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Abstract 

Tree stems can transport greenhouse gases (GHGs) produced belowground to the 

atmosphere. Previous studies in natural wetland and upland ecosystems have 

quantified tree stem fluxes of methane (CH4), carbon dioxide (CO2) and nitrous 

oxide (N2O). However, tree stem GHG fluxes have not previously been measured 

in the context of managed environments. The work presented in this thesis aimed 

to quantify GHG fluxes from tree stems on closed landfill sites.  

To investigate the potential for trees growing on closed landfill sites to act as 

conduits for GHGs produced belowground to the atmosphere, GHG fluxes were 

measured from tree stem and soil surfaces. In situ measurements from a closed 

landfill site in the UK were examined for spatial and temporal patterns and 

evaluated against data from a comparable non-landfill area. Measurements were 

also conducted from landfill sites in the UK with varying management practices and 

different tree species present. The resulting flux values were scaled up to estimate 

the magnitude of tree stem GHG fluxes from closed landfills at a national level.  

The findings presented here show evidence of tree mediated GHG transport on 

closed landfill sites and temporal variations in fluxes from tree stems were also 

observed, with generally higher fluxes in the summer months. Stem CH4 fluxes 

varied between trees growing on landfill sites with different management practices. 

Additionally, stem N2O fluxes displayed spatial patterns, with decreasing emissions 

at increased height from the forest floor, indicating an underground source. 

Evidence suggested that GHG fluxes from closed landfills are influenced by factors 

including the quantity of GHG produced in the waste (linked to the age of the site), 

the susceptibility of the area to waterlogging and landfill management techniques 

put in place upon closure (for example, clay caps, cover soils and gas extraction). 

Upscaled CH4 and N2O flux values from tree stems on closed landfill sites 

corresponded to less than 1% of the total CH4 and N2O emissions reported from 

UK landfills in 2020.  

Overall, results indicated that measuring soil fluxes alone from forested landfill 

sites would result in an underestimation of the total surface fluxes. However, the 

emission rates from tree stems on closed landfills observed in this thesis do not 

exceed those in natural ecosystems. Therefore, with careful planning and 

management, the recommendation is that trees can be planted on closed landfill 

sites in the UK without emitting atypical levels of GHGs. However, including gas 

fluxes from tree stems on closed landfills would increase the accuracy of GHG 

budgets at national and global levels.  
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Chapter 1 Introduction 

1.1 Context and justification 

Greenhouse gases (GHGs), including carbon dioxide (CO2), methane (CH4) and 

nitrous oxide (N2O), are naturally present in the Earth’s atmosphere and absorb 

energy in the form of infrared radiation that has been reflected from the Earth’s 

surface and atmosphere (Ledley et al., 1999). This radiation is reemitted, and the 

energy warms the lower atmosphere and planetary surface (Ledley et al., 1999). 

Consequently, the average surface air temperature of the planet is c. 30 °C warmer 

than it would be without this process of absorption and reemission of infrared 

radiation (Kellogg, 1996). This is a natural process, known as the greenhouse 

effect, that keeps the planet habitable.  

Atmospheric GHG concentrations have risen significantly since the industrial 

revolution in the 18th and 19th centuries and now substantially exceed the natural 

range over the last 650,000 years (Figure 1.1) (Huddart & Stott, 2010). This is due 

to human activity, such as the consumption of fossil fuels, changes in land use and 

agricultural processes (Smithson et al., 2002). This has caused a significant 

warming trend in the Earth’s climate (IPCC, 2021). The planet’s current average 

temperature is 1.1 °C warmer than the 1850-1900 mean value and this has been 

attributed to anthropogenic GHG emissions resulting in amplification of the 

greenhouse effect (Tollefson, 2021). This climate change is leading to other effects 

on the planet, such as the loss of sea ice, sea levels rising, changes in rainfall 

patterns, and variation in the ranges of plants and animals (Smithson et al., 2002; 

IPCC, 2018). If the current rate of increase is sustained, the average global surface 

temperature is likely to reach 1.5 °C above pre-industrial levels between 2030 and 

2052 (IPCC, 2018). 

In 2015, the Paris Agreement was adopted by the United Nations Framework 

Convention on Climate Change with the aim of developing the global response to 

climate change. The main objective was to limit the global average surface 

temperature rise to below 2 °C by 2100, and to pursue further efforts to limit this to 

1.5 °C (Fawzy et al., 2020; UNFCCC, n.d.). To achieve this, a target has been 

established to reach a global peak in GHG emissions as soon as possible, and to 

achieve a balance between human-induced emissions and GHG sinks and 

reservoirs between 2050 and 2100 (Fawzy et al., 2020). To reach this goal of net 

zero, countries are required to enforce national measures and report annual GHG 

emission budgets. It is important that the magnitude of natural and human-induced 
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GHG sources are reliably quantified for the development of climate research and 

global GHG budgets (Oertel et al., 2016). 

 

Figure 1.1 (A) Atmospheric concentrations of CO2, CH4 and N2O over the last 2,000 years. 

Concentration units for CO2 are parts per million (ppm) and CH4 and N2O are parts per billion (ppb) 

(IPCC, 2007). (B) Monthly mean atmospheric CO2 concentration from 1958 to 2022 measured at 

Mauna Loa Observatory. (C) Global monthly mean atmospheric CH4 concentration from 1983 to 

2022. (D) Global monthly mean atmospheric N2O concentration from 2001 to 2022 (Lan et al., 2022). 

Tree stems are a natural source of GHG emissions and can account for large 

contributions to overall ecosystem GHG fluxes (Warner et al., 2017). Trees in 

forested wetland and upland areas can act as conduits for the transportation of 

CH4 and N2O from belowground to the atmosphere (Terazawa et al., 2007; Gauci 

et al., 2010; Pangala et al., 2013; Machacova et al., 2016; Welch et al., 2018; 

Moldaschl et al., 2021). Tree stem fluxes from natural environments have 

previously been quantified, but GHG emissions from trees growing in managed 

environments, specifically closed landfill sites, have not yet been assessed. This 

thesis presents the outcomes of investigations designed to quantify GHG 

emissions from former landfill sites in the UK and considers the implications for 

national and global GHG budgets. This novel research could inform landfill policy 

and practice as well as improving the accuracy of GHG budgets.   
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1.2 Greenhouse Gases 

Comparative data relating to the three significant GHGs examined in this thesis 

can be found in Table 1.1 and the sections below give a detailed summary of each 

gas.  

Table 1.1 Comparative summary data for CO2, CH4 and N2O (Evans, 2007; Syakila & Kroeze, 2011; 

Myhre et al., 2013; Saunois et al., 2016; Reay et al., 2018; NOAA, 2019; Friedlingstein et al., 2020; 

Olivier & Peters, 2020; Tian et al., 2020; Lan et al., 2022). 

 
GHG 

Data CO2 CH4 N2O 

Radiative forcing (W m-2) 1.82 0.48 0.17 

Atmospheric concentration 
in 1750 

277 ppm 722 ppb 270 ppb 

Current atmospheric 
concentration 

415 ppm 1906 ppb 335 ppb 

Anthropogenic emissions 
rate 

38,000 Tg yr-1 550 Tg yr-1 7.3 Tg yr-1 

Global Warming Potential 
(100-year timescale) 

1 
25 

34 (with climate 
feedbacks) 

265 
298 (with climate 

feedbacks) 

 

1.2.1 Carbon dioxide (CO2) 

The atmospheric concentration of CO2 has risen from c. 277 ppm in 1750 to 415 

ppm in 2022 and global anthropogenic CO2 emissions are estimated at c. 38 Gt yr-

1 (Friedlingstein et al., 2020; Lan et al., 2022). CO2 has the largest radiative forcing 

of all anthropogenic GHGs at 1.82 W m–2 (Myhre et al., 2013). The average 

atmospheric lifetime (atmospheric burden divided by the mean global sink) for CO2 

is 4 years, although this is variable as the natural processes that remove CO2 from 

the atmosphere operate on varying timescales between 1 and 106 years (Ciais et 

al., 2013; Harde, 2017).  

The largest natural source of CO2 is respiration which emits 107 Pg C yr-1 (1 Pg = 

1015 g) (Ciais et al., 2013). Cellular respiration requires oxygen and is carried out 

by animals and plants, as well as decomposers such as bacteria and fungi. CO2 

released by respiration is used during photosynthesis by organisms such as plants, 

algae and cyanobacteria (Nelson, 2011). The quantity of CO2 taken up by 

photosynthesis is roughly equivalent to the amount released by respiration, thus 

the natural balance of CO2 entering and leaving the atmosphere via these 

processes is relatively stable. Additional natural sources of CO2 include emissions 

from volcanoes and outgassing from freshwater, which release 0.1 Pg C yr-1 and 



4 
 

1.0 Pg C yr-1, respectively (Ciais et al., 2013). Since the industrial revolution, 

anthropogenic CO2 emissions have occurred in addition to those in the natural 

carbon cycle (Friedlingstein et al., 2020). Human activities such as the combustion 

of fossil fuels, cement production and land-use change (including deforestation) 

result in the emission of c. 9 Pg C yr-1 CO2 to the atmosphere (Ciais et al., 2013). 

Around 48% of the anthropogenic CO2 released to the atmosphere is removed via 

uptake by land and ocean surfaces within decades of being emitted (Sabine et al., 

2004). On average between 2009 and 2018, oceans took up c. 2.5 Pg C yr-1 (Hauck 

et al., 2020). CO2 molecules dissolve in the ocean where they react with water to 

form carbonic acid (H2CO3). This then dissociates to produce bicarbonate ions 

(HCO3
-), which can then also dissociate to form carbonate ions (CO3

-2) (Reece et 

al., 2011). Carbon is transported from the ocean surface to the middle and deep 

zones via ocean currents and the incorporation into organic tissues and shells by 

marine organisms (Ciais et al., 2013). The sources and sinks of CO2 depend on a 

number of factors, including atmospheric CO2 concentration. For example, as 

atmospheric CO2 levels increase, rates of photosynthesis rise and carbon uptake 

is greater, however, this process is also dependent on additional factors such as 

water and nutrient availability (Ciais et al., 2013). Climate models indicate that 

carbon uptake by ocean and land surfaces will decline as global temperatures 

increase due to factors such as warmer seawater (which results in lower CO2 

solubility) and faster rates of soil respiration (Wang et al., 2014).  

1.2.2 Methane (CH4) 

CH4 has the second greatest climate impact of GHGs produced by human activity, 

after CO2. The atmospheric CH4 concentration has risen from 722 ppb at the 

beginning of the industrial revolution to 1906 ppb in 2022 (Lan et al., 2022). The 

current estimate of global CH4 emissions of 550 Tg yr-1 is significantly lower than 

global anthropogenic CO2 emissions in terms of carbon mass flux (Saunois et al., 

2016). However, CH4 has directly contributed to 0.48 W m-2 (20%) of the additional 

radiative forcing in the lower atmosphere since 1750 (Evans, 2007). The global 

warming potential of CH4 is 25 over a 100-year timescale (Reay et al., 2018). 

However, this value is increased to 34 when complex climate feedbacks, such as 

the extended atmospheric lifetime of CO2 due to warming brought about by CH4, 

are considered (Reay et al., 2018). Furthermore, the estimated radiative forcing of 

CH4 can be raised to 0.97 W m-2 when the indirect consequences of CH4 

abundance in the atmosphere are considered (Saunois et al., 2016). For example, 

CH4 oxidation affects the photochemical creation of ozone (O3) and gives rise to 

the production of water vapour in the stratosphere, which results in positive 

radiative forcing. Following CH4 oxidation, the carbon atom from CH4 is 
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incorporated in CO2 molecules, which also contribute to increased radiative forcing 

(Dean et al., 2018). CH4 also interacts with sulfate aerosols and affects the lifetimes 

of hydrofluorocarbons and hydrochlorocarbons which are also GHGs (Reay et al., 

2018). CH4 has a relatively short atmospheric lifetime of c. 8 years and is thought 

to be more responsive than CO2 to variations in the balance of sources and sinks 

(Stevenson et al., 2020; Saunois et al., 2020). Therefore, mitigating CH4 emissions 

may often be more effective than attempting to reduce CO2 emissions and could 

be a valuable method of achieving climate change targets at the lowest cost to the 

economy (Jardine et al., 2006). 

Sources of CH4 can be grouped into three major categories: pyrogenic, 

thermogenic and biogenic (Kirschke et al., 2013). Each of the emission types can 

be recognised by specific ranges in its isotopic composition in 13C-CH4: -55 to -

70‰ for biogenic, -25 to -45‰ for thermogenic, and -13 to -25‰ for pyrogenic 

(Ciais et al., 2013). Sources of pyrogenic CH4 include the incomplete combustion 

of biofuels and fossil fuels, and biomass and soil carbon during wildfires (Saunois 

et al., 2016). Thermogenic CH4 is produced during geological processes by the 

breakdown of buried organic matter as a result of heat and pressure. The gas can 

be vented through natural features, such as terrestrial and marine seeps, or 

through the use of fossil fuels (Kirschke et al., 2013).  

Biogenic CH4 is the final product of the anaerobic decomposition of organic matter 

catalysed by methanogenic microorganisms, for example archaea (a domain of 

single-celled micro-organisms), in environments such as wetlands, rice paddies, 

landfill sites and the digestive system of ruminants and termites (Saunois et al., 

2016). During biogenic decomposition, complex organic matter is broken down into 

monomers (molecules which can bond together to form larger molecules) and 

oligomers (molecules consisting of a limited number of bonded monomers) via 

hydrolysis and subsequent conversion into carboxylic acids, hydrogen (H2) and 

CO2. This process is known as fermentation and is carried out by certain 

heterotrophic fungi and bacteria; these fermenters can utilise the energy that is 

released when complex organic compounds are broken down (Kump et al., 2014). 

Methanogens then produce CH4 as a respiratory end-product of either H2 oxidation 

coupled to CO2 reduction (hydrogenotrophic and methylotrophic methanogenesis), 

or acetate fermentation (acetoclastic methanogenesis) (Dean et al., 2018; 

Megonigal & Guenther, 2008). Figure 1.2 shows a theoretical diagram of CH4 

production and consumption in soils before it is released to the atmosphere and 

includes the different forms of methanogenesis. CH4 fluxes from anaerobic soils 

are regulated, in part, by three transport mechanisms: diffusion, ebullition and 

vascular transport in plants (Gauci et al., 2010). The release of CH4 produced in 
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anaerobic soils to the atmosphere is the largest single source of CH4, with average 

emissions of 167 Tg CH4 yr-1 during the period between 2003 and 2012 (Saunois 

et al., 2016). 

 

Figure 1.2 Conceptual diagram of CH4 production and consumption in soil before release to the 

atmosphere. Microbial conversion processes are shown in italics. (Dean et al., 2018).  

The production rate of CH4 in anaerobic soil is dependent on several factors such 

as competition with methanogenic bacteria and the availability of substrates. CH4 

production in soils is limited by the accessibility of suitable substrates, for example 

the quality of leaf litter present determines the quantities of acetate and hydrogen 

available for methanogenesis. Additionally, methanogens are poor competitors for 

H2 and acetate; as a result, their activity is limited by other microbes that link 

oxidation of the same electron donors to the reduction of nitrate, ferric iron and 

sulfate (Megonigal & Guenther, 2008). Methanogens are also directly inhibited by 

exposure to oxygen (O2) through O2 toxicity, and indirectly inhibited by the 

regeneration of oxidised forms of nitrogen, iron and sulfur that aid competing 

microorganisms (Megonigal & Guenther, 2008). Competition with sulfate reducing 

bacteria (SRB) can reduce CH4 emissions from wetland soils by 15 Tg yr-1 and this 

will likely increase to 26 Tg yr-1 by 2030 as sulfur pollution increases (Gauci et al., 

2004). The activity of methanogens in soil can be supressed by bacteria that 
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reduce sulfate (SO4
2-) as SRB have a higher affinity for the hydrogen and acetate 

required for methanogenesis (Gauci et al., 2004). 

Emissions of CH4 from wetland soils are also dependent on abiotic factors. CH4 

emissions are climate sensitive and rise with increased temperature and rainfall as 

microbial activity is promoted and the prevalence of anaerobic conditions grows 

(Gauci et al., 2004). Methanogenesis is strongly influenced by temperature and 

maximum CH4 production has been observed at temperatures between 37 °C and 

45 °C (Jardine et al., 2006). Most methanogens are mesophiles, with optimum 

growth rates typically occurring between 20 °C and 45 °C. Temperature 

dependency of CH4 emissions from soils can be expressed using the temperature 

sensitivity factor Q10 (the rate of change in activity in a chemical or biological 

system with a temperature change of 10 °C). The Q10 value for CH4 production is 

thought to be between 5.6 and 16 (Dunfield et al., 1993). Microbial activity is also 

influenced by soil pH. Most methanogenic bacteria have an optimum pH range of 

6.0 - 8.0, however methanogenesis observed in peat bogs (with pH values 

between 3.2 and 4.0) implies that some methanogens can function under more 

acidic conditions (Topp & Pattey, 1997; Clymo, 1984). Additionally, soil moisture 

can alter the rate of CH4 production in soils. CH4 production increases with soil 

moisture and long drought periods can significantly lower soil emissions. Soils with 

mostly fine pores tend to retain more moisture and promote methanogenesis under 

anaerobic conditions (Oertel et al., 2016).  

CH4 can also be broken down and processes that remove CH4 from the 

atmosphere are known as sinks. The primary sink for CH4 is oxidation in the 

atmosphere by hydroxyl radicals (OH), predominantly in the troposphere. This 

accounts for 90% of the global CH4 sink, or 506 Mt CH4 yr-1 (Kirschke et al., 2013; 

Jardine et al., 2006). Reactions between CH4 and OH radicals induce a complex 

chain of reactions that have numerous feedback loops, as shown in Figure 1.3 

(Jardine et al., 2006). CH4 oxidation also occurs in the stratosphere via the same 

reaction with OH. In the upper stratosphere CH4 can also be broken down by 

reacting with chlorine radicals or O2 atoms, these reactions initiate the same chain 

of events that occurs in the troposphere. Oxidation in the stratosphere accounts 

for 3% of global CH4 sinks (Kirschke et al., 2013). 
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Figure 1.3 The oxidation of CH4 and associated reactions in the troposphere (After Jardine et al., 

2006). CH3 is a methyl group; CH3OO is methylperoxy; CH3OOH is methyl hydroperoxide; HCHO is 

formaldehyde; HO2 is hydroperoxyl; HCO is a formyl group; CO is carbon monoxide.  

The oxidation of CH4 in the atmosphere is intrinsically linked to the chemistry of 

other compounds, particularly OH, CO, O3 and NOx. The rate of removal of CH4 

from the atmosphere depends on the CH4 and OH concentrations and as the CH4 

concentration increases, the atmospheric oxidising capacity of OH becomes more 

depleted which can enhance the effective lifetime and radiative forcing effect of 

CH4 (Reay et al., 2018). It should also be noted that Volatile Organic Compounds 

(VOCs) produced by vegetation, particularly in tropical rainforests, are also 

removed from the atmosphere via oxidation initiated by a reaction with OH radicals 

(Lelieveld et al., 2008). Therefore, the global extent of forests, and consequently 

VOC emissions, will impact the atmospheric lifetime of CH4 by altering the 

availability of OH radicals which instigate CH4 breakdown (Lerdau et al., 1997). If 

more VOCs are released to the atmosphere, it will reduce the capacity of OH 
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radicals to remove the CH4 and indirectly increase the lifetime of CH4 in the 

atmosphere. However, research that discovered a high atmospheric OH 

concentration over the Amazon rainforest has suggested that natural VOC 

oxidation may recycle OH radicals efficiently in low-NOx air via reactions of organic 

peroxy radicals (radicals formed by the oxidation of hydrocarbons and other 

organic molecules) (Lelieveld et al., 2008).  

Whilst the atmosphere is the biggest sink of CH4, there are other sinks with smaller 

contributions. For example, reactions in the marine boundary layer with chlorine 

radicals from sea salt (3%), and oxidation by methanotrophic bacteria in aerobic 

soils (4%) (Kirschke et al., 2013; Sundqvist et al., 2012). As shown in Figure 1.2, 

CH4 produced in anoxic soils in transported via diffusion towards the oxic zone and 

can be consumed by aerobic microorganisms (methanotrophic bacteria) that 

oxidise CH4 to CO2 in the presence of O2 (Covey & Megonigal, 2019). 

Methanotrophic bacteria, which are abundant in soils, grow by linking CH4 

oxidation to the reduction of O2 (Megonigal & Guenther, 2008). This process is 

known as low affinity oxidation, where methanotrophic bacteria oxidise high 

concentrations of CH4 at the source of production. Oxidation by methanotrophic 

bacteria in soils removes 30 Mt CH4 yr-1 from the atmosphere (Jardine et al., 2006). 

Unlike methanogens, methanotrophic bacteria are relatively unresponsive to 

temperature changes with Q10 values ranging between 1.4 and 2.1 (Topp & Pattey, 

1997). Therefore, at low temperatures this difference in temperature sensitivity 

would result in a reduction in CH4 emissions. The difference between CH4 

production and consumption can be described as the CH4 budget which varies as 

the balance between emissions and CH4 breakdown fluctuates. 

1.2.3 Nitrous oxide (N2O) 

N2O is a potent GHG with an estimated radiative forcing of 0.17 W m-2 (Syakila & 

Kroeze, 2011; Myhre et al., 2013). Global anthropogenic N2O emissions have risen 

by 30% in the last 40 years and the current annual emission estimate is 7.3 Tg yr-

1 (Tian et al., 2020). This is lower than other GHGs in terms of mass flux, but the 

global warming potential of N2O over a 100-year timescale is 265 (Myhre et al, 

2013). Moreover, when climate-carbon feedbacks are also incorporated, the global 

warming potential of N2O is 298 (Myhre et al., 2013). The atmospheric N2O 

concentration has increased from 270 ppb in 1750, to 335 ppb in 2022 (Lan et al., 

2022). N2O has a relatively long lifetime in the atmosphere of c. 116 years (Tian et 

al., 2020). Not only is N2O a long-lived GHG with a high global warming potential, 

but it is also of relative importance due to the effect on the ozone layer. 

Approximately 10% of N2O that reaches the stratosphere is broken down via 

photolysis to reactive nitrogen oxides (NOx), which then catalytically destroy 
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stratospheric O3 (Ravishankara et al., 2009; Portmann et al., 2012). Therefore, a 

decline in anthropogenic N2O emissions would reduce the rate of stratospheric O3 

destruction and decrease the contribution to radiative forcing by GHGs 

(Ravishankara et al., 2009). 

The production of N2O in soils and oceans via the microbial processes of 

nitrification and denitrification is the largest source of N2O to the atmosphere 

(Mandernack et al., 2000; Dìaz-Pinés et al., 2016; Tian et al., 2020). N2O 

production during these processes in natural and managed soils accounts for c. 

70% of global N2O emissions (Butterbach-Bahl et al., 2013). Nitrification is an 

aerobic process in which NH3 (ammonia) and NH4
+ (ammonium) are converted to 

NO3
- (nitrate) which is required for plant growth (Smithson et al., 2002). N2O is 

produced as a by-product during the intermediate stages of nitrification (Figure 1.4) 

(Welch, 2018). There are two groups of bacteria involved in nitrification; the first 

group includes Nitrosomonas and Nitrosococcus (Smithson et al., 2002). These 

aerobic bacteria are found in soil, fresh water and oceans and they convert NH4
+ 

to NO2
- (Smithson et al., 2002). The second group consists of Nitrobacter, which 

are also aerobic and oxidise NO2
- to NO3

- (Smithson et al., 2002). Evidence has 

shown that in addition to ammonia-oxidising bacteria (AOB), N2O can also be 

produced via nitrification by ammonia-oxidising archaea (AOA) (Stieglmeier et al., 

2014). 

 

Figure 1.4 An outline of the nitrification pathway (After Wrage et al., 2001). NH3 is ammonia; NH2OH 

is hydroxylamine; N2O is nitrous oxide; NO2
- is nitrite; NO3

- is nitrate; H+ is a hydrogen ion; O2 is 

oxygen; H2O is water. 

N2O is produced under anaerobic conditions via denitrification. During this process, 

nitrous oxides (NO3
-, NO2

-, NO and N2O) are reduced to form nitrogen (N2) and 

N2O (Smithson et al., 2002). Genera of bacteria including Bacillus, Micrococcus, 

and Pseudomonas are involved in denitrification (Smithson et al., 2002). N2O is 

produced in the penultimate stage of denitrification and the intermediate steps can 
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be seen in Equation 1.1 (Welch, 2018). In anoxic soils, c. 15% of inorganic nitrogen 

is lost to the atmosphere via the diffusion of the gaseous products of denitrification 

(Smithson et al., 2002). 

NO3
- → NO2

- → NO → N2O → N2 (Equation 1.1) 

Rates of N2O production via nitrification and denitrification are significantly affected 

by soil moisture (Mandernack et al., 2000). Soil moisture content influences the 

availability of O2, gas diffusivity, dissolved substrate availability, and microbial 

activity in the soil (Bollmann & Conrad, 1998). The optimum soil moisture content 

for nitrification is c. 60% water filled porosity (WFPS) as the diffusion of substrates 

and O2 are not limited (Bollmann & Conrad, 1998). Below this moisture value 

nitrifying bacteria are limited by lower water availability. Higher soil moisture 

contents favour denitrification as O2 is limited and soil conditions become 

anaerobic (Pihlatie et al., 2004). The most favourable soil moisture level for peak 

N2O emissions is 70-80% (Welch, 2018). Soil texture also contributes to varying 

O2 and substrate levels in soil and therefore affects the amount of N2O produced 

(Pihlatie et al., 2004). As fine-textured soils, such as clay soils, have smaller pores, 

anoxic zones can form at lower soil moistures than in more coarse-textured soils 

(sandy soils, for example) (Bollmann & Conrad, 1998). 

The production of N2O is dependent on the pH of the soil as varying pH values can 

affect nitrification and denitrification rates. Soil pH values below 6 favour N2O 

production over complete denitrification to N2 due to the inhibition of N2O reductase 

enzymes (Šimek & Cooper, 2002). However, acidic conditions may result in lower 

nitrate availability to the denitrifying bacteria and therefore, lower emissions of the 

gaseous products of denitrification (Šimek & Cooper, 2002). AOA and AOB 

involved in nitrification are also affected by pH and AOA are favoured in soils with 

low pH values (Hink et al., 2017). In addition, soil N2O fluxes are affected by soil 

temperatures and in general, higher temperatures result in greater N2O emissions 

(Zhang et al., 2019). Mesocosm studies observed a bell-shaped curve in N2O 

production via nitrification in response to increasing temperatures, with the highest 

flux rates at c. 20-35 °C (Barnard et al., 2005). N2O production via denitrification 

has a similar response to increasing temperature, although the maximum 

temperature can be higher (Barnard et al., 2005). 

The largest sink for atmospheric N2O is photolysis in the troposphere and 

stratosphere whereby the majority of N2O is broken down into N2 and O. The 

remaining N2O reacts with electronically excited atomic oxygen atoms (O(1D)) to 

produce NO, which can contribute to the stratospheric ozone-depleting reactions 

(Portmann et al., 2012). The atmospheric sink for N2O is estimated at 13.5 Tg N 
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yr-1 (Tian et al., 2020). N2O can also be consumed in soil by denitrification to N2 

(Machacova et al., 2016). This surface sink is estimated to remove 0.01 Tg N yr-1 

from the atmosphere (Tian et al., 2020). 

1.2.4 GHG budget discrepancies 

Attempts to quantify global CH4 and N2O budgets and associated fluxes have often 

resulted in discrepancies between estimated values (Saunois et al., 2016). The 

most notable inconsistencies reported are between top-down and bottom-up 

estimates. Top-down measurements are recorded across a regional scale from 

atmospheric observations, whereas bottom-up values originate from emissions 

measured at the Earth’s surface (Dean et al., 2018). It has been shown that bottom-

up estimates are generally higher than top-down values, particularly for natural 

sources such as wetland ecosystems (Saunois et al., 2016). For example, one 

study calculated a bottom-up value for wetland CH4 emissions as 217 Tg CH4 yr-1 

(with a range of 177-284 Tg CH4 yr-1), whereas the top-down estimate was 175 Tg 

CH4 yr-1 (with a range of 142-208 Tg CH4 yr-1) (Kirschke et al., 2013). Top-down 

approaches deliver an atmospheric-based constraint, generally for the total CH4 

flux in a given region, in an attempt to identify ‘missing’ CH4 from global models, 

and link this to proposed emissions from different sources (Ciais et al., 2013). 

Conversely, bottom-up estimates are derived from flux measurements for 

individual processes or sites which are extrapolated to a regional or global scale 

(Covey et al., 2012).  

Both methods have benefits and shortcomings but can be compared to reconcile 

top-down and bottom-up estimates. However, making direct comparisons between 

both methods is difficult as top-down studies are large in scale whereas bottom-up 

studies are usually process and location specific (Dean et al., 2018). It has been 

suggested that bottom-up studies commonly result in overestimations, which is 

consistent with the observation that they are generally higher than top-down 

values, and poorly spatially constrained values for global CH4 production (Dean et 

al., 2018). On the other hand, top-down studies are generally thought to produce 

more realistic estimates constrained by the observed global CH4 and N2O budgets. 

However, the ability of this approach to determine contributions from specific 

sources or processes is limited due to the lower spatial resolution (Dean et al., 

2018). Recent investigation has found that rather than bottom-up approaches 

overestimating CH4 emissions, the top-down methods may in fact be 

underestimating the values (Pangala et al., 2017).  

Advances in satellite technology should enable more accurate top-down 

measurements of GHG emissions in the future. The TROPOMI (Tropospheric 
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Monitoring Instrument) on board the Sentinel-5 Precursor was launched in October 

2017 and is a multi-spectral imaging spectrometer designed to allow observations 

of key atmospheric gases such as O3, NO2 (nitrogen dioxide), CO2 and CH4. It has 

a spatial resolution of 7 km2 and is currently the most advanced top-down method 

of monitoring GHG concentrations (SRON, 2018). However, MethaneSAT is being 

developed by the Environmental Defense Fund (EDF) and is due to be launched 

in October 2022 (MethaneSAT, 2021). It will provide higher resolution coverage of 

CH4 emissions and is designed to allow the detection of lower emissions sources 

with a resolution of 1 km2 (Tollefson, 2018). The development of the Monitoring 

Nitrous Oxide Sources (MIN2OS) satellite project also aims to provide more 

accurate measurements of global N2O fluxes and record interannual variability 

(Ricaud et al., 2021). The project has been submitted to the European space 

Agency and if completed, will allow measurement on a regional scale with a 

resolution of 10 km2 (Ricaud et al., 2021). These improvements in the detection of 

GHGs should allow for more accurate top-down estimates of GHG emissions in 

the future. 

1.3 Greenhouse gases and trees 

The role of forest soils as sources and sinks of CH4 and N2O is well known, but the 

role of trees has not been considered until more recently. It can be challenging to 

take flux measurements from trees due to their size; investigations are generally 

unable to incorporate measurements from every part of a tree at once (the roots, 

stem and leaves, for example) (Pitz et al., 2018). However, there have been a 

number of studies that have attempted to explore the effect of trees on CH4 and 

N2O fluxes.  

1.3.1 CH4 and N2O production within plants 

1.3.1.1 Aerobic methanogenesis 

Findings have shown that there is a pathway through which plants directly release 

CH4 under aerobic conditions (Keppler et al., 2006). Significant CH4 emissions 

were detected from both intact plants and detached leaves in sealed chambers 

during laboratory and field experiments. Soil enrichment with 2-13C labelled acetate 

did not result in CH4 emissions with high levels of 13C, indicating that the emissions 

did not originate from the traditional methanogenesis pathway (Keppler et al., 

2006). The observed results were extrapolated to a global scale and the size of the 

CH4 source from living plants was estimated at 62-236 Tg CH4 yr-1; these values 

were calculated using the assumption that the CH4 emissions can be scaled 

relative to the annual net primary productivity. The decision to use the annual net 
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primary productivity when upscaling the CH4 emissions and the presence of 

general errors in the calculations have led to this study being widely criticised for 

its upscaling approach (Carmichael et al., 2014).  

Further studies have attempted to find additional evidence for the existence of 

aerobic CH4 emissions from plant tissue. However, results from an investigation 

using isotopic labelling techniques showed no evidence for any considerable 

aerobic CH4 release (Dueck et al., 2007). The discrepancy between the results 

from these studies may be due to the flushing procedure used prior to 

measurements, as the original investigation involved flushing the cuvettes with 

CH4-free air to remove ambient CH4 (Keppler et al., 2006). It is possible that if 

ambient CH4 was still present in the plants this could have diffused into the 

surrounding air during the measurements (Dueck et al., 2007). It should also be 

noted that one of the studies concentrated on trees (Keppler et al., 2006), rather 

than the subsequent investigation which focused on herbaceous plants, which 

might be why the results are not consistent (Dueck et al., 2007). Further 

extrapolations have since been made by additional studies and have all resulted 

in lower estimated ranges of the source strength of aerobic CH4 production in 

plants, with several studies reporting no measurable CH4 release (Beerling et al., 

2008; Nisbet et al, 2009). Many of the studies that found no measurable CH4 fluxes 

may have been subject to other variables which altered the emission values. For 

example, Reactive Oxygen Species (ROS) may have reacted with H2O to form OH 

radicals which act as a CH4 sink. Additionally, CH4 may be consumed by 

endophytic (living inside the tree) or epiphytic (living on the tree surface) 

methanotrophs and this uptake would affect the net CH4 flux from vegetation if 

acting in parallel with CH4 production (van Aken, 2004; Sundqvist et al., 2012). 

Also, some of the analytical methods used, such as spectroscopy and 

chromatography, may not have been sensitive enough to detect low CH4 

emissions; stable isotope techniques many have been more suitable (Liu et al., 

2015). 

The exact reaction for abiotic aerobic methanogenesis in trees is not well-defined. 

However, there is evidence to suggest that ROS, which are typically produced in 

response to plant stress, could drive this process (Covey & Megonigal, 2019). ROS 

generation appears to play a role in aerobic CH4 production pathways involving 

environmental stressors such as UV radiation, temperature, water, microbial attack 

and herbivory (Carmichael et al., 2014). It has been indicated that UV radiation can 

cause the aerobic production of CH4 from plant tissue and pectin, despite major 

components of pectin not absorbing UV radiation (Sundqvist et al., 2012). A linear 

relationship between CH4 emission rates and the intensity of UV radiation has been 
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observed (Liu et al., 2015). UV radiation is thought to influence a photosensitizer 

which then generates ROS which in turn, attack pectic polysaccharides causing 

CH4 formation (Messenger et al., 2009). Observations that CH4 emissions are 

significantly stimulated by ROS generators and limited by ROS scavengers 

reinforce the importance of ROS in aerobic plant CH4 emissions (Liu et al., 2015). 

This pathway for aerobic methanogenesis has been observed in several studies 

however, the majority presented evidence from laboratory studies rather than in 

situ measurements as it is challenging to separate this process from other potential 

CH4 sources in field measurements.  

CH4 emission rates resulting from aerobic methanogenesis vary under different 

conditions and across plant species. For example, CH4 emission rates have been 

shown to increase when plant material is exposed to sunlight and high 

temperatures (Keppler et al., 2006). Observations suggest that there is an 

exponential relationship between CH4 release and temperature levels (Liu et al., 

2015). Pectin has been shown to emit CH4 at a rate of 3.7 ng g-1 h-1 at 80 °C, 

indicating that aerobic methanogenesis is a non-enzymatic process, as plant 

enzymes would be denatured at this temperature (Liu et al., 2015). Physical injury 

of plants caused by factors such as insect damage, human activity and extreme 

weather conditions can also alter the amount of CH4 released. However, the effect 

of leaf excision is debated as the stomatal closure brought about by excision would 

influence CH4 emission measurements (Liu et al., 2015). Moreover, there is a 

negative correlation between leaf mass per area and CH4 emission rates. When 

the leaf mass per area is greater than 100 g m-2, there are no CH4 emissions 

detected; these findings suggest that leaf structure is related to the varied aerobic 

CH4 emissions from different species (Watanabe et al., 2012). It is unlikely that any 

particular factors or stressors can be ruled out in field measurements because 

environmental variables such as temperature changes, water stress, salinity and 

heavy metal stress are present in terrestrial systems (Liu et al., 2015). It has also 

been suggested that physiological factors such as nutrient deficiency, salinity and 

pathogen infection may enhance CH4 emissions from plants (Liu et al., 2015). 

1.3.1.2 Bacterial infection and heartwood rot 

The detection of high-pressure gas emissions from tree trunks led to the discovery 

of microbial colonisation within heartwood, a non-living tissue that builds up in tree 

trunks with age (Zeikus & Ward, 1974). Bacterial infection can instigate the 

formation of wetwood and in turn, the production of CH4 via methanogenesis 

(Covey et al., 2012). It has been shown that the CH4 concentration ([CH4]) in 

heartwood can be as high as 250,000 times the atmospheric concentration, with 

variations linked to tree age, tree size, species and taxonomic group (Barba et al., 
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2019a). Studies proposed that methanogens may be involved in a syntrophic 

relationship with facultative anaerobic bacteria that are responsible for the 

decomposition of plant tissue (Zeikus & Ward, 1974; Schink & Ward, 1984; 

Carmichael et al., 2014). They refer to this process of microbial colonization of tree 

trunks as heartwood rot; however, an alternative study uses this term more 

specifically to describe the decay of heartwood by fungal infection (Covey et al., 

2012). In tree trunks, where O2 levels are low and CO2 concentrations are high, 

aerobic fungi involved in heartwood rot are unable to complete their metabolic 

process. This results in incomplete fermentation, which provides substrates that 

can be processed by bacteria and archaea; in turn, the bacteria and archaea 

promote fungal growth by removing the waste products of fungal metabolism and 

by enriching the wood substrate through nitrogen-fixation (Covey et al., 2012). The 

establishment of a population of methanogenic bacteria in a tree stem is likely the 

result of root injury, particularly in saturated soils, as this provides a means of entry 

for soil microorganisms (Zeikus & Ward, 1974). There is greater potential for the 

establishment of populations of methanogenic bacteria in heartwood with 

increased stem age, although methanogenic communities may be limited by 

decreasing pH in older trees (Barba et al., 2019a). The process of heartwood rot 

is not always outwardly visible and possibly as a result, CH4 released via this 

pathway has not been thoroughly considered on a global scale. However, it has 

been estimated that global CH4 emissions due to heartwood rot in temperate 

forests alone are 2-3 Tg CH4 yr-1 (Carmichael et al., 2014). 

