniques along with stem internal CH4 concentrations and wood properties will 

potentially help us develop a diffusion model to accurately predict the stem CH4 emissions from an 

individual tree.  
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Chapter 5  

Characterisation of CH4-related microbial communities in 

temperate wetland trees  

 

5.1 Introduction  

 

CH4 is a powerful greenhouse gas that is rapidly increasing in the atmosphere and has a 

higher impact than CO2 (Etminan et al., 2016; Saunois et al., 2019). Wetlands are the largest natural 

source of atmospheric CH4. Wetland ecosystems are characterised by permanent or periodically 

water saturated soils and anaerobic conditions that favour CH4 production by methanogens (Conrad, 

1989). Methanogens belong to the classes Methanobacteria, Methanomicrobia, Methanopyri and 

Methanococci of the phylum Euryarchaeota within the archaea domain (Knief et al., 2019). The most 

common biotic CH4 production pathways in organic rich environments are: 1) hydrogenotrophic 

methanogenesis, that uses H2 as substrate coupled with CO2 reduction (equation 1) and 2) acetoclastic 

methanogenesis which uses acetate (equation 2) (Conrad, 2007): 

 

4H2 +  CO2 → CH4 +  2H2O                                                       (1) 

CH3COOH → CH4 + CO2                                                        (2) 

 

In wetlands, both H2 and acetate are the products of the degradation of organic matter by 

a complex bacterial community; primary fermenting bacteria convert polymers to monomers and 

further to fatty acids, alcohols, lactate, H2, acetate etc., and secondary fermentation bacteria 

(synthrophs) convert longer fatty acids and alcohols and aromatic fatty acids to acetate, CO2, H2 

(Megonigal & Hines 2005). 

pH, temperature, plant community composition and root exudates control methanogenesis 

also by indirectly regulating the activity of the fermenting and syntropic microorganisms that provide 

methanogenic substrates (Megonigal and Hines, 2003; Conrad, 2020). Methanogenesis is inhibited 

by oxygen, hence low water table levels and aerated soils decrease methanogenic activity (Sundh et 

al., 1995), although  some methanogens are O2 tolerant (Angle et al., 2017). Methanogenesis can be 

also carried out by fungi, that can also operate syntropically with methanogens (Covey et al., 2019). 

In natural wetlands up to 90% of the anaerobically produced CH4 is oxidised by methanotrophs in 

the oxic-anoxic interface of soil and plant components (Conrad, 2009). Methanotrophs belong to the 

Proteobacteria phylum (classes Alphaproteobacteria and Gammaproteobacteria), the 

Verrucomicrobia, and the NC10 phylum, and are also found within archaea that perform anaerobic 

CH4 oxidation (Raghoebarsing et al., 2006). Methanotrophs utilize a particulate (pMMO) and/or 

soluble methane monooxygenases (sMMO) to carry out CH4 oxidation producing CO2 and water 
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using molecular oxygen (Bodelier et al., 2019), with the net reaction: 

 

CH4 + 2O2 → CO2 + 2H2O 

 

The production of CO2 occurs through intermediate reactions that produce methanol (CH3OH), 

formaldehyde (CH2O), and formate (CHOOH) (Hanson and Hanson, 1996, Dedysh & Knief, 2018). 

Methanotrophs are known to conduct high affinity oxidation at atmospheric CH4 concentrations (<2 

ppm) and low affinity oxidation at CH4 concentrations higher than 40 ppm, with the latter being more 

widespread across ecosystems (Chowdhury & Dick, 2013). CH4 is also used by methylotrophs 

(within the Class Betaproteobacteria), the larger taxonomic group to which methanotrophs belong, 

which can utilise CH4 or methanol (CH3OH) in a cross-feeding interaction with methanotrophs (Ho 

et al., 2016). Methanotrophs can also compete with diazotrophic bacteria and ammonia oxidisers for 

CH4, indicating a close interaction between the CH4 and the N2 cycle (Bodelier et al., 2019). 

The diversity and the activity of methanogens and methanotrophs have been extensively 

studied in wetland soils (Chowdhury & Dick, 2013; Raghoebarsing et al., 2005; Stępniewska et al., 

2018; Sun et al. 2012; van Winden et al., 2010) and rice paddies ( Chin et al., 2004; Conrad, 2002; 

Minamisawa et al., 2016; Pump et al., 2015). Studies in wetlands with vegetation (temperate and 

arctic) have predominantly focussed on Sphagnum mosses, where  microorganisms were found in 

air-filled pores within the tissues or in the roots in a symbiotic relationship (Kip et al., 2010, 2012; 

Larmola et al., 2010, Putkinen et al., 2012; Raghoebarsing et al., 2005; Stępniewska et al., 20.13, 

2018). In tropical wetlands, both methanogens and methanotrophs have been detected in tank 

bromeliads (Brandt et al., 2017, Goffredi et al., 2011, Martinson et al., 2010, 2018).  

Very little is known about these microbial communities in wetland vegetation, and most 

studies focused on upland trees. Methanogenic archaea belonging to the genus Methanobacterium 

have been identified in wetwood of tree species of temperate upland (Zeikus & Ward, 1974; Zeikus 

& Henning, 1975).  More recent studies in both upland and wetland trees detected active 

methanogenesis using wood incubations, suggesting a microbial CH4 source inside the tree stem 

(Covey et al., 2012, Wang et al. 2016). Yip et al. (2018) and Li et al. (2020) found Methanobacterium 

to dominate the heartwood tissues of Populus spp. Additionally, methanogenesis have also been 

found in the roots (Bomberg et al., 2011) and needles (Putkinen et al., 2020) of a few coniferous tree 

species in temperate uplands. There is little evidence of methanotrophic activity in trees; some 

evidence can be found in a few upland studies:  Iguchi et al. (2012) retrieved Methylosinus sp. from 

CH4 enriched cultures of bark of Quercus spp, Doronina et al. (2004) isolated Methylobacteria from 

the genus Methylobacterium and Methylocystis in tree seeds, buds and needles of two coniferous 

species; methanotrophs in tree needles and leaves were also found by Rua et al. (2016), Haas et al. 

(2018) and Iguchi et al. (2012). Yip et al. (2018) found that methanotrophic families were <0.1 % of 

the microbial groups present in heartwood and sapwood tissues and suggested that further 

investigations should include outer tree tissues and bark. To date, just one study in wetlands (Jeffrey 
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et al., 2021) found methane oxidising bacterial (MOB) community dominated by Methylomonas on 

the bark of a tropical tree species, Melaleluca quinquenervia,. They found that the  

MOB mitigated around 36% of the CH4 emitted from tree stems. They suggested that methanotrophic 

population might also be ubiquitous across wetlands. Methanotrophs were also detected in the wood 

of riparian trees (Poblador et al., 2020). There are no studies to date that focussed on both 

methanogens and methanotrophs within wetland trees stem.  

Although fermenting products such as acetate have been found in trees (Schink et al., 

1981, Warshaw et al., 1985; Streichan et. al., 1986), the diversity of syntropic microorganisms that 

provide methanogenic substrates such as acetate and their relation to methanogens has been largely 

investigated in wetland soils (Ogram et al., 2019) but not in trees. Moreover, there are studies on the 

interaction of aerobic MOB with other microbial communities in wetland soils (He et al., 2015; Ho 

et al., 2016) but none about MOB and their co-existence with non-MOB communities in trees. 

Wang et al., (2017) observed that high stem CH4 concentrations in stems of Populus 

davidiana were strongly correlated to wood moisture; wood moisture can act as a barrier for the 

diffusion of O2 and favours anaerobic conditions; moreover, tree tissues can be niches of hypoxic or 

anoxic conditions, with oxygen concentrations ranging from 0.5 to 19% (Covey et al., 2019). It is 

likely that changes in O2 and water concentration can vary across wood tissues and result in shifts in 

the composition of aerobic and anaerobic microbial communities, including methanogenic and 

methanotrophic populations, thus in CH4 production and oxidation rates, but this should be further 

investigated. Yip et al. (2018) analysed the effect of wood moisture and pH on the variation of 

methanogenic relative abundancies in P. deltoides heartwood and sapwood but did not find any clear 

relation between these tree variables and the shifts in microbial community composition. In wetland 

soils, pH is known to affect microbial community composition and control methanogenesis and 

methanotrophy (Chowdhury & Dick, 2013; Zhao et al., 2019). Other controls on CH4 sources and 

sinks in soil are likely to also play an important role in trees (Covey et al., 2019) and should be 

further investigated. Although methane emissions from natural wetlands are the largest natural source 

of CH4, they are also associated with largest uncertainty in the global CH4 budget, our limited 

understanding of the soil-tree CH4 dynamics and trees as CH4 sources and sinks is adding to this 

uncertainty (Saunois et al., 2019). Therefore, this study aims to investigate the microbial population 

involved in CH4 production and oxidation in tropical and temperate trees that potentially influence 

net CH4 fluxes measured from the stem surface.  

 

5.2 Aims and hypothesis 

 

This study aims to: 

 

• To detect the presence of methanogens and methanotrophs in wetland tree stems. Trees are 

conduits for soil borne CH4 but they potentially host methanogens and methanotrophs that 
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contribute to define stem CH4 emissions. Different methanogenic and methanotrophic taxa 

possess different metabolism and capacity in producing and oxidising CH4. 

• To compare methanogenic and methanotrophic diversity found in trees with soil. The 

differences in microbial diversity could potentially relate to the differences in stem CH4 

fluxes and production and oxidation processes.  

• To look at the entire bacterial and archaeal community to identify groups potentially 

involved in the CH4 cycle, namely methylotrophs, diazotrophs, fermentative and 

aerobic/anaerobic populations.  

• To analyse relations between methanogenic and methanotrophic communities, pH and 

moisture content in tree tissues and soil. pH is known to control soil microbial diversity in 

soil and likely have a similar effect on microbial diversity in tree stems. Moisture content is 

known to influence the level of oxygen diffusivity in soil, in turn influence the presence of 

methanogens and methanotrophs and may therefore exert similar control in tree stems.  
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5.3 Methods 

5.3.1 Sites, tree species selection and sampling strategy 

 

The study was conducted in July 2018 in Flitwick Moor, a protected forested wetland in 

Bedfordshire, UK, in the same location included in previous studies by Pangala et al. (2015) and in 

Chapters 3 and 4.  The study sites are described in detail in Section 2.2. The investigation was 

conducted on Alnus glutinosa and Betula pubescens as in Pangala et al. (2015). Wood cores (internal 

tree tissues) and bark (outer tree tissues) samples were extracted in triplicate for DNA analysis at 35 

cm from 6 trees (3 trees of each tree species). The same six trees measured in Chapter 3 and 4 at 

height intervals up to 300 cm were used in this study, in order to investigate the relations between 

CH4 fluxes, and CH4 production and oxidation potentials and microbial community composition. 

Samples were extracted within the same surface enclosed by the stem chamber (Chapter 3) and in 

parallel to the samples extracted for MPP, MOP-LA and MOP-HA (Chapter 4). An increment borer 

(internal diameter 5 mm; Haglöf, Sweden) was used to extract the wood cores and the extractions 

were performed at 60° from each other and across the tree diameter in order to cover all the radial 

plan of the tree. Soil cores were extracted in triplicate from hollows at -20 cm soil depth from the 

same area enclosed by the soil chamber used for CH4 fluxes (Chapter3) at 1 m from the study trees. 

Soil cores were extracted in parallel to the soil cores used for MPP, MOP-LA and MOP-HA. The 

extractor of the increment borer and the soil corer were sterilised with 70% ethanol in between 

extractions; the samples were immediately stored separately in 15 ml centrifuge tubes on ice bags 

and then frozen at -20°C following return to the laboratory. The measurements of density, moisture 

content and pH from wood cores, soil cores and bark samples used in this Chapter and prior Chapters 

3 and 4 are described in detail in Chapter 2. 

 

5.3.2 Molecular characterisation of the microbial communities 

 

DNA extraction 

 

Wood and bark samples were finely ground (up to 20 to 5 µm) at - 196°C using a cryomill 

(Retsch®) (Hu et al., 2017). Samples were ground for 5 cycles of 2 minutes each at 30 Hz (standard 

conditions).  The triplicate samples for each tree were combined in the same grinding step to obtain 

a single homogenised sample. The samples were washed with 70% ethanol and distilled water before 

being grinded and inserted in a stainless-steel cylinder (the grinding vessel) under sterile conditions. 

The grinding vessel and the grinding ball were sterilised between grinding cycles with ethanol 70% 

and DNAaway®.  To ensure total sterilisation of the grinding vessel and ball, nuclease-free water 

samples were processed as above in between wood and bark samples and were used as negative 

controls during the total DNA extraction. DNA was extracted with a DNeasy plant maxi kit and a 

DNeasy PowerSoil Kit (Qiagen) from 1 g of tree samples, and 0.25 g of soil samples, respectively, 
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following the manufacturer instructions. Negative controls (nuclease free water) were also included 

in each sample batch. DNA quality was analysed with a Nanodrop spectrophotometer (NanoDrop™ 

One, Thermofisher) and quantified with Qubit® 2.0 Fluorometer (Invitrogen) (Sections 2.7.3). 

Results from nanodrop and Qubit analysis after DNA extraction are showed in Appendix III.A. Final 

DNA concentrations for wood ranged from 3.2 to 8.24 ng/µL for A. glutinosa and 3.9 to 7.5 ng/µL 

for B. pubescens, for bark ranged 4.92 to 15.1 ng/µL for A. glutinosa and 0.7 to 15.6 ng/µL for B. 

pubescens and ranged from 8.6 to 22 ng/µL for soil next to A. glutinosa and from 2.1 to 9.3 ng/µL 

for B. pubescens. The Qubit assay did not detect any DNA in the negative controls used in the 

cryomill or used in the DNA extractions of both tree and soil samples. Further details on the above 

steps are described in Sections 2.7.1-2. 

Two approaches were used to analyse the DNA of the microbial communities: (1) 

amplification and purification of the 16S rRNA gene. The 16S rRNA gene is a highly conserved 

regions and has hypervariable regions (V1 to V9), which can be used to allow accurate taxa 

classification up to the genus level (Baker et al., 2003). For this work, a two-steps PCR approach 

was used to increase the chance of detecting low abundant bacterial populations; (2) Whole Genome 

Shotgun (WGS) sequencing to produce metagenomic data. This technique, unlike the 16S gene 

sequencing, doesn’t target specific gene markers, and a DNA sample is fragmented and sequenced 

to obtain the whole genomic information. WGS has the advantages of avoiding biases introduced by 

the amplification step, as targeting specific variable region can impact the taxonomic accuracy, and 

contamination can be introduced during sample pre-amplification steps (Durazzi et al. 2021). 

Disadvantages are that WSG requires a higher coverage (millions of reads) and more complex data 

analysis compared to the 16S rRNA sequencing, and that the host DNA can exceed microbial DNA 

so that low abundant taxa are difficult to detect. On the other hand, the much higher taxonomic 

resolution compared to the amplicon sequencing also allows the assemblage of novel genomes 

(Sharpton et al., 2014). More details on these approaches are included in Section 2.7.4. 

 

DNA amplification 

 

The 16S rRNA gene variable regions were targeted and amplified with DNA templates 

(primers) with polymerase chain reaction (PCR). Primer set selection and optimisation of PCR 

conditions are described in detailed in Chapter 2. The primers used for the 1st round were 335F 

(CADACTCCTACGGGAGGC) and 1391R (GACGGGCGGTGWGTRCA) that targeted from the 

V3 to the V8 regions of the 16S rRNA gene. Cycling conditions included an initial denaturation at 

95°C for 2 min, followed by 24 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 90 s, 

extension at 72°C for 45 s and final extension at 72°C for 7 min. Non-target DNA fragments 

potentially amplified in the 1st round PCR were separated with gel electrophoresis (1.5% agarose gel, 

70V, 75 min) and visualised with GelDoc® (Bio-Rad). The images obtained are included in 

Appendices II.A-F. Bacterial DNA bands were extracted and purified using Monarch® DNA Gel 
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Extraction Kit (New England Biolabs) and used for the 2nd step PCR. Negative controls from the 1st 

round PCR were purified and included in the 2nd round PCR. Primers used in the 2nd round targeted 

the V5-V6-V7 regions of the 16S rRNA gene and were 799F (AACMGGATTAGATACCCKG) and 

1193R (ACGTCATCCCCACCTTCC) for bacteria and 958f (AATTGGANTCAACGCCGG) and 

1100R (TGGGTCTCGCTCGTTGCC) for archaea.  

A two-steps PCR approach was used to amplify the 16s rRNA gene using a C1000 Touch™ 

Thermal Cycler (Bio-Rad). Reaction volumes (50 μL) contained: 5 µL of DNA sample, 25 µL 

PCRBIO TaqMix (PCR Biosystems), 2 µL forward primer, 2 µL reverse primer (10 pmol/µL each) 

(Eurofins Genomics) and 16 µL of nuclease-free water. Positive controls were used to validate the 

PCR procedure and included bacterial DNA from Escherichia coli (0.8 µL with a concentration of 

4640 ng/ml) and the archaea Methanobacterium subterraneum (0.8 µL of heat-shocked cells in 

culture), and. A total of three negative controls were included in each PCR step: 1) negative controls 

used in the grinding step, 2) the negative controls used in the DNA extractions, and the negative 

controls to validate the PCR reactions. The negative controls used in the first step PCR were further 

amplified along the samples in the 2nd step PCR. 

For 799F/1193R, the cycling conditions included an initial denaturation at 94°C for 2 min, 

followed by 24 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C 

for 60 s and final extension at 72°C for 7 min. For 958F/1100R the cycling conditions included an 

initial denaturation at 94°C for 3 min, followed by 24 cycles of denaturation at 94°C for 30 s, 

annealing at 58°C for 45 s, extension at 72°C for 60 s and final extension at 72°C for 2 min. Final 

PCR products were analysed with gel electrophoresis at the same conditions as for the 1st step PCR, 

visualised with Gel Doc (BioRad) and purified with Monarch® PCR & DNA Cleanup Kit (New 

England Biolabs).  

Purified PCR products were analysed with a Nanodrop spectrophotometer (NanoDrop™ 

One, Thermofisher) for quality check and quantified with Qubit® 2.0 Fluorometer (Invitrogen) (see 

Chapter 2). Results of Qubit and Nanodrop analysis are showed in Appendix III.B. Wood, bark and 

soil DNA from trees of the six trees with the highest DNA quantity were selected for sequencing 

analysis. Trees selected were A16 and A19 for A. glutinosa and B6 and B10 for B. pubescens that 

showed an average final DNA concentration of 17.3 ± 10.1 ranging from 1.1 ng/µL (bark of A16) to 

36 (bark of B10) ng/µL. nanodrop results showed 260/280 ratio >1.8, while 260/230 ratios <1.8. 

Results from Qubit and Nanodrop were considered acceptable for sequencing analysis, that required 

a minimum concentration of 10 ng/µL in a minimum volume of 20 µL. 

The products from the bacterial primers were pooled into a single tube for library 

preparation, resulting in a total number of 12 samples (n=6 each species; wood=2, bark =2, soil=2). 

