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SUMMARY 

 

The presence of taste and odour compounds (T&O) in drinking water lead to 

numerous complaints to water companies worldwide. Geosmin and 2-MIB are 

common T&O compounds, with Cyanobacteria being the primary biological source in 

drinking water reservoirs. Both compounds have low odour thresholds in humans 

and require expensive additional treatment. This thesis used molecular and 

statistical analysis of water from Welsh Water reservoirs, to provide a framework for 

predicting and monitoring T&O events and understanding their causes.  

 Elevated T&O concentrations were confined to warmer months, except for a 

one geosmin event in winter 2019. There was no correlation between cyanobacterial 

abundance and T&O concentrations, but qPCR analysis based on eDNA sampling 

demonstrated that geosmin synthase (geoA) was a suitable proxy for predicting 

geosmin concentrations. Abundances of geoA and 2-MIB cyclase (mic) were 

significantly non-linearly associated with high ammonium-to-nitrate ratios, identifying 

thresholds for heightened T&O risk. The ratio of total inorganic nitrogen to total 

phosphorous was significantly non-linearly associated with increases in geoA. 

Increased geoA was also significantly negatively associated with temperature and 

dissolved reactive silicate in all reservoirs. Next-generation sequencing of bacterial 

and algal communities showed that community compositions clustered according to 

T&O concentrations. Bacterial and algal co-occurrence networks uncovered 

significant positive and negative associations, highlighting cyanospheres in all 

reservoirs. Random Forest models were developed for geosmin (Alaw) and 2-MIB 

(Pentwyn) using significantly co-occurring taxa exposing indicative T&O taxa and the 

probable Cyanobacteria causing the T&O. Cyanobacteria had more negative than 

positive associations in their cyanospheres. 

 This thesis illustrates the importance of nutrient ratios in triggering potential 

geosmin and 2-MIB events. It also indicates that Cyanobacteria subjected to 

environmental stress (negative biotic interactions and low temperatures) increase 

their T&O-production. These findings provide a useful framework for water 

monitoring to enable the prediction and possible prevention of T&O events. 
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1.1 – General introduction 

 

The aesthetic properties of drinking water, such as Taste and Odour (T&O), are used 

by customers to assess the quality of their drinking water (Zhou et al., 2017). T&O 

associated with drinking water is often perceived to be linked to contamination and is 

a common cause of complaints to water companies worldwide (Krasner et al., 1983; 

Webber et al., 2015). T&O associated with drinking water is becoming an increasing 

problem for water companies as T&O problems in drinking water reservoirs are 

increasing in frequency and magnitude globally (Winter et al., 2011). Most reported 

cases of T&O events are said to be biological in origin (Watson, 2003). Although, 

tracing the sources of biological T&O has proven to be challenging, requiring expert 

knowledge of both abiotic and biotic factors contributing to these events. Therefore, it 

is vital to evaluate the environmental triggers that can influence T&O events and use 

this information to aid water companies in structuring their water monitoring and 

implementing measures to help prevent T&O events.  

T&O imparted on source waters is suspected to be caused by one or more of 

the many volatile organic compounds often present at any given time, yet most 

odour events are associated with a small number of volatile compounds (Watson, 

2010). Generally, the T&O compounds brought to attention are earthy-musty 

odorants (Gerber and Brunswick, 1965; Olsen et al., 2016). The odour threshold 

concentrations of these compounds can be exceptionally low (≤ 10 ng L-1; Ömür-

Özbek et al., 2007); as a result, they are easily detected in drinking water, even in 

small concentrations. Consequently, this leads to customer distrust in the water they 

consume, culminating in customer complaints to the water industry.  

A range of algae and bacteria produces T&O compounds; however, 

Cyanobacteria are widely considered the most common source of the earthy-musty 

T&O compounds (Otten et al., 2016). The molecules trans-1,10-dimethyl-trans-9-

decalol (geosmin) and 2-methylisoborneol (2-MIB), produced by Cyanobacteria, 

impart an earthy/musty/mouldy T&O in the water column (Izaguirre et al., 1982) and 

are currently at the forefront of attention concerning T&O events. Large proportions 

of geosmin and 2-MIB get retained in the cells of Cyanobacteria, but the liberation of 

the molecules can be initiated through cell rupture by physical processes such as 
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grazing or treatment (Liato and Aïder, 2017). Depending on the growth phase and 

environmental factors, Cyanobacteria store or release geosmin and 2-MIB (Watson 

et al., 2016). For example, Dolichospermum circinalis can release geosmin during 

the stationary phase due to cell lysis, with intracellular geosmin at its greatest during 

the exponential growth phase (Rosen et al., 1992). Previous hypotheses suggest 

that the release of intracellular pools of geosmin/2-MIB occurs during the stationary 

phase or at the onset of senescence (Watson, 2003). Lysis of cyanobacterial cells 

releases any remaining intracellular geosmin/2-MIB into the water column (Lee et al., 

2017; Watson et al., 2008), which explains why heightened T&O concentrations can 

be associated occasionally with high biomass.  

1.2 – Geosmin and 2-methylisoborneol 

 

The two secondary metabolites, geosmin and 2-MIB, are produced by 

Cyanobacteria and a range of specific microorganisms, including Actinomycetes, 

Myxobacteria and fungi (Jüttner and Watson, 2007), but are mainly associated with 

Cyanobacteria in waters where photosynthesis can occur. Occurrences of earthy-

musty odours in source waters are historically reported – having first been described 

in the 1850s (Wood et al., 2001). T&O compounds, geosmin and 2-MIB, responsible 

for T&O imparted on drinking water were described in the 1960s, with geosmin 

identified in 1965 (Gerber and Brunswick, 1965) and 2-MIB in 1969 (Gerber, 1969).  

Geosmin and 2-MIB are highly potent, with human odour threshold 

concentrations being detectable between 4 and 10 ng L-1 (Chong et al., 2018). 

Geosmin and 2-MIB are tertiary alcohols that exist as (+) and (-) enantiomers (Table 

1.1: Jüttner and Watson, 2007). Geosmin and 2-MIB outbreaks originate from the (-) 

enantiomer and are 10 times more potent than the (+) forms (Jüttner and Watson, 

2007). The two secondary terpenoids are ubiquitous and most problematic in 

freshwater ecosystems, and they are exceedingly resistant to natural degradation, 

boiling, and conventional treatment processes (Kim et al., 2016).  

 There is currently no known function of both T&O compounds, although 

terpenoid compounds such as geosmin primarily function as chemicals that exert a 

beneficial or detrimental physiological effect on individuals of another species, such 

as in plants (Kiran et al., 2007). T&O compounds appear to be precursors for 
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important cellular compounds such as sterols and pigments (Bentley and 

Meganathan, 1981; Watson, 2004). Demonstrations of geosmin derived from 

Cyanobacteria linked to essential functions exist, for example, geosmin suppressing 

the growth of the green alga Chlorella pyrenoidosa (Ikawa et al., 2001). In addition, 

the geosmin gene cluster has two global transcription regulator genes known to 

modify cellular signals associated with responses to environmental stress (Zhou et 

al., 2012). Thus, the highly conserved arrangement of the cluster in Cyanobacteria 

could suggest its importance in adapting to environmental stresses, indicating that 

the synthesis of geosmin and other volatile organic compounds, like 2-MIB, could be 

related to defence/offence methods towards other microorganisms (Asquith et al., 

2013; Wang et al., 2013). Paerl and Millie (1996) and Watson (2003) suggested that 

secondary metabolites, like geosmin and 2-MIB, are released to remove excess 

metabolites during periods of environmental stress.   

 

Table 1.1: Chemical structure, molecular weight, and the molecular formulas of 

geosmin and 2-MIB.  

Compound Name Compound Structure 
Molecular 

weight 

Molecular 

formula 

Trans-1,10-dimethyl-

trans-9-decalol (Geosmin) 

 
 

182.3 C12H22O 

 

 

 

 

 

 

2-Methylisoborneol  

(2-MIB) 

 
 

168.3 C11H20O 
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1.2.1 – Metabolic pathways of geosmin and 2-MIB 

 

 Bentley and Meganathan (1981) were the first to investigate the biosynthetic 

pathways of geosmin and 2-MIB metabolism in the genus Streptomyces using radio-

gas chromatography. Bentley and Meganathan (1981) hypothesised that geosmin 

and 2-MIB get synthesised through an isoprenoid pathway (the terpenoid or 

mevalonate pathway). In the isoprenoid pathway, a monoterpene precursor, geranyl 

diphosphate (GPP), existed for 2-MIB, and geosmin had a sesquiterpene precursor, 

farnesyl diphosphate (FPP). Subsequent studies also confirmed the same pathway 

for Cyanobacteria (Naes et al., 1989; Zimba, et al., 1999). In Cyanobacteria, 

synthesis of geosmin and 2-MIB originate from the methylerythritol-phosphate 

(MEP), the mevalonate (MVA), and the Leucine pathways along with other 

terpenoids that are vital for the growth and survival of photosynthetic organisms 

(Jüttner and Watson, 2007; Pattanaik and Lindberg, 2015). The MEP pathway is 

considered an alternate or concomitant pathway to the MVA and Leucine pathways, 

all found in Cyanobacteria (Perkins et al., 2019) (Figure 1.1). The MEP pathway is 

known for synthesising carotenoids, chlorophyll and other terpenoid products 

(Pattanaik and Lindberg, 2015).  
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Figure 1.1: Simplified biosynthetic pathways for the formation of geosmin and 2-MIB.  

 

1.2.2 – Geosmin synthase (geoA) and 2-MIB cyalse (mic) 

 

The molecular foundation of geosmin and 2-MIB production comes from 

geosmin synthase (geoA) and 2-MIB cyclase (mic) genes that encode for enzymes 

responsible for the conversion of the intermediate precursors, as shown in Figures 

1.2 – 1.3. Churro et al. (2020) found that Cyanobacteria have a very conserved geoA 

and share similar gene architecture with Deltaproteobacteria, with a three-gene 

operon assembly. Theories suggest that due to the distribution of geoA not being 

heterogeneous within Cyanobacteria, geoA is transferred through horizontal gene 

transfer (Wang et al., 2019). From the eight orders Churro et al. (2020) described, 

Oscillatoriales, Nostocales, and Synechococcales possess the majority of known 

geosmin producers. The organisation of the gene cluster in Cyanobacteria is highly 

conserved, except for Phormidium sp. (Ludwig et al., 2007). The geoA cluster has 

two global transcription regulator genes, previously described as modulating cellular 

signals associated with responses to environmental stress (Zhou et al., 2012). 
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Geosmin is a sesquiterpene formed from converting the precursor farnesyl 

diphosphate (FPP) through two steps catalysed by a bi-functional geosmin synthase 

encoded by the geoA gene in the presence of Mg2+ (Jiang et al., 2007). The enzyme 

first catalyses the conversion of FPP to germacradienol by its N-terminal domain, 

and finally to geosmin by its C-terminal domain (Jiang et al., 2007). 

Wang et al. (2011) demonstrated that the cyanobacterial production of 2-MIB 

originates from two adjacent genes, the SAM-dependent methyltransferase (mtf) 

gene and the mic gene. The mtf and mic genes are accountable for geranyl 

diphosphate (GPP) methylation and consequent cyclization to 2-MIB. These two 

genes located between two homologous cyclic nucleotide-binding protein genes 

collectively form a putative operon. The cyclic nucleotide-binding protein genes were 

predicted members of the Crp-Fnr family; universal regulators of photosynthesis and 

nitrogen fixation in many microorganisms (Körner et al., 2003). 2-MIB synthesis 

consists of two crucial reactions: SAM-dependent 2-C-methyltransferase (mtf) 

catalysed methylation of GPP producing 2-methyl-GPP, and finally, 2-MIB cyclase 

(mic) catalysed cyclization of the 2-methyl-GPP to 2-MIB (Giglio et al., 2011). 

 

 

Figure 1.2: An annotated Anabaena ucrainica CHAB2155 geosmin synthesis operon 

(HQ404996) and the associated biosynthetic pathway for geosmin production. 
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Figure 1.3: An annotated Pseudanabaena sp. Dqp15 (HQ830028.1) 2-MIB synthesis 

operon and the associated biosynthetic pathway for 2-MIB production.  

 

1.3 – Adaptations of Cyanobacteria  

 

Cyanobacteria produce oxygen, reduce carbon dioxide (CO2) and fix nitrogen 

(N2) in aerobic conditions, and therefore play a significant role in the nitrogen and 

carbon cycles (Parmar et al., 2011). Cyanobacteria have diversified throughout their 

evolution, producing both unicellular and multicellular forms containing specialised 

cells (e.g., heterocysts), enabling the fixation of atmospheric N2 (Flores and Herrero, 

2010). Specialised cells, like heterocysts, provide Cyanobacteria with a competitive 

advantage when the ratio of nitrogen to phosphorous is low, and nitrogen availability 

is limiting growth rates (Tilman et al., 1982). Phosphorous is vital in regulating 

primary productivity in Cyanobacteria (Lu et al., 2019). The dissolved organic 

phosphate pool consists of diverse compounds, including phosphoesters and 

phosphonates (Kathuria and Martiny, 2011). The enzyme alkaline phosphatase 

(APase) produced by Cyanobacteria readily hydrolyse Phosphoesters (Štrojsová et 

al., 2003). Cyanobacteria also possess a high affinity for, and ability to store, 

phosphorous using polyphosphate synthesis is known as “luxury uptake”, whereby 

under conditions of phosphorous in excess, Cyanobacteria take up phosphorous 
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exceeding growth demand to accumulate polyphosphate as a phosphorous reserve 

(Li and Dittrich, 2018). Bar-Yosef et al. (2010) reported Cyanobacteria exploiting the 

APase pathway in green algae, showing phosphatase expression in response to a 

cyanotoxin (cylindrospermopsin) signal from the Cyanobacterium, Aphanizomenon 

ovalisporum. While A. ovalisporum can produce extracellular APase, its first 

response is to induce cells of other phytoplankton to produce extracellular APase for 

A. ovalisporum to use (Raven, 2010). More specifically, cylindrospermopsin initiates 

the production of APase in other phytoplankton species to obtain inorganic 

phosphate (Raven, 2010).  

In addition to mechanisms Cyanobacteria utilise to attain nutrients, many 

planktonic Cyanobacteria can produce gas vesicles and/ or alter cell density to 

optimise their position in the water column through buoyancy hence optimising light 

and nutrient availability (Walsby, 1994). Other cell adaptations for filamentous forms 

of Cyanobacteria, including the genera Oscillatoria and Dolichospermum, include 

akinetes, a resistant spore tolerant to cold and desiccation, aiding their survival in 

adverse conditions and cold winters. Germination of akinetes occurs when the 

environmental conditions are favourable for the growth of a vegetative filament 

(Soule and Garcia-Pichel, 2019).  

1.3.1 – Cyanobacterial T&O productivity driven rather than biomass-

related  

 

 Correlation-based analysis of T&O concentrations and cyanobacterial 

abundance is well studied, focusing mainly on T&O originating from cyanobacterial 

blooms (Kim et al., 2015; Wang et al., 2016). Although, some studies fail to find a 

correlation between geosmin/2-MIB concentrations and cyanobacterial biomass over 

time (Graham et al., 2010; Seto et al., 1996; Wang et al., 2016; Watson et al., 2008; 

Xuwei et al., 2019). However, periods of high productivity have been associated with 

high geosmin and 2-MIB production in Cyanobacteria (Zimmerman et al., 1995). 

Previous evidence indicates that productivity-driven T&O events would explain why 

heightened 2-MIB concentrations occur at times of high ATP synthesis (Behr et al., 

2014). Consequently, caution must be applied when using water quality models, 

such as Chong et al. (2018), which are based on cyanobacterial abundance, to 

predict the on-set of T&O events.  
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1.4 – Environmental triggers  

 

A range of abiotic environmental factors such as nutrients (Amé and 

Wunderlin, 2005; Schindler, 2012; Van de Waal et al., 2014), light (Alghanmi et al., 

2018; Wang and Li, 2015; Zhang et al., 2009), temperature (Shen et al., 2022), 

hydrology (Havens et al., 2019) and stratification (Merino-Ibarra et al., 2021) along 

with biotic interactions such as predation (Zuo, 2019), commensalism (Zhang et al., 

2021), mutualism (Ramanan et al., 2016), resource competition (Holland and 

Kinnear, 2013; Lewington-Pearce et al., 2019), and parasitism (Ramanan et al., 

2016) shown to influence cyanobacterial growth and productivity, and hence T&O 

outcome. However, the results of previous findings differ in conclusions, and there is 

no explicit understanding of how these environmental factors trigger T&O events. 

The uncertainty of influential environmental triggers for T&O production highlights the 

requirement for further investigation in determining the specific abiotic and biotic 

environmental triggers underpinning cyanobacterial T&O production. 

1.4.1 – Abiotic triggers  

 

1.4.1.1 – Nutrients    

 

T&O production is linked with the rapid growth phases of Cyanobacteria when 

subjected to optimal growth conditions when productivity is high (Alghanmi et al., 

2018; Perkins et al., 2019). Initially, phosphorous was considered the primary 

nutrient limiting the growth of Cyanobacteria (Schindler, 1974, 1977), despite 

extensive evidence suggesting that nitrogen limitation is a common, widespread 

phenomenon in reservoirs (Elser et al., 2007). Nutrient enrichment of water columns 

is attributable to the increased application of nitrogen fertilisers (Balls et al., 1995) 

and slurry (Chapuis-Lardy et al., 2003), all of which can alter nitrogen to 

phosphorous loading in already nutrient-rich waters. Generally, cyanobacterial 

growth partly depends on the TN:TP ratio, with cyanobacterial dominance often 

intensifying when the ratio is low (<29:1 by mass; Smith, 1983). Additionally, relative 

increases in phosphorous limitation leading to the subsequent stimulation of geosmin 

production have previously shown negative correlations with orthophosphate (Dae-
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Kyun et al., 2001). Orthophosphate is the most readily utilisable form of phosphorous 

available to Cyanobacteria, with evidence of significant correlations existing between 

orthophosphate and geosmin concentrations (Perkins et al., 2019). Orthophosphate 

concentrations, in turn, affect the TN:TP ratio as orthophosphates constitute the 

organic phosphorous fraction. However, in eutrophic systems where nutrients are not 

limited, the TN:TP ratio appears less predictive of cyanobacterial dominance (Paerl 

and Fulton, 2006). Harris et al. (2016) found that simultaneous decreases in TN:TP 

and nitrate to ammonia (NO3
-:NH3

+) ratios can potentially create prime conditions 

favouring T&O events. Harris et al. (2016) proposed that decreases in cellular 

energetics when switching from oxidized (NO3
-) to reduced forms of nitrogen (NH3

+) 

might allow reallocation of energy from reducing oxidized forms of nitrogen to build 

carbon-rich secondary metabolites (like geosmin and 2-MIB). Thus, ammonia may 

pose a key trigger in initiating T&O events. Likewise, Perkins et al. (2019) identified 

ammonium, the most reduced form of nitrogen in aquatic systems, as a critical 

trigger for T&O production in Cyanobacteria. Similarly, Howard (2020) found that low 

TN:TP ratios favoured cyanobacterial dominance and growth, while low NO3
-:NH3

+ 

ratios were associated with increased T&O production. The ratio of oxidized nitrogen 

(nitrate and nitrite) to reduced nitrogen (ammonia and ammonium) has significant 

consequences for the growth rate, mineral composition, and production of carbon-

rich organic compounds like geosmin and 2-MIB (Domingues et al., 2011). 

Furthermore, Domingues et al. (2011) demonstrated that increases in TP or NH3
+ (or 

both), causing decreases in TN:TP and NO3
-:NH3

+ ratios, respectively, may initiate 

the metabolic capability in Cyanobacteria to produce T&O compounds.  

In addition to nitrogen and phosphorous, Sinang et al. (2015) found that 

cyanobacterial biomass and dominance correlated with iron concentrations. Iron is a 

vital nutrient for nitrogen-fixing Cyanobacteria (Larson et al., 2018). Molot et al. 

(2014) proposed a novel model for cyanobacterial dominance, linking anoxia, 

phosphorous, nitrogen, iron, and sulphate to the formation of harmful cyanobacterial 

blooms. This model suggests that phosphorous regulates cyanobacterial biomass 

and productivity until excessive phosphorous renders the water column either 

nitrogen or light limited. However, the availability of ferrous ions (Fe2+) regulates the 

cyanobacterial ability to outcompete its eukaryotic counterparts. The scarcity of Fe2+ 

in phosphorous-limited oxygenated waters can severely limit the growth of 
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Cyanobacteria if not supplemented by migrating down to anoxic Fe2+-rich waters 

(Molot et al., 2014). Some Cyanobacteria can also produce siderophores to enable 

iron acquisition under iron-limited conditions (Hopkinson and Morel, 2009). 

Siderophores are absent in picocyanobacteria, yet some Synechococcus can 

produce siderophores (Kranzler et al., 2013). In parallel with Fe2+, sulphate reduction 

to sulphide has proven to limit Fe2+ diffusion rates from anoxic sediments because of 

the insoluble iron sulphide formation (Carignan and Tessier, 1988).  

1.4.1.2 – Light and temperature  

 

Light is harvested in Cyanobacteria by chlorophyll-containing photosystems 

immersed in the thylakoid membranes and phycobilisomes, creating the 

photosystem-associated light-harvesting antennae (Montgomery, 2014). 

Cyanobacteria have evolved many photoreceptor-controlled mechanisms, 

particularly in their photosynthetic activities, that enable Cyanobacteria to sense and 

react to environmental light conditions (Allahverdiyeva et al., 2015; Gutu and Kehoe, 

2012; Ho et al., 2017). For example, complementary chromatic adaptation supports 

Cyanobacteria with the ability to tailor their light-harvesting antennae to the spectral 

distribution of ambient light (Gutu and Kehoe, 2012). Complementary chromatic 

adaptation also enforces light-dependent alterations of cellular or filament 

morphology (Bennett and Bogorad, 1973; Bordowitz and Montgomery, 2008). 

Morphological phenotypes can shift between spherical and rod-shaped cells under 

changes in prevalent wavelengths and intensity of light-induced complementary 

chromatic adaptation (Pattanaik et al., 2012; Walters et al., 2013). Thus, 

complementary chromatic adaptation increases the fitness of Cyanobacteria, 

allowing them to acclimatise to low light conditions, which could explain T&O events 

in winter months (Parinet et al., 2010; Wang et al., 2014).   

 Wang et al. (2011) elucidated the genetic background, light regulation, and 

biochemical mechanisms of 2-MIB synthesis in Cyanobacteria using genome 

walking and Polymerase Chain Reaction (PCR) methods. Using light-induced 

reactions, Wang et al. (2011) identified the inhibition of expressed 2-MIB-associated 

genes by low light and activated by intense light. These findings were concurrent 

with previous geosmin synthesis studies described by Bowmer et al. (1992) and 

Zhang et al. (2009). Increases in the geranyl diphosphate pool during periods of 
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reduced photosynthesis in low-light environments could activate the transcription of 

2-MIB synthesis genes, while geranyl diphosphate depletion under intense light may 

turn transcription off (Wang et al., 2011). In addition, Wang et al. (2011) reported that 

methyltransferase (mtf) and mic genes were still active in dark conditions, indicating 

that other internal or external factors may activate and regulate the synthesis of 2-

MIB in Cyanobacteria. Ludwig et al. (2007) demonstrated a lack of expression of 

geoA after 24 hours in the dark; it is unclear whether the differences in results from 

these studies reflect different regulatory mechanisms for geosmin and 2-MIB 

expression.  

 Environmental variables such as light and temperature can influence 

Cyanobacteria's production of T&O compounds (Tung, 2004). Although, a study 

conducted by Alghanmi et al. (2018) revealed no correlation between temperature 

and light intensity with geosmin and 2-MIB production. However, the optimal 

temperature and light intensity for the growth and production of these compounds 

were 25 °C and 17 μmol photons m−2 s−1 (Alghanmi et al., 2018). Extra- and 

intracellular geosmin and 2-MIB was affected by altering the light intensity and 

temperatures in this study; this study's heightened concentrations of extracellular 

geosmin arose during the stationary and death phases. Intracellular geosmin and 2-

MIB concentrations were high during the late exponential phase and decreased with 

the growth decline. According to Shen et al. (2022), the expression levels of geoA 

and mic genes at 15 °C were significantly higher than those at 25 and 35 °C. 

Although, the transcription of mic genes in Pseudanabaena foetida var. intermedia 

was higher at 35 °C than at 25 °C (Shen et al., 2022). These results highlight that 

unfavourable temperatures can increase the potential of geosmin and 2-MIB 

synthesis from the gene expression level in Cyanobacteria.  

 Global temperatures may increase by over two degrees celsius by 2100 

(Shen and Guoya, 2013). Reservoirs subjected to augmented atmospheric 

temperature increases will experience increased temperatures; this is predicted to 

result in more intense and extended periods of thermal stratification and altered 

hydrology (Carey et al., 2011). Heightened temperatures also increase the stability of 

the water column, thus reducing vertical turbulent mixing and shifting the competitive 

balance in favour of buoyant Cyanobacteria (Jöhnk et al., 2008). It is well known that 

photosynthetic capacity, respiration rate and growth rate are temperature dependent, 
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with the optimum temperature at 25 °C or greater (Robarts and Zohary, 1987). 

Nevertheless, direct temperature effects most likely act synergistically with other 

factors like mixing and nutrient availability. Elevated biovolumes of Cyanobacteria 

are seasonal, occurring mainly in the warmer months (summer and autumn) when 

geosmin and 2-MIB are said to be at their highest concentrations (Kong et al., 2019). 

In accordance, connections with warming are propounded to encourage 

cyanobacterial growth as they have a higher optimal growth temperature than their 

eukaryotic counterparts (Zhang et al., 2017). In contrast, evidence demonstrates that 

enhanced cyanobacterial T&O concentrations can present at lower temperatures, 

with reports of winter T&O events in the absence of cyanobacterial blooms (Parinet 

et al., 2010).  

1.4.1.3 – Hydrology and stratification  

 

Hydrological processes control the delivery and retention of nutrients and 

suspended sediments to lakes and reservoirs, influencing the composition of 

phytoplankton communities (Kimmel and Groeger, 2009). Seasonal alterations and 

interannual differences in the hydrological regimes can influence the temporal 

variations in Cyanobacteria abundance (Halac et al., 2019). Warming of the surface 

waters promotes the vertical stratification of stable water columns, favouring buoyant 

cyanobacterial growth in the epilimnion; an advantage for low light acclimated 

Cyanobacteria, as more light is available for photosynthesis (Dantas et al., 2011). 

Thermal stratification in the summer months can lead to lower dissolved oxygen 

concentrations near and in the sediments, promoting the reduction of Fe3+ to Fe2+ 

and releasing iron bound phosphorous into the labile pool (Wang et al., 2019). The 

liberation of labile phosphate into the water column through diffusion or turbulent 

mixing can alter the TN:TP ratio and increase the phosphorous supply. Stratified and 

eutrophic reservoirs have a low redox potential at the sediment-water interface 

(Søndergaard, 2009); a combination of strongly reducing conditions (due to anoxia) 

and high temperatures (20°C) leading to significant amounts of nutrient release in 

the overlying water (Dadi et al., 2020).  
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1.4.2 – Biotic triggers 

 

 Food chain manipulation can alter the food web structure in water bodies 

enabling the control of cyanobacterial T&O compounds (Fink, 2007). However, It is 

vital to understand better the biological functions of geosmin and 2-MIB in nature, 

e.g., their potential roles in the attraction of herbivores or the defence from predators 

(Fink et al., 2006a, 2006b; Watson, 2003).  

1.4.2.1 – The cyanobacterial phycosphere – the “cyanosphere”  

 

Cyanobacteria can offer niche microenvironments that facilitate interactions 

with heterotrophic bacteria (Adam et al., 2016; Dziallas and Grossart, 2011; Salomon 

et al., 2003; Woodhouse et al., 2018). This microenvironment is called the 

‘phycosphere’ (Bell and Mitchell, 1972). The cyanobacterial phycosphere is 

equivalent to the rhizosphere in soils and sediments, providing a reservoir of 

exudates rich in a diverse range of organic molecules and even bioactive 

compounds such as toxins (Sivonen and Börner, 2008). Associated bacteria can be 

attached to the cyanobacterial cells (Hmelo, et al., 2012; Ploug et al., 2011), 

whereas others grow on extracellular mucus or develop free-living populations 

(Brauer et al., 2014). There is substantial evidence showing that heterotrophic 

bacteria coexist with Cyanobacteria in freshwater environments, and substantial 

evidence suggests that bacteria influence cyanobacterial productivity (Salomon et 

al., 2003). Bacterial remineralisation of organic matter can benefit Cyanobacteria 

from vitamins and growth factors produced by the associated microflora in the 

phycosphere (Simon et al., 2002). Thus, cyanobacterial compounds can support the 

growth of heterotrophic bacteria and shape the structure of the bacterioplankton 

community (Eiler and Bertilsson, 2004; Louati et al., 2015). A recent metagenomic 

study by Louati et al. (2015) revealed that marked shifts in the phycosphere 

community accompany changes in the cyanobacterial species composition.  

Louati et al. (2015) have shown that the genus, and potentially the species of 

Cyanobacteria and its metabolic capacities, select for the bacterial community in the 

phycosphere. The availability of dissolved organic matter provided by Cyanobacteria 

underpins the foundation of cyanobacterial-bacterial interactions. Cyanobacteria can 
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generate a wealth of dissolved organic carbon substances to benefit nearby 

heterotrophic bacteria that can subsequently reciprocate the favour by removing 

reactive oxygen species, CO2 generation, and nutrient recycling (Dziallas and 

Grossart, 2011; Paerl and Otten, 2013; Steffen et al., 2012). For example, 

Microcystis alters the ambient environmental conditions by decreasing the availability 

of light and oxygen concentrations (Paerl and Otten, 2016), as well as modifying CO2 

and pH levels (Havens, 2008), conditions likely to affect nearby bacteria. One 

hypothesis for such a close-knit relationship is that Cyanobacteria have small 

genomes compared to eukaryotic organisms (Herdman et al., 1979; Humbert et al., 

2013). While this benefits Cyanobacteria for rapid reproduction and evolution, it is 

not automatically constructive for cyanobacterial bloom formation as some functions 

are lost (Giovannoni et al., 2014). Genome reduction can be advantageous if some 

lost functions are regained through “public goods”, as Morris et al. (2012) mentioned 

in the Black Queen Hypothesis. In addition to bacterial interactions, Cyanobacteria 

complement algae in marine environments by excreting large amounts of 

exometabolites (growth factors and biosynthetic precursors) as well as processing 

toxins (Morris et al., 2011; Pérez et al., 2016; Wienhausen et al., 2017).  

1.4.2.2 – Geosmin and 2-MIB as allelopathic tools 

 

Allelopathy is the common biological phenomenon by which an organism 

(Cyanobacteria) produces biochemicals (e.g. geosmin and 2-MIB) that influence the 

growth, survival, development, and reproduction of another organism (Cheng and 

Cheng, 2015). These biochemicals are known as allelochemicals and can have 

either a beneficial or detrimental effect on target organisms. The synthesis of T&O 

compounds is an energy-consuming process; thus, bacteria must use these 

compounds as adaptive responses to environmental change (Koksharova, 2020). 

These compounds, therefore, have the potential use as “infochemicals” and/ or 

“allelochemicals”; these metabolites might be functioning in a variety of chemical 

interactions such as attractants, deterrents and protectants (Watson et al., 2007; 

Zuo, 2019).   

 Biosynthesis and release of allelopathic compounds can interfere with the 

settlement and growth of competitors (Li and Li, 2012). Geosmin can inhibit 

competitors such as Chlorella pyrenoidosa (Ikawa et al., 2001). T&O can also attract 
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insects such as the mosquito Aedes aegypti (Melo et al., 2019), hypothesised to 

serve as a nutritional source. Although geosmin-producing Cyanobacteria attract 

mosquitoes, other cyanobacterial strains show strong larvicidal effects when 

producing geosmin (Koksharova, 2020). Therefore, Geosmin can benefit producers’ 

growth in competition for available nutrients (Ikawa et al., 2001). Cyanobacteria 

could be using these compounds as allelochemicals in their defence against 

herbivores; since the biosynthesis of T&O compounds is energetically costly, 

producing the metabolites upon stress is more beneficial.  

1.4.2.3 – Geosmin and 2-MIB degraders 

 

Previous reports demonstrate that several gram-positive and gram-negative 

bacteria can degrade geosmin, including gram-positive strains of Bacillus cereus 

(Narayan and Nunez, 1974), Bacillus subtilis (Narayan and Nunez, 1974; Yagi et al., 

1988), Rhodococcus genus (Guttman and van Rijn, 2012) and gram-negative strains 

of Alphaproteobacteria and Sphingopyxis alaskensis (Hoefel et al., 2009) and a 

Bacteroidetes clade (Hania et al., 2017). Four species of Flavobacterium have been 

noted to degrade 2-MIB (Clercin, 2019), along with two strains of bacteria belonging 

to Pseudomonas sp. and Enterobacter sp. (Tanaka et al., 1996). However, some 

reports of T&O degradation are associated with consortiums of bacteria (e.g., 

Sphingopyxis alaskensis, Novosphingobium stygiae and Pseudomonas veronii), with 

no biodegradation evident when one of the bacteria was absent (Hoefel et al., 2006). 

Only a few studies have tried to identify potential degraders from natural habitats 

such as rivers (Du et al., 2017) and reservoirs (Clercin et al., 2021; Westerhoff et al., 

2005). One study found the dynamics of T&O degrading bacteria to mimic the 

seasonal peaks of geosmin and 2-MIB (Clercin et al., 2021). Elucidating the 

interactions between T&O producers and degraders may give insight into the 

proliferation of T&O concentrations, and the identification of degraders may give rise 

to indicative taxa.  

 Members of the Bacteroidetes phylum are known for their well-known 

capabilities to degrade polymeric compounds such as peptidases, glycoside 

hydrolases, glycosyl transferases and adhesion proteins (Fernández-Gómez et al., 

2013); therefore, they may play a crucial role in the degradation and cycling of T&O 

compounds. Hania et al. (2017) demonstrated that specific clades of Bacteroidetes 
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scavenge Cyanobacteria and decay their biomass. Other studies have also reported 

a high abundance of Bacteroidetes present during cyanobacterial blooms (Berg et 

al., 2009; Moradinejad et al., 2020; Woodhouse et al., 2016; Zheng et al., 2020). 

Given the ability of Bacteroidetes to degrade polymeric compounds and the fact that 

they scavenge Cyanobacteria and are almost always present during cyanobacterial 

blooms, they likely play a role in the degradation of T&O compounds. Several 

members of the Proteobacteria are known to attach to Cyanobacteria and to actively 

lyse the cells (Manage et al., 2000; Maruyama et al., 2003; Yamamoto et al., 1993).  

1.5 – Using eDNA to help predict T&O events 

 

Previous identification of cyanobacterial strains has been objectively based on 

morphological characteristics such as trichome width, cell size, division planes, 

shape and arrangement, pigmentation, and gas vacuoles and sheath (Baker, 1992, 

1991; Komárek and Anagnostidis, 1989). Despite considerable expertise required to 

identify cyanobacterial strains through microscopy, subjective judgement can lead to 

errors resulting in the incorrect assignment of isolates. Komárek and Anagnostidis 

(1989) predicted that over 50% of the strains in culture collections were wrongly 

classified. More reliable testing has promoted molecular approaches in 

cyanobacterial taxonomy. Methods often incorporate environmental DNA (eDNA), 

which can be harvested from environmental samples and preserved, extracted, 

amplified, sequenced and assigned taxonomy (Ruppert et al., 2019). A widely used 

method in eDNA molecular detection of phytoplankton and bacterioplankton 

communities is using methods involving DNA barcodes to differentiate samples 

within a pooled DNA library (Curren et al., 2019; Santi et al., 2021; Santoferrara, 

2019).  

For metagenetics, target genes must be variable enough to enable the 

distinction between closely related organisms, yet conservation of the flanking 

regions must be high to reduce variability within a single taxon (Mallott et al., 2018). 

Additionally, specific primer sets are required to readily amplify the target genes for a 

range of species within a large taxonomic group, and the target region must be long 

enough to generate the required taxonomic resolution. For bacterial identification, 

the 16S rRNA gene is commonly used (Bukin et al., 2019). The 16S rRNA gene is 
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approximately 1600 bp long and homes nine hypervariable regions of varying 

conservation (V1 – V9), as depicted in Figure 1.4 (Tringe and Hugenholtz, 2008). For 

eukaryotic species, the Consortium for the Barcode of Life (CBOL) Plant Working 

group recommends the plastid DNA genes rbcL and matK as standard metagenetic 

target genes (CBOL Plant Working Group, 2009). The rbcL gene is a part of the DNA 

sequence located within the chloroplast DNA, as illustrated in Figure 1.5. The rbcL 

gene is approximately 1400 bp long and has a low level of mutation compared with 

other target genes in the chloroplast DNA (Nurhasanah and Papuangan, 2019). 

Isolated eDNA can remain viable for long periods, allowing for applications in 

molecular biology, ecology and environmental sciences, especially when coupled 

with Next-Generation Sequencing (NGS) (Thomsen and Willerslev, 2015).  

 

 

Figure 1.4: Hypervariable regions in the 16S rRNA gene in Pseudomonas. The 

plotted line reflects fluctuations in variability amongst aligned 16S rRNA gene 

sequences of 79 known Pseudomonas strains. Adapted from Bodilis et al. (2012).  
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Figure 1.5: The location of the rbcL gene and coding sequence within Nitzschia 

palea NIES-2729 chloroplast.  

 

 Constant advancements in analytical chemistry have provided ultrasensitive 

detection methods for T&O compounds, like solid phase microextraction (SPME), 

coupled with gas chromatography-mass spectrometry (GC-MS) (Pochiraju et al., 

2021). Advanced chemical detection of T&O compounds in parallel with the 

discovery of biosynthetic pathways associated with the production of T&O has lured 

scientists towards the development of biomolecular approaches to predict and 

forecast T&O events (Lee et al., 2017; John et al., 2018; Lu et al., 2019; Lukassen et 

al., 2019; Lukassen et al., 2019; Wang et al., 2019). One promising tool for early on-

site detection of geosmin and 2-MIB is quantitative PCR (qPCR), through amplifying 

implicated genes, geoA and mic (Cane and Watt, 2003; Dickschat et al., 2007; Giglio 

et al., 2008; S Giglio et al., 2011; Steven Giglio et al., 2011; Gust et al., 2003; 

Komatsu et al., 2008; Wang and Cane, 2008). These methodologies have gained 

considerable attention due to their specificity, source identification, low limit of 

detection, and handling of multiple samples in a single run. These benefits allow 

them to be used for rapid on-site monitoring of T&O events (Chiu et al., 2017; Lee et 

al., 2017; John et al., 2018; Lu et al., 2019). The geoA gene is the main target for 

applying qPCR primers specific for the cyanobacterial production of geosmin (Devi et 

al., 2021). Most designed qPCR primers target the mic gene encoding for 2-MIB 
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cyclase of the 2-MIB operon (Figure 1.3). A total of 132 strains across 21 genera for 

geosmin production and 72 cyanobacterial strains across 13 genera for 2-MIB 

production have been reported (detailed in Devi et al., 2021). John et al. (2018) 

developed a novel, small amplicon PCR primer set (geo799F and geo927R) capable 

of distinguishing all geosmin-producing Cyanobacteria using a single protocol. 

However, no known universal PCR primers have been described for mic to capture 

all 2-MIB-producing Cyanobacteria; this highlights the need to revise currently 

developed mic primers and to create new universal primers.  

1.5.1 – Modelling T&O events  

 

Predicting the occurrence of geosmin and 2-MIB in drinking water reservoirs 

before reaching the treatment works is necessary to ease customer complaints and 

the cost of treatment (Kakimoto et al., 2014). In recent years, the application of 

predictive models to forecast geosmin and 2-MIB events has been proposed 

(Bertone and O’halloran, 2016; Dzialowski et al., 2009; Paerl et al., 2022). These 

predictive models mainly focus on regression analysis to develop empirical models 

that relate geosmin and 2-MIB concentrations using key water quality variables 

strongly correlate with T&O concentrations to predict T&O events. Although a lot of 

these models have also focussed on correlating cyanobacterial biomass 

(Christensen et al., 2006; Mau et al., 2004; Smith et al., 2002; Sugiura et al., 2004), 

and previous studies have shown that a correlation is not always established 

between T&O concentrations and cyanobacterial biomass (Graham et al., 2010; 

Xuwei et al., 2019). When modelling T&O events, caution is needed when using 

cyanobacterial biomass; for example, Chong et al. (2018) found an overestimation of 

geosmin concentrations when Microcystis sp. was blooming when taking biomass 

into account. 

1.6 – Treating T&O compounds  

 

Due to the unfavourable T&O that geosmin and 2-MIB bestow on drinking 

water leading to customer complaints, it has become increasingly important to 

remove these compounds (Jung et al., 2004; Kim et al., 2014a; Srinivasan and 

Sorial, 2011; WHO, 2016; Yang et al., 2010; Zamyadi et al., 2016). The tertiary 
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alcohol structure of geosmin and 2-MIB makes them highly resistant to oxidation 

processes commonly used in water purification (Clercin and Druschel, 2019). 

Previous studies have shown that geosmin is exceptionally resistant to treatment in 

conventional water treatment procedures like coagulation, sedimentation and 

filtration (Cook et al., 2001; Srinivasan and Sorial, 2011). Adsorption by activated 

carbon, either granular activated carbon (GAC) or powdered activated carbon (PAC), 

is thought to be the most effective technology for removal, and it is often used for 

trace organic contaminants removal from surface water (Srinivasan and Sorial, 

2011). Yang et al. (2010) evaluated the cost-effectiveness of process A - 

conventional treatment followed by ozonation followed by biological activated carbon 

(O3/BAC); process B – process A followed by ultrafiltration (UN) – nanofiltration (NF); 

and process C – conventional treatment followed by GAC UF-NF. Process A had an 

annual cost of $2,574,405, process B cost of $7,525,581, and process C cost of 

$7,059,465 (Yang et al., 2010). Yang et al. (2010) found that the GAC or O3/BAC 

processes effectively removed odorous compounds, but prices remained highly 

costly. Due to the costs of treating taste and odour compounds and filtration 

processes being clogged by Cyanobacteria, prevention is the preferred approach. 

Attention has come from the biodegradation of T&O compounds from 

biologically active carbon (Clercin, 2019; Yagi et al., 1988; Zhou et al., 2011) and 

sand filters (Ho et al., 2007). A table of genera responsible for the degradation of 

geosmin and 2-MIB is displayed in Appendix 1.1. Currently, it is difficult to remove 

both compounds by conventional water treatment processes; biodegradation with 

microorganisms (Ishida and Miyaji, 1992) is effective for this purpose (Ho et al., 

2007; Hsieh et al., 2010; Xue et al., 2011; Yuan et al., 2012). In sand filters, the 

primary cause of the removal of geosmin and 2-MIB was predominantly through 

biodegradation (Ho et al., 2007); a pseudo-first-order reaction caused by a 

Pseudomonas sp., Alphaproteobacterium, Sphingomonas sp. and an 

Acidobacteriaceae member. With the knowledge of T&O degraders, specific biofilters 

have been cultivated to degrade geosmin and 2-MIB from sand filters from drinking 

water treatment works (McDowall et al., 2007); sand filters with a well-established 

biofilm were capable of removing geosmin and 2-MIB to below detection limits after 

11 days of 15 minutes contact with the sand.  
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1.7 – Research aims 

 

Environmental triggers for geosmin and 2-MIB production have been widely 

reported (Journey et al., 2013; Oh et al., 2017; Sinang et al., 2015), but a lot remains 

unclear about the dynamics controlling T&O events, and no studies to date have 

identified biological indicators for T&O events. This thesis works in collaboration with 

Dwr Cymru Welsh Water and reports on research conducted with the incentive to 

accomplish the following aims by analysing nine reservoirs in Wales: 

❖ Comparing tributary and reservoir locations for each site for geosmin and 2-

MIB concentrations to locate T&O events. Assessing the reservoir's trophic 

state by season and year to better understand the seasonal patterns and 

driving factors of geosmin and 2-MIB events. Guided by literature, named 

variables NH4
+, NO3

-, TP, Orthophosphate, Fe2+, sulphate, and dissolved 

reactive silicate were selected to evaluate the effects of monthly changes in 

these nutrients on T&O outcome. Effects of monthly changes in nutrient 

concentrations and monthly lagged changes in T&O compounds were also 

assessed to evaluate any time-lapsed influences on T&O production. This 

research will provide the chemical mechanisms underpinning nutrient 

relationships in conjunction with geosmin and 2-MIB production, revealing 

important triggers for T&O events – Chapter 3.  

❖ Employing NGS using the 16S rRNA and rbcL genes to explore the 

community compositions of the bacterial and algal communities from each 

studied reservoir. Using the community compositions as an informative 

response to nutrient influxes and environmental variables that had previously 

occurred in the water bodies. Exploring temporal (seasonal) and spatial 

differences in bacterial phyla over the study period to reveal the window for 

cyanobacterial growth. Identify significantly co-occurring bacterial and algal 

genera that could be associated in the cyanobacterial phycosphere 

(cyanosphere) potentially attributing to T&O. Examine bacterial and algal 

communities to see if low, medium and high T&O concentrations influence the 

composition of these communities. Establish a model that pinpoints indicative 

taxa associated with T&O concentration levels – Chapter 4.  
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❖ Using biosynthetic genes geoA and mic to assess the association between 

seasonality, temperature and nutrients and the production of geosmin and 2-

MIB in reservoir drinking water; utilising qPCR to quantify the gene 

abundance of geoA and mic whilst creating a new primer for the mic gene to 

capture a broader range of 2-MIB-producing Cyanobacteria. Combine the 

molecular dataset with the corresponding water chemistry data to conduct 

predictive analysis to reveal linear variable triggers and nutrient ratio 

thresholds for heightened geoA and mic abundance that can result in geosmin 

and 2-MIB events – Chapter 5.  

1.8 – Research hypotheses  

 

❖ The seasonality of T&O events will not be localised only to the summer and 

autumn months. Carlson's Trophic State Index (CTSI) may provide a basis for 

understanding each reservoir's biological productivity sustained by season 

and year. Understanding the biological productivity capacity of the reservoirs 

by season and year could indicate nutrient enrichment which could lead to 

T&O events. Enhanced ammonium supply will stimulate rapid cyanobacterial 

productivity increases, stimulating the synthesis of T&O compounds, geosmin 

and 2-MIB. Increases in ammonium relative to decreases in nitrate 

concentrations will increase cyanobacterial productivity, although there will be 

a delay in T&O outcome due to time owed to the implicated biosynthetic 

pathways. Other vital nutrients involved in T&O production will be direct 

influences of orthophosphate (this form of phosphate is the most readily 

available form of P and hence no time delay) and a time delay for total 

phosphorous. Increasing orthophosphate and total phosphorous will alter the 

TN:TP ratio, favouring diazotrophic cyanobacterial productivity and resulting in 

time-lagged T&O events. Dissolved reactive silicate is expected to directly 

influence T&O production as this can be used as a proxy for diatom formation, 

revealing potential relationships between Cyanobacteria and diatoms – 

Chapter 3.  

❖ T&O signature communities will be identified according to T&O concentration 

levels. Investigating bacteria and algae community compositions will reveal 

them to co-exist in complex synergistic networks, with taxa forming positive 



 

26 
 

and negative relationships. Within the architecture of the community profiles, 

cyanospheres will be exposed, and positive relationships will influence T&O 

events by creating positive feedback loops and recycling nutrients within the 

cyanospheres. Negatively associated taxa with geosmin and 2-MIB-producing 

Cyanobacteria will induce T&O events; competition for resources in limited 

supply will stimulate cyanobacterial productivity and hence T&O events. Using 

the biology consortium (16S rRNA and rbcL community compositions) as a 

response to environmental triggers for T&O production in model analysis, 

indicator taxa will be identified for reservoirs experiencing extreme T&O 

events – Chapter 4.  

❖ geoA will provide a suitable direct proxy for geosmin concentrations when 

geosmin concentrations are elevated. Due to the lack of extreme 2-MIB 

events recorded in these data and sample type (open-water, not sediment 

samples), the mic gene will not correlate with 2-MIB concentrations. Modelling 

geoA copy numbers in response to environmental variables will reveal nutrient 

ratios (NH4
+:NO3

- and TIN:TP) significantly influential in heightening geoA 

abundance. Direct significant negative linear relationships will exist between 

mean temperature (highlighting geosmin production is connected to 

unfavourable conditions) and dissolved reactive silicate (indicating a potential 

link to diatom formation). Comparison of biosynthetic genes, geoA and mic, by 

year and season will expose significant differences between the same 

seasons of different years – Chapter 5. 
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Chapter 2: Materials and Methods 
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2.1 – Sampling methods and sample site details  

 

Surface water (500 mL) was abstracted by Welsh Water, Dŵr Cymru, between July 

2019 – September 2020 (sampled months 1 – 15 see Table 2.1 for sampled month 

assignment to date). Sampling included 52 sites across nine reservoirs in Wales, 

United Kingdom: 27 reservoir sites and 25 tributary sites. Locations of the nine 

reservoirs are displayed in Figure 2.1; five reservoirs were situated in North Wales 

(Dolwen, Plas Uchaf, Cefni, Alwen and Alaw reservoirs), and four were in South 

Wales (Llandegfedd, Pentwyn, Pontsticill and Llwyn Onn reservoirs). Detailed 

descriptions of each sampling location are provided in Sections 2.1.1 – 2.1.7. Water 

samples were collected using a 500 mL vessel attached to an extendable pole. The 

vessel was rinsed with reservoir water at each sample point before collecting a water 

sample from about 20 – 50 cm below the reservoir surface. Water samples were 

then transferred into a sterile 500 mL container, labelled with the unique reservoir 

sample point identifiers, and stored at four degrees celsius until further analysis.  

 Sampled months were calculated using the first month of the sampling period 

(7/2019) as sampled month one. A summary of the sampled months is displayed in 

Table 2.1.  
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Table 2.1: Sampled months calculated from the start date (7/2019) to the end date 

(9/2020) of this study period. 

Mon Year Date 
Sampled 

Months 

7 2019 7/2019 1 

8 2019 8/2019 2 

9 2019 9/2019 3 

10 2019 10/2019 4 

11 2019 11/2019 5 

12 2019 12/2019 6 

1 2020 1/2020 7 

2 2020 2/2020 8 

5 2020 5/2020 11 

6 2020 6/2020 12 

7 2020 7/2020 13 

8 2020 8/2020 14 

9 2020 9/2020 15 

10 2020 10/2020 16 

11 2020 11/2020 17 
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Figure 2.1: An overview of reservoir locations in Wales, U.K., used within this study; 

1 = Alaw. 2 = Cefni. 3 = Dolwen. 4 = Plas Uchaf. 5 = Alwen. 6 = Llwyn On. 7 = 

Pentwyn. 8 = Pontsticill. 9 = Llandegfedd. Map created using R 4.1.0 and package 

‘leaflet’ (Cheng et al., 2017).  
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2.1.1 – Llyn Alaw reservoir, Anglesey    

 

Llyn Alaw is an artificially constructed reservoir built in the 1960s to supply 

drinking water for the northern half of Anglesey. It covers an area of approximately 

315 ha and is 4.8 km long. It is moderately alkaline and shallow (5.2 m at its 

deepest). The reservoir was constructed on a lowland fen, thus making the water 

naturally peaty (Hatton-ellis, 2016): due to the influence of peat, total phosphorous 

levels may be naturally higher than other reservoirs. In 2016 Natural Resources 

Wales noted nitrogen levels in the Alaw reservoir to be slightly elevated, with total 

nitrogen exceeding the 1 mg L-1 threshold with low confidence (total nitrogen = 1.03 

± 0.07 mg L-1 (95% CI)). The catchment of this reservoir consists mainly of intensive 

agricultural land (91%) (Edwards, 2016). 

 

Figure 2.2: Llyn Alaw reservoir and sample point locations with an inset map of the 

reservoir’s location in Wales U.K., bottom right. R1 – R5 = reservoir locations. T1 – 

T4 = tributary locations. Map created using R 4.1.0 and package ‘leaflet’ (Cheng et 

al., 2017). 
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Figure 2.3: Close up of T2 (tributary two) and R1 (reservoir one) locations in Alaw 

reservoir with an inset map of the position of these sampling points within Alaw 

reservoir. Map created using R 4.1.0 and package ‘leaflet’ (Cheng et al., 2017). 

2.1.2 – Llyn Cefni reservoir, Anglesey  

 

Cefni reservoir is a shallow, alkaline artificial water body with a catchment 

area of over 4068 ha. It is one of the primary drinking water supplies for Ynys Mon 

and is fed by the water from the catchment area. More than 85% of the catchment 

comprises intensive agricultural land (Hatton-ellis, 2016). In 2016, Natural Resources 

Wales reported water quality data from the Cefni reservoir from 2010 to 2014 to be 

elevated in nitrogen and phosphorous, exceeding the 1 mg L-1 thresholds (Hatton-

ellis, 2016). Although levels constituted a risk factor for eutrophication, this was not 

reflected in the biological data, with both phytoplankton and macrophytes showing 

“good status”.  
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Figure 2.4: Llyn Cefni reservoir and sample point locations with an inset map of the 

reservoir’s location in Wales U.K., bottom right. R1 – R5 = reservoir locations. T1 – 

T3 = tributary locations. Map created using R 4.1.0 and package ‘leaflet’ (Cheng et 

al., 2017). 
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Figure 2.5: Close up of R3 and R4 (reservoir 3 and 4) locations in Cefni reservoir 

with an inset map of the position of these sampling points within Cefni reservoir. Map 

created using R 4.1.0 and package ‘leaflet’ (Cheng et al., 2017). 