1.3.1.3 N2O production in trees 

N2O can also be formed in plant tissues and has been reported to be produced 

enzymatically during photosynthesis (Yamulki, 2017). N2O can form in the 

mitochondria of plants under anoxic conditions (Timilsina et al., 2020). NO3 is 

metabolised to produce nitrite (NO2) which then forms NO via reduction. Under 

anoxic conditions, NO is further reduced by a form of cytochrome c oxidase to 

produce N2O (Timilsina et al., 2020). This process protects plant cells from the 

toxicity of NO accumulation during anoxia (Timilsina et al., 2020). The magnitude 

of this biogenic N2O source could potentially be significant as NO3 is a major source 

of nitrogen for plants (Timilsina et al., 2020). There is not yet any direct evidence 

that this mechanism occurs in trees, but the mechanisms observed in other plants 

are applicable to nitrogen assimilation and photosynthesis in trees (Yamulki, 2017). 

N2O formation in plant tissues may be affected by UV levels as N2O emissions 

from grass and tree leaves (hazel, plane and maple) were shown to increase with 

exposure to UV light (Bruhn et al., 2014). N2O emissions were c. 7 times greater 
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in response to natural sunlight and c. 12 times higher when exposed to UV-B 

(Bruhn et al., 2014). 

1.3.2 GHG transport through trees 

Tree stems in forested areas can be major contributors to overall ecosystem GHG 

fluxes (Warner et al., 2017). Stem CO2 efflux has been studied extensively and it 

is recognised that the majority of tree stem CO2 is derived from respiration within 

plant cells (Teskey et al., 2008). CO2 produced by plant cells can either diffuse 

from the stem to the atmosphere, dissolve in the xylem sap and be transported to 

other areas of the plant via the transpiration stream, or be fixed by photosynthetic 

cells (Teskey et al., 2008). The rate of CO2 emission from a tree stem depends on 

the rate of internal transport within the stem and the diffusion concentration 

gradient (Vargas & Barba, 2019). Stem respiration is a well-documented source of 

CO2 from tree stems, but more recent investigations have also shown tree stems 

to be a source of CH4 and N2O. 

1.3.2.1 CH4 transport through trees 

Tree stems can provide a significant pathway for the emission of CH4 produced in 

anoxic soils, particularly those in wetland ecosystems (Schütz et al., 1991). 

Morphological adaptations to flooding in trees facilitate the release of CH4 to the 

atmosphere (Rusch & Rennenberg, 1998; Gauci et al., 2010). Examples of 

adaptations allowing trees to survive in anoxic soil conditions include: 

• Hypertrophied lenticels – pores on the stem (lenticels) are larger than those 

generally observed (Anderson & Samargo, 2007).  

• adventitious roots - roots that arise from a plant organ other than the main root 

structure, for example, from the stem or a leaf (Steffens & Rasmussen, 2016). 

• enlarged aerenchyma tissue - plant tissue that contains large intercellular 

spaces which forms air channels in the leaves, stems and roots of some plants, 

this tissue is enlarged in wetland tree species (Evans, 2003).  

These adaptations promote gas exchange, particularly oxygen (O2), between the 

atmosphere and the rhizosphere and whilst facilitating gas movement towards the 

roots, also aid the release of CH4 from the soil (Pangala et al., 2013; Pangala et 

al., 2017).  

The plant stem pathway of CH4 emissions is of particular importance to global CH4 

flux estimates as it bypasses populations of aerobic methanotrophic bacteria 

present at the oxic-anoxic interface in the soil (Pangala et al., 2013). Consequently, 

soil-produced CH4 that would otherwise be oxidised by methanotrophs, is released 

to the atmosphere. A simple representation of this pathway can be seen in Figure 
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1.5. This pathway has been shown to contribute to significant CH4 fluxes in several 

ecosystems. For example, Pangala et al. (2013) stated that tree-mediated CH4 

emissions in a tropical forested wetland in Borneo, Indonesia accounted for 62-

87% of the total ecosystem CH4 flux. A subsequent study in Bedfordshire, United 

Kingdom provided a lower estimate of up to 27% in a temperate forested wetland, 

which suggests that the strength of this stem pathway varies between different 

ecosystems (Pangala et al., 2015). Moreover, the CH4 flux due to stem emissions 

in the Amazon floodplain is thought to be up to 200 times larger than emissions in 

temperate wetland forests or tropical peat swamp forests in south-east Asia 

(approximately 15.1 ± 1.8 to 21.2 ± 2.5 Tg CH4 yr1) (Pangala et al., 2017). As 

mentioned in Section 1.2.4, this study also observed that the combined bottom-up 

estimates of CH4 egress corresponded with the regional top-down estimate of 42.7 

± 5.6 Tg CH4 yr-1, suggesting that tree stem emissions may be the missing factor 

in matching top-down and bottom-up CH4 emission budgets. A summary of studies 

that have examined tree-mediated CH4 emissions can be found in Table 1.2. 

 

Figure 1.5 A representation of the pathway for CH4 transport through trees. 

1.3.2.2 N2O transport through trees 

Tree stems can also provide a pathway for the emission of N2O produced in the 

soil (Machacova et al., 2016; Moldaschl et al., 2021). The most likely pathway for 

N2O transport through trees is absorption via the roots and transportation through 

the xylem by the transpiration stream (Yamulki, 2017). Evidence for this pathway 

includes the water-solubility of N2O and the observation of N2O emissions from 
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tree species that lack aerenchyma systems (Machacova et al., 2016). N2O 

emission from tree stems occurs when N2O diffuses from the transpiration stream 

across the cambium and meristem to the bark, where it is released through 

lenticels (Dìaz-Pinés et al., 2016). In upland forests, tree-mediated emissions have 

been shown to account for 1-10% of the total N2O ecosystem flux (Moldaschl et 

al., 2021). However, intermittent flooding in wetland environments can result in a 

dramatic rise in N2O stem emissions due to an increased rate of denitrification 

when soil becomes saturated (Welch, 2018; Moldaschl et al., 2021). Observations 

have shown temporary increases in stem N2O fluxes due to flooding by factors of 

740 for alder and 14,320 for beech trees (Machacova et al., 2013). In a mesocosm 

study, N2O emissions from tree stems occurred immediately after soils became 

saturated and then decreased below detection limits after 40 days of flooding 

(Rusch & Rennenerg, 1998). As the rate of tree stem N2O fluxes is highly variable, 

with the highest emissions occurring during intermittent periods of flooding, the 

contribution of N2O emissions to the atmosphere from this source may not 

previously have been accurately estimated (Welch, 2018). A summary of the 

studies that have investigated tree-mediated N2O emissions can be seen in Table 

1.2. 
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Table 1.2 A summary of studies that have measured GHG emissions from trees. 

Literature GHG 

measured 

Location of 

study 

Type of study Ecosystem Tree species CH4 emissions 

measured from 

Rusch & 

Rennenberg, 1998 

CH4, N2O Germany Mesocosm n/a Alnus glutinosa (seedlings) Stem surface 

Vann & 

Megonigal, 2003 

CH4 USA  Mesocosm n/a Taxodium distichum (seedlings) Entire plant (above 

ground) 

Garnet et al., 2005 CH4 USA  Mesocosm n/a Taxodium distichum (seedlings) Entire plant (above 

ground) 

Pihlatie et al., 

2005 

N2O Denmark Mesocosm n/a Fagus sylvatica Leaves 

Terazawa et al., 

2007 

CH4 Japan In situ Temperate wetland Fraxinus mandshurica var. japonica Stem surface 

Gauci et al., 2010 CH4 UK In situ Temperate wetland Alnus glutinosa Stem surface 

Rice et al., 2010 CH4 US Mesocosm n/a Fraxinus latifolia, Populus trichocarpa, 

Salix fluviatillis (seedlings) 

Entire plant (above 

ground) 

Sundqvist et al., 

2012 

CH4 Sweden In 

situ/laboratory 

Boreal forest Picea abies, Betula pubescens, 

Sorbus aucuparia, Pinus sylvestris, 

Picea glauca conica, Pinus mugo var. 

pumilio 

Tree branches 

Machacova et al., 

2013 

CH4, N2O Germany Mesocosm n/a Alnus glutinosa (seedlings) Stem surface 
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Pangala et al., 

2013 

CH4 Indonesia In situ Tropical wetland Mesua sp., Xylopia fusca Maingay, 

Shorea balangeran, Diospyros 

bantamensis, Tristaniopsis sp., Litsea 

elliptica (Blume), Elaeocarpus 

mastersii, Cratoxylum arborescens 

(Blume) 

Stem surface 

Pangala et al., 

2015 

CH4 UK In situ Temperate wetland Alnus glutinosa, Betula pubsecens Stem surface 

Terazawa et al., 

2015 

CH4 Japan In situ Temperate wetland Fraxinus mandshurica Stem surface 

Díaz-Pinés et al., 

2016 

N2O Germany In situ Temperate upland Fraxinus angustifolia, Fagus sylvatica Stem surface 

Wang et al., 2016 CH4 China In situ Temperate upland Populus davidiana Stem surface 

Machacova et al., 

2016 

CH4, N2O Finland In situ Boreal transitional Pinus sylvestris Stem surface 

Warner et al., 

2017 

CO2, CH4 USA In situ Temperate upland Fagus grandifolia, Quercus spp., 

Lirodendron tulipifera, Acer spp. 

Stem surface 

Pitz & Megonigal, 

2017 

CH4 USA In situ Temperate upland Liriodendron tulipifera, F. grandifolia, 

C. tomentosa (Lam.) Nutt, Q. velutina 

Lam., Q. michauxii Nutt., Acer rubrum 

L., Liquidambar styraciflua L. 

Stem surface 

Pangala et al., 

2017 

CH4 Brazil In situ Tropical wetland Liriodendron tulipifera, F. grandifolia, 

C. tomentosa (Lam.) Nutt., Q. velutina 

Stem surface 
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Lam., Q. michauxii Nutt., Acer rubrum 

L., Liquidambar styraciflua L. 

Pitz et al., 2018 CH4 USA In situ Temperate 

transitional 

Fraxinus pennsylvanica, Carya 

tomentosa, Fagus grandifolia, 

Liriodendron tulipifera, Carpinus 

caroliniana, Q. velutina Lam., Q. 

michauxii Nutt., Acer rubrum L., 

Liquidambar styraciflua L. 

Stem surface 

Maier et al., 2018 CH4 Germany and 

Czech 

Republic 

In situ Temperate upland Fagus sylvatica Stem surface 

Plain et al., 2018 CH4 France In situ Temperate upland Quercus petraea Stem surface 

Welch et al., 2018 CH4, N2O Panama In situ Tropical wetland Simarouba amara, Heisteria concinna Stem surface 

Barba et al., 

2019b 

CO2, CH4, 

N2O 

USA In situ Temperate upland Carya cordiformis Stem surface 

Machacova et al., 

2020 

CH4, N2O Réunion 

Island 

(southwestern 

Indian Ocean) 

In situ Tropical lowland Syzygium borbonicum, Doratoxylon 

apetalum, Antirhea borbonica, 

Homalium paniculatum, Mimusops 

balata, Labourdonnaisia 

calophylloides 

Stem surface 

Schindler et al., 

2020 

CH4, N2O Estonia In situ Temperate wetland Alnus incana Stem surface 

Barba et al., 2021 CO2, CH4 USA In situ Temperate upland Carya cordiformis Stem surface 
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Moldaschl et al., 

2021 

CH4, N2O Austria In situ Temperate 

transitional  

Fraxinus excelsior, Populus alba Stem surface 

Jeffrey et al., 

2021a 

CH4 Australia In situ Subtropical wetland Melaleuca quinquenervia (Cav.), 

Casuarina glauca Sieb. 

Stem surface 

Schindler et al., 

2021 

CH4, N2O Estonia In situ Temperate wetland Alnus incana Stem surface 

Terazawa et al., 

2021 

CH4 Japan In situ Temperate wetland Alnus japonica, Fraxinus mandshurica Stem surface 

Sakabe et al., 

2021 

CH4 Japan In situ Temperate wetland Alnus japonica Stem surface 

Gauci et al., 2022 CH4 Central 

Amazon Basin 

In situ Tropical riparian n/a Stem surface 

Mander et al., 

2022 

CH4 Estonia  Temperate riparian Alnus incana (L.) Stem surface 

Gorgolewski et al., 

2022 

CH4 Canada In situ Temperate upland 

and lowland 

Upland: Acer saccharum, Fagus 

grandifolia, Acer rubrum L., Picea 

glauca, Tsuga canadensis (L.). 

Lowland: Acer rubrum, Alnus incana 

(L.), Picea mariana (Mill.). 

Leaves 
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1.3.3 Factors affecting GHG transport through tree stems 

1.3.3.1 Spatial factors 

Many studies observed that CH4 and N2O flux rates from tree stems decrease 

either linearly or exponentially with increasing height from the forest floor, (Rusch 

& Rennenberg, 1998; Terazawa et al., 2007; Pangala et al., 2017; Yamulki, 2017). 

These findings are consistent with CH4 and N2O being produced in the soil rather 

than by a source inside the tree, which would likely show peak flux rates above the 

base of the stem (Pitz & Megonigal, 2017). Evidence suggests that CH4 emissions 

driven by diffusion occur when soil [CH4] exceeds atmospheric [CH4], thus creating 

a concentration gradient sufficient to transport CH4 from the soil to the atmosphere 

(Rusch & Rennenberg, 1998). Gases diffuse into soil water and then into the roots, 

in either solute or gas form, before moving up the tree stem via either mass flow or 

diffusion. The gas can then diffuse through stem tissue and out to the atmosphere 

through stem lenticels (Welch et al., 2018). Decreased N2O emissions with 

increasing stem height may be due to lower transpiration rates in higher parts of 

tree stems, or reduced N2O concentrations in plant tissues further up the stem, 

resulting in lower diffusion rates (Díaz-Pinés et al., 2016).  

1.3.3.2 Tree species 

Variations in stem CH4 and N2O emissions can arise between different tree 

species, with some releasing GHGs consistently and others with more intermittent 

emissions (Warner et al., 2017). This is likely due to the diverse range of 

morphological adaptations present in different tree species. For example, wood 

specific density, stem diameter and stem lenticel density can alter stem gas fluxes 

(Pitz et al., 2018). Results from studies in both a temperate wetland and a tropical 

wetland showed that stem CH4 fluxes decreased with increasing stem diameter 

and higher wood specific density (Pangala et al., 2013; 2015). This is likely due to 

tree stems becoming larger and having less aerenchyma tissue with increasing 

age, therefore gas must diffuse through a larger amount of denser tissue before 

reaching the atmosphere (Welch, 2018). However, the opposite effect was 

observed during an investigation in a temperate upland forest in Maryland, USA; 

stem CH4 emissions were positively related to tree stem diameter (Pitz et al., 

2018). Fast-growing pioneer species have higher stem emissions compared with 

sub-canopy species, this is likely due to their higher rates of evapotranspiration 

and lower wood density. Additionally, some fast-growing species have a larger 

density of fine roots and a greater maximum root depth which results in channels 

of increased gas diffusion (Welch et al., 2018). However, other studies have 

observed no significant difference across all tree species studied, apart from those 
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with the largest sample sizes (Pitz & Megonigal, 2017). Additionally, different tree 

species have been shown to alter soil chemistry and structure, which causes 

variations in microbial activity and GHG transport from soils into tree stems (Welch, 

2018). Observed N2O fluxes were 94% lower in ash trees (Fraxinus excelsior) than 

beech trees (Fagus sylvatica), but this decrease in emissions was halved when the 

species were grown together (Welch, 2018). The potential influence of tree species 

on stem emissions makes assessing ecosystem level fluxes challenging, 

particularly in forests with high species diversity (Welch et al., 2018). 

1.3.3.3 Temperature 

Variations in GHG fluxes from tree stems can also be caused by environmental 

conditions such as soil and air temperature. Fluctuations in CH4 emissions over 

daily and seasonal timescales caused by responses to temperature variation have 

been observed in wetlands, particularly in mid-high latitudes, with fluxes generally 

being higher in summer and lower in winter (Laine et al., 2007; Pangala, 2014). 

For example, summer CH4 fluxes from birch (Betula pubescens) trees were shown 

to be 3.8 times greater than winter fluxes (Pangala et al., 2015). Temperature 

variations affect CH4 emissions by directly altering the metabolic rates of 

methanogens and methanotrophs, and indirectly by instigating shifts in the density, 

composition and productivity of plant communities which alters substrate 

availability and microbial activity (Whiting & Chanton, 1992; Megonigal et al., 2004; 

Inglett et al., 2012; van Winden et al., 2012). Despite denitrification in soil being 

sensitive to temperature changes, observations of stem N2O fluxes have shown no 

clear relationship between stem N2O fluxes and air or soil temperature (Welch, 

2018).  

1.3.3.4 Soil moisture 

Tree stem fluxes are also likely to be affected by soil moisture as this influences 

microbial activity in the soil, and therefore GHG availability for uptake by trees. CH4 

production in soils is positively correlated with soil moisture as methanotrophic 

bacteria require anaerobic conditions (Oertel et al., 2016). Changes in soil moisture 

and water table depth can alter rates of CH4 production and oxidation by affecting 

the prevalence of anaerobic conditions and the depth of aerobic surface layers in 

the soil (Pangala, 2014). This affects the rate of tree-mediated CH4 emissions due 

to variations in the rate of methanogenesis and CH4 transport (Pangala, 2014). Soil 

N2O production is also influenced by soil moisture due to the effect on the rates of 

nitrification and denitrification (Mandernack et al., 2000). Peaks in soil N2O 

emissions have been found to coincide with periods of high soil moisture and tree 

stem N2O fluxes have shown similar patterns in a tropical upland ecosystem, as 
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fluxes were only detectable during the wet season (Welch et al., 2018). In a 

mesocosm study focusing on black alder seedlings (Alnus glutinosa) both N2O and 

CH4 were emitted from tree stems in flooded soils (Rusch & Rennenberg, 1998). It 

was observed that N2O was emitted by plants directly after flooding at a rate of 350 

µmol N2O m-2 h-1, whereas no CH4 flux was detected at this time. However, after 

40 days of flooding, fluxes of up to 3750 µmol CH4 m-2 h-1 were detected and N2O 

emissions were no longer observed (Rusch & Rennenberg, 1998). 

It is evident that tree stem GHG emissions have high spatial and temporal 

variability and are likely to be influenced by a wide range of environmental 

variables, including those discussed above. Previous investigations have observed 

tree-mediated GHG emissions in a number of environments, however fluxes from 

managed environments such as landfills are yet to be quantified. 

1.4 GHGs and landfill 

Landfills are the third largest source of anthropogenic CH4 (after rice paddies and 

ruminants) and on average, released 65 Tg CH4 yr-1 globally between 2008 and 

2017 (Abushammala et al., 2014; Saunois et al., 2020). Estimates for the 

contribution of landfill to CH4 emissions are uncertain because the amount of waste 

that was landfilled in the past is not always known (Hughes et al., 1996). Landfill 

sites have the potential to be concentrated sources of atmospheric CH4 with 

emission rates per unit area many times that of wetland ecosystems. 

Decomposition of organic waste in landfill results in the production of CH4 by 

anaerobic methanogenesis, the same process that occurs in wetland 

environments. This process is sensitive to environmental factors such as pH, 

moisture, temperature and physical characteristics of the landfill site. The 

composition, density and frequency of input of the landfilled waste also affects the 

rate of CH4 production (Hughes et al., 1996). Anaerobic conditions are generally 

established in landfill sites within 1 year and peak CH4 production occurs between 

5 and 7 years after waste is deposited (ATSDR, 2001). However, at large landfill 

sites CH4 may be produced at maximum concentrations for 10 years or more (DoE, 

1986). 

Landfills can also be a source of N2O, with emissions 1-2 orders of magnitude 

greater than those from forest and grassland soils in both temperate and tropical 

ecosystems (Mandernack et al., 2000). On average, between 2007 and 2016, c. 

0.3 Tg N2O yr-1 was emitted to the atmosphere from landfill and wastewater (Tian 

et al., 2020). N2O emissions from landfill sites can result from nitrification or 

denitrification, particularly when alternating aerobic and anaerobic zones exist in 

the waste volume (Rinne et al., 2005). There is also evidence that N2O can be 
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formed in aerobic cover soils via methanotrophic nitrification, as methanotrophs 

co-oxidise CH4 and ammonia (Mandernack et al., 2000; Zhang et al., 2009). N2O 

emissions are highly variable across landfill sites and fluxes have been shown to 

vary between 0.05 and 81.9 mg m-2 h-1 (Börjesson & Svensson, 1997a; Rinne et 

al., 2005). Observed N2O fluxes from a landfill in USA were higher in the early 

summer than autumn and early winter months (Mandernack et al. 2000). It was 

hypothesized that this was due to reduced rainfall (and therefore lower soil water 

content) in late summer and autumn and the resultant effect on soil microbial 

populations (Mandernack et al., 2000). Additionally, N2O fluxes from a landfill in 

China exhibited a temporal trend of declining emissions in the summer months, 

with the highest fluxes in winter (Wang et al., 2017). This indicated that N2O 

reductase activity increases with higher temperatures, causing more N2O to be 

converted to N2 during denitrification (Wang et al., 2017). This results in lower N2O 

emissions from landfill surfaces when air temperatures are higher. The moisture 

content in waste was also found to have a positive correlation with N2O fluxes 

(Wang et al., 2017). The largest N2O emissions from landfill occur just after waste 

deposition due to relatively high NH4
+ and NO3

- concentrations (Wang et al., 2017). 

The production of GHGs from landfill sites is highly variable, both spatially and 

temporally. In particular, CH4 production from waste in the United Kingdom has 

changed through time as waste management practices have developed (Figure 

1.6). Rapid economic growth and a sharp increase in waste generation in the 

1960s resulted in a shift from relatively inert, homogenous waste to more organic 

waste being landfilled (Jones & Tansey, 2015). At this time, over 90% of waste 

was being deposited in landfills and waste production was outstripping the UK’s 

capacity to manage it without causing significant environmental damage (Jones & 

Tansey, 2015). The increased amount of organic waste resulted in higher CH4 

emissions from landfill sites (Jones & Tansey, 2015). The Control of Pollution Act 

was created in 1974 but was never fully implemented and by 1990, landfill had 

become the primary anthropogenic source of CH4 emissions in the UK (Jardine et 

al., 2006). During the 1990s and 2000s new legislation such as the Environmental 

Protection Act, EU Landfill Directive and Waste Strategy 2000 were introduced, 

and this aided in addressing some of the issues with waste management in the 

UK. Strict procedures were implemented to minimise physical and biological 

changes in waste (Attal et al., 1992; Jardine et al., 2006). For example, gas control 

measures are required in all European landfills and cover materials are applied to 

prevent odour, reduce the risks to public health and promote communities of 

methanotrophic microorganisms (Council of the European Union, 1999; Saunois 

et al., 2016). In 1996, a landfill tax was introduced in the UK to reduce the amount 

of waste being deposited in landfill. In 1996 the tax was £7 per tonne and it has 
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risen to the current amount of £102.10 per tonne (HMRC, 2023). Additionally, the 

1999 EU Landfill Directive prompted member states to set up national strategies 

for the reduction of biodegradable waste being sent to landfill (Council of the 

European Union, 1999). Member states were required to reduce the amount of 

biodegradable household waste going to landfill to 35% of the total amount 

produced in 1995, by 2016 (or by 2020 for some countries, including the UK) 

(Council of the European Union, 1999). Waste was also required to be treated prior 

to deposition via physical, thermal, chemical or biological process. These 

processes were implemented to reduce the volume and intensity of hazardous 

characteristics, facilitate waste handling, and enhance recovery (Biffa, 2022). In 

England and Wales, a waste strategy was produced which aimed to recycle or 

compost at least 25% of household waste by 2005 (DoE, 2000). In 2017, the 

recycling rate from UK households was 45.7% and the amount of biodegradable 

waste being sent to landfill had decreased to 7.4 million tonnes (21% of the 

baseline 1995 value) (DEFRA, 2019). A combination of the Landfill Tax, EU Landfill 

Directive and the Waste Strategy in England and Wales has caused landfill usage 

in the UK to decrease. Despite the UK leaving the EU in 2020, the Landfill Directive 

remains part of UK law unless it is repealed or amended in the future and still 

defines current practice (EIC, 2018). 

In modern landfill sites, waste is compacted to remove any voids and then capped 

with a low permeability substance, such as clay. This process limits the availability 

of O2 within the compacted waste so that the decomposition of organic materials 

is carried out anaerobically (Jardine et al., 2006). Landfill caps are also designed 

to prevent water infiltration into the waste and the uncontrolled release of landfill 

gases (Dobson & Moffat, 1993). These preventative measures are thought to have 

caused direct CH4 emissions from landfill to decrease, although the exact extent 

of this decrease is not known. Landfill caps are only 85% effective at preventing 

the release of GHGs from landfill sites, with the remaining 15% of gases being 

allowed to escape through the cap (Jardine et al., 2006). CH4 emissions are 

somewhat offset by the breakdown of CH4 by methanotrophic bacteria in cover 

soils above the landfill cap, but even the most well-constructed landfill caps may 

allow a certain amount of CH4 and other GHGs to be emitted to the atmosphere. 

The quality of landfill cap construction may also differ between different landfill 

sites, which might result in varying levels of GHGs being allowed to escape from 

the decomposing waste. It has been suggested that if procedures such as gas 

collection for energy production or flaring and an increase in recycling and reuse 

are followed, global CH4 emissions from landfill could be reduced by over 40% by 

2030 (Reay et al., 2018).  
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Figure 1.6 Change in landfill and waste management practices over time and the impact on CH4 

emissions and tree survival rates (After Romans, 2018; Jones & Tansey, 2015; Council of the 

European Union, 1999; DoE, 2000). 

The layer of soil above a landfill cap is a dynamic mixing zone for landfill gas and 

the air above, with relatively high concentrations of O2 near the surface (Boeckx et 

al., 1996). This allows populations of methanotrophic bacteria to develop. The CH4 

produced from landfill sites is not always released to the atmosphere as these 

methanotrophic bacteria in the aerated cover soils breakdown some of the CH4 via 

oxidation. An average of 40% of the CH4 emitted from landfill is oxidised in this 

way, however this value varies considerably with some landfill soils exhibiting 

negative CH4 fluxes (Spokas & Bogner, 2011). The highest oxidation rates have 

been observed in soils between 5 and 15 cm below the surface; soils above and 

below this range have greatly reduced oxidation rates (Czepiel et al., 1996). Lower 

rates of methanotrophic activity in the uppermost layer of soil are thought to be due 

to microbial competition for nutrients, limitation by NH4
+ released by decomposing 

organic matter, or poor soil moisture content. Whereas, reduced methanotrophic 
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oxidation activity in the soil below a depth of 15 cm is likely due to limited O2 supply 

(Czepiel et al., 1996). Field experiments have observed that in some cases almost 

all CH4 was oxidised in the landfill cover soil before reaching the atmosphere 

(Boeckx et al., 1996). Two separate studies also found that during certain times, 

CH4 fluxes were negative (ranging from -0.3 to -5.0 mg CH4 m-2 d-1) which indicates 

that the soils were consuming CH4 rather than releasing it (Boeckx et al., 1996; 

Bogner et al., 1995). This was thought to be due to large populations of 

methanotrophic bacteria in the landfill cover soils with high capacities for CH4 

oxidation and efficient gas recovery systems in operation at the observed sites 

(Bogner et al., 1995).  

The oxidation capacity of microbial communities in cover soils varies greatly 

between landfill sites and even within the same site. Variations in the activity of 

methanotrophs in landfill cover soils can be affected by temperature, moisture and 

CH4 availability (Spokas & Bogner, 2011). The optimal temperature for CH4 

oxidation by methanotrophs in landfill cover soils is 31 °C and the Q10 value for this 

reaction is 1.9 (Whalen et al., 1990). Soil moisture has a significant effect on the 

rate of oxidation in cover soils. It has been suggested that the optimum soil 

moisture content for oxidation ranges from 16 to 19% (Boeckx et al., 1996). 

However, an alternative study found that the highest rate of oxidation occurred at 

a soil moisture content of 11% (Whalen et al., 1990). This difference may be a 

result of site-specific variations or the influence of different factors such as 

temperature or CH4 availability. Both studies found that deviations from their 

respective optimum soil moisture content values resulted in reduced CH4 oxidation 

rates. There is a large range in the amount of CH4 oxidation observed due to the 

heterogeneity in the characteristics of landfill sites. Variation in the level of 

oxidation in landfill cover soils, as well as the rate of methanogenesis and changes 

in gas transport processes, result in natural variability of landfill CH4 emissions 

which spans over seven orders of magnitude according to field measurements 

(from < 0.0004 to > 4000 g m-2 day-1) (Bogner et al., 1997). 

1.5 Landfill and trees 

Investigation of trees acting as a conduit for transporting GHGs produced in anoxic 

soils to the atmosphere has been documented, but this has not yet been applied 

to trees grown on restored landfill. Initial guidance from the Department of the 

Environment in 1986 actively opposed planting trees on capped landfill sites 

(Forest Research, 2008). It was believed that tree roots may penetrate the landfill 

cap, permitting the ingress of water and consequently cause increased leachate 

production. Additionally, there was concern that tree roots could dry out clay landfill 
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caps causing them to shrink (Simmons, 1999). There was also doubt over the 

survival rates of trees on historic landfill sites as they may be adversely affected 

by landfill gas emissions (Romans, 2018). GHGs are known to displace the typical 

gases in soil and prevent the diffusion of O2 from the air into the soil, resulting in 

anoxic conditions which present a challenge for plant growth (DoE, 1986). If less 

than 12% of the composition of gases in the soil is O2 it is likely that trees will not 

survive (DoE, 1986). As historic landfill sites were not restored using landfill caps 

or gas extraction techniques, trees were unlikely to survive due to the high 

concentrations of CH4 in the soil (see Figure 1.6). The high temperatures observed 

at landfill sites due to the decomposition of organic matter, potentially in excess of 

40 °C, also present a challenge for tree growth (DoE, 1986). Several attempts to 

grow trees on closed landfill sites failed, which was thought to be due to the toxicity 

of waste, landfill gases and high soil temperatures (Dobson & Moffat, 1993). 

However, the evidence for these conditions is not always clear and it has been 

suggested that they have been used as an explanation for low tree growth rates, 

when in fact site restoration and tree maintenance have been inadequate (Dobson 

& Moffat, 1993). The advice discouraging planting trees on closed landfill sites has 

since been revised and UK planning guidance has shifted to encourage forestation. 

The introduction of the landfill regulations and engineering methods outlined in 

Figure 1.6 reduced the amount of GHGs being released from landfill sites and 

allowed trees to grow. Planting trees on former landfill sites can foster landscape 

integration and improve public perception of landfill (Simmons, 1999). Healthy 

vegetation grown on historic landfill sites could increase evapotranspiration, which 

is beneficial as it reduces the amount of moisture that could otherwise lead to 

leachate production, and binds the soil which minimises erosion (DoE, 1986).  

Evidence has shown that tree roots are able to penetrate landfill caps, although 

this depends on variables such as soil depth and cap density. Tree roots were 

shown to reach the interface between the soil and the landfill cap where the cover 

soil was thin (below 0.6 m deep), as shown in Figure 1.7 (Forest Research, 2008). 

Research has observed a strong and significant relationship between soil cover 

thickness and the number of roots entering the cap; less than 1% of roots were 

predicted to penetrate the landfill cap if the depth to the cap was greater than 1.25 

m (Forest Research, 2008). Where roots came into contact with the landfill cap, 

the majority ran parallel to it and radial thickening of roots was observed at the soil-

cap interface (Hutchings et al., 2001). This led to the conclusion that a well-

constructed clay cap (of bulk density between 1.8 and 1.9 g cm-3) would provide a 

suitable barrier to root growth due to its compaction, anaerobic conditions and 

infertility (Simmons, 1999). However, several studies have shown that alder and 

poplar species are particularly tolerant to the anaerobic conditions in the landfill 
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cap and their roots appear to penetrate through compact clay (Figure 1.7) 

(Kennedy et al., 2000). Roots of alder trees detected in one investigation extended 

30 cm into the landfill cap (Hutchings et al, 2001). An alternative study showed that 

alder and sycamore trees had the greatest number of roots entering the landfill 

cap, with one root reaching a maximum depth of root penetration into the cap of 

0.98 m (Forest Research, 2008). It has been recognised that planting these trees 

which have a high tolerance for anaerobic conditions should be avoided when 

restoring closed landfill sites (Hutchings et al., 2001). If tree roots can reach the 

soil-cap interface, as some studies suggest, they may have the potential to bypass 

the methanotrophic bacteria in cover soil. This may result in a greater release of 

GHGs from trees to the atmosphere than previously estimated. Consequently, 

trees grown on historic landfill sites may amplify the flux of GHGs from these 

environments. 

 

Figure 1.7 Examples of tree roots reaching the interface between the soil and landfill cap. (A) Deep 

rooting in sycamore 0.6 m below the interface between the soil and landfill cap. (B) Deep rooting in 

alder 0.3 m below the interface between the soil and landfill cap (Forest Research, 2008). 

This project focuses on landfill sites in the UK which have been restored with tree 

planting. These sites are now subject to strict regulations relating to their 

management and closure. However, by examining a range of management 

practices through time, the results are likely to be relevant to landfill sites across 

the world. For example, landfill sites in developing countries with few landfill 

regulations could be compared with ‘old-style’ landfill sites investigated in the UK. 

The results of this research may also be beneficial if landfill sites in different 

countries undergo forestation as it will provide data on CH4 fluxes from trees 

growing on a range of closed landfill sites. 

(A) (B) 
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1.6 Aims and rationale 

1.6.1 Project aim:  

The overarching aim of this project is to quantify emissions of CH4, CO2 and N2O 

from trees growing on closed landfill sites in the UK. This work will provide a novel 

contribution to scientific knowledge by quantifying GHG emissions from these 

managed environments for the first time. The spatial and temporal variability of the 

fluxes will be investigated as well as the difference in GHG emissions between tree 

species and landfill sites with varying management practices. The novel flux values 

obtained during this research will then be scaled up to provide an estimate for the 

national significance of the emission pathway. The findings from this investigation 

have potential implications for policy and practice relating to the remediation of 

closed landfill sites and the accuracy of national and global GHG budgets. 

1.6.2 Aim 1 

To quantify GHG fluxes from trees on closed landfill sites in the UK.  

Hypothesis: Trees growing on closed landfill sites will emit more CH4 and N2O 

than trees growing in a comparable woodland which is not on a former landfill site.  

1.6.3 Aim 2 

To investigate spatial variations in GHGs emitted from tree stems on closed landfill 

sites in the UK. 

Hypothesis: CH4 and N2O emissions decrease with height up tree trunks (above 

the ground). 

1.6.4 Aim 3 

To investigate temporal variations in GHGs emitted from tree stems on closed 

landfill sites in the UK. 

Hypothesis: The amount of CH4 emitted by tree stems will be significantly higher 

in the summer (Jun – Aug) and autumn (Sep – Nov), than in spring (Mar – May) 

and winter (Dec – Feb). 

1.6.5 Aim 4 

To investigate variations in GHG emissions from the stems of different tree species. 

Hypothesis: Different tree species emit significantly different amounts of CH4. 

1.6.6 Aim 5 

To investigate variations in the amount of CH4 emitted from tree stems on closed 

landfill sites in the UK with different management strategies.  
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Hypothesis: Trees growing on landfill sites closed either before 1986 (no landfill 

cap or gas extraction) or after 1999 (both landfill cap and gas extraction present) 

will emit less CH4 from their stems than those growing on a landfill site closed 

between 1986 and 1999 (landfill cap but no gas extraction system). 

1.6.7 Aim 6 

To scale up the GHG emissions data for trees growing on closed landfill sites in 

the UK to estimate the national significance of the emission pathway. 

1.7 Thesis structure 

This thesis is split into seven chapters. Chapter 1 includes a general introduction 

to the topics explored in this thesis, a review of the literature and background 

knowledge for this research, and the aims and rationale underpinning the project. 

Chapter 2 outlines the general methods used during this project including 

descriptions of the field sites, the use of gas flux chambers, flux calculations, and 

statistical analyses. Each subsequent chapter also includes a methods section 

which relates to the specific procedures used to investigate each project aim but 

will also refer to the general methods outlined in Chapter 2. Chapter 3 presents 

the results of an investigation that aimed to quantify CH4 and CO2 fluxes from a 

modern landfill site (with a clay cap and gas extraction). Spatial and temporal 

variations in GHG fluxes were identified and the effect of different environmental 

factors was considered. Aims 1, 2 and 3 are addressed in this Chapter. Chapter 4 

focuses on the quantification of CH4 and CO2 fluxes from landfill sites with varying 

management practices and from different tree species. This Chapter focuses on 

aims 4 and 5. Chapter 5 examines the results from an investigation measuring 

N2O fluxes from a modern landfill site, including the identification of spatial and 

temporal patterns in flux values. Aims 1, 2 and 3 are addressed in this Chapter. 

Chapter 6 scales up the results of the investigations outlined in previous chapters 

to determine estimates for tree stem GHG emissions from landfill sites at a national 

level (Aim 6). It also presents the results of sensitivity analysis that was carried out 

to determine how independent variables such as landfill classification, tree cover 

and tree spacing affected the upscaled flux estimates. Chapter 7 summarises the 

main findings of the previous four chapters and discusses the implications of the 

results presented in this thesis. This chapter also includes recommendations for 

further work.  
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Chapter 2 Methods 

Data from different sources had to be collated and reviewed to identify the most 

appropriate field sites. This involved communicating with local authorities, 

community forest organisations and waste management companies. The Historic 

Landfill Dataset published by the Environment Agency was also used to filter 

records of landfill sites to see if they met the criteria required and to determine the 

location of the sites (Environment Agency, 2019). Many closed landfill sites do not 

have full data records available which presented a challenge when selecting field 

sites. This selection process ensured that the locations chosen for this 

investigation had sufficient information available from records and were the most 

suitable field sites. 

2.1 Field sites 

Field sites were chosen based on their suitability to test the project aims. Table 2.1 

shows which field sites were visited to undertake the work for each project aim. 

Field site names have been anonymised and they are identified by the type of site 

rather than the name. Table 2.2 outlines the landfill management in place at each 

site, the details of the trees present, and the number of trees that were measured. 
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Table 2.1 Field sites visited to investigate each project aim. Type 1 indicates a landfill site and Type 

2 indicates a non-landfill area. The letters indicate the type of site. For the landfill sites, A has a clay 

cap and gas extraction system, B has a clay cap but no gas extraction, and C does not have a clay 

cap or gas extraction system. For the non-landfill sites, A is a recently planted secondary woodland 

and B is semi-natural ancient woodland. 

Aim Field site 

1 – To quantify GHG fluxes from trees on closed landfill 

sites in the UK. 

Site 1A 

Site 1B 

Site 1C 

Site 2A 

2 - To investigate spatial variations in GHGs emitted from 

tree stems on closed landfill sites in the UK. 

