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ABSTRACT 
 

The intensity, duration and frequency of extreme weather events, which are 

defined as unseasonable, unpredictable or severe weather phenomena, are predicted to 

continue increasing around the World. Flooding and drought, which can result from 

extreme weather events, cause widespread damage to ecosystems and impacts on 

human health. Soil ecosystems are home to diverse communities of microorganisms 

that  perform a variety of functions, including biogeochemical cycling, the production 

and consumption of greenhouse gases, and the control of plant growth through direct 

and indirect interaction pathways. Previous work has found that flooding and drought 

can alter a number of soil physio-chemical properties, and can disrupt the composition 

and function of soil microbial communities. Here we investigated how soil 

microbiomes are affected by 1. Land use, and the seasonal timing and duration of 

flooding 2. Multiple weather events, which result in combinations of flooding and 

drought. Using DNA amplicon sequencing we found that across land-uses (arable and 

high mid and low intensity grasslands) the community composition of the soil 

microbiome is significantly changed by summer but not winter floods, and that 

microbiome composition recovered rapidly after short four week floods but persisted 

for at least a year following eight week floods. Impacts of flooding on bacterial and 

fungal operational taxonomic units were specific to each land-use but generally across 

land-uses responses of specific functional groups of soil microbes were similar. 

Longer floods resulted in higher emissions of methane but lower emissions of nitrous 

oxide compared to shorter floods, with the magnitude of responses dependent on land 

use. qPCR analysis of functional genes in combination with predicted metagenome 

analysis showed that microbial pathways related to methane production, but not 

nitrogen cycling, were altered during flooding, with land-use specific responses. 

Finally, using DNA amplicon sequencing we found that compound weather events, 

including combinations of flood and drought, led to specific impacts on microbial 

community compositions. Prior weather events led to legacy effects on microbial 

communities if followed by a flood, but not a drought. Together the results presented 

here demonstrate that future increases of extreme weather events may have 

detrimental and long lasting impacts on not only the composition of the soil 

microbiome but also on their ecosystem functions. 



 1 

CHAPTER 1 – GENERAL INTRODUCTION 
 

1.1 – Extreme weather events 

1.1.1 - Overview of extreme weather events 

 Currently, extreme weather events are defined as the occurrence of a weather 

or climate variable 10% above or below a threshold value near the upper or lower end 

of the range of historically observed records for a particular geographic area by the 

Intergovernmental Panel on Climate Change (IPCC) (Ummenhofer and Meehl, 2017). 

Extreme weather events are severe meteorological, hydrological, geophysical or 

climatological phenomena which occur worldwide. They are habitually devastating 

and may cause loss of human life as well as lead to huge economic losses and 

sometimes the destruction of ecosystems. 

Geophysical extreme events include earthquakes and tsunamis as well as 

volcanic eruptions. Climatological extreme events include extreme temperatures, 

where high extreme temperatures can lead to drought formation which can in turn 

result in wildfires. Meteorological extreme events include precipitation extremes 

where low precipitation can also lead to drought and heavy precipitation can result in 

flooding. They also encompass intense storms such as hurricanes, typhoons and 

tornadoes. Finally hydrological extreme events are comprised of all types of floods, 

including coastal floods from sea storm surges, pluvial foods which result from heavy 

precipitation and fluvial floods from river water breaking riverbanks, which can occur 

due to heavy precipitation or snowmelt (Leal et al., 2018).  

 

1.1.2 – Most frequent extreme weather events 

Certain extreme events such as volcanic eruptions, earthquakes, tornadoes and 

hurricanes are only able to occur in certain regions. In contrast, flooding and drought 

have the ability to strike anywhere in the world. As seen in Figure 1.1, since the 1970s 

flooding has annually been the most common extreme weather event to occur 

worldwide with drought and extreme temperature following behind it (Ritchie and 

Roser, 2014). In 2019 alone there were 85 flooding and 35 drought and extreme 

temperature events reported globally (Ritchie and Roser, 2014).  

Although both flooding and drought are extreme weather events they are 

hydrological opposites, where flooding is defined as complete saturation of the soil by 
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water, which results in standing water and drought is defined as a lack of water 

combined with an absence of rainfall for over 15 days (McDermott Long et al., 2017; 

Stein et al., 2020). Previous work has shown that flooding and drought/heat events 

may become more severe or are more likely to occur compared to other extreme 

weather events due to human induced climate change (Pidock et al., 2019). This 

highlights the need to understand the impacts of flooding and drought above other 

extreme weather events. 

 
Figure 1.1: Reported natural disasters globally. The number of natural disasters 

reported annually categorised by type including extreme weather events and non-

weather related events (e.g. landslides not caused by earthquakes) Taken from 

Ritchie and Roser (2014). 

 

1.1.3 – Increases in flooding and drought 

 Based on global data, the European Academies’ Science Advisory Council has 

shown that all four of the major types of extreme events have increased in frequency 

from 1980 to 2016 as shown in Figure 1.2 (EASAC, 2018). Extreme events related to 

both drought and flooding have increased the most over this period of time compared 

with other events where events related to drought have increased by 220% and flood 

events have increased by 430% (EASAC, 2018). Not only have both flooding and 

drought increased historically, but they are also both predicted to increase globally in 

the future if emissions continue to increase in the manner that they have been with no 

policy driven climate mitigation (Pidock et al., 2019).  



 3 

 

 
Figure 1.2: Trends in the incidence of extreme events worldwide from 1980 to 
2016. Taken from EASAC (2018). 

  

 To model future climate predictions a number of emissions scenarios exist 

which are known as representative concentration pathways (RCPs) (Moss et al., 2010). 

Four individual RCPs were created to capture all possible radiative forcing 

possibilities for climate modelling up until the year 2100 (van Vuuren, Edmonds, et 

al., 2011). Radiative forcing denotes the pooled impacts of greenhouse gases, aerosols 

and other gases involved in trapping heat in the atmosphere minus the reflectivity of 

land and oceans (Hansen et al., 1997; van Vuuren, Edmonds, et al., 2011).  

 The RCP 8.5 is the emissions scenario which is most often cited as the baseline 

of future emissions if nothing is done to curb them and is also the RCP with the highest 

predicted radiative forcing (Riahi et al., 2011). All other RCPs suggest that some 

method of climate mitigation will take place in the future which lessens their predicted 

radiative forcing (van Vuuren, Stehfest, et al., 2011; Masui et al., 2011; Thomson et 

al., 2011). Under RCP 8.5 flooding is projected to increase due to an increase in 

consecutive wet days and periods of heavy precipitation while drought is projected to 

increase due to an increase in consecutive dry days where there are long periods 
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without rain (Easterling et al., 2000; Knapp et al., 2008; Riahi et al., 2011; IPCC 

Working Group, 2014).  

 Predictions under the emissions scenario RCP 8.5 suggest that the increases of 

flooding and drought will be global. The IPCC found that both winter and summer 

flooding may increase in Europe due to significant increases in consecutive rainfall by 

2100 (Sillmann et al., 2013). At the same time Europe may also experience a seven 

fold increase in droughts and consecutive droughts by the end of the 21st century (Hari 

et al., 2020). The same is true for flood and drought predictions in Western Northern 

America. Drought is predicted to increase by the last half of the 21st century which 

will result in the driest century on record (Cook et al., 2015). Within the same period 

of time the prevalence of flooding is predicted to triple under the RCP 8.5 across 

Western North America (Filipiuk and Hu, 2018). Likewise climate predictions suggest 

that both flooding and drought will increase across mainland China with droughts 

being both more frequent and more severe (Liang et al., 2019; Yao et al., 2020). The 

intensification of these extreme weather events may mean that it will be much more 

probable for one weather event to directly follow another in the future. 

 

1.1.4 - Increase of compound weather events 

 In emerging literature multiple weather events which may lead to a greater 

combined impact have been described as compound weather events (Zscheischler et 

al., 2018). It is imaginable that the effects of compound weather events may be 

disproportionally severe compared with a single event and may lead to complete 

change in ecosystems (Johnstone et al., 2016).  

 Compound weather events consist of modulators, drivers and hazards which 

result in impacts as shown in Figure 1.3 (Zscheischler et al., 2020). Drivers such as 

persistent and heavy rainfall can result in hazards of flooding which in turn can result 

in flood damage as an impact. This example shows that single weather events can have 

additive impacts and combine to become one larger extreme weather event. However, 

it is possible that temporally spaced drivers such as heavy rainfall early in the year and 

heatwaves later in the year can result in consecutive compound weather events. This 

example may result in early floods and later droughts with devastating additive 

impacts on crop yield (Dodd et al., 2020).  
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1.1.5 - Impacts of flooding and drought on human health 

 Historically flooding and droughts have been the deadliest extreme weather 

events worldwide with 3.7 million people dying of floods in 1931 and 3 million people 

dying of drought in 1928 (Ritchie and Roser, 2014). Although fatalities have 

decreased, natural disasters are still responsible for 0.1% of global deaths with 60,000 

people dying from natural disasters annually in the last ten years (Ritchie and Roser, 

2014). Apart from earthquakes, flooding and drought continue to be the deadliest 

extreme weather events to date worldwide, as from the years 2010 to 2018 20,000 

people died due to drought and over 45,000 people died due to flooding (Ritchie and 

Roser, 2014).  

 However, flooding and drought also lead to negative impacts on human health. 

From 1995 to 2015, approximately 2.3 billion people were affected by floods and 1.1 

billion people were affect by droughts which is more than any other extreme weather 

event during this period as shown in Figure 1.4 (Wahlstrom and Guha-Sapir, 2015).  

 During a flood, not only will humans come into contact with flood water that 

has mixed with sewage water, but floods may also destroy infrastructure including 

electrical supplies, sewage systems, health care facilities and residential buildings (Du 

et al., 2010). This can result in displacement and lead to overcrowding of refuge 

centres which may increase exposure to insects and animals as well as result in 

deteriorated living conditions (Du et al., 2010). All of this can result in increases of 

infectious diseases, worsening of pre-existing aliments, malnutrition and lack of 

adequate healthcare (Alderman et al., 2012).  

 
Figure 1.3: Schematic of temporally compounded weather events, where 

compound weather events happen one after another in time and may be due to the 

same or different drivers but result in a combined impact. Taken from 

Zscheischler et al. (2020). 
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 A variety of gastrointestinal illnesses have been seen to increase in human 

populations after flooding subsides. Studies found that roughly eight days after 

flooding outbreaks of cholera took place and four weeks after flooding epidemics of 

cryptosporidiosis were seen (Schwartz et al., 2006; Gertler et al., 2015). Also, between 

the end of a flood and seven weeks later incidences of watery diarrhoea and bloody 

diarrhoea increased (Centers for Disease Control and Prevention (CDC), 2012).  

  

 
Figure 1.4: Percentage of people impacted by each extreme weather event 

between 1995 and 2015. Taken from Wahlstrom and Guha-Sapir (2015). 

 

 Furthermore, flooding also led to increases of leptospirosis up to one month 

after floods ended with 27% of children presenting with an acute fever being 

diagnosed with leptospirosis (Pradutkanchana et al., 2003; Dechet et al., 2012; Smith 

et al., 2013). Eye infections were seen significantly more often in populations which 

were exposed to floods compared to those which had not within four weeks of the 

flood (Bich et al., 2011). Finally, up to six months after flooding subsided acute 

respiratory infections increased (Milojevic et al., 2012). However, there is a lack of 

knowledge surrounding the long term impacts of flooding on human health (Saulnier 

et al., 2017). 
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 Drought can be linked many facets of human health (Stanke et al., 2013). The 

most prominent of these is through malnutrition which increases after a drought 

(Chotard et al., 2011; Mason et al., 2011). One of the main outcomes of drought is 

crop failure which can lead to famine (Ritchie and Roser, 2014). Studies found that 

when morbidity from drought was high malnutrition was low and vice versa which 

may suggest that communities either decide to share or hoard what they have (Seaman 

et al., 1978). Micronutrient malnutrition has also increased in populations which 

experienced drought (Swaminathan et al., 1967; Singh et al., 2006). There have been 

deficits of iron resulting in amenia, lack in vitamin A which can cause night blindness 

and lowered vitamin C which results in scurvy in populations after droughts 

(Swaminathan et al., 1967; Desai et al., 1992; Wolde-Gebriel et al., 1993; Singh et al., 

2006).  

 Droughts can also result in the consumption of toxic material (Lockett and 

Grivetti, 2000). Due to the lack of usual food during a drought human populations end 

up looking outside the norm for nutrients. In Ethiopia this resulted in people eating a 

drought tolerant strain of pea grass which led to an irreversible neurodegenerative 

disease (Getahun et al., 1999).  

Alternatively, drought may also result in people eating unsuitable food which 

has expired and would usually be disposed of. However, during a drought people will 

eat what is available. This happened after an early season flood resulted in copious 

amounts of mould stricken food in India followed by drought which made production 

of more crops impossible. The population was then afflicted with aflatoxicosis 

(Krishnamachari et al., 1977).  

Paradoxically drought can also result in increases in a number of waterborne 

diseases. During a drought drinking water is in limited supply and a single water 

source may be frequented by a much larger number of animals which can result in 

contamination by faeces (Shehane et al., 2005). This has been seen via increases of 

Escherichia coli related food poisoning, cholera and leptospirosis during a drought 

(Jackson et al., 1993; Bradley et al., 1996; Effler et al., 2001). 

 Finally drought can lead to large amounts of dust entering the atmosphere 

which people can breathe in and cause a respiratory condition known as dust 

pneumonia (Cook et al., 2007). This can have a range of impacts on human health 

including problems with the cardiovascular and cardiopulmonary systems (de 

Longueville et al., 2013). 
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1.1.6 - Economic impact of flooding and drought 

 As well as having serious consequences for human health flooding and drought 

can also have devastating economic impacts. While human deaths due to flooding and 

drought have decreased over time the economic cost of flooding and drought continue 

to increase (Svetlana et al., 2015). From 1995 to 2015 flooding has resulted in 662 

billion dollars’ worth of damage globally while drought has resulted in 100 billion 

dollars’ worth of damage (Wahlstrom and Guha-Sapir, 2015).  

 Economic impacts from flooding include damage to infrastructure within 

residential areas, as well as overwhelming damage to the agricultural sector with entire 

crops failing due to flooding (Morris and Hess, 1988; H. Posthumus, Morris, T. M. 

Hess, et al., 2009). For example, in 2016 catastrophic summer floods in China resulted 

in 22 billion dollars’ worth of infrastructure damage across 10 provinces (Li et al., 

2019). Likewise in the same year in Japan extraordinary heavy rainfall led to flooding 

across 40,258 ha of agricultural land and resulted in losses of $260 million  due to 

crop damage (Kimura et al., 2019).  

 Drought on the other hand causes less issues with infrastructure and a greater 

number of economic problems for agriculture and other plant based industries such as 

horticulture and landscaping services (Ding et al., 2011). Damages from drought also 

affect public utilities, tourism and recreation (Ding et al., 2011). For example if a river 

flow is low due to a drought that river cannot be used for fishing or for tourist boats 

which can result in economic losses.  

 Drought leads to a double impact on the agricultural sector as many farmers 

rely on groundwater or reservoir water supplies for irrigation during drier periods 

(Ding et al., 2011). During a drought these water supplies may be reduced which may 

mean extra irrigation is impossible. For example in 2015 the US state of California 

was in the middle of a six year drought, but in 2015 alone 97% of the state was 

experiencing drought which resulted in agricultural losses of $2.7 billion (Tortajada 

et al., 2017). For some countries drought is now a common occurrence. In northern 

Australia droughts destroy approximately 19% of all crops annually whereas in China 

annual crop losses due to drought are approximately $4.71 billion (Thi Tran et al., 

2016; Chou et al., 2018). 
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 Additionally, flooding and drought can both lead to complete crop loss which 

can have an additive impact on the agricultural sector. Not only are farmers losing out 

on profits from crops but most farmers who trade in livestock and arable crops grow 

a supply of grass for livestock feed during the winter. If an extreme weather event has 

ruined this it may mean that farmers will have to pay extra for feed for their animals 

to survive through winter (Morris and Brewin, 2014; Salmoral et al., 2020). However, 

economic losses are not the only losses which should be considered as extreme 

weather events can have broad environmental impacts as well. 

 

1.1.7 - Environmental impacts of flooding and drought 

 Both flooding and drought can lead to a number of serious environmental 

impacts. Droughts can lead to impacts on water quality as decreases in water flows 

due to drought can result in an increase in water salinity as well as temperature 

increases and increases in stratification (Mosley, 2015). This combination of changes 

can promote algal blooms which include blooms of cyanobacteria which can lead to 

oxygen depletion (Mosley, 2015). This in turn can choke and kill aquatic wildlife 

(Paerl and Huisman, 2009). Due to these blooms nutrients in waterways can decrease 

which puts further pressure on aquatic ecosystems (Mosley, 2015). However, flooding 

can have a much greater impact on water quality compared to drought (Hrdinka et al., 

2012).  

 Flooding can influence water quality due to the mixing of soil particles which 

may contain absorbed pollutants such as pesticides and heavy metals, and can contain 

pathogenic microbes, and concentrations of pollutants frequently exceeded the legal 

threshold for up to ten days post flood (Stuyt et al., 2007). Flooding can also lead to 

decreases in water quality via introduction of animal waste as many farms have faecal 

waste pits and once flooded this can enter waterways (Wing et al., 2002). Impacts on 

water quality can have downstream impacts on human and animal health as well as 

losses of ecosystem services from aquatic ecosystems (Talbot et al., 2018).  

 Disruption to wildlife can result from the landscape changes caused by 

flooding. Connectivity of habitats is important for the dispersal and movement 

between habitats of certain species like the wild turkey of Brazil and decreases in 

connectivity caused by flooding can result in decreases of populations (Perotto-

Baldivieso et al., 2011). In the Amazon Basin flooding led to decreases in the 
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populations of ungulates and large rodents which human populations require as a food 

source and an income (Bodmer et al., 2018). Landscape changes caused by flooding 

which altered a series of pools to a single river decimated a population of endangered 

minnow in the Sonoran Desert (Collins et al., 1981).  

 Droughts can also have substantial impacts on aquatic wildlife. For example a 

study in the Amazon Basin found that fish, waterfowl and dolphin species decreased 

during droughts (Bodmer et al., 2018). Droughts have also had detrimental impacts on 

terrestrial species like the koala where there was an 80% decline in species numbers 

across an area of Australia which experienced drought (Seabrook et al., 2011). 

Similarly, a single period of drought led to deaths of 35% of eland populations, 19% 

of wildebeest populations and 12% of red hartebeest in the southern Kalahari (Knight, 

1995). This was surprising as eland in particular are intermediate feeders and often 

withstand drier periods easily. This suggests that longer droughts may result in die-off 

of species which can normally endure smaller droughts. 

The growth and development of the majority of vascular plants is hindered by 

flooding and can result in death (Jackson and Colmer, 2005). Flooding causes stress 

in plants and occurs primarily due to the lack oxygen availability to submerged tissues 

(Drew and Armstrong, 2002). Drought results in a moisture deficit in plants which 

forces them to stop growing and producing leaves and can ultimately result in plant 

death (Jefferies, 1995).  

 Extreme flooding has been linked to tree death and the associated impacts on 

wildlife and plants associated with those trees (Alho and Silva, 2012). Flooding also 

resulted in changes to the aboveground vegetation community composition of a 

hardwood forest with decreases in flood intolerant species such as ferns (Malecki et 

al., 1983). Drought led to changes in the community composition of flowering plants 

and also impacted their ability to reproduce as fewer flowers contained nectar for 

pollinators during a drought (Phillips et al., 2018). Also, drought has been shown to 

reduce net photosynthesis and tree growth, resulting in an increase in tree die-back 

(Hinckley et al., 1979).  

Flooding and drought can also cause structural, chemical and biological 

changes in soil ecosystems which can have resulting impacts on the surrounding plant 

and animal life as well as human health. 
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1.2 - Soil ecosystems 
 

1.2.1 - Importance of soil 

 Soil acts as a unique interface between the lithosphere, the hydrosphere, the 

atmosphere and the biosphere and is an irreplaceable natural resource which presides 

over a number of functions necessary for human life (Bünemann et al., 2018; Lehmann 

et al., 2020). Soil is also a limited resource as an inch of topsoil can take 100 years to 

form due to the slow chemical alteration of weathered rock coupled with the gradual 

formation of organic matter which means that soil is non-renewable (Lal et al., 1998; 

Amundson, 2003). 55% of habitable land on earth (not covered by ice or barren land) 

is used for agriculture while in contrast only 1% of the earth’s habitable regions make 

up built-up urban regions and the remaining 44% is made up of forests, shrubs and 

natural grasslands and freshwater coverage (Ellis et al., 2010).  

 98.8% of the food we eat relies directly (arable crops) and indirectly (livestock 

feed) on the soil (Kopittke et al., 2019). It is estimated that the world’s population will 

exceed 9 billion by 2050 which means that global food production will have to 

increase by approximately 70% to support this growing population and almost all of 

this relies on the soil (FAO, 2015a; FAO, 2017). 

 Intensification of agriculture has led to a decrease in soil health and fertility as 

well as the loss of soil through erosion (Kopittke et al., 2019). Due to poor farming 

techniques a single dust storm during a period of drought in Northern America in the 

1930’s  known as the Dust Bowl, 5,500 tonnes of topsoil were lost to wind erosion 

and certain counties lost up to 30% of their agricultural land (Hafer, 1980; Hornbeck, 

2009). Approximately 33% of all soils are moderately to highly degraded and 52% of 

all agricultural soils have been moderately to severely impacted by soil degradation 

(FAO, 2015b; ELD Initiative, 2015).   

 The loss of soil due to degradation is estimated to cost roughly $400 billion 

annually around the world (ELD Initiative, 2015). It has been predicted that this 

widespread degradation of soil may possibly reduce food productivity globally by 

12% over the next 25 years which in turn may lead to increases in food prices by 30% 

(ELD Initiative, 2015). This decline in soils can be monitored by understanding soil 

health. 
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1.2.2 - Soil health 

 Soil health is a term which has previously been widely discussed and is used 

as an estimation of the soil’s condition based on several particular soil properties 

which are biological, chemical and physical (Doran et al., 1994; Doran et al., 1996; 

Kibblewhite et al., 2008). Soil health encompasses both soil fertility and soil quality 

where soil fertility is the narrowest term and refers only to the soil’s role in its ability 

to produce crops, whereas soil quality includes the impacts of soil on human health 

through the effects on plants, water quality and animal health across complete 

ecosystems (Doran et al., 1994; Bünemann et al., 2018). 

 

 
Figure 1.5: The five mechanisms of soil health which interact and influence one 

another. Adapted from a schematic proposed by Ritz (2015). 

 

 Both soil fertility and soil quality have been historically used to understand the 

quality of soil based on its ability to produce in an agricultural setting. However, soil 
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health is now defined as the continued capacity of soil to function as a vital living 

ecosystem that sustains plants, animals and humans (Lehmann et al., 2020). Those soil 

functions are supported by five interacting characteristics of the soil including organic 

matter, soil pores (water and air), structure, nutrients and soil biota, as highlighted in 

Figure 1.5. Soil health and the interacting soil factors are key to the many ecosystem 

services that the soil presides over that we could not live without. 

 

1.2.3 - Soil ecosystem services 

 The multitude of soil ecosystem services include plant production, control of 

water quality, control of human health and climate regulation which can be seen in 

Figure 1.6 (Lehmann et al., 2020). Production of plants including crops is arguably 

the most important ecosystem service which the soil provides and can be impacted by 

a variety of factors (Jian et al., 2020).  

 Soil structure is one of those factors as poor structure will prevent extensive 

rooting depth which in turn can lead to low yield of crops (O’Dell and Claassen, 2006). 

Structure can be negatively impacted by agricultural methods such as tillage which 

can result in compaction (Pagliai et al., 2004). Tillage has also been reported to result 

in long term reductions of organic matter as physical perturbations to the soil can 

expose protected organic matter in aggregates to decomposition (Balesdent et al., 

2000). Organic matter helps soil maintain structure and provides an energy source for 

soil microorganisms (Six et al., 2000; Huang et al., 2005). Soil health related to plant 

production also includes many interactions between plants and microorganisms 

surrounding plant roots which have been found to promote or reduce plant growth 

(Berendsen et al., 2012). 

 Soil can have both positive and negative impacts on water quality as pollutants 

move through soil on their way to bodies of water (Zimnicki et al., 2020). Pollutants 

from agriculture can include herbicides, pesticides and chemical fertilizers which can 

lead to eutrophication once in the water (Carpenter et al., 1998; Evans et al., 2019). 

However, buffer zones that include plants which take up heavy metals and 

microorganisms which utilise organic pollutants within the soil can be used to prevent 

loss in water quality (Hanson et al., 1999; Tournebize et al., 2017). 

 The soil can provide ecosystem services to human health through plants as the 

nutritional value of crops can vary depending on soil health (Welch and Graham, 
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2004). High levels of both organic matter and soil biodiversity can improve crop 

nutritional values (Wood et al., 2018). Soil biodiversity has also been linked with an 

increased level of macronutrient availability to crops, and improve the ability of food 

to withstand storage and may supress plant disease (Wall et al., 2015). 

 However, some soil microorganisms are pathogenic and can produce toxins 

which may lead to both acute and chronic diseases (Rillig et al., 2018). At the same 

time traditional antibiotics such as streptomycin, which is produced by 

microorganisms, have been discovered in the soil which shows that soils are an 

important source for medical breakthroughs (Schatz et al., 1944; Ling et al., 2015). 

 

 
Figure 1.6: Ecosystem services which healthy soil provides. Soil health can 

impact both human and planetary health through climate change, soil 

contamination, food quality, crop production and storage and through 

recreation and culture. Taken from (Baveye et al., 2016). 

 

Finally soils and their management techniques have the ability to alleviate or 

aggravate climate change and its impacts (Lal, 2004; Paustian et al., 2016). Carbon 

can be sequestered in the soil in the form of organic matter which has many benefits 
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mentioned previously and can also provide resilience to climate driven weather events 

such as flooding and drought (Lal, 2004). The use of inorganic fertilizers can also lead 

to an increase in greenhouse gas emissions through microorganisms (Paustian et al., 

2016). Therefore the soil biota is responsible for portions of all soil ecosystem services 

and is an important aspect of the soil which needs further exploration. 

 

1.2.4 - Soil biodiversity 

 Soil organisms include an array of both macrofauna such as arthropods, 

earthworms and nematodes, and microfauna such as protists, fungi, archaea and 

bacteria (Fierer and Jackson, 2006; Wall et al., 2015). It has been estimated that soil 

biodiversity accounts for approximately 25% of global biodiversity (George et al., 

2019). Previous studies have shown just how diverse the soil ecosystem can be as a 

single gram of terrestrial soil can contain one billion bacterial cells which are made up 

of between 2000 and 8.3 individual species and can also hold 200 meters of fungal 

hyphae (Wardle, 2006; Roesch et al., 2007; Bardgett, 2010). Until recently 

biodiversity within soil was coined a black box because there was no way to measure 

the quantity and type of microorganisms that existed in the soil using traditional or 

molecular approaches (Tiedje et al., 1999; George et al., 2019). However, this changed 

with the advent of affordable high throughput sequencing. 

 

1.2.5 - Advances in sequencing techniques 

 The invention of next generation sequencing (NGS) techniques have created a 

relatively inexpensive culture independent method for preforming sensitive, rapid and 

high-throughput assessments of microbial communities which result in huge datasets 

(Sboner et al., 2011). NGS methods are culture independent as specific regions of 

DNA can be targeted directly from environmental samples. This also allows for 

specific groups of microorganisms to be sequenced via phylogenetic marker genes 

such as the 16S rRNA gene for bacteria and archaea or the ITS region between the 

18S and 28S rRNA genes for fungi (Lundberg et al., 2013). Equally NGS techniques 

can be used to focus on functional groups which possess the same gene such as the 

mcrA gene which is possessed by every organism capable of producing methane 

through an anaerobic respiration process (Sun et al., 2011). This method is now used 
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extensively throughout microbial ecology and is known as amplicon sequencing 

(Lundberg et al., 2013).  

 However, there are limitations to amplicon sequencing and one of these 

surround the taxonomic classification of organisms from NGS datasets. To identify an 

organism’s taxonomy a reference database is used such as Greengenes or SILVA 

(Larsen et al., 2006; Pruesse et al., 2007). These databases rely on prior whole or 

partial genome sequencing of organisms for taxonomic information and may become 

outdated if updates are not done routinely. This has happened with the Greengenes 

database which has not been updated since 2013 and is now seven years out of date 

but is still being used by current research studies (Larsen et al., 2006; Saeb et al., 2019; 

Zheng and Gong, 2019). This could result in publishing of inaccurate information. 

 Secondly, many taxa contain more than one copy of a gene and with amplicon 

sequencing all copies will be picked up and treated as an individual organism (Lee et 

al., 2009; Louca et al., 2018). This can lead to overrepresentation of certain taxa 

compared to others. For example many bacterial and archaeal taxa possess more than 

one copy of the 16S rRNA gene with some species having as many as 15 copies of 

this gene (Lee et al., 2009; Louca et al., 2018). 

 Despite these drawbacks the total depth of microbial communities are finally 

able to be explored as amplicon sequencing using NGS techniques has been able to 

elucidate the composition and diversity of microbial communities from a broad range 

of ecosystems, including the soil (Bahram et al., 2018). 

 

1.3 - Soil microbial communities 
 

1.3.1 - Overview 

 Use of NGS techniques studies has shown that soil microbial communities are 

dynamic and are moulded by their environment. Soil microbial communities change 

in composition from season to season and are also driven by abiotic factors such as 

pH and soil type (Griffiths et al., 2011; Stevenson et al., 2014). Anthropogenic changes 

to the land have also been seen to drive change in the microbial communities of soil 

with land-use change and agricultural practices such as tillage resulting in new 

community structures (Dorr de Quadros et al., 2012; Zhang et al., 2016). This can 

result in functional changes of the soil as while the functional properties of many soil 

microbes are still unknown there is an abundance of information for specific 
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microorganisms and how they contribute to plant health and biogeochemical cycles 

(Hou et al., 2000; Herold et al., 2014). 

 

1.3.2 - Soil microbes and plants 

 There are a number of microorganisms that perform specific functions which 

aid plant growth, and these have been termed as plant growth promoting microbes 

(PGPM) (Mishra et al., 2017). PGPM are mainly comprised of bacteria and fungi 

which live within the rhizosphere. The rhizosphere is the fine layer of soil which is 

directly connected to the roots of the plants and is directly influenced by root exudates 

(Lugtenberg and Kamilova, 2009). Many PGPM are actively recruited by the plant 

based on the exudates that are produced by the roots and so there is an active 

mutualism between the two (Zhalnina et al., 2018). However, some PGPM are truly 

symbiotic as they live within plants, between cells or within root nodules and exchange 

metabolites directly (Vejan et al., 2016). PGPM have been found to help plants survive 

disease, increase their tolerance of salinity, help with drought stress, increase heavy 

metal tolerance and increase the nutritional value of plants as well as help with general 

growth (Vejan et al., 2016). 

 Heavy metals damage plants via the creation of reactive oxygen species, 

blocking the functional groups of biomolecules and by the displacement of needed 

metal ions for biomolecules (Schutzendubel, 2002). A study by Pishchik et al. (2002) 

found that certain PGPM could bind cadmium, a heavy metal, to themselves and 

remove it from the soil environment. Similarly, mycorrhizal fungi in symbioses with 

plants may protect them from heavy metals due to the production of antioxidants as 

cadmium induced changes are not seen in roots with mycorrhizal symbionts 

(Schutzendubel, 2002).  

 Antioxidants are also important to human health which means that the higher 

the antioxidant content of crops the greater the nutrient content is. The PGPM Bacillus 

lentimorbus has been seen to increase the growth of lettuce, spinach and carrots as 

well as increase the antioxidant capacity of their edible parts (Nautiyal et al., 2008).  

 Particular PGPM are also able to increase the ability of plants to withstand 

conditions of high salinity. A study by Marulanda et al. (2009) found that Bacillus 

megatertum was able to increase the ability of roots to take up water under increased 

levels of salinity. Another study found that a different PGPM Pantoea agglomerans 
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which can withstand hypersaline conditions itself was also able to increase water 

uptake of roots in high levels of salinity (Gond et al., 2015).  

 Some PGPM are able to produce plant exogenous hormones which can directly 

stimulate plant growth and are known as phytostimulators. Phytostimulators can 

produce or alter plant growth regulators like auxin, cytokinins and ethylene (Vejan et 

al., 2016). Auxin is the most well-known growth promoting plant hormone and can 

stimulate increases in both root surface area and length (Spaepen et al., 2007; Hayat 

et al., 2010). Cytokinins stimulate the division of plant cells and promote root hair 

production but inhibit primary root elongation (Riefler et al., 2006; Aloni et al., 2006). 

Ethylene is a plant hormone which regulates several processes including fruit ripening 

(Reid, 1989). However, large quantities of ethylene can lead to defoliation and can 

inhibit root and stem growth and cause premature senescence which reduced crop 

quality (Li et al., 2005). Certain PGPM are able to reduce the length that ethylene takes 

to deteriorate and thus restore a health environment to plants (Glick, 2014). 

 PGPM can also help protect plants against pathogens. Several bacterial taxa 

can produce volatile organic compounds which are involved in plant growth as well 

as prompt systemic resistance to pathogens in plants (Ryu et al., 2003). PGPM can 

also produce compounds such as chitinase and glucanase which are metabolites that 

contribute to antibiosis and antifungals (Vejan et al., 2016). This is turn can reduce 

plant pathogens in the soil. Examples of pathogens which are impacted by these 

metabolites include two of the world’s most destructive crop pathogens, Rhizoctonia 

solani and Phytophthoracapsici (Arora et al., 2008). As plants recruit PGPM from the 

bulk soil microbial community, changes to soil microbial communities may result in 

interruption to the balance of PGPM in the rhizosphere. 

Microbial plant pathogens are widespread and cause destruction across plant 

species (Savary et al., 2012). To date there are over 150 bacterial plant pathogens and 

over 400 fungal plant pathogens described by current literature (Bull et al., 2010; 

Crous et al., 2015). The FAO has estimated that globally approximately 20% of all 

crop yield is lost to diseases caused by plant pathogens annually (Jenkins et al., 2016). 

Certain diseases caused by plant pathogens can result in almost complete loss of crops 

such as stem rust which can result in a yield loss of 99% (Calpouzos and Roelfs, 1976). 

Wheat rusts alone are accountable for yield losses of 5 billion US dollars annually and 

since the 1990s another 3 billion US dollars in yield losses due to Fusarium head blight 

have occurred (Schumann and D’Arcy, 2006). At the same time, many microbial plant 
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pathogens thrive in high moisture environments and work on natural flood events has 

found that fungal pathogens increased in relative abundance during and after flooding 

which has negative implications for plant health (Rosenzweig et al., 2001; Kirkpatrick 

et al., 2006; Barnes et al., 2018). 

Finally, PGPM can also aid plants with their response to drought. Antioxidants 

produced by arbuscular mycorrhizae were able to decrease the oxidative damage that 

plants experienced during drought (Porcel et al., 2003). Plants living in association 

with mycorrhizal fungi can also acquire greater quantities of water and nutrients which 

can alleviate drought stress to the plant (Al-Karaki et al., 2004). Furthermore, a 

Pseudomonas aeruginosa strain can improve the growth of plants like mung beans 

during drought (Sarma and Saikia, 2014). Lastly, one study has found that PGPM are 

capable of altering the plant host transcriptome to increase drought tolerance (Gontia-

Mishra et al., 2020).  

 

1.3.3 - Carbon cycling by soil microbes 

 Soils and the microorganisms which inhabit them are important for carbon 

cycling as shown in Figure 1.7. Soils act as both a source and a sink for a variety of 

carbon based compounds and contain a large variety of carbon-fixing organisms. It is 

estimated that between 0.6 and 4.9 Pg of carbon dioxide is fixed by soil 

microorganisms per year (Yuan et al., 2012). However, the amount of carbon dioxide 

produced by the respiration of microorganisms is estimated to be 20-35 times greater 

than the amount which they consume (Miltner et al., 2005). This ultimately results in 

a net annual release of soil carbon via carbon dioxide to the atmosphere, which means 

that the majority of soils are sources of carbon. It has been estimated that roughly 10% 

of all atmospheric carbon dioxide is cycled through soils annually which equates to 

annual carbon dioxide emissions of 68 to 75 Pg of carbon dioxide (Raich and 

Schlesinger, 1992; Raich and Potter, 1995).  

 At the same time soils are one of the world’s largest carbon stores via the 

accumulation of organic matter (Comis, 2002; Chotzen et al., 2016). Approximately 

1,400 to 1,600 Pg of carbon are stored in soils globally which equals roughly twice as 

much carbon as is in the atmosphere and three times more than the carbon stored in 

plants and trees (Raich and Potter, 1995; Scharlemann et al., 2014). 
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 However, in the future human induced climate warming may endanger soil 

carbon stores, particularly in wetland and peatland areas as carbon could be lost via 

increased microbial respiration and decomposition rates due to the higher activity of 

soil microbes in warmer environments (Davidson and Janssens, 2006; Schindlbacher 

et al., 2011). On the other hand, it is also possible that a warmer more carbon dioxide 

rich environment will lead to greater rates of carbon fixation in the soil which would 

result in greater carbon storage (Davidson and Janssens, 2006). 

 

 
 

Figure 1.7: Schematic of carbon dioxide cycling in the soil. This displays the 

important parts of carbon dioxide cycling within terrestrial soil ecosystems. Taken 

from (US DOE, 2005) 

 

 As well as carbon dioxide the soil is both a source and a sink for methane. 

Biological methane is produced solely by methanogenic archaea which only respire 

under anaerobic conditions (Hernández et al., 2017). Methane is stable in the absence 

of oxygen but quickly becomes used in microbial respiration in the presence of oxygen 

by methanotrophic bacteria (Topp and Pattey, 1997). Annually soils take up between 
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28 and 38 Tg of methane during this process which accounts for 10% of the global 

methane sink (Topp and Pattey, 1997; Saunois et al., 2020).  

 Under normal conditions a soil will be a methane sink as soils are typically 

somewhat aerobic environments. However, wetlands and other waterlogged soils 

become anaerobic due to oxygen depletion via microbial respiration which makes 

them the perfect environments for methane production (Hernández et al., 2017). 

Wetlands produce between 127 and 202 Tg of methane per year which accounts for 

30% of all methane produced globally (Saunois et al., 2020). This means that despite 

the vast areas of terrestrial ecosystems the methane consumed in them is outweighed 

by the methane produced in wetlands. 

 

1.3.4 - Nitrogen cycling by soil microbes 

 Nitrogen is an element necessary for all life as it is essential for the synthesis 

of nucleic acids and proteins. However, while there is a copious amount of nitrogen in 

the atmosphere most of this is in the stable form of nitrogen gas which is inaccessible 

to living organisms (Tischner, 2000). Prior to the advent of the Haber-Bosch process 

and chemical fertilizers the only ways nitrogen could be converted to an accessible 

form was through lightening striking the ground or through nitrogen fixing microbes 

(Galloway et al., 2004; Erisman et al., 2008). Nitrogen fixing microbes can either be 

free living in the soil or live within the root nodules of plants as mutualists (Chen et 

al., 2019). Outside of agriculture nitrogen fixing microbes are still the predominant 

way that plants acquire a useable form of nitrogen.  

 Approximately 40 to 290 Tg of nitrogen is fixed in terrestrial systems per year 

which is roughly 10% to 60% of all annual nitrogen fixation (Fowler et al., 2013). 

Global nitrogen stocks in the soil are estimated to be between 90 and 140 Pg (Zinke 

et al., 1984; Batjes, 2014). However, this is an ever changing number as nitrogen is 

quickly used by other organisms or converted to other forms of nitrogen and cycled 

back into the atmosphere.  

 While ammonia is an accessible form of nitrogen for plants it is not the safest 

as build ups of ammonia can lead to plant stress and oxidative damage (Esteban et al., 

2016). Nitrate is the safest form of accessible nitrogen for plants and so is the main 

source of nitrogen for the majority of terrestrial plants (Tischner, 2000). Nitrate is 

produced via the oxidation of ammonia and nitrite which in terrestrial systems is 
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mainly produced via soil microorganisms which is termed nitrification (Hayatsu et al., 

2008).  