2.1.3 – Dolwen and Plas Uchaf Reservoirs, Conwy 

 

Plas Uchaf Reservoir and Dolwen Reservoir are artificial reservoirs in 

Denbighshire that span a catchment area of 226 ha. They impound a small tributary 

of the Afon Elwy and are designated drinking water supplies contributing to the main 

water supply for the Vale of Clwyd. Both reservoirs are shallow and alkaline, and the 

immediate catchment of the lakes consists of 85% intensive agricultural land use 

(Hatton-ellis, 2016). Dolwen reservoir is situated approximately 1 km to the south of 

Plas Uchaf reservoir (Perkins et al., 2019). Plas Uchaf reservoir is partially fed by an 

abstraction from the Afon Aled (T1: Figure 2.6), aided by releases from the Aled 

reservoir. Dolwen reservoir is fed by surface water drainage. It is estimated that the 
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% nitrogen contribution from intensive agriculture is around 86.8% (Edwards, 2016). 

Natural Resources Wales water quality data from 2010 – 2014 indicated that both 

total oxidised nitrogen and total nitrogen levels exceeded 2 mg L-1 with high 

confidence; phosphorous was deemed to be moderate, although with low confidence 

(Hatton-ellis, 2016).   

 

Figure 2. 6:  Plas Uchaf reservoir (top) and Dolwen reservoir (bottom) sample point 

locations with an inset map of the reservoir’s location in Wales U.K., bottom right. R1 

– R4 = Plas Uchaf reservoir locations, T1 = Plas Uchaf tributary location located in 

the Afon Aled. R1 = Dolwen reservoir location, T1 – T3 = Dolwen tributary locations. 

Map created using R 4.1.0 and package ‘leaflet’ (Cheng et al., 2017). 
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2.1.4 – Alwen Reservoir, Conwy 

 

Alwen reservoir and dam were constructed in the 1920s to provide water for 

the port of Birkenhead, covering over 900 acres with a capacity of 15 x 106 m3 

(Gurnell et al., 1994). The primary source of drinking water supply for north-east 

Wales comes from Alwen reservoir and river Dee via an abstraction point at Poulton 

(Morrison, 1997). The reservoir is a tributary of the river Dee, joining it at Corwen. 

The upper river Dee and river Alwen catchments are underlain almost entirely by 

fine-grained sedimentary mudstones and siltstones (Natural Resources Wales, 

2014). The Alwen dam impounds the river Alwen and is 9 km downstream from 

Alwen reservoir, a natural reservoir at the head of the catchment. The dam (located 

at R1: Figure 2.7) comprises two parts; the initial section consists of a gravity dam 

constructed in mass concrete faced with concrete blocks, and a subsidiary earthen 

embankment extending to the hillside (Hopkins, 2018). The dam is 27 m high and 

can store 14,240 Million Litres of water when full.  
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Figure 2.7: Alwen reservoir and sample point locations with an inset map of the 

reservoir’s location in Wales U.K., bottom right. R1 – R3 = Reservoir locations. T1 – 

T4 = Tributary locations. Map created using R 4.1.0 and package ‘leaflet’ (Cheng et 

al., 2017). 

2.1.5 – Llwyn On Reservoir, Taf Fawr Valley  

 

Llwyn On reservoir is an artificially made reservoir of just over 50 ha in 

Merthyr Tydfil and is moderately alkaline. The reservoir was constructed by damming 

the upper Afon Taf Fawr. The water is considered relatively peaty and is classified as 

shallow, but the reservoir stratifies in the summer. Intensive agriculture only 

accounts for 2% of land use (Edwards, 2016). From 2009 to 2014, nitrogen 

concentrations were deemed low (total oxidised nitrogen = 0.18 mg L-1, total nitrogen 

= 0.51 ± 0.11 (95% CI) mg L-1), and phosphorous concentrations were around 16.3 

µg L-1 (Hatton-ellis, 2016). Due to the peaty nature of the water, this typically results 

in higher concentrations of phosphorous, although this was not accounted for in the 
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water quality data reported by Natural Resources Wales, hence confidence in 

phosphorous classification was “uncertain” (Hatton-ellis, 2016).  

 

Figure 2. 8: Llwyn On reservoir and sample point locations with an inset map of the 

reservoir’s location in Wales U.K., bottom right. R1 – R2 = Reservoir locations. T1 – 

T5 = Tributary locations. Map created using R 4.1.0 and package ‘leaflet’ (Cheng et 

al., 2017). 

2.1.6 – Pentwyn and Ponsticill Reservoirs, Taf Fechan  

 

Pentwyn and Pontsticill reservoir lie within a catchment comprised 

predominantly of grasslands (56%) and uplands (22%), with sectors of woodland and 

commercial coniferous forestry (14%) (Barry et al., 2021). Pontsticill is a large 

reservoir on the Taf Fechan, lying partly in the county of Powys and partly within the 

county borough of Merthyr Tydfil. Ponsticill is an artificial reservoir with 110 ft high 

embankments completed in 1927 and holds approximately 13.6 giga litres of water 

and is a crucial element in the supply of drinking water to 106,000 customers in this 
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region (Gurney Environmental, 2016). The more recent reservoir incorporates the 

earlier Pentwyn (also known as Dolygaer) reservoir (1859 – 1863), which suffered 

significant water losses after completion due to the presence of severe fractures in 

the bedrock beneath its dam (Bowtell and Hill, 2006). Pentwyn is the smaller 

reservoir out of the two, with a capacity of 346 million gallons of water.  

 

Figure 2. 9: Pentwyn reservoir (top) and Pontsticill reservoir (bottom) sample point 

locations with an inset map of the reservoir’s location in Wales U.K., bottom right. R1 

– R2 = Pentwyn reservoir locations, T1 = Pentwyn tributary location. R1 – R3 = 

Pontsticill reservoir location, T1 = Pontsticill tributary locations. Map created using R 

4.1.0 and package ‘leaflet’ (Cheng et al., 2017). 
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 2.1.7 – Llandegfedd Reservoir, Newport  

 

Llandegfedd reservoir is an artificially constructed drinking water supply 

situated between Usk and Cwmbrân in south Wales. It is a shallow, very alkaline 

reservoir that stratifies over the summer and spans over 176 ha (Edwards, 2016). It 

is a pumped storage reservoir for the river Usk and Wye abstractions and forms part 

of the south-east Wales strategic water supply network. Water quality data from 

2009 – 2014 showed some evidence of eutrophication; phosphorous concentrations 

were consistent with moderate ecological status (governed by the Water Framework 

Directive), and total nitrogen and winter nitrate exceeded the 1 mg L-1 threshold 

(Hatton-ellis, 2016).  

 

Figure 2.10: Llandegfedd reservoir and sample point locations with an inset map of 

the reservoir’s location in Wales U.K., bottom right. R1 – R4 = Reservoir locations. 

T1 – T2 = Tributary locations. Map created using R 4.1.0 and package ‘leaflet’ 

(Cheng et al., 2017). 
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2.1.8 – COVID-19 sampling disruption statement 

 

Due to COVID-19, sampling generally ceased between March – April 2020 

(sampling months 9 – 10), with restrictions prolonging the sampling of some 

reservoirs. Affecting Chapters 3 – 5 and reservoirs described in Sections 2.1.1 – 

2.1.7. The study period was extended from July 2020 to September 2020 to give 

additional data and the benefit of highlighting any reoccurring seasonal trends. Data 

were generally recorded from July 2019 – September 2020 for each reservoir, 

except for missing data points due to the pandemic. 

2.2 – Defining a Taste and Odour event  

 

For geosmin, customer complaints start at 7 ng L-1, and customer complaints 

start at 12 ng L-1 for 2-MIB (Simpson and MacLeod, 1991). According to DCWW, 

increased sampling frequency on reservoir water commences when geosmin is >5 

ng L-1 and 2-MIB is >2.5 ng L-1. When levels are >10 ng L-1 for geosmin and >5 ng L-

1 for 2-MIB, Granular Activated Carbon (GAC) filters are turned on if the drinking 

water treatment works have the facilities. If no GAC is present, initiation of Powdered 

Activated Carbon (PAC) dosing at low levels commences, and customer complaints 

are checked daily. Returning to regular operation is only authorised once at least 3 

samples are below 10 ng L-1 for geosmin and 5 ng L-1 for 2-MIB.  

 This study defines a T&O event as a concentration measurement >10.0 ng L-1 

for geosmin and >5.0 ng L-1 for 2-MIB. Classification of a low geosmin event is <5.0 

ng L-1, a medium event is between 5.0 – 20.0 ng L-1, and a high event is any 

concentration above 20.0 ng L-1. Classification of a low 2-MIB event is <2.5 ng L-1, a 

medium event is between 2.5 – 10 ng L-1, and a high event is any concentration 

above 10.0 ng L-1.  

2.3 – Water chemistry and physical analysis 

 

Dŵr Cymru Welsh Water conducted all chemical analyses in Glaslyn 

laboratories in Newport, South Wales, U.K, adhering to ISO/IEC 17025:2019. Mean 
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temperature (°C) for all reservoir locations (Figure 2.1) was obtained through the 

Meteorological Office (Met Office). 

2.3.1 – Determination of geosmin and 2-MIB concentrations 

 

Each 500 mL water sample was extracted using a solid phase extraction 

(SPE) technique. The analytes were eluted from the SPE cartridge with 

Dichloromethane. An internal deuterated standard was added to the extract before 

being transferred into a labelled 2 mL autosampler vial to assess the efficiency of the 

run. The extract was then injected into a gas chromatograph through a multi-mode 

inlet in solvent vent mode. This removed most of the extraction solvent before the 

analytes of interest entered the column. A helium flow carried the analytes onto the 

column, where they were separated by boiling point. The separated analytes were 

then detected by a triple Quadrupole Mass Selective detector operating in multiple 

reaction monitoring mode. 

2.3.2 – Nutrient analysis  

 

Nutrients, ammonium (NH4
+) Total Oxidized Nitrogen (TON), nitrate (NO3

-), 

nitrite (NO2
-), orthophosphate, total phosphate (TP), sulphate (SO4

2-), and dissolved 

reactive silicate were analysed using a discrete analyser (Thermo Scientific 

Aquakem 600). Nutrient concentrations were measured colourimetrically or 

turbidimetrically. Turbidmetrically – The analytical method of measurement is 

dependent upon the reaction between the analyte within the sample and the 

reagents; sulphates react with the reagent to produce an insoluble precipitate which 

is measured turbidmetrically. Colourmetrically – all other determinants produce a 

coloured complex when reacted with the reagents; at a predetermined wavelength, 

the intensity of the coloured or turbid sample solution is proportional to the 

concentration of the analyte within the sample. The monochromatic light is focused 

upon the sample (in the form of a homogeneous medium), and the sample absorbs 

an amount of the focused light; the remaining light (not absorbed) is then transmitted 

and measured by a detector within the instrument. The ratio of the incident light to 

the transmitted light is called absorbance. Per Beer-Lambert’s Law, concentration is 
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proportional to absorbance, so we can use calibration standards to calibrate the 

instrument and accurately quantify sample concentrations. 

2.3.3 – Metals  

 

 Phosphorous and dissolved iron in samples were brought into solution by 

overnight digestion in 1% hydrochloric acid in an oven set at 85 ± 5°C. Acidified 

samples were introduced to the Agilent 7700 Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS) with a Cetac ASX-500 Autosampler (Agilent Technologies, 

USA) where the sample was sprayed as an aerosol into the plasma where it was 

desolvated, atomised and ionised. The sample ions were then extracted from the 

plasma into a quadruple mass spectrometer, where the ions were separated 

according to their mass-to-charge ratio (m/z) and detected using an electron 

multiplier. The concentration at a specific mass-to-charge ratio was measured 

against a calibration curve. 

2.3.4 – Chlorophyll a (Chl a)  

 

For Chlorophyll a, any plant material such as plankton was obtained from 500 

mL of a water sample using an initial filtration step through a 70 cm Whatman Glass 

microfiber filter (GF/C) with a pore size of 1.2 µm. This filtration step was followed by 

solvent extraction of Chlorophyll a using methanol. Once the sample had been 

extracted, Chlorophyll a concentration was determined by spectrophotometric 

evaluation of the extract. This was done by carrying out absorbance measurements 

on a Spectroquant® Pharo 300 spectrophotometer (MilliporeSigma, USA) at two 

wavelengths: 665 nm (the absorption of Chlorophyll A) and 750 nm (to compensate 

for background turbidity). 

2.3.5 – Total Organic Carbon (TOC)  

 

TOC is measured using a combustion-based method whereby each sample 

was acidified with phosphoric acid and sparged by the Shimadzu TOC Analyser 

(TOC-Vwp) (Shimadzu, Japan) to remove any inorganic carbon as carbon dioxide 

(CO2). Each sample was then passed through the reaction vessel within the 

instrument, where irradiation with UV light at 80°C in the presence of persulphate 
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converted all the carbon to CO2. This CO2 was then transported using nitrogen gas 

to an Infrared detector, where the concentration of CO2 was determined. 

2.3.6 – pH, conductivity, and Turbidity  

 

A water sample was taken up by the sample probes into the Skalar SP2000 

robot (Skalar Analytical B.V., Netherlands) and then analysed using pH, conductivity, 

and turbidity meters. Conductivity is temperature dependent, and measurements 

were electronically compensated to a fixed temperature of 20°C for reporting 

purposes. Turbidity is an expression of the optical property of a liquid that causes 

light to be scattered and absorbed rather than transmitted in straight lines through 

the sample. The Turbidity module is based on Nephelometric measurements. The 

standard units are Nephelometric Turbidity Units (NTU). 

2.4 – Water filtering and Extraction of total genomic 

environmental DNA (eDNA) 

 

Reservoir water (500 mL) from each sampling point was filtered through a 

Sterivex filter (0.2 µM) using a diaphragm vacuum pump (Fisherbrand™, FB65453). 

1 mL of ATL buffer (QIAGEN, Germany) was added to preserve the samples, and 

the filter was capped off with Luer locks before being frozen at -20°C for later use.  

After each sample was defrosted, 100 µL of proteinase K (10 mg mL-1) was 

added to each filter before being put on a turntable for 2 hours. Sample (100 µL) was 

mixed with 200 µL of extraction buffer (5M NaCl, 30 mM NaEDTA and 70 mM tris pH 

7.0), 25 µL of 10% DTAB and 200 µL of chloroform and added to a tube containing 

0.1 mm glass beads following methods described by Fawley and Fawley (2004). The 

sample was agitated using an MP Biomedical, FastPrep-24™ at 5 ms-1 for 30 

seconds twice (with a 5 min incubation at room temperature). The sample was then 

centrifuged (Eppendorf, 5417C) at 14000 rpm for 2 minutes. The top phase of the 

sample was transferred to a sterile collection tube (200 µL), and 200 µL of buffer AL 

(QIAGEN, Germany) was added along with 200 µL of ethanol before being vortexed 

for 30 seconds. DNA was then further purified using the procedure and reagents 

provided within the DNAeasy® Blood & Tissue Kit (QIAGEN, Germany). This was 



 

46 
 

achieved by transferring the sample into a spin column and centrifuging at 14000 

rpm for 1 minute. The collection tube was emptied, and 500 µL of AW1 buffer was 

added before centrifugation at 14000 rpm for 1 minute. The collection tube was 

again emptied, and 500 µL of AW2 buffer was added before another centrifugation at 

14000 rpm for 3 minutes. The column was then inserted into a sterile Eppendorf 

tube, and 50 µL of nuclease-free water was added and left for 5 minutes (to 

maximise DNA recovery) before being centrifuged at 14000 rpm for 2 minutes. 

2.4.1 – Primary Illumina-Nextera tag PCR for 16S rRNA and rbcL genes 

 

Two sets of primers were used, each having been tailored to include an 

Illumina-Nextera tag incorporated on the 5’ end (Table 2.2). The composition of the 

PCR reaction (Table 2.3) and PCR conditions (Table 2.4) were used for all reactions, 

which were performed in triplicate to account for any PCR bias. All PCRs were 

carried out on a SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, USA).  

 

Table 2.2: Primer sets used. The primer sets were analysed using the integrated 

DNA technologies OligoAnalyzer tool (Owczarzy et al., 2008). 

Name  Use Sequence (5’-3') 

Lengt
h 

(base
s) 

Amplic
on 

size 

Referen
ce  

Forward 
overhan

g 

Nexter
a tag 

TCGTCGGCAGCGTCAGATGTGTATAAGAG
ACAG 

33 - - 

Revers
e 

overhan
g 

Nexter
a tag 

GTCTCGTGGGCTCGGAGATGTGTATAAGA
GACAG 

34 - - 

rbcL646
F 

Algae ATGCGTTGGAGAGARCGTTTC 21 419  
(Glover, 
2019) 

rbcL998
R 

Algae GATCACCTTCTAATTTACCWACAACTG 27 419   
(Glover, 
2019) 

515F 
Bacter

ia 
GTGCCAGCMGCCGCGGTAA 19 358 

(Caporas
o et al., 
2011) 

806R 
Bacter

ia 
GGACTACHVGGGTWTCTAAT 20 358 

(Caporas
o et al., 
2011) 
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Table 2.3: PCR reaction composition for 16S rRNA and rbcL gene.  

  Single reaction / µL 

Nuclease free H2O 13 

AllTaq Mastermix (4x) 5 

Forward primer 0.5 

Reverse primer  0.5 

    

Volume of template DNA  1 

Final volume of PCR reaction  20 

Final primer concentration  0.30 pmol / µL 

 

Table 2.4: PCR conditions for 16S rRNA and rbcL gene. 

  PCR stages 
Time 

(minutes) 

Temperature 

(°C) 

  Initial denaturation 2:00  95 

40 

Cycles  

Denaturation  0:05 95 

Annealing  0:15 55 

Extension   0:10 72 

  Final Extension   5:00 72 

  Hold  ꝏ 4 

 

PCR success was assessed using the QIAxcel (QIAGEN, Germany) to 

ensure the correct product size and concentrations were present. The QIAxcel DNA 

High-Resolution Kit was employed, enabling the detection of DNA fragments 

between 15 base pair (bp) and 5 kilobase (kb) in size. Successful amplifications 

were stored at -20°C, and any weak amplifications were reamplified to improve 

product generation. The successful triplicates were subsequently pooled together 

before the clean stage (detailed in Section 2.4.2).  

2.4.2 – 16S rRNA and rbcL amplicon clean-up 

 

Successfully amplified samples were cleaned using a Zymo Research 96 

DNA clean-up kit (Zymo Research, Cambridge) as per the manufacturer’s 

instructions. In brief, 300 µL of DNA binding buffer was added to each pooled 

triplicated sample contained in each well in the 96 well plates. The plate was sealed 
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and vortexed for 1 minute and subsequently centrifuged at 3000 x g for 5 minutes. 

The samples were then added to the wells of a Silicon-A plate mounted onto a 

collection plate. This plate was then centrifuged at 3000 x g for 5 minutes until 

sample mixtures were filtered entirely. 300 µL of wash buffer was then added to each 

well of the silicon-A plate and centrifuged at 3000 x g for 5 minutes; this step was 

repeated once. DNA was eluted by adding 30 µL of nuclease-free water into the 

silicon-A plate mounted onto an elution plate and centrifuged at 3000 x g for 3 

minutes.  

2.4.3 – Secondary Illumina-Nextera indexing adapter PCR  

 

Cleaned amplicon samples underwent a secondary amplification with 

Illumina-Nextera index adapters. The addition of the Nextera index adapter to the 

primary nextera tagged primer skips the tagmentation of adapters in the standard 

Nextera XT protocol where PCR amplification bias can occur. In a 96-well plate 

format, 2.5 µL of a unique Nextera index adapter 1 (N7XX) for each column was 

added to each well going down rows A-H (see Figure 2.11). Additionally, 2.5 µL of a 

unique Nextera index adapter 2 (S5XX) for each row was added across each 

columns 1-12 (see Figure 2.11). KAPA HiFi HotStart ReadyMix (12.5 µL) and 5 µL of 

nuclease-free water were added to each well of the 96 well plates. Amplified DNA 

(2.5 µL) was then transferred into the corresponding wells of the new plate. The plate 

was sealed and vortexed to ensure the mixture was homogenous and then 

centrifuged for 1 minute at 14,000 rpm. This plate then underwent a PCR 

amplification using the conditions listed below in Table 2.5 on a MultiGene™ 

OptiMax Thermal Cycler (Labnet International).  
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Figure 2.11: Illumina-Nextera secondary PCR set up: columns 1-12 in the 96 well 

plate containing cleaned amplicons have the addition of a unique index 1 S5XX 

adapters (orange caps) and rows A-H have the addition of unique index 2 (N7XX) 

adapters (white caps). 

Table 2.5: PCR conditions used for Illumina PCR. 

PCR stages Time 

(seconds) 

Temp 

°C 

Initial denaturation 3 minutes 95 

Cycle number  8 

Denaturation  30 95 

Annealing  30 55 

Extension  30 72 

Final extension  5 minutes 72 

Hold ∞ 4 

 

Random samples were assessed via a 4200 TapeStation System (Agilent) to 

determine the success of the secondary PCR using a High Sensitivity D1000 
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ScreenTape. All sample concentrations were measured through a QIAxcel 

measurement which ensured that a band was present for 16S rRNA and rbcL gene 

samples; if there were less than 90% of samples with a band, these samples were 

repeated.  

2.4.4 – SequelPrep Normalisation Plates 

 

SequelPrep normalisation plates (Invitrogen, USA) were used to normalise 

the concentration of DNA in a 96-well plate format. The desired PCR product (20 µL) 

was transferred from the PCR plate into the well of the SequelPrep normalisation 

plate. An additional 20 µL of normalisation buffer was then added to the SequelPrep 

plate. The plate was then sealed with foil tape and subsequently vortexed for 1 

minute to mix the contents. The plate was then incubated at room temperature for 1 

hour. Without touching the plate sides, all liquid was aspirated from the wells of the 

SequelPrep plate. SequelPrep normalisation wash buffer (50 µL) was then added to 

the wells and mixed up and down through pipetting to improve the removal of 

contaminants. The wash buffer was then aspirated and discarded from the wells. 

SequelPrep normalisation elution buffer (20 µL) was then added to each well of the 

plate, and the plate was sealed and vortexed for 1 minute and incubated at room 

temperature for 5 minutes. The purified DNA was then pooled together for the next 

stage.  

2.4.5 – Next Generation Sequencing on the Illumina-MiSeq platform 

Samples were sequenced for 16S rRNA and rbcL genes on four separate 

runs with either an Illumina MiSeq-nano or v2 cartridge for both genes using 2 x 250 

bp paired-end reads. There were seven 96-well plates with an additional pilot set 

containing 18 samples.  

2.4.6 – Databases  

 

A representative sequence encompassing 16S rRNA variable regions V4 & 

V5 (515 to 806 bp) and associated taxonomic classification extracted from the silva 

database v132 (Callahan, 2018) was downloaded from the qiime2 repository on 31 

August 2020. A Bayesian classifier was generated using qiime2 (version 2021.2 - 

https://view.qiime2.org/) using the fit-classifier-naive-bayes function.  
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Diatom (Bacillariophyceae) RuBisCO large (rbcL) subunit sequences and 

associated taxonomy were downloaded from DIAT.BARCODE [Diat.barcode, an 

open-access curated barcode library for diatoms | Scientific Reports (nature.com)] 

curated database (25 October 2021 - version 9.2 of the database). In parallel, all 

rbcL entries were downloaded from GenBank (25 Oct 2021). Any GenBank 

accession appearing DIAT was removed from the GenBank download. 

Subsequently, GenBank accessions were used to derive NCBI taxonomic identifiers 

using nucl_gb.accession2taxid table, this allowed complete taxonomic classification 

to be extracted from rankedlineage.dmp, both of these files were downloaded 

from NCBI on 25th of October 2021. The sequences and taxonomy were then 

formatted as described in the qiime2 (v. 2021.2) instructions, and DIAT and 

GenBank libraries were concatenated. The concatenated sequences and taxonomy 

were imported into qiime2, and the extract-reads function was used to filter out 

sequences containing the forward and reverse primers (the default 0.8 identify 

threshold was applied). The extracted and trimmed reads were then combined with 

the taxonomy using a bayesian classifier approach qiime2 (version 2021.2 - 

https://view.qiime2.org/) using the fit-classifier-naive-bayes function to generate a 

diatom rbcL classifier. 

2.4.7 – Bioinformatic analysis using QIIME2 

 

The bioinformatics programme QIIME2 was used to analyse the sequence 

data (Bolyen et al., 2019) (https://view.qiime2.org/). First, all raw sequence fastq files 

for replicate samples were concatenated before the bioinformatic pipeline. Paired-

end sequences were then imported and demultiplexed before being processed using 

the DADA2 bioinformatics pipeline (Callahan et al., 2016) to produce merged, 

denoised, chimera-free, inferred sample sequences. Parameters used in the DADA2 

analysis are listed in Table 2.6; quality scores for the forward and reverse reads for 

all MiSeq runs for both 16S rRNA, and rbcL genes (Appendix 2.1 – 2.8) were used to 

assess truncation. Samples from each run were merged using the amplicon 

sequence variant (ASV) tables produced from the DADA2 outputs. ASVs were 

subjected to the taxonomic assignment using the qiime feature-classifier classify-

sklearn function against the Silva database 138 (Callahan, 2018) for 16S rRNA 

samples, and the curated rbcL database as mentioned in Section 2.4.6 for rbcL 
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samples. Samples then underwent proportional filtering per taxa using the qiime 

feature-table filter-features-conditionally function. The range was set to 0.001 for a 

0.1% removal of the minimum relative abundance for a feature to be retained using -

-p-abundance. Then the minimum portion of samples that a feature must have a 

relative abundance of at least ‘abundance’ to be retained was set to 0.001 (0.1 %) 

for the --p-prevalence function.  

 

Table 2.6: Parameters used for all samples processed through the DADA2 

bioinformatics pipeline for both 16S rRNA and rbcL genes.  

 
16S rRNA rbcL 

Parameter Pilot Plate 1-2 Plate 3+7 
Plate 4-

6 
Pilot Plate 1-2 Plate 3+7 Plate 4-6 

--p-trim-left-f 0 0 0 0 0 0 0 0 

--p-trim-left-r 0 25 40 0 0 10 0 0 

--p-trunc-len-f 250 250 250 250 250 250 250 250 

--p-trunc-len-r 250 250 250 250 250 250 250 250 

--p-max-ee-r 10 10 10 10 10 10 10 10 

--p-max-ee-f 5 5 5 5 5 5 5 5 

--p-n-threads 32 32 32 32 32 32 32 32 
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Chapter 3: Monthly changes in T&O 

concentrations reveal ammonium 

and phosphorous to be key triggers 
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3.1 Introduction  

 

With the pressure of T&O events culminating in numerous customer complaints to 

water companies, it is pertinent for water companies to find preventative measures. 

Current treatments include coagulation, flocculation, adsorption, precipitation, 

reverse osmosis, membrane bioreactor, nanofiltration, and ozonation electrodialysis 

(Mustapha et al., 2021). However, installing technology in water treatment works 

exclusively for treating T&O compounds is not always practical or economically 

beneficial (Srinivasan and Sorial, 2011). Advanced water treatment processes, such 

as ozonation and activated carbon adsorption, are costly in capital and operational 

costs, so combining methods would exacerbate overall costs. Costly treatment 

processes have led to water companies exploring integrated methods for more 

effective removal of these T&O compounds (Mustapha et al., 2021). These methods 

aim to implement preventative measures and formulate predictive models, although, 

first, more must be known about the triggers that influence Cyanobacteria to produce 

geosmin and 2-MIB.  

Production of T&O compounds by Cyanobacteria is species and strain-

specific – this, combined with environmental parameters, represents a complex 

system composed of multiple interactions and not necessarily linear behaviours, 

which can be difficult to predict (Bruder et al., 2014). Although geosmin and 2-MIB 

are severe problems (Yang et al., 2010), especially in drinking water, few studies 

have focused on potential causes and solutions (Abd El-Hack et al., 2022). One well-

known cause is that Cyanobacteria thrive in environments where nitrogen-to-

phosphorous is low and when ammonium-to-nitrate ratios are high (Howard, 2020). 

Additionally, seasonal variations of Cyanobacteria are said to be linked closely to 

fluctuations in water quality (Watson et al., 2007), like nutrients (T. Zhang et al., 

2017). Predictive tools for monitoring T&O “events” based on certain water quality 

parameters like trophic status of the water body would be ideal for cost effective 

treatment for drinking water treatment.  

 The distribution of geosmin and 2-MIB in drinking water reservoirs differs with 

different trophic statuses (Jüttner and Watson, 2007). Tucker (2000) reported that 

due to the light-limited nature of eutrophic ecosystems, planktonic organisms present 
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in the upper levels of the water column have a competitive advantage compared with 

benthic or substrate-attached organisms. Studies conducted by Smith et al. (2002) 

and Downing et al. (2001) revealed the trophic state of the reservoir, especially 

chlorophyll a (chl a) levels, to be a good indicator of T&O compounds. Both studies 

reported Cyanobacteria and T&O concentrations to be directly proportional to the chl 

a concentrations in the water body. In addition, some state regulatory agencies have 

adopted a chl a criterion to maintain water quality in reservoirs by preventing the 

formation of T&O compounds (Oklahoma Water Resources Board, 2005). However, 

studies by Dzialowski et al. (2009) using a series of predictive models to relate 

reservoir geosmin concentrations to water quality variables found that trophic state 

alone could not be used to predict T&O “events”. Total Phosphorous (TP), chl a, 

Total Nitrogen (TN) and Sechi disk (SD) measurements are frequently used as 

Trophic State Indicators (TSIs) in water quality and trophic evaluation models (Páez 

et al., 2001). Carlson first proposed the Carlson Trophic State Index (CTSI) using 

TSIs to determine the eutrophication levels of lakes (Carlson, 1977). Subsequently, 

CTSI has been widely used in lakes and reservoirs for assessing the water quality of 

the water body (An and Park, 2003; Jarosiewicz et al., 2012; Matthews et al., 2002; 

Sechi and Sulis, 2007; Sharma et al., 2010; Sheela et al., 2011). Since then, CTSI 

has been widely used for determining the trophic state of aquatic ecosystems and 

has been utilised to estimate the abundance or potential abundance of 

phytoplankton, including T&O-producing Cyanobacteria, which are becoming an 

increasing problem to surface drinking water utilities worldwide.  

 Nutrient concentrations in conjunction with cyanobacterial abundance have 

been well studied (Davis et al., 2009; Domingues et al., 2011; James et al., 2009; 

Shen et al., 2021), with the primary focus being on the role of phosphorous and 

nitrogen. Generally, cyanobacterial dominance is in part dependent on the total 

nitrogen to total phosphorous ratio (TN:TP), with Cyanobacteria at their highest 

growth rates during phases when TN:TP ratio is low (<29:1 by mass; Smith, 1983). 

Heightened cyanobacterial growth rates at lower TN:TP ratios is thought to be due to 

some species having the ability to form differentiated cells, and heterocysts, enabling 

these Cyanobacteria to fix atmospheric nitrogen (N2) (Shatwell and Köhler, 2019). 

Heterocysts give Cyanobacteria a competitive advantage when the ratio of nitrogen 

to phosphorous is low and the availability of nitrogen is limiting (Grover et al., 2019). 
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Recent research has shown that the type of nitrogen available also plays a large role 

in cyanobacterial abundance (Flores and Herrero, 2005). Oxidised inorganic nitrogen 

(NO3
-), compared to reduced inorganic nitrogen (NH4

+), possesses different energic 

costs and assimilation rates for different phytoplankton taxa, including 

Cyanobacteria, which prefer reduced forms of nitrogen (Flores and Herrero, 2005). A 

more recent study has focussed on the TN:TP ratio alongside NO3
-:NH4

+
 with the 

production of T&O compounds (Howard, 2020), revealing that whilst low TN:TP 

ratios favoured cyanobacterial dominance and growth, low NO3
-:NH4

+ ratios were 

associated with a heightened production of T&O compounds. T&O production during 

low NO3
-:NH4

+ ratios is consistent with proceedings from Perkins et al. (2019), which 

found associations between low NO3
-:NH4

+ ratios and heightened geosmin and 2-

MIB production with NH4
+ identified as a critical trigger. In addition, the availability of 

ferrous iron (Fe2+) has been proposed to be important in regulating the ability of 

Cyanobacteria to compete with eukaryotic competitors (Molot et al., 2010). Molot et 

al. (2014) suggested that the scarcity of Fe2+ in P-limited oxygenated waters 

severely limits Cyanobacteria productivity unless supplemented by migrating down 

into Fe2+-rich anoxic water enriched by internal loading at the anoxic sediment 

interface. Although Fe2+ can be sequestered in ferrous phosphate or ferrous 

sulphides as sulphate reduction to sulphide can limit Fe2+ diffusion rates from anoxic 

sediments because of insoluble iron sulphide formation (Carignan and Tessier, 

1988). Hence, the availability of Fe2+ in relation to sulphate could help explain T&O 

events in mesotrophic water bodies (Durrer et al., 1999). Although nutrients are 

associated with increases in cyanobacterial productivity promoting T&O compounds, 

some studies have shown direct correlations between nutrients and T&O compounds 

to be weak (Bai et al., 2017). Interestingly, no studies to date have evaluated nutrient 

changes and how this influences the rate of change in T&O production.  

 The abundance of T&O compounds in a water body can vary greatly 

seasonally and across years (Stumpf et al., 2012); T&O compounds tend to increase 

during the warmer summer months when elevated temperatures and prolonged light 

irradiance stimulate cyanobacterial productivity and hence T&O production (Jöhnk et 

al., 2008; Watson et al., 2008). Westerhoff et al. (2005) found 2-MIB concentrations 

to increase from spring to late summer in three water supply reservoirs in America. 

Similarly, an investigation into T&O compounds in tap water during 1994 – 1997 
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found that geosmin and 2-MIB episodes occurred during warmer seasons, 

specifically from late spring to early autumn (Bruchet, 1999). In accordance, Yagi 

(2005) reviewed T&O-related problems in the southern basin of Lake Biwa from 

1970 – 2005 and found that geosmin and/ or 2-MIB were consistently present from 

July to October. However, there is emerging evidence that T&O problems can occur 

during the colder months and are not necessarily confined to warmer seasons (Li et 

al., 2016). Jiang et al. (2016) revealed winter peaks in geosmin concentrations in the 

surface water of Lake Chaohu. In addition, Dzialowski et al. (2009) confirmed 

geosmin to be present at elevated concentrations during the winter. Thus, seasonal 

variations need to be considered in monitoring geosmin and 2-MIB concentrations. 

Further research is needed to elucidate mechanisms underpinning the production of 

T&O compounds during winter months.  

To better understand the seasonal patterns and driving factors of geosmin 

and 2-MIB, water chemistry and physical data processed by Welsh Water Dŵr 

Cymru (DCWW) was analysed from nine reservoirs in Wales (see Chapter 2 – 

Materials and Methods) to determine triggers of T&O events. The trophic status of 

each reservoir was determined to see if the CTSI and/ or TSIs could be used as an 

appropriate indicator for T&O production. In addition, monthly changes in nutrients, 

namely, NH4
+, NO3

-, TP, Orthophosphate, Fe2+, sulphate, and dissolved reactive 

silicate, were established to see the effects of the monthly changes in T&O 

concentrations. Effects of monthly changes in nutrient concentrations and monthly 

lagged changes in T&O compounds were also assessed to evaluate any time-lapsed 

influences on T&O production. It is expected that general CTSI will not necessarily 

indicate T&O events, although TSIs may show some relation to T&O outcome mainly 

when analysed by season and year. Due to recorded monthly data, the monthly 

changes in nutrients and T&O concentrations will show better correlations leading to 

T&O events with NH4
+, NO3

-, TP and Orthophosphate showing significant influences. 

This research will provide the chemical mechanisms underpinning nutrient 

relationships in conjunction with geosmin and 2-MIB production, revealing important 

triggers for T&O events.  



 

59 
 

3.2 – Materials and Methods  

3.2.1 – Sample collection 

 

Samples were collected according to Chapter 2 – Materials and methods 2.1, 

from sites detailed in Sections 2.1.1 – 2.1.7 with the sampling exception mentioned 

in Section 2.1.8. Sampled months were calculated according to Chapter 2 – material 

and methods 2.1. Seasons were assigned as spring; March 1st – May 31st, summer; 

June 1st – August 31st, autumn; September 1st – November 30th, and winter; 

December 1st – February 28th.  

3.2.2 – Physical and chemical water quality testing  

 

All chemical and physical analyses of water samples were conducted by Dŵr 

Cymru, Welsh Water in Glaslyn, Newport. All tests were carried out adhering to 

ISO/IEC 17025:2019. pH and turbidity were measured according to Chapter 2, 

Materials and Methods Section 2.3.6. Chlorophyll a (Chl a) was measured according 

to Chapter 2, Materials and Methods Section 2.3.4. Nutrients ammonium (NH4
+), 

Total Oxidized Nitrogen (TON), nitrate (NO3
-), nitrite (NO2

-), orthophosphate, total 

phosphate (TP), sulphate (SO4
2-), and dissolved reactive silicate were analysed 

using materials and methods from Chapter 2 – Materials and Methods, Section 

2.3.2. Concentrations of T&O compounds, geosmin and 2-MIB were determined 

using materials and methods detailed in Chapter 2 – Materials and Methods, Section 

2.3.1.  

3.2.3 – Assignment of Trophic State Indices and overall Carlson Trophic 

State Index by season and year  

 

 Carlson’s Trophic State Index (CTSI) is a classic method for characterising a 

reservoir’s trophic state or overall health. The trophic state is defined as the total 

weight of the biomass in a water body at a specific location and time (Prasad and 

Siddaraju, 2012), and is the biological response to nutrient additions to the water 

bodies. Nutrient effects may be modified by specific parameters, for example; 

seasonal variations, grazing of phytoplankton/ zooplankton, mixing depth of the 

water. CTSI uses three main variables, namely Chl a, Secchi disc depth (SD) and 
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total phosphorous (TP) to calculate three Trophic State Indices (TSI) to calculate 

CTSI.   

SD depth was calculated from turbidity (T) measured in NTU, using an inverse 

power function conversion factor (Equation 1) as described by Çako et al. (2013) 

with a high correlation coefficient (R2 = 0.85).  

SD = 3.22𝑇−0.222    Equation 1 

The three TSI (TSISD, TSITP and TSIChla) were calculated using the following 

equations using the trophic state indicators (SD, TP, Chl a) listed below (Equation 2 

– 4): 

𝑇𝑆𝐼(𝑆𝐷) = 60 − 14.41 ln(𝑆𝐷)  Equation 2 

𝑇𝑆𝐼(𝑇𝑃) = 14.42 ln(𝑇𝑃) + 4.15  Equation 3 

𝑇𝑆𝐼(𝐶ℎ𝑙 𝑎) = 9.81 ln(𝐶ℎ𝑙 𝑎) + 30.6 Equation 4 

TSI assigned to each reservoir using all reservoir locations (excluding 

tributary locations) were grouped by season and year, and an average and standard 

deviation was obtained. The overall CTSI for each reservoir by season and year was 

then calculated by averaging the TSI values obtained from the three trophic state 

indicators listed above. The CTSI and TSI indicators assigned to each reservoir were 

then compared with the criteria displayed in Table 3.1: revealing the reservoir's 

overall trophic status and trophic status of individual TSI indicators during the 

recorded season and year. Attributing characteristics of the trophic status are 

displayed in Table 3.2 based on the CTSI values.  

 

 

 

 

 

 

 

 



 

61 
 

Table 3.1: Trophic state classification scheme based on Carlson's (1977) trophic 

state index  

  
Values before TSI calculations 

CTSI  Trophic Status  

Secchi 

Depth (SD) 

m 

Total Phosphorous 

(TP) µg L-1 

Chlorophyll-a 

(chla) µg L-1 

0 - 40 Oligotrophic  > 8 – 4 0 – 12 0 – 2.6 

40 - 50 Mesotrophic 4 – 2 12 – 24 2.6 – 7.3 

50 - 70 Eutrophic 2 – 0.5 24 – 96 7.3 – 56 

70 - 100 + Hypereutrophic 0.5 – < 0.25 96 – 384 + 56 – 155 + 

 

Table 3.2: CTSI values assigned to trophic status of the reservoir and relevant 

attributes characterising the trophic state (Carlson and Simpson, 1996). 

CTSI 

values 
Trophic Status Attributes 

< 30 Oligotrophic Clearwater and oxygen throughout the year in the hypolimnion  

30 - 40  Oligotrophic 
Oligotrophic, although shallow reservoirs may become anoxic 

during the summer 

40 - 50 Mesotrophic 
Water is moderately clear, but increasing probability of anoxia 

during the summer 

50 - 60 Eutrophic The lower boundary of classical eutrophy: decreased transparency 

60 - 70 Eutrophic 
The dominance of Cyanobacteria, algal scum probable, extensive 

macrophyte problems  

70 - 80 Hypereutrophic Heavy algal blooms are possible throughout the summer 

> 80  Hypereutrophic Algal scum, summer fish kills, few macrophytes 

 

3.2.4 – Defining a Taste and Odour event 

 

 Classification of a defined low, medium and, high geosmin and 2-MIB “event” 

is detailed in Chapter 2 – Materials and Methods, Section 2.2.  
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3.2.5 – Principal Component Analysis of chemical and physical 

parameters 

 

PCA analysis was conducted using R studio (version 4.1.0) with called 

variables shifted to be zero-centred and scaled to have unit variance. Graphical 

representations were completed by colouring individual points with geosmin or 2-MIB 

levels to identify variables associated with 1.Low, 2.Medium, and 3.High geosmin 

and 2-MIB levels.  

 PCAs were employed on reservoir and tributary locations that experienced 

maximum geosmin and 2-MIB concentrations from the entirety of this study 

exceeding the “event” level classification. Variables used for PCA analysis included 

pH, conductivity (CON) (µS/cm at 20°C), turbidity (Turb) (NTU), total organic carbon 

(TOC) (mg L-1), ammonium (NH4) (mg L-1), nitrate (NO3) (mg L-1), nitrite (NO2) (mg 

L-1), Orthophosphate (Ortho) (mg L-1), dissolved reactive silicate (Sil) (mg L-1), 

sulphate (SO4) (mg L-1), total phosphorous (TP) (mg L-1), dissolved organic carbon 

(DOC) (mg L-1), dissolved magnesium (DMn) (mg L-1) and dissolved iron (DFe) (mg 

L-1). Variables for reservoir and tributary locations with a constant value (thus no 

standard deviation) were removed from the dataset before PCA analysis.  

3.2.6 – Monthly changes in T&O concentrations and nutrients 

 

 The R package “data.table” (Dowle et al., 2019) was utilised to calculate the 

monthly changes in geosmin and 2-MIB concentrations, along with monthly changes 

in nutrients: ammonium (NH4
+), total phosphorous (TP), nitrate (NO3

-), sulphate 

(SO4
2-), dissolved iron (Fe2+) and dissolved reactive silicate (DSil) between each 

consecutive sampled month. Samples were generally taken monthly, but in the case 

of locations that had more than one set of data present for the same sampled month, 

an average was taken. Only reservoir locations from reservoirs that had maximum 

T&O concentrations from the entirety of the study period above the stated “event” 

thresholds were analysed – Alaw (geosmin: 520 ng L-1), Cefni (geosmin: 13 ng L-1), 

Dolwen (geosmin: 29 ng L-1), Llwyn On (geosmin: 25 ng L-1), Plas Uchaf (geosmin: 

11 ng L-1), Pentwyn (2-MIB: 58 ng L-1), and Pontsticill (geosmin: 15 ng L-1 and 2-MIB: 

7.90 ng L-1). Tributary data were excluded from this analysis due to the higher 
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flushing rates experienced in tributaries; monthly monitoring would not reveal any 

significant relationships.  

 Initial reservoir data frames containing raw data were first converted into 

data.table’s for compatibility with the R package “data.table”. Each reservoir’s 

data.table was then used to calculate the monthly changes in geosmin, 2-MIB, NH4
+, 

TP, NO3
-, SO4

2-, Fe2+ and DSil grouped according to reservoir location and sampled 

month, using the shift() function. The shift() function was implemented to lag the 

sampled months by one consecutive month, giving the monthly change as: 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 − 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑣𝑎𝑙𝑢𝑒 

 For missing monthly data, data available from the previous month was used to 

calculate the monthly change in mentioned variables for the next sampled month. 

Monthly changes determined when monthly gaps in the data were apparent need to 

be interpreted with caution. Reservoir location Res-1 was removed from Alaw, and 

reservoir locations Res-1 and Res-2 were removed from Cefni due to limited data 

present.  
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Table 3.3: Sampled months used to calculate the monthly changes in nutrients and T&O concentrations for each reservoir.   

Reservoir Location
Month in 

plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

Reservoir Location
Month 

in plot

Sampled 

Months 

used for 

change

1 N/A 1 N/A 1 N/A 1 N/A 1 N/A 1 N/A 1 N/A

2 2 - 1 2 2 - 1 2 2 - 1 2 2 - 1 2 2 - 1 2 2 - 1 2 2 - 1

3 3 - 2 3 3 - 2 3 3 - 2 3 3 - 2 4 4 - 2 3 3 - 2 3 3 - 2

4 4 - 3 4 4 - 3 4 4 - 3 4 4 - 3 5 5 - 4 4 4 - 3 4 4 - 3

5 5 - 4 5 5 - 4 5 5 - 4 5 5 - 4 6 6 - 5 5 5 - 4 5 5 - 4

6 6 - 5 6 6 - 5 6 6 - 5 6 6 - 5 7 7 - 6 6 6 - 5 6 6 - 5

7 7 - 6 7 7 - 6 7 7 - 6 7 7 - 6 8 8 - 7 7 7 - 6 7 7 - 6

8 8 - 7 8 8 - 7 8 8 - 7 13 13 - 7 2 N/A 9 9 - 7 9 9 - 7

1 N/A 9 9 - 8 17 17 - 8 14 14 - 13 3 3 - 2 13 13 - 9 13 13 - 9

2 2 - 1 13 13 - 9 1 N/A 4 4 - 3 14 14 - 13 14 14 - 13

3 3 - 2 14 14 - 13 2 2 - 1 5 5 - 4 16 16 - 14 16 16 - 14

7 7 - 3 1 N/A 3 3 - 2 6 6 - 5 17 17 - 16 17 17 - 16

8 8 - 7 2 2 - 1 4 4 - 3 7 7 - 6 2 N/A 1 N/A

13 13 - 8 3 3 - 2 5 5 - 4 8 8 - 7 3 3 - 2 2 2 - 1

14 14 - 13 4 4 - 3 6 6 - 5 17 17 - 8 4 4 - 3 3 3 - 2

17 17 - 14 5 5 - 4 7 7 - 6 1 N/A 5 5 - 4 4 4 - 3

1 N/A 6 6 - 5 9 9 - 7 2 2 - 1 6 6 - 5 5 5 - 4

2 2 - 1 7 7 - 6 13 13 - 9 3 3 - 2 7 7 - 6 6 6 - 5

3 3 - 2 8 8 - 7 14 14 - 13 5 5 - 4 9 9 - 7 7 7 - 6
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3.2.7 – Monthly changes in nutrients and T&O concentrations 

correlogram’s 

 

 Correlograms were established using the R statistical package ‘GGally’ 

(Emerson et al., 2013). Correlograms enabled graphical illustrations of paired 

variables (monthly changes in NH4
+, TP, NO3

-, SO4
2-, Fe2+, DSil and monthly 

changes in geosmin and 2-MIB concentrations) drawn using scatterplots on the left 

part of the correlogram. Pearson correlation was used to determine significant 

relationships from the paired variables displayed on the right of the correlogram. 

Pearson correlation was used instead of Spearman’s rank correlation as the data 

was assumed to be normally distributed (see Appendix 3.11); Pearson correlation 

evaluates the linear relationship between two continuous variables. Assigned 

significance of the paired variables as governed by Pearson correlation was 

established through the R statistical package ‘Hmisc’ (Tikhonov et al., 2019). 

Categorical geosmin and 2-MIB levels were added to the monthly change data by 

merging data frames for each reservoir based on the unique identifiers: reservoir 

location and sampled month.  

 To better understand variable monthly changes influencing geosmin events, 

monthly changes in geosmin were lagged by one consecutive sampled month and 

used for comparison. Two correlograms were created, one using standard monthly 

changes in geosmin concentrations and the second using lagged monthly changes 

in geosmin concentrations. For these correlograms, data were filtered to ensure no 

monthly gaps were present; this excluded Llwyn On reservoir from the analysis. No 

correlogram was implemented for 2-MIB concentrations due to limited data with 

missing monthly data. 
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3.3 – Results  

3.3.1 – Concentrations of geosmin and 2-MIB in studied reservoir and 

tributary locations   

 

 For geosmin concentrations, sampling locations within each reservoir at six 

reservoirs had maximum concentrations above “event” level classification (See 

Section 3.2.6): Alaw (520 ng L-1), Cefni (13 ng L-1), Dolwen (29 ng L-1), Llwyn On (25 

ng L-1), Plas Uchaf (11 ng L-1) and Pontsticill (15 ng L-1). Geosmin concentrations 

were generally lower in tributary locations within each reservoir’s catchment area 

(Figure 3.1), with only Alaw having a maximum concentration (16 ng L-1) above the 

“event” threshold. Although reservoir locations from six reservoirs experienced 

maximum concentrations exceeding geosmin “event” status, mean concentrations 

were generally low and below the “event” threshold: Cefni (3.46 ± 2.72 ng L-1), 

Dolwen (8.89 ± 9.95 ng L-1), Llwyn On (5.35 ± 5.56 ng L-1), Plas Uchaf (4.38 ± 2.46 

ng L-1) and Pontsticill (2.66 ± 3.78 ng L-1). Conversely, Alaw’s reservoir locations had 

a high mean concentration with a large standard deviation (87.26 ± 121.63 ng L-1). 

Three reservoirs out of nine investigated in this study did not experience any 

geosmin concentrations above the “event” threshold; these reservoirs were Alwen 

(1.39 ± 0.62 ng L-1), Llandegfedd (1.80 ± 0.42 ng L-1) and Pentwyn (2.24 ± 0.72 ng L-

1).  

 “Event” classification for 2-MIB concentrations was only assigned to maximum 

concentrations of reservoir locations in two reservoirs, Pentwyn (58 ng L-1) and 

Pontsticill (7.90 ng L-1). However, these two reservoirs had mean 2-MIB 

concentrations that did not exceed the “event” threshold: Pentwyn (4.44 ± 11.59 ng 

L-1) and Pontsticill (1.75 ± 2.14 ng L-1). Concentrations of 2-MIB generally appeared 

to be higher in reservoir locations compared to tributary locations (Figure 3.2), 

except for maximum concentrations found in Alaw (11 ng L-1), Alwen (11 ng L-1) and 

Llandegfedd (5.70 ng L-1) tributaries. These maximum concentrations had a minimal 

effect on mean 2-MIB concentrations for Alaw (1.60 ± 1.95 ng L-1), Alwen (0.99 ± 

1.58 ng L-1) and Llandegfedd (1.14 ± 1.61 ng L-1) tributary locations, all mean 

concentrations being below the “event” concentration threshold.  
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Figure 3.1: Box and whisker plot showing log10 geosmin concentrations + 1 (ng L-1) 

from the reservoir (Res in red) and tributary (Trib in blue) locations for all nine 

reservoirs over the total sampling period (16/7/2019 – 30/11/2020). Raw data is 

indicated by the coloured dots grouped by reservoir and tributary locations. The 

length of the box indicates the interquartile range, extending from the 25th to the 75th 

percentile and the horizontal bar within the box denotes the median value. The 

whiskers display the range.  
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Figure 3.2: Box and whisker plot showing log10 2-MIB concentrations + 1 (ng L-1) 

from the reservoir (Res in red) and tributary (Trib in blue) locations for all nine 

reservoirs over total sampling period (16/7/2019 – 30/11/2020). Raw data is 

indicated by the coloured dots grouped by reservoir and tributary locations. The 

length of the box indicates the interquartile range, extending from the 25th to the 75th 

percentile and the horizontal bar within the box denotes the median value. The 

whiskers display the range.  

 

3.3.2 – Seasonality of geosmin and 2-MIB concentrations in reservoir 

locations for each studied reservoir  

 

 In a reservoir experiencing severe geosmin “events”, as seen in Alaw, 

elevated geosmin concentrations were predominantly confined to the summer and 

autumn months (Figure 3.3). Geosmin concentrations in the Alaw reservoir 

decreased from summer to autumn in both studied years. The lowest geosmin 
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concentrations were witnessed in winter, although there was evidence of one 

geosmin event (400 ng L-1) during winter 2019, which exceeded geosmin 

concentrations recorded in summer 2019. All other reservoirs apart from Alwen and 

Llandegfedd showed a similar trend to Alaw, with heightened geosmin 

concentrations confined to the summer and autumn months. There was no evidence 

of a winter geosmin event in other reservoirs; the second-highest recorded winter 

geosmin concentration was 7.90 ng L-1 in the Plas Uchaf reservoir in 2019. Trends in 

geosmin concentrations were not as evident for both Alwen and Llandegfedd 

reservoirs, which was likely owed to such low concentrations present in these 

reservoirs throughout the study period, with maximum concentrations of 6 ng L-1 and 

1 ng L-1, respectively.   