Final volumes were 26 µl for wood and bark and 41 µl for soil samples in Tris buffer solution 

The negative controls amplified twice (during 1st and 2nd step PCR) showed contamination from 

microbial DNA (Appendix II.C to II.F) and were pooled in a single tube with a final volume of 26 

µl for sequencing.  The negative controls from the 2nd step PCR, that did not show any contamination 
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bands (Appendix II.C to II.F) were also included for sequencing analysis. PCR products of the 

archaea DNA amplification were not prepared for sequencing analysis because the quantity was 

below the minimum requirements (minimum concentration of 10 ng/µL in a minimum volume of 20 

µL). More details on PCR amplification and primer selection are included in 2.6.4.1. 

 

Metagenomic preparation  

 

Samples for shotgun metagenomic were represented by wood DNA (not bark, that was 

included for the 16S sequencing only) extracted from trees A16, A19, B6 and B10 and DNA of soil 

next to trees A16 and B10. Shotgun metagenomic was used to investigate both bacteria and archaea. 

Sample concentrations ranged from 7.8 to 10.9 ng/µl of Tris buffer solution in a final volume of 100 

µl (Appendix III.A). Final concentrations corresponded to approximately 1 µg DNA per sample, an 

optimal amount of DNA as required for sequencing. 

 

5.3.3 Sequencing data analysis 

 

The sequencing data analysis and bioinformatics for taxonomy assignments of both the 16S 

rRNA and the shotgun metagenomic data was performed by Igatech (Italy). Sequencing procedures 

are described in Section 2.7.5. Sequencing analysis was performed on normalised sample 

concentration. Taxonomy classification of 16S rRNA and shotgun metagenomics sequencing result 

was performed with RDP classifier based on the GreenGene and NCBI nt database, respectively. 

The DNA resulting from the amplification of the negative controls was also sequenced, and 

the sequences common to both the negative controls and samples were not filtered and removed, and 

were included in this Chapter; a two-step PCR amplification method, as the one used in the present 

study, is likely to amplify negligible amounts of DNA fragments which are not detected with the gel 

electrophoresis after just one round of amplification (Salter et al., 2014); a two-step PCR is also 

likely to increase the probability of cross contamination, which is the major cause of contamination 

of the negative controls in PCR; with the elimination of those sequences from the samples, also ‘true’ 

sequences would be removed (Davis et al., 2018).  

The diversity analysis (α-diversity and -diversity) was based on rarefied samples (10000 

sequences) based on the rarefaction curves plot (Section 2.7.5). Diversity indices included OTUs 

richness, Shannon, Simpson and Chao1, described in Section. Diversity analysis was not performed 

for shotgun metagenomic samples.  

Results from sequencing analysis are showed in following sections up to the genus level of 

classification; classification at the Species level of both the 16S and the shotgun metagenomic 

sequencing data were not included in the results. 

Taxonomic data were transferred from text files provided by the sequencing company to Excel and 

data visualised with ggplo2 package in R software (version 3.6.0). 
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5.4 Results 

5.4.1 Total reads based on the 16S and shotgun metagenomics sequencing of bacteria and 

archaea sequences 

 

16S rRNA gene sequencing of the 14 samples resulted in a total of 1.830.830 reads after 

filtering and quality controls; average reads were 130.773 ± 63.863 per sample, with a minimum read 

of 49.786 for soil to a maximum of 317.666 for bark from tree A19. Unassigned 16S sequences 

ranged from 0.001% to 0.035% of the total counts of each sample. Non-target DNA that was co-

amplified with the bacterial primers, belonged to the phylum Euryarchaeota (0.003%), Class 

Methanobacteria. These non-specific sequences were also found in the negative PCR control 1 (the 

negative control after two amplifications), where Euryarchaeota represented the 0.0006%, 

Methanobacteria the 0.16% and unclassified non-bacterial OTUs the 0.12%. Unassigned and 

Archaeal OTUs were not included in further analysis for the 16S sequencing results of bacterial taxa. 

Results from sequencing accuracy tests for both the 16S and shotgun metagenomic 

sequencing showed that all samples had a Phred quality score >30 which corresponded to a >99.9% 

of a correct base call; GC (guanine-cytosine) content of the 16S sequencing samples was within the 

acceptable range of 50-60%; GC (guanine-cytosine) content of shotgun sequencing samples ranged 

between 37% and 64%, with the highest values for soil samples, resulting in less analytical sensitivity 

for soil compared to wood. 

Shotgun metagenomics sequencing (of all genes present in the sample) resulted in a total of 

7.643.705 reads of microbial DNA at all taxonomic levels; average reads were 1.273.950 ± 924.247 

per sample with a minimum of 299.102 for wood of tree A16 and a maximum of 2.485.572 for wood 

of tree A19. Total reads for shotgun metagenomic of the whole DNA of the samples are showed in 

table 5.1.  The number of bacterial and archaeal taxa are showed in Table 5.2. The percentage of 

bacterial DNA varied between 18% (A16) and 68% (A19) in wood of A.glutinosa trees, between the 

11% (B6) and the 14% (B10) in wood of B. pubescens trees, and the 68% (A16) and the 66% (B10) 

in soil next to A. glutinosa and B. pubescens (Table 5.1). Archaeal DNA represented between the 

0.4% (A16) and the 0.1% (A19) in the wood of A.glutinosa, the 0.3% (B6 and B10) in wood of B. 

pubescens, and the 1% (A16) and the 0.6% (B10) in soil next to A. glutinosa and B. pubescens (Table 

5.1). The unclassified reads (Figure 5.1) corresponded to reads that did not match to any known 

microbial DNA sequences. A higher level of classification was obtained with shotgun metagenomic 

compared to the 16S sequencing. The total number of classified taxa at a phylum, family and genus 

levels was based on both techniques are showed in Figure 5.2. 
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Table 5.1 Total reads from shotgun metagenomic sequencing of wood of A. glutinosa trees (A16 and A19) and 

B. pubescens trees (B6 and B10) and of soil samples collected next to trees A16 and B10. 

 
 

A16 - 

wood 

A19 - 

wood 

B6 - 

wood 

B10 - 

wood 

A16 - 

soil 

B10 - 

soil 

Unclassified reads (%) 62 65 60 63 64 65 

Classified 

reads 

(root) 

Host/Other DNA (%) 81.6 31 88.7 85.7 31 33.4 

bacteria % of root 18 68 11 14 68 66 

Reads 299102 2485572 299218 519331 2212063 1828419 

Unassigned 

reads 

3917 100337 18353 62398 83763 68068 

Unassigned 

reads (%) 

1.3 4 6.1 12 3.8 3.7 

archaea % of root 0.4 1 0.3 0.3 1 0.6 

Reads 6319 34696 8281 12442 37487 17576 

Unassigned 

reads 

76 194 70 67 149 131 

Unassigned 

reads (%) 

1.2 0.6 0.8 0.5 0.4 0.7 
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Table 5.2. Number of classified taxa for each sample based on the 16S rRNA gene and metagenomic shotgun 

sequencing  

 

A. glutinosa  
Phylum Family Genus 

shotgun 16S shotgun 16S shotgun 16S 

A16 wood bacteria 26 17 352 120 1288 241 

archaea 9 - 38 - 93 - 

bark bacteria - 16 - 83 - 119 

soil bacteria 29 19 374 169 1537 312 

archaea 4 - 40 - 112 -          

A19 wood bacteria 53 15 380 117 1579 240 

archaea 15 - 66 - 133 - 

bark bacteria - 15 
 

96 
 

153 

soil bacteria - 20 - 168 - 319 

archaea - - - - - -  

B. pubescens 

Phylum Family Genus 
 

shotgun 16S shotgun 16S shotgun 16S 

B6 wood bacteria 28 20 356 142 1296 280 

archaea 3 - 37 - 112 - 

bark bacteria - 13 - 111 - 186 

soil bacteria - 17 - 133 - 213 

archaea - - - - - - 

B10 wood bacteria 28 20 361 149 1308 277 

archaea 4 - 40 - 96 - 

bark bacteria - 19 - 140 - 231 

soil bacteria 27 17 376 96 1384 126 

archaea 3 - 39 - 88 - 
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5.4.2 Alpha rarefaction curves and apha diversity estimations of the 16S sequencing results of 

bacterial DNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Rarefaction curves of individual trees of A. glutinosa (A16 and A19) and B. pubescens (B6 and 

B10) and negative controls from PCR rounds 1 and 2 showing Observed OTUs (y axis) at each number of 

sequences sampled to determine alpha diversity until a maximum of 10000. 

 

Rarefaction curves were built to estimate the number of observations or sequencing depth 

required to obtain a representative amount of operational taxonomic units (OTUs) for each sample.  

As specified more in detail in 2.7.5, rarefaction curves are obtained from plotting the 

observed number of OTUs against the number of sequences randomly chosen from a sample and are 

used to estimate the number of observations or sequencing depth required to obtain a representative 

amount of operational taxonomic units (OTUs) for each sample (Kim et al., 2017). Sequencing 

saturation, in other words the sufficient amount of sequences above which the number of OTUs do 

not increase, occurred for bark of A. glutinosa (A16 and A19), PCR 1 and 2, wood of B10, bark of 

B6 bark and soil next to B10 (Figure 5.1). 

Soil samples corresponding to A. glutinosa trees (A16 and A19 soil) showed a higher OTUs 

diversity based on observed OTUs number (Table 5.3). PCR1, PCR2 and bark samples of both A. 

glutinosa trees (A16 and A19 bark) showed less diversity with the lowest amount of OTUs was 

needed to represent the taxonomic diversity compared to wood and soil samples (Figure 5.1). 

Diversity analysis was performed at Good’s coverage scores and alpha diversity indices (OTUs 

richness, Shannon, Simpson and Chao1) (An et al., 2019) were determined based on the OTUs 

observed at the species level on rarefied samples (10000 sequences).  Good’s coverage ranged from 
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0.96% to 0.99%, except for the soil samples of A. glutinosa trees, which had a score of 0.88%, 

indicating that a higher sequencing depth would have showed more bacterial diversity in the samples. 

Soil showed the higher diversity compared to wood and bark of both A. glutinosa and B. pubescens, 

and A. glutinosa showed the highest diversity compared to B. pubescens (regardless samples type) 

based on observed OTUs, Chao1, Simpson and Shannon indices.  Bark of tree B10 showed higher 

observed OTUs and Chao1 index compared compared to wood and soil; this indicated rarer and more 

underrepresented OTUs were present in bark of B10 compared to wood and soil. (Table 5.3).  

Wood of A. glutinosa showed more diversity and more homogenous distribution of OTUs 

compared to B. pubescens, with higher observed OTUs, Chao1 and Shannon indices (Table 5.3), 

while bark showed the opposite trend. Observed OTUs and indices for the negative controls (PCR1 

and PCR2) were generally lower compared to the other samples. 

Given the low number of replicates, statistical tests were not performed to assess the significance of 

mean differences. 

 

Table 5.3. Diversity indices calculated for all sample types (n=2) for A. glutinosa wood (A16 - A19), bark 

(A16B - A19B), soil (A16S - A16S) and for B. pubescens (B6 - B10), bark (B6B - B10B), soil (B6S - B10S) 

and negative controls included in the two steps PCR (PCR1 and PCR2). The observed OTUs represented the 

whole OTUs content including unclassified OTUs. 

 

Sample Observed OTUs Shannon (H) Simpson (λ) chao1  Goods coverage  

A16 W 848.8 5.372 0.833 1569.645 0.957 

A19 W 718.4 6.703 0.977 1281.362 0.964 

A16B 160.3 1.299 0.245 341.067 0.993 

A19B 299.1 3.053 0.59 494.115 0.989 

A16S 2305.4 9.606 0.996 4066.622 0.88 

A19S 2242.3 9.682 0.997 3891.496 0.887 

      

B6 W 639.9 3.074 0.526 1322.643 0.963 

B10 W 470 1.955 0.41 1129.783 0.97 

B6B B 480.3 3.475 0.619 719.608 0.982 

B10B 618.9 3.749 0.622 1175.164 0.967 

B6S 1013.3 7.199 0.926 1289.045 0.972 

B10S 487.1 6.443 0.946 638.977 0.987 

      

PCR1 239.2 2.292 0.562 372.044 0.991 

PCR2 227.2 3.502 0.755 489.448 0.988 
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-diversity based on Bray-Curtis distance showed dissimilarity in diversity between samples. There 

were no significant differences in beta-diversity after group comparisons by species only and sample 

type only, although there was more evident similarity between wood and bark compared to wood 

and soil or bark and soil, except for wood of A19 that showed dissimilarities toward the rest of the 

samples (Figure 5.2). 

 

 

Figure 5.2.  PCoA based on Bray-Curtis dissimilarity between wood, bark, and soil of A. glutinosa trees (A16 

and A19) and B. pubescens trees (B6 and B10) and the negative controls (PCR1 and PCR2). 

  

5.4.3. Diversity and tree variables  

 

Tree variables including pH, moisture content in wood, bark and soil were measured in Chapter 3 

and were used in this Chapter to show their relations with microbial alpha diversity indices obtained 

from the 16S sequencing results. Differences across tree tissues, soil and tree species weren’t 

evaluated statistically due to the limited sample size, although there are visible differences between 

samples in moisture and pH, as for indices. Soil close to the trees of both species showed the highest 

moisture while bark the lowest (Table 5.4). Soil had a more acidic pH, while wood and bark showed 

similar pH closer to neutrality compared to soil. Soil close to both species, as described in the 
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previous section, had the highest diversity, while bark had the lowest one, except for bark of tree B10 

that had highest diversity indices compared to wood (Table 5.4). 

 

Table 5.4. Diversity indices, moisture and pH of wood, bark and soil samples of trees A16, A19, B6 and B10. 
 

Moisture 
(%) 

pH Observed 
OTUs 

Shannon (H) Simpson 
(λ) 

chao1  Goods 
coverage  

A16 wood 21 4.9 849 5.372 0.833 1569.645 0.957 

A19 wood 32 4.6 718 6.703 0.977 1281.362 0.964 

B6 wood 30 5 640 3.074 0.526 1322.643 0.963 

B10 wood 53 6.2 470 1.955 0.410 1129.783 0.970         

A16 bark 33 5.1 160 1.299 0.245 341.067 0.993 

A19 bark 28 5 299 3.053 0.590 494.115 0.989 

B6 bark 10 7 480 3.475 0.619 719.608 0.982 

B10 bark 9 5.3 619 3.749 0.622 1175.164 0.967         

A16 soil 55 3.9 2305 9.606 0.996 4066.622 0.880 

A19 soil 78 4 2242 9.682 0.997 3891.496 0.887 

B6 soil 72 3.2 1013 7.199 0.926 1289.045 0.972 

B10 soil 65 3.3 487 6.443 0.946 638.977 0.987 

 

5.4.4. Relative abundance of bacterial phyla based on 16S rRNA  

 

Based on the 16S sequencing, a total of 20 phyla of bacteria were classified across all of the 

samples. The most abundant phyla in the wood of A. glutinosa were Proteobacteria, which 

represented 33.2% (A16) and 34.7% (A19) and Cyanobacteria, which represented 40% (A16) and 

11.9% (A19). In bark, Cyanobacteria were also dominant and represented 88.2% (A16) and 64.4% 

(A19) while Protobacteria represented 5.7% (A16) and 24.1% (A19).  

In B. pubescens, Cyanobacteria represented 70.6% (B6) and 77.3% (B10) in wood and 

62.4% (B6) and 64% (B10) in bark, while Proteobacteria represented 15.4% (B6) and 16.7% (B10) 

in wood and 27.5% (B6) and 17.8% (B10) in bark. Other phyla present in wood and bark of both 

species are showed in Figure 5.5.  

Acidobacteria were visibly more relatively abundant in soil of both tree species; soil next to 

A. glutinosa and B. pubescens trees showed less relatively abundance of Cyanobacteria than wood 

and bark, and a visible higher relative abundance of Proteobacteria and Acidobacteria (Figure 5.5). 

All major phyla detected in soil next to A. glutinosa trees were also detected in wood and bark. 

Fibrobacteres and Thermotogae, (<0.1%) were exclusively present in soil, and Thermi, Fusobacteria 

and Armatimonadetes (<0.1%) were absent from soil next to the trees of both species.  
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Figure 5.5 Relative abundance of phyla of bacteria based on the 16S rRNA sequencing present in wood, bark and soil of A. glutinosa trees (A16 and A19) and B. pubescens trees (B6 and 

B10). 
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5.4.5. Relative abundance of phyla based on shotgun sequencing 

 

Wood DNA from all trees and soil DNA from trees A16 and B10 were sequenced with 

shotgun metagenomics. A total of 29 bacterial phyla were detected (Figure 5.6).  

Proteobacteria was the most relatively abundant phylum in wood and soil for both tree species; in 

wood of A. glutinosa, Proteobacteria represented 51% (A16) and 60% (A19) of the sequences, 

Actinobacteria represented 25% (A16) and 19% (A19), Firmicutes 10% (a16) and 3% (A19).  

In wood of B. pubescens, Proteobacteria represented 47% (B6) and 48% B10) of the sequences, 

Firmicutes 15% (A16) and 14% (B10), Actinobacteria 14% (B6) and 11% (B10);  

Other phyla in wood of both tree species (<1%) are showed in Figure 5.6.  

In soil next to trees, Proteobacteria represented the 57% (A16) and the 55% (B10), 

Actinobacteria the 24% (A16) and the 27% (B10), Acidobacteria 2% (A16) and 4% (B10), 

Firmicutes 3% (A16) and 3% (B10) and Bacteroidetes 3% (A16) and 2% (B10). Other phyla (<1%) 

are showed in Figure 5.6. Unassigned and unclassified bacterial sequences represented 1.2% (A16) 

and 4.1% (A19) in wood of A. glutinosa, and 6.3% (B6) and 12.2% (B10) in wood of B. pubescens, 

and the 4.1% (B6 and B10) in soil next to both tree species respectively. All phyla detected were 

present in wood and soil of both tree species. 
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Figure 5.6. Relative abundance of phyla in wood of A. glutinosa (trees A16 and A19) and of B. pubescens (trees B6 and B10) and in soil next to trees A16 and B10 based on shotgun 

metagenomics.  
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Shotgun metagenomic analysis resulted in a higher number of bacterial phyla compared to the 16S 

sequencing approach. For example, the phyla Spyrochaetes, Aquificaea. Synergistetes, 

Deferribacteres, Lantispherae, Elusimicrobia, Kiritimatiellales and Thermodesulfobacteria were only 

detected with metagenomic sequencing (Figure 5.6). Proteobacteria and Cyanobacteria were the most 

relatively abundant phyla detected with the 16S sequencing. Proteobacteria also represented a major 

Phylum in the metagenomic database, while Cyanobacteria represented less than 3% based on this 

technique. Acidobacteria represented >10% in the 16S sequencing, whilst represented less than 4% 

in the shotgun metagenomic database.  

 

5.4.6. Relative abundance of bacterial families based on 16S rRNA  

 

The 16S rRNA sequencing detected a total of 172 families; 16 families were present across 

all samples; unclassified families of the class Nostocophycideae (Cyanobacteria) represented >50% 

of the total bacterial families in the bark of both A. glutinosa trees (A16 and A19) and in wood and 

bark of both B. pubescens trees (B6 and B10), while represented between 39.8% and 8.5% of 

sequences  from the wood of A16 and A19 respectively, and <20% in soil next to trees of both 

species. 

The most relatively abundant classified families in the wood of A. glutinosa were 

Sphingobacteriaceae (Bacteroidetes) that represented 15.6% (A19), Enterobacteriaceae 

(Proteobacteria) 14.2% (A16), and the Nocardioaceae (Actinobacteria) 7.8% (A19). In the wood of 

B. pubescens, Sphingomonadaceae represented 2.4% (B6) Flexibacteraceae (Bacteroidetes) 

represented the 2.2% (B6) and Acetobacteraceae 1.3% (B6).     