Nitrification involves a two-step pathway where first ammonia is oxidised to 

nitrite and then nitrite is oxidised to nitrate (Zhang et al., 2020). Nitrification under 

low oxygen availability can result in the production of nitrous oxide which is a mid-

pathway metabolite as the two step pathway of nitrification cannot be completed 

without oxygen (Stein, 2019). However, recently a group of bacteria known as 

Comammox have been found to oxidise ammonia to nitrate in a single step pathway 

of nitrification (Van Kessel et al., 2015).  

 

 
Figure 1.8: Schematic of the terrestrial nitrogen cycle. This includes all microbial 

pathways involved in the nitrogen cycle. Taken from BD Editors (2019) 

 

Nitrate is then converted back into nitrogen gas via the microbial process of 

denitrification (Galloway et al., 2004). In both marine and terrestrial systems 

denitrification is responsible for the largest fixed nitrogen loss (Nevison et al., 2016). 

Most denitrifiers are able to perform a complete reduction of nitrate to nitrogen gas 

using a series of smaller intermediate reductions of nitrate to nitrite, to nitric oxide, to 

nitrous oxide and finally to nitrogen gas (Zhang et al., 2020). Denitrification can take 
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place in both aerobic and anaerobic environments (Ji et al., 2015). However, under 

anoxic conditions incomplete denitrification is more likely to occur which leads to the 

release of nitrous oxide (Zhang et al., 2020).  

Denitrification is not the only microbial process which reduces nitrate as the 

predominately anaerobic dissimilatory nitrate reduction to ammonia requires nitrate 

(Zhang et al., 2020). This pathway is also able to produce nitrous oxide when 

incomplete which occurs more often in high nitrate environments (Kelso et al., 1997). 

Finally, mineralization of nitrogen from deceased biomass to ammonia is another 

method that microbes and plants can access nitrogen (Zhang et al., 2020). These 

processes together form the nitrogen cycle which is one of the fundamental 

biogeochemical cycles within the soil as seen in Figure 1.8. 

 

1.3.5 - Production of greenhouse gases by soil microbes 

 Carbon dioxide, methane and nitrous oxide are all greenhouse gases that can 

be produced by soil microorganisms which contribute to atmospheric warming. 

Greenhouse gases can trap heat in the atmosphere as they absorb and emit radiant 

energy (IPCC Working Group, 2001). Without them the Earth’s average surface 

temperature would be -18 oC (Ma, 1998). However, the sudden increase in greenhouse 

gases in the atmosphere is now driving the average temperature of the Earth up and it 

is predicted that by 2036 the Earth’s temperature will increase by 2 oC if nothing is 

done to curb emissions (IPCC Working Group, 2014). 

 Between 90% to 95% of all atmospheric methane is produced by methanogenic 

archaea (Webster et al., 2013). Estimates suggest that the microbial process of 

denitrification results in 30% of all atmospheric nitrous oxide (Wrage et al., 2001). On 

the other hand only 10% of atmospheric carbon dioxide has been produced via the 

respiration of soil microorganisms and this 10% is constantly being cycled (Raich and 

Schlesinger, 1992; Raich and Potter, 1995). The global net total emissions of 

greenhouse gases from soil is estimated to be greater than 350 Pg of carbon dioxide 

annually, where nitrous oxide and methane emissions were normalized to carbon 

dioxide (Oertel et al., 2016). By comparison only 33.4 Pg of carbon dioxide are 

emitted annually by the fossil fuel and the cement industry combined (Oertel et al., 

2016). 
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1.3.6 - Impacts of extreme weather events on soil microbes 

 Disruption to these vital soil microorganisms and microbial communities must 

be considered during extreme weather events. It is possible that extreme weather 

events could upset or alter several of the biogeochemical cycles or services to plants 

that microorganisms provide as well as making the impacts of deleterious disease 

causing microorganisms worse.  

 Flooded soil results in an anaerobic environment as microbial respiration will 

use oxygen but the 10,000 times slower diffusion rate of oxygen through water when 

compared with air means that oxygen cannot be replaced as quickly as it is used in a 

flooded terrestrial system (Mukhtar et al., 1996; T. Setter and Waters, 2003). Carbon 

dioxide is produced via the respiration of soil microbes in both aerobic and anaerobic 

environments. This means that the microbial production of carbon dioxide is not 

interrupted by a flood whereas flooding impacts the production of both methane and 

nitrous oxide although rates may be altered (González Macé et al., 2016). Biologically 

produced methane is formed solely under anaerobic conditions and studies have 

shown that methanogen populations become active in flooded soils (Hernández et al., 

2017). This is also a feature of wetland habitats (Oertel et al., 2016). Nitrous oxide is 

commonly produced in low oxygen environments due to the incomplete processes of 

nitrification and denitrification which could mean increases of nitrous oxide during a 

flood (Wrage et al., 2001). However, in completely anaerobic environments nitrous 

oxide cannot be produced via nitrification as the reaction requires oxygen and rates of 

denitrification are lowered due to the anaerobic process of dissimilarity nitrate 

reduction utilising nitrate reserves which also culminates in lowered nitrous oxide 

emissions (Dobbie and Smith, 2001). Previous work has found that nitrous oxide 

production from the soil decreases during a flood and has a sudden peak when flooding 

ends (Sánchez-Rodríguez, Nie, et al., 2019). This peak of nitrous oxide after flooding 

may occur due to the sudden availability of oxygen coupled with the build-up of 

precursor compounds during the flood. Floods will also force microorganisms to 

respire anaerobically and if they cannot they may have to enter a period of dormancy. 

 Previous work has found that flooding leads to a decrease in microbial biomass 

and shifts in microbial community structure with the largest impacts being a decrease 

in bacteria based on PLFA data (Sánchez-Rodríguez, Hill, et al., 2019a), which 

persisted for five weeks after flooding ended. However, fungi recovered in the same 

timeframe after the flood ended. Flooding also leads to decreases in Gram negative 
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bacteria, which are markers of aerobicity, compared to Gram positive bacteria as well 

as decreases in microbial respiration (I M Unger et al., 2009). Finally studies have 

found that particular taxa show differential susceptibility to flooding, which  led to 

decreases in Planctomycetes, Rhodobacterales, and Rhodospirillales but increases in 

Gemmatimonadetes, and Myxococcales as well as anaerobic bacteria including 

Geobacteracaea and Anaerolineaceae (Randle-Boggis et al., 2018; Jiao et al., 2019; 

Gschwend et al., 2020).  

 On the other hand, drought creates an environment with an absence of water. 

All organisms including microorganisms require water for life which means a drought 

could force microorganisms into a state of dormancy or death (Schimel, 2018). Unlike 

flooding a drought is less likely to cause large fluctuations in biogeochemical cycling. 

Previous work has found that microbial carbon dioxide emissions may not change 

during a drought (Davidson et al., 2004). However, during a drought studies have 

found that methane consumption increases, enhancing the role of soil as a  methane 

sink, and furthermore microbial nitrous oxide emissions decreased (Davidson et al., 

2008; O’Connell et al., 2018). 

 Previous work has found that drought results in significant changes in the 

community composition of bacterial and fungal communities where fungal diversity 

increased and bacterial diversity decreased after a drought (Kaisermann et al., 2017). 

Droughts led to a decrease in bacterial growth but not fungal growth and resulted in 

higher PLFA ratios of fungi:bacteria (Bapiri et al., 2010). Drought also destabilises 

bacterial but not fungal co-occurrence networks and bacteria had still not recovered 

from drought two months later whereas fungi recovered one week after the drought 

ended (de Vries et al., 2018a). Studies have also found that certain taxonomic groups 

are more influenced by drought than others with decreases in Acidobacteria and 

increases in Actinobacteria noted across three managed grasslands,  but without 

alteration to fungal community composition (Barnard et al., 2013). This suggests that 

drought has a bigger impact on bacterial communities compared to fungal 

communities. 

 Current work on how extreme weather events impact soil microbial 

communities are limited and tend to focus on a singular variable of an extreme weather 

event. However, this makes it difficult to compare the impacts of different extreme 

weather events on microbial communities and to compare how characteristics of a 

weather event like season and duration may modulate the impact on microbial 
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communities. Previous work has also failed to consider the differences between soil 

microbial communities between individual land-uses and whether extreme weather 

events may impact them differently. Finally, the majority of previous work on how 

extreme weather events impact microbial communities focus on a single event and do 

not consider the impacts of compound events even though they are now much more 

likely to occur (Dodd et al., 2020). 

 At the same time the majority of studies focus solely on bacterial communities 

and do not include other microbial groups like fungi. However, fungi perform a 

number of important soil services such as nutrient acquisition for plants through 

mycorrhizal fungi as well as deleterious functions such as causing disease through 

fungal plant pathogens (Al-Karaki et al., 2004; Crous et al., 2015). Studies in the past 

have focused primarily on drought due to the associations with crop loss and famine 

which means that studies investigating the impact of flooding on microbial 

communities are lacking. This needs to be investigated thoroughly as floods are the 

extreme weather end which have been increasing in incidence at the fastest rate since 

the 1980s, as seen in Figure 1.2. 

 

1.4 - Project aims 
 Several aspects of how extreme weather events such as flooding and drought 

impact microbial communities are unknown. This includes how differences in land-

use, flood duration and flood season may impact microbial community structure and 

function after flooding. There is also no current understanding of how the impacts of 

flooding and drought on microbial community structure compare to one another as 

well as whether microbial communities suffer from legacy effects due to prior weather 

events after experiencing a second weather event. This project aims to address these 

gaps in our understanding through the use of outdoor mesocosms and NGS techniques 

with the following aims: 

 

1. To understand how the impact of flooding on microbial community 

structure and taxonomy is altered by flood duration, flood season and 

land-use 

a. To determine how microbial communities in contrasting land-uses are 

affected by seasonal timing and duration of flooding 
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b. To compare the resilience of microbial communities in contrasting 

land-uses to flooding 

c. To identify the microbial groups impacted by flooding and their 

commonalities across flood types and land-uses 

d. To determine the functional significance of changes in the composition 

of the soil microbiome to flooding 

 

2. To understand how land-use impacts greenhouse gas production by soil 

microbes and the functional pathways which they employ during a flood 

a. To investigate how the duration of flooding impacts methane and 

nitrous oxide emissions from soil across a land-use intensity gradient 

b. To determine how land use intensity and flood duration affect 

microbial populations and pathways involved in methane and nitrous 

oxide emissions  

 

3. To understand how the impacts of flooding and drought on microbial 

community structure and taxonomy compare as well as understand the 

impacts of how compound weather events impact microbial communities 

a. Do flooding and drought lead to impacts of equal magnitudes on 

bacterial/archaeal and fungal communities? 

b. Which weather event out of flooding and drought leads to the most 

persistent impacts on bacterial/archaeal and fungal communities? 

c. Does a first weather event have a legacy effect on the magnitude and 

longevity of the second weather event’s impact on microbial 

communities? 
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CHAPTER 2 - THE IMPACT OF FLOOD SEASON AND 
DURATION ON MICROBIAL COMMUNITY 

STRUCTURE AND TAXONMY ACROSS A LAND-USE 
INTENSITY GRADIENT 

 

2.1 - Introduction 
 

2.1.1 - Global Increases in Flooding Events 

 From 1990 to 2016, yearly extreme weather events increased worldwide (Raza 

et al., 2019). Extreme weather is defined as unusual, unpredictable, severe or 

unseasonal weather and falls into the top or bottom 10% of previously observed 

weather values for a national or regional area (Larkin and Harrison, 2005). Based on 

data from the World Health Organisation’s Emergency Events Database this increase 

is driven by the upsurge of flooding events compared to other extreme weather events 

(Raza et al., 2019). There are a number of different types of flooding which include 

coastal floods from sea-rise and tropical cyclones (Woodruff et al., 2013), 

groundwater floods from a rising water table (Macdonald et al., 2008), fluvial floods 

from rivers overflowing (Chen et al., 2010) and pluvial or surface level floods 

(Falconer et al., 2009). Heavy rainfall increases the likelihood of all types of flooding 

and is the sole source of pluvial flooding (Falconer et al., 2009). One of the 

consequences of flooding includes saturation of the soil by water and a decrease in air 

filled pore spaces which is known as waterlogging (Barnes et al., 2018). 

There has been an increase in the frequency of heavy precipitation events 

which can lead to flooding over the last century in Europe, North America and Asia 

(IPCC Working Group, 2001; Mirza, 2011; Ummenhofer and Meehl, 2017). During 

the last half of the 20th century heavy rainfall events increased by 2-4% across the 

Northern Hemisphere (IPCC Working Group, 2001) and from 1989 to 2009 the 

frequency of extreme floods increased across Europe (Kundzewicz et al., 2013). 

Taking the UK as an example, over the last 100 years 64% of the UK’s extreme flood 

events have happened since 2000 which include both winter and summer floods and 

have all been due to heavy precipitation (Harries, 1928; Dobbie and Wolf, 1953; 

Robinson and Blackman, 1990; McEwen et al., 2002; Wheater, 2006; Mayes et al., 

2006; Cashman, 2009; Miller et al., 2013; Thorne, 2014; Stevens et al., 2016; Barker 

et al., 2016; Liu et al., 2019; Parry et al., 2020). The last extreme flooding event in the 
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UK took place in February 2020 and was the wettest February on record, the 4th 

wettest month on record since 1910 and received more than twice the average rainfall 

that month. This weather event was also preceded by 9 months of heavy rainfall where 

130% of the long term average precipitation fell over that period (Parry et al., 2020). 

This increase in extreme flooding may be due to a combination of changing 

atmospheric phenomena impacted by climate change.  

 The North Atlantic Oscillation (NAO) is a weather system which has been 

associated with flooding across Northern Europe including the UK (Lavers and 

Villarini, 2013). The NAO is the relative change in pressure between an area of high 

pressure located over the subtropical Atlantic and an area of low pressure over Iceland 

which are bound together in a hemispheric oscillating atmospheric mass, responsible 

for shifts in climate across the Northern Hemisphere (Hurrell et al., 2001). The NAO 

can exist in one of two phases, the positive or the negative. When the NAO is in a 

positive phase there is a larger difference in the pressure between the two systems and 

when in the negative phase there is a smaller difference in pressure. Over the past 30 

years the phase of the NAO has shifted from mostly negative index values to mostly 

positive values (Visbeck et al., 2001). These alterations in the NAO phase are thought 

to partly be due to the increase in greenhouse gases and sulphate aerosols which will 

only continue to increase with increasing greenhouse gas emissions (Gillett et al., 

2003). 

In northern Europe positive NAO phases are associated with atmospheric river 

(AR) occurrence (Lavers and Villarini, 2013). ARs are a weather phenomenon which 

are characterised by their intense low level winds and high water vapour content. They 

are responsible for the vast majority of water vapour transport toward the poles and 

across the midlatitudes (Gimeno et al., 2014). In Northern Europe 70% of total 

precipitation is linked with the occurrence of extratropical cyclones (Hawcroft et al., 

2012). It is possible the ARs act as feeders of water vapour and extend the precipitation 

period of the cyclone which leads to periods of extreme rainfall (Browning and Hill, 

1984).  

ARs have been linked to extreme flooding events all over the world, including 

Europe (Lavers et al., 2012; Whan et al., 2020), North America (Neiman et al., 2011), 

South America (Viale and Nuñez, 2011) and globally (Massoud et al., 2019). In 

Norway ARs have been found to be associated with maximum winter precipitation 

more than 80% of the time and a 1-in-20 year extreme weather event is 17% more 
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likely to occur during a period of high AR intensity (Whan et al., 2020). Winter 

flooding in Britain has also been linked with the presences of ARs in 40-80% of cases 

(Lavers et al., 2012). However, in the UK only 20% of summer flooding events were 

associated with an AR (Champion et al., 2015). This lower percentage is thought to 

be due to discrepancies between accurately identifying summer flood events as they 

occur due to intense heavy rainfall over a matter of hours instead of days like winter 

floods (Champion et al., 2015).  

 Due to increases in greenhouse gas emissions there has been and will continue 

to be an increase in the global atmospheric temperature (Mitchell et al., 1995). A 

warmer atmosphere allows for an increase in lower-tropospheric water vapor (Held 

and Soden, 2006). The increase of ARs coupled with an increase in atmospheric water 

vapour in a warmer atmosphere could lead to an increase in flooding events (Dettinger, 

2011). Current greenhouse gas emissions, global temperature changes and changes in 

atmospheric systems have been used to predict future flooding events (Collins et al., 

2013; Sillmann et al., 2013; Ramos et al., 2016). 

 Under the climate scenario RCP8.5, which is the most likely climate outcome 

if no changes are made to greenhouse gas emissions (Riahi et al., 2011), the fifth 

assessment by the Intergovernmental Panel on Climate Change  (IPCC) suggests that 

the number of days with heavy precipitation and the number of very wet days will 

increase across Northern Europe in 2081-2100 (Collins et al., 2013). The Expert Team 

on Climate Change Detection and Indices, a branch of the IPCC, found that across 

Northern Europe winters and summers are predicted to have significant increases in 

consecutive rainfall by 2100 (Sillmann et al., 2013). Finally simulations based on the 

Coupled Model Intercomparison Project Phase 5 (CIMP5) suggest that by 2074-2099 

the number of ARs over Europe will double with an increase in both number and the 

intensity of AR days (Ramos et al., 2016). Together these predictions suggest that in 

the future there could be more frequent flooding events and longer flooding events 

during both the summer and winter across locations which may have never 

experienced flooding previously (Thorne, 2014).  

 

2.1.2 - Impact of Flooding 

 Flooding has been identified as a threat to ecosystem services provided by soil 

including biodiversity, climate regulation and disease suppression due to the anoxic 
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conditions created by waterlogging (Bünemann et al., 2018; Sánchez-Rodríguez, Hill, 

et al., 2019a). Due to gases diffusing 10,000 times slower in water compared with air, 

coupled with the limited surface area between air and water in flooded soil, an anoxic 

environment can take less than 24 hours to develop in soil following waterlogging 

(Mukhtar et al., 1996; T. Setter and Waters, 2003). At this point organisms including 

plants start to suffer from hypoxia, facultative anaerobic microbes switch to anaerobic 

respiration and obligate anaerobes proliferate (Irene M. Unger et al., 2009).  

 Damage from flooding has been documented worldwide in crops such as maize 

(Munkvold and Yang, 1995), soybeans (Munkvold and Yang, 1995; Pantaleoni et al., 

2007), rice (Okamoto et al., 1998), wheat (Malik et al., 2002) and barley (Drew and 

Sisworo, 1979). The impacts of flooding on crops vary between land-uses and soil 

types due to the variability of drainage ability across different soil types (Morris and 

Hess, 1988). For example a soil with a high clay content will take much longer to dry 

out compared to a soil with a high sand content (Moche et al., 2015). The seasonal 

timing of a flood can also impact the level of damage and recovery to crops (Morris 

and Brewin, 2014). This is because a lack of oxygen to the roots during certain growth 

stages permanently impedes plant growth (Vartapetian and Jackson, 1997). A flood’s 

length and depth can also lead to differences in crop loss after flooding (Morris and 

Hess, 1988). A short winter flood could lead to no crop loss in grasses and cereals 

whereas a long summer flood could destroy a similar crop ready for harvest (H 

Posthumus et al., 2009). As aboveground vegetation is a driver and predictor of soil 

microbial communities flooding may have a secondary effect on soil microbial 

communities through the aboveground vegetation (Kourtev et al., 2002; Mitchell et 

al., 2010; de Vries et al., 2012; Fanin and Bertrand, 2016). 

 

2.1.3 - Impact of Flooding on Soil Microbial Community Structure 

 The impact of flooding on plants can lead to indirect effects on soil microbial 

communities as they can be shaped by root exudates that plants produce (Harvey et 

al., 2019). Anoxic conditions alter the rate at which plants take up nutrients and release 

exudates, and have qualitative impacts on exudate composition within the first 48 

hours of waterlogged conditions. These factors could lead to changes in substrate 

availability to the rhizosphere microbial community (Vartapetian and Jackson, 1997; 

Jackson, 2004). Acetate, which is excreted by roots during soil waterlogging, is used 



 32 

as an electron donor in a variety of microbial anaerobic respiration processes (Conrad 

and Klose, 1999; Xu et al., 2019). This along with oxygen depletion leads to 

proliferation of anaerobic microbial communities (Randle-Boggis et al., 2018). 

Several studies have shown direct impacts of flooding and oxygen depletion 

on soil biota, including a decrease in microbial biomass and soil heterotrophic 

respiration (Irene M. Unger et al., 2009; González Macé et al., 2016; Khan et al., 2018; 

Cao et al., 2020). Multiple studies have shown that Gram negative bacteria, which are 

a known marker of aerobic conditions, decrease in abundance and in relation to Gram 

positive bacteria after flooding (Bossio and Scow, 1998; Irene M. Unger et al., 2009; 

Ferré et al., 2012), alongside a decrease in archaeal communities compared to bacterial 

communities. These changes may occur after as little as a two week flood, and may 

be associated with changes to microbial processes, such as enhanced reduction of  

sulphur and promotion of nitrogen fixation (Randle-Boggis et al., 2018). However, 

current understanding of the effects of flooding on the soil microbiota is based on 

studies which have taken place during the summer or were done under greenhouse 

conditions which replicated summer temperatures. In non-flooded systems there are 

seasonal fluctuations in microbial biomass (Patra et al., 1990) and in the summer there 

is an increase in microbial activity compared to the winter (Blume et al., 2002). This 

increase in microbial activity is associated with increased oxygen demand, resulting 

in quicker oxygen depletion relative to periods of low microbial activity, and thus 

seasonal timing of waterlogging could affect the speed and duration of oxygen 

depletion and the specific responses of plant and microbial communities.    

Furthermore, the majority of studies which have examined the effect of 

flooding on soil biota have been done in rice paddy fields, and while this is a naturally 

flooded system, these results may not be comparable to land-uses which experience 

rare or short duration flooding (Bossio and Scow, 1998; Ferré et al., 2012; Khan et al., 

2018). As different land-uses have been shown to have different soil microbial 

community structure, amounts of microbial biomass and potentials for nutrient 

cycling, extrapolating results from flooding a single land-use may be inaccurate 

(Bissett et al., 2011).  

Studies examining the effect of flooding on soil biota which were not done on 

rice paddy fields were typically conducted in laboratory settings using microcosms of 

sieved topsoil (Irene M. Unger et al., 2009; Randle-Boggis et al., 2018). However, 

using microcosms can create microbial communities with artificially low complexity 
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compared with mesocosms and in situ real world experiments (Kampichler et al., 

2001). The sieved soil used in microcosms can also contribute to altered soil microbial 

community structure which can have knock on effects on soil functional responses 

(Thomson et al., 2010). Finally the use of topsoil, which makes up the first 10 cm of 

soil, can exclude important soil microbial groups. Methanogenic archaea, which are 

important in soil functional responses to waterlogging, are spatially structured and are 

in lowest abundance in the topsoil while they increase significantly with soil depth 

(Wüst et al., 2009; Eilers et al., 2012). The use of larger intact mesocosms in flooding 

studies can circumvent these issues.  

Duration of a flood is likely to be important because as the anoxic period 

grows, redox potential decreases, which impacts solute diffusion and soil pH, which 

is a driver of microbial community composition, increases (Kirk et al., 2003; Griffiths 

et al., 2011). Natural flood events can range from a number of hours of waterlogging 

to the presence of standing water for over three months (Slingo et al., 2014; Thorne, 

2014). Most studies have investigated short duration floods, typically of two weeks, 

and although impacts of longer floods on soil biota have been investigated there is no 

comparative understanding of how flood duration affects the magnitude of impacts on 

soil biota and the timescales over which impacts persist (Irene M. Unger et al., 2009; 

González Macé et al., 2016; Randle-Boggis et al., 2018; Cao et al., 2020). 

When recovery of microbial communities to extreme flooding events have 

been studied, complete recovery is never seen (González Macé et al., 2016; Barnes et 

al., 2018; Sánchez-Rodríguez, Hill, et al., 2019a). Studies based on natural flooding 

events have found decreases in microbial biomass and increase in soil enzymes 

involved in chitin and lignin degradation (González Macé et al., 2016) as well as 

decreases in the richness and abundance of ectomycorrhizal fungi (Barnes et al., 

2018), three and four months respectively, after the flooding event ended. An outdoor 

mesocosm study found continued shifts in fungal, Gram positive bacterial, protozoan 

and arbuscular mycorrhizal PLFAs five weeks after the flood event ended (Sánchez-

Rodríguez, Hill, et al., 2019a). Clearly there is a need to establish the time frames over 

which effects of flooding on microbial communities persist, and recovery periods 

extending beyond four months may be needed to capture recovery of soil microbial 

communities to extreme flooding events. 
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2.1.4 - Impact of Flooding on Soil Microbial Function 

Certain functional microbial groups with unique responses to flooding have 

been identified. However, the specific flooding characteristics which affect the 

responses of key functional microbial groups to floods are unknown. Anaerobic 

environments such as flooded soil, lead to increases in methane emissions, which are 

produced by methanogenic archaea (Hernández et al., 2017). Methane has a global 

warming potential 34 times greater than carbon dioxide which means flooding could 

lead to a microbial driven positive feedback loop with atmospheric warming (Bardgett 

et al., 2008). However, there is debate on whether numbers of methanogens also 

increase or if the upsurge in emissions is due to favourable redox conditions (Peter 

Mayer and Conrad, 1990; Hou et al., 2000; Hernández et al., 2017). Duration of 

flooding could have had a major impact of methanogen numbers as a study of a two 

week flood found no increase in methanogens (Randle-Boggis et al., 2018) whereas a 

study of a seven week flood found a two fold increase in methanogen numbers and an 

increase in methane emissions (Hernández et al., 2017). These contrasting results may 

arise from differences in soil characteristics and soil processing between these studies.  

While the emissions of methane increase in response to flooding the emissions 

of nitrous oxide  have been shown to decrease during a flood due to the microbial 

pathway’s requirement for oxygen (Hou et al., 2000). Instead flooding causes a 

disruption in nitrification and leads to a build-up of ammonia which in turn causes 

phytotoxicity (Loqué and von Wirén, 2004). The anaerobic environment also allows 

for anaerobic respiration of microbes through dissimilatory nitrate reduction to 

ammonia and nitrogen fixation to take place, which further increases the levels of 

ammonia build-up (Yoshida and Ancajas, 1973; Bruesewitz et al., 2013). The 

disruption of nitrification also prevents the production of by-products like nitrous 

oxide (Zhang et al., 2020). While nitrous oxide emissions are low during a flood, 

directly after a flood they have been seen to spike due to the sudden reoxygenation of 

the soil, which could also contribute to future warming (Sánchez-Rodríguez, Hill, et 

al., 2019a). Recent work has identified increases in genes related to these processes 

during flooding although the microbial communities contributing have not been 

identified (Randle-Boggis et al., 2018). 

A well-known consequence of flooding is increased pathogen infection of 

plants. Plant pathogens typically require high moisture levels for sporulation and 

infection which means waterlogging can lead to disease if soil moisture remains 
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elevated for a prolonged period of time (Agrios, 2005). Waterlogged environments 

also allow for easier movement of spores from pathogenic species to previously 

uninfected areas, causing new outbreaks of disease (Scherm and Yang, 1999; 

Rosenzweig et al., 2001). Natural flooding events following extreme rainfall have 

been associated with increased infections of common rust of maize caused by Puccinia 

sorghi, leaf blight on maize caused by Colletotrichum graminicola, bacterial blight of 

soybeans caused by Pseudomonas syringae and an increase in total fungal pathogens 

including Truncatella angustata, which causes post-harvest rot in apples, directly after 

flooding and four months after flooding (Munkvold and Yang, 1995; Barnes et al., 

2018). While these studies indicate that flooding increases pathogen abundance, so far 

no controlled flooding experiments have investigated the impact of flooding on 

pathogens in soil microbial communities to investigate factors which control these 

interactions, such as the duration and seasonality of waterlogging. 

 

2.1.5 - Experimental Overview 

Using outdoor mesocosms, this study aimed to explore how soil microbial 

communities across a land-use intensity gradient respond to summer and winter floods 

of a 4 or 8 week duration,  using next generation sequencing techniques. The land-use 

intensity gradient contained four distinct land-uses which are common in agriculture 

throughout the UK with differing levels of anthropogenic input (Angus et al., 2009; 

Yawson et al., 2017). The land-uses, from highest anthropogenic input to lowest, were 

an arable barley field, a high intensity grassland, a mid intensity grassland and a low 

intensity grassland. Where high, mid and low dictate the amount of management eg. 

fertilizer input and biomass harvesting. The response of soil microbial communities to 

different flood types was assessed as a whole and as distinct taxonomic and functional 

groups directly after the flood. Recovery of these soil microbial communities were 

followed for up to a year after flooding subsided. The aims of this experiment are 

below.  

 

2.1.6 - Experimental Aims 

1 To determine how microbial communities in contrasting land-uses are affected 

by seasonal timing and duration of flooding 
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2 To compare the resilience of microbial communities in contrasting land-uses to 

flooding 

3 To identify the microbial groups impacted by flooding and their commonalities 

across flood types and land-uses 

4 To determine the functional significance of changes in the composition of the 

soil microbiome to flooding 
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2.2 – Methods 
 
2.2.1 - Land Use Site Selection 

 Soil cores for mesocosms were collected from land owned by Myerscough 

Agricultural College, Lancashire (SD 48371 39618). This site was chosen because it 

has access to many different land uses with similar soil properties that experience 

similar weather conditions as they are physically close to one another. Four land uses 

at the site along a land use intensity gradient were selected for the experiment (Figure 

2.1). These were a low intensity grassland, a medium intensity grassland, a high 

intensity grassland and an arable field. All four land-uses had a sandy clay loam soil 

type. Anthropogenic inputs included the amount of fertilization (NPK) and the amount 

of physical change made to the land/soil such as ploughing, tilling and compaction of 

the land via farm vehicles. Details for each land-use can be found in Table 2.1.  

 
Figure 2.1: Arial view of the field site contains the four land uses at Myerscough 

Agricultural College. This image was taken from Google Earth and annotated to 

show the four land uses (arable, high intensity grassland, medium intensity 

grassland and low intensity grassland) used from the field site. 

 

The low intensity grassland was a rewilded grassland which had been grazing 

land for livestock 60 years ago but it has since been left unmanaged. The medium 

intensity grassland was current grazing land for livestock which had not received 
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artificial fertilizers. The only fertilization of this land use was by the animal manure 

from the livestock grazing the land which equalled approximately 230 kg of nitrogen 

per hectare per year. The high intensity grassland had fertiliser applied at 

approximately 370 kg of nitrogen per hectare in addition to the excrement produced 

by the grazing livestock. The arable field received roughly 250 kg per hectare per year 

of nitrogen fertiliser treatment in the form of manure and mineral fertiliser, and 

received the added anthropogenic inputs of tilling and soil compaction via farm 

vehicles. The arable field held a rotation of beans in the previous year and barley in 

the year when the mesocosms were collected. 

 
Table 2.1: Attributes of land-uses including information on soil and fertilizer 
applications as well as land cover and grazing. 

Land-use Arable High Intensity 
Grassland 

Mid Intensity 
Grassland 

Low Intensity 
Grassland 

Land Cover Arable Improved 
Grassland 

Improved 
Grassland 

Rough 
Grassland 

Grazing None Sheep until 
January then 
dairy cows 

April - 
November 

Sheep None 

Nitrogen 
Fertilizer 

(kg/ha/year) 

67.14 173.42 0 0 

Nitrogen 
Slurry 

(kg/ha/year) 

0 200.70 0 0 

Nitrogen 
Manure 

(kg/ha/year) 

182.36 0 234.26 0 

pH 6.32 6.77 6.59 6.59 

Bulk Density 1.24 0.96 1.03 0.81 

% Carbon 
(Total) 

2.95 4.82 4.11 6.67 

% Nitrogen 
(Total) 

0.26 0.48 0.63 0.41 

 

2.2.2 - Mesocosm Collection  

 Mesocosms were collected in May 2017 from the four land-uses as intact soil 

cores. They were taken using cores made from plastic piping which were hammered 
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into the ground. The intact soil cores measured at 25 cm in depth and 20 cm in 

diameter. For this experiment 20 cores were collected from each of the four land-uses. 

To account for variation across the land-uses the 20 cores were picked from four 

separate locations within the land use. The intact soil cores included the above and 

below ground plant community of the land-use. The cores from the three grassland 

land uses all contained a variety of grasses and the cores from the arable land use 

included whole barley plants and some grass species. Within the arable cores barley 

was harvested in August 2017 and winter wheat was planted in November 2017 and 

harvested in June 2018. The plant species which were present in each land-use prior 

to the flooding treatments can be seen in Table S2.1. The cores were transported to the 

Lancaster Centre for Ecology and Hydrology where they remained for the duration of 

the experiment. 

 

2.2.3 - Experimental Setup  

The mesocosms were kept outside to keep temperature and moisture regime as 

similar as possible to that at Myerscough Agricultural College. Cores were placed in 

large buckets which were packed with sand to act as insulation to prevent cores from 

overheating (Figure 2.2). The sand also acted as a means of drainage so water did not 

pool at the bottom of the soil core and would mimic a real world standing water flood. 

To allow for complete drainage after rain holes were drilled into the sides of the outer 

bucket. This meant that once water had moved through the soil column into the sand 

it could then pass through the drilled holes and leave the mesocosm in the control 

conditions. Mesocosms were kept in randomised blocks of twenty where each block 

of twenty held one of each treatment. The twenty treatments were comprised of the 

four land uses in combination with five flooding regimes (four week summer flood, 

eight week summer flood, four week winter flood, eight week winter flood and no 

flood) (Figure 2.3).  

 Prior to the start of the experiment mesocosms were left outdoors for one 

month to acclimatise. After the acclimatization period ended the experimental phase 

of the project began. The summer floods began in June 2017 with the four week 

summer flood ending in July 2017 and the eight week summer flood ending in August 

2017. The winter floods began in January 2018 with the four week winter flood ending 

in Febuary 2018 and the eight week winter flood ending in March 2018. The 
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experiment ended in September 2018. Outside of the flooding periods all mesocosms 

were kept under control conditions, exposed to natural rainfall as their water source 

and were only topped up with artificial rain water to keep soil water content within a 

range of 25% to 50% during a drought period in the summer of 2018. 

 

 

Figure 2.2: Diagram of the mesocosm set up during control conditions (A) and 

during flood conditions (B). 

 

Figure 2.3: Layout of mesocosms in their randomised blocks. For the land uses: 

A = Arable, HG = High Intensity Grassland, MG = Medium Intensity Grassland 

and LG = Low Intensity Grassland. For the flooding treatments: C = Control, S4 

= 4 Week Summer Flood, S8 = 8 Week Summer Flood, W4 = 4 Week Winter 

Flood and W8 = 8 Week Winter Flood 

 

During a flooding period the drainage holes on the sides of the outer buckets 

of the mesocosms were shut. Mesocosms were then flooded using artificial rain water 

and the formula for this can be seen in Table S2.2. The water level was held at 0.5 cm 

above the soil level to ensure full water saturation of the soil. The water level in 

A. B. 
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flooded cores was checked weekly and topped up with artificial rain water if the water 

level had fallen below the 0.5 cm marker. At the end of the flooding period the 

drainage holes were opened again to allow for the flood water to quickly leave the 

mesocosm. Sand which had washed away during the flood draining was replaced to 

keep the insulation intact. 

 

2.2.4 - Soil Sampling 

Soil samples were taken from every mesocosm three times during each of the 

flooding periods. The sampling points of each flooding period were taken at the end 

of the four week flood, at the end of the eight week flood and four weeks after the end 

of the eight week flood. This was done to give an end of flood timepoint and a four 

week recovery timepoint for each of the two flooding treatment lengths. As all of the 

mesocosms had to be treated the same way to ensure gas fluxes were comparable,  the 

four week flood and eight week floods ended at different times. At each sampling time 

one 1.5 cm diameter core with a depth of 10 cm was taken 4 cm away from the edge 

of the mesocosm. Holes were filled with sifted soil taken from additional mesocosms 

with the same land use type that had been subjected to the same flooding treatments. 

The location that the core was taken from was marked so as not to take a core from 

that location in the future. The next core was taken in the same way, 3 cm from the 

previous core in a clockwise direction.  

Upon taking the core it was homogenised by hand and partitioned into 2 ml 

Eppendorf tubes for DNA extractions. These were placed in an ice box before being 

stored in a -20 oC freezer. In total seven soil sampling time points were taken during 

the experiment, at the end of the four week summer flood, at the end of the eight week 

summer flood, four weeks after the end of the eight week summer flood, at the end of 

the four week winter flood, at the end of the eight week winter flood, four weeks after 

the end of the eight week winter flood and six months after the end of the eight week 

winter flood. The end of the winter floods corresponded with six months after summer 

floods and six months after the winter floods corresponded with one year after the 

summer floods. This totalled 560 soil samples for the entire experiment.  
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2.2.5 - Biomass Sampling 

 Vegetation of the mesocosms was identified for species presence and absence 

and dominance while still in the mesocosms. Biomass of the high intensity grassland, 

the medium intensity grassland and the low intensity grassland were sampled before 

and after the flooding events, whereas the arable mesocosm only had biomass taken 

during the summer harvests of the crop, to keep with the real world management at 

the agricultural college. For the grasslands, the biomass above 5 cm was harvested 

during a specific cutting time point. At the harvesting period for the arable mesocosms 

barley grain head were separated from stalks for grain filling analysis. The stalks were 

also harvested for biomass analysis. The harvesting of the barley from the arable fields 

in the first year of the experiment took place at the same time as the summer post 

flooding grassland cutting. 

 

2.2.6 - DNA Extraction and Quantification 

 DNA was extracted from each soil sample using Qiagen’s DNeasy PowerSoil 

HTP Kit following the manufacturer’s instructions with 0.3 g of soil. Extracted DNA 

was quantified using ThermoFisher’s broad range Quant-iT dsDNA Assay Kit 

following the manufacturer’s instructions. Data from the assay was used to create a 

standard curve of DNA quantities to assess DNA levels in extracted samples. All DNA 

samples were diluted to 2 ng l for downstream use. 

 

2.2.7 - Amplicon PCR and purification 

 High throughput sequencing was done to assess the community structure of 

bacterial, fungal, protist and animal groups within the mesocosms. Genes for the 16S 

rRNA region (for bacterial groups), the 18S rRNA region (for protist and animal 

groups), the ITS rRNA region (for fungal groups) and a section of 18S rRNA specific 

to arbuscular mycorrhizal fungi (AMF) were amplified using suitable primer pairs 

(table 2.2) combined with the Illumina Nextera Transposase Adapter (Illumina, USA) 

(Table 2.2). PCRs for all four primers pairs were set up using 1.25 l forward primer 

(10 µM), 1.25 µl reverse primer (10µM), 12.5 µl Q5® High-Fidelity 2X Master Mix 

and 10 µl of diluted DNA for a total volume of 25 µl per reaction. PCR reactions were 

run on a GeneAmp® PCR System 9700 thermocycler made by Applied Biosystems 

using the PCR cycle conditions in Table 2.3.  
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PCR products were purified using the HighPrep PCR magnetic bead clean 

up system by MAGBIO® following the manufacturer’s instructions and in 

combination with the 96S Super Magnet Plate by ALPAQUA®. The purified product 

was eluted using QIAGEN’s EB buffer in the final step. 

Table 2.2: Adapter and primer sequences used in the amplicon PCRs. Illumina 

adapter sequences were fused to the published taxon sequences prior to use in PCRs 

Target Primer 

Name 

Primer Sequence (5’ → 3’) Reference 

Adapters f TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG Illumina 

r GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 

16S rRNA 

(All) 

515f GTGCCAGCMGCCGCGGTAA (Caporaso 

et al., 2012) 806r GGACTACHVGGGTWTCTAAT 

18S rRNA  

(All) 

Euk-A AACCTGGTTGATCCTGCCAGT (Medlin et 

al., 1988) Euk 570 GTAATTCCAGCTCCAATAGC 

ITS rRNA 

(All) 

fITS7 GTGARTCATCGAATCTTTG (Ihrmark et 

al., 2012) ITS4 TCCTCCGCTTATTGATATGC 

18S rRNA 

(AMF) 

AMV4.5 AAGCTCGTAGTTGAATTTCG (Sato et al., 

2008) AMDGR CCCAACTATCCCTATTAATCAT 

  

Gel electrophoresis was used to determine amplification and quality of purified 

PCR products. 5 µl of purified PCR product was stained using New England BioLabs® 

Gel Loading Dye (6X) and was run on a 1% agarose gel which was made with a 1x 

TAE buffer. The 1x TAE buffer was made up of 40 nM Tris, 20 nM acetic acid and 1 

mM EDTA. Prior to casting the gel GelRed, a nucleic acid stain, made by Biotium 

Inc. was added to make a final concentration of 0.005% (v/v). The gel was run for 10 

minutes at 90V and viewed using Syngene’s U:GENIUS software. Samples which 

failed to amplify a product were repeated. 

