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Abstract 

In recent years, the frequency and intensity of flooding has increased. With flooding, comes a 

plethora of detrimental effects, including damage to infrastructure and utilities. However, often 

overlooked is the risk floods can pose to public health. Urban flood water can act as a vector for the 

dissemination of disease causing bacteria- such bacteria can be present as a risk suspended in the 

floodwater, or via deposition onto surfaces. Potentially causing illness should a member of the public 

encounter such bacteria. To mitigate the risk an urban flood can pose to public health, it is important 

that the dynamics and behaviour of the bacterial communities present in a flood scenario are 

understood.  

In this research the dynamics of bacterial communities at urban flood sites have been investigated. 

This includes: identifying the bacterial community structure of urban flood water and affected urban 

soils and how this changes, understanding the bacterial transfer between the flood water and urban 

soil, and also determining how this changes over long and short term scales. In this study a field 

study was performed, sampling two sites with a high surface flood risk over a long term period- 

several months, and also in the short term- sampling for 3 consecutive days following a heavy rainfall 

and thus flood event. Collected soil and floodwater samples, were analysed using heterotrophic 

plate counts, but also by sequencing the V4 region of the 16s rRNA gene. Complementing the field 

study, a laboratory based soil column study was also carried out, similarly analysing samples using 

HPCs and 16s rRNA sequencing.  

Bacterial communities in both soil and floodwater showed seasonal changes in the long term study, 

including changes in diversity, and bacterial abundance. The short term field study, similarly 

detected faecal contamination at one sample site, but found that no disease causing or pathogenic 

bacteria were present in flood affected soils in the 3 days following a flood event at either site. This 

study also found that the altered soil bacterial community at flood sites is thought to be further 

impacted by the presence of faecal contamination, finding lower diversity at the site though to be 

faecally contaminated. During the column study, it was found that most bacteria remained within 

the top 0.4m of the soil column, with no pathogenic species found to have moved into the soil. This 

study also compared the distribution and transport of the bacteria to that of a solute in order to 

hydraulically characterise the soil. Naturally, bacterial transport and distribution was different to 

that of a solute, with soil characteristics such as grain and pore size, along with bacterial behaviours, 

such as biofilm formation, thought to influence bacterial transport and distribution . 

This research has provided new insights on the presence, risk and behaviour of bacteria at urban 

flood sites. It  also emphasises hƻǿ ΨǊŜŀƭ ƭƛŦŜΩ Řŀǘŀ ŦǊƻƳ ǘƘŜ ŦƛŜƭŘ ƛǎ ǎǘƛƭƭ ƻŦ ǳǘƳƻǎǘ ƛƳǇƻǊǘŀƴŎŜ ǿƘŜƴ 

assessing risk, as each flood site is unique with different physico-chemical factors, bacterial 

ŎƻƳƳǳƴƛǘȅ ŎƻƳǇƻǎƛǘƛƻƴǎΣ ŀƴŘ ŀƭǎƻ ŦƭƻƻŘ ƻǊƛƎƛƴǎΣ ǿƘƛŎƘ Ŏŀƴ ŀƭƭ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ΨǊƛǎƪΩ ǘƻ Ǉǳōƭic health. 
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Chapter 1 

Introduction 

 
1.1 Introduction 

The risks urban floods pose to public health, is yet to be fully understood. There are several factors 

to consider, all of which merit investigation. Some factors are far reaching- i.e. the root cause, or 

contributor, of flooding- climate change, and extreme weather events. Other factors are more 

specific, such as the processes involved in wastewater treatment, hydraulic performance of 

infrastructure and movement of water through these systems. To fully consider this problem, social 

and psychological studies could even be carried out on human behaviour around floods. This topic is 

multi-faceted with lots of uncertainties and many paths to investigate.  

Understanding the presence and behaviour of pathogens in floodwater itself is also essential to 

better understand public health risk. Although the potential for other contaminants to cause illness 

is of importance, it is contact with a wide variety of pathogens that can potentially cause severe, 

infectious, and potentially epidemic illness among the population. Not only do we need to 

investigate the pathogenic and disease-causing species present, - but also how long they survive 

after a flood, how many are present, how they move during a flood, and how they might travel 

between the flood water and urban surfaces. Past studies tend to focus on pathogenic E. coli- due to 

ease of detection and its levels being regulated in legislations for microbial surveillance of rivers and 

waterways, such as the Water Framework Directive (DEFRA, 2014). This faecal bacterium is 

traditionally used as an indicator for the presence of faeces and thus disease (Odonkor and Ampofo, 

2013; Price and Wildeboer, 2017; Shah et al., 2016; Ten Veldhuis et al., 2010; Yard et al., 2014). 

However, this study will focus on identifying the actual microbial community structure present in 

urban floodwater. 

To build a better understanding of these processes this project will focus on the specific aspect of 

transport and quantification of bacterial species, including potentially pathogenic microorganisms, in 

and between urban soils and flood water. A better understanding of microbial dynamics will allow to 

determine the safety of a recently flooded area in the short and long term. 

 

1.2 Research aims and objectives. 

The main aim of the project is to determine to what extent urban flood events, due to direct 

exposure to polluted water, pose a risk to public health and/or the environment. This will be 

investigated by focusing on the specific aspect of transport and survival of potential pathogenic 

microorganisms in and between urban soils and flood water. 

 

A series of research objectives are required to achieve the project aim and are outlined below: 

1. Determine the bacterial community structure, including potential pathogens, which are 

likely to be present in urban flood situations. This will be achieved by combining field 

work (short- and long-term sampling) and laboratory soil column experiments.  

2. Investigate the dynamics of potential pathogens at the soil\water interface following a 

contaminated flood event, quantify and understand the processes and timescales 
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involved. This will involve the use of a laboratory-based soil column in which samples 

will be taken at varying depths, and at different time points after a contaminated water 

flooding event.  

3. Determine whether characteristics of the urban environment (such as soil composition, 

pH, temperature, rainfall, etc.) have an impact on bacterial distribution between soil and 

floodwater. The impact of such factors will be investigated by combining field work and 

soil column experiments.   

 

1.3 Dissertation Overview 

This thesis consists of 7 chapters which include a review of the literature, methodology, analyses, 

data, results and conclusions. The thesis also incorporates a collection of three manuscripts that are 

suitable for publication in a peer-reviewed journal.  

This thesis is organised as follows: 

 

ỏ Chapter 1 corresponds to this introduction. 

ỏ Chapter 2 shows a general overview of the literature and background of the topics. 

ỏ Chapter 3 gives an overview of the methods used for this research. 

ỏ Chapter 4 ǇǊŜǎŜƴǘǎ ǘƘŜ ŦƛǊǎǘ ƳŀƴǳǎŎǊƛǇǘ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǘƛǘƭŜŘ ΨInvestigating the 

bacterial communities of urban flood water, and the impacts on soils at urban flood sitesΦΩ 

ỏ Chapter 5 presents the second manuscript derived from this research titled Ψ9ȄǇƭƻǊƛƴƎ {ƘƻǊǘ-

¢ŜǊƳ tǳōƭƛŎ IŜŀƭǘƘ wƛǎƪǎ ƻŦ ¦Ǌōŀƴ CƭƻƻŘǎ ƛƴ ǘƘŜ ¦Y ¢ƘǊƻǳƎƘ .ŀŎǘŜǊƛŀƭ /ƻƳƳǳƴƛǘȅ !ƴŀƭȅǎƛǎΩ 

ỏ Chapter 6 ǇǊŜǎŜƴǘǎ ǘƘŜ ǘƘƛǊŘ ƳŀƴǳǎŎǊƛǇǘ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǘƛǘƭŜŘ ΨSpatial and 

ǘŜƳǇƻǊŀƭ ǾŀǊƛŀǘƛƻƴ ƻŦ ōŀŎǘŜǊƛŀ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŦŀŜŎŀƭ ǇƻƭƭǳǘŜŘ ǎƻƛƭǎ ŀŦǘŜǊ ŀ ŦƭƻƻŘƛƴƎ ŜǾŜƴǘΩΦ 

ỏ Chapter 7 summarises the main conclusions from this research. 

ỏ Appendices includes supplementary information for chapters 4, 5, and 6. 
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Chapter 2 

Background and Literature Review 
 

2.1 Climate change and urban flood events 

Temporally, the frequency and occurrence of extreme hydrological events ς such as intense 

precipitation -- has steadily been increasing due to climate change (Pall et al., 2011). This 

precipitation has increased in intensity - volume, as well as frequency in some cases, consequently 

leading to an increase in flood events (Waters et al., 2010).  

Many sewer systems in densely populated urban areas are becoming unable to cope with sudden 

influxes of rainfall runoff, resulting from intense precipitation. Combined sewer systems (CSOs) - the 

main sewer type used in most UK towns and cities - are designed to discharge diluted wastewater, 

storm water, and seǿŀƎŜ ǳǎǳŀƭƭȅΣ Ǿƛŀ ŀ ΨǊŜƭŜŀǎŜ ǾŀƭǾŜΩΦ ¢ƘŜ ŘƛǎŎƘŀǊƎŜ Ŧƭƻǿǎ ƻǳǘ  ƛƴǘƻ ŀ ǊƛǾŜǊ ƻǊ ǿŀǘŜǊ 

ōƻŘȅΣ ǿƘŜƴ ǘƘŜ ǎŜǿŜǊ ōŜŎƻƳŜǎ ΨŦǳƭƭΩ ǘƻ ǇǊŜǾŜƴǘ ŘŀƳŀƎŜ ǘƻ ǘƘŜ ǎŜǿŜǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΣ ŀǎ ǿŜƭƭ ŀǎ ǘƻ 

prevent uncontrolled flooding of homes and buildings (Phillips et al., 2012). 

 

CSOs are not the only system that discharges water via outlets into the environment. Surface water 

outflow pipes also discharge rainwater that runs-off of roads, gutters, fields, etc. into water bodies, 

including groundwater via soakaways. Surface water systems discharge regularly, as the discharge is 

rainwater runoff, and so it is not usually thought of as harmful, in terms of the risk it poses to public 

health (Webber et al., 2018). However, in some cases, misconnection of pipes can also lead to 

wastewater being discharged, along with surface runoff rainwater (Chandler and Lerner, 2015). 

 

Many studies have investigated how CSOs spills affect the ecology of rivers (Veronesi et al., 2013; 

Wang,2014; Wu et al., 2019), as well as the immediate risk posed to the public using the river 

recreationally (de Man et al., 2013; Gray, 2008; Ten Veldhuis et al., 2010). However, contaminated 

water can also end up discharging into the urban environment ς ōŜŦƻǊŜ ƛǘ ǊŜŀŎƘŜǎ ǘƘŜ ΨǊŜƭŜŀǎŜ 

ǾŀƭǾŜΩ- due to misconnections, old infrastructure, blockages or from the lack of local capacity in the 

pipe network under intense rainfall, leading to an urban flood or exceedance event. This may result 

in contaminated water surcharging from manholes and gulleys onto streets, roads, and recreational 

areas (Abdellatif et al., 2013; National Academies of Sciences, Engineering, and Medicine, 2019; Olds 

et al., 2018).  

 

!ƭǘƘƻǳƎƘ ƳƻǊŜ ƛƴŦǊŜǉǳŜƴǘΣ ŦƭƻƻŘ ǿŀǘŜǊ Ŏŀƴ ŀƭǎƻ ǊŜŀŎƘ ǇŜƻǇƭŜΩǎ ƘƻƳŜǎ ς presenting a more 

immediate risk of contact with contaminated water. As urban areas tend to comprise a variety of 

impermeable surfaces, as well as permeable but easily saturated areas, such as parkland, the excess 

water cannot be easily absorbed into soil. On the one hand, the permeable properties of such areas 

can work favourably as a designated area to saturate and store flood water, preventing damage to 

homes and buildings (Förster et al., 2008; Schultz, 2006). However, when this is not the intention for 

the area, the water can sit in the area for days or even several weeks, potentially posing a 

microbiological risk (Gholami et al., 2010; Serinaldi et al., 2018). 

 

2.2 Defining the risk and identifying hazards associated to flooding 
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! Ǌƛǎƪ Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŀǎ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ΨǇƻǘŜƴǘƛŀƭ ƘŀǊƳ ŀƴŘ ƭƛƪŜƭƛƘƻƻŘ ƻŦ ŜȄǇƻǎǳǊŜΩ ό~ƻǘƛŏ ŀƴŘ 

wŀƧƛŏΣ нлмрύΦ Lƴ ǘƘŜ ŦƛŜƭŘ ƻŦ ǇǳōƭƛŎ ƘŜŀƭǘƘΣ ΨǊƛǎƪΩ Ƙŀǎ ŀ Ǌƻōǳǎǘ ŘŜŦƛƴƛǘƛƻƴΣ ŀƴŘ ƛǎ ǳǎǳŀƭƭȅ ŜǾŀƭǳŀǘŜŘ ǳǎƛƴƎ 

a selection of specific methods and tools, creating a multifaceted risk matrix or risk assessment 

strategy. For example, a typical tool used to examine risk in a flooding scenario is a microbiological 

risk assessment (MRA) or quantitative microbial risk assessment (QMRA). This method estimates the 

risk to public health, whilst accounting for any influencing factors by: identifying the microorganisms 

likely to cause harm, assessing exposure/dose exposed to, applying a dose-response model, and 

characterising risk in terms of probability of infection and illness (Haas et al., 2014; WHO, 2016). This 

method has been used by other large-scale flood studies including that of ten Veldhuis et al., and 

Fewtrell et al (Fewtrell et al., 2011; ten Veldhuis et al., 2010). However, this approach requires a 

ǊŜǎŜŀǊŎƘŜǊ ǘƻ ŦƻŎǳǎ ƻƴ ŀ ǎŜƭŜŎǘ ƴǳƳōŜǊ ƻŦ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎκǎǇŜŎƛŜǎΣ ŀƴŘ ŘƻŜǎƴΩǘ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ 

ǿƘƻƭŜ ōŀŎǘŜǊƛŀƭ ŎƻƳƳǳƴƛǘȅ ǇǊŜǎŜƴǘΦ ¢ƘǳǎΣ ǘƘƛǎ ǎǘǳŘȅΣ ƛƴǎǘŜŀŘ ƻŦ ŦƻŎǳǎƛƴƎ ƻƴ ΨǊƛǎƪΩ ŘƛǎŎǊŜǘŜƭȅΣ ǿƛƭƭ 

instead look at characterising the microbiological hazards (likely bacteria and/or pathogens) present 

during a flood event, and factors that influence the behaviour of such hazards. Instead of carrying 

ƻǳǘ ŀ Ŧǳƭƭ vaw!Σ ǘƘŜ ŦƛǊǎǘ ǎǘŀƎŜ ΨƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ƭƛƪŜƭȅ ǘƻ ŎŀǳǎŜ ƘŀǊƳΩ ƛǎ ǘƘŜ focus 

here. 

 

In the case of the public health risk of urban floods, it is vital to understand the environment where 

ǘƘŜ ΨǇƻǘŜƴǘƛŀƭ ƘŀǊƳΩ ŜȄƛǎǘǎ ƛƴΦ  ¢ƘŜ ǇŀǘƘƻƎŜƴǎ ƛƴ ǿŀǎǘŜǿŀǘŜǊΣ ƘŀǾŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ ŎŀǳǎŜ ƘŀǊƳ ƛŦ 

they are able to survive in soils after the floodwater withdraws (the point this study will investigate). 

The likelihood of this potential harm is dependent on the frequency of flood occurrence, and the 

probability of someone encountering the pathogens. Naturally, the floodwater, along with the 

contaminants are only a risk if members of the public physically come into contact with it. Scenarios 

in which this is likely to happen may include the following: children playing in floodwater, vehicles 

driving through floodwater and splashing pedestrians, or the floodwater being widespread in areas 

that may be the sole access route- and so there is no other option other than to walk through 

(Schets et al.,2008; Ten Veldhuis et al., 2010). If the flood is more severe, there is also the possibility 

the floodwater may enter homes and gardens, making direct contact with residents unavoidable. 

 

 

2.3 The microbial contaminants of urban floodwater 

 

Microbial contaminants ς pathogens- are important to consider. Flood water in urban environments 

is usually a mixture of diluted sewage, rainwater runoff- containing dirt and animal faeces, from 

streets and roads, or faeces from livestock, chemicals from fertilisers and pesticides/herbicides, 

resulting from agricultural run-off, as well as metals, often originating from industrial and domestic 

practices via leaching (Ghane et al., 2016; Scoullos et al.,2020; Yard et al., 2014).  Floodwater, 

therefore, has the potential to induce illness (Muirhead et al., 2004). This is due to bacterial 

pathogens, intestinal parasites, and enteric viruses, present in the floodwater, leading to outbreaks 

of waterborne diseases (Fewtrell et al., 2011; Ohl and Tapsell, 2000). Thus, causing health problems 

including, gastrointestinal and dermatological issues, and even more serious illnesses such as 

septicaemia (Baker-Austin et al., 2018; de Man et al., 2014; Haake and Levett, 2015). 

 

The most common waterborne pathogens present in urban flood water globally, after an intense 

hydrological event, such as heavy rainfall include Vibrio, Leptospira., Campylobacter, and 
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Cryptosporidium (Goodfellow and Taube, 2016). With E. coli and Giardia also being frequently 

detected in UK specific studies of urban floodwater (Fewtrell et al., 2011). In UK drinking water the 

presence of any bacterial pathogens, deems the water unsafe for consumption (Drinking water 

inspectorate, 2019), therefore bacterial pathogens present at any level - as seen in floodwater- could 

also pose a risk.  Despite Cryptosporidium being responsible for 69% of waterborne disease 

outbreaks in the UK over an 11-year period, it is E. coli that is routinely used as an indicator for faecal 

contamination in drinking water and freshwater by water companies and the Environment Agency, 

who are legally bound to do so by legislation (DEFRA, 2014). This is because using E. coli detection is 

affordable and easier to perform than other methods (Odonkor and Ampofo, 2013). This leaves a 

gap in the literature, with less information available on the behaviour of pathogens present in 

surface floods. 

 

2.4 Fate and transport of pathogens from contaminated water to and from soil   

 

It is widely understood and known that pathogens are present in flood water itself - this is visible as 

pools of water in urban areas following a flood event- presenting an obvious risk (de Man et al., 

2013). However, it is worth noting that contaminated water can serve as a vehicle for transporting 

pathogens, such as through infiltration into the ground.  This process poses a significant threat to 

public health by potentially contaminating soil and surfaces in the aftermath of floods (Rubinato et 

al., 2019).  With this in mind, the infiltration ability of a soil is an important factor to consider. The 

slope of the ground, as well as physical properties of soil, including composition, particle density, 

and texture can significantly impact the water holding capacity of the soil, and affect the infiltration 

rate of water into the soil (Patle et al., 2019). Coarser soils, usually have sand as a component, and 

tend to have higher infiltration rates, due to few, large, pore spaces, whereas fine soils, usually with 

clay as a component, have lower infiltration rates, but higher water holding capacity, due to smaller, 

but more numerous pore spaces (Adeniji et al., 2013).  

 

Another important factor, when dealing with wastewater containing pathogens, is the sorption of 

the microorganisms from the water column, into the soil. This creates the potential for 

contaminated water to pose a longer-term health risk, as the pathogens may be left behind, 

attached to the soil, after the floodwater withdraws.  Although not an urban scenario, one study 

found levels of E. coli, Salmonella, and Listeria, detected via PCR, only significantly declined in the 

soil of a lettuce field 3 weeks after a flood (Castro-Ibáñez et al., 2015). Many studies have 

investigated the sorption and dispersion behaviour of bacteria and viruses, with factors such as soil 

type, pH, porosity, temperature, and moisture all having an effect. However, many of these studies 

focus on organisms such as E. coli, Campylobacter, and intestinal enterococci- all traditional 

indicators of faecal contamination (Ten Veldhuis et al., 2010).Therefore less is currently known 

about the sorption abilities of the true range of bacterial species present at urban flood sites. As well 

as this, the characteristics of the pathogen can also have an effect on their motility in soils- cell type, 

hydrophobicity, cell shape and size (Brennan et al., 2014; Gannon et al., 1991; Gerba, 1983; Wang et 

al., 2014). 

 

This also means there is the potential for the pathogens to detach from the soil, when the water 

becomes saturated again, and become suspended back into the water-, which could then transport 
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the pathogens to wider areas. This is a specific risk, especially in parkland or recreational land, which 

ŀǊŜ ƻŦǘŜƴ ǳǎŜŘ ŀǎ ΨŦƭƻƻŘ ǎǘƻǊŀƎŜΩ ŀǊŜŀǎ ό/ƻllender et al., 2016). 

 

2.5 Movement of pathogens between the soil-floodwater interface 

Having discussed the sorption of pathogens from water and into the soil, it is important to also 

discuss the opposite movement of the pathogens- from the soil, to water.  Soil dwelling pathogens 

ŀǊŜ ƻŦǘŜƴ ǎǇƭƛǘ ƛƴǘƻ ǘǿƻ ŎŀǘŜƎƻǊƛŜǎΥ Ψǎƻƛƭ ōƻǊƴŜΩ όŜŘŀǇƘƛŎύ ŀnd soil transmitted. Soil borne pathogens 

(e.g., Bacillus anthracis), are those whose natural habitat is the soil, whereas soil transmitted 

pathogens (e.g. Cryptosporidium parvum) can live for extended lengths of time in the soil, but this is 

not their usual or optimal habitat- a stepping stone between infecting hosts (Jefferey and van der 

Putten, 2011). Most of the pathogens originating from sewage overflows, are soil transmitted 

ǇŀǘƘƻƎŜƴǎΣ ŀƴŘ ŀǘǘŀŎƘ ǘƻ ǘƘŜ ǎƻƛƭ ǇŀǊǘƛŎƭŜǎΣ ǳǎƛƴƎ ŦƭƻƻŘǿŀǘŜǊ ŀǎ ŀ ΨǾŜƘƛŎƭŜΩ to transport the pathogen 

into the soil (Bett et al., 2021). 

 

Following the original flood event and attachment, if another flood or heavy rainfall event occurs- re-

saturating the soil, it is possible that the attached pathogens could detach from the soil and back 

into the water. Generally, it is more likely that the pathogens will travel into groundwater- 

potentially being carried to another area (Jefferey and van der Putten, 2011). This is less likely to 

happen to pathogens that attach well to soil particles, for example Poliovirus. Pathogens that do not 

attach as readily to soil particles, such as Enteroviruses, are more likely to become mobilised once 

the soil becomes saturated again and be flushed further into the soil profile (Landry et al., 1979). If 

the soil is fully saturated with contaminated water, and another intense hydrological event occurs, 

ǘƘŜǊŜ ƛǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ǇŀǘƘƻƎŜƴǎΣ ƛƴǘƻ ǘƘŜ ΨƴŜǿΩ ǎǳǊŦŀŎŜ ǿŀǘŜǊΦ 

Not all pathogens have to rely on the movement of water to carry them into the soil. Pathogens can 

be spread via aerosols- fine particles or droplets that are suspended in the air (Cambra-López et al., 

2010), which can contain bacteria and viruses- ƻŦǘŜƴ ŎŀƭƭŜŘ Ψōƛƻ-ŀŜǊƻǎƻƭǎΩ όLǎƭŀƳ Ŝǘ ŀƭΦΣ нлмфύ .ŀŎǘŜǊƛŀ 

such as Staphylococcus aureus and Mycobacterium tuberculosis, have both been known to exist , and 

be transported via bio-ŀŜǊƻǎƻƭǎ όCŜƴƴŜƭƭȅ Ŝǘ ŀƭΦΣ нллпύΦ hǘƘŜǊ ǇŀǘƘƻƎŜƴǎ ƘŀǾŜ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ΨǎǿƛƳΩ ƛƴ 

fluid, and usually move via chemotaxis. Moving towards areas of desirable chemistry and being 

repelled from areas with undesirable chemistry (Webre et al., 2003).  

 

For example, E. coli shows positive chemotaxis towards L-amino acids, sugars, dipeptides, 

pyrimidines and electron acceptors (oxygen, nitrate, and fumarate), and thus will move towards 

them (Colin et al., нлмфΤ aŜǎƛōƻǾ ŀƴŘ !ŘƭŜǊΣ мфтнύΦ ¢ƘŜǊŜŦƻǊŜΣ ƛŦ ΨŎƭŜŀƴΩ ǿŀǘŜǊ ǇŀǎǎŜǎ ƻǾŜǊ ǘƘŜ ǎƻƛƭ 

surface, which is already contaminated with E.coli, this bacteria could move from soil to clean water, 

if it contained higher levels of attractive chemicals (than the saturated soil). Factors that complicate 

this by interfering with bacterial transfer/transport include: sorption to soil particles, hydrostatic 

force of the incoming water onto the soil, viscosity of the fluid/saturated soil, as well as how deep 

into the soil profile the pathogen exists (Kumar and Philominathan, 2010).  

This is theoretical and it is hard to assume how the pathogens will behave, as there is a gap in the 

literature in regards to this. Especially, regarding how pathogens move between environments such 

as those found in an urban flood situation, e.g. between water and soil of different saturations and 

contamination levels. 
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2.6 Mobility and survival of specific pathogenic species typically found in flood water 

2.6.1 Faecal indicator bacteria: E.coli 

E. coli has been found by several studies to migrate from surface water into top soil layers- despite 

the unfavourable conditions, such as increased exposure to UV and reduced soil moisture content, 

(Xing et al., 2017; van Elsas et al., 2010). For example, Jiang et al., found that after application of 

wastewater or manure onto a field, E.coli was  found to survive under  oligotrophic conditions, and 

ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ōŜƭƻǿ олɕ/ (application of wastewater or manure, on an intact sandy loam soil 

column, only 70cm in depth) (Jiang et al., 2005).  

 

The soil type and its physical-properties  are important to determine the fate and transport of E.coli 

in soils. E.coli showed higher dispersivity values in gravel (1.93cm2/s) as opposed to sand (0.14-

0.82cm), after application of contaminated water to  experimental soil columns - (Bai et al, 2016; 

Lamy et al., 2013). This is thought to be due to the pore size heterogeneity, as well as the grain size 

of the soil - with smaller pores and smaller grain sizes (sand), retarding the dispersion of E.coli -. It 

should be noted that the distribution and variety of pore size, as well as their connectivity to each 

other is also an important factor that would affect bacterial transport through the soil (Kasel et al., 

2013; Wang et al., 2014). However, this is an area that requires further study in order to draw solid 

conclusions (Bai et al., 2016). 

 

It has also been found that E.coli attach particularly well to clay soils- with a study over 8 days finding 

that E.coli survived the longest in clays (clay-loam soil with natural organic matter), with the 

bacterial levels (determined by measuring -ATP l) found to be almost two times that found in silts or 

sands (Liu et al., 2017). It is thought this is due to the mineralogy of the clay, enhancing the 

ǇŀǘƘƻƎŜƴΩǎ ǎǳǊǾƛǾŀƭ ǊŀǘŜ ό.ǊŜƴƴŀƴ et al., 2014).  

 

The minerals alter the surface area and cation exchange capacity of the soil. However, it is not yet 

understood how this directly helps bacterial survival. Despite this, it has been suggested that the 

presence of the clay minerals increases moisture and nutrient content, as well as decreasing soil 

particle size, which is thought to protect the bacteria from desiccation, UV light, and toxins (England 

et al., 1993; Roper and Marshall, 1972; Rosenzweig and Stotzky, 1979).  

 

2.6.2  Common pathogens associated to flooding:  Campylobacter and Cryptosporidium 

 

Much like E.coli, Campylobacter species (C.jejuni) has been found to be twice as likely to be present 

in clay soils as opposed to other soil types (Sanderson et al., 2018). C.jejuni is extremely sensitive to 

ŘŜǎƛŎŎŀǘƛƻƴΣ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ ¦± ŘŀƳŀƎŜΦ Lǘ ƛǎ ǘƘƻǳƎƘǘ ǘƘŀǘ Ŏƭŀȅ ƻŦŦŜǊǎ ƳƻǊŜ ΨǇǊƻǘŜŎǘƛƻƴΩ ǘƻ 

the bacteria due to its layered structure, confining water molecules, creating an affinity with water- 

thus, preventing desiccation, as well as having light scattering and light absorption properties that 

further protect the bacteria from UV damage (Bitton et al., 1972; Fomina and Skorochod, 2020; 

Marshall, 1975). Clays -accumulate nutrients, reversibly bound NH4
+ cations, which can then be 

passed to bacteria via ion exchange- therefore providing bacteria with nutrition to aid survival in the 

soil (Burford et al., 2003; Cuadros, 2017). 
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Campylobacter also tend to have higher survival rates at lower temperatures of 10-20ᴈ, than higher 

temperatures (25-30ᴈ)- with optimum temperature (10ᴈ) increasing survival of Campylobacter in 

faeces by up to 5 days (Ahmed et al., 2013; Moriarty et al., 2011). However, in sandy soils, 

Campylobacter attach less strongly to the soil particles- with one study finding, by measuring 

recovery rates through 9-10cm long, wet packed soil columns, that C. jejuni is transported further 

into soils, than E. coli (Bolster et al., 2006). It is thought that this is due to various cell properties, 

such as size, shape, size distribution, surface charge, and hydrophobicity- however it is difficult to 

isolate and study each property and so there is uncertainty as to which cell property is most 

important in terms of transport through soil (Gannon et al., 1991; Weiss et al., 1995). 

 

Cryptosporidium has proved to be difficult to treat in wastewater via usual disinfection, and so many 

water companies ς use UV light as well as sand filtration (Rose, 1997; Timms et al., 1995; West, 

1991). Using packed sand has shown to significantly filter out Cryptosporidium oocysts, as well as 

Giardia oocysts. One study investigated the behaviour of Cryptosporidium oocysts in a column 

packed with quartz sand - although on a small scale (column height = 7.1cm, diameter = 1cm) 

(Tufenkji et al., 2004). - This study,  focused on the ionic strength of the oocysts and sand grains. 