The seasonality of 2-MIB concentrations followed a similar pattern to geosmin 

concentrations (Figure 3.4), with heightened 2-MIB concentrations confined to 

summer and autumn. Only Pentwyn and Pontsticill reservoirs experienced 2-MIB 

concentrations over the event threshold (58 and 7.90 ng L-1, respectively).  
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Figure 3.3: Log10 + 1 geosmin concentrations (ng L-1) measured in water samples 

from the nine Welsh Water reservoirs between 16/7/2019 – 30/11/2020, coloured by 

season and faceted by individual reservoirs. The dotted lines indicate COVID-19 

sample disruption.  
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Figure 3.4: Log10 + 1 2-MIB concentrations (ng L-1) measured in water samples from 

nine Welsh reservoirs between 16/7/2019 – 30/11/2020, coloured by season and 

faceted by individual reservoirs. The dotted lines indicate COVID-19 sample 

disruption. 
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3.3.3 – CTSI and TSI indicators per season and year for each reservoir  

3.3.3.1 – Alaw  

 

 CTSI for all seasons and years during the study period for the Alaw reservoir 

were categorised as eutrophic (53.07 – 56.93) with minor variations in these 

calculations (± 2.44 – ± 3.07) (Figure 3.5D). TSI indicator SD also reflected a 

eutrophic status of the reservoir (1.79 – 2.55 m) with slight variations around the 

mean (± 0.23 – 0.35 m) (Figure 3.5A). TSI indicator TP, had the most considerable 

variation in reflecting the trophic status of the reservoir (46.25 – 96.30 µg L-1) with 

the highest standard deviations (± 7.70 – ± 82.96 µg L-1) (Figure 3.5B); shifting from 

a eutrophic TP status to a hypereutrophic status during Autumn 2019. TP was at its 

highest during Autumn 2019 (96.30 ± 82.96 µg L-1) and winter 2019 (93.33 ± 66.4 µg 

L-1) and 2020 (87.13 ± 59.54 µg L-1). During winter 2019, TSI indicator chl a (6.17 ± 

4.24 µg L-1) had a mesotrophic status, with all other seasons and years experiencing 

eutrophic status (8.28 – 19.13 µg L-1) with some variation (± 3.49 – ± 6.27 µg L-1) 

(Figure 3.5C).  
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Figure 3.5: Four circular bar plots representing means and standard deviation error 

bars for the Alaw reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.2 – Alwen  

 

The CTSI for the Alwen reservoir was generally mesotrophic throughout the 

study period (47.69 ± 0.00 – 49.15 ± 1.91) but transitioned to a eutrophic status 

during summer 2019 (51.04 ± 0.00) (Figure 3.6D). TSI indicator SD reflected a 

mesotrophic status throughout all seasons and years from the study period (3.04 – 

3.58 m) with little to no variation (autumn 2019 – ± 0.28 m) (Figure 3.6A). Similarly, 

TP also reflected a mesotrophic classification of the reservoir throughout all seasons 

and years (43 – 55 µg L-1) with no variation around the mean (Figure 3.6B). The 

average TP was at its lowest during summer 2019 (43 µg L-1). From all TSI 

indicators, Chl a gave the most substantial fluctuations influencing the trophic status 

to transition from mesotrophic to eutrophic as witnessed during summer 2019 (7.8 ± 

0.00 µg L-1) (Figure 3.6C). All other average TP concentrations from seasons and 

years except summer 2019 were deemed to be either oligotrophic (2.0 µg L-1) for 

winter 2019, winter 2020 and spring 2020 or mesotrophic (3.8 µg L-1) in autumn 2019 

with no standard deviation.  
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Figure 3.6: Four circular bar plots representing means and standard deviation error 

bars for the Alwen reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.3 – Cefni  

 

 CTSI values for the Cefni reservoir reflected a eutrophic status for each 

season and year recorded throughout the study period (50.67 ± 1.07 – 64.36 ± 7.62) 

(Figure 3.7D). The highest CTSI values were confined to summer from both studied 

years (summer 2019 – 57.88 ± 2.17 and summer 2020 – 57.88 ± 2.17). Although 

CTSI indicated an overall eutrophic status, the TSI values for the SD indicator 

revealed a general mesotrophic classification (2.05 ± 0.43 – 2.79 ± 0.29 m) (Figure 

3.7A). For the TP indicator, average concentrations were typically classified as 

eutrophic for all seasons and years (43.33 ± 0.58 – 73.83 ± 3.37 µg L-1) apart from 

summer 2020 that had a hypereutrophic status during summer 2020 (147.67 µg L-1) 

with a sizeable standard deviation (± 104.4 µg L-1) revealing possible spikes in TP 

during summer 2020 (Figure 3.7B). Chl a concentrations showed the greatest 

variations in revealing trophic status (Figure 3.7C). During winter 2019, autumn 

2019, winter 2020, spring 2020 and autumn 2020 Chl a concentrations revealed a 

mesotrophic classification (2.85 ± 1.80 – 5.00 ± 3.04 µg L-1). The highest Chl a 

concentrations were confined to the summer seasons, as shown in summer 2019 

displaying a eutrophic classification (46.33 ± 21.39 µg L-1) and summer 2020 (116.34 

± 147.77 µg L-1) revealing a hypereutrophic classification with substantial variations 

in phytoplankton abundance.  
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Figure 3.7: Four circular bar plots representing means and standard deviation error 

bars for the Cefni reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.4 – Dolwen  

 

 Dolwen reservoir was mainly eutrophic according to the CTSI values (54.49 ± 

6.89 – 58.39 ± 2.13) except for winter 2019 (49.95 ± 0.00), experienced mesotrophic 

classification (Figure 3.8D). The TSI indicator SD exhibited mesotrophic 

classification throughout all studied seasons and years (2.19 ± 0.07 – 2.56 ± 0.00 m) 

(Figure 3.8A). Average TP concentrations indicated a eutrophic classification for all 

studied seasons and years (43 ± 0.00 – 86 ± 8.49 µg L-1) (Figure 3.8B), with the 

highest average TP recorded in winter 2020. The Chl a TSI indicator noted 

fluctuations in phytoplankton biomass that revealed a mesotrophic status during both 

years for winter (2019 – 2.9 ± 0.00 µg L-1 and 2020 – 7.25 ± 2.19 µg L-1) and a 

eutrophic status for summer 2019 (24.00 ± 11.31 µg L-1), autumn 2019 (24.53 ± 

35.93 µg L-1) and autumn 2020 (40.00 ± 0.00 µg L-1) (Figure 3.8C).  
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Figure 3.8: Four circular bar plots representing means and standard deviation error 

bars for the Dolwen reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.5 – Llandegfedd  

 

 The CTSI values for the Llandegfedd reservoir demonstrated a transition from 

mesotrophic status during winter (49.49 ± 1.91) and autumn 2019 (49.86 ± 2.22) to 

eutrophic during all other seasons and years (51.67 ± 2.19 – 54.18 ± 7.24) (Figure 

3.9D). Recorded average SD measurements for all seasons and years showed 

mesotrophic classification (2.34 ± 0.78 – 3.00 ± 0.24 m) (Figure 3.9A). The TSI 

indicator TP showed the highest average concentration during winter 2020 (412.5 ± 

397.9 µg L-1), revealing a hypereutrophic status during this period but with a 

substantial standard deviation (Figure 3.9B). All other TP averages for the season 

and year of the study revealed eutrophic status (45.38 ± 6.72 – 59.00 ± 6.93 µg L-1). 

Chl a measurements were mesotrophic during winter 2019 (2.37 ± 0.64 µg L-1), 

autumn 2019 (3.60 ± 1.97 µg L-1) and spring 2020 (5.67 ± 2.71 µg L-1) and gained a 

eutrophic status during summer 2019 (13.23 ± 8.88 µg L-1). During winter 2020, 

phytoplankton biomass was at its lowest, as indicated by the average Chl a 

measurement (2.00 ± 0.00 µg L-1) gaining oligotrophic status (Figure 3.9C). 
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Figure 3.9: Four circular bar plots representing means and standard deviation error 

bars for the Llandegfedd reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.6 – Llwyn On  

 

 The trophic status of Llwyn On reservoir was generally mesotrophic (47.93 ± 

0.11 – 49.20 ± 1.62), apart from the summer months from both studied years that 

were eutrophic (50.30 ± 1.12 – 50.82 ± 1.37) (Figure 3.10D). Average SD 

measurements from all seasons and years revealed mesotrophic status classification 

(2.56 ± 0.00 – 3.31 ± 0.46 m) (Figure 3.10A). All average TP measurements were 

classified as eutrophic (43.00 ± 0.00 – 62.00 ± 9.9 µg L-1) (Figure 3.10B). The 

greatest variation in TSI indicators came from the averaged Chl a concentrations 

(Figure 3.10C). During spring 2020 (2.00 ± 0.00 µg L-1), winter 2020 (2.00 ± 0.00 µg 

L-1) and winter 2019 (2.10 ± 0.14 µg L-1), Chl a concentrations were oligotrophic. 

During autumn 2019 (3.31 ± µg L-1), summer 2020 (5.16 ± 1.97 µg L-1) and summer 

2019 (6.37 ± 1.55 µg L-1), average Chl a concentrations were considered to be 

mesotrophic. 
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Figure 3.10: Four circular bar plots representing means and standard deviation error 

bars for the Llwyn On reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.7 – Pentwyn  

 

 Pentwyn reservoir transitioned from a mesotrophic status governed by CTSI 

values during both winter years (49.38 ± 0.01 – 49.41 ± 0.04) and spring 2020 (49.67 

± 0.02) to eutrophic status during both autumn years (50.50 ± 2.25 – 50.69 ± 1.62) 

and both summer years (52.30 ± 1.59 – 52.86 ± 0.85) (Figure 3.11D). For the TSI 

indicator TP, all concentrations stayed at a constant value of 55.00 ± 0.00 µg L-1 

except for the average TP concentration taken for summer 2019 (43 ± 0.00 µg L-1) 

which was lower (Figure 3.11B); all values revealed a eutrophic status. The overall 

CTSI for seasons and years was influenced by the average Chl a concentrations; 

both winter years (2.00 ± 0.00 – 2.00 ± 0.00 µg L-1) and spring 2020 (2.00 ± 0.00 µg 

L-1) were classified as mesotrophic and both autumn years (4.35 ± 2.78 – 4.71 ± 3.71 

µg L-1) and both summer years (6.38 ± 2.50 – 10.33 ± 4.38 µg L-1) were classified as 

eutrophic (Figure 3.11C).  
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Figure 3.11: Four circular bar plots representing means and standard deviation error 

bars for the Pentwyn reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.8 – Plas Uchaf  

 

 In the Plas Uchaf reservoir, the trophic status given by the CTSI values for 

each season and year of this study was deemed eutrophic (50.37 ± 0.48 – 56.95 ± 

14.06) (Figure 3.12D). SD measurements were all classified as mesotrophic (2.22 ± 

0.16 – 2.81 ± 0.07 m) (Figure 3.12A). Measurements for the TP determinant of the 

overall CTSI value were mainly classified as eutrophic (46.63 ± 6.61 – 81.57 ± 28.59 

µg L-1), except for autumn 2019 that had a hypereutrophic average concentration 

(239.50 µg L-1) with a large standard deviation (583.44 µg L-1) (Figure 3.12B). 

Average Chl a concentrations for winter 2019 were classified as mesotrophic (3.13 ± 

0.56 µg L-1) (Figure 3.12C). Chl a concentrations during winter 2020 (8.70 ± 2.03 µg 

L-1), autumn 2020 (10.50 ± 2.12 µg L-1) and summer 2019 (13.99 ± 10.04 µg L-1) 

were all classified as eutrophic. Phytoplankton biomass indicated by the average Chl 

a concentrations was at its highest during autumn 2019 (529.94 µg L-1) and was 

considered hypereutrophic, although the standard deviation was substantial 

(1640.97 µg L-1). 
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Figure 3.12: Four circular bar plots representing means and standard deviation error 

bars for the Plas Uchaf reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.3.9 – Pontsticill  

 

 The CTSI for the Pontsticill reservoir was mesotrophic during winter–spring 

2020 (48.24 ± 0.55 – 48.73 ± 0.19) and eutrophic for the remaining seasons and 

years of this study (50.05 ± 2.64 – 52.12 ± 2.29) (Figure 3.13D). Average TP 

concentrations for all seasons and years were eutrophic (43.00 ± 0.00 – 60.38 ± 

15.20 µg L-1) (Figure 3.13B). Average Chl a concentrations for winter and spring 

2020 were the same and were classified as oligotrophic (2.00 ± 0.00 µg L-1) (Figure 

3.13C). For winter 2019 (3.30 ± 1.84 µg L-1), autumn 2020 (5.88 ± 2.55 µg L-1) and 

summer 2020 (6.43 ± 1.11 µg L-1), average Chl a concentrations were considered to 

be mesotrophic. Summer 2019 (7.35 ± 3.75 µg L-1) and autumn 2019 (10.48 ± 14.82 

µg L-1) were considered to be eutrophic in relation to Chl a concentrations.   
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Figure 3.13: Four circular bar plots representing means and standard deviation error 

bars for the Pontsticill reservoir for A) average Secchi depth measurement (m) per 

season and year, B) average total phosphorous (µg L-1) per season and year, C) 

average Chl a (µg L-1) per season and year and D) average CTSI measurements per 

season and year.  
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3.3.4 – Significant associations between physical and chemical water 

parameters and T&O levels using PCA  

 

3.3.4.1 – Alaw – geosmin and 2-MIB concentrations 

 

 In Alaw’s reservoir locations, samples showed slight clustering according to 

geosmin levels (Figure 3.14 – top). The slight clustering in geosmin levels followed a 

gradient from high, medium, and low concentrations. High and medium geosmin 

concentrations tended to cluster more tightly than low geosmin data points. High 

geosmin concentrations were influenced by pH and sulphate (SO4) loadings. In 

contrast, nitrate (NO3) ammonium (NH4) dissolved reactive silicate (DSil) and 

turbidity loaded in the direction of low geosmin concentrations.  

 Alaw’s tributary locations showed a small cluster of low geosmin 

concentrations (Figure 3.14 – middle), with medium geosmin concentrations showing 

a higher dispersion within the PCA with a slight overlap between the two levels. All 

variables are loaded in the direction of medium geosmin concentrations. For 2-MIB 

concentrations, low concentrations formed a cluster, although some data points fell 

outside of the ellipse associated with low concentrations (Figure 3.14 – bottom). 

Total phosphorous (TP) loading was associated in the direction of one datapoint 

representing a high 2-MIB concentration.   

 



 

91 
 

 

Figure 3.14: PCA biplot of Alaw reservoir and tributary locations using components 1 

(PC1) and 2 (PC2) with individual points coloured according to the assigned T&O 

level. 



 

92 
 

3.3.4.2 – Alwen – 2-MIB concentrations  

 

For 2-MIB concentrations in Alwen’s tributary locations, low concentrations of 

2-MIB formed a cluster (Figure 3.15). Only one data point was at a medium 2-MIB 

level classification, which was not distinctly separated from low 2-MIB 

concentrations. However, TP loading is in the direction of this one high 2-MIB 

concentration datapoint.  

 

 

Figure 3.15: PCA biplot of Alwen reservoir’s tributary locations using component 1 

(PC1) and component 2 (PC2) with individual points coloured according to the 

assigned 2-MIB level. 
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3.3.4.3 – Cefni – geosmin concentrations  

 

For geosmin concentrations in Cefni’s reservoir locations, low and medium 

concentrations showed no distinct separation in clustering (Figure 3.16).  

 

 

Figure 3.16: PCA biplot of Cefni reservoir’s reservoir locations using components 1 

(PC1) and 2 (PC2) with individual points coloured according to the assigned geosmin 

level. 
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3.3.4.4 – Dolwen – geosmin concentrations  

 

 In Dolwen’s reservoir locations, low geosmin concentrations can be seen to 

cluster (Figure 3.17). Medium geosmin concentrations showed no overlap with low 

geosmin concentrations, although they were highly dispersed within the PCA.  

 

 

Figure 3.17: PCA biplot of Dolwen reservoir’s reservoir locations using component 1 

(PC1) and component 2 (PC2) with individual points coloured according to the 

assigned geosmin level. 
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3.3.4.5 – Llandegfedd – 2-MIB concentrations  

 

 2-MIB concentrations in Llandegfedd’s tributary locations showed a distinct 

clustering of low concentrations apart from one datapoint (Figure 3.18). The only 

medium 2-MIB concentration datapoint was separated from the low concentrations, 

with Orthophosphate (Ortho), dissolved iron (DFe) and turbidity (Turb) loading in the 

same direction.  

 

 

Figure 3.18: PCA biplot of Llandegfedd reservoir’s tributary locations using 

components 1 (PC1) and 2 (PC2) with individual points coloured according to the 

assigned 2-MIB level. 
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3.3.4.6 – Llwyn On – geosmin concentrations  

 

Low geosmin concentrations in Llwyn On’s reservoir locations showed the 

highest dispersity within the PCA, overlapping medium and high geosmin 

concentration data points (Figure 3.19). Both medium and high geosmin datapoints 

formed tight clusters with dissolved manganese (DMn) influencing high geosmin 

concentrations.    

 

 

Figure 3.19: PCA biplot of Llwyn On reservoir’s reservoir locations using components 

1 (PC1) and 2 (PC2) with individual points coloured according to the assigned 

geosmin level. 
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3.3.4.7 – Pentwyn – 2-MIB concentrations  

 

 2-MIB concentrations in Pentwyn’s reservoir locations showed significant 

overlap in assigned 2-MIB concentration levels (Figure 3.20). Low concentrations 

should have the largest dispersity within the PCA, with ellipses becoming tighter for 

medium and high concentrations. Conductivity (Con) and pH are loaded in the 

direction of a distinct grouping of high 2-MIB concentration data points.  

 

 

Figure 3.20: PCA biplot of Pentwyn reservoir’s reservoir locations using components 

1 (PC1) and 2 (PC2) with individual points coloured according to the assigned 2-MIB 

level. 
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3.3.4.8 – Plas Uchaf – geosmin concentrations  

 

Geosmin concentrations in Plas Uchaf’s reservoir locations showed no distinct 

clustering of low and medium concentrations (Figure 3.21).  

 

 

Figure 3.21: PCA biplot of Plas Uchaf reservoir’s reservoir locations using 

components 1 (PC1) and 2 (PC2) with individual points coloured according to the 

assigned geosmin level. 
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3.3.4.9 – Pontsticill – geosmin and 2-MIB concentrations  

 

For geosmin (Figure 3.22 – top) and 2-MIB concentrations (Figure 3.22 – 

bottom) in Pontsticill’s reservoir locations, there were no distinct groupings for either 

T&O compound based on the chemical and physical properties of the water.  
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Figure 3.22: PCA biplot of Pontsticill reservoir’s reservoir locations using 

components 1 (PC1) and 2 (PC2) with individual points coloured according to the 

assigned geosmin level.  
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3.3.4 – Monthly changes in nutrients associated with monthly changes in 

T&O concentrations  

 

3.3.4.1 – Alaw – geosmin  

 

 For the Alaw reservoir, the greatest increase in the monthly changes in 

geosmin concentration was witnessed in the Res-1 location during month six (+396.2 

ng L-1), which occurred a month after an increase in NH4
+ during month five (+0.97 

mg L-1) (Figure 3.23 – A). During this increase in geosmin concentrations, NO3
- 

slightly increased (+0.16 mg L-1), with further increases during month seven (+ 0.90 

mg L-1) that coincided with a considerable decrease in geosmin concentrations (-

397.50 ng L-1) (Figure 3.23 – B). Around the time of heightened NH4
+ during month 

five, TP and Ortho also increased simultaneously (+ 0.25 and +0.16 mg L-1, 

respectively) a month before the spike in geosmin concentration (month six) (Figure 

3.24 – A and B). Other high monthly changes in geosmin concentrations were 

confined to Res-2 (+296.20 ng L-1 – month 13), Res-4 (+261.6 ng L-1 – month 13) 

and Res-5 (+215.00 and +146.00 ng L-1 – months three and 14). Although data from 

previous months were missing and monthly change was calculated by the last 

available sampled month (Table 3.3); so, interpretation needs to be treated with 

caution. During the second month, the Res-1 location had elevated monthly change 

in geosmin concentration (+128.00 ng L-1), although monthly changes in NH4
+, NO3

- 

and Ortho concentrations stayed constant. Monthly changes in TP slightly decreased 

during this period (-0.018 mg L-1).  
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Figure 3.23: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Alaw reservoir locations.  
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Figure 3.24: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Alaw reservoir 

locations. 
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3.3.4.2 – Cefni – geosmin   

 

Monthly changes in geosmin concentrations for the Cefni reservoir (-8.20 ng 

L-1 to + 11.40 ng L-1) were not as extreme as monthly changes observed in the Alaw 

reservoir (-397.50 ng L-1 to +396.20 ng L-1), this is graphically illustrated in Appendix 

3.1 – 3.2 where the y-axis has been scaled to reflect Alaw’s monthly geosmin 

changes. The most considerable positive changes observed in monthly geosmin 

concentrations for each reservoir location were during month three (Res-3: 9.10 ng 

L-1, Res-4: 9.30 ng L-1 and Res-5: +11.40 ng L-1) (Figures 3.25 – 3.26). These 

increases in monthly geosmin concentrations for all reservoir locations occurred a 

month after slight increases in the monthly changes in NH4
+ concentrations during 

month 2 (Res-3: +0.02 mg L-1, Res-4: +0.02 mg L-1 and Res-5: +0.05 mg L-1) (Figure 

3.25 – A). During these increases in monthly geosmin concentrations, decreases in 

the monthly NH4
+ concentrations were noted (Res-3: - 0.03 mg L-1, Res-4: - 0.03 mg 

L-1 and Res-5: -0.09 mg L-1). During month two, the monthly changes in NO3
- 

concentrations remained constant in Res-3 and Res-4 locations and decreased in 

Res-5 (-0.44 mg L-1) (Figure 3.25 – B). Monthly changes in TP during month two 

before the increases in monthly geosmin concentrations were all positive (Res-3: 

0.047 mg L-1, Res-4: 0.005 mg L-1 and Res-5: 0.001 mg L-1) (Figure 3.26 – A). 

During the time of heightened monthly changes in geosmin concentrations (month 

three), reservoir locations Res-4 and Res-5 experienced a slight increase in monthly 

changes in TP concentrations (0.006 mg L-1 and 0.11 mg L-1, respectively), whereas 

Res-3 experienced a decrease in monthly changes in TP concentrations (-0.035 mg 

L-1). During months two and three, no monthly changes were observed for Ortho as it 

remained at a constant concentration (Figure 3.26 – B).  
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Figure 3.25: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Cefni reservoir locations.  
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Figure 3.26: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Cefni reservoir 

locations. 
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3.3.4.3 – Dolwen – geosmin  

 

Monthly changes in geosmin concentrations for the Dolwen reservoir (-23.10 

ng L-1 to +14.00 ng L-1) were not as extreme as monthly changes observed in the 

Alaw reservoir (-397.50 ng L-1 to +396.20 ng L-1), this is graphically illustrated in 

Appendix 3.3 – 3.4 where the y-axis has been scaled to reflect Alaw’s monthly 

geosmin changes. Heightened monthly changes in geosmin concentrations in the 

Res-1 location in Dolwen reservoir were apparent during months two and three (9.50 

and 14.00 ng L-1, respectively) (Figures 3.27 – 3.28). During month two, there was a 

slight reduction in NH4
+ concentration (-0.097 mg L-1), followed by an increase during 

month three (0.034 mg L-1), coinciding with a further increase in the monthly geosmin 

change in concentration (Figure 3.27 – A). During month two, the monthly change in 

NO3
- concentration increased slightly (+0.90 mg L-1). During month three NO3

- 

concentration decreased (-1.52 mg L-1), this reduction coincided with the largest 

positive change in geosmin concentration (Figure 3.27 – B). The most positive 

monthly change in NO3
- concentration (+2.62 mg L-1) during month four 

simultaneously occurred with the largest negative monthly change in geosmin 

concentration (-23.10 ng L-1). The monthly change in TP concentration was constant 

during month two but increased during month three (+0.03 mg L-1) when the monthly 

change in geosmin concentration was at its highest (14.00 ng L-1) (Figure 3.28 – A). 

There was no monthly change in orthophosphate concentration around the period of 

increases in the monthly change of geosmin concentrations (Figure 3.28 – B).   
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Figure 3.27: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Dolwen reservoir locations.  
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Figure 3.28: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Dolwen reservoir 

locations. 
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3.3.4.4 – Llwyn On – geosmin  

 

Monthly changes in geosmin concentrations for Llwyn On reservoir (-13.65 ng 

L-1 to +17.15 ng L-1) were not as extreme as monthly changes observed in Alaw 

reservoir (-397.50 ng L-1 to +396.20 ng L-1), this is graphically illustrated in Appendix 

3.5 – 3.6 where the y-axis has been scaled to reflect Alaw’s monthly geosmin 

changes. Monthly increases in geosmin concentrations in both locations were 

confined to month 13, which had previous missing data points (Res-1: 14.35 ng L-1 

and Res-2: 17.15 ng L-1) (Figures 3.29 – 3.30). Res-1 location month 13 was 

calculated using data from sampled months seven and 13. For Res-2 location month 

13 was calculated using data from sampled months nine and 13 (Table 3.3). During 

month 13, for both locations, there was an increase in NH4
+ (Res-1: +0.0045 mg L-1 

and Res-2: +0.0050 mg L-1) (Figure 3.29 – A). During month 13, there was also a 

decrease in the monthly change in NO3
- concentration at the Res-1 location (-0.360 

mg L-1), at the Res-2 location there was no change in NO3
- concentration (Figure 

3.29 – B). No TP and Ortho concentrations changes were witnessed during month 

13, staying at constant values (Figure 3.30 – A and B, respectively).   
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Figure 3.29: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Llwyn On reservoir locations.  
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Figure 3.30: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Llwyn On 

reservoir locations. 
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3.3.4.5 – Plas Uchaf – geosmin  

 

Monthly changes in geosmin concentrations for Plas Uchaf (-6.30 ng L-1 to 

+3.80 ng L-1) reservoir were not as extreme as monthly changes observed in the 

Alaw reservoir (-397.50 ng L-1 to +396.20 ng L-1), this is graphically illustrated in 

Appendix 3.7 – 3.8 where the y-axis has been scaled to reflect Alaw’s monthly 

geosmin changes. Heightened monthly changes in geosmin concentrations were 

witnessed during month two for Res-1 (+3.80 ng L-1) and Res-3 (+3.50 ng L-1) and 

month five for Res-2 (+3.4 ng L-1) (Figures 3.31 – 3.32). The most considerable 

reduction in monthly geosmin change occurred at Res-2 during month four (-6.30 ng 

L-1). During month two in Res-1 and Res-3 locations, monthly changes in geosmin 

concentrations increased during reduced monthly changes in NH4
+ (Res-1: -0.032 

mg L-1 and Res-3: -0.059 mg L-1) (Figure 3.31 – A). During month two at Res-1 and 

Res-3 locations, there were increases in the monthly changes in NO3- 

concentrations (Res-1: +0.61 and Res-3: +0.50 mg L-1) (Figure 3.31 – B). During 

month two at the Res-1 location, there was no monthly change in TP concentration, 

but there was a slight increase at the Res-3 location (+0.005 mg L-1) (Figure 3.32). At 

the Res-2 location during month four, there was an increase in the monthly change 

in NH4
+ concentration (+0.088 mg L-1) before the increase in the monthly change in 

geosmin concentration during month five (+3.40 ng L-1). During the increase in the 

monthly change in geosmin concentration during month five at the Res-2 location, 

the monthly change in NH4
+ concentration subsequently decreased (-0.016 mg L-1). 

Monthly changes in TP concentration did not fluctuate during months four or five at 

the Res-2 location. Orthophosphate data was removed from this analysis due to no 

apparent monthly concentration changes throughout the study period.  
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Figure 3. 31: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Plas Uchaf reservoir locations.  
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Figure 3.32: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Plas Uchaf 

reservoir locations. 
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3.3.4.6 – Pontsticill – geosmin   

 

Monthly changes in geosmin concentrations for Pontsticill (-6.35 ng L-1 to 

+7.07 ng L-1) reservoir were not as extreme as monthly changes observed in the 

Alaw reservoir (-397.50 ng L-1 to +396.20 ng L-1), this is graphically illustrated in 

Appendix 3.9 – 3.10 where the y-axis has been scaled to reflect Alaw’s monthly 

geosmin changes. There was only one incident of a heightened monthly change in 

geosmin concentration at the Res-1 location during month three (+7.07 ng L-1), with 

a subsequent reduction during month four (-6.35 ng L-1) (Figures 3.33 – 3.34). 

Before the increase in monthly change in geosmin concentration at Res-1 during 

month two, there was a slight increase in the monthly change in NH4
+ concentration 

(+0.001 mg L-1) (Figure 3.33 – A). During the heightened monthly change in geosmin 

concentration at Res-1 during month three, NH4
+ decreased (-0.003 mg L-1). Monthly 

changes in NO3
- concentration during month three at the Res-1 location increased 

(+0.100 mg L-1) and consequently decreased during month four when the monthly 

geosmin concentration decreased (-6.35 ng L-1) (Figure 3.33 – B). Monthly changes 

in NH4
+ increased during month four (+0.084 mg L-1), and monthly changes in NO3

- 

concentration remained at a constant concentration, yet monthly changes in geosmin 

concentrations continued to decrease from month five (-0.100 ng L-1) to month six (-

0.500 ng L-1). During the heightened monthly change in geosmin concentration, 

there was an increase in the monthly change in TP concentration (+0.012 mg L-1) 

(Figure 3.34). No monthly changes in TP concentrations occurred from months four 

to six. Orthophosphate data was removed from this analysis due to no apparent 

monthly concentration changes throughout the study period. 
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Figure 3. 33: Monthly changes in geosmin concentrations (ng L-1) (green bars) and A 

– monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Pontsticill reservoir locations.  
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Figure 3.34: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Pontsticill 

reservoir locations. 
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3.3.4.7 – Pentwyn – 2-MIB  

 

 For the Pentwyn reservoir, the greatest increases in the monthly changes in 

2-MIB concentrations were witnessed in the Res-1 location during month two 

(+12.50 ng L-1) and month 16 (+10.32 ng L-1) and at the Res-2 location during month 

16 (+10.08 ng L-1) (Figures 3.35 – 3.36). The monthly increase in 2-MIB 

concentration witnessed at Res-1 during month 2 coincided with a decrease in NH4
+ 

(-0.15 mg L-1) (Figure 3.35 – A) whilst the monthly change in NO3
- concentration 

remained the same (Figure 3.35 – B). During this increase in monthly 2-MIB 

concentration, the monthly change in TP remained constant, increasing during 

month three (+0.012 mg L-1) (Figure 3.36). This slight increase in the monthly 

change in TP concentration coincided with a decrease in the monthly change in 2-

MIB concentration (-5.50 ng-1). For month 16 in the Res-1 location, the monthly 

change calculations utilised data present for month 14 (Table 3.3). During month 14 

in the Res-1 location, there was a slight increase in the monthly change in NH4
+ 

concentration (+0.002 mg L-1), which subsequently decreased during month 16 (-

0.0015 mg L-1) when there was an increase in the monthly change for 2-MIB 

concentration (+10.32 ng L-1); no observed monthly NO3
- or TP concentration 

changes existed during this period. Similarly, for the Res-2 location, there was an 

increase in the monthly change in NH4
+ concentration (+0.003 mg L-1) during month 

15 before an increase in the monthly change in 2-MIB concentration (+10.08 mg L-1) 

during month 16. No change was noted for the monthly changes in NO3
- 

concentrations or TP concentrations around this increase in the monthly change in 2-

MIB concentration. Orthophosphate data was removed from this analysis due to no 

apparent monthly concentration changes throughout the study period. 
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Figure 3.35: Monthly changes in 2-MIB concentrations (ng L-1) (dark blue bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (light blue dots) and B – 

monthly changes in NO3
- concentrations (mg L-1) (red dots) given from each 

consecutive sampled month of the study period in Pentwyn reservoir locations.  
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Figure 3.36: Monthly changes in 2-MIB concentrations (ng L-1) (dark blue bars) and 

monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Pentwyn 

reservoir locations. 

3.3.4.8 – Pontsticill – 2-MIB  

 

 For the Pontsticill reservoir, the greatest increases in the monthly changes in 

2-MIB concentrations were witnessed during month 16 at reservoir locations: Res-3 

(+3.88 ng L-1) and Res-1 (+3.07 ng L-1) (Figures 3.37 – 3.38). For both incidences of 

increased monthly changes in 2-MIB concentrations, data was not available for 

sampled month 15 and monthly change for month 16 was calculated using sampled 

month 14 data (Table 3.3). At both locations during month 14, there were increases 

in the monthly change in NH4
+ concentrations (Res-1: +0.005 mg L-1 and Res-3: 

0.006 mg L-1) that decreased (Res-1: -0.008 mg L-1 and Res-3: -0.007 mg L-1) during 

month 16 (Figure 3.37 – A). During months 14 to 16, no monthly changes in NO3
- 

concentrations were recorded (Figure 3.37 – B); this was also true for TP 

concentrations for Res-3 (Figure 3.38). For the Res-1 location during month 14, a 

substantial positive monthly change in TP concentration (+0.022 mg L-1) 
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subsequently decreased (-0.022 mg L-1) when the 2-MIB monthly change increased 

during month 16. Orthophosphate data was removed from this analysis due to no 

apparent monthly concentration changes throughout the study period. 

 

Figure 3.37: Monthly changes in 2-MIB concentrations (ng L-1) (dark blue bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (light blue dots) and B – 

monthly changes in NO3
- concentrations (mg L-1) (red dots) given from each 

consecutive sampled month of the study period in Pontsticill reservoir locations.  
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Figure 3.38: Monthly changes in 2-MIB concentrations (ng L-1) (dark blue bars) and 

monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Pontsticill 

reservoir locations. 

3.3.5 – Correlation matrices of monthly changes in nutrients associated 

with monthly changes in T&O concentrations  

 

 Monthly changes in geosmin concentrations were lagged by one consecutive 

sampled month to distinguish any time-lapsed relationships with the monthly nutrient 

changes for all reservoirs experiencing a geosmin event (Figure 3.39). Here, monthly 

changes in NH4
+ concentrations were found to be significantly positively associated 

with all reservoir's lagged monthly changes in geosmin concentrations (r = 0.908, p < 

0.001). Although this relationship was most likely driven by Alaw’s association with 

lagged monthly changes in geosmin concentrations and monthly changes in NH4
+ (r 

= 0.965, p < 0.005). Lagged monthly changes in geosmin concentrations and 

monthly changes in NO3
- concentrations did not reveal any significant relationships (r 

= -0.046, p = 0.77). TP was also significantly positively associated with all reservoir's 

lagged geosmin concentrations (r = 0.858, p < 0.001); however, this relationship was 
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most likely driven by Alaw’s correlation (r = 0.931, p < 0.01). Monthly changes in 

Ortho were significant to all reservoirs' lagged geosmin concentration (r = 0.885, p < 

0.001), although this was likely influenced by Alaw’s correlation (r = 0.923, p < 0.01). 

Lagged monthly changes in geosmin concentrations were significantly negatively 

impacted by increases in the monthly changes in SO4
2- for Alaw (r = -0.838, p < 

0.05), although SO4
2- was positively influential on lagged geosmin in Plas Uchaf 

reservoir (r = 0.971, p < 0.01). Overall lagged monthly changes in geosmin 

concentrations had no significant relationship with monthly changes in DFe, although 

monthly changes in DFe significantly affected Plas Uchaf reservoir (r = -0.891, p < 

0.05) geosmin concentrations.  

 Using the corresponding monthly changes in geosmin concentrations without 

a month lag revealed a significant negative relationship with all reservoir’s monthly 

changes in NH4
+ (r = -0.611, p < 0.001) (Figure 3.40). Monthly changes in NH4

+ 

concentrations had the most significant effects in Cefni (r = -0.486, p < 0.05) and 

Plas Uchaf (r = -0.845, p < 0.05) on geosmin concentrations. Monthly changes in TP 

concentrations were negatively significant against monthly changes in geosmin 

concentrations for all reservoirs (r = -0.427, p < 0.005), having the main effects in the 

Pontsticill reservoir (r = -0.797, p < 0.1). Overall monthly changes in geosmin 

concentrations were not significantly associated with monthly changes in NO3
- 

concentrations, although they were significantly negatively associated in the Dolwen 

reservoir (r = -0.784, p < 0.05). Monthly changes in DFe were significantly 

associated with monthly changes in geosmin concentrations, negatively in the Cefni 

reservoir (r = -0.409, p < 0.05) and positively in Dolwen (r = 0.781, p < 0.05). For the 

monthly changes in DSil, there was an overall significantly negative relationship with 

monthly changes in geosmin concentrations (r = -0.279, p < 0.05), with the greatest 

effects in the Cefni reservoir (r = -0.692, p < 0.001). 
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Figure 3.39: Correlogram of monthly changes in nutrients and monthly changes in geosmin concentrations with a one-month lag for 

all reservoirs. Colour-coded by the individual reservoir. Pearson correlation is displayed on the right-hand side of the figure, and 

variable distribution is available on the diagonal. Correlation significance codes: ‘.’ p < 0.1, p < 0.05 ‘*’, ‘**’ p < 0.01, ‘***’ p < 0.001.  
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Figure 3.40: Correlogram of monthly changes in nutrients and monthly changes in geosmin concentrations for all reservoirs. 

Colour-coded by the individual reservoir. Pearson correlation is displayed on the right-hand side of the figure, and variable 

distribution is available on the diagonal. Correlation significance codes: ‘.’ p < 0.1, p < 0.05 ‘*’, ‘**’ p < 0.01, ‘***’ p < 0.001. 
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3.4 – Discussion  

 

Out of nine reservoirs, only one (Alaw) had severe geosmin “events”; five 

other reservoirs (Cefni, Dolwen, Llwyn On, Plas Uchaf and Pontsticill) experienced 

milder geosmin concentrations that exceeded the “event” level threshold (>10 ng L-

1). For 2-MIB, two reservoirs exceeded the “event” level threshold (>5 ng L-1), 

although Pentwyn had higher concentrations than Pontsticill (58 ng L-1 and 7.90 ng L-

1, respectively). Here, the trophic status of each reservoir was assessed by season 

and year, and the seasonality of geosmin and 2-MIB concentrations was evaluated 

by the studied year. Seasonality trends in geosmin and 2-MIB differed between 

reservoirs and in some cases, between seasonal years. There was also evidence of 

one geosmin event during winter 2019 in Alaw reservoir, indicating that T&O events 

cannot only be considered during warmer months. Using Chl a TSI values as a proxy 

for biomass suggested T&O production is productivity driven rather than biomass 

related, highlighted by low Chl a TSI values during a winter geosmin event in Alaw. 

PCA analysis of raw chemistry and physical water parameters confirmed the 

complexity of the data and potential non-linear relationships between T&O 

production and some nutrients, namely NH4
+. Monthly change data highlighted a 

time lag in the monthly increases in NH4
+, TP, and orthophosphate in relation to a 

monthly reduction in NO3
- in the case of a reservoir experiencing severe geosmin 

“events” (Alaw). The significance of increases in NH4
+, TP, and Ortho and decreases 

in SO4
2- in association with monthly lagged geosmin concentrations was later 

confirmed with correlation analysis for the Alaw reservoir. Correlation analysis also 

revealed the importance of direct negative monthly influences of DSil and NO3
- on 

geosmin monthly change in other reservoirs experiencing geosmin concentrations 

above the event level threshold, along with significant monthly influences of Fe2+.  

3.4.1 – Seasonality of T&O compounds in relation to CTSI and TSI 

indicators  

 

 Geosmin and 2-MIB production has typically only been considered 

problematic during warmer seasons. For example, Westerhoff et al. (2005) found 

that 2-MIB concentrations increased from spring to late summer in three different 
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water supply reservoirs, consistent with previous findings (Bruchet, 1999; Yagi, 

2005). Although, it has been suggested that T&O events are not necessarily 

confined to summer months (Dzialowski et al., 2009; Jüttner and Watson, 2007; 

Wang et al., 2005; Watson et al., 2001). From this study, T&O events occurring in 

colder months can be reaffirmed by geosmin concentrations during winter 2019 in 

Alaw reservoir (400 ng L-1). CTSI values for Alaw were categorised as eutrophic 

throughout this study, although the TP TSI for winter 2019 had the second highest 

value. Increased TP concentrations are in accordance with previous findings that 

suggest that increasing TP and hence lowering the total nitrogen to total 

phosphorous (TN:TP) ratio will promote cyanobacterial productivity and dominance 

in freshwater ecosystems (Espinosa et al., 2021b; Harris et al., 2016; Olsen et al., 

2016), and hence geosmin events. In contrast, the Chl a TSI revealed winter 2019 in 

the Alaw reservoir to have the lowest values giving it a mesotrophic trophic status. A 

low Chl a TSI suggests that geosmin production was productivity driven instead of 

biomass driven. The production of geosmin during periods of high productivity may 

explain why past studies have failed to see a correlation between T&O 

concentrations and cyanobacterial biomass (Graham et al., 2010). In addition, Xuwei 

et al. (2019) found that Oscillatoria were responsible for T&O production in a ‘non-

blooming’ reservoir in China, which is indicative that high biomass is not always 

associated with geosmin and 2-MIB concentrations. Another study showed maximal 

secondary metabolite productivity (amount of secondary metabolite per unit 

biomass) happened when biomass was lowest (Kim et al., 2018). Slavin (2020) 

reported that peaks in cyanobacterial biomass did not always correlate with peaks in 

geosmin or 2-MIB concentrations over time. These findings confirm that T&O 

production is most likely productivity rather than biomass driven.  

 Dzialowski et al. (2009) concluded that trophic state alone was a poor 

predictor of geosmin concentrations because the highest geosmin concentrations 

were observed in a reservoir experiencing the lowest nutrient and Chl a 

concentrations. Overall Trophic status using CTSI values was a poor indicator of 

T&O outcome by season and year; this was made evident by Alwen and 

Llandegfedd reservoirs gaining eutrophic status in some seasons and years, but not 

yielding T&O concentrations above the event level threshold. Although, all reservoirs 
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that experienced geosmin and 2-MIB events occurred when the water column either 

remained eutrophic or transitioned from a mesotrophic to eutrophic status.   

3.4.2 – Indirect influences of changes in nutrients on the change in T&O 

concentrations  

 

 PCA from Alaw’s reservoir locations revealed sulphate and pH to influence 

high geosmin concentrations. Higher pH values are likely caused by increased 

cyanobacterial productivity and is not a direct factor in geosmin production. High 

photosynthetic activity decreases dissolved CO2 in the water column, leading to 

increased pH in the water (Visser et al., 2016), and Cyanobacteria are known to stay 

productive in more alkaline environments (da Silva Brito et al., 2018). Sulphate 

reduction to sulphide can limit Fe2+ diffusion rates from anoxic sediments because of 

insoluble iron sulphide formation (Carignan and Tessier, 1988); availability of Fe2+ 

has been proposed to regulate the ability of Cyanobacteria to compete with its 

eukaryotic competitors. A high rate of iron sulphide formation limits the formation of 

insoluble Fe phosphate (due to sulphide’s higher solubility product), in turn permitting 

higher internal P loading, thus favouring Cyanobacteria by altering the TN:TP ratio 

(Molot et al., 2014).  

The non-direct influences of nutrients governed by PCA analysis highlight a 

non-direct relationship between nutrients and geosmin production, especially in the 

case of the Alaw reservoir. Similarly, the non-direct influences of nutrients 

demonstrated in this study follow reports by Slavin (2020) that used Self-Organising 

maps (SOMs) to compare chemical and physical water parameters with geosmin 

and 2-MIB concentrations. SOMs can be considered as a non-linear generalisation 

of PCA, which recognises lags within time series data. This non-direct relationship 

could be due to the frequency of sampling (monthly); one study demonstrated that a 

significant change in T&O concentration might decline by 12% within a week 

(Pochiraju et al., 2021). Thus, monthly data may also miss spikes in nutrients, 

especially when associated with slurry-spreading activities.  
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3.4.3 – Monthly changes in N and P fractions associated with monthly 

changes in T&O concentrations  

 

 Restrictions of monthly data and the indirect influences nutrients had on T&O 

concentrations led to looking at monthly changes in T&O concentrations and the 

monthly changes in nutrients. A distinct relationship existed in the Alaw reservoir, 

which demonstrated that a month before a significant increase in monthly change in 

geosmin, there were increases in NH4
+, TP, and orthophosphate with a simultaneous 

decrease in the monthly change in NO3
-. Spikes in NH4

+ are in accordance with 

previous findings from Perkins et al. (2019) that identified NH4
+ as a key trigger in the 

production of T&O compounds. NH4
+ is the most reduced form of nitrogen and 

requires less cellular energy to assimilate (Flores and Herrero, 2005; Harris et al., 

2016). As a result, rates of assimilation of NH4
+ are faster than oxidised fractions of 

nitrogen (NO3
- and NO2

-) because assimilation of these oxidised nitrogen fractions 

requires nitrate and/ or nitrite reductase (Collos and Berges, 2003). For example, 

Saadoun et al. (2001) found maximal geosmin synthesis in Dolichospermum 

(previously named Anabaena) to be correlated with high NH4
+ concentrations (r2 = 

0.89) and low NO3
- concentrations. Cyanobacteria assimilate NH4

+ more efficiently 

than NO3
- (Hampel et al., 2018; Su et al., 2019). Although, there is an extensive 

range in the ability between taxa to uptake and assimilate NO3
- and NH4

+ (Glibert et 

al., 2016), which subsequently affects the productivity of Cyanobacteria and hence 

T&O production. NO3
- assimilation requires a 2-step reduction to NH4

+, which 

requires cellular energy. High NH4
+ relative to NO3

- most likely stimulates greater 

productivity in Cyanobacteria along the MEP pathway (Seto et al., 1996), increasing 

T&O compound production. Increased NH4
+ concentrations stimulating 

cyanobacterial productivity could also explain why some studies have failed to find a 

correlation between geosmin/ 2-MIB concentrations and cyanobacterial biomass 

(Graham et al., 2010; Watson et al., 2008).  

Direct correlations between the monthly changes in NH4
+, TP and Ortho 

reflected an inverse relationship with monthly changes in geosmin concentrations in 

all reservoirs. Direct monthly changes in NH4
+ had a significant inverse relationship, 

especially in Cefni and Plas Uchaf reservoirs. Due to monthly data, this inverse 

relationship could represent NH4
+ and TP being used up by the Cyanobacteria for 
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energetic costs required in T&O compound production. Direct monthly TP changes 

were considered significantly negative for all reservoirs experiencing geosmin 

concentrations above the event level threshold, particularly for the Pontsticill 

reservoir. A previous study hypothesised that phosphorous is required for 

cyanobacterial growth and needs to be considered in management, although 

phosphorous availability may not be the critical trigger for T&O production in 

Cyanobacteria (Slavin, 2020). TP not being a critical trigger for T&O production is in 

accordance with findings from Howard (2020) that reported low TN:TP ratios 

favoured cyanobacterial dominance and growth, while high NH3
+:NO3

- ratios were 

associated with increased T&O production. However, direct monthly reductions in 

NO3
- were only seen to negatively impact monthly changes in geosmin 

concentrations in the Dolwen reservoir; this confirms the direct inhibition of geosmin 

production in the Dolwen reservoir that is consistent with previous findings 

(Domingues et al., 2011; Saadoun et al., 2001), yet conflicting results from other 

studies indicate that geosmin production can occur in the presence of high NO3
- (Oh 

et al., 2017; Schrader et al., 2013).  

3.4.4 – Time lagged monthly changes in geosmin concentrations in a 

reservoir experiencing severe geosmin events with monthly changes in 

N and P fractions  

 

 Trends in the Alaw reservoir suggested a month time lapse in the monthly 

changes in geosmin concentrations in relation to monthly changes in nitrogen and 

phosphorous fractions. Cross-correlation results from a previous study revealed that 

T&O concentrations reached their maximum three weeks after increases in Ortho 

and TP concentrations, and increases in the NH4
+:NO3

- ratio occurred one week 

before T&O events (Slavin, 2020). Espinosa et al. (2021a) predicted that after 

nutrient enrichment of the water column, especially with phosphorous, geosmin 

would be released into the water column between seven to 15 days later. The 

residence time of the water column plays a significant role in the productivity and 

hence the T&O outcome of Cyanobacteria (Clercin and Druschel, 2019), suggesting 

that Cyanobacteria would undergo a time lag depending on the reservoirs residence 

time before the production of T&O compounds. Introducing a time lag in the monthly 

changes in geosmin concentrations in the Alaw reservoir revealed a significant 
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positive relationship with monthly changes in NH4
+, TP, and Ortho with the most 

profound effects on low and high geosmin concentrations. Results from this study 

support the findings that NH4
+ is a crucial trigger responsible for T&O compound 

production (Perkins et al., 2019) and highlight the need to investigate the importance 

of NH4
+ in relation to NO3

- further. Higher concentrations of T&O compounds have 

been associated with lower NH4
+:NO3

- ratios (Harris et al., 2016), because if NH4
+ is 

present at elevated concentrations T&O production would be inhibited if NO3
- was 

present in higher concentrations. In addition, increases in the monthly changes in TP 

and Ortho would affect the TN:TP ratio. A TN:TP threshold of 16:1 was defined by 

Redfield (1958), but Smith (1983) suggested that Cyanobacteria dominance was 

likely at ratios <29. The TN:TP ratio has been used to monitor and predict T&O 

events (Keene, 2002). Although, in eutrophic waters where nutrients are abundant 

and phytoplankton are more light-limited, the TN:TP ratio is less predictive of 

Cyanobacterial productivity and hence T&O outcome (Huisman et al., 2004). A 

previous study demonstrated that orthophosphate uptake in bloom-forming 

Cyanobacteria is instant (commencing within 15-25 minutes) and implies that the 

elevated uptake rates promote higher productivity rates (Aubriot and Bonilla, 2012). 

In this study, fluctuations in orthophosphate concentrations may have been missed 

due to monthly sampling.  

3.4.5 – Monthly changes in sulphate, dissolved iron and dissolved 

reactive silicate and implications on monthly changes in T&O 

concentrations 

 

 Cyanobacteria have been reported to cause T&O issues in oligotrophic waters 

having very low phosphorous inputs (Jahnichen et al., 2011). Something other than 

P kinetics is implicated in the production of T&O compounds. It is known that 

Cyanobacteria have a higher Fe requirement than their eukaryotic counterparts, with 

nitrogen fixation imposing a high Fe demand (Molot et al., 2014). Previous literature 

suggests that the availability of Fe2+ gives Cyanobacteria a competitive advantage 

over other algae taxa, and even ferric iron (Fe3+) can be transported and used 

through siderophores that some Cyanobacteria acquire (Wilhelm and Trick, 1994). In 

addition, low dissolved oxygen near the sediment-water interface can promote the 

reduction of iron (Fe3
+ to Fe2

+) and release iron-bound phosphate into the labile pool 
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(Bostrom et al., 1988). Internal phosphorus loading from the sediments can alter the 

TN:TP ratio, favouring Cyanobacterial productivity and hence T&O production. 

Lagged monthly changes in geosmin concentrations revealed an inversely related 

relationship between Fe2+ for the Plas Uchaf reservoir. Similarly, a direct negative 

relationship existed between monthly changes in geosmin concentrations with 

monthly changes in Fe2+ in the Cefni reservoir. Indicating that Fe2+ was being utilised 

whilst geosmin and 2-MIB concentrations were elevated. In contrast, an increase in 

monthly changes in Fe2+ was positively related to increases in the monthly changes 

in geosmin concentrations but only in the Dolwen reservoir. This could be indicative 

of an increase in the reduction of Fe3+ liberating free labile phosphate for 

Cyanobacterial secondary metabolite production. Previous findings have 

demonstrated that the uptake of phosphate in bloom-forming Cyanobacteria is rapid 

(commencing within 15-25 minutes) and suggests that the elevated rates of uptake 

promote higher productivity rates (Aubriot and Bonilla, 2012). Thus, the importance 

of monthly changes in phosphate (orthophosphate) would not be picked up in this 

study.  

 In addition to Fe2+, sulphate reduction to sulphide can limit Fe2+ diffusion rates 

from anoxic sediments because of the insoluble iron sulphide formation (Carignan 

and Tessier, 1988). Hence, lakes with a high sulphide formation rate preventing Fe2+ 

diffusion should not experience heightened cyanobacterial productivity. A higher rate 

of iron sulphide formation limits the formation of insoluble Fe phosphate (due to 

sulphides' higher solubility product), in turn permitting higher internal loading (Molot 

et al., 2014). For the Alaw reservoir, a significant negative relationship existed 

between the lagged monthly changes in geosmin concentration and the monthly 

change in sulphate. Although, this relationship was deemed positive in the case of 

the Plas Uchaf reservoir. No studies to date have evaluated monthly changes in 

sulphate and Fe2+ concerning redox potential indicators for T&O production.   