 

2.2.8 - Index PCR 

 The Nextera XT Index Kit v2 by Illumina was used to give unique dual indexes 

to purified PCR products. The index primers were attached via a PCR using 2.5 µl of 

Index Primer 1, 2.5 µl of Index Primer 2, 4 µl of sterile nuclease-free dH2O, 13 µl of 

Q5® High-Fidelity 2X Master Mix and 4 µl of purified PCR product per reaction. The  
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final volume of each reaction was 26 µl. PCR reactions were run on the thermocycler 

using the following PCR cycle conditions: 95C for 3 minutes, then 8 cycles of 98C  

Table 2.3: Primer pairs and PCR conditions. Reaction conditions for PCRs for 

downstream high-throughput sequencing. 

Target Amplicon Primer Pair PCR Cycle Conditions 

16S rRNA 

(total) 

515f 
806r 

98C – 30 sec 

98C – 10 sec 

58C – 15 sec 

72C – 20 sec 

72C – 10 min 

4C –   

18S rRNA 

(total) 
Euk-A 
Euk 570 

98C – 30 sec 

98C – 10 sec 

57C – 15 sec 

72C – 20 sec 

72C – 10 min 

4C –  

ITS rRNA 

(total) 
fITS7 
ITS4 

98C – 30 sec 

98C – 10 sec 

57C – 15 sec 

72C – 20 sec 

72C – 10 min 

4C –  

18S rRNA  

(specific to AMF) 
AMV4.5 
AMDGR 

98C – 30 sec 

98C – 10 sec 

60C – 15 sec 

72C – 20 sec 

72C – 10 min 

4C –  

25 cycles 

30 cycles 

30 cycles 

35 cycles 



 45 

for 20 seconds, 55C for 15 seconds, 72C for 15 seconds and an elongation step of 

72C for 5 minutes before a final infinite hold at 4C. A subset of samples were chosen 

to be checked for a size shift, which indicates a successful reaction, by running them 

on a 1% (w/v) agarose gel along with their pre-indexed counterpart. 

 

2.2.9 - Sample Normalization and Pooling 

 Samples were normalised using the SequalPrep Normalization Plate Kit by 

ThermoFisher Scientific by following the manufacturer’s instructions. Samples were 

then pooled and the concentration of the pooled samples was assessed using the Qubit® 

2.0 Fluorometer by Invitrogen using the high sensitivity Quant-iT dsDNA Assay Kit 

following the manufacturer’s instructions. If the concentration of the pooled samples 

was higher than 4 nM the concentration was diluted using sterile nuclease-free dH2O 

and the concentration was lower than 4 nM the pooled samples were concentrated 

using a SpeedVac (ThermoFisher Scientific). 50 µl of the concentrated pooled 

samples were handed over to the University of Warwick Genomics Facility (Coventry, 

United Kingdom) for high-through put sequencing on the Illumina MiSeq platform. 

The raw sequences were then uploaded to the NCBI (National Centre for 

Biotechnology Information) Sequence Read Archive under the BioProject accession 

number PRJNA679957. 

 

2.2.10 - Bioinformatics Analysis 

 Trimmomatic version 0.36 (Bolger et al., 2014) was used to remove low 

quality sequences from multiplexed reads. Depending on the target amplicon the 

bioinformatic pathway splits here. For 16S rRNA, ITS and AMF 18S rRNA amplicons 

USEARCH (Edgar, 2010) v9.0 was used to join paired end reads and for quality 

filtering to a certain base pair length. The base pair length differed for each target 

sequence. For 16S rRNA the minimum base pair length filtered to was 280, for ITS 

reads were filtered to 240 bp and for AMF reads were filtered to 200 bp. For the 18S 

rRNA target sequence due to the long fragment length paired ends cannot be joined. 

Instead only the forward ends were used when analysing the 18S rRNA target 

sequences. Using USEARCH v9.0 sequence lengths were examined and cut off 

through quality filtering at 250 bp to retain 70% of reads.  
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All target amplicons were then processed in the same way after this. 

USEARCH v9.0 was used for removing primer sequences, clustering OTUs with 

sequence similarity of 97% or higher, chimera filtering and mapping reads back to an 

OTU database. The rest of the analysis was done in QIIME (Caporaso et al., 2010) 

which was used to assign taxonomy to sequences for OTU tables using the Greengenes 

database (Larsen et al., 2006) for the 16S rRNA amplicon, the SILVA database 

(Pruesse et al., 2007) for the 18S rRNA and AMF amplicons and the UNITE database 

(Kõljalg et al., 2005) for the ITS amplicon.  

OTU tables for all four amplicons were edited to remove unwanted taxa and 

then rarefied by assessing the sequencing depth of each sample and determining the 

highest sequencing depth which would capture the largest number of samples without 

sacrificing too many samples with lower reads. For the 16S rRNA amplicon 

chloroplast and mitochondria sequences were removed using QIIME before rarefying 

to 2,092 reads which resulted in 10,973 OTUs. The 18S rRNA amplicon sequences 

were separated into protists, which contained all single cell eukaryotes and animals, 

which contained all multicellular eukaryotes excluding fungi. The protist OTU table 

was rarefied to 1,164 reads which resulted in 2,452 OTUs and the animal OTU table 

was rarefied to 203 reads which resulted in 349 OTUs. The AMF and ITS amplicon 

sequences were checked for mislabelled taxa and then rarefied at 1,114 reads for AMF 

which resulted in 729 OTUs and 4,499 reads for ITS which resulted in 3,572 OTUs. 

These five OTU tables were then used in downstream analysis. 

 

2.2.11 - Functional Groups 

 Particular functional groups were assessed using the 16S rRNA and the ITS 

OTU tables. Several functional groups were identified using predicted metagenomes 

made using PICRUSt2, as described in section 3.2.6 (Douglas et al., 2019a). OTUs 

were picked out of their respective 16S rRNA and ITS tables if they were predicted to 

contain certain functional genes. Anaerobic bacterial and archaeal OTUs were picked 

based on genes involved in anaerobic respiration which included glpABC, mdh, 

FrdABCD, dld, fdnGHI, fdoGHI, HybABCO, NapAB, narGHI, torAC, TorYZ, 

DmsABC, NirBD, HyaABC, DcuAB and mcrABC. OTUs involved in nitrogen fixation 

were picked using the nifH gene and those involved in the dissimilarity nitrate 

reduction were picked using the nrfA gene. Finally bacterial OTUs involved in the 
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reduction of sulphate were identified using the DmsABC gene cluster and archaeal 

OTUs involved in methanogenesis were identified using the mcrABC cluster.  

 Fungal plant pathogens were identified using FUNGuild which is a Python 

based bioinformatics tool for assessing the life strategies of fungi (Nguyen et al., 

2016). ITS OTUs were grouped as a fungal plant pathogen if they had the life strategy 

of plant pathogen, bryophyte parasite or plant parasite with a confidence level of at 

least probable. Bacterial plant pathogens were determined by cross referencing their 

assigned taxonomy with a comprehensive list of known bacterial plant pathogens (Bull 

et al., 2010). As specificity of taxa down to species level is difficult using short 

sequence lengths of 16S rRNA, potential bacterial plant pathogens were run through 

BLAST to confirm their taxonomy. If potential bacterial plant pathogen OTUs had a 

100% confidence match with a known bacterial plant pathogen they were included in 

the functional group. 

 Freshwater fungi were determined by cross referencing their assigned 

taxonomy with a published list of known aquatic freshwater fungi (Shearer et al., 

2007). Unlike bacterial plant pathogens freshwater fungi were not confirmed via 

BLAST because the ITS primers that were used here have a known high confidence 

of specificity down to species level (Nagy et al., 2012). 

 

2.2.12 - Statistical Analysis 

Bray-Curtis dissimilarity for 16S rRNA and ITS OTU tables were assessed to 

determine beta diversity between control samples and flooded samples (four week 

summer flood, eight week summer flood, four week winter flood and eight week 

winter flood), in different land-uses (arable, high intensity grassland, mid intensity 

grassland and low intensity grassland) and at different timepoints after the flood. 

Permutational multivariate analysis of variance (PERMANOVA) was  performed to 

determine how much variance between the samples was explained by each factor 

(land-use, timepoint and flood treatment) and whether variance could significantly be 

attributed to each factor using the package vegan in R. 

Alpha diversity of 16S rRNA and ITS communities were compared between 

flooding treatments using Fisher’s alpha and Simpson’s evenness. Wilcoxon’s signed-

rank tests were used to determine significance between the alpha diversity and 

evenness of microbial communities in differing flooding treatments. 
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 To determine whether there was a common microbiome across land-uses after 

the same flood treatment or if there was a common microbiome across flood 

treatments within the same land-use Venn diagrams were used to examine the number 

of shared OTUs across land-uses or flood treatments. 

To assess the overall impact that each flood treatment had on each land-use, 

the total relative abundance of OTUs which significantly changed in relative 

abundance between flood and control samples was determined and compared across 

flood treatments at each timepoint using Wilcoxon signed-rank tests. This analysis 

was done for each OTU table independently and each functional group. 
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2.3 – Results 
 
2.3.1 - Factors Contributing to Community Composition after Flooding across 

Land-uses 

 Bacterial/archaeal (Table S2.1 and S2.2) and fungal (Table S2.3 and S2.4) 

Fisher’s alpha diversity and Simpson’s evenness were not significantly different 

between flood and control samples in the majority of land-uses and combinations of 

flood season and duration across time. A significant increase in Fisher’s Alpha was 

seen one month after the four week winter flood in the high intensity grassland for 

bacteria/archaea (p value = 0.047). Whereas bacterial/archaeal Fisher’s Alpha 

significantly decreased one year after the eight week summer flood (p value = 0.012). 

Fungal Fisher’s Alpha significantly increased one year after the four week summer 

flood in the high intensity grassland (p value = 0.040). Bacterial/archaeal Simpson’s 

Evenness significantly increased one month after the four week winter flood (p value 

= 0.001) as well as six months after the eight week summer flood in the high intensity 

grassland (p value = 0.038) and one year after the eight week summer flood in the low 

intensity grassland (p value = 0.010). While there was a decrease in bacterial/archaeal 

Simpson’s Evenness six months after the eight week summer flood in the arable land-

use (p value = 0.022). Fungal Simpson’s Evenness significantly increased one month 

after the four week winter flood in the low intensity grassland (p value = 0.049) and 

one year after the four week summer flood in the high intensity grassland (p value = 

0.018). 

However, beta diversity of bacterial/archaeal and fungal communities based 

on Bray-Curtis dissimilarity was impacted by summer floods of both durations when 

all time points were combined. PERMANOVA analysis demonstrated that all three 

factors, land-use (between 19% to 20% of variance), time (between 4% to 6.5% of 

variance) and flood treatment (between 3.1% to 3.9% of variance), contributed 

significantly to bacterial and archaeal  community composition for the 4 and 8 week 

summer flood treatments (Table 2.4A and Table 2.5A). Similarly, for the fungal 

community, land-use (between 37% to 39% of variance), timepoint (3% of variance) 

and flood treatment (between 2% and 4% of variance) contributed to community 

composition in the 4 and 8 week summer floods treatments (Table 2.4B and Table 

2.5B). In the winter flood treatments only land-use (20% of variance for bacteria and 

archaea and between 37% to 40% of variance for fungi) and timepoint (between 2.6% 
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and 2.7% of variance for bacteria and archaea and 2% of variance for fungi) 

contributed significantly to community composition, with no significant effect of 

flood treatment (Table 2.6 and Table 2.7). 

Land use was the dominant factor determining community composition at 

every time point across all flood treatments, accounting for between 24-30 % of 

variance in bacterial and archaeal communities, and 39-50 % of the variation in fungal 

communities (Tables 2.4-2.7). In contrast, the variance in community composition 

attributed to flooding varied considerably across flood treatments. For bacterial and 

archaeal communities, the 4 week summer flood only affected community 

composition at the end of the flood treatment, when it accounted for 4.1 % of 

community variation (Table 2.4A). The 8 week summer flood had a significant effect 

on bacterial and archaeal community composition for at least a 6 month period, during 

which time it accounted for between 3.4-4.9 % of community variation (Table 2.5A). 

Fungal community composition was significantly affected by the 4 week summer 

flood for at least 6 months post flooding, when it accounted for 3.3 % of community 

variation (Table 2.4B), while the 8 week summer flood affected fungal community 

composition for at least 1 year, when it contributed 3.4 % of community variation 

(Table 2.5B). Winter flooding had no significant effect on bacterial and archaeal or 

fungal community composition at the end of the flood period or at any later time point. 
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Table 2.4: Relative importance of factors which contributed to microbial 

community difference after a four week summer flood of bacterial and archaeal 

communities (A) and fungal communities (B), as revealed by PERMANOVA of 

Bray-Curtis dissimilarity between the control and flooded samples at different time 

points after the four week summer flood (at the end of the flood, four weeks after 

the flood, six months after the flood and one year after the flood). 

A. Bacterial and Archaeal 

Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 3.9001 1.30004 10.9311 0.20318 0.001* 

Timepoint 3 0.7735 0.25783 2.1679 0.04029 0.001* 

Flood Treatment 4 0.607 0.15175 1.276 0.03162 0.016* 

End of 
Flood 

Land Use 3 1.2866 0.42888 3.567 0.27212 0.001* 

Flood Treatment 1 0.1952 0.19519 1.6234 0.04128 0.024* 

1 Month 
Recovery 

Land Use 3 1.2332 0.41108 3.4633 0.26977 0.001* 

Flood Treatment 1 0.1334 0.13341 1.124 0.02918 0.203 

6 Month 
Recovery 

Land Use 3 1.2141 0.40471 3.2211 0.25603 0.001* 

Flood Treatment 1 0.1357 0.13566 1.0797 0.02861 0.267 

1 Year 
Recovery 

Land Use 3 1.2989 0.43297 3.9782 0.29654 0.001* 

Flood Treatment 1 0.1428 0.14276 1.3116 0.03259 0.107 

B. Fungal        

Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 10.1231 3.3744 27.2471 0.38714 0.001* 

Timepoint 3 0.7921 0.264 2.132 0.03029 0.001* 

Flood Treatment 4 0.7433 0.1858 1.5005 0.02843 0.017* 

End of  
Flood 

Land Use 3 2.8558 0.95194 8.4954 0.47208 0.001* 

Flood Treatment 1 0.1682 0.16825 1.5015 0.02781 0.089 

1 Month 
Recovery 

Land Use 3 2.8859 0.96195 7.6635 0.44799 0.001* 

Flood Treatment 1 0.1667 0.16673 1.3283 0.02588 0.16 

6 Month 
Recovery 

Land Use 3 2.8573 0.95244 7.3311 0.43385 0.001* 

Flood Treatment 1 0.2208 0.22081 1.6996 0.03353 0.039* 

1 Year 
Recovery 

Land Use 3 2.6681 0.88936 7.0145 0.42493 0.001* 

Flood Treatment 1 0.1875 0.18752 1.479 0.02987 0.086 
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Table 2.5: Relative importance of factors which contributed to microbial 

community difference after an eight week summer flood of bacterial and archaeal 

communities (A) and fungal communities (B), as revealed by PERMANOVA of 

Bray-Curtis dissimilarity between the control and flooded samples at different time 

points after an eight week summer flood (at the end of the flood, four weeks after 

the flood, six months after the flood and one year after the flood). 

A. Bacterial and Archaeal 

Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 3.9524 1.31748 10.703 0.19285 0.001* 

Timepoint 3 1.3371 0.44571 3.621 0.06524 0.001* 

Flood Treatment 4 0.804 0.201 1.633 0.03923 0.001* 

End of 
Flood 

Land Use 3 1.1927 0.39758 3.2121 0.24996 0.001* 

Flood Treatment 1 0.237 0.23704 1.9151 0.04968 0.003* 

1 Month 
Recovery 

Land Use 3 1.3945 0.46484 3.604 0.27178 0.001* 

Flood Treatment 1 0.254 0.25404 1.9697 0.04951 0.009* 

6 Month 
Recovery 

Land Use 3 1.2364 0.41215 3.3018 0.25908 0.001* 

Flood Treatment 1 0.1658 0.16578 1.3281 0.03474 0.049* 

1 Year 
Recovery 

Land Use 3 1.3441 0.44804 4.0436 0.29983 0.001* 

Flood Treatment 1 0.1471 0.14715 1.3281 0.03282 0.091 

B. Fungal 
Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 10.1747 3.3916 26.5029 0.37629 0.001* 

Timepoint 3 0.9383 0.3128 2.444 0.03470 0.001* 

Flood Treatment 4 0.9541 0.2385 1.8639 0.03528 0.001* 

End of Flood 
Land Use 3 2.822 0.94067 7.2426 0.42902 0.001* 

Flood Treatment 1 0.249 0.24902 1.9173 0.03786 0.022* 

1 Month 
Recovery 

Land Use 3 2.8488 0.94959 7.4664 0.43436 0.001* 

Flood Treatment 1 0.2759 0.27588 2.1691 0.04206 0.008* 

6 Month 
Recovery 

Land Use 3 2.9023 0.96742 8.4276 0.46804 0.001* 

Flood Treatment 1 0.1993 0.19928 1.736 0.03214 0.042* 

1 Year 
Recovery 

Land Use 3 2.6601 0.8867 6.1799 0.39327 0.001* 

Flood Treatment 1 0.2299 0.22991 1.6023 0.03399 0.043* 

 



 53 

Table 2.6: Relative importance of factors which contributed to microbial 

community difference after a four week winter flood of bacterial and archaeal 

communities (A) and fungal communities (B), as revealed by PERMANOVA of 

Bray-Curtis dissimilarity between the control and flooded samples at different time 

points after a four week winter flood (at the end of the flood, four weeks after the 

flood, six months after the flood and one year after the flood). 

A. Bacterial and Archaeal 

Time 
Point Factor Df Sum of 

Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 2.833 0.94435 7.7539 0.19837 0.001* 

Timepoint 2 0.4729 0.23646 1.9415 0.03311 0.001* 

Flood Treatment 3 0.38 0.12667 1.04 0.02661 0.331 

End of 
Flood 

Land Use 3 1.1874 0.39581 3.0512 0.24667 0.001* 

Flood Treatment 1 0.124 0.12395 0.95553 0.02575 0.526 

1 Month 
Recovery 

Land Use 3 1.1596 0.38654 3.07195 0.2477 0.001* 

Flood Treatment 1 0.1245 0.12451 0.98947 0.02659 0.442 

6 Month 
Recovery 

Land Use 3 1.1977 0.39924 3.6123 0.27768 0.001* 

Flood Treatment 1 0.1315 0.13154 1.1902 0.0305 0.161 

A. Fungal  

Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 7.5006 2.50019 18.1109 0.36897 0.001* 

Timepoint 2 0.4052 0.20261 1.4677 0.01993 0.048* 

Flood Treatment 3 0.4121 0.13737 0.9951 0.02027 0.425 

End of Flood 
Land Use 3 2.8677 0.9559 6.3917 0.40558 0.001* 

Flood Treatment 1 0.165 0.16496 1.103 0.02333 0.313 

1 Month 
Recovery 

Land Use 3 2.6849 0.89496 6.9373 0.42788 0.001* 

Flood Treatment 1 0.1067 0.1067 0.8271 0.01701 0.612 

6 Month 
Recovery 

Land Use 3 2.6923 0.89744 6.4706 0.40932 0.001* 

Flood Treatment 1 0.1404 0.14044 1.0126 0.02135 0.414 
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Table 2.7: Relative importance of factors which contributed to microbial 

community difference after an eight week winter flood of bacterial and archaeal 

communities (A) and fungal communities (B), as revealed by PERMANOVA of 

Bray-Curtis dissimilarity between the control and flooded samples at different time 

points after an eight week winter flood (at the end of the flood, four weeks after the 

flood, six months after the flood and one year after the flood). 

A. Bacterial and Archaeal 

Time 
Point Factor Df Sum of 

Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 2.9395 0.97985 8.1588 0.20582 0.001* 

Timepoint 2 0.5036 0.25178 2.0965 0.03526 0.001* 

Flood Treatment 3 0.3909 0.13029 1.0849 0.02737 0.209 

End of 
Flood 

Land Use 3 1.2276 0.4092 3.2326 0.25696 0.001* 

Flood Treatment 1 0.132 0.132 1.0428 0.02763 0.345 

1 Month 
Recovery 

Land Use 3 1.3353 0.44509 3.715 0.28308 0.001* 

Flood Treatment 1 0.1468 0.1468 1.2253 0.03112 0.141 

6 Month 
Recovery 

Land Use 3 1.1749 0.39164 3.5278 0.27423 0.001* 

Flood Treatment 1 0.1121 0.11207 1.0095 0.02616 0.371 

       B. Fungal 
Time Point Factor Df Sum of Sqs Mean Sqs F.Model R2 P Value 

Overall 

Land Use 3 7.6927 2.56423 21.18 0.40461 0.001* 

Timepoint 2 0.4021 0.20104 1.6606 0.02115 0.03* 

Flood Treatment 3 0.3848 0.12826 1.0594 0.02024 0.353 

End of Flood 
Land Use 3 2.7559 0.91863 6.7656 0.42079 0.001* 

Flood Treatment 1 0.1274 0.1274 0.9383 0.01945 0.451 

1 Month 
Recovery 

Land Use 3 2.9005 0.96682 9.3395 0.4996 0.001* 

Flood Treatment 1 0.11 0.11003 1.0629 0.01895 0.371 

6 Month 
Recovery 

Land Use 3 2.769 0.92299 7.4631 0.44264 0.001* 

Flood Treatment 1 0.1474 0.14735 1.1914 0.02356 0.218 
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2.3.2 - Determination of a shared flood microbiome between flood treatments in the 

same land-use 

Venn diagrams were used to understand whether different flooding treatments 

resulted in significant changes in the relative abundance of the same bacterial/archaeal 

(Figure 2.4) and fungal (Figure 2.5) OTUs in each land-use. At the majority of 

timepoints, the bacterial/archaeal and fungal OTUs which significantly changed in 

relative abundance after flooding, were not the same after floods of different seasons 

and durations within land-uses. This suggests that flooding, regardless of season and 

duration, did not select for the same microbiome. However, flooding selected for some 

shared bacterial/archaeal OTU in the low intensity grassland at the end of flood 

timepoint (shared 4 out of 865 bacterial/archaeal OTUs) and at the six month recovery 

timepoint (shared 2 out of 786 bacterial/archaeal OTUs).  

On the other hand many bacterial/archaeal and fungal OTUs which 

significantly changed in relative abundance after flooding were common to two or 

three flood treatments. In pairwise comparisons each flood treatment shared at least 

ten of the same bacterial/archaeal OTUs which significantly changed in relative 

abundance after flooding with every other flood treatment in all land-uses and at all 

timepoints. However, the same was not true for fungal OTUs. In general in pairwise 

comparisons, only a single fungal OTU which significantly changed in relative 

abundance after flooding was shared between any two flooding treatments. There were 

a greater number of shared bacterial/archaeal OTUs between the same season of flood 

(summer or winter) as opposed to the same duration. The same was not true for fungal 

OTUs which had no flooding factors (season or duration) that shared the largest 

number of the same fungal OTUs after flooding treatments across all four land-uses at 

all timepoints.  

 
2.3.3 - Determination of a shared flood microbiome between land-uses with the same 

flood treatment 

Between 19% (952) and 25% (1552) of the bacterial/archaeal (Figure S2.1) 

and between 14% (212) and 19% (379) of fungal (Figure S2.2) OTUs were shared 

across all four land-uses at each timepoint. In addition, the majority of identified OTUs 

were not unique to a single land-use. However, the majority of bacterial/archaeal and 

fungal OTUs which were significantly different in relative abundance between control 
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and flood samples were unique to a single land-use. Venn diagrams showed that 

different land-uses did not share the same significantly different bacterial/archaeal 

(Figure 2.6) and fungal (Figure 2.7) OTUs between control and flood samples after 

the majority of flood treatments at any timepoint. After summer floods of both 

durations, land-uses shared some bacterial OTUs which were significantly different in 

relative abundance between flood and control samples at certain timepoints. At the 

end of flood timepoint, land-uses which experienced an eight week summer flood 

shared 3 out of 806 bacterial/archaeal OTUs and those which experienced a four week 

summer flood shared 1 out of 486 bacterial/archaeal OTUs. One month after the eight 

week summer flood land-uses still shared 1 out of 642 bacterial/archaeal OTUs. All 

four land-uses did not share any of the same significantly different fungal OTUs after 

floods of any season or duration at any timepoint.  

The arable and low intensity grassland shared the greatest number of 

bacterial/archaeal OTUs which significantly changed in relative abundance after 

flooding, of any two land-uses across timepoints and flood treatments. Whereas the 

mid and low intensity grasslands shared the greatest number of fungal OTUs which 

significantly changed in relative abundance after flooding, after the majority of flood 

treatments across timepoints.  
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2.3.4 - Flooding leads to significant differences in highly abundant OTUs  

 For each flooding treatment  the total percentage of OTUs which significantly 

changed in relative abundance, compared to the control treatment was between 0.78% 

and 3.28% of the total bacterial/archaeal OTUs (Table 2.8) and between 0.22% and 

1.09% of total fungal OTUs (Table 2.9). However, the relative abundance of these 

OTUs ranged from 1.41% to 19.95% for the bacteria/archaea and from 0.27% to 

19.15% for the fungi. These bacterial/archaeal and fungal OTUs which responded to 

flooding therefore represented bacterial/archaeal and fungal OTUs which were 

abundant.  

 

Table 2.8: The percentage and relative abundance of significantly different 

bacterial and archaeal OTUs between flooded and control samples in four land-

uses (arable, high intensity grassland, mid intensity grassland and low intensity 

grassland) after different flood treatments (4 week summer, 8 week summer, 4 week 

winter and 8 week winter) at four different timepoints (end of event, one month 

recovery, six month recovery and one year recovery). 

Timepoint Land-Use 
4 Week 

Summer Flood 
8 Week 

Summer Flood 
4 Week  

Winter Flood 
8 Week  

Winter Flood 
% R.A. % R.A. % R.A. % R.A. 

End of 
Event 

Arable 1.08 7.05 1.62 11.51 1.15 3.13 1.38 5.15 
High IG 0.99 8.53 1.25 7.08 1.52 6.00 1.11 3.14 
Mid IG 0.93 5.39 0.97 6.87 1.14 5.27 1.30 6.13 
Low IG 1.12 8.08 3.28 19.95 1.80 4.58 1.58 8.72 

One Month 
Recovery 

Arable 0.78 3.91 1.64 13.18 1.12 4.32 1.23 4.20 
High IG 1.15 5.03 1.50 11.32 1.21 7.38 1.34 4.93 
Mid IG 0.89 4.57 1.13 8.68 0.92 1.41 1.54 7.51 
Low IG 1.85 9.67 1.21 4.22 1.34 5.19 1.10 2.82 

Six Month 
Recovery 

Arable 1.38 4.80 2.25 13.17 0.86 1.73 1.35 7.38 
High IG 1.49 11.13 1.49 8.61 1.28 3.75 1.05 2.75 
Mid IG 1.51 5.39 1.03 4.68 1.02 3.70 1.00 2.12 
Low IG 1.57 8.41 2.23 8.35 2.02 14.75 1.02 3.06 

One Year 
Recovery 

Arable 1.60 8.33 1.19 2.63 - - - - 
High IG 1.31 5.82 1.25 4.77 - - - - 
Mid IG 1.04 2.31 1.11 3.68 - - - - 
Low IG 1.57 5.64 2.32 11.42 - - - - 
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Table 2.9: The percentage and relative abundance of significantly different 

fungal OTUs between flooded and control samples in four land-uses (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) after 

different flood treatments (4 week summer, 8 week summer, 4 week winter and 8 

week winter) at four different timepoints (end of event, one month recovery, six 

month recovery and one year recovery). Where R.A. means relative abundance. 

Timepoint Land-Use 
4 Week 

Summer Flood 
8 Week 

Summer Flood 
4 Week  

Winter Flood 
8 Week  

Winter Flood 
% R.A. % R.A. % R.A. % R.A. 

End of 
Event 

Arable 0.53 10.09 0.84 11.22 0.31 9.65 0.48 1.17 
High IG 0.62 11.70 0.84 6.66 0.59 6.46 0.28 3.39 
Mid IG 0.70 6.23 0.48 3.73 0.56 1.59 0.42 3.58 
Low IG 0.64 5.59 0.78 19.15 0.48 6.24 0.59 6.54 

One Month 
Recovery 

Arable 0.56 2.24 0.36 8.21 0.48 3.11 0.48 1.28 
High IG 0.45 1.77 0.81 16.58 0.53 2.83 0.67 3.46 
Mid IG 0.50 9.51 0.62 3.66 0.31 1.32 0.62 10.52 
Low IG 0.67 5.92 0.73 2.51 0.53 1.08 0.67 2.92 

Six Month 
Recovery 

Arable 0.42 5.98 0.90 14.10 0.56 2.62 0.34 1.98 
High IG 0.62 5.52 0.42 3.54 0.36 7.03 0.45 7.28 
Mid IG 0.62 3.49 0.39 2.29 0.39 0.86 0.84 5.22 
Low IG 0.62 6.61 1.09 12.99 0.70 15.90 0.22 0.27 

One Year 
Recovery 

Arable 0.48 1.18 0.50 1.28 - - - - 
High IG 0.45 8.84 0.36 0.67 - - - - 
Mid IG 0.87 7.56 0.67 3.01 - - - - 
Low IG 0.67 0.88 1.06 16.63 - - - - 

 

2.3.5 - Bacterial/archaeal taxonomic profiles at the phylum level after flooding 

Figure 2.8 displays the taxonomic profiles at the phylum level of the 

bacterial/archaeal OTUs which significantly changed in relative abundance after each 

flood treatment across land-uses and timepoints. At all timepoints, after all flood 

treatments, there were significantly different bacterial/archaeal OTUs between flood 

and control treatments across all land-uses. The majority of significantly different 

bacterial/archaeal OTUs between flood and control samples belonged to six out of the 

46 identified phyla, being predominantly in the Acidobacteria, Actinobacteria, 

Bacteroidetes, Chloroflexi, Planctomycetes and Proteobacteria. 

The total relative abundances and taxonomic profiles of the bacterial/archaeal 

OTUs which significantly changed in relative abundance after flooding were 

compared to look for trends across flood treatment, land-use and time. 

Bacterial/archaeal OTUs which had a significantly different relative abundance 

between flood and control samples did not consistently belong to the same phyla in 

the same percentages after different flooding treatments across different land-uses.  
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Season of the eight week floods had an impact on the total relative abundance of 

significantly different bacterial/archaeal OTUs between flood and control samples 

across flooding treatments and land-uses. The eight week summer flood led to a 

significantly greater total relative abundance of significantly different 

bacterial/archaeal OTUs between flood and control samples compared to the eight 

week winter flood in every land-use at each timepoint apart from the mid intensity 

grassland. The relative abundance of significantly different bacterial/archaeal OTUs 

in each flood treatment and land-use combination fluctuated across time. For example, 

 
Figure 2.8: Relative abundance of total bacterial and archaeal OTUs which were 

significantly different between flood and control samples for each land-use (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) and each of the 

four flood season and length combinations (4 week summer, 8 week summer, 4 week winter 

and 8 week winter) at four different timepoints (end of flood, one year recovery, six month 

recovery and one year recovery) grouped at the phylum level.  
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in the low intensity grassland immediately after the eight week summer flood 19.95% 

of relative abundance was made up of significantly different bacterial/archaeal OTUs 

but this percentage dropped to 4.56% of relative abundance one month after the flood 

and then finally jumped up to 12.43% of relative abundance one year after the flood.  

 
2.3.6 - Fungal taxonomic profiles at the class level after flooding 

Figure 2.9 displays the different total relative abundances and taxonomic 

profiles at the class level of the fungal OTUs which significantly changed in relative 

abundance after each flood treatment across land-uses and timepoints. At all 

timepoints, after all flood treatments, there were significantly different fungal OTUs 

between flood and control treatments across land-uses. The majority of significantly 

different fungal OTUs between flood and control samples belonged to six out of the 

51 identified fungal classes including Dothideomycetes, Eurotiomycetes, 

Monoblepharidomycetes, Pezizomycetes, Sordariomycetes and Tremellomycetes 

(Figure 2.9). However, within each flood treatment and land-use combination, 

significantly different fungal OTUs between flood and control samples were not 

always present in all of these six classes.  

The total relative abundances and taxonomic profiles of the fungal OTUs 

which significantly changed in relative abundance after flooding were compared to 

look for trends across flood treatment, land-use and time. Fungal OTUs which had a 

significantly different relative abundance between flood and control samples did not 

consistently belong to the same classes in the same percentages after different flooding 

treatments across land-uses. Unlike with bacterial/archaeal OTUs, flood duration and 

season did not have a uniform impact on the total relative abundance of significantly 

different fungal OTUs in each land-use at any timepoint. For example, directly after 

the floods in the mid and low intensity grassland there was no significant difference 

between the total relative abundance of affected fungal OTUs after each flooding 

treatment. While in the arable and the high intensity grassland, the eight week winter 

flood led to a significantly lower total relative abundance of affected fungal OTUs 

compared with any other flooding treatment. Land-use did not have a consistent 

impact on the total relative abundance of significantly different fungal OTUs between 

flood and control samples within flooding treatments across timepoints. For example, 

one month after the flooding treatments, the eight week summer flood resulted in the 

highest total relative abundance of significantly different fungal OTUs between flood 
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and controls samples in the arable and the high intensity grassland. Whereas in the 

mid intensity grassland, this was shared between the four week summer flood and the 

eight week winter flood and in the low intensity grassland the highest total relative 

abundance of significantly impacted OTUs was found after the four week summer 

flood.   

 
Figure 2.9: Relative abundance of total fungal OTUs which were significantly different 

between flood and control samples for each land-use (arable, high intensity grassland, 

mid intensity grassland and low intensity grassland) and each of the four flood season and 

length combinations (4 week summer, 8 week summer, 4 week winter and 8 week winter) 

at four different timepoints (end of flood, one year recovery, six month recovery and one 

year recovery) grouped at the class level.  

 
2.3.7 - Taxonomic profiles of functional groups after flooding 

 A range of both obligate and facultative anaerobic bacteria, bacterial plant 

pathogens and freshwater fungi were identified using comprehensive literature. While 
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nitrogen fixing bacteria, dissimilatory nitrate reduction to ammonia (DNRA) bacteria, 

sulphur reducing bacteria and methanogens were determined using predicted 

metagenomes and fungal plant pathogens were determined using predicted life 

strategies. The total relative abundances and taxonomic profiles of these functional 

groups of bacteria, archaea and fungi which significantly increased in relative 

abundance after flooding were compared to investigate trends across flood treatment, 

land-use and time. 

 

2.3.7.1 - Taxonomic profiles of anaerobic bacteria after flooding 

 There was a significant increase in the relative abundance of anaerobic bacteria 

after the majority of flood treatments across all land-uses at each timepoint (Figure 

2.10). However, six months after the four week winter flood in the arable land-use 

there was no increase in the relative abundance of anaerobic bacteria relative to the 

control. The majority of anaerobic bacteria which increased after a flood belonged to 

six taxonomic families including Anaerolineaceae, Archangiaceae, Bacteriodetes, 

Geobacteraceae, Paludibacteraceae and Ruminococcaceae.  

Season, but not duration of a flood, significantly affected the relative 

abundance of anaerobic bacteria across all land-uses. Summer floods of both durations 

led to a significantly greater relative abundance of anaerobic bacteria compared to 

winter floods. Land-use and flood treatment had no bearing on which anaerobic family 

was present in the highest relative abundance after a flood. Certain taxonomic families, 

like Paludibacteraceae and Ruminococcaceae, significantly increased in relative 

abundance directly after, and one month after flooding treatments but not at later 

timepoints. Overall, the families with the highest relative abundance of affected 

anaerobic bacteria following flooding were the Anaerolineaceae, the Archangiaceae, 

the Bacteroidetes and the Geobacteraceae across flood treatments and land-uses at all 

timepoints.  
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Figure 2.10: Relative abundance of anaerobic bacterial and archaeal OTUs which were 

significantly different between flood and control samples for each land-use (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) and each of the 

four flood season and length combinations (4 week summer, 8 week summer, 4 week 

winter and 8 week winter) at four different timepoints (end of flood, one year recovery, 

six month recovery and one year recovery) grouped at the family level.  

 

2.3.7.2 - Taxonomic profiles of nitrogen fixing bacteria/archaea after flooding 

 Nitrogen fixing bacteria/archaea significantly increased in relative abundance 

after the majority of flooding treatments in all land-uses across each timepoint (Figure 

2.11). However, one month after the four week winter flood in the high intensity 

grassland and one year after the eight week summer flood in the low intensity 

grassland, there was no significant increase in the relative abundance of nitrogen 

fixing bacteria/archaea in flood treatments relative to the control. The majority of these 

nitrogen fixing bacteria/archaea belonged to six families which included 
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Archangiaceae, Geobacteraceae, Methanosarcinaceae, Rhodocyclaceae, 

Ruminococcaceae and Xanthobacteraceae.  

Directly after and one month after the floods, season but not duration of a flood 

significantly affected the relative abundance of nitrogen fixing bacteria/archaea across 

all land-uses. At these timepoints, summer floods resulted in a significantly greater 

increase in the relative abundance of nitrogen fixing bacteria/archaea than winter 

floods. Across land-uses, regardless of flood season or duration, the family of nitrogen 

fixing bacteria/archaea with the highest increased relative abundance was 

Geobacteraceae after the majority of flooding treatments at all timepoints. However, 

Rhodocyclaceae was the most abundant nitrogen fixing bacterial/archaeal family 

which significantly increased directly after the eight week summer flood in the arable 

land-use, one month after the eight week summer flood in the high and low intensity 

grasslands and one month after the four week summer flood in the high intensity 

grassland. In addition, six months after the four week winter flood in the low intensity 

grassland, the most abundant increased nitrogen fixing bacterial/archaeal family was 

the Xanthobacteraceae. 
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Figure 2.11: Relative abundance of bacterial and archaeal OTUs involved in nitrogen 

fixation which were significantly different between flood and control samples for each 

land-use (arable, high intensity grassland, mid intensity grassland and low intensity 

grassland) and each of the four flood season and length combinations (4 week summer, 8 

week summer, 4 week winter and 8 week winter) at four different timepoints (end of flood, 

one year recovery, six month recovery and one year recovery) grouped at the family level.  

 
2.3.7.3 - Taxonomic profiles of DNRA bacteria after flooding 

 There was a significant increase in the relative abundance of DNRA bacteria 

after the majority of flood treatments across land-uses and time (Figure 2.12). DNRA 

bacteria significantly increased in relative abundance directly after each flooding 

treatment across land-uses and timepoints. However, one month after the four week 

winter flood in the arable and the low intensity grassland and one month after the four 

week summer flood in the mid intensity grassland there was no increase in the relative 

abundance of DNRA bacteria. The majority of DNRA bacteria which significantly 
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increased after flooding belonged to six taxonomic families including Archangiaceae, 

Bacillaceae, Bacteroidaceae, Geobacteraceae, Prolixibacteraceae and 

Sphingobacteriaceae. 

At the end of flood timepoint, season had an impact on the total relative 

abundance of significantly increased DNRA bacteria across flooding treatments.  

Summer floods resulted in significantly greater total relative abundance of affected 

DNRA bacteria compared with winter floods. Land-use did not have a consistent 

impact on the total relative abundance of affected DNRA bacteria across flood 

treatments at the majority of timepoints. However, land-use did have an impact on the 

total relative abundance of affected DNRA bacteria one year after the flooding 

treatments. One year after both summer floods the high intensity grassland had a 

significantly greater total relative abundance of affected DNRA bacteria than other 

land-uses. The Geobacteraceae was the family with the highest relative abundance of 

affected DNRA bacteria in the majority of land-use flood treatment combinations 

across timepoints. Certain bacterial families only had significant increases in the 

relative abundance of DNRA bacteria after flooding at particular timepoints. 