Both oocysts and sand had negative charges, and thus it would be expected that they would repulse 

each other, creating low deposition of oocysts into the sand (Hsu et al., 2001). However, the 

opposiǘŜ ǿŀǎ ŦƻǳƴŘΣ ǿƛǘƘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƻƻŎȅǎǘ ŘŜǇƻǎƛǘƛƻƴ ǊŀǘŜ ƻŦ ҒлΦпмΣ ŜǾŜƴ ŀǘ ǘƘŜ ƭƻǿŜǎǘ ƛƻƴƛŎ 

strength - 1 mM KCl (Tufenkji, et al., 2004). It is thought that this is due to other non-ionic factors, 

such as grain and cell size, and how this causes straining of oocysts when the ratio of the particle/cell 

diameter to median grain diameter is <0.05 (Sakthivadivel, 1966). These factors together influence 

the straining/deposition rate of C. parvum oocysts, and other pathogens with larger cell sizes, such 

as Giardia (Tufenkji, et al., 2004). This study by Tufenkji et al., year indicates that in soil types with 

fine grains (sands) the aforementioned wastewater parasites are likely to remain in the soil- 

however this study did not investigate the length of time the pathogens remained in the soil, or how 

they would behave in soil types with larger or varied grain sizes.  

 

Cryptosporidium is generally associated with faecal matter, as is the case for many wastewater 

pathogens. Cryptosporidium has been shown to survive for up to 3 days in faeces (with no other 

moisture present) (Robertson et al., 1992; Mawdsley et al., 1996). In a flood situation- where the soil 

is saturated with water,  Cryptosporidium can survive for much longer, and has been found to diffuse 

into soil, up to 30cm,(experiment carried out in clay loam, silty loam and loamy sand, over 21 days).  

The majority (72.8%) of the pathogen was found in the top 2cm of soil- for all soil types (Mawdsley 

et al., 1996). 

 

Movement of typical pathogens found in contaminated waters has been demonstrated and 

discussed, however less is currently known on the movement of the wider range of diverse urban 

floodwater species through a typical urban soil. In order to characterise the bacterial hazards at 

flood sites, movement behaviour of the complete bacterial community is important for determining 

the vector of the hazard, i.e. soil, or floodwater. 

 

2.7 Research Questions 

Upon reflecting on the review of the literature, a number of knowledge gaps were found in the 

current research. This included a lack of information regarding: the true range and diversity of 
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bacterial species present in urban floodwater and affected soils, whether pathogens likely to cause 

disease are present at an urban flood site, and whether such pathogŜƴǎ ŀǊŜ ΨŎƻƳƳƻƴΩ ŦƭƻƻŘ ǊŜƭŀǘŜŘ 

pathogens. Information on the movement of bacteria from urban floods between the soil water 

interface and into the soil profile was also lacking, and thus warranted further investigation. 

 Identification of knowledge gaps led to the formation of a series of research questions that could - 

be answered through this projects findings. A list of the aforementioned research questions have 

been formulated below: 

 

 How diverse is the bacterial community found in the soil and water following a flood event, 

ƛŦ ƳƻǊŜ ǘƘŀƴ Ƨǳǎǘ ΨƛƴŘƛŎŀǘƻǊ ƻǊƎŀƴƛǎƳǎΩ ŀǊŜ ǘŜǎǘŜŘ ŦƻǊΚ 

 Post flood, are the bacteria present in the soil or water likely to cause disease? Is the risk 

higher in the short- or long term? 

 Which factors (e.g. soil structure, temperature, etc) are important in determining the 

distribution and dynamics of bacteria after a flooding event? 

  How deep into the soil profile do different bacteria originating from floodwater move 

during and following a flood event?  

 

To answer these questions, this study combines field monitoring and laboratory experiments that 

will improve our understanding of bacterial hazards and dynamics in contaminated flooded areas. 
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Chapter 3 

Methodology 

 
3.1 Experimental overview 

In order to investigate and meet the outlined research objectives a dual approach was taken of 

sampling at urban flood sites in the field, along with laboratory-based investigations. On the one 

ƘŀƴŘΣ ǘƘƛǎ ŀǇǇǊƻŀŎƘ ŀƭƭƻǿǎ ǘƘŜ ΨǊŜŀƭ-ƭƛŦŜΩ ōŀŎǘŜǊƛŀƭ ƳƛŎǊƻōƛƻƳe of urban floods to be determined 

temporally in-situ, whilst accounting for seasonal variation. On the other hand, the laboratory 

investigations provide a controlled environment to more closely investigate the movement of 

bacteria  through the soil column, as well as the movement of said bacteria across and between the 

soil-water interface. 

Detailed descriptions of the methods used for each study are described in the relevant chapters, but 

this chapter served as a general overview. 

 

3.2 Field work overview 

In order to investigate the range of bacterial pathogens often found at urban floodwater sites, two 

field studies were carried out. One long term study (chapter 4) and one short term study (chapter 5).  

The long-term study involved sampling over a one year period. This allowed the bacterial 

microbiome of urban flooding to be determined in-situ, whilst accounting for seasonal variation. 

Whereas the short-term study, sampling in the 3 days immediately after a flood event allowed for 

any shifts in the bactŜǊƛŀƭ ŎƻƳƳǳƴƛǘȅ ǎǘǊǳŎǘǳǊŜ ǘƻ ōŜ ŘŜǘŜǊƳƛƴŜŘ ŀƴŘ ŀƭƭƻǿŜŘ ŦƻǊ ǘƘŜ Ƴƻǎǘ ΨŎǊƛǘƛŎŀƭΩ 

time following a flood- on which day, if any, do bacteria from urban floodwater pose a potential risk- 

to be identified. 

Previous studies tend to focus on the analysis of a small number of species-usually faecal indicators, 

such as E.coli, and coliform species (Edberg et al., 2000). Thus, the true range of the microbiological 

community present, is often overlooked. 

bŀǘǳǊŀƭƭȅΣ ŘǳŜ ǘƻ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ŦƭƻƻŘ ǎǘǳŘƛŜǎ ŀƭƭƻǿƛƴƎ ƻƴƭȅ ŦƻǊ ΨƻǇǇƻǊǘǳƴƛǎǘƛŎΩ ǎŀƳǇƭƛƴƎΣ ŎƻƭƭŜŎǘƛƴƎ 

data is certainly more challenging. However, such data will be extremely valuable in helping to 

expand the data ranges available on not only bacterial diversity, but also how this can change 

seasonally and temporally in the long term, but also in the short-term, and how this varies over the 

soil-water interfaces influenced by urban flooding.  

The following methods relating to field work were used for the studies outlined in chapters 4 and 5. 

 

3.2.1 Sample site selection 

Tƻ ŘŜǘŜǊƳƛƴŜ ŀǇǇǊƻǇǊƛŀǘŜ ǎƛǘŜǎ ǘƘŜ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΩǎ ǎǳǊŦŀŎŜ ŦƭƻƻŘ Ǌƛǎƪ ƳŀǇ ǿŀǎ ǳǎŜŘ ƛƴ 

ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ¢ƘŜ wƛǾŜǊǎ ¢ǊǳǎǘΩǎ ΨLǎ Ƴȅ ǊƛǾŜǊ Ŧƛǘ ǘƻ Ǉƭŀȅ ƛƴΚΩ ƳŀǇ ǘƻƻƭΣ ŀƭƻƴƎ ǿƛǘƘ ŀŘǾƛŎŜ ŦǊƻƳ 

Sheffield City Council to identify sites at annual risk of surface flooding, that are also nearby to 

Combined Sewer Overflows (CSOs) or outlets that spill regularly (Environment Agency, 2019; The 

Rivers Trust, 2021).  Word of mouth in the local area, as well as advice from volunteer groups such as 

ΨwƛǾŜƭƛƴ ±ŀƭƭŜȅ /ƻƴǎŜǊǾŀǘƛƻƴ DǊƻǳǇΩΣ ŀƴŘ Ψ{ƘƛǊŜƎǊŜŜƴ [ƛǘǘŜǊ tƛŎƪŜǊǎΩ ǿŜǊŜ ŀƭǎƻ ƎǊŜŀǘ ǎƻǳǊŎŜǎ ƻŦ 

information for the selection of potential sample sites. After preliminary visits and tests during the 
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first year of the study, it was decided a maximum of two sample sites was feasible, in order to 

ensure that sampling and analysis were conducted in an accurate and reproducible way, without the 

deterioration of samples. As a consequence of this, and after initial visits, two sampling sites were 

chosen in Sheffield, for routine sampling. 

 

 Tongue Gutter 

This site is located by a river ς Hartley Brook Dike -  (53°25'43.3"N 1°28'08.1"W) , (also known as 

Sheffield Lane Dike and Tongue Gutter), which runs parallel to residential housing areas, and feeds 

into Blackburn Brook, a stream that eventually meets the River Don. Alongside the river and sample 

point, a public footpath is also frequented by dog walkers and cyclists. At the sample site there is an 

outfall pipe discharging into a creek/brook. On every visit to the site the outfall pipe was consistently 

discharging and a strong smell was present, independently to the presence of rainfall The site had a 

lot of aesthetic pollution, some of which appeared to flow out of the outfall pipe, while another 

source of aesthetic pollution was via fly tipping from members of the public (Figure 1). 

 

At Tongue Gutter, separate sewer systems are used in the homes nearby. Misconnections to systems 

like this have previously been reported as the source of contamination (Chandler and Lerner, 2015), 

and could be the case at this site. This would mean foul water was connected to a surface water 

sewer system, and thus wastewater may be discharged via the surface water outlet. On several site 

visits the discharging water appeared frothy and bubbly, which could have been an indicator that the 

water discharging was mixed with a soap or detergent- supporting the theory of misconnections. 

¢Ƙƛǎ ǎƛǘŜ Ƙŀǎ ŀ ǎǳǊŦŀŎŜ ŦƭƻƻŘ Ǌƛǎƪ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨƘƛƎƘΩΣ ŀƴŘ ǎƻ Ƙŀǎ ŀƴ ŀƴƴǳŀƭ Ǌƛǎƪ ƻŦ ǎǳǊŦŀŎŜ ŦƭƻƻŘǎ ƻŦ 

<3.3% (Environment Agency, 2019). 

 

 
 

 

 

 

 

 

 

 

 

Figure 1. Sampling site at Tongue Gutter on a visit in May 2022. 

 

Endcliffe Park 

The second sample site is a large city park, Endcliffe Park, which lies along the course of the Porter 

Brook River ς όроϲннΩлсΦпέb мϲолΩнмΦлέ²ύΦ ¢ƘŜ ŀǊŜŀ consists of grassy recreational parkland, along 

with woodland- with the chosen sample site being located in the former. The sample location is an 

area that frequently has a large pool of standing water- especially visible after rain. The site is also 

close to two gullies-which are thought to contribute to the water pool, with water being seen 

flowing out of one several times after rainfall. 
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¢Ƙƛǎ ǎƛǘŜ ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴǘŜǊŜǎǘƛƴƎ ŘǳŜ ǘƻ ǘƘŜ ǇǊƻȄƛƳƛǘȅ ǘƻ ǊŜŎǊŜŀǘƛƻƴŀƭ ƎǊƻǳƴŘ ŀǎ ǿŜƭƭ ŀǎ ŀ ŎƘƛƭŘǊŜƴΩǎ 

playground (Figure 2). During particularly heavy rain, the pool of potentially contaminated water has 

been known to reach the playground itself. Similarly to site 1, this site has a surface flood risk 

ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨƘƛƎƘΩΣ ŀƴŘ ǎƻ Ƙŀǎ ŀƴ ŀƴƴǳŀƭ Ǌƛǎƪ ƻŦ ǎǳǊŦŀŎŜ ŦƭƻƻŘǎ of <3.3% (Environment Agency, 

2019). 

 

   

Figure 2. Sampling site at Endcliffe Park during a visit after heavy rain in February 2022. 

 

3.2.2 Sampling regime 

On each visit, triplicate soil samples were taken, from 0-10cm depth, at both sites using a basic 

handheld soil auger, as well as control (background) soil samples located close by to the sample site 

but in an area not known to flood. The sampling frequency is outlined in chapters 4 and 5. Samples 

were placed in Ziploc plastic bags and sealed to prevent drying-out. The samples were stored in the 

dark and transported within 4 hours of collection to the laboratory and stored at 4 ºC (again in the 

dark) until analysis was undertaken. This minimised any potential changes in the microbial 

communities in the soil samples. For the molecular genomic work, 50 g sub-samples of soil were sealed 

in small plastic bags and were preserved at ς20 ºC for DNA analysis.  

 

Flood water samples were also taken in triplicate taken using 1L polyethylene containers and 50ml 

falcon tubes. Again, like with the soil samples, samples were stored in the dark and transported 

within 4 hours of collection to the laboratory and stored at 4 ºC until analysis was undertaken.  

 

3.2.3 Rainfall Monitoring 

To understand the influence of precipitation on bacterial dynamics, rainfall was monitored using a 

remote GPRS rain gauge located less than 5 miles from both sites (Detectronic, CIVICA, United 

YƛƴƎŘƻƳύΦ ¢ƘŜ ƎŀǳƎŜ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ƭƻƎǎ ǊŀƛƴŦŀƭƭ Řŀǘŀ ŜǾŜǊȅ ƘƻǳǊΦ ¢Ƙƛǎ ƎŀǳƎŜ ǳǎŜǎ ŀ ΨǘƛǇǇƛƴƎ ōǳŎƪŜǘΩ 

design accompanied by a GPRS data logger (Detectronic, CIVICA, United Kingdom). This rain gauge 

ŎƻƳǇƭƛŜǎ ǿƛǘƘ ǘƘŜ ΨDǳƛŘŜ ǘƻ aŜǘŜƻǊƻƭƻƎƛŎŀƭ LƴǎǘǊǳƳŜƴǘǎ bƻΦ у ƻŦ ǘƘŜ ²ahΩΣ Ƙŀǎ ŀƴ ǳƴƭƛƳƛǘŜŘ 

capacity and has an accuracy of +/- 1% at 26mm/hour (Detectronic, 2020; WMO, 2020).  

 

3.3 Sample analysis specific to field studies 
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The following sample analyses were performed for samples from field sites only- Chapters 4 and 5. 

 

3.3.1 pH and Temperature 

 

The first parameters measured for every soil and water sample were pH and temperature. This was 

done in the field using a portable probe (Sension+ PH1 Portable pH Meter, Field Kit with Electrode 

for General Purposes, Hach, UK), taking measurements in triplicate. For pH and temperature 

measurements of water in the field, a 500ml beaker of water was taken from the source, the mixture 

was vigorously mixed and the probe inserted for in situ measurements in triplicate.  

The pH of the soil is best measured in situ to avoid any potential changes in sediment which may 

occur during transport to the laboratory (Gumbley et al., 2005). To measure the pH of soil samples, a 

slurry was created at the field site by mixing the soil sample with distilled water using a ratio of 

2.5:1, soil sample: distilled water (Rowell, 2014). Temperature was not taken for soil samples. 

 

3.3.2 Determining soil moisture content and organic content 

To measure the moisture content of the soil samples, 30g of sample from each site was dried in an 

ƻǾŜƴ ŀǘ млрɕ/Σ ŦƻǊ п ƘƻǳǊǎΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǿŜƛƎƘŜŘ ōŜŦƻǊŜ ŀƴŘ ŀŦǘŜǊ ŘǊȅƛƴƎ ŀƴŘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ 

weight was equal to the % moisture of the sample (BS1377 PART 2:3.2) (British Standards Institute, 

1990). 

¢ƘŜ ǎŀƳŜ ǇǊƻŎŜǎǎ ǿŀǎ ǘƘŜƴ ǊŜǇŜŀǘŜŘ ƛƴ ŀ ррлɕ/ ŦǳǊƴace, to determine the loss on ignition %/organic 

matter % of the soil samples. The following calculations were used to measure the moisture and 

organic matter content of the samples: 

Moisture content: 

% of fresh weight = ([mass fresh soil- mass dry soil]/mass fresh soil) x 100 

Organic matter content: 

% of dry weight = ([mass dry soil- mass of ash after ignition]/ mass dry soil) x 100 

 

3.3.3 Soil particle size analysis and classification from field samples 

After drying, subsamples from each site were pooled and passed through a set of 10 standard 

geotechnical sieves, from 5mm to 63 micron (Appendix 1). The initial weight of the dry sample was 

measured, and the stack of sieves shaken on a sieve shaker for 20 minutes (British Standards 

Institute, 1990). After this, the amount of sample retained on each sieve was weighed and recorded. 

The results of dry sieving were then plotted on a particle size distribution chart according to British 

Standard 1377 Part 2, and compared to a soil sizing chart to determine soil type (Appendices 2 and 

3)(British Standards Institute, 1990). 

 

3.3.4 Scanning Electron Microscopy (SEM) to characterise soil microbiome 

{ƻƛƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘŀƪŜƴ ƻƴ ŀ Řŀȅ ǿƛǘƘƻǳǘ ǊŀƛƴŦŀƭƭ ŀǘ ǘƘŜ Ψ9ƴŘŎƭƛŦŦŜ tŀǊƪΩ ǎƛǘŜ ŀƴŘ Ǿƛǎǳŀƭƛǎŀǘƛƻƴǎ 

created using SEM. This was to give a detailed, and magnified view of the typical soil structure- 

ƛƴŎƭǳŘƛƴƎ ŀƴȅ ƳƛŎǊƻōŜǎ ǘƘŀǘ ŀǊŜ ǇǊŜǎŜƴǘ ǳƴŘŜǊ ΨǳǎǳŀƭΩ όƴƻƴ-flood) conditions. This process was 

ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ {ƘŜŦŦƛŜƭŘΩǎ 9ƭŜŎǘǊƻƴ aƛŎǊƻǎŎƻǇȅ {ŜǊǾƛŎŜΦ ¢ƘŜ Ŧƻƭƭƻǿƛƴg steps were 

carried out: 



14 
 

Specimens (each specimen=0.5g of soil) were fixed in 2.5% Glutaraldehyde (Merck, Germany) in 

лΦмa ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊ όaŜǊŎƪΣ DŜǊƳŀƴȅύ ŦƻǊ о ƘƻǳǊǎ ŀǘ пɕ/Φ {ǇŜŎƛƳŜƴǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ ƛƴ лΦмa 

Sodium Cacodylate buffer (Merck, Germany, tƘǊŜŜ ǘƛƳŜǎΣ ǿƛǘƘ ол ƳƛƴǳǘŜ ƛƴǘŜǊǾŀƭǎ ŀǘ пɕ/Φ bŜȄǘΣ 

secondary fixation in 2% aqueous osmium tetroxide (Merck, Germany) was carried out for 1 hour at 

room temperature. The specimens were then dehydrated through a graded series of ethanol (Fisher 

Scientific, UK): 

ǒ 75% ethanol for 15 minutes 

ǒ 95% ethanol for 15 minutes 

ǒ 100% ethanol for 15 minutes 

ǒ 100% ethanol again for 15 minutes 

ǒ 100% ethanol dried over anhydrous Copper sulphate (Merck, Germany) for 15 minutes 

ǒ 50/50 mixture of 100% ethanol and 100% Hexamethyldisilazane (Merck, Germany) for 30 

minutes 

ǒ 100% Hexamethyldisilazane for 30 minutes. 

Then, specimens were air-dried overnight. When dry, specimens were mounted on 12.5mm 

diameter stubs, attached with Sticky Tabs, and coated with approximately 25nm of gold in an 

Edwards S150B sputter coater (Edwards, UK). Specimens were finally, imaged using a Tescan Vega3 

LMU SEM (Tescan, Czech Republic) at an accelerating voltage of 15Kv. 

 

3.4 Laboratory based - Soil Column investigation 

In order to analyse the movement of bacteria originating from floodwater across the soil-water 

interface and into the soil profile, a column experiment was designed. This was designed to replicate 

ŀ ǎƳŀƭƭ ǎŜŎǘƛƻƴ ƻŦ ǎƻƛƭ ŦǊƻƳ ǘƘŜ ǳǊōŀƴ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǎǳōƧŜŎǘ ƛǘ ǘƻ ΩǳǊōŀƴ ŦƭƻƻŘΩ ŎƻƴŘƛǘƛƻƴǎΣ by 

running contaminated water through the column, taking water samples temporally and soil samples 

at different depths once the floodwater had run through the column. This allowed changes in 

behaviour and distribution of present pathogens to be tracked. 

Prior to the experiments using floodwater, preliminary salt tracer tests were also carried out, with 

data fitted to an advection-diffusion model (ADE model). This allowed the appropriate flow rates to 

use to be determined, as well as finding the diffusivity value of the soil, and also determine when 

would be best to take samples from the column to track potential movement of pathogens (via 

water) through the column. Full details of the preliminary tests can be found in Chapter 6. 

3.4.1 Column Design 

It was not only important that the column depth represented field conditions and spatial/ temporal 

scales relevant to urban flood events, but it was also important that the depth of the column was 

not too large, as practicalities, such as taking samples, and filling and emptying the column may have 

become too difficult. Although many soil column studies have been carried out, there is no 

standardised method for designing or running a soil column experiment (Lewis, J.and Sjöstrom, J., 

2010).  A column made of inert acrylic was designed with a depth of 1.28 metres and an inner 

diameter of 24cm (Figure 3).In depth details of column design, soil  choice, and set-up  can be found 

in Chapter 6. 
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Figure 3. Illustrative diagram of column set up, showing sampling ports at different depths 
 

Instead of creating synthetic floodwater, floodwater was taken from the field to use in the column 

ŜȄǇŜǊƛƳŜƴǘǎΦ CƭƻƻŘ ǿŀǘŜǊ ǿŀǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ǎƛǘŜ Ψ¢ƻƴƎǳŜ DǳǘǘŜǊΩΣ ǘƘƛǎ ǿŀǎ ŘǳŜ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŜ 

above mentioned pipe at this site spilled almost constantly and so it was guaranteed there would be 

enough water to collect. This site was also known to be contaminated with faecal bacteria, thus 

providing a diverse bacterial community to study. On the morning of each soil trial, approximately 

млл [ ƻŦ ΨŦƭƻƻŘǿŀǘŜǊΩ- water originating from the pipe and forming a pool (Figure 1)- was collected in 

sterile containers and transported to the laboratory within 30 minutes. Water was filtered through a 

240mm 250 mesh count stainless steel sheet to remove any large pieces of debris to prevent any 

blockages, before being used in the column experiments. 

3.4.2 Flood Water Trials 

 3 soil column trials were carried out using flood water collected from the field. Each trial was set up 

in the same way, and conditions for each trial replicated as closely as possible. Soil was hand-packed 

into the column prior to each trial. This generally involved: sieving the soil into the column in 10cm 

ƛƴŎǊŜƳŜƴǘǎΣ ǿƘƛŎƘ ǿŜǊŜ ǘƘŜƴ ŎƻƳǇŀŎǘŜŘ ǿƛǘƘ ŀ ǿŜƛƎƘǘŜŘ ΨǘŀƳǇŜǊΩ ŘŜǾƛŎŜ (further details can be 

ŦƻǳƴŘ ƛƴ Ψ/ƘŀǇǘŜǊ сΩύ. Care was taken to ensure the same packing process was carried out for each 

trial for repeatability, however due to re-packing the column, it was expected there would be some 

ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǊŜǎǳƭǘǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǊƛŀƭǎΣ ŀǎ ƛǘ ǿŀǎ ƴƻǘ ǇƻǎǎƛōƭŜ ŦƻǊ ŜŀŎƘ ΨƴŜǿΩ ŎƻƭǳƳƴ ǘƻ ōŜ ǇǊŜŎƛǎŜƭȅ 

the same as the others. Re-packing of the soil results in a loss of the natural soil structure, which in 

turn can affect the distribution of soil properties and therefore the transport of the floodwater and 

thus bacteria.  
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For each trial, after saturation of column (and leaving to settle overnight), clean water was pumped 

into the column, using the peristaltic pump until a head depth of between 7cm and 13cm was 

reached with the outflow tap open. The head was maintained by a constant inflow of water, and the 

open port. Once the correct flow rate was selected on the pump to ensure a steady head depth was 

maintained, the peristaltic pump began pumping the flood water collected from the field site into 

ǘƘŜ ŎƻƭǳƳƴΦ Lƴ ǘŜǊƳǎ ƻŦ ΨǘǊƛŀƭ ŘǳǊŀǘƛƻƴΩΣ ǘƘŜ ǘǊƛŀƭ ōŜƎŀƴ ƻƴŎŜ ǘƘŜ ǇǳƳǇ ǎǿƛǘŎƘŜŘ ǘƻ ǇǳƳǇƛƴƎ ŦƭƻƻŘ 

water.  

Water samples were then taken every 30 minutes or one hour ,from the outflow at the bottom of 

the column.  Some trials were shorter in duration than others due to practicalities such as the lab 

closing for the day, or health and safety risks i.e working alone out of hours. Water was collected 

into a sterile 15ml falcon tube, with at least 10ml collected per sample and immediately transferred 

to a refrigerator (4ᴈ). 

Soil samples were taken from the column ~12 hours after the trial ended. This allowed the 

floodwater to naturally drain from the column, and so soil samples could be taken without 

ŘƛǎǘǳǊōƛƴƎ ǘƘŜ ǎƻƛƭ ŎƻƭǳƳƴΣ ƻǊ ŎǊŜŀǘƛƴƎ ΨƘƻƭŜǎΩ ǿƘƛŎƘ ǿƻǳƭŘ ŀŦŦŜŎǘ ǘƘŜ Ŧƭƻǿ ǇŀǘƘ ƻŦ ǘƘŜ ǿŀǘŜǊ ǿƘƛƭŜ 

the trial was running. Soil samples were taken from each trial at the following depths: soil surface 

(top 10 cm), 40cm (from bottom of column), 33cm, 25cm, 17cm, mesh (10cm sitting on top of 

mesh). Each soil sample was extracted using the corer (figure 6) and transferred to a sterile 50ml 

falcon tube and placed into a refrigerator immediately (4ᴈ). Each soil sample weighed at least 10g. 

 For each trial the following pre-trial samples were also taken: clean water (used to saturate soil), 

floodwater, and a  pre-trial soil sample (before being packed into the column). 

  

All analysis methods outlined from this point were utilised in all 3 studies- Chapters 4, 5, and 6. 

 

3.5 Bacterial abundance: Heterotrophic and coliform plate counts  

Microbial abundance can be investigated by culturing on selective nutrient agar plates. This process 

ς heterotrophic plate counts (HPC)- allows any cultivable, heterotrophic bacteria (bacteria that 

require organic nutrients for growth) present in the samples to be determined and was performed 

for all soil and water samples. It should be noted that HPC only gives information on a small part of 

the microbial community. However, this method is widely accepted and used in water industries 

(Allen et al., 2004) , due to the low cost, and ease of use, and so is used for this study. 

Before plating, seral dilutions were performed for soil and water samples. However, a slurry was 

made for soil samples using 1g of soil and 10ml of PBS- tƘƻǎǇƘŀǘŜ ōǳŦŦŜǊŜŘ ǎŀƭƛƴŜ όLƴǾƛǘǊƻƎŜƴϰ t.{ 

(Phosphate-Buffered Saline) Tablets, ThermoFisher Scientific, United Kingdom). 

 

After dilution, 0.1ml  from each sample tube was pipetted onto plates containing LB Agar 

όLƴǾƛǘǊƻƎŜƴϰ [. !ƎŀǊΣ ǇƻǿŘŜǊ ό[ŜƴƴƻȄ [ ŀƎŀǊύ ¢ƘŜǊƳƻCƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΣ ¦ƴƛǘŜŘ YƛƴƎŘƻƳύΣ ŀǎ ǿŜƭƭ ŀǎ 

plates containing Chromocult Coliform Agar (Chromocult® Coliform Agar, Merck, Germany). 

Preliminary tests determined that a dilution factor of 10-3 would be used for samples plated on LB 

Agar, and a dilution factor of 10-1 would be used for samples plated on Chromocult Coliform Agar. 
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 This was carried out in a laminar flow (SafeFAST Classic class II A1/A2 -212, Microbiological Safety 

Cabinet, FASTER SRL, Ferrara, Italy), in order to avoid contamination of samples from airborne 

bacteria, and to protect lab users from any potentially infectious bacteria. The plates were then 

inverted and left to inŎǳōŀǘŜ ŀǘ отɕ/ ŦƻǊ нп ƘƻǳǊǎΦ 

Chromocult coliform media is selective, and so it signifies the presence of just two bacteria- 

Escherichia coli (E. coli) and Citrobacter freundii (C. freundii) - both faecal indicators.  On Chromocult, 

E. coli colonies appear purple and C. freundii appear as pink colonies (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Colonies of E. coli (purple) and C. freundii (pink) on a chromocult agar plate. 

 

After incubation, the colonies on each plate were counted. Once the colony forming units (CFU) have 

been counted, the number of CFUs per millilitre (CFU/ml) of the original sample was calculated by 

ƳǳƭǘƛǇƭȅƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ /C¦Ωǎ ŎƻǳƴǘŜŘΣ ōȅ ǘƘŜ Řƛƭǳǘƛƻƴ ŦŀŎǘƻǊΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ƎƛǾŜǎ ŀ ƎŜƴŜǊŀƭ 

estimation of the concentration of heterotrophic bacteria in a sample. 

 

3.6 Molecular genomic methods 

The use of these molecular techniques allows the characterisation of those components of the soil 

microbial community that currently cannot be cultured (Hosokawa et al., 2022). 

 

3.6.1 DNA extraction- Soil samples 

DNA was extracted from soil samples using the PowerSoil® DNA Isolation Kit (Mo Bio Labs Inc.). The 

ƪƛǘ ǳǘƛƭƛǎŜǎ ǘƘŜ ōŜŀŘ ōŜŀǘƛƴƎ ƳŜǘƘƻŘΦ ¢ƘŜ Ψ9ȄǇŜǊƛŜƴŎŜŘ ¦ǎŜǊΩ ǇǊƻǘƻŎƻƭ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘƛǎ ƪƛǘ ǿŀǎ 

followed (Mo Bio, 2016). 