Enterobacteriaceae represented 14.9% (A19) in bark of A. glutinosa and 13.5% (B6) in bark 

of B. pubescens. Other major families present in bark of both tree species (>1%) were 

Sphingomonadaceae and Streptococcaceae. Acetobacteraceae represented the 8.9% in tree B10.  

In soil next to A. glutinosa, Solibacteraceae (Acidobacteria) represented the 8.8% (A16) and 

8.1% (A19) other major families (>3%) included Hyphomicrobiaceae (Proteobacteria) and 

Koribacteraceae (Acidobacteria); in soil next to B. pubescens Enterobacteriaceae represented the 

15.08% (B10) and other major families (>3%) were Sphingomonadaceae and Acidobacteriaceae. 

Dehalococcoidacea (Chloroflexi), Thiobacteraceae (Proteobacteria), Syntrophobacteraceae, 

Geobacteraceae (both of Proteobacteria), Hyphomonadaceae (<0.1%) were found in wood and bark 

of B. pubescens and were absent from A. glutinosa trees; Ekhidnaceae (Bacteroidetes), 

Erythrobacteraceae Rickettsiaceae, Bacteriovoracacea, Piscirickettsiaceae (Proteobacteria), and 

Eubacteriaceae (Firmicutes), (< 0.01%) were present in wood and bark of A. glutinosa but not in 

wood or bark of B. pubescens trees. 27 families were present in soil next to A. glutinosa but absent 

from wood and bark; among them, the most relatively abundant were Dehalococcoidaceae and 

Anaerolinaceae (both of Chloroflexi) and represented the 0.07% and 0.84% (A16) and 0.32% and 
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1.03% (A19) respectively. Coprobacillaceae (Firmicutes) was the only family in soil next to B. 

pubescens that was absent from wood and bark of B. pubescens trees. 

 

5.4.7. Relative abundance of bacterial families based on shotgun metagenomics  

 

A total of 395 families were found across samples and tree species based on shotgun 

metagenomics. The most relatively abundant families in wood of A. glutinosa were 

Streptomycetaceae (Actinobacteria) with 14.6% (A16), Erwiniaceae with 8.5% (A16) and 

Pseudomonadaceae (Proteobacteria) with 7.6% (A16); in wood of B. pubescens, Bukholderiaceae 

represented 16.3% (B10), Pseudomonadaceae 4.7% (B6) and 4.2% (B10) and Flavobacteriaceae 

(Bacteroidetes) 4.4% (B6) and 4.1% (B10). In soil, major families were Streptomycetaceae, 

representing 8.9% (A16) and 8.2% (B10), and Burkholderiaceae, representing 7.09% (A16) and 

10.07% (B10), and Pseudomonadaceae representing 4.2% (A16) and 4.04% (B10). There were no 

families exclusive to wood of A. glutinosa; 23 families (<0.001) were present in soil next to tree A16 

but not in wood of A16; Bradyrhizobiaceae (Proteobacteria) (1%), Spirulinaceae and 

Entophysalidaceae (both of Cyanobacteria) (<0.01%) were found in wood of tree B10 but not in soil 

next to B10; 17 families (<0.001%) were found in soil next to tree B10 but not in wood. 

 

5.4.8. Relative abundance of bacterial genera based on 16S rRNA  

 

16S rRNA sequencing detected a total of 360 genera. 63 of the genera were present across 

wood and bark of both tree species, in at least one tree individual, and in soil next to both tree species 

(Figure 5.7). In A. glutinosa, the unclassified genus component ranged from the 8.5% (A19) in wood 

to the 87.1% (A16) From the 39.3% to the 97.5% of the unclassified OTUs in wood and bark of both 

tree species belonged to the class Nostocophycideae (Cyanobacteria).  

A. glutinosa showed a similar relative abundance of bacteria genera in soil and in wood 

(>30%), while the relative abundance in bark was <30% (A19) and <10% (A16). Bacteria genera in 

wood of B. pubescens represented <10%, while represented between the 20-30% in bark and 30-40% 

in soil. 

The major genera present in each sample differed depending on the tree individual; the most relative 

abundant genera in wood of A. glutinosa were Erwinia (family Chitinophagaceae) that represented 

12.9% (A16); other genera (>3%) were Pseudomonas (family Polyangiaceae), Sphingomonas 

(family Mycobacteriaceae) (A16 and A19) and Niocardioides (family Rhodobacteraceae) (A19) 

(Figure 5.7). In bark of A. glutinosa, Streptococcus and Sphingomonas (>1%) (A16), while 

Escherichia represented 10.8% (A19), and Erwinia represented 3.64% (A19). Sphingomonas, 

Streptococcus and Erwinia represented <3% in A19. 

In wood of B. pubescens, Sphingomonas represented 2% (B6), while other most abundant 

genera represented <1%, among them Singulisphaera (family Solibacteraceae) Candidatus 
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Solibacter (family Enterobacteraceae), Escherichia and Conexibacter (family Caulobacteraceae) 

(Figure 5.7). In bark of B. pubescens, Escherichia represented 10.2% (B6), and other genera 

representing >3% were Sphingomonas (B6), Tanticharoenia, (B10), Erwinia (B6) and 

Singulisphaera (B10).  

In soil next to A. glutinosa, major genera were Candidatus Solibacter that represented 8.8% 

(A16) and 8.1% (A19) and other major genera representing >3% in both B6 and B10 were 

Candidatus Koribacter and Rhodoplanes (A16 and A19). In soil next to B. pubescens, Escherichia 

represented 6.1% (B6) and 14.9% (B10), and other genera representing >2% were Sphingomonas, 

(B10) Gallionella (family Enterobacteriaceae) and Candidatus Solibacter (B6).  

A total of 10 genera (<1%) were detected in wood and were absent in soil, 4 of them were 

present in both wood and bark and were Friedmanniella, Spirosoma in A. glutinosa, and Spirosoma 

and Hymenobacter in B. pubescens; Sedimentibacter Aurantimonas Chelatococcus Ochrobactrum 

Terracoccus and Brachybacterium were exclusively present in wood (<0.1%). There were no genera 

exclusively present in one of the tree species.  

 

5.4.9. Relative abundance of bacterial genera in negative controls of PCRs 

 

The negative controls used in both PCR amplification steps (“PCR1”) and the negative controls used 

in the second round PCR (“PCR2”) were sequenced along with the samples. Bacterial OTUs were 

detected in both PCR1 and PCR2, although the gel electrophoresis showed a “clean” band 

corresponding to the negative control PCR2 (Appendix II.C to II.F). OTUs detected in negative 

controls were classified along with the samples and are showed in this section. 

The relative abundancies of the bacterial genera present in both the negative controls and in 

wood, bark, and soil of A. glutinosa and B. pubescens are showed in Figure 5.8. Of the 360 genera 

identified across all samples, 117 and 66 genera were also detected in PCR1 and PCR2 respectively 

and represented 32.5 % and the 18.3% of the total genera of all samples. The 63.8 and the 50.4% of 

OTUs in PCR1 and PCR2 respectively belonged to unclassified genera; unclassified genera from the 

Nostocophycideae represented the 97.7% and the 93.3% of the total of the unclassified component 

(Figure 5.8). Escherichia, Sphingomonas Erwinia Streptococcus and Pseudomonas were the most 

relatively abundant genera in wood, bark and soil and also in PCR1 and PCR2. Streptococcus 

(11.47%) and Escherichia (24.7%) were more relatively abundant in PCR2 and the PCR1 

respectively than in samples, while other genera were less relatively abundant in the negative controls 

than in samples. All genera detected with 16S sequencing were also found with shotgun 

metagenomics analysis (Section 5.4.10). 
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Figure 5.7. Relative abundance of classified Bacteria genera in wood and bark of A. glutinosa (trees A16 and A19) and of B. pubescens (trees B6 and B10) and in soil next to trees A16, A19, 

B6 and B10 based the 16S r RNA gene sequencing. Note that the relative abundance of each genus (%) is based on the total classified DNA component.
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Figure 5.8. Relative abundance of microbial communities at a genus level common to wood (n=2), bark (n=2) 

and soil (n=2) for A. glutinosa and B. pubescens and for negative controls of the two steps of amplification 

(PCR 1 and PCR2) 



Chapter 5 - Characterisation of methane-related microbial communities in temperate wetland trees 

 
142 

 

 

5.4.10. Relative abundance of bacterial genera based on shotgun metagenomics  

1810 genera were identified based on shotgun metagenomics. 1184 genera were present in 

each of the trees and soil samples; 99 of these genera are showed in Figure 5.9 and represented up to 

57.3% of all genera present.  

Streptomyces and Bradyrhizobium were the most relatively abundant genera in wood of A. 

glutinosa representing 14% (A16) and 6% (A19). Ralstonia was the most relatively abundant genus 

in wood of B. pubescens and represented 6% (B6) and 13.4% (B10).  

Erwinia and Pseudomonas (>7%%) (A16), and Burkholderia and Leptospira (>2%) (A19) 

were detected in wood of A. glutinosa, and Pseudomonas and Streptomyces (>3%) (B6 and B10) in 

wood of B. pubescens. In soil, Streptomyces was the most relative abundant genus and represented 

8.1% (A16) and 7.4% (B10), while other genera were Pseudomonas and Ralstonia (>3%) (both A16 

and B10). Other genera present across wood and soil are showed in Figure 5.9. 

30 genera were present in wood of A16 but not in soil next to A16, among them 

Bradyrhizobium (0.78%) and Listeria (0.1%); 345 genera were present in soil of A16 but non in 

wood of A16. Nocardioides (0.7%), Pseudomallei (0.3%) and Solibacter (0.3%) were the most 

relatively abundant, while the other soil specific genera were <0.00001%. 

45 genera were present in B10 but not in soil next to B10, among them Mixta and Candidatus 

Endoecteinasscidia (0.1%). 301 genera were present in soil next to B10 but not in wood of B10, 

Mycobacteroides (0.12%) and Tessaracoccus (0.12%) were the most relatively abundant, while other 

genera represented <0.001%) 

18 genera were present in A. glutinosa trees but not in B. pubescens and 12 genera were in 

B. pubescens and not in A. glutinosa. These species-specific genera represented the <0.01% each. 

The uncultured and unclassified component was the 3.16% in tree A16 and the 4.7% in soil next to 

A16, while it was <0.1% in the other trees and soil.
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Figure 5.9. Relative abundance of bacterial genera in wood of A. glutinosa (trees A16 and A19) and B. pubescens (B6 and B10) and in soil next to A16 and B10 trees. The genera showed are 

>0.1% and are present in at least one of the trees of the two tree species and in soil next to both tree species 
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5.4.11 Relative abundancy of methane oxidising bacteria (MOB) based on 16S rRNA  

 

Known methane oxidising bacteria (MOB) are found within the classes Alphaproteobacteria, 

and Gammaproteobacteria (phylum Protobacteria), class Methylacidiphilae (phylum 

Verrucomicrobia) and the NC10 candidate division. A total of eight MOB genera were detected 

based on the 16S sequencing and represented between 0.54% (A16) and 0.25% (A19) of bacteria 

genera in wood. The 0.62% (A16) and the 0.22% (A19) in bark of A. glutinosa, the 0.01% (B6) and 

the 0.26% (B10) in wood of B. pubescens, the 0.31% (B6) and the 0.6% (B10) in bark of B. 

pubescens. In soil, they represented 1% (A16) and the 0.8% (A19), and 0.94% (B6) and the 1.46% 

(B10). 

Alphaproteobacteria MOB genera were Methylobacterium, Methylocella, Methylosinus.  

Methylosinus (Figure 5.10) and ranged from the 0.006% to 0.14% (of all bacterial genera) in wood, 

from the 0.01% to the 0.47% in bark and from the 0.68% to the 1.04% in soil; Methylosinus was 

found across all samples and tree species and showed higher relative abundance in soil than in wood 

and bark. Methylobacterium ranged from the 0.03% to 0.52% in wood, the 0.0005% to the 0.18% in 

bark and 0.01% in soil next to tree A16.  Methylocella ranged from the 0.06% to 0.7% in wood, 

0.01% to 0.08% in bark and from the 0.008% to 0.1% in soil next to A. glutinosa trees and it was 

absent from soil next to B. pubescens trees.  

Gammaproteobacteria MOB were Methylonatrum, Methylophaga, Crenotrix and 

Methylomonas. Methylonatrum was only detected in soil next to A. glutinosa trees and represented 

0.01% (A19) and 0.002% (A16) and in bark of tree B10, where represented <0.001%. Methylophaga, 

was detected in wood of tree A19 only (0.04%) Crenothrix (<0.01%) was detected in wood and bark 

of A19 and in bark of B10, in soil next to all trees except tree B10. Methylomonas (0.004 %) was 

found in soil next to tree A19 only. Candidatus Methylacidiphilum (Verrucomicrobia) was found in 

bark of tree B10 (0.007%). A. glutinosa wood and soil showed the highest number of MOB genera.  

Methylocella (0.0007%) and Methylobacterium (0.002%) were detected in PCR1 and 

Methylosinus (0.0008%) was detected in PCR2. Among the Betaproteobacteria, methylotrophic 

genera (not showed in Figure 5.10) were Methylobacillus that represented the >0.001% in wood of 

A16, Methylibium that ranged from the 0.33% in wood of tree A16 to the 0.0006% in bark of tree 

B6 and was found in all samples and tree species. Other methylotrophic genera were Methylopila 

that was found in wood of treeA16 and bark of tree B6 (0.03% and 0.0006% respectively). 
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Figure 5.10. Relative abundance (%) of methane oxidising bacteria (MOB) genera within the Proteobacteria 

and Verrucomicrobia (candidatus Methylacidiphilum) based on 16S sequencing within wood (n=2), bark (n=2) 

and soil (n=2) of A. glutinosa (trees A16 and A19) and wood (n=2), bark (n=2) and soil (n=2) of B. pubescens 

(trees B6 and B10). The relative abundance referred to the total Bacteria genera found in each sample. 

 

5.4.12. Relative abundancy of methane oxidising bacteria (MOB) based on shotgun 

metagenomics 

A total of 23 MOB genera were found across samples and tree species based on shotgun 

sequencing. MOB genera represented the 1% (A16) and the 2.09% (A19) of total bacterial genera in 

wood of A. glutinosa, the 0.8% (B6) and the 0.7% (B10) in wood of B. pubescens; in soil represented 

2.1% (A16) and the 1.9% (B10) (Figure 5.11).  

Alphaproteobacteria MOB were the more relatively abundant and represented the 0.8% 

(A16) and the 1.8% (A19) in wood of A. glutinosa, the 0.6% (B6) and the 0.5% (B10) in wood of B. 

pubescens; in soil Alphaproteobacteria MOB represented 1.9% (A16) and the 1.8% (B10).  

Gammaproteobacteria MOB were the 0.1% (A16) and the 0.2% (A19) in wood of A. 

glutinosa, 0.2% (B6) and the 0.1% (B10) in wood of B. pubescens and the 0.1% in soil next to both 

trees A16 and B10. Verrucomicrobia MOB represented 0.008% (A16) and 0.009% (B10) in wood 

of A. glutinosa, 0.019% (B6) and 0.010% (B10) in wood of B. pubescens and 0.009% in soil next to 

trees A16 and B10 respectively. Candidatus Methylomirabilis (candidate phylum NC10) represented 
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0.01% (A16) and 0.03% (A19) in wood of A. glutinosa, 0.02% (B6 and B10) in wood of B. pubescens 

and soil next to trees A16 and B10. 

Alphaproteobacteria included the MOB genera Methylobacterium, Methylorubrum and 

Microvirga (Methylobacteriaceae), Methylopila Methylocystis Methylosinus (Methylocistaceae), 

Methylocella, Methylocapsa, Methyloferula, Methylovirgula (Beijerickiaceae), and 

Methyloceanibacter (unclassified Family).  

The Gammaproteobacteria included Methylomonas, Methylomicrobium, Methylophaga, 

Methylovulum, Methylocaldum, Methylococcus, Methylonatrum, Methylobacter, Methyloglobulus, 

Methylosarcina, Methylosoma, and uncultured methanotrophs type 2, all belonging to the family 

Methylococcaceae except Methylophaga (of the Piscirickettsiaceae). The Verrucomicrobia MOB 

included the unclassified genera Methilacidiphilum and Methylacidimicrobium. 

Methylobacterium was the 0.5% (A16) and the 1% (A19) in wood of A. glutinosa, the 0.3% 

(B6) and the 0.27% (B10) in wood of B. pubescens, and the 1% and the 0.9% in soil next to trees 

A16 and B10. Methylorubrum was > 0.1% in all samples and trees; Methylocystis, Methylosinus and 

Microvirga were > 0.1% in tree A19 and in soil of A16 and B10; all other genera were < 0.1%.  

Betaproteobacteria included the methylotrophic genera Methylibium, Methyloversatilis, 

Methylotenera, candidatus Methylopumilus, Methylovorus, Methylobacillus, Methylophilus and 

Novimethylophilus, and represented a total of 0.1% (A16) and 0.3% (A19) in wood of A. glutinosa, 

the 0.1% in wood of both B6 and B10, and the 0.2% and the 0.1% in soil next to A16 and B10. 
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Figure 5.11. Relative abundancies of MOB genera in wood (A16 - A19) and soil (A16) of A. glutinosa and in wood (B6 - B10) and soil (B10) of B. pubescens based on shotgun metagenomics. 

Note that the relative percentage refer to all Bacteria genera of wood and soil of each tree species. 
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5.4.13. Comparison of all bacterial genera and MOB genera based on 16S and shotgun 

sequencing 

 

Streotomyces, Ralstonia were the major genera in wood in the metagenomic database, while 

Erwinia, Nocardioides in wood based on the 16S sequencing. Pseudomonas had similar relative 

abundance in wood based on both techniques and was also more relatively abundant in A. glutinosa 

trees compared to B. pubescens trees and soil, based on both the 16S and the metagenomic database. 

In soil, Candidatus Solibacter (A16) and Escherichia (B10) were the most relatively abundant based 

on 16S, while Streptomyces was the major genus in soil based on shotgun.  

The uncultured/unclassified bacterial OTUs represented <5% based on shotgun 

metagenomics, while ranged from the 35% to the 87.1% based on the 16S and were mostly included 

into the class Nostocophycideae. 32 genera were found with 16S and were absent based on shotgun 

and from PCR1 and PCR2, among them the most relatively abundant (between 1% and 0.1%) were 

Iamia, Kineosporia, Actinomycetospora, Labrys, Kaistia, and Skermanella. 

110 genera of the 118 found in PCR1 were also found within the genera based on shotgun 

metagenomics, while all genera found in PCR2 were also present among the genera based on 

shotgun, and they also included the 8 genera found in PCR1 but not in shotgun.  

MOB genera common to both the 16S and the shotgun sequencing were Methylobacterium, 

Methylocella, Methylosinus, and Methylophaga and they were in similar range of relative abundance, 

except for Methylosinus that represented the 1% and the 1.4% based on shotgun, while was the 0.1% 

(A16 and B10) in soil based on the 16S sequencing. A total of 19 extra genera were found with 

shotgun metagenomics compared to the 16S sequencing. Methylonatrum and Crenothrix were 

detected by the 16S sequencing but not with shotgun sequencing. Crenothrix was found in wood of 

tree A19 and B10 and in soil next to tree A16; Methylonatrum was found in soil next to tree A16.  