Archangiaceae and Prolixibacteraceae families significantly increased in relative 

abundance directly after both four and eight week summer floods across the land-uses 

but not at other timepoints.  
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Figure 2.12: Relative abundance of bacterial and archaeal OTUs involved in 

dissimilatory nitrate reduction which were significantly different between flood and 

control samples for each land-use (arable, high intensity grassland, mid intensity 

grassland and low intensity grassland) and each of the four flood season and length 

combinations (4 week summer, 8 week summer, 4 week winter and 8 week winter) at four 

different timepoints (end of flood, one year recovery, six month recovery and one year 

recovery) grouped at the family level.  

 
2.3.7.4 - Taxonomic profiles of bacterial plant pathogens after flooding 

Bacterial plant pathogens did not significantly increase in relative abundance 

across the majority of land-use and flood treatment combinations at each timepoint 

(Figure 2.13). The three bacterial plant pathogen OTUs which significantly increased 

in relative abundance after flooding were found in 3 genera which included Bacillus, 

Pantoea and Rhodococcus. The bacterial plant pathogens which significantly 

increased in relative abundance after flooding were dominated by the bacterial genus 
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Bacillus across land-uses. Whereas a significant increase in the relative abundance of 

Rhodococcus was unique to the low intensity grassland and a significant increase in 

the relative abundance of Pantoea was unique to the high intensity grassland. 

Land-use determined whether there was a significant increase in the relative 

abundance of bacterial plant pathogens after flooding and had an impact on which 

flood treatments led to those increases. In the arable and the mid intensity grassland, 

there was no significant increase in the relative abundance of bacterial plant pathogens 

after any flood treatment across all timepoints. In the low intensity grassland, 

depending on the duration of the flood, there were significant increases in the relative 

abundance of bacterial plant pathogens. This significant increase in relative abundance 

of bacterial plant pathogens occurred directly after summer and winter four week 

floods but not following either of the eight week floods. Six months and one year after 

the four week summer flood there continued to be a significant increase in the relative 

abundance of bacterial plant pathogens in the low intensity grassland. Whereas in the 

high intensity grassland, there was a significant increase in the relative abundance of 

bacterial plant pathogens six months after the eight week winter flood and one year 

after the four week summer flood.  
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Figure 2.13: Relative abundance of plant pathogen bacterial and archaeal OTUs which 

were significantly different between flood and control samples for each land-use 

(arable, high intensity grassland, mid intensity grassland and low intensity grassland) 

and each of the four flood season and length combinations (4 week summer, 8 week 

summer, 4 week winter and 8 week winter) at four different timepoints (end of flood, one 

year recovery, six month recovery and one year recovery) grouped at the family level.  

 

2.3.7.5 - Taxonomic profiles of sulphur reducing bacteria after flooding 

The majority of sulphur reducing bacteria which significantly increased in 

relative abundance after flooding belonged to nine families including 

Acidobacteriaceae, Clostridiaceae, Desulfarculaceaea, Desulfobulbaceae, 

Magnetospirillaceae, Myxococcaceae, Peptococcaceae, Ruminococcaceae and 

Veillonellaceae. Sulphur reducing bacteria did not increase in relative abundance in 

the majority of land-use flood treatment combinations across timepoints (Figure 2.14). 

The four week winter flood did not result in significant increases in sulphur reducing 

bacteria in any land-use. However, the other three flooding treatments led to a 
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significant increase in sulphur reducing bacteria across all land-uses in at least one 

timepoint.  

At the end of flood timepoint land-use had an impact on the total relative 

abundance of affected sulphur reducing bacteria after each flooding treatment. Apart 

from after the four week winter flood, directly after all other flooding treatments, the 

low intensity grassland had the highest total relative abundance of affected sulphur 

reducing bacteria of the three land-uses. At the one month and six month recovery 

timepoints there was still a significant increase in the total relative abundance of 

sulphur reducing bacteria for the majority of land-use flood treatment combinations, 

but these differences had disappeared after a year.  

Land-use, season and duration of flooding did not have a consistent impact on 

the relative abundance of affected sulphur reducing bacteria. Taxonomic profiles of 

the sulphur reducing bacteria which significantly increased in relative abundance 

following flooding differed across land-use and flood treatment combinations at all 

timepoints. Some sulphur reducing families which increased in relative abundance 

after flooding were specific to certain land-uses. Desulfobulbaceae only significantly 

increased in relative abundance in the high intensity grassland, Myxococcaceae only 

significantly increased in relative abundance in the mid intensity grassland and 

Ruminococcaceae only significantly increased in relative abundance in the low 

intensity grassland. 
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Figure 2.14: Relative abundance of sulphur reducing bacterial and archaeal OTUs 

which were significantly different between flood and control samples for each land-use 

(arable, high intensity grassland, mid intensity grassland and low intensity grassland) and 

each of the four flood season and length combinations (4 week summer, 8 week summer, 

4 week winter and 8 week winter) at four different timepoints (end of flood, one year 

recovery, six month recovery and one year recovery) grouped at the family level.  

 

2.3.7.6 - Taxonomic profiles of methanogens after flooding 

 The eight week summer flood was the only flood treatment which resulted in 

a significant increase in the relative abundance of methanogens (Figure 2.15). There 

was a significant increase in the relative abundance of methanogens after the eight 

week summer flood across every land-use in at least one timepoint apart from the 

arable land-use. In the low intensity grassland, directly after the eight week summer 

flood, there was a significantly greater total relative abundance of affected 

methanogens compared to any other land-use. One year after the eight week summer 
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flood, the high intensity grassland was the only land-use which still had a significant 

increase in the relative abundance of methanogens. 

 

 

Methanogens which significantly increased in relative abundance after flooding, 

belonged to four families including Methanobacteriaceae, Methanomassillicoccaceae, 

Methanoregulaceae and Methanosarcinaceae. Land-use determined the family of 

methanogens which significantly increased in relative abundance after a flood. 

Methanogens belonging to Methanosarcinaceae only significantly increased in 

 
Figure 2.15: Relative abundance of methanogen archaeal OTUs which were 

significantly different between flood and control samples for each land-use (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) and each of the 

four flood season and length combinations (4 week summer, 8 week summer, 4 week 

winter and 8 week winter) at four different timepoints (end of flood, one year recovery, six 

month recovery and one year recovery) grouped at the family level.  
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relative abundance in the low intensity grassland, while the same was true for 

Methanomassillicoccaceae in the mid intensity grassland, Methanobacteriaceae in the 

arable and predominantly Methanoregulaceae in the high intensity grassland. The high 

intensity grassland was the only land-use which had a significant increase in 

methanogens of more than one family after flooding. 

 
2.3.7.7 - Taxonomic profiles of freshwater fungi after flooding 

Freshwater fungi significantly increased in relative abundance across all land-use 

and flood treatment combinations in at least one timepoint (Figure 2.16). A significant 

increase in the relative abundance of freshwater fungi was still seen a year after 

flooding treatments ended in all land-uses apart from the arable. The majority of 

freshwater fungi which significantly increased in relative abundance belonged to six 

orders including Eurotiales, Helotiales, Hypocreales, Monoblepharidales, 

Pleosporales and Sordariales. 

Season and duration of flood did not have a consistent impact on the total relative 

abundance of affected freshwater fungi across land-uses at any timepoint. The 

taxonomic profile of freshwater fungi which significantly increased in relative 

abundance after a flood was not consistent within the same land-use or flood 

treatments. One year after the summer floods, the orders of freshwater fungi which 

significantly increased in relative abundance were unique to land-uses. Freshwater 

fungi belonging to Pleosporales only significantly increased in relative abundance in 

the high intensity grassland, while the same was true for Hypocreales in the mid 

intensity grassland and Sordariales in the low intensity grassland. 
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Figure 2.16: Relative abundance of freshwater aquatic fungal OTUs which were 

significantly different between flood and control samples for each land-use (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) and each of the 

four flood season and length combinations (4 week summer, 8 week summer, 4 week winter 

and 8 week winter) at four different timepoints (end of flood, one year recovery, six month 

recovery and one year recovery) grouped at the class level.  

 
2.3.7.8 - Taxonomic profiles of fungal plant pathogens after flooding 

At each timepoint, there was a significant increase in the relative abundance of 

fungal plant pathogens across all land-uses after the majority of flooding treatments 

(Figure 2.17). Season and duration of flood did not lead to a consistent significant 

increase in the relative abundance of fungal plant pathogens across land-uses and 

timepoints. The majority of fungal plant pathogen genera were unique to a specific 

land-use and flood treatment combinations. For example, significant increases in 

Alternaria metachromatica were only observed in the arable land-use. Acremonium 
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polychromum was the only fungal plant pathogen which significantly increased in 

relative abundance after flooding across all land-uses. Many fungal pathogen genera 

which increased in relative abundance after flooding were unique to certain 

timepoints. For example Strelitziana australiensis only increased in relative 

abundance directly after the end of the floods, Mycena pearsoniana only increased in 

relative abundance one month after flooding and Mycosphaerella tassiana only 

increased in relative abundance six months after the floods subsided. 

 

 
Figure 2.17: Relative abundance of plant pathogen fungal OTUs which were 

significantly different between flood and control samples for each land-use (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland) and each of the 

four flood season and length combinations (4 week summer, 8 week summer, 4 week winter 

and 8 week winter) at four different timepoints (end of flood, one year recovery, six month 

recovery and one year recovery) grouped at the class level.  
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2.3.8 - Biomass of vegetation after flooding 

 
 

For the majority of land-uses there were no significant differences between the 

above ground vegetation biomass of mesocosms subjected to different flooding 

treatments across timepoints (Figure 2.18) (p value > 0.05). However, for the mid 

intensity grassland after the summer floods the mesocosms which experienced 

 
Figure 2.18: Aboveground biomass data during flood treatments. This includes data 

at four timepoints throughout the experiment for all treatments (control, 4 week 

summer flood, 8 week summer flood, 4 week winter flood and 8 week winter flood) 

across the four land-uses (arable, high intensity grassland, mid intensity grassland, 

low intensity grassland). Where the “Before Floods” harvest took place one month 

before the summer floods began, the “After Summer Floods” harvest took place one 

month after the eight week summer flood, the “After Winter Floods” harvest took place 

three and a half months after the winter floods and the “Experiment End” harvest took 

place when the mesocosms were deconstructed. Lettering denotes significant 

differences between treatments within land-use and timepoint combinations based on 

the results of Wilcoxon rank-signed tests. 
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summer flooding produced significantly more biomass than the control mesocosms (p 

value < 0.05). At the experiment end timepoint the mesocosms which previously 

experienced an eight week summer flood produced significantly less above ground 

vegetation biomass than those which previously experienced either a four or eight 

week winter flood (p value < 0.05) but none of these treatments produced different 

amounts of biomass compared to the control mesocosms (p value > 0.05). 

 At the experiment end timepoint there were no significant differences between 

the root biomass of mesocosms which previously experienced different flooding 

treatments across all four land-uses (p value > 0.05) (Figure 2.19).  
 

 
Figure 2.19: Dry root biomass after flooding. Collection of biomass happened at 

the end of the experiment which was six months after the end of the 8 week winter 

floods and were collected from all flood treatments (control, 4 week summer flood, 

8 week summer flood, 4 week winter flood and 8 week winter flood) across the four 

land-uses (arable, high intensity grassland, mid intensity grassland, low intensity 

grassland). There were no significant differences between flooding treatments 

within each land-use (p value > 0.05) based on Wilcoxon rank-signed tests. 
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2.4 – Discussion 
 
2.4.1 - Overview 

This study found that the seasonal timing of flooding determines whether there 

was a shift in bacterial/archaeal and fungal community composition, and that 

bacterial/archaeal and fungal community composition took longer to recover from 

floods of a greater duration. However, fungal community composition did not always 

recover within the year following flooding whereas bacterial/archaeal community 

composition did. We also found that the taxonomic profiles of microbial communities 

impacted by flooding were not shared across land-uses or flood types.  

The impact of flooding on functional groups of bacteria, archaea and fungi was 

not always consistent across flood season, flood duration and land-use. Summer floods 

led to a higher increase in anaerobic bacteria, sulphate reducers and methanogens 

compared to winter floods. However, freshwater fungi and fungal plant pathogens 

which increased in relative abundance after flooding were not influenced by season, 

duration or land-use consistently. Increases in relative abundance of sulphate reducers 

and methanogens after flooding were tied to land-use whereas ammonia producing 

microbes increased in relative abundance across all land-uses and flooding treatments. 

These differences in how microbial communities respond to flooding may be due to 

the four following drivers; levels of anaerobicity, plant responses to flooding, 

differences in land-use and the unique capabilities of certain functional groups to 

withstand or proliferate during flooding. 

 

2.4.2 - Anaerobicity as a diver of microbial communities during flooding 

Flooding can create an anoxic environment in soil within a 24 hour period 

(Mukhtar et al., 1996). This is due to oxygen depletion via organisms respiring coupled 

with the slower diffusion rate of oxygen through water compared with air (Mukhtar et 

al., 1996; T. Setter and Waters, 2003). However, differences in the seasonal timing 

and duration of flooding may have altered the level of anaerobicity during the flood 

which in turn may have led to some of the differences in microbial communities that 

we found within this study across flood season and duration. 

Colder temperatures during the winter can prevent the growth of certain 

taxonomic groups and may lead to dormancy in microbes which in turn may result in 

the lower bacterial and fungal activity during the winter compared to the summer 



 83 

(Pietikäinen et al., 2005; Almagro et al., 2009; Frey et al., 2013; Erlandson et al., 

2015). Higher microbial activity during the summer months could lead to quicker 

oxygen depletion which results in an anaerobic environment for a longer proportion 

of the flooded time in summer compared to winter (Blume et al., 2002).  This longer 

period of anoxia would have allowed more time for anaerobic communities to 

proliferate which may explain the greater increase in anaerobic bacteria after summer 

floods compared to winter floods. There was rarely a difference in the increase of 

anaerobic bacteria between the four and eight week summer floods directly after the 

floods ended which suggests that during the summer four weeks was a long enough 

period for anaerobicity to take hold. However, directly after the winter floods in 

certain land-uses the eight week flood had a significantly higher total relative 

abundance of impacted anaerobic bacteria compared to the four week flood. This 

suggests that during the winter four weeks was not enough for a flooded environment 

to become completely anaerobic.  

Alternatively the winter floods may have never reached the same levels of 

anoxia as the summer floods did. Due to lower microbial activity during the winter 

coupled with more frequent rain during the winter creating disturbance in the flooded 

system and reintroducing oxygen it is also plausible that oxygen levels during the 

winter were never completely depleted and that true anaerobic conditions were never 

achieved (Blume et al., 2002). This is reflected by the change in total community 

composition after both summer floods but neither winter flood and by the lack of 

difference between the increased relative abundance of anaerobic bacteria/archaea 

after floods of different durations. Therefore summer floods could have bigger impacts 

on the functional outputs of anaerobic bacteria. An example of this could be an 

increase in greenhouse gases such as methane or an increase in ammonia build up 

through anaerobic pathways. In the future if similar work is repeated looking at the 

difference in summer vs winter floods and anaerobicity, the dissolved oxygen content 

of the flooded mesocosms should be monitored to confirm whether winter floods ever 

reach the same level of anaerobicity as summer floods and how long it takes for 

summer and winter floods to become completely anoxic. 

Anaerobicity may have also been a driving factor in the changes of certain 

functional microbial groups after flooding. As it is possible that a completely anoxic 

environment did not take hold during the winter, this would explain the lack of 

increase in both methanogens and sulphur reducing microbes after winter flooding, as 
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microbes belonging to these functional groups both utilise anaerobic methods of 

respiration. However, peaks of sulphate reduction and increased abundance of the 

gene dsrB, which encodes the sulphite reductase beta subunit, in wetlands were seen 

in the summer compared to the winter (Welsh et al., 1996; Faulwetter et al., 2013). 

Similarly in both soil pore water and riverine systems methanogenesis decreased 

during the winter months compared to the summer (Takii, 1989; Avery et al., 1999). 

This suggests that season has the same impact on the activity of both sulphate reducing 

microbes and methanogens in naturally waterlogged environments which experience 

periodic flooding and during flooding of land-uses which do not typically experience 

flooding.  

Although duration of the flood and length of anoxia did not have an impact on 

the increase of anaerobic bacteria/archaea after flooding, the lack of immediate 

recovery in microbial community composition after floods of a longer duration could 

be due to the longer period of anoxia that organisms experienced. Longer periods of 

anoxia lead to an increase in plant stress and a change in the biochemistry of the root 

zone with a greater production of metabolites like acetate which is a precursor to some 

methods of anaerobic respiration (Conrad and Klose, 1999; Xu et al., 2019). 

Facultative anaerobic bacteria/archaea which could have proliferated during the flood 

due to the preferential habitat could swap to using an aerobic method of respiration 

after the flood ended (Patrick et al., 2015). It is possible that these facultative anaerobic 

microbes then remained dominant after the eight week summer flood ended which 

could have led to the lack of recovery in community composition. This is supported 

by the greater total relative abundance of anaerobic bacteria one and six months after 

an eight week summer flood compared to a four week summer flood across the 

majority of land-uses. 

While bacterial communities recovered six months after flooding and this may 

be explained by a slow decrease in facultative anaerobes, fungal communities had not 

recovered a year after the flood took place. Unlike bacteria, there are no known fungi 

which respire anaerobically that inhabit terrestrial or aquatic systems as the only 

described phylum of anaerobic fungi, Neocallimastigomycota, is found solely in the 

intestines of mammalian herbivores (Gruninger et al., 2014). Therefore it is unlikely 

that an anaerobic community of fungi replaced the pre-flood fungal community and is 

driving the continued change in composition one year after the flood. Instead the lack 

of oxygen for a prolonged amount of time during the eight week summer flood may 
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have killed certain fungal groups. Certain microbes are able to exist in a dormant or 

cyst state during short periods of perturbation (Lennon and Jones, 2011). However, 

while microbes may be able to survive in a state of reduced metabolism for a short 

period of time, after longer periods of flooding energy reserves could be depleted and 

microbial communities may no longer be able to recover (Moche et al., 2015). 

Therefore the lack of recovery in fungal community composition still seen one year 

after the eight week summer flood ended may have been due to the longer period of 

anaerobicity affecting the fungal communities. 

 

2.4.3 – Aboveground vegetation as a driver of microbial communities during 

flooding 

The impact of flooding on aboveground vegetation could lead to indirect 

effects on the microbial community as in unflooded systems aboveground vegetation 

is a driver of microbial community structure (de Vries et al., 2012). Plants may have 

an amplified impact on certain microbial groups such as freshwater fungi and plant 

pathogens as these microbes can directly depend on plants for proliferation (Van Der 

Does and Rep, 2007; Cai et al., 2011; Cassman et al., 2016).  

Plants are active and growing during the summer and during a flood this may 

lead to growth of flood tolerant species which will lead to changes in the community 

composition while in the winter plants are dormant (Perata et al., 2011; Cubas, 2020). 

Root exudates are produced in higher quantities during the summer when plants are 

actively growing (Zhalnina et al., 2018). However, flooding has been shown to 

interrupt and change the type of exudates which are produced by plants (Henry et al., 

2007). Additionally, summer floods have previously led to complete crop loss unlike 

winter floods, which could result in changes to both plant species composition and 

root exudates (Morris and Hess, 1988; H. Posthumus, Morris, T.M. Hess, et al., 2009). 

Therefore during the summer, plant community composition and production of root 

exudates may have differed between the control and flood samples which in turn led 

to the differences in microbial community composition after flooding during the 

summer but not the winter. 

While the majority of freshwater fungi are saprophytes involved in the 

breakdown of organic matter some are endophytes which live in between the spaces 

of plant cells (Ingold, 1943; Selosse et al., 2008). The increase in the relative 
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abundance of freshwater fungi after flooding and the constituent taxa were not dictated 

by flood season, flood duration or land-use. Therefore, patterns may have been lacking 

due to the specificity between plant and fungal interactions as each land-use had a 

unique plant composition which could have driven the taxonomic differences in 

freshwater fungi (Cassman et al., 2016). For colonization of plants by endophytes to 

occur a possible host plant species must be present and the root structure of the 

potential host plant must have stayed intact during flooding (Saikkonen et al., 2004; 

Sauter, 2013). However, some damage to the plant root may actually aid infection as 

the endophyte must enter the plant for colonisation to occur. Conversely, season of 

flood may have had a greater impact on saprophytic freshwater fungi due to the higher 

levels of organic matter in the summer compared to the winter due to the higher 

activity of plants in summer (Kaiser et al., 2002). These alternate life strategies of 

freshwater fungi coupled with the differences in plant composition across land-use 

may have led to the lack of trends in freshwater fungi across floods of the same season 

or duration in all land-uses.  

The majority of both fungal and bacterial plant pathogens were unique to land-

uses and flooding treatments and increases in relative abundance could be seen at 

every timepoint including a year after the floods. Similarly to freshwater endophytes, 

this could be due to the specificity of hosts as different land-uses contained different 

plant species compositions (Van Der Does and Rep, 2007; Cai et al., 2011). Many 

plant pathogens are able to infect their hosts when they have a depressed immune 

system and individual plant species may be under greater stress depending on the 

season or length of the flood (Conrad and Klose, 1999; Jones and Dangl, 2006; H. 

Posthumus, Morris, T.M. Hess, et al., 2009; Xu et al., 2019). This suggests that not 

only must the correct plant be present but a damaging flood to that specific plant 

species must occur for infection to take place and relative abundance to increase. 

However, there are also a select number of bacterial and fungal plant pathogens which 

increased across land-uses. These included the plant pathogen Bacillus pumilis which 

can causes root rot in a number of plant species and the fungal genus Acremonium 

which can cause soft rot across species (Nillsson, 1973; Galal et al., 2006; Peng et al., 

2013; Kovaleva et al., 2015). This suggests that certain plant pathogens may depend 

less on specific plant species and their health for infection to occur. The increase in 

the relative abundance of plant pathogens seen a year after flooding may suggest that 

flooding will lead to negative feedbacks for plant health but this claim will need to be 
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assessed by examining whether there is an increase in infection or disease of plants 

after flooding. 

 

2.4.4 - Impact of flooding across land-uses 

After floods of the same season and duration none of the same 

bacterial/archaeal and fungal OTUs significantly changed in relative abundance across 

all four land-uses. Different flooding treatments did not lead to a shared 

bacterial/archaeal or fungal flood microbiome at the OTU level across land-uses. 

Taxonomic profiles of significantly different bacterial/archaeal OTUs at the phylum 

level and fungal OTUs at the class level were also not shared across different land-

uses after any of the flooding treatments. We also found that across the same flooding 

treatments different sets of land-uses shared the high number of the same 

bacterial/archaeal and fungal OTUs which significantly changed in relative abundance 

after flooding. For fungi the low and mid intensity grasslands shared the largest 

number of the same OTUs which significantly changed in relative abundance after 

flooding, which was expected as they are next to each other on the anthropogenic 

intensity gradient with the only difference being animal grazing and biomass 

harvesting in the mid intensity grassland. Conversely, for bacteria and archaea the 

arable and low intensity grasslands shared the largest number of OTUs which are at 

opposite ends of the anthropogenic input scale for the land-uses. This suggests that 

every land-use’s microbial community  responded to flooding uniquely and the results 

from flooding in one land-use cannot be extrapolated to others. 

 As our results demonstrated that between 20% and 47% of the variation in 

microbial community composition was explained by land-use it was possible that none 

of the OTUs identified after flooding were present across the four land-uses. We found 

that between 14% and 25% of bacterial/archaeal and fungal OTUs were present across 

all land-uses which may be the reason that land-uses did not share OTUs which were 

impacted by flooding. Therefore it is impossible to predict how flooding will impact 

individual microbial OTUs from separate land-uses. However, when these OTUs are 

grouped by function similarities among how flooding impacts microbial communities 

across land-uses can be seen. An example of a functional group which increased across 

land-uses is anaerobic microbes where there were families which increased across 

land-uses after the majority of flooding treatments, particularly Geobacteraea and 
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Anaerolineaceae. This is in line with prior work as core OTUs from flooded soils have 

been identified in the Geobacteraea and Anaerolineaceae families (Jiao et al., 2019; 

Gschwend et al., 2020). This suggests that although specific OTUs which were 

impacted by flooding were unique to each land-use those OTUs may have belonged 

to the same higher taxonomic grouping such as the same family or they may have been 

belonged to the same functional groups across all land-uses.  

Although there were some microbial functional groups which increased across 

land-uses after flooding there were others which had greater increases in certain land-

uses after flooding. The low intensity grassland had the largest total relative abundance 

of affected sulphate reducing bacteria and methanogens out of the four land-uses. 

Different labile carbon levels and plant species composition may have led to 

differences in the amounts of carbon dioxide and acetate, which are both precursors 

for sulphate reduction and methanogenesis, being available in the soil during flooding 

(Hoskin et al., 1953; Johnston et al., 2009). As different land-uses will have slightly 

different soil types and different plant species compositions it is possible that this 

drove the differences in increases of sulphate reducers and methanogens between 

different land-uses.  

Alternatively, the increase in relative abundance of sulphate reducers and 

methanogens may have occurred in the low intensity grassland and not the other three 

land-uses due to the difference in applied nitrogen fertilizer. All land-uses apart from 

the low intensity grassland received some form of nitrogen fertilizer either in the form 

of chemical fertilizer or animal manure. Nitrite has been seen to inhibit the reduction 

of sulphate and methanogenesis while nitrate, nitric oxide and nitrous oxide have been 

shown to inhibit methanogenesis but not sulphate reduction (Kluber and Conrad, 

2006; Kaster et al., 2007). This may also be the reason why a greater number of 

flooding treatments and land-use combinations led to a significant increase in sulphate 

reducing microbes (28 combinations) and not methanogens (seven combinations) 

across timepoints.  

Different taxonomic families of methanogens utilise individual pathways of 

methanogenesis which require unique precursors (Galand et al., 2005). These unique 

precursors could be present in different amounts in each land-use due to differences 

in microbial communities or plants which produce them. This in turn, could have 

driven the variance in taxonomic families of methanogens which increased after 

flooding across land-uses that we saw here. While some species of methanogens are 
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able to produce methane through more than one pathway, many are specific to a single 

pathway of methanogenesis (Galand et al., 2005; Rooney-Varga et al., 2007). Previous 

studies have also shown that methanogen community composition is driven by soil 

pH, plant composition and temperature and that land-use changes results in changes 

in methanogen community composition (Yavitt et al., 2012; Liu et al., 2017). In the 

future to understand why different taxonomic families of methanogens increase after 

flooding in different land-uses, methanogenesis precursors such as acetate, carbon 

dioxide and methanol should be measured in each land-use. 

 

2.4.5 - Microbial functional responses to flooding 

This study found that particular functional groups, such as nitrogen fixing 

microbes and DNRA bacteria, always increased in relative abundance after a flood no 

matter the flood season, the flood duration or the land-use where the flood took place. 

However, there were still significant differences between the total relative abundance 

of these functional groups which increased after different flood treatments, such as a 

greater total relative abundance of both nitrogen fixing and DNRA bacteria after 

summer floods compared to winter floods which was seen across all land-uses at the 

end of flood and one month recovery timepoints. While duration of the flood never 

had a consistent impact on the total relative abundance of nitrogen fixing and DNRA 

bacteria, land-use had a delayed effect on the total relative abundance of these 

functional groups at the one year recovery point. 

Due to denitrifiers outcompeting DNRA bacteria for nitrate, rates of DNRA 

are low in aerobic environments (Putz et al., 2018). However, anoxia in flooded 

systems does not allow for denitrification, which requires oxygen, to take place which 

allows DNRA bacteria to proliferate during floods (Putz et al., 2018). As the dissolved 

oxygen content of flood water decreases the rates of DNRA increase (Dale et al., 

2011). The anoxia may have also led to an overall increase of nitrogen fixing microbes 

which use the nifH gene across all flooding treatments. Although traditionally nitrogen 

fixation is thought of as an aerobic process, nitrogenase, the enzyme used to convert 

nitrogen gas to ammonia, is oxygen sensitive (Buresh et al., 1980). In an aerobic 

environment many nitrogen fixing microbes form symbioses with legumes which 

create pockets of anoxia within nodules (Chen et al., 2019). However, within our study 

no legumes were present in the mesocosms and therefore the nitrogen fixing microbes 
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present had to be free-living. In an anoxic environment free living nitrogen fixers may 

increase in relative abundance, which has been seen in previous studies where in an 

agricultural ecosystem free living nitrogen fixing bacteria were twice as abundant in 

anaerobic clay aggregates relative to aerated fine soil aggregates (Chotte et al., 2002). 

This may explain their increase in relative abundance after all flooding treatments. 

Seasonal fluxes in nitrogen fixing communities exist with higher abundance 

and expression of the nifH gene in warmer summer months compared to cooler winter 

months (Thaweenut et al., 2011; Pereira e Silva et al., 2013). Peaks in nitrogen fixation 

have also been observed during the summer which coincided with a drop in soil 

ammonium levels during the growing season (Welsh et al., 1996). Therefore during 

the summer the nitrogen fixing microbial community may have been more active than 

during the winter before flooding. This coupled with the sudden onset of anoxia from 

the flood, which is needed for oxygen sensitive nitrogen fixation to occur, could have 

meant that during the summer the nitrogen fixing community was already in a position 

to proliferate quickly. 

The greater increase in the total relative abundance of DNRA bacteria in the 

summer compared to the winter could be due to available carbon (Waiser and Robarts, 

2004). Rates of DNRA are higher in soils which have a higher level of soil organic 

carbon which have been shown to increase in flooded environments (Liu et al., 2016; 

Putz et al., 2018). In wetland environments there are seasonal variations in dissolved 

organic carbon with high levels during the summer months and low levels during the 

winter months (Waiser and Robarts, 2004). This increase in labile carbon may be due 

to higher activity of plants during the summer compared to the winter as previous work 

has found that under warmer conditions plant productivity via the exudation of labile 

carbon increased (Qiao et al., 2014). If there were higher levels of labile carbon during 

the summer here as there were in previous studies examining waterlogged habitats this 

could have led to the greater summer increase in DNRA bacteria. In the future to 

confirm these dissolved organic carbon should have been measured.  

The increase of both nitrogen fixing microbes and DNRA bacteria during 

summer flooding compared to winter flooding also has implications for ammonia 

poisoning of plants. A build-up of ammonia can lead to the damage of plant cells 

(Esteban et al., 2016). In unflooded systems ammonia is easily converted to nitrate via 

nitrification and denitrification which can be stored by plant cells safely (Winter et al., 

1982; Esteban et al., 2016). However, these processes requires oxygen which is limited 
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during a flood (Patrick and Reddy, 1976). Our results suggest that there may be higher 

levels of ammonia during a summer flood compared to a winter flood which may 

explain why summer floods in the past have led to complete crop loss unlike winter 

floods (Morris and Hess, 1988; H. Posthumus, Morris, T.M. Hess, et al., 2009). 

However, ammonia oxidisers were not examined here and as anammox bacteria can 

use ammonia to respire anaerobically a parallel  increase in their relative abundance 

may have prevented a potential increase in ammonia during flooding (Humbert et al., 

2012). To confirm this future work on comparisons between summer and winter floods 

should measure ammonia levels of the flood water. 

 

2.4.6 - Conclusion 

This study has given an in depth view of how flooding season and duration as 

well as land-use impacts both bacterial/archaeal and fungal soil communities at the 

whole community level and within specific functional groups. We have shown that 

the season of flooding has the biggest impact on both whole microbial community 

composition and certain functional groups when compared with flood duration and 

land-use. Based on our results summer flooding could have led to a complete 

anaerobic habitat unlike winter floods due to the significantly higher total relative 

abundance of anaerobic microbes after summer flooding compared to winter floods. 

The increased length of anaerobicity in the longer summer floods may have also led 

to the lack of recovery of microbial composition. However, the responses of specific 

microbial functional groups to flooding such as freshwater fungi and plant pathogens 

may have been dictated by the responses of plants to flooding due to their life 

strategies. Land-use was found to be responsible for unique OTU responses to 

flooding and drove the differences in the responses of sulphate reducers and 

methanogens to flooding. Finally, specific functional groups such as ammonia 

producing microbes, responded across all flooding treatments and land-uses which 

suggests that particular functional groups do respond in the same manner to flooding 

even if at the OTU level flooding leads to differences. 
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CHAPTER 3 – THE IMPACT OF FLOOD DURATION 
ON THE MICROBIAL METABOLISM OF METHANE 

AND NITROGEN ACROSS LAND-USES 
 

3.1 – Introduction 
 
3.1.1 - Overview of greenhouse gases 

 From 1750 to 1950 global temperature observations could be explained by the 

natural variation in solar activity and volcanic greenhouse gas emissions (Griggs and 

Noguer, 2002). The Earth’s atmosphere contains greenhouse gases that include carbon 

dioxide, methane, nitrous oxide, ozone and water vapour which are able to reradiate 

infrared radiation from the sun (Khandekar et al., 2005). This traps heat in the Earth’s 

atmosphere and can contribute to positive radiative forcing as energy contained in 

greenhouse gases cannot be reflected back into space which leads to a warming effect 

(Oktyabrskiy, 2016). The greenhouse effect is vital to life on Earth as predictions 

suggest that global temperatures would sit at -18 oC without it (Ma, 1998). However, 

beyond the 1950’s global temperatures began to increase at a rate which could not be 

explained by natural phenomena without including the greenhouse gas emissions 

created by human activity (Griggs and Noguer, 2002). Today based on a variety of 

emissions scenarios it is predicted that by the end of the 21st century the Earth’s 

average surface temperature will increase by 2 to 6 oC globally (Al-Ghussain, 2019). 

This increase will have impacts across ecosystems as organisms including plants, 

crops and animals require certain temperatures to survive (Al-Ghussain, 2019). At the 

same time atmospheric warming is predicted to lead to increases in the intensity and 

duration of extreme weather events, such as flooding (Papalexiou and Montanari, 

2019).  

 Carbon dioxide is the greenhouse gas with the largest contribution to climate 

change as it makes up 76% of all greenhouse gas emissions globally and is produced 

through a variety of anthropogenic sources such as fossil fuels, industrial processes, 

deforestation, agricultural land clearing and degradation of soils as well as natural 

sources such as decomposition and respiration (IPCC Working Group, 2014). On the 

other hand, the importance of methane and nitrous oxide which make up 16% and 6% 

respectively of the total global greenhouse gas emissions cannot be disregarded (IPCC 

Working Group, 2014). Both of these greenhouse gases have a higher global warming 
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potential compared to carbon dioxide where methane has a global warming potential 

of 34 and nitrous oxide has a global warming potential of 298 (Shindell et al., 2009; 

Seo et al., 2012). This number denotes the number of times more heat that a molecule 

of either methane or nitrous oxide can trap compared to carbon dioxide (Seo et al., 

2012). This suggests that although concentrations of methane and nitrous oxide are 

lower compared to carbon dioxide they can trap more heat and may lead to further 

rises in global temperatures. Unlike carbon dioxide, production of these greenhouse 

gases are specific to particular microorganisms with 90% to 95% of all methane 

produced by a group of microorganisms known as methanogens and 66% of nitrous 

oxide produced via the denitrification and nitrification processes performed by a 

variety of bacterial and fungal groups (Thomson et al., 2012; Webster et al., 2013). 

 The soil ecosystem is home to a large variety of microorganisms which include 

both methanogens and nitrous oxide producers. In an aerated soil system methane is 

consumed faster than it is produced this makes the soil a sink which makes up 7% of 

all global methane sinks (Saunois et al., 2020). This is because all known soil 

methanotrophs, which are the group of microorganisms that metabolise methane as 

their only carbon source, can only complete the metabolism of methane in the presence 

of oxygen (Holmes et al., 1999; McDonald et al., 2008). Conversely, methanogens are 

an anaerobic group which live deep within the hypoxic soil profile and cannot produce 

methane in an oxygen rich environment (Thauer et al., 2008; Serrano-Silva et al., 

2014). The production of nitrous oxide via soil microorganisms, which is part of the 

wider nitrogen cycle, is also constrained by the presence of oxygen as oxygen is 

necessary for denitrification to take place (Galloway et al., 2004). Nitrous oxide is a 

by-product of both the nitrification and denitrification processes but in a well aerated 

system production of nitrous oxide is typically low (Galloway et al., 2004; Rochette, 

2008). However, in a hypoxic soil system previous work has found that nitrous oxide 

emissions are much higher due to increases in ammonia oxidising bacteria and the 

incomplete steps within the nitrification and denitrification due to the requirement of 

oxygen (Jia et al., 2013). Conversely, in a completely anoxic environment 

denitrification does not take place which means there are no nitrous oxide emissions, 

this is because denitrification requires oxygen for the reaction to be completed (Jia et 

al., 2013). Therefore, any process which can alter the oxygen content of the soil can 

greatly impact the emissions of greenhouse gases from soils and one of these processes 

is flooding.  
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3.1.2 - Increases in flooding events 

 As annual temperatures continue to increase the incidence of extreme weather 

events, such as flooding, is predicted to rise in many environments all over the world  

(Easterling et al., 2000). Based on research from the Intergovernmental Panel on 

Climate Change the intensity and duration of precipitation globally will change 

dramatically by 2050 due to anthropogenic climate change which could increase the 

incidence of flooding (IPCC Working Group, 2014). The intensification of heavy 

rainfall events due to human impact has already been documented in two thirds of the 

Northern Hemisphere (Min et al., 2011) and in the UK anthropogenic climate change 

from increases in greenhouse gases was linked with the autumn floods of 2000 (Pall 

et al., 2011). These increases in the intensification of rainfall and flooding in Northern 

Europe can be directly linked to changes in the North Atlantic Oscillation (NAO) 

system due to increases in greenhouse gases with winter floods occurring in a positive 

NAO state and summer floods occurring in a negative NAO state (Jones et al., 2013; 

Zanardo et al., 2019).  

 As an example the UK has experienced a number of floods and high rainfall 

events in recent years which can be linked to the impacted NAO system (Slingo et al., 

2014). These UK floods include the summer floods of 2007 and 2012 and the winter 

floods of 2013/2014 and 2015/2016 (H Posthumus et al., 2009; Huntingford et al., 

2014; Barker et al., 2016). During these floods standing water persisted for up to 10-

12 weeks in some areas (McEwen et al., 2014). Levels of standing water during the 

flood reached several metres high and remained high in both flood plains areas and 

areas with no flood history for over 150 years (Clout, 2014; Thorne, 2014). Flooding 

in the UK has led to both direct and indirect losses for the agricultural sector (H 

Posthumus et al., 2009). Following floods there were significant reductions in crop 

yield, an increase in total crop failure experienced and an increase in costs for livestock 

via housing and feeding as waterlogged grazing pastures became unsuitable for 

livestock (H Posthumus et al., 2009). Flooding has also led to soil erosion of the top 

soil in arable fields which can leave arable plots much less fertile (Boardman, 2003). 

At the same time, flooding has the ability to dramatically decrease the level of oxygen 

available to organisms which inhabit the soil due to the mechanisms of flooding 

(Mukhtar et al., 1996; T. Setter and Waters, 2003).  
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3.1.3 - Impact of flooding on the microbial production of greenhouse gases 

 The composition of soil is 50% solid matter, with 45% mineral and 5% organic 

matter, and 50% pore space which in a balanced system is made up of 25% air and 

25% water (Loganathan. P, 1987). As a soil becomes saturated during a flood the 

amount of air filled pore spaces falls to zero and the amount of available oxygen drops 

dramatically due to the slow diffusion rate of gases in water compared to air (Horchani 

et al., 2011). In a flood the soil environment can go from aerobic with a high oxygen 

availability to hypoxic and potentially anoxic in under 24 hours (Mukhtar et al., 1996). 

This means that organisms which require oxygen for respiration such as larger fauna 

and obligate aerobic microorganisms must either leave the flooded soil or move to a 

dormant form otherwise they will die (I M Unger et al., 2009; Ivask et al., 2012). The 

anoxic environment of the soil means that both obligate and facultative anaerobic 

microorganisms are able to proliferate (Baldwin and Mitchell, 2000). The drastic 

change in microbial communities can lead to shifts in soil biogeochemical cycles 

which lead to increases in the production of greenhouse gases such as methane and 

nitrous oxide (Hou et al., 2000; Jiao et al., 2006). 