Site 1A 

3 - To investigate temporal variations in GHGs emitted 

from tree stems on closed landfill sites in the UK. 

Site 1A 

4 - To investigate variations in GHG emissions from the 

stems of different tree species. 

Site 1A 

Site 1B 

Site 1C 

5 - To investigate variations in the amount of CH4 emitted 

from tree stems on closed landfill sites in the UK with 

different management strategies.  

Site 1A 

Site 1B 

Site 1C 

6 - To scale up the GHG emissions data for trees growing 

on closed landfill sites in the UK to estimate the national 

significance of the emission pathway. 

Site 1A 

Site 1B 

Site 1C 
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Table 2.2 The type of landfill management used, location, trees present, and the number of tree and soil locations measured at each site (BGS, n.d.; Cranfield Soil & Agricultural Institute, 

n.d.; Met Office, n.d.; Lewis et al., 2019). 

Field 

site 

Landfill 

management 
Location 

Underlying 

geology and soil 

Tree 

planting 

year 

Tree species 

sampled 
Sampling details 

Mean 

annual 

temperature 

(°C) 

Mean 

annual 

rainfall 

(mm) 

1A Clay cap 

Active gas 

extraction system 

Accepted waste 

1964-1998 

Bedfordshire, 

UK 

Sedimentary 

bedrock, 

mudstone 

Lime-rich loamy 

and clay soils 

2004 • 10 x Fraxinus 

excelsior 

• 1 x Prunus avium  

• 4 x Betula pendula 

CH4:  

• 15 trees and 5 soil locations 

sampled once a month (Aug 2019 – 

Feb 2020) 

• 40 trees and 20 soil locations 

sampled during intensive 

measurements (Feb 2020).  

N2O:  

• 15 trees and 15 soil locations 

sampled once a month (Apr – Jul 

2021). 

14.1 565.5 

1B Clay cap (1998) Rainham, 

Essex, UK 

Clay formation 

Loamy soils 

2000 • 6 x Betula pendula 

• 6 x Fraxinus 

excelsior 

CH4:  15.3 618.2 
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No gas extraction 

system  

Accepted waste 

1960s-1990s 

• 6 x Pinus nigra 

• 6 x Prunus avium 

• 6 trees x 4 most dominant species 

sampled in Aug 2019 and Nov 

2019. 

• 5 soil locations sampled in Aug 

2019 and Nov 2019 

1C No clay cap or gas 

extraction 

Accepted waste 

1971-1977 

 

Warrington, 

Cheshire, UK 

Sandstone 

formation 

Loamy, clay soils 

1998 • 6 x Betula pendula 

• 6 x Fraxinus 

excelsior 

• 6 x Pinus nigra 

• 6 x Quercus rubra 

CH4:  

• 6 trees x 4 most dominant species 

sampled in Oct 2019 and Feb 2020. 

• 5 soil locations sampled in Oct 

2019 and Feb 2020. 

13.2 757.6 

2A Not a former 

landfill site (at 

least 2 km from 

the nearest waste 

management 

facility) – 

Secondary 

woodland 

Bedfordshire, 

UK 

Sedimentary 

bedrock, 

mudstone 

Lime-rich loamy 

and clay soils 

2003 • 4 x Betula pendula 

• 7 x Fraxinus 

excelsior 

• 4 x Prunus avium 

CH4:  

• 15 trees and 5 soil locations 

sampled in Aug 2019 and Feb 2020. 

N2O:  

• 15 trees and 15 soil locations 

sampled once a month (Apr – Jul 

2021). 

14.1 565.5 
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2B Not a former 

landfill site (at 

least 2 km from 

the nearest waste 

management 

facility) – Semi-

natural ancient 

woodland 

Milton 

Keynes, UK 

Sedimentary 

bedrock, 

mudstone 

Lime-rich loamy 

and clay soils 

< 1600 • 9 x Populus tremula 

• 1 x Fraxinus 

excelsior 

• 3 x Carpinus betulus 

• 1 x Quercus robur 

• 1 x Acer campestre 

CH4:  

• 15 trees and 3 soil locations 

sampled every other month (Jul 

2019 - Mar 2020). 

14.1 565.5 
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To assess CH4 emissions from tree stems, it was fundamental that all sites 

selected accepted household waste and have had trees planted on the area since 

being closed. It was also important to choose sites which have a number of 

different tree species growing on them to test the fourth project aim, although sites 

were not chosen according to the specific species present. Additional key factors 

in the selection of field sites were the age of sites and the management method 

used. These were vital considerations when attempting to test the fifth project aim 

relating to the CH4 emissions from trees on historic sites compared with more 

recently closed sites. Care was taken to ensure that a range of sites of different 

ages, and subsequently varied management techniques, were selected for the field 

measurements. Figure 1.6 was used to guide the process of site selection and 

include sites with the following characteristics: 

• Closed landfill sites with no clay cap or gas extraction system (likely a 

covering of inert material or topsoil): 

Many older landfill sites (closed before 1986) that have not been covered with 

engineered clay caps, generally just have a thin covering of inert material or 

topsoil over the waste and are unlikely to have any form of gas extraction 

present. Two closed landfills were identified as being suitable for data collection 

after site visits. While data collection at one of the sites would have reduced the 

amount of travel required, there was a limited amount of information available 

regarding the operational history of the site and the amount of waste accepted. 

A lack of information is an issue for many of the old-style landfill sites and 

ultimately led to the selection of site 1C due to the large number of records 

available regarding the site.  

• Closed landfill sites with a clay cap but no active gas extraction system: 

Waste Management Paper No. 26 (DoE, 1986) recommended that upon 

closure, landfill sites should be covered with a clay cap with a density of at least 

1.8 g cm-3. Therefore, any landfill sites closed after this time should adhere to 

this standard. Additionally, landfill sites that closed after 16th July 2001 are 

required to comply with the gas control measures outlined in the 1999 Landfill 

Directive, which includes the collection of landfill gas from all sites which 

accepted biodegradable waste (Council of the European Union, 1999). 

Therefore, a site which closed after 1986 but prior to 2001 was selected as it 

would likely have an engineered clay cap but would not need to comply with the 

gas control measures outlined in the 1999 Landfill Directive.  

• Closed landfill sites with clay caps and active gas extraction systems: 
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This describes an area that has been managed in accordance with the 1999 

Landfill Directive, and therefore collects landfill gas, but also adheres to the 

advice given by the 1986 Waste Management Paper regarding landfill caps. 

The chosen site was selected due to the relatively local location which allowed 

frequent measurements to be taken to assess whether there are seasonal 

trends in GHG emissions from the trees. As this type of site is an example of 

the current practice in landfill management techniques, it was selected to 

address a number of the project aims.  

2.1.1 Site with clay cap and active gas extraction system (1A) 

Site 1A is a former landfill site in southern England which is covered by a clay cap 

and has an active gas extraction system in place. It contains a mixture of inert, 

industrial, commercial and household waste (Environment Agency, 2019). Waste 

stopped being accepted at the site in 1998 and it was subsequently capped and 

covered with restoration soil. The area has been capped with at least 1 m of clay 

with a permeability of 10-7 m s-1, overlain by approximately 2 m of topsoil. Leachate 

and gas control systems are in place and the CH4 extracted from the waste is used 

for energy production. Trees were planted in a 1.22 ha area in 2004 and mature 

trees including Betula pendula, Fraxinus excelsior and Prunus avium are present 

in the green areas shown in Figure 2.1. The local authority responsible for site 1A 

did not wish for the site to be named, therefore any information identifying this site 

has not been included in this thesis.  
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Figure 2.1 Map of Leachate well locations at site 1A, including areas of tree planting (green blocks) 

(Site 1A Local Authority, 2012). Leachate wells are drains within the base of a landfill where leachate 

collects and can be removed.  

2.1.2 Site with a clay cap but no active gas extraction system (1B) 

Site 1B is a former landfill site which was covered with a clay cap in 1998 but does 

not have an active gas extraction system in place. It is part of the Thames Chase 

Community Forest scheme which has been designed to regenerate landscapes 

and create connected woodland and green space to benefit wildlife and people 

(Thames Chase Trust, 2014). The site consists of 3 main phases (shown in Figure 

2.2). Phase 1 was the most appropriate for data collection as it contains household 

waste and has well established trees. Site 1B was used for gravel extraction in the 

1950s and then accepted waste as a landfill site from the 1960s to the 1990s 

(Forest Research, 2004). According to the Historic Landfill Dataset published by 

the Environment Agency, site 1B accepted household and commercial waste 

(Environment Agency, 2019). It underwent clay capping and screened construction 

materials were deposited in the area as a soil substrate between 2000 and 2007 

(Ashwood et al., 2018). The inert clay cap is approximately 1.8 m deep across the 

site (O’Rourke, 2019).  

Planting of native broadleaf tree species (including Acer campestre, Betula 

pendula, Prunus avium and Quercus robur) and Pinus nigra trees began in 2000 
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in two distinct areas of the phase with a total size of 2.69 ha (Forest Research, 

2004). A plan of the redevelopment of Phase 1 is shown in Figure 2.3; wooded 

areas are shown in green. 

 

Figure 2.2 Location of project phases within site 1B (Forest Commission, 2008). 
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Figure 2.3 Plan used for the redevelopment of Phase 1 site 1B (Forestry Commission England, 

2013). 
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2.1.3 Site with no clay cap or active gas extraction system (1C) 

Site 1C is an old-style landfill site selected from one of 11 former landfill sites in 

the areas designated as the Mersey Forest and Red Rose Forest which span 

across Merseyside, Greater Manchester and Cheshire. These community forest 

areas were designed to improve derelict environments and benefit local 

communities. Site 1C is 55 ha in size and divided into three phases. Figure 2.4 

shows the boundaries and the three distinct phases of the site. Phase 1, an area 

10.9 ha in size located to the east of the site, was identified as the most suitable 

for data collection. This phase was operational between 1971 and 1977 and 

accepted household and industrial waste (Allott & Lomax, 1999). The waste is up 

to 10.2 m deep in places, and there is not an engineered cap in place, thus the 

area being referred to as an old-style landfill site. However, there is a relatively 

consolidated layer of silt, sand, clay and building rubble overlain by a topsoil layer 

between 0.25 and 0.5 m deep over the whole area (Allott & Lomax, 1998a). During 

an investigation in which trial pits were excavated, waste was encountered on 

average at a depth of 1 m below ground level (Allott & Lomax, 1999). During a 

survey in 1998, site 1C showed significant landfill gas generation, with O2 levels 

lower than 5% at depths under 0.75 m below ground level and hotspots of gas 

emissions detected (Allott & Lomax, 1998b). No gas control measures have been 

installed on Phase 1 of the site.  

During 1998, trees were planted on Phase 1 in four replicate experimental plots 

with a total area of 2.13 ha as part of an investigation into tree survival and growth 

on closed landfill sites (Rawlinson et al., 2004). Figure 2.5 displays the location of 

the plots where trees were planted within Phase 1. Within the plots, 21 species 

were planted in randomised replicated blocks which each contained a row of seven 

trees of the same species planted 1.5 m apart (Rawlinson et al., 2004). The most 

dominant species currently present at the site include Betula pendula, Fraxinus 

excelsior, Pinus nigra, Salix fragilis, Quercus robur and Quercus rubra. 
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Figure 2.4 Boundary and phases of the closed landfill site 1C (Cass Associates, 1998). 

 

Figure 2.5 Planting blocks within Phase 1 of site 1C (Cass Associates, 1998). 
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2.1.4 Non-landfill comparison sites (2A and 2B) 

Site 2A is 70 ha in size and is located at least 2 km away from the nearest landfill 

site containing household or commercial waste. It is a secondary woodland which 

was planted between 2003 and 2013. Measurements were conducted in Phase 1 

of this site as the tree planting began in 2003 (Russell, 2020). This phase is around 

7 ha in size. Tree species present on site 2A include Betula pendula, Fraxinus 

excelsior and Prunus avium. 

Data were also collected from site 2B which is 21 ha in size. It lies at least 2 km 

from the nearest household waste management facility and is a Site of Special 

Scientific Interest (SSSI). It is a semi-natural ancient woodland, which indicates 

that it has continuously been woodland since at least 1600 (The Parks Trust, 2015). 

The main tree species present at site 2B are Acer campestre, Carpinus betulus, 

Fraxinus excelsior, Populus tremula and Quercus robur. 

Comparisons between fluxes at these non-landfill areas and the former landfills 

can be made as the soil conditions are the same as those at site 1A (loamy and 

clayey soils with impeded drainage), and similar to those at site 1C (loamy and 

clayey floodplain soils) and site 1B (loamy soils with high groundwater) (Cranfield 

Soil & Agricultural Institute, n.d). The trees at site 2B are more established than 

those at the closed landfill sites, however many of the species are the same as 

those at the former landfill sites. The measurements taken at site 2B were also 

used to identify any diurnal variations in CH4 fluxes which informed the sampling 

strategy at landfill sites. Site 2A is more directly comparable to landfill site 1A as it 

is in the same geographic area and contains the same species of trees which were 

planted within the same time period. 

2.2 Study plots and ancillary data 

A survey of tree species was carried out for each location to identify the species 

present and whether they have been randomly planted or positioned in distinct 

areas. The methods used for selecting individual trees are not always clear in the 

published literature, with many studies referring to the selected trees as dominant 

or representative but including no justification for this (Terazawa et al., 2007; 

Pangala et al., 2015; Machacova et al., 2016; Welch et al., 2018). However, as 

many of the published investigations took place in wetland environments, it is likely 

that access to the trees was the primary factor in selecting individuals to sample. 

During this project, sampling strategies were devised once each site had been 

surveyed to acquire representative measurements from each field location and to 

test each project aim. At site 2B, five trees were measured in 3 locations; each 
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location is situated at a different elevation as the site is on a slope (to account for 

any variation in soil moisture).  

At site 1A, 15 trees were randomly sampled using the random walk method (Allaby, 

2015). This involved using a random number generator to find a bearing and 

number of steps to take from a central location and then sampling the nearest tree 

to the end location. These 15 trees were then sampled at regular one-month 

intervals. A further 25 trees were also selected later using the same method and 

were studied during an intensive period of fieldwork over one week. As the trees 

are well-mixed this provided a representative sample of the trees on this site. Trees 

at site 1A were not selected based upon their species. Trees at site 2A were also 

selected using the random walk method in a similar way to those at site 1A. They 

were then sampled in different seasons. At site 1B, the tree population is split into 

distinct zones with coniferous species in one area and deciduous in another. 

Stratified random sampling was used to select six individuals from the four most 

dominant tree species present (Betula pendula, Pinus nigra, Prunus avium and 

Quercus robur). The sampling area was split into the two distinct halves according 

to the type of tree present and the random walk method was used to sample trees 

in each half (coniferous in one and deciduous in the other). The trees at site 1C 

are well-mixed and therefore, the random walk method was used to sample six 

individuals from the four most dominant species (Betula pendula, Fraxinus 

excelsior, Pinus nigra, and Quercus rubra). Soil sampling locations were located 

on a transect across each site.  

For each tree sampled, the GPS location, tree species and Diameter at Breast 

Height (DBH) was recorded. Air temperature, tree stem surface temperature, air 

pressure, soil temperature, soil moisture and background [CH4] were also recorded 

at each sampling location. Soil cores were taken to determine the soil bulk density 

as this affects root growth and soil samples were also used to calculate the pH of 

the soil. A summary of the measurements taken in the field and the required 

equipment can be found in Table 2.3.  
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Table 2.3 Summary of the field measurements taken and the required equipment. 

 

  

To measure/record Equipment 

GHG flux to/from 

trees 

Gas flux chamber, GHG analyser, battery for analyser, 

charger for battery, tablet, waterproofing, airtight putty, 

ratchet straps, tubing, tree markers 

GHG flux from soil  Gas flux chamber for soil, GHG analyser, battery for 

analyser, tablet 

Tree species Tree identification guide 

Tree stem surface 

temperature 

Infrared thermometer (RS Pro RS1327k) (accuracy ± 

0.1%) 

Air temperature Air temperature gauge (Comet C4141 Thermo-hygro-

barometer) (accuracy ± 0.4 °C) 

Air pressure Air pressure gauge (Comet C4141 Thermo-hygro-

barometer) (accuracy ± 2 hPa at 23 °C) 

GPS Location Handheld GPS device (GPS Status, version 11.0.307) 

(accuracy ± 7 m) 

Tree circumference Tape measure 

Soil moisture Theta probe (Delta-T Devices HH2 Moisture Meter with 

ThetaProbe type ML2x) (accuracy ± 1%) 

Soil temperature Soil temperature probe (Thermapen) (accuracy ± 0.4 °C) 

Soil bulk density Steel ring, trowel, sampling bags, marker pen 

Soil pH pH probe (Thermo Scientific Orion Versa Star Advanced 

Electrochemistry Meter with Orion 8157BNUMD ROSS 

Ultra pH/ATC Triode) (accuracy ± 0.002), sampling bags, 

marker pen, trowel  

General Equipment First aid kit, spare batteries and chargers, Personal 

Protective Equipment (hard hat, high visibility jacket, steel 

toe cap boots), compass 
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2.3 Gas flux measurements 

2.3.1 Tree flux chambers 

CH4 and CO2 fluxes from trees were measured using a closed loop system 

between gas flux chambers on the tree stem and a Los Gatos Ultra-portable GHG 

Analyser (see Figure 2.6 and Figure 2.7, respectively). Semi-rigid flux chambers 

constructed from clear polycarbonate and closed cell silicone foam strips with quick 

release connectors were used to take measurements on the trees. They were 

secured to the tree stem using ratchet straps at the top and bottom of the chamber. 

Gaps between the stem and the chamber were sealed with airtight putty 

immediately after chambers were installed on trees. The real-time measurements 

of CH4 and CO2 concentrations were observed to ensure that the chambers were 

sufficiently sealed, in particular the CO2 measurements, which showed a clear 

straight line if the chamber was adequately airtight. The [CH4] in the chamber over 

at least a ten-minute period was measured and this allowed flux values to be 

calculated.  

The use of rigid chambers was considered as they are suited to measuring trees 

with small diameters, however they are not easily deployed on trees with a wide 

range of diameters and the trees being sampled were all of adequate stem 

diameter to use semi-rigid chambers. Additionally, the semi-rigid chambers 

mounted on one side of the tree have a higher surface area to volume ratio and 

this allows for a shorter measurement time (Pitz et al., 2018). The partial-

circumference design of the semi-rigid chambers does not allow for emissions to 

be captured around the entire circumference of the stem, but it has been used 

successfully in previous investigations to measure the flux of GHGs from trees 

(Terazawa et al., 2015; Pitz et al., 2018). The semi-rigid chambers were also more 

easily transportable to field sites which were not immediately accessible by road. 
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Figure 2.6 (A) The gas sampling method which used a recirculating closed-loop system between gas 

flux chambers and a GHG analyser, (B) gas flux chambers affixed to a tree. 

 

Figure 2.7 Los Gatos Ultraportable GHG Analyser. 

2.3.2 Soil flux chambers 

Flux measurements were taken from the soil using rigid cylindrical collars 

constructed from polyvinyl chloride (35 cm diameter and 25 cm height) (Figure 2.8). 

These were inserted into the soil and the height of the collar above the soil was 

recorded to calculate the volume. The collars were deployed at least an hour prior 
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to measurements to avoid any disturbance to the ground prior to GHG 

concentrations being recorded. Airtight putty was also used where the outside of 

the chamber met the soil surface to ensure that the chamber was airtight. Each 

collar was fitted with a transparent lid equipped with quick release connectors 

before measurements were taken. This chamber was then connected to the GHG 

analyser which formed a closed loop. The change in gas concentration in the 

chamber over time was measured in order to quantify CH4 and CO2 emissions from 

specific soil locations, this used the same principles as the tree flux chambers. Soil 

flux measurements were taken along a transect which spanned through the 

wooded areas.  

 

Figure 2.8 Gas flux chamber inserted into the soil. 

The use of static flux chambers to measure surface emissions from landfill sites is 

well established as the procedure is simple, quantitative and repeatable 

(Environment Agency, 2010). This technique was chosen over alternatives such 

as walkover surveys using Flame-ionisation Detection (FID), tracer methods and 

Differential Absorption LiDAR (Light Detection and Ranging) as it takes 
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measurements on an appropriate scale for concurrent measurements of controlling 

variables, such as soil temperature and moisture. (Bogner et al., 1997; Armstrong 

& Gregory, 2007). These other methods can measure emissions over a larger area 

but are more expensive and equipment is less readily available (Champagne & 

Draughon, 2017). Additionally, tracer methods require the emission sources to be 

strong enough for detection downwind, whereas observed surface emissions from 

landfill could be as low as 0.0004 g m-2 day-1 (Champagne & Draughon, 2017; 

Bogner et al., 1997). Flux chambers are more well-suited to this application as they 

can detect small concentrations (Lucernoni et al., 2017). The measurements from 

flux boxes are also not affected by weather conditions, unlike surveys using FID, 

which makes them ideal for using throughout the year when investigating seasonal 

changes (Armstrong & Gregory, 2007). After consideration, flux chambers were 

the best method to determine typical emissions from the field sites chosen and 

were practical for the measurements required.  

2.3.3 Laser absorption spectroscopy 

When the closed loop system was initiated, GHG concentration measurements 

from within the stem or soil chambers were recorded by a Los Gatos Ultra-Portable 

GHG Analyser. This analyser uses Off-Axis Integrated Cavity Output Spectroscopy 

(OA-ICOS) in which a laser beam is directed through a sample which is bound by 

highly reflective concave mirrors on both sides (Champagne & Draughon, 2007). 

A photodetector measures the rate of light intensity decay as the light is 

continuously reflected by the mirrors. The time taken for the light intensity to decay 

to 1 𝑒⁄  of the initial value once the beam is switched off is the cavity ring-down time 

(RDT) (Baer et al., 2012). The difference between the RDT curve of the gas sample 

and the RDT of the empty cavity is used to determine the concentration of the 

absorbing substance in the gas mixture (Champagne & Draughon, 2017). This 

process is displayed in a simplified diagram in Figure 2.9. The analyser chosen 

uses OA-ICOS which allows for a longer effective optical path length and thus, an 

enhanced measure of the absorption of light after it passes through the optical 

cavity (Los Gatos Research, 2013). The closed system draws gas from the flux 

chamber into the analyser, measures the GHG concentration and then returns the 

gas to the chamber. Measurements were taken in one stem or soil location for a 

sufficient length of time to record enough values to calculate a flux; this was 

between 5 and 15 minutes and the real-time measurements from the analyser were 

used to indicate how long data should be recorded for. Section 2.5 outlines the 

calibration method for this analyser. 

This method was selected because it enables the detection of gases in low 

concentrations and can identify gases in a complex mixture (Los Gatos Research, 
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2013). The analyser is also field-portable which removes the risk of sample 

deterioration when being transported to a lab for gas chromatography analysis. 

Additionally, it is not necessary to calibrate this analyser frequently and it does not 

require a large power source which makes it ideal for work in the field (Champagne 

& Draughon, 2017). The Los Gatos Ultra-Portable analyser has a measurement 

range of 0.01 to 100 ppm for CH4 with ± 2 ppb accuracy (Wilkinson et al., 2018). 

 

Figure 2.9 Simplified diagram of the process used to measure the concentration of trace gases using 

Off-Axis Integrated-Cavity Output Spectroscopy (AO ICOS) (adapted from Champagne & Draughon, 

2017; Baer et al., 2012). 

2.4 Calculating gas fluxes 

Once the data was collected CH4 and CO2 fluxes could be calculated. Text files 

were extracted from the analyser and imported into Excel spreadsheets. For each 

data series (the GHG concentration during the time when the analyser was 

connected to the tree stem or soil chamber) time was plotted against concentration 

to make an initial assessment of the data. It was important to just include data from 

when the chambers were properly sealed, and this involved removing a portion of 

the data at the beginning of each data series. In a previous investigation the 

amount of data to cut off was set at 20% for every data series which would save 

time compared with manual inspection (Pitz & Megonigal, 2017). However, it is not 

clear why 20% was chosen in this study and visual inspection of each graph would 

ensure that the appropriate amount of data is used in further analysis. A linear 

regression line was plotted for each data set and the slope and R2 values were 

calculated. Figure 2.10 shows an example of raw CH4 data before and after the 

first portion are removed, with the fitted regression line and calculated slope and 

R2 values. The combined volume of the chamber, the internal space of the analyser 

and the tubing was established. The chamber volumes varied according to the size 

of chamber used on each tree stem. The tubing was 927 cm long in total and the 
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internal diameter was 0.5 cm, therefore the tubing volume was 182 cm3 in total. 

The volume of the cavity within the analyser was 341 cm3 and the tubing inside the 

analyser was 10 cm3 in volume (Enviro Technology Services, 2019).  

 

Figure 2.10 (A) An example of raw CH4 concentration data over time before the first portion are 

removed. (B) CH4 concentration data over time with a fitted regression line, equation of the line 

(including the slope) and R2 value. 

A flux (µl m-2 s-1) was determined using Equation 2.1, where F is flux, S is the slope 

of the regression, V is the combined volume of the analyser, chamber and tubing 

(l), and A is the chamber area (m2).  

𝐹 = 𝑆 × 𝑉 × 𝐴−1 (Equation 2.1) 

The gas concentrations were then converted from volumetric to mass using the 

Ideal Gas Law, as shown in Equation 2.2, where n is the number of moles, P is 

pressure (atm), V is volume (1µl of gas, not the chamber volume), R is the gas law 

constant (0.08206 l atm mol-1 K-1), and T is temperature (K).  

𝑛 =  
𝑃𝑉

𝑅𝑇
 (Equation 2.2) 



56 
 

The number of moles was then multiplied by the previously calculated flux and the 

molecular mass of the gas being measured (CH4, CO2, or N2O) to calculate a 

further flux value (g m-2 s-1). The flux value was then adjusted to ensure that the 

units were appropriate; the final CH4 flux was measured in µg m-2 h-1, the final CO2 

flux was measured in mg m-2 h-1, and the final N2O flux was measured in µg m-2 h-

1. In previous studies, R2 values were used to determine which fluxes to carry 

forward to further analysis, with data being rejected if the R2 value was below 0.7 

in some cases (Pangala et al., 2013; Welch, et al., 2018). However, as many of 

the fluxes recorded in this project were so low, the R2 values were also low despite 

patterns being observed in the time series graphs. In these cases, the regression 

graphs were inspected further, and the patterns shown were used in addition to the 

R2 value to inform whether the flux should be carried forward to statistical analysis. 

Fluxes with associated R2 values below 0.1 were converted to zero as the flux 

values were so small that there was not a measurable amount of GHG being either 

emitted or taken up by the tree stem. 

2.5 Equipment calibration 

The accuracy of the GHG analyser was tested using gas standards. Gas cylinders 

with known quantities of CH4 were connected to the analyser via an on-demand 

regulator and measurements were taken to determine the accuracy of the 

readings. The first test used a 10 ppm concentration CH4 gas cylinder and the 

results can be seen in Figure 2.111. The analyser readings showed a steady 

concentration of around 10.79 which is within the ±10% accuracy margin of the gas 

cylinder. The second test used a 99.9% concentration N2 gas cylinder and the 

measurements can be seen in Figure 2.122. The [CH4] shown by the analyser 

should be zero when analysing this gas and the graph shows that the analyser 

measurements were consistent with this. These two tests indicate that the analyser 

was measuring [CH4] accurately and no further action needed to be taken. These 

tests were repeated throughout the project at regular time intervals to ensure the 

data collected were accurate. 
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Figure 2.11 [CH4] measured by the GHG analyser when connected to a 10 ppm CH4 gas cylinder. 

 

Figure 2.12 [CH4] measured by the GHG analyser when connected to a 99.9% N2 gas cylinder. 

 

The sensors and probes used to measure the ancillary data for the project were 

also checked for their accuracy. For example, the infrared thermometer used to 

measure the tree stem surface temperature was tested using an ice bath. A glass 

was filled with ice and cold water was added. After allowing the ice and water to 

rest for a minute, the infrared thermometer was held directly over the glass, 

perpendicular to the surface of the water. The reading was within the ±2% from 0 

°C accuracy range specified by the model of thermometer. A similar test was used 
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to ensure the accuracy of the soil temperature probe. The soil moisture (theta) 

probe was compared against the gravimetric moisture content calculated using the 

wet and dry mass of soil samples. Soil cores were taken and weighed before being 

dried. The wet weight and dry weight were then used to determine the water 

content of the soil.  

2.6 Statistical analysis 

Graphs were produced using Origin (2020) and statistical tests were carried out in 

SPSS (24) and R (3.5.1). A Shapiro-Wilk Test was used to determine if the data 

were normally distributed. If data were non-normal, transformations were 

attempted. Once the data had been transformed, they were tested for normality 

again using the Shapiro-Wilk test. The homogeneity of variances was also tested 

using the Levene’s test. 

For data with repeated measurements from the same trees, for example the same 

tree being measured in different months, repeated measures ANOVA tests were 

carried out if the assumptions of normality and equal variance were met. (Dytham, 

2003). This is the most appropriate statistical test when multiple continuous 

response variables were measured during data collection. It compares the means 

of one or more variables that are based on repeated measures over time. This test 

assumes that there are two or more observations for each individual measured. An 

adequate sample size is required for repeated measures ANOVA and there must 

be more individuals in each group than the number of dependent variables being 

measured. If the means of the variables tested were shown to be significantly 

different using repeated measures ANOVA, multiple paired t-tests with a 

Bonferroni correction (to keep type I error at 5% overall) were then carried out to 

identify which specific group’s means differed. 

If the data included multiple measurements from the same trees but were non-

normal or did not have equal variance, an alternative to repeated measures 

ANOVA was used. The Friedman test is a non-parametric alternative which can be 

used when several measurements of the same dependent variable have been 

taken at multiple instances. It compares the medians of groups of data to determine 

if they are different but does not indicate which groups differ; this requires further 

inspection of the data. The assumptions of this test are that there is one 

observation for each factor combination and that observations can be ranked in a 

meaningful order (Dytham, 2003). If the Friedman test indicated a significant 

difference in the medians of the groups, a Wilcoxon Signed-rank test was then 

used to determine which groups differed. This test is the non-parametric equivalent 

to a paired t-test.  
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If the data being analysed did not include multiple observations from the same 

individuals, for example measurements from trees growing on different sites, 

repeated measures tests were not required. In instances where the Shapiro-Wilk 

test indicated the data were normally distributed and homogeneity of variances 

was confirmed by the Levene’s test, one-way ANOVA was used to compare the 

means if there were more than two groups, and t-tests were used if there were only 

two groups. If this indicated a difference between one or more pairs of groups a 

post-hoc Tukey's honestly significant difference (HSD) test was carried out to 

compare all possible pairs of mean values and determine which groups differed 

significantly. If the data did not meet the assumptions for one-way ANOVA and 

included three or more groups, a Kruskal-Wallis test was used. This rank-based 

non-parametric test was used to determine if there were significant differences 

between groups of independent variables. If the Kruskal-Wallis test indicated that 

there was a difference between groups, a post-hoc Dunn’s test was carried out on 

each pair of groups (with a Bonferroni adjustment as multiple tests were carried 

out) to determine which groups differed. If the data did not meet the assumptions 

for one-way ANOVA and included just two groups, a Mann-Whitney U test was 

used. This rank-based non-parametric test compares the dependent variable for 

two independent groups to determine if there is a difference.  

R was used to create scatter graphs and to carry out regression analysis. 

Regression models were used to evaluate the relationships between CH4 fluxes 

from the tree stems and the following variables: air temperature, stem surface 

temperature, soil temperature, soil moisture, air pressure, stem DBH, soil pH and 

soil bulk density. Stepwise multiple regression analysis was used to assess the 

relative contributions of each of these independent variables to CH4 emissions. 

2.7 Landfill tree cover 

An assessment of tree cover on historic landfill sites in England was carried out 

using satellite images and the Environment Agency dataset (Environment Agency, 

2019) and GIS software (ArcMap 10.1). Each landfill area was systematically 

reviewed, and the area of tree cover (m2) was determined. The full methods used 

are outlined in Chapter 6. Around 84% of landfill sites in England that accepted 

household and commercial waste have some areas where trees are present, with 

an average of 29% tree cover. Table 2.4 shows the number and percentage of 

sites with varying amounts of tree cover. 
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Table 2.4 Number and percentage of historic landfill sites in England that accepted household and 

commercial waste with varying amounts of tree cover. 

Landfill tree cover (%) Number of sites Percentage of sites 

0% 1177 16 

>0 to <25 2979 42 

>=25 to <50 1346 19 

<=50 to <75 781 11 

<=75 to <100 476 7 

100% 384 5 

Total 7143 100 
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Chapter 3 Emissions of CH4 and CO2 from a forested former 

landfill site 

 

A version of this chapter was published in Waste Management & Research: Fraser-

McDonald, A., Boardman, C., Gladding, T., Burnley, S. & Gauci, V. (2022). 

Methane emissions from trees planted on a closed landfill site. Waste Management 

& Research. DOI: 10.1177/0734242X221086955. 

3.1 Introduction 

Methane (CH4) has directly contributed to 20% of the additional radiative forcing in 

the lower atmosphere since 1750 and is the GHG with the second highest radiative 

forcing after CO2 (Ciais et al., 2013; Myhre et al., 2013). Identifying and measuring 

the global sources and sinks of CH4 is important for establishing effective climate 

change mitigation strategies (Kirschke et al., 2013; Nisbet et al., 2020). Forests 

play an important role in the global carbon cycle, sequestering globally c. 8 Gt 

CO2e yr-1 (Harris et al., 2021), however the significance of trees in facilitating the 

transportation of subsurface greenhouse gases to the atmosphere has only 

recently been discovered (Gauci et al., 2010; Pangala et al., 2013).  

As detailed in section 1.3.2, trees growing in wetland and upland environments 

provide a pathway for CH4 emissions from underground sources to the atmosphere 

(Terazawa et al., 2007; Gauci et al., 2010; Pangala et al., 2013; Maier et al., 2018; 

Barba et al., 2019b). Morphological adaptations that facilitate the transport of 

oxygen (O2) to roots (e.g. hypertrophied lenticels and enlarged aerenchyma tissue) 

also aid in the release of CH4 from anaerobic soils (Pangala et al., 2017). This 

pathway allows CH4 to bypass oxidation and travel by diffusion or within the 

transpiration stream of trees until it is emitted from stem surfaces (Pitz et al., 2018). 

Tree-mediated CH4 emissions account for 62 – 87% of the total ecosystem CH4 

flux in a tropical ecosystem, and up to 27% of the ecosystem CH4 flux in a 

temperate biome (Pangala et al., 2013; Pangala et al., 2015).  

The ability of trees to act as conduits for greenhouse gases has been examined in 

natural environments, but this has not been investigated in the context of forested 

landfill sites. CH4 is produced in landfills that accepted biodegradable waste 

through the decomposition of organic matter under anaerobic conditions (Jardine 

et al., 2006). Landfills and wastewater handling are the third largest global source 

of anthropogenic CH4, estimated to have released 65 Tg CH4 yr-1 between 2008 

and 2017 (Abushammala et al., 2014; Saunois et al., 2020). Closed sanitary landfill 

sites have an engineered cap consisting of an impermeable mineral layer, a 
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drainage layer and cover soil; this prevents water infiltration into the waste and 

landfill gas emissions (LGG, 2018). Cover soils have a relatively high concentration 

of O2 that allows methanotrophic bacteria to develop (Boeckx et al., 1996). The 

quantity of CH4 that is oxidised by aerobic bacteria in cover soils ranges from 

negligible to over 100% (which results in atmospheric CH4 consumption by the 

landfill surface) (Bogner et al., 1995; Boeckx et al., 1996; Bogner et al., 1997). 

Methanotrophic oxidation rates in landfill cover soils are related to site 

management practices; for example, the thickness and composition of cover soil, 

and seasonal variability in cover soil moisture and temperature (Bogner et al., 

1997; Spokas et al., 2011). Planting trees is commonly used as a management 

strategy to improve the visual appeal of closed landfill sites, increase carbon 

sequestration and minimise water percolation into waste (EPA, 2003; 

Venkatraman & Ashwath, 2009; Shah et al. 2017). Currently in England, around c. 

84% of closed landfill sites that accepted household or commercial waste have 

areas of trees planted on them (Fraser-McDonald, unpublished satellite 

investigation work). 

If tree roots channel CH4 from belowground in landfill, the proportion of CH4 being 

oxidised could be reduced, resulting in greater CH4 emissions. Trees planted on 

landfill sites can grow roots that interact with the soil-cap interface (Hutchings et 

al., 2001; Forest Research, 2008). The interaction and the presence of roots in 

landfill soils may provide a conduit for CH4 to bypass oxidation and increase CH4 

surface emissions. Determining the magnitude of these fluxes and associated 

controlling variables will help to build a clearer picture of the exchange of gases 

within forested former landfill sites and therefore, their contribution to global 

biogeochemical cycles. 

In this chapter, stem CH4 and CO2 fluxes were measured on a landfill and a natural 

comparison site to quantify the contribution of trees to landfill surface fluxes. The 

field campaign was designed to investigate spatial and temporal patterns, and to 

examine the environmental controls on these emissions. The main aims were to: 

i. quantify the CH4 and CO2 fluxes from trees on closed landfill sites in the UK 

compared with non-landfill sites, to test the hypothesis that trees growing on 

closed landfill sites will emit more CH4 than trees growing in a non-landfill 

woodland area.  

ii. investigate temporal variations in CH4 and CO2 emitted from tree stems on 

closed landfill sites in the UK. This will test the hypothesis that CH4 and CO2 

fluxes from tree stems will vary seasonally, largely due to fluctuations in air 

temperature, soil temperature and soil moisture. 
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iii. investigate the spatial variation in CH4 and CO2 emitted from tree stems on 

closed landfill sites. This will test the hypothesis that CH4 emissions decrease 

with height up tree trunks (above the ground). It will also assess whether 

greenhouse gas fluxes vary with orientation on the tree stem and if there are 

variations in flux levels across the extent of a former landfill site. 

3.2 Materials and methods 

Methods for the collection of gas flux measurements are largely the same as those 

outlined in Chapter 2. Full descriptions of field sites are given in Chapter 2 (Table 

2.2) and a summary of the sites relevant to this Chapter is shown here in Table 

3.1. Gas concentration values over time were obtained from tree stems and soils 

using the methods described in Chapter 2 (sections 2.3.1 and 2.3.2, respectively). 

The gas concentrations of samples were measured using a Los Gatos Ultra-

portable Greenhouse Gas Analyser and flux values were subsequently calculated, 

these tasks were carried out using the methods outlined in Chapter 2 (sections 

2.3.3 and 2.4, respectively). Alternative methods for some of the specific analysis 

undertaken for each objective or at different field sites are described below. The 

statistical tests used for each analysis are included under each heading. Statistical 

tests were performed in SPSS (24). The data were tested for normality and 

homogeneity of variance according to the methods outlined in Chapter 2 (section 

2.6). Transformations were attempted where data were found to be non-normal. 