 As silicate consumption is related to diatom growth and formation (Wasmund 

et al., 2013), monthly changes in dissolved reactive silicate (DSil) were analysed to 

assess community composition change from Cyanobacteria to diatoms in relation to 

T&O production. Interestingly, monthly changes in DSil were significantly negatively 

associated with monthly changes in geosmin for all reservoirs, especially in the Cefni 

reservoir. This indicates that geosmin production occurred when DSil was used in 
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diatom formation. Olsen et al. (2016) found a stronger correlation between 2-MIB 

concentrations and diatom biovolume and suggested that there may be a link 

between T&O production and diatoms. Later studies confirmed that the direct or 

indirect influences of diatoms on 2-MIB and geosmin production by Cyanobacteria 

should not be ignored (Olsen et al., 2017). In addition, other studies have found a 

connection between Synedra spp. and 2-MIB production (Izaguirre and Taylor, 1998; 

Schrader et al., 2011; Sugiura et al., 2004, 1998). Although Synedra has not been 

shown to produce 2-MIB directly, it has been identified as a substrate for the growth 

of Streptomyces spp., a 2-MIB-producing actinomycete (Sugiura et al., 2004). It is 

known that Cyanobacterial production of the cyanotoxin, cylindrospermopsin, causes 

the secretion of alkaline phosphatase (APase) by other phytoplankton, thus 

increasing the amount of inorganic phosphate available to the Cyanobacteria, 

allowing it to outcompete other taxa in environments with limited inorganic phosphate 

(Bar-Yosef et al., 2010). Interactions between Cyanobacteria and diatoms may be 

beneficial for Cyanobacterial growth and productivity and hence attributing to T&O 

events. This study warrants investigating the community dynamics of bacterial and 

algal communities to try to better understand relationships that may exist.  

3.4.6 – Limitations of the study 

 

Cyanobacteria can be planktonic in the water column or grow as benthic 

populations in the sediments. T&O events produced by planktonic Cyanobacteria are 

well documented compared to those originating from benthic Cyanobacteria (Taylor 

et al., 2006). However, benthic Cyanobacteria are becoming recognised as 

significant sources of unexplained odours (Chen et al., 2010). Burlingame et al. 

(1986) reported elevated levels of geosmin in Philadelphia during 1985 and 

concluded that the source of one event was a localised bed of benthic 

Cyanobacteria. Both geosmin and 2-MIB have been linked to T&O events originating 

from benthic Cyanobacteria (Izaguirre and Taylor, 2007; Sugiura et al., 1998; 

Watson and Ridal, 2004). Chen et al. (2010) predicted that odorant emission rates 

based on column surface area for geosmin were 18–190 ng h-1 cm-2 and 4.2–4.4 ng 

h-1 cm-2 for 2-MIB. Chen et al. (2010) identified a substantial emission source of T&O 

compounds that could be volatilising from benthic origin. In this study, only open 

water samples were taken, and no bottom sediment samples were taken, which may 
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have missed potential relationships in the sedimental regions giving rise to T&O 

production. It is known that increases in cyanobacterial growth and hence 

productivity can occur within hours of increased nutrient availability (Örnólfsdóttir et 

al., 2004). Therefore, fluctuations and spikes in nutrients may be missed due to the 

frequency of water sample measurements taken in this study (monthly). Similarly, 

Paerl et al. (2022) demonstrated that a large change in geosmin concentration can 

occur on a week to week basis during spring – summer, and  Pochiraju et al. (2021) 

reported that geosmin concentrations may decline by 12% within a week. With the 

rapid uptake of nutrients and the quick volatilization of the T&O compounds, monthly 

monitoring must be biweekly to limit the fluctuations in both nutrients and T&O 

compounds.  

This study would benefit from adding molecular data to better understand the 

relationships between diatoms and Cyanobacteria and how community composition 

reacts to nutrient ratios, particularly TN:TP. In two reservoirs where efforts were 

made to reduce agricultural sources of N and P pollution, it was followed by 

ameliorating the water quality (Jeppesen et al., 2005; Shatwell and Köhler, 2019). 

Long-term (37 years) surveys highlighted changes in the cyanobacterial community 

composition towards diazotrophic (heterocyst-forming Cyanobacteria) species as a 

consequence of N decrease, with P remaining constant in one reservoir (Schindler et 

al., 2008). In the other reservoir, reduction in both N and P decreased the proportion 

of N2 fixers in the phytoplankton community (Shatwell and Köhler, 2019). Knowing 

the community composition of Cyanobacteria present will help understand what 

triggers are causing T&O events.  

3.5 – Conclusions 

 

 In this study, it can be confirmed that the seasonality of T&O production 

cannot necessarily be confined to warmer months. During winter 2019, when a 

geosmin event occurred in a reservoir experiencing severe events (Alaw), the TP 

TSI indicator had the second highest score favouring cyanobacterial productivity. 

During this period, the Chl a indicator had the lowest value compared to all studied 

seasons and years; this indicates that T&O production is productivity rather than 

biomass related. Overall, CTSI was a poor indicator of T&O outcome by season and 
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year, as shown by seasons gaining eutrophic status in two reservoirs (Alwen and 

Llandegfedd) but not yielding T&O compounds above the event level threshold. 

Monthly lagged changes in geosmin concentrations in the Alaw reservoir revealed 

significant positive influences from monthly changes in NH4
+, TP, and 

orthophosphate, whilst monthly changes in NO3
- had non-significant negative effects. 

NH4
+ was identified as a critical trigger in monthly lagged geosmin production in a 

reservoir experiencing severe geosmin events (Alaw). NH4
+ should be considered in 

relation to reductions in NO3
- due to the inhibitory effects of oxidised nitrogen on 

T&O production; further research should consider the NH4
+: NO3

- ratio. In 

conjunction with the NH4
+: NO3

- ratio, the TN:TP ratio should also be considered in 

future work, as monthly changes in TP were positively related to monthly time-lagged 

changes in geosmin concentrations. Monthly changes in dissolved iron 

concentrations were negatively associated with monthly changes in the Cefni 

reservoir and lagged geosmin in the Plas Uchaf reservoir. Although this relationship 

was unclear as direct monthly changes in dissolved iron positively influenced 

monthly changes in geosmin concentrations in the Dolwen reservoir. In addition, 

monthly changes in sulphate had a negative influence on lagged monthly changes in 

geosmin in the Alaw reservoir yet had positive influences in the Plas Uchaf reservoir. 

The role of ferrous (Fe2+) and ferric iron (Fe3+) and sulphate reduction potential with 

T&O production needs further research. A direct inverse relationship existed 

between monthly changes in dissolved reactive silicate and monthly changes in 

geosmin, especially for the Cefni reservoir. The negative association between 

dissolved reactive silicate and geosmin indicates a link between diatom formation 

and T&O production. Further work needs to be done in evaluating the bacterial and 

algal community composition and how this is structured with changing NH4
+: NO3

- 

and TN:TP ratios. Community analysis could also aid the entanglement of the 

potential relationship between Cyanobacteria and diatoms.  

 

 

 

 

 

 



 

137 
 

 

Chapter 4: Negatively co-occurring 

taxa with Cyanobacteria inducing 

T&O events: modelling T&O using 

indicative taxa  
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4.1 – Introduction  

 

Historically, cyanobacterial blooms were considered the leading cause of the 

production of nuisance T&O compounds (Adams et al., 2021; Bruder et al., 2014; 

Hayes and Burch, 1989; Newton et al., 2015). However, periods of high productivity 

have been associated with high geosmin and 2-MIB production in Cyanobacteria 

(Zimmerman et al., 1995). The production of geosmin and 2-MIB during periods of 

high productivity could explain how some studies fail to correlate geosmin and 2-MIB 

concentrations with cyanobacterial biomass (Graham et al., 2010; Watson et al., 

2008). For example, Kim et al. (2018) found that the amount of secondary metabolite 

per unit biomass was maximal when biomass was lowest, at 15°C. Similarly, there 

have been rises in the frequency and magnitude of winter T&O events (Dzialowski et 

al., 2009), indicating that T&O events cannot be limited to summer months when 

cyanobacterial biomass is at its highest. Along with Cyanobacteria, the 

bacterioplankton community composition of freshwater environments is typically 

dominated by Actinobacteria (Keshri et al., 2018; Tanaka et al., 2017), Bacteroidetes 

(Schmidt et al., 2016), or Proteobacteria (Olapade, 2018; Salmaso et al., 2018) 

bacterioplankton. Extensive uses of molecular tools in exploring microbial diversity 

have enabled the characterisation of novel organisms capable of producing T&O 

compounds (Churro et al., 2020; Otten et al., 2016). However, no studies to date 

have reported interactions between the bacterioplankton and phytoplankton 

communities and their relation to the production of T&O events. To better predict the 

onset of a T&O event, a better understanding of the phytoplankton and 

bacterioplankton community ecology is required to learn what drives cyanobacterial 

T&O production.   

 Numerous heterotrophic bacteria are proven to be directly associated with 

Cyanobacteria, and studies have shown that the associated bacteria can have an 

important impact on cyanobacterial growth (Cai et al., 2014). Cyanobacterial-

heterotrophic bacterial associations are commonly observed inside cyanobacterial 

colonies/aggregates and within extracellular polymers outside the Cyanobacteria cell 

walls – collectively, these microhabitats constitute the cyanobacterial phycosphere. 

Within the phycosphere, bacteria and algae can live freely, attached to the 

cyanobacterial surface or extracellular products (Jasti et al., 2005). Cyanobacteria 
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excrete an abundance of extracellular organic matter that provides energy for 

associated taxa (Worm and Søndergaard, 1998). In turn, associated partners in the 

phycosphere may provide CO2, nitrogen, phosphorous, sulphur and trace elements 

to the Cyanobacteria (Havens, 2008). Reports have shown that Cyanobacteria form 

relationships within the phycosphere; one common obligate mutualism exists 

between heterocyst-forming Cyanobacteria and diatoms whereby the Cyanobacteria 

provide fixed nitrogen to the diatom in exchange for amino acids and organic carbon 

(Foster et al., 2011; Hilton et al., 2013; Thompson et al., 2012). The hepatotoxin 

cylindrospermopsin produced by certain Cyanobacteria, e.g. Aphanizomenon 

ovalisporum, promote phosphorous supply by inducing APase secretion by other 

eukaryotic phytoplankton that the Cyanobacteria use for growth under phosphorous 

deficiency (Bar-Yosef et al., 2010). Bacterial phylotypes belonging to Proteobacteria, 

Bacteroidetes and Actinobacteria in the bacterial community are often associated 

with Microcystis spp. (Cai et al., 2014; Parveen et al., 2013; Shi et al., 2012, 2009). 

The associated bacterial flora is said to acquire energy from organic substrates 

excreted by Microcystis and play a vital role in stimulating cyanobacterial growth and 

colony formation of Microcystis (Shen et al., 2011; Xie et al., 2016). It has been 

hypothesised that phycosphere-associated taxa may detoxify cyanobacterial 

extracellular metal (Fe) chelates that may (under anoxic conditions) be autotoxic to 

the host (Paerl and Pinckney, 1996). In addition, associated bacteria may help lower 

oxygen tension near cyanobacterial cells and filaments where oxygen-sensitive 

biochemical processes (photosynthesis, nitrogen fixation) occur (Paerl and Kellar, 

1978). Recently, studies have identified taxa in the cyanobacterial phycosphere that 

participated in forming phosphorous cycling co-pathways as their functional links to 

Cyanobacteria (Shi et al., 2022). The presence of these functional taxa in the 

cyanobacterial phycosphere may accelerate nutrient cycling and facilitate 

cyanobacterial growth and productivity, hence T&O production. To date, no studies 

have evaluated the cyanobacterial phycosphere concerning T&O events. 

 Identifying the cyanobacterial phycosphere can identify implicated organisms 

involved in T&O production. Relationships between Cyanobacteria and other taxa 

can be determined to see if and how they influence T&O production — in recent 

years, applying correlation-based network analysis to explore microbial communities’ 

co-occurrence and co-exclusion patterns has been successful (Barberán et al., 2012; 
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Eiler et al., 2012; Ju and Zhang, 2015). This approach reveals potential interspecies 

interactions and examines co-occurrence patterns of residents based on relative 

abundances of the marker gene (16S rRNA and rbcL) amplicon community profiling 

data (Faust and Raes, 2012). These co-occurrence patterns can directly or indirectly 

reflect growth inhibition or facilitation outcomes of one or more negative or positive 

interactions, respectively. Although on a larger scale, nitrogen and phosphorous 

fractions entering waterways play a paramount role in cyanobacterial productivity 

(Jarosiewicz et al., 2012), nutrient recycling on a micro-scale within the 

cyanobacterial phycosphere may help explain fluctuations in T&O concentrations. 

Previous studies show that high molecular weight organic compounds in a 

cyanobacterial phycosphere are degraded by bacterial communities from large-size 

aggregates resulting in small-size aggregates (Cai et al., 2014). This study 

concluded that bacteria within the phycosphere could efficiently provide nutrients and 

trace elements to the Cyanobacteria by recycling the organic matter provided by the 

Cyanobacteria. Louati et al. (2015) found that the proportion of Nitrosomonadales 

increased during a Microcystis bloom; this group encompass bacteria involved in 

nitrification. This specific functional N-recycling group had already been highlighted 

in several studies but only associated with nitrogen-fixing Cyanobacteria, marine 

blooms in the Baltic Sea, where no nitrification activity could be detected (Hietanen 

et al., 2002; Tuomainen et al., 2003). There is a clear need for further investigation 

into the nutrient recycling processes that occur within a cyanobacterial phycosphere 

and how taxa associated with the phycosphere can influence cyanobacterial 

productivity and hence, T&O production. 

 Here, we employed Next Generation Sequencing using the 16S rRNA and 

rbcL genes to examine community profiles of both bacterial and algal communities 

from nine reservoirs around Wales, U.K.. Bacterial and algal community 

compositions in each studied reservoir were used as an informative response to 

nutrient influxes and environmental variables occurring in the water bodies. Firstly, 

exploring temporal (seasonal) and spatial differences in bacterial phyla over the 

study period was performed to reveal the window for cyanobacterial growth. Co-

occurrence analysis was performed to assess significantly co-occurring bacterial and 

eukaryotic taxa that could be associated in the cyanobacterial phycosphere (the 

“cyanosphere” hereafter), potentially attributing to T&O production. Significantly co-
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occurring taxa with Cyanobacteria taxa were further analysed through ordination 

plots evaluating if the significantly co-occurring 16S rRNA and rbcL taxa could 

attribute to high geosmin and 2-MIB concentrations. To concisely pinpoint indicative 

genera associated with assigned T&O concentration levels, an ensemble learning 

method was applied to target indicative taxa associated with high geosmin and 2-

MIB concentrations. This strategy is the first to date to include rbcL data with 16S 

rRNA community data and to apply machine learning to identify indicative genera for 

T&O events whilst considering possible biogeochemical recycling occurring within 

the “cyanosphere”.  

4.2 – Materials and Methods  

4.2.1 – Sample collection  

 

Samples were collected from sample site locations within reservoirs as 

illustrated in Chapter 2 – Materials and Methods Sections 2.1.1 – 2.1.7, as described 

in Chapter 2 – Materials and Methods section 2.1. The collection of samples was 

disrupted during the sampling period, as depicted in Chapter 2 – Materials and 

Methods Section 2.1.8.  

4.2.2 – eDNA extraction and community analysis using the 16S rRNA and 

rbcL genes 

 

Water was filtered, and eDNA was extracted according to Chapter 2 – 

Materials and Methods, Section 2.4. Extracted eDNA then underwent an initial PCR 

(Chapter 2 – Materials and Methods, Section 2.4.1), post-PCR clean-up (Chapter 2 – 

Materials and Methods, Section 2.4.2), a secondary PCR (Chapter 2 – Materials and 

Methods, Section 2.4.3) and normalisation (Chapter 2 – Materials and Methods, 

Section 2.4.4). Post normalisation, samples were pooled together to form a library 

that was used for Next Generation Sequencing (Chapter 2 – Materials and Methods, 

Section 2.4.5). Raw sequences were then put through a bioinformatics pipeline 

according to Chapter 2 – Material and Methods, Section 2.4.6.  
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4.2.3 – Water chemistry and physical analysis  
 

The water samples' chemistry and physical properties were determined 

through analysis described in Chapter 2 – Materials and Methods, Section 2.3. The 

determination of geosmin and 2-MIB concentrations are detailed in Section 2.31 and 

nutrient analysis in Section 2.3.2.  

4.2.4 – Categorising T&O concentration levels 
 

The categorisation of T&O concentrations into low, medium, and high levels is 

explained in Chapter 2 – Materials and Methods, Section 2.2.  

4.2.5 – Spatial and temporal changes in 16S rRNA phyla community 

composition   
 

Normalisation was required to convert raw read counts into informative 

measurements to obtain the proportion of each ASV. The most common 

normalisation procedure consists in dividing by the total number of reads to obtain 

the proportion of each ASV (Zemb et al., 2020). This method creates a link between 

the ASVs (as the sum is constant) and converts each abundance to a ratio providing 

relative abundance, thereby introducing ambiguity to interpret an increase in the 

relative abundance of an ASV as an enrichment of this ASV. This method was 

applied to the raw count data and multiplied by 100 to get proportional abundance 

percentages for all ASVs for 16S rRNA.  

 Exploratory bar graphs were created for each reservoir through ‘phyloseq’ and 

‘ggplot2’ (Wickham, 2016) to evaluate cyanobacterial seasonal succession between 

years, facet wrapped by site locations to determine any spatial pattern similarities or 

differences. Taxa within each reservoir’s phyloseq 16S rRNA object were 

agglomerated at the phylum level, and the top 20 occurring phyla were obtained by 

calculating the total phyla present and taking the 20 highest phyla recorded. The top 

20 phyla in each reservoir were plotted using ‘ggplot2’ in a bar graph against season 

and year and facet wrapped by reservoir location to assess dominant phyla 

seasonally and spatially.  
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4.2.6 – Co-occurrence of 16S rRNA and rbcL genera and network 

visualisation  

 

To assess the co-occurrence between 16S rRNA and rbcL genera, firstly, 16S 

rRNA and rbcL datasets were made proportional separately using the total number 

of reads and calculating the proportional percentage of genera present, as discussed 

in Section 4.2.5. The two datasets were subsequently merged using the sample's 

unique identifier and transformed into binomial data, with presence (1) being 

recorded as a genus proportion ≥1% and absence (0) <1%. The binomial 

transformation was applied to these data to allow 16S rRNA sequence data to be 

compared to rbcL sequence data to account for any community biases between 

datasets. The dataset was then subsetted by the individual reservoir, and genera 

that had a total of 0 in each reservoir’s dataset were removed. The total genera 

present at a ≥1% proportion per reservoir is detailed below in Table 4.1.  

 Co-occurrence analysis was performed using the R package ‘cooccur’ 

(Veech, 2013). Using the probabilistic co-occurrence model, the cooccur() function 

calculated p-values associated with pairwise co-occurrences. This algorithm 

calculates the observed and expected frequencies of co-occurrence between each 

pair of present taxa in each studied reservoir over the study period. Negative 

relationships were established by the p-value <0.01 associated with the probability 

that two genera would co-occur at a frequency less than the noted number of co-

occurrence sites if the two species were distributed randomly of one another. 

Positive values were determined by the p-value <0.01 associated with the probability 

of co-occurrence at a frequency greater than the observed frequency (Griffith et al., 

2016).  

 Co-occurring 16S rRNA and rbcL genera were filtered to reveal only 

significant positive and negative relationships using p-values listed for each reservoir 

in Table 4.2. Networks were subsequently established for each reservoir using the R 

package ‘visNetwork’ (Almende et al., 2019). The nodes represented the genera 

present, and edges were constructed using the positive and negative associated p-

values established from the ‘cooccur’ package. Nodes for cyanobacterial genera 

were highlighted in green, and T&O degrading genera were highlighted in purple for 
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a clear distinction. Edges illustrated negative relationships with a black dashed line 

and positive relationships with a solid black line. Note that in some reservoirs, the 

total taxa present in the network reflected sample size, and to achieve the network, 

the p-value has been adjusted to allow significant taxa to become identifiable. 

Table 4.1: Total 16S rRNA and rbcL taxa present at ≥1% proportion.  

Reservoir 
Total Taxa 

Present 

Alaw 200 

Alwen 105 

Cefni 185 

Dolwen 119 

Llandegfedd 165 

Llwyn On 168 

Pentwyn 149 

Plas Uchaf 154 

Pontsticill 133 

 

Table 4.2: p-values used for filtering significant positive and negative co-occurring 

16S rRNA and rbcL genera and the number of samples used for analysis.  

Reservoir 

p-value 

used 
n 

Alaw 0.01 33 

Alwen 0.05 7 

Cefni 0.01 32 

Dolwen 0.1 6 

Llandegfedd 0.01 23 

Llwyn On  0.01 19 

Pentwyn 0.01 30 

Plas Uchaf 0.01 22 

Pontsticill 0.01 17 
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4.2.7 – Non-metric Multi-dimensional Scaling of 16S rRNA and rbcL 

communities  

 

Non-metric Multi-Dimensional Scaling (NMDS) was applied to 16S rRNA and 

rbcL sequencing data for individual reservoir’s reservoir locations that experienced 

T&O concentrations above the defined “event” level classification (see Section 

4.2.4). Both gene datasets were normalised to the total number of reads for 16S 

rRNA and rbcL as detailed in Section 4.2.5. Ordination was achieved through the 

‘Vegan’ 2.6-2 (Oksanen, 2013) R package using the metaMDS function with a bray-

curtis distance and plotted using ‘ggplot2’ (Wickham, 2016). Each point was shaped 

by site location and coloured by geosmin or 2-MIB concentration categories (see 

Section 4.2.4).  

The envfit function was later used on each reservoir’s NMDS output to identify 

variables driving the pattern. Vectors from the envfit function were added to each 

reservoir’s NMDS plots. For 16S rRNA the first NMDS vector plot (A) represents 

significant co-occurring cyanobacterial genera identified in Section 4.2.6. The second 

NMDS vector plot (B) illustrates significant co-occurring geosmin and 2-MIB 

degrading genera identified in Section 4.2.6. The last NMDS vector plot (C) 

illustrates environmental variables of interest (MIB = 2-MIB concentrations ng L-1, 

GEO = geosmin concentrations ng L-1, SO4 = Sulphate mg L-1, TIN.TP = total 

inorganic nitrogen to total phosphorous ratio, Ortho = orthophosphate ng L-1, 

NH4.NO3 = ammonium to nitrate ratio, Dfe = dissolved iron mg L-1, DMn = dissolved 

manganese mg L-1, Sil = Dissolved reactive silicate mg L-1, TOC = total organic 

carbon mg L-1, pH, Con = conductivity µS cm-1 at 20°C and Turb = turbidity NTU).  

For rbcL significant genera were identified by using the p-values obtained 

through NMDS analysis for the first NMDS vector plot (A). The second plot contained 

significantly co-occurring algae with Cyanobacteria and geosmin and 2-MIB 

degrading taxa (B) (identified through using Section 4.2.6) were used for the second 

plot. Environmental variables of interest (as listed above for 16S rRNA) were used 

for the final rbcL NMDS plot (C).  

The NMDS plots for 16S rRNA and rbcL for each reservoir were compiled 

together using the R package ‘ggpubr’ (https://github.com/kassambara/ggpubr). 

https://github.com/kassambara/ggpubr
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4.2.8 – Random Forest to identify indicator genera from significant co-

occurring organisms in reservoirs experiencing T&O “events” 

 

Random forests (RFs) were first devised by Breiman (2001) and were 

employed in this study to identify significant co-occurring genera (as identified 

through Section 4.2.6) from reservoirs experiencing T&O events that were indicative 

of high T&O concentrations (geosmin: >20 ng L-1 and 2-MIB: >10 ng L-1). The R 

package ‘randomForest’ was utilised (http://www.r-project.org).  

 First, settings were optimised for each reservoir’s significantly co-occurring 

genera. The final number of trees was selected by running an RF with a large 

number of trees (all three reservoirs – 100000) and plotting the outcome, choosing a 

point on the x-axis where the error had reached its asymptote. The number of 

variables (m) used was optimised for the building trees by running a RF Cross-

Validation for the feature selection function. This function showed the cross-validated 

prediction performance of models with a sequentially reduced number of predictors 

(ranked by variable importance) via a nested cross-validation procedure. After 

refining the number of trees (Alaw – 5000, Llwyn On – 20000, and Pentwyn – 20000) 

and variables (Alaw – 28, Llwyn On – 44, and Pentwyn – 62) in the RF, an ordination 

plot was performed using the 'Vegan' package (Oksanen, 2013) to reveal trends in 

T&O levels highlighted through the RF analysis.  

 To identify indicative organisms relating to T&O levels, a subset of the top 20 

most important taxa (m) was taken by sorting taxa in the rank of descending order of 

Mean Decrease in Accuracy (MDA). This dataset was then taken, and a final RF was 

performed, optimising the number of trees (all three reservoirs – 20000) and 

assessing the effectiveness of using the 20 variables as described above. A final 

ordination plot was then constructed.  

 

 

http://www.r-project.org/
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4.3 – Results  

4.3.1 – 16S rRNA seasonal succession of phyla abundance between 

years  

 

The seasonal succession of 16S rRNA phyla was assessed spatially per year 

in each reservoir. Here, we present data from the Alaw reservoir as an example; 

other reservoirs showed similar trends with the highest cyanobacterial abundance 

confined to the summer and autumn seasons (Appendix 4.1 – 4.8).  

16S rRNA phyla in the Alaw reservoir were mainly dominated by 

Proteobacteria, Cyanobacteria, Bacteroidota, Verrucomicrobiota, and 

Actinobacteriota throughout the study period. Overall abundance was highest in sites 

during autumn 2019 except for a low abundance recorded in the Res-2 location 

(Figure 4.1). The season with the second highest abundance occurred during 

summer and was consistent during both years across all sites, except for summer 

2020 in the Res-5 location which had a similar abundance to autumn 2019. The 

lowest phyla abundance across sites in Alaw occurred in winter and was consistently 

low during both years. Cyanobacteria abundance was highest during both summer 

seasons and during autumn 2019 at the Res-5 location. Proteobacteria abundance 

followed a similar pattern to Bacteroidota abundance; both were generally highest 

during autumn 2019 except for the Res-2 location, and lowest during winter for both 

years.   

 

 

 

 

 

 



 

149 
 

 

Figure 4.1: Alaw top 20 16S rRNA phyla abundance by year and season, facet 

wrapped by sample site location.  
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4.3.2 – Binomial co-occurrence analysis of 16S rRNA and rbcL 

communities  

 

 Binomial 16S rRNA and rbcL co-occurrence networks were established for all 

reservoirs and are graphically illustrated online through RPubs by RStudio via links 

provided in Table 4.3. Additional figures displaying the cyanospheres captured from 

the online networks from each reservoir are included below for ease of reading 

(Figures 4.2 – 4.28). 

 

Table 4.3: Online binomial 16S rRNA and rbcL networks for each reservoir and the 

p-value used to determine negative and positive relationships between genera.  

Reservoir 
p-value 

used 
Chrome file 

Alaw 0.01 https://rpubs.com/ASHooper/978472 

Alwen 0.05 https://rpubs.com/ASHooper/978480 

Cefni 0.01 https://rpubs.com/ASHooper/978493 

Dolwen 0.1 https://rpubs.com/ASHooper/978497 

Llandegfedd 0.01 https://rpubs.com/ASHooper/978520 

Llwyn On 0.01 https://rpubs.com/ASHooper/978527 

Pentwyn 0.01 https://rpubs.com/ASHooper/978532 

Plas Uchaf 0.01 https://rpubs.com/ASHooper/978536 

Pontsticill 0.01 https://rpubs.com/ASHooper/978544 
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4.3.2.1 – Alaw 
 

In Alaw reservoir, 199 pairwise comparisons yielded statistically significant co-

occurrence (<0.01); 29 were negatively associated, and 170 co-occurring taxa were 

positively associated. The network can be accessed online via the link contained 

within Table 4.3. In general, there were six networks tightly compacted into the 

overall network; five of these networks were comprised of between two – four nodes 

and did not contain any cyanobacterial taxa. The largest network contained the 

majority of nodes (186) and all four significantly co-occurring cyanobacterial taxa, 

showing overlaps in each cyanosphere. The potential importance of the significantly 

co-occurring taxa directly connected to cyanobacterial nodes can be seen as 

illustrated in Table 4.4. 

Figure 4.2 illustrates the connectivity within co-occurring taxa in the 

Aphanizomenon NIES81 cyanosphere. Within this cyanosphere, 10 significant co-

occurring taxa negatively influenced Aphanizomenon NIES81, and only one genus, 

Fluviicola, had a positive association. Figure 4.3 depicts the connectivity within the 

Cyanobium PCC-6307 cyanosphere. Four taxa can be seen to be positively 

associated with Cyanobium PCC-6307, one of which is another Cyanobacteria, 

Snowella OTU37S04. For Snowella OTU37S04, 10 co-occurring taxa can be found 

within this cyanosphere (Figure 4.4), five positively co-occurring and five negatively 

co-occurring. The Nostocaceae family had three positively co-occurring nodes, as 

displayed in Figure 4.5.  
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Figure 4.2: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Aphanizomenon NIES81 node during the entirety of this study in the Alaw reservoir. 

Cyanobacterial nodes are illustrated as green, T&O degrading bacterial nodes are 

indicated as purple and diatom nodes are coloured yellow. The edges connecting the 

nodes show negative (indicated with dashed black lines) and positive (straight black 

lines) associations between each taxon. Link: https://rpubs.com/ASHooper/978472.    

https://rpubs.com/ASHooper/978472


 

153 
 

Table 4.4: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Alaw reservoir. 

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
NIES81 

 

 

 

 

 

 

 
 

Uncultured 
Verrucomicrobiaceae 

16S -ve 
Associated with rhizospheres and endospheres found in plant roots and soil. 

Implicated in root carbon metabolism. Has also been connected to Lyngbya (non-
heterocyst-forming) blooms. (Newitt, 2020; Rajaneesh et al., 2020) 

Pedosphaeraceae / 
uncultured 

Pedosphaeraceae 
16S -ve 

Previously found to be a keystone species in rhizospheres found in soils. They play 
an important role in sediment nutrient circulation with high metal resistance 

potentials. (Yuan et al., 2022) 

CL500-3 16S -ve 
Constitutes abundant bacterioplankton groups characteristic for oxygenated 

hypolimnion waters. (Okazaki et al., 2017) 

Bacillus 16S -ve 
Shown to have an antagonistic relationship with geosmin-producing strains of 

Streptomyces, inhibiting growth. Also, a well-known geosmin and 2-MIB degrader. 
(Ma et al., 2015; Zhi et al., 2016) 

Gallionellaceae Family 16S -ve 
Chemolithoautotrophic and neutrophilic ferrous iron-oxidising bacteria secrete 

extracellular fibres that attract iron hydroxides and many trace metals. (Hallbeck and 
Pederson, 2014) 

Peptostreptococcaceae 
Family 

16S -ve 
Indicator of nutrient enrichment in urban lakes. Also, a common commensal 

bacterial taxon is thought to play a role in maintaining gut homeostasis in fish. 
(Numberger et al., 2022) 

Aulacoseira rbcL -ve 

Centric diatoms belonging to more enriched waters with sensitivities to pH rise and 
silicon depletion. Grouped into Group B codon from Reynolds classification. Have 

been associated with rises in cyanobacterial cell numbers. Colonial growth habitats 
grow in linear colonies joined together by linking spines. (Dae-Kyun et al., 2001; 

Reynolds et al., 2002; Stoermer and Julius, 2003) 

Uncultured 
Planctomycetales 

16S -ve 
Detected in media samples collected from biologically active filters. Capable of 

anammox (anaerobic denitrification) converting nitrate and nitrite to N2. (Maldonado 
et al., 2012; T. Zhang et al., 2017) 
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Figure 4.3: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Alaw reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978472. 

https://rpubs.com/ASHooper/978472
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Table 4.4 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Alaw reservoir.  

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
NIES81 

TRA3-20 16S -ve 
Known to be a heterotrophic iron-oxidising bacteria. Also described as a biomarker 
positively associated with the higher potential of microbial denitrification, C fixation 

and P accumulation in gullies. (Xiao et al., 2022) 

Fluviicola 16S +ve 

Chemoorganotrophic Bacteroidetes-related bacterium, usually found in shallow 
lakes associated with high levels of dissolved organic C derived from algal/ 
cyanobacterial blooms. Has been reported to have positive correlations with 

Synechococcus. (Farkas et al., 2020; Guedes et al., 2018) 

Cyanobium 
PCC-6307 

Snowella 
0TU37S04 

16S +ve 
Not a known producer of geosmin but can produce β-ionone. Cells are arranged 

radially at the ends of the mucilaginous stalks, with an average cell diameter of 3.2 
μm. (Loar, 2009; Rajaniemi-Wacklin et al., 2006) 

Fragilaria rbcL +ve 

This genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 2019) 

Discostella rbcL +ve 

Increases in this small cyclotelloid taxon are indicative of increased intensity and 
duration of thermal stratification during summer and are associated with increased 
temperatures. Is characteristic of oligotrophic conditions and can take up nutrients 
efficiently, often showing a negative relationship to nutrients. (Chen et al., 2021) 

SH3-11 16S +ve 

Has been reported to be significantly and positively correlated with KO9819 
(manganese/ iron transport system), K17225 (SOXC; sulphane dehydrogenase 

subunit), K17222 (SOXA; sulphur-oxidising protein SOxA), K04758 (feoA; ferrous 
iron transport protein A), and K04759 (feoB; ferrous iron transport protein B), and 

K01011 (Thiosulfate sulphurtransferase). (Nagarajan et al., 2022) 
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Figure 4.4: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Snowella OTU37S04 node during the entirety of this study in the Alaw reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978472.  

https://rpubs.com/ASHooper/978472
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Table 4.4 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Alaw reservoir.  

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Snowella 
0TU37S04 

Navicula rbcL -ve 

Raphed, pennate diatom that may exist singly or in colonial ribbons often found in 
nutrient-rich waters, usually bottom-dwelling. Highly motile and can adhere to 

surfaces and drift in response to fluctuations in nutrients. Continual secretion of 
adhesive mucilage. Has been associated in biofilms with Cyanobacteria. (Chen et al., 

2019; Sabater et al., 2003) 

Stephanodiscus rbcL -ve 
Typically, colonial and placed in Reynolds codon D classification; mostly found in 

shallow, nutrient-enriched, well-ventilated waters, liable to be turbid. Small-celled (≤ 
103 μm3 in volume) and fast-growing. (Reynolds et al., 2002) 

Trebouxiophyceae 
Class 

rbcL -ve 
Some members of this class can produce mycoporine-like amino acids, used as 

photoprotective substances. (Karsten et al., 2005) 

Gloeotila rbcL -ve 

Has synonymously been recognised as Geminella. Found in deep, well-mixed 
epilimnia. Tolerant to light deficiency and sensitive to nutrient deficiency. Assigned to 
codon T according to Reynolds classification. (Fernandes et al., 2021; Reynolds et 

al., 2002) 

Sediminibacterium 16S +ve 

Previous genome sequencing of a cyanosphere exposed Sediminibacterium to be a 
resident. Hypothesised to offer protection against colonisation of opportunistic 

bacteria by producing bacteriocin and toxoflavin, whilst providing Cyanobacteria with 
inorganic nutrients for cyanobacterial growth. (Sethuraman et al., 2022; Yang et al., 

2022) 

Limnohabitans 16S +ve 

Found to thrive along with cyanobacterial blooms in spring or summer, using 
phytoplankton-derived organic material as the substrate for growth. Culture-

independent studies have revealed this genus to be the second most abundant 
(11%) taxa in the cyanosphere. (Luo et al., 2022; Seok Jea Youn et al., 2020) 

 

 



 

158 
 

Table 4.4 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Alaw reservoir.  

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Snowella 
0TU37S04 

Uncultured 
Verrucomicrobiaceae / 

Verrucomicrobiae 
16S -ve / +ve 

Associated with rhizospheres and endospheres found in plant roots and soil. 
Implicated in root carbon metabolism. Has also been connected to Lyngbya (non-

heterocyst-forming) blooms. (Newitt, 2020; Rajaneesh et al., 2020) 

SH3-11 16S +ve 

Has been reported to be significantly and positively correlated with KO9819 
(manganese/ iron transport system), K17225 (SOXC; sulphane dehydrogenase 

subunit), K17222 (SOXA; sulphur-oxidising protein SOxA), K04758 (feoA; ferrous 
iron transport protein A), and K04759 (feoB; ferrous iron transport protein B), and 

K01011 (Thiosulfate sulfurtransferase). (Nagarajan et al., 2022) 

Cyanobium PCC-6307 16S +ve 

Type of picocyanobacteria; species vary from oval to cylindrical cells, with little or 
no evident mucilage exterior. Not a known producer of geosmin, although can 

produce 2-MIB and microcystins. (Clercin et al., 2022; Hojun et al., 2021; 
Śliwińska-Wilczewska et al., 2018)  

Nostocaceae 
Family 

Sphingorhabdus 16S +ve 

Suspected geosmin degrader from the family Sphingomonadaceae, which 
includes other known geosmin degraders. Characterised by harbouring 
glycosphingolipids. Many sphingomonads degrade polycyclic aromatic 

compounds and xenobiotcs. Many geosmin-degrading genera, like Sphingopyxis, 
have been reclassified as Spingorhabdus and some members of this genus have 
been reclassified as the geosmin-degrading genus Novosphingobium. (Jogler et 

al., 2013; Sharma et al., 2021) 

 

Thalassiosira rbcL +ve 

Large centric diatom capable of producing polyunsaturated aldehydes (PUAs), 
that has antiproliferative activity in zooplankton. The liberation of embryotoxic 
PUAs by damaged diatom cells could be considered an activated defence of 

these diatoms on the population level. (Fink, 2007) 

 

Chlamydomonadaceae 
Family 

rbcL +ve 

Includes the genus Chlamydomonas which is known to produce polyolglycosides, 
sterols, phenols, and fatty acids along with other compounds. Thought to use 

these compounds in chemotaxonomic relationships with other lineages. Additions 
of Aphanizomenon or cylindrospermopsin to Chlamydomonas induce genes 
typically upregulated under P limitation and give rise to extracellular APase 

activity that Cyanobacteria can use. (Bar-Yosef et al., 2010; Khanh Tran et al., 
2019) 
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Figure 4.5: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Nostocaceae family node during the entirety of this study in the Alaw reservoir. 

Cyanobacterial nodes are illustrated as green, T&O degrading bacterial nodes are 

indicated as purple and diatom nodes are coloured yellow. The edges connecting the 

nodes show negative (indicated with dashed black lines) and positive (straight black 

lines) associations between each taxon. Link: https://rpubs.com/ASHooper/978472.  

 

 

 

 

 

https://rpubs.com/ASHooper/978472
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4.3.2.2 – Alwen 
 

In the Alwen reservoir, only 36 pairwise comparisons yielded statistically 

significant co-occurrence (<0.05); 13 of which were negatively associated, and 23 

co-occurring taxa were positively associated. The network can be accessed online 

via the link in Table 4.3. 9 disconnected network communities were contained within 

the overall network, and no overlapping cyanospheres were present. The potential 

importance of the significantly co-occurring taxa directly connected to cyanobacterial 

nodes can be seen as illustrated in Table 4.5. 

Figure 4.6 represents the Aphanizomenon NIES81 cyanosphere; three 

contained taxa have negative co-occurrences with Aphanizomenon NIES81, and 

uncultured Pedosphaeraceae had a positive co-occurring relationship. For 

Dolichospermum NIES41, only one taxon was found to be significantly positively co-

occurring, Sediminibacterium (Figure 4.7). In the Nostocaceae family cyanosphere, 

there were only two significantly negatively co-occurring taxa (Figure 4.8).  

 

Figure 4.6: Subset of the significant (< 0.05) co-occurring taxa associated with the 

Aphanizomenon NIES81 node during the entirety of this study in the Alwen reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978480.  

https://rpubs.com/ASHooper/978480
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Figure 4.7: Subset of the significant (< 0.05) co-occurring taxa associated with the 

Dolichospermum NIES41 node during the entirety of this study in the Alwen 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978480.  

 

Figure 4.8: Subset of the significant (< 0.05) co-occurring taxa associated with the 

Nostocaceae family node during the entirety of this study in the Alwen reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978480.

https://rpubs.com/ASHooper/978480
https://rpubs.com/ASHooper/978480
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Table 4.5: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Alwen reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 

influence 
Importance of co-occurring taxon 

Aphanizomenon 

NIES81 

Microbacteriaceae Family 16S -ve 

Family in the order Actinomycetales that contain known geosmin producers. 

Previous studies have identified this family to correlate with levels of geoA gene 

copies. The family embraces mesophilic/ psychrophilic bacteria, which are 

obligately aerobic to facultatively anaerobic. (Mie B. Lukassen et al., 2019) 

Eunotia rbcL -ve 

Abundant in the epiphyton of oligotrophic waters with low conductivity levels and 

in highly transparent waters. Most species are acidobiontic or acidophilic 

organisms. (Luo et al., 2019) 

uncultured Pedosphaeraceae 16S +ve 

Previously found to be a keystone species in rhizospheres found in soils. They 

play an important role in sediment nutrient circulation with high metal resistance 

potentials. (Yuan et al., 2022) 

Dolichospermum 

NIES41 
Sediminibacterium 16S +ve 

Previous genome sequencing of a cyanosphere exposed Sediminibacterium to 

be a resident. Hypothesised to offer protection against colonisation of 

opportunistic bacteria by producing bacteriocin and toxoflavin, whilst providing 

Cyanobacteria with inorganic nutrients for cyanobacterial growth. (Sethuraman et 

al., 2022; Yang et al., 2022) 

Nostocaceae 

Family 

Pinnularia rbcL -ve 

A raphid benthic pennate diatom, known to produce EPS which covers the 

siliceous cell wall and forms adhesive trails with atomic force microscopy. Cells 

contain cavities and channels in the complex secondary plastid which harbours 

symbiotic bacteria. (Chiovitti et al., 2003; Souffreau et al., 2011) 

Pseudarcicella 16S -ve Known bacterial indicator of good water quality. (Guo et al., 2021) 
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4.3.2.3 – Cefni 
 

In the Cefni reservoir, 375 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01); 64 were negatively associated, and 311 co-

occurring taxa were positively associated. The network can be accessed online via 

the link contained within Table 4.3. There was one extensive network with one 

independent network containing two nodes (Aeromonas and Lindavia). Eight 

significantly co-occurring Cyanobacteria were present in the extensive network and 

overlapped in all cyanospheres. The potential importance of the significantly co-

occurring taxa directly connected to cyanobacterial nodes can be seen illustrated in 

Table 4.6.  

 Figure 4.9 represents the Aphanizomenon MDT14a cyanosphere, which 

encompasses 10 implicated taxa, nine of which are positively co-occurring and one 

that was negatively co-occurring uncultured Rhizobiales Incertae Sedis). 

Pseudanabaena PCC-7429 can be seen connected to three nodes, all of which were 

positively influential (Figure 4.10). Similarly, Aphanizomenon NIES81 can be 

witnessed to be positively joined to four taxa (Figure 4.11), and Cyanobium PCC-

6307 had positive associations with five taxa (Figure 4.12). In contrast, Gloeotrichia 

PYH6 had seven associated taxa within the cyanosphere, three of which had a 

negative co-occurrence and four positive co-occurrence (Figure 4.13). Microcystis 

PCC-7914 had six positively co-occurring taxa within its cyanosphere, and one 

negatively co-occurring taxa (NS11-12 marine group) (Figure 4.14). The 

Nostocaceae family had the largest cyanosphere, comprising over 21 taxa, 12 of 

which were negatively associated and nine positively associated (Figure 4.15). 

Geitlerinema LD9 had a cyanosphere containing seven taxa, all of which were 

positively associated, apart from Flavobacterium, which was negatively associated 

with Geitlerinema LD9 (Figure 4.16).  
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Figure 4.9: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Aphanizomenon MDT14a node during the entirety of this study in the Cefni reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978493. 

 

https://rpubs.com/ASHooper/978493
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Figure 4.10: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Pseudanabaena PCC-7429 node during the entirety of this study in the Cefni 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978493. 

https://rpubs.com/ASHooper/978493
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Table 4.6: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
MDT14a 

Terrimicrobium 16S +ve 
Non-motile, anaerobic rods. Ferments various sugars, but not fatty acids, alcohols 

(i.e., geosmin) or amino acids. Previous research has identified this genus with 
Nostoc epibacteria. (Qiu et al., 2014; Satjarak et al., 2021) 

Candidatus 
Aquirestis 

16S +ve 

Filamentous chemoorganotrophic bacterium. Primarily inhabit the pelagic zone of 
nonacidic stagnant inland waters and show a strong spring peak, with minor 

peaks in summer and early autumn. Presence is often related to the high level of 
dissolved organic carbon concentration derived from algal/ cyanobacterial blooms. 

(Farkas et al., 2020; Nguyen et al., 2018) 

Cymbella rbcL +ve 

Can be epiphytic on surfaces. Some species of this genus can be potentially 
harmful. Produces mucilage, said to be more dependent on physiochemical 

conditions rather than its cell density. Mucilage production is strongly related to P 
and temperature levels. (Zamorano et al., 2019) 

Aulacoseira rbcL +ve 

Colonial growth habitat, found in mixed, eutrophic small medium lakes. Part of 
codon B and C classification set by Reynolds (one species belonging to codon P, 
found in eutrophic epilimia). High tolerances to light and C deficiencies. This can 

be indicative of very phosphorous-rich systems. Sensitive to stratification and 
sedimentation due to the large size of cells. (Reynolds et al., 2002) 

Asterionella rbcL +ve 

Belongs to codon C in the Reynolds classification. Characteristic member of 
nutrient-rich temperate lakes. Rapid increases of this species during March - April 
leads to the extraction of major anions (nitrate, phosphate, and silicate), resulting 
in nutrient depletion and altering nutrient ratios. (Krivtsov et al., 2000; Reynolds et 

al., 2002) 
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
MDT14a 

Uncultured 
Rhizobiales 

Incertae Sedis 
16S -ve 

family of nitrogen-fixing bacteria. Members of the Rhizobiales have been reported to 
degrade cyanobacterial-derived particulate organic matter. (Huang et al., 2022; Millar 

et al., 2022) 

Pseudanabaena 
PCC-7429 

16S +ve 
Benthic dwelling picocyanobacteria, not a known producer of geosmin but can produce 

2-MIB. Does not produce siderophores but encodes part of the siderophore uptake 
system. (Enzingmüller-bleyl et al., 2021) 

Aphanizomenon 
NIES81 

16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to codon 
H in Reynolds classification. Known geosmin and microcystin producer. (Reynolds et 

al., 2002) 

Pirellula 16S +ve 

Species of this genus are found usually attached to filamentous algae and 
Cyanobacteria by a holdfast located at the distal end of the fascicle or at the 

nonreproductive pole of the cell. All species are said to be tachyletic. (Clum et al., 
2009) 

Microcystis 
PCC-7914 

16S +ve 

Non-heterocyst-forming Cyanobacteria found in eutrophic shallow waters. Assigned to 
codon M in Reynolds classification, tolerant to high insolation and sensitive to flushing 

and low light. Upregulates P scavenging genes and can outcompete other 
phytoplankton in P-limited environments. (Berry et al., 2017; Reynolds et al., 2002) 

Pseudanabaena 
PCC-7429 

Microcystis 
PCC-7914 

16S +ve 

Non-heterocyst-forming Cyanobacteria found in eutrophic shallow waters. Assigned to 
codon M in Reynolds classification, tolerant to high insolation and sensitive to flushing 

and low light. Upregulates P scavenging genes and can outcompete other 
phytoplankton in P-limited environments. (Berry et al., 2017; Reynolds et al., 2002) 

Aphanizomenon 
MDT14a 

16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to codon 
H in Reynolds classification. Known geosmin and microcystin producer. (Reynolds et 

al., 2002) 

Asterionella rbcL +ve 

Belongs to codon C in the Reynolds classification. Characteristic member of nutrient-
rich temperate lakes. Rapid increases of this species during March - April leads to the 

extraction of major anions (nitrate, phosphate, and silicate), resulting in nutrient 
depletion and altering nutrient ratios. (Krivtsov et al., 2000; Reynolds et al., 2002) 
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Figure 4.11: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Aphanizomenon NIES81 node during the entirety of this study in the Cefni reservoir. 

Cyanobacterial nodes are illustrated as green. The edges connecting the nodes 

show negative (indicated with dashed black lines) and positive (straight black lines) 

associations between each taxon. Link: https://rpubs.com/ASHooper/978493. 

 

 

 

https://rpubs.com/ASHooper/978493
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Figure 4.12: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Cefni reservoir. 

Cyanobacterial nodes are illustrated as green. The edges connecting the nodes 

show negative (indicated with dashed black lines) and positive (straight black lines) 

associations between each taxon. Link: https://rpubs.com/ASHooper/978493.   

https://rpubs.com/ASHooper/978493
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Table 4.6 cont'd: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir. 

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
NIES81 

Pirellula 16S +ve 
Species of this genus are found usually attached to filamentous algae and Cyanobacteria by a holdfast located 
at the distal end of the fascicle or at the nonreproductive pole of the cell. All species are said to be tachyletic. 

(Clum et al., 2009) 

SH3-11 16S +ve 

Has been reported to be significantly and positively correlated with KO9819 (manganese/ iron transport 
system), K17225 (SOXC; sulphane dehydrogenase subunit), K17222 (SOXA; sulphur-oxidising protein SOxA), 

K04758 (feoA; ferrous iron transport protein A), and K04759 
(feoB; ferrous iron transport protein B), and K01011 

(Thiosulfate sulfurtransferase). (Nagarajan et al., 2022) 

Aphanizomenon 
MDT14a 

16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to codon H in Reynolds 

classification. Known geosmin and microcystin producer. (Reynolds et al., 2002) 

Candidatus 
Aquirestis 

16S +ve 
Chemoorganotrophic bacteria found in stagnant shallow freshwater habitats, often related to high levels of 

dissolved organic C concentration derived from algal and cyanobacterial blooms. (Farkas et al., 2020) 

Cyanobium 
PCC-6307 

Terrimicrobium 16S +ve 
Non-motile, anaerobic rods. Ferments various sugars, but not fatty acids, alcohols (i.e., geosmin) or amino 
acids. Previous research has identified this genus with Nostoc epibacteria. (Qiu et al., 2014; Satjarak et al., 

2021) 

Bradymonadales 16S +ve 
Possesses a transitional survival mode, alternating between "obligate" and so-called facultative predators 

(facultatively prey-dependent). They store nutrients as polymers in cells during predation and can accumulate 
polyphosphate in the phosphate-rich zone, using it as an energy source. (Mu et al., 2020) 

Micractinium rbcL +ve 
Chlorella-like genus, which has spherical-to-ovoid cells and possesses a parietal and cup-shaped chloroplasts 
with a pyrenoid. Species tend to be mesophilic and tolerant to low temperatures with optimal growth at 20°C. 

Contains high concentrations of polyunsaturated fatty acids. (Hong et al., 2015) 

Pirellula 16S +ve 
Species of this genus are found usually attached to filamentous algae and Cyanobacteria by a holdfast located 
at the distal end of the fascicle or at the nonreproductive pole of the cell. All species are said to be tachyletic. 

(Clum et al., 2009) 

OM190 16S +ve 
Members of this clade are usually associated with microalgae. Produces secondary metabolites, including 

antimicrobial compounds. It has been shown that diatoms produce fucose-containing sulphated 
polysaccharides which this genus can supposedly use as an energy source. (Pushpakumara et al., 2022) 
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Figure 4.13: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Gloeotrichia PYH6 node during the entirety of this study in the Cefni reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978493. 

https://rpubs.com/ASHooper/978493
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Table 4.6 cont'd: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Gloeotrichia PYH6 

Fragilaria rbcL -ve 

The genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and in biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 

2019) 

Ulnaria rbcL -ve 

Present in stable meso to eutrophic water columns, with circumneutral to slightly 
alkaline conditions. Previously included in the large genus Synedra. Species are 

mesoaprobic. Normally associated with increased productivity. (Thacker and 
Karthick, 2022)  

Golenkinia rbcL +ve 
Green algae are known for their production of lipids, sugars, and carotenoids. 
Industrial interests in the genus for their phytoremediation of chemical oxygen 

demand, N and P. (Sisman-Aydin and Simsek, 2022) 

Volvocaceae Family rbcL +ve 
Group of multicellular colonial algae frequently encountered in eutrophic waters. 

Previously found to be associated with Nostoc as epibionts. (Satjarak et al., 
2021) 

Trebouxiophyceae Class rbcL +ve 
Some members of this class can produce mycoporine-like amino acids, used as 

photoprotective substances. (Karsten et al., 2005) 

Armatimonas 16S -ve 
Aerobic, non-motile, ovoid to rod-shaped often found in mesophilic waters. 

Previously shown to be positively correlated with TP. (Xu et al., 2018) 

Nostocaceae Family 16S +ve 
Genera of this family are heterocyst forming. Includes many genera that possess 

geoA, including Anabaena and Nostoc species. (Yamada et al., 2015) 
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Figure 4.14: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Microcystis PCC-7914 node during the entirety of this study in the Cefni reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978493. 

 

 

 

https://rpubs.com/ASHooper/978493
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Microcystis PCC-
7914 

Aphanizomenon MDT14a 16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to 
codon H in Reynolds classification. Known geosmin and microcystin producer. 

(Reynolds et al., 2002) 

Bacillariophyta Phylum rbcL +ve Unicellular or colonial coccoid algae diatoms, that can be benthic or planktonic.  