 In a flooded system aerobic methanotrophs can no longer consume methane 

and anaerobic methanogens can begin to proliferate throughout the now anoxic soil 

profile which means that flooded soil quickly becomes a source of methane and not a 

sink (Stocker et al., 2013; Serrano-Silva et al., 2014). To put this in perspective 

flooded systems like wetlands are responsible for between 26% and 37% of the 

world’s annual global methane emissions (Saunois et al., 2020). On the other hand, 

previous work found that during a flood nitrous oxide production was repressed and 

once the flood ended there was a release in nitrous oxide from the soil (Sánchez-

Rodríguez, Hill, et al., 2019a). Also, duration of a flood may alter the amount of 

nitrous oxide produced after a flood subsides as in estuarine systems floods of a longer 

duration have been linked to lower emissions of nitrous oxide compared with shorter 

floods (Bruesewitz et al., 2013). Duration of flood may also have an impact on the 

emissions of methane from soils as methanotrophs may still be consuming methane 

early on in the flood and methanogens may begin to proliferate later in the flood 

although studies have shown that the activity of methanogens and not the number of 

methanogens increases during flooding (Hernández et al., 2017). Therefore there is a 
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need to understand how the duration of a flood may impact the emissions of 

greenhouse gases from soil and the microorganisms which emit them. However, not 

all soil is equal and different land-uses may result in variance of greenhouse gas 

emissions from microbial communities during a flood. 

 

3.1.4 - Potential impacts of land-use on microbially produced greenhouse gases 

during a flood 

 Land-use is a driver of microbial community change and previous work has 

shown that individual land-uses have distinct soil microbial communities (Jangid et 

al., 2008; Meyer et al., 2013). Similarly individual land-uses display differences in 

their methane and nitrous oxide emissions after flooding (Ambus and Christensen, 

1995; Yang et al., 2012). As methanogenesis is not made up of a singular pathway 

different land-uses may have variation in their methanogen communities, and which 

methanogenesis pathways are utilised, and during flooding this in turn may result in 

differences in the methane emissions of land-uses (Borrel et al., 2013; Costa and 

Leigh, 2014). At the same time denitrification is part of wider microbially driven 

nitrogen cycling which has many steps (Hayatsu et al., 2008). In non-flooded systems 

the amount of nitrous oxide that comes off the soil is impacted greatly by the amounts 

of nitrogen fertilizer, mineral or organic, which is applied to agricultural land (Skiba 

and Smith, 2000; Rezaei Rashti et al., 2015). This indicates that floods in different 

land-uses could lead to large variations in the emissions of greenhouse gases due to 

their inherent microbial communities, soil characteristics and inputs. 

 There are three distinct pathways of methanogenesis that all reduce different 

precursor metabolites (Borrel et al., 2013). The hydrogenotrophic pathway involves 

the reduction of CO2 and H2, the acetoclastic pathway involves the reduction of acetate 

and the methylotrophic pathway uses a variety methylated compounds such as 

methanol, methylamine, dimethylamine and trimethylamine (Fenchel et al., 2012). 

Methanogens are either able to use all of the pathways, a variety of pathways 

depending on their environment or just a single pathway (Hovey et al., 2005; Feist et 

al., 2006; Fenchel et al., 2012). Previous work examining the pathways of 

methanogenesis has explored differences in permanently flooded systems such as rice 

fields or wetland environments but not infrequently flooded agricultural land (Galand 

et al., 2005; Conrad et al., 2012). Consequently, the amount of methane produced 
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during a flood and the microbial community responses responsible for it across a land-

use intensity gradient has not been examined previously. 

 On the other hand, the nitrogen cycle is made up of a number of microbial 

pathways which move nitrogen gas in the atmosphere through a series of related 

compounds (Hayatsu et al., 2008). This allows for nitrogen to be made available to 

plants and other organisms in the form of ammonia and nitrate through nitrification 

(Franche et al., 2009). Particular microbes are then able to use the products of 

nitrification and reduce nitrate which is then used in the dissimilatory nitrate reduction 

pathway back to ammonia or the denitrification pathway back to nitrogen gas (Rütting 

et al., 2011). In an unflooded system fluxes of nitrogen and dissolved organic nitrogen 

are highest in agricultural grasslands compared to arable fields and are lowest in forest 

systems (Cookson et al., 2007). Agricultural land also has a greater capacity for 

nitrogen retention compared to land with no anthropogenic input (Raciti et al., 2011). 

In estuary systems, which experience periodic flooding, during a flood the sediment 

became a sink for nitrogen during the flood and a nitrogen source once the flood had 

ended, the flood also led to an increase in utilization of the dissimilatory nitrate 

reduction and nitrogen fixation pathways with an increase in denitrification after 

flooding subsided (Bruesewitz et al., 2013). This suggests that flooding has impacts 

on the microbial nitrogen cycle and land-uses will react differently due to different 

stored amounts of nitrogen. 

 

3.1.6 - Knowledge gaps 

 Studies of flooding have either focused on emissions of greenhouse gases, 

changes to taxonomy or how flooding impacts microbial greenhouse gas production 

pathways but not all three at the same time (I M Unger et al., 2009; Conrad et al., 

2012; Yang et al., 2012). Furthermore, most work has been done in the lab using small 

amounts of sieved soil (Shaw et al., 2013). This means macrofauna would be removed 

and soil structure destroyed before being reformed as an artificial soil system in a 

microcosm (Thomson et al., 2010). Often these studies using sieved soil do not include 

above ground vegetation which is integral to understanding soil systems due to the 

involvement of plants in carbon and nitrogen cycling in the real world (Brun and 

Barros, 2013). Regarding the inherent microbial and physio-chemical differences of 

individual land-uses which could result in contrasting patterns of greenhouse gas 
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emissions during a flood the outcomes of flooding in one land-use cannot be 

extrapolated to all land-uses (I M Unger et al., 2009; Ostle et al., 2009; Raciti et al., 

2011). Flood length is another aspect that is missing from artificial flooding studies 

with duration only being compared in real world studies of floodplains or estuaries 

(Gergel et al., 2005; Bruesewitz et al., 2013). The need to understand how flood 

duration will impact land-uses which do not usually flood exists as flooding 

throughout the UK is predicted to increase in both periodically flooded areas and never 

flooded areas (Thorne, 2014). There is also a need to understand how flooding and the 

duration of a flood will impact the emissions of methane, nitrous oxide and the 

microbial pathways connected to those greenhouse gases. 

 

3.1.7 - Experimental Overview 

 This experiment (which was also used in Chapter 2) used mesocosms from 

four land-uses of differing type and intensity (arable, high intensity grassland, mid 

intensity grassland and low intensity grassland) to assess the impacts of either a one 

month flood (long) or a two month flood (extreme) on the methane and nitrogen 

metabolisms of soil microbial communities in an outdoor experiment. Methane and 

nitrogen metabolisms of soil microbial communities were examined by the collection 

of methane and nitrous oxide gas prior, during and after both the long (four weeks) 

and extreme (eight weeks) floods, through the assessment of targeted predicted 

metagenomes based on 16S rRNA amplicon sequencing which determined which 

OTUs were linked to methane and nitrogen related genes and through qPCR 

techniques which examined the copy number per ng of extracted DNA of the mcrA 

gene which is essential in the microbial production of methane from the end of flood 

timepoint. This outdoor flooding experiment used artificial rain water to flood the 

mesocosms and to water the control cores. 

 

3.1.8 - Experimental Aims  

The aims and objectives of the experiment are the following: 

1. To investigate how the duration of flooding impacts methane and nitrous oxide 

emissions from soil across a land-use intensity gradient 

2. To determine how land use intensity and flood duration affect microbial 

populations and pathways involved in methane and nitrous oxide emissions  
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3.2 – Methods 
 
3.2.1 - Sample selection and preparation  

 Methods for sample selection including site selection and experimental setup 

through to DNA extraction and amplicon sequencing are detailed in the methods 

section of chapter two (2.2.1-2.2.11). 

 

3.2.2 - Relative abundance of methanogenic archaeal OTUs 

 The unrarefied 16S rRNA bacterial and archaeal OTU table created in section 

2.2.11 was used instead of the rarefied table to capture as many archaeal OTUs as 

possible due to the non-specific binding of the 16S rRNA primers (515f and 806r) to 

archaea. The unrarefied 16S rRNA OTU table was converted to relative abundance 

from reads to compare between samples. Archaeal OTUs were picked from the 

relative abundance table to create an archaeal OTU table in relative abundance. 

Methanogenic archaeal OTUs from the Euryarchaeota phylum were pulled from the 

archaeal OTU relative abundance table for comparison of flood and control samples. 

The phyloseq (McMurdie and Holmes, 2013) and vegan (Dixon, 2003) packages were 

used in R to analyse the relative abundance of methanogenic archaeal OTUs in flood 

and control samples across the four land-uses. 

 

3.2.3 - Predicted metagenomes via PICRUSt2 

 To establish predicted metagenomes from 16S rRNA amplicon data the 

PICRUSt2 tool was used (Douglas et al., 2019b). PICRUSt2 contains a selection of 

other bioinformatics tools grouped together to create a package which can produced 

predicted metagenomes based on amplicon sequencing data and genome sequences 

from the Integrated Microbial Genomes (IMG) database. The 16S rRNA OTU FASTA 

file processed in section 2.2.11 was aligned using HMMER and a multiple sequence 

alignment made of reference sequences from the IMG database (Finn et al., 2011). 

Aligned 16S rRNA OTUs were placed into a reference tree using two tools. EPA-NG 

(Barbera et al., 2019) was used to find where aligned 16S rRNA OTUs were most 

likely to be placed in the reference tree and GAPPA was used to create a treefile with 

aligned 16S rRNA OTUs placed as the mostly likely new tree tips (Czech et al., 2019). 

The PICRUSt2 script hsp.py which is based on the castor package from R (Louca and 

Doebeli, 2018) used the treefile created in GAPPA and assigned genomes to each OTU 
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on the tree from the IMG database. From genomes the copy numbers of gene families 

were predicted for OTUs as KEGG orthologs, as well as the 16S rRNA copy number 

for each OTU. This step also produced the nearest-sequenced taxon index (NSTI) 

numbers which show how closely related an OTU is to the reference genome used to 

predicted gene families. OTUs with a NSTI number higher than two were removed as 

the relationship between the OTU and reference genome was unreliable. In the final 

step the PICRUSt2 script metagenome_pipeline.py brought together the predicted 

gene copy numbers for each OTU and the 16S rRNA OTU table which included the 

OTU abundances for each sample to create a KEGG ortholog table with gene copy 

numbers for each sample in an unstratified table. This file was used in downstream 

analysis to examine the abundance of specific gene copy numbers in flood and control 

samples across the four land-uses. A schematic of PICRUSt2 can be seen in Figure 

3.1. 

 

 
 

Figure 3.1: Schematic of PICRUSt2 and the bioinformatics tools used to acquire 

a predicted metagenome from a 16S rRNA OTU FASTA file and an OTU table with 

reads per sample (Douglas et al., 2019b). 
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 The unrarefied 16S rRNA OTU table used in section 2.2.11 was converted to 

relative abundance to allow for comparison between samples and used in combination 

with the file from the hsp.py step which contained the KEGG ortholog copy numbers 

for each of the OTUs in a table to pull out OTUs which contained specific KEGG 

orthologs to compare the relative abundance of OTUs related to specific KEGG 

orthologs in flood and control samples across land-uses. KEGG orthologs related to 

the microbial methane or nitrogen metabolisms were grouped according to what gene 

they were involved with. The relative abundance of OTUs related to grouped KEGG 

orthologs involved with the microbial methane or nitrogen metabolisms were assessed 

and compared between flood and control samples. 

 

3.2.4 - Standard preparation for mcrA qPCR 

 DNA from a pure culture of Methanosarcina flavescens (DSM 100822) was 

acquired from the DSMZ. The mcrA gene was amplified from the DNA using two 

primer pairs (Table 3.1) which both capture total methanogens across multiple taxa. 

PCRs were set up using 1.25 l forward primer (10 µM), 1.25 µl reverse primer (10 

µM), 12.5 µl Q5® High-Fidelity 2X Master Mix, 9 l of DNAse free water and 1 l 

of pure culture Methanosarcina flavescens DNA. PCR reactions were run on a 

GeneAmp® PCR System 9700 thermocycler made by Applied Biosystems using the 

PCR conditions in Table 3.2. 

 

Table 3.1: Forward and reverse primer sequences for the amplification of total 

methanogens via the mcrA gene 

Primer 

Pair 

Name Primer Sequence (5’ → 3’) Base 

Pairs 

Reference 

mlas mlas (f) GGTGGTGTMGGDTTCACMCARTA 469 (Steinberg 

and Regan, 

2009) 

mcrA-rev 

(r) 

CGTTCATBGCGTAGTTVGGRTAGT  

mcrIRD mcrIRD (f) TWYGACCARATMTGGYT 490 (Lever and 

Teske, 

2015) 

mcrIRD (r) ACRTTCATBGCRTARTT 

 



 102 

Gel electrophoresis was used to determine amplification and quality of purified 

PCR products. 5 µl of purified PCR product was stained using New England BioLabs® 

Gel Loading Dye (6X) and was run on a 1% agarose gel which was made with a 1x 

TAE buffer. The 1x TAE buffer was made up of 40 nM Tris, 20 nM acetic acid and 

1mM EDTA. Prior to casting the gel GelRed, a nucleic acid stain, made by Biotium 

Inc. was added to make a final concentration of 0.005% (v/v). The gel was run for 45 

minutes at 90 V and viewed using Syngene’s U:GENIUS software. Samples were 

compared against the ladder to check for amplification at the right size for each primer 

pair. Samples amplified using the mcrIRD primer pair were not used in the next step 

as amplification was inconsistent, only samples amplified by the mlas primer pairs 

were used downstream. 

 

Table 3.2: Primer pairs and PCR conditions for total methanogen PCRs. 

Including both the mlas and mcrIRD primer pairs. 

Target Primer Pair PCR Cycle Conditions 

mlas (mcrA) mlas (f) 

mcrA-rev (r) 

95C – 3 min 30 sec 

95C – 30 sec 

55C – 45 sec 

72C – 30 sec 

72C – 10 min 

4C –  

mcrIRD (mcrA) mcrIRD (f) 

mcrIRD (r) 

95C – 5 min 

95C – 45 sec 

51C – 45 sec 

72C – 60 sec 

72C – 10 min 

4C –  

 

 Samples amplified using the mlas primer pairs were purified to remove excess 

Q5® High-Fidelity 2X Master Mix with Qiagen’s QIAquick PCR purification kit 

using the manufacturer’s instructions for increased DNA concentration. Samples were 

checked on an agarose gel using the above method to ensure for quality and then 

pooled together. The pooled sample was aliquoted by 15 µl in to 200 µl Eppendorfs 

40 cycles 

40 cycles 
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and stored at -20 C until needed as a positive standard for the qPCR. One aliquot of 

purified mcrA product from the Methanosarcina flavescens DNA was sent for 

overnight Sanger sequencing at GATC Biotech (Germany) which is part of Eurofins 

Genomics for confirmation of the product. Sanger sequencing results were run through 

BLAST which returned a 100% query coverage and 100% identity for the 

Methanosarcina mcrA region. 

 

3.2.5 – Quantification of methanogens by qPCR 

 Standards were prepared using the frozen purified mcrA PCR product from the 

Methanosarcina flavescens. The purified product was quantified using a NanoVolume 

N60 from IMPLEN to determine the copy number of mcrA amplicons in the standard. 

A tenfold dilution of the standard was prepared to use in the qPCR. A new aliquot of 

frozen purified mcrA PCR product was used for each qPCR plate and the product was 

quantified prior to each qPCR run. DNA that was extracted from summer flood 

samples in section 2.2.7 was re-quantified and diluted to 2 ng/l for the qPCR. 

Samples were prepared in triplicate using 10l of SsoAdvanced Universal SYBR® 

Green Supermix from Bio-Rad, 0.5 l of forward primer 10 nM (mlas), 0.5 l of 

reverse primer 10 nM (mcrA-rev), 2 l of template and 7 l of DNAse free water for 

a total of 20 l per reaction. Plates were run on an Aligent Technologies Stratagene 

Mx3005P using the PCR conditions for the mlas primers in Table 3.2 with a final 

extension at 72 C for 30 seconds instead of 10 minutes and a melting curve analysis 

to determine if the qPCR amplified the sole target amplicon. Ct values of the standards 

were compared against the Ct values of the samples to determine the copy number of 

the mcrA amplicon in each sample. Triplicates were compared and averaged to get a 

copy number per sample. Final qPCR values for mcrA copy number were calculated 

as copy number of mcrA per ng of extracted DNA. 

 

3.2.6 - Gas measurement 

 The static chamber approach was used to measure carbon dioxide, methane 

and nitrous oxide fluxes from the cores. Chamber lids were placed over each 

mesocosm and 10 mL gas samples were collected via a gas syringe from the overhead 

space every 10 minutes for half an hour. Chamber lids were solid to exclude carbon 

dioxide produced by above ground plants. This allowed carbon dioxide measurements 
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to be used as a proxy for below ground ecosystem respiration or microbial respiration. 

Gas samples were injected into an evacuated 3 mL Exetainer® vial from Labco 

Limited, UK immediately after collection. Methods for gas collection and 

measurements come from previously published work (Ward et al., 2013; Mason et al., 

2019). 

 Gas samples were run on a PerkinElmer Autosystem XL gas chromatograph 

(GC) with an electron capture detector for N2O, a flame ionization detector for CH4 

and argon carrier gas for analysis at the Centre for Ecology and Hydrology, Lancaster. 

A standard curve based on calibrated gas standard mixtures made up of 500 ppm CO2, 

10 ppm CH4 and 1 ppm N2O (BOC, UK) were used to convert sample peak areas to 

parts per million (ppm) concentrations and were corrected for instrumental drift where 

required. Concentration data in ppm for gas samples from the GC were transformed 

to the flux of mg CO2-C m-2 h-1 for CO2 data, to the flux of mg CH4-C m-2 h-1 for CH4 

data and to the flux of g N2O-N m-2 h-1 for N2O data.   

 

3.2.7 – Calculation of Equivalent Carbon Dioxide 

 The combined impact of methane, nitrous oxide and carbon dioxide emissions 

for each land-use were calculated as equivalent carbon dioxide measurements based 

on the global warming potential of each gas for the next 100 years. Equivalent carbon 

dioxide for methane was calculated by multiplying measurements by 34 and 298 for 

nitrous oxide. These numbers are the 100 year global warming potential for methane 

and nitrous oxide (IPCC Working Group, 2014). Average weekly equivalent carbon 

dioxide measurements for methane and nitrous oxde and carbon dioxide 

measurements were combined for during the floods and for during the month 

following the floods. 

 

3.2.8 - Statistical Analysis 

 Statistical analysis of the data produced was done using a variety of statistical 

packages in R such as, phyloseq, vegan, ggplot2 (Ginestet, 2011), Rmisc, cowplot, 

dplyr, broom, scales, limma (Smyth et al., 2005), reshape2 and ggpubr. Kruskal-

Wallis tests were used to determine significance between control and flooded 

treatments for microbial community analyses. Pearson correlations tests were done to 

determine the strengths of correlations between predicted gene copy numbers and 
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quantitative gene copy numbers. Methane, nitrous oxide and carbon dioxide emissions 

were analysed as dynamic fluxes, weekly fluxes during the flood and weekly fluxes 

for one month after the flood. Wilcoxon signed-rank tests were performed to 

determine significant differences between the greenhouse gas emissions of control and 

flooded treatments. 
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3.3 – Results 
 
3.3.1 - Microbial Respiration 

3.3.1.1 - Dynamic Carbon Dioxide Flux 

  

Net carbon dioxide fluxes from both the 4 and 8 week floods follow the control 

sample carbon dioxide flux in each of the four land-uses closely (Figure 3.2). Flooding 

did not lead to an overall change in carbon dioxide fluxes but there were some 

significant differences in carbon dioxide flux between flood and control samples at 

singular timepoints. In the arable and the low intensity grassland the carbon dioxide 

 
Figure 3.2: Carbon dioxide flux time series data from control (blue line), 4 week flood 

(red line) and 8 week flood (green line) samples from the start of the flood to two months 

after the end of the 8 week flood. Important dates are denoted with dashed vertical lines 

including the start of floods (black), end of 4 week flood (red) and end of 8 week flood 

(green). Error bars represent +/- standard error of the mean. Red asterisks denote 

significant difference between the carbon dioxide fluxes of control and 4 week flood 

samples and green asterisks denote significant difference between the carbon dioxide 

fluxes of control and 8 week sample. 
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flux peaked  during the third week of flooding for both the 4 and 8 week floods at 764 

mg CO2 m2 h-1 for the arable 4 week flood, 456 mg CO2 m2 h-1 for the arable 8 week 

flood, 1225 mg CO2 m2 h-1 for the low intensity grassland 4 week flood and 1072 mg 

CO2 m2 h-1 for the low intensity grassland 8 week flood. Both the high intensity 

grassland and mid intensity grassland had carbon dioxide flux peaks in the second 

week of flooding and peaked between 1236 and 1540 mg CO2 m2 h-1. The largest 

carbon dioxide peak was seen during the 8 week flood in the mid intensity grassland 

at 1540 mg CO2 m2 h-1. 

 

3.3.1.2 - Mean Weekly Carbon Dioxide Flux 

 When mean weekly CO2 emissions were calculated over the flood period and 

over the three weeks after the flood ended, there were significant increases in 

emissions during the 8 week flood in the arable land-use and a decrease in post flood 

CO2 emissions in the mid intensity flood after both the 4 and 8 week floods (Figure 

3.3). Mean weekly CO2 flux during the flood in the control treatments ranged between 

312 and 783 mg CO2 m-2 h-1, and after 4 weeks of flooding, mean weekly emissions 

ranged between 440 and 662 mg CO2 m-2 h-1, with CO2 fluxes between 483 and 602 

mg CO2 m-2 h-1 after 8 weeks of flooding. After the flood ended carbon dioxide 

emissions remained high in the samples which experienced an 8 week flood at 0.06 to 

3.8 mg CO2 m-2 h-1 but emissions returned to control levels in the samples which 

experienced a 4 week flood and ranged between -0.03 and 0.05 mg CO2 m-2 h-1f. 
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Figure 3.3: Mean weekly carbon dioxide flux during the eight week flood (A) and the four 

week flood (B) across each land-use and from four weeks after the end of flood across each 

land-use from the flood and the control samples after an eight week flood (C) and a four week 

flood (D). Error bars represent +/- standard error of the mean. An asterisk shows significant 

difference between control and flood samples within the same land-use based on the results 

from a Kruskal-Wallis test (p-value < 0.05). 

 

B. 

C. D. 

A. 
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3.3.2 - Microbial methane metabolism 

3.3.2.1 - Dynamic Methane Flux 

 Net methane emissions from the control treatment were negligible in all land 

uses over the duration of the experiment (Figure 3.4). Flooding resulted in increased 

detection of methane in all treatments, although there were considerable differences 

between land uses and with flood duration. In the mid intensity grassland mesocosms, 

only very small amounts of methane were detected during both the 4 and 8 week 

floods, with maximum concentrations lower than 0.4 mg CH4 m-2 h-1 compared to 

other land uses. Across the other land uses, very small amounts of methane were 

detected during the 4 week flood, with peak detection < 1 mg CH4 m-2 h-1. Methane 

emissions rose gradually after 4 weeks in all land uses, peaking at approximately 3 mg 

CH4 m-2 h-1 in both the arable and high intensity grassland mesocosms after 8 weeks. 

In the low intensity grassland mesocosms, maximum production of methane occurred 

after 7 weeks of flooding when over 100 mg CH4 m-2 h-1 was detected, with emissions 

declining after 8 weeks of flooding to 10 mg CH4 m-2 h-1. Following the end of 

flooding, methane emissions ceased in the arable and low intensity grassland 

mesocosms, but in the high intensity grassland mesocosms could still be detected at 

concentrations <0.2   mg CH4 m-2 h-1 for a further 2 weeks.  
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Figure 3.4: Methane flux time series data from control (blue line), 4 week flood (red 

line) and 8 week flood (green line) samples from the start of the flood to two months after 

the end of the 8 week flood. Important dates are denoted with dashed vertical lines 

including the start of floods (black), end of 4 week flood (red) and end of 8 week flood 

(green). Error bars represent +/- standard error of the mean. Red asterisks denote 

significant difference between the methane fluxes of control and 4 week flood samples and 

green asterisks denote significant difference between the methane fluxes of control and 8 

week sample. 

 

3.3.2.2 - Mean Weekly Methane Flux 

When mean weekly CH4 emissions were calculated over the flood period and 

over the three weeks after the flood ended, there were significant increases in 

emissions across all land uses for both the 4 and 8 week floods, relative to the control 

treatments during the flood and significant increases in emissions across all land uses 

after the flood ended for the 8 week floods but no differences for the 4 week floods 

(Figure 3.5). Mean weekly CH4 flux during the flood in the control treatments ranged 

between 0.05 and -0.02 mg CH4 m2 h-1, and after 4 weeks of flooding, mean weekly 

emissions had risen to between 0.12 and 0.31 mg CH4 m2 h-1, with further increases  
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Figure 3.5: Mean weekly methane flux from the start of the flood until the end of flood across 

each land-use from the flood and the control samples during an eight week flood (A) and a four 

week flood (B) and from four weeks after the end of flood across each land-use from the flood 

and the control samples during an eight week flood (C) and a four week flood (D). Error bars 

represent +/- standard error of the mean. An asterisk depicts significant difference between 

control and flood samples within the same land-use based on the results from a Kruskal-Wallis 

test (p-value < 0.05). 

* * * 

* * 

* 
* 

* 

A. B. 

C. D. 
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to between 0.19 and 16.6 mg CH4 m2 h-1 after 8 weeks of flooding. After the flood 

ended methane emissions remained high in the samples which experienced an 8 week 

flood at 0.06 to 3.8 mg CH4 m2 h-1 but emissions returned to control levels in the 

samples which experienced a 4 week flood and ranged between -0.03 and 0.05 mg 

CH4 m2 h-1. 

 

3.3.2.3 - Relative Abundance of Methanogenic Archaeal OTUs  

Methanogenic Euryarchaeota were detected in control and flooded soils from 

all four land uses, with relative abundance ranging between 0.003 and 0.3 % apart 

from the control soils from the low intensity grassland (Figure 3.6).  Across all land 

uses 8 different families of methanogenic archaea were detected, however, the 

Methanosarcinaceae was the dominant family detected in most soils. Both 4 and 8 

week duration floods resulted in significant (p<0.01) increases in the relative 

abundance of methanogenic archaea in the low intensity grassland soil.  This was most 

notable in the 8 week duration flood, in which relative abundance increased from 

0.000 % in the unflooded control soil to 0.299 %, which was over 60 % higher than 

the relative abundance detected in the 4 week flood treatment. The 4 week duration 

flood was associated with an equal increase in relative abundance of 

Methanosarcinaceae and Methanomassilicocaceae, while in the 8 week duration flood, 

85 % of methanogenic archaea sequences belonged to the Methanosarcinaceae, 10 % 

to the Methanocellaceae, and 5 % to the Methanomassiliicocaceae. The only other 

treatment in which there was a significant (p<0.01) increase in relative abundance of 

methanogenic Euryarchaeota was the 8 week duration flood in the high intensity 

grassland soil, in which relative abundance increased tenfold to 0.102 %, from 0.01 % 

in the unflooded control soil. This was associated with a large increase in 

Methanoregulaceae, which comprised 60 % of sequences, with the remainder 

belonging equally to the Methanobacteria, Methanomicrobiaceae and 

Methanosarcinaceae. 
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Figure 3.6: Mean relative abundance of methanogenic Euryarchaeota OTUs by their 

taxonomic families in control and flooded samples across four land-uses (arable, high IG, 

mid IG and low IG) after an eight week summer flood (a) or a four week summer flood (b). 

An asterisk denotes a significant difference between the relative abundance of total 

methanogenic Euryarchaeota OTUs of the control and flooded samples of a land-use based 

on a Kruskal-Wallis test (p – value < 0.05). Error bars represent +/- standard error of the 

mean of the total relative abundance of Euryarchaeota OTUs. 

 

3.3.2.4 - Copy number of mcrA gene post flooding 

 The mcrA gene was detected in all control and flooded soils. However, 

flooding resulted in a significant increase in mcrA copy number only in the low 

intensity grassland soil, and only after 8 weeks of flooding, when there was an 

increase, from 220 copies g-1 in the unflooded control soil to over 7100 copies g-1 

flooded soil (Figure 3.7A).  

When the fold change in mcrA gene copy numbers between control and flood 

soils was calculated there was an increase in copy number in flooded soils in both the 

4 and 8 eight week floods across all land uses except the 8 week flood in the arable 

land use and the 4 week flood in the mid intensity grassland (Figure 3.7). The fold 

change in mcrA copy number after the 8 week flood ranged from 0.62 in the arable 

land use to 43 in the low intensity grassland while after the 4 week flood fold change 

ranged from 0.67 in the mid intensity grassland to 7.61 in the arable land use. The 

trend in the fold change in mcrA gene copy numbers between control and flooded soils  

A. B. 
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Figure 3.7: Abundance of the mcrA gene after flooding across land-uses. Mean copy 

number of the mcrA gene per ng of extracted DNA from control, 4 week flood (B) and 8 

week flood (A) samples at the end of flood sampling period within four land-uses (arable, 

high IG, mid IG and low IG) and mean fold change of mcrA copy numbers per ng of 

extracted DNA between flood and control samples for each of the four land-uses after 

either an week flood (C) or a four week flood (D). An asterisk denotes a significant 

difference between the copy number of the mcrA gene of flood and control samples within 

a land-use based on the results of a Kruskal-Walis test (p-value < 0.05). Error bars 

represent +/- standard error of the mean. 

A. B. 

D. C. 
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matched the mean weekly CH4 fluxes in both the 4 and 8 weeks across all four land 

uses. 

   

3.3.2.5 - Comparison of predicted and quantitative mcrA copy numbers 

 After an eight week flood there was a significant positive correlation (p = 

0.0034) between the copy number of the mcrA gene per ng of extracted DNA and the 

predicted  relative abundance of the mcrA gene from the PICRUSt2 analysis (Figure 

3.8). However, after the four week flood there was no correlation between the copy 

number of the mcrA gene per ng of extracted DNA and the predicted relative 

abundance of the mcrA  gene (p = 0.66).  

  

 
 

 
 

Figure 3.8: Accuracy of PICRUSt2 results. Correlations between the copy number of 

mcrA per ng of extracted DNA and the PICRUSt2 predicted relative abundance of mcrA 

KEGG ortholog per sample after an eight week flood (left) (p-value = 0.00016, R = 0.62) 

and a four week flood (right) (p-value = 0.42, R = 0.15) across the four land-uses. 

 

3.3.2.6 - Microbial community methanogenesis pathway 

 PICRUSt analysis predicted the presence of 15 genes involved in six 

methanogenesis pathways across the samples (Figure 3.9). Overall, PICRUSt 

predicted that the 4 and 8 week floods in the low intensity grassland soil resulted in 

increased counts of 5 and 13 methanogenesis genes respectively, while for the 8 week 

flood in arable and high intensity grassland soils, there were predicted increases of 5 
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and 4 methanogenesis genes respectively. All other flood events were associated with 

predicted increases in less than 3 methanogenesis related genes. 

For the acetate pathway, both 4 and 8 week floods significantly increased the 

predicted count of acs and cdh genes across all soils, for both 4 and 8 week floods, 

with significant increases in both ackA and ackB only evident in the 8 week flood in 

low intensity grassland.  

For the CO2 pathway, there were predicted significant increases in fwd, ftr, 

mch mtd and mer genes in the 8 week flood in the low intensity grassland, with mtd 

also increasing significantly after a 4 week flood in this soil. In arable and high 

intensity grassland soils, the 8 week flood resulted in significantly increased mer gene 

counts.  

There were predicted significant increases in genes associated with the 

methanol (mta) and methylamine (mtm) methogenesis pathways in the low intensity 

grassland soil after both 4 and 8 week floods, and for the 8 week flood only, also in 

the dimethylamine (mtb) pathway. Flooding was not associated with a significant 

change in mtt genes associated with the trimthylamine methanogenesis pathway. 

The final step in methogenesis is conversion of Methyl Coenzyme M produced 

from the six methogenesis pathways to methane by mcr genes. Compared to control 

soil, predicted mcr gene counts were significantly elevated in the low intensity 

grassland soil after both 4 and 8 week floods, and in the high intensity grassland only 

after the 8 week flood.  
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Figure 3.9: Curated methanogenesis pathway with linked genes at each step. Barcharts 

depict the fold change in the relative abundance of OTUs, which were associated with 

each gene via PICRUSt2, between control and flood samples in the 4 week flood (darker 

shades) and in the 8 week flood (lighter shades) and across all four land-uses, arable 

(red), high IG (green), mid IG (blue) and low IG (purple). Log next to a gene name denotes 

that the fold change is in log2 fold change due to high fold change in some samples. Above 

the black dashed line OTU fold change increases after a flood and below the black dashed 

line fold change decreases. An asterisk denotes significant difference between the relative 

abundance of control and flood samples based on a Kruskal-Wallis test (p-value < 0.05). 

 

3.3.3 - Microbial nitrogen metabolism  

3.3.3.1 - Dynamic Nitrous Oxide Production 

In the arable and high intensity grassland mesocosms, emissions of N2O were 

detected 1 week following the start of the flood period, reaching 3300 g N2O-N m2 

h-1 in the high intensity grassland mesocosm, following which concentrations returned 

to amounts detected in the unflooded control, with further emissions of 200 - 900 g 
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N2O-N m2 h-1 detected 1 and/or 2 weeks following the end of the 4 or 8 week flood 

period (Figure 3.10). In the mid intensity grassland mesocosm, N2O emissions were 

sporadic, with fluxes between 250 and 980 g N2O-N m2 h-1 detected in both the 

control and flooded mesocosms within the 4 week flood period, a week after the end 

of the 4 week flood, and during weeks 6 and 7 of the 8 week flood. In the low intensity 

grassland mesocosm emissions of N2O were lower than in the other land uses, with 

emissions of less than 210 g N2O-N m2 h-1 detected at the end of the 4 week flood, 

and a week following the end of the 8 week flood. 

  

 
Figure 3.10: Nitrous oxide flux time series data from control (blue line), 4 week flood 

(red line) and 8 week flood (green line) samples from the start of the flood to two months 

after the end of the 8 week flood in the four land-uses (arable, high IG, mid IG and low 

IG). Important dates are denoted with dashed vertical lines including the start of floods 

(black), end of 4 week flood (red) and end of 8 week flood (green). Error bars represent 

+/- standard error of the mean. Red asterisks denote significant difference between the 

methane fluxes of control and 4 week flood samples and green asterisks denote 

significant difference between the methane fluxes of control and 8 week sample. 

 



 119 

3.3.3.2 - Mean Weekly Nitrous Oxide Flux 

 

 
  

 
Figure 3.11: Mean weekly nitrous oxide flux during the eight week flood (A) and the four 

week flood (B) across each land-use and from four weeks after the end of flood across each 

land-use from the flood and the control samples during an eight week flood (C) and a four 

week flood (D). Error bars represent +/- standard error of the mean. An asterisk shows 

significant difference between control and flood samples within the same land-use based 

on the results from a Kruskal-Wallis test (p-value < 0.05). 

A. B. 

C. D. 
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 When mean weekly flood and post flood N2O emissions were calculated there 

was a significant decrease in N2O emissions in the flood samples of the mid intensity 

grassland compared to the control during the 4 week flood (Figure 3.11). In mean 

weekly post flood N2O emissions for both the 4 and 8 week floods there was a 

significant increase in emissions after the flood in the high intensity and low intensity 

grassland land uses for both the 4 and 8 week floods and the arable land use in the 4 

week flood, relative to the control. The mean weekly flood N2O flux in the control 

treatments ranged between -1.50 and 390 g N2O-N m-2 h-1, during the 4 week flood 

the N2O flux fell between 0.53 and 63.96 g N2O-N m-2 h-1 and during the 8 week 

flood N2O flux  ranged between 14.11 and 118.69 g N2O-N m-2 h-1. The mean weekly 

post flood N2O flux in the control treatments ranged between -2.95 and 13.09 g N2O-

N m-2 h-1 and after 4 weeks of flooding, mean post flood emissions has risen to between 

73 and 395 g N2O-N m-2 h-1, conversely after 8 weeks of flooding N2O emissions 

decreased to between 17 and 142 g N2O-N m-2 h-1.  

 

3.3.3.3 - Microbial Community Nitrogen Cycle Pathway 

 PICRUSt analysis predicted the presence of 17 N cycle genes across the 

samples from 5 nitrogen cycle pathways (Figure 3.12). For nitrification (conversion 

of NH4+ to NO3-), there were significantly increased predicted counts of hao and 

nxrAB following the 4 week flood in the mid intensity grassland soil, and the 8 week 

flood in arable soil, respectively. For nitrate reduction (NO3- to NO2-) there were 

significant increases in predicted counts of napAB following the 8 week duration flood 

in the low intensity grassland soil. Predicted counts of nasA and nasB were 

significantly increased in high intensity grassland soil during the 8 week flood. For 

the dissimilatory nitrate reduction pathway (conversion of NO2- to NH4+) there were 

significant increases in predicted counts of nrfA genes across both 4 and 8 week floods 

in soil from all land uses, with predicted counts of nirA significantly increasing after 

8 weeks floods in the low intensity and high intensity grassland soils. For 

denitrification (conversion of NO2- to N2), there were significant increases in predicted 

counts of nirK, nirS, nor C and norB following the 8 week duration flood in the low 

intensity grassland soil. Predicted gene number of norB, which is involved in 

conversion of NO to N2O, was significantly increased by both 4 and 8 week floods in 

soil from across all land uses, except the 4 week flood in the mid intensity grassland 
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soil. Predicted counts of nirS and norC were increased in mid intensity grassland  soil  

following both 4 and 8 week floods. For nosZ, which converts N2O to N2, predicted 

gene count was significantly increased following both 4 and 8 week duration floods 

in the mid and high intensity grasslands soils. Predicted count of nifH nitrogen fixing 

genes (N2 to NH4+) significantly increased following both 4 and 8 week floods in soil 

from across all land uses. 

 
Figure 3.12: Curated nitrogen cycle pathway with linked genes at each step. Barcharts 

depict the fold change in the relative abundance of OTUs, which were associated with each 

gene via PICRUSt2, between control and flood samples in the 4 week flood (darker shades) 

and in the 8 week flood (lighter shades) and across all four land-uses, arable (red), high IG 

(green), mid IG (blue) and low IG (purple) land-uses. Above the black dashed line OTU 

fold change increases after a flood and below the black dashed line fold change decreases. 

An asterisk denotes significant difference between the relative abundance of control and 

flood samples based on a Kruskal-Wallis test (p-value < 0.05). 

 

3.3.4 – Overall Global Warming Potential of Land-Uses 

 The global warming potential of eight and four week floods across land-uses 

were determined via equivalent carbon dioxide emissions based on the fluxes of 

methane, nitrous oxide and carbon dioxide during and directly after the floods (Figure 

3.13). Equivalent carbon dioxide emissions significantly increased during the eight 

week flood in the high and low intensity grasslands. During the month after the four 
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and eight week floods subsided equivalent carbon dioxide emissions significantly 

increased in the low intensity grassland but in no other land-uses. 

 

 
Figure 3.13: Weekly global warming potential calculated as equivalent carbon 

dioxide during flooding. Global warming potentials for each land-use were 

calculated as equivalent carbon dioxide from carbon dioxide, methane and nitrous 

oxide fluxes during the the eight (A) and four (B) week floods and for the period 

four weeks after the eight (C) and four (D) week floods. Error bars represent +/- 

standard error of the mean. An asterisk shows significant difference between 

control and flood samples within the same land-use based on the results from a 

Kruskal-Wallis test (p-value < 0.05).   

 
 
 

  



 123 

3.4 - Discussion 
 

3.4.1 – Impact of flood duration on methane emissions 

 The higher mean weekly production of methane during an eight week flood 

compared to a four week flood, across all land-uses, suggests that the duration of 

flooding which the methane cycling microbial community experiences, plays a large 

role in emissions. There could be several reasons for the higher methane emissions 

after floods of a longer duration. The first is that methanogenesis is an anaerobic 

process and as flooding continues it creates an anoxic environment which may take 

time to form (Mukhtar et al., 1996). The energy yield of methanogenesis is very low 

and only results in between 0.5 to 2 ATP molecules per methane molecule generated, 

compared to glycolysis that generates 38 ATP molecules per glucose molecule 

reduced, which results in methanogens being slow growing organisms as this is the 

only method of respiration that they can utilise (Buan, 2018). Therefore, the longer 

period of anaerobicity during the eight week flood would have allowed more time for 

slow-growing methanogens to proliferate and produce methane compared to the four 

week flood. However, a quantitative increase in the number of methanogens based on 

qPCR results was only seen in a single land-use during the eight week flood which 

suggests that for most of the land-uses, a growth in the methane producing population 

is not what led to the increased methane emissions during longer floods.  