 

3.6.2 DNA Extraction- Water 

3.6.2.1 Filtration and cell concentration of water samples 

To extract DNA from water samples, the samples first require filtration. This concentrates any 

microbial cells in the water onto the filter. To do this a three-way vacuum filtration system was used 

ό{ŀǊǘƻǊƛǳǎ о .ǊŀƴŎƘ aƛŎǊƻǎŀǊǘϰ aŀƴƛŦƻƭŘǎ ǿƛǘƘ CǳƴƴŜƭǎΣ {ŀǊǘƻǊƛǳǎΣ DŜǊƳŀƴȅύ ǿƛǘƘ ƴƛǘǊƻŎŜƭƭǳƭƻǎŜ 

filters with a pore size of 0.2µm and 47mm diameter (MF-Millipore® Membrane Filter, 0.22 µm pore 
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size, 47 mm diameter, mixed cellulose esters (MCE) membrane, Merck, Germany). This pore size is 

required as most bacteria and pathogens are much larger, at 0.5-5µm (Levin and Angert, 2015) and 

so will not pass through the filter, but remain on the filter for DNA extraction. 

This method prepares water samples for DNA extraction by trapping the microbial cells on the filter. 

The extracted DNA will be used for PCR, as well as for sequencing. After 500ml of each water sample 

has been filtered, the filters were stored in the freezer at -нлɕ/ ǳƴǘƛƭ 5b! ƛǎ ŜȄǘǊŀŎǘŜd. 

 

For the water samples, the Cetyltrimethylammonium Bromide (CTAB) method was used as described 

by Karunakaran et al., 2016, and is outlined here. Filters were cut into strips using a sterile scalpel, 

and half of each filter was placed into 2ml Eppendorf tubes. Then, 740 µL of SET lysis buffer (SET lysis 

buffer consists of 40 mM EDTA (Ambion, Warrington, UK), 50mM Tris-HCl pH 9 and 0.75 M sucrose 

(Sigma Aldrich Co., UK.) ) and 90 ml of lysozyme 10 mg/mL (Sigma Aldrich Co.,UK) were added.  

Tubes were incubated at 37 °C for 30 minutes with rotation in a hybridisation oven (Thermo 

Scientific, UK). After incubation 90 mL of 10 % sodium dodecyl sulphate (SDS) (Sigma Aldrich Co., 

UK.) and 25 mL of proteinase K 20 mg/mL (Applied Biosystems, Life Technologies Ltd., UK) were 

added. Tubes were then incubated at 55 °C in the hybridisation oven for 2 hours with rotation.After 

ǘƘŜ рр ɕ/ ƛƴŎǳōŀǘƛƻƴΣ ŀƴȅ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǿƛǘƘŘǊŀǿƴ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ƛƴǘƻ н Ƴ[ ǎǘŜǊƛƭŜ 9ǇǇŜƴŘƻǊŦ 

ǘǳōŜΦ мот ˃[ рa bŀ/ƭ м ҈ ŀƴŘ ммр ˃[ IŜȄŀŘŜŎȅƭǘƳŜǘhyl ammonium bromide (CTAB) / NaCl solution, 

were added to the tubes containing the supernatant (Sigma Aldrich Co., UK). Tubes were then 

incubated at 65 °C for 30 minutes with rotation.  

 

!ŦǘŜǊ ƛƴŎǳōŀǘƛƻƴΣ уоу ˃[ ƻŦ ŎƘƭƻǊƻŦƻǊƳΥƛǎƻŀƳȅƭ ŀƭŎƻƘƻƭ όнпΥмύ ό{ƛƎƳŀ-Aldrich, UK) was added in a 

fume cupboard and the tubes then centrifuged at 13,000 RPM for 5 minutes.  After centrifugation, 

the supernatant was extracted into a 2 mL tube and steps 9 and 10 were repeated. 

5b! ǿŀǎ ǘƘŜƴ ǇǊŜŎƛǇƛǘŀǘŜŘΣ ōȅ ŀŘŘƛƴƎ умр ˃[ ƻŦ мл0 % isopropanol (Sigma-Aldrich, UK). The tubes 

were then left overnight at -нлɕ/Φ 

 

The next day, samples were centrifuged for ten minutes at maximum RPM.  After centrifugation, the 

supernatant was removed carefully, leaving the DNA pellet in the tube. The pellet was then washed 

twice with 1 mL of 70 % ethanol, centrifuged for 5 minutes and the ethanol decanted. 

Tubes containing the pellet were then air dried in a fume cupboard for approximately 2 hours (until 

ethanol had dissipated) and then suspended in 50 ˃ [ 59t-treated sterile water (Thermo Scientific, 

UK). 

 

3.6.2.2 Quantification of extracted DNA 

¢ƘŜ ŀƳƻǳƴǘ ƻŦ 5b! ƛƴ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ǳǎƛƴƎ ŀ vǳ.ƛǘϰ п CƭǳƻǊƻƳŜǘŜǊ ό¢ƘŜǊƳƻ CƛǎƘŜǊ 

{ŎƛŜƴǘƛŦƛŎΣ ¦YύΣ ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ Ψ5b! .ǊƻŀŘ {ŜƴǎƛǘƛǾƛǘȅ YƛǘΩ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

Ψ5b! IƛƎƘ ǎŜƴǎƛǘƛǾƛǘȅ YƛǘΩ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜƴǎǳǊŜ ŀƭƭ ǊŀƴƎŜǎ ƻŦ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ 5b! ǿŜǊŜ ƳŜŀǎǳǊŜŘ 

from 0.2ng/µl -1000ng/µl (Thermo Fisher Scientific, 2021). 

 

3.7 Sequencing the bacterial 16s rRNA gene 

Next generation sequencing was performed at the NEOF molecular facility at the University of 

Liverpool, targeting the 16s rRNA gene, fourth hypervariable (V4) region. Hypervariable regions 
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show different sequence diversity between various species of bacteria- and thus can be used for 

species identification. The V4 region, specifically has high functionality in the ribosome and is highly 

conserved (Morosyuk et al., 2017; Van de Peer, et al., 1996). 

The Illumina Platform was used - for sequencing a of the 16s rRNA gene to estimate bacterial 

community structure. The samples in this study were sequenced using Illumina MiSeq® pair-end 

technology (Illumina, United States). Illumina MiSeq® has been chosen as it has a sequencing 

platform that provides a maximum of 250 million reads of lengths up to 2 × 300 base pairs (Caporaso 

et al., 2012). To target the 16S rRNA gene V4 region (16S v4), the following forward and reverse 

primers were used. Portion of the sequence in bold indicates the recognition sequence, allowing for 

a secondary nested PCR process to be performed. 

 

F: 5'ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTAA3' 

R: 5'GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT3' 

 

A successful amplification product results in a 254bp insert as described by Caporaso et al (2011 PNAS 

108, 4516-4522). 

 

3.7.1 Test Polymerase Chain Reaction (PCR) of extracted DNA 

After DNA extraction and quantification, a test PCR was performed on extracted samples in the 

NEOF visitor lab in Sheffield, prior to send the DNA for sequencing at the NEOF lab in Liverpool. This 

test was performed to check that the quantity and quality of the extracted DNA would allow for the 

subsequent amplifications needed for sequencing. For this PCR the following controls were included. 

An extraction kit negative control- this was a mock nucleic acid extraction, using the reagents 

provided in the extraction kit, but without any actual sample. An extraction kit positive control- this 

was an extraction from a community of cultured E. coli to ensure extraction kit accuracy. A PCR 

negative control was also used. This was a no-template control, which omits any DNA or RNA 

template from the PCR reaction. This serves as a general control for nucleic acid contamination. A 

PCR positive control was also used, again using E. coli. 

 

The test PCR used the following conditions: Initial denaturation was at 98 °C for 2 mins. Then 10 

ŎȅŎƭŜǎ ƻŦΥ  ŘŜƴŀǘǳǊŀǘƛƻƴ фр ɕ/ нл ǎŜŎǎΣ ŀƴƴŜŀƭƛƴƎ ср ɕ/ мр ǎŜŎǎ ŀƴŘ ŜȄǘŜƴǎƛƻƴ тл ɕ/ ол ǎŜŎǎΦ ²ƛǘƘ ŀ 

Ŧƛƴŀƭ ŜȄǘŜƴǎƛƻƴ ǎǘŜǇ ƻŦ тн ɕ/ ŦƻǊ р ƳƛƴΦ ¢ƘŜ t/w ƳƛȄǘǳǊŜ ŎƻƴǘŀƛƴŜŘ р ˃[ ƻŦ ǘŜƳǇƭŀǘŜ 5b!Σ мл ˃ [ нȄ 

Kapa HiFi HotStart Master Mix (Roche, Switzerland), 0.25 ˃ [ ƻŦ мл ҡa ƻŦ ŜŀŎƘ ǇǊƛƳŜǊΣ ŀƴŘ ƳƻƭŜŎǳƭŀǊ 

ōƛƻƭƻƎȅ ƎǊŀŘŜ ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нл ˃[Φ 

The size of the PCR amplicons was then checked using gel electrophoresis. 

 

3.7.2 Gel electrophoresis to check DNA size after test PCR  

To check the size of the tests PCR amplicons the agarose gel electrophoresis method was used. A 

0.8% agarose gel was made with agarose powder (Sigma Aldrich, United Kingdom) and 

Tris/Borate/EDTA (TBE) buffer, diluted X10 (Thermo Scientific, United Kingdom). 5ul Ethidium 

bromide (Thermo Fisher Scientific, 2018) was used to stain the gel and to allow for DNA visualisation. 

Orange G (Thermo Fisher Scientific, United Kingdom) at X6 dilution was used as a loading/tracking 

dye, and 1X TBE (Merck, Germany) buffer was used in the agarose gel box. In this case a 1KB DNA 
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ƭŀŘŘŜǊ ǿŀǎ ǳǎŜŘ όмƪō IȅǇŜǊƭŀŘŘŜǊϰΣ aŜǊƛŘƛŀƴ .ƛƻǎŎƛŜƴŎŜΣ ¦ƴƛǘŜŘ {ǘŀǘŜǎύ ǘƻ ŎƘŜŎƪ ŦƻǊ ŀƳǇƭƛŎƻƴ ǎƛȊŜΣ 

with gels ran at a voltage of 100V for approximately one hour. A trans-illuminator was then used to 

visualise the gel and DNA bands using UV. 

 

3.7.3 Illumina sequencing at NEOF molecular facility in Liverpool 

The NEOF Liverpool facility uses a 16s rRNA dual index nesteŘ t/w ŦƻǊ LƭƭǳƳƛƴŀΩǎ ǎŜǉǳŜƴŎƛƴƎ όb9hCΣ 

2024). The 1st PCR amplification uses the primers and conditions described previously in Section 

4.6.1 (Caporaso et al 2011,). This primer design incorporates a recognition sequence to allow a 

secondary nested PCR process. The PCR products were then purified with AMpure beads using a 1:1 

ratio (Beckman Coulter, USA). The second PCR is then performed to incorporate Illumina adapter 

sequences to allow for the sequencing of samples on the Illumina MiSeq platform. Barcodes for 

sample identification are also incorporated at this point. 

 

The general sequences of the forward and reverse primers for the second PCR are illustrated below. 

The 8bp barcode for sample identification after sequencing is underlined. 

N501 f: 

рΩ!!¢D!¢!/DD/D!//!//D!D!¢/¢!/!/TAGATCGC!/!/¢/¢¢¢///¢!/!/D!/D/¢/ оΩ 

N701 r: 

рΩ/!!D/!D!!D!/DD/!¢!/D!D!¢TCGCCTTAD¢D!/¢DD!D¢¢/!D!/D¢D¢D/¢/ оΩ 

 

The secondary PCR was performed under the same cycling conditions as described for the first PCR, 

but for 15 cycles. PCR mixture contained 10 ˃ [ ƻŦ ŀƳǇƭƛŎƻƴ ŦǊƻƳ мst PCR, 10 ˃ [ нȄ YŀǇŀ aŀǎǘŜǊ aƛȄΣ 

0.5 ˃ [ ƻŦ мл ҡa ƻŦ ŜŀŎƘ ǇǊƛƳŜǊΣ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅ ƎǊŀŘŜ ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нл˃[Φ 

Secondary amplicons were purified with AMpure beads (Beckman Coulter, USA ), as before. 

 

3.7.4 Bioinformatics: DNA sequences analysis 

Firstly, the raw Fastq files were trimmed for the presence of Illumina adapter sequences using 

Cutadapt version 1.2.1 (Martin, 2011). The option -O 3 was used, so the 3' end of any reads which 

match the adapter sequence for 3 bp. or more were trimmed. The reads were then further trimmed 

using Sickle version 1.200 with a minimum window quality score of 20 (Joshi and Fass, 2011). Reads 

shorter than 15 bp. after trimming were removed. These trimming steps were performed at the 

NEOF Liverpool molecular facility (Figure 5). 
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Figure 5. Pipeline of workflow used for bioinformatics analysis. 

 

After downloading the demultiplexed trimmed sequences, the data was imported into the 

Quantitative Insights into Microbial Ecology 2 program in the Paired End Fastq Manifest Phred33 

format (QIIME2, version 2019.7) (Bolyen et al., 2019). This means the sequence files were imported 

ǿƛǘƘ ŀ ǘŀō ŘŜƭƛƳƛǘŜŘ ΨaŀƴƛŦŜǎǘΩ ŦƛƭŜ ǿƘƛŎƘ ƳŀǇǎ ǎŀƳǇƭŜ ƛŘŜƴǘƛŦƛŜǊǎ ǘƻ ŀōǎƻƭǳǘŜ ŦƛƭŜǇŀǘƘǎ ǘƘŀǘ Ŏƻƴǘŀin 

sequence and quality data for the sample. After sequences were imported, they could be visualised 

in Qiime2 View (Bolyen et al., 2019). This gave information on the quality of forward and reverse 

reads using a random sampling of 10000 reads, as well as showing a summary of sequence lengths. 

This information was important for the next step.  

 

Next, De-ƴƻǾƻ ŀƳǇƭƛŎƻƴ ǎŜǉǳŜƴŎŜ ǾŀǊƛŀƴǘǎ ό!{±ǎύ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ Ψ5!5!нΩ ŎƻƳƳŀƴŘΦ ¢Ƙƛǎ 

method is based on sequencing error correction algorithms and generates ASVs, rather than using 

clustering methods, which typically generate individual operational taxonomic units (OTUs).  

This step denoises paired-end sequences, dereplicates them, and filters chimeras. For this step 

chosen truncation length was specific to each study, and is outlined in the relevant chapter. This step 

provided an ASV abundance table, along with representative sequences. 

 

With the sequence variants defined, the next step was to carry out taxonomic classification using 

Greegenes2 version 2022.10 (Mcdonald et al., 2023). The full length 16S rRNA sequences that are 

used within the Greenegenes2 2022.10 phylogenetic tree were downloaded into QIIME2. After the 

database was downloaded the 16s rRNA region of interest was extracted. This step is required to 

reach optimum assignment performance. Next the classifier was trained on the set of extracted 

reads using the Naive Bayes algorithm. Then taxonomic assignments were assigned to the ASV 

representative sequences using the trained classifier at a confidence level of 0.7. This meant each 

taxonomic level must reach a confidence level of <= 0.7 to be classified. At this point bar plots of 

taxonomy could be visualised in Qiime2, and exported for each sample.  

 

After sequences were assigned to taxonomic levels, a phylogenetic tree was constructed. This 

allowed the computation of phylogenetically aware beta-diversity metrics. This involved creating 

first an un-rooted tree, and then a rooted tree in Qiime2. The detected diversity partly depends on 
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the sampling depths. An incompletely sampled community will appear less diverse than a fully 

sampled community. Therefore, to compare the diversity between samples different sampling 

depths needed to be accounted for. This was carried out with rarefaction. Rarefaction is performed 

by reducing all the samples to the same sequence count, by random sub-sampling of the sequences. 

The minimum and maximum sampling depths were set again, and selected to ensure sequencing 

depth within samples were retained and no entire sample was lost. 

 

Finally diversity indices were calculated for alpha and beta diversity. This was done by using the 

ŘƛǾŜǊǎƛǘȅ ΨǿǊŀǇǇŜǊΩ ǎŎǊƛǇǘΩ ƛƴ vLLa9нΦ ¢ƘŜ ǎŎǊƛǇǘ Ŏƻ-investigates alpha- and beta-diversity at the same 

time. This gave multiple metrics for both alpha and beta diversity. 

 

3.8 Diversity Indices 

To fully investigate the bacterial diversity within the samples both alpha and beta diversity metrics 

were calculated in Qiime2. 

 

3.8.1 Alpha Diversity 

Alpha Diversity is used to measure diversity on a ΨƭƻŎŀƭΩ ǎŎŀƭŜ- ΨǿƛǘƘƛƴΩ ǎŀƳǇƭŜ ŘƛǾŜǊǎƛǘȅ ό²ƘƛǘǘŀƪŜǊΣ 

мфслύ ΦLƴ ǘƘƛǎ ǎǘǳŘȅΣ о ŘƛŦŦŜǊŜƴǘ ƳŜŀǎǳǊŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀƭǇƘŀ ŘƛǾŜǊǎƛǘȅΥ CŀƛǘƘΩǎ 

phylogenetic diversity (PD) Index, Abundance based coverage estimator (ACE) Richness index, and 

{ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ƛƴŘŜȄ ό/Ƙŀƻ ŀƴŘ [ŜŜΣ мффнΤ CŀƛǘƘΣ мффнΤ {ƛƳǇǎƻƴΣ мфпфύΦ CŀƛǘƘΩǎ t5 ƛƴŘŜȄ ǳǎŜǎ 

phylogenetic distance to calculate the diversity of a given sample (Faith, 1992), while the ACE 

Richness is a nonparametric richness index that measures the number of unique species, using 

sample coverage, defined based on the sum of the probabilities of the observed species (Chao and 

[ŜŜΣ мффнύΦ {ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ƛƴŘŜȄ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŘƛǾŜǊǎƛǘȅ ǿƘƛŎƘ ŎƻƴǎƛŘŜǊǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ 

species present, as well as the relative abundance of each species (Simpson, 1949). Each diversity 

index is based on different assumptions about the species diversity and thus, by using a combination 

of several indices, a more robust view of the biodiversity can be gained. 

 

3.8.2 Beta Diversity 

Beta Diversity is described as the ratio between regional and local species diversity (Whittaker, 

1960), and is useful to compare differences in diversity between different groups, i.e. different 

sample sites or types. To calculate beta diversity in this study, weighted Unifrac distance analysis 

was used. There are two types of Unifrac distances: an unweighted Unifrac distance that considers 

only species presence and absence and counts the fraction of branch length unique to each 

community. The weighted method, used here, uses species abundance and also weights the branch 

length with abundance difference (Chen et al., 2012). This phylogenetically aware metric takes into 

account presence and absence of species, as well as abundance- and is thus quantitative. 

 

3.9 Statistical Analysis 

Different analyses were used, tailored to the findings of each study and are outlined in detail in the 

relevant chapter. However, a brief description can be found below. 
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To test for differences generally the independent t-test was used. This test determines whether 

there is a statistically significant difference between the means in two groups (Mcdonald, 2014). To 

ǘŜǎǘ ŦƻǊ ŎƻǊǊŜƭŀǘƛƻƴǎΣ ǘƘŜ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ǘŜǎǘ ǿŀǎ ǳǎŜŘΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ŎŀƭŎǳƭŀǘŜǎ ǘƘŜ 

ratio between the covariance of two variables, and takes into account the standard deviations (Kirch, 

2008). 

 

For Beta Diversity analysis, Principal Coordinate Analysis (PCoA) was used. This method converts 

data on Euclidean distances between items into a 3 dimensional scatter graph plot. The plot has 3 

ŀȄƛǎΣ ƻƴŜ ŦƻǊ ŜŀŎƘ ΨŘƛƳŜƴǎƛƻƴΩΦ ¢ƘŜ ǾŀƭǳŜ ŘƛǎǇƭŀȅŜŘ ƻƴ ŜŀŎƘ ŀȄƛǎ ƛǎ ŎŀƭƭŜŘ ǘƘŜ ΨŜƛƎŜƴǾŀƭǳŜΩΦ !ȄŜǎ ŀǊŜ 

ranked by their eigenvalues, and so the first axis has the highest eigenvalue and thus explains the 

most variance. Each eigenvalue represents the amount of variance in each dimension as a 

percentage of the total variation in the distance matrix, and so the sum of the eigenvalues will equal 

the sum of the variance of all variables in the data set (Bakker, 2024). 

 

The plot can ōŜ ǾƛŜǿŜŘΣ ŀƴŘ ǎƘƻǿǎ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ΨŎƭƻǎŜƴŜǎǎΩ ƻŦ ƛǘŜƳǎΣ ŀƭƭƻǿƛƴƎ ƎǊƻǳǇǎ ŀƴŘ 

clusters to be found. In Qiime2, this utilised a distance matrix of beta diversity values for each 

sample. This allowed data to be separated based on metadata groups, i.e. sample type, location, 

date, rainfall amount etc. This was mainly used in this study to visualise beta diversity data, and to 

determine if separation of samples had statistical significance or if it might have originated by 

chance, Permutational Multivariate Analysis of Variance (PERMANOVA) analysis was carried out. 

PERMANOVA is a non-parametric multivariate statistical permutation test. It uses a distance matrix 

constructed from a dissimilarity measure, and tests the null hypothesis that there are no differences 

in the relative magnitude (presence/absence) of a set of variables among objects from different 

treatments or groups (Anderson, 2017). In this circumstance the dissimilarity measure is that 

computed using the beta diversity distance matrix to determine differences in beta diversity 

between the metadata groups. This test was chosen here as its assumptions are negligible, and it 

works well with complex data/ many groups of data. 
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Chapter 4 

Investigating the bacterial communities of urban flood water, and 

the impacts on soils at urban flood sites  

 
4.1 Abstract 

Sewage overflows and surface run off contributing to urban floods can act as vectors for the 

distribution of pathogens, known to cause disease among human populations. Most previous studies 

concerning waterborne health risk, have focused on using faecal indicators due to this being 

affordable and easier to perform than other methods (Odonkor and Ampofo, 2013, Yard et al., 

2014). However, traditional indicators do not accurately reflect the true risk that urban flooding 

poses this is because indicators only act as an estimate for faecal contamination and thus potential - 

pathogens presence, and do not provide information on the specific microbial communities that 

might be present. There is a current lack of understanding regarding specific pathogenic species 

present during and after flood events, - which species are present, how many are present, and 

whether they travel between flood water and urban surfaces and soils. A more specific and sensitive 

approach is required and so this study utilised routine sampling in the field to track seasonal changes 

at flood prone sites and cover all weather conditions, along with  heterotrophic plate counts to 

estimate the numbers of bacteria present, and next generation sequencing of the 16s rRNA gene to 

determine the bacterial community structure up to species level. Physico -chemical factors were also 

measured to determine whether they had any influence on the bacterial community structure. This 

study found that urban floodwater contained species known to be associated with the human 

intestinal tract, along with pathogenic species, and those that can cause disease- including 

Arcobacter cryaerophilus, and bacteria of the genus Bacteroides. The composition of the bacterial 

community structure was dependant on the origin of the floodwater. At the study sites it was also 

found that the presence of pathogenic bacterial species was mostly independent of any measured 

physico-chemical factors- including rainfall , however at one sample site bacterial diversity of 

floodwater did seem to increase when a higher rainfall depth was observed in the preceding days. 

Many bacterial species were shared by both the floodwater and soil at flood sites, indicating that 

certain species may move from the floodwater into the soil, via infiltration of water into soil, 

transporting the bacteria. This research has significantly helped to expand the data ranges available 

on not only microbial diversity in urban floodwater, but also on the affected soils. This data also 

provides information on how the movement of bacteria between the soil and water can have 

consequences for the microbial risk posed by an urban flood area in terms of the risk of disease, 

either from the floodwater or contaminated soils. This study also suggests that thought should be 

given to other environmental factors, including the source of the flood, as this can determine 

whether pathogenic or disease causing bacteria are likely to be present. 

 

Keywords: climate change, pathogens, urban floods, sequencing. 

 

4.2 Introduction 
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In recent years, the frequency and occurrence of extreme hydrological events ς such as intense 

precipitation, has been increasing (Pall et al., 2011). Precipitation events have increased in intensity - 

volume, as well as frequency in some cases, consequently leading to an increase in flood events 

(Waters et al., 2010). Many sewer systems in densely populated urban areas are becoming unable to 

cope with sudden influxes of rainfall runoff, resulting from intense precipitation. (National 

Infrastructure Commission, 2022). Combined sewer systems - the main sewer type used in most UK 

towns and cities - are designed to discharge diluted wastewater, storm water, and sewage usually, 

Ǿƛŀ ŀ ΨǊŜƭŜŀǎŜ ǾŀƭǾŜΩΦ ¢Ƙƛǎ ƛǎ ŀ ŎƻƳōƛƴŜŘ ǎŜǿŜǊ ƻǳǘŦƭƻǿ ό/{hύΦ ¢ƘŜ ŘƛǎŎƘŀǊƎŜ Ŧƭƻǿǎ ƻǳǘ ƛƴǘƻ a river or 

ǿŀǘŜǊ ōƻŘȅΣ ǿƘŜƴ ǘƘŜ ǎŜǿŜǊ ōŜŎƻƳŜǎ ΨŦǳƭƭΩ ǘƻ ǇǊŜǾŜƴǘ ŘŀƳŀƎŜ ǘƻ ǘƘŜ ǎŜǿŜǊ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΣ ŀǎ ǿŜƭƭ ŀǎ 

to prevent uncontrolled flooding of homes and buildings (Phillips et al., 2012). 

 

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ /{hΩǎ ŀǊŜ ƴƻǘ ǘƘŜ ƻƴƭȅ ǎȅǎǘŜƳ ǘƘŀǘ ŘƛǎŎharges water via outlets. Surface 

water outflow pipes also discharge rainwater that runs off roads, gutters, fields, etc. into rivers, 

water bodies, and into groundwater via soakaways. Surface water systems discharge regularly, as 

the discharge is rainwater runoff, and so it is not usually thought of as harmful, in terms of the risk it 

poses to public health (Webber et al., 2018). However, in some cases, misconnection of pipes can 

also lead to wastewater being discharged, along with surface runoff rainwater (Chandler and Lerner, 

2015). 

 

Many studies have investigated how CSO spills effect the ecology of rivers (Veronesi et al., 2013; 

Wang, 2014; Wu et al., 2019), as well as the immediate risk posed to the public using the river 

recreationally (de Man et al., 2013; Gray, 2008; Ten Veldhuis et al., 2010). However contaminated 

water can also end up discharging into the urban environment ς ōŜŦƻǊŜ ƛǘ ǊŜŀŎƘŜǎ ǘƘŜ ΨǊŜƭŜŀǎŜ 

ǾŀƭǾŜΩ- due to misconnections, old/deteriorating infrastructure, blockages or from the lack of local 

hydraulic capacity in the pipe network under intense rainfall, leading to an urban flood or 

exceedance event. This may result in contaminated water surcharging from manholes and gulleys 

onto streets, roads, and recreational areas (Abdellatif et al., 2013; NASEM, 2019; Olds et al., 2018).  

!ƭǘƘƻǳƎƘ ƳƻǊŜ ƛƴŦǊŜǉǳŜƴǘΣ ŦƭƻƻŘ ǿŀǘŜǊ Ŏŀƴ ŀƭǎƻ ǊŜŀŎƘ ǇŜƻǇƭŜΩǎ ƘƻƳŜǎ ς presenting a more 

immediate risk of contact with contaminated water. As urban areas tend to comprise a variety of 

impermeable surfaces, as well as permeable but easily saturated areas, such as parkland, the excess 

water cannot be easily absorbed into soil. On the one hand, the permeable properties of such areas 

can work favourably as a designated area to saturate and store flood water, preventing damage to 

homes and buildings (Förster et al., 2008; Schultz, 2006). However, when this is not the intention for 

the area, the water can sit in the area for days or even several weeks, potentially posing a 

microbiological risk (Gholami et al., 2010; Serinaldi et al., 2018). 

 

Further, an urban flood event cannot only be physically, economically, and environmentally 

damaging in the short termς but can also pose a more long term risk due to the potentially 

dangerous contaminants that use the flood water as a vehicle: metals, chemicals, and disease 

causing pathogens (Gray, 2008; Kundzewicz et al., 2010). Toxic metals and organic chemicals, 

originating from industrial, domestic, and agricultural practices are often found in sediments and 

soils tƘŀǘ ŀŎǘ ŀǎ ŀ ΨǎƛƴƪΩ ς ŀŎŎǳƳǳƭŀǘƛƴƎ ŀƴŘ ǎǘƻǊƛƴƎ ǘƘŜ ŎƘŜƳƛŎŀƭǎΣ ŀƴŘ ƻŦǘŜƴ ΨǊŜ-ǎǳǎǇŜƴŘƛƴƎΩ ƻǊ ΨǊŜ-

ǊŜƭŜŀǎƛƴƎΩ ǘƘŜƳ ŘǳǊƛƴƎ ƘŜŀǾȅ ǊŀƛƴŦŀƭƭ όDŀǿ Ŝǘ ŀƭΦΣ нлмп Τ [ŀǊŀ-Martin et al., 2014; Liang et al., 2013 ). 

Therefore, it is not surprising that during a flood event it has been shown that the typical chemical 

load (nitrates, zinc, arsenic, and iron) in surface water increases temporarily, but significantly (Yard 
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et al., 2014). Contact with such metals and chemicals can cause dermatological, digestive, and 

respiratory irritation, as well as in more severe cases, poisoning (Euripidou and Murray, 2004). 

Microbial contaminants ς pathogens- are also important to consider. Such pathogens, usually 

include those that are transmitted via the faecal-oral route, causing gastrointestinal illness, as well as 

more severe, life- threatening diseases (Goodfellow and Taube, 2016). The literature has shown that 

some common pathogens found in floodwater can survive from days up to several weeks following a 

flood event- thus lengthening the time in which they could infect someone, and also increasing the 

ƭŜƴƎǘƘ ƻŦ ǘƛƳŜ ǘƘŜ ΨŦƭƻƻŘΩ ǇƻǎŜǎ ŀ Ǌƛǎƪ ǘƻ ǇǳōƭƛŎ ƘŜŀƭǘƘ όDƻǿǊƛǎŀƴƪŀǊ Ŝǘ ŀƭΦΣ нлмтΤ WƛŀƴƎ Ŝǘ ŀƭΦΣ нллрΤ 

Mawdsley et al., 1996; Yard et al., 2014). 