The statistical test chosen for each comparison was dependent on the normality of 

the data, the number of groups, and whether measurements had been repeated 

on the same trees. 

  



64 
 

Table 3.1 Classifications and descriptions of field sites relevant to this Chapter and summary of the 

trees and soils sampled. (BGS, n.d.; Cranfield Soil & Agricultural Institute, n.d.). 

Field 

site 

Landfill 

management 
Trees sampled Sampling 

1A Clay cap 

Active gas 

extraction system 

Accepted waste 

1964-1998 

10 x Fraxinus excelsior 

1 x Prunus avium  

4 x Betula pendula 

15 trees sampled once a month 

(Aug 2019 – Feb 2020) 

40 trees sampled during 

intensive measurements (Feb 

2020) 

5 soil locations sampled once a 

month (Aug 2019 – Feb 2020) 

24 soil locations sampled during 

intensive measurements (Feb 

2020) 

2A Not a former 

landfill site (at 

least 2 km from 

the nearest waste 

management 

facility) 

4 x Betula pendula 

7 x Fraxinus excelsior 

4 x Prunus avium 

15 trees sampled Feb 2020 and 

Aug 2020 

5 soil locations sampled Feb 

2020 and Aug 2020 

 

3.2.1 Temporal variation 

Measurements used in the analysis for seasonal variations in gas fluxes were 

taken from site 1A. Sampling visits took place once a month between August 2019 

and February 2020. Stem emission samples were taken from 15 trees at the 90 

cm measurement height. Both CH4 and CO2 flux values were not normally 

distributed for each month. As the measurements had been repeated on the same 

trees over time, a non-parametric repeated measures test (Friedman test) was 

performed for both the CH4 and CO2 data. 

3.2.2 Spatial variation 

Data from site 1A (former landfill) were used to determine the spatial variation in 

gas fluxes at different heights on tree stems. Measurements at 30 cm, 90 cm and 

150 cm from the ground were obtained during three visits (August 2019, November 

2019 and February 2020). CH4 and CO2 data were found to be non-normal and 

Kruskal-Wallis tests were used to compare the gas fluxes at varying measurement 

heights.  

Tree 46, hereafter referred to as Landfill High Flux Tree (LHFT), from site 1A was 

used to examine the variations in gas fluxes at different orientations on the tree 

stem. This tree was selected because a large range of fluxes were observed from 
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the stem in the first few months of sampling. Gas concentration changes were 

measured by securing chambers to the tree stem at a range of heights that were 

reachable using a stepladder (25 cm, 60 cm, 100 cm, 135 cm, 170 cm, 210 cm). 

At each height, measurements were taken from the stem surfaces facing north, 

south and east (this covered the entire diameter of the stem when using 15 cm 

wide chambers). The CH4 data at each orientation on the tree stem were not 

normally distributed, therefore a Kruskal-Wallis test with a post-hoc Dunn’s test 

were used to determine if the CH4 fluxes varied on different sides of the stem. The 

CO2 data were normally distributed, so a one-way ANOVA test was used to 

compare fluxes from different orientations. The intensive measurements on this 

tree were caried out in February 2020. 

Spatially intensive fieldwork in which 40 trees and 24 soil locations were sampled 

was carried out at site 1A in February 2020. Measurements were taken between 

08:00 and 16:00 within the space of 10 days. Tree stems were sampled at 30 cm, 

90 cm and 150 cm measurements heights. Origin (2020) software was used to 

create contour plots to show the magnitude of fluxes across the site. This software 

uses a four-step process to create these plots. Firstly, triangulation is performed 

which involves connecting the data points in the XY plane to create Delaunay 

triangles (OriginLab, n.d.). Linear interpolation is then carried out and the 

intersection points of contour lines and the sides of the triangles are found; these 

are marked as characteristic points. Next, the contour lines are drawn by tracing 

the characteristic points. Finally, the characteristic points are connected and 

smoothing takes place (OriginLab, n.d.). Contour plots were created for CH4 and 

CO2 measurements at each stem height and for the fluxes at soil locations.  

3.2.3 Environmental controls 

The effect of various environmental factors was considered at the landfill site. The 

ancillary variables measured are listed in Chapter 2 (section 2.2). Stepwise 

multiple regression analysis was carried out in SPSS (24) to determine which of 

the environmental factors best explained the variation in CH4 and CO2 fluxes. Air 

temperature was highly correlated with stem temperature and soil temperature (R2 

> 0.80). As a result, stem temperature and soil temperature were excluded from 

the stepwise multiple regression analysis. 

3.2.4 Gas flux measurements on landfill and non-landfill sites 

When comparing greenhouse gas fluxes from trees growing on closed landfill sites 

and non-landfill areas, sites 1A and 2A were considered. Details of tree planting, 

tree species, and sampling frequencies for sites 1A and 2A are outlined in Table 

2.2. The sampling strategy included a suitable number of tree and soil locations to 
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allow appropriate statistical analysis of trace level GHG exchange and to examine 

spatial variability across the sites. Flux data for between-site comparisons were 

taken in different years due to site access restrictions. Kruskal-Wallis tests showed 

that there was no significant difference in the maximum daily rainfall (mm) and 

maximum daily temperature (°C) in August between the years 2019 and 2020 or 

between these years and data from the previous 10-year period (2010 - 2020), 

demonstrating environmental conditions were not atypical. Gas concentration 

values over 10-minute periods were obtained between 08:00 and 17:00 at all field 

sites.  

Both CH4 and CO2 flux values from tree stems growing at site 1A and site 2A were 

non-normal. The two independent groups for each gas were compared using a 

non-parametric Mann-Whitney U test to determine whether the distribution of flux 

measurements was the same for each group. The CH4 soil fluxes were normally 

distributed and the CO2 soil measurements were normal when transformed. 

Therefore, independent sample t-tests were used to compare the soil fluxes from 

the two sites.  

For upscaling measurements, the average surface area of trees on the landfill site 

was calculated. This was initially determined using manual stem diameter 

measurements, then by considering the stem as a cylinder using an average tree 

stem diameter (of all measured trees) and a height of 3 m. Approximately one year 

after these measurements, tree surface areas were also estimated using LiDAR 

(see methods outlined in Chapter 6, section 6.2.3.1). Manual measurements were 

adjusted by the percentage difference between the measured values and the 

LiDAR-derived values to provide an estimate using the LiDAR method. Upscaled 

fluxes based upon both methods are reported in this chapter. The average surface 

area of one tree was multiplied by an estimated number of trees to determine the 

overall stem surface area on the site. An overall tree flux value was calculated from 

the product of the overall stem surface area and the average stem flux. The 

average soil surface flux and forested area of the site were multiplied to estimate 

the overall soil CH4 and CO2 fluxes. The magnitude of tree stem fluxes across the 

forested area of the site was compared with soil emissions, and the percentage 

contribution of tree fluxes to the overall surface flux was calculated. 

3.3 Results 

In summary, the average CH4 and CO2 tree stem emissions from all measurement 

heights at the former landfill site during the measurement period from August 2019 

to February 2020 were 12.8 ± 34.5 µg m-2 h-1 and 53.3 ± 6.6 mg m-2 h-1, 
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respectively. Mean soil CH4 and CO2 fluxes were 7.1 ± 20.3 µg m-2 h-1 and 256.0 

± 27.8 mg m-2 h-1, respectively. 

3.3.1 Temporal variations in gas fluxes 

CH4 fluxes at site 1A from tree stems at the 90 cm measurement height varied 

significantly on a monthly basis (p < 0.05). CH4 flux values in September 2019 were 

significantly higher than those in October 2019 (p < 0.05), January 2020 (p < 0.01) 

and February 2020 (p < 0.05). On average, the magnitude and range of CH4 

emission or uptake values in the months between August 2019 and December 

2019 were larger than that of January and February 2020 (Table 3.2). This pattern 

was largely driven by one individual tree (LHFT), which emitted or took up a much 

larger amount of CH4 than the other measured stems. The largest recorded 

emissions from the LHFT were at 30 cm in August 2019 (1966.6 µg m-2 h-1), before 

a switch to the largest uptake values occurred in November 2019 at 30 cm (-5997.3 

µg m-2 h-1). The flux values subsequently rose again in December 2019, before 

fluxes of a considerably lower magnitude were recorded for the remainder of the 

measurement period (January and February 2020). 

Average tree stem CH4 fluxes were 3.9 times higher in the summer months than 

winter months, with values of 72.7 ± 40.3 µg m-2 h-1 in the summer (August and 

September) and 18.5 ± 16.6 µg m-2 h-1 in the winter (December, January and 

February). CH4 fluxes from the soil were not significantly different between months 

during the observation period at the landfill site (p > 0.05). 
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Table 3.2 Summary of CH4 and CO2 fluxes from tree stems and soil chambers on a closed landfill 

site (1A) between August 2019 and February 2020. Note that the CH4 fluxes units are µg m-2 h-1 and 

the CO2 units are mg m-2 h-1
. SE is standard error and n is the number of measurements. 

 
 CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

 
Month Average  SE Range n Average  SE Range  n 

T
re

e
 S

te
m

 

Aug-19 63.8 64.5 1044.1 15 127.3 25.4 384.8 15 

Sep-19 99.4 71.2 1105.6 15 164.0 19.8 260.9 15 

Oct-19 26.9 28.2 444.7 15 10.7 8.2 111.2 15 

Nov-19 -81.2 33.6 564.0 15 6.8 5.0 67.4 15 

Dec-19 92.5 82.3 1262.9 15 9.9 3.9 48.9 15 

Jan-20 0.5 1.4 25.1 15 3.0 3.1 41.8 15 

Feb-20 -2.6 5.1 94.4 15 5.3 3.0 39.3 15 

S
o

il
 

Aug-19 -33.5 58.4 363.4 5 285.3 99.9 572.7 5 

Sep-19 37.2 22.8 124.2 5 524.2 59.9 365.1 5 

Oct-19 55.3 128.8 729.7 5 318.8 41.2 247.1 5 

Nov-19 -5.7 6.8 41.3 5 159.0 15.9 89.4 5 

Dec-19 -30.4 21.7 128.8 5 216.9 25.6 156.2 5 

Jan-20 -8.5 11.1 57.7 5 188.3 16.8 96.3 5 

Feb-20 35.3 39.0 238.8 5 99.4 18.3 99.6 5 

 

CO2 fluxes from tree stems at site 1A varied significantly between the months (p < 

0.01). The average CO2 flux values in August and September 2019 were an order 

of magnitude higher than those in the months between October 2019 and February 

2020, indicating a seasonal trend with greater fluxes in the summer months (Table 

3.2). The ranges of CO2 stem fluxes in August, September and October 2019 were 

larger than the ranges in the months from November 2019 to February 2020 

(Figure 3.1). Soil CO2 fluxes varied significantly between months (p < 0.05), with 

September and October fluxes considerably greater than those in late autumn and 

winter (November to February). Furthermore, the summer and early autumn 

months also had a larger range in soil CO2 fluxes than the winter months (Table 

3.2). 
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Figure 3.1 (A) Boxplot comparing stem CH4 fluxes (µg m-2 h-1) between months from August 2019 

to Feb 2020 from a landfill site (1A). Note that the y-axis features a break. (B) Boxplot comparing 

stem CO2 fluxes (mg m-2 h-1) between months from August 2019 to Feb 2020. The middle line 

indicates the median value and the whiskers are determined by the 5th and 95th percentiles. The dots 

represent outliers (below Q1 - 1.5 IQR or above Q3 + 1.5 IQR). 
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3.3.2 Spatial variations in gas fluxes 

3.3.2.1 Gas flux variations with measurement height 

The average landfill tree stem CH4 flux (for all months in the measurement period) 

at 30 cm was -76.4 ± 141.8 µg m-2 h-1, whereas at 90 and 150 cm fluxes were 47.1 

± 189.0 µg m-2 h-1 and 21.9 ± 21.2 µg m-2 h-1, respectively (Figure 3.2A). These 

contrasting measurements however were not statistically significant (p > 0.05) due 

to large variations in flux values at 30 cm. Further analysis showed that there were 

spatial patterns in CH4 fluxes at different stem heights during some months. The 

average CH4 flux decreased with stem height in August 2019, whereas in 

November 2019 and February 2020 this pattern was not observed (Table 3.3). 

There was no significant difference between the CH4 fluxes from different stem 

heights in August, November or February (p > 0.05). During the intensive field 

measurements taken from 40 trees in February 2020, 12 trees had the highest 

emissions at 30 cm, 9 trees displayed the highest fluxes at 90 cm, and 19 trees 

had the largest fluxes at 150 cm. A pattern of decreasing fluxes with increased 

stem height (highest emissions at 30 cm and lowest at 150 cm) was only recorded 

from 6 trees. Conversely, the opposite trend of increasing fluxes with stem height 

(highest emissions at 150 cm and lowest at 30cm) was observed from 14 trees. 

Average CO2 fluxes at each measured stem height (for all months in the 

measurement period) were positive. The largest mean emission of CO2 was 

measured at 150 cm (63.4 ± 17.0 mg m-2 h-1) and the lowest at 90 cm (46.7 ± 7.8 

mg m-2 h-1), however measured differences were not significant (p > 0.05) (Figure 

3.2B). Monthly differences in CO2 fluxes at 30, 90 and 150 cm were observed. In 

November 2019 there was a statistically significant (p < 0.01) trend of decreasing 

fluxes with increased stem height. The CO2 fluxes at 30 cm and 90 cm were both 

significantly different from fluxes at 150 cm (p < 0.05 and p < 0.01, respectively). 

Conversely, in August 2019 and February 2020 the largest CO2 flux was at 150 

cm, followed by 30 cm and the smallest was at 90 cm (Table 3.3). There were no 

significant differences between the CO2 fluxes from different stem heights in 

August, or February (p > 0.05). 
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Table 3.3 Summary of CH4 and CO2 fluxes from tree stems on site (1A) at 30, 90 and 150 cm 

measurement heights during different months. Note that the CH4 fluxes units are µg m-2 h-1 and the 

CO2 units are mg m-2 h-1
. SE is standard error and n is the number of measurements. 

  CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

Month 
Measurement 

Height 
Average  SE Range n Average SE Range n 

Aug-19 

30 cm 134.6 130.9 1977.3 15 154.3 27.7 418.5 15 

90 cm 63.6 64.5 1044.1 15 127.3 25.4 384.8 15 

150 cm -6.7 13.6 242.6 15 192.5 28.9 407.2 15 

Nov-19 

30 cm -364.3 403.7 6474.8 15 12.4 6.6 80.9 15 

90 cm 49.8 33.6 564 15 6.8 5 67.4 15 

150 cm 70.8 61.5 1033.1 15 -12.1 7.4 92.6 15 

Feb-20 

30 cm 0.4 3.9 67.5 15 8.9 4.4 64.4 15 

90 cm -2.6 5.1 94.4 15 5.3 3 39.3 15 

150 cm 1.7 4.2 58.9 15 9.7 4.1 52.5 15 
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Figure 3.2 (A) Bar chart showing mean stem CH4 fluxes (µg m-2 h-1) at each measurement height 

from the ground; error bars show the standard error. (B) Bar chart showing mean stem CO2 fluxes 

(mg m-2 h-1) at each measurement height from the ground; error bars show the standard error. 
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3.3.2.2 Gas flux variations with orientation on the tree stem 

Results from more intensive measurements of LHFT at site 1A indicated that CH4 

fluxes varied depending on which side of the tree stem the flux chambers were 

affixed (Table 3.4). Fluxes on the side of the stem facing south were greater than 

those on the stem facing east or north (Figure 3.3A). The average CH4 flux on the 

south facing side of the stem was 0.6 ± 0.4 µg m-2 h-1, which indicated CH4 

emission. On the other hand, the average fluxes from the north (-1.1 ± 0.9 µg m-2 

h-1) and east (-1.1 ± 0.4 µg m-2 h-1) facing sides of the tree stem showed that CH4 

was taken up. There was not a significant difference between the CH4 fluxes from 

the north and south sides of the stem. There was a marginally significant difference 

between the CH4 fluxes from the south and east stem orientations (p < 0.1).  

On average, CO2 was emitted from every side of the tree stem. The highest CO2 

fluxes were from the north facing side, and the lowest fluxes were from the south 

facing side (Figure 3.3B; Table 3.4). There was no significant difference in the CO2 

fluxes from different orientations on the tree stem. 

Table 3.4 Summary of CH4 and CO2 fluxes from varying sides of the stem of LHFT (site 1A). Note 

that the CH4 fluxes units are µg m-2 h-1 and the CO2 units are mg m-2 h-1
. SE is standard error and n 

is the number of measurements. 

 CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

Orientation Average SE Range n Average SE Range n 

East -1.1 0.5 3.3 6 2.2 0.7 4.7 6 

North -1.1 0.9 6.6 6 2.7 0.5 3.2 6 

South 0.6 0.4 2.2 6 1.7 1.4 10.7 6 
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Figure 3.3 (A) Boxplot showing comparing CH4 fluxes (µg m-2 h-1) from varying sides of the stem of 

LFHT. (B) Boxplot showing comparing CO2 fluxes (mg m-2 h-1) from varying sides of the stem of 

LFHT. The middle line indicates the median value and the whiskers are determined by the 5th and 

95th percentiles. 
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3.3.2.3 Spatial variations in gas fluxes at site 1A 

Spatial variations in stem fluxes (at each measurement height) and soil fluxes 

during the intensive February 2020 sampling visit are shown in Figure 3.4 and 

Figure 3.5. The highest tree stem CH4 fluxes were generally towards the north of 

the site with some isolated peaks in the south and south west at the 30 cm and 90 

cm sampling heights (Figure 3.4A-C). The lowest tree stem CH4 fluxes at the 30 

cm and 90 cm measurements heights were on the eastern edge of the site and the 

lowest fluxes at the 150 cm sampling height were in the north and north east with 

an isolated low flux in the south. The highest CH4 fluxes from soils during the 

intensive sampling in February 2020 occurred in the northern corner of the site 

(Figure 3.5A). The lowest CH4 fluxes from the soil were in the north west corner 

and towards the southern end of the site. 

Unlike CH4, the largest CO2 fluxes from tree stems were generally in the south of 

the site (Figure 3.4D-F). There was also a peak in CO2 fluxes from tree stems on 

the eastern edge of the site at the 150 cm measurement height. The lowest tree 

stem CO2 fluxes at 30 cm sampling height were in the north and east, whereas for 

the 90 cm and 150 cm measurement heights the lowest fluxes were generally in 

two distinct areas in the south and east. The highest measured soil CO2 fluxes 

were in the north west corner where CH4 fluxes had been the lowest (Figure 3.5B). 

The soil CO2 fluxes were otherwise fairly uniform across the rest of the site with 

much lower flux rates recorded compared with the peak value. 
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Figure 3.4 Contour plots showing spatial variation in CH4 and CO2 fluxes from tree stems at site 1A during intensive sampling in February 2020. Sampling locations are shown as black dots 

(A) CH4 fluxes (µg m-2 h-1) at 30 cm measurement height, (B) CH4 fluxes at 90 cm measurement height (µg m-2 h-1), (C) CH4 fluxes at 150 cm measurement height (µg m-2 h-1). (D) CO2 fluxes 

at 30 cm measurement height (mg m-2 h-1), (E) CO2 fluxes at 90 cm measurement height (mg m-2 h-1), (F) CO2 fluxes at 150 cm measurement height (mg m-2 h-1). Note the scale is different for 

the fluxes on each plot. 
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Figure 3.5 Contour plots showing spatial variation in CH4 and CO2 fluxes from soil at site 1A during 

intensive sampling in February 2020. Sampling locations are shown as black dots. (A) CH4 fluxes (µg 

m-2 h-1) from the soil (B) CO2 fluxes from the soil (mg m-2 h-1). Note the scale is different for the fluxes 

on each plot. 

3.3.3 Environmental Controls on gas fluxes from tree stems at site 1A 

CH4 stem fluxes at 30 and 150 cm were not accounted for by any of the measured 

ancillary variables. At 90 cm, 28% of the variation in CH4 emissions was explained 

by soil pH, tree DBH and soil bulk density (Table 3.5). Stem CO2 emissions at 30 

cm were best explained by air temperature, which accounted for 51% of the 

variation (Table 3.5). At 90 cm from ground level, 57% of the variation in CO2 was 
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explained by air temperature and air pressure. CO2 fluxes at 150 cm were best 

accounted for by air temperature (66%) (Table 3.5). The averages and ranges of 

the measured environmental variables for the landfill and non-landfill site are in 

Table 3.6. 

Table 3.5 Results of stepwise regression analysis showing the relationships between CH4 and CO2 

fluxes, and environmental variables at site 1A (at different stem heights). 

 Height 
Adjusted 

R2 
Explanatory 

variables 
p value 

Standardised 
β coefficient 

CH4 stepwise 
regression model 

30 cm - - - - 

90cm 0.28 

Soil pH p < 0.01 0.53 

Tree DBH p < 0.01 -0.368 

Soil bulk density p < 0.01 -0.276 

150 cm - - - - 

CO2 stepwise 
regression model 

30 cm 0.507 Air temperature p < 0.01 0.72 

90 cm 0.571 
Air temperature p < 0.01 0.741 

Air pressure p < 0.01 -0.279 

150 cm 0.663 Air temperature p < 0.01 0.819 
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Table 3.6 Average, minimum, maximum and ranges of measured environmental variables at sites 

1A (landfill) and 2A (non-landfill). 

Field site Environmental variable Average Minimum Maximum Range 

Landfill 

Air temperature (°C) 12.1 0.9 29.5 28.6 

Air pressure (hPa) 1004.1 991.3 1019 27.7 

Stem temperature (°C) 11.8 1.2 25.8 24.6 

Soil temperature (°C) 10.3 4.2 20.5 16.3 

Soil moisture (%) 25.1 5.3 44.7 39.4 

Stem DBH (cm) 17.1 10.2 39.7 29.5 

Soil pH 7.0 6.7 7.3 0.6 

Soil bulk density (g cm-3) 1.1 0.9 1.3 0.4 

Non-landfill 

Air temperature (°C) 14.0 4.8 23.7 18.9 

Air pressure (hPa) 1008.6 999.2 1019.8 20.6 

Stem temperature (°C) 12.8 3.1 20.7 17.6 

Soil temperature (°C) 10.5 4.0 17.0 13.0 

Soil moisture (%) 32.0 10.2 48.6 38.4 

Stem DBH (cm) 16.1 12.7 21.4 8.7 

Soil pH 7.1 6.9 7.3 0.4 

Soil bulk density (g cm-3) 0.9 0.7 1.0 0.3 

 

3.3.4 Variations in gas fluxes between landfill and non-landfill sites 

A comparison of landfill data from August 2019 and February 2020 with non-landfill 

data from February and August 2020 showed that CH4 fluxes from tree stems were 

marginally different between the sites (p = 0.065). The average stem CH4 fluxes 

from the landfill and non-landfill sites during these months were 31.8 ± 24.4 µg m-

2 h-1 and -0.3 ± 0.2 µg m-2 h-1, respectively. The large difference in average values 

is due to summer season landfill site tree fluxes which were orders of magnitude 

larger than the non-landfill comparison site. There was no significant difference in 

the CH4 fluxes between the two sites when groups of fluxes at each measurement 

height from the ground were considered individually. Further analysis due to the 

bimodal distribution of the data showed that there was no significant difference in 

stem CH4 emissions at any measurement height in February or August between 
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the landfill and non-landfill site (p > 0.05). The average CH4 flux from soil 

measurements at site 1A was 0.9 ± 35.1 µg m-2 h-1, which was not significantly 

different from the mean soil CH4 flux from site 2A (-26.8 ± 6.0 µg m-2 h-1). Although 

the mean CH4 flux rates were not significantly different between the two sites, the 

soil flux value at site 1A exhibited a considerably larger range (Table 3.7). 

Table 3.7 Summary of CH4 and CO2 fluxes from a closed landfill (August 2019 and February 2020) 

and a non-landfill area (February and August 2020). Note that the CH4 fluxes units are µg m-2 h-1 and 

the CO2 units are mg m-2 h-1. SE is standard error and n is the number of measurements. 

   CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

 

Measurement 
Type 

Average SE Range n Average SE Range n 

Closed 
landfill 

site 
(1A) 

Tree stem all 
heights 

31.8 24.4 2154.1 90 83.0 11.3 37.4 90 

Tree stem 30cm 67.5 65.5 2000.7 30 81.6 19.3 52.3 30 

Tree stem 90cm 30.5 32.4 1044.1 30 66.3 16.9 21.7 30 

Tree stem 150cm -2.5 7.1 242.6 30 101.1 22.2 61.5 30 

Soil 0.9 35.1 408.6 10 192.4 57.0 126.1 10 

Non-
landfill 

site 
(2A) 

Tree stem all 
heights 

-0.3 0.2 12.8 90 72.6 11.7 602.2 90 

Tree stem 30cm -0.6 0.3 9.1 30 84.2 24.6 602.2 30 

Tree stem 90cm -0.1 0.2 5.8 30 79.2 19.8 346.8 30 

Tree stem 150cm -0.2 0.2 7.5 30 54.4 15.5 369.2 30 

Soil -26.8 6.0 52.5 10 293.2 41.0 369.0 10 

 

There was no significant difference between tree stem CO2 fluxes from the two 

sites when fluxes from all the measurement heights were considered together (p > 

0.05). The mean tree stem CO2 flux from site 1A was 83.0 ± 11.3 mg m-2 h-1 and 

the average CO2 flux from trees at site 2A was 72.6 ± 11.7 mg m-2 h-1. The 

magnitude and range of CO2 flux rates for the two sites were of a similar magnitude 

(Table 3.7). There was a marginal difference between CO2 fluxes from site 1A and 

2A at the 150cm stem measurement height (p < 0.1). In August, there was no 

significant difference in stem CO2 fluxes between the two sites at 30 cm and 90 cm 

(p > 0.05). At 150 cm there was a significant difference between the CO2 emissions 

in August, with the landfill site trees emitting more CO2 on average (p < 0.05). In 

the February, there was no significant difference in stem CO2 fluxes between the 

landfill and non-landfill site at any of the measurement heights (p > 0.05).  There 

was a marginal difference between the mean CO2 fluxes from the soil between the 



81 
 

two sites (p < 0.1). The average soil CO2 flux at site 1A was 192.4 ± 57.0 mg m-2 

h-1 and the average soil CO2 flux from the non-landfill location was 293.2 ± 41.0 

mg m-2 h-1. 

3.4 Discussion 

3.4.1 Temporal variations in gas fluxes 

Landfill surface CH4 emissions are expected to be higher in winter because the 

rate of CH4 oxidation in cover soils is greater in summer (Börjesson & Svensson, 

1997a; Chanton & Liptay, 2000; Rachor et al., 2013). However, in this study, the 

opposite was observed as average tree stem CH4 fluxes were 3.9 times higher in 

the summer months than winter months, with values of 72.7 ± 40.3 µg m-2 h-1 in 

the summer (August and September) and 18.5 ± 16.6 µg m-2 h-1 in the winter 

(December, January and February). This is similar to a natural ecosystem where 

biological processes are linked to changes in abiotic factors (e.g. light and 

temperature) (Pangala et al., 2015; Terazawa et al., 2015; Wang et al., 2016; Pitz 

et al., 2018). The seasonal change was most evident with tree stem fluxes, 

suggesting that CH4 tree stem emissions on landfill sites are not regulated by soil 

oxidation rates because this pathway bypasses methanotrophic bacteria and 

oxidation. CH4 fluxes from the soil were not significantly different between months 

during the observation period at the landfill site. 

CO2 emissions from tree stems on the landfill site showed a clear seasonal pattern 

with higher average flux rates in the summer months. This concurs with results 

from studies in temperate upland and transitional ecosystems (Warner et al., 2017; 

Barba et al., 2019b; Pitz et al., 2018), where seasonal variations are likely driven 

by temperature induced enzymatic changes in stem respiration (Levy & Jarvis, 

1998; Damesin et al., 2002; Saveyn et al., 2008). This agrees with findings stating 

that temporal changes in CO2 fluxes are likely caused by variations in temperature, 

water availability and tree physiology (Vargas & Barba, 2019). The observed soil 

CO2 fluxes from the landfill site were concurrent with these findings as they were 

significantly higher in late summer and early autumn than in winter. This is likely 

due to increased soil respiration rates when temperatures were higher (Meyer et 

al., 2018). Larger CO2 fluxes in warmer months may also be partly due to higher 

soil CH4 oxidation rates resulting in increased CO2 production (Chanton & Liptay, 

2000). 

3.4.2 Spatial variations in gas fluxes 

CH4 emissions are expected to fall with increased tree height when tree stems are 

channelling an underground anaerobic source (Rusch & Rennenberg, 1998; 
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Terazawa et al., 2007; Pangala et al., 2017). For example, average CH4 emissions 

from a forested floodplain in Japan were 176 mg m-2 h-1 and 97 mg m-2 h-1 from 

stem positions 15 cm and 70 cm above the ground, respectively (Terazawa et al., 

2007). While overall landfill stem fluxes from site 1A varied at different 

measurement heights, this pattern was not significant due to large variations in flux 

values at 30 cm. However, further analysis showed a decreasing pattern of CH4 

fluxes with increased stem height during August 2019 (Table 3.3). This pattern of 

decreasing CH4 flux with stem height may be detectable in the summer rather than 

winter months as CH4 fluxes are generally larger in the warmer season (Wang et 

al., 2016; Pitz et al., 2018; Terazawa et al., 2015). The magnitude of this pattern 

may also be variable due to the lower permeability of the clay cap compared with 

the overlying cover soil which could cause anaerobic microsites to form due to 

hydrological changes above the cap (Lewis et al., 2006; Environment Agency, 

2014). The observed occurrences of decreasing fluxes with stem height suggests 

that CH4 was moving up the tree stem via diffusion from an underground source 

during the summer months and may indicate that CH4 emitted by the trees 

originated from belowground. 

The same pattern of decreasing fluxes with increased stem height was also 

expected for CO2 if gas from the soil was transported via the transpiration stream 

of trees (Teskey et al., 2008). The only observed occurrence of decreasing CO2 

fluxes with increased stem height was recorded in November 2019 and the flux at 

150 cm during this month was negative (Table 3.3). As no leaves or new shoots 

were enclosed within the chambers, the negative CO2 flux at 150 cm in November 

2019 is likely due to the combined effect of a decreasing subsurface CO2 signature 

with height and a winter increase in stem photosynthesis (Saveyn et al., 2010). 

Larger CO2 emissions occur from the soil in the summer months when 

temperatures are higher, which is when the decreasing trend of CO2 fluxes with 

stem height would be expected to be the most prominent (Teskey et al., 2008; 

Chanton & Liptay, 2000). As this was not found, it is possible that other factors 

were altering this pattern during the rest of the measurement months. For example, 

tree stems may harbour methanotrophic bacteria which oxidise CH4 to produce 

CO2, this is then emitted from the tree stem at various heights (Covey & Megonigal, 

2019; Jeffrey et al., 2021a; Jeffrey et al., 2021b). 

Investigating the spatial variation of CH4 fluxes from different sides of a tree stem 

found that the side of the stem facing south emitted more CH4 than the sides facing 

north or east (Figure 3.3). This may be due to the south-facing side of the tree stem 

being exposed to a higher amount of solar radiation, particularly UV, which has 

been shown to trigger aerobic production of CH4 from plant tissues (Sundqvist et 
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al., 2012). CH4 flux values from the east side of the stem had a larger range but a 

lower flux than those from the south side, which had a smaller range but a larger 

average. The stem on the east is exposed to the early morning sun (sunrise was 

at 07:21 on the measurement day), whereas the south facing side is likely exposed 

to a higher intensity of UV radiation as solar radiation is stronger in the late morning 

and afternoon. This may explain the more consistently positive CH4 fluxes from the 

south side of the stem. 

UV radiation is thought to influence a photosensitizer which then generates 

Reactive Oxygen Species (ROS) which in turn, attack pectic polysaccharides, 

resulting in the production of CH4 from pectic methyl groups (Messenger et al., 

2009). Observations that CH4 emissions are stimulated by ROS generators and 

limited by ROS scavengers reinforce the importance of ROS in aerobic plant CH4 

emissions (Liu et al., 2015). Aerobic methanogenesis brought about by the effect 

of UV irradiance on pectin produces 0.2 - 1.0 Tg CH4 yr-1, although this may be an 

underestimation as pectin is not the only plant material to be a source of CH4 

(Bloom et al., 2010). This pathway for aerobic methanogenesis has been observed 

in several studies however, most of the evidence is from laboratory studies rather 

than in situ measurements as it is challenging to separate this process from other 

potential CH4 sources in field measurements. Alternative environmental factors 

apart from UV are also likely to cause CH4 production via ROS generation (for 

example, temperature, water, microbial attack and herbivory) (Carmichael et al., 

2014). Further work could focus on whether there is a relationship between the 

intensity of UV radiation and observed CH4 emissions rates from tree stems in the 

field. 

3.4.3 Environmental controls on gas fluxes from tree stems 

At landfill site 1A, CH4 emissions at 30 cm and 150 cm stem heights were not 

accounted for by any of the measured environmental variables. CH4 stem fluxes at 

the 90 cm stem height were correlated with soil pH, tree DBH and soil bulk density. 

Increased stem CH4 emissions were observed at the 90 cm measurement height 

with higher pH values in the soil surrounding the trees. Variations in pH are known 

to influence microbial activity in soil (Topp & Patey, 1997). Low pH levels impede 

CH4 production through the direct inhibition of methanogenic pathways and indirect 

influences on fermentation, therefore higher pH levels increase the production of 

CH4 as methanogenic pathways are no longer inhibited (Ye et al., 2012). While 

results of this investigation indicated that higher pH levels in the soil resulted in 

greater CH4 emissions, the pH values of the soil were all between 6.7 and 7.3 so 

there was not a wide range of variation. Stem CH4 emissions at 90 cm decreased 

with increasing stem DBH which agrees with results from previous studies in 
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tropical and temperate wetlands (Pangala et al., 2013; 2015). This indicates that 

as tree stems become larger with increasing age and have less aerenchyma 

tissue, gases must diffuse through a larger amount of denser tissue before 

reaching the atmosphere (Welch, 2018). Correlation between CH4 fluxes and soil 

bulk density was expected as increased soil bulk density and clay content have 

been shown to result in decreased CH4 emissions from soil surfaces (Martínez-

Eixarch et al., 2021). Coarser soil allows greater diffusion of CH4 from the soil to 

the atmosphere and if the source of stem CH4 emissions is belowground then this 

is likely to also affect the rate of stem fluxes. The observed correlation between 

stem CH4 fluxes and soil bulk density indicates that CH4 released by the tree stems 

originated from a belowground source.  

Up to 70% of the variation in stem CO2 fluxes at site 1A was explained by the 

measured ancillary variables. Emissions at all three stem heights were at least 

somewhat correlated with air temperature and flux values were greater with 

increased temperature. The relationship between CO2 fluxes and air temperature 

is expected as temperature influences the microbial and plant metabolic processes 

that produce CO2 (Warner et al., 2017). The diffusion coefficient of gas, and 

therefore the diffusion rate of CO2 to the atmosphere from the tree stem, is also 

dependent on temperature (Teskey et al., 2008). Stem CO2 fluxes at the 90 cm 

measurement height were also partly correlated with air pressure, with higher stem 

fluxes measured at lower air pressures. It has been reported that lower air pressure 

can allow higher emissions from soil surfaces as the counter pressure on the soil 

is reduced, so this may also be true for tree stem surfaces (Oertel et al., 2016). 

However, this effect would likely be uniform across the tree stem and this 

relationship was only found at one measurement height. 

3.4.4 Variations in gas fluxes from landfill 

Average CH4 emissions from trees and soil indicated that site 1A was a net source 

of CH4 during the measurement period from August 2019 to February 2020. Landfill 

soil CH4 measurements ranged from -230 µg m-2 h-1 to 557 µg m-2 h-1, which agreed 

with previous landfill CH4 surface emissions in terms of variability and magnitude 

(-0.02 to over 4000 g m-2 d-1) (Boeckx et al., 1996; Börjesson & Svensson, 1997a; 

Bogner et al., 1997; Scharff & Jacobs, 2006; Rachor et al., 2013). Some sampled 

trees and soil locations emitted substantially more CH4 than others (See Figures 

3.4 and 3.5). This variation may be explained by localised sources such as poor 

drainage in some areas, a leak in the landfill cap or gas extraction pipe, or 

unrecorded variations in management practices at these times (e.g. extraction 

system malfunctions or maintenance). 
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The average stem CH4 flux for the landfill site is of the same order of magnitude as 

the lowest end of the range of fluxes from trees on temperate wetland sites (Gauci 

et al., 2010; Pangala et al., 2013) and one study from a temperate upland area 

(Pitz et al., 2018). Measurements were however considerably more varied leading 

to a larger range in flux values compared to natural ecosystems; this is likely due 

to the trees being planted on landfill where there is a high natural variability of 

fluxes (Bogner et al., 1997; Pangala et al., 2013; Pangala et al., 2015). The 

observed variability within the landfill system makes identifying the source of the 

emitted CH4 challenging. Future investigations could use isotopic approaches to 

determine the origin (heartwood rot or belowground source) of CH4 emitted by tree 

stems on landfill sites (Barba et al., 2019a). 

Variation in stem emissions on the landfill site is largely explained by individual 

trees. For example, the flux from the LHFT was almost 25 times higher than the 

average flux in August 2019. The magnitude of this flux is comparable with the 

largest CH4 emission recorded in a temperate floodplain forest by Terazawa et al. 

(2015), who also reported high variability in flux measurements. However, the soil 

effluxes from locations near LHFT did not display similar patterns to the tree stem 

CH4 fluxes, indicating that high rates of soil CH4 oxidation prevented large soil 

surface emissions. It is possible that this tree stem fluctuated between being a 

source or sink of CH4 depending on nearby landfill conditions. For example, the 

response of methanotrophs to a change in CH4 source strength would result in a 

temporary increase in CH4 oxidation rates and would explain the sudden switch 

from emission to uptake by LHFT (Bender & Conrad, 1995; Cai et al., 2016). This 

influx of CH4 in the vicinity of LHFT could be caused by a leak in the landfill cap or 

disruption to the gas extraction system. 