The higher weekly emissions of methane during the eight week flood 

compared to the four week flood may instead be due to the longer relative period of 

oxygen availability during the four week flood compared to the eight. Soils contain 

methanotrophs which are organisms that can oxidise methane and are predominately 

aerobic as they require oxygen to complete the reaction (McDonald et al., 2008). As 

oxygen depletion took place during the flood this would have prevented 

methanotrophs from consuming methane. However, at the start of the floods when 

oxygen was still present in the soil, methane production could have been offset by 

methanotrophs which may have contributed to the difference between the mean 

weekly methane emissions during the four and eight week floods.  

At the same time, recent work suggests that nitrate-reducing methanotrophs 

are also able to oxidise methane in an anaerobic environment, as the reduction of 

nitrite produces oxygen (Vaksmaa et al., 2017). Nitrification, which is the microbial 

process that results in the production of nitrate, is aerobic and cannot be completed 
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during the anoxic conditions of flooding which means nitrate is a limited substrate 

during flooding (Hayatsu et al., 2008). Therefore, nitrate-reducing methanotrophs may 

have been more active during the beginning of the floods when nitrate levels were 

higher. In addition, other biological processes require nitrate such as the dissimilatory 

reduction of nitrate pathway which was found to increase in both the four and eight 

floods across land-uses based on increases in predicted gene copy numbers. 

Differences in the communities of these microbes (methane producers and 

oxidisers) could account for some of the difference in methane production seen across 

the four land-uses between the four and eight week floods. Unfortunately, abundance 

of methanotrophs was not able to be examined during this study but in the future this 

could give a clear picture of how microbial groups responsible for methane cycling 

respond to flooding. 

The analysis of predicted metagenomes from PICRUSt2 provided more 

evidence that the slow growing nature of methanogens contributed to the increased 

weekly emissions of methane during the eight week flood compared to the four week 

flood. PICRUSt2 results identified that in the acetoclastic pathway there were 

significant increases in predicted genes after both durations of flood for all of the four 

land-uses. Acetoclastic methanogenesis has previously been shown to contribute to 

66% of the methane production in freshwater sediment systems, which are the most 

comparable to flooded soil (Fenchel et al., 2012). However, the hydrogenotrophic 

methanogenesis pathway only had significant increases in associated predicted genes 

after the eight week flood across land-uses apart from the mid intensity grassland, and 

not the four week flood. This is in line with previous work on methanogenesis which 

suggests that due to the large ATP requirement to produce the precursor substrates 

needed for hydrogenotrophic methanogenesis, the methanogens which use this 

methane pathway grow much slower than those which use the acetoclastic pathway 

(Fenchel et al., 2012). As, the hydrogenotrophic pathway and the acetoclastic pathway 

utilise different substrates methanogens will not compete with one another. Therefore 

the increase in weekly methane emissions during the eight week flood may be due to 

the increases in activity of multiple methanogenesis pathways. 

However, there are limitations to the use of PICRUSt2 as it relies on amplicon 

data and produces a predicted value instead of real gene copy numbers like qPCR,  but 

due to time and monetary constrains, doing large numbers of qPCRs or metagenomic 

analyses for all samples were not feasible in this project and, when compared with the 
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other available bioinformatics tools for metagenome prediction, PICRUSt2 was found 

to be most accurate (Douglas et al., 2019b). When comparing qPCR results against 

PICRUSt2 results of the mcrA gene copy numbers, there was a strong significant 

positive correlation in the eight week flood results across the land-uses but there was 

no significant correlation between the four week flood results. This could suggest that 

PICRUSt2 lacks the ability to pick up on low levels of gene copy numbers but it could 

also be due to the limitations of amplicon sequencing and the primers used which are 

biased against methanogenic groups of archaea (Campanaro et al., 2018). This may 

mean that PICRUSt2 creates an underestimation of the impacts of flooding on 

methanogenesis gene pathways and cannot pick up on fine detail due to the low 

relative abundance of methanogens seen after the four week floods.  

 

3.4.2 - Impact of land-use during a flood on methane emissions 

This work found that during the four week flood all four land-uses produced 

comparable amounts of methane. However, during the eight week flood, the low 

intensity grassland produced on average 33 times more methane per flooded week than 

the land-use with the next highest production of weekly methane. Furthermore, the 

amount of methane produced from the low intensity grassland land-use during the 

eight week flood was more than 100 times higher than the amount of methane 

produced from a UK peatland in a previous study (Ward et al., 2013) which due to 

constant waterlogging and their high carbon content are a known source of methane 

and combined with other wetlands are responsible for approximately 30% of the 

world’s global methane emissions (LAI, 2009; Saunois et al., 2020). Therefore, 

variation in land-uses can lead to large differences in the fluxes of methane during 

longer floods and previous studies investigating methane emissions which only 

included one land-use when examining flooding cannot be extrapolated to other land-

uses.  

After the eight week flood the low intensity grassland resulted in significantly 

higher methane emissions than the other land-uses which was supported by a 

significant increase in methanogenic OTUs. However, the high intensity grassland 

also resulted in significant increases in methanogenic OTUs after the eight week flood 

but had significantly lower methane emissions than the low intensity grassland. This 

may have been due to the different methanogenesis pathways of the dominant 
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methanogenic OTUs. The high intensity grassland was dominated by 

Methanoregulaceae, which use the hydrogenotrophic pathway (Sakai et al., 2012) and 

the low intensity grassland was dominated by Methanosarcinaceae which use the 

acetoclastic pathway (Hernández et al., 2017). If acetate was more readily available 

than CO2 during the flood, this could account for the difference in methane production 

after the eight week flood between these two land-uses. Our results suggest that levels 

of CO2 did not uniformly increase or decrease relative to the control throughout the 

duration of the flood. Conversely, previous work has found that during a flood, acetate 

concentrations within the soil increase which suggests that levels of acetate may have 

risen during the eight week flood which was metabolised by methanogens leading to 

an increase in methane emissions (Peters and Conrad, 1996). In future work to confirm 

this the concentration of acetate and other precursors of methanogenesis in the soil 

should be measured. 

However, the full diversity of methanogenic taxa likely was not captured. The 

primers used for this section of work were designed as a universal 16S rRNA primer 

pair for all bacteria and archaea, but as bacteria are more abundant in the soil, with 

archaea only making up an average of 2% of 16S rRNA gene sequences across a 

variety of soils (Bates et al., 2011), the resolution of archaeal taxa picked up with these 

primers was poor. Also, previous studies have found that the 806f and 515r 16S rRNA 

primer pair is biased against several taxonomic groups (Walters et al., 2016), including 

the Eurarchaeota (Campanaro et al., 2018) which is the group of interest here as it 

contains all methanogenic archaea. At the same time, genomic DNA was used which 

includes dead and non-replicating microbes. After a serious disturbance such as a 

flood some microbial groups will experience die back (Van Schreven and Sieben, 

1972) but the DNA can still persist in the environment for weeks up to years (Levy-

Booth et al., 2007) and in a normal soil environment on average 40% of prokaryotic 

DNA extracted from the soil was found to be from non-intact cells (Carini et al., 2016). 

This may mean that the methanogens which were identified here were not active. 

Future work should instead use transcriptomics or RT-qPCR to capture the active 

methanogenic community which would have been responsible for the methane 

emissions during the flood. 

This work not only found that the relative abundance of methanogenic OTUs 

increased after an eight week flood in the low intensity grassland but also found that 

the low intensity grassland had a significant increase of 45 times the number of mcrA 
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copy numbers after a flood compared to the control. These two results combined with 

the high level of methane coming off the low intensity grassland during the eight week 

flood suggest that there was a true proliferation of methanogenic archaea in the low 

intensity grassland during the eight week flood. Conversely, there was no significant 

difference in mcrA copy numbers between the control and flood samples within any 

of the other three land-uses despite there being a significantly greater production of 

methane in the flooded samples. It is possible that methanogenic communities present 

in these land-uses were equally abundant in the flood and control samples but were 

only activated under anaerobic flood conditions and did not proliferate. This meant 

that the amount of methane that a land-use produced in either the eight or the four 

week floods may not be linked to the mcrA levels in the control or the flood samples 

and that methane production from a flood may not be predicted based on prior mcrA 

levels.  

The use of genomic DNA instead of mRNA here meant that the high levels of 

mcrA in the controls of all land-uses except for the low intensity grassland could be 

due to non-active or dead cells (Levy-Booth et al., 2007). Dead or inactive 

methanogens could be introduced to agricultural soils via bovine and ovine rumen 

through manure (Aira et al., 2015). Cows and sheep were known to periodically graze 

on both the high and mid intensity grassland during the period before sampling 

mesocosms and both the arable and mid intensity grassland had cow and sheep manure 

applied as a nitrogen fertilizer annually. As the low intensity grassland was last used 

in an agricultural setting at least 30 years ago, inputs from ruminants can be ruled out 

here. Ruminant grazing animals are a large source of methane due to the methanogens 

in their gut microbiomes (Shi et al., 2014; Tapio et al., 2017). The taxonomic group 

of methanogens that is most commonly associated with the bovine and ovine rumens 

are the Methanobrevibacter, which are in the family Methanobacteriaceae (Wright et 

al., 2008; Danielsson et al., 2017). Methanogens from the Methanobacteriaceae family 

were identified in the flood and control samples after both the four and eight week 

floods in every land-use, except the low intensity grassland. Methanoregulaceae, the 

taxonomic family which makes up the greatest relative abundance in the high intensity 

grassland after the eight week flood, has also been found in manure samples (Kongjan 

et al., 2019; Zhang et al., 2019) and they too were not found in any of the low intensity 

grassland samples. This could point to mcrA data being skewed by dead cells from 

animal manure as land-uses that may have come into contact with animals had OTUs 
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identified as being present in manure samples in other studies. Detection of dead or 

inactive methanogen cells could be avoided in future experiments by using RT-qPCR 

of the mcrA gene in order to quantify methanogens which are actively transcribing the 

gene.  

After the eight week flood in the low intensity grassland, there was a 

significant increase in 13 out of the 15 genes identified as being associated with 

methanogenesis. The low intensity grassland after the eight week flood was also the 

land-use flood treatment combination which lead to the highest production of methane 

during the flood and likely had a proliferation of methanogens, as indicated by the 

mcrA data and amplicon sequencing. This suggests that there is a significant difference 

between either the microbial communities or the soil physio-chemical characteristics 

controlling methanogenesis of the low-intensity grassland and the other three land-

uses. The two methanogenesis pathways which contribute the most to methanogenesis 

are the hydrogenotrophic and acetoclastic pathways (Fenchel et al., 2012), which 

require H2/CO2 and acetate respectively. However, in an anaerobic system where 

sulfate is present, sulfate reducing bacteria compete with methanogens for these 

substrates and therefore methane production is supressed (Achtnich et al., 1995). 

Methanogens, due to their slow-growing natures are inferior competitors and lose out 

to faster-growing sulfate reducers when sulfate is present (Lovley et al., 1982; Lovley 

and Klug, 1983). Previous work has found long-term, continual application of animal 

manure to increase the amount of available sulfur in grassland and arable systems 

(Knights et al., 2000). Chemical fertilizers used can also commonly contain sulfate, as 

ammonium sulfate is used to deliver nitrogen to the soil for plant growth. Work in 

China found that the addition of ammonium sulfate to a rice paddy led to a 60% 

decrease in methane emissions (Cai et al., 1997). All three land-uses with an 

anthropogenic input used in this study, the arable, high intensity grassland and mid 

intensity grassland, receive either manure as a natural fertiliser or chemical fertilisers 

continually and they have received this for a number of years.  

This is supported by the significant increase of the predicted genes in three 

pathways of methylotrophic methanogenesis in the low intensity grassland after the 

eight week flood which was not seen in any other land-use. Previous work has found 

that methylotrophic methanogenesis can account for up to 98% of methane produced 

in sulfate depleted areas which suggests that the low intensity grassland may have 

lowered concentrations of sulfate compared to other land-uses (Zhuang et al., 2018). 



 129 

It is possible that the difference in methanogen populations and methane production 

between the land-uses is due to the increased levels of fertilizers which leads to 

increases in sulfate which encourages the growth of sulfate reducing bacteria which 

compete with methanogens for substrates such as acetate and H2/CO2. Unfortunately, 

the specific types of fertilizers, and their sulfate content, which had been used in recent 

years on the arable, high and mid intensity grasslands are unknown. In future work 

soil sulfate levels should be measured to determine whether high soil sulfate levels 

correlate with a reduction in methane emissions which may suggest sulfur reducing 

bacteria competing with methanogens for substrates. 

 

3.4.3 – Microbial Nitrogen Metabolism 

Similarly, the differences in the post flood emissions of nitrous oxide between 

land-uses after floods of both durations may be explained by the differences in 

fertilizer applications. Emissions from the high intensity grassland and the arable land-

uses were higher than the mid and low intensity grasslands in both the four and eight 

week floods. Unlike the mid and low intensity grasslands, both the high intensity 

grassland and the arable land-uses received chemical nitrogen fertilizers, which have 

been shown to lead to an increase in the nitrous oxide emissions from the soil in an 

unflooded system (López-Fernández et al., 2007). The high intensity grassland had 

higher nitrous oxide emissions in both the four and eight week floods than the arable 

land-use in this study. This is supported by previous work on Spanish nitrous oxide 

emissions from different land-uses, which found higher nitrous oxide emissions 

coming off grasslands compared with arable land under the same fertiliser regime 

(Vilain et al., 2010). However, some of the differences in the post flood nitrous oxide 

emissions between land-uses may have been due to the metabolism of nitrous oxide 

before it could be emitted. The nosZ gene is involved in the production of N2 from 

N2O and the predicted abundance of this gene increased in the high and mid intensity 

grasslands after both the four and eight week flood. This could explain the lower 

nitrous oxide emissions from both the four and eight week floods in the mid intensity 

grassland. It is also possible that without the increase in nosZ after a flood in the high 

intensity grassland, that nitrous oxide emissions would have been much higher. 

However, nitrous oxide emissions did not follow the same trend as methane 

emissions during a flood as across the four land-uses as there were no differences in 
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nitrous oxide emissions between flood and control treatments during the flood. This 

was expected as the process of nitrification which results in the production of the 

majority of nitrous oxide emissions is an aerobic microbial process (Norton, 2015). 

Nitrous oxide emissions may have not decreased during the flood due to the continued 

production of nitrous oxide from incomplete denitrification which is higher under 

anoxic conditions (Zhang et al., 2020). Conversely, in the recovery period after both 

the four and eight week floods, nitrous oxide emissions were greater in the flood 

treatment than the control. The increase in nitrous oxide emissions from soil after a 

flood has been previously documented as redox conditions become favourable again 

as oxygen levels in the soil increase again (Sánchez-Rodríguez, Hill, et al., 2019b). As 

directly after the flood oxygen content may be low due to continued high soil moisture, 

this could have caused the large spike in nitrous oxide emissions after the floods due 

to the higher production of nitrous oxide from both incomplete denitrification and 

nitrification under anoxic conditions compared to oxic conditions (Zhang et al., 2020). 

Duration of the flood had the opposite impact on nitrous oxide emissions that 

it had on methane emissions, as weekly post-flood nitrous oxide emissions were higher 

after the four week flood than the eight week flood. This could be due to the difference 

in oxygen levels between the soils of the two flood durations. It is possible that the 

four week flood treatments did not reach a completely anoxic state like the eight week 

flood appeared to do, shown by the large amount of methane released in the sixth week 

of the flood. In other work, shorter more frequent waterlogging of a floodplain resulted 

in larger nitrous oxide emissions than a longer flood which is in line with what was 

found here (Gergel et al., 2005). Consequently, previous work has shown that in a 

hypoxic environment nitrous oxide emissions are higher than in an anoxic 

environment (Jia et al., 2013). To explore this, future experiments on flooding should 

measure dissolved oxygen content to record the level of oxygen present during 

flooding. 

 Higher emissions of nitrous oxide after the four week flood compared to the 

eight week flood may have been related to the uptake of nitrate, which is a precursor 

to denitrification. Nitrification, which is the microbial process involved in the 

production of nitrate, requires oxygen (Wrage et al., 2001). This meant that during the 

flood, the production of nitrate halted and soil levels may have decreased due to plant 

assimilation. During the eight week flood, reserves of nitrate may have been lower 

compared to during the four week flood, as it is the most stable preferred form of plant 
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accessible nitrogen and biomass data suggested that vegetation growth did not stop 

during the floods (Esteban et al., 2016). Future research should measure nitrate levels 

to understand if this precursor becomes depleted throughout the duration of a flood 

and whether nitrate levels have a correlation with nitrous oxide emissions. 

  At the same time, based on PICRUSt2 results within the dissimilatory nitrate 

reduction pathway, the gene nrfA significantly increased after both the four and eight 

week floods in all four land-uses. The increase in genes of this pathway suggests that 

nitrate levels may be further depleted in the eight week flood due to  conversion of 

nitrate to ammonia. This pathway has been shown to take place under anaerobic 

conditions in flooded environments previously (Tiedje, 1988) and bacteria which 

contain these genes have been found within flooded soil systems (Kraft et al., 2011; 

Fernandes et al., 2012). In an unflooded system, bacteria which utilise the 

dissimilatory nitrate pathway compete with bacteria which utilise denitrification 

pathway for nitrite and nitrate but neither pathway easily outcompetes the other (van 

den Berg et al., 2016). This could be one of the reasons that nitrous oxide emissions 

only increase after the flood is over as denitrification is predominantly an aerobic 

process and during the flood which creates an anoxic environment nitrate and nitrite 

may be taken up by the dissimilatory nitrate pathway which is an anaerobic pathway.  

 Additionally, PICRUSt2 results suggested that after flooding there were 

increases in bacteria predicted to use the nitrogen fixation pathway which also 

produces ammonia. Predicted abundance of the gene nifH, involved in the nitrogen 

fixation pathway, significantly increased after both the four and eight week floods 

across the four land-uses. The gene nifH encodes for the enzyme nitrogenase, which 

is oxygen sensitive and is destroyed in the presence of oxygen (Gallon, 1981). This 

means that nitrogen fixing bacteria must either live in protective nodules produced by 

legumes as a form of symbiosis (Hunt and Layzell, 1993) or as free living microbes in 

anaerobic environments (Rinaudo et al., 1971). Research has shown that the 

abundance of nifH decreases during a flood, however, these studies were looking at 

nitrogen fixers living in symbiotic nodules within legumes (Sánchez et al., 2010; 

Souza et al., 2016). There were no legumes growing in the mesocosms of any of the 

four land-uses used in this study and only free living non-symbiotic nitrogen fixing 

microbes would have been present. Therefore, it is possible that non-symbiotic, free 

living nitrogen fixers increase in abundance during a flood. However, this should be 
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confirmed with quantitative methods such as qPCR of functional genes involved in 

nitrogen fixation such as nifH.  

 Furthermore, this may have consequences on plant health as both the nitrogen 

fixation pathway and the DNRA pathway lead to the production of ammonia. In small 

concentrations, ammonia has positive impacts as, although nitrate is a more stable 

form of plant accessible nitrogen, ammonia can also be assimilated by plants and used 

as a nitrogen source. However, at high concentrations of ammonia, plants can 

experience ammonia toxicity (van der Eerden, 1982). Ammonia toxicity symptoms 

can include oxidative stress, cell death and necrosis of leaves (Esteban et al., 2016). 

This on top of the oxygen stress that plants experience during a flood which may 

contribute to the plant death which occurs during flooding (Kreuzwieser and 

Rennenberg, 2014). Due to the different levels of nitrogen input via fertilizers in each 

land-use, it is possible that plants experienced different levels of ammonia toxicity 

during flooding across land-uses, despite the lack of differences in predicted genes 

related to ammonia production.  In future experiments, both the concentration of 

ammonia and symptoms of plant health should be recorded to understand whether this 

microbially driven phenomenon puts plants under additional stress during a flood. 

 

3.4.4 - Conclusion 

 Here we have shown that both methane and nitrous oxide emissions from soil 

microbial communities were impacted by flood duration and land-use. We found that 

flood duration may have impacted the emissions of greenhouse gases due to the length 

of anaerobicity that the microbial communities experienced. We hypothesise that 

longer floods lead to greater methane emissions due to the slow growth of 

methanogens, particularly methanogens involved in the hydrogenotrophic pathway 

and that the decreased ability of methanotrophs to oxidise methane coupled with the 

potential reduction in nitrate which methanotrophs may utilise in anaerobic 

environments meant that longer floods resulted in greater net methane emissions. We 

also found that during longer flooded periods there were differences in methane 

emissions between land-uses. In particular there were large emissions from the low 

intensity grassland corresponding to a proliferation of methanogens which was not 

seen in any other land-use, and this was linked with increases in a greater number of 

methanogenesis pathway genes in this land-use. At the same time, we propose that 
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land-use management may be associated with the differences in methane emissions 

across land-uses as sulfate from nitrogen fertilizers may allow for greater competition 

between sulphate reducing bacteria and methanogens for precursor metabolites in 

land-uses with anthropogenic inputs. The addition of nitrogen fertilizers was also 

attributed to the differences seen in nitrous oxide emissions between land-uses as we 

did not see differences in the microbial pathways related to nitrous oxide production 

in individual land-uses. At the same time the lowered emissions of nitrous oxide after 

a longer flood across land-uses may also be explained by the reduction in the precursor 

nitrate which we hypothesized to decrease during flooding due to the increase in the 

microbial dissimilatory nitrate pathway. Finally, I hypothesized that due to the 

increases of the dissimilatory nitrate pathway and the nitrogen fixation pathway the 

flooded environment may have an increased ammonia concentration which could have 

negative impacts on plants.  
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CHAPTER 4 – THE IMPACT OF COMPOUND 
WEATHER EVENTS ON MICROBIAL COMMUNITY 
STRUCTURE AND TAXONOMY COMBINED WITH A 

COMPARISON OF FLOODING AND DROUGHT 
 

4.1 – Introduction 
 

4.1.1 – Incidence of extreme weather events globally 

 Out of all the extreme weather events which the Earth experiences none are so 

varied and widespread as flooding and drought (Kundzewicz et al., 2002). They can 

occur and end rapidly or they can be drawn out and last years and out of all extreme 

weather events they impact more people worldwide than any other extreme weather 

event with 3.4 billion people affected by flooding and drought from 1995 – 2015 

(Wahlstrom and Guha-Sapir, 2015). They are extreme weather events which have the 

capacity to cause huge amounts of damage across a wide number of sectors and large 

geographical areas with some of the biggest impacts occurring in the agricultural 

sector. Throughout the early 21st century (2000 – 2017) flooding and drought have 

caused damages equalling $596 billion US dollars around the world (He et al., 2020). 

Over the last twenty years flooding and drought events have dominated news 

reports globally. For example persistent heavy rainfall for nine months culminating in 

the wettest Febuary ever on record led to extensive flooding during 2020 in the UK 

which lasted for at least a month and a half in some areas (Parry et al., 2020). Similar 

events have occurred in Japan where in 2016 unprecedented heavy rainfall occurred 

in Hokkaido, Japan’s northern island, which resulted in flooding across 40,258 ha of 

agricultural land and losses of 260 million US dollars (Kimura et al., 2019). In the 

same year heavy rainfall which lasted for a month during the summer in China resulted 

in catastrophic floods which impacted 10 provinces and resulted in 22 billion dollars’ 

worth of damage (Li et al., 2019). Conversely, droughts in China in 2013 led to crop 

loss across 209,000 km2 of agricultural land which resulted in a loss of roughly 4.71 

billion US dollars (Chou et al., 2018). In 2015 the US state of California was in the 

middle of a six year long drought but in this year alone 97% of the state was 

experiencing drought, 70% was experiencing an extreme drought and almost half of 

the state was facing an exceptional drought which resulted in agricultural losses of 

$2.7 billion (Tortajada et al., 2017). Finally, in northern Australia extreme droughts 
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are an annual occurrence which destroy approximately 19% of agricultural outputs per 

year (Thi Tran et al., 2016).These are just a few examples of a worldwide 

phenomenon. 

Globally, under the RCP 8.5 emissions scenario, flooding and drought are 

predicted to increase due to an increase in consecutive dry days and consecutive wet 

days coupled with long periods without rain but intense precipitation when it does rain 

(Easterling et al., 2000; Knapp et al., 2008; Riahi et al., 2011; IPCC Working Group, 

2014). The Expert Team on Climate Change Detection and Indices, a branch of the 

IPCC, found that across Europe winters and summers are predicted to have significant 

increases in consecutive rainfall, an increase in the number of very wet days and the 

number of days with heavy precipitation by 2100 (Collins et al., 2013; Sillmann et al., 

2013). However, In Europe the incidence of drought is also predicted to increase with 

a seven fold increase in consecutive droughts across Europe and drought impacting 

new areas which did not periodically experience drought previously by the end of the 

21st century (Hari et al., 2020). By the last half of the 21st century drought across 

Western North America is predicted to increase, resulting in the driest century on 

record (Cook et al., 2015). However, within the same timeframe along the Western 

coastline of North America flooding is predicted to be three times more likely (Filipiuk 

and Hu, 2018). The same increase in flooding and drought is predicted for parts of 

Asia (Liang et al., 2019; Yao et al., 2020). This increase in extreme weather events 

means it will be much more likely for one extreme weather event to follow another in 

the coming century. 

There have already been many documented cases of one extreme weather 

event following another in rapid succession. Repeated droughts have been seen in 

many locations but notably have been seen recently across Australia, California and 

Spain where multi-year droughts receive very little precipitation (Berbel and Esteban, 

2019). Additionally, repeated flooding has been seen across the world either due to 

annual river flows or extreme weather events like heavy rainfall and tropical storms 

which can occur multiple times in one year (Zolotokrylin and Cherenkova, 2017; 

Islam et al., 2018; Schaffer-Smith et al., 2020). However, combinations of different 

weather events are now being observed in succession. For example in 2012 the UK 

was experiencing one of the worst droughts in a century when hit with severe heavy 

precipitation resulting in the wettest April-July in 250 years and culminating in 

standing water floods all the way from April through to early September (Parry et al., 
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2013). Conversely, the opposite happened during 2020 as at the start of the year the 

UK experienced multiple heavy rainfall events which led to widespread flooding in 

January and Febuary but May saw exceptionally low rainfall, low river flows and low 

soil moisture which resulted in droughts across portions of the UK (Williams, 2020). 

These multiple weather events have been described as compound events in emerging 

literature and evidence suggests that they may have disproportionally severe impacts 

on ecosystems compared to a single event (Johnstone et al., 2016; Zscheischler et al., 

2018; Dodd et al., 2020). 

 

4.1.2 – The impact of flooding and drought on microbial communities 

As well as having huge economic impacts flooding and drought can have 

devastating effects across ecosystems. Both extreme weather events can lead to plant 

death and changes in the community composition of above ground vegetation while 

drought can also result in a decrease of net primary productivity (Churchill et al., 2014; 

Martínez-Arias et al., 2020). At the same time flooding and drought can result in the 

loss of above ground animal species and changes in their diversity (Alho and Silva, 

2012). Equally organisms living within the soil such as earthworms decrease in 

relative abundance after both types of extreme weather events and can take up to half 

a year to recover from flooding (Plum and Filser, 2005). Similarly, soil 

microorganisms which preside over a number of ecosystem services are not exempt 

from the impacts of flooding and drought. Microbial communities fill important niches 

in soil as they support a number of ecosystem services such as nutrient cycling, carbon 

sequestration, regulation of greenhouse gases and form mutualisms with plants 

(McCulley et al., 2004; Six et al., 2006; Singh et al., 2010; Albornoz et al., 2016). 

However, certain soil microbes are involved in less desirable processes such as the 

production of greenhouse gases, for example methane or nitrous oxide, or exist as 

pathogens of plants and/or animals (Bull et al., 2010; Singh et al., 2010; Hernández et 

al., 2017; G et al., 2017).  

Flooding and drought have different impacts on soil microbial communities 

due to the differences in the physiochemical environments that they create. Flooding 

results in an anaerobic environment because of the slowed gas exchange between 

water and the soil surface whereas drought leads to an environment void of water 

which is needed to sustain life (Mukhtar et al., 1996; T.L. Setter and Waters, 2003). 
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Prior work has shown that both bacterial and fungal communities significantly change 

in community composition after flooding and drought (Kaisermann et al., 2017; 

Sánchez-Rodríguez, Hill, et al., 2019a). For example, Acidobacteria decreased and 

Actinobacteria increased after a drought (Barnard et al., 2013) whereas flooding led 

to decreases in Planctomycetes, Rhodobacterales and Rhodospirillales and increases 

in Gemmatimonadetes and Myxococcales (Randle-Boggis et al., 2018) as well as 

increases in anaerobic taxa including Geobacteraceae and Anaerolineaceae (Jiao et al., 

2019; Gschwend et al., 2020).  

Both flooding and drought result in a decrease in the respiration of soil 

microorganisms (Borken et al., 2006; I M Unger et al., 2009). Based on PLFA data 

flooding may reduce fungal abundance relative to bacteria, whereas drought may 

cause the opposite effect (Bapiri et al., 2010; Sánchez-Rodríguez, Hill, et al., 2019a). 

Furthermore, de Vries et al. (2018) found that two months after the end of a drought 

bacterial communities had still not recovered whereas fungal communities recovered 

within a week of the drought ending. Conversely, four months after the end of a flood 

diversity and abundance of mycorrhizal fungi communities had still not recovered 

(Barnes et al., 2018). This suggests that these two contrasting extreme weather events 

result in different impacts on the soil microbial community but this would need to be 

confirmed in a side by side comparison of the impacts of flooding and drought on soil 

microbial communities. 

The difference in the impact of flooding and drought on soil microbial 

communities suggests that compound weather events including both flooding and 

drought may have additive or synergistic effects on soil microbial communities. 

Previous work on how soil microbial communities are impacted by compound weather 

events have focused on multiple weather events of the same type. Studies have shown 

that a prior drought has no legacy effect on microbial communities which experienced 

a second drought as there was no difference between the bacterial and fungal 

communities which were subjected to either a control period or a drought prior to a 

second drought (Bapiri et al., 2010; Kaisermann et al., 2017). However, a prior flood 

does lead to legacy effects on the structure of microbial communities which 

experienced a second flood (Randle-Boggis et al., 2018). Conversely, work on how 

compound events of contrasting weather events, such as flooding and then drought or 

drought and then flooding, impact microbial communities is lacking. At the same time 

the work that does exist for compound events of multiple weather events of the same 
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type is not comparable due to different weather event lengths, different soil types and 

different techniques used to assess microbial communities.  

To understand if a prior flood or a prior drought has the largest legacy effect 

on how future weather events impact microbial communities, they must be compared 

in a single study. This would also give insight on whether compound weather events 

have an additive impact on microbial communities like they can on plant growth 

(Vandegeer et al., 2020). For example both flooding and drought have been linked to 

decreases in arbuscular mycorrhizal fungi which may mean that a compound event 

including flooding and drought could have additive impacts on this group (Wang et 

al., 2011; Yang et al., 2011). Additionally, the sequence of weather events during 

compound events may also alter the impact on microbial communities and needs to be 

examined in greater detail. For example flooding leads to increases in certain 

anaerobic microbes like methanogens whereas drought supresses them (Knorr and 

Blodau, 2009; Hernández et al., 2017). This may mean that depending on the order of 

the compound weather event different microbial groups may be primed or suppressed 

prior to the second event. Finally, there is a need to understand how long legacy effects 

can persist for, as well as a need to understand how quickly soil microbial communities 

recover from single events as this has never been compared side by side. This will 

help us understand whether one type of compound weather event has much longer 

lasting effects than another and whether flooding or drought has longer lasting impacts 

on microbial communities.  

 

4.1.3 – Experimental Aims 

The aims of this experiment are the following: 

1. Do flooding and drought lead to impacts of equal magnitudes on 

bacterial/archaeal and fungal communities? 

2. Which weather event out of flooding and drought leads to the most persistent 

impacts on bacterial/archaeal and fungal communities? 

3. Does a first weather event have a legacy effect on the magnitude and longevity 

of the second weather event’s impact on microbial communities? 

 

4.1.4 – Experimental Overview 

 



 139 

Using outdoor mesocosms comprised of intact soil cores from a high intensity 

managed grassland this study aimed to explore how bacterial/archaeal and fungal 

communities respond to either a five week flood or a five week drought. The response 

of bacterial/archaeal and fungal communities to flooding and drought were assessed 

via changes in alpha diversity, community composition and changes in specific 

taxonomic groups. A proportion of the mesocosms which experienced a first weather 

event were then subjected to a second weather event to understand how compound 

weather events impact soil microbial communities. All mesocosms were followed 

over a recovery period of a year to comprehend whether soil microbial communities 

can completely recover from single weather events and compound weather events. 
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4.2 – Methods 
 
4.2.1 - Site Selection 

 A high intensity grassland was chosen for this experiment as the most common 

land-use in the UK is pasture which takes up almost 29% of the total land surface in 

the UK (Rae, 2017). For more information on why this site was chosen see section 

2.2.1. The high intensity grassland site chosen for this experiment was the same high 

intensity grassland site used in Chapter two. 

 

4.2.2 - Mesocosm Collection 

 Intact soil cores were collected from the field site on the 25th of May 2017 and 

transported back to the Wellesbourne Campus at the University of Warwick where 

they remained for the duration of the experiment. In total 36 intact cores were taken 

for mesocosms. They were taken using cores made from plastic piping which were 

hammered into the ground. The intact soil cores measured at 25 cm in depth and 20 

cm in diameter. 

 

4.2.3 - Experimental Setup 

 The cores were kept in the same mesocosm systems as the mesocosms in 

chapter two where the design is outlined in section 2.2.3. Mesocosms were kept in a 

randomized order in an outdoor area prior to the beginning of the experiment to keep 

management practices as similar to real life as possible and were assigned numbers 

and treatment types. During the experiment each mesocosm was subjected to two x 

five week weather treatments with a three week recovery period between the two 

weather treatments. There were a total of nine possible treatment types which were 

comprised of each possible combinations of an initial 5 week period of control, 

drought and flood followed by a 5 week period of the same or different treatment.  

 At the beginning of the experiment all mesocosms were moved into a 

greenhouse as during the experiment rainfall had to be controlled. They were laid out 

in the same randomised pattern as they were outside. The mesocosms remained inside 

for a total of 16 weeks which included the first five week weather event, the first three 

week recovery period, the second five week weather event and the second three week 

recovery period. After the 16 weeks the mesocosms were returned to the outdoors and 

were subjected to natural weather patterns again. 
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 Artificial rain, as described in Chapter 2 2.2.3, was used during the five week 

weather treatments as a proxy for rain. The drought weather treatment mesocosms 

received no water. The control weather treatment mesocosms received the amount of 

artificial rain equal to the average millilitres of rain which fell naturally during the 

experiment, and was applied three times a week. The flood weather treatment 

mesocosms were plugged to disallow drainage (outlined in section 2.2.3) and artificial 

rain was used to flood the mesocosm with 2 cm of standing water above the soil 

surface. 

 

4.2.4 - Soil Sampling 

 Soil samples were taken from each mesocosm prior to the start of the first 

weather treatment, at the end of the first weather treatment, at the end of the first 

recovery period, at the end of the second weather treatment, at the end of the second 

recovery period and one year after the first weather treatment. Methods for soil 

sampling are in section 2.2.5 with one difference. In this experiment holes made by 

soil sampling were not backed filled with similarly treated soil but were filled with 

pre-sterilized inert plastic poles. There were a total of 216 DNA and RNA samples 

taken throughout the experiment.  

 

4.2.5 – Methods described in previous chapters 

 Biomass sampling followed the collection methods in section 2.2.6 and were 

sampled after each of the two five week weather treatments. DNA extraction and 

quantification followed the methods outlined in section 2.2.7. Amplicon PCR and 

purification followed the methods in section 2.2.8. Index PCR methods are outlined 

in section 2.2.9 for this step and sample normalization and pooling methods used here 

have already been discussed in section 2.2.10. The raw sequences for this project were 

then uploaded to the NCBI (National Centre for Biotechnology Information) Sequence 

Read Archive under the BioProject accession number PRJNA679967. Finally, the 

methods for bioinformatic analysis of this Chapter were outlined in section 2.2.11. 

 

4.2.6 - Statistical Analysis 

Each OTU table derived from individual amplicons (bacterial and archaeal 

from the 16S rRNA amplicon and fungal from the ITS amplicon) was used to assess 
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whole community similarity using Bray-Curtis dissimilarity between control samples 

and samples which experienced a five week extreme weather event of either a drought 

or a flood at different timepoints after the extreme weather event (end of event, one 

month recovery, two month recovery, three month recovery and one year recovery). 

Non-metric multidimensional scaling and ANOSIMs were performed to determine 

whether there were significant differences between control, flood and drought groups 

at each timepoint. To determine the alpha diversity of control, flood and drought 

groups Fisher’s alpha diversity was calculated for each group at each timepoint and 

Wilcoxon signed-rank tests were used to establish whether there were significant 

differences between the Fisher’s alpha diversity of each group at different timepoints. 

To determine differences between the control, drought and flood samples at 

the OTU level for each of the three OTU tables the number of significantly different 

OTUs between the control samples and the samples which experienced either a flood 

or a drought were established at each timepoint. The overlap of significantly different 

OTUs at each timepoint for the flood group and the drought group was highlighted 

with the use of Venn diagrams and by calculating the proportion of significantly 

different OTUs to the total number of OTUs.  

Differences at taxonomic levels were identified by using stacked barcharts of 

significantly different OTUs between control samples and samples which experienced 

an extreme weather events based on their relative abundance in the flood or drought 

groups at the phylum level for bacteria and the class level for fungi at each timepoint. 

At the end of weather event timepoint heat trees of the significantly different 

taxonomic groups between the control samples and the samples which experienced an 

extreme weather event based on Wilcoxon signed-rank tests were created to display a 

higher resolution image of phylogenetic differences after each of the two extreme 

weather events. 
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4.3 - Results  
 
4.3.1 – Impacts of flooding and drought on alpha diversity 

 Both bacterial/archaeal and fungal community alpha diversity measured by 

Fisher’s Alpha was impacted by flooding and drought (Figure 4.1). Flooding and 

drought led to decreases in the alpha diversity of both bacterial/archaeal and fungal 

communities at certain timepoints but never increases. 

 Directly after the weather events flooding led to a significant decrease in the 

alpha diversity of the fungal community (p value = 0.0061) but did not impact the 

bacterial/archaeal community’s alpha diversity. This decrease in alpha diversity of the 

fungal community was also seen one month after the flood (p value = 0.015) but not 

at subsequent timepoints. The only significant impact on bacterial/archaeal alpha 

diversity after flooding was a decrease one year after the flood took place (p value = 

0.029). 

 Conversely, drought led to a significant decrease in bacterial/archaeal alpha 

diversity (p value = 0.011) but did not impact the alpha diversity of the fungal 

community at the end of event timepoint. One month after the drought there was a 

significant decrease in the alpha diversity of both the bacterial/archaeal (p value = 

0.009) and fungal communities (p value = 0.015). No further differences in fungal 

alpha diversity between control and drought treatments were seen at subsequent time 

points. However, drought once again resulted in decreases of bacterial/archaeal alpha 

diversity three months (p value = 0.029) and one year after the weather event ended 

(p value = 0.029). 
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4.3.2 – Impacts of flooding and drought on beta diversity 

 Bacterial/archaeal and fungal community beta diversity based on Bray-Curtis 

dissimilarity responded the same way after both flooding and drought at each 

timepoint compared to the control community (Figure 4.2 and Table 4.1).  

 Beta diversity of bacterial/archaeal and fungal communities significantly 

changed directly after flooding (p value = 0.001) and this persisted for the first month 

after the flood (p value = 0.001). While there was no significant difference in beta 

diversity of both bacterial/archaeal and fungal communities two or three months 

following the flood there was a significant difference in beta diversity between control 

and flood treatments one year after the flood (p value < 0.030).  

 At the end of the drought there was no significant change in bacterial/archaeal 

or fungal community beta diversity relative to the control. However, one month 

following the end of the drought both bacterial/archaeal and fungal community beta 

diversity was significantly different to the control (p value < 0.005). These differences 

were still evident three months (p value < 0.05) and one year after the drought (p value 

< 0.035) but not two months after the drought.  