 

Naturally, the floodwater, along with the contaminants are only a risk if members of the public 

physically come into contact with it. Scenarios in which this is likely to happen may include the 

following: children playing in floodwater, vehicles driving through floodwater and splashing 

pedestrians, or the floodwater being widespread in areas that may be the sole access route- and so 

there is no other option other than to walk through (Schets et al.,2008; Ten Veldhuis et al., 2010) . Of 

course, if the flood is more severe, there is also the possibility the floodwater may enter homes and 

gardens, making contact with residents unavoidable. in addition to this, after the water recedes, 

ŎƻƴǘŀƳƛƴŀƴǘǎ Ƴŀȅ ōŜ ΨƭŜŦǘ ōŜƘƛƴŘΩ ƛƴ ǘƘŜ ŀǊŜŀΣ ǿƛǘƘ ƳŜǘŀƭǎ ŀƴŘ ŎƘŜƳƛŎŀƭǎ ōŜƛƴƎ ǎǘƻǊŜŘ ƛƴ ǎƻƛƭǎΣ ŀƴŘ 

pathogens surviving on surfaces and in soils for days or even weeks (Scoullos, 2020; Suleyman et al., 

2018). Without the floodwater, there is no visible indicator to the public of possible contamination in 

the area, and so members of the public may unknowingly be frequenting areas in which pathogens 

still remain. 

 

The risks urban floods pose to public health, is yet to be fully understood. There are a number of 

factors to consider, all of which merit investigation. Some factors are far reaching- i.e. the root 

cause, or contributor, of flooding- climate change, and extreme weather events. Other factors are 

more specific, such as the processes involved in wastewater treatment, hydraulic performance of 

infrastructure and movement of water through these systems. To fully consider this problem, social 

and psychological studies could even be carried out on human behaviour around floods. This topic is 

multi-faceted with lots of uncertainties and many paths to investigate.  

 

Understanding the presence and behaviour of pathogens in floodwater itself is also essential to 

better understand public health risk. Although the potential for other contaminants to cause illness 

is of importance, it is contact with a wide variety of pathogens that can potentially cause severe, 

infectious, and also potentially epidemic illness among the population. Not only do we need to 

investigate the pathogenic and disease-causing species present, - but also, how many are present, 

how they move during a flood, and how they travel between the flood water and urban surfaces. 

Bacteria can live in soil, so at sites that flood regularly it is important to study the bacterial 

community even when the obvious risk (floodwater) has departed.  I.e we need more evidence as to 

whether there is a persistent health risk at flood sites, if risk is higher at certain times, or if the 

health risks are short term only and disappear after a few hours/days.  Past studies tend to focus on 

Faecal Indicator Bacteria (FIB) such as E. coli- due to ease of detection and levels being regulated in 

legislations for microbial surveillance of rivers and waterways, such as the Water Framework 

Directive (DEFRA, 2014). FIB are traditionally used as an indicator for the presence of faeces and thus 

disease (Odonkor and Ampofo, 2013; Price and Wildeboer, 2017; Shah et al., 2016; Ten Veldhuis et 
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al., 2010; Yard et al., 2014).However, it has been shown that some FIB are naturally present in the 

ŜƴǾƛǊƻƴƳŜƴǘ ŀǎ ΨƴŀǘǳǊŀƭƛǎŜŘΩ CL. ǊŀǘƘŜǊ ǘƘŀƴ ŜƴǘŜǊƛŎ CL.Σ ƳŜŀƴƛƴƎ ǳǎƛƴƎ ƻƴ CL. Ŏƻǳƴǘǎ ŀƭƻƴŜ ǘƻ 

detect pollution from faeces may not be  reliable (Devane et al., 2020; Evans et al., 2019). This study 

will focus, not only on FIB , but will characterise the  broad range of bacterial species, including 

pathogens,  that are commonly found in urban floodwater.By conducting repeated sampling at flood 

prone sites ,this study aims to develop a new understanding of the bacterial composition of soil and 

water in urban flood areas and how this varies over seasonal timescales.  

 

To build a better understanding of these processes this study will focus on the specific aspects of : 

identifying the bacterial composition of urban flood water, and evaluating whether frequent 

flooding has an effect on the soil bacterial community, understanding whether the bacteria from the 

floodwater move between the soil and water, and assessing how the composition of the bacterial 

communities at a flood site change over seasonal timescales. A better understanding of these 

unknowns, would allow the health of the public to be safeguarded following an urban flood event- 

using data to determine the safety of a recently flooded area. 

 

4.3 Materials and methods 

4.3.1 Experimental rationale and overview 

In order to investigate the range of bacterial pathogens often found at urban floodwater sites, an 

extensive/detailed field study was carried out. This allows the microbiome of urban flooding to be 

determined in-situ, whilst accounting for seasonal variation. Many studies have previously 

conducted urban flood studies in the field, but most are carried out over relatively short time 

periods- ŘŀȅǎΣ ƻǊ ǿŜŜƪǎΣ ƻǊ ǎƻƳŜ ƛƴǾŜǎǘƛƎŀǘŜ ΨƻƴŜ-ƻŦŦΩΣ  ŦƭƻƻŘ ŜǾŜƴǘǎ ό/ŀǎǘǊƻ-Ibáñez et al., 2015; de 

Man et al., 2014; Shah et al., 2021) . This study will instead, focus on sites that experience frequent 

small scale surface water flooding, over a longer time-scale. . As well as this, previous studies also 

tend to focus on the analysis of a small number of pathogenic species-usually those used as faecal 

indicators, such as E.coli, and coliform species (Edberg et al., 2000). Thus, the longer term changes in 

viability, mobility, and behaviour of the true range of the microbiological community present, is 

often overlooked. 

 

bŀǘǳǊŀƭƭȅΣ ŘǳŜ ǘƻ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ŦƭƻƻŘ ǎǘǳŘƛŜǎ ŀƭƭƻǿƛƴƎ ƻƴƭȅ ŦƻǊ ΨƻǇǇƻǊǘǳƴƛǎǘƛŎΩ ǎŀƳǇƭƛƴƎΣ ŎƻƭƭŜŎǘƛƴƎ 

long term data is certainly more challenging. However, such data will be extremely valuable in 

helping to expand the data ranges available on not only microbial diversity, but also how this can 

change seasonally and temporally, and how this varies over the soil-water interfaces influenced by 

urban flooding.  

 

4.3.2 Sample site selection 

¢ƻ ŘŜǘŜǊƳƛƴŜ ŀǇǇǊƻǇǊƛŀǘŜ ǎƛǘŜǎ ǘƘŜ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΩǎ ǎǳǊŦŀŎŜ ŦƭƻƻŘ Ǌƛǎƪ ƳŀǇ ǿŀǎ ǳǎŜŘ ƛƴ 

ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ¢ƘŜ wƛǾŜǊǎ ¢ǊǳǎǘΩǎ ΨLǎ Ƴȅ ǊƛǾŜǊ Ŧƛǘ ǘƻ Ǉƭŀȅ ƛƴΚΩ ƳŀǇ ǘƻƻƭΣ ŀƴŘ ŀŘvice from Sheffield 

City Council to identify sites at annual risk of surface flooding, that are also nearby to CSO outlets 

that spill regularly (Environment Agency, 2019; The Rivers Trust, 2021).  Word of mouth in the local 

area, as well as advice from vƻƭǳƴǘŜŜǊ ƎǊƻǳǇǎ ǎǳŎƘ ŀǎ ΨwƛǾŜƭƛƴ ±ŀƭƭŜȅ /ƻƴǎŜǊǾŀǘƛƻƴ DǊƻǳǇΩΣ ŀƴŘ 
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Ψ{ƘƛǊŜƎǊŜŜƴ [ƛǘǘŜǊ tƛŎƪŜǊǎΩ ǿŜǊŜ ŀƭǎƻ ǎƻǳǊŎŜǎ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴ ŦƻǊ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ǇƻǘŜƴǘƛŀƭ ǎŀƳǇƭŜ 

sites. After preliminary visits and tests during the first year of the study, it was decided a maximum 

of two sample sites was feasible, in order to ensure that sampling and analysis were conducted in an 

accurate and reproducible way, without the deterioration of samples. As a consequence of this, and 

after initial visits, two sampling sites were chosen in Sheffield, that had different sources of 

ΨŎƻƴǘŀƳƛƴŀǘƛƻƴΩΣ for routine sampling. 

 

4.3.2.1 Site 1: Tongue Gutter 

This site is located by a river ς Hartley Brook Dike -  (53°25'43.3"N 1°28'08.1"W) , (also known as 

Sheffield Lane Dike and Tongue Gutter), which runs parallel to residential housing areas, and feeds 

into Blackburn Brook, a stream that eventually meets the River Don. Alongside the river and sample 

point, a public footpath is also frequented by dog walkers and cyclists. At the sample site there is an 

outfall pipe discharging into a creek/brook. On every visit to the site the outfall pipe was consistently 

discharging and a strong smell was present, independently to the presence of rainfall The site had a 

lot of aesthetic pollution, some of which appeared to flow out of the outfall pipe, while another 

source of aesthetic pollution was via fly tipping from members of the public (Figure 6). 

 

 
 

 

 

 

 

 

 

 

 

Figure 6. Sampling site at Tongue Gutter on a visit in May 2022. 

 

At Tongue Gutter, separate sewer systems are used in the homes nearby. Misconnections to systems 

like this have previously been found as the source of contamination (Chandler and Lerner, 2015), 

and could be the case at this site. This would mean foul water was connected to a surface water 

sewer system, and thus wastewater may be discharged via the surface water outlet. On several site 

visits the discharging water appeared frothy and bubbly, which could have been an indicator that the 

water discharging was mixed with a soap or detergent- supporting the theory of misconnections. 

¢Ƙƛǎ ǎƛǘŜ Ƙŀǎ ŀ ǎǳǊŦŀŎŜ ŦƭƻƻŘ Ǌƛǎƪ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨƘƛƎƘΩΣ ŀƴŘ ǎƻ Ƙŀǎ ŀƴ ŀƴƴǳŀƭ Ǌƛǎƪ ƻŦ ǎǳǊŦŀŎŜ ŦƭƻƻŘǎ ƻŦ 

<3.3% (Environment Agency, 2019) (Figure 7). 
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Figure 7. {ǳǊŦŀŎŜ ǿŀǘŜǊ ŦƭƻƻŘ Ǌƛǎƪ ƳŀǇ ƻŦ Ψ¢ƻƴƎǳŜ DǳǘǘŜǊΩ ǎƛǘŜ (Environment Agency, 2019). Red cross 

indicates area samples were taken, black cross indicates the area background soil samples were taken. 

 

4.3.2.2 Site 2: Endcliffe Park. 

The second sample site is a large city park, Endcliffe Park, which lies along the course of the Porter 

Brook River ς όроϲннΩлсΦпέb мϲолΩнмΦлέ²ύΦ ¢ƘŜ ŀǊŜŀ Ŏƻƴǎƛǎǘǎ ƻŦ ƎǊŀǎǎȅ ǊŜŎǊŜŀǘƛƻƴŀƭ ǇŀǊƪƭŀƴŘΣ ŀƭƻƴƎ 

with woodland- with the chosen sample site being located in the former. The sample location is an 

area that frequently has a large pool of standing water- especially visible after rain. The site is also 

close to two gullies-which are thought to contribute to the water pool, with water being seen 

flowing out of one several times after rainfall. 

¢Ƙƛǎ ǎƛǘŜ ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴǘŜǊŜǎǘƛƴƎ ŘǳŜ ǘƻ ǘƘŜ ǇǊƻȄƛƳƛǘȅ ǘƻ ǊŜŎǊŜŀǘƛƻƴŀƭ ƎǊƻǳƴŘ ŀǎ ǿŜƭƭ ŀǎ ŀ ŎƘƛƭŘǊŜƴΩǎ 

playground (Figure 8).  

× × 
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Figure 8. Sampling site at Endcliffe Park, with visibly surcharging gully during a visit after heavy rain 

in February 2022. 

 

During particularly heavy rain, the pool of potentially contaminated water has been known to reach 

ǘƘŜ ǇƭŀȅƎǊƻǳƴŘ ƛǘǎŜƭŦΦ {ƛƳƛƭŀǊƭȅ ǘƻ ǎƛǘŜ мΣ ǘƘƛǎ ǎƛǘŜ Ƙŀǎ ŀ ǎǳǊŦŀŎŜ ŦƭƻƻŘ Ǌƛǎƪ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨƘƛƎƘΩΣ and so 

has an annual risk of surface floods of <3.3% (Environment Agency, 2019) (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. {ǳǊŦŀŎŜ ǿŀǘŜǊ ŦƭƻƻŘ Ǌƛǎƪ ƳŀǇ ƻŦ Ψ9ƴŘŎƭƛŦŦŜ tŀǊƪΩ ǎƛǘŜ (Environment Agency, 2019). Red cross 

indicates area samples were taken, black cross indicates the area background soil samples were 

taken. 

 

4.3.3 Sampling regime 

× 

× 

× 
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Both sites were visited 12 times, over a 10-month period, under different weather conditions. Visits 

to each site were carried out roughly every 3-с ǿŜŜƪǎΣ ǿƛǘƘ ΨƻǇǇƻǊǘǳƴƛǎǘƛŎΩ ǎŀƳǇƭƛƴƎ ŀƭǎƻ ǘŀƪƛƴƎ 

place following any intense rainfall events. On each visit, triplicate soil samples  were taken, from 0-

10cm depth, at both sites using a basic handheld soil auger, as well as control (background) soil 

samples located close by to the sample site but in an area not known to flood (Figures 7 and 9). 

Samples were placed in Ziploc plastic bags and sealed to prevent drying-out. The samples were 

stored in the dark and transported within 4 hours of collection to the laboratory and stored at 4 ºC 

(again in the dark) until analysis was undertaken. This minimised any potential changes in the 

microbial communities in the soil samples. For the molecular genomic work, 50 g sub-samples of soil 

were sealed in small plastic bags and were preserved at ς20 ºC for DNA analysis.  

 

Flood water samples were also obtained when possible, at each visit. For Site 1: Tongue Gutter, 

samples of flood water were taken at every visit. This was due to the fact the outflow pipe was 

always spilling, regardless of rainfall amount. Whereas, at Site 2: Endcliffe Park, water samples were 

only able to be taken on 5 out of 14 visits. This was due to the origin of the flood at Endcliffe Park 

being an overflowing gully combined with surface water-Σ ŎǊŜŀǘƛƴƎ ŀ ΨŦƭƻƻŘΩ- when heavy rainfall 

occurred in the preceding days. Only then, could a water sample be taken. 

 

4.3.4 Rainfall Monitoring 

To understand the influence of precipitation on microbial dynamics, rainfall was monitored using a 

remote GPRS rain gauge located less than 5 miles from both sites (Detectronic, CIVICA, United 

Kingdom) (Figure 10). The gauge automatically logs rainfall data every hour. This gauge uses a 

ΨǘƛǇǇƛƴƎ ōǳŎƪŜǘΩ ŘŜǎƛƎƴ ŀŎŎƻƳǇŀƴƛŜŘ ōȅ ŀ Dtw{ Řŀǘŀ ƭƻƎƎŜǊ ό5ŜǘŜŎǘǊƻƴƛŎΣ /L±L/!Σ ¦ƴƛǘŜŘ YƛƴƎŘƻƳύΦ 

¢Ƙƛǎ Ǌŀƛƴ ƎŀǳƎŜ ŎƻƳǇƭƛŜǎ ǿƛǘƘ ǘƘŜ ΨDǳƛŘŜ ǘƻ aŜǘŜƻǊƻƭƻƎƛŎŀƭ LƴǎǘǊǳƳŜƴǘǎ bƻΦ у ƻŦ ǘƘŜ ²ahΩΣ Ƙŀǎ ŀƴ 

unlimited capacity and has an accuracy of +/- 1% at 26mm/hour (Detectronic, 2020; WMO, 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Daily rainfall over the sampling period, as measured by rain gauge. Black vertical lines 

indicate the day both sites were visited. Red line indicates only Tongue Gutter visited. Green line 

indicates only Endcliffe Park visited. 
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4.4 Sample analysis 

 

4.4.1 pH and Temperature 

 

The first parameters measured for every soil and water sample were pH and temperature. This was 

done in the field using a portable probe (Sension+ PH1 Portable pH Meter, Field Kit with Electrode 

for General Purposes, Hach, UK, taking measurements in triplicate. For pH and temperature 

measurements of water in the field, a 500ml beaker of water was taken from the source, the mixture 

was vigorously mixed and the probe inserted for in situ measurements in triplicate.  

 

The pH of the soil is best measured in situ in order to avoid any potential changes in sediment which 

may occur during transport to the laboratory (Gumbley et al., 2005). To measure the pH of soil 

samples, a slurry was created at the field site by mixing the soil sample with distilled water using a 

ratio of 2.5:1, soil sample: distilled water (Rowell, 2014). Temperature was not taken for soil 

samples. 

 

4.4.2 Determining soil moisture content and organic content 

To measure the moisture content of the soil samples, 30g of sample from each site was dried in an 

ƻǾŜƴ ŀǘ млрɕ/Σ for 4 hours. The samples are weighed before and after drying and the difference in 

weight is equal to the % moisture of the sample (BS1377 PART 2:3.2) (British Standards Institute, 

1990). ¢ƘŜ ǎŀƳŜ ǇǊƻŎŜǎǎ ƛǎ ǘƘŜƴ ǊŜǇŜŀǘŜŘ ƛƴ ŀ ррлɕ/ ŦǳǊƴŀŎŜΣ ǘƻ ŘŜǘŜǊƳƛƴe the loss on ignition 

%/organic matter % of the soil samples. The following calculations were used to measure the 

moisture and organic matter content of the samples: 

 

Moisture content: 

% of fresh weight = ([mass fresh soil- mass dry soil]/mass fresh soil) x 100 

Organic matter content: 

% of dry weight = ([mass dry soil- mass of ash after ignition]/ mass dry soil) x 100 

 

4.4.3 Soil particle size analysis and classification from field samples 

After drying, subsamples from each site were pooled and passed through a set of 10 standard 

geotechnical sieves, from 5mm to 63 micron (Appendix 1). The initial weight of the dry sample was 

measured, and the stack of sieves shaken on a sieve shaker for 20 minutes (British Standards 

Institute, 1990). After this, the amount of sample retained on each sieve was weighed and recorded. 

The results of dry sieving were then plotted on a particle size distribution chart according to British 

Standard 1377 Part 2, and compared to a soil sizing chart to determine soil type (Appendices 2 and 

3)(British Standards Institute, 1990). 

 

4.4.4 Bacterial abundance: Heterotrophic and coliform plate counts  

 

Microbial abundance can be investigated by culturing on selective nutrient agar plates. This process 

ς heterotrophic plate counts (HPC)- allows any cultivable, heterotrophic bacteria (bacteria that 
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require organic nutrients for growth) present in the samples to be determined and was performed 

for all soil and water samples. It should be noted that HPC only gives information on a small part of 

the microbial community. However, this method is widely accepted and used in water industries 

(Allen et al., 2004) , due to the low cost, and ease of use, and so is used for this study. 

 

Before plating, serial dilutions were performed for soil and water samples. However, a slurry was 

made for soil samples using 1g of soil and 10ml of PBS- tƘƻǎǇƘŀǘŜ ōǳŦŦŜǊŜŘ ǎŀƭƛƴŜ όLƴǾƛǘǊƻƎŜƴϰ t.{ 

(Phosphate-Buffered Saline) Tablets, ThermoFisher Scientific, United Kingdom). After dilution, 0.1ml  

ŦǊƻƳ ŜŀŎƘ ǎŀƳǇƭŜ ǘǳōŜ ǿŀǎ ǇƛǇŜǘǘŜŘ ƻƴǘƻ ǇƭŀǘŜǎ ŎƻƴǘŀƛƴƛƴƎ [. !ƎŀǊ όLƴǾƛǘǊƻƎŜƴϰ [. !ƎŀǊΣ ǇƻǿŘŜǊ 

(Lennox L agar) ThermoFisher Scientific, United Kingdom), as well as plates containing Chromocult 

Coliform Agar (Chromocult® Coliform Agar, Merck, Germany). Preliminary tests determined that a 

dilution factor of 10-3 would be used for samples plated on LB Agar, and a dilution factor of 10-1 

would be used for samples plated on Chromocult Coliform Agar. 

 

This was carried out in a laminar flow (SafeFAST Classic class II A1/A2 -212, Microbiological Safety 

Cabinet, FASTER SRL, Ferrara, Italy, in order to avoid contamination of samples from airborne 

bacteria, and also protect lab users from any potentially infectious bacteria. The plates were then 

inverted and lŜŦǘ ǘƻ ƛƴŎǳōŀǘŜ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ отɕ/ ŦƻǊ нп ƘƻǳǊǎΦ 

 

When using LB broth as the nutrient media, bacteria grow as usual, however Chromocult media is 

selective, and so it signifies the presence of just two bacteria- Escherichia coli (E. coli) and Citrobacter 

freundii (C. freundii) - both faecal indicators.  On Chromocult, E. coli colonies appear purple and C. 

freundii appear as pink colonies (Figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Colonies of E. coli (purple) and C. freundii (pink) on a chromocult agar plate. 

 

After incubation, the colonies on each plate were counted. Once the colony forming units have been 

counted, the number of colony forming units per millilitre (CFU/ml) of the original sample was 

ŎŀƭŎǳƭŀǘŜŘ ōȅ ƳǳƭǘƛǇƭȅƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ /C¦Ωǎ ŎƻǳƴǘŜŘΣ ōȅ ǘhe dilution factor. This method gives a 

general estimation of the concentration of heterotrophic bacteria in a sample. 

 

4.4.5 Scanning Electron Microscopy (SEM) to characterise soil microbiome 
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{ƻƛƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘŀƪŜƴ ƻƴ ŀ Řŀȅ ǿƛǘƘƻǳǘ ǊŀƛƴŦŀƭƭ ŀǘ ǘƘŜ Ψ9ƴŘŎƭƛŦŦŜ tŀǊƪΩ ǎƛǘŜ ŀƴŘ Ǿƛǎǳŀƭƛǎŀǘƛƻƴǎ 

created using SEM. This was to give a detailed, and magnified view of the typical soil structure- 

ƛƴŎƭǳŘƛƴƎ ŀƴȅ ƳƛŎǊƻōŜǎ ǘƘŀǘ ŀǊŜ ǇǊŜǎŜƴǘ ǳƴŘŜǊ ΨǳǎǳŀƭΩ όƴƻƴ-flood) conditions. This process was 

carried out at the Universitȅ ƻŦ {ƘŜŦŦƛŜƭŘΩǎ 9ƭŜŎǘǊƻƴ aƛŎǊƻǎŎƻǇȅ {ŜǊǾƛŎŜΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ǎǘŜǇǎ ǿŜǊŜ 

carried out: 

Specimens (each specimen=0.5g of soil) were fixed in 2.5% Glutaraldehyde (Merck, Germany) in 

лΦмa ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊ όaŜǊŎƪΣ DŜǊƳŀƴȅύ ŦƻǊ о ƘƻǳǊǎ ŀǘ пɕ/Φ {ǇŜŎƛƳŜƴǎ ǿŜǊŜ ǘƘŜƴ washed in 0.1M 

{ƻŘƛǳƳ /ŀŎƻŘȅƭŀǘŜ ōǳŦŦŜǊ όaŜǊŎƪΣ DŜǊƳŀƴȅΣ ǘƘǊŜŜ ǘƛƳŜǎΣ ǿƛǘƘ ол ƳƛƴǳǘŜ ƛƴǘŜǊǾŀƭǎ ŀǘ пɕ/Φ bŜȄǘΣ 

secondary fixation in 2% aqueous osmium tetroxide (Merck, Germany) was carried out for 1 hour at 

room temperature. The specimens were then dehydrated through a graded series of ethanol (Fisher 

Scientific, UK): 

ǒ 75% ethanol for 15 minutes 

ǒ 95% ethanol for 15 minutes 

ǒ 100% ethanol for 15 minutes 

ǒ 100% ethanol again for 15 minutes 

ǒ 100% ethanol dried over anhydrous Copper sulphate (Merck, Germany) for 15 minutes 

ǒ 50/50 mixture of 100% ethanol and 100% Hexamethyldisilazane (Merck, Germany) for 30 

minutes 

ǒ 100% Hexamethyldisilazane for 30 minutes. 

Then, specimens were air-dried overnight. When dry, specimens were mounted on 12.5mm 

diameter stubs, attached with Sticky Tabs, and coated with approximately 25nm of gold in an 

Edwards S150B sputter coater (Edwards, UK). Specimens were finally, imaged using a Tescan Vega3 

LMU SEM (Tescan, Czech Republic) at an accelerating voltage of 15Kv. 

 

4.4.6 Molecular genomic methods 

The use of these molecular techniques allows the characterisation of those components of the soil 

microbial community that currently cannot be cultured (Hosokawa et al., 2022). 

 

4.4.7 DNA extraction- Soil samples 

DNA was extracted from soil samples using the PowerSoil® DNA Isolation Kit (Mo Bio Labs Inc.). The 

ƪƛǘ ǳǘƛƭƛǎŜǎ ǘƘŜ ōŜŀŘ ōŜŀǘƛƴƎ ƳŜǘƘƻŘΦ ¢ƘŜ Ψ9ȄǇŜǊƛŜƴŎŜŘ ¦ǎŜǊΩ ǇǊƻǘƻŎƻƭ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘƛǎ ƪƛǘ ǿŀǎ 

followed (Mo Bio, 2016). 

 

4.4.8 DNA Extraction- Water 

4.4.8.1 Filtration and cell concentration of water samples 

To extract DNA from water samples, the samples first require filtration. This concentrates any 

microbial cells in the water onto the filter. To do this a three way vacuum filtration system was used 

(SartoǊƛǳǎ о .ǊŀƴŎƘ aƛŎǊƻǎŀǊǘϰ aŀƴƛŦƻƭŘǎ ǿƛǘƘ CǳƴƴŜƭǎΣ {ŀǊǘƻǊƛǳǎΣ DŜǊƳŀƴȅύ ǿƛǘƘ ƴƛǘǊƻŎŜƭƭǳƭƻǎŜ 

filters with a pore size of 0.2µm and 47mm diameter (MF-Millipore® Membrane Filter, 0.22 µm pore 

size, 47 mm diameter, mixed cellulose esters (MCE) membrane, Merck, Germany). This pore size is 

required as most bacteria and pathogens are much larger, at 0.5-5µm (Levin and Angert, 2015) and 

so will not pass through the filter, but remain on the filter for DNA extraction. 
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This method prepares water samples for DNA extraction by trapping the microbial cells on the filter. 

The extracted DNA will be used for PCR, as well as for sequencing. After 500ml of each water sample 

has been filtered, the filters were stored in the freezer at -нлɕ/ ǳƴǘƛƭ 5b! ƛǎ ŜȄǘǊŀŎǘŜŘΦ 

For the water samples, the Cetyltrimethylammonium Bromide (CTAB) method was used as described 

by Karunakaran et al., 2016, and is outlined here. Filters were cut into strips using a sterile scalpel, 

and half of each filter was placed into 2ml Eppendorf tubes. Then, 740 µL of SET lysis buffer (SET lysis 

buffer consists of 40 mM EDTA (Ambion, Warrington, UK), 50mM Tris-HCl pH 9 and  0.75 M sucrose 

(Sigma Aldrich Co., UK.) ) and 90 ml of lysozyme 10 mg/mL (Sigma Aldrich Co.,UK) were added.  

Tubes were incubated at 37 °C for 30 minutes with rotation in a hybridisation oven (Thermo 

Scientific, UK). After incubation 90 mL of 10 % sodium dodecyl sulphate (SDS) (Sigma Aldrich Co., 

UK.) and 25 mL of proteinase K 20 mg/mL (Applied Biosystems, Life Technologies Ltd., UK) were 

added. Tubes were then incubated at 55 °C in the hybridisation oven for 2 hours with rotation.After 

ǘƘŜ рр ɕ/ ƛƴŎǳōŀǘƛƻƴΣ ŀƴȅ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ǿƛǘƘŘǊŀǿƴ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ƛƴǘƻ н Ƴ[ ǎǘŜǊƛƭŜ 9ǇǇŜƴŘƻǊŦ 

ǘǳōŜΦ мот ˃[ рa bŀ/ƭ м ҈ ŀƴŘ ммр ˃[ IŜȄŀŘŜŎȅƭǘƳŜǘƘȅƭ ŀƳƳƻƴƛǳƳ ōǊƻmide (CTAB) / NaCl solution, 

were added to the tubes containing the supernatant (Sigma Aldrich Co., UK). Tubes were then 

incubated at 65 °C for 30 minutes with rotation.  

 

!ŦǘŜǊ ƛƴŎǳōŀǘƛƻƴΣ уоу ˃[ ƻŦ ŎƘƭƻǊƻŦƻǊƳΥƛǎƻŀƳȅƭ ŀƭŎƻƘƻƭ όнпΥмύ ό{ƛƎƳŀ-Aldrich, UK) was added in a 

fume cupboard and the tubes then centrifuged at 13,000 RPM for 5 minutes.  After centrifugation, 

the supernatant was extracted into a 2 mL tube and steps 9 and 10 were repeated. 

5b! ǿŀǎ ǘƘŜƴ ǇǊŜŎƛǇƛǘŀǘŜŘΣ ōȅ ŀŘŘƛƴƎ умр ˃[ ƻŦ млл ҈ ƛǎƻǇǊƻǇŀƴol (Sigma-Aldrich, UK). The tubes 

were then left overnight at -нлɕ/Φ 

 

The next day, samples were centrifuged for ten minutes at maximum RPM.  After centrifugation, the 

supernatant was removed carefully, leaving the DNA pellet in the tube. The pellet was then washed 

twice with 1 mL of 70 % ethanol, centrifuged for 5 minutes and the ethanol decanted. 