The upscaled landfill soil surface flux from site 1A was 759 g CH4 yr-1 and the 

upscaled stem CH4 flux was 493 g CH4 yr-1
 (468 g CH4 yr-1 using the LiDAR method 

to calculate stem surface area). The soil surface flux was comparable to the lower 

end of the range of fluxes from a landfill site with active gas extraction (-0.02 to 

70.1 g m-2 d-1) (Börjesson & Svensson, 1997a). In this investigation, tree stem 

emissions accounted for 39% and 7% of the estimated total (soil and tree stem) 

landfill surface emissions of CH4 and CO2, respectively (38% and 7% using the 

LiDAR method). This is greater than the contribution of tree emissions to the total 

CH4 ecosystem flux in a temperate forested wetland (up to 27%), but substantially 

lower than the contribution in a tropical forested wetland (up to 87%) (Pangala et 

al., 2013; Pangala et al., 2015). Carbon released through tree stems to the 

atmosphere may offset a proportion of the carbon sequestration and stem CH4 

fluxes need to be factored into carbon assessments for managed environments. 
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This investigation identifies the need to include tree stem emissions when 

quantifying the total surface fluxes from landfill environments; without the inclusion 

of tree emissions, flux values are unlikely to be accurate. 

3.5 Conclusions 

This study has revealed that tree stem fluxes accounted for 39% and 7% of the 

total landfill surface CH4 and CO2 emissions, respectively. Fluxes from the landfill 

site were highly variable amongst different trees, areas of the site and between 

different site visits, which concurs with the high spatial and temporal variability 

previously recorded from landfill surfaces. There was evidence in some months to 

indicate that trees were facilitating the transport of CH4 from the soil to the 

atmosphere. Additionally, localised or intermittent CH4 emissions indicated that the 

largest emissions may be explained by landfill conditions (such as leaks in the cap, 

anaerobic microsites in the soil zone above the cap or changes to landfill 

management procedures), rather than alternative environmental controls including 

temperature and soil moisture near the surface. These findings demonstrate that 

some trees planted on landfill have the capacity to emit more CH4 than they would 

otherwise if planted in a more natural setting, although the mean fluxes stated here 

were of the same order of magnitude as those previously reported from wetland 

and upland trees. Results indicate that measuring soil fluxes alone from a forested 

landfill site would result in an underestimation of the total surface flux. There is a 

need to understand the mechanisms responsible for stem emissions from landfill 

trees. This would both constrain observed variability and enable mitigation of any 

such legacy emissions from former landfill sites. These results suggest that trees 

planted on former landfill sites have the capacity to emit CH4 and that it would be 

valuable to include these fluxes in GHG budgets for former landfill sites.  
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Chapter 4 CH4 and CO2 fluxes from forested landfill sites: 

variations between landfill management strategies 

and tree species 

 

A version of this chapter was published in Science of the Total Environment: 

Fraser-McDonald, A., Boardman, C., Gladding, T., Burnley, S. & Gauci, V. (2022). 

Methane emissions from forested closed landfill sites: Variations between tree 

species and landfill management practices. Science of the Total Environment. DOI: 

10.1016/j.scitotenv.2022.156019. 

4.1 Introduction 

Landfills are the third largest source of anthropogenic CH4 (after rice paddies and 

ruminants) and emissions of CH4 from the waste management sector account for 

approximately 12% of the global CH4 budget (Saunois et al., 2020). CH4 emissions 

from landfill surfaces are known to be highly variable with estimates spanning from 

0.0004 to over 4000 g m-2 d-1
 (Bogner et al., 1997). The rate of CH4 emission from 

landfills is likely to depend on the age of the site as waste development and 

management has changed over time in the UK (Jones & Tansey, 2015). 

Additionally, the management practices employed during closure and restoration 

will likely cause variations in GHG emissions; for example, the capping and 

covering of the waste, whether trees are planted and if so, which tree species are 

present (Environment Agency, 2004).   

As discussed in section 1.4, the production of CH4 from landfills in the UK has 

changed through time as waste generation and management practices have 

developed to reduce both the public health and environmental risks associated with 

uncontrolled GHG emissions and leachates (see Figure 1.6) (Jones & Tansey, 

2015). Old-style landfills (approximately pre 1970 in the developed world) are 

generally located in old quarries or excavated holes with no pollution controls and 

a thin covering of native soil (DoE, 1986). Due to changes in legislative drivers, 

modern sanitary landfills are constructed with caps and have active leachate and 

GHG management systems (Council of the European Union, 1999; Environment 

Agency, 2004; HMRC, 2023). The closure of landfill sites has occurred at varying 

points during the evolution of landfill management in the UK and the timing of 

closures (and associated management practices) will likely alter the availability of 

CH4 for transport via trees stems to the atmosphere. The magnitude of tree stem 

fluxes from different landfill sites with varying ages and management practices has 

not previously been investigated.  
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In addition to the waste management procedures in place at closed landfill sites, 

the different tree species planted are likely to have varying stem GHG emissions. 

The amount of CH4 and CO2 released has been shown to vary significantly 

between different tree species in wetland (Pangala et al., 2015) and upland 

(Warner et al., 2017; Pitz & Megonigal, 2017) ecosystems, but differences between 

tree species on closed landfill sites have not yet been examined. Variations in tree 

characteristics, such as wood specific density and stem diameter, can result in 

significant differences in CH4 emissions between species (Pangala et al., 2013). 

Additionally, the tolerance to anaerobic conditions and the ability of roots to 

penetrate landfill caps varies between different tree species. Alder, poplar and 

sycamore species are particularly tolerant to the anaerobic conditions in the landfill 

cap and their roots appear to penetrate through compact clay (Kennedy et al., 

2000; Hutchings et al., 2001; Forest Research, 2008). If tree roots of some species 

can reach the soil-cap interface they may have a greater potential to bypass the 

methanotrophic bacteria in cover soil. This would result in a lower proportion of 

CH4 being oxidised in the soil and potentially a greater release of CH4 from certain 

species. If some tree species are found to emit greenhouse gases while others 

take them in, the choice of trees used in planting on closed landfill sites in the future 

could be more informed. 

This chapter builds upon the results from the previous chapter as further 

measurements were taken to explain the high flux variability from closed landfill 

sites. The main aims were to: 

i. investigate variations in the amount of CH4 and CO2 emitted from tree stems 

and soil on closed landfill sites in the UK with different management 

strategies. This will test the hypothesis that greenhouse gas emissions will 

vary between landfill sites with differing management (e.g. cover soil, landfill 

caps and gas extraction). 

ii. examine the variation in CH4 and CO2 emissions from the stems of different 

tree species. This will test the hypothesis that trees of different species with 

varying functional traits will emit different amounts of CH4 and CO2. 

4.2 Materials and methods 

Gas flux measurements were carried out largely following the methods outlined in 

Chapter 2. Gas concentration values over time were obtained from tree stems and 

soils using the methods described in Chapter 2 (sections 2.3.1 and 2.3.2, 

respectively). Gas concentrations in chambers were measured using a Los Gatos 

Ultra-Portable Greenhouse Gas Analyser and flux values were then calculated 

according to the methods listed in Chapter 2 (sections 2.3.3 and 2.4). Methods 
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specific to the objectives for this chapter are outlined below. The statistical tests 

used for each analysis are included under each heading. Statistical tests were 

performed in SPSS (24). The data were tested for normality and homogeneity of 

variance according to the methods outlined in Chapter 2 (section 2.6). 

Transformations (square root, cube root and log) were attempted where data were 

non-normal. The statistical test chosen for each comparison was dependent on the 

normality of the data and the number of groups. 

4.2.1 Field site selection 

Field sites were selected based upon their management history and the range of 

tree species present. Figure 1.6 (Chapter 1) was used to guide the process of site 

selection and three former landfills were investigated (1A, 1B and 1C). Detailed 

records of the quantity of organic waste deposited at each site were not available, 

but the management histories of the selected sites were the most comprehensive 

of the available field locations. The second chapter aim required sites with a range 

of tree species present. Three sites with at least three different tree species were 

selected. Measurements from the three selected field sites were used to fulfil both 

aims of this chapter. Site classifications are explained in Chapter 2 (Table 2.2) and 

those relevant to the aims of this chapter are summarised in Table 4.1. 
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Table 4.1 Site classifications with the landfill management technique and sampling method for each 

field site used to compare fluxes from landfill sites with varying ages and management strategies. 

Field site Landfill management 
Number of Trees 

sampled 

Tree species 

sampled 

1A Clay cap (depth ≥ 1 m) 

Active gas extraction 

system 

Accepted inert, industrial, 

commercial and household 

waste from 1964 to 1998 

Trees planted in 2004 

15 trees, sampled 

once a month 

10 × Betula pendula 

1 × Fraxinus 

excelsior  

4 × Prunus avium 

1B Clay cap (1.8 m depth, 

installed in 1998) 

No gas extraction system 

Accepted household and 

industrial waste between 

the 1960s and 1990s 

Trees planted from 2000 

onwards 

6 trees x 4 most 

dominant species, 

sampled once every 

4 months 

6 × Betula pendula 

6 × Fraxinus 

excelsior 

6 × Pinus nigra 

6 × Prunus avium 

1C No clay cap or gas 

extraction 

Accepted household and 

industrial waste from 1971 

to 1977 

Trees planted in 1998 

6 trees x 4 most 

dominant species, 

sampled once every 

4 months 

6 × Betula pendula 

6 × Fraxinus 

excelsior 

6 × Pinus nigra 

6 × Quercus rubra 

 

4.2.2 Gas flux measurements 

Gas concentration values over 10-minute periods were obtained from the stems of 

15 trees at site 1A, which forms the basis of the comparison between landfill and 

non-landfill fluxes reported in the previous chapter. Subsequent investigation was 

carried out to further explore the variability and trends observed in the fluxes from 

site 1A and additional landfills. Sampling of 24 trees at sites 1B and 1C allowed 

comparison with the fluxes from site 1A, and the larger sample sizes at these sites 

also facilitated comparison between different tree species. Measurements were 

taken from chambers at a height of 90 cm above ground level. This measurement 

height was selected based on the range of heights sampled in previous studies 

(Pangala et al., 2013; Wang et al., 2016; Pangala et al., 2017; Maier et al., 2018). 

Five soil sampling locations were identified at each site, ensuring that that they 

were as representative of the site as possible. Measurements were taken between 

08:00 and 17:00 at all three sites. Details of the sampling frequency at each site 
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are shown in Table 4.2. Both CH4 and CO2 flux values from tree stems growing at 

sites 1A, 1B and 1C were non-normal. The three independent groups for each gas 

were compared using non-parametric Kruskal-Wallis tests. Soil CH4 fluxes at 

locations 1A, 1B and 1C were non-normal, therefore a Kruskal-Wallis test was 

performed. Soil CO2 fluxes from all three sites were normal when transformed 

(square root), so a one-way ANOVA test was carried out.  

Table 4.2 Sampling dates (at each stem measurement height and soil location) for all landfill sites 

during the sampling period. 

   Month 

   Aug-19 Sep-19 Oct-19 Nov-19 Dec-19 Jan-20 Feb-20 

Flux 
chambers 
sampled 

Stem 90 cm 
1A 
1B 

1A 
1A 
1C 

1A 
1A 
1B 

1A 
1A 
1C 

Soil 
1A 
1B 

1A 
1A 
1C 

1A 
1A 
1B 

1A 
1A 
1C 

 

4.2.3 Gas flux measurements from different tree species 

Measurements from sites 1A, 1B and site 1C were analysed to look for differences 

in gas fluxes between tree species. At site 1A, concentration measurements at the 

landfill site were taken from 10 Fraxinus excelsior, 1 Prunus avium and 4 Betula 

pendula trees; the number of each species sampled reflected the composition of 

the woodland. Measurements were taken at 30, 90 and 150 cm stem heights in 

August 2019, November 2019 and February 2020 and samples at 90 cm only taken 

in September 2019, October 2019, December 2019 and January 2020.  

At sites 1B and 1C, six trees from the four most dominant species were selected 

at each site, these species are listed in Chapter 2 (section 2.2) and are also 

summarised in Table 4.1. Gas flux chambers were secured to tree stems at 90 cm 

from ground level and measurements were taken during 10-minute intervals 

between 08:00 and 17:00. Visits to site 1B took place in August 2019 and 

November 2019, and measurements at site 1C were obtained in October 2019 and 

February 2020. Average stem CH4 fluxes from site 1B were normally distributed 

after a transformation (log transformation), so one-way ANOVA was performed on 

the transformed data to determine if there was a significant difference between 

fluxes from different species. CH4 flux data for each month (August and November) 

were non-normal so Kruskal-Wallis tests were used. Overall and monthly CO2 

measurements for each species from site 1B were non-normal, so Kruskal-Wallis 

tests were used. A Kruskal-Wallis test was used for the overall and monthly CH4 

species data from site 1C as they were not normally distributed. The overall and 

October CO2 data were normal after a transformation (square root); therefore, a 
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one-way ANOVA test was employed to analyse the differences in CO2 stem fluxes 

between species. The data from February were normal so a one-way ANOVA test 

was used. 

4.3 Results 

4.3.1 Variations in gas fluxes between landfill sites with different 

management procedures 

Stem CH4 fluxes were significantly different between all landfill sites with different 

management techniques (p < 0.01). On average, tree stems at site 1B consumed 

CH4, whereas those at sites 1A and 1C emitted CH4. The range of stem CH4 

emissions was much greater at sites 1A and 1C than 1B (Table 4.3). 

Table 4.3 Summary of CH4 and CO2 fluxes from a closed landfill sites with different management 

strategies. Site 1A has a clay cap and gas extraction system, site 1B has a clay cap but no gas 

extraction, and site 1C has no clay cap or gas extraction in place. Note that the CH4 fluxes units are 

µg m-2 h-1 and the CO2 units are mg m-2 h-1. SE is standard error and n is the number of 

measurements.   

   CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

 

Measurement 
Type 

Average SE Range n Average SE Range n 

Site 1A 

Tree stem 90cm 47.2 19.0 1406.3 105 46.7 7.8 453.0 105 

Soil 7.1 20.3 787.6 35 256.0 27.8 660.3 35 

Site 1B 

Tree stem 90cm -1.4 0.4 10.5 48 150.3 28.1 792.0 48 

Soil -6.3 3.0 31.3 10 297.0 33.4 314.6 10 

Site 1C 

Tree stem 90cm 111.9 165.1 4169.8 48 83.2 13.7 402.6 48 

Soil 239.6 386.0 3969.0 10 283.9 93.5 925.8 10 

 

Average soil CH4 flux values showed uptake at site 1B, relatively low emissions at 

site 1A and higher emissions at location 1C (Table 4.3). However, there was not a 

significant difference between the soil CH4 fluxes from the landfill sites with varying 

management strategies (p > 0.05). The lack of significant result between the soil 

fluxes at these sites may be due to the large range of CH4 flux values, particularly 

from site 1C. The pattern observed between sites in stem CH4 fluxes (the highest 

from site 1C and the lowest from site 1B) was replicated in soil CH4 emissions 

(Table 4.3). Based on the results shown in Table 4.3, excluding stem CH4 

emissions from flux estimates results in an underestimation of total surface 

emissions from forested areas of 18% and 71% for sites 1C and 1A, respectively. 
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Conversely, excluding tree stem CH4 fluxes from total surface flux estimates for 

site 1B results in an underestimation of CH4 uptake by 20%. 

Stem CO2 fluxes were significantly different between sites 1A and 1B (p < 0.01) 

and sites 1A and 1C (p < 0.01). There was no significant difference in the stem 

CO2 fluxes between sites 1B and 1C (p > 0.05). On average, stem CO2 fluxes from 

sites 1B and 1C were higher than those from location 1A (Table 4.3). The ranges 

of CO2 flux values from sites 1A and 1C were similar in magnitude, whereas the 

range of measured stem emissions from site 1B was larger (Table 4.3).  

Mean CO2 soil fluxes were slightly higher at site 1C, although soil emissions from 

all sites were of the same order of magnitude on average (Table 4.3). There was 

not a significant difference between the soil CO2 fluxes on the different landfill sites 

(p > 0.05). The range of fluxes was also similar between sites.  

4.3.2 Variations in gas fluxes between tree species 

4.3.2.1 Gas fluxes between tree species at site 1A 

Stem CH4 fluxes were not significantly different between the different tree species 

at any measurement height (p > 0.05). The average CH4 flux from Fraxinus 

excelsior stems was generally an order of magnitude greater than that of the other 

species, but this was not significant due to the large range of flux values for this 

species (Table 4.4). It should be noted that a larger number of Fraxinus excelsior 

trees than other species were sampled due to the composition of the woodland, 

and this also included one tree with particularly high fluxes.   

Stem CO2 fluxes were not significantly different between any of the tree species at 

30 cm or 150 cm (p > 0.05). CO2 emissions at 90 cm were significantly higher from 

Betula pendula than Fraxinus excelsior stems (p < 0.05). There was no significant 

difference in the stem CO2 fluxes between the other tree species at this 

measurement height. 
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Table 4.4 Summary of CH4 and CO2 fluxes at 30, 90 and 150 cm measurement heights from different 

tree species. Note that the CH4 fluxes units are µg m-2 h-1 and the CO2 units are mg m-2 h-1
. SE is 

standard error and n is the number of measurements. 

  CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

Species 
Measurement 

height 
Average SE Range n Average SE Range n 

Betula 
pendula 

30 cm 6.5 5.6 62.9 12 77.7 23.1 280.8 12 

90 cm 15.9 7.2 189.1 28 57.5 18.2 453.0 28 

150 cm 6.0 9.6 131.1 12 66.0 24.2 290.6 12 

Fraxinus 
excelsior 

30 cm -115.9 139.8 7963.9 30 49.7 17.9 489.3 30 

90 cm 64.4 28.1 1406.3 70 38.0 8.2 252.9 70 

150 cm 28.8 31.7 1048.3 30 54.8 21.0 546.5 30 

Prunus 
avium 

30 cm -13.6 10.4 34.1 3 70.1 64.2 194.8 3 

90 cm 0.1 6.5 58.9 7 90.6 41.3 283.0 7 

150 cm 16.9 7.1 24.1 3 138.3 120.9 377.4 3 

 

4.3.2.2 Gas fluxes between tree species at site 1B 

There was no significant difference in CH4 fluxes between different trees species 

at the 90 cm measurement height at site 1B (p > 0.05). The average CH4 tree stem 

flux values were negative (Table 4.5). The ranges of CH4 fluxes from Quercus robur 

and Betula pendula were slightly larger than those for Prunus avium and Pinus 

nigra species, but this did not significantly alter the variation between species 

(Figure 4.1A).  

Table 4.5 Summary of CH4 and CO2 fluxes from different tree species at site 1B. Note that the CH4 

fluxes units are µg m-2 h-1 and the CO2 units are mg m-2 h-1
. SE is standard error and n is the number 

of measurements. 

 CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

Species Average SE Range n Average SE Range n 

Betula pendula -2.1 0.9 9.3 12 106.0 31.1 281.1 12 

Pinus nigra -1.1 0.6 6.9 12 70.8 23.8 258.6 12 

Prunus avium -1.2 0.7 4.7 12 165.3 52.0 435.9 12 

Quercus robur -1.2 0.9 10.5 12 259.2 86.0 783.2 12 
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Despite higher average fluxes from Quercus robur, there was no significant 

difference in CO2 fluxes between tree species at site 1B (Figure 4.1B). However, 

in August 2019, Quercus robur trees emitted significantly more CO2 than Pinus 

nigra (p < 0.01) and Betula pendula trees (p <0.05). The CO2 fluxes from other 

species did not show a significant difference in August 2019 (p > 0.05). 

 

Figure 4.1 (A) Boxplot comparing CH4 fluxes (µg m-2 h-1) between tree species at site 1B. (B) Boxplot 

comparing CO2 fluxes (mg m-2 h-1) between tree species at site 1B. The middle line indicates the 

median value, and the whiskers are determined by the 5th and 95th percentiles. The dots represent 

outliers (below Q1 - 1.5 IQR or above Q3 + 1.5 IQR). 
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4.3.2.3 Gas fluxes between tree species at site 1C 

Mean flux values indicated that all the sampled tree species at site 1C emitted CH4 

at the 90 cm measurement height (Table 4.6). Pinus nigra trees emitted more CH4 

on average than other species, particularly Fraxinus excelsior (Figure 4.2A; Table 

4.6). However, the variation between the CH4 fluxes from different species at this 

site was not significant (p > 0.05). This is most likely due to the large range of flux 

values from Pinus nigra trees. 

Average CO2 fluxes were positive for all species at site 1C, indicating that all 

measured tree species emitted CO2 at the 90 cm measurement height. There was 

no significant difference in mean CO2 fluxes between the tree species at site 1C (p 

> 0.05) and the range of fluxes did not vary substantially between species (Figure 

4.2B; Table 4.6). However, in October 2019, Quercus rubra trees emitted 

significantly more CO2 than Fraxinus excelsior trees (p < 0.05). CO2 fluxes from 

other species did not show a significant difference in October 2019 (p > 0.05). 

Table 4.6 Summary of CH4 and CO2 fluxes from different tree species at site 1C. Note that the CH4 

fluxes units are µg m-2 h-1 and the CO2 units are mg m-2 h-1
. SE is standard error and n is the number 

of measurements. 

 CH4 (µg m-2 h-1) CO2 (mg m-2 h-1) 

Species Average SE Range n Average SE Range n 

Betula pendula 42.8 36.3 482.7 12 74.8 20.5 245.4 12 

Fraxinus 
excelsior 

39.2 34.9 526.1 12 50.5 16.0 152.8 12 

Pinus nigra 236.4 296.6 4169.8 12 82.9 27.7 330.6 12 

Quercus rubra 129.4 64.7 648.1 12 129.2 38.1 382.7 12 
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Figure 4.2 (A) Boxplot comparing CH4 fluxes (µg m-2 h-1) between tree species at site 1C. (B) Boxplot 

comparing CO2 fluxes (mg m-2 h-1) between tree species at site 1C. The middle line indicates the 

median value and the whiskers are the range of data values. The dots represent outliers (below Q1 - 

1.5 IQR or above Q3 + 1.5 IQR). 

4.4 Discussion 

4.4.1 Variations in gas fluxes between landfill sites with different 

management strategies 

On average, sites 1A and 1C were a net source of CH4 during the measurement 

period, whereas site 1B was a sink. UK landfills with no engineered cap emit more 

CH4 in the first 15 years after waste deposition than those with engineered caps in 

place (2.14 x 10-2 and 1.39 x 10-5 mg m-2 s-1, respectively) (Environment Agency, 
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1999). However, peak CH4 production occurs approximately 5 to 7 years after 

waste has been deposited, with most gas being produced within 20 years after 

deposition (ATSDR, 2001). Therefore, it was expected that site 1C would have a 

low rate of CH4 production and the lowest stem CH4 emissions. However, the 

results in this chapter do not concur with this expectation as stem CH4 emissions 

from site 1C were the highest. Soil CH4 emissions from site 1C were also higher 

than those from the other sites, although this was not significant (likely due to the 

large range of soil fluxes from this site), as shown in Table 4.3. The soil fluxes from 

site 1C were not atypical of landfill surface fluxes, which can range between 0.0004 

g m−2 d−1 and over 4000 g m−2 d−1 and are highly variable (Bogner et al., 1997). 

Higher stem and soil CH4 fluxes at the site 1C compared with other landfills are 

most likely explained by waterlogging at this site. Average soil moisture at site 1C 

(40.3 ± 1.5%) was greater than at sites 1A (25.6 ± 0.8%) and 1C (24.0 ± 1.3%), 

with visible waterlogging during some sampling visits. The formation of 

waterlogged regions in the soil would lead to localised anaerobic zones where CH4 

was produced (Le Mer & Roger, 2001). If tree roots grow in these areas, CH4 can 

be transported via diffusion into the roots and stem, before being emitted to the 

atmosphere (Covey & Megonigal, 2019). If the management of closed landfills 

allows a surface structure to develop that is non-uniform and not free-draining (as 

at site 1C), these managed environments have the potential to emit higher levels 

of CH4 than expected from historic sites due to natural biochemical processes. 

Indeed, average stem CH4 fluxes at site 1C were of a similar magnitude to fluxes 

recorded in temperate wetlands (Terazawa et al., 2007; Gauci et al., 2010; Pangala 

et al., 2015; Terazawa et al., 2015). The results from site 1C agree with 

experimental findings that trees grown in conditions where the water table is high 

emit significantly higher levels of CH4 from the stem surface, when compared to 

trees grown under free draining aerobic soil conditions (Pangala et al., 2014). 

Relatively high stem CH4 emissions were expected from site 1B. Landfill caps are 

designed to prevent the uncontrolled release of landfill gases from waste, but with 

no extraction system to remove this CH4, there would potentially be more 

transported to the atmosphere via the tree methane pathway (Dobson & Moffat, 

1993). However, stem fluxes at site 1B were significantly lower than those from the 

other landfill sites. The site stopped accepting waste in 1998 and as peak CH4 

emissions may have occurred between 5 and 15 years after the site closed, it is 

possible that CH4 production was no longer sufficient to result in significant 

emissions (Environment Agency, 1999). Additionally, CH4 produced in the waste 

may have been transported away from the source laterally, particularly due to 

increased subsurface pressure when capping took place and if any flaws existed 
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in the side wall lining (Christensen et al., 1989; LGG, 2018). Moreover, landfill caps 

are approximately 85% effective at preventing the release of GHGs from landfill 

sites (Jardine et al., 2006) and, on average, 40% of CH4 emissions are offset via 

oxidation by methanotrophic bacteria in the overlying cover soil (Abushammala et 

al., 2014). CH4 can also be oxidised by bark-dwelling methanotrophic bacteria, 

which would further reduce CH4 emissions from tree stems (Jeffrey et al., 2021a; 

Jeffrey et al., 2021b). Consequently, the soils and tree stems at some landfills, 

including site 1B, will exhibit negative CH4 fluxes (Spokas & Bogner, 2011). 

Average stem and soil CO2 emissions at site 1B were higher than those at sites 1A 

and 1C. Emissions at site 1B, particularly from the soil, are similar to those from 

temperate upland environments which are net sinks of CH4 and sources of CO2 

(Warner et al., 2017; Pitz & Megonigal, 2017; Maier et al., 2018). 

Emissions from site 1A were expected to be lower than 1B as the final soil cover 

and gas control system adhere to modern design requirements set by the EU 

directive of 1999 (Environment Agency, 2004). However, average stem CH4 fluxes 

from site 1A were significantly higher than those from site 1B. As gas extraction 

systems are not 100% effective at capturing all CH4 (50 to 90% efficiency range), 

it is possible that the gas control system at site 1A is not removing all the GHGs 

produced in the waste (Abushammala et al., 2014). As site 1A was closed most 

recently of those investigated, it was likely to still have the greatest rate of CH4 

production from the waste and was therefore expected to have higher emissions 

than site 1C (the oldest landfill). However, this pattern was not observed. There 

were hotpots of emissions at site 1A, similar to site 1C, despite there being no 

evidence of waterlogged soils. It is likely that rather than saturated soils causing 

anaerobic zones, the localised CH4 fluxes from site 1A were caused by leaks in the 

landfill cap or gas extraction system. If landfill caps are subjected to cycles of 

wetting and drying or desiccation fissures can form, resulting in hotspots with 

significantly higher surface fluxes and high temporal variability (Rachor et al., 2013; 

Sinnathamby et al., 2014). 

The results presented here have enabled a novel comparison of stem CH4 fluxes 

at the 90 cm measurement height on different landfill sites. Results indicate that 

omitting tree stem fluxes from emissions estimates for forested landfill sites may 

result in an underestimation of the overall site flux. However, as CH4 emissions are 

not uniform across the surface of tree stems (Terazawa et al., 2015; Pangala et 

al., 2017), measuring fluxes at one stem height may not be representative of fluxes 

across an entire site. Nevertheless, the results do suggest that excluding tree stem 

fluxes from emission estimates for forested landfill sites would not provide an 

accurate representation of the overall site flux. Tree stems provide a conduit for 
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GHG transport from belowground to the atmosphere, thus bypassing oxidation in 

cover soils, it is important that this emission pathway is considered in modern 

landfilling practices.  

4.4.2 Variations in gas fluxes between tree species 

CH4 and CO2 emissions vary between some tree species in forested temperate 

wetland and upland environments (Pangala et al., 2015; Warner et al., 2017; Pitz 

& Megonigal, 2017; Pitz et al., 2018). Factors such as wood specific density, 

lenticel density, stem diameter, sap flow and transpiration rates contribute to the 

difference in stem GHG fluxes between species (Pangala et al., 2013; Pitz et al., 

2018). However, no significant differences in CH4 fluxes between different tree 

species were observed at any of the closed landfill sites. The lack of variation in 

CH4 fluxes between different species at site 1B may be due to the overall low flux 

values from all trees on this site, however, fluxes from site 1C were of a similar 

magnitude to those from natural temperate ecosystems (Pangala et al., 2015; Pitz 

et al., 2018). CH4 fluxes from the tree species sampled in this research have not 

previously been measured before in natural temperate woodlands, suggesting 

stem surface emissions from the species listed in Table 4.1 are not different, or 

that ephemeral conditions do not produce the same stem emission profiles 

observed from trees growing in permanent waterlogged conditions. The 

measurement of CH4 fluxes from a greater variety of tree species in natural and 

managed environments may aid in determining how tree species influence the 

magnitude of stem CH4 emissions in temperate environments. The results 

presented in this chapter therefore suggest that the magnitude of CH4 emissions 

was more likely determined by landfill site conditions than tree characteristics. 

4.5 Conclusions 

This investigation has revealed that trees growing on closed landfill sites with 

different management techniques and environmental conditions emit varying 

quantities of GHGs. On average, trees on the oldest site (1C) and the most recently 

closed site (1A) were a source of CH4, whereas trees on site 1B were a CH4 sink. 

Evidence suggests that the variation in average CH4 fluxes between the different 

landfill areas was likely a result of the rate of CH4 production in the waste (linked 

to the age of the site), the susceptibility of the area to waterlogging, and landfill 

management techniques put in place upon closure. CH4 emissions from site 1C 

indicated that the management (or lack thereof) of some closed landfill sites can 

result in surface drainage becoming impeded in places. Subsequently, soil and 

stem CH4 emissions from this site were greater than expected from a relatively old 

landfill site and were similar in magnitude to a natural wetland ecosystem. These 
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results indicate that management strategies used during and after closure, and 

resultant environmental conditions, can affect the magnitude of GHG emissions 

from former landfills. There was no significant difference in greenhouse gas fluxes 

between different tree species on the landfill sites. Findings show that excluding 

stem CH4 emissions from flux estimates results in an underestimation of total 

surface emissions from forested areas of 18% and 71% for sites 1C and 1A, 

respectively. Conversely, excluding tree stem CH4 fluxes from total surface flux 

estimates for site 1B results in an underestimation of CH4 uptake by 20%. This has 

implications when considering the contribution of legacy emissions from different 

closed landfill sites to carbon assessments. The age, management practices and 

environmental conditions of former landfills may indicate the likelihood of trees 

planted in these environments being a source or sink of CH4. This could inform 

landfill policy and practice in relation to tree planting on different closed landfill 

sites.  
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Chapter 5 N2O emissions from a forested former landfill site 

 

A version of this chapter has been submitted for publication and is currently under 

review.  

5.1 Introduction 

N2O is a potent GHG with an estimated radiative forcing of 0.17 W m-2 and a global 

warming potential of 298 over a 100-year timescale (Myhre et al. 2013; Tian et al., 

2020). The atmospheric N2O concentration has increased from 270 ppb in 1750, 

to 331 ppb in 2018, and this GHG has a relatively long atmospheric lifetime (c. 116 

years) (Tian et al., 2020). N2O is also a contributor to atmospheric NOx; 

approximately 10% of N2O that reaches the stratosphere is broken down via 

photolysis to NOx, which then catalytically destroys stratospheric O3 (Ravishankara 

et al. 2009; Portmann et al. 2012). Identifying and measuring the global sources 

and sinks of N2O is important as lowering N2O emission rates would reduce the 

rate of stratospheric O3 depletion and decrease radiative forcing. 

N2O is produced in soils and oceans via the microbial processes of nitrification and 

denitrification (Mandernack et al., 2000; Dìaz-Pinés et al., 2016). In anaerobic 

soils, such as those in wetland environments, N2O is primarily produced via the 

process of denitrification, whereby nitrous oxides are reduced to form N2 (with N2O 

produced during an intermediate step) (Smithson et al., 2002). In aerobic soils, 

N2O can be produced via nitrification. During this process NH3 and NH4
+ are 

converted to NO3
- and N2O is produced as a by-product (Smithson et al., 2002). 

Terrestrial ecosystems account for c. 33% of the total (natural and anthropogenic) 

global N2O emissions (Tian et al., 2020). 

Trees in forested upland and wetland environments provide a pathway for N2O 

emissions from belowground to the atmosphere (Machacova et al., 2016; Welch et 

al., 2018; Moldaschl et al., 2021). Evidence indicates that N2O is transported 

through tree stems via absorption in the root zone and then transportation in xylem 

by the transpiration stream, similarly to the CH4 tree emission pathway described 

in previous chapters (Yamulki, 2017). N2O is emitted from tree stem surfaces after 

diffusing from the transpiration stream, across the cambium and meristem to the 

bark, where it is released via lenticels (Dìaz-Pinés et al., 2016). Tree-mediated 

emissions can account for up to 10% of the total N2O ecosystem flux in upland 

environments and up to 18% in wetlands (Machacova et al., 2013; Machacova et 

al., 2016; Moldaschl et al., 2021). Rather than N2O emissions displaying seasonal 

trends resulting from temperature changes, studies have found that N2O stem 
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fluxes vary with soil moisture (Mandernack et al., 2000; Welch, 2018). Increases 

in N2O stem emissions by a factor of up to c. 14,000 can occur when soil becomes 

saturated during intermittent flooding (Machacova et al., 2013). Multiple studies 

have also found that N2O fluxes vary spatially, with decreasing emissions at higher 

stem measurement heights from the ground (Dìaz-Pinés et al., 2016; Yamulki, 

2017).  

The potential for trees growing on closed landfill sites to transport N2O from 

belowground has not yet been investigated. On average, landfill and wastewater 

practices resulted in c. 0.3 Tg N2O yr-1 being released to the atmosphere between 

2007 and 2016 (Tian et al., 2020). N2O is produced in landfills via nitrification or 

denitrification, particularly when alternating aerobic and anaerobic zones are 

present in waste (Rinne et al., 2005). Evidence has also shown that N2O can be 

produced in aerobic surface soils via methanotrophic nitrification (Mandernack et 

al., 2000; Zhang et al., 2009). N2O emissions measured from landfill soil surfaces 

are highly variable and can range from -0.0017 to 1.07 mg m-2 h-1 (Börjesson & 

Svenssonb, 1997; Rinne et al., 2005). 

As discussed in previous chapters, trees are planted on closed landfill sites to 

improve the visual appeal, increase carbon sequestration, and minimise water 

percolation into the waste (EPA, 2003; Venkatraman & Ashwath, 2009; Shah et al. 

2017). As results from previous chapters demonstrated that trees provide a conduit 

for CH4 emissions, they are also likely to facilitate N2O transport from the soil to 

the atmosphere due to the shared emission pathway for both GHGs. This chapter 

builds upon previous results and further aids in the establishment of a more 

comprehensive evaluation of gas exchanges within the landfill environment. A field 

campaign designed to observe spatial and temporal patterns in N2O emissions, 

and to examine the environmental controls on these fluxes was also completed. 

The main aims were to: 

i. quantify N2O fluxes from trees on closed landfill sites in the UK compared 

with non-landfill sites, to test the hypothesis that trees growing on closed 

landfill sites will emit more N2O than trees growing in a non-landfill woodland 

area.  

ii. investigate temporal variations in N2O emitted from tree stems on closed 

landfill sites in the UK. This will test the hypothesis that N2O fluxes from tree 

stems will vary seasonally. 

iii. investigate the spatial variation in N2O emitted from tree stems on closed 

landfill sites. This will test the hypothesis that N2O emissions decrease with 

height up tree stems (above the ground). 



104 
 

5.2 Materials and methods 

Methods for the selection of sampling sites and the tree and soil locations sampled 

are outlined in Chapter 2. Sites 1A and 2A were sampled during the investigation 

of N2O fluxes for this chapter. Full descriptions of the field sites are given in Chapter 

2 (Table 2.2) and a summary of the sites relevant to this Chapter is shown here in 

Table 5.1. Methods used for sampling and measuring N2O concentrations from 

tree stems and soils are outlined in section 5.2.1. The statistical tests used for each 

analysis are included under each heading. Statistical tests were performed in 

SPSS (version 24). The data were assessed for normality and homogeneity of 

variance according to the methods outlined in Chapter 2, Section 2.6. Where data 

were found to be non-normal, transformations were attempted. The statistical test 

chosen for each comparison was dependent on the normality of the data, the 

number of groups, and whether measurements had been repeated on the same 

trees.  

Table 5.1 Classifications and descriptions of field sites relevant to this Chapter and summary of the 

trees and soils sampled. 

Field 

site 
Landfill management Trees sampled Sampling 

1A Clay cap 

Active gas extraction 

system 

Accepted waste 1964-1998 

10 x Fraxinus excelsior 

1 x Prunus avium  

4 x Betula pendula 

15 trees sampled once a 

month (Apr 2021 – Jul 

2021). 

15 soil locations sampled 

once a month (Apr 2021 – 

Jul 2021). 

2A Not a former landfill site (at 

least 2 km from the nearest 

waste management facility) 

4 x Betula pendula 

7 x Fraxinus excelsior 

4 x Prunus avium 

15 trees sampled once a 

month (Apr 2021 – Jul 

2021). 

15 soil locations sampled 

once a month (Apr 2021 – 

Jul 2021). 

 

5.2.1 Gas flux measurements 

Semi-rigid flux chambers, as described in Chapter 2 (section 2.3.1), were used to 

obtain N2O concentration measurements from tree stems. The chambers were 

constructed from clear polycarbonate and closed cell foam strips. They were 

secured to trees with ratchet straps and gaps between the stem and chamber were 

sealed with airtight putty. Soil flux measurements were taken using rigid cylindrical 

chambers constructed from polyvinyl chloride, as described in Chapter 2, section 

2.3.2. The chambers were inserted into the soil and airtight putty was used where 
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the outside of the chamber met the soil surface. Each chamber was fitted with a lid 

prior to samples being taken. 

To allow gas samples to be obtained, tree chambers and soil chamber lids were 

fitted with rubber septa (Suba-Seal, Sigma-Aldrich). 10 ml air samples were taken 

via the septa using a luer lock syringe and a side port stainless steel needle (to 

minimise septum coring) (Sigma-Aldrich). Each sample was ejected into a pre-

evacuated 5.9 ml flat-bottomed vial (Extetainer, Labco). Vials were over-pressured 

to minimise the effect of any leakage that would alter the N2O concentration before 

analysis occurred. Samples were taken from soil and tree chambers immediately 

after closure, and then again after 20, 40 and 60 minutes.  

5.2.2 Gas chromatography 

Samples taken from the stem and soil chambers were analysed using gas 

chromatography to determine the N2O concentration in each vial. During gas 

chromatography, the mixture of compounds in each sample is separated and this 

involves three main stages. Firstly, an injection is used to introduce the sample at 

the GC inlet. Next, the components of the sample are separated inside a column. 