 Bacterial/archaeal and fungal beta diversity between the flood and drought 

treatments was significantly different at the end of the events until two months later 

(p value < 0.05). Two months after the weather events there was no significant 

difference between the beta diversity of bacterial/archaeal and fungal communities 

which had experienced a flood or a drought. This continued all the way to one year 

after the weather events. 
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Table 4.1: ANOSIM results for microbial community composition after extreme 

weather events. ANOSIM results for the difference in similarity of bacterial and 

archaeal communities using Bray-Curtis distance between the control, flood and 

drought samples at different time points after a five week weather event (at the end 

of the event, one month recovery, two month recovery, three month recovery and 

one year recovery).  

A. Bacterial and Archaeal 

Time Point Comparison R Statistic P Value 

End of First 
Event 

Control vs Flood 0.400 0.001* 

Control vs Drought 0.052 0.142 

Flood vs Drought 0.377 0.001* 

One Month 
Recovery of 
First Event 

Control vs Flood 0.279 0.001* 

Control vs Drought 0.318 0.001* 

Flood vs Drought 0.673 0.001* 

Two Month 
Recovery of 
First Event 

Control vs Flood 0.042 0.313 

Control vs Drought 0.287 0.131 

Flood vs Drought 0.385 0.088 

Three Month 
Recovery of 
First Event 

Control vs Flood 0.057 0.404 

Control vs Drought 0.443 0.028* 

Flood vs Drought 0.287 0.155 

One Year 
Recovery of 
First Event 

Control vs Flood 0.896 0.026* 

Control vs Drought 0.792 0.032* 

Flood vs Drought 0.052 0.363 
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B. Fungal 

Time Point Comparison R Statistic P Value 

End of First Event 

Control vs Flood 0.448 0.001* 

Control vs Drought 0.003 0.438 

Flood vs Drought 0.318 0.001* 

One Month 
Recovery of First 

Event 

Control vs Flood 0.295 0.001* 

Control vs Drought 0.127 0.005* 

Flood vs Drought 0.412 0.001* 

Two Month 
Recovery of First 

Event 

Control vs Flood 0.135 0.199 

Control vs Drought 0.156 0.256 

Flood vs Drought 0.240 0.088 

Three Month 
Recovery of First 

Event 

Control vs Flood -0.104 0.699 

Control vs Drought 0.271 0.041* 

Flood vs Drought 0.026 0.373 

One Year Recovery 
of First Event 

Control vs Flood 0.406 0.028* 

Control vs Drought 0.469 0.025* 

Flood vs Drought 0.167 0.144 
 
4.3.3 – Significantly different microbial OTUs after weather events across time 

 Venn diagrams were used to determine if the bacterial/archaeal and fungal 

OTUs that were significantly different after flooding or drought remained the same 

across time (Figure 4.3). The majority (52% - 73%) of the bacterial/archaeal and 

fungal OTUs which significantly changed in relative abundance after a flood or a 

drought were observed only at a single timepoint. No bacterial/archaeal or fungal 

OTUs which significantly changed in relative abundance after a flood or a drought 

occurred at every timepoint. Very few fungal OTUs significantly changed in relative 

abundance at more than two timepoints after either a flood (4) or a drought (2). The 

highest number of shared bacterial/archaeal OTUs which significantly changed in 

relative abundance after either a flood or a drought were most often between 

timepoints which were canonically side by side.  
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Figure 4.3: Shared OTUs which were significantly different at each timepoint after 

extreme weather events. Venn diagram of significantly different bacterial and 

archaeal OTUs (1) and fungal OTUs (2) between flood and control samples (A) and 

drought and control samples (B) after a five week weather event at five different 

timepoints after the event (end of the event, one month recovery, two month recovery, 

three month recovery and one year recovery). 

 
4.3.4 – Percentage of microbial OTUs which significantly changed after a weather 

event 

 The percentage of bacteria/archaea which significantly changed in relative 

abundance after either flooding or drought was greater than that of fungi at every 

timepoint (Table 4.2). For flooding, the highest percentage of bacterial/archaeal and 

fungal OTUs which significantly changed in relative abundance occurred at the end 

of event timepoint and then declined progressively over the course of three months 

but increased again one year after the weather events. For drought the percentage of 

bacterial/archaeal and fungal OTUs which significantly changed in relative abundance 
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was generally lowest immediately following the event but then subsequently 

fluctuated across the remaining timepoints. 

 
Table 4.2: Percentage of OTUs which were significantly different after extreme 

weather events. The percentage of significantly different bacterial and archaeal 

OTUs and fungal OTUs between control and drought samples or control and flood 

samples after a five week weather event at five different timepoints (end of the event, 

one month recovery, two month recovery, three month recovery and one year 

recovery). 

 

Timepoint 

End of 
Event 

One 
Month 

Recovery 

Two 
Month 

Recovery 

Three 
Month 

Recovery 

One Year 
Recovery 

B
ac

te
ri

al
/A

rc
ha

ea
l 

Drought 1.32% 4.07% 1.86% 3.25% 4.29% 

Flood 5.33% 3.88% 2.07% 2.37% 5.32% 

Fu
ng

al
 

Drought 1.17% 1.68% 0.60% 1.51% 1.47% 

Flood 4.39% 2.65% 1.32% 1.05% 1.72% 

 
4.3.5 – Taxonomic profiles of bacterial/archaeal OTUs impacted by weather events 

 Flooding and drought led to significant changes in the relative abundance of 

OTUs which belonged to different bacterial/archaeal phyla (Figure 4.4). This resulted 

in different bacterial/archaeal taxonomic profiles between flood and drought 

communities at every timepoint after the weather events ended. The majority of 

bacterial/archaeal OTUs which significantly changed after flooding and drought 

belonged to 6 phyla which included Actinobacteria, Chloroflexi, Gemmatimonadetes, 

Planctomycetes, Proteobacteria, and Verrucomicrobia. While a further five phyla, 

including Acidobacteria, Bacteroidetes, Firmicutes, Rokubacteria and Nitrospirae 

contained bacterial/archaeal OTUs which only significantly changed in relative 

abundance after flooding.  

 Impacted bacterial/archaeal OTUs only belonged to certain phyla after 

flooding. For example flooding resulted in changes in the relative abundance of 

Acidobacteria at the majority of timepoints but the same was not true for drought. 

Unlike flooding, drought led to no significant changes in the relative abundance of 
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OTUs which belonged to drought specific phyla at any timepoint after the weather 

events.  

 Particular phyla only had significant shifts in the relative abundance of 

bacterial/archaeal OTUs at certain timepoints after flooding or drought. For example 

bacterial OTUs belonging to Rokubacteria were only significantly different in relative 

abundance directly after the end of the flood but at no other timepoint. In some 

instances the particular timepoint where significant difference was seen was different 

for each weather event. Firmicutes were only significantly impacted by the flood at 

the end of event timepoint whereas there was only a significant difference in the 

relative abundance of Firmicutes one month after the drought. 

 

  

The total relative abundance of impacted bacterial/archaeal OTUs fluctuated 

across timepoints after both flooding and drought. At the end of event timepoint 

flooding resulted in a significantly greater relative abundance of impacted 

 
Figure 4.4: Total relative abundance of bacterial/archaeal OTUs which 

significantly changed after extreme weather events. Relative abundance of 

bacterial and archaeal OTUs which were significantly different between control 

and drought samples or control and flood samples after a five week weather event 

at five different timepoints (end of the event, one month recovery, two month 

recovery, three month recovery and one year recovery). 
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bacterial/archaeal OTUs compared to drought. However, this was not seen at 

subsequent timepoints. One month and three months after the weather events 

concluded the total relative abundance of impacted bacterial/archaeal OTUs which 

were subjected to a drought was significantly greater than those subjected to a flood. 

One year later there was no significant difference between the total relative abundance 

of impacted bacterial/archaeal OTUs which experienced either weather event. 

 
4.3.5 – Taxonomic profiles of fungal OTUs impacted by weather events 

Flooding and drought led to significant changes in the relative abundance of OTUs 

which belonged to different fungal classes (Figure 4.4). This resulted in different 

fungal taxonomic profiles at every timepoint after the weather events ended. The 

majority of fungal OTUs which significantly changed after flooding and drought 

belonged to six classes which included Dothideomycetes, Leotiomycetes, 

Monoblepharidomycetes, Mortierellomycetes, Pezizomycetes and Sordariomycetes. 

While Eurotiomycetes contained fungal OTUs which only significantly changed after 

flooding. 

Like bacterial/archaeal OTUs fungal OTUs which significantly changed in relative 

abundance after flooding and drought did not consistently belong to the same fungal 

classes at each timepoint. For example directly after the flood, impacted fungal OTUs 

belonged to Dothideomycetes, Eurotiomycetes, Leotiomycetes, 

Monoblepharidomycetes, Pezizomycetes and Sordariomycetes whereas a month after 

the flood impacted fungal OTUs belonged to Dothideomycetes, Leotiomycetes, 

Monoblepharidomycetes and Mortierellomycetes. 

Impacted fungal OTUs belonged to a greater number of classes after flooding 

compared to after drought at every timepoint. For example flooding resulted in 

changes in the relative abundance of six different fungal classes while drought resulted 

in changes in the relative abundance of a single fungal class. Certain classes only had 

significant shifts in the relative abundance of fungal OTUs at particular timepoints 

after particular weather events. For example fungal OTUs belonging to the class 

Eurotiomycetes only significantly changed in relative abundance directly after the 

flood but at no other timepoints after the flood and not after a drought.  

The total relative abundance of impacted fungal OTUs after a flood significantly 

decreased across time from the end of the flood to one year after the weather events. 

However, the total relative abundance of impacted fungal OTUs after a drought 
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fluctuated across time. Directly after the weather events flooding resulted in a 

significantly higher total relative abundance of impacted fungal OTUs when compared 

with drought. This was also seen two months and one year after the weather events 

whereas the opposite was found three months after the weather events. 

 

 
Figure 4.5: Total relative abundance of fungal OTUs which significantly changed 

after extreme weather events. Relative abundance of fungal OTUs which were 

significantly different between control and drought samples or control and flood 

samples after a five week weather event at five different timepoints (end of the event, 

one month recovery, two month recovery, three month recovery and one year 

recovery). 

 
4.3.6 – Increases and decreases of bacterial/archaeal taxonomic groups after 

weather events 

 Directly after the flood the bacterial phyla Acidobacteria, Bacteroidetes, 

Firmicutes, Gemmatimonadales, Planctomycetes, Proteobacteria and 

Verrucomicrobia all significantly increased in relative abundance compared to the 

control (Figure 4.6). The majority of the bacterial taxonomic groups belonging to these 

phyla also increased in relative abundance. However, a number of families within 

these phyla decreased in relative abundance directly after the flood, including the 

Proteobacteria families Sphingomonadales, Sandaracinaceae and Xanthomonadales, 
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the Verrucomicrobia family Verrucomicrobiales and the Bacteroidetes family 

Sphingobacteriaceae. The bacterial phyla Chloroflexi, Actinobacteria, Fibrobacteres 

and Patescibacteria all decreased in relative abundance compared to the control 

directly after the flood. The majority of the bacterial taxonomic groups belonging to 

these phyla also decreased in relative abundance. However, within the Actinobacteria 

Coriobacteriia, and within the Chloroflexi, Anaerolinaea, both increased in relative 

abundance at the end of the flood. 

 Directly after the drought the bacterial phyla Acidobatceria, Actinobacteria, 

Bacteroidetes and Planctomycetes significantly increased in relative abundance 

compared to the control. The majority of bacterial taxonomic groups belonging to 

these phyla also increased in relative abundance. However, within the Actinobacteria 

the Streptosporangiaceae and Propionibacteriales, and within the Plactomycetes the 

Gemmatales, all decreased in relative abundance directly after the drought. The 

bacterial phyla Proteobacteria, Patescibacteria and Chloroflexi all significantly 

decreased in relative abundance compared to the control directly after the drought. 

Conversely, there were taxonomic groups belonging to these bacterial phyla that 

significantly increased in relative abundance directly after a drought which included 

Tistrellales and Desulfarulales in Proteobacteria and Anaerolineae in Chloroflexi. 
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4.3.7 – Increases and decreases of fungal taxonomic groups after weather events 

 Directly after the flood the fungal phyla Ascomycota, Basidiomycota, 

Chytridiomycota and Monoblepharomycota significantly increased in relative 

abundance (Figure 4.7). The majority of the taxonomic groups which belonged to 

these phyla also increased in relative abundance. However, within Ascomycota the 

Eurotiomycetes, Dothideomycetes and Hypocreales, and within Basidiomycota the 

Agaricales, decreased in relative abundance directly after the flood. The fungal phyla 

Glomeromycota and all of the taxonomic groups belonging to this phyla significantly 

decreased in relative abundance directly after flooding. 

 Directly after a drought there was a significant increase in the relative 

abundance of the fungal phyla Ascomycota and most of the taxonomic groups which 

belong to Ascomycota, apart from a decrease in the relative abundance of the 

taxonomic group Cordycipitaceae. There was also a significant decrease in the fungal 

phyla Glomeromycota and Basidiomycota directly after a drought. 
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4.3.8 – Impact of flooding and drought on harvested aboveground vegetation 

biomass 

At the end of event timepoint the drought mesocosms produced significantly less 

above ground vegetation biomass compared to the control and flood mesocosms (p 

value < 0.05) (Figure 4.8). Before the events and at the two month recovery timepoint 

there were no differences between the biomass produced by the control, drought or 

flood mesocosms (p value > 0.05).  

 

 
Figure 4.8: Dry biomass of total aboveground vegetation after flooding and 

drought from mesocosms exposed to each weather treatment (control, drought, 

flood) at three timepoints. Lettering denotes significant difference between 

treatments which was determined using Wilcoxon signed-rank tests. 

 

4.3.9 - Legacy impacts of a prior weather event on a second weather event 

 The impacts of prior control, flood and drought on the effects of a second 

weather event were compared to understand the extent of legacy effects resulting from 

the initial weather event.  
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4.3.10 – Impact of prior weather events followed by drought on microbial beta 

diversity  

Prior weather treatments had no legacy effect on bacterial beta diversity 

following a drought (Figure 4.9 and Table 4.3 A). For fungi, there was a significant 

difference in beta diversity between the control-drought and drought-drought 

treatments one month following the end of the drought period (p value = 0.036), but 

no other legacy effects (Figure 4.9 and Table 4.3 B). 

 

 
Figure 4.9: NMDS for microbial community composition after compound 

weather events with a second drought. Visualization of the difference in the 

similarity of bacterial and archaeal (A) and fungal (B) communities between the 

control/drought, drought/drought and flood/drought samples by using non-metric 

multidimensional scaling of Bray-Curtis distance results at three different 

timepoints (end of the second event (1), one month recovery (2) and one year 

recovery (3)) after a five week weather event followed by a five week drought. Hulls 

depicted here are of the standard error of Bray-Curtis distance results of the three 

treatment groups. 
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Table 4.3: ANOSIM results for microbial community composition after 

compound weather events with a second drought. ANOSIM results for the 

difference in similarity of bacterial/archaeal communities (A) and fungal 

communities (B) using Bray-Curtis distance between the control/drought, 

drought/drought and flood/drought samples at three different timepoints (end of 

the second event, one month recovery and one year recovery) after two five week 

weather events. 

A. Bacterial/Archaeal 

Time Point Comparison R Statistic P Value 

End of Legacy + 
Drought 

CD vs DD 0.031 0.373 

CD vs FD 0.104 0.249 

DD vs FD 0.115 0.226 

One Month 
Recovery of 

Legacy + 
Drought 

CD vs DD 0.208 0.155 

CD vs FD 0.021 0.350 

DD vs FD 0.385 0.073 

One Year 
Recovery of 

Legacy + 
Drought 

CD vs DD -0.063 0.587 

CD vs FD -0.089 0.71 

DD vs FD -0.078 0.619 

B. Fungal 

Time Point Comparison R Statistic P Value 

End of Legacy + 
Drought 

CD vs DD -0 0.496 

CD vs FD 0.156 0.156 

DD vs FD 0.083 0.345 

One Month 
Recovery of 

Legacy + Drought 

CD vs DD 0.333 0.036* 

CD vs FD 0.052 0.373 

DD vs FD 0.219 0.129 

One Year Recovery 
of Legacy + 

Drought 

CD vs DD 0.198 0.175 

CD vs FD 0.219 0.078 

DD vs FD 0.302 0.119 
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4.3.11 – Impact of prior weather events followed by flooding on microbial beta 

diversity  

 Prior weather treatment had a significant legacy effect on the beta diversity of 

the bacterial/archaeal community directly after a second flood (p value < 0.05) (Figure 

4.10). However, these effects were short lived. After one month there was a significant 

legacy effect on bacterial/archaeal beta diversity between the control-flood treatment 

and the drought-flood treatment (p value = 0.036). No legacy effects on 

bacterial/archaeal beta diversity were evident one year following the second flood 

treatment. 

 

  

For fungi, there was a significant difference in beta diversity between the 

control-flood and drought-flood treatments immediately after the end of second flood 

(p value = 0.032) and one year following the flood (p value = 0.034). Furthermore, 

 
Figure 4.10: NMDS for microbial community composition after compound 

weather events with a second flood. Visualization of the difference in the similarity 

of bacterial and archaeal (A) and fungal (B) communities between the control/flood, 

drought/flood and flood/flood samples by using non-metric multidimensional 

scaling of Bray-Curtis distance results at three different timepoints (end of the 

second event (1), one month recovery (2) and one year recovery (3)) after a five 

week weather event followed by a five week flood. Hulls depicted here are of the 

standard error of Bray-Curtis distance results of the three treatment groups. 
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there was a significant difference in beta diversity between the flood-flood and 

drought-flood treatments one month after the second flood ended (p value = 0.024).  

 
Table 4.4: ANOSIM results for microbial community composition after 

compound weather events with a second flood. ANOSIM results for the difference 

in similarity of bacterial/archaeal communities (A) and fungal communities (B) 

using Bray-Curtis distance between the control/flood, drought/flood and 

flood/flood samples at three different timepoints (end of the second event, one 

month recovery and one year recovery) after two five week weather events. 

A. Bacterial/Archaeal 

Time Point Comparison R Statistic P Value 

End of Legacy + 
Flood 

CF vs FF 0.265 0.046* 

CF vs DF 0.635 0.024* 

FF vs DF 0.328 0.026* 

One Month 
Recovery of 

Legacy + Flood 

CF vs FF -0.057 0.619 

CF vs DF 0.292 0.036* 

FF vs DF 0.115 0.369 

One Year 
Recovery of 

Legacy + Flood 

CF vs FF -0.042 0.558 

CF vs DF 0.094 0.255 

FF vs DF -0.031 0.466 

B. Fungal 

Time Point Comparison R Statistic P Value 

End of Legacy + 
Flood 

CF vs FF -0.016 0.586 

CF vs DF 0.323 0.032* 

FF vs DF 0.125 0.175 

One Month 
Recovery of 

Legacy + Flood 

CF vs FF 0.042 0.387 

CF vs DF 0.260 0.070 

FF vs DF 0.448 0.024* 

One Year Recovery 
of Legacy + Flood 

CF vs FF 0.052 0.293 

CF vs DF 0.188 0.034* 

FF vs DF 0.104 0.359 
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4.3.12 – Impact of prior weather events followed by drought on microbial alpha 

diversity  

  

Directly after a second drought bacterial/archaeal alpha diversity was 

significantly (p value = 0.029) lower in communities which experienced a prior 

drought compared to communities which experienced a prior flood (Figure 4.11). This 

effect persisted one month after the second drought (p value = 0.029), where more 

significant legacy effects were seen, as the drought-drought treatment also resulted in 

a lower bacterial/archaeal alpha diversity than the drought-control treatment (p value 

= 0.029). These differences were no longer seen one year after the second drought. 

 
Figure 4.11: Fisher’s alpha diversity of microbial communities after compound 

weather events with a second drought. Bacterial and archaeal (A) and fungal (B) 

fisher’s alpha diversity of samples by treatment type (between the control/drought, 

drought/drought and flood/drought samples after a five week weather event 

followed by a five week drought at three different timepoints (end of event (1), one 

month recovery (2), and one year recovery (3)). Wilcoxon signed-rank tests were 

used to determine significant differences between treatment groups. If the p value < 

0.05 there is a significant difference between two groups. 
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For fungi, a prior weather event did not have a significant legacy effect on alpha 

diversity after a second drought at any timepoint. 
 

4.3.13 – Impact of prior weather events followed by flooding on microbial alpha 

diversity  

 Directly after a second flood there was a significant legacy effect on the 

bacterial/archaeal alpha diversity as the drought-flood treatment led to a lower alpha 

diversity than the flood-flood treatment (p value = 0.029) (Figure 4.12). However, this 

legacy effect was no longer seen at the one month recovery and one year recovery 

timepoints after the second flood. A prior weather event did not have legacy effects 

on the alpha diversity of the fungal community after a second flood at any timepoint. 

 
Figure 4.12: Fisher’s alpha diversity of microbial communities after compound 

weather events with a second flood. Bacterial and archaeal (A) and fungal (B) 

fisher’s alpha diversity of samples by treatment type (between the control/flood, 

drought/flood and flood/flood samples after a five week weather event followed by 

a five week flood at three different timepoints (end of event (1), one month recovery 

(2), and one year recovery (3)). Wilcoxon signed-rank tests were used to determine 

significant differences between treatment groups. If the p value < 0.05 there is a 

significant difference between two groups. 
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4.3.14 – Legacy effect of prior weather events on significantly different microbial 

OTUs after flooding and drought 

 Most (49% - 88%) bacterial/archaeal OTUs (Figure 4.13) and (39% - 84%) 

fungal OTUs (Figure 4.14) which changed in relative abundance after either a second 

flood or drought treatment were determined by the initial treatment, indicating a 

substantial legacy effect. Across timepoints the number of shared bacterial/archaeal 

and fungal OTUs across prior weather events increased from 5% - 8% of OTUs for 

bacteria/archaea and 5% - 8% of OTUs for fungi directly after the second drought to 

11% - 16% of OTUs for bacteria/archaea and 11% - 25% of OTUs for fungi at the one 

year recovery timepoint. The same was true after the second flood with shared OTUs 

increasing from 5% - 7% for bacterial/archaeal OTUs and 4% - 5% of fungal OTUs 

directly after the second flood to 15% - 20% for bacterial/archaeal OTUs and 12% - 

14% for fungal OTUs at the one year recovery timepoint. 

 

 
Figure 4.13: Shared OTUs which were significantly different after compound 

weather events with a second drought. Venn diagrams of significantly different 

bacterial and archaeal OTUs and fungal OTUs between the control/drought, 

drought/drought and flood/drought samples after a five week weather event followed 

by a five week drought at three different timepoints after the second event (end of the 

second event, one month recovery and one year recovery). 
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Figure 4.14: Shared OTUs which were significantly different after compound 

weather events with a second flood. Venn diagrams of significantly different bacterial 

and archaeal OTUs and fungal OTUs between the control/flood, drought/flood and 

flood/flood samples after a five week weather event followed by a five week flood at 

three different timepoints after the second event (end of the second event, one month 

recovery and one year recovery). 

 
4.3.15 – Legacy effects of a prior weather event on taxonomic profiles of OTUs 

impacted by a drought 

Taxonomic profiles of bacteria/archaea and fungi affected by a drought were 

impacted by prior weather events (Figure 4.15). The  majority of bacterial/archaeal 

OTUs impacted by a second drought belonged to eight phyla which included 

Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes, 

Planctomycetes, Proteobacteria and Verrucomicrobia. While impacted fungal classes 

belonged to six classes which included Dothideomycetes, Eurotiomycetes, 

Mortierellomycetes, Sordariomycetes, Tremellomycetes and Agaricomycetes. 

Certain bacterial/archaeal phyla and fungal classes were only significantly 

impacted when a prior weather event and not a control period took place before a 

drought. For example the bacterial phyla Acidobacteria, Verrucomicrobia and 

Bacteroidetes and the fungal class Mortierellomycetes were impacted by a second 

drought when either a flood or a drought took place before it, whereas other taxonomic 
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groups required a particular prior weather event to have taken place to be impacted by 

a second drought. For example the bacterial phylum Gemmatimonadetes and the 

fungal class Eurotiomycetes were only impacted by a second drought when it was 

preceded by another drought. Conversely the fungal class Agaricomycetes was only 

affected by a second drought when it was preceded by flood. 

The legacy effects of prior weather events on the total relative abundance of 

OTUs impacted by a second drought were not consistent across timepoints. However, 

both bacterial/archaeal and fungal total relative abundance of OTUs impacted by a 

second drought responded identically at the majority of timepoints when exposed to 

the same preceding weather event. For example directly after the second drought the 

total relative abundance of impacted bacteria/archaea and fungi was significantly 

higher in communities which experienced a prior flood compared to a prior drought 

whereas the opposite was true at the one month recovery timepoint. This effect 

persisted at the one year recovery for impacted bacteria/archaea but not fungi.  
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Figure 4.15: Total relative abundance of OTUs which were significantly different 

after compound weather events with a second drought. Relative abundance of 

bacterial/archaeal OTUs (A) and fungal OTUs (B) which were significantly 

different between the control samples and the control/drought, drought/drought and 

flood/drought samples after a prior weather event (control, drought or flood) 

followed by a second drought at three different timepoints (end of the event, one 

month recovery and one year recovery). Significant differences between the total 

relative abundance of affected bacterial/archaeal and fungal OTUs was determined 

via Wilcoxon tests (p value < 0.05) and displayed using lettering where samples 

with shared letters are not significantly different from one another. 
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4.3.16 – Legacy effects of a prior weather event on taxonomic profiles of OTUs 

impacted by a flood 

Taxonomic profiles of bacteria/archaea and fungi affected by a flood were 

impacted by prior weather events (Figure 4.16). OTUs impacted by a second flood to 

belong to 11 phyla which included Acidobacteria, Actinobacteria, Bacteroidetes, 

Chloroflexi, Firmicutes, Gemmatimonadetes, Planctomycetes, Proteobacteria, 

Rokubacteria, Verrucomicrobia and Nitrospirae. While impacted fungal classes 

belonged to ten classes which included Dothideomycetes, Eurotiomycetes, 

Glomeromycetes, Leotiomycetes, Monoblepharidomycetes, Mortierellomycetes, 

Pezizomycetes Sordariomycetes, Tremellomycetes and Agaricomycetes. 

Certain fungal classes were only significantly impacted when a prior weather 

event and not a control period took place before a flood. For example the fungal 

classes, Eurotiomycetes, Glomeromycetes, Leotiomycetes, Monoblepharidomycetes, 

Mortierellomycetes, Pezizomycetes and Agaricomycetes were impacted by a second 

flood when either a flood or a drought took place before it. The same was not true for 

impacted bacterial/archaeal phyla. Other fungal classes required a particular prior 

weather event to have taken place to be impacted by a second flood. For example the 

fungal classes Glomeromycetes, Pezizomycetes, Mortierellomycetes and 

Agaricomycetes were only impacted by a second flood when it was preceded by 

drought. Conversely the fungal class Eurotiomycetes was only affected by a second 

flood when it was preceded by another flood. 

The legacy effects of prior weather events on the total relative abundance of 

fungal OTUs impacted by a second drought were mostly consistent across timepoints. 

At all timepoints a prior weather event resulted in a significantly higher total relative 

abundance of impacted fungi after a second flood compared with a prior control 

period. At all timepoints after a second flood the legacy effect of a prior drought 

resulted in a significantly higher total relative abundance than a prior flood apart from 

directly after the second flood. At this timepoint different prior weather events resulted 

in no difference of impacted fungal total relative abundance. On the other hand the 

legacy effects of prior weather events on the total relative abundance of impacted 

bacteria/archaea by a second drought were not consistent across timepoints. However, 

across time the total relative abundance of impacted bacteria/archaea decreased from 

directly after the second flood to one year after in the control-flood and flood-flood 

mesocosms but increased in the drought-flood mesocosms. 
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Figure 4.16: Total relative abundance of OTUs which were significantly different 

after compound weather events with a second flood. Relative abundance of 

bacterial/archaeal OTUs (A) and fungal OTUs (B) which were significantly 

different between the control samples and the control/flood, drought/flood and 

flood/flood samples after a prior weather event (control, drought or flood) followed 

by a second flood at three different timepoints (end of the event, one month recovery 

and one year recovery). Significant differences between the total relative abundance 

of affected bacterial/archaeal and fungal OTUs was determined via Wilcoxon tests 

(p value < 0.05) and displayed using lettering where samples with shared letters 

are not significantly different from one another. 
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4.3.17 – Legacy effects of a prior weather event on harvested aboveground 

vegetation biomass 

There were no significant differences between the percent change of biomass 

of above ground vegetation from mesocosms which experienced different compound 

weather events (p value > 0.05) (Figure 4.17).  

 

 
Figure 4.17: Legacy effects of a prior weather event on the percent change in dry 

biomass of aboveground vegetation one month after a second weather event. 

Lettering denotes significant difference between treatments which was determined 

using Wilcoxon signed-rank tests. 
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4.4 – Discussion 
 

4.4.1 – Overview 

This study found that prior weather events shaped microbial community 

composition after a second flood but not a second drought. Also, a prior drought had 

bigger impacts on microbial communities after both a second flood and a second 

drought compared to a prior flood. Finally, certain compound weather events led to 

significant changes in the relative abundance of unique microbial taxa. These results 

may be explained by understanding the differences that microbial communities 

experience when undergoing flooding and drought as single events. 

Although both flooding and drought affected microbial communities the 

magnitudes of impact were different, with the impact of flooding on both 

bacterial/archaeal and fungal communities being greater than the impact of drought. 

Flooding resulted in a more direct impact on both the bacterial/archaeal and fungal 

communities. Drought, on the other hand, had a delayed impact on bacterial/archaeal 

and fungal communities which emerged a month after the drought ended. Flooding 

also resulted in a significant change of a greater number of taxonomic groups of both 

bacteria/archaea and fungi than drought.  

In terms of recovery, both flooding and drought led to long lasting impacts on 

the bacterial/archaeal and fungal communities which were still seen a year after the 

events ended. However, both the flood and drought events led to greater long term 

impacts on the bacterial/archaeal community compared to the fungal community. 

 

4.4.2 – Drivers of microbial community change in flooding and drought 

 The reason that legacy effects can be seen in microbial communities after a 

second flood but not a second drought may be due to the different physiochemical 

environments which flooding and drought create and the impacts of those different 

environments on microbial communities. Based on our results flooding may lead to 

the recruitment of a new microbial community adapted to the flooded environment 

and drought may lead to microbial death and a less diverse community overall. This 

could also explain why a prior drought leads to the biggest changes in microbial 

communities after a second weather event compared to a prior flood. 

During flooding the environment becomes anaerobic as respiration by soil 

biota results in oxygen depletion, since the diffusion rate of gasses through water is 
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10,000 times slower than gasses through air (Mukhtar et al., 1996; T.L. Setter and 

Waters, 2003). This means that organisms must either switch respiration methods to 

one which doesn’t require oxygen or they must become dormant and wait out the 

period of low oxygen (Moche et al., 2015). Some bacteria and archaea are facultative 

anaerobes and so as long as other nutrients are present they may thrive in a flooded 

environment at the expense of aerobic biota which dominate unflooded systems. This 

is supported by the change in bacterial/archaeal community composition after flooding 

without a drop in bacterial/archaeal alpha diversity with a new bacterial/archaeal 

community assembling during a flood which was just as diverse as that in aerobic soil.  

The same may not be true for fungi as there are fewer described facultative 

anaerobes (Ivarsson et al., 2016). This means that fungi may either have to wait out 

the flood in a dormant state or senesce and die following exposure to anaerobic 

conditions, explaining the drop in fungal diversity directly after a flood. Conversely, 

there are a number of fungi which can exist in freshwater habitats which are also 

commonly found in terrestrial systems (Wong et al., 1998; Shearer et al., 2007). It is 

possible that these fungi which can exist in aquatic environments drove the change in 

fungal community composition which was seen here directly after the flood ended. 

This is supported by the significant increase in the fungal classes of Leotiomycetes, 

Monoblepharidomycetes and Sordariomycetes after flooding which all contain 

freshwater fungi (Shearer et al., 2007; Duarte et al., 2016). However, more targeted 

analysis on groups of freshwater fungi could be done to confirm this. This suggests 

that in both bacterial/archaeal and fungal communities flooding drives the creation of 

a community adapted to life in a waterlogged environment whereas the same is not 

true for drought. 

Anaerobicity as a main driver of change to the soil microbial community 

during a flood was reinforced by the taxonomic changes seen after flooding. Certain 

taxonomic groups like Gaiellales which is strictly aerobic decreased during the flood 

(Albuquerque and Da Costa, 2014). Similarly, anaerobic taxonomic groups including 

Geobacteraceae and Anaerolineaceae increased after the flood (Härtner et al., 2005; 

Yamada and Sekiguchi, 2018). Anaerolineaceae which is an obligate anaerobic group 

also decreased in relative abundance during the drought unlike Geobacteraceae. 

However, Geobacteraceae contains facultative as well as obligate anaerobes which 

explains the lack of decrease during a drought. There were also taxonomic groups like 

Solirubacteraceae which is an obligate aerobe that increased in abundance after a 
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drought and decreased after a flood (An et al., 2011). These findings indicate that the 

flood did become an anaerobic environment. 

On the other hand, drought creates an environment that has a reduced level of 

bioavailable water which is essential for all life. This leads to water stress in organisms 

and results in microbes dying or using methods of dormancy to prevent death such as 

through forming spores (Jensen et al., 2003; Alster et al., 2013; Schimel, 2018). 

Additionally death of microbes can be caused by other microbes and not the lack of 

water directly, as several species produce antibiotics in order to compete for limited 

resources during a drought (Bouskill et al., 2016). This is supported by our work as 

bacterial/archaeal diversity significantly dropped after a drought. However, 

bacterial/archaeal community composition remained the same directly after the 

drought and only significantly changed one month later. This suggests loss of low 

abundance bacterial/archaeal species during the drought.  

Due to the methods used here it is possible that a lack of change in the 

bacterial/archaeal and fungal community composition directly after the drought was a 

signal of microbial death. We used genomic DNA which can include dead microbes 

and a recent study found that up to 40% of all prokaryotic DNA fragments from soil 

were extracellular or came from dead organisms (Carini et al., 2016). Under normal 

conditions there may have been turnover of dead organisms but during the drought 

microbial activity is suspended which would have left the dead DNA intact (Jensen et 

al., 2003). However, there may have been some limited microbial activity during the 

drought that may have resulted in the turnover of less abundant dead microbial 

material which could explain the slight decrease in bacterial/archaeal diversity. As 

there was no change in bacterial/archaeal and fungal community composition directly 

after the drought it was possible that a large proportion of microbes died during the 

event but turnover of DNA of the more abundant taxonomic groups was not possible. 

This may explain why a delayed change in community composition was seen one 

month after the drought as this would give time for the dead microbial cells to be 

degraded by microbes which grew following watering. Future work should investigate 

microbial biomass or cell counts after weather events by using qPCR or PLFA 

techniques which should be done alongside sequencing as well as a method to 

discriminate live from dead cells like flowcytometry using a live/dead stain. At the 

same time, mRNA could be used instead of genomic DNA for a profile of which 



 175 

microbes are actively replicating during and after extreme weather events which 

would also remove the issue of dead and extracellular DNA. 

Therefore the lack of legacy effects from prior weather events on microbial 

communities after a second drought may be due to the fact that the second drought 

could kill off a significant proportion of bacteria/archaea and fungi. This may include 

the death of taxonomic groups that significantly changed in relative abundance after 

the first weather event which would effectively remove the legacy effects of prior 

weather events. Furthermore a drought is not like a flood which can actively recruit a 

new microbial community. Microbes which survive the drought are probably not 

actively replicating and are only existing in a dormant state (Borken et al., 2006). This 

suggests that there would be no additive effects from a previous drought on a second 

drought in terms of microbial community composition which is supported by the lack 

of difference in microbial community composition of soils exposed to different prior 

weather events followed by a drought.  

On the other hand, bacterial/archaeal communities are susceptible to legacy 

effects from prior weather events after a second flood. This is probably due to prior 

weather events leading to significantly different bacterial/archaeal communities which 

the second flood then recruits a new community from. For example after a prior 

drought many of the anaerobic microbes may no longer be viable or may be in such 

small populations that after a second flood they do not have an impact on the overall 

community, whereas after a prior flood these communities will have been primed and 

further proliferation may be able to occur. This is supported by our results which 

indicate anaerobic taxa increase during the flood and decrease during the drought. 

Therefore the sequence of weather events during a compound weather event can have 

long lasting impacts on the soil microbial community.  

However, while legacy effects from prior weather events were not seen after a 

second drought in fungal communities, after compound weather events in which 

flooding was the second event, fungal communities only significantly changed in 

composition when exposed to a prior drought. This may mean that a greater proportion 

of fungi die off during a flood compared to bacteria which could make legacy effects 

obsolete after a second flood for fungi. This is supported by previous work which 

found PLFA ratios of fungi:bacteria to decrease following a flood and by the absence 

of anaerobic fungi which may be able to proliferate under flood conditions (Gruninger 

et al., 2014; Sánchez-Rodríguez, Hill, et al., 2019a). Therefore, fungal community 
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composition may have changed significantly after a second flood and a prior drought 

as these two events may result in the death of fungal taxa. This is supported by our 

results which indicate flooding led to decreases in the relative abundance of taxa like 

Pleosporales and Eurotiomycetes while drought led to decreases in the relative 

abundance of Tricholomataceae. 

At the same time, several key microbial groups which can be involved in the 

death of bacteria and fungi were not examined here. Both protists and phage can lead 

to changes in the abundance of the populations of other microbes due to predation by 

protists and infection by phage (Gao et al., 2019; Braga et al., 2020). Therefore, it is 

possible that the physiological changes that the microbial communities explored here 

experienced during flooding and drought could be excacerbated depending on the 

impact that extreme weather events have on protists and phage. Previous work has 

shown that soil water availability can strongly alter the structure of the protist 

community which could lead to changes in the community of bacterial and fungal 

protist grazers (Stefan et al., 2014). On the other hand, while virulent phage may not 

withstand an extreme weather event temperate phage may survive population drops of 

microbial hosts using lysogenic strategies (Haerter et al., 2014). This would allow 

phage to survive extreme weather events which may lead to impacts on microbial 

communities after flooding or drought subsides (Maslov and Sneppen, 2015). At the 

same time, phage move throughout the soil system between aggregates using water 

filled pore spaces, during a drought movement will be restricted (Schimel, 2018). 

However, once a drought subsides phage may once again move throughout the soil 

this may be one explaination as to why microbial diversity decreased a month after 

the drought subsided but did not change directly after the drought. In the future, work 

exploring the impacts of extreme weather events on the soil microbiome should 

consider phage and protists. 

 

4.4.3 - Impacts of flooding and drought on ecosystem functions 

Flooding resulted in a significant change of the relative abundance of a greater 

number of taxonomic groups compared to drought in both the bacterial/archaeal and 

fungal communities which suggests that flooding had a larger impact on both 

microbial communities compared to drought. However, both flooding and drought 
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may result in significant changes to taxonomic groups which are directly related to 

ecosystem functions. 

Flooding led to increases in pathogenic fungi such as Rhizophydiales which is 

responsible for the amphibian chytrid fungus and Hygrophoropsidaceae which causes 

brown rot in plants (Rosenblum et al., 2010; Kibby, 2012). Amphibian chytrid fungus 

has led to unprecedented loss across amphibian species and the reason behind the 

sudden emergence of the disease is currently unknown (Rosenblum et al., 2010). It is 

possible that the global increase in weather events like flooding has contributed to the 

increase of this emerging pathogen. Therefore this suggests that flooding may have 

positive feedbacks on the increase of pathogens and during compound events of 

multiple floods this signal may be amplified. As these groups did not decrease during 

a drought it is possible that during a compound weather event which includes flooding 

and drought this increase may persist.  

On the other hand, drought led to a decrease in the relative abundance of 

certain pathogens such as Cordycipitaceae which are known pathogens of insects and 

plants (Kepler et al., 2017). Cordycipitaceae have been found in seasonally flooded 

environments so it is possible they were unable to withstand drought stress (Manfrino 

et al., 2017). Equally it is possible that their insect hosts may have been impacted by 

the drought which would have led to their decrease. At the same time, drought led to 

increases in the relative abundance of taxonomic groups which were involved with 

other ecosystem services such as Saprospiraceae. The group Saprospiraceae is 

involved in the breakdown of organic matter which may be present in greater 

abundance during a drought as plants will have died back creating more organic matter 

to consume (McIlroy and Nielsen, 2014).  