The MOB genera common to samples and negative controls of the 16S sequencing were also 

detected by shotgun sequencing, and included Methylobacterium, Methylocella, and Methylosinus. 

Methylibium (methylotrophic Betaproteobacteria) was detected in samples based on both sequencing 

techniques and in negative controls. 

Results of the classification at a species level were not showed in the present study, as 

mentioned in Section 5.3.3. 

 

5.4.14.  Relative abundancies of archaea groups based on shotgun metagenomics 

Archaea represented the 0.7 ± 0.3% and the 0.3 ± 0.0% of all the classified DNA (eukaryotes 

and prokariotes) in wood of A. glutinosa and B. pubescens respectively, and the 1% and 0.6% of all 

classified cellular organisms in soil of A. glutinosa and B. pubescens, respectively (Table 5.1). 

Archaea included the phyla Euryarchaeota, Crenarchaeota, Thaumarchaeota and the DPANN group 

including members of the Nanoarchaeales. 
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In this section and the following ones, the relative abundance of archaeal taxa referred to the 

total archaea relative abundance - not to the total microbial relative abundance - for convenience. 

Euryarchaeota represented the 70% (A16) and the 64% (A19) of archaea in wood of A. glutinosa, 

71% (B6) and the 68% (B10) in wood of B. pubescens, and the 47% and the 78% in soil next to A16 

and B10 respectively. Crenarchaeota represented the 16% (A16) and 6% (A19) of Archaea in wood 

of A. glutinosa, 15% (B6), 17% (B10) in wood of B. pubescens, 5% and 10% in soil next to A16 and 

B10 respectively. Thaumarchaeota represented the 7% (A16), 25% (A19) in wood of A. glutinosa, 

the 8% (B6) and the 9% (B10) in wood of B. pubescens, the 44% and the 8% in soil next to A16 and 

B10 respectively. DPANN group represented the 0.6% (A16) and the 0.1% (A19) in wood of A. 

glutinosa, the 0.5% (B6) and the 0.7% (B10) in wood of B. pubescens, and the 0.1% and the 0.3% in 

soil next to A16 and B10 respectively. 

Uncultured and unclassified Archaea in wood represented the 4.1% (A16) and 4.4% (A19), 

the 4.5% (B6) and 4.3% (B10), and in soil represented the 3% and the 2.7% next to A16 and B10 

respectively. Euryarchaeota included the classes Halobacteria, Methanomicrobia, 

Methanobacteriales and Methanococcales. Methanosarcinaceae (Methanomicrobia) represented 

>10% in wood and <10% in soil and were dominant within the archaea domain and present across 

all samples.  

Methanogenic groups were the 38.5 % (A16) and 15.34% (A19) of all archaea genera in 

wood of A. glutinosa, 28.9% (B6) and 31.5% (B10) in wood of B. pubescens and 12.8% and 24% in 

soil next to A16 and B10 respectively.  A total of 146 genera of Archaea were found across samples 

and tree species; the uncultured and unclassified OTUs component represented the 64% (A16) and 

the 26% (A19) in wood of A. glutinosa, and the 10.3% (B6) and the 8.9% (B10) in wood of B. 

pubescens; the uncultered/unclassified component represented the 19.06 and the 32.7% in soil next 

to A16 and B10 respectively.  

The most relatively abundant Archaea genera were Methanosarcina (Methanosarcinaceae) 

(4.8%), Thermococcus (Thermococccaceae) (4%), and Methanococcus (Methanococcaceae) (1.6%) 

in wood of tree A16; candidatus Nitrosotalea sp. (unclassified Thaumarchaeota) (17.2%), 

Thermococcus (3.8%) and Halorubrum (Halobacteria) (2.3%) in wood of A19; Methanosarcina (8% 

and 8.8%), Thermococcus (5.02% and 6.37%) and Methanobacterium (3.4 and 3.8%) had similar 

relative abundance in wood of tree B6 and B10 respectively. In soil, major genera were candidatus, 

Nitrosotenuis and Nitrosotalea (>15%) (A16), Candidatus Nitrosotalea, Haloterrigena 

(Halobacteria) and Salinigranum (Halobacteria) (>2%) (B10). Candidatus Aramenus 

(Crenarchaeota) and candidatus Lokiarchaeota (unclassified Archaea) (<0.01%) were present in 

wood of tree A16 but were absent from soil next to tree A16, while there were no genera specifically 

found in wood of tree B10. 

Methanogenic Archaea represented the 38.5% (A16) and the 15.34% (A19) of the total 

archaeal genera in wood of A. glutinosa trees (Figure 5.12); they represented the 28.9% (B6) and the 

31.5% (B10) in wood of B. pubescens; in soil next to trees A16 and B10 they represented the 6.7% 
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and the 14.16% of the total Archaea genera respectively. Among the methanogens, the most 

relatively abundant were Methanosarcina (10.1%) and Methanohalobium (4.4%) (A16), 

Methanotrix (2.3%) and Methanoregula (1.7%) (A19) in wood of A. glutinosa, Methanosarcina 

(7.9% and 8.8%) and Methanobacterium (3.4% and 3.8%) in wood of tree B6 and of tree B10 

respectively; Methanosarcina (1% and 0.4%) and Methanocella (1.6% and 1.1%) were the most 

relatively abundant in soil next to trees A16 and B10 respectively. All methanogenic genera were 

found in at least one tree of each of the tree species and in soils, except Methanofollis found in soil 

next to tree A16 only (<0.01%). Candidatus Methanoperedens, not a methanogen but an anaerobic 

methanotrophic archaea, was found in soil next to tree A16 (<0.01%). 

 

Figure 5.12. Relative abundance (%) of methanogenic Archaea in wood (A16 - A19) and soil (A16) of A. 

glutinosa and in wood (B6 - B10) and soil (B10) of B. pubescens based on shotgun metagenomics. 

 

 

5.4.15. Relative abundance of methanogens and methanotrophs groups and relation with tree 

variables 

As a general trend, wood showed a higher proportion of methanogens (up to 40% of the 

archaea) compared to soil (up to the 15% of the Archaea). MOB relative abundance was higher in 

soil, where represented 1-1.5% based on the 16S sequencing and 1.9-2-2% based on shotgun 
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sequencing compared to wood (<1%) and bark (<1%).  The total relative abundance of methanogens 

was higher in wood, that also showed less acid pH and less moisture compared to soil while the 

opposite trend was observed for MOB, that had higher relative abundance in soil (based on both the 

16S and the shotgun sequencing) (Table 5.13).  

 

Table 5.13. Relation between total relative abundance of MOB genera based on the 16S and shotgun 

sequencing and the total abundance of methanogenic genera based on shotgun metagenomics and pH and 

moisture content of wood, bark and soil of A. glutinosa and B. pubescens trees and soil next to trees.  

Methanogenic genera were found based on shotgun metagenomics and in wood and soil only. Note that the 

relative abundance of the methanogens refers to the archaea total relative abundance, while the relative 

abundance of MOB to the total relative abundance of bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Moisture 

(%) 
pH MOB (relative %) based 

on the 16S gene 
MOB (relative %) 

based on WGS 
Methanogens 

A16 wood 21 4.9 0.54 1 38.5 

A19 wood 32 4.6 0.25 2.09 15.3 

B6 wood 30 5 0.01 0.8 28.9 

B10 wood 53 6.2 0.26 0.7 31.5       

A16 bark 33 5.1 0.62 - - 

A19 bark 28 5 0.22 - - 

B6 bark 10 7 0.31 - - 

B10 bark 9 5.3 0.6 - -       

A16 soil 55 3.9 1 2.1 12.8 

A19 soil 78 4 0.8 - - 

B6 soil 72 3.2 0.94 - - 

B10 soil 65 3.3 1.46 1.9 24 
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5.5 Discussion 

 

The amplification of the 16S rRNA gene and shotgun metagenomics were the two 

approaches used in this study to analyse the microbial communities in tree tissues and soils. The 16S 

sequencing was a cheaper approach, but the amplification step required presented a few limitations; 

hence a parallel analysis with shotgun metagenomic was also used to compare the results for part of 

the samples and to investigate the whole DNA content of tree tissues and wood. Both techniques 

showed that tree and soil microbial DNA was dominated by bacterial communities. The presence of 

a diverse, although low abundant, community of methanogens and methanotrophs in wood and soil 

of both A. glutinosa and B. pubescens trees was confirmed, suggesting that they were potentially 

involved in producing and consuming CH4 in the stems of these tree species in Flitwick Moor. 

 

Diversity and distribution of microbial phyla in soil and tree samples 

 

Among bacteria, major phyla based on the 16S sequencing were Proteobacteria and 

Cyanobacteria (the latter being mainly represented by unclassified sequences of the subclass 

Nostocophicideae), while Proteobacteria and Actinobacteria were the major phyla based on shotgun 

sequencing. Yip et al. (2018), found that Proteobacteria were less than 10% based on the 16S 

sequencing when analysing the microbial community in upland tree stems. Proteobacteria and 

Actinobacteria are the more typically abundant endophytic bacterial groups, and their relative 

abundance is at least two-fold higher or more in stems compared to rhizosphere and bulk soil 

(Hardoim et al., 2015), where they import and export a large range of compounds useful to the host 

tree trunks (Trivedi et al., 2020). Actinobacteria is the second most relative abundant endophytic 

phylum based on literature (Hardoim et al., 2015) and include genera with degradation enzymes of 

complex organic carbon (Tveit, et al., 2013). Acidobacteria was not a major phylum in trees or soils 

based on shotgun sequencing, but it was overall higher in soil than in tree tissues based on both 

techniques, and it represented up to 25% in the soil next to A. glutinosa based on the 16S sequencing. 

Acidobacteria are also typically enriched in soil compared to the endosphere of plants (Edwards et 

al., 2015).  

The phylum Cyanobacteria was relatively less abundant in soil than in wood (based on the 16S 

sequencing), where it represented a significant fraction of the bacterial population, but it was a minor 

phylum in both wood and soil of all trees based on shotgun sequencing. Cyanobacteria perform 

photosynthesis and are capable to fix nitrogen into ammonia (Madigan et al., 2009) and their 

presence in wood may be favoured by higher light and nitrogen availability compared to soil. The 

high level of amplification of this specific phylum, which is significantly lower abundant based on 

the shotgun metagenomics, might have resulted from biases due to the primer set, as they could have 

matched the similar DNA of plastids, but also to a lower amplification of other taxa.  
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The archaea domain was a small fraction of the microbial community in trees and soil 

(around 1%) and was represented mainly by Euryarchaota, Crenarchaeota and Thaumarchaeota. The 

latter include ammonia oxidising groups (Kozlowski et al., 2016). These phyla are typically found 

in plants (Trivedi et al., 2020) and are found in similar proportions as in the present study (Hardoim 

et al., 2015). In upland trees (Yip et al. 2018) Euryarchaeota represented 23.9% of the microbial 

community in heartwood; Euryarchaeota were also a major phylum in wetland soils (He et al., 2015). 

In the present study, there were similarities between tree and soil archaeal groups, and Euryarchaeota 

dominated among the archaeal groups in both trees and soils, suggesting that soil communities may 

have adapted to the tree environment. An exception was the soil next to tree A16 that presented a 

high relative abundance of archaeal Thaumarcheota (44%) compared to other soil and tree tissues.  

 

Diversity and distribution of bacterial genera in soil and tree samples 

 

There was high variability in the distribution of the major bacterial genera between stems of 

both A. glutinosa and B. pubescens; the most relative abundant genera differed with the sequencing 

techniques. Based on the 16S, the most relatively abundant genera were Pseudomonas, 

Sphingomonas, Nocardioides Singulisphaera, Solibacter, Escherichia, Streptococcus, Erwinia, 

Tanticharoenia, in wood and bark of both tree species, and were also present in soil but at lower 

relative abundance. Solibacter, Koribacter, Gallionella were the most relative abundant in soil and 

were also present in trees but at lower relative abundance. The above genera present in trees and soil 

were also detected with shotgun metagenomics, although they were not the most relative abundant. 

Streptomyces, Burkholderia, Bradirhizobium, Ralstonia, Pseudomonas and Leptospira were the 

more relative abundant genera in both wood and soil based on shotgun sequencing; these genera were 

present in low abundance in the 16S database. 

The most relatively abundant genera detected, regardless of the sequencing approach, were 

found across all samples (stems, bark and soil) and possibly indicated that tree endophytes were 

recruited from the soil (Liu et al., 2017). All genera mentioned are aerobes (Bellankhimath et al, 

2017; Bodelier et al., 2013; Evtushenko et al., 2015; Kulichevskaya et al, 2012; Kielak et al, 2016; 

Prauser, 1976; Zenova et al, 2008; Madigan et al., 2009; White et al, 1996); facultative anaerobes 

included Pseudomonas, Streptococcus, Bradhyrizobium, Erwinia, and Listeria, while Echerichia is 

a facultative aerobe (deSouza et al, 2014; Hardie et al., 1997; Madigan et al., 2009).  

Pseudomonas, Streptomyces, Bacillus and Burkholderia are reported for their role in 

pathogen suppression (Compant et al., 2019 and references therein); Pseudomonas, Sphingomonas 

and Erwinia belong to the core microbiota of plants, meaning they are ubiquitous in all plant 

communities and are essential for plant functioning (Trivedi et al., 2020. Burkholderia was present 

in riparian trees (Doty et al., 2009), it can be found in endophytic association and includes several 

species able to fix N2 (Caballero-Mellado et al., 2004). 
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Controls on microbial diversity 

 

Although archaea and bacterial taxa were ubiquitous and widespread across wood tissues 

and soil of both tree species, alpha diversity indices indicated that the soil had the overall highest 

bacterial diversity, and operational taxonomic units (OTUs) more homogenously distributed 

compared to wood and bark. The relation between diversity, tree and soil moisture and pH was not 

statistically evaluated due to limited sample size, although the highest diversity was found at pH 

between 4-5.5, and these range corresponds to soil and wood pH of A. glutinosa, respectively (Figure 

5.4); more acidic pH in soil, corresponding to B. pubescens soil, and pH >5.5 in wood corresponding 

to B. pubescens, seemed to be related with less diversity. Changes in pH have an important effect on 

microbial community composition (Lauber et al., 2009); Chapman et al. (2017) found microbial 

diversity to linearly increase with pH in wetland soils, but other studies found an inverse relation 

(Kang et al., 2021). Alternatively, if lower diversity is found in acidic soils, this fails to explain the 

less diversity in bark, that has a pH similar to wood; similarities in pH between wood and bark is 

found across many temperate tree species (Yang et al., 2022); most studies on endophytic and 

epiphytic microbial communities focus on wood decay or wetwood trees (Mieszkin et al., 2021; 

Johnston et al., 2016) and there are no studies specifically focused on differences between bark and 

wood tissues, nevertheless other factors other than pH might have exerted a control.  

 

The distribution of tree endophytes is driven by processes as niche differentiation and 

species-specific genetic factors (Cregger et al., 2010), soil microbiome composition, root exudates 

and root exudation patterns, as microorganisms are recruited from the soil, and soil characteristics 

exert a stronger control compared to the host species (Hardoim et al., 2015; Bonito et al., 2014, 

Dastogeer et al., 2020). Host factors are immune system, age, metabolites, health status, 

developmental stage, canopy type (rain runoff), microbe-microbe interactions (still poorly 

understood) and soil variables as soil pH, soil type, soil water content, soil organic matter can change 

plant phenotypic characteristics thus microbial composition in tree stems (Liu et al., 2017). 

Microorganisms can also be recruited based on their growth promoting traits (e.g., hormone 

production, siderophores; Turner et al., 2013). The host defence against microbial colonisation can 

also be triggered by a certain threshold of microorganism cells numbers (Turner et al., 2013). All 

these factors may have contributed to the differences in the most relative abundant genera in tree and 

soil. 

The colonisation of wood tissues by soil microorganisms can occur through passive 

processes or root hair or active processes via the apoplast in xylem vessels and enter the transpiration 

stream, for microorganisms that can manage to penetrate the endodermis from the rhizoplane and the 

cortical cell layer (Chi et al., 2005). Microorganisms can move through the perforation plates in 

xylem vessels, although the factors controlling the rate of migration and their potential destination - 

if any - are largely unknown (Compant et al., 2010). The upward migration might also be possible 
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for microorganisms expressing cell wall degrading enzymes and/or adhesins and type 3 secretion 

systems, a system able to move proteins to the host cells for symbiotic or mutualistic purposes 

(Monteiro et al., 2012). Only a small subset of the rhyzobiome microbiome enters the endosphere, 

and the high O2 oxygen content in roots might also exclude groups as Acidobacteria (typically more 

abundant in soil than in plants) (Edwards et al., 2015), and this may have resulted in less 

Acidobacteria in wood of the study trees (Figure 5.4). Another way of endosphere colonisation may 

occur through cracks, openings, stomata, insects (also endosymbionts) and pathogens attack also 

from the above canopy (Liu et al., 2017; Vorholt et al., 2012). The regulation of the endosphere 

colonisation by the tree host probably resulted in lower diversity in tree tissues compared to soil for 

both tree species. Factors such as the lack of nutrients, UV light and desiccation can also reduce plant 

colonisation (Handoim et al., 2015).  

The total relative abundance of bacteria was similar in wood and soil of A. glutinosa based 

on 16S sequencing (between 30 and 40%) but for B. pubescens the relative abundance of bacterial 

genera in soil were around 40% while <5% in wood. The total relative abundance of bacterial genera 

in bark varied depending on the tree individual rather than the species and was generally lower in A. 

glutinosa than B. pubescens.  The low proportion of bacterial genera in wood of B. pubescens might 

be due to a stronger host selection of soil communities compared to A. glutinosa: on the other hand, 

the notable differences between the bark and in general the stem structure between B. pubescens and 

A. glutinosa may have driven endospheric colonisation differences, however further studies are 

needed to elucidate this. 

 

Diversity and distribution of methanogens 

 

Among the methanogens, Methanosarcina was the most relatively abundant across trees and 

in wood than in soil next to both tree species. Methanosarcina is common in forest ecosystems soils 

(Feng et al. 2020), one of the two methanogenic genera known to perform acetoclastic 

methanogenesis. The presence of acetate within wood might have favoured their metabolism among 

other hydrogenotrophic methanogens (Sun et al., 2012; Zhang et al., 2017b). Methanosarcina also 

outcompete other acetoclastic genus, Methanotrix, when the acetate concentration is high, as 

Methanosarcina has a low affinity for acetate (Fey & Conrad, 2000).  

Methanobacterium could be the most widespread methanogens across ecosystems, and 

although present in low relative abundance in the Flitwick Moor species, it could represent a larger 

fraction if measured at a larger spatial and temporal scale 

In other wetland studies, Jeffrey et al., (2021b) found that Methanobacterium ranged from 

the 0.2% to 2.5% of the microbial epiphytic population on bark of Melaleuca grandifolia, while 

Methanosarcina dominated in soil next to the trees.  Other studies were performed in uplands: the 

Methanobacteriaceae family was among the most relatively abundant microbial group in the 

heartwood of Populus deltoides (21.8%), mostly due to the presence of the genus Methanobacterium; 
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in the present study, Methanobacterium, although generally low abundant, was slightly more 

relatively abundant in wood than in soil (>3% and <1% respectively). Similarly, Li et al. (2020) 

found Methanobacterium sequences to prevail in stems of Populus canadiensis rather than in soil.  