The sample gas moves with a carrier gas through the column and the compounds 

in the sample mixture are separated according to the length of time they spend 

interacting with the stationary phase (Christian et al., 2014). The longer it takes for 

a compound to move through the column, the longer the retention time. Finally, in 

the detector, the current being produced between two electrodes is reduced when 

electrons of certain molecules passing through the detector are captured (Peak 

Scientific, 2019). The resulting output is a chromatogram with peaks at known 

times for specific chemicals. The concentration of each chemical or compound in 

the sample mixture is proportional to the peak height and area. 

An Agilent 7890A Gas Chromatograph (GC) fitted with a Flame Ionisation Detector 

(FID) and a micro electron capture detector (μECD) was used to determine GHG 

concentrations during this investigation (Sgouridis, 2021). An autosampler was 

used to introduce 2 ml injections into a 1 ml sample loop at the GC inlet. A splitless 

injection technique was used due to the low concentration of N2O in the samples. 

A 1/8-in stainless steel packed column (packed with Porapak 80/100) and a 

Ar5%CH4 carrier gas (flow rate 2 mL min-1) were used during this analysis. The 

oven and μECD temperatures were 60 °C and 350 °C, respectively. The 

chromatogram peak for N2O was visible at around 7 minutes. The peak height and 

area were integrated using OpenLab CDS software (version 3.5). The N2O 

concentration in each sample was determined by fitting the peak area to a linear 

regression equation established from the peak areas of known N2O concentration 
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standards (R2 = 0.9999). A 6 ± 0.1 ppm calibration standard was used for this 

analysis (CK Isotopes). The chromatographic peaks generated were integrated 

using automated methods once manual checks had ensured that the correct peak 

for N2O was present. Peak area rather than peak height was used to determine the 

N2O concentration as this is the recommended integration method by Agilent 

Technologies, and it results in reproducible data. The minimum detectable 

concentration difference for N2O using this method is 4.2 ppb which was 

appropriate for the samples that were close to atmospheric concentration 

(Sgouridis, 2021).  

Once the N2O concentrations within samples were determined, gas fluxes were 

calculated in the same way as described in Chapter 2 (with the molecular mass for 

N2O substituted in). Three tree and soil locations per site visit were selected prior 

to the field campaign to test for flux linearity. Each sample (0, 20, 40 and 60 

minutes) was analysed before regression lines were determined and the 

associated R2 values were calculated. Once linearity of fluxes was established, the 

remaining fluxes for each monthly site visit were calculated using only the 0- and 

60-minute samples.  

Vial tests were carried out to ensure the accuracy of sample analysis as vials were 

stored after being collected from field locations. Vials were filled with a known N2O 

standard (1 ppm with ± 2% mixture accuracy) and stored under the same 

conditions as the field samples. They were stored for the same period of time as 

field samples from each month (April, May, June and July; 3 test vials per month). 

The test vials were then analysed to determine if any leakage of samples had 

occurred during storage and compared with 1 ppm standards that had been stored 

for less than 5 days (10 vials). The stored N2O standard concentrations were 

analysed with regression and shown to decrease over time. Consequently, 

corrections were applied to the data derived from N2O samples throughout the field 

campaign to avoid an underestimation of flux values. Corrections were calculated 

for each set of monthly samples based on the difference between average N2O 

concentrations of the stored standards and the standards that were not stored. A 

percentage correction was calculated for each sampling month and the N2O 

concentration values for that month were all increased by this percentage (Table 

5.2). These revised N2O concentration values were then carried forward to further 

analysis, including deriving stem and soil flux values. 
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Table 5.2 Corrections applied to the samples from each month depending on the amount of time 

vials were stored. 

Month 
sampled 

Weeks stored 
N2O concentration 

(ppm) 
% Correction 

April 30 0.9753 15.30 

May 26 0.9683 15.91 

June 21 1.0593 8.01 

July 17 1.0972 4.71 

 0 1.1515  

 

5.2.3 Temporal variation 

Temporal variations in N2O fluxes from a landfill site were investigated using 

measurements from site 1A taken once a month between April and July 2021. 

Stem N2O measurements were taken from 15 trees at the 30, 90 and 150 cm 

measurement heights. N2O stem fluxes at all measurement heights combined and 

the 150 cm measurement height were non-normal. Therefore, Friedman tests were 

performed to determine if there was a difference in N2O emissions between the 

different months at these measurement heights. Fluxes were normally distributed 

at the 30 (after transformation) and 90 cm measurement heights, so repeated 

measures ANOVA tests were conducted. Soil N2O measurements were obtained 

from 15 soil locations. Soil flux values were normal once transformed, so a 

repeated measures ANOVA test was used. 

5.2.4 Spatial variation  

Flux data from site 1A were used to determine the spatial variation in N2O fluxes 

at different stem measurement heights from a former landfill. Measurements at 30, 

90 and 150 cm were obtained once a month between April and July 2021. N2O 

data for all months combined were non-normal, so a Kruskal Wallis test was used 

to compare the gas fluxes at varying measurement heights. Data were normally 

distributed for April, May, June (once transformed), and July (once transformed), 

so one-way ANOVA tests were conducted. 

5.2.5 Environmental controls 

The effect of environmental variables on N2O fluxes was considered at the landfill 

site. Details of the environmental variables measured can be found in Chapter 2, 

section 2.2. Stepwise multiple regression analysis was carried out in SPSS (24) to 

establish which of the ancillary variables best explained the variation in N2O fluxes 
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from the landfill tree and soil surfaces. Air temperature was highly correlated with 

stem temperature and soil temperature (R2 > 0.80), so stem temperature and soil 

temperature were excluded from the stepwise multiple regression analysis.  

5.2.6 Gas flux measurements on landfill and non-landfill sites 

N2O fluxes from tree and soil surfaces were compared between a landfill (1A) and 

non-landfill site (2A). As discussed in Chapter 3 (section 3.2.1), the trees at both 

sites were planted around 2004 and include the same species. Tree and soil N2O 

measurements were made at sites 1A and 2A between April and July 2021. 15 

trees and 15 soil locations were sampled once a month, with stem measurements 

taken at 30, 90 and 150 cm on every visit. N2O concentration measurements were 

taken at site 1A from 10 Fraxinus excelsior, 1 Prunus avium and 4 Betula pendula 

trees. N2O fluxes from site 2A were taken from 7 Fraxinus excelsior, 4 Prunus 

avium and 4 Betula pendula trees.  

Tree stem N2O fluxes from sites 1A and 2A at all measurement heights combined 

and the 90 cm measurement height only were non-normal, so non-parametric 

Mann-Whitney U tests were used to compare the independent groups. Flux values 

were normally distributed at the 30 cm (after transformation) and 150 cm 

measurement heights, so t-tests were conducted. The N2O soil fluxes were non-

normal, so a Mann-Whitney U test was used to compare the soil emissions from 

the two sites.  

For upscaling measurements, the average surface area of trees on the landfill site 

was calculated. This was initially determined using manual stem diameter 

measurements, then by considering the stem as a cylinder using an average tree 

stem diameter (of all measured trees) and a height of 3 m. Approximately one year 

after these measurements, tree surface areas were also estimated using LiDAR 

(see methods outlined in Chapter 6, section 6.2.3.1). Manual measurements were 

adjusted by the percentage difference between the measured values and the 

LiDAR-derived values to provide an estimate using the LiDAR method. Upscaled 

fluxes based upon both methods are reported in this chapter. The average surface 

area of one tree was multiplied by an estimated number of trees to determine the 

overall stem surface area on the site. An overall tree flux value was calculated from 

the product of the overall stem surface area and the average stem flux. The 

average soil surface flux and forested area of the site were multiplied to estimate 

the overall soil N2O flux. The magnitude of tree stem fluxes across the forested 

area of the site was compared with soil emissions, and the percentage contribution 

of tree fluxes to the overall surface flux was calculated. 
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5.3 Results 

5.3.1 Temporal variations in N2O fluxes 

Average monthly N2O fluxes from tree stems on the former landfill site varied 

significantly (at all stem measurement heights) (p < 0.01). N2O fluxes generally 

increased from April to July 2021 at all measurement heights, except for the 90 cm 

measurement height between June and July where they were statistically the same 

(p > 0.05) (Table 5.3; Figure 5.1). Average tree stem N2O fluxes were c. 2 times 

greater in the summer months (June and July) than in the spring (April and May), 

with values of 0.85 ± 0.09 µg m-2 h-1 in the summer and 0.40 ± 0.08 µg m-2 h-1 in 

the spring.  

Soil N2O fluxes at the landfill site also varied significantly on a monthly basis (p < 

0.01). Emissions of N2O from the soil in May 2021 were significantly higher than 

those in April 2021 (p < 0.01), June 2021 (p < 0.01) and July 2021 (p < 0.01). The 

range of N2O fluxes from the soil in May was also greater than the ranges observed 

in other months during the measurement period (Table 5.3). Soil fluxes in July were 

also significantly higher than those in June (p < 0.05).  
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Table 5.3 Summary of N2O fluxes from tree stem and soil chambers on a closed landfill site (1A) 

between April and July 2021. SE is standard error and n is the number of measurements. 

 N2O (µg m-2 h-1) 

Month Measurement Average  SE Range n 

April 

Stem All 0.310 0.116 3.43 45 

Stem 30 cm 0.409 0.205 2.37 15 

Stem 90 cm 0.316 0.157 2.43 15 

Stem 150 cm 0.206 0.243 3.43 15 

Soil 18.4 4.03 44.2 15 

May 

Stem All 0.497 0.107 3.66 45 

Stem 30 cm 0.825 0.254 3.46 15 

Stem 90 cm 0.429 0.098 1.37 15 

Stem 150 cm 0.238 0.144 1.83 15 

Soil 45.1 11.7 150.2 15 

June 

Stem All 0.803 0.145 3.98 45 

Stem 30 cm 0.948 0.264 3.64 15 

Stem 90 cm 0.893 0.276 3.35 15 

Stem 150 cm 0.567 0.215 3.61 15 

Soil 17.1 3.83 54.4 15 

July 

Stem All 0.896 0.107 3.8 45 

Stem 30 cm 1.06 0.217 3.34 15 

Stem 90 cm 0.810 0.208 2.76 15 

Stem 150 cm 0.816 0.124 1.65 15 

Soil 21.3 5.39 69.3 15 
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Figure 5.1 Mean N2O fluxes (µg m-2 h-1) for each month at each measurement height from the ground; 

error bars show the standard error. 

5.3.2 Spatial variations in N2O fluxes 

5.3.2.1 N2O fluxes with measurement height 

Average landfill tree stem N2O fluxes (for all months in the measurement period) 

at 30 cm, 90 cm and 150 cm measurement heights were 0.81 ± 0.12 µg m-2 h-1, 

0.61 ± 0.10 µg m-2 h-1, and 0.46 ± 0.10 µg m-2 h-1, respectively (Figure 5.2). There 

was a general trend of decreasing fluxes with increased stem height and a 

significant difference between N2O emissions at 30 and 150 cm (p < 0.05). Further 

analysis showed the same pattern of lower stem N2O fluxes with increased 

measurement height from ground level in each month during the observation 

period (Table 5.3). However, the variation in N2O fluxes at increasing stem 

measurement heights was not significant in April, June or July 2021. A marginally 

significant difference in N2O emissions at different measurement heights was 

observed in May 2021 (p < 0.1). 
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Figure 5.2 Bar chart showing mean N2O fluxes (µg m-2 h-1) at each measurement height from the 

ground; error bars show the standard error. 

5.3.3 Environmental controls on N2O fluxes 

At the 30 cm measurement height, none of the measured ancillary variables 

significantly accounted for the variance in N2O flux (Table 5.4). Stem N2O fluxes at 

90 cm and 150 cm were best explained by air temperature, which accounted for c. 

6% of the variation (Table 5.4). Variation in soil N2O fluxes at the landfill site was 

best explained by air pressure (12%). Although the results of the stepwise 

regression were largely significant, the measured environmental variables only 

explain a small percentage of the variation in stem and soil N2O fluxes. The 

averages and ranges of the measured environmental variables for the landfill and 

non-landfill site are in Table 5.5. Average rainfall and precipitation patterns at the 

field site are shown in Table 5.6.  
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Table 5.4 Results of stepwise regression analysis showing the relationships between N2O fluxes and 

environmental variables at the landfill site 1A. 

 Sampling 
location 

Adjusted 
R2 

Explanatory 
variables 

p value 
Standardised 
β coefficient 

N2O stepwise 
regression 

model 

Stem 30 cm - - - -  

Stem 90 cm 0.060 Air temperature p < 0.05 0.275 

Stem 150 cm 0.057 Air temperature p < 0.05 0.269 

Soil 0.121 Air pressure p < 0.01 -0.369 

 

Table 5.5 Average, minimum, maximum and ranges of measured environmental variables at sites 

1A (landfill) and 2A (non-landfill). 

Field site Environmental variable Average Minimum Maximum Range 

Landfill 

Air temperature (°C) 18.1 9.7 26.5 16.8 

Air pressure (hPa) 1014.0 999.7 1022.4 22.7 

Stem temperature (°C) 16.9 10.3 26.5 16.3 

Soil temperature (°C) 13.2 7.1 19.4 12.3 

Soil moisture (%) 20.9 7.1 42.8 35.7 

Stem DBH (cm) 18.3 11.1 40.5 29.4 

Non-landfill 

Air temperature (°C) 17.0 6.5 28.8 22.3 

Air pressure (hPa) 1007.3 989.3 1099.1 109.8 

Stem temperature (°C) 15.3 6.8 26.2 19.4 

Soil temperature (°C) 12.3 6.6 18.7 12.1 

Soil moisture (%) 32 10.2 48.6 38.4 

Stem DBH (cm) 16.1 12.7 21.4 8.7 
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Table 5.6 Average monthly UK rainfall and rainfall patterns at site 1A. Average soil moisture and air 

temperature at site 1A for each month in the 2021 measurement period (Met Office 2021; 

WeatherOnline, 2021). 

Month UK 
rainfall 
(mm) 

Soil 
moisture 

(%) 

Air 
temperature 

(°C) 

Rainfall at field site 

April 5 20.1 15.0 
No rain for 8 days preceding 

measurements 

May 112 32.8 15.0 

Rainfall every day for 5 days 
preceding measurements 

(including high rainfall event 5 
days before) 

June 48 14.9 22.6 
No rain for 10 days preceding 

measurements 

July 78 15.5 19.7 
No rain for 3 days preceding 

measurements 

 

5.3.4 Variations in N2O fluxes between landfill and non-landfill sites 

Average stem and soil fluxes indicated that the landfill site was a net source of N2O 

during the measurement period. N2O fluxes from tree stems were significantly 

different between the closed landfill site and the comparable non-landfill location 

(p < 0.01). The average stem N2O emissions from the landfill (0.63 ± 0.06 µg m-2 

h-1) were higher than those from the non-landfill site (0.26 ± 0.05 µg m-2 h-1) (Figure 

5.3A). There were also significant differences in the stem N2O fluxes between the 

two sites when groups of fluxes at each measurement height from the ground were 

considered individually. N2O fluxes from trees on the landfill site were significantly 

larger than the non-landfill site at 30 cm and 90 cm measurement heights (p < 0.05 

and p < 0.01, respectively) (Table 5.7). There was a marginal difference in the stem 

N2O fluxes between the two sites at the 150 cm measurement height (p < 0.1). 

Average soil N2O fluxes from site 1A (25.48 ± 3.72 µg m-2 h-1) were significantly 

larger than those from site 2A (3.53 ± 0.58 µg m-2 h-1) (p < 0.01; Figure 5.3B).  
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Table 5.7 Summary of N2O fluxes from a closed landfill and a non-landfill area. SE is standard error 

and n is the number of measurements. 

   N2O (µg m-2 h-1) 

 
Measurement Type Average SE Range n 

Closed 
landfill 

site (1A) 

Tree stem all heights 0.627 0.062 4.82 180 

Tree stem 30cm 0.811 0.119 4.39 60 

Tree stem 90cm 0.612 0.101 3.35 60 

Tree stem 150cm 0.457 0.097 4.56 60 

Soil 25.48 3.72 153.7 60 

Non-
landfill 

site (2A) 

Tree stem all heights 0.264 0.052 5.17 180 

Tree stem 30cm 0.402 0.103 4.21 60 

Tree stem 90cm 0.160 0.087 3.49 60 

Tree stem 150cm 0.229 0.078 3.57 60 

Soil 3.53 0.583 23.43 60 
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Figure 5.3 (A) Boxplot comparing tree stem N2O fluxes between the landfill and non-landfill site (all 

months and measurement heights). (B) Boxplot comparing soil N2O fluxes between the landfill and 

non-landfill site (all months). The middle line indicates the median value and the whiskers are 

determined by the 5th and 95th percentiles. The dots represent outliers (below Q1 - 1.5 IQR or above 

Q3 + 1.5 IQR). 

5.4 Discussion 

5.4.1 Variations in N2O fluxes from landfill  

Observed average soil and stem fluxes indicate that site 1A and the comparable 

non-landfill area were net sources of N2O throughout the measurement period. 

Landfill soil N2O measurements ranged from 0.270 to 153.9 µg m-2 h-1 which is 
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comparable to the lower end of the range of N2O fluxes previously measured from 

landfill surfaces (-1.7 to 575 µg m-2 h-1) (Börjesson & Svensson, 1997b). The 

highest soil N2O measurements from this investigation were of the same order of 

magnitude as a site in Sweden with cover comprised of ash, bark and sand, and 

no gas extraction (fluxes ranged from -1.7 to 163 µg m-2 h-1) (Börjesson & 

Svensson, 1997b). The relatively low fluxes from the investigated landfill are likely 

due to the age of the site as well as factors such as soil moisture, soil temperature 

and the availability of mineral nitrogen (Rinne et al., 2005). N2O fluxes from this 

site were also substantially lower than those from active sites and those with a 

cover of sewage sludge (Rinne et al. 2005). Unlike CH4 emissions from the landfill 

site reported in Chapter 3, none of the sampled locations consistently emitted 

substantially more N2O than others. This indicates that the source of N2O was more 

uniform across the site than the source of CH4. 

Mean N2O fluxes from tree stems on the closed landfill site were larger than fluxes 

from a comparable non-landfill area (99% confidence interval). This may be due to 

factors such as soil moisture, soil temperature or nitrogen availability (Rinne et al. 

2005). The effect of air temperature and soil moisture on tree stem N2O fluxes is 

discussed further below. The average stem N2O flux for the landfill site was within 

the reported range of fluxes from trees in a non-flooded temperate woodland 

(Moldaschl et al., 2021). The range of flux values from the landfill site (-1.43 to 3.39 

µg m-2 h-1) was smaller than that of a temperate woodland (-11.87 to 30.28 µg m-2 

h-1), where variability was reported to be high (Moldaschl et al., 2021). This 

indicates that trees planted on closed landfill sites do not emit atypical levels of 

N2O compared with previously published emissions from trees planted in natural 

woodlands. 

The upscaled landfill N2O soil surface flux from site 1A was 2723 g N2O yr-1 and 

the upscaled stem flux was 26 g N2O yr-1 (25 g N2O yr-1 using the LiDAR method 

to calculate stem surface area). The stem and soil emissions were equal to 7.7 and 

811.5 kg CO2e yr-1, respectively. Tree stem N2O emissions accounted for c. 1% of 

the estimated total landfill surface flux. This agrees with findings from a mesocosm 

study in which tree stem emissions accounted for 1-3% of the total ecosystem N2O 

emissions (Yamulki, 2017). These results indicate that excluding N2O fluxes from 

tree stems may result in an underestimation of the amount of N2O emitted from 

former landfills. However, estimates of the contribution of stem fluxes to the total 

surface N2O flux in dry and flooded boreal forests were higher, with values of 8% 

and 18%, respectively (Machacova et al. 2016). 
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5.4.2 Temporal variations in N2O fluxes 

In this investigation there was a general trend of increased tree stem emissions 

from April through to July at all stem heights. This concurs with a previous study in 

which N2O emissions from tree stems in a boreal forest were higher in the summer 

months than the rest of the year (Moldaschl et al. 2021). The pattern of increasing 

stem N2O emissions throughout the measurement period is likely due to the 

combined effect of variations in air temperature and soil moisture. Variations in 

stem fluxes at 30 cm correspond with rainfall patterns as average UK rainfall was 

low in April 2021, but higher in May and July 2021 (Table 5.6). Additionally, 

measurements were taken from the former landfill site within 3 days of rainfall in 

May and July, but not in April and June 2021 and on average, soil moisture was 

higher in May than other months (Table 5.6). Relatively high rainfall in May and 

July would increase the soil water content, likely leading to higher rates of 

denitrification as O2 becomes more limited (Bollmann & Conrad, 1998). Soil N2O 

emissions on the landfill site were also significantly higher in months with increased 

rainfall and soil moisture, indicating that rainfall events resulted in higher rates of 

denitrification. This agrees with results from previous investigations on closed 

landfills where N2O fluxes declined with lower soil moisture due to the effect on 

microbial populations in cover soils (Mandernack et al. 2000). 

Increased air temperatures in summer were expected to cause a decrease in N2O 

stem flux rates, as N2O reductase activity increases when temperatures are higher. 

This results in more N2O being converted to N2 during denitrification (Wang et al., 

2017). However, stem N2O emissions in June and July (the warmest months) were 

higher than in April and May. As the average air temperatures in June and July 

were lower than the optimum temperature for denitrification in soils (25-30 °C), the 

rate of denitrification may have increased, but not to the extent that complete 

denitrification to N2 dominated (Skiba, 2008). Therefore, the warmer temperatures 

in these months compared to those earlier in the measurement period may have 

increased the rate of denitrification, but the optimum temperature for complete 

denitrification (and therefore, a reduction in N2O emissions) was not reached. In 

contrast, soil N2O fluxes were not higher in months with lower rainfall and increased 

temperature (June 2021, for example). This suggests that there may be an 

additional temperature-dependent source of N2O production contributing to 

emissions from tree stems that is not present in soils. For example, N2O can be 

formed in plant tissues under anoxic conditions or after exposure to UV light 

(Timilsina et al., 2020; Bruhn et al., 2014). If tree roots enter anaerobic zones in 

the soil or the landfill cap, N2O may be produced in mitochondria under anoxic 

conditions. 
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5.4.3 Spatial variations in gas fluxes 

N2O emissions are expected to decrease with increased stem height when 

emissions are being channelled from an underground source (Yamulki, 2017; 

Welch, 2018). For example, average N2O emissions from mature trees after soil 

fertilisation in a temperate upland ecosystem decreased linearly with increased 

stem height (Dìaz-Pinés et al., 2016). Stem N2O fluxes from the closed landfill 

showed a decreasing trend with increasing stem height. Decreasing N2O 

emissions with increasing stem height are likely due to the N2O concentration in 

plant tissues becoming lower with height and therefore, N2O diffusion being 

reduced (Dìaz-Pinés et al. 2016). In addition, higher parts of a tree stem generally 

have lower rates of transpiration which could also explain the lower N2O flux rates 

with increased stem height (Perämäki et al. 2001). These results indicate that N2O 

emitted by the trees growing on the landfill site originated from a belowground 

source, although it is not certain whether this source is in the waste or the cover 

soil. Future research should endeavour to identify the source of N2O emissions 

from tree stems on closed landfill sites. Also, closed landfills with varying ages and 

management practices should be investigated as more recently closed sites have 

been shown to emit more N2O from the soil surface (Rinne et al. 2005). 

5.4.4 Environmental controls on gas fluxes from tree stems 

At the landfill site, N2O emissions at the 30 cm stem height were not correlated 

with any of the measured environmental variables. N2O stem fluxes at the 90 and 

150 cm stem heights were correlated with air temperature. Increased stem N2O 

emissions were observed at the 90 and 150 cm measurement heights when air 

temperatures were higher. This corresponds with the observed seasonal trend 

outlined above whereby stem N2O fluxes are higher in the warmer months. As 

discussed, N2O fluxes were expected to be lower with increased temperature due 

to increased N2O reductase activity and higher rates of denitrification (Wang et al., 

2017). However, if warmer temperatures resulted in an increase in denitrification, 

but not complete denitrification to N2, higher temperatures may have resulted in 

increased stem N2O fluxes (Skiba, 2008).  

Stem fluxes at 30 cm and soil fluxes were not correlated with air temperature. This 

may be due to an alternative source of N2O production at the 90 and 150 cm 

measurement heights, as suggested above, or a different ancillary factor having 

more influence on fluxes towards the base of the stem and the soil. For example, 

the soil N2O fluxes are correlated with air pressure, with higher emissions 

measured at lower air pressures. This trend was also observed in CO2 emissions 

from tree stems at the landfill site, as discussed in Chapter 3. At lower air 
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pressures, the counter pressure on the soil is reduced and this can result in higher 

emissions (Oertel et al., 2016). This may account for the greater N2O soil emissions 

at lower air pressures.  

The measured environmental variables only explain a small percentage of the 

variation in stem and soil N2O fluxes. Isolating individual drivers of changing N2O 

flux rates is challenging due to the complex, non-linear nature of the processes 

involved, rather than simple additive effects (Butterbach-Bahl et al., 2013). It would 

be beneficial for further research to collect additional N2O measurements from 

forested former landfills and explore the effect of additional factors, such as soil 

moisture at greater depths. 

5.5 Conclusions 

This study has revealed that landfill sites with forested areas have the potential to 

be a net source of N2O, with tree stem fluxes accounting for 1% of the total landfill 

surface N2O emissions. Fluxes from the landfill site showed temporal variability as 

N2O emissions in the summer were higher than those in spring, likely due to 

variations in temperature and soil moisture. Stem fluxes were lower with increased 

height from the ground and this spatial variation indicated a belowground source 

of N2O. Findings presented here demonstrate that trees planted on a closed landfill 

site have the capacity to emit more N2O than a comparable non-landfill area. 

However, the contribution of stem N2O fluxes to the total surface flux on the former 

landfill was a similar or lower magnitude than that of fluxes previously reported 

from natural forested ecosystems. There is a need for additional investigation into 

the environmental factors that influence the magnitude of N2O fluxes from landfills 

and the source of these N2O emissions. This would aid in further explaining the 

variability in N2O fluxes and mitigating legacy emissions from closed landfill sites. 

These results indicate that trees growing on closed landfills have the capacity to 

emit N2O from a belowground source and that including N2O released via tree 

stems in GHG budget assessments for former landfills may be beneficial. 
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Chapter 6 Upscaling GHG emissions from closed landfills 

6.1 Introduction 

GHGs from waste account for c. 3% of the total global GHG emissions from all 

anthropogenic sources, increasing from 2.6% in 1970 (Blanco et al., 2014). Solid 

waste disposal is one of the main sources of GHGs from waste, accounting for c. 

43% of emissions (Blanco et al., 2014). Global waste production is predicted to 

increase from c. 2.1 to 3.4 billion tonnes per year by 2050 (Kaza et al., 2018; 

Nichols & Smith, 2019). Waste generation is projected to grow by c. 40% by 2050 

in mid- and low-income countries and 19% in high-income countries (Kaza et al., 

2018). This increase in waste generation in high-income countries is predicted 

despite the implementation of measures to reduce waste sent to landfill, such as 

EU laws to recycle 65% of household waste and 70% of packaging by 2035 (EEB, 

2018). Landfilling is expected to continue to be a dominant waste management 

practice throughout the world, both in managed and uncontrolled sites (Wang et 

al., 2017). It is of global importance that GHG emissions from landfill sites (both 

active and closed) are quantified so the estimated contribution of waste to national 

and global GHG budgets is accurate. The scope of this investigation focuses on 

managed sites, such as those in many developed countries. 

The first project aim (section 1.6) focused on the quantification of GHG fluxes from 

closed landfills in UK (particularly England) with a view that this could provide a 

basis for future assessments in other countries. In 2018, the UK produced 222.2 

million tonnes of waste, with 84% of this originating from England (DEFRA, 2021c). 

Furthermore, the amount of biodegradable waste sent to landfill in 2019 was 6.6. 

million tonnes, with 5.4 million tonnes of this waste being produced in England 

(DEFRA, 2021c). The waste management sector was responsible for c. 4% of the 

total GHG emissions in the UK in 2020, with most of these emissions originating 

from landfill sites (Department for Business, Energy & Industrial Strategy, 2022).  

As more landfill sites reach capacity and are closed, the need to quantify the legacy 

GHG emissions from these areas becomes greater, particularly to improve the 

accuracy of the total UK GHG budget. The restoration of former landfill sites 

commonly includes the establishment of vegetation and in the UK, the regeneration 

of many urban and urban-fringe sites includes creating forested areas (Rawlinson 

et al., 2004; Moffat et al., 2008). The England Trees Action Plan set a general 

target of 12% woodland cover in England by 2050 (currently 10%) and tree planting 

on closed landfill sites is being promoted as it provides cleaner air, green jobs, and 

benefits for communities (Trenbirth & Dutton, 2020; DEFRA, 2021a). It is 

particularly important to ensure that all sources of GHG emissions from former 
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landfills are accounted for, including tree stems, as results from previous chapters 

indicate that excluding tree stem fluxes would result in an underestimation of total 

GHG emissions from landfills. Total tree cover has not been previously combined 

with flux measurements to provide an estimate of the total GHG emissions from 

closed landfill sites. 

This chapter predicts GHG fluxes from managed landfill sites in England by 

combining upscaled results from the previous chapters and estimated landfill tree 

cover data. This included measuring the surface area of trees on field sites and 

calculating an estimate for the total tree surface area at both field site and 

nationwide levels. Additionally, the percentage tree cover on former landfills in 

England was calculated (both a total and for each site classification outlined in 

previous chapters). The main aim was to scale up tree stem GHG fluxes from 

closed landfill sites in England to estimate the contribution to national emissions 

when different landfill management and tree cover scenarios are considered. 

6.2 Materials and methods 

6.2.1 Landfill site classification 

Historic landfill sites in England that accepted waste containing organic matter 

(household or commercial) were identified from the Environment Agency Historic 

Landfill dataset (Environment Agency, 2019). This includes data for most sites 

stating when they were closed and no longer licensed. These closure dates were 

used to assign the historic landfill sites in the dataset into one of three 

classifications based upon the most likely management practices in place. These 

classifications (CC-GE, CC-noGE, and noCC-noGE) correspond with the different 

types of landfill management practices investigated in Chapter 4 and are outlined 

in Table 6.1. The number of sites in England assigned to each classification is also 

listed. Of the 7143 historic landfills that accepted organic waste, c. 16% have no 

data relating to their closure date. These were assigned to the noCC-noGE 

classification and a total without these sites included was also determined (Table 

6.1); both values were carried forward to upscaling.
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Table 6.1 Landfill classifications used in upscaling calculations and closure dates of landfills assessed when classifying sites in England. The number of sites assigned to each classification, 

the total area and estimated number of trees are stated.  

Landfill 

classification 

Field 

site 

Landfill 

management 

Closure date Number of sites Area (km2) Estimated number of 

trees 

All classifications 

- 

- - 7143 

Including sites with no 
closure date: 405 

Excluding sites with no 

closure date: 

367 

Including sites with no 
closure date: 41,471,415 

Excluding sites with no 

closure date: 37,507,746 

Clay cap and gas 

extraction 

 (CC-GE) 

1A 

Clay cap 

Active gas extraction 

system 

During, or 

after 1999 
932 98 9,041,179 

Clay cap and no gas 

extraction  

(CC-noGE) 

1B 

Clay cap 

No gas extraction 

system 

After 1986, 

before 1999 
2103 113 11,079,263 

No clay cap and no 

gas extraction  

(noCC-noGE) 

1C 

No clay cap 

No gas extraction 

system 

During, or 

before 1986 

Including sites with 
no closure date: 

4108 

Excluding sites with 
no closure date: 

2989 

Including sites with no 
closure date: 194 

Excluding sites with no 
closure date: 156 

Including sites with no 
closure date: 21,350,973 

Excluding sites with no 
closure date: 17,387,304 
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6.2.2 Landfill tree cover 

A shapefile containing polygons for all 7143 historic landfill sites in England that 

accepted household or commercial waste was obtained from the Environment 

Agency dataset (Environment Agency, 2019) and viewed using GIS software 

(ArcMap 10.1). The polygons were overlain onto satellite images (Earthstar 

Geographics, Terracolor NextGen imagery) with a resolution of 15 m and accuracy 

of 12 m (ESRI, 2022). Each landfill area was systematically reviewed, and 

polygons were drawn around tree cover using the ‘Measure an Area’ tool, as seen 

in Figure 6.1. The area of tree cover (m2) was determined for every landfill that 

accepted household or commercial waste and percentage tree cover was 

calculated (examples are shown in Figure 6.1B-D). Satellite images for sites that 

were visited during the fieldwork campaigns outlined in previous chapters were 

used to ground truth the tree cover data. Areas with known tree cover were 

assessed to increase the accuracy of the allocation of forested areas from satellite 

images. 

 

Figure 6.1 (A) An image showing an example of a polygon drawn around an area of tree cover and 

the associated area measurement. (B-D) Examples of landfill sites with varying amounts of tree 

(A) 

(C) (D) 

(B) 
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cover. Selected landfill site boundaries are shown in blue. (B) 0% tree cover. (C) 53% tree cover. (D) 

100% tree cover. 

A tree spacing value of 1.5 m was established based on field observations and 

publications documenting woodland establishment on former landfills (Rawlinson 

et al., 2004; Forest Research, 2008). The impact of changing tree spacing on 

upscaled flux estimates was further explored during the sensitivity analysis (this 

method is described in section 6.2.5). Tree density was derived from the tree 

spacing value, and the total area of each landfill site was multiplied by the density 

of trees (0.44 trees per m2) to calculate the number of trees per site. The total 

number of trees on landfills of each classification was determined and compared 

with an estimate of the total forested area in the UK to verify the plausibility of this 

estimate (Forest Research, 2021). The calculated tree number values for each 

landfill classification are shown in Table 6.1. 

6.2.3 Surface area calculations 

6.2.3.1 Tree stem surface area  

The surface areas of the sampled tree stems at each former landfill site were 

estimated to allow fluxes to be scaled up. Imaging software (LiDAR Scanner 3D; 

Simonik, 2022) on an iPad Pro (2020) was used to produce a point cloud for each 

sampled tree stem up to a height of 1.5 m, as seen in Figure 6.2. This terrestrial 

LiDAR scanning method captures xyz coordinates by emitting laser pulses towards 

a targeted area (Oguchi et al., 2011). The time delays of the returned laser pulses 

are used to calculate the distance to the target, and from this, a three-dimensional 

image is created (Walsh et al., 2018). Tree mapping using this method has a 

detection rate of 97.3% for trees with a DBH over 10 cm (Gollob et al., 2021). Limits 

were set on the x, y, and z axes so that only tree stem surfaces were included in 

the point cloud, rather than surrounding vegetation and the ground (Matlab, 

R2020b) (Figure 6.3; see Appendices 1 and 2). The points were then sorted into 

rings, with a minimum number of four points per ring. A circle was fitted to each 

ring and circles with fewer than four fitted points were removed. The average 

circumference of these circles was then used to calculate the surface area if the 

tree stem was modelled as a cylinder (without bases) with a height of 1.5 m. This 

was compared to surface area values calculated using measured circumferences 

at 30, 60, 90, 120, 150 and 180 cm stem heights to ensure the values were 

comparable. The stem surface areas derived via the LiDAR method were 

approximately 5% and 8% lower than those calculated manually modelling the 

stem as a cylinder and a truncated cone, respectively. The LiDAR method was 

used in the upscaling estimates as a greater number of tree stem circumference 
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values were evaluated to provide the average. Also, manual measurements have 

a higher likelihood of human error and cannot reconstruct the geometry of a tree 

as accurately (Cabo et al., 2018).  

The surface area for each measured tree was calculated and an average for each 

sampled landfill site was derived. The total stem surface area for each type of 

landfill classification was attained using Equation 6.1. 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑡𝑒𝑚 𝑆𝐴 (𝑚2) = 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑡𝑒𝑚 𝑆𝐴 (𝑚2) 

 (Equation 6.1) 

 

Figure 6.2 Example of a point cloud produced from an image of a sampled tree. 
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Figure 6.3 Example of a point cloud produced after axis limits were introduced. 

6.2.3.2 Soil surface area 

The landfill soil surface area was calculated by subtracting the total basal tree area 

from the site area. Tree basal areas were determined for each sampled tree by 

using the stem diameter at the 30 cm measurement height to calculate the area of 

a circle. The average tree basal area for each sampled site was derived from these 

values. The total soil surface area for each landfill classification was calculated 

using Equation 6.2. 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑖𝑙 𝑆𝐴 (𝑚2) = ∑𝑆𝑖𝑡𝑒 𝑎𝑟𝑒𝑎 (𝑚2) − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑟𝑒𝑒 𝑏𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑚2) ×

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠)  

 (Equation 6.2) 

6.2.4 Upscaling landfill surface fluxes 

Average flux and standard error values obtained from sampled field sites were 

used in upscaling calculations to estimate the total landfill surface emissions from 

each classification of former landfill. The methods used to determine the flux rates 

for tree and soil surfaces at each sampled landfill site are described in Chapter 2 

(Section 2.3). Upscaled total tree GHG emissions for each landfill classification 

were derived using Equation 6.3. 
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𝑈𝑝𝑠𝑐𝑎𝑙𝑒𝑑 𝑠𝑡𝑒𝑚 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝜇𝑔 ℎ−1)

=  𝑇𝑜𝑡𝑎𝑙 𝑠𝑡𝑒𝑚 𝑆𝐴 (𝑚2)  × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑡𝑒𝑚 𝑓𝑙𝑢𝑥 (𝜇𝑔 𝑚−2 ℎ−1) 

 (Equation 6.3) 

Average fluxes obtained from the 90 cm measurement height alone were included 

in this analysis as this was the only height sampled at sites 1B and 1C. Upscaled 

standard error values were derived in the same way as upscaled fluxes, by 

multiplying the average standard error value for each classification by the tree stem 

surface area. Upscaled soil surface emissions for each landfill type were also 

estimated using Equation 6.4. 

𝑈𝑝𝑠𝑐𝑎𝑙𝑒𝑑 𝑠𝑜𝑖𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝜇𝑔 ℎ−1)

= 𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑖𝑙 𝑆𝐴 (𝑚2)  × 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑜𝑖𝑙 𝑓𝑙𝑢𝑥 (𝜇𝑔 𝑚−2 ℎ−1) 

 (Equation 6.4) 

Upscaled CH4 and CO2 emission estimates were calculated for all landfill 

classifications (CC-GE, CC-noGE, and noC-noGE), and N2O emission estimates 

were obtained for CC-GE only (due to the data available from field measurements). 

The units of the upscaled values were adjusted to ensure that they were 

appropriate; the upscaled estimates were given in t yr-1 for each CH4 and N2O and 

kt yr-1 for CO2. The CO2 equivalent (CO2e) of the upscaled GHG emission values 

was also calculated by multiplying the amount of each gas by the GWP of each 

GHG. The GWP values used for CH4 and N2O were 25 and 295, respectively (Reay 

et al., 2018; Myhre et al., 2013).  