Tubes containing the pellet were then air dried in a fume cupboard for approximately 2 hours (until 

ŜǘƘŀƴƻƭ ƘŀŘ ŘƛǎǎƛǇŀǘŜŘύ ŀƴŘ ǘƘŜƴ ǎǳǎǇŜƴŘŜŘ ƛƴ рл ˃[ 59t-treated sterile water (Thermo Scientific, 

UK). 

 

4.4.8.2 Quantification of extracted DNA 

¢ƘŜ ŀƳƻǳƴǘ ƻŦ 5b! ƛƴ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ǳǎƛƴƎ ŀ vǳ.ƛǘϰ п CƭǳƻǊƻƳŜǘŜǊ ό¢ƘŜǊƳƻ CƛǎƘŜǊ 

Scientific, UK), ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ Ψ5b! .ǊƻŀŘ {ŜƴǎƛǘƛǾƛǘȅ YƛǘΩ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

Ψ5b! IƛƎƘ ǎŜƴǎƛǘƛǾƛǘȅ YƛǘΩ ǿŜǊŜ ǳǎŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ŜƴǎǳǊŜ ŀƭƭ ǊŀƴƎŜǎ ƻŦ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ 5b! ǿŜǊŜ 

measured from 0.2ng/µl -1000ng/µl (Thermo Fisher Scientific, 2021). 

 

4.4.9 Sequencing the 16s rRNA gene 

Next generation sequencing was performed at the NEOF molecular facility at the University of 

Liverpool, targeting the 16s rRNA gene, fourth hypervariable (V4) region. Hypervariable regions 

show different sequence diversity between various species of bacteria- and thus can be used for 

species identification. The V4 region, specifically has high functionality in the ribosome and is highly 

conserved (Morosyuk et al., 2017; Van de Peer, et al., 1996). 
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The Illumina Platform was used - for sequencing a of the 16s rRNA gene to estimate bacterial 

community structure. The samples in this study were sequenced using Illumina MiSeq® pair-end 

technology (Illumina, United States). Illumina MiSeq® has been chosen as it has a sequencing 

platform that provides a maximum of 250 million reads of lengths up to 2 × 300 base pairs (Caporaso 

et al., 2012). To target the 16S rRNA gene V4 region (16S v4), the following forward and reverse 

primers were used. Portion of the sequence in bold indicates the recognition sequence, allowing for 

a secondary nested PCR process to be performed. 

 

F: 5'ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNGTGCCAGCMGCCGCGGTAA3' 

R: 5'GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT3' 

 

A successful amplification product results in a 254bp insert as described by Caporaso et al (2011 PNAS 

108, 4516-4522). 

 

4.4.9.1 Test Polymerase chain reaction (PCR) of extracted DNA 

After DNA extraction and quantification, a test PCR was performed on extracted samples in the 

NEOF visitor lab in Sheffield, prior to send the DNA for sequencing at the NEOF lab in Liverpool. This 

test was performed to check that the quantity and quality of the extracted DNA would allow for the 

subsequent amplifications needed for sequencing. For this PCR the following controls were included. 

An extraction kit negative control- this was a mock nucleic acid extraction, using the reagents 

provided in the extraction kit, but without any actual sample. An extraction kit positive control- this 

was an extraction from a community of cultured E. coli to ensure extraction kit accuracy. A PCR 

negative control was also used. This was a no-template control, which omits any DNA or RNA 

template from the PCR reaction. This serves as a general control for nucleic acid contamination. A 

PCR positive control was also used, again using E. coli. 

 

The test PCR used the following conditions: Initial denaturation was at 98 °C for 2 mins. Then 10 

ŎȅŎƭŜǎ ƻŦΥ  ŘŜƴŀǘǳǊŀǘƛƻƴ фр ɕ/ нл ǎŜŎǎΣ ŀƴƴŜŀƭƛƴƎ ср ɕ/ мр ǎŜŎǎ ŀƴŘ ŜȄǘŜƴǎƛƻƴ тл ɕ/ ол ǎŜŎǎΦ ²ƛǘƘ ŀ 

Ŧƛƴŀƭ ŜȄǘŜƴǎƛƻƴ ǎǘŜǇ ƻŦ тн ɕ/ ŦƻǊ р ƳƛƴΦ ¢ƘŜ t/w ƳƛȄǘǳǊŜ ŎƻƴǘŀƛƴŜŘ р ˃[ ƻŦ ǘŜƳǇƭŀǘŜ 5b!Σ мл ˃ [ нȄ 

Kapa HiFi HotStart Master Mix (Roche, Switzerland), 0.25 ˃ [ ƻŦ 10 µM of each primer, and molecular 

ōƛƻƭƻƎȅ ƎǊŀŘŜ ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нл ˃[Φ 

The size of the PCR amplicons was then checked using gel electrophoresis. 

 

4.4.9.2 Gel electrophoresis to check DNA size after test PCR  

To check the size of the tests PCR amplicons the agarose gel electrophoresis method was used. A 

0.8% agarose gel was made with agarose powder (Sigma Aldrich, United Kingdom) and 

Tris/Borate/EDTA (TBE) buffer, diluted X10 (Thermo Scientific, United Kingdom). 5ul Ethidium 

bromide (Thermo Fisher Scientific, 2018) was used to stain the gel and to allow for DNA visualisation. 

Orange G (Thermo Fisher Scientific, United Kingdom) at X6 dilution was used as a loading/tracking 

dye, and 1X TBE (Merck, Germany) buffer was used in the agarose gel box. In this case a 1KB DNA 

ƭŀŘŘŜǊ ǿŀǎ ǳǎŜŘ όмƪō IȅǇŜǊƭŀŘŘŜǊϰΣ aŜǊƛŘƛŀƴ .ƛƻǎŎƛŜƴŎŜΣ ¦ƴƛǘŜŘ {ǘŀǘŜǎύ ǘƻ ŎƘŜŎƪ ŦƻǊ ŀƳǇƭƛŎƻƴ ǎƛȊŜΣ 

with gels ran at a voltage of 100V for approximately one hour. A trans-illuminator was then used to 

visualise the gel and DNA bands using UV. 
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4.4.9.3 Illumina sequencing at NEOF molecular facility in Liverpool 

The NEOF Liverpool facility uses a 16s dual index nested PCR for IlƭǳƳƛƴŀΩǎ ǎŜǉǳŜƴŎƛƴƎ όb9hCΣ нлнпύΦ 

The 1st PCR amplification uses the primers and conditions described previously in Section 4.6.1 

(Caporaso et al 2011, PNAS 108, 4516-4522). This primer design incorporates a recognition sequence 

to allow a secondary nested PCR process. The PCR products were then purified with AMpure beads 

using a 1:1 ratio (Beckman Coulter, USA). The second PCR is then performed to incorporate Illumina 

adapter sequences to allow for the sequencing of samples on the Illumina MiSeq platform. Barcodes 

for sample identification are also incorporated at this point. 

 

The general sequences of the forward and reverse primers for the second PCR are illustrated below. 

The 8bp barcode for sample identification after sequencing is underlined. 

N501 f: 

рΩ!!¢D!¢!/DD/D!//!//D!D!¢/¢!/!/TAGATCGC!/!/¢/¢¢¢///¢!/!/D!/D/¢/ оΩ 

N701 r: 

рΩ/!!D/!D!!D!/DD/!¢!/D!D!¢TCGCCTTAD¢D!/¢DD!D¢¢/!D!/D¢D¢D/¢/ оΩ 

 

The secondary PCR was performed under the same cycling conditions as described for the first PCR, 

but for 15 cycles. PCR mixture contained 10 ˃ [ ƻŦ ŀƳǇƭƛŎƻƴ ŦǊƻƳ мst PCR, 10 ˃ [ нȄ YŀǇŀ aŀǎǘŜǊ aƛȄΣ 

0.5 ˃ [ ƻŦ мл µM ƻŦ ŜŀŎƘ ǇǊƛƳŜǊΣ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ōƛƻƭƻƎȅ ƎǊŀŘŜ ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ нл˃[Φ 

Secondary amplicons were purified with AMpure beads (Beckman Coulter, USA ), as before. 

 

4.4.9.4 Bioinformatics: DNA sequences analysis 

Firstly, the raw Fastq files were trimmed for the presence of Illumina adapter sequences using 

Cutadapt version 1.2.1 (Martin, 2011). The option -O 3 was used, so the 3' end of any reads which 

match the adapter sequence for 3 bp. or more were trimmed. The reads were then further trimmed 

using Sickle version 1.200 with a minimum window quality score of 20 (Joshi and Fass, 2011). Reads 

shorter than 15 bp. after trimming were removed. These trimming steps were performed at the 

NEOF Liverpool molecular facility (Figure 12). 

 

Figure 12. Pipeline of workflow used for bioinformatics analysis. 
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After downloading the demultiplexed trimmed sequences, the data was imported into the 

Quantitative Insights into Microbial Ecology 2 program in the Paired End Fastq Manifest Phred33 

format (QIIME2, version 2019.7) (Bolyen et al., 2019). This means the sequence files were imported 

ǿƛǘƘ ŀ ǘŀō ŘŜƭƛƳƛǘŜŘ ΨaŀƴƛŦŜǎǘΩ ŦƛƭŜ ǿƘƛŎƘ ƳŀǇǎ ǎŀƳǇƭŜ ƛŘŜƴǘƛŦƛŜǊǎ ǘƻ ŀōǎƻƭǳǘŜ ŦƛƭŜǇŀǘƘǎ ǘƘŀǘ Ŏƻƴǘŀƛƴ 

sequence and quality data for the sample. After sequences were imported they could be visualised 

in Qiime2 View (Bolyen et al., 2019). This gave information on the quality of forward and reverse 

reads using a random sampling of 10000 reads, as well as showing a summary of sequence lengths. 

This information was important for the next step.  

 

Next, De-novo amplicon sequence variants (!{±ǎύ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ Ψ5!5!нΩ ŎƻƳƳŀƴŘΦ ¢Ƙƛǎ 

method is based on sequencing error correction algorithms and generates ASVs, rather than using 

clustering methods, which typically generate individual operational taxonomic units (OTUs).  

This step denoises paired-end sequences, dereplicates them, and filters chimeras. For this step a 

truncation length of 230bps was chosen for forward and reverse reads, as when viewing the 

aforementioned interactive quality plots, this is the base position at which quality decreased for 

both the forward and reverse reads. This step provided an ASV abundance table, along with 

representative sequences. 

 

With the sequence variants defined, the next step was to carry out taxonomic classification using 

Greegenes2 version 2022.10 (Mcdonald et al., 2023). The full length 16S rRNA sequences that are 

used within the Greenegenes2 2022.10 phylogenetic tree were downloaded into QIIME2. After the 

database was downloaded the 16s region of interest was extracted. This step is required to reach 

optimum assignment performance. Next the classifier was trained on the set of extracted reads 

using the Naive Bayes algorithm. Then taxonomic assignments were assigned to the ASV 

representative sequences using the trained classifier at a confidence level of 0.7. This meant each 

taxonomic level must reach a confidence level of <= 0.7 to be classified. At this point bar plots of 

taxonomy could be visualised in Qiime2, and exported for each sample. This data also allowed for 

ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ΨIŜŀǘƳŀǇǎΩ based on relative abundance, this was created using exported data, and 

ǘƘŜ ƻƴƭƛƴŜ ΨIŜŀǘƳŀǇǇŜǊΩ ǘƻƻƭ ό.ŀōƛŎƪƛ Ŝǘ ŀƭΦΣ нлмсύΦ 

 

After sequences were assigned to taxonomic levels, a phylogenetic tree was constructed. This 

allowed the computation of phylogenetically aware alpha- and beta-diversity metrics. This involved 

creating first an un-rooted tree, and then a rooted tree in Qiime2. The detected diversity partly 

depends on the sampling depths. An incompletely sampled community will appear less diverse than 

a fully sampled community. Therefore, to compare the diversity between samples different sampling 

depths needed to be accounted for. This was carried out with rarefaction. Rarefaction is performed 

by reducing all the samples to the same sequence count, by random sub-sampling of the sequences. 

The minimum and maximum sampling depths were set at 2000 and 130000, again, according to the 

ǉǳŀƭƛǘȅ Ǉƭƻǘǎ ŎǊŜŀǘŜŘ ŘǳǊƛƴƎ ǘƘŜ Ψ5!5!нΩ ǎǘŜǇΣ ŀƴŘ ŀƭǎƻ ǎŜƭŜŎǘŜŘ ǘƻ ŜƴǎǳǊŜ ǎŜǉǳŜƴŎƛƴƎ ŘŜǇǘƘ ǿƛǘƘƛƴ 

samples were retained and no entire sample was lost. 

 

Finally diversity indices were calculated for alpha and beta diversity. This was done by using the 

ŘƛǾŜǊǎƛǘȅ ΨǿǊŀǇǇŜǊΩ ǎŎǊƛǇǘΩ ƛƴ vLLa9нΦ ¢ƘŜ ǎŎǊƛǇǘ Ŏƻ-investigates alpha- and beta-diversity at the same 

time. This gave multiple metrics for both alpha and beta diversity. 

 



39 
 

4.5 Diversity Indices 

To fully investigate the bacterial diversity within the samples both alpha and beta diversity metrics 

were calculated in Qiime2. 

 

4.5.1 Alpha Diversity 

Alpha Diversity is used to measure ŘƛǾŜǊǎƛǘȅ ƻƴ ŀ ΨƭƻŎŀƭΩ ǎŎŀƭŜ- ΨǿƛǘƘƛƴΩ ǎŀƳǇƭŜ ŘƛǾŜǊǎƛǘȅ ό²ƘƛǘǘŀƪŜǊΣ 

мфслύ ΦLƴ ǘƘƛǎ ǎǘǳŘȅΣ о ŘƛŦŦŜǊŜƴǘ ƳŜŀǎǳǊŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀƭǇƘŀ ŘƛǾŜǊǎƛǘȅΥ CŀƛǘƘΩǎ 

phylogenetic diversity (PD) Index, Abundance based coverage estimator (ACE) Richness index, and 

SƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ƛƴŘŜȄ ό/Ƙŀƻ ŀƴŘ [ŜŜΣ мффнΤ CŀƛǘƘΣ мффнΤ {ƛƳǇǎƻƴΣ мфпфύΦ CŀƛǘƘΩǎ t5 ƛƴŘŜȄ ǳǎŜǎ 

phylogenetic distance to calculate the diversity of a given sample (Faith, 1992), while the ACE 

Richness is a nonparametric richness index that measures the number of unique species, using 

sample coverage, defined based on the sum of the probabilities of the observed species (Chao and 

[ŜŜΣ мффнύΦ {ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ƛƴŘŜȄ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŘƛǾŜǊǎƛǘȅ ǿƘƛŎƘ ǘŀƪŜǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ƴǳƳōŜǊ 

of species present, as well as the relative abundance of each species (Simpson, 1949). Each diversity 

index is based on different assumptions about the species diversity and thus, by using a combination 

of several indices, a more robust view of the biodiversity can be gained. 

 

4.5.2 Beta Diversity 

Beta Diversity is described as the ratio between regional and local species diversity (Whittaker, 

1960), and is useful to compare differences in diversity between different groups, i.e. different 

sample sites or types. To calculate beta diversity in this study, weighted Unifrac distance analysis 

was used. There are two types of Unifrac distances: an unweighted Unifrac distance that considers 

only species presence and absence and counts the fraction of branch length unique to each 

community. The weighted method, used here, uses species abundance and also weights the branch 

length with abundance difference (Chen et al., 2012).This phylogenetically aware metric takes into 

account presence and absence of species, as well as abundance- and is thus quantitative. 

 

4.6 Statistical Analysis 

Before performing statistical tests, the Shapiro-Wilks test was performed for all data to determine 

the normality of the data (Shapiro and Wilk, 1965). For differences between: physico-chemical 

factors in monitored soil, and water and background soil samples, along with differences in alpha 

diversity measures, the independent t-test was used. This test determines whether there is a 

statistically significant difference between the means in two groups (Mcdonald, 2014). To test for 

ŎƻǊǊŜƭŀǘƛƻƴǎΣ ǘƘŜ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ǘŜǎǘ ǿŀǎ ǳǎŜŘΦ ¢Ƙƛǎ ƛƴŎƭǳŘŜŘ ǘŜǎǘƛƴƎ ŦƻǊ 

correlations between physicochemical factors, between different sample types, in relative 

abundance at different taxonomic levels between sample types, correlations between different 

alpha diversity measures, and between samples taken on different days. This method calculates the 

ratio between the covariance of two variables, and takes into account the standard deviations (Kirch, 

2008). 

 

For Beta Diversity analysis, Principal Coordinate Analysis (PCoA) was used. This method converts 

data on Euclidean distances between items into a 3 dimensional scatter graph plot. The plot has 3 
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ŀȄƛǎΣ ƻƴŜ ŦƻǊ ŜŀŎƘ ΨŘƛƳŜƴǎƛƻƴΩΦ ¢ƘŜ ǾŀƭǳŜ ŘƛǎǇƭŀȅŜŘ ƻƴ ŜŀŎƘ ŀȄƛǎ ƛǎ ŎŀƭƭŜŘ ǘƘŜ ΨŜƛƎŜƴǾŀƭǳŜΩΦ !ȄŜǎ ŀǊŜ 

ranked by their eigenvalues, and so the first axis has the highest eigenvalue and thus explains the 

most variance. Each eigenvalue represents the amount of variance in each dimension as a 

percentage of the total variation in the distance matrix, and so the sum of the eigenvalues will equal 

the sum of the variance of all variables in the data set (Bakker, 2024). 

 

¢ƘŜ Ǉƭƻǘ Ŏŀƴ ōŜ ǾƛŜǿŜŘΣ ŀƴŘ ǎƘƻǿǎ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ΨŎƭƻǎŜƴŜǎǎΩ ƻŦ ƛǘŜƳǎΣ ŀƭƭƻǿƛƴƎ ƎǊƻǳǇǎ ŀƴŘ 

clusters to be found. In Qiime2, this utilised a distance matrix of beta diversity values for each 

sample. This allowed data to be separated based on metadata groups, i.e. sample type, location, 

date, rainfall amount etc. This was mainly used in this study to visualise beta diversity data, and to 

determine if separation of samples had statistical significance or if it might have originated by 

chance, Permutational Multivariate Analysis of Variance (PERMANOVA) analysis was carried out. 

PERMANOVA is a non-parametric multivariate statistical permutation test. It uses a distance matrix 

constructed from a dissimilarity measure, and tests the null hypothesis that there are no differences 

in the relative magnitude (presence/absence) of a set of variables among objects from different 

treatments or groups (Anderson, 2017). In this circumstance the dissimilarity measure is that 

computes using the beta diversity distance matrix to determine differences in beta diversity 

between the metadata groups. This test was chosen here as its assumptions are negligible, and it 

works well with complex data/ many groups of data. 

 

4.7 Results      

This section describes in detail the results of analysis of physico-chemical factors, soil analysis, 

taxonomic analysis, and diversity indices measured. Any differences or correlations between factors 

are outlined. The section is split by sample site. 

 

 Soil characterisation: Soil particle size and class/type 

After soil sizing using the sieve method, and classification according to British Standard 1377 Part 2 it 

ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǎƻƛƭ ŦƻǳƴŘ ŀǘ Ψ¢ƻƴƎǳŜ DǳǘǘŜǊΩ ǿŀǎ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŎƻŀǊǎŜ ǎŀƴŘΣ ǿƛǘƘ ŦƛƴŜ ƎǊŀǾŜƭΦ 

¢ƘŜ ǎƻƛƭ ŀǘ Ψ9ƴŘŎƭƛŦŦŜ tŀǊƪΩ ǿŀǎ ǎƛƳƛƭŀǊΣ ŀƭǎƻ ōŜƛƴƎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ŀ ŎƻŀǊǎŜ ǎŀƴŘ ǿƛǘƘ ŦƛƴŜ ƎǊŀǾŜƭΦ 

However the soil at Tongue Gutter did generally contain more material of a larger particle size, than 

that of the soil at Endcliffe Park (Figure 13). 
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Figure 13. Soil gradation curve from soil samples collected at the 2 sampling sites.  

 

Scanning Electron Microscopy (SEM) image analysis. 

The images created using SEM give a visualisation of how the general soil structure looks, supporting 

the soil gradation carried out (Figure 13). It also allows visualisation of part of the soil microbial 

community under dry weather. In figure 14, SEM micrographs showed an irregular rough surface 

with high concentration of granular, inorganic material covering the analysed surface. Filamentous 

microorganisms and biofilm-like structures tended to accumulate on small/specific areas of the 

analysed surface, without covering the entire analysed surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14.SEM images of soil samples taken from Endcliffe Park during a visit with no rainfall 
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4.7.1 Tongue Gutter- Analysis of monitored and background soil samples 

Physicochemical analysis and estimation of bacterial abundance of soil 

Table 1 includes physicochemical data obtained from soil samples, along with coliform colony 

counts. Over the sampling period, from November 2021 to October 2022, the pH of the soil remains 

fairly stable, with the lowest pH recorded being 7.09, and the highest 8.76. A higher pH range, 8.15-

8.76 is evident over Winter 2021 and into Spring 2022, with a lower range, 7.09-7.88, recorded over 

Summer and Autumn 2022. Background samples showed similar values for the Winter 2021 and 

Spring 2022 period (7.79-8.78). In contrast, over Summer and Autumn 2022 background pH 

increased ranging from 7.38-8.50, significantly different to the Monitored Soil pH range for this 

period (t= 2.49, P=0.017). 

As expected, with increased rainfall, increased moisture in the soil is also observed. Soil moisture 

content shows some variation  over the sampling period but is not significantly different to 

background samples, despite being higher on average (t=-0.039, p=0.485) .The same is true for the 

organic content of the soil, with background data showing a higher average organic content than 

sampled data. Despite this- the organic matter content of the Monitored Soil over the monitoring 

period is not significantly different from background samples (t=-1.71, p=0.052). 

 

Total coliform counts are much higher over the whole sampling period in all soil samples, when 

compared to background levels, with coliform counts ranging from 10000- 1040000 CFUs per gram 

of soil. The highest recorded coliform count for background samples is only 70000 CFUs per gram of 

soil. There was no significant correlation between coliform counts and rainfall amount. 

 

Table 1. Results of site 1- Tongue Gutter physico-chemical analysis, coliform counts, and rainfall 

depth (n=12).  

Date of 

visit 

Average pH 

of soil 

Cumulative Rainfall 5 days (120 

hours) before sample /mm 

Total number of 

coliforms / CFU per g 

Moisture 

content/% 

Organic content by 

Loss on Ignition/% 

22/11/21 8.39 0 10000 28.12 6.74 

13/12/21 8.15 10.4 650000 28.82 4.06 

22/1/22 8.39 0.2 600000 28.31 4.09 

16/2/22 8.19 21.6 0 29.04 3.66 

23/2/22 8.76 54.6 170000 20.89 17.89 

16/3/22 8.47 9.0 0 25.35 11.24 

31/3/22 8.15 4.2 190000 31.08 12.63 

30/5/22 7.53 1.8 350000 18.75 15.75 

17/8/22 7.1 21.2 1040000 32.16 6.29 



43 
 

7/9/22 7.88 21.0 780000 28.12 6.59 

24/10/22 7.09 63.0 50000 26.97 23.55 

25/10/22 7.3 61.2 N/A 40.92 8.16 

coliforms*= E.coli and C .freundii colony forming units 

 

 Bacterial community composition 

CƛƎǳǊŜ тΣ ǎƘƻǿǎ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜ ŀǘ ǇƘȅƭǳƳ ƭŜǾŜƭ ōŀǎŜŘ ƻƴ ŀǎǎƛƎƴŜŘ !{±ΩǎΦ 

Taxonomic analysis showed a total of 23 assigned phyla for the monitored soil data, and 20 assigned 

phyla for background soil data. 20 of the phyla are the same for both datasets, this includes phyla 

such as, Acidobacteria, Planctomycetes, and Proteobacteria. However, the following phyla; 

Chlamydiae, Fusobacter, and Synergistetes, were not detected in the background data, but were 

present in the monitored soil data, but at relatively low abundance levels 0.01%-0.5% (Figure 15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Comparison of bacterial communities present in monitored soil samples and background 

ǎƻƛƭ ǎŀƳǇƭŜǎ ŀǘ ¢ƻƴƎǳŜ DǳǘǘŜǊΣ ŀǘ ǇƘȅƭǳƳ ƭŜǾŜƭ όƴҐмфύΦ ¦ƴŀǎǎƛƎƴŜŘ ǘŀȄŀ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψ¦ƴŀǎǎƛƎƴŜŘΩ 

phyla category. 

 

For both monitored soil and background soil samples, the 5 most abundant phyla across the 

sampling period were Proteobacteria, Chloroflexi, Planctomycetes, Verrucomicrobia, and 

Actinobacteria.  
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At genus level, after removing genera that have a relative abundance of <0.3%, 49 genera are 

present in Monitored Soil, with 35 genera present in background soil samples (Figure 16). 

The most abundant genus for monitored soil over the sampling period is Gemmata-most abundant 

on 16th February 2022 at 2.15% relative abundance. Conversely, for background soil samples, 

Rhodoplanes was the most abundant genus, reaching 2.51% on 16th February 2022  When looking at 

the abundance of the genera that are shared by both datasets, very similar abundance levels of 

Pirellula were detected ~0.9% (average across the whole sampling period) for both monitored and 

background soil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Relative abundance at Genera level of monitored soil and background soil (n=19). 

Sequences filtered to only include genera that have a relative abundance of >0.3%. 



45 
 

 

There were 38 genera detected in monitored soil, but not in background soil. 14 of those  genera 

display highest relative abundance on the same date ς 24th October 2022 . On this date, the highest 

5 day cumulative rainfall depth was also recorded; 63mm, along with the highest organic content 

recorded in monitored soil - 23.55%.  

 

Looking at changes in bacterial community structure over the whole sampling period, changes are 

seen seasonally in relation to abundance of Pirellula (Figure 17)- present in both background and 

monitored soil samples. In background soil, Pirellula abundance  did not vary much over the 

sampling period (~0.8-1.7% abundance) However, Monitored soil, shows Pirellula abundance highest 

(average of 1.13%, compared to 0.73% for the rest of the sample period) when the rainfall amount 

was, lower, over January -March 2022.  On the other hand, several genera found in monitored soil 

(not in background soil)- including Thiobacillus and Treponema had a higher abundance over the 

August-October 2022 period- when rainfall amount was higher (higher by 100mm in total over the 

period), compared to the previous time period (Figure 17). The same trend is also seen for 

Bdellovibrio, Paludibacter, and Desulfobacter (also not present in background soil). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Abundance of genera in background and monitored soil at Tongue Gutter in relation to 

rainfall depth. Daily rainfall depth plotted on secondary axis 

 

Further taxonomic analysis enabled categorisation of samples at a species level. Species detected at 

an average abundance of <0.03% for the whole sampling period were filtered out and the remaining 

species plotted on Figure 18. The monitored soil sample from 30th May 2022, was not able to be 

classified down to species level and so is not present in the species level heatmap for monitored soil. 
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Figure 18.  Heatmap based on the relative abundance of monitored soil samples and background soil 

at species level (n=18). Includes species that had an average relative abundance of >0.03% over the 

sampling period. 

 

At species level there is a notable difference in community composition between monitored and 

background soil. The two datasets share only one species (relative abundance >0.03%). 

Microbacterium aurum. Across the sampling period, abundance of this species is generally higher in 



47 
 

background soil (average 0.12%), in comparison to monitored soil (0.08%). The most abundant 

species in monitored soil over the sampling period is Sulfuricurvum kujiense, highest on 17th August 

2022 at 1% relative abundance. For background soil it is Cellulomonas xylanilytica, highest on 22nd 

January 2022, at 0.58% relative abundance. 

 

Diversity indices of bacterial communities 

Throughout section 2, comparisons have been made between the bacterial community composition 

of Monitored Soil as well as background soil using taxonomic assignments. By calculating several 

diversity indices, and using statistical analyses, true differences within and between the 

communities can be observed at species level. 

Alpha Diversity  

To determine alpha diversity, 3 unique measures were calculated at species level (Table 2). There is a 

ǎƛƎƴƛŦƛŎŀƴǘ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ CŀƛǘƘΩǎ t5 ƛƴŘŜȄΣ !/9 wƛŎƘƴŜǎǎ ƛƴŘŜȄ ŀƴŘ {ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ƛƴŘŜȄ 

(P <0.01). As one value increases, so do the others. 

 

Table 2. Alpha diversity measures for sampled and bŀŎƪƎǊƻǳƴŘ ǎƻƛƭΦ .ŀǎŜŘ ƻƴ !{±Ωǎ ŀǘ ǎǇŜŎƛŜǎ ƭŜǾŜƭ 

(n=18). 

 

Sample type Date CŀƛǘƘΩǎ t5 

index 

ACE Richness 

index 

{ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ 

index  

Monitored Soil 22/11/21 163.71 2024 0.67 

Monitored Soil 13/12/21 97.18 1190 0.66 

Monitored Soil 22/1/22 142.16 1831 0.59 

Background soil 22/1/22 61.7 421 0.58 

Monitored Soil 16/2/22 195.43 2321 0.61 

Background soil 16/2/22 84.68 749 0.49 

Monitored Soil 23/2/22 128.13 1507 0.49 

Background soil 23/2/22 77.21 754 0.5 

Monitored Soil 16/3/22 201.6 2320 0.66 
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Monitored Soil 31/3/22 150.99 1923 0.58 

Monitored Soil 30/5/22 16.47 37 0.36 

Background soil 30/5/22 37.12 230 0.24 

Monitored Soil 17/8/22 116.47 1365 0.5 

Background soil 17/8/22 62.59 696 0.6 

Monitored Soil 7/9/22 135.29 2020 0.66 

Background soil 7/9/22 43.75 183 0.56 

Monitored Soil 24/10/22 130.31 1495 0.54 

Background soil 24/10/22 89.03 1252 0.66 

Monitored Soil 25/10/22 182.47 2094 0.63 

 

On average, alpha diversity (all indices measured) is higher in monitored soil, in comparison to 

background samples, meaning monitored soil has a higher diversity of bacteria present, in terms of 

alpha diversity. This difference in alpha diversity is significant, at P <0.01 for ACE species richness, 

ŀƴŘ ŦƻǊ CŀƛǘƘΩǎ t5 ƛƴŘŜȄΣ ǎŜǇŀǊŀǘƛƴƎ ǘƘŜ ŎƻƳƳǳƴƛǘƛŜǎ ƛƴ ƳƻƴƛǘƻǊŜŘ ǎƻƛƭ Ŧrom background soil. 