Among the total 33 methanogenic genus detected, Methanohalobium, Methanotrix, 

Methanobacterium, Methanococcus represented the >1% of the archaea in trees while they 

represented the <1% in soil of both tree species. Methanosarcina was as low abundant as the other 

genus (1.5% and 1.7% of the archaea genera) in soil next to A16 and B10 respectively. 

Methanosarcinaceae are usually more dominant in the rhizosphere of bogs and rice (Bridgham et al., 

2013), while Kao-Kniffing et al. (2010) found Methanobacteriaceae, that use the hydrogenotrophic 

pathway, to be dominant in wetland plants.  

 

Controls on diversity and distribution of methanogens 

 

The total relative abundance of methanogens was 2 to 6 times higher in wood compared to 

soil, although these differences are negligible if the archaeal fraction is compared to the whole 

microbial community (less than the 0.5% of all microorganisms present). However, variables such 

as pH and moisture content, that differed between trees and soils, failed to explain these differences; 

wood pH ranged from 5 to 9 in trees measured by Yip et al. (2018), and they did not find a relation 

to methanogenic gene copies, probably because methanogens occur at wide range of pH (Le Mer & 

Roger, 2001). In this study moisture content in soil was higher than in wood and was expected to 

increase anaerobic microorganisms; at the time of this study, soil conditions were unusually dry 

(Section 2.2.2), and this might also explain the low relative abundance of these groups, including 

methanogens, in soil. Methanogens can be present in soil although they can be inactive or inhibited 

by increased aerobic conditions. The low CH4 production in soil might have resulted in lower CH4 

in trees (Chapter 3 and 4). 

Low CH4 production reflected by low relative abundance of methanogens might also be due 

to secondary metabolites produced by trees, such as phenolic compounds, that inhibit 

methanogenesis (Li et al., 2020). Bacterial groups that can use electron acceptors as nitrate, sulphate, 

and metals were detected across all trees and soil and their relative abundance was higher than one 

of the methanogenic archaea. Desulfobacteraceae - a sulphur reducing family of the Proteobacteria, 

Thermodesulfovibrionaceae, phylum Nitrospirae, Thiobacillus - couple thiosulphate oxidation to 

denitrification, and Geobacter - can reduce Fe and Mn oxides indicate that sulphate, nitrate, Fe (III) 

and Mn (IV). Iron oxidisers (e.g., Gallionella) also have a higher affinity for acetate than 

methanogens so it is possible that they could outcompete them resulting in inhibiting 

methanogenesis, as these respiration processes are thermodynamically more favoured than 

methanogenesis (He et al.,2015). Nitrite and nitric oxide can also be toxic for methanogens (Klüber 

& Conrad, 1998). He et al. (2015) also found that methanogens abundance was negatively correlated 

with the abundance of sulphate and metal reducers and denitrifies. The reduced proportion of 
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methanogens in soil may be due to the presence of soil specific genera that included bacterial 

competitors as the ones described above, but the metabolism of each of the genera present was not 

analysed. On the other hand, the evidence of methanogenesis occurring in trees was supported by the 

presence of H2-producing acetogenic syntrophic bacteria genera as Pelobacter Sybthropomonas, 

Synthropobacter, Smithella present across the samples (< 0.1%), that can co- occur with 

methanogens (Pan et al., 2021; Schmidt et al., 2016).  He et al. (2015) found Planctomycetes and 

Firmicutes in soil to correlate with methanogens suggesting that the fermentation products such as 

acetate and hydrogen produces by these microbial groups were consumed by methanogens. In the 

present study, Planctomycetes and Firmicutes were detected across all trees and soils at low relative 

abundance, but they outnumbered (in terms of relative abundance) methanogenic populations.   

Dry conditions - as observed in Flitwick Moor at the time of sampling (Section 2.2.2) can 

result in depleted non-structural carbohydrates in tree stems (Dietze et al., 2014), that are potential 

substrates for methanogenesis. Methanogenic communities can potentially shift depending on the 

season, both in terms of relative abundance and diversity, and the dominant methanogenic 

metabolism could change at wetter conditions. 

 

Diversity and distribution of methanotrophs 

 

MOB represented a small fraction of the bacterial population across tree tissues and soil; 

however, it is possible to affirm that MOB were in higher proportion in soil (~1-2%) than in wood 

(~1-0.5%) based on both the 16S and shotgun sequencing, and lower in bark compared to wood tissue 

(although bark samples were sequenced by the 16S technique only). The composition of MOB and 

methanogens in wood and bark was similar to soil, and the dominant groups in wood and bark are 

also dominant in soil. 

Among the methanotrophs, the most relative abundant genera were Methylobacterium and 

Methylosinus, based on the 16S, and Methylosinus was one of the most relative abundant MOB 

genera also based on the shotgun metagenomics, along with Methylorubrum, Methylocystis and 

Microvirga in trees and soil. Methylobacterium was included among the MOB genera although there 

has been no evidence of this genus to grow on CH4 until recently (Vadivukkarasi at al., 2016). 

Between 17 and 28 different Methylobacterium OTUs were detected in A. glutinosa and B. pubescens 

trees and soil and between the 21 and the 26% of Methylobacterium sequences represented 

unclassified and uncultured species, which might include potential facultative methanotrophic 

organisms. The Methylobacterium genus plays an important role in promoting plants growth by 

affecting hormone concentrations and along with Methylocystis and Methylosinus, which belong to 

the Alphaproteobacteria MOB, are capable of fixing dinitrogen (Bodelier et al., 2019). Nitrogen 

fixation promotes plant growth by nutrient acquisition (Hardoim et al., 2015). 

MOB genera found with 16S were 8 against the 24 different genera detected with shotgun 

metagenomic, that were also detected at a higher relative abundance. MOB genera Crenothrix and 
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Methylonatrum (of Gammaproteobacteria) detected with 16S amplification were not detected with 

shotgun metagenomics.  

Jeffrey et al., (2021) found MOB communities dominated by the genus Methylomonas on 

the bark of M. grandifolia, with a relative abundance ranging from 3.2 to 12.8% based on PCR 

amplification of the 16S rRNA gene. Previous work has also found that the total amount of 

methanotrophic families in the heartwood of an upland tree species was in the range of 0.1 to 0.04 

% based on the PCR amplification of the 16S (Yip et al., 2018). They suggested that MOB 

communities might be present at higher proportions in outer tree tissues than heartwood. In this 

present study, the MOB relative abundance did not increase in bark compared to wood in any of the 

tree species. The low proportion of MOB, along with the low CH4 flux rates observed (Chapter 3) 

suggested that a low CH4 concentration was present within the tree stem, that did not favour 

methanotrophic activity. The high MOB proportion in Melaleuca quinquenervia found by Jeffrey et 

al. (2021) was attributed to the optimal bark environment of this tree species, characterised by 

vertical oriented layers suitable for gas transport and accumulation of CH4. Yip et al. (2018) 

determined a major contribution of anaerobic microbial compositions in upland trees due to the 

presence of Methanobacterium genus and suggested that large tree DBH and limited oxygen 

diffusion, along with high moisture content that characterised Populus deltoides wetwood favoured 

anaerobic conditions. The tree species in Flitwick Moor had none of these features, and this may 

have contributed to low proportion of both methanogens and MOB community.  

 

Controls on diversity and distribution of methanotrophs 

 

In this study, Alphaproteobacteria MOB (including Methylobacterium, Methylosinus, 

Methylorubrum) dominated the total MOB community in both wood and soil; a relatively higher 

proportion of Gammaproteobacteria MOBs than was found in bark of Melaleuca quinquenervia 

(Jeffrey et al., 2021) and in tissues of Sphagnum spp. (Kip et al., 2010). Aerobic Alphaproteobacteria 

methanotrophs are dominant in peatlands acidic soils (pH < 4-5) (Esson et al. 2016; Verbeke et al., 

2019;), while Gammaproteobacteria are more favoured in less acidic peatlands (Bodelier et al., 

2019).  

Gammaproteobacteria (e.g., Methylobacter, Methylosarcina, Methylomonas) can proliferate 

in environment with more oxygen depleted/CH4 rich environments than Alphaproteobacteria (Ho et 

al., 2013; Siljanen et al., 2011), and Flitwick Moor tree environment could have been more 

favourable for Alphaproteobacterial MOB. Although pH can control the ratio of Alpha- and Gamma-

proteobacteria MOB ratio in soil, they fail to determine the prevalence of one of these classes in 

wood and bark; tree tissues and soil have different pH but they both showed a prevalence of 

Alphaproteobacterial MOB, although a lower relative abundance of MOB (both Alpha- and Gamma- 

proteobacteria) in trees may be due to the pH effect, that lead to a decreased MOB population. The 

root tissues may have also exerted as a barrier to colonisation resulting in most MOB genera to be 
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more relatively abundant in soil than in tree tissue. Other explanation to the low MOB relative 

abundance in trees can be the presence of bacterial competitors and environmental conditions and 

low CH4 production in soil. Ammonia oxidisers, potential inhibitors of methanotrophic activity, 

occur among the Betaproteobacteria, Gammaproteobacteria and Thaumarchaeota. Ammonia 

oxidisers are typically found in acid soils and are found with aerobic and anaerobic nitrite-consuming 

bacteria; significant concentrations of ammonia can block the active site of the methanotrophic CH4 

monooxygenase (CH4 and ammonia have similar size), and inhibit CH4 oxidation, (Bodelier & 

Laanbroek, 2004). Nitrifiers can also utilise CH4 and contribute to CH4 oxidation, although their rate 

of oxidation is quite small compared to the one of the ‘classic’ methanotrophs (Stein et al., 2012). 

The nitrifier genus Nitrospira was present at low relative abundance in tree tissues and soil, and they 

can grow on CH4 when O2 conditions are limiting for methanotrophs (Costa et al., 2019). Moreover, 

Gallionella genus, found in soil next to trees of both species, include iron oxidisers that compete 

with MOB for O2 and manage to outcompete methanotrophs in wetland soils (Bodelier et al., 2013). 

Among the taxa that can support MOB, members of the Alphaproteobacteria as Paracoccus, 

Betaproteobacteria, and Gammaproteobacteria as Methylobacterium, Methylobacillus, and 

Methylococcus include methylotrophs that can feed on methanol derived from CH4 oxidation, and 

they can also exchange other metabolites with MOB (He et al., 2012; Martineau et al., 2010). The 

genus Rhizobium, that was up to 50% of the Rhizobiaceae, class Alphaproteobacteria), can provide 

nutrients, such as cobalamin, to MOB which stimulates growth (Iguchi et al., 2011). 

Caulobacteriaceae, Rhodospirillares and Anaerolinaceae were found in wood and soil of both tree 

species and were associated with MOB in many aquatic and upland ecosystems (Ho et al., 2016). 

The present study also found evidence of methanotrophic genera that include species that 

can perform oxidation of atmospheric CH4 concentrations (or high affinity CH4 oxidisers), such as 

Methylocystis, Methylosinus, and Methyloferula (Bodelier et al., 2019; Cai et al., 2016). 

Methylocystis was found in soil of both tree species (0.3 ± 0.0%) and wood of A. glutinosa (0.14 ± 

0.06%) and B. pubescens (0.07 ± 0.01%). Methylocystis previously found on bark of the wetland 

species studied by Jeffrey et al., (2021), and upland tree tissues by Makipaa et al., (2018) along with 

Methylocapsa and Methyloferula. Methylocapsa, another methanotrophic genus that potentially 

perform high affinity CH4 oxidation, was found in A. glutinosa wood and soil (<0.001%) and in soil 

of B. pubescens (<0.001%) (Belova et al., 2020; Ricke et al. 2005). 

Candidatus Methylomirabilis was found in soil (<0.2%) and trees of both tree species 

(<0.1%) based on the shotgun sequencing and was absent based on the 16S amplification. This 

candidate genus belongs to the NC10 phylum and capable of anaerobic CH4 oxidation with nitrite 

reduction by an intra-aerobic oxidation pathway. The NC10 phylum include two species that have 

been found in peatlands and other aquatic environments and in the rhizosphere sediments of 

Potamogeton crispus, a freshwater submerged plant in Southern China (Wang et al., 2018b). 

Candidatus Methanoperedens, not a methanogen but an anaerobic methanotroph, was found only in 

soil next to tree A16 (<0.01%), and it is known to perform anaerobic CH4 oxidation using nitrate or 
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Fe (III) and Mn (IV) as electron acceptors (Narrowe et al., 2017). A recent study found that 

cyanobacteria can produce CH4 (Bižić et al., 2020) although this remains to be investigated in 

peatland soils.  

 

The total methanogenic and methanotrophic relative abundances across the tree tissues and 

soil were too low to extrapolate significant differences and relations to the variables measured. 

General consensuses suggest, an increase in moisture content along with more anaerobic conditions 

will increase the relative abundance of methanogens, however a visible opposite trend was observed, 

with wood hosting a higher proportion of methanogens (up to 40% of the Archaea; moisture content 

<55% - Figure 5.13) compared to soil (up to the 15% of the Archaea; moisture content >55% - Figure 

5.13). Nevertheless, MOB relative abundance was relatively higher in soil (1-1.5% based on the 16S 

sequencing and 1.9-2-2% based on shotgun sequencing) compared to wood (<1%) and bark (<1%). 

Other variables other than moisture content may have influenced the proportion of methanogens and 

MOB in wood. The spatial scale at which the sampling was performed could also have affected the 

differences in relative abundances, considering tree dimensions.  Future studies should analyse the 

relation between community composition, rhizosphere, and tree physiological variables.  

 

Relation to stem CH4 fluxes  

 

The same number of methanogenic and MOB genera were present across trees and soil, 

although they were present at low relative abundance (compared to the whole microbial community) 

despite differences in pH and water; further investigations would show if these microbial groups 

were related to certain CH4 concentration gradients along the soil-tree continuum. Methanotrophs 

and methanogens may follow or adapt to a soil produced CH4 gradient up the tree stems; A. glutinosa 

and B. pubescens trees can act as conduits for soil produced CH4 (Pangala et al., 2015) and the small 

CH4 fluxes measured might have resulted in a small proportion of methanotrophs and methanogens 

compared to other microbial groups along the soil-tree continuum.  

The microbial DNA analysed was extracted from relatively small samples of wood compared 

to the surface measured for CH4 fluxes and assessing their relation would require extrapolating their 

relative abundance to a larger sample size or using smaller stem chambers for flux measurements; 

additionally, the small emissions and uptake might be the result of the activity of relatively small 

methanogenic and methanotrophic population present in trees of both tree species (Table 5.4). 

Sanchez et al. (2019) found methanogens and methanotrophs in a range of 0.1% to 2% of relative 

abundance in wetland soil, and measured CH4 fluxes up to 18 mg m-2 h-1 with a soil chamber of 

similar dimensions compared to the one used in this study, and soil pore water up to three orders of 

magnitude higher than in this study.  Moreover, Jeffrey et al. (2021) found a sizeable methanotrophic 

community in tree samples of similar dimensions as of the ones used in the present study; the relative 
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abundance of microbial taxa alone cannot explain the variability of CH4 fluxes, and the extrapolation 

of these relation should be made with caution. 

The differences in soil CH4 fluxes measured for A. glutinosa (small uptake) and B. pubescens 

(relatively high emission) could not be explained by the relative abundance of methanogens which 

was relatively similar in soil and tissues of both tree species (Figure 5.4). An explanation could be 

that the higher soil fluxes for B. pubescens reflected higher CH4 concentrations in deeper soil layers 

that were not sampled in this study, as tree roots are typically within the 20 cm of soil depth, but they 

could have grown into deeper soil layers during drought conditions. Considering the dry soil 

conditions at the site and low CH4 fluxes from trees, it is also likely that methanotrophic population 

were inhibited and they can potentially represent a bigger fraction of the microbial population when 

enhanced CH4 concentrations are present in the environment. 

The potential presence of methanotrophs performing high affinity CH4 oxidation, typical of 

upland and drier forest and non-forest soils, could be justified by the unusual and sudden dry 

conditions at Flitwick Moor, with air-exposed and CH4 depleted soils. A thorough sequencing 

approach should be used to analyse methanotrophs at a species level to classify them as high or low 

affinity methanotrophs. Moreover, the presence of methanogenic and methanotrophic groups in both 

upland and wetlands trees confirm that CH4 producing and oxidising process are widespread in forest 

ecosystems regardless of the wetland-upland classification (Covey et al., 2019). 

The methanotrophic/methanogens ratio was overall higher for A. glutinosa and for soil next 

to both tree species, but replicates would be needed to compare the two tree species. The 

methanotrophic fraction was up to 10 times higher than methanogens for B. pubescens and up to 140 

times higher in tree A19, while in soil 23 to 52 times higher.  

Although presence do not imply activity, the low abundance of MOB can be explained by 

the unusual dry conditions of soil in Flitwick Moor at the beginning of summer 2018 (Chapter 3). 

More aerated soils decrease anaerobic conditions inhibiting CH4 production. The low relative 

abundance of methanogenic archaea, although not an absolute abundance, might also explain the low 

CH4 production detected, as it is indicative that methanogens were outcompeted by other groups as 

previously described.  
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Table 5.4. Summary of relative abundance of methanogens, methanotrophs and tree and soil variables, MPP, MOP-LA and HA, and tree and soil fluxes in the previous Chapters from A. 

glutinosa and B. pubescens. 

Tree 

species 

Sample Tree  MOB        

(% of 

bacteria)  

16S 

MOB          

(% of 

total 

bacteria)  

shotgun 

Methanogens                 

(% of total 

archaea) 

shotgun 

pH Density 

(g cm-3) 

Moisture 

(%) 

Pore 

water 

CH4            

(µM l-1) 

MPP         

(µg m-3 

hr-1) 

MOP-LA 

(µg m-3 

hr-1) 

MOP-

HA (µg 

m-3 hr-1) 

Stem/Soil 

CH4 flux          

(µg m-2 

hr-1) 

 

 

A. 

glutinosa 

Wood A16 0.53 1 38.9 4.89 0.47 21.08 
 

0 -0.49 -0.73 0.37 
 

A19 0.25 2.09 15.4 4.66 0.5 32.61 
 

0 0 -0.63 1.92 
 

Bark A16 0.62 - - 5.13 - 33.85 
 

0.03 0 -0.02 
  

A19 0.22 - - 5.09 - 28.8 
 

0 -0.15 0 
  

Soil A16 1.04 2.1 6.8 3.95 0.28 55.97 13.28 0.15 0 -1.67 -4.37 
 

A19 0.86 - - 4 0.16 78.3 11.97 0 -227.72 0 -2 
 

B. 

pubescens 

Wood B6 0.01 0.8 29.2 5.05 0.59 30.33 
 

0.25 -8.96 -0.3 -5.59 
 

B10 0.26 0.7 31.8 6.24 0.36 53.32 
 

0.23 -8.56 0 -3.89 
 

Bark B6 0.1 - - 7 - 10.26 
 

0 -4.02 -0.11 
  

B10 0.6 - - 5.31 - 9.06 
 

0 0 0 
  

Soil B6 0.94 - - 3.21 0.21 72.22 323.52 0 0 0 33.65 
 

B10 1.46 1.9 14.2 3.28 0.19 65.25 260.99 0 0 0 14.11 
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Methodological caveats 

 

A higher number of taxa at all classification levels were detected with shotgun sequencing 

compared to the 16S gene sequencing (Table 5.2); shotgun metagenomics has generally higher 

resolution than the 16S sequencing; this might be due to the use of the NCBI database as a reference 

for the shotgun sequencing and that include a larger number of genera and species than other 

databases (Ranjan et al. 2016). The PCR amplification of the 16S rRNA gene can also be limiting 

due to the primer set selection and contamination issues during the pre-amplification steps. The 

bacterial primers used (799F-1193R) that target the hypervariable regions V5-V6-V7 of the 16S 

gene, can result in higher amplification of certain taxa, e.g., Betaproteobacteria (Thijis et al., 2017), 

compared with primers targeting other hypervariable regions, although this primer set has a good 

coverage of bacterial genera (Haro et al., 2021).  