For each landfill classification, the percentage contribution of tree emissions to the 

total ecosystem emissions was determined using Equation 6.5. 

 

% 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑡𝑜𝑡𝑎𝑙 𝑒𝑐𝑜𝑠𝑦𝑠𝑡𝑒𝑚 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

=  
𝑆𝑡𝑒𝑚 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑡 𝑦𝑟−1)

(𝑆𝑡𝑒𝑚 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑡 𝑦𝑟−1) + 𝑆𝑜𝑖𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑡 𝑦𝑟−1))
 ×  100 

 (Equation 6.5) 

The upscaled values reported here differ from those stated in Chapters 3 and 5 as 

the values reported in previous chapters were for the forested areas of the field 

sites rather than the entire sites.  
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6.2.5 Sensitivity analysis 

Analysis was carried out to determine how different values for independent 

variables, such as tree spacing and tree cover on former landfills, would affect the 

upscaled emissions estimates. The influence of landfill classification on estimates 

was also considered. As tree spacing is not uniform across individual sites or 

different forested areas, it is important to consider how variations in the spacing 

between trees planted on former landfills will affect the estimated GHG emissions. 

Tree spacing is significant as it determines the density of trees in a forested area 

and therefore, the number of trees planted on a former landfill site. A range of tree 

spacing values from 1.25 to 2.50 m were systematically entered into the upscaling 

calculations outlined in section 6.2.4 at increments of 0.25 m. Similarly, the 

proportion of a closed landfill site that is forested will alter the contribution of stem 

emissions to total landfill surface emissions. Analysis was carried out to determine 

how variations in percentage tree cover on landfill sites would alter the upscaled 

estimates. A range of tree cover change values from 0% (all trees removed from 

closed landfills in England) to 100% (the entirety of former landfills forested) were 

substituted into upscaling calculations described in section 6.2.4 at increments of 

5%. Finally, the effect of landfill classification on upscaled emissions estimates was 

investigated as this determines which average flux value is assigned to different 

landfill sites during the upscaling calculations (based upon field measurements 

carried out in previous chapters). Sensitivity analysis was undertaken to observe 

the effect of changing the allocation of all recorded landfills to each type of 

classification (noCC-noGE, CC-noGE, and CC-GE). This could then be compared 

to the estimated value derived from the current proportion of landfills assigned to 

each classification. 

6.3 Results and discussion 

6.3.1 Upscaled emission estimates 

Upscaled estimates for CH4 and CO2 emissions or uptake for all recorded closed 

landfill sites in England and the percentage contribution of stem emissions to total 

surface emissions are shown in Table 6.2. Stem and surface N2O emission 

estimates for landfill sites classified as CC-GE are also shown. The estimated CH4 

and CO2 emissions from tree stems on all landfills in England are 17 ± 7 t yr-1 and 

26 ± 3 kt yr-1, respectively. The upscaled CH4 value corresponds to less than 0.01% 

of the total UK CH4 emissions from landfill in 2020 (Department for Business, 

Energy & Industrial Strategy, 2022). The estimated upscaled N2O emission from 

tree stems on landfills is 0.042 ± 0.007 t yr-1, which corresponds to less than 
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0.001% of the total UK N2O emissions from waste in 2020 (Department for 

Business, Energy & Industrial Strategy, 2022). 

The largest proportion of the total upscaled CH4 value is from former landfill sites 

with no clay cap or gas extraction system. This is expected as up to 58% of all 

former landfill sites are assigned to this classification and c. 25% of these sites 

have at least 50% tree cover (compared to 22% and 18% of CC-noGE and CC-GE 

sites, respectively). As these sites are generally older, it is more likely that 

remediation, including tree planting, may have taken place. In addition, the trees 

on the noCC-noGE landfills may have become more established, although this 

would not necessarily result in higher emissions from these stems as previous 

research found that young trees emit more CH4 (Pangala et al., 2015). The 

relatively high CH4 stem emission estimate for noCC-noGE sites is also due to the 

measured CH4 flux that was used in the calculation. Fluxes resulting from the 

investigation on different landfills sites (outlined in Chapter 4) were substituted into 

the upscaling equations to derive estimates at a national level. As fluxes from the 

noCC-noGE site (1C) were higher than others, likely due to the soil being saturated 

in places, it was expected that the upscaled national CH4 emission value for these 

sites would also be high. It would be beneficial to collect additional data from 

various noCC-noGE sites to see if these conditions are typical and to likely 

increase the accuracy of the upscaled estimate.  

While noCC-noGE sites had the highest upscaled CH4 emission estimate, the trees 

on these sites did not have the largest percentage contribution to the total surface 

emissions of all the sites (only c. 5.5%). Trees growing on sites with a clay cap and 

gas extraction system contributed to a greater proportion of the total landfill surface 

CH4 emissions than trees on sites of different classifications (c. 35%). This is 

greater than the contribution of tree emissions to the total ecosystem emissions in 

a temperate forested wetland (up to 27%) (Pangala et al., 2015). As stated in 

previous chapters, carbon released through tree stems to the atmosphere may 

offset a proportion of carbon sequestration and these upscaled estimates reinforce 

the importance of including stem CH4 emissions in carbon assessments for 

managed environments. Similarly, these results show CH4 uptake by trees and 

soils on CC-noGE sites at rates of 0.107 ± 0.029 t yr-1 and 6.22 ± 3.01 t yr-1, 

respectively. This potential CH4 sink should also be considered when establishing 

the contribution of managed environments to carbon budgets at a national level.   

The relative importance of the emissions of each GHG were considered by 

comparing the CO2e for each upscaled amount (Table 6.2). Scaled up CO2 

emissions are 2-3 orders of magnitude higher than the CO2e of CH4 and N2O. 

However, CO2 emissions from terrestrial vegetation via respiration are already 
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accounted for by global carbon cycle models. A comparison of emissions from CC-

GE sites demonstrates that the CO2e value for CH4 (80.9 ± 32.5 t yr-1) is around 7 

times higher than that of N2O (11.1 ± 1.83 t yr-1). This indicates that CH4 emissions 

from this classification of closed landfill sites have the greater global warming 

potential when considered at a national scale. This may have implications for future 

national climate change mitigation plans, as reducing emissions of the GHGs with 

the greatest potential to contribute to global warming would likely be a priority. 
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Table 6.2 Upscaled GHG stem and soil emission estimates for landfills in England (t yr-1) and the percentage contribution of stem emissions to total surface emissions. CH4 and CO2 

estimates are stated for all sites and also divided into each site classification. The upscaled N2O estimate is for landfill classification CC-GE only (due to availability of field data). Estimates 

both incorporating the landfill sites with no data on management, and excluding these sites are stated. Note that the negative CH4 values for site CC-noGE indicate uptake rather than 

emission. Also, the units for CH4 and N2O values are t yr-1 and the units for CO2 values are kt yr-1. 

  Stem surface Soil surface  

GHG Site classification 
Amount of 

emission/uptake   
SE CO2e  

CO2e 
SE  

Amount of 
emission/uptake   

SE CO2e  
CO2e 
SE  

Stem contribution to 
total surface 

emissions (%) 

CH4  
(t yr-1) 

All sites (including no data) 17 7 414 167 176 237 4386 5934 8.6 

All sites (not including no data) 15 6 374 151 159 215 3973 5375 8.6 

noCC-noGE (including no data) 21 15 534 360 373 540 9315 13497 5.4 

noCC-noGE (not including no data) 17 12 435 293 299 434 7481 10841 5.5 

CC-noGE -0.11 0.03 -3 0.73 -6 3 -156 75 1.7 

CC-GE 3 1 81 33 6 17 151 433 34.9 

CO2 

(kt yr-1) 

All sites (including no data) 26 3 26 3 932 85 932 85 2.7 

All sites (not including no data) 24 3 24 3 845 77 845 77 2.7 

noCC-noGE (including no data) 16 3 16 3 439 133 439 133 3.5 

noCC-noGE (not including no data) 13 2 13 2 352 107 352 107 3.5 

CC-noGE 12 2 12 2 294 33 294 33 3.8 

CC-GE 3 0.54 3 0.54 218 24 218 24 1.5 

N2O  
(t yr-1) 

CC-GE 0.042 0.007 11 1.83 21.7 3.17 5750.4 840.4 0.19 
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At present, UK GHG emissions from waste management are estimated each year 

and form part of a submission to the United Nations Framework Convention on 

Climate Change (UNFCCC). GHG emission values are estimated using guidance 

outlined by the Intergovernmental Panel on Climate Change (IPCC) (Pipatti et al., 

2006; Department for Business, Energy & Industrial Strategy, 2022). In 2019, the 

UK reported CH4 emissions of 573.87 kt from managed solid waste disposal sites; 

however, no CO2 or N2O values were included in this report (UNCC, 2021). At 

present, GHG inventories produced adhering to IPCC guidance do not include CO2 

emissions originating from the decomposition of organic waste (UNCC, 2021). The 

CH4 emission values were calculated using a First Order Decay (FOD) method 

which determines the rate of CH4 production based upon the amount of organic 

matter in the waste (Pipatti et al., 2006). Annual CH4 emissions from solid waste 

disposal sites are estimated using Equation 6.6.  

𝐶𝐻4 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = [∑ 𝐶𝐻4 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑥,𝑇 −  𝑅𝑇𝑥 ](1 −  𝑂𝑋𝑇)  (Equation 6.6) 

Where: 

CH4 emissions = CH4 emitted per year in kt 

T = inventory year 

X = waste category or type/material 

RT = recovered CH4 in year T, Gg 

OXT = oxidation factor in year T (fraction) 

(Pipatti et al., 2006) 

This method of estimating CH4 emissions from landfill accounts for factors 

including the quantities of CH4 that are produced, recovered, and oxidised. It is 

assumed that a proportion of CH4 that is not recovered is oxidised in cover soils, 

but the calculation does not account for any potential emissions from tree stems. 

Results from this investigation indicate that for most types of closed landfill, 

excluding tree stem fluxes from this type of calculation would result in an 

underestimation of the annual CH4 emissions estimate at a national level. A more 

appropriate equation for the estimation of national CH4 emissions, including tree 

stem fluxes, is shown in Equation 6.7.   

𝐶𝐻4 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = [∑ 𝐶𝐻4 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑥,𝑇 −  𝑅𝑇𝑥 ](1 −  𝑂𝑋𝑇) + ∑ 𝑠𝑡𝑒𝑚 𝐶𝐻4 𝑓𝑙𝑢𝑥𝑇 

 (Equation 6.7) 

The field data presented here could be valuable when improving the accuracy of 

regional and national GHG inventory models, particularly if additional data were 

collected and upscaling estimates were developed further. For example, collecting 

field data from additional closed landfill sites would be beneficial to ensure that the 
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results presented here are not atypical. While beyond the scope of this chapter’s 

aims, this would increase the accuracy of the upscaled values at a national level 

as the fluxes assigned to each landfill classification would be based on field data 

from multiple sites in each category. Additionally, upscaling calculations could be 

developed to include factors such as air pressure and seasonality which influence 

the magnitude of GHG emissions (Pangala et al., 2015; Terazawa et al., 2015; 

Oertel et al., 2016). Similarly, the accuracy of yearly national GHG emission 

estimates would likely be improved by including factors such as air pressure and 

temporal variations in fluxes.   

6.3.2 Sensitivity analysis 

6.3.2.1 Landfill classification 

Analysis was carried out to determine how estimated GHG emissions in England 

from closed landfills would vary when the classification of landfill sites was altered. 

The results of this analysis are shown in Figure 6.4. The allocation of all former 

landfill sites to noCC-noGE represents the highest CH4 emissions scenario in 

which the upscaled value would be larger than the current estimate (36.3 ± 42.4 t 

yr-1 and 16.5 ± 6.7 t yr-1, respectively). Conversely, if all closed landfill sites were 

CC-noGE sites, the total upscaled value would be negative which would signify 

CH4 uptake (-0.45 ± 0.12 t yr-1). Thus, the trees growing on landfills would be a sink 

for atmospheric CH4. However, the upscaled CO2 emissions are highest in the 

scenario where all sites are classified as CC-noGE (49 ± 9 kt yr-1). The results in 

Figure 6.4 suggest that the allocation of all landfills to the CC-GE classification 

would give rise to CH4 emissions of a similar magnitude (15.3 ± 6.1 t yr-1) to those 

when landfills are assigned to classifications in the current proportions. Also, the 

upscaled CO2 amount would likely be lower in this scenario. It is unlikely that the 

highest or lowest emissions scenarios seen in Figure 6.4 would occur as former 

landfill sites in England have been managed differently and are allocated to the 

different classifications. Moreover, as revealed in Chapter 4, environmental 

variables such as waterlogging also influence the magnitude of fluxes from closed 

landfills, so landfill classification is not the sole variable affecting fluxes. However, 

these results highlight the importance of accurately classifying the management 

strategies used at former landfill sites as this can influence the total upscaled GHG 

values at a national level. 
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Figure 6.4 Upscaled tree stem GHG emission/uptake estimates when the proportion of landfills in 

England assigned to each landfill classification is altered (A) Scaled up stem CH4 emission/uptake 

estimates (t yr-1) when landfills are assumed to belong to just one of the landfill classifications 

compared with the current estimate for all sites (with landfills assigned to classifications in the current 

proportions). (B) Scaled up stem CO2 emission estimates (kt yr-1) when landfills are assumed to 

belong to just one of the landfill classifications compared with the current emission estimate for all 

sites (with landfills assigned to classifications in the current proportions). 
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6.3.2.2 Tree cover 

The effect of variations in tree cover on former landfill sites in England was 

investigated to determine how this would influence total upscaled GHG emissions 

values. The results of this analysis for CH4, CO2 and N2O fluxes are shown in 

Figure 6.5. As expected, upscaled CH4 values from noCC-noGE and CC-GE sites 

decreased with lower tree cover and increased with greater tree cover. Conversely, 

upscaled estimates for the CC-noGE site displayed the opposite trend due to the 

negative flux value for this type of site (although these fluxes are very small). CO2 

emission estimates for all sites were lower with decreased tree cover and higher 

with increased tree cover, and this pattern was also present for upscaled N2O 

estimates at the CC-GE site.  

As the overall tree planting aim is to increase tree cover by 2% by 2050, it is unlikely 

that the total tree cover on former landfill sites will decrease (DEFRA, 2021a). If 

tree cover on landfill sites followed the same trajectory and increased from current 

levels by 2%, the resulting upscaled stem CH4 amounts in England would be 17.8 

± 12.0 t yr-1, -0.1 ± 0.03 t yr-1, and 3.3 ± 6.2 t yr-1 from noCC-noGE, CC-noGE, and 

CC-GE sites, respectively. A 2% increase in tree cover on landfills would also likely 

cause total upscaled stem CO2 emissions to increase to 13 ± 2 t yr-1, 12 ± 2 t yr-1, 

and 3 ± 0.55 kt yr-1 from noCC-noGE, CC-noGE, and CC-GE sites, respectively. 

The resulting N2O stem emissions estimate would be 0.04 ± 0.01 t yr-1. 

It is likely that in order to reach tree planting targets, many urban and urban-fringe 

areas (including landfill sites) will be prioritised for regeneration. This may involve 

creating substantially larger forested areas on closed landfill site, above the 2% 

increase target for the country in general (Rawlinson et al., 2004; Moffat et al., 

2008). The results presented here indicate that changes in the proportion of former 

landfill sites planted with trees has an impact on stem GHG emissions from these 

areas. Small variations in tree cover result in relatively small changes in GHG 

emissions, but greater variations in tree cover are estimated to bring about larger 

changes in the tree stem GHG emissions from former landfills. This is an important 

consideration when selecting areas for tree planting as this would likely have 

consequences for total upscaled GHG values at a national level. 
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Figure 6.5 Upscaled tree stem GHG emission/uptake estimates for each landfill classification in 

England with varying tree cover. Bars are the standard error. (A) Scaled up stem CH4 

emissions/uptake (t yr-1) for landfill site types with varied landfill tree cover. (B) Scaled up stem CO2 

emissions (kt yr-1) for landfill site types with varied landfill tree cover. (C) Scaled up stem N2O 

emissions (t yr-1) for landfill site types with varied landfill tree cover. 
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6.3.2.3 Tree spacing 

The effect of variations in tree spacing, and therefore tree density, on former landfill 

sites in England was investigated to determine how this would alter total upscaled 

GHG values. The results of this analysis for CH4, CO2 and N2O are shown in Figure 

6.6. There is a decrease in CH4 stem emissions with increased tree spacing at 

sites CC-GE and noCC-noGE. As increased tree spacing results in a lower density 

of trees within a forested area, there are fewer tree stems emitting CH4 and lower 

total stem CH4 emissions. Conversely, stem CH4 values at site CC-noGE increased 

with greater tree spacing as the number or trees taking in CH4 within a forested 

area was reduced. Decreasing CO2 emissions with increased tree spacing were 

observed at all sites. At site CC-noGE, upscaled N2O stem emissions also 

decreased with greater tree spacing. At sites where GHG emissions are 

decreasing with increased tree spacing, trends show a steeper decline in 

emissions between different tree spacing values towards the lower end of the 

range (i.e. 1.25 and 1.50 m), rather than between the higher tree spacing values 

(i.e. 2.25 and 2.50 m) (Figure 6.6). This is due to the number of trees in forested 

areas increasing in greater increments between the lower tree spacing values. 

The recommended spacing between trees for woodland establishment in the UK 

is 2-3 m, which allows room for trees to grow (DEFRA, 2021b). More specific 

guidelines relating to planting trees on reclaimed land recommend a tree spacing 

distance of between 1.5 and 2 m (Moffat & McNeill, 1994; Hodge, 1995; Rawlinson 

et al., 2004; Hutchings et al., 2006; Forest Research, 2008). This is due to the low 

fertility of the soil in these areas which likely causes trees to grow at a slower rate. 

Therefore, closer spacing is advisable to expedite the closure of the canopy (Moffat 

& McNeill, 1994; Hodge, 1995). Even if tree spacing only varied between 1.5 and 

2 m on closed landfill sites, this could result in relatively large differences in 

upscaled GHG emissions. For example, upscaled CH4 values at CC-GE sites are 

estimated to decrease by c. 43% (from 3.2 ± 1.3 t yr-1 to 1.8 ± 0.7 t yr-1) when tree 

spacing is changed from 1.5 m to 2 m. It is important that tree spacing is consistent 

when woodland is created on reclaimed land as these results show that variations 

in the density of trees can alter the magnitude of GHG emissions from forested 

sites. When these values are upscaled to a national level, this can add uncertainty 

to GHG budgets. It would be beneficial for rigid guidelines to be developed for tree 

planting on former landfills that consider the likely fluxes from stems on different 

site types, as well as the space for trees to grow and the closure of the canopy.  
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Figure 6.6 Upscaled GHG emissions/uptake estimates for each landfill classification in England with 

varying tree spacing. Bars are the standard error. (A) Scaled up CH4 emissions/uptake (t yr-1) for 

landfill site types. (B) Scaled up CO2 emissions (kt yr-1) for landfill site types. (C) Scaled up N2O 

emissions (t yr-1) for landfill sites with a cap and gas extraction. 
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6.4 Conclusions 

The analysis presented in this chapter has determined that estimated upscaled 

CH4 and CO2 emissions from tree stems on all landfills in England are 16.5 ± 6.67 

t yr-1 and 26 ± 3 kt yr-1, respectively. Tree stem emissions have been estimated to 

account for c. 35% of the total surface emissions on sites with clay caps and gas 

extraction systems, and c. 5.5% on sites with no clay cap or gas extraction. 

Conversely, trees growing on former landfills with a clay cap and no gas extraction 

system were estimated to be a CH4 sink (with uptake by tree stems accounting for 

c. 1.7% of the total surface uptake). Results indicated that for most types of closed 

landfill in England, excluding tree stem values from CH4 emission calculations 

would likely result in an underestimation of the annual CH4 emission estimate at a 

national level. With additional ground truthing, the approach and findings presented 

here could be applied when upscaling emissions from former landfills in similar 

climate zones (Europe, for example). Analysis of emissions from different landfill 

types could also be applied when upscaling values in different countries, for 

example management methods used for older landfills in England may correspond 

with procedures used in developing countries. Sensitivity analysis highlighted the 

importance of accurately assigning classifications to closed landfill sites, as well as 

the effect on GHG emissions of increasing tree cover on former landfills.  Moreover, 

analysis revealed that consistent tree spacing on reclaimed land is likely to 

increase the accuracy of GHG budgets at a national level. The results presented 

in this chapter reinforce the importance of including stem GHG emissions in carbon 

assessments for managed environments, as gas emissions and uptake by tree 

stems on closed landfills have the potential to influence total upscaled GHG values 

at a national level. 
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Chapter 7 Discussion and Synthesis 

7.1 Introduction 

The research presented in this thesis investigated whether trees growing on closed 

landfill sites are a source of GHGs and if fluxes varied spatially or temporally. 

Variations in GHG emissions between different tree species and former landfills 

with varied management strategies have also been investigated. In this chapter, 

the aims outlined in Chapter 1 are re-examined and the results synthesised in order 

to examine the contribution this thesis has made to the scientific community. This 

contribution will then be used to facilitate a broader discussion about the wider 

implication of the work and outline where further work would be beneficial.  

One of the key findings from this study is that trees growing on closed landfill sites 

can mediate GHG transport from belowground to the atmosphere. This 

investigation provides novel insights into the contribution of tree stems to the total 

surface flux on former landfill environments. Results indicate that excluding GHG 

fluxes from tree stem surfaces would result in an underestimation of the overall 

surface flux from closed landfills. This study has also provided novel insights into 

the spatial and temporal variability of GHG fluxes from trees on closed landfill sites 

and the variation between species and sites with different management practices. 

This investigation has presented novel data and laid the foundations for further 

research in this area.  

7.2 Synthesis of aims 

The field sites visited to investigate each thesis aim and the field site classifications 

are restated below in Table 7.1. 
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Table 7.1 Summary of the site classifications and management, as well as the field sites visited to 

investigate each thesis aim. 

Field 

site 
Landfill management 

Project aim(s) 

1A Clay cap (depth ≥ 1 m) 

Active gas extraction 

system 

Accepted inert, industrial, 

commercial and household 

waste from 1964 to 1998 

Trees planted in 2004. 

1 – Quantify GHG fluxes from trees on 

closed landfill sites 

2 – Spatial variations in GHGs emitted from 

tree stems on closed landfill sites 

3 - Temporal variations in GHGs emitted 

from tree stems on closed landfill sites 

4 - Variation in GHG emissions from 

different tree species. 

5 - Variations in CH4 emissions from closed 

landfill sites with different management 

strategies. 

6 - Scale up the GHG emissions data for 

trees growing on closed landfill sites. 

1B Clay cap (1.8 m depth, 

installed in 1998) 

No gas extraction system 

Accepted household and 

industrial waste between 

the 1960s and 1990s 

Trees planted from 2000 

onwards. 

1 – Quantify GHG fluxes from trees on 

closed landfill sites 

4 - Variations in GHG emissions from 

different tree species. 

5 - Variations in CH4 emissions from closed 

landfill sites with different management 

strategies. 

6 - Scale up the GHG emissions data for 

trees growing on closed landfill sites. 

1C No clay cap or gas 

extraction 

Accepted household and 

industrial waste from 1971 

to 1977 

Trees planted in 1998. 

1 – Quantify GHG fluxes from trees on 

closed landfill sites 

4 - Variations in GHG emissions from 

different tree species. 

5 - Variations in CH4 emissions from closed 

landfill sites with different management 

strategies. 

6 - Scale up the GHG emissions data for 

trees growing on closed landfill sites. 

2A Not a former landfill site (at 

least 2 km from the nearest 

waste management 

facility). 

1 – Quantify GHG fluxes from trees on 

closed landfill sites. 
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7.2.1 Aim 1: To quantify the GHG fluxes from trees on closed landfill sites in 

the UK 

This aim was investigated in Chapter 3 (CH4 and CO2), Chapter 4 (CH4 and CO2) 

and Chapter 5 (N2O). Data reported in these chapters quantified tree stem GHG 

fluxes from closed landfill sites in the UK for the first time. Results reported that 

although the magnitude of the average tree stem CH4 flux varied between landfill 

sites (-1.4 to 112 µg m-2 h-1), average stem fluxes at two of the three sites were 

positive. This indicated that tree stems on former landfills have the capacity to emit 

CH4.  

The quantification of soil and tree stem CH4 fluxes on a former landfill site with 

modern landfill management strategies (site 1A) revealed a net source of CH4. CH4 

fluxes exhibited high spatial and temporal variability, which agrees with data 

previously recorded from landfill soil surfaces (Börjesson & Svensson, 1997a; 

Bogner et al., 1997; Rachor et al., 2013). The average stem CH4 flux from site 1A 

(12.8 ± 34.5 µg m-2 h-1) was similar to the lower end of fluxes measured in forested 

temperate wetland ecosystems and temperate upland areas (Gauci et al., 2010; 

Pangala et al., 2015; Pitz et al., 2018). This suggests that the same processes 

involved in CH4 production and transport in temperate natural ecosystems are also 

present in closed landfill sites. Moreover, tree stem CH4 fluxes from the closed 

landfill site were higher than those from a comparable non-landfill area. These 

findings demonstrate that trees planted on former landfill have the capacity to emit 

more CH4 than they would otherwise if planted in a more natural setting. Fluxes 

from the landfill area were considerably more varied than those from natural 

wetland and upland areas, which is likely due to the large GHG surface flux 

heterogeny associated with landfill sites (Bogner et al., 1997; Rachor et al., 2013). 

This variability is discussed further in relation to the second and third thesis aims 

below. 

The quantification of tree stem and soil N2O fluxes demonstrated that the modern 

landfill site was a net source of N2O. The average tree stem N2O flux (0.63 ± 0.06 

µg m-2 h-1) was within the recorded range of flux values for upland temperate 

woodlands (Moldaschl et al., 2021). Conversely, mean N2O fluxes from tree stems 

on the closed landfill site were significantly larger than stem fluxes from a 

comparable non-landfill area. Unlike CH4 emissions from tree stems on former 

landfill sites, N2O fluxes were relatively uniform across the site. The variability of 

N2O fluxes from landfill tree stems was also relatively low and was less than that 

of a temperate upland forest, where reported variability was higher (Moldaschl et 

al., 2021). 
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The results presented in Chapter 3, Chapter 4 and Chapter 5 indicate that trees 

growing on closed landfill sites do have the potential to emit GHGs from their 

stems. Therefore, measuring soil fluxes alone from a forested landfill site would 

result in an underestimation of the total surface flux. 

7.2.2 Aim 2: To investigate the spatial variations in GHGs emitted from tree 

stems on closed landfill sites in the UK 

The second thesis aim was addressed in Chapter 3 (CH4 and CO2), and Chapter 

5 (N2O). Spatial variation includes differences in flux rates across the landfill site 

and at varying tree stem measurement heights from ground level. CH4 fluxes were 

also investigated at different orientations on a tree stem. 

7.2.2.1 Spatial GHG flux variations across a closed landfill site 

Observed CH4 fluxes at the modern closed landfill (site 1A) were highly variable 

across the site, with some sampled soil or stem locations emitting substantially 

more CH4 than others. This high spatial variability can largely be explained by 

individual trees, such as the LHFT, which fluctuated between being a significant 

source and sink of CH4 during the measurement period. As soil fluxes near the 

LHFT did not display similar patterns to the tree stems, it is possible that CH4 stem 

emissions were instead influenced by changes in nearby landfill conditions. For 

example, a sudden increase in CH4 emissions from LHFT may have been caused 

by a leak in the landfill cap or disruption to the gas extraction system. This may 

explain the ‘hotspots’ in emissions observed in certain locations during some of the 

sampling months at site 1A. In contrast to CH4 fluxes from site 1A, N2O tree stem 

fluxes were relatively uniform across the site. During the measurement period, 

none of the sampled locations consistently emitted substantially more N2O than 

others, indicating that the source of N2O is uniform for the forested area.  

7.2.2.2 Spatial GHG flux variations at varying stem heights 

GHG emissions were expected to be lower with increasing stem height if tree 

stems were channelling GHGs from an anaerobic underground source (Rusch & 

Rennenberg, 1998; Terazawa et al., 2007; Pangala et al., 2017). Results reported 

in Chapter 3 show that CH4 fluxes varied with different measurement heights at 

site 1A, with an observed pattern of decreasing CH4 fluxes with increased height 

during August 2019 (Table 3.3). This pattern of decreasing CH4 fluxes with stem 

height may be detectable in the summer rather than winter months as CH4 fluxes 

are generally larger in the warmer season (Wang et al., 2016; Pitz et al., 2018; 

Terazawa et al., 2015). The observed occurrences of decreasing fluxes with stem 
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height suggests that CH4 was being channelled up the tree stem via diffusion from 

an underground source during the summer months.  

The results discussed in Chapter 5 show that a marginally significant trend of 

decreasing N2O fluxes with increased stem height was observed at the modern 

landfill site. Unlike CH4 fluxes, N2O stem fluxes from site 1A displayed this pattern 

in most months, apart from July 2021 when fluxes at 90 cm and 150 cm were 

similar. This observed trend provides evidence for a tree-mediated pathway of N2O 

emission from belowground to the atmosphere either via diffusion or transpiration.  

Overall, the results presented here indicate that GHG emissions from tree stems 

on a closed landfill site are likely to originate from a belowground source. This 

evidence agrees with results from investigations in natural wetland ecosystems, 

where decreased GHG fluxes were observed with increasing stem height 

(Terazawa et al., 2007; Pangala et al., 2017). This suggests that the same 

mechanisms responsible for the transportation of GHGs through tree stems in 

wetlands (diffusion and transpiration) also give trees growing on landfill sites the 

capacity to act as a conduit for GHG emission from belowground. 

7.2.2.3 Spatial GHG flux variations with varying stem orientation 

During intensive fieldwork at site 1A in February 2020, measurements were taken 

from multiple orientations on a tree stem to determine spatial variability. Results 

discussed in Chapter 3 show that CH4 fluxes varied spatially on different sides of 

the tree stem, with fluxes from the south-facing side of the stem higher than those 

from the north or east facing sides (Figure 3.3). It was proposed that this spatial 

variation could be due to the south-facing side of the tree being exposed to higher 

levels of solar radiation, as UV can induce aerobic CH4 production from plant 

tissues (Sundqvist et al., 2012). Although other factors (such as microbial attack or 

herbivory) can result in CH4 production via the same mechanism as UV exposure, 

these are less likely to cause higher emissions on one specific orientation of the 

tree stem.  

7.2.3 Aim 3: To investigate temporal variations in GHGs emitted from tree 

stems on closed landfill sites and non-landfill areas in the UK 

The third thesis aim was investigated at the modern landfill site (1A) and the results 

are outlined in Chapter 3 for CH4 and CO2, and Chapter 5 for N2O. Results reported 

in Chapter 3 show that tree stem CH4 fluxes were 3.9 times higher in the summer 

months (August and September) than the winter months (December, January, and 

February) (Table 3.2). As soil CH4 fluxes did not significantly vary between different 

months, it is likely that CH4 tree stem fluxes are not regulated by soil oxidation 
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rates. This provides further evidence that the emission pathway bypasses 

methanotrophic bacteria and oxidation in cover soils. Tree stem CO2 fluxes at site 

1A were also higher in the summer months. These results agree with findings from 

natural ecosystems where abiotic factors such as temperature, water availability, 

and light influence biological processes (Pangala et al., 2015; Terazawa et al., 

2015; Wang et al., 2016; Pitz et al., 2018; Vargas & Barba, 2019). Unlike CH4 soil 

fluxes, soil CO2 fluxes were significantly higher in the summer and autumn months 

than the winter. This is likely due to higher soil respiration rates in the warmer 

months and may also be attributed to higher soil CH4 oxidation rates at the landfill 

when temperatures are higher (Chanton & Liptay, 2000). 

The results discussed in Chapter 5 show a trend of increasing tree stem N2O fluxes 

from April to July at all measured stem heights (Table 5.3). This was most likely 

caused by the effects of varying air temperature and soil moisture during the 

measurement period. N2O fluxes at the 30 cm measurement height corresponded 

with average UK rainfall patterns, with high fluxes and rainfall in May and July 2021, 

and low fluxes and precipitation in April 2021. Higher rainfall can cause increased 

N2O fluxes as higher soil moisture levels which would likely result in elevated rates 

of denitrification (Mandernack et al., 2000; Wang et al., 2017). Soil N2O fluxes also 

displayed this pattern of higher emissions in months with increased rainfall. 

Moreover, results suggest that warmer temperatures may have caused an 

increase in denitrification. As the average air temperatures in the summer months 

were lower than the optimum temperature for denitrification in soils, the rate of 

denitrification may have increased, but not to the extent that complete 

denitrification to N2 dominated (Skiba, 2008). Overall, temporal variability in tree 

stem GHG fluxes was observed at the modern landfill site, and this is likely a result 

of variations in abiotic factors over time, such as temperature and soil moisture. 

7.2.4 Aim 4: To investigate the variations in GHG emissions from the stems 

of different tree species 

The fourth thesis aim was investigated in Chapter 4, with a focus on CH4 fluxes. 

The results reported from the three field sites where fluxes from different tree 

species were investigated are combined in Figure 7.1. Overall results show that 

tree stem CH4 and CO2 fluxes were not significantly different between different tree 

species at any of the landfill sites (1A, 1B, or 1C). This contrasts with observations 

in forested temperate wetland and upland environments where stem CH4 and CO2 

emissions vary between tree species due to variations in factors such as stem 

diameter and transpiration rates (Pangala et al., 2015; Warner et al., 2017; Pitz & 

Megonigal, 2017; Pitz et al., 2018). The lack of variation in CH4 fluxes between tree 
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species at site 1B may be due to the overall low flux values from all trees on this 

site. However, stem CH4 fluxes from sites 1A and 1C were of a similar magnitude 

to those from natural temperate woodlands where fluxes have been shown to vary 

between species (Pangala et al., 2015; Pitz et al., 2018). Moreover, the ephemeral 

conditions that prevail at some landfill sites may not produce the same stem 

emission profiles as those observed from trees growing in permanently 

waterlogged conditions. The tree species investigated are typical of the native 

trees used during landfill restoration, so are likely to be representative of tree 

species on UK landfills (Hutchings et al. 2001; Rawlinson et al., 2001; Dickinson 

et al., 2004; Forest Research, 2008). 
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Figure 7.1 Boxplots comparing CH4 fluxes between tree species at site (A) 1C, (B) 1B, and (C) 1A. Boxplots comparing CO2 fluxes between tree species at site (D) 1C, (E) 1B, and (F) 1A 

(outliers have been removed; data in full in Chapter 4). The middle line indicates the median value, and the whiskers are determined by the 5th and 95th percentiles. The dots 

represent outliers (below Q1 - 1.5 Interquartile range or above Q3 + 1.5 Interquartile range).
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7.2.5 Aim 5: To investigate variations in the amount of CH4 emitted from tree 

stems on closed landfill sites in the UK with different management strategies 

The fifth thesis aim was explored in Chapter 4. Results showed that on average, 

sites 1A and 1C were a net source of CH4 during the measurement period, whereas 

site 1B was a sink (Figure 7.2). Despite the expectation that the oldest site (1C) 

would have the lowest stem CH4 emissions due to a lower amount of gas likely to 

be produced, this site had the highest stem and soil CH4 emissions. The higher 

stem and soil CH4 fluxes at site 1C were most likely caused by waterlogging leading 

to the formation of localised anaerobic zones where CH4 was produced. These 

findings show that if the management of closed landfill sites results in a non-

uniform surface structure that is not free draining, these environments have the 

potential to emit higher levels of CH4 than expected from historic sites due to 

natural biochemical processes. Indeed, average stem CH4 fluxes at site 1C agree 

with findings from natural wetlands showing that trees grown in conditions where 

the water table is high emit significantly higher levels of CH4 from the stem surface 

(Pangala et al., 2015; Pitz et al., 2018). 

Site 1B was expected to have the highest CH4 emissions due to the presence of a 

landfill cap but no gas extraction system. However, stem CH4 fluxes from this site 

were significantly lower than those from other field sites (Figure 7.2). Possible 

explanations for this include reduced waste decomposition, and therefore 

decreased CH4 production, resulting in less significant emissions, and CH4 

produced belowground being transported away from the source laterally. 

Additionally, CH4 oxidation in cover soils and by bark-dwelling methanotrophic 

bacteria may have contributed to the negative stem CH4 flux at this site (Spokas & 

Bogner, 2011). Average stem and soil CO2 fluxes at site 1B were higher than those 

from the other landfill sites and similar in magnitude to those from temperate upland 

environments, which are net sinks of CH4 and sources of CO2 (Warner et al., 2017; 

Pitz & Megonigal, 2017; Maier et al., 2018). 

Emissions from site 1A were expected to be lower than those from 1B due to the 

modern management strategies in place, such as the final soil cover and gas 

extraction system. However, reported results show that the average stem CH4 flux 

from site 1A was significantly larger than that from site 1B. This may be due to the 

gas extraction system not removing all of the GHGs produced in the waste, or 

greater rates of CH4 production in the waste at the more recently closed site (1A). 

It was therefore expected that site 1A would have higher CH4 emissions than site 

1C, which is the oldest landfill investigated. However, this pattern was not observed 

as stem CH4 fluxes from site 1C were significantly higher than those from site 1A. 

There were hotspots of emissions observed at site 1A, similar to site 1C, despite 
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there being no evidence of waterlogged soils. Results indicate that rather than 

saturated soils causing anaerobic zones, the localised CH4 fluxes from site 1A 

were more likely caused by leaks in the landfill cap or gas extraction system. These 

can occur if wetting and drying cycles cause fissures in the landfill cap and result 

in fluxes with high temporal and spatial variability (Rachor et al., 2013; 

Sinnathamby et al., 2014). 

 

Figure 7.2 Diagram showing average CH4 and CO2 fluxes with standard error from tree and soil 

surfaces on landfill sites with different management strategies. 

Overall, the investigation relating to the fifth thesis aim has established that trees 

growing on closed landfill sites with different management techniques emit varying 

quantities of GHGs. On average, trees on the oldest site (1C) and the most recently 

closed site (1A) were a source of CH4, whereas trees on site 1B were a sink. 

Evidence indicates that the differences in average CH4 fluxes between the 

investigated landfill sites were likely due to the rate of CH4 production in the waste 

(linked to the ages of the site), the susceptibility of the area to waterlogging, and 

landfill management techniques put in place upon closure. CH4 emissions from site 

1C suggest that the management (or lack thereof) of former landfill areas could 

cause waterlogging in some areas and result in higher soil and stem CH4 fluxes 

than expected for a relatively old landfill site. Indeed, the CH4 emissions from this 

site were similar in magnitude to those from a natural wetland ecosystem. These 

findings indicate that management strategies used during and after closure, and 
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resultant environmental conditions, can affect the magnitude of GHG emissions 

from former landfills. 