Cymbella rbcL +ve 

Can be epiphytic on surfaces. Some species of this genus can be potentially 
harmful. Produces mucilage, said to be more dependent on physiochemical 

conditions rather than its cell density. Mucilage production is strongly related to P 
and temperature levels. (Zamorano et al., 2019) 

Asterionella rbcL +ve 

Belongs to codon C in the Reynolds classification. Characteristic member of 
nutrient-rich temperate lakes. Rapid increases of this species during March - April 
leads to the extraction of major anions (nitrate, phosphate, and silicate), resulting 
in nutrient depletion and altering nutrient ratios. (Krivtsov et al., 2000; Reynolds et 

al., 2002) 

Chaetoceros rbcL +ve 
Benthic chain-forming diatom usually forms epiphytically diatom-cyanobiont 

symbioses with Calothrix. Has a high iron uptake and storage capacity. (Iwade et 
al., 2006; Tuo et al., 2017) 

NS11-12 marine group 16S -ve 

Planktonic chemoorganotrophic bacteria indicative of high levels of dissolved 
organic carbon derived from algal/ cyanobacterial blooms. Mainly identified in 

marine environments but also freshwater, unfortunately without clear ecological 
implications. (Farkas et al., 2020) 

Pseudanabaena PCC-7429 16S +ve 
Benthic dwelling picocyanobacteria, not a known producer of geosmin but can 

produce 2-MIB. Does not produce siderophores but encodes part of the 
siderophore uptake system. (Enzingmüller-bleyl et al., 2021)  
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Figure 4.15: Subset of the significant (< 0.01) co-occurring taxa associated with the Nostocaceae family node during the entirety of 

this study in the Cefni reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. The edges 

connecting the nodes show negative (indicated with dashed black lines) and positive (straight black lines) associations between 

each genus. Link: https://rpubs.com/ASHooper/978493. 

 

https://rpubs.com/ASHooper/978493
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Nostocaceae 
Family 

Rhodobacteraceae 
Family 

16S -ve 

Mainly consists of aerobic photo- and chemoheterotrophs, purple non-sulphur bacteria that perform 
photosynthesis, and can also be anaerobic. Play roles in sulphur, nitrogen, and carbon cycles, 

decomposing various compounds and generating secondary metabolites. Produces EPS that retains 
large amounts of water, some species synthesise ectoine (protein protectant), and other species can 

synthesise polyhydroxyalkanoates (PHAs) (compounds accumulated by many microorganisms). 
(Azpiazu-muniozguren et al., 2022) 

Bacillus 16S -ve 
Shown to have an antagonistic relationship with geosmin-producing strains of Streptomyces, 

inhibiting growth. Also, a well-known geosmin and 2-MIB degrader. (Ma et al., 2015; Zhi et al., 2016) 

Planococcaceae 
Family 

16S -ve 
This family is a taxonomically heterogeneous assemblage of 13 genera, many of which are 

polyphyletic. There is a lack of known characteristics exclusive to all members of this family. (Gupta 
and Patel, 2020) 

Gallionellaceae Family 16S -ve 
Chemolithoautotrophic and neutrophilic ferrous iron-oxidising bacteria secrete extracellular fibres that 

attract iron hydroxides and many trace metals. (Hallbeck and Pederson, 2014) 

Peptostreptococcaceae 
Family 

16S -ve 
Indicator of nutrient enrichment in urban lakes. Also, a common commensal bacterial taxon is thought 

to play a role in maintaining gut homeostasis in fish. (Numberger et al., 2022) 

Arenimonas 16S -ve 
Found to be a core node in previous microbial networks and was responsible for maintaining 

interactions between autotrophic and heterotrophic nitrifying bacteria. (Wu et al., 2022) 

Uncultured 
Isosphaeraceae 

16S -ve 

This family accommodates stalk-free planctomycetes with spherical cells, which can assemble in 
short chains, long filaments, or aggregates. All members do not produce motile swarmer cells as 

typical for other planctomycetes. Genes encode metabolic pathways common for 
chemoorganotrophic bacteria (glycolysis, citrate cycle, pentose-phosphate pathway, and oxidative 

phosphorylation). (Ivanova et al., 2017) 

Fragilariophyceae 
Class 

rbcL -ve 
Pennate diatoms without a raphe, Important components of both planktonic and periphytic 

communities in freshwater environments. (Dunck et al., 2012) 
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir.  

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-
occur 

influence 
Importance of co-occurring taxon 

Nostocaceae 
Family 

Cyclotella rbcL -ve 

A common constituent of spring blooms in temperate lakes which can produce sulphur-based T&Os. 
Contains high intracellular unsaturated and polyunsaturated fatty acids associated with fish odours in 

water. Placed in codon A according to Reynolds classification; found in clear, often well-mixed 
reservoirs. Tolerant to nutrient deficiency and sensitive to pH rises. (Kehoe et al., 2015; Reynolds et 

al., 2002) 

Conticribra rbcL -ve 

Centric diatoms with high growth rates, are very robust and contain vast accumulated lipids. High 
tolerance to nutrient limitations. Has been shown to grow best with urea as the major nitrogen source. 
Essential elements for the cultivation of this genera are calcium phosphate, sodium metasilicate, and 

biotin. (Couto et al., 2021) 

Uncultured 
Elsteraceae 

16S +ve  - 

Gloeotrichia PYH6 16S +ve 
Benthic, nitrogen-fixing cyanobacterium that is well known for blooming in eutrophic lakes. Capable of 

microcystin production. (Carey et al., 2007) 

Chlamydopodium rbcL +ve 

Tends to grow fixed or adhered to surfaces. Has potential biostimulant and antimicrobial activities. 
Phenotypic plasticity shows this genus acclimatises to different nutrient conditions by modulating its 
biomass. Has been shown to have effective N removal rates. (Touloupakis et al., 2020; Xiong et al., 

2022) 

Golenkinia rbcL +ve 
Green algae are known for their production of lipids, sugars, and carotenoids. Industrial interests in 

the genus for their phytoremediation of chemical oxygen demand, N and P. (Sisman-Aydin and 
Simsek, 2022) 

Ankyra rbcL +ve 
Species of this genera dominate in the clear water stages of stagnant waters. Can endure high UV 

radiation. (Saini et al., 2022) 

Uncultured 
Verrucomicrobiaceae 

16S -ve 
Associated with rhizospheres and endospheres found in plant roots and soil. Implicated in root carbon 

metabolism. Has also been connected to Lyngbya (non-heterocyst-forming) blooms. (Newitt, 2020; 
Rajaneesh et al., 2020) 
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir. 

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

 
 
 
 
 

Nostocaceae 
Family 

LD29 16S +ve 

Metagenomic analysis has shown their genetic potential to utilise carbon sources 
and sulphated polysaccharides which are commonly found in phytoplankton. Has 
been found in association with algal and cyanobacterial cells, suggesting these 

genera may play an important role in the utilisation of phytoplankton-derived 
organic matter. (Mohapatra et al., 2020) 

Kapabacteriales 16S +ve 

chemolithotrophic heterotrophic bacteria that has been found co-occurring with 
Dolichospermum. Genome analysis has revealed that this genus contains a 

cluster for sulphur assimilation and metabolism, this genus also contains 
transporters for cobalt, copper, ferrous iron, phosphate, phosphonate, and 

ammonia. (Al-Saud et al., 2020) 

Uncultured Microscillaceae 16S +ve 
This family can degrade carbohydrates and their derivatives to provide energy for 

cell growth. Has also been shown to be positively correlated with Microcystis, 
implying a tight interaction. (Chun et al., 2020; Lan et al., 2020) 

UKL13-1 16S +ve 

Contains more lipid metabolism genes compared with most bacteria. Genomes 
contain anoxygenic photosynthesis and reaction centre genes, as well as genes 
for bacteriochlorophyll and carotenoid synthesis. Thus, they're heterotrophs that 
use phototrophy to drive ATP and NAD(P)H production. Associated with bloom-
forming Cyanobacteria, said to benefit through ammonium and organic nutrients 

released by the cyanobacterium. (Driscoll et al., 2017) 

 Fragilaria rbcL -ve 

The genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 

2019) 
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Figure 4.16: Subset of the significant (< 0.01) co-occurring taxa associated with the Geitlerinema LD9 node during the entirety of 

this study in the Cefni reservoir. Cyanobacterial nodes are illustrated as green, T&O degrading bacterial nodes are indicated as 

purple and diatom nodes are coloured yellow. The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: https://rpubs.com/ASHooper/978493.  

 

 

https://rpubs.com/ASHooper/978493
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Table 4.6 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Cefni reservoir. 

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Geitlerinema 
LD9 

Planothidium rbcL +ve 
Cells of this genus are usually solitary, living on aquatic plants, algae/ Cyanobacteria, or inorganic 

substratum. (Stancheva, 2019) 

Achnanthidium rbcL +ve 
Prostrate diatoms that often reported from the littoral zone of oligotrophic lakes, living in the epipelon, 
epipsammon, or epilithon, preferring alkaline waters. Normally inhabit depressions and cervices on 

grains where they obtain protection. (Kingston, 2003) 

Chlamydomonas rbcL +ve 

Known to produce polyolglycosides, sterols, phenols, and fatty acids along with other compounds. 
Thought to use these compounds in chemotaxonomic relationships with other lineages. Additions of 

Aphanizomenon or cylindrospermopsin to Chlamydomonas induce genes typically upregulated under 
P limitation and give rise to extracellular APase activity that Cyanobacteria can use. (Bar-Yosef et al., 

2010; Khanh Tran et al., 2019) 

Flavobacterium 16S -ve 

Strictly aerobic, usually found inhabiting cyanobacterial aggregates during blooms. Known 2-MIB 
degrading genus said to maintain cyanobacterial blooms dominance by catalysing the turnover of 

complex organic matters released by the cyanobacteria to recycle previously loaded nutrient 
sources. (Cai et al., 2018) 

Uncultured 
Microscillaceae 

16S +ve 
This family can degrade carbohydrates and their derivatives to provide energy for cell growth. Has 

also been shown to be positively correlated with Microcystis, implying a tight interaction. (Chun et al., 
2020; Lan et al., 2020) 

UKL13-1 16S +ve 

Contains more lipid metabolism genes compared with most bacteria. Genomes contain anoxygenic 
photosynthesis and reaction centre genes, as well as genes for bacteriochlorophyll and carotenoid 
synthesis. Thus, they're heterotrophs that use phototrophy to drive ATP and NAD(P)H production. 

Associated with bloom-forming Cyanobacteria, said to benefit through ammonium and organic 
nutrients released by the cyanobacterium. (Driscoll et al., 2017) 

Alphaproteobacteria 
Phylum 

16S +ve 
Contains many genera that are known geosmin degraders, with the potential to be used in the 

bioremediation of geosmin and 2-MIB in aquaculture and water treatment facilities, often in bacterial 
consortiums in specific niches. (Churro et al., 2020) 
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4.3.2.4 – Dolwen  
 

In the Dolwen reservoir, 33 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01); seven of which were negatively associated, and 26 

co-occurring taxa were positively associated. The network can be accessed online 

via the link contained within Table 4.3. Typically, there were seven disconnected 

networks in the overall network; the two largest disconnected networks were 

comprised of five taxa. The potential importance of the significantly co-occurring taxa 

directly connected to cyanobacterial nodes can be seen as illustrated in Table 4.4. 

One of the disconnected networks contained two cyanobacterial taxa, 

Nostocaceae family and Aphanizomenon MDT14a; three of the associated nodes 

had positive co-occurrences, and one node belonging to Bacteria unknown had a 

negative co-occurrence (Figure 4.17). Dolichospermum NIES41 was contained in a 

much smaller cyanosphere, consisting of three nodes, and two genera had negative 

co-occurrences (Figure 4.18). 

 

Figure 4.17: Subset of the significant (< 0.1) co-occurring taxa associated with the 

Aphanizomenon MDT14a and Nostocaceae family nodes during the entirety of this 

study in the Dolwen reservoir. Cyanobacterial nodes are illustrated as green and 

diatom nodes are coloured yellow. The edges connecting the nodes show negative 

(indicated with dashed black lines) and positive (straight black lines) associations 

between each taxon. Link: https://rpubs.com/ASHooper/978497. 

https://rpubs.com/ASHooper/978497
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Figure 4.18: Subset of the significant (< 0.1) co-occurring taxa associated with the 

Dolichospermum NIES41 node during the entirety of this study in the Dolwen 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978497. 

 

 

 

https://rpubs.com/ASHooper/978497
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Table 4.7: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Dolwen reservoir.  

Cyanobacteria 
Co-occurring 

taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
MDT14a 

Gomphonema rbcL +ve 

Produces brown algal pheromones (hormosirene and two dictyopterens), however, functions of these 
volatile hydrocarbons in freshwater diatoms are unknown. Shown to be less favoured by ammonia 

abundance but have been shown to be closely correlated to the waterflow and nitrate abundance. (Veraart 
et al., 2008) 

Naviculaceae 
Family 

rbcL +ve 

An Ochrophyta family common in moderate to good quality streams. General term for many motile diatom 
species. Members of this family have been found in a symbiotic association with Cyanobacteria (e.g., 

Braarudosphaera and nitrogen-fixing cyanobacterium, Candidatus A. thalassa UCYN-A). (Moore et al., 
2019) 

Nostocaceae 
Family 

16S +ve 
Genera of this family are heterocyst forming. Includes many genera that possess geoA, including Anabaena 

and Nostoc species. (Yamada et al., 2015) 

Nostocaceae 
Family 

Aphanizomenon 
MDT14a 

16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to codon H in Reynolds 

classification. Known geosmin and microcystin producer. (Reynolds et al., 2002) 

Gomphonema rbcL +ve 

Produces brown algal pheromones (hormosirene and two dictyopterens), however, functions of these 
volatile hydrocarbons in freshwater diatoms are unknown. Shown to be less favoured by ammonia 

abundance but have been shown to be closely correlated to the waterflow and nitrate abundance. (Veraart 
et al., 2008) 

Naviculaceae 
Family 

rbcL +ve 

An Ochrophyta family common in moderate to good quality streams. General term for many motile diatom 
species. Members of this family have been found in a symbiotic association with Cyanobacteria (e.g., 

Braarudosphaera and nitrogen-fixing cyanobacterium, Candidatus A. thalassa UCYN-A). (Moore et al., 
2019) 

Dolichospermum 
NIES41 

hgcI clade 16S -ve 

Strong genetic ability to take carbohydrate and N-rich organic compounds. Also, the potential to utilize 
sunlight via actinorhodopsin which might promote anaplerotic carbon fixation, indicative of both 

heterotrophic and autotrophic lifestyles. Often found in epilimnetic waters and favours high water 
transparency and low DOC concentrations. This clade has been related to the decomposition of 

Cyanobacteria. (Luo et al., 2022) 

Candidatus 
Methylopumilus 

16S -ve 
Abundant in cold hypolimnion waters, growing psychrophilically. Has been shown to be inversely 

proportional to cyanobacterial growth. Capable of nitrification and denitrification and metabolising methane 
and sulphur. (Wei et al., 2022) 
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4.3.2.5 – Llandegfedd  
 

 In the Llandegfedd reservoir, 121 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01); 37 were determined to be negatively associated, 

and 84 co-occurring taxa were deemed positively associated. The network can be 

accessed online via the link contained within Table 4.3. One extensive network 

contained most nodes (109), and then five tight networks surrounded the more 

extensive network containing a maximum of three nodes. The two Cyanobacteria 

genera and T&O degrading bacteria were constituents of the extensive network. The 

potential importance of the significantly co-occurring taxa directly connected to 

cyanobacterial nodes can be seen as illustrated in Table 4.4.  

 Both cyanospheres interlinked, forming a positive co-occurrence from 

Cyanobium PCC-6307 to Aphanizomenon MDT14a. In the Aphanizomenon MDT14a 

cyanosphere, there were six associated co-occurring taxa, five of the associations 

were positive, and one belonging to the T&O-degrading bacteria Pseudomonas was 

negative (Figure 4.19). Similarly, in the Cyanobium PCC-6307 cyanosphere there 

were five co-occurring taxa, four of which were positively influential and one 

negatively influential belonging to Schlesneria (Figure 4.20).  
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Figure 4.19: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Aphanizomenon MDT14a node during the entirety of this study in the Llandegfedd 

reservoir. Cyanobacterial nodes are illustrated as green, T&O degrading bacterial 

nodes are indicated as purple and diatom nodes are coloured yellow. The edges 

connecting the nodes show negative (indicated with dashed black lines) and positive 

(straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978520. 

 

https://rpubs.com/ASHooper/978520
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Figure 4.20: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Llandegfedd 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978520. 

https://rpubs.com/ASHooper/978520
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Table 4.8: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Llandegfedd reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
MDT14a 

Candidatus Aquirestis 16S +ve 
Chemoorganotrophic bacteria found in stagnant shallow freshwater habitats, 
often related to high levels of dissolved organic C concentration derived from 

algal and cyanobacterial blooms. (Farkas et al., 2020) 

Sporichthyaceae Family 16S +ve 

This family only contains the genus Sporichthya, which is comprised of two 
species. Members are motile facultative anaerobes and have a cell wall 

containing large amounts of LL-diaminopimelic acid. Produce aerial hyphae 
made up of rod-shaped spores. No substrate mycelium. The main habitat of this 

family appears to be soil. (Tamura, 2014) 

Limnohabitans 16S +ve 

Found to thrive along with cyanobacterial blooms in spring or summer, using 
phytoplankton-derived organic material as they substrate for growth. Culture-

independent studies have revealed this genus to be the second most abundant 
(11%) taxa in the cyanosphere. (Luo et al., 2022; Seok Jea Youn et al., 2020) 

Fragilaria rbcL +ve 

The genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and in biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 

2019) 

Pseudomonas 16S -ve 

Known geosmin and 2-MIB degrading genus. Converting geosmin to several 
oxidation compounds, like, ketogeosmins. Contains 2-methyl-2-bornene, an 
enzyme capable of 2-MIB degradation. Three strains of Pseudomonas have 

been identified to possess the geoA, although it is unknown if they are effective 
geosmin producers. (Churro et al., 2020; Eaton and Sandusky, 2010; Shao and 

Du, 2020) 

Cyanobium PCC-6307 16S +ve 

Type of picocyanobacteria; species vary from oval to cylindrical cells, with little or 
no evident mucilage exterior. Not a known producer of geosmin, although can 

produce 2-MIB and microcystins. (Clercin et al., 2022; Hojun et al., 2021; 
Śliwińska-Wilczewska et al., 2018) 
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Table 4.8 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanospherewithin the Llandegfedd reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Cyanobium PCC-
6307 

Aphanizomenon MDT14a 16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to 
codon H in Reynolds classification. Known geosmin and microcystin producer. 

(Reynolds et al., 2002) 

Sporichthyaceae Family 16S +ve 

This family only contains the genus Sporichthya, which is comprised of two 
species. Members are motile facultative anaerobes and have a cell wall 

containing large amounts of LL-diaminopimelic acid. Produce aerial hyphae 
made up of rod-shaped spores. No substrate mycelium. The main habitat of this 

family appears to be soil. (Tamura, 2014) 

Limnohabitans 16S +ve 

Found to thrive along with cyanobacterial blooms in spring or summer, using 
phytoplankton-derived organic material as they substrate for growth. Culture-

independent studies have revealed this genus to be the second most abundant 
(11%) taxa in the cyanosphere. (Luo et al., 2022; Seok Jea Youn et al., 2020) 

Fragilaria rbcL +ve 

The genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 

2019) 

Schlesneria 16S -ve 
Moderately acidophilic Planctomycetes growing at pH values between 4 and 7, 
with an optimum at pH 5 - 6. Chemo-organotrophic facultative aerobes, positive 

for dissimilatory nitrate reduction. (Kulichevskaya et al., 2007) 
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4.3.2.6 – Llwyn On  
 

In the Llwyn On reservoir 31 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01); six of which were determined to be negatively 

associated, and 25 co-occurring taxa were deemed positively associated. The 

network can be accessed online via the link contained within Table 4.3. In general, 

there were 15 disconnected networks in the overall network. The largest network 

contained the two significantly co-occurring Cyanobacteria genera, Aphanizomenon 

NIES81 and Cyanobium PCC-6307. The potential importance of the significantly co-

occurring taxa directly connected to cyanobacterial nodes can be seen as illustrated 

in Table 4.4. 

The Aphanizomenon NIES81 cyanosphere included two positively co-

occurring taxa (Figure 4.21) including Cyanobium PCC-6307; the Cyanobium PCC-

6307 cyanosphere involved four co-occurring taxa, two of which were positive and 

two which were negatively influential (Figure 4.22).  

 

Figure 4.21: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Aphanizomenon NIES81 node during the entirety of this study in the Llwyn On 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978527. 

https://rpubs.com/ASHooper/978527
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Figure 4.22: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Llwyn On 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978527. 

https://rpubs.com/ASHooper/978527
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Table 4.9: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within Llwyn On reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Aphanizomenon 
NIES81 

Armatimonas 16S +ve 
Aerobic, non-motile, ovoid to rod-shaped often found in mesophilic waters. 

Previously shown to be positively correlated with TP. (Xu et al., 2018) 

Cyanobium PCC-6307 16S +ve 

Type of picocyanobacteria; species vary from oval to cylindrical cells, with little or 
no evident mucilage exterior. Not a known producer of geosmin, although can 

produce 2-MIB and microcystins. (Clercin et al., 2022; Hojun et al., 2021; 
Śliwińska-Wilczewska et al., 2018) 

Cyanobium PCC-
6307 

Asterionella rbcL +ve 

Belongs to codon C in the Reynolds classification. Characteristic member of 
nutrient-rich temperate lakes. Rapid increases of this species during March - April 
leads to the extraction of major anions (nitrate, phosphate, and silicate), resulting 
in nutrient depletion and altering nutrient ratios. (Krivtsov et al., 2000; Reynolds 

et al., 2002) 

Uncultured Rhizobiales Incertae 
Sedis 

16S -ve 
family of nitrogen-fixing bacteria. Members of the Rhizobiales have been reported 

to degrade cyanobacterial-derived particulate organic matter. (Huang et al., 
2022; Millar et al., 2022) 

Pedosphaeraceae 16S -ve 
Previously found to be a keystone species in rhizospheres found in soils. They 
play an important role in sediment nutrient circulation with high metal resistance 

potentials. (Yuan et al., 2022) 

Aphanizomenon NIES81 16S +ve 
Filamentous capable of nitrogen fixation found in eutrophic waters, assigned to 
codon H in Reynolds classification. Known geosmin and microcystin producer. 

(Reynolds et al., 2002) 
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4.3.2.7 – Pentwyn 
 

In the Pentwyn reservoir, 135 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01); 48 were determined to be negatively associated, 

and 87 co-occurring taxa were deemed positively associated. The network can be 

accessed online via the link contained within Table 4.3. In general, there were five 

networks tightly compacted into the overall network; four were comprised of two 

nodes, one of which contained Dolichospermum NIES41 and the diatom Melosira 

(Figure 4.24). The potential importance of the significantly co-occurring taxa directly 

connected to cyanobacterial nodes can be seen as illustrated in Table 4.4. 

Cyanobium PCC-6307 had more taxa involved within its cyanosphere (Figure 

4.23) than Dolichospermum NIES41 (Figure 4.24). Eight taxa were directly included 

within the Cyanobium PCC-6307 cyanosphere, five of which were negatively 

associated and three were positively co-occurring.  
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Figure 4.23: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Pentwyn 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978532. 

https://rpubs.com/ASHooper/978532
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Table 4.10: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Pentwyn reservoir.  

Cyanobacteria 
Co-occurring 

genus 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring genus 

Cyanobium 
PCC-6307 

Uncultured 
Rubinisphaeraceae 

16S -ve 
A heterotrophic bacterium that has been reported in methanotrophic accumulating poly(3-

hydroxybutyrate) systems. Not known to perform anammox. (Cattaneo et al., 2022; Khairunisa et al., 
2022) 

R7C24 16S -ve - 

Gomphonema rbcL  -ve 

Produces brown algal pheromones (hormosirene and two dictyopterens), however, functions of these 
volatile hydrocarbons in freshwater diatoms are unknown. Shown to be less favoured by ammonia 
abundance but have been shown to be closely correlated to the water flow and nitrate abundance. 

(Veraart et al., 2008) 

Ulnaria rbcL -ve 
Present in stable meso to eutrophic water columns, with circumneutral to slightly alkaline conditions. 
Previously included in the large genus Synedra. Species are mesoaprobic. Normally associated with 

increased productivity. (Thacker and Karthick, 2022) 

Sporichthyaceae 
Family 

16S +ve 

This family only contains the genus Sporichthya, which is comprised of two species. Members are 
motile facultative anaerobes and have a cell wall containing large amounts of LL-diaminopimelic acid. 
Produce aerial hyphae made up of rod-shaped spores. No substrate mycelium. The main habitat of 

this family appears to be soil. (Tamura, 2014) 

Asterionella rbcL +ve 

Belongs to codon C in the Reynolds classification. Characteristic member of nutrient-rich temperate 
lakes. Rapid increases of this species during March – April leads to the extraction of major anions 

(nitrate, phosphate, and silicate), resulting in nutrient depletion and altering nutrient ratios. (Krivtsov et 
al., 2000; Reynolds et al., 2002) 

Gloeotila rbcL  +ve 
Has synonymously been recognised as Geminella. Found in deep, well-mixed epilimnia. Tolerant to 

light deficiency and sensitive to nutrient deficiency. Assigned to codon T according to Reynolds 
classification. (Fernandes et al., 2021; Reynolds et al., 2002) 
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Figure 4.24: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Dolichospermum NIES41 node during the entirety of this study in the Pentwyn 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978532. 

 

 

 

 

 

 

 

https://rpubs.com/ASHooper/978532
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Table 4.9 cont’d: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Pentwyn reservoir. 

 

 

 

 

 

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Cyanobium PCC-
6307 

Uncultured Gemmataceae 16S -ve 

Strictly aerobic, chemo-organotrophic Planctomycetes which occur singly or in 
pairs or are assembled in large rosette-like clusters and dendriform-like 

structures. All members of this family have large genome sizes, and hold 
repertoires of carbohydrate-active enzymes, including many unclassified 

putative glycoside hydrolases; high glycolytic potential/ utilises polysaccharides 
such as xylan, laminarin, lichenin and starch. Some members can degrade chitin 

and utilise it as a source of nitrogen. (Kulichevskaya et al., 2020) 

Dolichospermum 
NIES41 

Melosira rbcL +ve 

Generally benthic, occurring in naturally eutrophic and polluted streams and 
lakes, commonly entrained into the plankton. Chain-forming diatom genus 

Reportedly contains high intracellular unsaturated and polyunsaturated fatty 
acids associated with fish/ oily/ cucumber odours in waters. (Van de Vijver and 

Crawford, 2020) 
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4.3.2.8 – Plas Uchaf 
 

In the Plas Uchaf reservoir, 86 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01), 14 were determined to be negatively associated, 

and 72 co-occurring taxa were deemed positively associated. The network can be 

accessed online via the link contained within Table 4.3. In general, there were seven 

networks tightly compacted into the overall network; six were comprised of between 

two – four nodes and did not contain any cyanobacterial taxa. The largest network 

contained the majority of nodes (71), and both significantly co-occurring 

cyanobacterial taxa. The potential importance of the significantly co-occurring taxa 

directly connected to cyanobacterial nodes can be seen as illustrated in Table 4.4. 

In the Nostocaceae family cyanosphere, four associated taxa had a negative 

influence (Figure 4.25). For Microcystis PCC-7914, only two genera were included in 

the cyanosphere, both of which positively influenced Microcystis PCC-7914 (Figure 

4.26).  
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Figure 4.25: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Nostocaceae family node during the entirety of this study in the Plas Uchaf reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each genus. Link: 

https://rpubs.com/ASHooper/978536. 

 

 

https://rpubs.com/ASHooper/978536
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Figure 4.26: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Microcystis PCC-7914 node during the entirety of this study in the Plas Uchaf 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978536.

https://rpubs.com/ASHooper/978536
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Table 4.11: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Plas Uchaf reservoir.  

Cyanobacteria Co-occurring taxon 16S / rbcL 
Co-occur 
influence 

Importance of co-occurring taxon 

Nostocaceae 
Family 

Rhodobacteraceae Family 16S -ve 

Mainly consists of aerobic photo- and chemoheterotrophs, purple non-sulphur 
bacteria that perform photosynthesis, and can also be anaerobic. Play roles in 
sulphur, nitrogen, and carbon cycles, decomposing various compounds and 

generating secondary metabolites. Produces EPS that retains large amounts of 
water, some species synthesise ectoine (protein protectant), and other species 

can synthesise polyhydroxyalkanoates (PHAs) (compounds accumulated by 
many microorganisms). (Azpiazu-muniozguren et al., 2022) 

Stephanodiscus rbcL -ve 
Typically, colonial and placed in Reynolds codon D classification; mostly found in 
shallow, nutrient-enriched, well-ventilated waters, liable to be turbid. Small-celled 

(≤ 103 μm3 in volume) and fast-growing. (Reynolds et al., 2002) 

Uncultured 
Verrucomicrobiaceae 

16S -ve 
Associated with rhizospheres and endospheres found in plant roots and soil. 

Implicated in root carbon metabolism. Has also been connected to Lyngbya (non-
heterocyst-forming) blooms. (Newitt, 2020; Rajaneesh et al., 2020) 

Armatimonas 16S -ve 
Aerobic, non-motile, ovoid to rod-shaped often found in mesophilic waters. 

Previously shown to be positively correlated with TP. (Xu et al., 2018) 

Microcystis PCC-
7914 

Terrimicrobium 16S +ve 
Non-motile, anaerobic rods. Ferments various sugars, but not fatty acids, 

alcohols (i.e., geosmin) or amino acids. Previous research has identified this 
genus with Nostoc epibacteria. (Qiu et al., 2014; Satjarak et al., 2021) 

Fragilaria rbcL +ve 

The genus can be planktonic or benthic, existing as colonial and non-colonial 
species. Colonial species tend to form ribbon-like colonies. Has been associated 

with increases in the cell number of Cyanobacteria and biofilms with 
Cyanobacteria. (Dae-Kyun et al., 2001; Espinosa et al., 2020; Heudre et al., 

2019) 
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4.3.2.9 – Pontsticill  
 

In the Pontsticill reservoir, 63 pairwise comparisons yielded statistically 

significant co-occurrence (<0.01), 16 of which were determined to be negatively 

associated, and 47 co-occurring taxa were deemed positively associated. The 

network can be accessed online via the link contained within Table 4.3. In general, 

nine networks were tightly compacted into the overall network; eight were comprised 

of between two – five. The largest network contained the majority of nodes (41), and 

one significantly co-occurring cyanobacterial taxa. There was no evidence of 

cyanospheres overlapping. The potential importance of the significantly co-occurring 

taxa directly connected to cyanobacterial nodes can be seen as illustrated in Table 

4.4. 

 The Cyanobium PCC-6307 cyanosphere contained four co-occurring taxa, 

three of which were positively influential, and one that was negatively influential, 

namely, uncultured Rubinisphaeraceae (Figure 4.27). The other two cyanospheres 

were much smaller and only had two occupants. The Dolichospermum NIES41 

cyanosphere had positive associations with DEV114 and Cyclostephanos (Figure 

4.28). The Snowella 0TU37S04 cyanosphere had one positive association with 

Tabellaria and one negative association with a member from the Sporichthyaceae 

family (Figure 4.29).  
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Figure 4.27: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Cyanobium PCC-6307 node during the entirety of this study in the Pontsticill 

reservoir. Cyanobacterial nodes are illustrated in green. The edges connecting the 

nodes show negative (indicated with dashed black lines) and positive (straight black 

lines) associations between each taxon. Link: https://rpubs.com/ASHooper/978544.

https://rpubs.com/ASHooper/978544
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Figure 4.28: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Dolichospermum NIES41 node during the entirety of this study in the Pontsticill 

reservoir. Cyanobacterial nodes are illustrated as green and diatom nodes are 

coloured yellow. The edges connecting the nodes show negative (indicated with 

dashed black lines) and positive (straight black lines) associations between each 

taxon. Link: https://rpubs.com/ASHooper/978544. 

 

Figure 4.29: Subset of the significant (< 0.01) co-occurring taxa associated with the 

Snowella out37S04 node during the entirety of this study in the Pontsticill reservoir. 

Cyanobacterial nodes are illustrated as green and diatom nodes are coloured yellow. 

The edges connecting the nodes show negative (indicated with dashed black lines) 

and positive (straight black lines) associations between each taxon. Link: 

https://rpubs.com/ASHooper/978544.

https://rpubs.com/ASHooper/978544
https://rpubs.com/ASHooper/978544
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Table 4.12: Representation of taxa nodes associated with cyanobacterial nodes and their influence and importance in the 

cyanosphere within the Pontsticill reservoir.  

Cyanobacteria Co-occurring taxon 
16S / 
rbcL 

Co-occur 
influence 

Importance of co-occurring taxon 

Cyanobium 
PCC-6307 

Uncultured 
Rubinisphaeraceae 

16S -ve 
A heterotrophic bacterium that has been reported in methanotrophic accumulating poly(3-

hydroxybutyrate) systems. Not known to perform anammox. (Cattaneo et al., 2022; Khairunisa et al., 
2022) 

Trebouxiophyceae 
Class 

rbcL +ve 
Some members of this class can produce mycoporine-like amino acids, used as photoprotective 

substances. (Karsten et al., 2005) 

Uncultured 
Verrucomicrobiae 

16S +ve 
Associated with rhizospheres and endospheres found in plant roots and soil. Implicated in root carbon 

metabolism. Has also been connected to Lyngbya (non-heterocyst-forming) blooms. (Newitt, 2020; 
Rajaneesh et al., 2020) 

OM190 16S +ve 

Members of this clade are usually associated with microalgae. Produces secondary metabolites, 
including antimicrobial compounds. It has been shown that diatoms produce fucose-containing 

sulphated polysaccharides which this genus can supposedly use as an energy source. (Pushpakumara 
et al., 2022) 

Dolichospermum 
NIES41 

DEV114 16S +ve 
Genus belonging to the Pedosphaeraceae family. Has been found to be negatively correlated with the 

concentration of Ammonia. (Choi et al., 2022) 

Cyclostephanos rbcL +ve 

Large single-celled diatoms indicative of mesotrophic to eutrophic conditions, normally sensitive to 
nutrient enrichment. A superior genus in phosphate uptake and thus most resistant to nutrient 

depletion. Also, contain adaptation for floating in the water column and reducing sinking losses. 
(Simiyu and Kurmayer, 2022) 

Snowella 
0TU37S04 

Tabellaria rbcL +ve 
Assigned to codon N from Reynolds classification. Often found in mesotrophic epiliminia, tolerant to 

nutrient deficiency and sensitive to stratification, aND pH rise. (Reynolds et al., 2002) 

Sporichthyaceae 
Family 

16S -ve 

This family only contains the genus Sporichthya, which is comprised of two species. Members are 
motile facultative anaerobes and have a cell wall containing large amounts of LL-diaminopimelic acid. 
Produce aerial hyphae made up of rod-shaped spores. No substrate mycelium. The main habitat of 

this family appears to be soil. (Tamura, 2014) 
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4.3.3 – NMDS analysis for 16S rRNA genera  

 

4.3.3.1 – Alaw  
 

 16S rRNA genera composition in the Alaw reservoir revealed a distinct 

clustering of samples according to high geosmin levels (Figure 4.30). Samples 

experiencing low and medium geosmin levels did not cluster as distinctively as high 

geosmin levels and expressed overlaps. Significant co-occurring Cyanobacteria (as 

identified in Section 4.3.3) showed all Cyanobacteria vectors pointing toward high 

geosmin level data points (Figure 4.30A). Aphanizomenon NIES81 was the most 

significantly associated genus in relation to high geosmin levels. Significant co-

occurring T&O degrading bacteria (as identified in Section 4.3.3) displayed 

Sphingorhabdus and Bacillus to be most closely related to high geosmin levels, with 

Sphingorhabdus being the most significant (Figure 47B). Flavobacterium and 

Rhodoferax vectors were directed more towards low and medium geosmin levels. 

Environmental vectors influencing the ordination of samples revealed dissolved 

manganese (DMn), pH, sulphate (SO4), and both T&O compounds to be associated 

with high geosmin levels (Figure 47C). Orthophosphate (Ortho), NH4
+:NO3

-, TIN:TP, 

dissolved reactive silicate (Sil) and dissolved iron (DFe) were most influential on low 

and medium geosmin levels. 
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Figure 4.30: Three 16S rRNA NMDS ordination of samples from Alaw (n = 34) 

reservoir coloured by geosmin level and shaped by sample point locations, arrows 

represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence 

analysis B) significant co-occurring T&O degrading bacteria from co-occurrence 

analysis C) environmental variables of interest. 
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4.3.3.2 – Cefni 
 

 For 16S rRNA genera composition in the Cefni reservoir, samples did not 

expose any clustering in relation to geosmin levels (Figure 4.31). 

 

Figure 4.31: Three 16S rRNA NMDS ordination of samples from Cefni (n = 33) 

reservoir coloured by geosmin level and shaped by sample point locations, arrows 

represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence 

analysis B) significant co-occurring T&O degrading bacteria from co-occurrence 

analysis C) environmental variables of interest. 
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4.3.3.3 – Dolwen 
 

 16S rRNA genera composition for the Dolwen reservoir revealed a gradient of 

clustering, from low to high geosmin levels (Figure 4.32). Although a small sample 

size (n=6) must be considered when interpreting results. For significant co-occurring 

Cyanobacteria, as identified in Section 4.3.3, all three Cyanobacteria vectors were 

significantly directed towards high geosmin levels (Figure 4.32A). The significant co-

occurring geosmin degrading genus, Bacillus, was significantly related to samples 

experiencing low and medium geosmin levels (Figure 4.32B). Significant 

environmental variables influential of high geosmin levels were pH, geosmin (GEO), 

conductivity (Con) and total organic carbon (TOC) (Figure 4.32C). NH4
+:NO3

- was 

significantly associated with medium geosmin levels, and TIN:TP and dissolved 

reactive silicate were significantly associated with low geosmin levels.
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Figure 4.32: Three 16S rRNA NMDS ordination of samples from Dolwen (n = 6) reservoir coloured by geosmin level and shaped by 

sample point locations, arrows represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence analysis B) 

significant co-occurring T&O degrading bacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.3.4 – Llwyn On  
 

16S rRNA genera composition in Llwyn On reservoir showed apparent 

clustering of samples according to geosmin levels (Figure 4.33). Significant co-

occurring Cyanobacteria (identified from Section 4.3.3) vectors pointed towards 

samples experiencing high geosmin levels (Figure 4.33A). Due to the absence of 

any significant co-occurring T&O degrading bacteria from Section 4.3.3, significant 

16S rRNA genera as determined by NMDS analysis (p ≤ 0.001) were plotted (Figure 

4.33B). Two T&O degrading bacteria were identified, Flavobacterium and 

Sphingorhabdus; Sphingorhabdus was closely related to high geosmin levels and 

closely related to Aphanizomenon NIES81. Environmental variable vectors revealed 

only geosmin (GEO) to be closely related to the samples subjected to high geosmin 

levels (Figure 4.33C).  
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Figure 4.33: Three 16S rRNA NMDS ordination of samples from Llwyn On (n = 20) 

reservoir coloured by geosmin level and shaped by sample point locations, arrows 

represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence 

analysis B) significant 16S rRNA genera identified by NMDS analysis (p ≤ 0.001) C) 

environmental variables of interest. 
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4.3.3.5 – Pentwyn   
 

16S rRNA genera composition in Pentwyn followed distinct clustering 

according to assigned 2-MIB levels (Figure 4.34), apart from one spurious medium 

2-MIB level present in the low 2-MIB cluster. Significant co-occurring Cyanobacteria, 

identified in Section 4.3.3, exposed Cyanobium PCC-6307 to be significantly 

associated with high 2-MIB levels (Figure 4.34A). For significant co-occurring T&O 

degrading bacteria, Novosphingobium was the vector considered to be significant 

and towards low 2-MIB levels (Figure 4.34B). The only environmental variable 

considered to be significant towards high 2-MIB levels was 2-MIB concentrations 

(MIB) (Figure 4.34C). pH, conductivity (Con), dissolved iron (DFe) and dissolved 

reactive silicate (Sil) were all significantly related to low 2-MIB levels.    
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Figure 4.34: Three 16S rRNA NMDS ordination of samples from Pentwyn (n = 31) reservoir coloured by 2-MIB level and shaped by 

sample point locations, arrows represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence analysis B) 

significant co-occurring T&O degrading bacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.3.6 – Plas Uchaf   
 

16S rRNA genera composition in the Plas Uchaf reservoir did not reveal any 

distinctive clustering of samples according to geosmin levels (Figure 4.35). Although, 

overlayed vectors of significant co-occurring Cyanobacteria, as determined in 

Section 4.3.3, revealed Microcystis PCC-7914 to be closely related to most samples 

that experienced medium geosmin levels (Figure 4.35A).  
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Figure 4.35: Three 16S rRNA NMDS ordination of samples from Plas Uchaf (n = 22) 

reservoir coloured by geosmin level and shaped by sample point locations, arrows 

represent vectors of A) significant co-occurring Cyanobacteria from co-occurrence 

analysis B) significant co-occurring T&O degrading bacteria from co-occurrence 

analysis C) environmental variables of interest. 
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4.3.3.7 – Pontsticill   
 

 For the 16S rRNA genera composition in the Pontsticill reservoir, no distinct 

separation from the low and the one medium geosmin event occurred (Figure 4.36 – 

left). For 2-MIB concentrations, a clear separation existed between low and medium 

levels (Figure 4.36 – right), apart from one spurious low-level datapoint. Significant 

co-occurring Cyanobacteria genera identified in Section 4.3.3 revealed Cyanobium 

PCC-6307 and SnoweloutOTU37S04 vectors to be significantly directed towards the 

cluster of medium 2-MIB level data points (Figure 4.36B). The only significant co-

occurring T&O degrading bacteria, Pseudomonas, was significantly associated with 

low geosmin and 2-MIB levels (Figure 4.36C and D, respectively). Environmental 

variables associated with medium 2-MIB levels were geosmin (GEO), 2-MIB (MIB), 

TIN:TP and NH4
+:NO3

- (Figure 4.36F).  
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Figure 4.36: Six 16S rRNA NMDS ordination of samples from Pontsticill (n = 24) 

reservoir coloured by geosmin (left – A, C and E) and 2-MIB level (right – B, D and 

F) and shaped by sample point locations, arrows represent vectors of A+B) 

significant co-occurring Cyanobacteria from co-occurrence analysis C+D) significant 

co-occurring T&O degrading bacteria from co-occurrence analysis E+F) 

environmental variables of interest. 
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4.3.4 – NMDS analysis for rbcL genera 

 

4.3.4.1 – Alaw  
 

 The community composition structure for rbcL in the Alaw reservoir did not 

appear to cluster according to geosmin levels (Figure 4.37). Significant rbcL genera 

as determined through NMDS analysis, revealed that most identified genera are 

directed towards a region of high geosmin level datapoints, except for Asterionella 

and Tabellaria (Figure 4.37A). Tabellaria appeared to be directed towards a mixture 

of geosmin levels, whereas Asterionella was directed towards a grouping of high 

geosmin levels. Significantly co-occurring algal genera with Cyanobacteria, as 

determined in Section 4.3.3, were directed towards a grouping of high geosmin 

levels (Figure 4.37B), except for Aulacoseira, Thalassiosira, and Stephanodiscus 

that were directed more towards low and medium geosmin levels. No environmental 

variables were deemed significant in structuring the rbcL community composition 

(Figure 4.37C).
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Figure 4.37: Three rbcL NMDS ordination of samples from Alaw (n = 34) reservoir coloured by geosmin level and shaped by 

sample point locations, arrows represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 0.001) B) 

significant co-occurring rbcL genera with Cyanobacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.4.2 – Cefni   
 

In the Cefni reservoir, rbcL genera composition did not reveal any clustering 

of data points according to geosmin levels (Figure 4.38).  
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Figure 4.38: Three rbcL NMDS ordination of samples from Cefni (n = 32) reservoir coloured by geosmin level and shaped by 

sample point locations, arrows represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 0.001) B) 

significant co-occurring rbcL genera with cyanobacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.4.3 – Dolwen   
 

In the Dolwen reservoir, rbcL genera did not cluster according to geosmin 

concentration levels (Figure 4.39), with overlapping of data points.   
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Figure 4.39: Three rbcL NMDS ordination of samples from Dolwen (n = 6) reservoir coloured by geosmin level and shaped by 

sample point locations, arrows represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 0.05) B) significant 

co-occurring rbcL genera with Cyanobacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.4.4 – Llwyn On    
 

 Distinct clustering of rbcL genera composition occurred according to geosmin 

levels in Llwyn On reservoir (Figure 4.40). Due to only one (Asterionella) algae 

significantly co-occurring with a Cyanobacteria (Cyanobium PCC-6307) in this 

reservoir, no plot was formed. As governed by NMDS analysis, significant genera 

vectors revealed Asterionella as the most closely related genus to medium and high 

geosmin levels (Figure 4.40A). All other significant genera were associated with low 

geosmin levels. The main significant environmental variables associated with high 

geosmin levels were geosmin (GEO) and pH.    
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Figure 4.40: Three rbcL NMDS ordination of samples from Llwyn On (n = 21) 

reservoir coloured by geosmin level and shaped by sample point locations, arrows 

represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 

0.005) B) environmental variables of interest. 
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4.3.4.5 – Pentwyn    
 

In the Pentwyn reservoir, rbcL genera composition can be seen to form a 

cluster for data points subjected to high 2-MIB levels (Figure 4.41). From comparing 

significant genera as governed by NMDS analysis (Figure 4.41A) and significant co-

occurring algal genera with Cyanobacteria determined in Section 4.3.3 (Figure 

4.41B), it is evident that Aulacoseira is the most significantly associated genus with 

high 2-MIB levels. The only significant environmental variable associated with high 2-

MIB levels was 2-MIB (MIB) (Figure 4.41C).  
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Figure 4.41: Three rbcL NMDS ordination of samples from Pentwyn (n = 31) reservoir coloured by 2-MIB level and shaped by 

sample point locations, arrows represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 0.001) B) 

significant co-occurring rbcL genera with Cyanobacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.4.6 – Plas Uchaf    
 

rbcL genera composition in the Plas Uchaf reservoir did not reveal any true 

clustering of data points according to geosmin level (Figure 4.42), although medium 

geosmin levels did form two separate clusters. Melosira and Asterionella were 

revealed to be significantly related to medium geosmin levels as governed by NMDS 

analysis (Figure 4.42A). Significant co-occurring algal genera, as determined in 

Section 4.3.3, showed Stephanodiscus to be significantly related to medium geosmin 

levels also (Figure 4.42B). Environmental variables exPOsed pH and 2-MIB (MIB) to 

be associated with medium geosmin levels (Figure 4.42C).  



 

229 
 

Figure 4.42: Three rbcL NMDS ordination of samples from Plas Uchaf (n = 22) reservoir coloured by geosmin level and shaped by 

sample point locations, arrows represent vectors of A) significant rbcL genera governed by NMDS analysis (p ≤ 0.001) B) 

significant co-occurring rbcL genera with Cyanobacteria from co-occurrence analysis C) environmental variables of interest.
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4.3.4.7 – Pontsticill    
 

No true clustering of rbcL genera composition was related to geosmin levels 

(Figure 4.43 – left) or 2-MIB levels (Figure 4.43 – right) in the Pontsticill reservoir.  
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Figure 4.43: Six rbcL NMDS ordination of samples from Pontsticill (n = 25) reservoir 

coloured by geosmin (left – A, C and E) and 2-MIB level (right – B, D and F) and 

shaped by sample point locations, arrows represent vectors of A+B) significant rbcL 

genera governed by NMDS analysis (p ≤ 0.001) C+D) significant co-occurring rbcL 

genera with Cyanobacteria from co-occurrence analysis E+F) environmental 

variables of interest. 
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4.3.5 – Indicative genera of a T&O ‘event’ in Alaw, Llwyn On and 

Pentwyn reservoirs experiencing high T&O concentrations 

 

 Random forest analysis correctly classified at least 75% of samples in the 

Alaw reservoir for geosmin concentration levels (low, medium, and high) and at least 

66.67% of samples in the Pentwyn reservoir for 2-MIB concentrations (Table 4.11). 

Allocation of high and medium geosmin concentration classifications in Llwyn On 

reservoir was less accurate, with 0 – 50% of samples being correctly classified, 

respectively; this could be due to only two samples having high geosmin 

concentrations. However, low geosmin concentration classification was highly 

accurate, with 94.12% of samples being correctly classified. These random forest 

models were constructed using subsets of only the 20 most discriminatory taxa 

associated with T&O concentration levels. Random forest models performed 

comparably to the original random forest model in their respective classifications, 

indicating that these subsets captured much of the relevant information from the 

entire dataset. Please see Table 4.12 for a list of discriminatory taxa used for each 

random forest for geosmin concentration levels in Alaw and Llwyn On reservoirs and 

2-MIB concentration levels in Pentwyn reservoir. 
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Table 4.13: Results from random forest classification of T&O status from significantly 

co-occurring taxa from reservoirs experiencing high T&O concentrations.  

   
Predicted Class 

 
T&O 

compound 
Reservoir 

True 

Class 
Low Medium High 

Error 

rate (%) 

Geosmin Alaw 

Low 16 3 0 15.79 

Medium 2 12 2 25.00 

High 1 2 17 15.00 

Geosmin Llwyn On 

Low 32 2 0 5.88 

Medium 3 4 1 50.00 

High 1 1 0 100.00 

2-MIB Pentwyn 

Low 20 2 0 9.10 

Medium 1 2 0 33.33 

High 0 0 6 0.00 

Rows represent the number of samples from each true class allocated to each predicted class 

(columns). The error rate is the percentage of samples misclassified from each group. The predicted 

class for each given sample was determined by a simple majority of votes from the trees in which that 

sample was out-of-bag (OOB). Correct classifications are shown in bold. 
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Table 4.14 cont’d: Variable importance table displaying the ranking of variables used in the random forest classification for T&O 

levels (low, medium, and high) using the Mean Decrease in Accuracy (MDA) showing how much removing each taxon reduces the 

accuracy of the model for Alaw, Llwyn On, and Pentwyn reservoirs. Cyanobacterial taxa are bolded and shaded grey. 

 

 

ALAW LLWYN ON  PENTWYN 

Taxa Low Med High MDA Taxa Low Med High MDA Taxa Low Med High MDA 

Peptostreptococcaceae 
Family 

146.89 80.88 122.28 185.75 
Cyanobium  
PCC-6307 

90.35 35.93 57.05 92.08 Limnobacter 130.35 31.88 179.74 157.66 

Aphanizomenon 
NIES81 

43.15 19.75 144.58 132.93 OM27 clade 63.88 48.99 
-

15.88 
69.18 NS9 marine group 61.66 4.64 56.11 62.92 

Discostella -12.09 62.32 63.97 76.60 Prosthecobacter 65.57 6.41 20.10 61.87 Entomoneis -3.42 74.25 9.22 44.34 

SH3-11 21.71 -0.72 80.14 70.59 Fragilaria 23.96 39.48 49.67 61.61 Limnohabitans 46.44 -1.21 25.49 44.11 

Uncultured 
Pedosphaeraceae 

46.71 50.28 8.57 66.05 
Sphaeropleales 

Order 
58.54 43.56 

-
19.60 

58.92 CL500-3 31.29 39.03 -4.54 43.73 

Cyanobium PCC-6307 59.61 
-

10.21 
50.22 59.70 Achnanthidium 57.37 10.29 15.81 57.64 

Sporichthyaceae 
Family 

28.38 28.21 16.34 40.96 

Navicula 35.90 19.87 22.45 46.15 
Uncultured 

Pedosphaeraceae 
35.28 16.95 21.72 38.94 Asterionella 22.34 34.75 14.65 35.40 

Sphingorhabdus 6.77 30.13 38.90 45.45 Chthoniobacter 25.92 29.50 8.68 35.87 Gomphonema 21.06 13.49 -2.98 22.19 

Uncultured 
Verrucomicrobiaceae 

-22.02 14.75 58.70 45.11 Armatimonas 16.07 31.34 
-

21.50 
25.30 

Pedosphaeraceae 
Family 

18.52 5.17 22.58 21.61 

Fragilaria 0.83 43.71 19.31 42.90 Chlamydomonas 19.13 23.23 0.00 24.44 Urosolenia 19.30 16.22 -3.62 21.38 
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Table 4.14 cont’d: Variable importance table displaying the ranking of variables used in the random forest classification for T&O 

levels (low, medium, and high) using the Mean Decrease in Accuracy (MDA) showing how much removing each taxon reduces the 

accuracy of the model for Alaw, Llwyn On, and Pentwyn reservoirs. cyanobacterial taxa are bolded and shaded grey. 