IƻǿŜǾŜǊΣ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ŘŀǘŀǎŜǘǎ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ {ƛƳǇǎƻƴΩǎ 

evenness index, P >0.1. 

 

hƴ ŀǾŜǊŀƎŜΣ CŀƛǘƘΩǎ t5 ŦƻǊ ōŀŎƪƎǊƻǳƴŘ ǎƻƛƭ ǿŀǎ ƭƻǿŜǎǘ ŦǊƻƳ aŀȅ-September 2022, and highest over 

January-February нлнн Σ ŀƴŘ ŀƭǎƻ hŎǘƻōŜǊ нлннΦ !/9 ǊƛŎƘƴŜǎǎ ƛƴŘŜȄ ŀƴŘ ǎƛƳǇǎƻƴ Ψǎ ŜǾŜƴƴŜǎǎ ǿŜǊŜ 

ǾŀǊƛŀōƭŜ ƻǾŜǊ ǘƘŜ ǎŀƳǇƭƛƴƎ ǇŜǊƛƻŘ ƛƴ ōŀŎƪƎǊƻǳƴŘ ǎƻƛƭΦ CƻǊ ƳƻƴƛǘƻǊŜŘ ǎƻƛƭΣ  CŀƛǘƘΩǎ t5 ŀƴŘ !/9 

ǊƛŎƘƴŜǎǎ ǿŜǊŜ ǾŀǊƛŀōƭŜ ƻǾŜǊ ǘƘŜ ǎŀƳǇƭƛƴƎ ǇŜǊƛƻŘΣ ōǳǘ {ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ǿŀǎ ƭƻǿŜǎǘ ƻver May-

September 2022, and highest from December 2021-March 2022. A higher total rainfall depth was 

also seen over May-September 2022, compared to the December 2021-March 2022 period. 

 

Beta Diversity 

To calculate Beta diversity, weighted unifrac distance analysis was used.  

Figure 19, shows PCoA analysis the separation in the two datasets indicating differences in the 

bacterial community composition between background and monitored soil samples. Testing this 

statistically using PERMANOVA statistical analysis of weighted unifrac distance values revealed 



49 
 

statistical significance at P <0.01, P=0.008. In terms of beta diversity, the bacterial composition at 

species level is different between background and monitored soil.  

 

 

Figure 19. PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance 

analysis.  n= 18 

 

4.7.2 Tongue Gutter: Water and soil samples 

 

Physicochemical analysis and estimation of bacterial abundance of soil and water  

Table 3 shows the physicochemical data obtained from water samples, along with coliform counts. 

The pH of the water tends to be stable with the lowest pH recorded being 6.97, and the highest 8.32. 

Similarly, the soil pH, had a higher pH range, 7.4-8.32,  evident over Winter 2021 and into Spring 2022, 

with a lower range, 6.97-7.62, recorded over Summer and Autumn 2022. The highest water pH was 

observed on 18th January 2022- this date also had the lowest rainfall  recorded - 0mm. The lowest 

water pH was observed on, 17th August 2022.- this date also saw the highest recorded 5 day rainfall 

rainfall depth - 20.8mm. Despite this, when tested statistically the moderate correlation (R= -0.562) 

between pH and rainfall depth was not significant (P >0.1). 

 

No statistically significant relationship was found between rainfall depth and coliform count (R= -0.15, 

P >0.1). In general, coliform counts for water samples had a - large and variable range- between 1200-

9700 CFUs per ml of water (with the exception of the very high count seen on 18th January 2022). In 

comparison to soil samples, the coliform count was generally much lower in sampled water. When 

looking at the relationship between soil and water coliform counts, a positive correlation was found 

(R=0.29320. However, this is not statistically significant (P>0.1). 
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Table 3. Results of physiochemical analysis, and coliform counts of water samples (n=12). 

 

Date of visit 
Average pH 

of water 

Average 

Temperature/ᴈ 

Cumulative Rainfall 5 days (120 

hours) before sample /mm 

Total number of coliforms / 

CFU per ml 

22/11/21 7.63 9.63 0 6700 

13/12/21 7.43 11.6 10.4 6100 

22/1/22 8.29 N/A 0.2 60000 

16/2/22 8.24 8.7 21.6 6400 

23/2/22 8.32 8 54.6 3200 

16/3/22 7.87 9.67 9.0 3800 

31/3/22 7.40 9 4.2 1200 

30/5/22 7.62 10 1.8 9400 

17/8/22 6.97 10 20.8 9700 

7/9/22 7.35 10 21 6300 

24/10/22 7.18 10 63 7000 

25/10/22 7.31 N/A 61.2 N/A 

coliforms*= E.coli and C .freundii colony forming units 

 

Bacterial Community Composition 

Taxonomic data is available for all water samples apart from those taken on the following dates: 22nd 

November 2021, 16th March 2022, and 25th October 2022 due to the extracted DNA not being of high 

enough quality/quantity to be sequenced (according to the threshold set by the NEOF sequencing 

facility in Liverpool).  

 

Taxonomic analysis of water samples at phylum level, revealed 23 assigned phyla. The most 

abundant phyla include (from most abundant- on average, to least); Proteobacteria, Bacteroidetes, 

Firmicutes, Planctomycetes, and Acidobacteria. All 23 phyla were also shared by soil samples, with 

Proteobacteria being the most abundant phylum in both soil and water samples (Figure 20). Both 

soil and water also had Verrucomicrobia and Planctomycetes in relatively high abundance, Average 

Verrucomicrobia abundance in monitored soil was almost 4 times higher than in water, with 

Planctomycetes being almost 5 times higher. 
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Figure 20. Comparison of bacterial communities present in water samples and soil samples, at 

ǇƘȅƭǳƳ ƭŜǾŜƭ όƴҐнмύΦ ¦ƴŀǎǎƛƎƴŜŘ ǘŀȄŀ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψ¦ƴŀǎǎƛƎƴŜŘΩ ǇƘȅƭŀ category. 

 

At Genus level, after removing genera that had a relative abundance of <0.3%, water samples 

contain 27 different genera. 10 genera found in sampled water, were also found in monitored soil. 

All 10 genera had an average relative abundance over the sampling period that was higher in water, 

compared to soil (Figure 21.) 
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Figure 21.Relative abundance (> 0.3%) at genera level of water and soil samples (n=21). 

 

On 13th December 2021, one third of detected genera displayed their highest measured relative 

abundance (2%-у҈ύΦ ¢Ƙƛǎ ŘŀǘŜ ŀƭǎƻ ƘŀŘ ǘƘŜ ƘƛƎƘŜǎǘ ǊŜŎƻǊŘŜŘ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ όмлɕ/ύ ό¢ŀōƭŜ 

3).When looking at seasonal trends in bacterial abundance in water, most genera had variable 

abundance, with no clear trends. However, Prevotella, Rhodoferax and Ruminococcus (not present in 

soil samples)  had highest abundance from January -March 2022- when rainfall  was on average 

lower, and water pH was higher compared to the subsequent period (Figure 22). Although rainfall  

was lower on average, a high rainfall depth was seen in February- after this period of increased 

rainfall, both Prevotella and Rhodoferax increased in abundance. 
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Figure 22. Abundance of genera in water samples at Tongue Gutter in relation to rainfall . Daily 

rainfall depth plotted on secondary axis. 

 

Taxonomic analysis was further performed at a species level. Species detected at an average 

abundance of <0.1% for the whole sampling period were filtered out and the remaining species 

analysed and plotted. The threshold (0.1%) is higher for water than that of soil, due to the higher 

relative abundance and diversity of species generally displayed by water in comparison to soil 

samples. Sequences from all water samples were able to be assigned at species level, apart from the 

water sample taken on 24th October 2022. 

 

With the less abundant species filtered out, for water samples, Flavobacterium succinicans, had the 

highest relative abundance, with a range of 0.1%-2.8% over the sampling period (Figure 23.) This was 

the only species present in all water samples and was also prominent in soil samples. Several other 

Flavobacterium species were also present in water samples, this includes: Flavobacterium 

frigidarium, Flavobacterium gelidilacus, and Flavobacterium columnare. Other genera, with multiple 

species present in water samples included: Pseudomonas, Bacteroides and Ruminococcus species. 

Faecalibacterium prausnitzii and Prevotella copri, also had relatively high abundance in water 

samples. Ranging from 0.27%-1.83%, and 0.44%-3% respectively. However, these species were not 

present in soil samples (at the levels tested for- >0.03%). 
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Figure 23. Heatmap of relative abundance of water samples at species level. Includes species that 

had an average relative abundance of >0.1% over the sampling period (n=8). Species labelled with a 

ΨϝΩ ŀǊŜ ǎǇŜŎƛŜǎ ǘƘŀǘ ǿŜǊŜ ŀƭǎƻ ŘŜǘŜŎǘŜŘ ƛƴ ƳƻƴƛǘƻǊŜŘ ǎƻƛƭ ŀǘ ҔлΦло҈  ǎeen in Figure 18.  

 

Interestingly, when looking at the species graphs for monitored soil (Figure 10) and water (Figure 

18), in soil, more than in water, the community composition is due to rare species in lower 

abundance. Most of the abundance in soil samples is due to ASVs in very low abundance that are not 

present in the graphs (the most abundant bacteria only cover a small % of the total bacteria 

community). While in water, the most abundant species represent between 30-50% of the 

composition of the total community. 
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When looking at changes in the bacterial structure of water at species level over the whole sampling 

period, changes are seen in abundance of two faecal associated species; Faecalibacterium 

prausnitzii, and Roseburia faecis, (Figure 24).  F. prausnitzii abundance appears to decrease at the 

start of February , when rainfall  was lower, but shows increases in abundance after periods of 

increased rainfall  ς January, March, and August. R. faecis, similarly saw an increase in abundance 

when rainfall  increased in January and August, . 2 species, Flavobacterium gelidilacus and 

Bacteroides ovatus, had higher abundance from May-September 2022, when rainfall  was higher, 

compared to the rest of the sampling period. This period also had a lower water pH and higher 

temperature (Table 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Abundance of species in water samples at Tongue Gutter in relation to rainfall . Daily 
rainfall depth plotted on secondary axis. 
 

Diversity of observed bacterial communities 

Throughout section 2, comparisons have been made between the bacterial community composition 

of water and soil samples by looking at taxonomy. Further, by calculating several diversity measures, 

and using statistical analyses, differences within and between the communities in the analysed 

samples can be elucidated. 

 

Alpha Diversity 

To determine alpha diversity, 3 unique measures were calculated at species level (Table 4) using the 

water samples. 
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      Table 4. Alpha diversity indices calculated for water samples (n=8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On 22nd WŀƴǳŀǊȅ нлнн ǘƘŜ ƘƛƎƘŜǎǘ CŀƛǘƘΩǎ t5 ŀƴŘ !/9 ǊƛŎƘƴŜǎǎ ƳŜǘǊƛŎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŦƻǊ ǿŀǘŜǊ 

samples. Interestingly, the highest number of coliform counts were also recorded on this day (Table 

3.) Evenness was highest on 31st March 2022. Over the whole sampling peǊƛƻŘ CŀƛǘƘΩǎ t5 ŀƴŘ !/9 

richness was (on average) highest from May-September 2022 (when a higher rainfall depth was also 

ǎŜŜƴύ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ ǎŀƳǇƭƛƴƎ ǇŜǊƛƻŘΦ {ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ ǿŀǎ ǾŀǊiable over the 

sampling period. All alpha diversity measures were generally higher for soil samples, compared to 

water samples (Table 2 and 4.) 

 

Beta Diversity 

To calculate Beta diversity, weighted unifrac distance analysis was used. This allows differences to be 

tested between soil and water sample composition at a species level. Figure 28 shows the separation 

in the two datasets by the clustering of points- indicating differences in the bacterial microbiome 

composition between soil and water samples. Testing this statistically using PERMANOVA statistical 

analysis of weighted unifrac distance values revealed statistical significance , at P = 0.011. P<0.05 

and so the significance is moderate- meaning that there is a meaningful difference between the 

bacterial communities of water and soil at species level. However, this observed difference is not as 

strong as the difference observed, in reference to beta diversity, between monitored soil and 

background soil (Figure 25). 

 

Date of visit CŀƛǘƘΩǎ t5 ƛƴŘŜȄ ACE Richness index 
{ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ 

index 

13/12/21 42.19 408 0.44 

22/1/22 106.04 1550 0.52 

16/2/22 88.72 1089 0.51 

23/2/22 57.84 510 0.47 

31/3/22 36.99 417 0.61 

30/5/22 65.96 689 0.38 

17/8/22 95.34 1130 0.58 

7/9/22 64.65 803 0.57 
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Figure 25.  PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance 

analysis (n=22).  

 

 

4.7.3 Endcliffe Park soil and background soil 

 

Physicochemical analysis and estimation of bacterial abundance of soil  

Table 5 shows the physicochemical data obtained from soil samples, along with coliform counts, and 

rainfall depth (cumulative 5 day). Over the sampling period, from November 2021 to September 

2022, much like with the soil pH at Tongue Gutter, the pH showed a higher range over Winter and 

Spring 2022, 8.11-8.66, with a lower range over Summer and Autumn 2022, 7.04-7.64. Background 

samples at Endcliffe Park did not have any notable seasonal pH trends, however the pH, on average, 

was higher than that of Monitored Soil- 8.12, compared to 7.95 for background soil. Despite this, 

statistically the difference in pH between the two datasets was not significant, P >0.1. 

 

Soil moisture ranged from 6.32%-50.01%, correlating positively with rainfall amount, although the 

correlation was not statistically significant. Background soil moisture was significantly lower than 

that of monitored soil. Average moisture content over the sample period for monitored soil was 

28.8%, whereas background soil was 22.1%. The highest proportion of organic content was observed 

on 17th August 2022- this date also had the highest moisture content recorded for monitored soil. 

However the correlation between moisture content and organic content was not statistically 

significant. 

 

Coliform counts ranged from 10000 to 1090000 per gram in monitored soil. In background soil, this 

range was lower, 10000 to just 340000. There was a positive correlation between 5 day rainfall 

depth and coliform count, however this is not statistically significant. 
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Table 5. Results of physiochemical analysis, coliform count, and rainfall amount (n=12). 

Date of 

visit 

Average 

pH of soil 

Cumulative Rainfall 5 days (120 

hours) before sample /mm 

Total number of 

coliforms* / CFU per g 

Moisture 

content/% 

Organic content by 

Loss on Ignition/% 

22/11/21 8.29 0 10000 25.67 4.26 

13/12/21 8.16 10.4 280000 30.79 8.26 

22/1/22 8.12 0.2 150000 38.52 7.46 

16/2/22 8.39 21.6 360000 33.93 7.68 

23/2/22 8.66 54.6 90000 25.81 13.73 

16/3/22 8.11 9.0 260000 23.57 9.32 

31/3/22 8.15 4.2 50000 25.69 16.52 

30/5/22 8.46 1.8 10000 6.32 12.36 

17/8/22 7.23 21.2 700000 50.01 24.34 

18/8/22 7.04 21.2 810000 33.58 11.38 

19/8/22 7.16 21.4 1090000 26.73 8.53 

7/9/22 7.64 21 80000 22.30 7.23 

coliforms*= e.coli and c.freundii colonies 

 

 

Bacterial Community Composition 

After sequencing, taxonomic analysis showed that there were a total of 22 assigned phyla present in 

soil samples, and 18 assigned phyla present in background soil samples (Figure 26). The following 

phyla were not present in background soil samples: Spirochaetes, Fusobacteria, Synergistetes, and 

Lentisphaerae. These phyla also had very low abundance in monitored soil, <0.05%. Over the whole 

sampling period, Proteobacteria was the most abundant phylum in soil samples at 16.82% on 

average. 
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Figure 26. Comparison of bacterial communities present in soil samples and background soil 

ǎŀƳǇƭŜǎΣ ŀǘ ǇƘȅƭǳƳ ƭŜǾŜƭΦ ¦ƴŀǎǎƛƎƴŜŘ ǘŀȄŀ ǿŀǎ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψ¦ƴŀǎǎƛƎƴŜŘΩ ǇƘȅƭŀ ŎŀǘŜƎƻǊȅ όƴҐнмύ 

 

After removing any unassigned genera, as well as genera at an average relative abundance of <0.3%, 

25 genera were detected in samples in total (Figure 27). The most abundant genus for monitored 

soil and for background soil over the sampling period was Gemmata, with similar relative abundance 

levels at 1.92% and 2.15% respectively . 
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Figure 27. Relative abundance at Genera level of Monitored Soil and background soil. Includes only 

genera present at >0.3% in at least one sample (n=21). 

 

Over the sampling period abundance of Clostridium (not in background soil), appears to be highest 

over August and September 2022- particularly high over August when rainfall amount was relatively 

high (half the months total rainfall  (20mm) was seen 5 days before a sample visit).  On the other 

hand, Flavobacterium (not in background soil), was highest in monitored soil over the Winter 

months- December 2021-February 2022, and actually increased in abundance each month (Figure 

28). Particularly heavy rainfall (for the sampling period) was seen over February, with rainfall amount 

>140mm in total over 28 days.  
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Figure 28. Abundance of genera in monitored soil samples at Endcliffe Park in relation to rainfall. 
Daily rainfall depth plotted on secondary axis 

Species at an average abundance of <0.03% for the whole sampling period were filtered out and the 

remaining species analysed and plotted in Figure 29. 16 species were detected in monitored soil, and 

8 detected in background soil. Two thirds of the species detected in background soil, are also 

present in monitored soil. For monitored soil, Flavobacterium succinicans was the most abundant 

species over the whole sampling period, highest on 16th February 2022 at 1.6%. Clostridium species 

were prevalent in Monitored Soil, with two species, C. bowmanii and C. butyricum present, however 

Clostridium species together only had a relative abundance of 0.12%. 
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Figure 29. Heatmap of relative abundance of soil samples and background soil at species level. 

Includes species that had an average relative abundance of >0.03% over the sampling period (n=21). 
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Note the differences in key range for the two groups. This is due to the species present in 

background samples having much higher relative abundances than those in monitored soil. 

When looking at changes in the bacterial community of soil at species level over the whole sampling 

period, multiple species show elevated abundance over February ς March 2022 in monitored soil. 

Such species include, Bacillus longiquaesitum, and Methylotenera mobilis (Figure 30), as well as 

Mycobacterium vaccae, and Flavobacterium succinicans. Both February and August saw heavy 

rainfall, as well as increases in soil moisture content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Abundance of species in monitored soil samples at Endcliffe Park in relation to rainfall. 
Daily rainfall depth plotted on secondary axis 

 

Diversity of observed bacterial communities 

Throughout section 2, comparisons have been made between the bacterial community composition 

of monitored soil as well as background soil by looking at taxonomy. By further calculating several 

diversity indices, and using statistical analyses, differences within and between the communities can 

be examined. 

 

 Alpha Diversity  

To determine alpha diversity, 3 unique measures were calculated at species level (Table 6.) 

 

Table 6. Alpha diversity measures for sampled and background soil (n=21). 

Sample type Date CŀƛǘƘΩǎ t5 

index 

ACE Richness 

index 

{ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ 

index  



64 
 

 

hǾŜǊ ǘƘŜ ǎŀƳǇƭƛƴƎ ǇŜǊƛƻŘΣ ǎƻƛƭ ǎŀƳǇƭŜǎ ƘŀŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ CŀƛǘƘΩǎ t5Σ ŀƴŘ !/9 wƛŎƘƴŜǎǎ ƛƴŘŜȄ  

metric, compared to background soil samples (P <0.01). However, there was no significant difference 

between the evenness values for the two datasets. For soil samples, there was a positive correlation 

ōŜǘǿŜŜƴ CŀƛǘƘΩǎ t5Σ !/9 wƛŎƘƴŜǎǎΣ ŀƴŘ {ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ όt ғлΦлмύΦCƻǊ ōŀŎƪƎǊƻǳƴŘ ǎŀƳǇƭŜǎΣ ǘƘƛǎ 

was also true, however the coǊǊŜƭŀǘƛƻƴ ǿŀǎ ƻƴƭȅ ǎŜŜƴ ōŜǘǿŜŜƴ CŀƛǘƘΩǎ t5 ŀƴŘ wƛŎƘƴŜǎǎ ŀǘ t ғлΦлмΦ !ƭƭ 

alpha diversity metrics for background samples were highest from August-September 2022, 

ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǇǊŜǾƛƻǳǎ ƳƻƴǘƘǎΦ CƻǊ ƳƻƴƛǘƻǊŜŘ ǎƻƛƭΣ ǎƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ ǿŀǎ ǾŀǊƛŀōƭŜ ƻǾŜǊ ǘƘŜ 

saƳǇƭƛƴƎ ǇŜǊƛƻŘΣ CŀƛǘƘΩǎ t5 ǿŀǎ ŀƭǎƻ ǾŀǊƛŀōƭŜ ōǳǘ ƘŀŘ ŀƴ ƛƴŎǊŜŀǎŜ ƻǾŜǊ !ǳƎǳǎǘ-September 2022. ACE 

species richness was (on average) highest over November 2021-March 2022, but similarly showed an 

increase over August-September 2022. 

 

Monitored Soil 
22/11/2021 

72.01 1833 0.64 

Monitored Soil 
13/12/2021 

41.72 1634 0.51 

Monitored Soil 
22/1/2022 

148.75 854 0.60 

Background soil 
22/1/2022 

41.08 675 0.51 

Monitored Soil 
16/2/2022 

138.70 458 0.60 

Background Soil 
16/2/2022 

65.43 420 0.62 

Monitored Soil 
23/2/2022 

162.22 1109 0.56 

Monitored Soil 
16/3/2022 

73.17 1171 0.56 

Background Soil 
16/3/2022 

80.38 553 0.61 

Monitored Soil 
31/3/2022 

76.18 797 0.46 

Monitored Soil 
30/5/2022 

44.56 236 0.20 

Background Soil 
30/5/2022 

35.89 1645 0.54 

Monitored Soil 
17/8/2022 

215.28 1939 0.65 

Background Soil 
17/8/2022 

167.24 255 0.58 

Monitored Soil 
18/8/2022 

88.59 848 0.57 

Background Soil 
18/8/2022 

20.28 1742 0.64 

Monitored Soil 
19/8/2022 

52.61 523 0.57 

Background Soil 
19/8/2022 

20.29 2100 0.68 

Monitored Soil 
7/9/2022 

115.31 1679 0.70 

Background Soil 7/9/2022 97.93 1250 0.58 
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Beta Diversity 

To calculate Beta diversity, weighted unifrac distance analysis was used. This phylogenetically aware 

metric takes into account presence and absence of species, as well as abundance- and is thus 

quantitative. This allows differences to be tested between monitored soil and background soil 

composition at a species level. Figure 31 shows the plotted weighted unifrac values for the two 

sample groups. The two datasets are distinguishable from one another but do not seem to form 

discrete clusters. This indicates that the groups are similar in terms of beta diversity. Testing this 

using PERMANOVA analysis shows that there is a difference between the two groups, however this 

is only significant at P <0.05 (P=0.022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. PCoA (Principal Coordinate Analysis) Emperor plot based on weighted unifrac distance 

analysis using soils samples (n=20) 

 

4.7.4 Endcliffe Park water with comparison to Monitored Soil 

 

Physicochemical analysis and estimation of bacterial abundance of soil  

Table 7 shows the physicochemical data obtained from water samples, along with coliform counts 

and rainfall (5 day cumulative). Over the sampling period, fewer water samples were taken at this 

site, this is due to the nature of the site (water only available to sample on occasion of heavy rainfall 

for longer periods). Therefore, water samples cover the period between December 2021 and August 

2022. Recorded pH ranges from 6.89 on 17th August 2022, to 8.48 on 16th March 2022. Seasonal 

trends cannot be determined, however average pH of water is slightly higher at 7.82 than that of 

monitored soil (7.95). Water temperature peaks at 9.3°C on 16th March 2022, with lower 

temperatures observed over the Winter months. 
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Coliform counts ranged from the lowest count of 10000 on 16th February 2022, to a high of 480000 

on 17th August 2022. The highest 5 day rainfall depth was also recorded on 23rd February 2022 at 

54.6mm. Too few data points were available to test for correlations. Water samples tend to have a 

lower coliform count compared to soil samples (Table 5), with the average coliform count for soil 

samples over the period being over double that of water. 

 

Table 7. Results of physiochemical analysis, and coliform counts of soil samples (n=6). 

Date of 

visit 

Average pH 

of water  

Average Temperature 

of water /°C  

Cumulative Rainfall 5 days (120 

hours) before sample /mm 

Total number of 

coliforms / CFU per ml 

13/12/21 7.12 7.6 10.4 250000 

16/2/22 8.18 8.3 21.6 10000 

23/2/22 8.21 7.7 54.6 0 

16/3/22 8.48 9.3 9.0 50000 

31/3/22 8.03 8.1 4.2 40000 

17/8/22 6.89 9 21.2 480000 

coliforms*= e.coli and c.freundii colonies 

 

 

Bacterial Community Composition of water samples 

After sequencing, taxonomic analysis showed that there were a total of 21 assigned phyla present in 

water samples (Figure 32). Only one phylum- Chlamydiae was present in water but not in soil. 

However, this phylum only appeared in one sample, at an abundance of 0.14%. In water and soil, the 

most abundant phylum was Proteobacteria, however in water samples the relative abundance on 

average across the whole sample period of this phylum was much higher at 34.33%, compared to 

just 16.82% in soil. On 16th March 2022 and 31st March 2022, only one phylum was present in water 

samples- Proteobacteria, at 67.7% and 33.5% (along with unassigned phyla).  
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Figure 32. Comparison of bacterial communities present in water samples and soil samples, at 

ǇƘȅƭǳƳ ƭŜǾŜƭ όƴҐмуύΦ ¦ƴŀǎǎƛƎƴŜŘ ǘŀȄŀ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψ¦ƴŀǎǎƛƎƴŜŘΩ ǇƘȅƭŀ ŎŀǘŜƎƻǊȅΦ 

 

 After removing any unassigned genera, as well as genera at an average relative abundance of <0.3%, 

14 genera were detected in water samples (Figure 33). (DNA from samples from 16th March 2022 

and 31st March 2022 were not able to be assigned at genus level and so are not included in the 

following data). Of the 14 assigned genera, one genus was unique to only water - Pedobacter . The 

most abundant genus in water on average for the whole sampling period was Flavobacterium- at 

2.1% (Figure 37). This was more than double the average relative abundance of Flavobacterium 

found  in soil samples, at only 0.9%.  However, with only 6 water samples taken over 4 months at it is 

not possible to robustly interpret seasonal trends. Other genera with relatively high abundance in 

water included Janthinobacterium, and Pseudomonas, which had their highest abundance values on  

17th August 2022 after a heavy rainfall event. This date also saw the lowest water pH and highest 
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number of coliform counts. Janthinobacterium and Pseudomonas were also found in soil samples, 

however the abundance of these genera were much higher in water than in soil.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Relative abundance at genera level of water and soil samples (only genera at >0.3% 

abundance) (n=15). 

 

Species detected at an average abundance of <0.05% for the whole sampling period were filtered 

out and the remaining species analysed and plotted in Figure 34. The threshold (0.05%) is lower for 

water than that of soil, due to the higher relative abundance of species generally displayed by water 

samples in comparison to soil samples.  
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Figure 34. Heatmap of relative Abundance of water samples at species level. Includes species that 

had an average relative abundance of >0.05% over the sampling period (n=4).  Species labelled with 

ŀ ΨϝΩ ŀǊŜ ǎǇŜŎƛŜǎ ǘƘŀǘ ŀǊŜ ŀƭǎƻ ŘŜǘŜŎǘŜŘ ƛƴ aƻƴƛǘƻǊŜŘ Soil at >0.03% seen in Figure 29.  

 

Of the 15 species found at >0.05% abundance, one third were also detected in soil samples at 

>0.03% relative abundance (Figure 33). Flavobacterium succinicans was the most abundant species 

detected in both water and soil samples- 0.6% average abundance over the whole sampling period 

in water, and 0.47% in soil samples. 3 species of the Pseudomonas genus were also present in water 

samples, Pseudomonas fragi, viridflava, umsongensis, with Pseudomonas fragi. The three species 

together created an overall Pseudomonas species abundance of 0.21% on average over the sampling 

period. No Pseudomonas species are present in soil samples or background soil samples. On 17th 

August 2022 (after a heavy storm), a more diverse range of species were detected compared to the 

other sample dates. This date, saw the appearance of 5 species that did not appear in water samples 

taken on any other date. These species were: Acinetobacter rhizosphaerae, Burkholderia glathei, 

Sphingomonas azotifigens, Nocardioides plantarum, and Pseudomonas viridiflava. All of these 

species were present at between 0.22% and 0.25%. 
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Diversity of observed bacterial communities 

 

Alpha Diversity  

To determine alpha diversity, 3 unique measures were calculated at species level (Table 8). In water 

samples, FaithΩǎ t5 ŀƴŘ !/9 wƛŎƘƴŜǎǎΣ ǿŜǊŜ ƘƛƎƘŜǎǘ ƻƴ ноrd CŜōǊǳŀǊȅ нлннΣ ǿƛǘƘ {ƛƳǇǎƻƴΩǎ ŜǾŜƴƴŜǎǎ 

highest on 17th September 2022. 

 

Table 8.Alpha diversity measures for water samples (n=4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Beta Diversity      

Figure 35 shows the separation in the two datasets by the clustering of points- indicating differences 

in the microbiome composition between soil and water samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. PCoA (Principle Coordinate Analysis) Emperor plot based on weighted unifrac distance 

analysis using soil and water samples (n=15). 