 

4.4.4 - Different perturbations result in similar microbial communities in the long 

term 

Prior weather events did not lead to long term legacy effects on the 

composition of microbial communities which experienced a second weather event. 

Furthermore, one year after the compound weather events the microbial communities 

appeared to become more similar based on the increase in shared OTUs which 

significantly changed in relative abundance one year after the compound events. This 
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phenomenon may be explained by the long term impacts of single weather events on 

microbial communities.  

Although directly after weather events flooding and drought led to distinct 

community compositions, one year later the composition of microbial communities 

which experienced flooding and drought were not significantly different from one 

another but were still significantly different from control microbial communities. We 

have previously suggested that the initial difference in microbial community 

composition between flood and drought samples is due to the specialization of 

microbial communities to extreme weather habitats. However, after a year, perturbed 

communities may have become more similar as microbes specialized for specific 

weather events would have decreased in abundance as the weather event subsided and 

less resilient microbes which were impacted by both flooding and drought, like 

Glomeromycota, may not have recovered from dying back after the initial weather 

event. This may leave a more simplified community which can still perform 

functionally but does not have the level of redundancy as before. This is supported by 

the continued decrease in bacterial/archaeal diversity one year after both flooding and 

drought that we saw here.  

The presence of microbial taxa which were less resilient or more resilient to 

both extreme weather events support the hypothesis that long term similarities in 

previously perturbed communities resulted, in part, from soil microbes which 

responded the same way to both extreme weather events. Examples of this include 

Helotiales which increased in relative abundance after both flooding and drought and 

includes many groups of saprophytic fungi (Kaygusuz and Çolak, 2017). The increase 

in dead plant matter during both flooding and drought may have allowed them to 

flourish after both events (Morris and Hess, 1988; H. Posthumus, Morris, T. M. Hess, 

et al., 2009). There were also particular taxonomic groups which decreased in relative 

abundance no matter the type of perturbation, particularly Glomeromycota, which 

form arbuscular mycorrhzas. This may reflect direct sensitivity to both drying and 

waterlogging, but also an indirect impact operating through the impact of perturbation 

on the plant (Jackson, 2004; Farooq et al., 2009; Sauter, 2013).  

Compound weather events also had unique impacts on taxonomic groups. The 

relative abundance of Eurotiomycetes only significantly increased after a flood 

followed by a flood or a drought followed by a drought. This implies that 

Eurotiomycetes may be able to survive through multiple stressors of the same kind 
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and suggests that compound weather events of the same type may select for specific 

taxa resistant to multiple perturbations. There were also taxonomic groups such as 

Agaricomycetes which only significantly increased in relative abundance after 

compound weather events which included both a flood and a drought. This suggests 

that compound events which include multiple types of weather events may have led 

to changes in the relative abundance of resilient species which can withstand multiple 

types of stressor. From this we can infer that microbial communities in the future may 

include different taxonomic groups which are more able to withstand the stresses of 

weather events. It is likely that high-level changes in the community composition of 

the soil microbiome result in functional changes. Therefore, in order to further 

understand how compound weather events impact the soil, functional methods (e.g. 

metatranscricptomics) should be applied.  

 

4.4.5 - Conclusion 

 Here we have shown that the legacy effects of prior weather events impact 

microbial communities after a second flood but not a second drought, reflecting  

different microbial community responses to flooding and drought as single events. 

While drought causes the general death of microbes, flooding alters the 

physiochemical environment via the lack of oxygen which selects different microbial 

species. Therefore drought acts as a reset for microbial communities and prior weather 

events have little impact, whereas a second flood draws from the microbial pool which 

develops following the initial weather event and leads to development of distinct 

communities. Consequently, the sequence of compound weather events must be 

considered when understanding how microbial communities are impacted. We have 

also shown that while flooding has a larger impact on microbial communities both 

weather events may have distinct impacts on ecosystem functions, one of which being 

the increase of pathogens after flooding. Finally, we found that compound weather 

events did not lead to different long term impacts on the microbial community when 

compared to the impacts of single events, and that both single events and all compound 

events led to compositionally similar microbial communities after a year. We 

hypothesized that this was due to analogous microbes perishing during both weather 

events combined with turnover over of biomass selecting for saprophyte communities 

after both events and the eventual decrease in the relative abundance of microbes 
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specialized for either flooding or drought. To conclude, flooding and drought lead to 

selection of distinct microbial communities but whether the function of those 

communities changes is still unknown. To elucidate this more work focusing on 

functional microbial changes following single and compound weather events is 

needed. 
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CHAPTER 5 – GENERAL DISCUSSION 
 

5.1 Overview 
 Previous research has explored whether soil microbial communities are 

impacted directly after an extreme weather event, such as flooding or drought, with 

some studies including a limited recovery period (Bérard et al., 2015; Randle-Boggis 

et al., 2018; de Vries et al., 2018b; Sánchez-Rodríguez, Hill, et al., 2019a). However, 

how the characteristics of extreme weather events, such as duration of event, season 

of event or the land-use where the event takes place, alter their impact on soil microbial 

communities has not been thoroughly explored. Similarly, comparison between 

extreme weather events, such as how the impact of a flood compares to the impact of 

a drought, on soil microbial communities has also not been assessed. The work 

presented here aimed to explore current research gaps in understanding how variation 

in extreme weather events changed their impact on soil microbial communities. Three 

studies were presented here to investigate (a) how flood season and flood duration 

interact with land-uses to alter the impact of flooding on soil microbial community 

composition, (b) how flooding impacts the functional pathways of microbial 

greenhouse gas production and how this varies across contrasting land-uses in 

combination with flood duration (c) how compound events of multiple extreme 

weather events, including flooding and drought, can alter the community composition 

of the soil microbiome. Overall, the results displayed here indicated that individual 

extreme weather events lead to unique impacts on the soil microbial community with 

no single similar change that occurred across all types of extreme weather events 

examined here. Secondly, recovery of microbial community composition after an 

extreme weather event was not always seen within the timespan of the experiments 

which suggests that extreme weather events may result in long lasting potentially 

irreversible impacts on the soil microbial community. 

 

5.2 – Variation in flooding  
In chapters two, three and four only a single type of flood was explored, which 

was surface water or pluvial flooding. However, there are five other types of flooding 

which include river (fluvial), coastal, ground water, sewer and reservoir flooding (Leal 

et al., 2018). For this project pluvial flooding was chosen as it is predicted to occur 
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more frequently across the world in the future due to the predictions of increased heavy 

rainfall (Sillmann et al., 2013; Filipiuk and Hu, 2018; Liang et al., 2019). Secondly, 

pluvial flooding has the potential to occur anywhere as it is not tied to the locations of 

other bodies of water like river, coastal or reservoir flooding is. Finally, pluvial 

flooding may have more uniform impacts to the soil microbiome globally compared 

to other types of flooding which may mean the results from this project are more 

broadly relevant than other flood types. Therefore, understanding how pluvial 

flooding may impact the important functions of soil microbial communities is more 

pressing than other types of flood. However, each type of flooding may alter the soil 

microbiome in different ways because they have the potential to introduce new 

components to the environment and should be explored further (Leal et al., 2018). 

Ground water flooding is the most similar type of flooding to pluvial as it 

involves complete saturation of the water table, can include standing water and usually 

coincides with heavy precipitation (Hughes et al., 2011). However, due to the nature 

of ground water flooding excess water can flow down from higher geographic 

locations to flood lower regions which can involve the movement of soil compounds 

such as organic matter (Singh et al., 2007; Nemergut et al., 2010). This could have 

impacts on particular functional groups as our work in chapter two found that DNRA 

bacteria significantly increased in greater relative abundance after summer floods 

compared to winter floods. This potentially corresponded with an increase in organic 

matter during the summer due to greater turnover of plant biomass as previous work 

has concluded this, as well as seen increases in both the activity and abundance of 

DNRA bacteria in soils with higher organic matter (Putz et al., 2018). Finally, this 

may have implications for ammonia concentrations during ground water floods as 

DNRA bacteria reduce nitrate to ammonia which may lead to increases in damages to 

plants via ammonia toxicity (Esteban et al., 2016). 

 Both river (fluvial) and reservoir flooding can result in the movement of 

compounds, such as agricultural run-off, from river systems to soil systems (Coynel 

et al., 2007; DEFRA Press Office, 2020). Agricultural run-off can contain large 

excesses of nitrogen fertilizer which can lead to rapid oxygen depletion due to oxygen 

becoming the limiting factor in bacterial growth instead of nitrogen (Rabalais and 

Turner, 2006). In both chapter two and four we found that anaerobicity was the biggest 

driver for changes in the composition of the soil microbiome after a flood. Therefore, 

it is possible that soils experiencing floods derived from rivers and reservoirs may be 
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exposed to an anaerobic environment at a much faster rate compared to pluvial 

flooding. Finally, as we found that the longer the period of anaerobicity which 

microbiomes experienced the greater their emissions of the greenhouse gas methane 

in chapter three, it is possible that river and reservoir floods may lead to greater 

methane emissions compared to pluvial floods. 

 Sewer floods may result in contamination of soils by human pathogens as raw 

sewage contains large amounts of faecal matter which can harbour human pathogens 

(Young et al., 2013). Human pathogens in the soil can lead to food poisoning and 

death when they have colonised agricultural produce (Buchholz et al., 2011). Not only 

will sewer flooding introduce human pathogens to the soil but it may create a 

favourable environment for growth. In chapter two we found that a number of bacterial 

and fungal plant pathogens increased in relative abundance after flooding. Previous 

work has found that many pathogens including those of humans thrive in high 

moisture environments which suggests that flooding may lead to the increase of human 

pathogens as well as plant pathogens (Rosenzweig et al., 2001; Schwartz et al., 2006; 

Kirkpatrick et al., 2006; Gertler et al., 2015). 

One distinct impact of coastal flooding is the increase in salinity of the soil 

(Chen and Mueller, 2018). Previous work has found that increases in soil salinity result 

in decreases of microbial respiration and biomass in the soil as well as decreases in 

the microbial turnover of organic matter which is an important soil function related to 

carbon cycling which we have suggested can impact the increase of particular 

microbial functional groups during a flood (Wichern et al., 2006). Additionally, high 

salinity can lead to decreases in both plant growth and productivity and ultimately lead 

to complete plant death (Parida and Das, 2005). As our results from chapter two 

indicated that the impact of flooding on vegetation drove the changes in certain 

functional groups such as freshwater fungi and fungal plant pathogens, the 

combination of flooding and high salinity may have further impacts on these 

functional groups. 

Overall, there is still much to understand about how different aspects of floods 

may interact with soil microbial communities. Our results have displayed the wide 

variety of impacts that just three variables, flood duration, flood season and land-use, 

can have on the impact of flooding on soil microbial communities. This suggests that 

it would be difficult to use our results to completely explain how another version of 

flooding may impact individual soil microbes. However, the responses of particular 
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functional groups may remain the same as all types of flood still have fundamental 

similarities such as an anaerobic environment. 

   

5.3 - Do compositional changes matter if function stays the same? 
 The majority of this work is based on amplicon sequencing data which can 

produce vast amounts of taxonomically defined compositional data but suffers from a 

lack of functional annotation. This means that while we know the identity and relative 

abundance of soil microbes which were present during and after each extreme weather 

event we do not know their functional capabilities. To get around this we were able to 

utilise predicted metagenomes and predictions of life strategies to infer function from 

compositional data. However, microorganisms are not continually expressing every 

gene that they possess and so while our data on methanogenesis can be supported by 

our data on methane emissions, implications for changes in the relative abundance of 

other functional groups such as pathogens and nitrogen fixing microbes were not 

confirmed by quantitative measures. At the same time, many of the functional changes 

that we observed in chapter three such as methane and nitrous oxide emissions as well 

as the increase in methanogens, were only present during the extreme weather event 

and disappeared once the event subsided even though compositional data suggested 

that there were still significant changes to microbial communities a year after the 

weather events concluded.  

 While amplicon sequencing is mostly a robust technique which is widely used 

today it still suffers from certain issues. The variation in the copy numbers of the 16S 

rRNA gene which is used for estimating the composition of bacteria and archaea is 

the most well-known of these issues with some taxonomic clades containing over 10 

copies of the 16S rRNA gene (Louca et al., 2018). This can result in overestimation 

of the presence of certain bacterial and archaeal taxonomic groups. This may only 

become an issue when comparisons such as ‘x species appeared to increase 10 fold 

compared to y species after a flood’ are made. However, this can be solved by directly 

comparing changes in the relative abundance of the same OTUs between treatment 

groups.  

The final issue with amplicon sequencing comes from the use of genomic DNA 

which means that dead or non-viable cells were included in sequencing. It has been 

estimated that approximately 40% of the DNA extracted from soil comes from these 
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dead or non-viable cells, which indicates that amplicon sequencing may not be 

displaying the active community (Burkert et al., 2019). In this study, where death is a 

common outcome for microorganisms subjected to extreme weather events, it has 

been difficult to tease apart whether soil microbes are dying or whether the active 

microbial community is changing in composition after perturbations. To prevent this 

in the future propidium monoazide could have been applied to the soil after sampling 

before DNA was extracted and PCRs were performed. Propidium monoazide enters 

compromised cell membranes and binds to DNA irreversibly modifying it and yet it 

cannot enter intact cells which leaves the DNA of live cells unmodified (Nocker et al., 

2010). The modified DNA strongly interferes with the heating processes during PCRs 

which means that dead cells remain unamplified and only live cells are amplified. At 

the same time excess propidium monoazide cannot bind to DNA during the extraction 

as it is inactivated when exposed to light.  

 To assess the functional capabilities of the soil microbiome a combination of 

two methods were used. PICRUSt2 was used to assess the functional capabilities of 

the bacterial communities through predicted metagenomes and FUNGuild was used 

to assess the functional capabilities of the fungal communities through life strategies, 

both of which have drawbacks. PICRUSt2 can only predict metagenomes for OTUs 

which have been identified down to species level and which have an associated 

published genome on the IMG database. This means that PICRUSt2 relies heavily on 

information which is already known about microbes whereas techniques like shotgun 

metagenomics could reveal new functional capabilities of previously known and 

unknown microbes.  

Unlike PICRUSt2, FUNGuild works from a private database which is not as 

readily updated as the IMG database (Nguyen et al., 2016). It also only gives 

information on life strategies including information like whether they are a pathogen, 

an endophyte, a saprophyte etc. and not about the genes which each organism may 

contain. Like PICRUSt2, FUNGuild requires taxonomic information down to the 

species level for each OTU to make an accurate prediction on life strategies. However, 

as the ITS region is known to give good phylogenetic resolution at the species level 

this is less of an issue for fungal communities compared to the bacterial and archaeal 

communities assessed here (Nagy et al., 2012). Therefore although the methods used 

here to predict the functional capabilities of soil microbial communities are not perfect 
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they can still give a plethora of useful information and prompt hypotheses for future 

work. 

 Based on data in chapter three microbial respiration measured through carbon 

dioxide emissions did not change during flooding or during the period after flooding 

subsided, which suggests that there was little impact on the microbial communities. 

However, up to six months or even an entire year after extreme weather events 

microbial communities which experienced flooding and drought were still 

significantly different in composition compared to control communities in two 

separate projects detailed in chapter two and four. There is global understanding that 

the soil microbial community contains many organisms who can perform the same 

functions under slightly different conditions which are responsible for the large 

functional redundancy within soil (Jia and Whalen, 2020). This suggests that the long 

term compositional changes that we saw may mean very little to the wider soil 

ecosystem services that microbial communities provide and that only during an 

extreme weather event are there detrimental impacts on soil ecosystem services, as 

seen by the increase in methane emissions by soil microbes during a flood. 

 This is supported by work done outside the project. The work in chapters two 

and three is one part of a larger study assessing the long term impacts of flooding on 

microbial carbon flow and greenhouse gas production. One aspect of this work utilises 

labelled carbon and PLFA analysis to understand how the carbon flow through 

microbial communities may have changed one year after flooding. Preliminary data 

from this work suggests there are limited changes between carbon flows through the 

previously flooded and control microbial communities. As carbon cycling and storage 

are two of the main ecosystem services that the soil provides this suggests that the 

long-term impacts of flooding and the compositional changes to the microbial 

communities that we saw are less important. However, what this analysis does not 

show are the nuances in the functions between the flooded and control communities. 

The majority of soil microbes have the metabolic capacity for “basic” functions such 

as carbon cycling but only a few have the ability to participate in narrow niche 

processes such as plant growth hormone production, the mineralization of pollutants 

or the acquisition of nutrients for plants (Jia and Whalen, 2020). Therefore the lack of 

change in microbial carbon flows does not mean that “rarer” microbial functions are 

not changing. This suggests that the long term change in microbial composition that 

we saw in chapters two and four may still suggest a changed functional profile. 



 187 

   

5.4 - When extreme weather events are the norm 
 We focused heavily on whether microbial communities recover in composition 

and function after extreme weather events throughout this project. However, as 

extreme weather events are predicted to increase in frequency continually over the 

next 70 years it is possible that these types of weather event will no longer be able to 

be classified as extreme weather events and they may become the new normal 

(Sillmann et al., 2013; Cook et al., 2015; Hari et al., 2020).  

 The production of methane is possibly the most studied and well known 

outcome from flooded soils. Currently wetlands account for 30% of the global 

production of methane annually but only account for 4% of the Earth’s surface (Brevik 

and Homburg, 2004; Saunois et al., 2020). As flooding increases in the future it will 

occur across all land-use types and until now it was unknown whether methane would 

be produced uniformly across flooded land in the same quantities as wetlands. Results 

from chapter three demonstrated that not only do all land-uses that we studied produce 

copious amounts of methane during a flood but the numbers of methanogens within 

the soil do not need to increase for high methane emissions. At the same time when 

methanogen numbers did significantly increase in one land-use the methane produced 

was significantly higher than land-uses which did not experience an increase in 

methanogens and 100 times higher than emissions from a wetland soil (Ward et al., 

2013). In the future this may need to be addressed as the increase in methane has the 

potential to contribute to atmospheric warming (Serrano-Silva et al., 2014). Previous 

work suggests that methane production could be mitigated by the addition of sulfate 

as sulfate reducers outcompete methanogens which utilise acetate as a substrate (Gauci 

et al., 2008). Our work in chapter three on the microbial pathways of methanogenesis 

confirms that this may work as the acetate to methane pathway was the most 

commonly used pathway of methanogenesis across all land-uses. However, this work 

was based on predicted metagenomes and so to confirm this qPCRs, shotgun 

metagenomics or transcriptomics should be used to investigate the most common 

pathways of methanogenesis used during flooding to find ways to combat them in the 

future. 

 However, there may be some positive long-term effects of more frequent 

flooding. Nitrogen is often the limiting factor in plant growth so much so that copious 
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amounts of chemical fertilizers are sprayed over agricultural fields each year with 

201.66 million tonnes of nutrient fertilizers estimated to be used globally in 2020 alone 

(FAO, 2020). Our results in chapter two and chapter three suggest that flooding may 

lead to increases in soil microbes which are capable of nitrogen fixation and in 

particular land-uses nitrogen fixers which significantly increased after flooding made 

up over 4% of the total relative abundance of the soil microbiome.  This may mean 

that the levels of plant accessible nitrogen within the soil increase during and 

following a flood as our results found that these increases in nitrogen fixing soil 

microbes could still be seen a year later in certain land-uses. This could globally lower 

the amount of nitrogen fertilizers which need to be applied for farmers to meet the 

yield needs of the Earth’s growing population. However, our results are based on 

predicted metagenomes which may not portray an accurate picture of the actual 

microbial community functional profile. At the same time nitrogen fixing microbes 

may have increased in relative abundance due to the favourable conditions and may 

not be actively fixing nitrogen. To solve this transcriptomes of the microbial 

community could have been assessed and amounts of N2 fixed quantified. 

 Although plants must have access to nitrogen for growth there are some forms 

of nitrogen which can damage them in large quantities, such as ammonia, which may 

lead to a plethora of growth issues and end in necrosis (Esteban et al., 2016).  Nitrate 

is a more stable form of nitrogen which plants can take up and does not have the same 

toxic effects as ammonia. However, during flooding the microbial process of 

nitrification which converts ammonia to nitrate is halted as it requires oxygen (De 

Jager et al., 2015). Our results from chapter two and three suggest that this impact may 

be magnified by the increase in microbes which are involved in dissimilatory nitrate 

reduction which converts nitrate back into ammonia (Putz et al., 2018). This could 

further increase the level of ammonia in the soil during flooding and also removes 

plant stable forms of nitrogen. If flooding increases in frequency in the future this 

could create issues for agricultural crop production. However, work has shown that in 

higher temperatures plants suffer less from ammonia toxicity which may mean that in 

a warmer atmosphere due to climate change ammonia toxicity is less of an issue for 

plants (van der Eerden, 1982). At the same time previous work has found that 

ammonia fertilization and not nitrate fertilization can protect rice crops from drought 

stress which may mean that in the future extreme weather events could balance out 

their individual negative impacts (Li et al., 2009). 
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 Finally the increase in the frequency of extreme weather events in the future is 

likely to have an impact on pathogens of animals and plants which live within the soil 

as high moisture environments are favourable to a number of pathogenic microbes 

(Wong et al., 1984; Cheng et al., 2019; Donald et al., 2020). In chapter two and four 

we found that a variety of bacterial and fungal pathogens increased in relative 

abundance after flooding and continued to have an elevated relative abundance up to 

a year after flooding ended. However, we also found in chapter four that drought did 

not lead to increases in any pathogenic microbes and actually led to the decrease of 

certain pathogens. One aspect of pathogens which has not been explored within this 

project is their ability to infect plants during extreme weather events. Just because they 

are present in the soil does not mean that they will necessarily cause issues to plants. 

However, previous work has suggested that drought may increase the ability of 

pathogens to infect plants (Walter, 2018). This would contradict flooding and drought 

working against each other to keep pathogens down and may instead mean that the 

pathogens which increased in relative abundance during a flood could then infect the 

weakened plants during a drought. If this were to occur it could have devastating 

impacts for the agricultural sector which already globally losses 20% of crop yield to 

pathogens annually (Jenkins et al., 2016). 

 If extreme weather events continue to increase in frequency as they are 

predicted to do, by the very definition of extreme weather events they will no longer 

be considered extreme and will just become part of the location’s normal weather 

patterns. This begs the question what will future extreme weather events look like and 

how will soil microbial communities cope with them? It is possible that more of the 

world will experience the large shifts in weather that are experienced by countries like 

India and Shri Lanka which both have dry and rainy seasons and microbial 

communities will adapt accordingly. Based on our work from chapter four a year after 

microbial communities were subjected to extreme weather events, either flooding or 

drought, they were still significantly different from the control community but were 

not significantly different from one another. One important feature of these soil 

microbial communities which was not assessed was function which makes it 

impossible to tell whether the new community which arose after both flooding and 

drought has different effects on ecosystem processes.  

 Overall, extreme weather events such as flooding and drought may increase in 

frequency and will cause compositional changes within the soil microbial community. 
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These changes in microbial composition may have devastating impacts on climate 

change and plant productivity but the presence of microbes does not equal activity. 

Therefore more research in this area is needed to understand how the future landscape 

of an increased frequency of extreme weather events may alter the functions of soil 

microbial communities. 

 

5.5 - Future work 
 Together, the work in this project displays that extreme weather events can 

have tremendous impacts on both the compositional and functional aspects of soil 

microbial communities with long lasting impacts on soil microbial community 

composition in particular. However, the work here poses even more questions on the 

depth of the impact that extreme weather events have on microbial communities and 

what a perturbed soil microbial community may look like in the future. Here we 

explore how what future work building on these results could look like and what it 

should explore.  

 Within all three experimental chapters anaerobicity was highlighted as a major 

driver for the compositional changes in the soil microbiome after flooding. We also 

found that the microbial communities of distinct land-uses had significantly different 

total relative abundances of impacted OTUs which suggests that flooding had a bigger 

impact on certain land-uses like the low intensity grassland compared to the mid 

intensity grassland. However, we were unable to fully explain why this differences 

occurred. It is possible that land-uses took different lengths of time to reach 

anaerobicity which could have explained the differences in impact on microbial 

communities of land-uses. Therefore, in future work assessing the impact of flooding 

on soil microbiomes dissolved oxygen content of the soil should be measured to  

understand whether individual land-uses have different times to anaerobicity. At the 

same time samples could be taken before and after anaerobicity is reached in the soil 

to understand whether flooding without a lack of oxygen still leads to changes in the 

soil microbiome.  

 Future work could also include the continual measurement of soil pH prior to, 

during and after the extreme weather event as pH can be a large driver of microbial 

community composition and changes to soil water availability can lead to changes in 

soil pH (Zhang and Wienhold, 2002; Griffiths et al., 2011). As there were significant 
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changes in the relative abundance of microbial taxa with ties to a particular soil pH 

after extreme weather events throughout this project it is possible that soil pH was 

changing over the course of this project. However, due to the lack of soil pH recording 

it was not possible to determine whether the changes in these particular microbial taxa 

were due to the changes in soil moisture or soil pH. 

 The findings of these experiments also highlighted the need to have captured 

greater information about electron acceptors within the soil during and after extreme 

weather events. As discussed in Chapter three differences in the levels of sulfate and 

nitrate may have influenced the levels of greenhouse gases which were emitted from 

each land-use via soil microbes (Cai et al., 1997; Stein, 2019). Therefore, future work 

may want to measure the levels of sulphate and nitrate within the soil before, during 

and after extreme weather events to decipher whether they are linked to production of 

methane and nitrous oxide. It may even be possible to model potential greenhouse gas 

emissions during a flood based on prior levels of these electron acceptors which would 

allow for greater understanding of which land-uses may require greater flood 

protection in the future. 

 As previously mentioned earlier in Chapter five within these experiments only 

one type of flood event was examined. Each flood event can result in differences to 

soil and water quality due to the nature of the events which in turn could lead to 

changes in the soil microbiome (Chen et al., 2010; Korajkic et al., 2015). While 

hypotheses of what may occur to soil microbiomes during various flood events can be 

formed based on the results from these experiments future work could include how a 

variety of flood events impact soil microbial communities to confirm these. Droughts 

may also be coupled with fires in a natural setting which should be considered when 

attempting to understand how drought may alter soil microbial communities. Wildfires 

have the potential to alter soil pH, carbon content and nitrogen content which can all 

have impacts on the soil microbiome (Boerner et al., 2009). This means that future 

work on droughts and soil microbiomes may want to explore how wildfires interplay 

to impact the soil microbial community. At the same time, other aspects of extreme 

weather events such as high or low temperatures also go hand in hand, as droughts are 

typically accompanied by extremely high temperatures and floods are more likely to 

occur during the winter months (Bérard et al., 2015). This means soil microbial 

communities may experience flooding and droughts accompanied by extreme 
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temperatures which should be examined in the future to understand how real world 

extreme weather events may impact the soil microbiome. 

 The work here on soil microbiomes focused primarily on bacteria, archaea and 

fungi however, there are a number of taxanomic groups which could not be included 

due to the size of the experiments. Both protists and viruses play important roles in 

the soil microbiome and can alter the communities of bacteria and fungi (Gao et al., 

2019; Braga et al., 2020). In the future work on the soil microbiome and extreme 

weather events should explore the total microbiome to elucidate how different taxa 

interact during flooding and drought. The depth of the cores that were used here may 

have also hindered the capture of the total microbiome. Certain microbial taxa, such 

as methanogens, inhabit deeper layers of soil and so a depth of 25 cm may not have 

caught the total real world methanogen community which exists in a soil profile 

(Zhuang et al., 2018). Therefore, to capture the complete soil microbial community 

future work may want to utilise deeper soil cores as well as measure a greater number 

of microbial taxa. 

 Building on this work several different ‘omics techniques could be combined 

to attain a higher level of resolution on how extreme weather events impact the soil 

microbial community which was not possible here. While we used amplicon data to 

determine compositional differences and infer changes in the functional capabilities 

between microbial communities which did or did not experience extreme weather 

events, using shotgun metagenomics both would be possible to a much clearer level 

and functional capabilities would be accurate and no longer predicted (Logares et al., 

2014).  

Using shotgun metagenomics instead of amplicon sequencing would allow for 

understanding of previously undiscovered microbes as their functional capabilities can 

still be examined even if their taxonomy is unknown (Kumar Awasthi et al., 2020). 

There are entire clades of microorganisms which only exist because they have been 

found through the assessment of microbial metagenomes (Ghai et al., 2013). However, 

metagenomics cannot inform about what is actively being transcribed in a community 

and so could be combined with metatranscriptomics to gauge this. 

Metatranscriptomics would detail the identity and the abundance of genes which were 

being actively expressed during and after an extreme weather event. At the same time, 

metagenomics has several limitations as it is difficult to perform and targets mRNA 

which only makes up roughly 1% of the total RNA extracted from environmental 
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samples, it also has a short half-life and samples must be flash frozen upon being 

taken, it can also be easily contaminated and is very costly compared to DNA 

(Bashiardes et al., 2016).  

To give an even greater functional context metaproteomics could be added to 

the ‘omics techniques which would give information on all of the actively translated 

proteins which were expressed in the soil during and after extreme weather events. 

However, just like the previous techniques metaproteomics also suffers from 

limitations such as the difficult extraction of proteins from soil and the poor 

characterization of proteins as many have not been annotated as of yet (Petriz and 

Franco, 2017). This three tiered ‘omics approach would generate a robust dataset and 

give widespread insights to how soil microbial communities are impacted by extreme 

weather events and would build on the work that we have presented here. 
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APPENDIX 
 

Table S2.1: Initial presence and absence of plant species in each land-use 

Plant species Arable High IG Mid IG Low IG 

Agrostis stolonifera  X X  

Alopecurus geniculatus X X X  

Alopecurus pratensis    X 

Cirsium arvense X   X 

Convulvulus arvensis    X 

Elymus repens    X 

Galeopsis tetrahit    X 

Galium aparine    X 

Heracleum sphondylium    X 

Hordeum vulgare X    

Lathrys pratensis    X 

Lolium perenne  X X  

Phalarus arundinacea    X 

Poa annua X X   

Poa trivialis X X X  

Ranunculus repens   X  

Rumex obustifolius X X X  

Stachys sylvatica    X 

Stellaria media X X X  

Taraxacum officinale   X  

Tripleurospermum inodorum  X   

Urtica dioica    X 

Vicia sepium    X 
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Table S2.2: Artificial rain water recipe. The following artificial rain recipe was 

devised using estimates of non-urban UK mean deposition from Ron Smith 

(21/03/07) and is used routinely at the Lancaster Centre of Ecology and 

Hydrology. 

For a 1L stock solution the following reagents are mixed with 1L of filtered water: 

- 7.31g NaCl 

- 1.18g CaCl2 • 2H2O 

- 0.25g CaSO4 • 2H2O 

- 4.21g MgSO4 • 7H2O 

- 753l 98% H2SO4 

For the correct artificial rain concentrations 10ml of the stock solution should be 

diluted in 10L of water. The stock solution was sterilised before being used. 

 
 
Table S2.3: Difference in bacterial/archaeal Fisher’s Alpha between flood and 

control samples. The table contains p-values from t tests of Fisher’s Alpha values 

between flood and control samples across land-uses (arable, high intensity 

grassland, mid intensity grassland and low intensity grassland) and flood 

treatments (4 week summer flood, 8 week summer flood, 4 week winter flood and 8 

week winter flood) over time. Cells shaded in green denote a significantly higher 

Fisher’s Alpha diversity after flooding whereas cells shaded in red denote a 

significantly lower Fisher’s Alpha diversity after flooding. 

Land-use Season Duration End of 
Flood 

One Month 
Recovery 

Six Month 
Recovery 

One Year 
Recovery 

Arable 
Summer 4 Weeks 0.505 0.233 0.079 0.250 

8 Weeks 0.948 0.188 0.954 0.126 

Winter 4 Weeks 0.274 0.995 0.539  
8 Weeks 0.291 0.837 0.858  

High Intensity 
Grassland 

Summer 4 Weeks 0.915 0.332 0.750 0.281 
8 Weeks 0.839 0.591 0.438 0.647 

Winter 4 Weeks 0.836 0.047 0.869  
8 Weeks 0.590 0.645 0.344  

Mid Intensity 
Grassland 

Summer 4 Weeks 0.934 0.127 0.399 0.954 
8 Weeks 0.893 0.322 0.376 0.146 

Winter 4 Weeks 0.757 0.595 0.050  
8 Weeks 0.346 0.128 0.549  

Low Intensity 
Grassland 

Summer 4 Weeks 0.339 0.578 0.107 0.752 
8 Weeks 0.965 0.411 0.113 0.012 

Winter 4 Weeks 0.157 0.325 0.208  
8 Weeks 0.641 0.208 0.299  
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Table S2.4: Difference in bacterial/archaeal Simpson’s Evenness between flood 

and control samples. The table contains p-values from t tests of Simpson’s Evenness 

values between flood and control samples across land-uses (arable, high intensity 

grassland, mid intensity grassland and low intensity grassland) and flood 

treatments (4 week summer flood, 8 week summer flood, 4 week winter flood and 8 

week winter flood) over time. Cells shaded in green denote a significantly higher 

Simpson’s Evenness after flooding whereas cells shaded in red denote a 

significantly lower Simpson’s Evenness after flooding. 

Land-use Season Duration End of 
Flood 

One Month 
Recovery 

Six Month 
Recovery 

One Year 
Recovery 

Arable 
Summer 4 Weeks 0.510 0.444 0.063 0.953 

8 Weeks 0.734 0.128 0.022 0.994 

Winter 4 Weeks 0.510 0.644 0.287  
8 Weeks 0.812 0.902 0.295  

High 
Intensity 
Grassland 

Summer 4 Weeks 0.469 0.139 0.815 0.136 
8 Weeks 0.342 0.346 0.038 0.507 

Winter 4 Weeks 0.915 0.001 0.240  
8 Weeks 0.402 0.311 0.607  

Mid 
Intensity 
Grassland 

Summer 4 Weeks 0.147 0.741 0.344 0.752 
8 Weeks 0.849 0.236 0.901 0.062 

Winter 4 Weeks 0.402 0.854 0.121  
8 Weeks 0.333 0.175 0.442  

Low 
Intensity 
Grassland 

Summer 4 Weeks 0.639 0.774 0.295 0.850 
8 Weeks 0.761 0.163 0.231 0.010 

Winter 4 Weeks 0.403 0.262 0.234  
8 Weeks 0.815 0.568 0.274  
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Table S2.5: Difference in fungal Fisher’s Alpha between flood and control 

samples. The table contains p-values from t tests of Fisher’s Alpha values between 

flood and control samples across land-uses (arable, high intensity grassland, mid 

intensity grassland and low intensity grassland) and flood treatments (4 week 

summer flood, 8 week summer flood, 4 week winter flood and 8 week winter flood) 

over time. Cells shaded in green denote a significantly higher Fisher’s Alpha 

diversity after flooding. 

Land-use Season Duration End of 
Flood 

One Month 
Recovery 

Six Month 
Recovery 

One Year 
Recovery 

Arable 
Summer 4 Weeks 0.689 0.515 0.173 0.993 

8 Weeks 0.493 0.627 0.458 0.129 

Winter 4 Weeks 0.241 0.462 0.758  
8 Weeks 0.475 0.832 0.819  

High 
Intensity 
Grassland 

Summer 4 Weeks 0.100 0.330 0.675 0.040 
8 Weeks 0.066 0.753 0.786 0.594 

Winter 4 Weeks 0.193 0.141 0.463  
8 Weeks 0.164 0.421 0.280  

Mid 
Intensity 
Grassland 

Summer 4 Weeks 0.105 0.278 0.800 0.347 
8 Weeks 0.562 0.549 0.471 0.871 

Winter 4 Weeks 0.845 0.495 0.482  
8 Weeks 0.993 0.717 0.376  

Low 
Intensity 
Grassland 

Summer 4 Weeks 0.950 0.503 0.449 0.985 
8 Weeks 0.177 0.255 0.514 0.069 

Winter 4 Weeks 0.380 0.056 0.132  
8 Weeks 0.237 0.414 0.440  
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Table S2.6: Difference in fungal Simpson’s Evenness between flood and control 

samples. The table contains p-values from t tests of Simpson’s Evenness values 

between flood and control samples across land-uses (arable, high intensity 

grassland, mid intensity grassland and low intensity grassland) and flood 

treatments (4 week summer flood, 8 week summer flood, 4 week winter flood and 8 

week winter flood) over time. Cells shaded in green denote a significantly higher 

Simpson’s Evenness after flooding. 

Land-use Season Duration End of 
Flood 

One Month 
Recovery 

Six Month 
Recovery 

One Year 
Recovery 

Arable 
Summer 4 Weeks 0.308 0.714 0.084 0.225 

8 Weeks 0.449 0.689 0.514 0.858 

Winter 4 Weeks 0.469 0.907 0.525  
8 Weeks 0.827 0.882 0.441  

High 
Intensity 
Grassland 

Summer 4 Weeks 0.089 0.086 0.926 0.018 
8 Weeks 0.056 0.178 0.705 0.081 

Winter 4 Weeks 0.325 0.289 0.470  
8 Weeks 0.330 0.720 0.524  

Mid 
Intensity 
Grassland 

Summer 4 Weeks 0.520 0.955 0.388 0.439 
8 Weeks 0.961 0.854 0.810 0.705 

Winter 4 Weeks 0.964 0.412 0.277  
8 Weeks 0.431 0.250 0.384  

Low 
Intensity 
Grassland 

Summer 4 Weeks 0.499 0.400 0.511 0.817 
8 Weeks 0.254 0.353 0.620 0.409 

Winter 4 Weeks 0.617 0.049 0.258  
8 Weeks 0.252 0.685 0.954  
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Figure S2.3: Weather data during the summer floods. This includes data for the 

relative humidity, the external temperature, the solar radiation and the 

precipitation.  

 
 
 
 
 
 
 



 202 

 
Figure S2.4: Weather data during the winter floods. This includes data for the 

relative humidity, the external temperature, the solar radiation and the 

precipitation. 
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Figure S2.5:Soil moisture of mesocosms during the summer floods. This includes 

data for mesocosms which experienced each of the three flooding treatments 

(control, 4 week flood and 8 week flood) in each of the four land-uses (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland). 
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Figure S2.6: Soil moisture of mesocosms during the winter floods. This includes 

data for mesocosms which experienced each of the three flooding treatments 

(control, 4 week flood and 8 week flood) in each of the four land-uses (arable, high 

intensity grassland, mid intensity grassland and low intensity grassland). 

 
 
 

 
Figure S4.1: Soil moisture content of mesocosms after single events subjected to 

each weather treatment (control, drought and flood) at each timepoint. 
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Figure S4.2: Soil moisture during compound weather events directly after a 

second weather event and one month after the second weather event for all 

mesocosms. 

 
 

 
Figure S4.3: Daily mean, high and low outdoor temperature during the 

experimental phase when the weather events took place during 2017. 
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Table S4.1: Percentage of OTUs which were significantly different after 

compound weather events. The percentage of significantly different 

bacterial/archaeal OTUs (A) and fungal OTUs (B) between the control samples 

and the control/drought, drought/drought, flood/drought, control/flood, 

drought/flood and flood/flood samples after two five week weather events at three 

different timepoints (end of the second event, one month recovery, and one year 

recovery). 

A. Bacterial/Archaeal 

 Timepoint 

End of Event One Month 
Recovery 

One Year 
Recovery  

W
ea

th
er

 E
ve

nt
 

D
ro

ug
ht

 CD 3.66% 4.36% 9.36% 

DD 4.68% 8.03% 7.35% 

FD 5.52% 3.03% 7.50% 

Fl
oo

d 

CF 6.20% 4.93% 7.70% 

DF 8.65% 7.03% 7.17% 

FF 5.98% 5.10% 9.29% 

B. Fungal 

 
Timepoint 

End of Event One Month 
Recovery 

One Year 
Recovery 

W
ea

th
er

 E
ve

nt
 

D
ro

ug
ht

 CD 1.75% 1.85% 3.74% 

DD 1.97% 4.91% 3.66% 

FD 2.76% 2.75% 1.80% 

Fl
oo

d 

CF 3.39% 2.01% 3.52% 

DF 4.01% 3.65% 3.55% 

FF 3.11% 2.53% 3.06% 
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