ALAW LLWYN ON  PENTWYN 

Taxa Low Med High MDA Taxa Low Med High MDA Taxa Low Med High MDA 

Uncultured 
Planctomycetales 

7.90 44.96 18.58 38.72 
Cytophagales 

Order 
18.65 23.09 0.00 24.13 

Uncultured 
Gemmataceae 

12.04 10.12 14.56 19.71 

Pedosphaeraceae 27.89 31.07 1.13 38.63 
Opitutaceae 

Family 
13.22 15.99 21.84 24.05 

Chitinophagaceae 
Family 

15.78 6.61 2.04 15.81 

Snowella 0TU37S04 9.87 8.24 35.26 35.85 env-OPS 17 13.34 7.23 26.99 21.37 Rhizobiales Order 15.31 7.92 1.57 15.29 

Limnohabitans 12.83 22.63 30.23 34.78 Ulnaria 1.04 19.23 11.12 19.03 
Uncultured 

Fibrobacteraceae 
5.32 0.00 11.80 13.07 

Trebouxiophyceae 
Class 

7.23 1.64 38.20 32.95 Pseudarcicella 10.91 14.38 6.86 17.51 Achnanthidium 9.45 7.48 1.00 10.90 

Gloeotila 5.09 17.04 28.37 28.66 
Uncultured 
Rhizobiales 

Incertae Sedis 
12.84 14.48 0.00 16.61 Achnanthidium 8.77 8.37 1.00 10.68 

Bacillus -2.37 35.78 -1.56 21.37 
Trebouxiophyceae 

Class  
32.64 

-
19.86 

4.00 15.52 Fragilaria 4.72 14.14 -0.81 10.42 

Chlamydomonadaceae 
Family 

5.39 7.86 17.49 17.50 Mayamaea 5.28 14.90 0.00 13.71 
Cyanobium 
PCC-6307 

-1.56 5.90 12.02 9.78 

Sediminibacterium 
-

10.58 
12.83 20.11 17.40 

Chlorophyceae 
Class 

31.64 
-

20.44 
3.61 13.35 R7C24 -5.74 5.73 11.48 8.55 

Stephanodiscus -1.63 2.97 24.72 13.90 Urosolenia 22.30 
-

26.17 
17.89 5.96 Pseudarcicella 8.16 

-
21.42 

14.40 -0.84 
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4.3.5.1 – Alaw  
 

Discriminatory taxa used in Alaw’s random forest displayed that the 

Peptostreptococcaceae family and Aphanizomenon NIES81 were most informative 

on community structure during low, medium, and high geosmin concentrations 

(Figure 4.44). Discostella, SH3-11, uncultured Pedosphaeraceae, and Cyanobium 

PCC-6307 were the second group of most informative taxa indicative of geosmin 

concentration classification. Referring to the confusion matrix for this random forest 

model's accuracy (Table 4.11), it can be concluded that results can be used to 

highlight indicative taxa associated with high geosmin concentrations. The success 

of this model is graphically illustrated in Figure 4.45. The ordination plot displays a 

cluster of high geosmin samples with a tight ellipse, although there is the exception 

of two high geosmin samples that fell outside of the 95% confidence interval. From 

exploring the overall MDA value for each taxon (Table 4.12) and the MDA values 

associated with that taxon for low, medium, and high geosmin concentrations, 

indicative genera of high geosmin classifications were determined. Here, two groups 

of high geosmin indicator taxa are proposed.  

The first group are “true indicator taxa” (Figure 4.46) that display negative 

MDA values for low geosmin classifications (Figure 4.46A). Negative MDAs denote 

that the random permutation worked best, implying that these taxa do not have a role 

in the prediction of low geosmin classifications. From these “true indicator taxa”, 

Discostella was most informative regarding high geosmin classification, followed by 

uncultured Verrucomicrobiaceae. Sediminibacterium and Stephanodiscus were less 

informative but still represented gradual increases in MDA, showing to be more 

critical in the case of high geosmin concentrations. However, when plotting the 

relative abundance of these indicator taxa, it was clear that a decline in the genus, 

Stephanodiscus, was most indicative of high geosmin (Figure 4.46B).    

The second group of indicative taxa are presented in Figure 4.47. These taxa 

do not display negative MDA values during low geosmin concentrations but show a 

gradual increase in MDA as geosmin concentrations increase from low to high 

(Figure 4.47A). From this group, the genus Sphingorhabdus, a potential geosmin 

degrader phylogenetically related to the known geosmin degrading genus, 

Sphingopyxis (Jogler et al., 2013), was the most promising indicator genus. The 
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relative abundance of each indicative taxon revealed that all taxa were 

predominantly at their highest abundance during high geosmin concentrations 

(Figure 4.47B). Gloeotila and Sphingorhabdus were the most promising indicative 

genera for high geosmin concentrations. 

In addition to the indicative genera responsible for the cyanobacterial 

production of geosmin, the Cyanobacteria present in the model were informative in 

the classification of geosmin concentration levels. Aphaznizomenon NIES81 had the 

highest MDA value for high geosmin classification, showing less importance in the 

classification of low geosmin and even less for medium geosmin concentrations 

(Table 4.12). Snowella OUT37S04 displayed a similar relationship to 

Aphaznizomenon NIES81 but at a lower magnitude of MDA values. Cyanobium 

PCC-6307 had its highest MDA value for low geosmin classifications, a negative 

MDA for medium classification and its second highest for high geosmin classification.  
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Figure 4.44: Local variable importance plot displaying the Mean Decrease in 

Accuracy by each taxon (x-axis) out-of-bag cross-validated prediction (left), and the 

mean decrease in Gini coefficient measuring how each taxon contributes to the 

homogeneity of the nodes and leaves in Alaw reservoirs random forest. 
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Figure 4.45: Multi-dimensional Scaling Plot of Proximity matrix from the Random 

Forest output for Alaw reservoir grouped by geosmin levels. Ellipses represent a 

95% confidence interval.  
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Figure 4.46: Grouped bar plots of A) Mean Decrease in Accuracy values and B) the 

relative abundance (%) of each proposed “true indicator taxa” coloured by geosmin 

concentration level classification in Alaw reservoir.  
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Figure 4.47: Grouped bar plots of A) Mean Decrease in Accuracy values and B) the 

relative abundance (%) of each proposed indicator taxa coloured by geosmin 

concentration level classification in Alaw reservoir.  
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4.3.5.2 – Llwyn On   

 

Discriminatory taxa used in Llwyn On’s random forest displayed that 

Cyanobium PCC-6307 was most informative on community structure during low, 

medium, and high geosmin concentrations (Figure 4.48). The OM27 clade, 

Prosthecobacter, Fragilaria, Sphaeropleales order, and Achnanthidium were the 

second group of most informative taxa indicative of geosmin concentration 

classification, followed by uncultured Pedosphaeraceae and Chthoniobacter. The 

confusion matrix for this random forest model's accuracy (Table 4.11) highlights that 

caution must be taken when interpreting these results, as the model had a 50 – 

100% error rate when trying to assign geosmin level classification for medium 

andhigh concentrations, respectively. Due to the model’s high error rate when 

classifying high geosmin levels, no further analysis was done to reveal indicative 

taxa for this reservoir.   
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Figure 4.48: Local variable importance plot displaying the Mean Decrease in 

Accuracy by each taxon (x-axis) out-of-bag cross-validated prediction (left), and the 

mean decrease in Gini coefficient measuring how each taxon contributes to the 

homogeneity of the nodes and leaves in Llwyn On reservoirs random forest. 

4.3.5.3 – Pentwyn   

 

Discriminatory taxa used in Pentwyn’s random forest displayed that 

Limnobacter was most informative on community structure during low, medium, and 

high geosmin concentrations (Figure 4.49), followed by the NS9 marine group. 

Referring to the confusion matrix for this random forest model's accuracy (Table 

4.11), it can be concluded that results can be used to highlight indicative taxa 

associated with high 2-MIB concentrations. The success of this model is graphically 

illustrated in Figure 4.50, where the ordination plot displays a nice cluster of high 2-

MIB samples with a tight ellipse with no overlapping 95% confidence intervals. From 
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exploring the overall MDA value for each taxon (Table 4.12), and the MDA values 

associated with that taxon for low, medium, and high 2-MIB concentrations, 

indicative genera of 2-MIB concentration level classification could be determined. 

Firstly, it was noted that there was a definite gradual increase in the importance of 

Cyanobium PCC-6307 being used in the model from low to high 2-MIB classification 

(Table 4.12).  

The two most influential genera in the model were investigated as potential 

indicator genera for 2-MIB classification (Figure 4.51). Interestingly, both genera had 

high MDA values for classifying low 2-MIB concentrations, and both showed poor 

importance in the model when classifying medium 2-MIB concentrations (Figure 

4.51A). Limnobacter was considered the most critical genus out of all 20 taxa in the 

classification of high 2-MIB concentrations and could potentially be used as an 

indicator of 2-MIB concentrations. The NS9 marine group had the second-highest 

MDA value for classifying high 2-MIB concentrations. These two taxa could help 

differentiate between low and high 2-MIB concentrations. By exploring the relative 

abundance of these taxa compared to low and high 2-MIB concentrations, 

Limnobacter was the most important genus, showing minimal abundance during low 

and medium 2-MIB concentrations and >8% relative abundance during high 2-MIB 

concentrations (Figure 4.51B). The NS9 marine group showed a similar trend to 

Limnobacter; however, the rise in relative abundance during high 2-MIB 

concentrations was smaller. 
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Figure 4.49: Local variable importance plot displaying the Mean Decrease in 

Accuracy by each taxon (x-axis) out-of-bag cross-validated prediction (left), and the 

mean decrease in Gini coefficient measuring how each taxon contributes to the 

homogeneity of the nodes and leaves in Pentwyn reservoirs random forest. 
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Figure 4.50: Multi-dimensional Scaling Plot of Proximity matrix from the Random 

Forest output for Pentwyn reservoir grouped by 2-MIB levels. Ellipses represent a 

95% confidence interval. 
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Figure 4. 51: Grouped bar plots of A) Mean Decrease in Accuracy values and B) the 

relative abundance (%) for the genera with the highest informative contribution to the 

random forest according to the overall MDA, coloured by 2-MIB concentration level 

classification in Pentwyn reservoir.  

4.4 – Discussion  

 

 The rising frequency and magnitude of T&O outbreaks in drinking water 

reservoirs is a relentless issue for water industries. With the consensus that 

Cyanobacteria will continue to proliferate with increasing air and water temperatures, 

the increased unpredictability of extreme events and climate change introduces an 

element of uncertainty for controlling cyanobacterial T&O events. T&O production 

has previously been linked to cyanobacterial biomass; however, it is evident from 

this study that it is productivity-driven. Utilising the biology consortium (community 

composition) as a response to environmental variables in the reservoirs over the 
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study period reflected general water quality. Further ordination analysis revealed that 

high T&O concentrations (>20 ng L-1 – geosmin and >10 ng L-1 – 2-MIB) shaped the 

bacterioplankton communities and, to some extent, the eukaryotic communities, 

confirming that the biology could be used to infer T&O outcome in reservoirs 

experiencing high T&O concentrations. This study identified significantly co-occurring 

taxa implicated in cyanobacterial T&O production from cyanospheres in each studied 

reservoir. Significantly co-occurring taxa in a reservoir experiencing high geosmin 

(Alaw) and 2-MIB (Pentwyn) concentrations enabled the distinction of indicative taxa 

for high T&O concentrations. Furthermore, the findings presented in this study grant 

the theory that negative relationships with Cyanobacteria can induce T&O production 

facilitated by symbiotic relationships within the cyanosphere.  

4.4.1 – Productivity driven cyanobacterial T&O events  

 

 To date, cyanobacterial blooms have been primarily associated with T&O 

events, being the lead cause of considerable economic impact based on drinking 

water quality and safety (Bruchet, 2019). These blooms have been labelled the 

prime cause of deteriorating water quality through toxin production and T&O events 

(Devi et al., 2021; Paerl et al., 2001). Generally, concentrations of geosmin and 2-

MIB in waterbodies have been linked to high Cyanobacteria biomass (Peter et al., 

2009). However, more recently, Xuwei et al. (2019) found that Oscillatoria were 

responsible for producing T&O compounds in the ‘non-blooming’ area of Lake Taihu, 

China. In addition, some research suggests that geosmin and 2-MIB production is 

greatest during high productivity (Zimmerman et al., 1995), which could explain why 

large 2-MIB concentrations have been reported during times of high ATP synthesis 

(Behr et al., 2014). The production of geosmin and 2-MIB during high productivity 

could also explain why some studies have failed to see correlations between 

cyanobacterial biomass and T&O concentrations (Graham et al., 2010). In this study, 

a general trend across all studied reservoirs showed maximum cyanobacterial phyla 

abundance to be confined to the summer and autumnal months. However, despite 

elevated cyanobacterial abundance being localised to the warmer months, winter 

geosmin events occurred in the Alaw reservoir, suggesting that the heightened 

relative abundance of Cyanobacteria is not the cause of the production of T&O 

compounds. Emerging evidence suggests that T&O events are not confined to 
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summer months, with more winter T&O events being recorded (Dzialowski et al., 

2009; Jüttner and Watson, 2007; Wang et al., 2005; Watson et al., 2001). Studies 

have reported the importance of specific environmental variables for T&O 

production, e.g., temperature (Zhang et al., 2009), light intensity (Alghanmi et al., 

2018) and nutrient ratios (Espinosa et al., 2021b). With key nutrient triggers being 

noted as ammonium (Hooper et al., 2023; Perkins et al., 2019), altering the 

NH4
+:NO3

- ratio favouring cyanobacterial productivity and hence, T&O outcome. This 

has led to the investigation of bacterial and algal community composition to be 

monitored as a response to nutrient influxes and environmental variables that can 

indicate T&O events in this study.  

4.4.2 – The “cyanosphere” in relation to T&O events 

 

 Within the cyanosphere, associated taxa are potentially involved in 

remineralising phytoplanktonic organic matter in exchange for vital nutrients 

including reduced forms of nitrogen (Bell and Mitchell, 1972). In addition, the 

exchange of nutrients for the organic matter could also induce short-term changes in 

cyanobacterial activities, i.e., the production of T&O compounds (Berg et al., 2018). 

Co-occurrence network analysis revealed potential taxa implicated in the 

cyanosphere and taxa that co-occurred at a frequency less than the observed 

number of co-occurrences if the taxa were distributed independently of one another 

(negatively co-occurring taxa). Interestingly, in the case of a reservoir experiencing 

extreme geosmin events (Alaw), there were only four identifiable significantly co-

occurring Cyanobacteria, two of which were confirmed geosmin producers 

(Aphanizomenon NIES81 – Jüttner and Watson, 2007, and the Nostocaceae family – 

Kutovaya and Watson, 2014). The reservoir that contained the most cyanobacterial 

taxa belonged to Cefni, five of which were capable of geosmin production, yet the 

maximum geosmin concentration did not exceed a medium classification. In the 

Cefni reservoir, cyanospheres were interconnected positively or indirectly by nodes 

and edges, whereas Aphanizomenon NIES81 and the Nostocaceae family 

cyanospheres were disconnected from other cyanospheres in the Alaw reservoir. 

Taxa associated with the Aphanizomenon NIES81 cyanosphere in the Alaw reservoir 

tended to be negatively co-occurring. In contrast, all taxa associated with a 
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cyanobacterial node in the Cefni reservoir were positive, apart from the Nostocaceae 

family which had a larger number of negatively associated nodes.   

 In the Aphanizomenon NIES81 cyanosphere there was only one positively 

co-occurring genus, Fluviicola, and nine negatively co-occurring taxa. Fluviicola is 

affiliated with the family Cryomorphaceae which belongs to the class Flavobacteriia 

and contains many species that play an integral role in the recycling of carbon and 

energy in freshwater environments (Woyke et al., 2011). Flavobacteriia are major 

decomposers of high-molecular-mass organic matter in water bodies (Cottrell and 

Kirchman, 2000), e.g., the 2-MIB degrading genus Flavobacterium (Clercin et al., 

2021). Guedes et al. (2018) have previously shown Fluviicola to have positive 

correlations with Synechococcus, which is in accordance with previous findings from 

natural communities (Bertos-Fortis et al., 2016; Salmaso et al., 2018). Bacillus, a 

known geosmin and 2-MIB degrader (Hsieh et al., 2010) was one negatively co-

occurring genus with Aphanizomenon NIES81 which followed a similarly antagonistic 

relationship with a previously described geosmin-producing strain of Streptomyces 

(Ma et al., 2015). Intriguingly, Aphanizomenon NIES81 was negatively associated 

with iron-oxidising taxa, the Gallionellaceae family and TRA3-20; producing ferric 

iron (Fe3+), whereas Cyanobacteria require it in the ferrous iron (Fe2+) form (Molot et 

al., 2014). Although some Cyanobacteria, like Aphanizomenon NIES81, possess 

organic Fe-binding ligands (“siderophores”), they tend to be hydroxamate 

siderophores that are water soluble and have relatively weak Fe-binding capacity 

(Sorichetti et al., 2014). A negative relationship between the presence of the 

Gallionellaceae family and TRA3-20 iron-oxidising taxa in association with 

Aphanizomenon NIES81 could be due to overwhelming the hydroxamate 

siderophores with oxidised forms of iron. The Aulacoseira genus was also negatively 

associated with Aphanizomenon NIES81, although according to Reynolds et al. 

(2002), this could be expected as Aulacoseira is sensitive to rising pH values which 

are associated with increases in cyanobacterial productivity (Slavin, 2020). 

Considering Aphanizomenon NIES81 is a planktonic genus (Laamanen et al., 2002) 

it is not surprising that they were negatively co-occurring with benthic taxa such as 

uncultured Verrucomicrobiaceae, uncultured Pedosphaeraceae/ Pedosphaeraceae. 

Uncultured Planctomycetales use anaerobic denitrification as a way of accessing 

nitrogen to use for metabolism; with the photosynthetic capacity of Aphanizomenon 
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NIES81 surrounding water would be too oxygenated for anaerobic denitrification 

(Maldonado et al., 2012; Zhang, 2017). The CL500-3 genus characteristic of 

oxygenated waters also had a negative association with Aphanizomenon NIES81. 

Okazaki et al. (2017) found CL500-3 to be negatively correlated with the 

Cyanobacteria, Nitrosospira.    

Here we have identified pairs of taxa with similar realised niches through co-

occurrence networks. All cyanobacterial nodes were positively or indirectly 

connected in the Cefni reservoir. Tromas et al. (2018) state that if two taxa have 

identical ecological niches, one should competitively exclude the other unless the 

competition is weak due to abundant resources. In practice, closely related taxa 

often compete for space and resources (Cavender-Bares et al., 2009), favouring 

specialization to reduce overlap in niche space. Many studies have previously shown 

that different cyanobacterial genera can co-occur, thus sharing at least some 

dimensions of their realised niches (Paerl et al., 2001; Yamamoto and Tsukada, 

2009). Significantly co-occurring Cyanobacteria, namely, Aphanizomenon MDT14a, 

Aphanizomenon NIES81, Cyanobium PCC-6307, Gloeotrichia PYH6, Microcystis 

PCC-7914, the Nostocaceae family, Pseudanabaena PCC-7429 and Geitlerinema 

LD9 present in Cefni reservoir implied they all shared a broadly similar physico-

temporal niche. Microcystis has been shown to co-occur with Dolichospermum 

through partitioning niche space (Tromas et al., 2018), here Dolichospermum was 

associated with lower concentrations of dissolved nitrogen (consistent with its known 

ability to fix nitrogen - Andersson et al., 2015) while Microcystis was associated with 

higher concentrations of dissolved phosphorous. These genus-level traits may have 

existed in Cefni. Both Aphanizomenon genera are diazotrophic and have been 

shown to favour low total nitrogen concentrations as they fix atmospheric nitrogen 

and can thus compensate for nitrogen deficiency (Elliott and May, 2008). 

Diazotrophs like Aphanizomenon grow more slowly than other phytoplankton, 

requiring more iron (Sohm et al., 2011). Within the Aphanizomenon NIES81 

cyanosphere, the SH3-11 genus was a resident; this genus has been positively 

correlated with certain metabolic functions like manganese/ iron transport system 

(KEGG orthology entry: K09819), feoA; ferrous iron transport protein (KEGG 

orthology entry: K04758) and feoB; ferrous iron transport protein (KEGG orthology 

entry: K04759). SH3-11 could thus supply Aphanizomenon NIES81 with ferrous iron 
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(Fe2+) in return for cyanobacterial exudates in the Cefni reservoir. Similarly, in the 

Microcystis PCC-7914 cyanosphere, Chaetoceros was a resident; a diatom usually 

forming epiphytically diatom-cyanobiont symbioses with Calothrix that has a high iron 

uptake and storage capacity (Iwade et al., 2006; Tuo et al., 2017). The association 

between Microcystis PCC-7914 and Chaetoceros suggests that Chaetoceros could 

be providing Microcystis PCC-7914 with a supply of iron. A commonly co-occurring 

pennate diatom shared among three cyanospheres (Aphanizomenon MDT14a, 

Pseudanabaena PCC-7429 and Microcystis PCC-7914) in the Cefni reservoir was 

Asterionella. Rapid increases in Asterionella have been connected to the extraction 

of major anions (nitrate, phosphate, and silicate), resulting in the depletion and 

altering of nutrient ratios (TN:TP and NH4
+:NO3

-). It is known that a low TN:TP ratio 

favours Cyanobacteria and has been associated with increases in T&O compounds 

(Espinosa et al., 2021a; Harris et al., 2016). Likewise, NH4
+ has been identified as a 

key nutrient trigger for the production of cyanobacterial T&O compounds (Perkins et 

al., 2019), especially when NH4
+ is high in relation to NO3

- (Howard, 2020). Thus, 

Asterionella being contained within cyanospheres is possibly attributed to nutrient 

ratio alteration on a microscale which in turn is favouring the proliferation of T&O 

compounds. The majority of taxa contained within the cyanospheres in the Cefni 

reservoir have been previously identified as co-occurring with Cyanobacteria, 

Terrimicrobium with Nostoc epi-bacteria (Satjarak et al., 2021), Candidatus 

Aquirestis presence is often related to dissolved organic matter derived from 

Cyanobacteria (Farkas et al., 2020), Pirellula is usually found attached to filamentous 

algae and Cyanobacteria (Clum et al., 2009), Volvocaceae family have been 

previously associated with Nostoc as epibionts (Satjarak et al., 2021), metagenomic 

analysis has revealed LD29 to be associated with cyanobacterial cells (Mohapatra et 

al., 2020), uncultured Microscillaceae has been shown to be positively correlated 

with Microcystis (Chun et al., 2020), UKL13-1 is associated with bloom-forming 

Cyanobacteria (Driscoll et al., 2017), and Planothidium cells are usually solitary and 

found attached to cyanobacterial cells (Stancheva, 2019). Mentioned taxa have been 

associated with Cyanobacteria, although only hypotheses about the interactions 

have been established, and further work needs to be done to elucidate symbiotic 

pathways and their implications in T&O production. Some taxa, like uncultured 

Elsteraceae involved in the Nostocaceae family cyanosphere, have no associated 

literature, which makes underpinning relationships difficult. Genera like 
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Chlamydomonas (associated with Geitlerinema LD9 cyanosphere) have been more 

widely studied in association with Cyanobacteria. Previous research shows that 

additions of Aphanizomenon or cylindrospermopsin induce genes in 

Chlamydomonas typically upregulated under phosphorous limitation and gives rise to 

extracellular APase activity that the Cyanobacteria can utilise for T&O production 

(Bar-Yosef et al., 2010).  

 Interestingly only a small number of co-occurring taxa with Cyanobacteria in 

the Cefni reservoir were negatively associated. Yang et al. (2019) identified 

Rhizobiales Incertae Sedis (an uncultured taxon negatively associated with 

Aphanizomenon MDT14a in the Cefni reservoir) as a bioindicator of river 

degradation mainly influenced by heightened NO3
-. This function of Rhizobiales 

Incertae Sedis could explain the negative co-occurrence, as Aphanizomenon 

MDT14a would prefer the most reduced form of nitrogen (NH4
+) (Collos and Berges, 

2003) whereas the presence of uncultured Rhizobiales Incertae Sedis could indicate 

heightened levels of NO3
-. Although previous literature suggests Fragilaria has been 

associated with increases in cyanobacterial cell numbers (Espinosa et al., 2020), 

here, in association with Gloeotrichia PYH6 and the Nostocaceae family it has been 

reported to have a negative influence on the Cyanobacteria. This negative 

association is in accordance with the findings from Horn and Uhlmann (1995), finding 

high yields of Fragilaria caused low yields of Cyanobacteria and vice versa. More 

recent work has proven that elevated pH associated with cyanobacterial productivity 

negatively affected the growth rate of Fragilaria and diatom silica deposition 

(Zepernick et al., 2021). Similarly, Ulnaria also experienced a negative co-

occurrence with Gloeotrichia PYH6, yet there is no supporting literature to explain 

reasons behind this negative relationship. Although, Kahlert et al. (2022) showed 

considerable overlap in geographical distribution, habitat and ecological preferences 

for Ulnaria and Fragilaria, which could explain why these two genera are negatively 

associated with the Cyanobacteria in question. Armatimonas is a mesophile 

(optimum 30–35°C) and a neutrophile (optimum pH 6.5) which was found to be 

negatively associated with Gloeotrichia PYH6 in Cefni reservoir (Dunfield et al., 

2012). As a mesophile, Armatimonas would compete with Gloeotrichia PYH6 during 

warmer months, and due to its neutrophile nature, the increased productivity of the 

Cyanobacteria would create an alkaline environment in which it could not compete. 
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Other negatively co-occurring taxa with cyanobacterial taxa in the Cefni reservoir, 

like Bacillus and the Gallionellaceae family, shared the same relationships as 

previously discussed in the Alaw reservoir. The 2-MIB degrading bacteria, 

Flavobacterium, also shared a negative relationship with Geitlerinema LD9. Cai et al. 

(2018) said Flavobacterium could maintain cyanobacterial blooms by catalysing the 

turnover of complex organic matter released by the Cyanobacteria to recycle 

previously loaded nutrient sources. However, here in this study, the negative 

relationship could indicate the presence of Flavobacterium after Cyanobacteria have 

died off or an antagonistic relationship similar to that described by Bacillus with 

geosmin-producing strains of Streptomyces (Zhi et al., 2016). Previously It has been 

reported that dimethylsulfide evolves from dimethyl-β-propiothetin from cultures of 

Cyclotella (Ackman et al., 1966), which could explain the negative relationship 

between Cyclotella and the Nostocaceae family. Sulphide can limit Fe2+ diffusion 

rates because of insoluble iron sulphide formation (Carignan and Tessier, 1988); the 

presence of dimethylsulfide could thus prevent cyanobacterial uptake of Fe2+. 

Negative relationships between taxa like the NS11-12 marine group and 

Cyanobacteria are less conclusive due to the literature not having any clear 

ecological implications for these associated taxa (Farkas et al., 2020). 

 Pentwyn reservoir was the only reservoir to experience extreme 2-MIB 

concentrations (58 ng L-1), followed by the Pontsticill reservoir (7.9 ng L-1). There 

were two significantly co-occurring Cyanobacteria in the Pentwyn reservoir capable 

of 2-MIB production; Cyanobium PCC-6307 and Dolichospermum NIES41. Within 

the Cyanobium PCC-6307 cyanosphere there were only three positively co-occurring 

residents. The Sporichthyaceae family's primary habitat appears to be soil (Tamura, 

2014), and no literature reports any relationships between this family and 

Cyanobacteria – Suggesting a commensalism or mutualism relationship shared by 

Cyanobium PCC-6307 and Sporichthyaceae within the sediment of the reservoir. A 

proposed relationship within the sediments of the reservoir follows Cyanobium PCC-

6307 preference for benthic growth in the sediment layer (Harland et al., 2014). 

Another resident of the Cyanobium PCC-6307 cyanosphere was Asterionella; as 

previously discussed, rapid increases in this genus leads to the extraction of major 

anions resulting in nutrient depletion and altering nutrient ratios to favour 

Cyanobacteria growth and productivity, and hence T&O outcome (Krivtsov et al., 
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2000). The final resident of the Cyanobium PCC-6307 cyanosphere was Gloeotila; 

this genus is indicative of mixed water bodies and is usually found in the clear 

epilimnia of deep lakes (Reynolds et al., 2002). This relationship indicates vertical 

mixing and/ or advection of the water body in the Pentwyn reservoir, which could 

increase vertical nutrient transport to the epilimnion and hence increase 

cyanobacterial productivity (Merino-Ibarra et al., 2021). Most of the taxa co-occurring 

with Cyanobium PCC-6307 were negatively associated. The negative relationship 

with Gomphonema could result from resource partitioning through nutritional 

selection. Gomphonema is less favoured by ammonia and thrives in the presence of 

nitrate (Veraart et al., 2008); in contrast, Cyanobacteria prefer the most reduced 

forms of nitrogen, e.g., ammonia (Perkins et al., 2019). Another negative co-

occurring genus with Cyanobium PCC-6307 was Ulnaria; as previously discussed, 

this genus shares an overlap in geographical distribution, habitat and ecological 

preferences with Fragilaria, which is sensitive to high pH changes caused by 

cyanobacterial productivity (Kahlert et al., 2022). Uncultured Rubinisphaeraceae was 

also negatively associated with Cyanobium PCC-6307. However, not much is known 

about the Rubinisphaeraceae family; it has been reported that members are typically 

associated with wetlands and bogs, and bioinformatics analysis on sequenced 

genomes points to the presence of extremely high glycolytic potential in these 

bacteria (Dedysh and Ivanova, 2019). Uncultured Gemmataceae has been found 

previously attached to diatoms and Cyanobacteria (Mujakić et al., 2021) and has a 

strong phosphorous accumulation ability (Zhang et al., 2003). However, Uncultured 

Gemmataceae was found to negatively co-occur with Cyanobium PCC-6307 here in 

the Pentwyn reservoir. Previous work found Gemmataceae to negatively correlate 

with Melosira (Liu et al., 2021), the only resident genus belonging to the 

Dolichospermum cyanosphere.     

 Only two of the nine studied reservoirs did not experience geosmin or 2-MIB 

concentrations over the expected event level threshold (Alwen and Llandegfedd). 

Although Alwen did not have a recorded T&O event, this could result from a small 

sample size (n = 7) missing any spikes in T&O concentrations and will not be 

discussed further. In the Llandegfedd reservoir, the two cyanospheres were 

connected, one with geosmin-producing capabilities (Aphanizomenon MDT14a) and 

the other with 2-MIB-producing capabilities (Cyanobium PCC-6307). These two 
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cyanospheres consisted mainly of positively co-occurring taxa. Many of the taxa 

involved in both cyanospheres have been previously linked to Cyanobacteria, like 

Candidatus Aquirestis (Farkas et al., 2020) and Limnohabitans (Luo et al., 2022; 

Seok Jea Youn et al., 2020). The Sporichthyaceae family only contains one genus, 

Sporichthya (Tamura, 2014), associated with both cyanospheres. The primary 

habitat of Sporichthyaceae strains appears to be soil (Tamura, 2014), and no 

literature reports any relationships between this family and Cyanobacteria. Although, 

associations between the Sporichthyaceae family and Cyanobium PCC-6307 could 

exist due to the benthic formation of Cyanobium PCC-6307 (Harland et al., 2014). 

Although Aphanizomenon MDT14a is planktonic, the Sporichthyaceae family could 

be included in the cyanosphere due to low water levels in the Llandegfedd reservoir 

or as a result of sediment upturning. Each cyanosphere had a negative association 

with only one taxon: the geosmin and 2-MIB degrading genus Pseudomonas in the 

Aphanizomenon MDT14a cyanosphere and Schlesneria in the Cyanobium PCC-

6307 cyanosphere. Pseudomonas is a known geosmin degrader, with evidence of 

geosmin degradation in a consortium with Sphingopyxis and Novosphingobium 

(Hoefel et al., 2006), and independently yielding 2-ketogeosmin and 7-ketogeosmin 

as well as several minor products (Eaton and Sandusky, 2010). Pseudomonas 

species employ enzymes inducible by γ-terpinene, which are likely to be involved in 

γ-terpinene metabolism for which a pathway has not yet been established (Eaton 

and Sandusky, 2010). Work conducted by LewisOscar et al. (2018) revealed the 

antipathogenic abilities of Cyanobacteria against Pseudomonas aeruiginosa. The 

methanolic extract was taken from the Cyanobacteria, Spirulina platensis, and was 

shown to inhibit quorum sensing mediated virulence factors like biofilm formation, 

pyoveridin (siderophore production), pyocyanin, EPS production, reduced the cell 

surface hydrophobicity and motility without inhibiting S. platensis growth. 

Aphanizomenon MDT14a may be hindering Pseudomonas growth through quorum 

sensing inhibition. Schlesneria is a moderate acidophile with an optimum pH 

between 5 and 6, which was negatively associated with Cyanobium PCC-6307 

(Kulichevskaya et al., 2007). At a low pH, the inorganic carbon pool contains more 

highly permeable H2CO3, necessitating a substantial expenditure of energy on 

transport to maintain internal inorganic carbon levels in Cyanobacteria (Mangan et 

al., 2016). An intracellular pH ~ 8 reduces leakage, making the CO2 concentrating 
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mechanism significantly more energetically efficient. This negative relationship could 

highlight niche partitioning associated with different pH gradients. 

4.4.3 – Signature 16S rRNA and rbcL communities reflecting T&O 

concentrations in reservoirs experiencing high T&O concentrations 

 

 This is the first report to date of bacterioplankton and eukaryotic communities 

clustering in ordination plots according to T&O concentrations. Bacterial community 

profiles for samples from reservoirs experiencing geosmin concentrations exceeding 

20 ng L-1 (Alaw, Dolwen, and Llwyn On) showed distinct clustering in ordination 

plots. Similarly, bacterial community profiles were seen to be shaped by 2-MIB 

concentrations in a reservoir experiencing high concentrations above 10 ng L-1 

(Pentwyn) and in a reservoir with medium concentrations between 2.5 – 10 ng L-1 

(Pontsticill). Eukaryotic communities could also be seen to be shaped by geosmin 

concentrations in the case of Dolwen and Llwyn On reservoirs (although Dolwen’s 

low sample size should be considered). However, there was less distinct clustering 

within the eukaryotic community in the case of extreme geosmin concentrations (520 

ng L-1). The eukaryotic community composition in the Pentwyn reservoir was shaped 

by 2-MIB concentrations, although no distinct clustering was witnessed for medium 

2-MIB concentrations in the Pontsticill reservoir.  

It is becoming well known that persistently high T&O concentrations entering 

water treatment plants are enabling the colonisation of sand filters with a consortium 

of T&O degrading bacteria (Ho et al., 2007; Hoefel et al., 2009; Hsieh et al., 2010; 

Pham et al., 2015; Vandermaesen et al., 2017), shaping the community structure of 

the microbiome found within sand filters. Previous fractionation analyses of both 

T&O compounds showed that 2-MIB was found more frequently in the dissolved 

fraction while geosmin was mostly cell-bound (Clercin et al., 2021), hypothesised 

that different T&O compounds would select for different degrading bacteria. Clercin 

et al. (2021) found geosmin concentrations in a eutrophic reservoir related to 

Novosphingobium hassiacum and Sphingomonas oligophenolica and 

Flavobacterium species for 2-MIB concentrations. The roles of Pseudomonas and 

Bacillus were ambiguous, yet both have been identified to have the capabilities of 

degrading both T&O compounds (Eaton and Sandusky, 2010; Ho et al., 2007; Ma et 
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al., 2015). Bacillus in the Alaw reservoir was associated with high geosmin 

concentrations but not significantly, and In Dolwen reservoir Bacillus was not 

associated with high geosmin concentrations. The potential geosmin degrading 

genus Sphingorhabdus was the most significantly associated bacteria with high 

geosmin concentrations in Alaw and Llwyn On reservoirs. Some geosmin-degrading 

bacteria belonging to the Sphingopyxis genus (Hoefel et al., 2009) have been 

reclassified as Sphingorhabdus, and some members of this genus have been 

reclassified as another geosmin-degrading genus, Novosphingobium – highlighting 

the need for further investigation into the geosmin biodegradation capabilities of 

Sphingorhabdus species. Interestingly, in the Llwyn On reservoir, Asterionella was 

significantly associated with high geosmin concentrations. As previously discussed, 

this genus has been found in cyanospheres contained in other reservoirs, altering 

nutrient ratios and favouring T&O outcome (Krivtsov et al., 2000). Results from 

Pentwyn indicate that Cyanobium PCC-6307 was responsible for the production of 2-

MIB. Although, neither Novosphingobium nor Rhodoferax were significantly 

associated with high 2-MIB concentrations, both genera having the capabilities to 

degrade 2-MIB (Clercin, 2014; Clercin et al., 2021).  

Results from this study highlight that both geosmin and 2-MIB concentrations 

may be shaping the bacterioplankton community composition and to a certain extent 

the eukaryotic algal community composition. Identifying significantly co-occurring 

organisms and possible interactions between taxa within cyanospheres in reservoirs 

experiencing T&O events made it possible to pinpoint indicative taxa. 

4.4.4 – Indicative taxa for T&O events 

  

 Indicative taxa of T&O events were identified in a reservoir experiencing 

extreme geosmin concentrations (Alaw) and in a reservoir with elevated 2-MIB 

concentrations (Pentwyn). In the Alaw reservoir, the taxon that contributed the most 

significant information in classifying geosmin concentrations into a low, medium, and 

high category was the Peptostreptococcaceae family, followed by Aphanizomenon 

NIES81. Interestingly this family is also an indicator of nutrient enrichment in urban 

lakes (Numberger et al., 2022), functionally linked to amino acid metabolism, 

biosynthesis of secondary metabolites, carbohydrate metabolism, energy 

metabolism, glycan biosynthesis and metabolism, lipid metabolism, metabolism of 
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cofactors and vitamins, metabolism of terpenoids and polyketides, nucleotide 

metabolism and xenobiotics biodegradation (Ghate et al., 2021). The 

Peptostreptococcaceae family was negatively associated with Aphanizomenon 

NIES81 in the Alaw reservoir. Both taxa are capable of nitrogen fixation; the 

Peptostreptococcaceae family are recognized as hyper-ammonia-producing bacteria 

capable of producing high ammonia levels from amino acids or peptides (Paster et 

al., 1993). The Peptostreptococcaceae family can be used as a proxy for nutrient 

enrichment in the reservoir. The absence of this family can also indicate geosmin 

production by Aphanizomenon NIES81 when the Peptostreptococcaceae family 

decline, leaving NH4
+ in excess for the Cyanobacteria to use..  

 Using the MDA values from the random forest classification for low, medium, 

and high T&O concentrations, it was possible to identify discriminatory taxa related 

to these classifications in Alaw (geosmin) and Pentwyn (2-MIB) reservoirs. True 

indicative taxa reflecting changes in community composition during medium and high 

geosmin concentrations were revealed to be Discostella, Sediminibacterium, 

Stephanodiscus, and uncultured Verrucomicrobiaceae. Interestingly, only uncultured 

Verrucomicrobiaceae was associated (negatively) with a geosmin producer, 

Aphanizomenon NIES81 – highlighting that geosmin production is more complex 

than direct interactions between taxa and that it is the general overall architecture of 

the community network. Uncultured Verrucomicrobiaceae has previously been 

connected to non-diazotrophic Cyanobacteria (Woodhouse et al., 2013) and is 

implicated in root carbon metabolism (Newitt, 2020). This family belongs to the 

Verrumcomicrobia phylum, functions and ecophysiology of this phylum are not well 

understood. Although metagenomic analysis conducted by He et al. (2017) revealed 

this phylum to be potential polysaccharide degraders and suggested their adaptation 

to carbon sources of different origins in a eutrophic lake and a humic bog across 

multiple years. Their increased relative abundance during medium and high geosmin 

concentrations suggests that uncultured Verrucomicrobiaceae may be utilising 

cyanobacterial-derived polysaccharides, which inadvertently negatively affected both 

Aphanizomenon NIES81, and Snowella OTU37S04. Thus, increases in uncultured 

Verrucomicrobiaceae may be a good indicator for heightened cyanobacterial 

productivity, and the negative interactions between the Cyanobacteria may be 

inducing geosmin production as a competitive advantage. Steophanodiscus is an 
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indicator of heightened phosphorous concentrations favouring high phosphorous 

concentrations and a low silica to phosphorous ratio (Youn et al., 2020). Here, in 

Alaw reservoir Steophanodiscus was negatively associated with Snowella 

OTU37S04, and relative abundance of the diatom decreased from medium to high 

geosmin concentrations. Although Snowella OUT37S04 is not a known producer of 

geosmin, Steophanodiscus can be used as a proxy for phosphorous competition 

between the diatom and Cyanobacteria. Both Discotella and Sediminibacterium were 

positively associated with the Cyanobium PCC-6307 and Snowella OTU37S04 

cyanospheres, respectively. Interestingly, these two cyanospheres in question 

overlapped. Both associated taxa in the cyanospheres benefitted the Cyanobacteria. 

Previous genome sequencing of cyanospheres exposed Sediminibacterium to be a 

resident (Sethuraman et al., 2022), offering protection against the colonisation of 

opportunistic bacteria by producing bacteriocin and toxoflavin. In return, the 

Cyanobacteria provide a stable microhabitat and nutrient supply for the bacteria 

within the cyanosphere. It has been established that Sediminibacterium can form 

biofilm consortia with Cyanobacteria (Velichko et al., 2015), and its relationship with 

Cyanobacteria in wastewater has also been previously reported (Lee et al., 2013). 

Thus, Sediminibacterium can be considered to play a role as a supplier of inorganic 

nutrients for cyanobacterial growth and hence productivity and T&O outcome. Higher 

abundances of Discostella have been linked to reduced mixing depths and enhanced 

thermal stratification (Reynolds, 1980), conditions which favour Cyanobacteria 

productivity and hence T&O outcome (Clercin and Druschel, 2019). Studies have 

documented a decline in epilimnetic nutrient concentrations due to greater thermal 

stability and reduced mixing, thus giving Discostella a physiological advantage when 

competing for limited nutrients due to the high surface area to volume ratios of these 

relatively small diatoms (Winder and Hunter, 2008). Discostella has been shown to 

efficiently take up nutrients, often showing a negative relationship to nutrients 

(Pasciak and Gavis, 1974; Rühland et al., 2015, 2003). Within the Cyanobium PCC-

6307 cyanosphere, Discostella may provide the Cyanobacteria with nutrients during 

times of stratification.  

 General geosmin indicators present in the Alaw reservoir only indicated high 

concentrations (>20 ng L-1). Here, the Chlamydomondaceae family and 

Limnohabitans were only present during high geosmin concentrations. The 
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Chlamydomondaceae family were found to be contained within the Nostocaceae 

family cyanosphere. The Nostocaceae family contain members capable of producing 

cylindrospermopsin (Li et al., 2001), which has been shown to induce the genus 

Chlamydomonas to produce extracellular APase that Cyanobacteria can use for 

growth and productivity in a P-limited environment (Bar-Yosef et al., 2010). 

Limnohabitans was found to be a resident of the Snowella OTU37S04 cyanosphere; 

this genus has been associated with other cyanospheres constituting 11% of the 

composition of the cyanosphere (Kim et al., 2020). This genus has been found to 

thrive along with cyanobacterial blooms (Šimek et al., 2013) and utilises 

cyanobacterial-derived organic material as a key substrate for growth (Paver et al., 

2013). Although the benefits of Limnohabitans occupying a cyanosphere are known, 

the benefits for the Cyanobacteria need further investigation, especially in relation to 

T&O production. Additional general geosmin indicators were Gloeotila and 

Sphingorhabdus; these genera' relative abundance significantly increased in times of 

high geosmin concentrations. Gloeotila was negatively associated with Snowella 

OTU37S04, and its relative abundance greatly increased during times of high 

geosmin production, most likely due to temporal niche partitioning. Cyanobacteria 

tend to be present during the summer months, whereas Gloeotila is shown to be 

present later in the year after summer T&O events (Çelik and Sevindik, 2016). In 

contrast, Sphingorhabdus was entrained within the Nostocaceae family 

cyanosphere, and its relative abundance greatly increased during high geosmin 

concentrations. Sphingorhabdus is a suspected geosmin-degrading genus as it is 

contained within the Sphingomonadaceae family, which includes other known 

degraders (Glaeser and Kämpfer, 2014). In addition, many geosmin-degrading 

genera, like Spingopyxis, have been reclassified as Spingorhabdus, and some 

members of Spingorhabdus have been reclassified as the geosmin-degrading 

genus, Novosphingopyxis (Jogler et al., 2013; Sharma et al., 2021). 

 Interestingly, indicative taxa for 2-MIB events in the Pentwyn reservoir were 

not included directly in either cyanosphere. The two most informative taxa from the 

model were taken; Limnohabitans and NS9 marine group. Both taxa had negative 

associations with Gloeotila contained within the Cyanobium PCC-6307 cyanosphere. 

Limnohabitans and NS9 marine group Increases seemed to stimulate high 2-MIB 

concentrations, possibly through their negative interactions with Gloeotila. Gloeotila 
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favours stronger stratification and increased nitrogen-to-phosphorous ratio (Winder 

and Hunter, 2008). Cyanobium PCC-6307 is a non-diazotrophic Cyanobacteria and 

has been shown to contain six copies of nitrate import permease (nrtABCD) 

(Ehrenfels et al., 2021) and could favour a slightly higher nitrogen-to-phosphorous 

ratio like Gloeotila. The disruption in the symbiosis between Cyanobium PCC-6307 

and Gloeotila could stress the Cyanobacteria and induce 2-MIB production. 

4.5 – Conclusions  

 

 This study has shown that geosmin and 2-MIB production are productivity 

driven rather than biomass-related. Geosmin and 2-MIB signature communities were 

apparent; ordination plots revealed 16S rRNA and, to a lesser extent, rbcL 

communities to cluster according to T&O concentrations for reservoirs experiencing 

high T&O concentrations. Further network analysis revealed complex architectures 

between the bacterial and algal communities and exposed cyanospheres and 

interactions between taxa within the cyanospheres. Antagonistic/negative 

interactions between Cyanobacteria and implicated taxa appeared to encourage 

T&O production. Negative associations could result from competition between 

Cyanobacteria and implicated taxa for nutrients (e.g., NH4
+) during heightened 

concentrations. Competition for nutrients subsequently stimulates cyanobacterial 

productivity if conditions are favoured towards the Cyanobacteria, resulting in T&O 

production. T&O production was facilitated by positive interactions with taxa 

contained within the cyanospheres through nutrient mediation, recycling of nutrients 

within the cyanospheres and by providing the Cyanobacteria with protective agents. 

The synergy in the cyanospheres with positively co-occurring taxa appeared to 

reduce the chance of high T&O concentration levels. Identifying significantly co-

occurring taxa in reservoirs that exhibited high T&O concentrations (Alaw and 

Pentwyn) enabled indicative taxa to be exposed through RF analysis. Pinpointing 

indicative taxa for geosmin production enabled indicator categories to be formed 

based on function-specific traits shared by the taxa (Table 4.15). Discovering 

function-specific traits from these indicator taxa permitted the categorisation of taxa 

co-occurring with Cyanobacteria in the Alaw reservoir that possessed shared 

function-specific traits (Table 4.16). However, the additional indicator taxa presented 

in Table 4.16 did have an additional category, codon D1 – “siderophore 
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interference”, composed of iron-oxidising bacteria. For 2-MIB concentrations, 

indicative taxa for high concentrations were also identified as Limnobacter and the 

NS9 marine group. Nutrients, metabolites, and signalling molecules exchanged 

between Cyanobacteria and associated taxa (bacterial and algal) within the 

cyanosphere dictate the nature of their relationship, which can stimulate T&O 

production during times of environmental stress.  

 This is the first study to date identifying indicator taxa associated with 

heightened T&O risk. Combining rbcL and 16S rRNA community compositions 

revealed synergy between the two different kingdoms, highlighting the need for 

eDNA analysis to be incorporated into routine water monitoring. Standard 

phytoplankton (including Cyanobacteria) microscopy currently used in water 

industries does not account for bacterial cell counts, compromising the 

understanding of essential interactions between taxa emphasised in this study. 

Applying routine eDNA analysis to drinking water reservoirs could allow water 

companies to predict the onset of T&O events, especially now that T&O indicator 

taxa have been revealed.  
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Table 4.14: An overview of indicative taxa and their function-specific traits for the production of geosmin as determined by Random 

Forest analysis in the Alaw reservoir. 

Codon Taxa function Key taxa Importance for geosmin production 

A1 Geosmin producers  Aphanizomenon NIES81 
Codon A1 must be present and cyanobacterial productivity must be 

increased by influential environmental triggers, e.g., heightened NH4
+ and 

TP concentrations (as discussed in Chapter 3). 

A2 Geosmin degraders Spingorhabdus 
Taxa are indicative of heightened geosmin concentrations. Can also give 
rise to fluctuations in geosmin concentrations if degradation is not taking 

into consideration whilst monitoring production. 

B1 Nutrient mediators 
Members of the 

Chlamydomonoadaceae family 

Under P deficiency certain Cyanobacteria produce cyanotoxins, e.g., 
cylindrospermopsin. When exposed to cylindrospermopsin, genes are 

upregulated in species from this codon that induce rises in the production 
of extraceullular APase for Cyanobacteria to exploit in times of P stress. 

B2 Internal loading indicators Discostella, Gloeotila 
Taxa belonging to codon B2 can be indicative of well-mixed water bodies; 

resuspension of sediments in well-mixed environments increases the return 
of nutrients from the sediments back to the water column. 

B3 
Nutrient enrichment 

indicators 

Members of the 
Peptostreptococcaceae family, 

Stephanodiscus 

These taxa can be used as a proxy for nutrient enrichment. Altering 
NH4

+:NO3
- and TIN:TP ratios favouring cyanobacterial productivity and 

hence geosmin outcome.  

B4 
Recycling nutrients within 

cyanosphere 

Members of the 
Verrucomicrobiaceae family, 

Limnohabitans 

Members of this codon are found to thrive alongside Cyanobacteria and 
have been shown to use Cyanobacteria-dervived organic matter as key 

substrates for growth. Important in biogeochemical cycling within the 
cyanosphere.  

C1 Offers protection Sediminibacterium 
This codon contains taxa that are capable of the production of protective 

agents, e.g., bacteriocin and toxoflavin, offering Cyanobacteria with 
protection against opportunistic bacteria in return for a stable microhabitat.  
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Table 4.15: Additional indicator taxa taken from co-occurrence analysis for geosmin 

production based on shared function-specific traits with indicator taxa identified by 

Random Forest analysis in the Alaw reservoir.  

Codon Taxa function All example representatives 

A1 T&O producers  
Aphanizomenon NIES81, 

members of the Nostocaceae 
family, Cyanobium PCC-6307 

A2 T&O degraders Spingorhabdus, Bacillus 

B1 Nutrient mediators 

Members of the 
Chlamydomonoadaceae 
family, members of the 

Planctomycetales order, 
SH3-11 

B2 Internal loading indicators 
Discostella, Gloeotila, 

members of the 
Pedosphaeraceae family 

B3 Nutrient enrichment indicators 

Members of the 
Peptostreptococcaceae 
family, Stephanodiscus, 
Aulacoseira, Navicula 

B4 Recycling nutrients within cyanosphere 
Members of the 

Verrucomicrobiaceae family, 
Limnohabitans, Fluviicola 

C1 Offers protection  
Sediminibacterium, 

Thalassiosira 

D1 Siderophore interference  
Members of the 

Gallionellaceae family, 
TRA3-20 

Bolded taxa names represent negative associations with cyanobacterial nodes.  
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Chapter 5: The importance of 

nutrient ratios in determining 

elevations in geosmin synthase 

(geoA) and 2-MIB cyclase (mic) 

resulting in Taste and Odour events 
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5.1 – Introduction  

 

Taste and odour (T&O) are the primary sensory considerations used by customers to 

assess the quality of drinking water (Kehoe et al., 2015). Odorous or unpalatable 

T&O compounds in treated drinking water can erode customer trust in water quality 

and generate complaints to water companies worldwide (Webber et al., 2015). 

Although these compounds pose no risk to human health (Sotero-Martins et al., 

2021), significant, costly treatment of drinking water is required to remove them. 

Adsorption by activated carbon is considered an effective measure in the removal of 

T&O compounds (Kim et al., 2014b). However, Rodriguez (2018) estimated that to 

remove 15 ng L-1 of a T&O compound at a flow rate of 40 million gallons per day, 

5,077 kg of Powdered Activated Carbon (PAC) would be required. With PAC having 

a market cost of around 1.2 – 2 $ kg-1 (Alhashimi and Aktas, 2017), this is very 

costly.  

Geosmin (trans-1-10 dimethyl-trans-9-decalol) and 2-MIB (2-

methylisoborneol) are the most common compounds associated with T&O 

complaints worldwide (Clercin and Druschel, 2019; Echenique et al., 2006; Hayes 

and Burch, 1989; Menezes et al., 2020; Perkins et al., 2019; van Rensburg et al., 

2016). These compounds are produced by a variety of distantly related bacteria, 

including Actinobacteria, Cyanobacteria and Proteobacteria (Watson, 2003), but 

Cyanobacteria are considered to be the main producers of the volatile T&O 

compounds in aquatic environments (Suurnäkki et al., 2015). Cyanobacteria have 

also established important connections with other phytoplankton. For example, Bar-

Yosef et al. (2010) revealed a close relationship between other phytoplankton 

capable of alkaline phosphatase (AP) production and the cyanotoxin 

cylindrospermopsin. This cyanotoxin stimulates algae to produce APs used to 

access orthophosphate from organic phosphorous, which in turn facilitates 

cyanobacterial growth (Bar-Yosef et al., 2010). This is supported by Olsen et al. 

(2017), who suggested that, specifically, diatoms influence geosmin and 2-MIB 

production, as demonstrated by stronger correlations between 2-MIB production and 

diatom abundance as compared to cyanobacterial abundance. This is consistent 
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with previous findings that link diatoms with the proliferation of geosmin and 2-MIB 

(Izaguirre and Taylor, 1998; Schrader et al., 2011; Sugiura et al., 2004, 1998).  