Date CŀƛǘƘΩǎ t5 ƛƴŘŜȄ ACE Richness 

index 

{ƛƳǇǎƻƴΩǎ 9ǾŜƴƴŜǎǎ 

index  

13.12.21 94.25 1525 0.59 

16.2.22 119.02 1464 0.44 

23.2.22 140.84 1894 0.55 

17.8.22 65.71 1027 0.68 
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Testing this statistically using PERMANOVA statistical analysis of weighted unifrac distance values 

revealed statistical significance, at P = 0.001. P<0.01 and so the significance was high- meaning that 

there was a meaningful difference between the microbial microbiomes of water and soil at species 

level. This difference between soil and water was more significant than the difference between 

background and Monitored Soil (Figure 35). 

 

4.8 Discussion 

 

4.8.1 Effect of frequent urban flooding on the soil bacterial microbiome 

Through utilisation of ecological diversity measures, coliform counts, and next generation 

sequencing, a significant difference was found in the soil bacterial microbiome at locations subject to 

frequent urban floods, in comparison to locations that receive no flood water. It is recognised that 

flood waters can impact receiving soils, depleting nitrogen and oxygen content, altering 

physicochemical factors, and also changing the microbial structure (Francioli et al., 2021, Furtak et 

al., 2020). However the floodwater ecosystem itself is variable, and many factors including; flood 

source, flow rate, and flood duration can influence the impact the water goes on to have. For 

example, on the one hand, flooding can lead to a reduction in bacterial activity, due to the 

destabilisation of the normal environment and creation of suboptimal conditions (González et al, 

2016). Alternatively, the influence of flood water can actually increase bacterial diversity in soils and 

sediments in some instances, usually due to translocation of contaminants and pathogens carried in 

floodwater, and then deposited onto soils or surfaces (Mhuantong et al., 2015). In this study, the 

latter has proven to be true in the monitored field sites. A significantly higher number of coliform 

counts were found in soil samples taken from both urban flood sites sampled, compared to 

background samples. The coliform counts here, were specifically coliform species- C. freundii, and E. 

coli. These species are traditionally used to indicate the presence of faeces (Edberg et al., 2000; 

Odonkor and Ampofo, 2013; Guarino et al., 1987), and so the higher numbers found in the 

monitored soil samples not only suggests that E.coli and C.freundii can be transferred from the urban 

flood water into the soil, but also that the urban floodwater itself is potentially contaminated with 

faeces, and thus other potentially pathogenic or dangerous bacteria. 

 

At both sample sites, a significant difference was also found between the bacterial diversity of soils 

ŀŦŦŜŎǘŜŘ ōȅ ǳǊōŀƴ ŦƭƻƻŘƛƴƎ ŀƴŘ ōŀŎƪƎǊƻǳƴŘ ǎŀƳǇƭŜǎΦ !ǘ ōƻǘƘ ǎƛǘŜǎΣ CŀƛǘƘΩǎ t5 ŀƴŘ !/9 ǊƛŎƘƴŜǎǎ 

indices were significantly higher in monitored soil than background soil- indicating a higher species 

richness- a higher number of unique species present. It should be noted that alpha diversity alone is 

not enough to conclude bacterial community differences, with previous studies showing conflicting 

evidence on how flooding affects this diversity measure (Randle-Boggis, 2018; Shen et al., 2018). 

One laboratory based study found frequent floods increased alpha diversity of the bacterial soil 

community, however, a wider scale study looking at wetlands, found the opposite, with alpha 

diversity of the soil bacteria higher during a drought year, compared to a flood year (Randle-Boggis, 

2018; Shen et al., 2018). With different studies showing contradictory results, there is no certain 

consensus on the effect of urban flooding on alpha diversity in soil. However, by also calculating beta 

diversity, one can be more confident in the influence flooding has on diversity as a whole. 

In this study, Beta diversity, showed a significant difference when tested using the weighted unifrac 

distance metric (Lozupone and Knight, 2005). This metric shows that the bacterial composition at 
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species level is significantly different between background and monitored soil. The significant 

differences detected in both alpha and beta diversity suggest that urban floodwater is a driving 

factor in altering and even increasing bacterial diversity of soil at urban flood sites. This was also 

shown elsewhere in a lab based soil column study, with significant differences in soil bacterial 

diversity found using 16s rRna sequencing, however this study showed that the longer the flood 

duration the lower the alpha diversity, with diversity highest on the first day of the simulated flood 

(Sao et al., 2023). This could explain the higher alpha diversity values measured in monitored soil in 

our study, especially since the field sample sites selected were flooded frequently. 

 

Diversity measures have shown there is a difference in bacterial community structure, but to see 

what that difference looks like taxonomically, sequencing was performed. Looking at sequencing 

data at a phylum level, revealed  22- 23 different phyla of bacteria present in soil at sites affected by 

urban flooding. Of the phyla found in soil samples, 82-87% were also present in background soil 

samples. The bacterial community found in both monitored and background soil are generally 

dominated by phyla commonly seen in the soil microbiome, such as: Proteobacteria, Acidobacteria, 

Actinobacteria, Verrucomicrobia, Chloroflexi, and Planctomycetes among others (Deng et al., 2018). 

The interest here is in the phyla exclusively found in soil from the urban flood area, this includes: 

Spirochaetes,Fusobacter, Synergistetes,  Lentisphaerae, and Chlamydiae. Species of these phyla 

include opportunistic pathogens, known to cause disease in humans, such as Chlamydia trachomatis 

in the Chlamydiae phylum (Becker, 1996), and Fusobacterium nucleatum in the Fusobacter phylum 

(Han, 2015). Species from the phyla Synergistetes are found in the human intestinal tract 

(Marchandin et al., 2010) and pathogens in the Spirochaetes phylum are known to cause Lyme 

disease via contaminated soil or water (Ditmar, 2011). The presence of these bacterial phyla indicate 

potential faecal contamination, but also indicate potential health risk. 

 

Analysing further, and moving down to the taxonomic level of genus revealed further differences in 

the bacterial structure between background samples and samples from the flooded sites. 

Pseudomonas and Flavobacterium were present in affected soils at both of the sites sampled. It is 

not surprising that Flavobacterium is present- this genus is common in many environmental biomes, 

including river sediment, soils, and freshwater (²ŀǏƪƛŜǿƛŎȊ ŀƴŘ LǊȊȅƪƻǿǎƪŀΣ нлмпύ. This genus 

does  not contain species known to be pathogenic to humans, however Flavobacterium has been 

(rarely)  isolated from clinical samples in immuno-compromised patients with bacteremia, urine 

tract infections and soft tissue infections (Steinberg and Burd, et al., 2010). Flavobacterium more 

commonly poses a problem to aquatic environments- with many species being pathogenic to 

freshwater fish, causing devastating losses to populations (Loch and Faisal., 2015). From this study, it 

can be suggested  that bacteria of this genus must have been transferred into the soil from the 

floodwater- due to it being absent in any background samples, and being present in the floodwater 

samples. 

 

Much like Flavobacterium, Pseudomonas is a genus with bacterial species that are able to colonise a 

wide range of habitats (Madigan, 2005). Although at species level, Pseudomonas species pathogenic 

to humans was not detected in the soil in this study, Pseudomonas viridiflava was found at Tongue 

Gutter at ~0.2% (on average). An opportunistic pathogenic to plants. P. viridiflava can devastate crop 

yields, causing necrosis in plants, and like P. aeroginus, has shown antimicrobial resistance (Lipps 

and Samac, 2021). Additionally, it is thought that environmental Pseudomonas species, like P. 
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viridiflava, could even act as a vehicle for the transmission of resistance genes to human pathogens- 

such as P. aeroginus (Córdova et al., 2022). 

 

4.8.2 Bacterial Microbiome of floodwater and bacteria of concern- Tongue Gutter 

At the site- Ψ¢ƻƴƎǳŜ DǳǘǘŜǊΩΣ ǿŀǘŜǊ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƻƴ ŜǾŜǊȅ ǾƛǎƛǘΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ŀƳƻǳƴǘ ƻŦ 

rainfall. The outlet pipe at the site was spilling almost constantly, leading to the theory that this may 

be a misconnected outlet pipe.  

 

When analysing the bacteria at ƎŜƴǳǎ ŀƴŘ ǎǇŜŎƛŜǎ ƭŜǾŜƭΣ ǘǿƻ ŎƭŜŀǊ ΨƎǊƻǳǇǎ ƻŦ ƛƴǘŜǊŜǎǘΩ ǿŜǊŜ ǎŜŜƴΦ The 

first group is composed of bacteria associated with the human intestinal tract and indicate faecal 

pollution. Bacteria in this group include, Roseburia, Faecalibacterium, and Ruminococcus - these are 

found in the intestines and colons of humans, aiding in digestive processes and reducing 

inflammation in the bowels (La Reau and Suen, 2018; Lopez et al., 2017; Nie et al., 2021). At species 

level, several species belonging to the aforementioned genera were detected. This includes human 

gut bacteria such as - Bifidobacterium adolescentis,  Prevotella copri, and Faeclibacteroum 

prausnitzii, along with two Ruminococcus species, R.gnavus and R.bromii. This is interesting, the 

presence of human gut bacteria, suggests that the floodwater is contaminated with human waste, 

This is expected given the source of the flood is a sewer outflow pipe, dilute sewage and thus FIB are 

likely to be detected. However if the system at this site was functioning as it should be, these types 

of bacteria should only (theoretically) be detected during heavier rainfall, when the sewer system 

becomes overloaded, however at this site F.prasunitzii, R.gnavus, and R.faecis, were detected on 7 

out of 8 sample visits. This suggests human waste is discharged to this site frequently, and thus that 

the system is not functioning as expected, perhaps due to a misconnection. This raises the possibility 

for this to also be the case at other urban flooding sites, where an outflow pipe is the source of the 

flood. 

 

 Another group of bacteria found in the urban floodwater at this site contains genera known to 

cause disease amongst humans. Genera in this group include Acinetobacter, Arcobacter, 

Pseudomonas and Bacteroidetes.  No pathogenic species belonging to the genera, Acinetobacter and 

Pseudomonas were detected. However, pathogenic species belonging to the Arcobacter and 

Bacteroides genera were found. 3 out of the 5 known Arcobacter species are pathogenic, causing 

mild disease in both humans and animals, with symptoms including diarrhoea, and stomach pain 

(Collado  and Figueras, 2011). This study did find one such pathogenic species present in the 

sampled flood water.  

 

Bacteroides is a genera of bacteria that are major colonisers of the human colon, and play an 

important role in human gut health- (Hooper et al., 2002). Species within this genera are not 

explicitly pathogenic, however, both Bacteroides fragilis and Bacteroides ovatus, are two species 

detected in the floodwater of this study that are known to cause clinically significant infection if 

spread into the bloodstream (Elsaghir and Reddivari, 2022). Disease is usually caused from the 

displacement of the bacteria already in the body, i.e. from intra-abdominal abscesses/ulcers etc, and 

so disease caused from this species via contact with floodwater is less likely. 
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After taxonomic analysis  it is becoming apparent that the floodwater contains a range of bacterial 

species, originating from different ecological niches, but most pertinently ,species are present that 

may indeed pose a risk to human health, with potential pathogens and disease causing 

bacteria  being present. 

 

4.8.3 Bacterial Microbiome of Floodwater and bacteria of concern- Endcliffe Park 

 Given the origin of the urban flood at Endcliffe Park, it could be theorised that the flood water 

would only be made up of surface/rain water, and so bacteria associated with- sewage, and thus the 

human gut/faeces are unlikely to be found.  

At this site, it is likely during lower rainfall that the floodwater being sampled is mostly made up of 

surface water, and as such the coliform counts are lower, whereas during higher rainfall, the gully at 

the site spills, meaning the floodwater now has another source of bacterial input, and thus increased 

coliform counts. However, a larger range of samples and thus data is required to draw any solid 

conclusions on the relationship between coliforms and rainfall amount in floodwater at this site. 

 

Unlike the floodwater at Tongue Gutter, no bacterial species commonly associated with the human 

gastrointestinal tract were detected. This is positive in terms of the site functioning as it should- this 

indicates that the gully that surcharges at this site- - is not discharging water contaminated with 

sewage, but only discharging surface/rain water.  

 

The only bacteria of concern found in floodwater at this site was Pseudomonas, with no 

Pseudomonas species detected in any monitored or background soil samples. 3 species of the 

Pseudomonas genus were present in water samples, Pseudomonas fragi, viridflava 

and  umsongensis, with Pseudomonas fragi the most abundant of the three. However, much like the 

Pseudomonas species detected in floodwater at Tongue Gutter, none of these detected species are 

pathogenic or harmful to humans (Wu et al., 2015). 

 

4.8.4 Transfer of bacteria between the soil and flood water interface 

Having discussed the bacteria present in soil and water, it is apparent that some species are present 

in both sample types. Species usually found in water are present in soil, such as soil dweller 

Methyltonera mobilis found in flood water at Endcliffe Park, and vice versa, such as Phormidium 

murrayi , a freshwater bacteria, found in monitored soil at Endcliffe Park. This naturally leads to the 

theory that the bacteria are transferred between the soil and water interface (Abu-Ashour et al., 

1994), using the floodwater as a vector (Caillon et al., 2021; Okaka et al., 2018). Transference from 

the water column, onto or into surfaces and soils is not uncommon, and it is widely known that 

many bacterial species do this- however many factors can affect and influence this including physico-

ŎƘŜƳƛŎŀƭ ŦŀŎǘƻǊǎ ƻŦ ōƻǘƘ ǘƘŜ ǎƻƛƭ ŀƴŘ ǿŀǘŜǊΣ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ΨǘȅǇŜΩ of the soil the 

bacteria is moving to, and of course the morphological features of the bacteria itself (Yang and van 

Elsas, 2018). 

 

As mentioned, the floodwater can act as a vehicle, transporting bacteria during a flood event. 

Naturally when this flood water flows over soil, it has the ability to infiltrate into the soil. This means 

the bacteria may also do so. When discussing infiltration, the slope of the ground, as well as physical 
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properties of soil, including  composition, particle density,  and texture can significantly impact the 

water holding capacity of the soil, and also affect the infiltration rate of water into the soil (Patle et 

al., 2019). Coarser soils usually have sand as a component, and tend to have higher infiltration rates, 

due to few, large, pore spaces. Soils with high clay contents, although reducing the infiltration rate, 

can hold more moisture- protecting the bacteria from desiccation, and also from UV (Adeniji et al., 

2013). 

 

 In this study, soil at both sites were found to be made up primarily of coarse sand, with some gravel. 

This would indicate that water, and thus bacteria suspended in the water, would be able to infiltrate 

into the soil at a relatively fast rate. The soil properties at the sample sites in this study, including 

structure and composition as well as moisture content, were suitable for facilitating the infiltration 

of floodwater and thus bacteria from the floodwater and into the soil.  

 

During a flood event, the soil is likely already saturated- with the pore spaces filled with water , 

slowing the infiltration rate, and so other factors related to the bacteria itself, such as motility, 

hydrophobicity, and sorption ability will become more important in terms of bacterial movement. 

Despite this, of the bacteria found in soil and water at the sample sites, 3 are non-motile and so 

could rely on the floodwater as the sole means of transport. One such bacteria is Prosthecobcater 

debontii- found in soil and water at Tongue Gutter. P.debontii are non-motile and commonly found 

in freshwater (Hedlund et al., 1996). It is thought their presence in the soil is from deposition by the 

floodwater, especially since no P.debontii are detected in background soil samples. 

 

Thus far, passive movement of bacteria has been discussed- using the floodwater as a means of 

translocation into the soil via infiltration. However some bacterial species are capable of active 

movement- using features such as flagella to aid motility. This means such bacteria could move 

independently of soil moisture/infiltration. Reasons for movement could be to reach more 

favourable conditions for growth and survival, (to reach an area with optimal pH, temperature, more 

nutrients)- known as chemotaxis- meaning bacteria could move from soil into water, or from water 

into soil, using the flagella to drive this movement (Abu-Ashour et al., 1994). Of the bacteria found in 

both soil and water samples in this study- indicating movement between the two- two species found 

are in fact flagellum driven. These species are Flavobacterium succinicans and Pseudomonas 

umsongensis.  

 

When looking at F.succinicans specifically, there is always a higher relative abundance of this species 

in the water compared to the soil at Tongue gutter (Site 1). The average pH of water at this site - 

7.7-  is closer to the optimum pH for F.succinincans of 7, than the average pH of soil - 7.9.  At 

Endcliffe Park, the relative abundance of this species varies over the sampling period. Interestingly a 

higher relative abundance of F.succnincans is found to again, potentially  be dependent on pH of the 

soil and water. When the soil pH is closer to the optimum of 7, a higher relative abundance is 

observed in soil, and when the pH of water is closer to the optimum, then a higher relative 

abundance is seen in water. Thus, it could be theorised that F.succinicans moves between the soil 

and water interface to reach a more favourable environment. 

 

Other factors directly related to the bacteria can also have an effect include sorption behaviour of 

the bacteria- their ability to attach to soil particles, and also whether the bacteria have the ability to 
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go on to form biofilms. Adsorption of bacterial cells from water to soil depends largely on the pore 

ǎƛȊŜ ƻŦ ǘƘŜ ǎƻƛƭ ŀƴŘ ŀƭǎƻ ǘƘŜ ōŀŎǘŜǊƛŀƭ ŎŜƭƭΩǎ ƳƻǘƛƭƛǘȅΦ ²ŀǘŜǊ ǘŀƪŜǎ ƭƻƴƎŜǊ ǘƻ ƛƴŦƛƭǘǊŀǘŜ ǘƘǊƻǳƎƘ ŀ ǎƻƛƭ 

type with a small pore size, and so this means there is more time for bacteria carried in the water to 

form an attachment to soil particles (Jiang, 2005). Additionally, it has been found that motile cells 

have an increased adsorption rate, and decreased desorption rate to soil particles compared to non-

ƳƻǘƛƭŜ ŎŜƭƭǎΦ ¢Ƙƛǎ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŘǳŜ ǘƻ ǘƘŜ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŦŜŀǘǳǊŜǎ ǳǎŜŘ ǘƻ ΨƳƻǾŜΣ ƛΦŜΦ ŦƭŀƎŜƭƭŀ ƻǊ 

pilli, also aiding in attachment (McCaulou and Bales ,1995).  

 

Another factor that can affect the adsorption of bacteria to soil particles is the bacterial cell surface 

charge. Bacterial cells have a net negative electrostatic charge (at pH >2) due to the presence of 

teichoic acids or lipopolysaccharides present within the cell wall, meaning they would repel 

negatively charged soil particles, decreasing adsorption, but be attracted to soil particles with a 

positive charge, which would increase adsorption (Han et al., 2013). For example, bacteria including 

Campylobacter, are often attracted to clay particles. Clays can accumulate nutrients, reversibly 

bound NH4+ cations, which can then be passed to bacteria via ion exchange- therefore providing 

bacteria with nutrition to aid survival in the soil (Burford et al., 2003; Cuadros, 2017). However, 

bacteria can actually alter cell surface properties in a soil environment due to the secretion of 

extracellular polymeric substances (EPS) (Du et al., 2021), with studies finding conflicting evidence as 

to whether the EPS increases or decreases repulsion, and thus ability for bacteria to adsorb, due to 

electrostatic charge (Kim et al., 2009; Tong et al., 2010). The EPS and the ability to alter cell surface 

properties, including charge, is also important in biofilm formation (Donlan, 2001). EPS can 

neutralise the repulsive electrostatic forces between like-charged bacterial cells. By becoming part of 

the EPS matrix, the charge of an individual bacterial cell is reduced, allowing adhesion, rather than 

repulsion, between cells (Mahto et al., 2022). 

 

 Permanent adsorption of bacteria to soil particles can lead to biofilm formation. Formation of a 

biofilm can aid survival of bacteria but also increase the bacterial resistance to antimicrobials and 

antibiotics via up/down regulation of portions of their genes (Prakash et al., 2003). This is relevant, 

as it has been found that FIB, along with opportunistic pathogens, can attach themselves to existing 

biofilms, integrate, and thus survive for several weeks longer than their free-living counterparts 

(Wingender and Flemming 2011).  

 

²ƛƴƎŜƴŘŜǊ ŀƴŘ CƭŜƳƳƛƴƎΩǎ ǎǘǳŘȅΣ although looking at drinking water, featured bacterial species 

similar to those found in this study-  Campylobacter, Pseudomonas, Legionella, etc. This suggests 

that perhaps FIB, and pathogenic bacteria found in floodwater in this study could attach to biofilms 

present in the soil, and survive for long periods of time, especially since biofilms in soil have been 

ŦƻǳƴŘ ǘƻ ōŜ ΨǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ƳƻŘŜ ƻŦ ǎƻƛƭ ōŀŎǘŜǊƛǳƳ ǎǳǊǾƛǾŀƭΩ ό[ŀ-Sa et al., 2022). 

 

As well as the factors discussed above, naturally there are a plethora of other factors that can affect 

movement of bacteria between the soil and water interface including additional physicochemical 

factors: temperature of both soil and water, salinity of water, flow rate of water passing over soil, 

and nitrogen content of soil among others. However, this discussion has focused on the observed , 

measured, factors believed to have influenced the species detected at the sample sites. Although it 

appears that some  bacterial species found at urban flood sites do have the ability to move between 

soil and water, no pathogenic species detected in this study appear to do so. This is encouraging in 
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terms of the long term risk posed by such bacteria- however this study only focuses on a small 

sample area (2 sites) and so does not mean conclusively that pathogenic bacteria could not move 

from water to soil. In fact many pathogenic species are known to do so. For example E.coli has been 

found by several studies to migrate from surface water into top soil layers- despite unfavourable 

conditions (Xing et al., 2017; van Elsas et al., 2010). 

 

4.8.5 Seasonal changes in bacterial communities at urban flood sites 

At both locations sampled, seasonal changes are seen in the bacterial community , seemingly driven 

by rainfall , and thus also the source of the flood- which is quite different at the two sites in this 

study.  

 

In the floodwater sampled at Tongue Gutter, several faecal associated species were found to be 

most abundant following periods of heavy rainfall in March and August 2022. Such species that 

increased in abundance included: Faecalibacterium prausnitzii, Bifidobacterium adolescentis, and 

Roseburia faecis. All 3 species are known to be found in human faeces, and were detected in 

floodwater samples only (not in soil samples) (La Reau and Suen, 2018; Lopez et al., 2017; Nie et al., 

2021).It can be theorised that higher abundance of such species following heavy rainfall is due to 

contaminated water and surface water discharging from the outlet pipe at a higher rate and volume 

during heavy rain (Xu et al., 2017). Higher numbers of faecal bacteria- E. coli and intestinal 

enterococci, after heavy rainfall have similarly been seen in a study tracking contamination of a river 

by a discharging CSO in Paris (Passerat et al., 2022). The outlet pipe at Tongue Gutter spilled on 

every visit, even during days with no rainfall (thought to be due to a misconnection), and so the 

faecal contaminants present in the spilled water (F.prausnitzii, B. adolescentis, R. faecis) were still 

present, even on visits when rainfall amount had been lower. Overall at Tongue Gutter, rainfall 

amount appeared to be a driver of changes in the bacterial community of soil, but for the bacterial 

community in water especially, the role the source of the flood, and thus contamination plays, is also 

of importance. 

 

At Endcliffe Park, in the soil samples, several species had an increased abundance during the two 

months the highest rainfall amounts were seen - February and August 2022. Such species included, 

Flavobacterium succinicans, Mycobacterium vaccae, and Cellulomonas xylanilytica. However, these 

species also showed similar increases in background soil over the two months. This could indicate 

that the change in abundance is driven generally by rainfall amount, and not necessarily impacted 

only by the application of floodwater onto the soil.  Especially since it has seen shown that increased 

rainfall can alter soil geochemical properties, increasing soil moisture, nitrogen and carbon content, 

creating a more favourable enviroment for bacteria to survive (Cruz et al., 2012,Van Gestel et al., 

1993) However, F. succinicans was also detected in floodwater samples, with an increase in 

abundance in February and August too. F. succinicans has been found in both soil and freshwater 

ŜƴǾƛǊƻƴƳŜƴǘǎ όDƻƻŘ Ŝǘ ŀƭΦΣ нллпΤ ½ƘŀƴƎ Ŝǘ ŀƭΦΣ нллсύ Σ ŀƴŘ ǎƻ ƛǘΩǎ ǎƻǳǊŎŜ Ŏŀƴƴƻǘ ōŜ ŘŜǘŜǊƳƛƴŜŘΣ 

however it could be theorised that due to the increase in abundance when rainfall amount is higher 

that this species originates from floodwater spilling from the gully. However this species is also 

found in background soil samples, and so may be present in the soil community naturally, and moves 

into the water during a flood event. 
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For water samples from Endcliffe Park, due to limited data, seasonal changes could not be 

distinguished (data only available for December 2021, and January, February and August 2022). 

 

4.9 Conclusions 

 

From this research it can be concluded that: 

¶ The bacterial structure of urban floodwater is diverse, and often influenced by the source of 

ǘƘŜ ŦƭƻƻŘΩǎ ǇƻƭƭǳǘƛƻƴΦ Sites that have floodwater contaminated by sewage have  higher  

(alpha) bacterial diversity. 

¶ The variability of bacterial structure of  soil samples is due to  a large number of species at a 

very low relative abundance (rare species) but in water , the most abundant species are 

responsible for the majority of the composition of the community . 

¶ Urban floodwater can contain pathogenic species that can compromise environmental and 

public health, along with those that can cause human disease, including species of 

Arcobacter and Bacteroides.   

¶ Species of the Pseudomonas genera, known to exhibit antimicrobial resistance were 

detected in soils at urban flood sites. 

¶ Soils at urban flood sites have a long term altered bacterial structure compared to soils not 

affected by flood water, quantified by measuring beta diversity and determining statistically 

with PCoA and PERMANOVA analysis. 

¶ Species found in urban floodwater are also found in soils at the site, meaning the bacteria 

may be transferred between the soil and water interface, using the floodwater as a way to 

infiltrate into soil, or via active movement- using morphological features to aid motility. 

¶ Bacterial communities in both soil and floodwater at an urban flood site show seasonal 

changes, including changes in diversity, and bacterial abundance, which may be driven by 

bacterial preference to different moisture and temperature conditions that fluctuate over 

the seasons.   

¶ .ŀŎǘŜǊƛŀƭ ŎƻƳƳǳƴƛǘƛŜǎ ǎƘƻǿ ŀ ǊŜǎǇƻƴǎŜ ƛƴ ǘƘŜ ǎƘƻǊǘ ǘŜǊƳ ǘƻ ƛƴŘƛǾƛŘǳŀƭ ΨƘŜŀǾȅΩ ǊŀƛƴŦŀƭƭ 

events, evident as increases in bacterial abundance. 

 

This study provides new insights on the presence, risk and behaviour of bacteria at urban flood sites. 

Although it has been shown that potentially pathogenic and disease-causing bacteria are in fact 

present in the soil and water at urban flood sites- further epidemiological and medical research 

would need to be carried out to fully evaluate the risk they may pose to public health. This could 

include research into the bacterial survival rates under different conditions, but also research into 

the exposure routes, and also dose required for illness to occur. Although focusing on the long term 

effects, this study did also find bacterial community responses to short term heavy rainfall events. To 

try and understand the short terms effects further another field study could be carried out, sampling 

more frequently (perhaps daily) after each heavy rainfall event, to collect data on the dynamics at 

play over a shorter timescale- complimenting the data collected from this long term study. With 

urban flood events likely to increase in frequency over the coming years, data from this study 

consolidated with information from aforementioned suggested studies, could be used by authorities 

to determine the safety of areas subject to frequent urban flood events, especially in terms of 

bacterial risk, and risk posed to public health. 
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Chapter 5 

Exploring short-term microbiological hazards of urban floods in the 

UK through bacterial community analysis 

 

5.1 Abstract 

This study investigated the short term microbial risks associated with urban floodwaters, focusing on 

the presence and dynamics of faecal associated bacteria and potential pathogens in the 3 days 

following a flood event. 

 

Microbial dynamics were investigated in urban floodwater and soil samples taken from two field 

sites over 3 days following an urban flood event. Methods used included coliform counts, 

measurement of physico-chemical factors, and Illumina sequencing of the 16s rRNA gene.  

Bacteria associated with faeces including Faecalibacterium prausnitzii , and potentially pathogenic 

bacteria- Dialister invisus were detected in floodwater at one of the urban flood sites sampled (F. 

prausnitzii at both visits, D. invisus at October visit only). Despite the bacterial risk found in flood 

water, monitored soil samples showed no evidence of faecal contamination or pathogenic species in 

the 3 days following a flood event, suggesting that flood water rather than soil serves as the primary 

source for bacterial risks. Changes in the bacterial community were seen over the 3 sampling days in 

both soil and water, with the presence of faecal contamination thought to have altered the soil 

bacterial community structure, including reducing diversity. Evaluation of traditional coliform counts 

and DNA-based sequencing outcomes revealed the limitations of relying solely on culture-based 

methods for assessing faecal contamination in urban flood sites. While coliform counts indicated 

faecal pollution, 16s rRNA gene sequencing identified a broader range of bacterial species of 

concern, including potential pathogens. 

 

This study contributes valuable insights into the short-term  bacterial dynamics of urban flood 

events, emphasising the importance of, flood origins, and surveillance methodologies in assessing 

microbial risks to public health.  

 

Keywords: short term risk, urban floods, soil-water interface 

 

5.2 Introduction 

In the UK, sewer systems, once considered pioneering feats of engineering during their conception in 

the Victorian era, now face significant challenges due to ageing infrastructure, blockages, and 

pressures arising from increasing urbanisation- impermeable surfaces and increased population 

densities (Campos et al., 2025). These factors combined with increased occurrence of extreme 

weather events (mainly due to climate change effects) means spills from combined sewer systems 

are happening more frequently (Hirabayashi et al., 2013). Spills that occur in an urban area- forming 
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substantial areas ƻŦ ǎǘŀƴŘƛƴƎ ǿŀǘŜǊΣ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀƴ ǳǊōŀƴ ŦƭƻƻŘ όhΩ5ƻƴŜƭƭ ŀƴŘ ¢ƘƻǊƴŜΣ нлнлύΦ 

Urban flooding poses significant dangers to both people and infrastructure. Rapidly rising water 

levels can lead to property damage, displacement of members of the public, and often disruption to 

transport if streets become flooded. The inundation of public spaces and sewage systems with urban 

flood water can create health hazards due to contamination with faecal bacteria (from the sewage 

system) present in the flood water. 