The percentage contribution of stem GHG fluxes to total surface fluxes at different 

landfill sites allows for comparison with natural ecosystems (Figure 7.3). At an 

ecosystem level, stem CH4 emissions from former landfills with a clay cap and gas 

extraction (CC-GE) represented the same percentage of total surface fluxes as 

trees in a boreal wetland. The percentage of the total ecosystem CH4 flux from 

trees on CC-GE sites was also greater than that previously reported from stems in 

a temperate wetland, but lower than the percentage contribution from a tropical 

wetland (Figure 7.3). The percentage contributions of stem CH4 fluxes to total 

surface fluxes from landfill sites with a cap and no gas extraction system (CC-

noGE) and no cap or gas extraction (noCC-noGE) are lower than those from 

natural ecosystems. Indeed, CC-noGE landfill sites are the only reported 

environments in which tree stem contribute to the uptake of CH4.  

The percentage of the total ecosystem N2O flux from trees on CC-GE sites was 

substantially lower than the values from flooded and dry boreal environments 

(Figure 7.3). Moreover, the percentage contribution from CC-GE sites was also 

lower than that from a mesocosm experiment in which saplings were grown under 

intermittently flooded conditions (Machacova et al., 2013). Stem CO2 emissions 

from CC-noGE and noCC-noGE closed landfill sites represented a greater 

proportion of the total surface CO2 flux than those from the CC-GE site (Figure 

7.3). 
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Figure 7.3 Diagram showing the percentage contribution of stem CH4, N2O and CO2 fluxes to overall surface fluxes for closed landfill sites with different management strategies and varying 

natural ecosystems. Data for closed landfills and temperate upland (non-landfill areas) were determined during this project and data for other natural ecosystems originated from the 

following: *Pangala et al. (2015); **Pangala et al. (2013); †Machacova et al. (2013); ††Machacova et al. (2016). Landfill site classifications refer to the following landfill management strategies: 

clay cap and gas extraction (CC-GE); clay cap and no gas extraction (CC-noGE); no clay cap or gas extraction (noCC-noGE). 
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7.2.6 Aim 6: To scale up the GHG emissions data for trees growing on closed 

landfill sites in the UK to estimate the national significance of this emission 

pathway. 

The final thesis aim was examined in Chapter 6 where the results of the previous 

chapters were scaled up to determine estimates for tree stem GHG emissions from 

closed landfill sites at a national level (Table 6.2). Results reported that estimated 

CH4 and CO2 emissions from tree stems on all closed landfills in England are 17 ± 

7 t yr-1 and 26 ± 3 kt yr-1, respectively. The estimated N2O flux for all former landfills 

in England with a clay cap and gas extraction system was 0.04 ± 0.007 t yr-1. Sites 

with no clay cap or gas extraction system accounted for the largest proportion of 

the total stem CH4 fluxes. This was expected based upon the emissions data 

presented in Chapter 4 and relatively high number of former landfills assigned to 

this classification (58%). While sites with no clay cap or gas extraction system had 

the highest upscaled CH4 flux estimate, fluxes from trees on former landfills with a 

cap and gas extraction contributed to a greater proportion of the total surface CH4 

flux (Figure 7.3). 

The relative importance of the GHG emissions from closed landfills in England was 

considered by comparing the CO2e for each upscaled flux (Table 6.2). Results 

reported in Chapter 6 indicated that CO2 fluxes were 2-3 orders of magnitude 

higher than the CO2e of CH4 and N2O. A comparison of fluxes from CC-GE sites 

demonstrates that the CO2e flux for CH4 is around 7 times higher than that of N2O. 

This suggests that CH4 fluxes from this classification of closed landfill sites have 

the greater global warming potential when considered at a national scale. This may 

have implications for future national climate change mitigation plans, as reducing 

emissions of the GHGs with the greatest potential to contribute to global warming 

would likely be a priority. 

7.3 Implications for landfill management 

7.3.1 Planting trees on former landfill sites in the UK 

Planting trees is a UK Government priority with the aim in England to increase tree 

cover by 2% by 2050 (DEFRA, 2021a). The results from this thesis have 

established a foundation from which to consider factors such as tree cover, spacing 

and species when creating forested areas on closed landfill sites. Sensitivity 

analysis carried out in Chapter 6 indicated that increased tree cover at CC-GE and 

no-CC-noGE sites resulted in greater upscaled GHG fluxes, whereas increased 

uptake was observed for the total CH4 flux from CC-noGE sites. It is likely that as 

progress is made towards meeting tree planting targets, various urban and urban-

fringe areas (including closed landfill sites) will be prioritised for afforestation. As 
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stated in Chapter 6, this may involve creating substantially larger forested areas 

on closed landfill sites, above the 2% increase target for England in general. 

Results from this thesis show that variations in tree cover on former landfill sites 

are estimated to bring about changes in the total GHG stem surface fluxes from 

closed landfills. However, when carbon sequestration and storage by trees is 

considered, the upscaled GHG emissions reported in this thesis would be offset. 

For example, 1 ha of mixed ash and oak woodland in England would likely 

sequester c. 250 t CO2e in the first 30 years after being planted (WCC, 2019). 

Therefore, the recommendation is that trees can be planted on closed landfill sites 

in the UK without emitting atypical levels of GHGs, although these fluxes should 

be measured and included in GHG budgets.  

The timing of afforestation on closed landfill sites is an important factor to consider. 

As the majority of GHGs are produced in waste between 5 and 7 years after 

deposition, the potential for trees to act as conduits for GHG transport may be 

higher during this period (DoE, 1986; ATSDR, 2001). Therefore, it may be 

beneficial not to plant trees on landfill sites immediately after closure. The amount 

of landfill gas produced depends on factors such as the waste composition, 

temperature, moisture and pH (Hughes et al., 1996). At large sites, CH4 production 

has been observed at maximum concentrations for 10 years (DoE, 1986; ATSDR, 

2001). This suggests that trees planted at least 10 years after landfill closure 

should not emit significant amounts of landfill gases, and results from site CC-

noGE (Chapter 4) concur. However, fluxes from tree stems at site noCC-noGE (the 

oldest site) do not fit with this trend. As discussed above, this is likely due to the 

production of CH4 in waterlogged soil zones, rather than in the waste.  

Findings from the sensitivity analysis in Chapter 6 have also shown that tree 

spacing on former landfills influences total upscaled GHG fluxes at a national level 

(Figure 6.6). Estimated GHG fluxes from CC-GE and noCC-noGE sites decreased 

with increased tree spacing as the density of trees was lower, and therefore fewer 

stems to emit GHGs. Conversely, on CC-noGE sites an increase in tree spacing 

resulted in a lower rate of GHG uptake. Current guidelines for tree planting on 

reclaimed land recommend tree spacing of 1.5 to 2 m to allow space for tree 

growth, yet also to ensure closure of the canopy. Even if tree spacing only varied 

between the recommended boundaries, this can cause relatively large variations 

in upscaled GHG fluxes. For example, results in Chapter 6 show that upscaled CH4 

fluxes at CC-GE sites in England are estimated to decrease by c. 43% when tree 

spacing is altered from 1.5 m to 2 m. Results from this thesis suggest that it may 

be beneficial to develop more rigid guidelines for tree spacing on former landfill 

sites that account for the likely fluxes from stems on different site types, in addition 
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to the space required for trees to grow and the closure of the canopy. Based upon 

flux values reported here, on CC-GE and noCC-noGE landfills it may be advisable 

to recommend greater tree spacing as this will result in a lower overall stem flux 

for the sites. However, this would also decrease carbon sequestration by trees that 

would likely offset the increased fluxes brought about by reduced tree spacing.  

Conversely, on CC-noGE sites, it would be beneficial to plant trees closer together 

so there are more trees on the site and therefore increased CH4 uptake by the 

stems. These findings highlight the importance of consistent tree spacing when 

creating woodland on former landfill sites so that the GHG fluxes from tree stems 

can be estimated as accurately as possible. This would also allow for more 

accurate estimations for GHG budgets when scaled up to a national level. 

Results from this thesis can also inform recommendations relating to planting 

different tree species on former landfill sites. Chapter 4 examines the variations in 

CH4 and CO2 fluxes from the stems of different tree species. Although GHG 

emissions vary between different tree species in natural temperate environments, 

there was no overall difference observed in fluxes between species on former 

landfill sites (Pangala et al., 2015; Warner et al., 2017; Pitz et al., 2018). Therefore, 

when selecting trees to plant on former landfill sites, there is no evidence to 

suggest that any one species should be prioritised over others. Results from this 

project suggest that rather than tree species influencing GHG fluxes from stem 

surfaces on forested closed landfills, the environmental conditions and type of 

landfill site should be the main considerations. 

The investigation relating to the fifth project aim revealed that GHG fluxes varied 

significantly between closed landfill sites of different ages and with varying 

management strategies. These novel findings should be considered when planning 

the remediation and management of former landfill sites, particularly with regard to 

afforestation. Based upon measured CH4 flux values at three different site types, it 

would be advisable to prioritise CC-noGE sites for planting trees as the overall 

stem CH4 flux from the sampled area was negative (indicating uptake). However, 

the average stem CO2 flux for this landfill classification was larger than those from 

CC-GE and noCC-noGE sites; although it was a similar magnitude to average stem 

CO2 fluxes in temperate uplands (Warner et al., 2017; Pitz & Megonigal, 2017; 

Maier et al., 2018). High stem and soil CH4 flux rates from the sampled noCC-

noGE site may suggest that this is the least suitable landfill classification to 

remediate by creating forested areas, particularly if the environmental conditions 

at the sampled site are typical of other sites in this classification. Results indicated 

that the large CH4 fluxes from this site were due to waterlogged regions in the soil 

leading to the formation of anaerobic zones where CH4 was produced. The 
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observed stem CH4 emissions were of a similar magnitude to those recorded in 

temperate wetlands, likely because the environmental conditions on the former 

landfill were similar to this natural ecosystem in terms of elevated soil moisture 

levels. These findings highlight the importance of maintaining stringent landfill 

management practices, particularly for older sites, to avoid anaerobic zones 

forming from which tree roots could transport CH4, bypassing oxidation in the cover 

soil.  

The importance of effectively maintaining landfill gas extraction systems and clay 

caps at modern landfills was also supported by the observation of hotspots of 

emissions from the sampled CC-GE site. Results indicated that rather than 

saturated soils causing anaerobic zones, the localised CH4 fluxes from site 1A 

were more likely caused by leaks in the landfill cap or gas extraction system. 

Planting trees on former landfill sites like this will likely result in CH4 fluxes with 

high temporal and spatial variability, making accurately quantifying the contribution 

of stem emissions to GHG budgets more challenging. This type of site also had 

the highest contribution of tree CH4 fluxes to the overall total surface flux (35%). If 

afforestation is planned for more recently closed landfill sites it is important that the 

effectiveness of gas extraction systems and landfill caps are regularly examined to 

avoid hotspots of CH4 emissions from tree stems. It would also be beneficial to 

monitor emissions from tree stems to detect any potential leaks in the clay cap or 

gas extraction system. Trees on the sampled CC-GE site also emitted N2O, 

although emission hotspots were not observed for this gas. While these N2O 

emissions were relatively small, this provides further support for carefully selecting 

sites for afforestation and monitoring GHG emissions from stem surfaces. 

7.3.2 The future contribution of closed landfill sites to national and 

international GHG budgets 

At the end of 2020 there were nearly 550 operational landfill sites in England with 

a remaining landfill capacity of 388,366,504 m3, with 207 of these sites accepting 

household or commercial waste (Environment Agency, 2022). When these sites 

are closed, they will add to the historic landfill capacity and their remediation and 

management will determine whether they contribute to tree stem fluxes from this 

managed environment. Due to legislation relating to landfill management, modern 

landfills are constructed to contain all materials and have clay caps and active 

leachate and gas extraction systems (Council of the European Union, 1999; 

Environment Agency, 2004; HMRC, 2023). Therefore, it is likely that future closed 

landfill sites in England will be classified as CC-GE landfill. Results from Chapter 

4 and Chapter 6 demonstrate that the management and classification of closed 

landfill sites influences the GHG emissions from tree stem surfaces and the 
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upscaled GHG fluxes from these environments. Based upon the upscaling 

methods used in Chapter 6, if the remaining operational landfill sites in England 

were closed according to modern guidelines and had 100% tree cover, CH4, CO2 

and N2O emissions would increase by up to 13, 13211 and 0.17 t yr-1, respectively. 

While this would be a large increase in comparison to the current estimates for 

upscaled GHG emissions, carbon sequestration by the additional trees would likely 

offset the increased tree stem emissions (WCC, 2019). While it is unlikely that all 

these sites will be completely covered in trees, the findings presented in this project 

highlight the importance of quantifying GHG fluxes from tree stems in these 

managed environments.  

The contribution of landfills and the waste sector to GHG emissions in the UK is 

gradually changing as progress is made to meet climate targets. Since 1990, UK 

GHG emissions have fallen by 44% and the country is aiming for net zero by 2050 

(HM Government, 2021). To reduce emissions from the UK waste sector there is 

an ongoing shift towards a circular economy (extending the use of resources and 

extracting the maximum value from them) and a reduction in the amount of 

biodegradable waste being sent to landfill sites (DEFRA, 2018). There has already 

been a reduction of more than 75% of biodegradable waste being sent to landfills 

due to the landfill tax, the EU Landfill Directive and campaigns such as Love Food 

Hate Waste (CCC, 2019). Moreover, a target is in place to eliminate food waste 

being sent to landfill by 2030 and progress is being made towards this by 

implementing separate weekly food waste collections from households and 

businesses (DEFRA, 2018; HM Government, 2021). More stringent measures, 

including the UK no longer landfilling biodegradable waste after 2025, have also 

been advised by the Committee on Climate Change (CCC, 2019). These 

measures, combined with improved GHG capture at landfill sites, will reduce the 

GHGs being produced and emitted by landfill sites in the UK (CCC, 2019). This will 

also likely reduce the magnitude of tree stem fluxes from former landfills as less 

GHGs, particularly CH4, are being produced in landfill sites. Nevertheless, findings 

from this project are important as there are still likely to be some GHG emissions 

from the continuing degradation of waste at legacy landfill sites, even after 2050 

(CCC, 2019). It would be beneficial for national GHG budgets to accurately quantify 

and monitor emissions from legacy landfill sites, including fluxes from tree stems. 

Moreover, this research has provided a foundation for further work in developing 

countries where uncontrolled waste disposal is still prevalent. 

In many developing countries, waste management systems are inadequate, and 

this results in a number of environmental and health issues, as well as providing 

challenges for sustainable development (Thi et al., 2015; The World Bank, 2022). 
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In contrast to trends in developed countries, the composition of waste in developing 

countries is dominated by biodegradable materials. The proportion of organic 

waste produced in a country is generally higher with decreased economic 

development, with c. 57% of waste in low-income countries consisting of 

biodegradable materials (The World Bank, n.d.). In low-income countries, where 

there is a lack of legislation relating to waste management, over 90% of waste is 

either openly burned or disposed of in unregulated dumps (The World Bank, 2022). 

The total number of uncontrolled waste disposal sites in the world has not been 

established as there is little data or scientific evidence available for most sites. 

However, of the 50 largest open dumpsites on the world (in 2014), 48 sites accept 

municipal solid waste and these amount to an area of c. 2250 ha, with 258-368 

million tonnes of waste already deposited (D-Waste, 2014). Studies measuring 

CH4 emissions from open dumpsites indicate that emissions range between 24 and 

366 Gg CH4 yr-1 (Chiemchaisri & Visvanathan, 2008; Kaushal & Sharma, 2016). 

Therefore, the 50 largest dumpsites alone could emit up to 17,568 Gg CH4 yr-1. 

The main drivers that resulted in formalised waste management systems in the 

19th century in many developed countries are still the dominant drivers in 

developing countries (Wilson, 2007). For example, public health is still the principal 

factor in the development of waste management practices in many developing 

countries, rather than environmental protection or improvement of technological 

standards (Wilson, 2007). The requirement for many people to make a living from 

discarded waste in developing countries also remains an important driver in the 

advancement of waste management (Wilson, 2007). As the priorities of developing 

countries shift in the future, the development of waste management practices is 

also likely to change. It is likely that more emphasis will be given to factors such as 

environmental protection and that the uncontrolled disposal of biodegradable 

waste will decline. This may also involve a gradual increase in technological 

standards (similar to that which occurred in developed countries), with waste 

management practices such as compaction, capping and gas control measures 

being implemented (Wilson, 2007).  

The closure and remediation methods used for landfills in developing countries will 

vary depending on local circumstances and stakeholder perspectives (Wilson, 

2007). The results presented in this thesis demonstrate the importance of 

monitoring tree stem emissions from former forested landfill sites if tree planting 

forms part of the remediation plan; it would also be valuable to include data from 

developing countries. This research has provided a foundation from which 

measuring tree stem fluxes from closed landfills in developing countries can be 

based, particularly if the landfill sites accepted large amounts of biodegradable 
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waste. Moreover, as waste management practices in developing countries shift 

from open dumpsites to modern sanitary landfill, the data presented here from 

varied landfill classifications may be applicable to the different closed landfill types 

during this transition. It would also increase the accuracy of global GHG budgets 

to obtain GHG flux measurements from forested closed landfills in developing 

countries, particularly if they are in a different climatic region to the UK.  

The findings presented here indicate that trees growing on former landfills in a 

temperate region have the potential to transport GHGs from below ground to the 

atmosphere. Investigations in natural settings have found that stem GHG fluxes 

are affected by temperature and soil moisture, and vary between different 

ecosystems (Pangala et al., 2015; Terazawa et al., 2015; Pitz et al., 2018). For 

example, in a temperate wetland ecosystem tree stems account for up to 27% of 

the total ecosystem flux whereas, in a tropical wetland environment they account 

for 62 – 87% (Pangala et al., 2013; Pangala et al., 2015). The amount of GHG 

produced in landfill waste also varies depending on the climate, particularly in 

relation to variables like temperature and moisture (Bogner & Spokas, 1993; 

Hughes et al., 1996; Wang et al., 2017). Therefore, the magnitude of stem GHG 

emissions from trees growing on closed landfill sites in different climatic zones is 

likely to vary. For example, in tropical ecosystems where the climate is warm and 

humid, CH4 emissions from tree stems are likely to be higher as increased moisture 

content would increase the rate of CH4 production and higher temperatures would 

result in greater rates of production and diffusion (Bogner & Spokas, 1993; Bian et 

al., 2018). Conversely, GHG stem emissions from landfill sites may be lower in 

semi-arid environments, particularly from sites with a clay cap, as the moisture 

content in the waste is lower (Fourie & Morris, 2004). However, clay caps are more 

likely to desiccate and crack in these environments which may lead to water 

percolation into the waste and potential hotspots in tree stem emissions.  

GHG fluxes from forested landfill environments are also likely to be affected by 

climate change. Climate models predict that global temperatures will increase and 

changes in seasonal precipitation will occur, as well as increased extreme rainfall 

and storm events, and rising sea levels (IPCC, 2014). These changes will likely 

lead to variations in temperature and hydrology at landfill sites, which may alter 

processes such as waste degradation rates and leachate production (Beb & 

Kersey, 2003). Higher temperatures would likely lead to increased landfill tree stem 

GHG emissions, particularly CH4, due to the enhanced decomposition of 

biodegradable waste. Increased GHG emissions from landfill sites would 

contribute to rising GHG concentrations in the atmosphere which, in turn, may lead 

to further temperature increases and a positive feedback loop in which landfill GHG 



160 
 

emissions continue to rise. It is important to consider and quantify the impacts of 

climate change on waste management and this includes the potential for increased 

tree stem GHG fluxes from legacy landfill sites due to changing environmental 

conditions. Climate change could also influence the types of trees that are planted 

on closed landfill sites in the future, and this should be considered when quantifying 

and modelling the GHG emissions from closed landfill sites (Beb & Kersey, 2003).  

7.4 Limitations of the work 

This study has some potential limitations, particularly in relation to the data 

collection and upscaling methods. While every effort was made to obtain reliable 

information about the landfill sites sampled in this investigation, there was still 

limited access to some data relating to landfill management that would have been 

beneficial to include in the study. For example, it was not possible to acquire data 

relating to the active gas extraction system at site 1A therefore, the efficiency of 

the system and any disruptions to the gas extractions are unknown. Due to the 

management requirements of this modern landfill site, it was assumed that the gas 

extraction system was active throughout the measurement period. Additionally, 

only one landfill site of each management type was sampled due to constraints 

relating to time and equipment. This was sufficient to provide the initial 

quantification of stem GHG fluxes from landfills with varying management 

strategies intended by this study. However, it would be beneficial to collect data 

from multiple sites of each management type in future studies to confirm that the 

results are not atypical.  

Trees at the landfill sites were sampled randomly, although multi-stemmed trees 

(with two or more main stems below a height of 1.5 m) were not selected due to 

difficulties in selecting which was the main stem. Future quantification of the fluxes 

from tree branches and leaves above 1.5 m from ground level may be valuable, 

although if GHG emissions originate from belowground the fluxes would likely be 

very low at this height. The intended data collection period for this work was an 

entire year, however, visits to field sites were not possible for an extended period 

after March 2020 due to the covid-19 pandemic. However, GHG emission data 

were still obtained for different seasons and the variability of the fluxes was 

successfully captured.  

The upscaling results were potentially limited by the data that were included. As 

outlined above, only one landfill site of each management type was sampled and 

therefore, the data used for scaling up emissions may include some uncertainty 

due to the limitations in the source data. The scope of this project did not allow for 

additional data to be collected to inform the upscaling process, but the data did 
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allow for the initial estimates of upscaled fluxes from the landfill sites. The upscaling 

method also did not include factors such as variations in fluxes with different stem 

heights and seasons. These data were not available for all sites due to time and 

equipment restraints when collecting the data and may have an impact on the flux 

estimates at a national level. The upscaling procedure could be refined in future 

studies by conducting additional data collection to increase the accuracy of the 

estimated fluxes and by including additional factors, such as seasonal variations 

in fluxes and emissions at different stem heights.  

7.5 Recommendations for further work 

The findings of this project demonstrate that trees growing on closed landfill sites 

in the UK have the capacity to emit GHGs that have been transported from 

belowground to the atmosphere. The likely implications for landfill management 

and the importance of these results to GHG budgets has been discussed. 

However, this is the first investigation to measure tree stem emissions from former 

landfill sites and while it has laid the foundations for research in this area, there is 

scope for further work, as detailed below.  

• Microbial populations in both the soil and tree stems on closed landfill sites 

should be investigated as this would allow for more in-depth analysis of the 

production rate and oxidation potential of CH4 in this environment. In wetland 

ecosystems, complex relationships between communities of methanogens 

influence the production of CH4 (Wu et al., 2021). Moreover, recent studies 

have also identified CH4-oxidising bacteria within tree stems that reduce 

stem CH4 emissions (Jeffrey et al., 2021a; Jeffrey et al., 2021b). Anaerobic 

methane oxidation by microorganisms has also been observed in microcosm 

incubations of landfill cover soil (Xu & Zhang, 2022). As microbial 

communities affect GHG fluxes from soils and stems, it would be beneficial 

to identify the composition of the communities and link their functions to 

fluxes observed from closed landfill sites (He et al., 2015). If the microbial 

populations in soils and tree stems were identified, it may also aid in 

pinpointing the source of the CH4 being emitted by the soil and stem 

surfaces. 

• The results presented here indicate that CH4 and N2O emitted by tree stems 

originate from a belowground source. Future investigations could provide 

further evidence for this by using isotopic approaches to determine the origin 

of these GHGs on former landfill sites. Previous studies in peatlands have 

analysed the 14C content of CH4 emissions and the results have given an 

insight into the processes leading to GHG production and the rates at which 



162 
 

they are cycled (Garnett et al., 2012; Garnett et al., 2019). These techniques 

could be employed at former landfills with the aim of identifying the age and 

source of the CH4 being emitted. While this would be a beneficial method to 

use, it may be challenging if CH4 concentrations are relatively low. It is also 

possible to determine the amount of CH4 oxidised in cover soils using isotopic 

approaches as methanotrophic organisms preferentially consume lighter 

isotopes (Chanton & Liptay, 2000). 

• The initial quantification of GHG fluxes from trees growing on former landfills 

was achieved as one of the main aims of this project. However, additional 

intensive fieldwork and sampling from a greater selection of field sites with 

different management strategies would ensure that the results presented 

here are not atypical. This would also be beneficial when upscaling the fluxes 

from different types of former landfill sites. Moreover, the use of automated 

chambers with the real-time GHG gas analyser would allow continuous 

measurement of fluxes from tree stems. This would result in a greater 

number of measurements which would provide the resolution needed to fully 

understand variations in temporal fluxes (Barba et al., 2019b). For example, 

this method would allow for investigation into diurnal variations in fluxes from 

soils and tree stems on former landfills.  

• It would be beneficial to develop the quantification of N2O fluxes from closed 

landfill sites to make comparisons between fluxes from different tree species 

and from sites with varying management strategies. It would also be valuable 

to conduct additional N2O flux measurements to determine whether the 

observed temporal patterns in stem and soil fluxes are also present 

throughout autumn and winter. Studies in natural forested ecosystems have 

shown that N2O emissions from trees in a flooded area are larger in the 

summer months than in spring, autumn and winter. In a non-flooded area, 

N2O stem fluxes were larger in winter than in spring and autumn (Moldaschl 

et al., 2021). Taking additional N2O flux measurements throughout the year 

at former landfill sites would allow for further comparison with temporal 

variations in stem fluxes from natural ecosystems. 

• It may be valuable for future investigations to explore the relationship 

between the intensity of UV radiation and observed CH4 emissions rates from 

tree stems in the field. Previous studies have indicated that UV radiation can 

cause the aerobic production of CH4 from plant tissues and higher levels of 

UV radiation can result in increased CH4 emissions (Bruhn et al., 2009; 

Bloom et al., 2010; Sundqvist et al., 2012; Fraser et al., 2015; Liu et al., 

2015). Investigations have primarily focused on detached leaves and foliage 
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from terrestrial vegetation, with few in situ measurements (Bruhn et al., 2009; 

Bloom et al., 2010; Fraser et al., 2015). The effect of varying UV irradiance 

has not been investigated for in situ tree stems, either in natural or managed 

environments.  

• It would be beneficial to further develop the upscaling of GHG fluxes to 

potentially consider fluxes at different stem heights and variables such as 

temperature and air pressure in the analysis. As these factors have been 

shown to influence tree stem emissions (Chapter 3, Chapter 4 and Chapter 

5), it would be beneficial to explore this when upscaling GHG flux values. 

Additionally, the landfill site data provided may over-estimate the size of 

areas of landfilled material, for example, roadways, site offices and boundary 

areas may be included. Further research could establish the proportion of a 

typical landfill site that does not contain buried waste. These considerations 

would likely increase the accuracy of ecosystem flux and national GHG 

budget estimates. For example, the total CH4 tree stem flux in Equation 6.7 

would likely be more accurate if these factors were considered.   

• As factors such as landfill management and climate vary between different 

countries, it was beyond the scope of this project to consider GHG fluxes 

from former landfill sites outside of the UK. However, this is something that 

could be developed in the future to gain a better understanding of the 

contribution of tree stem fluxes from these managed environments to 

national and international GHG budgets. The amount of organic waste being 

deposited in landfill in many developing countries is being reduced, but this 

is not the case in many developing countries (Kaza et al., 2018). By 2050, 

total waste generation in some regions (Sub-Saharan Africa, South Asia, the 

Middle East and North Africa) is projected to more than double (The World 

Bank, n.d.). Therefore, this research could be expanded and applied to 

landfill policy and practice in these developing countries. This research could 

explore emissions from trees used in phytocapping (planting vegetation to 

control and limit water entry into waste) and the health implications of 

remediating open dump sites by planting vegetation (Ashwath & 

Venkatraman, 2010; Lamb et al., 2014). 

• It is challenging to isolate specific environmental conditions that influence 

GHG emissions when carrying out in situ measurements on closed landfill 

sites due to the high variability of fluxes and the number of contributing 

factors. It would be beneficial to develop procedures in which individual 

environmental variables could be changed to determine the factors that 

control GHG emissions from tree stems on closed landfill sites. For example, 
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a mesocosm experiment in a controlled environment (similar to: Rusch & 

Rennenberg, 1998; Rice et al., 2010; Machacova et al., 2013) could be used 

to control variables like soil moisture and air temperature to determine the 

direct effect on GHG emissions from tree stems. 

• As in situ (bottom-up) measurements of tree stem fluxes from closed landfills 

have been obtained, it would now be beneficial to develop methods to 

compare this with top-down data. Advances in satellite technology should 

enable more accurate top-down measurements of GHG emissions in the 

future. For example, the development and launch of MethaneSAT will 

provide higher resolution coverage of CH4 emissions as is designed to allow 

the detection of lower emissions sources with a resolution of 1 km2 

(Tollefson, 2018). Additionally, the development of the Monitoring Nitrous 

Oxide Sources (MIN2OS) satellite should also provide more accurate 

measurements of global N2O fluxes and record interannual variability 

(Ricaud et al., 2021). As the resolution and accuracy of top-down methods 

improves, it will be valuable to compare available data with in situ 

measurements from field sites. 

7.6 Summary of scientific contribution to knowledge 

This research provides novel insights into the magnitude of GHG fluxes from trees 

on closed landfill sites and the contribution of tree stems to the total surface flux of 

these managed environments. CH4 fluxes were highly variable, with emission 

hotspots in some areas likely due to changes in landfill conditions. Results showed 

a spatial pattern of decreasing CH4 fluxes with stem height in the summer 

suggesting that CH4 was being channelled up the tree stem via diffusion from an 

underground source during these months. There was also further evidence for a 

CH4 emission pathway that bypasses oxidation in the cover soil as stem CH4 fluxes 

were 3.9 times higher in the summer months than the winter, whereas soil fluxes 

did not vary significantly over time.   

N2O tree stem fluxes were relatively uniform across the landfill site area but did 

decrease with increased stem height. This provides evidence for a tree-mediated 

pathway of N2O emission from belowground to the atmosphere either via diffusion 

or transpiration. Results showed an increase in tree stem N2O fluxes from April to 

July at all measured stem heights which was likely due to the effects of varying air 

temperature and soil moisture during the measurement period. 

Findings demonstrate that there was no significant difference in the tree stem CH4 

or CO2 fluxes between different tree species on the landfill sites. However, trees 

growing on closed landfill sites with different management techniques emitted 



165 
 

varying quantities of GHGs. Evidence indicates that the differences in average CH4 

fluxes between the investigated landfill sites were likely due to the rate of CH4 

production in the waste (linked to the ages of the site), the susceptibility of the area 

to waterlogging, and landfill management techniques put in place upon closure. 

Results from this research have enabled estimates of the upscaled GHG fluxes 

from trees on closed landfills in England. It is estimated that CH4 and CO2 

emissions from tree stems on all closed landfills in England are 17 ± 7 t yr-1 and 26 

± 3 kt yr-1, respectively. The estimated N2O flux for all former landfills in England 

with a clay cap and gas extraction system was 0.04 ± 0.007 t yr-1. Overall, findings 

indicate that excluding GHG fluxes from tree stems would result in an 

underestimation of the overall surface flux from closed landfills. 

7.7 Conclusions 

This thesis presents the results of novel investigations into GHG fluxes from tree 

stems on closed landfill sites in the UK. There is evidence of tree mediated GHG 

transport on closed landfill sites and temporal variations in fluxes from tree stems 

were also observed, with generally higher fluxes in the summer months. Stem CH4 

fluxes varied between trees growing on landfill sites with different management 

practices. Evidence suggested that the difference in average fluxes between the 

landfill areas was likely a result of the amount of CH4 being produced in the waste 

(linked to the age of the site), the susceptibility of the area to waterlogging and 

landfill management techniques put in place upon closure (cover soil and gas 

extraction, for example). There was no significant difference in GHG fluxes 

between different tree species on former landfill sites.  

Novel upscaled GHG flux values showed the estimated magnitude of the fluxes 

from these managed environments at a national level. For example, tree stem CH4 

fluxes were estimated to account for c. 35% of the total surface fluxes on sites with 

clay caps and gas extraction systems, and c. 5.5% on sites with no clay cap or gas 

extraction. Conversely, forested sites with a clay cap and no gas extraction system 

were estimated to be a CH4 sink (with uptake by tree stems accounting for c. 1.7% 

of the total surface flux). These results indicate that trees planted on former landfill 

sites are altering terrestrial GHG fluxes and that measuring soil fluxes alone from 

forested landfill sites would result in an underestimation of the total surface fluxes. 

However, the rate of emissions from tree stems on closed landfills observed in this 

thesis do not exceed those in natural ecosystems. Indeed, when carbon 

sequestration by trees is considered, the emissions reported here would likely be 

offset. Therefore, with careful planning and management, the recommendation is 

that trees can be planted on closed landfill sites in the UK without emitting atypical 
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levels of GHGs. The findings presented in this thesis highlight the importance of 

including stem GHG fluxes in estimates of the total surface fluxes for managed 

environments, as including gas fluxes from tree stems on closed landfills would 

increase the accuracy of GHG budgets at national and global levels. 
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Appendices 

Appendix 1 

Annotated Matlab code for the estimation of tree stem surface area. The data were 

plotted, trimmed and then circles were fitted to tree stem rings. These circles were 

used to calculate the surface area of the trimmed area of the stem. The % symbol 

indicates annotations.  

% give the file name 
clear  
close all 

  
fname = "scan_19.obj"; 

  
% call the function (readObj file – please see Appendix 2) 
obj = readObj(fname); 

  
% plot all the data 
figure(1) 
plot3(obj.v(:,3),obj.v(:,1),obj.v(:,2),'.') 

  
% plot a limited amount of the data 

  
% set z limits 
limzL = -1.2; 
limzH = 0.3; 

  
vTrimx = obj.v((limzH>obj.v(:,2))&(limzL<obj.v(:,2)),3); 
vTrimy = obj.v((limzH>obj.v(:,2))&(limzL<obj.v(:,2)),1); 
vTrimz = obj.v((limzH>obj.v(:,2))&(limzL<obj.v(:,2)),2); 

  
% set x limits 
limxL = -1.4; 
limxH = -1; 

  
vTrimx1 = vTrimx((limxH>vTrimx)); 

  
vTrimy = vTrimy((limxH>vTrimx)); 
vTrimy = vTrimy((limxL<vTrimx1)); 

  
vTrimz = vTrimz((limxH>vTrimx)); 
vTrimz = vTrimz((limxL<vTrimx1)); 

  
vTrimx = vTrimx1((limxL<vTrimx1)); 

  

  
% set y limits 
limyL = 0.63; 
limyH = 0.9; 

  
vTrimy1 = vTrimy((limyH>vTrimy)); 

  
vTrimx = vTrimx((limyH>vTrimy)); 
vTrimx = vTrimx((limyL<vTrimy1)); 

  
vTrimz = vTrimz((limyH>vTrimy)); 
vTrimz = vTrimz((limyL<vTrimy1)); 
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vTrimy = vTrimy1((limyL<vTrimy1)); 

  

  
% plot the trimmed data 
figure(2) 
plot3(vTrimx,vTrimy,vTrimz,'.') 

  
%sorting into rings 
[vSortz,I] = sort(vTrimz); 
vSortx = vTrimx(I); 
vSorty = vTrimy(I); 

  
fitCrit = 4;%minimum number of points allowed in fit 

  
%fit circle to each ring 
zheight = unique(vSortz); 
j=1; 
for i = 1:length(zheight) 
    z = zheight(i); 
    x = vSortx(vSortz==z); 
    y = vSorty(vSortz==z); 
    if length(x)>fitCrit %removing rings with fewer than fitCrit 

points 
        [~,~,R(j),~] = circfit(x,y); 
        zheightj(j) = zheight(i); 
        j=j+1; 
    end 
end 

  
figure 
plot(R) 

  
%filter out poor circle fits 
radTrim = 0.4;%%% 

  
Rtrim = R(R<radTrim); 
zheightTrim = zheightj(R<radTrim); 

  
figure 
plot(zheightTrim,Rtrim) 

  
%calculate area 
circ = Rtrim*2*pi; 
Area = sum(circ(1:end-1).*diff(zheightTrim)); 
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Appendix 2 

Annotated Matlab code for the ‘readObJ’ function used in the estimation of tree 

stem surface area. This function sets up the .obj files as Matlab objects that can 

then be plotted. The % symbol indicates annotations. 

function obj = readObj(fname) 
% 
% obj = readObj(fname) 
% 
% This function parses wavefront object data 
% It reads the mesh vertices, texture coordinates, normal 

coordinates 
% and face definitions(grouped by number of vertices) in a .obj 

file  
%  
% 
% INPUT: fname - wavefront object file full path 
% 
% OUTPUT: obj.v - mesh vertices 
%       : obj.vt - texture coordinates 
%       : obj.vn - normal coordinates 
%       : obj.f - face definition assuming faces are made of of 3 

vertices 

 
% set up field types 
v = []; vt = []; vn = []; f.v = []; f.vt = []; f.vn = []; 

  
fid = fopen(fname); 

  
% parse .obj file  
while 1     
    tline = fgetl(fid); 
    if ~ischar(tline),   break,   end  % exit at end of file  
     ln = sscanf(tline,'%s',1); % line type  
     %disp(ln) 
    switch ln 
        case 'v'   % mesh vertexs 
            v = [v; sscanf(tline(2:end),'%f')']; 
        case 'vt'  % texture coordinate 
            vt = [vt; sscanf(tline(3:end),'%f')']; 
        case 'vn'  % normal coordinate 
            vn = [vn; sscanf(tline(3:end),'%f')']; 
        case 'f'   % face definition 
            fv = []; fvt = []; fvn = []; 
            str = textscan(tline(2:end),'%s'); str = str{1}; 

        
           nf = length(findstr(str{1},'/')); % number of fields 

with this face vertices 

  

  
           [tok str] = strtok(str,'//');     % vertex only 
            for k = 1:length(tok) fv = [fv str2num(tok{k})]; end 

            
            if (nf > 0)  
            [tok str] = strtok(str,'//');   % add texture 

coordinates 
                for k = 1:length(tok) fvt = [fvt str2num(tok{k})]; 

end 
            end 
            if (nf > 1)  
            [tok str] = strtok(str,'//');   % add normal coordinates 
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                for k = 1:length(tok) fvn = [fvn str2num(tok{k})]; 

end 
            end 
             f.v = [f.v; fv]; f.vt = [f.vt; fvt]; f.vn = [f.vn; 

fvn]; 
    end 
end 
fclose(fid); 

  
% set up matlab object  
obj.v = v; obj.vt = vt; obj.vn = vn; obj.f = f; 

 