Geosmin and 2-MIB exist as an irregular sesquiterpenoid and a monoterpene, 

respectively (Watson and Juttner, 2019). Geosmin and 2-MIB are produced along 

the metabolic pathways for isoprenoid synthesis involved in the 2-methylerythritol-4-

phosphate isoprenoid (MEP) pathway, the mevalonate pathway, and the leucine 

pathway (Jüttner and Watson, 2007). The molecular foundation of geosmin 

production is from the geosmin synthase gene (geoA), which encodes for a bi-

functional domain enzyme in a two-step Mg2+ dependent reaction (Churro et al., 

2020). The N-terminal part of the enzyme causes the ionization and cyclization of 

farnesyl diphosphate (FPP) into germacradienol, whilst the C-terminal part facilitates 

the protonation, cyclization, and fragmentation of the precursor germacradienol 

molecules into geosmin and acetone (Watson et al., 2016). For the biosynthesis of 2-

MIB in Cyanobacteria, there are two metabolic steps: firstly, a S-

adenosylmethionine-dependent methylation of the monoterpene precursor geranyl 

diphosphate (GPP) to 2-methyl-GPP catalyzed by geranyl diphosphate 2-

methyltransferase (GPPMT), and secondly, further cyclization of 2-methyl-GPP to 2-

MIB catalyzed by 2-MIB cyclase (mic) forming a putative operon (Figure 2) (Giglio et 

al., 2011). The Discovery of the geoA and mic genes has enabled biomolecular 

methods like quantitative polymerase chain reaction (qPCR) to become available to 

monitor their abundance (Cane and Watt, 2003; Dickschat et al., 2007; Steven Giglio 

et al., 2011; Gust et al., 2003; Komatsu et al., 2008; Wang and Cane, 2008). 

However, to the best of our knowledge, no primers currently developed target all 

geosmin and 2-MIB-producing Cyanobacteria.   

Geosmin and 2-MIB are recalcitrant to conventional drinking water treatment 

procedures such as clarification, filtration, and oxidation using chlorine (Srinivasan 

and Sorial, 2011). With both compounds exhibiting extremely low odour thresholds 

(1.3 ng L-1 for geosmin and 6.3 ng L-1 for 2-MIB; Young et al., 1996), it is of vital 

importance that water companies remove the source of these compounds through 

mitigative measures before proceeding to water treatment in order to avoid customer 

dissatisfaction and ultimately complaints. This is of particular concern considering 

that climate change can promote cyanobacterial bloom formation, which can lead to 

more T&O events worldwide (Davis et al., 2009; Taranu et al., 2015; J. Zhang et al., 



 

270 
 

2017). Warming can encourage cyanobacterial growth selectively as they have 

higher optimal growth temperatures than eukaryotic algae (J. Zhang et al., 2017). 

Shen et al. (2022) found that warmer temperatures favoured cyanobacterial growth, 

leading to increased T&O compounds. However, lower temperatures (15°C) have 

also been shown to promote the expression levels of geoA and mic genes compared 

to 25°C and 35°C (Shen et al., 2022). Jeong et al. (2021) reported that 

Pseudanabaena yagii produced 2-MIB during the summer season and released 2-

MIB under low-temperature conditions in the autumn.  

Many studies have focused on the environmental triggers for geosmin and 2-

MIB production (Saadoun et al., 2001; Journey et al., 2013; Oh et al., 2017; Clercin 

and Druschel, 2019). Individual studies have focused on geoA and mic copy 

numbers in relation to seasonal occurrences of benthic production of geosmin and 2-

MIB (Gaget et al., 2020), the transcription of the genes in response to temperature 

(Shen et al., 2022), and developing early detection methods (Chiu et al., 2016; John 

et al., 2018; Suurnäkki et al., 2015). However, to the best of our knowledge, no 

studies to date have evaluated the combined effects of seasonality, temperature, 

and nutrient concentrations on geoA and mic copy numbers together. Kutovaya and 

Watson (2014) developed taxon-specific PCR and qPCR assays for the early 

detection of geosmin, however, they were unable to determine any correlations 

between gene expression, temperature, and nutrient concentrations. The usual 

nutrients implicated in the production of geosmin and 2-MIB are nitrogen and 

phosphorous (Harris et al., 2016). Further, Molot et al. (2014) proposed a critical role 

of ferrous iron and sulphate for cyanobacterial bloom formation, yet neither ferrous 

iron nor sulphate have been evaluated in relation to geosmin and 2-MIB production 

before.  

 Here we assess the associations between seasonality, temperature and 

nutrients and the production of geosmin and 2-MIB in reservoir drinking water. We 

employ quantitative Polymerase Chain Reaction (qPCR) to quantify the gene 

abundance of geoA and mic in nine reservoirs across Wales, U.K., using a newly 

developed reverse mic primer to aid the detection of 2-MIB producing 

Cyanobacteria.  Findings are discussed with relevance to triggers for, and prediction 

of, T&O events in drinking water supply. 
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5.2 – Materials and methods 

5.2.1 – Defining a T&O event 

 

Classification of a defined low, medium and, high geosmin and 2-MIB “event” 

is detailed in Chapter 2 – Materials and Methods, Section 2.2. 

5.2.2 – Sample locations  

 

Samples were collected according to Chapter 2 – Materials and Methods 2.1, 

from sites detailed in Sections 2.1.1 – 2.1.7 with the sampling exception mentioned 

in Section 2.1.8. Sampled months were calculated according to Chapter 2 – Material 

and Methods 2.1. Seasons were assigned as spring; March 1st – May 31st, summer; 

June 1st – August 31st, autumn; September 1st – November 30th, and winter; 

December 1st – February 28th.  

5.2.3 – Genomic eDNA extraction  

 

Water was filtered and eDNA was extracted according to Chapter 2 – 

Materials and Methods, Section 2.4.  

5.2.4 – Putative classification of standards used for 16S rRNA, geoA and 

mic standard curves 

 

Cyanobacterial isolates provided by culture collections were expanded in 

aseptic cultures at 18oC under a 8:16 light:dark cycle with 40-60 µmol m-2 s-1 

illumination in BG11 media (Sigma-Aldrich) supplemented with Z8 algal trace metal 

(see Rippka, 1988). Cells were harvested during log phase growth by centrifugation 

of 10 mL of culture at 16000 RCF for 10 mins. The cell pellet was resuspended by 

vortexing in 500 µL ATL buffer (QIAGEN, Germany) with 50 µl of proteinase K (20 

mg mL-1 – QIAGEN, Germany) and 20 µL of Lysozyme (25 mg mL-1) and incubated 

at 59oC for 60 mins. Post-incubation 100 µL of the solution was transferred to a fresh 

tube and DNA was purified as described for the material removed from the Sterivex 

filters (Section 5.2.3). DNA was extracted from mid-log Streptomyces strain S. 
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coelicolor (provide by Dr G. Webster – Cardiff University) using MP BiomedicalsTM 

FastDNA Spin Kit for Soil (MP Biomedicals, USA) as per manufactures instructions. 

Before sequencing, RNA was removed by the addition of 2 µL of RNAse 

solution (4 mg µL-1) to 50 µL of extract sample. Subsequently, DNA was purified 

using SPRI beads (Beckman Coulter ltd) using a 0.6:1, Bead:DNA ratio. DNA was 

quantified using qubit and quality assessment using a Tapestation (Agilent).  

DNA concentrations were normalised to 0.25 ng µL-1, and libraries were 

generated and indexed using the Nextera XT workflow kit (as per manufactures 

instructions) with conditions optimised to generate an insert size of 200-250 bp. 

MiSeq v2 cartridge was used to generate 150 bp paired-end data of approx. 100x 

coverage of the individual genomes. De-multiplex data were trimmed using 

trimmomatic (v 0.36) (Bolger et al., 2014) and assembled and polished using 

Unicyler (v 0.4.7) (Wick et al., 2017). Prokka (v 1.13.3) (Seemann, 2014) was used 

to annotate the draft assemblies exploiting Barrnap (v 0.9) to predict 16S ribosomal 

RNAs (https://github.com/tseemann/barrnap). Species identification was performed 

by blast analysis of the 16S ribosomal RNA against the NCBI 16S ribosomal 

database. 

The acquisition of strains used for the generation of each gene qPCR 

standard curve (geoA, mic, 16S rRNA) are displayed in Table 5.1, along with the 

genomic results of the putative 16S rRNA gene classification of the strains used. 16S 

rRNA gene numbers were used to normalise copy numbers for geoA and mic 

samples to account for biomass.  
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Table 5.1: List of strains used for standard curves in all qPCR reactions with their 

origin and the putative 16S rRNA classification after genomic classification with 

corresponding percentage identity.  

Culture strain Culture collection 
16S rRNA classification 

(identity %) 

Anabaena sp. 1446/1c 
Culture Collection of Algae 

and Protozoa (CCAP) 
Microcystis aeruginosa NIES 

843 (99.66%) 

Anabaena flos-aquae 30.87  
The collection of algae 

cultures at the University of 
Göttingen (SAG) 

Anabaena cylindrica PCC 
7122 (95.33%)                            

Massilia agri (98.95%)       
Methanospirillum 

psychrodurum (86.14%)      
Gemmatimonas aurantiaca 

T-27 (90.32%) 

Cylindrospermopsis raciborskii 1.97 
The collection of algae 

cultures at the University of 
Göttingen (SAG) 

Anabaena cylindrica PCC 
7122 (95.43%)                            

Peteryoungia desertarenae 
(98.51%)                          

Fluviicola taffensis (95.90%) 

Oscillatoria sp. UHCC 0327 
HAMBI Microbial Culture 
Collection, University of 
Helsinki (HAMBI/UHCC) 

Oscillatoria nigro-viridis 
(95.27%)                                          

Roseomonas mucosa 
(99.93%)                                

Massilia putida (98.51%) 

Tolypothrix sp. UHCC 0328   
HAMBI Microbial Culture 
Collection, University of 
Helsinki (HAMBI/UHCC) 

Oscillatoria nigro-viridis 
(99.40%) 

Planktothrix agardhill NIVA-CYA 126 
The Norwegian Culture 

Collection of Algae 
(NORCCA) 

Planktothrix agardhii NIES-
204 (100%)                        

Hydrogenophaga palleronii 
(98.75%)                            

Cypionkella psychrotolerans 
(97.84%) 

Planktothrix sp. 18  
HAMBI Microbial Culture 
Collection, University of 
Helsinki (HAMBI/UHCC) 

Planktothrix agardhii NIES-
204 (99.93%) 

Streptomyces coelicolor M145  Cardiff University 
Streptomyces anthocyanicus 

(100%) 
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5.2.5 – qPCR 16S rRNA, geoA and mic standards preparation  

 

 A summary of isolated strains utilised for the preparation of all three gene 

templates for the establishment of standard curves is detailed in Table 5.2. Standard 

curve template formation for all three qPCR reactions was performed through PCR 

using a SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, USA) using the 

primer pairs detailed in Table 5.3. PCR’s were carried out with the thermocycling 

conditions listed in Table 5.5 for 16S rRNA, Table 5.6 for geoA and Table 5.7 for mic. 

 

Table 5.2: Isolated bacterial strains used for the qPCR template preparation for 16S 

rRNA, geoA and mic used in the standard curve set-up. 

Strain  
16S 

rRNA 
geoA  

mic 

Anabaena flos-aquae 1446/1c x x x 

Cylindrospermopsis raciborskii 1.97 x   x 

Anabaena flos-aquae 30.87 x x x 

Planktothrix sp. 18 x x x 

Streptomyces coelicolor M145 x    

Planktothrix aegardhii cya 126   x 

Oscillatoria sp. UHCC 0327/2   x 

Tolypothrix sp. UHCC 0328     x 

 

Table 5.3: Primer pairs used to amplify 16S rRNA, geoA and mic gene templates 

during the initial PCR when generating qPCR standards. 

Target gene Primer Sequences 5’ → 3’ 
Product 
length 
(bp) 

Reference  

16S rRNA 
27F AGAGTTTGATCMTGGCTCAG 

1490 DeLong (1992) 
1492R GGTTACCTTGTTACGACTT 

Geosmin 
synthase  

geo78F 
GCATTCCAAAGCCTGGGCTT

A 905 
Suurnäkki et al. 

(2015) 
geo982R TCGCATGTGCCACTCGTGAC 

2-MIB cyclase 

MIBS02
F 

ACCTGTTACGCCACCTTCT 

307 Chiu et al. (2016) 
MIBS02

R 
CCGCAATCTGTAGCACCATG 
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Table 5.4: PCR master mix volumes for a 50 µL reaction volume for primer pairs 27F 

and 1492R, geo78F and geo982R and MIBS02F and MIBS02R respectively. 

  
16S rRNA single 

reaction / µL 
geoA single 
reaction / µL 

mic single reaction / 
µL 

Nuclease free H2O 35 31.50 31.50 

AllTaq Mastermix (4x) 12.50 12.50 12.50 

Forward primer 0.75 2.50 2.50 

Reverse primer  0.75 2.50 2.50 

  
   

Volume of template DNA  1 1 1 

Final volume of PCR reaction  50 50 50 

Final primer concentration  0.30 pmol µL-1 0.50 pmol µL-1 0.50 pmol µL-1 

 

Table 5.5: PCR conditions used for 16S rRNA primer pair 27F and 1492R. 

  PCR stages Time (minutes) 
Temperature 

°C 

  Initial denaturation 2:00  95 

36 
Cycles  

Denaturation  0:30 94 

Annealing  0:30 52 

Extension  
 1:30 

Increased by 1 second every cycle  
72 

  Final Extension   5:00 72 

  Hold  ꝏ 4 

 

Table 5.6: The PCR conditions used for geoA primer pair 78F and 982R. 

  PCR stages Time (minutes) 
Temperature 

°C 

  Initial denaturation   2:00  95 

40 
Cycles  

Denaturation  0:30 95 

Annealing  0:30 58 

Extension   0:45 72 

  Final Extension   5:00 72 

  Hold  ꝏ 4 
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Table 5.7: The PCR conditions used for mic primer pair MIBS02F and MIBS02R. 

  PCR stages Time (minutes) 
Temperature 

°C 

  Initial denaturation 5:00 95 

40 
Cycles  

Denaturation 0:10 95 

Annealing/ Extension 0:20 60 

 Final Extension  5:00 60 

  Hold  ꝏ 4 

 

 All amplicon templates were cleaned and purified with the QIAquick PCR 

purification kit (QIAGEN, Germany) as per the manufacturer’s instructions. 

Additionally, before use, standards were quality control checked using the QIAxcel 

(QIAGEN, Germany) to ensure amplicons were of the expected size; 905 bp, 307 bp 

and 1490 bp for geoA, mic and 16S rRNA, respectively. Six replicates of the stock 

template for 16S rRNA, geoA and mic can be seen in Appendices 5.1 – 5.2. 

5.2.6 – Reverse primer design for mic gene 

 

For the mic gene, a new reverse primer was designed using Geneious 9.1.8 

for the qPCR. This software aligned genes involved in 2-MIB production from 

different organisms and identified a conserved region of the genes to allow a reverse 

primer to be formed. A phylogenetic representation of the organisms used for the 

construction of the reverse primer can be found in Figure 5.1. The forward primer 

used in conjunction with the newly developed reverse primer was MIBS02F from 

Chiu et al. (2016). The newly designed reverse primer was named MIBAHR and can 

be seen in Figure 5.2. All organisms listed in Figure 5.1 were able to detect both 

MIBS02F and MIBAHR. In silico testing of the two primers was also performed in the 

statistical software R using the package ‘primerTree’ (Cannon et al., 2016), which 

identified 30 species that can be detected using this primer set. A list of all species 

that can be identified using the primers is shown in Supplementary Information 5.3. 

Using the reverse primer from Chiu et al. (2016) in conjunction with MIBS02F, only 

23 species were identified. When using primers Mtcf and Mtcr from Wang et al. 

(2011), only 13 species were identified; using primers MIB3324F MIB4050R and 

MIB3313F and MIB4226R from Suurnäkki et al. (2015), only 17 and 7 species were 

able to be identified. All species identified by the primers listed are presented in 
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Appendix 5.4 for comparison. Meaning MIBAHR may be more selective to the mic 

gene, as indicated by the in silico testing.  

 

Figure 5.1: Neighbour-joining (NJ) phylogenetic tree of 2-MIB associated genes 
using Tamura-Nei genetic distance model, with Streptomyces anulatus as an 
outgroup. Accession numbers: Plankothrix sp. PD12 (MT515744.1) Pseudanabaena 
sp. PD8 (MT3602661.1) Pseudanabaena yagii NIES-4238 (LC507459.1) 
Pseudanabaena sp. 1 (LC507462.1) Pseudanabaena yagii NIES-4237 (LC507458.1) 
Pseudanabaena sp. NIVA-CYA 1119 (HQ630887.1) Pseudanabaena sp. 2 
(HQ830028.1) Pseudanabaena galeata NIES-512 (AB826230.1) Pseudanabaena 
galeata (MN167115.1) Pseudanabaena limnetica (HQ630883.1) Pseudanabaena 
cinerea (LC507461.1) Pseudanabaena cinerea NIES-4062 (LC507460.1) 
Microcoleus pseudautumnalis (LC486303.1) Oscillatoria limosa (HQ630885.1) 
Leptolyngbya sp. (KP013063.1) Oscillatoria prolifera (MK759878.1) Planktothrix sp. 
328 (KJ658378.1) Oscillatoria prolifera (MK759878.1) Planktothricoides raciborskii 1 
(LC512931.1) Planktothricoides raciborskii 2 (LC157992.1) Planktothricoides 
raciborskii 3 (LC157991.1) Planktothricoides raciborskii 4 (LC157990.1) 
Planktothricoides raciborskii 5 (LC157989.1) Planktothricoides raciborskii 6 
(LC157988.1) Planktothricoides raciborskii 7 (LC157987.1) Planktothricoides 
raciborskii 8 (LC157986.1) Planktothricoides raciborskii 9 (HQ830029.1). Genbank 
Accession numbers are provided with associated version identifiers.  
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Figure 5.2: Sequence view of the newly developed primer MIBAHR (24 bp). 

5.2.7 – qPCR reactions for 16S rRNA, geoA and mic genes 

 

The gene copy numbers for all targeting genes (16S rRNA, geoA and mic) 

were calculated using New England Biolabs (2020) calculator using the DNA PCR 

fragment lengths (1490 bp, 905 bp and 307 bp respectively) and average Qubit 

readings (Table 5.8). These were then used to generate dilutions required for the 

standards to create standard curves for the qPCR reactions. The DNA copy number 

obtained for the 16S rRNA gene was 6.416 x 1010 copies µL-1, the DNA copy number 

obtained for the geoA gene was 9.38 x 1010 copies µL-1 and the DNA copy number 

for mic was 9.65 x 1010 copies µL-1. All copy numbers were multiplied by 2.5 to 

account for the DNA sample volume added in the qPCR reaction (2.5 µL). The 

dynamic linear range for 16S rRNA was 1.60 x 101 to 1.60 x 107 copies µL-1, the 

dynamic linear range for geoA was 2.34 x 101 to 2.34 x 107 copies µL-1 and the 

dynamic linear range for mic was 2.41 x 101 to 2.41 x 107 copies µL-1. Both genes' 

sample copy numbers were then extrapolated from the standard curves generated 

from the prepared standards.  

 

Table 5.8: Triplicate Qubit readings for both 16S rRNA, geoA and mic concentrations 

and an average in ng µL-1.  

 Qubit readings 

Replicate 
16S rRNA ng µL-

1 geoA ng µL-1 
mic ng µL-1 

1 102 92.8 31.6 

2 96.0 81.6 31.0 

3 96.4 86.8 28.6 

Average 98.1 87.1 30.4 
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5.2.8 – qPCR set-up on the Eppendorf epMotion robot 

 

Before the qPCR reaction set-up, the Eppendorf epMotion® 5075 (Eppendorf 

AG, Hamburg, Germany) robot was programmed to carry out 1:100 and 1:10 

dilutions of the samples to be used for the qPCR DNA templates for all genes, in 96-

well plates. Dilutions were used to dilute any PCR inhibitors contained within the 

extracted DNA.  

Stock reagents for the master mix and gene standards were set up in an 

additional 96-well plate that the robot used to dispense into the according wells in a 

384-well plate. The diluted samples were then aliquoted out into triplicate replicates 

into the same 384-well plate (Figure 5.3) (1:10 dilutions for the geoA gene and mic 

gene, and 1:100 dilutions for the 16S rRNA gene).  

 

 

Figure 5.3: An overview of plate setups for the Eppendorf epMotion® 5075 robot. 

One 96-well plate setup for diluted samples (1:100 16S rRNA, 1:10 geoA and mic) 

and another 96-well plate for the reagent stock pates and standards. A general map 

for the qPCR reaction in a 384-well plate. 
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5.2.9 – qPCR reactions  

 

The primers used for the qPCR are displayed in Table 5.9, and diagrams 

illustrating the binding sites of both geoA and mic primers are shown in Figures 5.4 

and 5.5. GoTaq® qPCR Master Mix (Promega A6001; BSA; Promega, Southampton, 

UK) was used to carry out these qPCR reactions. This master mix includes a novel 

fluorescent DNA-binding dye like SYBR® Green I and is optimised for fast and 

reproducible quantitative PCR assays. The composition and concentrations for the 

qPCR reactions are displayed in Table 5.10. qPCR conditions (Table 5.11, 5.12 and 

5.13) have been adapted from the manufacturer's instruction manual and current 

protocols for the qPCR master mix and the bacterial 16S rRNA primers (Kille et al., 

2019; Webster et al., 2015). All qPCR reactions were carried on a QuantStudio™ 7 

Flex Real-Time PCR System, 384-well (ThermoFisher Scientific, Massachusetts, 

United States).  

 

Table 5.9: Primer pairs for 16S rRNA, geoA and mic used for the qPCR. 

Target gene Primer Sequences 5’ → 3’ 
Product 
length 
(bp) 

Reference  

16S rRNA 
534F GCCAGCAGCCGCGGTAAT 

400 
Muyzer et al. (1993) 

907R CCGTCAATTCCTTTGAGTTT Muyzer (1998) 

Geosmin synthase  
geo799F GCCGCTAACCTCACTAACGA 

184  
John et al. (2018) 

geo982R ATCGCATGTGCCACTCGTGAC Suurnäkki et al. (2015) 

2-MIB cyclase 
MIBS02F ACCTGTTACGCCACCTTCT 

131 
Chiu et al. (2016) 

MIBAHR GTCATGGAGGTGTAGAAGCTGTCG This study 
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Figure 5.4: Primer positions and alignment of the amplicon on Anabaena ucrainica 

CHAB2155 geosmin synthesis associated operon, complete sequence (HQ404996).  

 

 

 

 

Figure 5.5: Primer positions and alignment of the amplicon on Pseudoanabaena sp. 

dqp15 2-methylisoborneol (2-MIB) synthesis associated operon, complete sequence 

(HQ830028.1).  
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Table 5.10: qPCR master mix volumes for a 10 µL reaction volume for primer pairs 

534F, 907R and geo799F geo982R and MIBS02F and MIBAHR respectively.  

 16S rRNA single 
reaction / µL 

geoA single 
reaction / µL 

mic single 
reaction / µL 

Nuclease free H2O 2.1 1.7 1.7 

GoTaq qPCR Master Mix (2x) 5 5 5 

Forward primer (10 pmol µL-1) 0.2 0.4 0.4 

Reverse primer (10 pmol µL-1) 0.2 0.4 0.4 

    

Volume of template DNA 2.5 2.5 2.5 

Final volume of qPCR reaction 10 10 10 

Final primer concentration 0.20 pmol µL-1 0.40 pmol µL-1 0.40 pmol µL-1 

 

Table 5.11: The qPCR conditions used for 16S rRNA primer pair 534F and 907R. 

 qPCR Stages  Time (minutes) Temperature (°C) 

  Hot-start activation  0:20 95  

40 
cycles 

Denaturation  0:01 95 

Annealing  0:01  55 

Extension 0:30 72 

  Dissociation (melting)    95 

 

Table 5.12: The qPCR conditions used for geoA primer pair geo799F and geo982R. 

 qPCR Stages  Time (minutes) Temperature (°C) 

  Hot-start activation  0:20 95  

40 
cycles 

Denaturation  0:01 95 

Annealing/ Extension  0:20   60 

  Dissociation (melting)    95 

 

Table 5.13: The qPCR conditions used for mic primer pair MIBS02F and MIBAHR. 

 qPCR Stages  Time (minutes) Temperature (°C) 

  Hot-start activation  0:20 95 

40 
cycles 

Denaturation  0:01 95 

Annealing/ extension  0:20 65 

  Dissociation (melting)  95 
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5.2.10 – Cross validation of 16S rRNA and geoA standards 

 

 At the start of this project, 310 samples had been previously processed using 

the methods stated above (5.2.7) for 16S rRNA and geoA qPCR (data kindly 

provided by Ms I. Elfferich). A different standard curve was used with a dynamic 

linear range of 5.12 x 108 – 5.12 x 102 copies µL-1 for 16S rRNA and 4.85 x 109 to 

4.85 x 103 copies µL-1 for geoA for this previous work. To account for differences in 

results due to using standard curves being prepared at different times by different 

operators for both 16S rRNA and geoA and to allow datasets to be comparable, a 

cross-calibration of the standards was performed. The standards used for the first 

set of samples (310) underwent a qPCR using materials and methods described in 

Section 5.2.7 in parallel with the standards detailed in Section 5.2.5 to establish a 

cross-calibration coefficient. Both sets of standards for 16S rRNA and geoA were 

performed over six replicates.  

 All replicates for each standard dilution were averaged, and then the gradient 

(m) and intercept (c) of the standard curve for standards detailed in Section 5.2.7 

were calculated using the least squares method. This was done by taking the 

average Ct of standards and the known log copy number µL of said standards. The 

average Ct of the first set of standards used in this project was supplemented into 

the following equation using the ‘c’ and ‘m’ generated from the standard curve 

detailed in Section 5.2.5: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡 − 𝑐/𝑚 

 From this equation, an antilog of the result was taken, and a ratio was 

determined by dividing this by the known concentration of the first set of standards 

used. An average of all standard ratios was then calculated, and a cross-calibration 

coefficient was determined. For 16S rRNA, the coefficient determined was 4.74, and 

for geoA, the coefficient was 4.05. For the first 310 samples, established results for 

determined copies mL-1 were multiplied by the derived cross-calibration coefficient. 

For 16S rRNA, a histogram illustrating the frequency of samples copies mL-1 before 

and after the calibration coefficient has been added is displayed in Figure 5.6.  
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Figure 5.6: Histograms of (A) the frequency of 16S rRNA copy numbers from this 

study (red – AH.Frequency) and the frequency of copy numbers of 16S rRNA 

processed previously (blue – IE.Frequency) (B) frequency of 16S rRNA copy 

numbers from this study (red – AH.Frequency) and the frequency of copy numbers 

of 16S rRNA processed previously (blue – IE.Frequency) after the calibration 

coefficient had been added.  

5.3 – Results 

5.3.1 – Temporal changes in gene copy numbers and T&O 

concentrations by year and month 

 

Strong positive linear correlations were observed between geosmin and log10 

geoA:16S copies mL-1 during the months where geosmin concentrations were above 

100 ng L-1 (July 2019, p < 0.0001; September 2019, p < 0.0001; July 2020, p < 

0.0001; August 2020, p < 0.0001) (Figure 5.7). The significance of relationships 

decreased when geosmin fell below 100 ng L-1 (August 2019, p < 0.05; October 

2019, p < 0.05; December 2019, p < 0.01). No significant relationship was 

determined for November 2019 (p = 0.482).  
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No consistent relationships could be deduced from log10 mic:16S copy 

numbers mL-1 and log10 2-MIB concentrations ng L-1 (Figure 5.8). The maximum 2-

MIB ng L-1 concentration (58 ng L-1) was seen in September 2019, which coincided 

with a high mic:16S copy numbers mL-1 value (5.12 mic:16S copy number mL-1). A 

slight positive relationship was observed in August 2020, although this was not 

significant (p = 0.688), and a significantly negative relationship was witnessed in 

October 2019 (p < 0.01).  

 

Figure 5.7: Scatterplots of log10 concentrations of geosmin (ng L-1) and geoA:16S 

(copy numbers mL-1) from all reservoirs. Individual points are coloured 

corresponding to the reservoir and facet wrapped according to sampling month and 

year. Each scatterplot includes a linear regression line of best fit with the R2 value 

and associated significance assigned by p values.  
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Figure 5.8: Scatterplots of log10 concentrations of 2-MIB (ng L-1) and mic:16S (copy 

numbers mL-1) from all reservoirs. Individual points are coloured corresponding to 

the reservoir and facet wrapped according to sampling month and year. Each 

scatterplot includes a linear regression line of best fit with the R2 value and 

associated significance assigned by p values.  

5.3.2 – Temporal changes in gene copy numbers and T&O 

concentrations by season and year 

 

 Highly significant positive relationships were observed for geosmin and 

geoA:16S gene copy numbers (Figure 5.9) for summer 2019 (p < 0.0001) and 

summer 2020 (p < 0.0001). Significant relationships were apparent for winter 2019 (p 

< 0.01) and Autumn 2019 (p < 0.05). When geosmin concentrations fell below 3.16 
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ng L-1, a slightly negative non-significant correlation was detected, as seen in winter 

2020 (p = 0.305).  

 For 2-MIB and mic:16S no significant relationships could be determined. In 

both summer 2019 and 2020, a weak positive relationship can be seen in Appendix 

C.2 (p = 0.611 and 0.151, respectively). In autumn 2019 and winter 2020, non-

significant negative relationships are displayed (p = 0.437 and 0.127). Winter 2019 

was removed from the log10 2-MIB and log10 mic:16S copy number plot (Figure 5.10) 

due to no variation seen in log10 2-MIB concentrations.   

 

Figure 5.9: Scatterplots of log10 concentrations of geosmin (ng L-1) and geoA:16S 

(copy numbers mL-1) from all reservoirs. Individual points are coloured 

corresponding to the reservoir and facet wrapped according to sampling season and 

year. Each scatterplot includes a linear regression line of best fit with the R2 result 

and associated significance assigned by p values.  
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Figure 5.10: Scatterplots of log10 concentrations of 2-MIB (ng L-1) and mic:16S (copy 

numbers mL-1) from all reservoirs. Individual points are coloured corresponding to 

the reservoir and facet wrapped according to sampling season and year. Each 

scatterplot includes a linear regression line of best fit with the R2 result and 

associated significance assigned by p values.  

5.3.3 – Modelling a T&O event  

 

For geoA:16S copy numbers mL-1, two GAMs were employed. The first GAM 

used data only from the Alaw reservoir (deviance = 97.7%, R2 = 0.87, n = 41: 

Appendix 5.5). The second GAM incorporated data from all other reservoirs 

excluding Alaw (deviance = 67.20%, R2 = 0.33, n = 183: Appendix 5.6). The mic:16S 
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copy numbers mL-1 GAM incorporated data from all reservoirs (deviance = 58.70%, 

R2 = 0.47, n = 172: Appendix 5.7).  

5.3.3.1 - geoA:16S abundance in a reservoir with major geosmin events 

(Alaw) 

 

All linear environmental covariates were significantly associated with 

geoA:16S copy numbers mL-1 for the Alaw reservoir; except autumn 2019 and winter 

2020 which showed no significant difference in geoA:16S abundance compared with 

summer 2019 (Table 5.14). geoA:16S during winter 2019 was significantly lower and 

summer 2020 was significantly higher than summer 2019 (p < 0.001 for both). The 

mean temperature had a significant negative impact on geoA:16S copy numbers mL-

1 (p < 0.001). Sulphate and dissolved iron were positively associated with geoA:16S 

copy numbers mL-1 (p < 0.0001), whereas dissolved reactive silicate was negatively 

associated with geoA:16S copy numbers mL-1 (p < 0.0001). When geosmin levels 

were between 50 – 200 ng L-1, geoA:16S copy numbers mL-1 rapidly increased from 

a partial effect size of around -0.5 to 1.5 (p < 0.001) (Figure 5.11 top). Increased 

levels of geosmin (> 400 ng L-1) were negatively associated with geoA:16S copy 

numbers mL-1. NH4
+:NO3

-
 had a significant non-linear relationship with geoA:16S 

copy numbers mL-1 (p < 0.001): With the exception of two datapoints (<0.025), 

heightened NH4
+:NO3

- ratios (>0.1) showed a strong positive relationship with the 

abundance of geoA:16S copy numbers mL-1 (Figure 5.11 middle). NH4
+:NO3

- ratios 

<0.1 reduced the average response values of geoA:16S copy numbers mL-1. TIN:TP 

also had a significantly non-linear relationship with geoA:16S copy numbers mL-1 (p 

< 0.0001). Low levels of TIN:TP (0:1 – 24:1) had the greatest partial effect size on 

geoA:16S copy numbers mL-1 (Figure 5.11 bottom). TIN:TP levels between 24:1 – 

36:1 appeared to reduce the response below the average levels of geoA:16S copy 

numbers mL-1. This inhibitory effect was reduced when TIN:TP levels were above 

36:1.  
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Table 5.14: GAM model results for Alaw reservoir with geoA:16S copy numbers mL-1 

as the response variable. Using summer 2019 as the reference level for seasonal 

comparison.  

Parametric coefficients Estimate 
standard 

error 
p-value 

Autumn 2019 0.000 0.499 0.999 

Winter 2019 -3.733 0.960 < 0.001 *** 

Summer 2020 2.073 0.461 < 0.001 *** 

Winter 2020 0.732 0.687 0.297 

Mean Temperature -0.405 0.093 < 0.001 *** 

Sulphate 1.338 0.162 < 0.001 *** 

Dissolved Reactive Silicate -1.465 3.128 < 0.001 *** 

Dissolved Iron 19.325 3.128 < 0.001 *** 

Smooth terms edf F p-value 

Geosmin 2.009 39.040 < 0.001 *** 

NH4
+:NO3

- 3.000 11.240 < 0.001 *** 

TIN:TP 2.315 22.140 < 0.001 *** 

Note: Variables with significant influences are indicated by: . p < 0.1, 

 * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5.11: Smooth function plots for predictor variables in the Alaw geoA:16S copy 

numbers mL-1 GAM. Estimated smooth functions (solid lines) with 95% confidence 

intervals (grey shaded area) are shown for each smoothed predictor: (top) Geosmin 

concentrations ng L-1 (middle) NO3
-:NH4

+ ratio and (bottom) TIN:TP ratio. The y-axis 

denotes the partial effect size, the comb on the x-axis shows where the value of 

predictor data points lie and the points are the residuals. The horizontal red line at y 

= 0 intercept indicates the overall mean of the response (geoA abundance).  
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5.3.3.2 - geoA:16S abundance in reservoirs with minor geosmin 

concentrations 

 

 For all reservoirs except Alaw, geoA:16S copy numbers mL-1 GAM, summer 

2020 and summer 2019 were found to be positively significantly different to winter 

2019 (p < 0.001 and p <0.05, respectively) (Table 5.15). In addition, geoA:16S in all 

reservoirs were found to be significantly different to geoA:16S in Llandegfedd, apart 

from Pontsticill. Both mean temperature and dissolved reactive silicate were 

significantly negatively associated with geoA (p < 0.001, for both). Geosmin 

concentrations were significantly non-linearly associated geoA:16S abundance (p < 

0.001), having the greatest positive influence on concentrations between 4 – 35 ngL-

1 (Figure 5.12 top). NH4
+:NO3

-
 was also significantly non-linearly associated with 

geoA:16S copy number mL-1 (p < 0.001), with the greatest partial effect when 

NH4
+:NO3

-
 ratios were high (0.02 – 0.17) (Figure 5.12 middle); except for one 

spurious data point at a ratio of 0.20. TIN:TP was also significantly non-linearly 

associated with geoA:16S copy numbers mL-1 (p < 0.001), with the greatest positive 

influence at a ratio <25:1 (Figure 5.12 bottom). A TIN:TP ratio between 25:1 – 310:1 

had a negative effect on the abundance of geoA:16S, although the abundance of 

geoA:16S increased at a ratio >310:1.  
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Table 5.15: GAM model results for all reservoirs except Alaw, with geoA:16S copy 

numbers mL-1 as the response variable. Using winter 2019 as the reference level for 

seasonal comparison and Llandegfedd as the reference level for reservoir 

comparison.  

Parametric coefficients Estimate 
standard 

error 
p-value 

Summer 2019 1.554 0.738 0.037 * 

Autumn 2019 0.45 0.69 0.514 

Summer 2020 2.967 0.772 < 0.001 *** 

Winter 2020 -0.4 0.716 0.578 

Mean Temperature -0.569 0.051 < 0.001 *** 

Sulphate 0.129 0.08 0.111 

Dissolved Reactive Silicate -0.249 0.055 < 0.001 *** 

Dissolved Iron 0.023 0.158 0.884 

Alwen -1.494 0.388 < 0.001 *** 

Cefni -1.238 0.697 0.078 . 

Dolwen -1.556 0.672 0.022 * 

Llwyn On -1.105 0.39 0.005 ** 

Pentwyn 0.562 0.325 0.086 . 

Plas Uchaf -1.214 0.324 < 0.001 *** 

Pontsticill -0.01 0.284 0.973 

Smooth terms edf F p-value 

Geosmin 2.692 14.72 < 0.001 *** 

NH4
+:NO3

- 2.956 16.95 < 0.001 *** 

TIN:TP 1.339 4.7 < 0.001 *** 

Note: Variables with significant influences are indicated by: . p < 0.1, 

 * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5.12: Smooth function plots for predictor variables in the control geoA:16S 

copy numbers mL-1 GAM. Estimated smooth functions (solid lines) with 95% 

confidence intervals (grey shaded area) are shown for each smoothed predictor: 

(top) Geosmin concentrations ng L-1 (middle) NO3
-:NH4

+ ratio and (bottom) TIN:TP 

ratio. The y-axis denotes the partial effect size, the comb on the x-axis shows where 

the value of predictor data points lie and the points are the residuals. The horizontal 

red line at y = 0 intercept indicates the overall mean of the response (geoA 

abundance). 
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5.3.3.3 – mic:16S abundance in all reservoirs 
 

 Autumn and summer 2019 were significantly positively and negatively 

different from winter 2019 (p < 0.001, for both) for mic:16S copy numbers mL-1 

(Table 5.16). Dissolved reactive silicate also had a slightly significant negative 

relationship with mic:16S copy numbers mL-1 (p < 0.1). 2-MIB concentrations were 

not found to be significantly non-linearly associated with mic:16S copy numbers mL-1 

up to concentrations of 8 ng L-1 as depicted by the horizontal estimated smooth 

function in Figure 5.13 top. NH4
+:NO3

-
 had a significantly non-linear relationship with 

mic:16S copy numbers mL-1 (p < 0.1), showing a positive trend with low ratios of 

NH4
+:NO3

-
 between ~0.00 – 0.07 and at higher ratios (> 0.18) (Figure 5.13 middle). 

An inhibitory effect of NH4
+:NO3

- on mic:16S copy numbers mL-1 was observed 

between ~0.07 – 0.18. 
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Table 5.16: GAM model results with mic:16S copy numbers mL-1 as the response 

variable. Using winter 2019 as the reference level for seasonal comparison, and 

Llandegfedd as the reference level for reservoir comparison. 

Parametric coefficients Estimate 
standard 

error 
p-value 

Summer 2019 -0.670 0.470 < 0.001 *** 

Autumn 2019 1.871 0.281 < 0.001 *** 

Summer 2020 0.174 0.380 0.647 

Winter 2020 -0.319 0.206 0.125 

Mean Temperature -0.020 0.041 0.630 

Sulphate 0.048 0.043 0.268 

Dissolved Reactive Silicate -0.099 0.056 0.077 . 

Dissolved Iron 0.261 0.456 0.567 

Alaw 0.019 0.322 0.953 

Alwen -0.016 0.649 0.980 

Cefni -0.122 0.415 0.769 

Dolwen 0.488 0.598 0.416 

Llwyn On -0.364 0.267 0.175 

Pentwyn 0.454 0.318 0.156 

Plas Uchaf -0.233 0.352 0.510 

Pontsticill -0.347 0.324 0.285 

Smooth terms edf F p-value 

2-MIB 0.000 0.000 0.341 

NH4
+:NO3

- 1.020 1.023 0.052 . 

TIN:TP 0.000 0.000 0.901 

Note: Variables with significant influences are indicated by: . p < 0.1, 

 * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5.13: Smooth function plots for predictor variables in the mic:16S copy 

numbers mL-1 GAM. Estimated smooth functions (solid lines) with 95% confidence 

intervals (grey shaded area) are shown for each smoothed predictor: (top) 2-MIB 

concentrations ng L-1 (middle) NO3
-:NH4

+ ratio (bottom) TIN:TP ratio and (C). The y-

axis denotes the partial effect size, the comb on the x-axis shows where the value of 

predictor data points lie and the points are the residuals. The horizontal red line at y 

= 0 intercept indicates the overall mean of the response (mic abundance). 
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5.4 – Discussion 

 

 This is the first study to our knowledge to demonstrate variations in geoA and 

mic abundance between different seasons. This is also the first study to report the 

associations between iron, sulphate, and dissolved reactive silicate with geoA and 

mic copy numbers in relation to T&O levels. Significant correlations were determined 

between geoA and geosmin concentrations by month and by season, whereas no 

relationships could be deduced from correlations observed between mic and 2-MIB 

concentrations by month or by season. geoA was deemed to be a suitable indicator 

of geosmin concentrations, especially when geosmin concentrations were elevated 

(>100 ng L-1), as seen in the Alaw reservoir from this study but also at concentrations 

>4 ng L-1 from the model analysis. Indicators of heightened geoA abundance 

between reservoirs experiencing elevated geosmin concentrations and non-elevated 

concentrations were negative linear relationships with mean temperature and 

dissolved reactive silicate. Both nutrient ratios (TIN:TP and NH4
+:NO3

- ) were 

significantly associated with the abundance of geoA. TIN:TP generally had the 

greatest effect on geoA abundance at low ratios, with inhibitory effects witnessed at 

intermediate levels for TIN:TP ratios which were suppressed at higher TIN:TP ratios. 

The model analysis also revealed that when NH4
+:NO3

- ratios were high, geoA 

abundance was also high. In addition, the positive linear relationships between 

sulphate and dissolved iron with geoA in a reservoir experiencing sever geosmin 

“events” should not be ignored. Although no correlations between mic and 2-MIB 

concentrations could be determined, the model analysis revealed the significance of 

a negative linear relationship with mic and dissolved reactive silicate and a smoothed 

relationship with NH4
+:NO3

-.  

 A limitation of this study was the frequency of sampling (monthly) which was a 

constraint of the water industry project. Paerl et al. (2022) demonstrated that a large 

change in geosmin concentration can occur on a week to week basis during spring – 

summer, and  Pochiraju et al. (2021) reported that geosmin concentration may 

decline by 12% within a week. Hence monthly monitoring may miss significant spikes 

in geoA and geosmin concentrations. Similarly, monthly monitoring of mic and 2-MIB 

may miss spikes in 2-MIB concentrations or the resuspension of underlying sediment 
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containing cyanobacterial species containing the mic gene. It is therefore suggested 

that weekly or at least biweekly monitoring should be implemented by water 

companies, to facilitate suitable accuracy in predictive capacity. 

5.4.1 – Triggers of geosmin “events” 

 

 Of the nine reservoirs studied, Alaw showed the most elevated geosmin 

concentrations considered to be significant “events”, and hence was chosen for 

modelling triggers of geoA prevalence relating to geosmin concentrations. Findings 

from this study identified geoA to be a suitable indicator of geosmin concentrations, 

although direct significant correlations were only apparent when geosmin 

concentrations had a large range with high maximum concentrations (≤420 ng L-1). In 

accordance with this, previous studies that have reported significant correlations 

between geoA and geosmin also had large ranges of concentrations with elevated 

maximum concentrations (105 ng L-1, Su et al., 2013; 102 ng L-1, Tsao et al., 2014; 

103 ng L-1, Otten et al., 2016). In addition, Jørgensen et al. (2016) were unable to 

detect geoA from surface and bottom waters that had geosmin concentrations of 1.4 

and 5.8 ng L-1, respectively. In contrast, Gaget et al. (2020) found low correlations 

between geoA and geosmin with geosmin concentrations up to 18 ng L-1. This 

highlights the need for physical and chemical parameters to be measured in parallel 

with qPCR to facilitate predictive models (as seen in this study) to determine 

significant trigger thresholds at geosmin concentrations as low as 4 ng L-1. 

 For reservoirs experiencing mild geosmin concentrations (≤ 15 ng L-1) and 

elevated geosmin concentrations (≤ 420 ng L-1) negative relationships existed 

between mean temperatures, dissolved reactive silicate and geoA abundance. 

Similarly, Shen et al. (2022) found geoA gene expression to be higher at 15°C than 

at 25°C and 35°C. This was consistent with findings from Zhang et al. (2009) that 

showed geosmin production by Lyngbya kuetzingii was maximal at a low 

temperature (10°C), while Saadoun, Schrader and Blevins (2001) suggested that at 

low temperatures, more geosmin was synthesized by Anabaena sp. Negative 

relationships with geoA and dissolved reactive silicate could be used as a gauge for 

diatom formation, as depletion of dissolved reactive silicate is usually an indicator of 

diatom production of silicified cell walls containing amorphous silica (frustules) 



 

300 
 

(Shimizu et al., 2001). Negative relationships between dissolved reactive silicate and 

geoA point towards a potential mutualistic symbiotic relationship between the two 

phytoplankton. Olsen, Chislock and Wilson (2016) found that T&O production 

throughout their study may have been linked to Synedra sp. being used as a 

substrate for cyanobacterial growth and the proliferation of T&O compounds. In 

addition, to mean temperature and dissolved reactive silicate, geosmin and both 

nutrient ratios (TIN:TP and NH4
+:NO3

-) ratios were good indicators for elevated geoA 

levels in a reservoir experiencing geosmin “events” and reservoirs with mild geosmin 

concentrations. This coincides with the findings of Howard (2020) who suggested 

that low TN:TP favoured the growth and dominance of Cyanobacteria, whilst low 

NO3
-:NH4

+ promoted the production of T&O compounds. From this study, both low 

TIN:TP and high NH4
+:NO3

- ratios were shown to be significant in relation to geoA 

abundance. Interestingly, at intermediate ratios of TIN:TP the abundance of geoA 

was reduced below the average value of expected geoA. TIN:TP ratios revealed that 

low levels of TIN:TP favoured geoA abundance in reservoirs experiencing extreme 

and mild geosmin concentrations. However, at intermediate ratios the response of 

geoA was inhibited below the average value and when TIN:TP was high the 

response of geoA was regained. Youn et al. (2020) found that cyanobacterial 

community composition affected geosmin levels, when nitrogen concentrations were 

high (changing to a high TN:TP) non-nitrogen fixing Cyanobacteria dominated. 

Regained geoA levels in this study after an intermediate inhibitory effect of 

heightened TIN:TP may reveal a transition from nitrogen-fixing Cyanobacteria to 

non-nitrogen-fixing Cyanobacteria. Non-nitrogen-fixing Cyanobacteria typically prefer 

a high TN:TP ratio, whereas nitrogen-fixing Cyanobacteria are more commonly 

observed in water columns experiencing low TN:TP (Elliott and May, 2008; Vrede et 

al., 2009). Cyanobacteria have also been reported to assimilate NH4
+ more efficiently 

than NO3
- (Hampel et al., 2018), and NO3

- has been shown to have inhibitory effects 

on the production of T&O compounds, for example, geosmin in Dolichospermum 

(Saadoun et al., 2001). Here, we support these findings and identify high NH4+ in 

proportion to low NO3- to be a key trigger in causing elevations in reservoirs 

experiencing mild and extreme geosmin concentrations. Therefore, the most useful 

water chemistry parameters were the ratio of ammonium to nitrate which was 

previously found in analysing drinking water reservoirs in Wales and England 

(Perkins et al., 2019). 
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 Dissolved iron and sulphate were both significantly positively associated with 

geoA for a reservoir experiencing geosmin “events”. Molot et al. (2014) proposed 

that the availability of ferrous iron (Fe2+) regulates the ability of Cyanobacteria to 

compete with other phytoplankton counterparts to assert dominance. Cyanobacteria 

also possess siderophores to readily convert ferric iron (Fe3+) to usable Fe2+ forms in 

Fe-limited environments (Wilhelm and Trick, 1994). In combination with dissolved 

iron, sulphate reduction to sulphide can limit Fe2+ diffusion rates from anoxic 

sediments due to insoluble iron sulphide formation (Molot et al., 2014). The increase 

of sulphate concentrations can thus promote the availability of Fe2+ for 

cyanobacterial dominance assertion. However, a negative significant relationship 

with dissolved reactive silicate may pose as a better early indicator for elevated geoA 

shown in this study.  

5.4.2 – mic and 2-MIB concentrations 

 

In this study, no relationship between mic and 2-MIB concentrations could be 

determined by month or by season; however, this was likely due to the low 

concentrations of 2-MIB detected throughout most of this study period (0.57 – 58 ng 

L-1). Chiu et al. (2016) found that mic gene levels in some open water samples were 

below the limit of detection despite 2-MIB being detected. They proposed that this 

was likely a result of 2-MIB production not being indigenous to the pelagic region, 

e.g., originating from benthic Cyanobacteria, which diffused 2-MIB to the open water 

sampling site hence why no mic genes were detected. Low concentrations of 2-MIB 

observed throughout this study, despite high levels of mic detected, could be due to 

sediment resuspension, suspending benthic species containing mic. Another 

possible reason for the poor correlation is the periodicity of sampling, as 2-MIB is lost 

more readily from the water column compared to geosmin owing to higher volatility 

and biodegradation (Cho, 2007; Li et al., 2012). Both T&O compounds are 

associated with the thylakoid and cytoplasmic membrane proteins, although 2-MIB is 

less closely bound and more easily excreted than geosmin (Wu and Juttner, 1988).  

For mic the NH4
+:NO3

- ratio was considered a better indicator of elevated mic 

gene levels in the water column than 2-MIB concentrations, along with a negative 

linear relationship with dissolved reactive silicate. Both low and high NH4
+:NO3

- ratios 
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revealed the greatest partial effect seen on mic levels, with intermediate ratios 

inhibiting the levels of mic. This could be explained by the preference of 

Cyanobacteria for NH4
+; when Cyanobacteria absorb NH4

+ they immediately 

incorporate it into amino acids, whereas they require enzymatic reduction to use 

NO3
- (Kim et al., 2017). Thus, Cyanobacteria that use NH4

+ prior to NO3
- may 

experience inhibition of NO3
- uptake (Dortch, 1990) before being able to produce the 

enzymes capable of reducing NO3
- to NO2

- then finally to NH4
+. Thus, mic abundance 

would favour a high NH4
+:NO3

- ratio but also have the capability of increasing mic 

abundance at low NH4
+:NO3

- ratios, leading to potential elevations in 2-MIB 

concentrations. Dissolved reactive silicate was also a significant proxy for elevated 

mic. This supports additional studies that have linked diatoms to 2-MIB production 

(Izaguirre and Taylor, 1998; Schrader et al., 2011; Sugiura et al., 2004, 1998). 

Although many studies have only been able to identify a correlation between 2-MIB 

and diatoms (Olsen et al., 2016), additional research is required to understand the 

relationship.  

5.4.3 – qPCR primer specificity for mic and geoA 

 

In silico testing, comparing established primer sets (MIBS02F and MIBS02R; 

(Chiu et al., 2017), Mtcf and Mtcr; (Wang et al., 2011), MIB3324F and MIB4050R; 

(Suurnäkki et al., 2015), MIB3313F and MIB4226R; (Suurnäkki et al., 2015) for mic 

quantification revealed a lack of universality (Appendix A.3). The designed reverse 

primer MIBAHR from this study in combination with MIBS02F (Chiu et al., 2017), 

allowed for the detection of 30 cyanobacterial strains that possess mic (Appendix 

A.3), seven more strains compared to the original primer set (Appendix A.3; 

MIBS02F and MIBS02R; (Chiu et al., 2016)). Capturing a larger proportion of 

Cyanobacteria that possess the mic gene enabled us to better quantify mic present 

in the water body from this study. However, Wang et al. (2011) stated that more than 

40 Cyanobacteria species have been identified to produce 2-MIB. This would imply 

that the mic:16S copy number mL-1 recorded in this study may be underestimated. 

Thus, the lack of universality in primers used for mic detection would indicate that the 

data reported here is not fully representational of all Cyanobacteria that possess the 

mic gene in the water column.   
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Likewise, the geoA qPCR primers used in this study, namely, geo799F (John 

et al., 2018) and geo982R (Suurnäkki et al., 2015) were not universal. For future 

reference, forward primer geo799F should be used in conjunction with the reverse 

primer geo927R (John et al., 2018). If taxon-specificity is required to see which 

producers are present and how much geoA they contribute to, this would require 

multiple sets of taxon-specific primers with differing protocols (Devi et al., 2021).  

5.4.4 – Seasonal influence of T&O compounds 

 

In accordance with Oh et al. (2017), geosmin was predicted to have the 

potential of causing drinking water problems in all seasons, this can be reaffirmed by 

the winter 2019 results from this study. When geosmin concentrations were low 

during winter 2020 (≤0.4 log10(ng L-1)), an uncoupling of the relationship occurred, 

illustrated by a slight negative association. Model analysis on a reservoir 

experiencing geosmin “events” revealed significant differences between geoA levels 

during all seasons when compared to summer 2019. Dzialowski et al. (2009) found 

that elevated geosmin concentrations were not necessarily confined to summer 

months, and heightened concentrations of geosmin were found during the winter in 

some studied reservoirs like this study. For mic levels autumn 2019 was the only 

significant season when compared to winter 2019; this was likely due to the 2-MIB 

“event” (58 ng L-1) witnessed in Pentwyn reservoir during this time.  