A two-step PCR approach was also used to increase the chance of detecting low abundant 

bacterial populations (Section 2.7.4); the PCR set up can be a potential source of contamination of 

the samples (Salter et al., 2014); negative controls are included in the gel electrophoresis analysis to 

verify no contamination occurred. The absence of contamination could be confirmed by the lack of 

microbial ‘bands’ (Appendices II.C to II.F); when a negative control is amplified a second time, even 

negligible amount of contaminant DNA fragments, that can derive from work environment, or 

samples cross-contamination, results in ‘visible’ bands (Appendices II.C to II.F), despite following 

optimal laboratory practices (Davis et al., 2018). Eliminating the DNA sequences based on the DNA 

found in the negative controls can also remove ‘true’ sequences (Davis et al., 2018), and this becomes 

particularly true when a two-step PCR is performed, as low or negligible amounts of internal or cross 

contamination becomes significant in the negative controls. These sequences were not removed with 

bioinformatic tools, and results were interpreted with caution. Moreover, bark samples and soil next 

to B. pubescens did not show clear visible bands belonging to microbial DNA based on gel 

electrophoresis after the first round of PCR, but microbial bands were visible after the second round 

of PCR and this could have resulted from a successful second amplification of low microbial DNA 

content, a better performance of the second primer set, or cross contamination of the samples. 

Alternatively, if bacterial bands after the second PCR amplification were exclusively the result of 

sample cross contamination, all samples should have resulted in clear visible gel bands, as occurred 

for the negative controls that were amplified twice. This did not occur for some of the samples as for 

example bark of A16 and B10, that showed less evidence of bacterial DNA than the negative controls 

(Appendices II.C and II.D). In conclusion, interpreting the results obtained from bark samples should 

exercise caution, as they were also not sequenced with shotgun metagenomics for comparison. 

The bacterial genera detected with the 16S sequencing were all detected also with shotgun 

metagenomics, therefore the bacterial DNA sequenced from negative controls could be assumed to 

be caused by cross contamination during the PCR set-up. To thoroughly assess the contamination 
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issue, a negative control from the DNA extraction should be included for sequencing analysis, to 

completely exclude the contamination from the work environment.  

The presence of methanogens in bark could not be confirmed because bark samples were not 

sequenced in parallel with shotgun metagenomics, although there was evidence of archaeal DNA in 

bark of A. glutinosa trees based on agarose gel electrophoresis images (Appendices II.E and II.F) 

and methanogens could have been present in both wood and bark. As for MOB, the primer set 335F 

and 1391R used in the first round PCR, 335F can mismatch with archaea sequences. This may have 

resulted in a reduced amount of archaea DNA after the first round PCR and the second round of 

amplification with the specific archaeal primers 958f and 1100R was not enough to amplify sufficient 

DNA amounts suitable for sequencing.  

 

5.6 Conclusions 

 

• The presence of methanogens and methanotrophs in both wood and soil confirmed that they 

were potentially involved in producing and consuming CH4 inside the stems of these tree 

species in Flitwick Moor. Wood hosted a higher proportion of methanogens (up to 40% of 

the archaea) compared to soil (up to the 15% of the archaea). MOB were relatively higher in 

soil (1-1.5% based on the 16S sequencing and 1.9-2-2% based on shotgun sequencing) 

compared to wood (<1%) and bark (<1%).  

 

• Tree tissues and soil were dominated by bacterial communities. Most of the bacterial genera 

present across trees and soil were aerobes and facultative anaerobes, suggesting the presence 

of an aerobic environment, although other low abundant and anaerobic taxa were present. 

These genera, regardless of the sequencing approach, were present across all samples and 

possibly indicated that tree endophytes were recruited from the soil. A low bacterial diversity 

in wood compared to soil may have resulted from other factors that were not investigated in 

this study, as the microbial groups present in the rhizosphere are able to enter and adapt to 

the endosphere of trees.  

 

• The same number of methanogenic and MOB genera were present across trees and soil, 

although they were present at low relative abundance (compared to the whole microbial 

community) despite differences in pH and moisture content between trees and soil; further 

investigations may help to reveal if these microbial groups were related to certain CH4 

concentration gradients along the soil-tree continuum. 

 

• The relatively higher abundance of methanogens in wood could not be explained by the 

variables measured. Among the methanogens, the acetoclastic Methanosarcina was the most 
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relatively abundant across samples. The presence of acetate within wood might have 

favoured their metabolism among other hydrogenotrophic methanogens.  

 

• MOB genera found with 16S were 8 against the 24 different genera detected with shotgun 

metagenomic, the most relative abundant genera were the Alphaproteobacteria MOB 

Methylobacterium, Methylosinus, and Methylorubrum in both wood and soil, and were 

relatively less abundant in trees. 

 

• Methanotrophic genera that include species that can perform oxidation of atmospheric CH4 

concentrations (or high affinity CH4 oxidisers), as Methylocystis, Methylosinus, and 

Methyloferula were detected at low abundance. Further analysis will be needed to determine 

the species and to confirm their role in high affinity oxidation detected in Chapter 4 

 

• Soil conditions were unusually dry, and this might also explain the low relative abundance 

of methanogenic population in soil. The low CH4 production in soil might have resulted in 

lower CH4 in trees and overall lower MOB abundance. Methanotrophs and methanogens are 

also likely to follow or adapt to a soilborne-CH4 gradient up the tree stems; A. glutinosa and 

B. pubescens trees can act as conduits for CH4 from soil (Pangala et al., 2015) and the low 

CH4 fluxes measured in this study may have resulted in a small proportion of methanotrophs 

and methanogens compared to other microbial groups along the soil-tree continuum.  

 

• Considering the dry soil conditions at the site and low stem CH4 flux, it is likely that 

methanotrophic population may have been inhibited, higher stem CH4 emissions as observed 

in earlier studies (Pangala et al., 2015) may lead to bigger fraction of the microbial 

population and should be investigated further. 

 

• A higher number of taxa at all classification levels were detected with shotgun sequencing 

compared to the 16S gene sequencing. The two-step PCR approach resulted in the presence 

of ‘contaminating’ genera in the negative controls. On the other hand, the presence of these 

genera in the samples was confirmed by the shotgun metagenomics results. The use of both 

approaches helped compare the relative abundances of the microbial groups and understand 

their advantages and limitations. Major differences in results, a high (>95%) unclassified 

fraction of bacterial genera in wood B. pubescens, and the dominance of Cyanobacteria in 

tree compared to soil based on the 16S sequencing, may have resulted from under/over 

representation of other taxa due to inhibition factors in the sequencing step or primer biases. 
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Chapter 6 

 

Discussion and synthesis 

 

6.1 Research outcomes 

 

This section summarises the research outcomes and how they addressed the knowledge gaps 

and the objectives identified in Chapter 1. 

 

6.1.1 Stem CH4 fluxes from trees in wetlands characterised by periodically dry soil conditions.  

 

The present research was conducted in the Sebangau forest and Flitwick Moor where 

previous studies aimed to investigate the contribution of trees to the ecosystem CH4 emissions 

(Pangala et al., 2013, 2015). The magnitude of stem CH4 fluxes mostly depend on the water table 

level (Pitz et al., 2018; Sjögersten et al., 2020; Terazawa et al., 2021), and trees measured at non-

flooded conditions were expected to display lower fluxes compared to previous studies at these sites, 

and to potentially switch from sources to sinks. 

Results obtained in Chapter 3 (Section 3.4) confirmed the hypothesis that stem CH4 

decreased at both sites with drier soil conditions corresponding to relatively lower water table levels 

compared to the previous studies (Pangala et al., 2013, 2015). Trees also displayed CH4 uptake, and 

this demonstrated that trees can also act as CH4 sink in wetlands. 

The study in the Sebangau forest site was conducted during the transition from the wet to 

dry season, while the study in the temperate site was conducted in summer during a period of unusual 

dry conditions. Stem CH4 fluxes from both sites were up to two orders of magnitude lower than in 

Pangala et al. (2013, 2015). The previous study in the Sebangau Forest (Pangala et al., 2013) was 

conducted during the wet season and the water table level was ~20 cm higher than measured in the 

present study (Section 3.5, Table 3.1), although the forest floor was very irregular and there were 

soil microsites displaying water table level similar to the previous study.  

Pangala et al. (2015) measured stem CH4 fluxes in Flitwick Moor on an annual scale, with 

the water table level overall constant at ground level (Section 3.5, Table 3.1), while in the present 

study the water table level was 30 cm lower, with stem CH4 fluxes two orders of magnitude lower 

than previously measured. The significant reduction in stem CH4 flux showed by the present study 

compared to Pangala et al. (2015) was potentially attributed to increased CH4 oxidation and less CH4 

entering the tree emission pathway due to more air-exposed roots of the wetland tree species, and 

more CH4 diffusing directly to the atmosphere. Moreover, stem flux magnitude was within the upland 

tree range, and a reduced root biomass may have a key role as the roots fail to reach the wet soil 

layers during drier conditions. 
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More studies in wetlands showed that stem CH4 fluxes can be significantly lower with small 

changes in water table level, both in spatial and temporal scale. Pangala et al. (2013) stated that small 

changes in water table level (<14 cm) would not affect the magnitude of stem CH4 fluxes in Flitwick 

Moor, while it would change them in the Sebangau Forest, as the water table level fluctuation depend 

on the season and on the annual rainfall regime (Jauhiainen et al., 2005). This study helped 

understand that the wetland tree contribution to the ecosystem CH4 budget can vary considerably 

with altered soil hydrology and they can switch from sources to sinks, behaving as upland trees. 

Trees might play a more dynamic role regardless of the wetland and upland classification (Covey et 

al., 2019). 

 

6.1.2 Role of wetland trees in hosting microbial CH4 production and oxidation  

 

Although wetland trees can act as conduits for soil borne CH4, they can also host 

methanogenic and methanotrophic activity that contributes to the stem CH4 emissions and 

consumption (Li et al., 2020; Jeffrey et al., 2021; Yip et al., 2018). The trees used for stem CH4 flux 

measurements in the present study were considered as potential host for CH4 production and 

oxidation processes. Both low and high affinity methanotrophic activity were also expected to be 

present depending on CH4 availability in tree stems.  

CH4 production and oxidation were detected in the trees from both Sebangau forest and 

Flitwick Moor (Chapter 4, Section 4.4.1). MPP was significantly lower compared to other studies in 

wetland trees (Pangala et al. unpublished; Pangala et al., 2017) and compared to other studies in 

upland trees (Covey et al., 2012, Wang et al., 2016) by one order of magnitude. This was probably 

caused by the decreased methane production in soil that could be reflected also in less methanogenic 

activity and methane production in trees, although previous measurements by Pangala et al. (2015) 

did not measure MPP in soil. 

MPP was higher from the most CH4 emitting species (S. balangeran in Sebangau Forest and 

B. pubescens in Flitwick Moor) and probably contributed to the stem CH4 emissions. X. fusca aerial 

roots were not included in the study and one of the trees may have shown evidence of MPP reflecting 

the highest CH4 concentration in soil pore water in the study plot (Chapter 3, Table 3.3).  MOP-LA 

and MOP-HA were observed across all species at both sites and were lower compared to previous 

studies in wetland trees of up to two orders of magnitude (Pangala et al, unpublished; Jeffrey et al., 

2021b). For MPP, MOP-LA and MOP-HA were one order of magnitude lower in bark tissues 

compared to trees (Chapter 4, Figure 4.3), although the role of bark should be further assessed with 

more tree replicates. The overall decreased CH4 concentration in the environment probably decreased 

oxidation rates in soil, which could have resulted in lower CH4 concentrations along the soil tree 

continuum thus in lower oxidation rates also in trees. 

The high variability of MPP, MOP-LA and MOP-HA between trees (Chapter 4, Figures 4.1 

and 4.2), and their absence for some of the trees could also indicate that the distribution of the ‘active’ 

microsites inside the stem was heterogenous and the sampling strategy should include more tree 
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replicates. ‘Peak’ CH4 emissions did not correspond with the highest MPP measured (Chapter 3, 

Figure 3.1 and Chapter 4, Figures 4.1 and 4.2). On the other hand, the absence of MPP, MOP-LA 

and MOP-HA in trees that showed no emission might indicate that there was no active microbial 

activity, and the sampling strategy could be representative of those trees. Only one study to date in 

wetlands observed significant oxidation in tree bark (Jeffrey et al., 2021) suggesting that trees could 

play an active role as CH4 sink across forest ecosystems. Wang et al. (2016) found elevated CH4 

concentrations in upland tree stems, but they found no evidence of CH4 oxidation. 

 

6.1.3 Variability of stem CH4 fluxes and CH4 production and oxidation along the tree stems. 

 

Following previous studies at the same sites (Pangala et al., 2013, 2015), stem CH4 fluxes in 

the present study were expected to exhibit a decreasing pattern along the stem. If detected, MPP, 

MOP-LA and MOP-HA would potentially display patterns with height above ground as for stem 

CH4 fluxes. MPP was expected to decrease along the stem, and stem CH4 emissions would reflect 

the same pattern; MOP-LA was expected to follow the same pattern as MPP (because of CH4 

availability), and MOP-HA to increase at lower MPP and MOP-LA. 

The trees exhibited most of the CH4 emissions at the tree base in both the Sebangau Forest 

and in Flitwick Moor, although ‘peak’ emissions were also observed at greater heights (Chapter 3, 

Figure 3.1). Measurements of CH4 fluxes screening at 15 cm height intervals were also performed 

on six of the ten selected trees of each species at each site and showed high variability of fluxes along 

the stem; S. balangeran and A. glutinosa showed a decreasing pattern, while X. fusca and B. 

pubescens did not display a clear pattern (Chapter 3, Figures 3.4 and 3.5). A decreasing flux pattern 

with increasing stem height was observed in wetland trees in previous studies (Pangala et al., 2017; 

Sjögersten et al., 2020; Terazawa et al., 2007, 2015; Van Haren et al., 2021) including the studies in 

the same sites from Pangala et al. (2013, 2015). The axial flux distribution was heterogenous and 

varied among individuals, resembling the distribution observed in upland trees (Machacova et al. 

2016; Pitz et al. 2017; Pitz & Megonigal, 2017). Uptake fluxes prevailed at greater heights, although 

they were sometimes distributed heterogeneously along the stems. The heterogenous distribution of 

fluxes also suggested the presence of localised methanogenic and methanotrophic communities 

regardless of the distance from the forest floor, as suggested by earlier studies for upland tree (Covey 

et al., 2012, Wang et al. 2016). 

Although just a few replicates were included in the study and an exhaustive statistical 

comparison was not performed between fluxes, MPP, MOP-LA and MOP-HA at 225 cm and 300 

cm intervals, the six trees measured at each site showed a prevalence of MPP at the bottom of the 

stem, while MOP-LA and MOP-HA showed both increasing and decreasing depending on the 

species and depending on the tree tissue (Chapter 4, Figures 4.4 and 4.5). MOP-LA decreasing and 

MOP-HA increasing with stem height in S. balangeran and B. pubescens, while for X. fusca and A. 

glutinosa MOP-LA increased and MOP-HA decreased with height. For bark of the Flitwick Moor 

tree species, MOP-LA and MOP-HA overall increased with height. The interplay between MPP and 
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MOP-LA and MOP-HA may be more complicated than expected, as MOP-LA and MOP-HA may 

adapt to a CH4 gradient along the stem, but they might also be responsible for determining the CH4 

gradient and the stem flux patterns themselves.  

 

6.1.4 Evidence of methanogenic and methanotrophic communities responsible for CH4 

production and oxidation and the diversity of the microbial communities within tree tissues.  

 

The detection and characterisation of microbial communities, including methanogenic and 

methanotrophic groups, was attempted to 1) confirm the evidence of microbial MPP, MOP-LA and 

MOP-HA detected in the trees and 2) determine the main metabolism present - anaerobic or aerobic 

- that could explain the prevalence of either MPP or MOP-LA and MOP-HA processes. 

The presence of methanogens and methanotrophs within tree tissue of the study trees in 

Flitwick Moor was confirmed, although they were at significantly low relative abundance compared 

to other microbial groups; methanogens represented <0.3% and methanotrophs <2% of the whole 

microbial population (Chapter 5, sections 5.4.11, 5.4.12, 5.4.14). The presence and activity of 

fermentative bacteria, e.g. those that produce methanogenic substrates as acetate and H2, may have 

favoured methanogens, although their low relative abundance might have been the result of inhibition 

by tree compounds, as phenols (Li et al. 2020) or humic acids (Minderlein & Blodau, 2010) (Chapter 

5, section 5.6, page 157). Moreover, the most abundant genera across all trees were Streptomyces, 

Bradyrhizobium, Ralstonia, Burkholderia, Leptospira and Pseudomonas, which are aerobic and 

facultative anaerobic genera (Chapter 5, section 5.5, page 154). which suggested that aerobic 

conditions present might have contributed to inhibiting the presence of methanogens (Fetzer, 1993). 

The methanotrophic/methanogens ratio was generally higher in A. glutinosa and for the soil 

next to both tree species in Flitwick compared to B. pubescens, but a higher number of trees and 

sample replicates would be needed to confirm this species-specific difference. The methanotrophic 

fraction in trees stems was 10 times higher than methanogens in B. pubescens and up to 140 times 

higher compared to the methanogenic fraction in A. glutinosa (in tree A19), while in the soil it was 

from 23 to 52 times higher than the methanogenic fraction in wood of both tree species. The absence 

of MPP in A. glutinosa wood and higher MOP-LA in A. glutinosa soil may be due to a higher relative 

abundance of methanotrophs in this tree species. A high MOB/methanogens ratio could mean lower 

overall CH4 concentration as CH4 it is oxidised more than produced. 

Methanogens represented <0.2 % of the whole microbial fraction in both the tree species. 

The acetoclastic genus Methanosarcina was relatively the most abundant in both wood and soil 

(Chapter 5, Section 5.4.14). Previous studies found Methanobacterium to be dominant among the 

whole microbial population in upland tree species (Li et al., 2020; Yip et al., 2018). Based on the 

shotgun sequencing, which overall detected a higher number of microbial groups across samples, 

methanotrophic genera represented 1% (A16) and 2.09% (A19) of total bacterial genera in wood of 

A. glutinosa, 0.8% (B6) and 0.7% (B10) in wood of B. pubescens (Chapter 5, Section 5.4.12). The 

Alphaproteobacterial Methylosinus, Methylobacterium and Methylorubrum were relatively the most 



Chapter 6 - Discussion and synthesis 

 

 
170 

 

abundant in wood. Methylobacterium have been considered unable to grow on CH4 until recently 

(Vadivukkarasi at al., 2016), and the sequences detected among this genus could include 

methanotrophic species. Jeffrey et al. (2021) found that Methylomonas was the predominant genus 

in bark of a tropical wetland tree species, and MOB represented from 3.2 to 12.8% of the microbial 

population. The relative abundance cannot be used to extrapolate the magnitude of microbial activity 

rates, but a significantly lower proportion of CH4-cycling groups compared to the whole microbial 

population is indicative that these metabolisms may be outcompeted by other microbial groups 

present in much higher relative abundance, resulting in low rates of activity.  