The bacterial communities present in urban floodwaters can pose a significant threat to public 

health; this is mainly due to the fact that urban floodwaters often contain sewage, and thus faecal 

associated bacteria and pathogens. Among the most prevalent pathogens in the public realm are 

Escherichia coli (E. coli), Salmonella spp., and Campylobacter spp., which thrive in the nutrient-rich 

environment of floodwaters (Ten Veldhuis et al., 2010). These bacteria can enter the human body 

through ingestion, inhalation, or contact with contaminated surfaces, leading to disease or infection 

(Arnone and Perdek Walling, 2007). 

Not only are the bacteria a risk in the floodwater but it is known that bacteria from the water 

column can transfer onto surfaces the floodwater moves over- depositing bacterial contaminants 

(Taylor et al., 2013). For example(E.coli commonly present in wastewater, has been found by several 

studies to migrate from surface water into top soil layers- despite the unfavourable conditions (Xing 

et al., 2017; van Elsas et al., 2010). E. coli has been found to survive at temperatures of less than 30 

degrees, with very little nutrition, for almost a year in soils, with it taking 2-3 months for E.coli 

concentrations in soil to significantly decrease following an input event (application of wastewater or 

manure) (Jiang et al., 2005). In contrast, looking at E. coli transferring onto other urban surfaces, one 

study , that of Scoullos et al., 2019 found that when E. coli was  deposited via simulated floodwater 

on impermeable urban surfaces -concrete and asphalt- that no viable E.coli cells were recovered  

after 24 hours. This study found this was mainly due to the effects of sunlight on soil moisture 

content (Scoullos et al., 2019). Another study looked at E. coli and Enterococcus faecalis (E. faecalis) 

survival on wood and brick surfaces after a simulated flood. A significant increase in bacterial die off 

was observed over 8 days, with the biggest reduction in viable bacteria in the first 3 days- namely 

due to lack of nutrients and again, reduction in moisture (Taylor et al., 2013). 

Once transferred to the soil environment, bacteria can persist for extended periods, remaining 

viable and potentially re-emerging during subsequent flood events or even leaching into 

groundwater reservoirs (Casonovas et al., 2018; Nieder et al., 2018). This increases the potential risk 

to public health- causing infections when in contact with pathogenic bacteria. 

Bacterial risk in flood situations is usually quantified using traditional methods- culture-based 

methods, and detecting faecal indicator bacteria (FIB) (Gronewold et al., 2008) . Culture-based 

methods offer simplicity and versatility, allowing for the quantification and isolation of bacterial 

colonies, at a low financial cost. However, these methods underestimate bacterial concentrations 

due to factors such as uneven distribution of bacteria on agar plates and the presence of viable but 

non-culturable (VBNC) bacteria (Ferguson et al., 2012). Such methods usually use selective media to 

identify a selected number of FIB species- such E. coli and enterococci, which are indicative of faecal 

contamination and serve as proxies for pathogen presence (Holcomb and Stewart, 2020). FIB may 

not always correlate with the presence of specific pathogens, and so these methods may be useful 
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to identify contamination but do not present the full picture of the risk the bacterial community may 

pose (Saingam et al., 2020).  To overcome these limitations, this study uses 16s rRNA sequencing 

allowing for the direct analysis of all bacterial DNA present in a sample. Sequencing has many 

advantages, including high sensitivity - particularly valuable when studying complex environments 

such as soil and floodwater where many bacterial species coexist at varying abundance levels (Price 

and Wildeboer, 2017). The use of this molecular method allows a more comprehensive picture of 

the bacterial diversity present in the samples to be created, without having to account for growth 

requirements of each species that may potentially be present. 

This risk posed by bacteria present in flood water, has been studied previously, but usually focusing 

on the long term bacterial effects- studying flooded ŀǊŜŀǎΣ ŦƻǊ ƳƻƴǘƘǎΣ ƻǊ ƻƴƭȅ ǎǘǳŘȅƛƴƎ ΨƻƴŜ-ƻŦŦΩ 

extreme flood events (Casteel et al., 2006; Castro-Ibáñez et al., 2015; Strauch et al., 2005) . Long 

term studies are useful for examining trends over extended periods, helping any seasonal patterns 

or drivers to be identified. However, short term studies on microbial dynamics are needed to 

complement this existing data. Firstly, short term studies allow for the immediate effects to be 

captured, including the rapid changes in dynamic microbial populations, source of pollution, levels of 

risk, and exchange between soil and water, and environmental conditions in the direct aftermath of 

an urban flood event. A short-term study is also useful in immediately being able to identify risk 

factors such as faecal contamination. If the timescale of the risk is determined , authorities could use 

this data to advise and create guidelines to safeguard public health in the area. Finally, short term 

data could - be used to validate existing long term data, adding to databases and models, improving 

the ability to forecast future flood risks and inform better flood management strategies. 

To build a better understanding of the short term bacterial risk at urban flood sites,  this study will 

focus on the specific aspects of : identifying the bacterial communities present in soil and water in 

the 3 days following an urban flood event, and determining movement of bacteria across the soil-

water interface. This study will also look at how potential contamination of floodwater impacts the 

bacterial community structure of receiving soils, and whether traditional culture-based methods 

(Heterotrophic plate counts and faecal indicator bacteria) are most appropriate for assessing 

contamination at an urban flood site. 

5.3 Materials and Methods 

5.3.1  Experimental rationale and overview 

In order to investigate the short-term dynamics of bacterial communities structure present in urban 

floodwater sites ,a field study was carried out, visiting sites in the days immediately after an urban 

flood event, and taking samples every 12 hours. This allowed shifts in the community structure to be 

tracked over a period of 3 days. 

Short term flood studies have been performed previously, however these tend to look  at floodwater 

only, often sampling at a singular time point to determine the bacterial community captured at one 

moment, rather than looking at the temporal changes over the soil-water interface (Addison-

Atkinson et al., 2022; Kapoor et al., 2018 ). As well as this, studies typically tend to focus on the 

analysis of a small number of pathogenic species-usually those used as faecal indicators, such as 

E.coli, and coliform species (Edberg et al., 2000).  

Collecting data on the bacteria present in soil and water in the immediate onset and short term 

aftermath of an urban flood event will not only provide an insight into bacterial dynamics but will 
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also give information on  how the bacterial community changes within and between the soil and 

ǿŀǘŜǊ ƛƴǘŜǊŦŀŎŜΦ  ¢Ƙƛǎ ǿƛƭƭ ƘŜƭǇ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ Ƴƻǎǘ ΨŎǊƛǘƛŎŀƭΩ time following a flood- on which day, if 

any, do bacteria from urban floodwater pose a potential risk. 

5.3.2 Sample site selection 

The same two sample sites; Tongue Gutter and Endcliffe Park, were selected as outlined in Chapter 

4. 

5.3.3. Sampling regime 

Sampling for this study was opportunistic, with visits planned when consistent rainfall had been 
ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ŀǊŜŀύΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ƻƴƭȅ ŀōƭŜ ǘƻ ōŜ ǘŀƪŜƴ ƛŦ ŀ ΨŦƭƻƻŘΩ ƘŀŘ ŀŎǘǳŀƭƭȅ ŦƻǊƳŜŘ ŀƴŘ 
surface water was visible ς increased rainfall did not always mean surface water was present to be 
sampled. With this in mind, samples were taken from Site 1 - Tongue Gutter on two occasions, once 
in September 2022, and once in October 2022 (Table 9). At Site 2 -Endcliffe Park samples were only 
able to be taken on one occasion in June 2023 (Table 9). 
 
 

Table 9. Site visits in relation to cumulative rainfall amount 

 

Site Visited 

 

Month Visited 

Cumulative Rainfall Amount 5 

days before day 1 of 3 day 

visit/mm 

Tongue Gutter September 2022 41.2 

October 2022 56.2 

Endcliffe Park June 2023 30.8 

 
 
 
On each occasion the site was sampled for three consecutive days. On each visit, triplicate soil 

samples were taken, from 0-10cm depth, at both sites using a basic handheld soil auger. This sample 

depth was selected, as this study was focusing on the short term dynamics of the bacteria in the 3 

days following a flood, and thus it would be expected any transferred bacteria would be present 

towards the soil surface, rather than deeper into the soil profile (Eilers et al., 2010; Petersen et al., 

2012). As well as this, the soil surface was of more interest in this study as members of the public are 

ƳƻǊŜ ƭƛƪŜƭȅ ǘƻ ŜƴŎƻǳƴǘŜǊ ǘƘŜ ǎƻƛƭΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ǇƻǘŜƴǘƛŀƭ ōŀŎǘŜǊƛŀƭ ǇŀǘƘƻƎŜƴǎΣ ǊŀǘƘŜǊ ǘƘŀƴ ǘƘŜ ŘŜŜǇŜǊ 

portions of the soil. This is important to consider especially given the overall objective of whether a 

hazard is posed to public health in the short term following an urban flood. Soil samples were taken 

in the same approximate 1m x1m area at each flood site in a section observed to be affected by 

flood water regularly. Control (background) soil samples were also taken located close by to the 

sample site but in an area not known to flood as outlined in Chapter 4. Samples were placed in Ziploc 

plastic bags and sealed to prevent drying-out. The samples were stored in the dark and transported 

within 4 hours of collection to the laboratory and stored at 4 ºC (again in the dark) until analysis was 

undertaken. This minimised any potential changes in the microbial communities in the soil samples. 

For the molecular genomic work, 50 g sub-samples of soil were sealed in small plastic bags and were 

preserved at ς20 ºC for DNA analysis.  
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Flood water samples were also obtained when possible, at each visit. For Tongue Gutter, samples of 

flood water were taken at every visit. This was due to the fact the surface water outflow pipe was 

always spilling, regardless of rainfall amount (Figure 36). 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Sample location at Tongue Gutter. A=  Visit in September 2022. B=visit in October 2022. 

 

 Whereas, at Endcliffe Park, water samples were only able to be taken on one visit, after rainfall of 

>30mm (cumulative amount 5 days before sample visit) (Table 1). This was due to the origin of the 

flood at Endcliffe Park being a gully- this only overflowed, creating a  surface flood when rainfall was 

higher (Figure 37) (see Chapter 4 for image of sampling location) . 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Sample location at Endcliffe Park . A= A visit in August 2022 when surface floodwater was 

not sufficient for samples to be taken rainfall was <20mm 5 days prior to visit, . B= a visit in June 

A B 
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2023 when surface floodwater samples could be taken, and rainfall amount was >30mm 5 days prior 

to visit. 

5.3.4. Rainfall Monitoring 

To understand the influence of precipitation on bacterial dynamics, rainfall was monitored using 

5ŜǘŜŎǘǊƻƴƛŎǎΩ ǊŜƳƻǘŜ Dtw{ Ǌŀƛƴ ƎŀǳƎŜ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊ пΦ 5ŀƛƭȅ ǊŀƛƴŦŀƭƭ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ 

period can be seen plotted on Figures 38, 39, and 40. In these figures, bars indicate the level of 

precipitation several days before the sampling took place, and black bars are showing sampling days. 

Both sites were flooded when the daily rainfall depth 2-3 days before sampling was above 10-15 

mm. 

Only the declining phase of the flood cycle was monitored (sampling 3 days after the flood event), 

this was due to the main aim of the study focusing more on the potential bacterial hazards posed by 

floodwater in the time the flood has already formed, and also after a flood. Therefore the arrival of 

the flood was not as important. As well as this, from a practical point of view, it was more difficult to 

plan sampling and monitoring during the rising limb of the flood cycle, this would have required 

more intense monitoring of both sites to witness the flood formation- something which would have 

been difficult to predict based on weather forecasting and rainfall monitoring alone. It would also 

have been difficult to take a large enough volume of floodwater to perform adequate analyses, 

during the rising limb of the flood cycle.  

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Daily rainfall depth over September 2022. Black bars indicate days of site visit to Tongue 

Gutter- 7th, 8th, 9th September. 
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Figure 39. Daily rainfall depth over October 2022. Black bars indicate days of site visit to Tongue 

Gutter- 24th, 25th, 26th October. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Daily rainfall depth over June 2023. Black bars indicate days of site visit to Endcliffe Park- 

21st, 22nd, 23rd June. 

 

5.3.5. Sample analysis 

5.3.6 Physico-chemical factors, CFU counts, and soil classification 

Soil and water pH ,  water temperature, soil moisture content, soil organic content and soil particle 

analysis were all carried out as outlined in Chapter 4. Coliform CFU counts, using a selective media to 

grow only E. coli and Citrobacter freundii were also carried out as described in Chapter 4. 
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5.3.7 Molecular genomic methods 

The use of these molecular techniques allows the characterisation of those components of the soil -

microbial community that currently- that cannot be cultured (Hosokawa et al., 2022). DNA 

extraction, quantification and Illumina sequencing of the 16s rRNA gene: including a test PCR and gel 

electrophoresis,   was carried out as described in Chapter 4.  

5.3.7.1 Bioinformatics: DNA sequences analysis 

Bioinformatic analysis was carried out as outlined in Chapter 4, following the steps shown in figure 

41, with the only exception of sampling depth. For this study the sampling depth was set at 

minimum - 2000 and maximum-  680000 reads. The sampling depth is different to that of the study 

ƛƴ /ƘŀǇǘŜǊ пΣ ŘǳŜ ǘƻ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ōŜƛƴƎ ǎŜǉǳŜƴŎŜŘ ƛƴ ŀ ŘƛŦŦŜǊŜƴǘ ΨōŀǘŎƘΩ ŀƴŘ ǘƘǳǎ ƘŀǾƛƴƎ ŘƛŦŦŜǊŜƴǘ 

rarefaction curves, of which the sampling depth is based. 

Figure 41. Pipeline of workflow used for bioinformatics analysis. 

 

5.3.8  Diversity Indices 

To fully investigate the bacterial diversity within the samples both alpha and beta diversity metrics 

were calculated in Qiime2, as described in Chapter 4. 

5.3.9 Statistical Analysis 

In order to determine differences and correlations between physico-chemical factors, coliform 

counts and abundance of speciesΣ ǎǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎΣ ƛƴŎƭǳŘƛƴƎ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ 

independent t-test, Principal Coordinate Analysis and PERMANOVA analysis , was carried out as 

described in Chapter 4. 

5.4 Results 

This section describes in detail the results of analysis of physico-chemical factors, soil analysis, 

taxonomic analysis, and diversity indices measured. Any differences or correlations between factors 

are outlined. The section is split by sample site (with the exception of soil characterisation data). 

5.4.1 Soil characterisation: Soil particle size and class/type 
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 Soil was sized and classified according to British Standard 1377 Part 2 (British Standards Institute, 

1990). Results including a soil gradation curve are shown in Chapter 4. In short it was found that the 

ǎƻƛƭ ŀǘ Ψ¢ƻƴƎǳŜ DǳǘǘŜǊΩ ǿŀǎ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŎƻŀǊǎŜ ǎŀƴŘΣ ǿƛǘƘ ŦƛƴŜ ƎǊŀǾŜƭΣ ŀƴŘ ǘƘŜ ǎƻƛƭ ŀǘ Ψ9ƴŘŎƭƛŦŦŜ 

tŀǊƪΩ ǿŀǎ ǎƛƳƛƭŀǊΣ ŀƭǎƻ ōŜƛƴƎ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ŀ ŎƻŀǊǎŜ ǎŀƴŘ ǿƛǘƘ ŦƛƴŜ ƎǊŀǾŜƭΣ ōǳǘ ǿƛǘƘ more particles 

present of a slightly smaller size than that of Tongue Gutter.  

5.4.2 Tongue Gutter 

Soil and water samples were collected during two, three day visits to this site. The first visit was in 

September 2022. Although monitored soil, floodwater and background soil samples  (soil samples 

taken in an area at the site not affected by surface flooding) were taken on each day, not all samples 

- once DNA was extracted - were of high enough quality or of high enough concentration for 

subsequent sequencing (according to the thresholds set by the NEOF Liverpool sequencing lab). As 

such, physicochemical data, and coliform counts data is available for all samples, however taxonomic 

data is only available for background soil samples from Day 3 of the September visit, monitored soil 

from Days 2 and 3 and water samples from Days 1 and 3 (Table 10). 

For the second visit in October 2022, monitored soil and water samples for all 3 days were analysed 

and also sequenced (bacterial taxonomic data available for all samples on all 3 days). Taxonomic 

data is available for background soil samples only on days 2 and 3 (Table 10). 

Table 10. Samples taken from Tongue Gutter over September and October 2022 in relation to 

whether taxonomic data is available for each sample. 

Month of Visit Sample 
Day 

Sample Type Taxonomic data 
availability 

 
 
 
 
 
 
 
 
 
 

Sep 

Day 1 Background Soil No 

Monitored Soil No 

Water Yes 

Day 2 Background Soil No 

Monitored Soil Yes 

Water No 

Day 3 Background Soil Yes 

Monitored Soil Yes 

Water Yes 

 Day 1 Background Soil No 
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5.4.2.1 Physicochemical analysis and estimation of bacterial abundance of monitored soil, 

background soil, and floodwater 

 

Table 11 includes physicochemical data obtained from soil  and water samples, along with coliform 

counts for all 3 sample days in September and October  2022. 

 

Firstly, the September visit will be discussed. For soil samples, the pH range of monitored soil was 

significantly lower than that of background soil (t-value = 4.52., p=0.005.). The highest pH value was 

observed on day 3 for both background and monitored soil. For background soil, the soil moisture 

content increased over the sampling days, however monitored soil had the highest soil moisture 

content on day 2 at 39.7. Organic content of background soil was variable but was highest on day 3 

at 13.35%. The organic content of monitored soil was similarly variable, with the highest value of 

10.77% on day 2. Organic content was higher in background soil than in monitored soil on days 1 and 

3 only. 

 

Coliform counts for background soil ranged from 10000 to 20000 CFUs per gram of soil. Coliform 

counts in monitored soil decreased over the sampling days, but a significantly higher count was seen 

for monitored soil compared to background soil ( t-value= 5.95. p= 0.0003). 

 

Water pH was significantly lower than monitored soil pH (t-value = -9.67. p = 0.0003) and decreased 

over the sampling days. Water temperature did not vary over the sampling days. Coliform counts 

increased over the sampling days, increasing from 410000 on day 1 to 700000  CFUs/ml on day 3. 

This is opposite to the trend seen in monitored soil- a decrease in coliform counts over the sampling 

days.  

 

 

 

 

 

 

 
 
 
 
 
 

 
 

Oct 

Monitored Soil Yes 

Water Yes 

Day 2 Background Soil Yes 

Monitored Soil Yes 

Water Yes 

Day 3 Background Soil Yes 

Monitored Soil Yes 

Water Yes 
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Table 11.Results of physiochemical analysis, Coliform counts, and rainfall amount (n=18). 

 

Month 
of Visit 

Cumulative rainfall amount 5 days 
before first sample visit/mm 

Sample 
Day 

Sample 
Type 

pH Soil 
Moisture/
% 

Temperature/
ᴈ 

Organic 
Content of 
soil/% 

Coliforms* /per 
gram of soil or ml of 
water 

 
 
 
 
 
 
 
 
 
 

Sep 

 
 
 
 
 
 
 
 
 
 

41.2 

Day 1 Backgro
und Soil 

8.24 20.65 N/A 11.58 20000 

Monitor
ed Soil 

7.88 28.12 N/A 6.59 780000 

Water 7.37 N/A 10 N/A 410000 

Day 2 Backgro
und Soil 

8.20 18.58 N/A 8.72 10000 

Monitor
ed Soil 

7.88 39.70 N/A 10.77 610000 

Water 7.35 N/A 10 N/A 580000 

Day 3 Backgro
und Soil 

8.50 38.87 N/A 13.35 10000 

Monitor
ed Soil 

7.90 32.33 N/A 8.72 280000 

Water 7.18 N/A 10 N/A 700000 

 
 
 
 
 
 
 

 
 

Oct 

 
 
 
 
 
 
 
 
 

56.2 

Day 1 Backgro
und Soil 

7.38 30.36 N/A 14.20 0 

Monitor
ed Soil 

7.09 26.97 N/A 23.55 50000 

Water 7.64 N/A 10 N/A 250000 

Day 2 Backgro
und Soil 

8.01 31.64 N/A 14.58 0 

Monitor
ed Soil 

7.30 40.92 N/A 8.16 780000 

Water 7.31 N/A 10 N/A 500000 

Day 3 Backgro
und Soil 

7.77 31.19 N/A 20.65 0 

Monitor
ed Soil 

7.18 30.12 N/A 6.85 N/A 

Water 7.47 N/A 10 N/A 600000 

Coliforms*= E. coli and C. freundii colonies 
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Next, the October visit is discussed. The pH of monitored soil was variable- highest pH was observed 

on day 2, with the lowest on day 1 (Table 11). Monitored soil pH was significantly lower than 

background soil pH (t-value = -2.74. p-value =0.026). Moisture content in background soil samples 

ranged from 30.12-31.64%, whereas monitored soil had a larger range of 26.97% - 40.92%. Organic 

content of soil was variable for both background and monitored soil with no clear trend, and no 

significant difference in the values between the two data sets.  

No coliforms were detected in background soil samples, but coliforms were detected in monitored 

soil on every day of sampling. The highest number of coliform counts was found on day 2 (780000), 

with the lowest on day 1 (50000). pH of water was highest on day 1 (7.64) and lowest on day 2 

(7.31). Water temperature did not vary over the sampling days. Coliform count in water was highest 

on day 3 (600000) and lowest on day 1 (250000). Coliform count in water did not correlate with any 

physico-chemical factors measured.  

 

5.4.2.2 Bacterial Community Structure 

This section describes the analysis of the bacterial community present in each sample at phylum, 

genus, and species level. 

 

 Phylum 

Figure 42, shows the percentage of relative abundance at phylum level of background soil, 

monitored soil and water samples from both site visits- September and October -based on assigned 

!{±ΩǎΦ 

 

For the September visit, taxonomic data is available for background soil on Day 3 only.. All 26 phyla 

detected in background soil were also found in monitored soil. In addition to the 26 phyla monitored 

soil shares with background soil, an additional 10 unique phyla were also present .  On both sample 

days, the most abundant phylum in monitored soil does not change and remains as Proteobacteria 

at >20% each day.  

Much like the monitored soil samples, Proteobacteria was the most abundant phyla in water over 

both sample days, >35%.  Although at a higher abundance in water than that of monitored soil (~10-

20% higher). Proteobacteria relative abundance in both monitored soil and water samples decrease 

over the sample days. All phyla found in water were also present in monitored soil, apart from 

Riflebacteria, found only in water on day 1 at <0.1%. 
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Figure 42. Comparison of relative abundance of bacterial communities present in monitored soil 

,background soil , and water samples at phylum level from both site visits (n=13). Unassigned taxa 

ǿŜǊŜ ƎǊƻǳǇŜŘ ƛƴǘƻ Ψ¦ƴŀǎǎƛƎƴŜŘΩ ŎŀǘŜƎƻǊȅΦ Y- axis scale 0-1 represents 1-100% relative abundance.  

 

For the October visit, the number of phyla increased over the days in monitored soil from 20 phyla 

on day 1 of sampling, to 36 phyla on day 3. On all 3 sample days, Proteobacteria is the most 

abundant phylum at 15%-30%. 18 phyla are present on all 3 sample days in monitored soil, including 

Acidobacteria, Bacteroidota, and Campylobacterota among others. All phyla detected in background 

soil were found in monitored soil, however 19 phyla in monitored soil are unique to the monitored 

soil samples, and thus are not found in background soil samples. These phyla unique to monitored 

soil include phyla such as: Methanobacteriota, Halobacteriota, and Aureabacteria.  

 

For water samples, the number of phyla decreased over the days from 35 on day 1 to 14 phyla on 

day 3. Whereas in soil the number of phyla increased. Like with monitored soil, the most abundant 

phylum in water over time was Proteobacteria. On all 3 days, the relative abundance of 

Proteobacteria was much higher (~15-32% higher) in water than in monitored soil. 14 phyla were 

present in water on all 3 days of sampling, including phyla such as: Firmicutes, Deinococcus, and 

Bdellovibrionota. Water and monitored soil shared all but 4 phyla. The 4 phyla unique to water 

were: Chlamydiota, Dependentiae, Elusimicrobiota, Zixibacteria. All of which appear on day 1 only, 

at very low relative abundance (0.01-1%). 

 

Genus 
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At genus level, sequences that were not assigned to a genus were removed, along with any 

sequences that had a relative abundance of <0.5% on all days sampled to simplify the presentation 

of results.  

Firstly, looking at the data from the September visit (Figure 43) on day 2, 45 genera were present in 

monitored soil representing 26.5% of the actual bacterial community. The number of genera 

decreased by over half on day 3 and included Flavobacterium, Clostridium, and Cellvibrio.  . In total 

only 14 genera were present in soil for both sampling days. Of these genera, only 3 increased in 

relative abundance over the 2 days. These were Nakamurella, Ohtaekwangia, and Flavobacterium. 

However, the increase was relatively small, between 0.01 and 0.06%. 

For background soil from day 3, only 22 genera were present. Only 5 genera detected in background 

soil were also present in monitored soil, including Mycobacterium, Nakamurella, Desulfobacca, 

Hyphomicrobium, and Terrimicrobium.  

On day 1 46 genera were present in water, with the number of genera increasing to 50 on day 2 

representing almost three quarters of the total bacterial community- 71.5%. On day 1, the most 

abundant genus was Flavobacterium at almost 5%.  On day 2, the most abundant genus was 

Phocaeicola, increasing from 1.2% on day 1 to >3% on day 2. On day 2, 23 new genera - not found on 

day 1- appeared. Monitored soil and water shared 10 genera including Pseudomonas, Cellvibrio, and 

Azonexus, amongst others. Of the genera found in water only, many faecal associated genera were 

present, including: Phocaeicola, Bifidobacterium, Roseburia, and Faecalibacterium- all of these 

genera increased in water over time. 
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Figure 43. Comparison of bacterial communities present in monitored soil, background soil , and 

water samples at Genus level (n=13). Filtered to include only genera with a relative abundance of 

>0.5% on at least one of the sample days. 

During the October visit, up to 33% of the total bacterial community was represented by monitored 

soil samples. On day 1, 25 genera were present in monitored soil, (Figure 43). On day 2, the number 

of genera in monitored soil increased by over double to 52, including the appearance of 35 new 

genera such as: Acinetobacter, Paracoccus and Flavobacterium at >1%. On day 3, the number of 

genera decreased by 10, to 42. Only 9 genera were present in monitored soil over all 3 days. Of 

these genera, 8 , including; Methanobacterium, Arenimonas, and Pseudomonas had the highest 
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relative abundance in soil on day 1, at 0.7%- 1.5% respectively.  12 genera present in monitored soil 

were also present in background soil.  

In water samples, a much higher number of different genera was detected on all three days, 

compared to monitored soil samples. 51 genera were detected in water on day 1 , but only 

representing 18% of the total bacterial community. This indicates the community was made up of 

lots of low abundance genera.  

On day 3, an even higher proportion of the bacterial community was represented (81.25%), but with 

the lowest number of genera present at 49. This indicates the community in the water on day 3 was 

made up of a lower number of unique genera that had a higher relative abundance than those on 

days 1 and 2. 5 genera appeared on day 3 only: Micrococcus, Flectobacillus, Elizabethkingia, 

Brevundimonas, and Insolitispirillum at 0.5-1.3%. 33 genera were present in water on all 3 sample 

days, this includes many genera associated with faeces and/or pathogenic species . These genera 

included: Legionella, Faecalibacterium, Clostridium, Akkermanisa, Bifidobacterium, and Roseburia. 

12 genera found in water were also found in monitored soil, including: Pseudomonas, 

Flavobacterium, Bifidobacterium, and Clostridium. These genera were present on all 3 sample days in 

water, however abundance levels and presence in soil were variable, fluctuating for each genus over 

the sample days.  

Species 

At species level, all samples were filtered to include species with a relative abundance of >0.5% on at 

least one sample day. This was due to the high number of low abundance species present in the 

samples. To accurately describe and analyse the plethora of species present background soil and 

monitored soil data will be presented first in Figure 44, with water data separate in figure 45. 

Looking firstly at the September visit, for monitored soil, on day 2, 20 species were present- 

representing >13% of the total community (Figure 44). The number of species decreased to just 9 on 

day 3. . Only 4 species were present on both sampling days. Of these 4 species, only one increased 

over time - Peredibacter starrii, the other three: Nakamurella flavida, Chryseotalea sanaruensis, and 

Terrimicrobium sacchariphilum- decreased. N. flavida and T. sacchariphilum, were the only species in 

monitored soil that were also found in background soil. Both species have higher relative abundance 

in background soil than in monitored soil.  

At the October visit, for monitored soil, 35 different species were detected over the 3 sampling days- 

representing up to 16% of the total bacterial community present (Figure 44). This means that only a 

small proportion of the community was represented after unassigned species were removed and 

filtered . On day 1, 16 species were present. On day 2, the number of genera present in monitored 

soil increased to 28. On day 3, the number of genera in monitored soil decreased to 21 species, 

however, 2 new species appeared: Paludibaculum fermentans and Aggregatilinea lenta.   

 

 

 

 

 

 



95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. Relative abundance of species present in monitored soil and background soil samples at 

both visits (n= 8) . Filtered to include only species with a relative abundance of >0.5%, on at least one 

of the sample days. 
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Regarding the water samples for the September visit. On day 1, >10% of the total community was 

represented, with 17 species (Figure 45). This increased to 22 species on day 2. On both sampling 

days Phocaeicola vulgatus was the most abundant species, at 0.9% relative abundance on day 1, and 

increasing to  >3% on day 2. This leaves only 6 species present in water over both sampling days. All 

of those species, which includes Phocaeicola vulgatus, Faecalibacterium prausnitzii and Prevotella 

copri, increased over time. Only two species found in water were also found in monitored soil: 

Peredibacter starrii and Pseudomonas guguanensis. P. starii increases in both water and monitored 

soil over the time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Relative abundance of species present in water samples (n=5). Filtered to include only 

species with a relative abundance of >0.5%, on at least one of the sample days. 