 

6.1.5 Relation of variables such as pH, moisture status and substrate porosity, which potentially 

control CH4 production, oxidation, microbial diversity and stem CH4 emissions. 

 

Stem CH4 fluxes were expected to decrease at higher moisture content and higher wood 

density, as water acts as a barrier to diffusion, and less porosity can also reduce flux rates (Covey et 

al., 2019; Pangala et al., 2015,). Moisture and porosity variation along the stem may also explain the 

magnitude and patterns in stem CH4 flux. pH is an important factor for CH4 cycling microorganisms 

in soil (Le Mer & Roger, 2001) and if it displayed a relation with stem CH4 flux it may also indicate 

the presence of active CH4-cycling microbial groups.  

Stem CH4 flux from trees of both sites did not show a relation with wood density, moisture 

and pH (Chapter 3, Section 3.4.5). Wood density had an effect on stem CH4 fluxes from the same 

tree species in Flitwick Moor (Pangala et al., 2015) although it couldn’t explain alone the flux 

variation along the stem. With lowered water table levels, the effect of wood density migh be less 

apparent and the stem CH4 flux variation along the stem likely depends on other factors not related 

to tree internal structure, but that were not investigated in the present study; this is a trait also common 

to upland trees (Pitz et al., 2018). In Flitwick species, MOP-LA for A. glutinosa decreased with wood 

density and increased with moisture content at 35 cm (Chapter 4, Section 4.4.5, Figure 4.11). The 

presence of more air-filled spaces in wood with low density might have favoured MOP-LA; the 

increase along the moisture content and more anoxic conditions may be explained by higher CH4 

concentrations available as substrates for oxidation.  

The bark of B. pubescens was visibly thinner and drier compared to A. glutinosa and showed 

lower MOP-LA and no MPP compared to wood (Chapter 4, Figures 4.5 and 4.6). The absence of 

MPP from B. pubescens bark samples might be related to the low moisture content (10-25%) 

(Chapter 3, Table 3.2) resulting in increased aerobic conditions that suppressed methanogenesis (Le 

Mer & Roger, 2001) and MPP. Lower MOP-LA in bark compared to wood can also be the result of 

less CH4 available for oxidation. 

On the other hand, MPP was absent/low within two S. balangeran trees (S85 and S86) which 

had a wood moisture >70% (Chapter 3, Figure 3.4.13). In Flitwick Moor, two B. pubescens trees had 

wood moisture between 65 and 70% at 35 cm (B5 and B9) and at 125 (B9), but MPP or stem CH4 

fluxes did not differ from other trees. In Wang et al. (2017), CH4 production was triggered at moisture 
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contents higher than 50%, while MPPs of the present study occurred also when moisture was below 

this threshold, although MPP were in general significantly low. If MPP didn’t increase with higher 

wood moisture, other factors must play a role, possibly a reduced methanogenic population and 

activity within tree tissues.  

Sudden soil drought events can increase CH4 oxidation in wetland soils (Chowdhury& Dick, 

2013) and can also result in less O2in sapwood (Eklund, 2000). Differences in soil and wood moisture 

did not seem to affect the magnitude of MOP-LA and MO-HA. If analysed separately, different wood 

tree tissues (e. g., sapwood and heartwood) may display different moisture and density explaining 

the variation in aerobic and anaerobic microsites and CH4 production and oxidation processes.  

pH showed no relation to stem CH4 flux (Chapter 3, Section 3.4.5) while it seemed to be 

related to MPP, MOP-LA and MOP-HA in Flitwick Moor. The low/absent MPP from A. glutinosa 

(Chapter 4, Figure 4.2), the increase of MPP with higher pH in B. pubescens at 35 cm (Chapter 4, 

Figure 4.12), and the one order of magnitude lower MPP in bark (Chapter 4, Figure 4.3) may indicate 

that more acidic tree tissues are not favourable for MPP, although a pH threshold triggering a certain 

MPP could not be established.  

The total relative abundance of Alphaproteocbacteria MOB was higher than the 

Gammaproteobacteria MOB in tree stems (Chapter 5, Section 5.4.12). Alphaproteobacteria MOB 

include genera more tolerant to acidic pH (Verbeke et al., 2019) and may be responsible for the 

MOP-HA detected in tree tissues. MOB displaying MOP-HA may be more sensitive to increases in 

pH, but other factors beyond the MOB genera diversity might be involved. 

 

6.1.6 Relation between CH4 and CO2 fluxes from tree stems to investigate transport and CH4 

emissions mechanisms. 

 

Coupling the measurements of CH4 and CO2 fluxes can help understand if CH4 is emitted to 

the atmosphere through the same pathways as CO2, hence, actively transported by the tree along the 

stem. This would potentially allow us to estimate the CH4 flux pattern from CO2 fluxes which are 

often relatively cheaper to measure and in general measured extensively at various forested 

ecosystems globally. If CH4 was transported by diffusion, CO2 would not be expected to display a 

relation with CH4 fluxes or have the same axial distribution, and vice versa.  

In the present study, CH4 and CO2 showed a positive relation in A. glutinosa trees measured 

at 35 cm (Chapter 3, Figure 3.4.3) and decreased along the stem up to 300 cm (Chapter 3, Figures 

3.4.5, 3.4.7, 3.4.9), contrary to what was hypothesised. This suggests that both gases were transported 

from the soil and tree base (Barba et al. 2019; Teskey & McGuire, 2007) and part of the CO2 

passively diffused through the stem along with CH4. Less water at the tree base in both wood and 

bark (Chapter 3, Table 3.2) may have also facilitated the emission of both gases from the tree base 

compared to upper stem although wood moisture and fluxes did not show a significant relationship. 

Stem CO2 fluxes may be used as a proxy for estimate stem CH4 flux patterns for A. glutinosa, but not 

for the other tree species. Further studies on a temporal scale should be performed to understand if 
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stem CH4 flux magnitude and patterns of emissions, can be estimated from CO2 fluxes from A. 

glutinosa. 

 

6.1.7 Species-specific differences in stem CH4 fluxes, CH4 production, and CH4 oxidation 

processes, methanogenic and methanotrophic communities.  

 

Different tree species displayed different morphological and physiological features reflected 

in the different wood moisture, density and pH, and they were expected to show differences in the 

distribution and diversity of the microbial communities, in the production and oxidation processes 

and in stem CH4 fluxes. 

No significant differences between stem CH4 fluxes were observed for S. balangeran and X. 

fusca in the Sebangau Forest (Chapter 3, Section 3.4.1), as also observed in Pangala et al. (2013). S. 

balangeran had a higher wood density compared to X. fusca, and this is consistent with Pangala et 

al. (2013). Soil CH4 fluxes were significantly higher for X. fusca tree X91 compared to the soil next 

to the other trees (Chapter 3, Figure 3.15) and this may either indicate that fluxes would have been 

higher from the tree stem if the aerial roots were measured, or that most CH4 diffused from the soil 

to the atmosphere without entering X. fusca stems. Although the difference in stem CH4 fluxes reflect 

‘peak’ emissions and uptake fluxes in a few S. balangeran trees (Chapter 3, Figure 3.1), fluxes were 

not measured from the aerial roots of X. fusca and this comparison therefore was not exhaustive. 

Lower stem CH4 fluxes were observed for A. glutinosa compared to B. pubescens (Chapter 

3, Section 3.4.1), as observed in Pangala et al. (2015). As discussed in Section 6.1.3 of this Chapter, 

S. balangeran and A. glutinosa displayed a decreasing pattern of stem CH4 fluxes along the stem, 

while no pattern was visible for the two other tree species. In Flitwick Moor, A. glutinosa showed 

uptake mostly from the upper heights and overall higher uptake fluxes compared to B. pubescens.  

MPP, MOP-LA and MOP-HA did not differ statistically between species in the Sebangau 

Forest species, although MPP was slightly higher for S. balangeran and almost absent for X. fusca. 

In Flitwick Moor, A. glutinosa showed MPP from one tree only and higher MOP-HA compared to 

B. pubescens. The absence of MPP could have resulted from higher oxidation, or more acidic pH as 

mentioned in Section 6.1.5 of this Chapter. B. pubescens stems may be more favourable 

environments for MPP, contributing to increased stem CH4 emissions. This can be the result of less 

acidic pH, overall lower oxidation activity compared to A. glutinosa and possibly a more anaerobic 

environment, but also the result of higher CH4 in soil thus increased flux in tree stems. 

Although stem CH4 fluxes were lower than in the previous studies (Pangala et al., 2013, 

2015) tree species showed the same similarities and differences in flux magnitude. MPP mostly 

occurred from the most emitting tree species (S. balangeran and B. pubescens), and it suggested that 

this resulted in differences in stem CH4 fluxes compared to X. fusca and A. glutinosa, or that the latter 

hosted higher CH4 oxidation resulting in decreased emissions. Differences in microbial communities 

were not evaluated across species. 
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6.1.8 Comparison of CH4 fluxes and production and oxidation processes between tree stems 

and soil.  

 

CH4 and CO2 fluxes, MPP, MOP-LA and MOP-HA, and the microbial diversity, along with 

soil density, moisture and pH, were measured and characterised from the soil next to each of the 

three study trees for each species at both sites.  

CH4 fluxes varied between soil and trees, and this may reflect differences between tree and 

soil variables that affect production and oxidation activities. Lower water-table levels resulting in 

increased soil aerobic conditions can lead to a decrease in CH4 concentration and in lower soil and 

stem CH4 fluxes, while higher stem CH4 fluxes compared to soil may be the result of CH4 production 

within tree stems. The differences in microbial diversity between trees and soil could potentially 

relate to the differences in stem CH4 fluxes and production and oxidation processes.  

Pangala et al. (2013) found a lower contribution of soil CH4 fluxes compared to tree stem 

relative to the whole ecosystem CH4 fluxes in Sebangau Forest, while soil CH4 fluxes in Flitwick 

Moor exceeded stem fluxes in the previous study during the summer (Pangala et al., 2015). In the 

present study, a total of six soil locations were selected at each site, and the contribution of soil 

compared to stem CH4 emissions at an ecosystem scale was not estimated, as more soil locations, at 

least twenty - the same amount used by Pangala et al. 2015. Moreover, an exhaustive estimation of 

the ecosystem contribution should also include vegetation, and tree canopy, but this was not within 

the purpose of this study. On the other hand, more aerated soils along with less CH4 production 

suggested that CH4 diffused more easily at the soil surface to the atmosphere before entering trees 

(Laanbroek, 2010) and trees were not the preferential pathway for soil produced CH4 release (Kohn 

et al., 2020) hence the contribution of tree CH4 emissions to the ecosystem emissions may have been 

lower than soil. 

Soil next to A. glutinosa showed low emission and uptake fluxes (Chapter 3, Figure 3.15), 

and MOP-LA was absent at 20 cm below the ground next to B. pubescens (Chapter 4, Table 4.1), 

which displayed higher soil CH4 flux compared to soil next to A. glutinosa. Higher MOP-LA in soil 

may explain lower stem CH4 fluxes for A. glutinosa in Flitwick Moor, but this was not the case in 

Sebangau Forest where S. balangeran showed lower MOP-LA in soil, but similar soil flux compared 

to X. fusca. More soil locations should be measured to investigate this. 

The relative abundance of methanogens and methanotrophs in soil was significantly low 

compared to other microbial groups (Chapter 5, Sections 5.4.12 and 5.4.14), with methanogens 

representing a significantly lower fraction of the archaea in soil compared to wood. Overall, this 

difference was negligible when compared to whole microbial community, and methanogens were 

likely to be overall outcompeted in both trees and soil.  The relative abundance of methanotrophs 

doubled in soil (Chapter 5, Figure 5.11), although tree and soil showed similarities in the most 

relatively abundant genera, suggesting that tree communities might reflect those in the soil.  
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6.2 Study limitations 

 

The present investigation experienced some limitations in terms of sampling strategy, field 

measurements, and molecular techniques.  

Given the large heterogeneity observed between and within trees, the small sample size (>10 

trees) limited our ability to draw meaningful conclusions, although the data suggests widespread 

heterogeneity in stem CH4 fluxes and microbial processes within the trees and between trees and 

wetland trees could switch from ‘wetland like trees’ to ‘upland like trees’. Further studies with larger 

sample size should explore the heterogenous pattern and the variables controlling them. 

The measurement of wood density is based on the dry weight and volume ratio and does not 

consider the irregularity of the pore spaces inside the tree; although the wood density appears to be 

homogenous, this measurement masks the heterogeneity of the microsite were CH4 is present and 

actively cycled.   

Wood moisture was measured from wood cores without considering the radial variability of 

the tree tissues (heartwood-sapwood) and their different water content. If analysed separately for 

each tree species, wood moisture in the different tissues might help to explain the variation in aerobic 

and anaerobic microsites and CH4 production and oxidation processes. Useful comparisons between 

wood and bark samples could not be performed due to the low number of replicates, and the lack of 

literature comparing microbial population in living tree tissues also limited the comparison, although 

bark could be identified as a contributor to CH4 sources and sinks. Samples extracted for analysis 

were limited in number for each measurement, because a tree can be harmed if excessively 

perforated.  

As mentioned in Chapter 4 (Section 4.5) the contribution of each of the CH4 potentials to 

stem CH4 fluxes was biased by experimental limitations, as the gas headspace composition was 

specific for each incubation type separately. The stem CH4 flux measurements were performed in 

real time in the field, while MPP, MOP-LA and MOP-HA were obtained under laboratory conditions. 

This allowed me to obtain a profile of the activity rate and to make comparisons between trees and 

individual samples, but this information should be used with caution for CH4 flux estimations. 

The nested PCR approach prior to the 16S rRNA gene amplification has often been used to 

detect low abundance microbial groups, although results can be misleading, due to the increased 

chance of amplifying contaminant DNA after two amplification steps. Although the presence of 

contaminants can be detected using negative controls during both amplification steps, that can be 

used to filter ‘contaminant’ microbial sequences from the dataset, ‘true’ sequences can be eliminated 

along with the samples, compromising data quality. Caution was taken when interpreting the results 

obtained with the 16S sequencing approach, although it has been presented for an overall 

comparison. Future work should consider removing these sequences with bioinformatic tools. Due 

to the time constraints, it was not feasible to perform this extra analysis in the present study, and this 
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would have had an impact on the relative abundances of certain microbial taxa. On the other hand, 

the microbial groups detected in the negative controls were also detected by the shotgun approach. 

The microbial DNA analysed was extracted from relatively small samples of wood compared 

to the surface measured for CH4 fluxes and assessing their relation would require extrapolating their 

relative abundance to a larger sample size or using smaller stem chambers for flux measurements. 

 

6.3 Future work 

 

The variability of CH4 fluxes along the stems and presence of uptake suggest that upper stem 

heights and the tree canopies should also be included in future studies. The extrapolation of stem 

CH4 fluxes to upper stem heights based on measurements at the tree base would under/overestimate 

the real contribution of tree to the ecosystem CH4 budget. On the other hand, measurements along 

the whole stem surface would be practically inconvenient, considering that trees can be up to 15-30 

m or more in forests. 

Stem CH4 flux measurements along with MPP, MOP-LA and MOP-HA should be measured 

on a temporal scale at constant environmental conditions to be able to analyse their dynamics, 

possibly from the same trees. The water table level is a key variable to predict fluxes, but sources 

and sinks depend on internal tree processes which have not yet been defined. 

CH4 concentrations should be measured from tree stems in situ, this allows estimation of 

fluxes to the atmosphere and compare them to ‘real’ fluxes measured (Wang et al., 2016). Coupling 

this measurement with other measures, for example MOP-LA or MOP-HA and wood density, would 

improve the understanding of the role of CH4 oxidation in determining stem CH4 flux patterns.  

This study aimed to localise CH4 production and oxidation processes and detect the presence 

of methanogens and methanotrophs in wetlands trees. A deeper analysis with quantitative PCR 

amplification of the 16S rRNA gene and of the specific methanogenic and methanotrophic marker 

genes (mcrA and pmoA) should be performed to link CH4 production and oxidation with the target 

gene copies number (Shrestha et al., 2012), as relative abundance does not necessarily reflect the real 

quantity of each microbial group. Another useful technique would be RNA SIP (stable isotope 

probing) to find the active microbial communities in situ. In addition, shotgun metagenomic data can 

be also used for functional annotation to find metabolic pathways associated with microbial groups. 

Moreover, shotgun metagenomic sequencing data can be used for functional annotation of 

microbial sequences, that would identify the metabolic pathways corresponding to a certain gene. A 

recent review from Putkinen et al. (2021) described more advanced molecular techniques that would 

allow a better understanding of the relation between methanogens, methanotrophs and their activity 

in tree stems, e.g., targeted capture metagenomics, which overcomes the large presence of the host 

(tree) genome which interferes with the detection of low abundance microbial groups. Cultivation 

approaches are still needed as vast majority of the environmental DNA is still unclassified, and 

databases are incomplete.  
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6.4 Conclusions 

 

• Wetland trees can behave as upland-like trees when water-table falls, and they can 

switch from a source to sink in both Sebangau Forest and Flitwick Moor 

experiencing dry soil conditions. Sudden changes in soil hydrology leading to 

lowered water tables might result in unpredictable CH4 fluxes; extrapolations at 

upper heights do not account for stem flux heterogeneity and, as a result, the tree 

CH4 budget might be uncertain. 

• The significant reduction in stem CH4 flux observed in the present study was 

potentially attributed to increased CH4 oxidation and less CH4 entering the tree 

emission pathway due to more air-exposed roots of the wetland tree species, and 

more CH4 diffusing directly to the atmosphere from soil surfaces. A reduced root 

biomass typical of shallow rooted wetland trees may play a key role as the roots 

failed to reach wet soil layers during drier conditions.  

• Species comparison was not exhaustive in Sebangau forest, as X. fusca aerial roots 

were not included in the measurements; in Flitwick Moor A. glutinosa displayed 

lower fluxes and overall higher contribution to uptake compared to B. pubescens. 

• CH4 production and oxidation were detected in the trees studied in both Sebangau 

forest and Flitwick Moor, and MPP MOP-LA and MOP-HA were significantly 

lower compared to other studies in wetland trees. Drier soil conditions may also be 

a control for these processes as for stem CH4 fluxes. 

• MPP was observed for most S. balangeran trees in the Sebangau Forest and most B. 

pubescens trees in Flitwick Moor, and mostly observed at the base of the stem; these 

tree species stem CH4 emissions may have resulted from both in-tree CH4 production 

and soil-borne CH4.  

• The high variability of MPP, MOP-LA and MOP-HA between trees and their 

absence in some trees indicate that the distribution of the ‘active’ microsites inside 

the stem was heterogenous and the sampling strategy should be revised and must 

include more tree replicates.  

• Wood and bark moisture or wood density did not influence stem CH4 fluxes, and 

MPP, that displayed low rates compared to previous studies, and were likely to be 

controlled by other factors. MOP-LA for A. glutinosa decreased with wood density 

and increased with moisture content at the bottom of the stem, possibly favoured by 

higher wood density compared to B. pubescens, higher aerobic conditions; higher 

moisture may have reduced CH4 diffusion resulting in more CH4 being available for 

MOP-LA. 
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• The absence of MPP from B. pubescens bark samples might be because of low 

moisture content resulting in increased aerobic conditions that suppressed CH4 

production. The role of bark needs to be further investigated using more tree 

replicates. 

• pH was not useful in determining emission patterns. The lower pH of A. glutinosa 

compared to B. pubescens may have inhibited MPP and MOP-HA and favoured 

MOP-LA although a pH threshold for MPP could not be established. 

Alphaproteobacteria methanotrophs, generally more tolerant to acidic pH, may be 

responsible for the MOP-HA detected. Methanotrophs displaying MOP-HA may be 

more sensitive to an increase in pH, but other factors beyond the MOB genera 

diversity might be involved. 

• The interplay between MPP and MOP-LA and MOP-HA should be further assessed 

using e.g., measurements of tree internal CH4 concentrations in situ to understand 

whether MOP-LA and MOP-HA adapt or contribute to create a CH4 gradient along 

the stem, and as extension, stem CH4 flux pattern. 

• The presence of methanogens and methanotrophs within tree tissue of the study trees 

in Flitwick Moor was confirmed, although they were at significantly relatively low 

abundance compared to other microbial groups; inhibiting compounds within the 

tree tissues and overall aerobic conditions present might have contributed to 

inhibiting the presence of methanogens.  

• The relative abundance cannot be used to extrapolate the magnitude of microbial 

activity rates, but a significantly lower proportion of CH4-cycling groups compared 

to the whole microbial population is indicative that these metabolisms may be 

outcompeted, resulting in low rates of activity.  

• Higher MOP-LA in soil may explain lower stem CH4 fluxes for A. glutinosa in 

Flitwick Moor, but this was not the case in the Sebangau Forest where S. balangeran 

showed lower MOP-LA, but similar soil fluxes compared to X. fusca. More soil 

locations should be measured to investigate this further. 

• Tree microbial communities might reflect those in soil, and potentially reflect CH4 

production and oxidation processes, although further studies should include more 

tree and soil replicates to understand how their diversity influence CH4-cycling in 

both soils and trees. 

• These results reinforce existing literature that highlight process-based studies are 

needed to accurately estimate wetland CH4 budget. To date, there are only a few 

studies that quantify and analyse the variability of MPP, MOP-LA and MOP-HA in 

trees. In order to include contributions of tree CH4 emissions in the global CH4 

budget as a separate category, these processes should be analysed along with flux 

measurements to reduce biases and uncertainty. 
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• CO2 and CH4 fluxes were related, and both showed a decreasing pattern along the 

stem of A. glutinosa suggesting that CO2 could potentially be used as a proxy to 

estimate stem CH4 fluxes in forests; if stem CH4 fluxes were to be predicted from 

CO2 measurements, an investigation on a seasonal scale and in different ecosystems 

should be carried out. 

• Soil conditions were unusually dry, and this might also explain the low relative 

abundance of methanogenic populations in soil. The low CH4 production in soil 

might have resulted in lower CH4 in trees and overall lower MOB abundance. 

Methanotrophs and methanogens are also likely to follow or adapt to a soilborne-

CH4 gradient up to the tree stems; A. glutinosa and B. pubescens trees can act as 

conduits for CH4 from the soil and the small CH4 fluxes measured might have 

resulted in a small proportion of methanotrophs and methanogens compared to other 

microbial groups along the soil-tree continuum. 

 

 

 

 

 

 

 



Appendices 

 
179 

 

Appendices 

Appendix I 

 

Appendix I.A Average ± SD and range of MPP, MOP-LA and MOP-HA measured from wood cores extracted at 35 and 125 cm from S. balangeran (n=10) and at 125 and 165 cm from X. 

fusca (n=10) and at 225 and 300 cm (n=3 each species). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Height 

(cm) 

CH4 production potential (MPP) 

(µg m-3 hr-1) 

CH4 low affinity oxidation potential 

(MOP-LA) (µg m-3 hr-1) 

CH4 high affinity oxidation potential (MOP-

HA) (µg m-3 hr-1) 

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

S. 

balangeran 

35  0.27 ± 0.2 0 0.6            -10.87 ± 3.4 0 -14.52 -0.07 ± 0.06 0 -0.14 

125  0.12 ± 0.05 0 0.13   -18.37 ± 21.4 0 -69.07 -0.11 ± 0.14 0 -0.5 

225 0 0 0 0 0 0 -0.11± 0.14 0 -0.18 

300 0 0 0 -11.57 0 -11.57 -0.15 ± 0.18 0 -0.36 

X. fusca 125    0.013 0   0.013 -6.07 ± 6.2 0 -15.10 -0.07 ± 0.07 0 -0.22 

165 0.29 ± 0.01 0 0.31 -10.12 ± 9.02 0 -25.99 -0.21 ± 0.14 0 -0.36 

225 0 0 0 -14.21 ± 15.07 -0.93 -30.59 -0.03 0 -0.03 

300 0 0 0 -31.87 ± 5.06 -27.74 -37.52 -0.09 0 -0.09 
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Appendix II..B Average ± SD and range of MPP, MOP-LA and MOP-HA measured from wood cores extracted at 35 and 125 cm (n=10 each species) and at 225 and 300 cm (n=3 each 

species). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Height 

(cm) 

CH4 production potential (MPP) (µg 

m-3 hr-1) 

CH4 low affinity oxidation potential (MOP-LA) 

(µg m-3 hr-1) 

CH4 high affinity oxidation potential (MOP-HA) 

(µg m-3 hr-1) 

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

A. 

glutinosa 

35 0.19 0 0.19 -10.56 ± 6.57 0 -19.64 -0.39 ± 0.21 -0.06 -0.73 

125 0 0 0.00 -8.35 ± 9.14 0 -23.97  -0.51 ± 0.55 -0.02 -0.73 

225 0 0 0.00 -8.87 ± 18.57 0 -46.38 -0.39 ± 0.03 0 -0.42 

300 0 0 0.00 -12.05 ± 3.22 0 -15.27 -0.37 ± 0.08 -0.01 -0.48 

B. 

pubescens 

35   0.2 ± 0.05 0 0.25  -8.83 ± 0.89 0 -10.46  -0.26 ± 0.05 0 -0.31 

125 0.28 ± 0.11 0 0.46 -9.8 ± 3.06 0 -16.00  -0.14 ± 0.06 0 -0.25 

225 0 0 0 -1.67 ± 3.46 0 -8.64 -0.22 ± 0.01 0 -0.24 

300 0.10 0 0.10 -1.71 ± 4.19 0 0.00 -0.10 0 -0.10 
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Appendix I.C. Average ± SD and range of MPP, MOP-LA and MOP-HA measured from bark samples extracted at 35, 125, 225 and 300 cm (n=3 each species). 

Species Height 

(cm) 

CH4 production potential 

(MPP) (µg m-3 hr-1) 

CH4 low affinity oxidation potential 

(MOP-LA) (µg m-3 hr-1) 

CH4 high affinity oxidation potential 

(MOP-HA) (µg m-3 hr-1) 

Average ± SD Range Average ± SD Range Average ± SD Range 

min max min max min max 

A.   

glutinosa 

35 0.02  0.02 0.02 -0.51 ± 0.36 -0.14 -0.88 -0.02 -0.02 -0.02 

125 0.03 ± 0.005 0.02 0.03 -1.27 -1.27 -1.27 0 0 0 

225 0 0 0 -6.86 -6.86 -6.86 -0.07 ± 0.04 -0.04 -0.14 

300 0 0 0 -1.28 -1.28 -1.28 -0.02 ± 0.01 -0.009 -0.04 

B. 

pubescens 

35 0 0 0 -4.02 -4.02 -4.02  -0.19 ± 0.07 -0.11 -0.26 

125 0 0 0 -1.86 -1.86 -1.86 -0.09 -0.09 -0.09 

225 0 0 0 -1.42 -1.42 -1.42 -0.08 ± 0.04 -0.04 -0.12 

300 0 0 0 --10.27 -10.27 -10.27 -0.15 ± 0.03 -0.11 -0.18 
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Appendix II 

 

Appendices II.A to II.F show the images of agarose gel electrophoresis of the 1st and 2nd round PCR 

amplifications of extracted DNA from wood, bark and soil of A. glutinosa (A16 - A15 - A19) and B. 

pubescens (B1 - B6 - B10) including negative and positive controls. The positive controls bands are 

used to validate the evidence of microbial material. Position 0 corresponds to the DNA ladder used 

as a reference to determine the size of the DNA fragments obtained. 

 

Appendix II.A: Images of agarose gel electrophoresis of the 1st round PCR amplification with 

primers 335F and 1391R of extracted DNA from wood of A16 (5-7) and A19 (8-10), wood of B1 

(11-13) and B6 (14-16), bark of A16 (17-18 and 20) and of A19 (21-23), bark of B1 (24-26) and B6 

(27-29) and soil next to A16 (31-33). The image shows also negative controls used in the grinding 

step (positions 1-2), in the DNA extraction of both tree tissues (3-4) and soil (position 30), and 

positive controls (positions 19 and 34); positions 35 and 36 correspond to negative controls of the 

PCR1; all negative controls showed no microbial bands after PCR1.  
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Appendix II.B: Image of agarose gel electrophoresis of the 1st round PCR amplification with primers 

335F and 1391R of extracted DNA from soil next to A19 (positions 1-3), soil next to B6 (positions 

4-6) and B1 (positions 7-9), wood of A15 (positions 10-12), wood of B10 (positions 13-15) , bark of 

A15 (positions 16-18), bark of B10 (20-22), soil next to A15 (positions 23-25) and soil next to B10 

(positions 26-28). The image shows also positive controls (positions 19 and 29); positions 30-31 

correspond to negative controls of the PCR1; negative controls showed no microbial bands after 

PCR1.  
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Appendix II.C: Image of agarose gel electrophoresis of the 2st round PCR amplification with 

bacterial primers 799F and 1193R of extracted DNA from wood of A16 (positions 5-7), wood of 

A19 (positions 8-10), wood of B1 (positions 11-13) and B6 (positions 14-16), bark of A16 (positions 

17-18 and 20), bark of A19 (positions 21-23), bark of B1 (positions 24-26) and bark of B6 (positions 

27-29). 

The image shows also positive controls of PCR2 (positions 19 and 33) and the positive control from 

PCR1 (position 30); position 34 corresponds to the negative control of the PCR2; positions 1-2 

correspond to 2nd amplification of the negative controls of the DNA extraction and 3-4 of the negative 

controls of the grinding step. Positions 31-32 correspond to the negative controls of PCR1 amplified 

in PCR2; position 34 correspond to the negative control of PCR2.  
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Appendix II.E: Image of agarose gel electrophoresis of the 2st round PCR amplification with 

bacterial primers 799F and 1193R of soil next to A16 (2-4), soil next to A19 (5-7), soil next to B6 

(8-10) and soil next to B1 (11-13), wood of A15 (15-17), wood of B10 (18 and 20-21) bark of A15 

(22-24), bark of B1 (25-27), soil next to A15 (28-30) and soil next to B10 (31-33). The image 

includes the negative controls used in soil DNA extraction (1), the positive controls of PCR2 (14, 19 

and 37), the positive control of PCR1 after 2nd amplification (34), the negative controls of PCR1 after 

the 2nd amplification (35-36), and the negative control of PCR2 (38). 
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Appendix II.F: Image of agarose gel electrophoresis of the 2nd round PCR amplification with 

archaeal primers 958F and 1100R of wood of A16 (5-7), wood of A19 (8-10), wood of B1 (11-13), 

wood of B6 (14-16), bark of A16 (17-18 and 20), bark of A19 (21-23), bark of B1 (24-26), bark of 

B6 (27-29) 

The image includes also the negative controls of the wood DNA extraction (1-2) and the grinding 

step (3-4), the negative controls used in soil DNA extraction (30), the positive control of PCR2 (35), 

the positive control of PCR2 for archaea (19 and 34), PCR1 after 2nd amplification (31), the negative 

controls of PCR1 after the 2nd amplification (32-33). 
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Appendix II.G: Image of agarose gel electrophoresis of the 2st round PCR amplification with 

archaeal primers 958F and 1100R of soil next to A16 2-4), to A19 (5-7), to B6 (8-10), and to B1 (11-

13), wood of A15 (17-18 and 20), bark of A19 (21-23), bark of B1 (24-26), bark of B6 (27-29), wood 

of B10 (18 and 20-21), bark of A15 (22-24) and of B10 (25-27), soil next to A15 (28-30) and to B10 

(31-33). 

The image includes also the negative controls of the soil DNA extraction (1), the positive control of 

PCR2 for archaea (14, 19 and 37), the positive control of PCR1 after 2nd amplification (34), the 

negative controls of PCR1 after the 2nd amplification (35-36) and the negative control of PCR2 (38). 
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Appendix III 

Appendix III.A. Results from Qubit and Nanodrop analysis after DNA extractions 

Sample Qubit Nanodrop 

ng/mL 
(Qubit 
tube) 

ng/mL  
(sample) 

ng/µL 
(sample) 

260/280 260/230 

Negative control - DNA extraction trees < 50 
  

2.11 0.09 

Negative control - DNA extraction trees < 50 
  

1.44 0.17 

Negative control - cryomill day 1 < 50 
  

1.32 0.17 

Negative control - cryomill day 2 < 50 
  

1.26 0.09 

A16 wood 132 5280.00 5.28 1.82 0.3 

A16  wood 126 5040.00 5.04 1.52 0.36 

A16 wood 274 10960.00 10.96 1.74 0.33 

A19  wood 206 8240.00 8.24 1.55 0.47 

A19 wood 172 6880.00 6.88 1.64 0.44 

A19  wood 197 7880.00 7.88 1.61 0.53 

B1  wood 182 7280.00 7.28 1.63 0.47 

B1  wood 162 6480.00 6.48 1.65 0.41 

B6  wood 195 7800.00 7.80 1.8 0.48 

B6  wood 117 4680.00 4.68 1.71 0.38 

B6  wood 195 7800.00 7.80 1.8 0.37 

B10  wood 217 8680.00 8.68 1.85 0.46 

B10  wood 174 6960.00 6.96 1.68 0.41 

B10  wood 187 7480.00 7.48 1.68 0.41 

A15  bark > 600 
  

1.68 0.72 

A15  bark > 600 
  

1.69 0.8 

A16  bark 123 4920.00 4.92 1.66 0.56 

A16  bark 379 15160.00 15.16 1.65 0.48 

A16  bark 590 23600.00 23.60 1.68 0.72 

A19  bark > 600 
  

1.67 0.85 

B1  bark 342 13680.00 13.68 1.69 0.79 

B6  bark 391 15640.00 15.64 1.65 0.77 

B10  bark 18.3 732.00 0.73 1.57 0.49 

B10  bark 106 4240.00 4.24 1.6 0.51 

Negative control - DNA extraction soil < 50 
  

1.57 0.36 

A15 soil 215 8600.00 8.60 1.68 0.99 

A15 soil > 600 
  

1.82 1.5 

A15 soil 530 21200.00 21.20 1.75 1.5 

A16 soil 430 17200.00 17.20 1.76 1.51 

A16 soil 540 21600.00 21.60 1.75 1.45 

A16 soil 550 22000.00 22.00 1.78 1.62 

A19 soil 404 16160.00 16.16 1.74 1.55 

A19 soil 280 11200.00 11.20 1.77 1.48 

A19 soil 467 18680.00 18.68 1.82 1.71 

B1 soil 117 4680.00 4.68 1.41 0.79 

B1 soil 143 5720.00 5.72 1.39 0.76 

B1 soil 52.9 2116.00 2.12 1.29 0.71 

B6 soil 173 6920.00 6.92 1.35 0.73 

B6 soil 178 7120.00 7.12 1.39 0.78 

B6 soil 221 8840.00 8.84 1.45 0.8 

B10 soil 209 8360.00 8.36 1.43 0.78 

B10 soil 234 9360.00 9.36 1.43 0.81 

B10 soil 169 6760.00 6.76 1.4 0.77 

 

 



Appendices 

 
189 

 

Appendix III.B. Results from Qubit and Nanodrop of purified PCR products after 2nd round PCR and gel  

Qubit and Nanodrop results after 2nd round PCR  

Primers 

2nd round 

PCR 

sample ID sample 

type 

Qubit Nanodrop sample 

volume 

(µl) 
ng/mL 

(Qubit 

tube) 

ng/mL  

(sample) 

ng/µL 

(sample) 

260/280 260/230 

799f-1193r 

(Bacteria) 

C1 Negative 

control - 

DNA 

extraction 

80.5 5366.67 5.37 2.09 0.39 26 

CR1 Negative 

control - 

cryomill 

171 11400 11.4 2.28 0.03 26 

CR2 Negative 

control - 

cryomill 

19.2 1280 1.28 2.32 0.03 26 

A16 wood 98.3 6553.33 6.55 2.11 0.04 26 

A19 wood 194 12933.3 12.93 1.98 0.07 26 

B1 wood 53.8 3586.67 3.59 2.57 0.02 26 

B6 wood 381 25400 25.4 2.06 0.05 26 

A15 wood 8.15 543.33 0.54 2.75 0.02 26 

B10 wood 231 15400 15.4 1.92 0.12 26 

A16 b bark 16.4 1093.33 1.09 2.74 0.02 26 

A19 b bark 259 17266.7 17.27 3.57 0.03 26 

B1 b bark 90.4 6026.67 6.03 2.03 0.17 26 

B6 b bark 167 11133.3 11.13 1.98 0.21 26 

A15 b bark 304 20266.7 20.27 1.84 0.63 26 

B10 b bark 540 36000 36 1.89 0.92 26 

A16 s soil 539 35933.3 35.93 1.98 0.07 41 

A19 s soil 272 18133.3 18.13 2 0.06 41 

B6 s soil 234 15600 15.6 1.96 0.07 41 

B1 s soil 220 14666.7 14.67 2.41 0.02 41 

A15 s soil 298 19866.7 19.87 2.27 0.03 41 

B10 s soil 186 12400 12.4 2.07 0.05 41 

958f-1100r 

(Archaea) 

A16 wood 7.29 486 0.49 3.38 0.02 26 

A19 wood 1.2 80 0.08 4.65 0.01 26 

B1 wood 13.4 893.33 0.89 4.66 0.01 26 

B6 wood 1.92 128 0.13 5.42 0.01 26 

B10 wood 3.99 266 0.27 11.99 0.01 26 

A15 b bark 1.18 78.67 0.08 29.6 0.01 26 

A19 b bark 2.53 168.67 0.17 18.76 5.3 26 

A16 s soil 149 9933.33 9.93 2.36 0.02 41 

A19 s soil 84.9 5660 5.66 2.55 0.02 41 

B6 s soil 4.44 296 0.3 7.27 0.01 41 

B10 s soil 2.93 195.33 0.2 4.29 0.01 41 

A15 s soil 107 7133.33 7.13 2.53 0.02 41 

799f-1193r 

(Bacteria) 

A1-

Negative 

1st round 

Negative 

control 1st 

round after 

2nd round  

310 20666.7 20.67 2.13 0.04 26 

Negative 

gel 

extraction 

2nd round 

 
99.4 6626.67 6.63 1.99 0.11 26 

A2-

Negative 

2nd round 

 
1.83 122 0.12 2.27 0.12 26 
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