5.5 – Conclusions  

 

This study demonstrates that geoA copy numbers can be implemented as a 

suitable direct proxy for geosmin concentrations during periods of elevated geosmin 

concentrations. Through modelling the response of geoA in parallel with physical and 

chemical water parameters, it can be concluded that geoA also has suitable 

predictive applications for geosmin concentrations ≥4 ng L-1. From these data, 

nutrient ratios (TIN:TP, and NH4
+:NO3

-) were better predictors of 2-MIB events than 

2-MIB concentrations. The NH4
+:NO3

- ratio was significantly non-linearly associated 

with heightened geoA abundance when the ratio was high in all studied reservoirs, 

with the Alaw reservoir having a trigger threshold >0.1. Negative linear relationships 

between geoA and dissolved reactive silicate and mean temperature should also be 
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considered as variables for inclusion in modelling T&O event prediction. Therefore, a 

combined molecular dataset with water chemistry and physical data provides a 

powerful predictor of geosmin-based T&O events. However, the frequency of 

samples taken needs to be at least bi-weekly to ensure that fluctuations seen in 

nutrients, gene levels and T&O concentrations are detected and fully represent the 

water body. Sample type concerning 2-MIB-producing species (i.e., sediment 

samples) should also be considered to ensure benthic communities are assessed for 

mic abundance. To evaluate geoA response to high and low extremes in TIN:TP 

ratios, metabarcoding should be implemented to assess species composition in 

relation to N-fixing and non-N-fixing Cyanobacteria. 
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Chapter 6: General discussion 
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The findings presented in this thesis provide substantial knowledge highlighting 

important abiotic and biotic triggers linked to the production of geosmin and 2-MIB in 

drinking water reservoirs. Since their identification in the early 1960s, these earthy-

muddy-smelling metabolites have been the focus of considerable research. 

Nevertheless, despite this extensive body of knowledge, geosmin and 2-MIB remain 

poorly understood throughout much of the water industry, and misconceptions of 

their proliferation are proceeding to impede the prediction, treatment and control of 

T&O compounds. This thesis demonstrates a holistic approach to understanding 

T&O by combining water's chemical, biological, and physical properties. This 

approach has illustrated the predictive capacity of T&O events when collating 

datasets which water industries can use to aid water management and pre-emptively 

schedule treatments, such as PAC in the treatment works. In summary, key nutrient 

triggers for heightened T&O concentrations were determined (Chapter 3), bacterial 

and algal community networks were explored – revealing indicative taxa for 

heightened T&O risk allowing function-specific trait classifications to be formed 

(Chapter 4), and predictive models were conducted, revealing directly and non-

linearly associated variables causing heightened geoA and mic concentrations 

(Chapter 5). The first half of this general discussion will summarise and tie Chapters 

together through common themes shared in the results. The second half will focus 

on the potential biological and ecological functions of T&O compounds, finishing with 

a conceptual theory explaining how drinking water reservoirs can transition from a 

stable (little to no geosmin production) to an unstable state (increased geosmin 

concentrations). 

6.1 – T&O events are productivity driven and not always biomass-related 

 

Historically, T&O events have been linked to cyanobacterial blooms (Harris 

and Graham, 2017; John et al., 2018; Lee et al., 2020). However, in juxtaposition, 

findings from this thesis support the notion that T&O production is not soley 

influenced by cyanobacterial biomass. This notion was supported by evidence of no 

correlations existing between changes in cyanobacterial abundance with geosmin or 

2-MIB concentrations (Figure 6.1 – using analysis from Chapter 4). This is following 

previous research failing to establish correlations between cyanobacterial biomass 

and geoA (Jørgensen et al., 2016; Koltsidou, 2019; Otten et al., 2016) and mic gene 
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copy numbers (Gaget et al., 2020; Koltsidou, 2019; Wang et al., 2016). Equally 

important, the geosmin event in the Alaw reservoir during winter 2019 supports that 

T&O production is productivity driven as winter 2019 was accompanied by the lowest 

Chl a TSI indicator value (Chapter 3). Since Chl a is typically used as a gauge for 

phytoplankton biomass (Caputo et al., 2008), it seems unusual that this would be low 

when Cyanobacteria are meant to be in abundance correlating with geosmin 

concentrations. However, during winter 2019, the Alaw reservoir had the second-

highest recorded TP TSI indicator value, suggesting that heightened TP stimulated 

geosmin. Increases in TP would alter the TN:TP ratio favouring cyanobacterial 

productivity (Espinosa et al., 2021b; Olsen et al., 2016). Harris et al. (2016) 

discovered that low TN:TP ratios (<30:1) favoured geosmin events in reservoirs. 

Similarly, here in this study, heightened geoA copy numbers were apparent at a 

TIN:TP ratio of <24:1 in the Alaw reservoir and <25:1 in all other studied reservoirs 

(Hooper et al., 2023) (Chapter 5). However, this study hypothesised a shift in 

communities between diazotrophic and non-diazotrophic Cyanobacteria during low 

and high TIN:TP ratios, respectively. A shift in cyanobacterial community structure 

could have been owed to the intermediate inhibitory ratios of TN:TP effects on geoA 

copy numbers, which is supported by non-diazotrophic favouring higher TN:TP ratios 

(Ehrenfels et al., 2021).  
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Figure 6.1: Illustrations of linear regression models conducted on the combined 
relative abundances of significantly co-occurring T&O-producing Cyanobacteria 
against geosmin concentrations in A) the Alaw reservoir and 2-MIB concentrations in 
B) the Pentwyn reservoir. Associated p and r2 values are located in the top left 
corner. 

 

6.3 –T&O triggers and indicators  

 

 Preference for the most reduced forms of nitrogen (NH3 and NH4
+) for 

cyanobacterial growth and productivity has been previously associated with T&O 

production (Perkins et al., 2019). In Chapter 3, a significant time-lapse existed 

between the monthly changes in geosmin concentrations and monthly changes in 

NH4
+ concentrations. Identifying heightened changes in NH4

+ as a key trigger for 

monthly lagged changes in geosmin production along with monthly changes in TP, 

orthophosphate, and non-significant negative effects of NO3
-. Increases in TP would 

alter the TN:TP ratio, which has been shown to affect geosmin production directly 

(Dzialowski et al., 2009). Further, a study conducted by Shen et al. (2021) concluded 

that elevated nitrogen concentrations with phosphorus concentrations promoted Chl 
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a production, whereas geosmin synthesis decreased in Dolichospermum smithii 

NIES-824. In addition to TP, monthly changes in orthophosphate were also 

significantly associated with lagged monthly changes in geosmin concentrations. 

Orthophosphate is the most readily utilisable form of phosphorous for Cyanobacteria 

(Dae-Kyun et al., 2001), and adjustments in orthophosphate concentrations would 

alter the TN:TP ratio. As well as using available orthophosphate, it has been 

revealed that Cyanobacteria capable of producing the cyanotoxin, 

cylindrospermopsin, can induce phytoplankton, namely species of Chlamydomonas, 

to produce alkaline phosphatases (APases) to access orthophosphate from organic 

phosphorous (Bar-Yosef et al., 2010). The Chlamydomonadaceae family include the 

genus Chlamydomonas, a positively associated resident in the Nostocaceae family 

cyanosphere in the Alaw reservoir, as demonstrated in Chapter 4. Furthermore, the 

Chlamydomonadaceae family was revealed to indicate high geosmin concentrations 

by random forest analysis, with the relative abundance of the Chlamydomonadaceae 

family absent during low and medium geosmin concentrations. Although no reports 

suggest that the Nostocaceae family can produce cylindrospermopsin, Kust et al. 

(2018) stated that Nostocaceae are a rich source of unknown secondary metabolites 

that requires further investigation. These metabolites could have a similar effect to 

cylindrospermopsin on the Chlamydomonadaceae family, inducing the algae to 

produce APases for the Cyanobacteria to use.  

NH4
+:NO3

- ratios were explored alongside TIN:TP ratios with increases in 

geoA and mic copy numbers (Chapter 5). Here, heightened NH4
+:NO3

- ratios in the 

Alaw reservoir (>0.1) and all other reservoirs except Alaw (0.02 – 0.17) were shown 

to increase geoA abundance significantly and hence potentially increase geosmin 

production. Similarly, NH4
+:NO3

- ratios were also significantly non-linearly associated 

with mic copy numbers, favouring higher ratios. When Cyanobacteria absorb NH4
+, 

they immediately incorporate it into amino acids; however, Cyanobacteria can only 

use NO3
- after enzymatic reduction to NO2

- and NH4
+, and these enzymatic reactions 

require cellular energy and thereby affect cell growth and productivity (Flores et al., 

2005; Flores and Herrero, 2005). Thus, Cyanobacteria that utilise NH4
+ before NO3

- 

may experience T&O inhibition from NO3
- uptake (Dortch, 1990; Takamura et al., 

1985). For example, Saadoun et al. (2001) reported geosmin production in 

Dolichospermum (previously, Anabaena) to be inhibited by increased NO3
- 
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concentrations and promoted by NH4
+. In agreement, Harris et al. (2016) reported 

increased geosmin and 2-MIB concentrations during high NH4
+ concentrations 

relative to NO3
- concentrations. Therefore, geosmin and 2-MIB production is likely 

triggered when NH4
+ concentrations are high relative to NO3

- concentrations, as it 

stimulates more rapid growth and hence productivity by Cyanobacteria, identifying 

NH4
+ as a critical trigger for T&O production. Investigating nutrient ratios determined 

that NH4
+:NO3

- ratios were better predictors of high geoA and mic copy numbers 

than TIN:TP ratios. NH4
+:NO3

- ratios were better predictors as TIN:TP had no 

significant non-linear effects on mic copy numbers and low and high TIN:TP ratios 

had similar effects on geoA copy numbers, with intermediate TIN:TP ratios having 

inhibitory effects. These findings coincide with findings from Howard (2020), who 

suggested that low TN:TP ratios favoured cyanobacterial growth and dominance, 

whilst low NO3
-:NH4

+ ratios promoted the production of T&O compounds. Low and 

high TIN:TP ratios from this study were hypothesised to reflect a cyanobacterial 

community shift from diazotrophic Cyanobacteria to non-diazotrophic Cyanobacteria, 

respectively.  

 Chapter 5 revealed geoA to be a suitable indicator for geosmin 

concentrations, although only when geosmin concentrations were elevated (>100 ng 

L-1), as seen in the Alaw reservoir. Following this, previous studies that reported 

significant correlations between geoA and geosmin concentrations also had elevated 

concentrations (Otten et al., 2016; Su et al., 2013; Tsao et al., 2014). In contrast, 

Jørgensen et al. (2016) could not detect geoA in surface and bottom waters with 

geosmin concentrations of 1.4 and 5.8 ng L-1, respectively. In addition, Gaget et al. 

(2020) found low correlations between geosmin concentrations (≤18 ng L-1) and 

geoA copy numbers. Lack of correlations between geoA and geosmin concentrations 

when geosmin concentrations were low emphasised the need for physical and 

chemical parameters to be measured simultaneously with qPCR data to better 

monitor changes in T&O biosynthetic gene abundance in the absence of elevated 

T&O concentrations. Through modelling geoA and mic copy numbers in all studied 

reservoirs, triggers causing elevations in the T&O biosynthetic genes were identified. 

One trigger that exposed a direct negative relationship with both T&O biosynthetic 

genes was dissolved reactive silicate. A direct inverse relationship was identified in 

Chapter 3 between monthly changes in geosmin concentrations and monthly 
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changes in dissolved reactive silicate. Considering dissolved reactive silicate can be 

used as a gauge for diatom formation, an inverse relationship could reveal a 

mutualistic symbiosis between Cyanobacteria and diatoms. One relationship that 

was exposed in Chapter 4 existed between Asterionella and T&O-producing 

Cyanobacteria in a reservoir experiencing mild geosmin concentrations (Cefni ≤ 13 

ng L-1) and another experiencing 2-MIB events (Pentwyn ≤ 58 ng L-1). Asterionella 

species are known to extract major anions like NO3
-, and incorporation of this diatom 

within a T&O-producing cyanosphere would dramatically alter the NH4
+:NO3

- ratio 

and favour cyanobacterial productivity, hence T&O production.   

The roles of dissolved iron and sulphate were less conclusive than previously 

mentioned nutrients. Direct monthly changes in iron and sulphate described in 

Chapter 3 did not show any relationships with lagged or regular monthly changes in 

geosmin and 2-MIB concentrations. In contrast, Chapter 5 revealed geoA copy 

numbers to be positively influenced by sulphate and dissolved iron concentrations in 

the Alaw reservoir, having the potential to cause geosmin events. No studies have 

evaluated iron and sulphate concentrations' potential influences on T&O production. 

Although the critical roles of ferrous iron and sulphate for cyanobacterial bloom 

formation have been proposed (Molot et al., 2014), highlighting the importance of 

ferrous iron in regulating the ability of Cyanobacteria to compete with other 

phytoplankton. Combined with dissolved iron, sulphate reduction to sulphide can limit 

ferrous iron diffusion rates from anoxic sediments due to insoluble iron sulphide 

formation (Molot et al., 2014). Previous studies have suggested that Cyanobacteria 

have higher iron requirements than eukaryotic algae (Brand, 1991; Morton and Lee, 

1974; Parr and Smith, 1976), with diazotrophic Cyanobacteria imposing an even 

higher demand (Glass et al., 2009; Murphy et al., 1976). Indirect evidence for high 

iron requirements in Cyanobacteria comes from the production of siderophores 

(Molot et al., 2010). The production of cyanobacterial siderophores to aid iron 

scavenging has been postulated to obtain iron and deprive competitors of iron 

(Brown and Trick, 1992; Murphy et al., 1976; Wilhelm et al., 1996). Iron requirements 

have been shown to limit the growth of Cyanobacteria; for example, Molot et al. 

(2010) showed the growth of Synechococcus sp. and Anabaena flos-aquae to be 

inhibited in the presence of a strong iron chelator, oxine (8-hydroxyquinoline, 
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C9H7NO). Further work must be done to address the potential roles of iron and 

sulphate on cyanobacterial productivity and hence T&O production.  

 Out of all weather data associated with samples, the mean temperature was 

the only variable showing significance with geoA copy numbers in reservoirs 

experiencing mild (all reservoirs except Alaw) and severe (Alaw) geosmin 

concentrations in Chapter 5. The mean temperature had a direct negative influence 

on the geoA copy numbers; this highlights that unfavourable conditions like low 

temperatures may induce T&O production. Unfavourable conditions (e.g., low 

temperature) favouring T&O production are supported by findings from Shen et al. 

(2022) that revealed low temperatures (15°C) inhibited the growth of 

Dolichospermum smithii, but the expression of the geoA gene significantly increased. 

Inhibition of cyanobacterial growth at low temperatures is not surprising but 

heightened geoA expression further strengthens the case that T&O production is an 

adaptation in response to environmental stress. Eukaryotic algae have adapted 

specific physiological responses to environmental stress, e.g., increases in 

photoprotective pigments during times of high levels of ultraviolet radiation 

(Alderkamp et al., 2012; Cassar et al., 2011), reduction in photosynthetic rate and 

inactivation of specific enzymes during low light exposure (Villafane et al., 2003) and 

evolution of cold shock and antifreeze proteins and photosynthetic electron transport 

chain adaptations in times of low temperature (Morgan-Kiss et al., 2006). In addition, 

eukaryotic algae also express molecular changes in response to environmental 

stress, e.g., up-regulation of cytoprotective genes, down-regulation of genes related 

to photosynthesis and increases in fucoxanthin Chl a/c-binding proteins during 

periods of increased temperature (Hwang et al., 2008). The ecological functions of 

geosmin and 2-MIB are still unknown, although the molecular response of increasing 

geoA during unfavourable low temperatures suggests that T&O compounds may 

serve as protective agents during environmental stress.  

T&O production due to environmental stress is mainly highlighted by 

interpreting the bacterial and algal community compositions discussed in Chapter 4. 

T&O is known to reflect the environmental and nutrient conditions of the water 

column, which is informative to the microbiome of a specific niche; thus, T&O 

production could be a consequence of unfavourable ecological interactions. 

Unfavourable ecological interactions between T&O-producing Cyanobacteria and 
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specific taxa were identified through co-occurrence network analysis. In this analysis, 

stable cyanospheres (cyanospheres with more positive than negative significant co-

occurring taxa) appeared to be associated with mild to minimum geosmin and 2-MIB 

concentrations. In juxtaposition, in the Alaw reservoir, there were only two 

Cyanobacteria capable of geosmin production (Aphanizomenon NIES81 and the 

Nostocaceae family), although geosmin production likely originated from 

Aphanizomenon NIES81 as this Cyanobacteria contained only one resident in the 

cyanosphere with nine negatively co-occurring associated taxa. Production of 

geosmin concentrations in the Alaw reservoir by Aphanizomenon NIES81 is further 

supported by this genus having the highest MDA value in categorising geosmin 

concentration levels from the RF analysis (Chapter 4). Similarly, two Cyanobacteria 

present in the Pentwyn reservoir could produce 2-MIB (Cyanobium PCC-6307 and 

Dolichospermum NIES41), although heightened 2-MIB concentrations were likely 

associated only with Cyanobium PCC-6307. Cyanobium PCC-6307 had more 

negatively co-occurring taxa associated than positively co-occurring taxa occupying 

the cyanosphere. The production of 2-MIB by Cyanobium PCC-6307 is further 

supported by this taxon being within the top 20 MDA values used to categorise 2-

MIB concentration levels, whereas Dolichospermum NIES41 was absent. In contrast, 

the Llandegfedd reservoir experienced no geosmin (≤ 1.80 ng L-1) or 2-MIB (≤ 1.80 

ng L-1) events above the stated event level threshold. However, the Llandegfedd 

reservoir contained a significantly co-occurring geosmin producer (Aphanizomenon 

MDT14a) and a 2-MIB producer (Cyanobium PCC-6307). Llandegfedd’s 

cyanospheres were directly linked and contained many positively co-occurring taxa, 

with only one taxon per Cyanobacteria negatively co-occurring. Aphanizomenon 

MDT14a in the Llandegfedd reservoir was negatively co-occurring with 

Pseudomonas, a known geosmin-degrading genus (Eaton and Sandusky, 2010). 

This negative association with Aphanizomenon MDT14a could be due to 

Pseudomonas only being present in times of heightened geosmin concentrations, 

which were not present in the Llandegfedd reservoir. Interestingly, Churro et al. 

(2020) identified three Pseudomonas strains with the geoA gene, although they 

could not determine if they are effective geosmin producers. Most studies related to 

the biodegradation of T&O have identified T&O-degrading bacteria associated with 

bacterial consortiums in specific niches (Guttman and van Rijn, 2012; Hoefel et al., 

2009, 2006; Zhou et al., 2011). Numerous bacteria have evolved to rely on less 
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abundant and less explored carbon sources as their primary carbon source, like 

volatile organic compounds (Marmulla and Harder, 2014), which could subsequently 

result in losing the ability to synthesise terpenoids like geosmin and 2-MIB in natural 

environments.  

 Using the biology consortium in Chapter 4 as a response to the environmental 

pressures subjected to the water column over the study period reflected the water 

quality. For example, the most informative taxon for classifying geosmin 

concentrations in the Alaw reservoir was the Peptostreptococcaceae family. 

Increases in the Peptostreptococcaceae family typically indicate nutrient enrichment 

in the water, conditions favouring cyanobacterial T&O production. Interestingly, the 

community composition of bacteria and, to a certain extent, algae illustrated the 

existence of signature communities according to geosmin and 2-MIB concentration 

levels (low, medium, and high) in reservoirs that experienced “high” geosmin and 

both “high” and “medium” 2-MIB concentrations. This is the first report to date that 

has shown communities clustering in response to T&O concentrations. Rooney-

Varga et al. (2005) suggested that changes in phytoplankton community composition 

may influence the composition of bacterial communities that function as part of the 

microbial loop. Differences in the quality of organic matter produced by different 

phytoplankton communities (including Cyanobacteria) have been said to influence 

the bacterioplankton communities (Van Hannen et al., 1999). Niu et al. (2011) found 

that the biomass of Cyanophyta and Bacillariophyta were the most influential factors 

of bacterioplankton community composition in Lake Taihu, China. Although Niu et al. 

(2011) did not assess community compositional changes with cyanobacterial T&O, it 

could be hypothesised that organic matter produced in the form of geosmin and/or 2-

MIB selects for the bacterial and algal communities. Sphingorhabdus associated with 

the Nostocaceae family cyanosphere in the Alaw reservoir could result from a 

positive feedback loop where the Cyanobacteria is supplying Sphingorhabdus with 

geosmin to degrade. Sphingorhabdus was also proven to be a good indicator of high 

geosmin concentrations according to the RF analysis, significantly increasing in 

abundance when geosmin concentrations were high (>20 ng L-1). Although no 

reports indicate that Sphingorhabdus is a definite geosmin degrader, it possesses 

genotypic and physiological features similar to the geosmin-degrading genus 

Sphingopyxis (Sharma et al., 2021). Further, some species of the geosmin-
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degrading genus Sphingopyxis have been reclassified as Sphingorhabdus (Subhash 

et al., 2014; Yang et al., 2017); thus, Sphingorhabdus may have the potential to 

degrade geosmin. However, all other T&O degraders in the analysis were negatively 

associated with Cyanobacteria. Negative associations of T&O degrading taxa with 

Cyanobacteria are hypothesised to be due to antagonistic interactions (like, Bacillus 

and geosmin-producing strains of Streptomyces (Zhi et al., 2016)) or because the 

T&O degrader is only present after cyanobacterial cell lysis. A potential 2-MIB 

degrader identified in this study that needs further investigation is Limnobacter. In 

the Pentwyn reservoir, Limnobacter was significantly the most informative genus in 

categorising 2-MIB concentrations into low, medium, and high levels, with 

heightened relative abundance in Limnobacter during times of high 2-MIB 

concentrations. It has been postulated that Limnobacter species can degrade a vast 

array of aromatic compounds (Pérez-Pantoja et al., 2012; Vedler et al., 2013), 

although there are no reports to date of this genus degrading T&O compounds. In 

addition, this is the first study to date that reports indicative taxa for increasing levels 

of geosmin and 2-MIB concentrations, providing function-specific trait categories with 

example taxa. These categories consisted of geosmin producers, geosmin 

degraders, nutrient mediators, internal loading indicators, nutrient enrichment 

indicators, taxa capable of recycling nutrients within the cyanosphere, taxa that 

protect Cyanobacteria, and taxa causing siderophore interference.  

6.1 – Seasonal occurrences of T&O concentrations 

 

 Assumptions of T&O production being confined to warmer months (summer 

and autumn) can no longer be considered (Li et al., 2016). Here, in Chapter 4, it was 

revealed that most T&O production was apparent during summer and autumn when 

cyanobacterial abundance was highest. However, geosmin and 2-MIB 

concentrations did not correlate with significantly co-occurring T&O-producing 

cyanobacterial abundance in the Alaw and Pentwyn reservoirs, respectively (Figure 

6.1). Heightened T&O concentrations were likely owed to a combination of elevated 

NH4
+ (Chapter 3) altering the NH4

+:NO3
- ratios (Chapter 5), lower and higher TIN:TP 

ratios (depending on nitrogen-fixing capabilities of present Cyanobacteria) (Chapter 

5), the influence of positive and negative relationships on T&O-producing 

cyanospheres (Chapter 4) and decreasing temperatures (Chapter 5). Chapter 4 
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demonstrated that overall cyanobacterial abundances were highest in all reservoirs 

during the summer and autumn, coinciding with increases in all other taxa. Increases 

in other taxa abundances may have caused increases in competition for nutrients 

and induced T&O production, conditions that mainly exist in warmer months. 

Although during the winter, when there are pulses of key nutrients (e.g., NH4+, TP, 

orthophosphate – highlighted in Chapter 3) from external loading, competition would 

arise between Cyanobacteria and other taxa to attain nutrients for growth and 

productivity. Competition for nutrients, like TP in the Alaw reservoir during winter 

2019 (TP TSI – Chapter 3), further implies that T&O production is productivity-driven 

rather than cyanobacterial biomass-related. T&O production being productivity driven 

is supported by findings from Watson et al. (2007) that could not distinguish any 

relationship between late summer peaks of geosmin (5 – 200 ng L-1) and 

Cyanobacteria. In addition, a study conducted by the Oklahoma Water Resources 

Board (2002) could not establish a connection between geosmin concentrations (≤ 

2000 ng L-1) and the dominant cyanobacterium, Anabaena circinalis.  

Generally, Carlson Trophic State Index (CTSI), to determine eutrophication levels 

proposed by Carlson (1977), was not a good indicator of T&O outcome when 

assessed by season and year in Chapter 3. Reservoirs considered eutrophic during 

seasons typically experienced T&O production of either geosmin or 2-MIB over the 

“event” level threshold. However, two reservoirs (Alwen and Llandgedd) gained 

eutrophic status during the monitored seasons and did not experience T&O 

concentrations over the “event” level threshold. However, individual Trophic State 

Indicators (TSI) values served as better indicators for total phosphorus (TP) in the 

Alaw reservoir during the winter of 2019 when a geosmin event was apparent. 

Increases in the monthly changes in TP have also been shown to be a key indicator 

for increases in lagged geosmin concentrations. Periods of heightened TP would 

alter the total nitrogen to total phosphorus (TN:TP) ratio selecting for increased 

cyanobacterial productivity (Wu et al., 2021) and increases in geoA abundance and 

hence geosmin production (Hooper et al., 2023).  

Significant variability arose between T&O biosynthetic gene abundances and 

season and year for geosmin (geoA) and 2-MIB (mic), as indicated by GAM analysis 

in Chapter 5. Interestingly, in the Alaw reservoir, there was no significant statistical 

difference in geoA abundance between summer 2019 and winter 2020. 
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Nevertheless, winter 2019 and summer 2020 significantly differed from geoA 

abundances during summer 2019. Similarly, geoA abundances in all other reservoirs 

except Alaw showed similar seasonal relationships. Indicating that under the right 

environmental conditions, geoA, and to a certain extent, mic can increase despite 

the season, giving the potential to cause T&O events during all seasons. In addition 

to variability in geoA abundances between seasons and years, the mean 

temperature was significantly inversely proportional to geoA abundances in all 

studied reservoirs. Low temperatures promoting increases in T&O biosynthetic gene 

abundances are supported by previous findings showing that expression levels of 

geoA, and two 2-MIB synthase genes (mtf and mic) at 15°C were significantly higher 

than those at 25°C and 35°C (Shen et al., 2022). Evidence suggests that T&O 

production is favoured during periods of lower temperatures despite Cyanobacteria 

having an optimum temperature of around 29°C (Lürling et al., 2013). T&O 

production in times of suboptimal conditions further implies that T&O production may 

serve as a defence mechanism and somehow geosmin and 2-MIB protect 

Cyanobacteria during environmental stress. T&O production in times of stress seems 

logical, given that the geosmin gene cluster has two global transcription regulator 

genes known to modulate cellular signals associated with responses to 

environmental stress (Zhou et al., 2012). The high conservation of the arrangement 

of the geoA gene cluster in Cyanobacteria could therefore indicate the integral role of 

geosmin production in controlling environmental adaptation and its implication in 

defence/offence mechanisms towards other taxa (Asquith et al., 2013; Churro et al., 

2020; Wang et al., 2013).  

6.6 – Potential biological and ecological functions of T&O 

 

 Eukaryotic algae can produce volatile organic carbon (VOC) compounds that 

enhance resistance to abiotic stresses, transfer information between algae, play 

allelopathic roles and protect against predators (Zuo, 2019). However, 

Cyanobacteria are the only known phytoplankton to produce geosmin and 2-MIB 

(Kwon et al., 2021). Since eukaryotic algae and Cyanobacteria inhabit the same 

niches, these differences in synthesised VOC/T&O compounds may bring 

competitive superiority to both of them in the phytoplankton community (Koksharova 

and Safronov, 2022). Martín-Sánchez et al. (2019) suggested that geosmin may 
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have an important ecological function as a chemical signal or as a specialised 

protective metabolite against biotic and abiotic stresses, similar to the roles played 

by terpenoids in plants. Martín-Sánchez et al. (2019) also discovered that the 

absence of geoA in a Streptomyces strain was likely due to it being an endophytic 

plant growth-promoting bacterium. It was hypothesised that the absence of geoA 

may have been complemented by geosmin-like metabolites by the plant host. 

Further, geoA and mic have likely been lost through reductive genomic evolution, 

and now geosmin and 2-MIB producers and non-producers positively co-occur 

together to share the benefits of these T&O compounds. Gene loss is generally said 

to leave an organism dependent on co-occurring taxa for lost metabolic functions; it 

can provide a selective advantage by conserving organisms limiting resources, 

providing the gene’s function is dispensable (Morris et al., 2012). Genetic functions 

like geosmin (geoA) and 2-MIB (mic) production are expelled from the cyanobacterial 

cell and made available to the entire community. Thus geosmin and 2-MIB are 

dispensable for Cyanobacteria, provided they are not lost entirely from the 

community. This theory could help explain the variability of T&O and non-T&O-

producing Cyanobacteria and why most cyanospheres in Chapter 4 were 

interconnected with all Cyanobacteria positively co-occurring. Bacteria and their 

associations with cyanobacterial hosts (forming cyanospheres) from natural 

environments are profoundly understudied (Sethuraman et al., 2022), with algal 

associations further understudied. The absence of literature regarding T&O 

production and cyanospheres highlights the need for further research into the 

overarching communities of both eukaryotic algae and bacteria that can be 

associated with T&O risk.  

Previous experiments with labelled precursors indicated that geosmin and 2-

MIB synthesis are not waste “overflow” products of pigment biosynthesis, as earlier 

thought (Naes et al., 1989; Zimmerman et al., 1995); alternatively, their production is 

coupled to more fundamental cell energetics (Zimba et al., 1999). Although these 

links to fundamental cell energetics are unresolved (Watson, 2003). The Release of 

T&O compounds is affected by environmental and nutritional conditions, which is 

informative of the microbiome of a specific niche and T&O production could be a 

consequence of ecological interactions (as demonstrated in Chapter 4). The 

synthesis of cyanobacterial T&O compounds is an energy-consuming process; thus, 
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Cyanobacteria must use these compounds as adaptive tools in response to 

environmental changes (Koksharova, 2020). Geosmin and 2-MIB have the potential 

to act as “infochemicals” and/or “allelochemicals”, having a significant impact on the 

physiological functions of prokaryotic and eukaryotic organisms. The T&O 

compounds have been hypothesised to be allelopathically active compounds, 

interfering with the settlement and growth of competitors and having negative or 

positive biological effects on different organisms (Li and Li, 2011). Ikawa et al. (2001) 

indicated that geosmin and other T&O compounds might act as allelopathic 

chemicals as geosmin inhibited the growth of Chlorella pyrenoidosa by diffusion at a 

2-5 mg mL-1 concentration range. Since the biosynthesis of both T&O compounds is 

energy consuming, it seems energetically more beneficial for cells to biosynthesise 

the metabolites upon stress, e.g., by different abiotic and biotic factors (light, 

temperature, pH, availability of nutrients, grazers, and competitors’ presence). The 

highest recorded geosmin concentration was from the Alaw reservoir, and RF 

analysis implied Aphanizomenon NIES81 to be responsible for the geosmin 

production. The Aphanizomenon NIES81 cyanosphere had many negatively 

associated taxa with only one resident (Fluviicola). Similarly, RF analysis revealed 

Cyanobium PCC-6307 to be the likely culprit of 2-MIB production in the Pentwyn 

reservoir; the Cyanobium PCC-6307 cyanosphere had a larger number of negatively 

co-occurring taxa than positive residents. Insinuating that T&O production may have 

served as a defence mechanism against competitors to assert dominance in the 

water column if nutrient conditions were suitable for the Cyanobacteria. This theory 

has evolved from studies in higher plants capable of producing T&O compounds and 

is implicated in defence mechanisms, pollination, and competition (Kanchiswamy et 

al., 2015; Lu et al., 2003; Ogura et al., 2000; Schlumpberger et al., 2004). 

6.7 – Cyanobacterial response to environmental stress – the 

cyanosphere T&O stable state theory  

 

 The stable state theory was first proposed in the 1960s (Lewontin, 1969) and 

described mathematically within ecological communities in the 1970s (May, 1977; 

Noy-Meir, 1975). This contemporary view states that all ecosystems (cyanospheres 

in this example) are exposed to gradual changes in climate, nutrients or biotic 

interactions, usually assumed to respond smoothly (Figure 6.2a and b) (Scheffer et 
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al., 2001). However, this smooth change can be interrupted by sudden drastic 

switches induced by environmental stress to a contrasting state (Tilman et al., 2001; 

Vitousek et al., 1997); ecosystems (cyanospheres in this example) may be inert over 

specific ranges of stressors, responding more drastically when stressors approach 

critical levels (Figure 6.2c) (e.g., competition for NH4
+ when NH4

+:NO3
- ratio is high, 

>0.1 – Chapter 5). This theory has been adopted in this research and transposed 

into the “cyanosphere T&O stable state theory”. This theory states that 

cyanobacterial productivity exists in a stable cyanosphere state which can transition 

into an unstable cyanosphere state with increased cyanobacterial productivity 

induced by environmental stress, causing heightened T&O concentrations. Drawing 

distinctions for T&O risk has previously been difficult without specifying what a T&O 

event is or having set categories (low, medium, and high) to aid the modelling and 

forecasting of T&O concentrations into risk categories. In Chapter 2 (Section 2.2), 

threshold concentrations for a T&O event for geosmin and 2-MIB were defined, and 

T&O concentration level categories were formed. The importance of defining T&O 

concentrations into categories is highlighted in Chapter 4 by identifying indicator 

species via RF analysis using T&O categories. Water companies worldwide have 

required an applicable conceptual framework based on the underlying environmental 

dynamics (abiotic and biotic), which can identify T&O risk and predict T&O 

outcomes. Here, this thesis demonstrates the power of combining the biological 

(eDNA analysis), chemical (e.g., nutrients) and physical (weather data) properties 

characteristic of and/or influencing T&O concentrations to provide an adaptable 

framework for water companies to tackle T&O events. This methodological 

framework described in this thesis can be adapted and used for forecasting and 

predicting T&O events in water industries by combining eDNA, chemical and 

physical water datasets. Here, the “cyanosphere stable state theory” is detailed to 

help better understand and explain the driving factors behind T&O events, proposing 

an adaptable evidence-based framework to explain T&O events. It is theorised here 

that although environmental stress can trigger such shifts in states, loss of resilience 

may also pave the way for a switch to a prolonged alternative state (Scheffer et al., 

2001), similar to the prolonged unstable states causing heightened geosmin 

concentrations in the Alaw reservoir (Chapter 3). A loss of cyanosphere resilience in 

conjunction with environmental stressors (e.g., reduced temperatures – Chapter 5, 

negative associations/competition between Cyanobacteria and taxa – Chapter 4) 
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and/or favourable environmental conditions (e.g., heightened NH4
+:NO3

- ratios – 

Chapter 5, increased phosphorous – Chapter 3, and positive influences in the 

cyanosphere – Chapter 4) are conditions that existed in the Alaw reservoir. Here, the 

cyanosphere T&O stable state theory is presented using the Alaw reservoir, which 

experienced prolonged heightened geosmin concentrations. 

 

Figure 6.2: Example of ways a cyanobacterial equilibrium state can vary with 

environmental stressors that create suboptimal conditions for Cyanobacteria and 

lead to T&O events. In a) and b), only one equilibrium exists for each environmental 

stressor. However, if the equilibrium curve is folded backwards (c), three equilibria 

can exist for a given environmental stressor. It can be seen from the red arrows 

indicating the direction of change that, in this case, equilibria on the dashed middle 

section (between green balls) are unstable and represent the transitional state 

between the two states.  

Chapter 5 revealed geoA copy numbers to be a suitable direct proxy for 

geosmin concentrations (Hooper et al., 2023), so it can be assumed that geoA will 

reflect geosmin concentrations in this theory. In the stable state, it is presumed that 

positive associations in the cyanosphere stabilise Cyanobacteria, and cyanobacterial 

geoA copy numbers remain consistently low and steady; hence geosmin is sustained 

at consistently low concentrations (Figure 6.3A). In this stable state, cyanospheres 

are stabilised by positively co-occurring taxa and competition between 

Cyanobacteria and other taxa for resources (e.g., NH4
+, TP, and orthophosphate – 

Chapter 3) is limited. When cyanospheres are exposed to environmental stress/ 

suboptimal conditions (e.g., low temperatures – Chapter 5, competition for nutrients 
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and negative associations between Cyanobacteria and taxa – Chapters 3 and 4), 

this can cause geoA copy numbers to enter a transition into the unstable state 

(Figure 6.3B). In the unstable state, geoA copy numbers increase in response to 

environmental stress (negative associations between Cyanobacteria and taxa occur 

– Chapter 4, decreasing temperature – Chapter 5). When geoA increases, there is a 

risk of geosmin events occurring as geoA has the potential to be transcribed and 

translated to catalyse the production of geosmin. Both states can exist in the 

cyanosphere stable state theory, stabilised by several buffer mechanisms through 

positive and/or negative feedbacks. These buffer mechanisms maintain that state by 

either influencing T&O production through a bottom-up approach (e.g., geosmin 

producers and nutrient mediators – Chapter 4 and critical nutrients like NH4
+ – 

Chapter 3) or minimising T&O concentrations through a top-down approach (e.g., 

geosmin degraders – Chapter 4 and increased NO3
- – Chapter 3). Long-standing 

evidence indicates that shifts between alternative stable states occur in lakes 

(Carpenter et al., 1999; Scheffer et al., 1997), with one of the best-studied state 

shifts being the loss of transparency and vegetation observed in shallow lakes 

subject to human-induced eutrophication (Abell et al., 2022; Moi et al., 2021). In this 

example, plants increase water clarity through a top-down buffering approach, 

causing the clear state to be a self-stabilising alternative to the heightened turbidity 

and phytoplankton blooms characteristic of the unstable state. In juxtaposition, fish 

are central in sustaining the turbid unstable state through a bottom-up buffering 

approach (by resuspending sediment) controlling Daphnia abundance in the 

absence of plants. In the cyanosphere T&O stable state theory, both top-down and 

bottom-up mechanisms help stabilise both states of the cyanosphere, which in turn 

controls the geosmin production. A detailed summary of factors affecting and 

contributing to the transition from stable to unstable states can be found below in 

Table 6.1.  
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Figure 6.3: Diagram illustrating the “cyanosphere stable state theory”, displaying A) 

the stable cyanosphere state where geoA abundance remains at a steady level with 

stable cyanobacterial productivity and hence low geosmin production and B) the 

unstable cyanosphere state where geoA abundance increases directly proportional 

to increases in cyanobacterial productivity leading to increased geosmin production. 

The size of the green balls is representative of geoA abundance.    
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Table 6.1: Buffer mechanisms maintaining stable and unstable states through 

bottom-up and top-down approaches involved in the cyanosphere stable state 

theory.  

Buffer 
Mechanism 

Buffer 
Representative 

Control over T&O influence 

Bottom-up 

Geosmin producers 

Responsible for the production of geosmin during times of 
environmental stress (e.g., low temperature - Chapter 5, 

and negative associations with taxa - Chapter 4) and 
when NH4

+:NO3
- ratios are high enough to stimulate 

heightened cyanobacterial productivity causing elevated 
geoA abundance (Chapter 5). 

Nutrient mediators 

Positive relationships within the cyanosphere with these 
taxa can supply Cyanobacteria with essential nutrients for 

growth and productivity and provide the Cyanobacteria 
with Apase during times of P deficiency (Chapter 4).  

NH4
+ 

Increases in the concentration of the most reduced form 
of nitrogen (relative to nitrate concentrations) will cause 
rapid increases in cyanobacterial productivity giving rise 

to elevated geosmin concentrations (Chapter 3). Elevated 
concentrations of NH4

+ could also stimulate competition 
between Cyanobacteria and other taxa causing increased 
negative associations with the cyanosphere (Chapter 4). 

TP and 
orthophosphate 

Rises in TP and orthophosphate were shown to influence 
geosmin production in the Alaw reservoir (Chapter 3). 

Elevations in these nutrients will also alter TIN:TP ratios 
causing fluctuations in geoA abundance and hence 

potential geosmin production (Chapter 5). 

Top-down 

Geosmin degraders 

These taxa can be residents within the cyanosphere 
decreasing and sustaining low geosmin concentrations by 
geosmin biodegradation. Some geosmin degraders were 
found to be negatively associated with Cyanobacteria; the 

presence of geosmin degraders in the absence of 
Cyanobacteria could be due to degraders only being 

present after geosmin is released after cell death/lysis 
(Chapter 4).    

NO3
- 

Increases in this oxidised form of nitrogen will inhibit 
geosmin production (Chapter 3) causing decreases in the 

NH4
+:NO3

- ratio which is shown to decrease geoA 
abundance (Chapter 5). 

 

 The Alaw reservoir was the only reservoir in this study to experience severe 

geosmin events (≤520 ng L-1). Results presented in Chapter 3 illustrated that Alaw 

had substantially higher geosmin concentrations than all other reservoirs over the 

entire study. In addition, the average geosmin concentration in the Alaw reservoir 

(87.32 ± 118.12 ng L-1) suggests that events were frequent and perhaps prolonged. 

Prolonged heightened geosmin concentrations could indicate a loss of resilience 

within the Aphanizomenon NIES81 cyanosphere. This loss of resilience is reflected 

by the lack of stability within the Aphanizomenon NIES81 cyanosphere, having more 
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negatively co-occurring taxa (10 taxa) than positively associated taxa contained 

within the cyanosphere (one taxon – Fluviicola). Fluviicola was the only resident of 

the Aphanizomenon NIES81 cyanosphere and has been identified as an indicator 

taxon belonging to Codon B4 in Chapter 4 and is responsible for the recycling of 

nutrients within cyanospheres (Farkas et al., 2020; Guedes et al., 2018). However, 

the magnitude of negatively associated taxa impeded the positive influence of 

Fluviicola in maintaining cyanobacterial stability. Negative relationships between the 

Cyanobacteria and other taxa were most likely due to competition for resources, 

although amensalism and prey-predator relationships should also not be ignored 

(Faust and Raes, 2012). In addition, negative relationships may have also been 

time-lagged; for example, the T&O degrading genus, Bacillus, was negatively 

associated with Aphanizomenon NIES81. Intracellular geosmin release after 

cyanobacterial cell death could therefore be a discriminatory carbon resource 

selecting for taxa, like taxa belonging to the codon A2 (detailed in Chapter 4). 

Interestingly, NMDS analysis of both 16S rRNA and rbcL communities appeared to 

cluster according to categorised geosmin concentration levels in reservoirs 

experiencing high concentrations (>20 ng L-1), exposing existing T&O signature 

communities (Chapter 4). In agreement, Watson (2003) stated that although T&O 

compounds may represent waste by-products of cyanobacterial metabolism, it is 

highly feasible that these compounds actively modify ecosystem processes and 

hence community compositions.  

 Here, in the Alaw reservoir, it is proposed that the loss of resilience in the 

Aphanizomenon NIES81 cyanosphere created a fragile system leading to easy 

transitions from a stable to an unstable state, especially when subjected to additional 

environmental stress (e.g., suboptimal temperatures increasing geoA abundance – 

Chapter 5). This fragile system in the Alaw reservoir also had a delayed top-down 

buffering mechanism (Table 6.1) due to negative associations between 

Aphanizomenon NIES81 and Bacillus. This delayed buffering mechanism further 

exacerbated and prolonged the heightened geosmin concentrations because 

production and degradation must co-exist to stabilise a state. Thus, due to the time 

lag in the production (Aphanizomenon NIES81) and degradation (Bacillus) of 

geosmin, the cyanosphere could not transition from the unstable state (heightened 

cyanobacterial productivity, geoA and geosmin concentrations) to the stable state 
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(sustained cyanobacterial productivity, consistently low geoA and geosmin 

concentrations). In contrast to the Aphanizomenon NIES81 cyanosphere, members 

of the Nostocaceae family in the Alaw reservoir were positively associated with the 

geosmin-degrading genus Sphingorhabdus. In the Nostocaceae cyanosphere, there 

were no negatively associated taxa, and the production and degradation of geosmin 

simultaneously occurred. Here, the Nostocaceae family sustained a stable state and 

maintained positive associations in the cyanosphere with a taxon belonging to 

codons B1 (nutrient mediators - Chlamydomonoadaceae family) and C1 (offers 

protection - Thalassiosira) (Chapter 4 – Tabes 4.15 – 4.16).  

In combination with abiotic (e.g., low temperature) and biotic (e.g., negatively 

co-occurring taxa with Cyanobacteria) pressures influencing cyanosphere resilience, 

anthropogenic forces reduce resilience further by altering the physicochemical 

environment (e.g., through additions of fertilisers and pesticides). The Alaw reservoir 

was artificially constructed in the 1960s on a lowland fen (Hatton-ellis, 2016). Fens 

are wetlands that are underlain by peat and have become of strategic agricultural 

importance due to their highly fertile soils (Johnson and Land, 2019). Therefore, the 

Alaw reservoir had a nutrient-rich basin on the lowland; lowlands generally exhibit a 

low water table, enabling groundwater infiltration into the water column. The 

catchment area surrounding the Alaw reservoir consists mainly of intensive 

agriculture (91%) (Edwards, 2016). Agricultural practices enable pesticide residues 

and nutrient surpluses to accumulate in the environment from using pesticides and 

fertilisers. Via leaching, run-off, drainage, erosion, volatilisation, and deposition, 

these agrochemicals enter groundwater that permeates drinking water reservoirs 

(Siedt et al., 2021). Nitrogen and phosphorous are two macronutrients present in 

these fertilisers, which can alter important nutrient ratios that can give rise to 

heightened geoA copy numbers leading to increases in geosmin concentrations 

(Hooper et al., 2023). Pesticides mainly consist of herbicides, insecticides and 

fungicides, which can positively and negatively influence bacterial and algal 

communities (Wijewardene et al., 2021). Direct effects of pesticides often result in 

adverse negative impacts on bacterial and algal communities through inhibition of 

growth, photosynthesis, and reproduction (Rico-Martínez et al., 2012). The indirect 

effects of pesticides like insecticides can alter top-down selection pressures, such as 

predation and competition (Fleeger et al., 2003). In drinking water reservoirs, these 
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emerging agrochemicals can influence the cyanosphere stable state by inducing 

changes in communities associated with the cyanosphere, causing competition 

between more resistant taxa and mortality of the most sensitive taxa (Corcoll et al., 

2015).   
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Appendix  

 

Appendix 1.1: List of genera capable of the biodegradation of geosmin and 2-MIB, with full taxonomy and corresponding reference.  

T&O Degrading 
Genera 

Degrading 
compound 

Phylum Class Order Family Reference 

Acidovorax M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Clercin, 2014) 

Afipia G Pseudomonadota Alphaproteobacteria Hyphomicrobiales Nitrobacteraceae (Baek et al., 2015) 

Arthrobacter G Actinomycetota Actinomycetia Micrococcales Micrococcaceae (Clercin et al., 2022) 

Bacillus G + M Bacillota Bacilli Bacillales Bacillaceae (Clercin et al., 2021) 

Bradyrhizobium G Pseudomonadota Alphaproteobacteria Hyphomicrobiales Nitrobacteraceae (Baek et al., 2015) 

Brevibacterium M Actinomycetota Actinomycetia Micrococcales Brevibacteriaceae (Yuan et al., 2011) 

Candida M Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae (Sumitomo, 1988) 

Chryseobacterium G Bacteroidota Flavobacteriia Flavobacteriales Weeksellaceae (Zhou et al., 2011) 

Comamonas M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Guttman and van Rijn, 2012) 

Curvibacter M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Clercin, 2014) 

Enterobacter M Pseudomonadota Gammaproteobacteria Enterobacterales Enterobacteriaceae (Clercin et al., 2021) 

Flavobacterium M Bacteroidota Flavobacteriia Flavobacteriales Flavobacteriaceae (Yuan et al., 2011) 

Hydrogenophaga G Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Strait, 2015) 

Leptothrix G Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Clercin, 2014) 

Janthinobacterium M Pseudomonadota Betaproteobacteria Burkholderiales Oxalobacteraceae (Clercin, 2014) 

Myroides M Bacteroidota Flavobacteriia Flavobacteriales Flavobacteriaceae (Clercin, 2014) 

Novosphingobium G + M Pseudomonadota Alphaproteobacteria Sphingomonadales Erythrobacteraceae (Hoefel et al., 2006) 

Pseudomonas G + M Pseudomonadota Gammaproteobacteria Pseudomonadales Pseudomonadaceae (Clercin et al., 2021) 

Psychroflexus M Bacteroidota Flavobacteriia Flavobacteriales Flavobacteriaceae (Clercin, 2014) 

Rhodococcus G + M Actinomycetota Actinomycetia Mycobacteriales Nocardiaceae (Guttman and van Rijn, 2012) 

Rhodoferax M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Clercin, 2014) 
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Appendix 1.1 cont’d: List of genera capable of the biodegradation of geosmin and 2-MIB, with full taxonomy and corresponding 

reference.  

T&O Degrading 
Genera 

Degrading 
compound 

Phylum Class Order Family Reference 

Shinella M Pseudomonadota Alphaproteobacteria Hyphomicrobiales Rhizobiaceae (Du et al., 2017) 

Sinorhizobium G Pseudomonadota Alphaproteobacteria Hyphomicrobiales Rhizobiaceae (Zhou et al., 2011) 

Sphingobium M Pseudomonadota Alphaproteobacteria Sphingomonadales Sphingomonadaceae (Ho et al., 2007) 

Sphingomonas G + M Pseudomonadota Alphaproteobacteria Sphingomonadales Sphingomonadaceae (Ho et al., 2007) 

Sphingopyxis G Pseudomonadota Alphaproteobacteria Sphingomonadales Sphingomonadaceae (Hoefel et al., 2006) 

Stenotrophomonas G Pseudomonadota Gammaproteobacteria Xanthomonadales Xanthomonadaceae (Zhou et al., 2011) 

Tenacibaculum M Bacteroidota Flavobacteriia Flavobacteriales Flavobacteriaceae (Clercin, 2014) 

Thiomonas M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Clercin, 2014) 

Variovorax M Pseudomonadota Betaproteobacteria Burkholderiales Comamonadaceae (Guttman and van Rijn, 2012) 
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Appendix 2.1: Quality scores for the forwards and reverse reads for the MiSeq pilot run for 16S rRNA gene. 
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Appendix 2.2: Quality scores for the forwards and reverse reads for the MiSeq Plate 1-2 run for 16S rRNA gene.
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Appendix 2.3: Quality scores for the forwards and reverse reads for the MiSeq Plate 4-6 run for 16S rRNA gene. 
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Appendix 2.4: Quality scores for the forwards and reverse reads for the MiSeq Plate 3 + 7 run for 16S rRNA gene. 
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Appendix 2.5: Quality scores for the forwards and reverse reads for the MiSeq Pilot run for rbcL gene. 
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Appendix 2.6: Quality scores for the forwards and reverse reads for the MiSeq Plate 1-2 run for rbcL gene. 
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Appendix 2.7: Quality scores for the forwards and reverse reads for the MiSeq Plate 4-6 run for rbcL gene. 
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Appendix 2.8: Quality scores for the forwards and reverse reads for the MiSeq Plate 3 + 7 run for rbcL gene. 
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Appendix 3.1: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Cefni reservoir locations. Monthly geosmin 

change on the left hand y-axis scaled to Alaw reservoir’s monthly geosmin change. 
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Appendix 3.2: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Cefni reservoir 

locations. Monthly geosmin change on the left hand y-axis scaled to Alaw reservoir’s 

monthly geosmin change. 
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Appendix 3.3: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Dolwen reservoir locations. Monthly geosmin 

change on the left hand y-axis scaled to Alaw reservoir’s monthly geosmin change. 
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Appendix 3.4: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Dolwen reservoir 

locations. Monthly geosmin change on the left hand y-axis scaled to Alaw reservoir’s 

monthly geosmin change. 
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Appendix 3.5: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Llwyn On reservoir locations. Monthly geosmin 

change on the left hand y-axis scaled to Alaw reservoir’s monthly geosmin change. 
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Appendix 3.6: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

and B – monthly changes in orthophosphate concentrations (mg L-1) (orange dots) 

given from each consecutive sampled month of the study period in Llwyn On 

reservoir locations. Monthly geosmin change on the left hand y-axis scaled to Alaw 

reservoir’s monthly geosmin change. 
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Appendix 3.7: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Plas Uchaf reservoir locations. Monthly 

geosmin change on the left hand y-axis scaled to Alaw reservoir’s monthly geosmin 

change. 
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Appendix 3.8: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Plas Uchaf 

reservoir locations. Monthly geosmin change on the left hand y-axis scaled to Alaw 

reservoir’s monthly geosmin change. 
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Appendix 3.9: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in NH4
+ concentrations (mg L-1) (blue dots) and B – monthly 

changes in NO3
- concentrations (mg L-1) (red dots) given from each consecutive 

sampled month of the study period in Pontsticill reservoir locations. Monthly geosmin 

change on the left hand y-axis scaled to Alaw reservoir’s monthly geosmin change. 
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Appendix 3.10: Monthly changes in geosmin concentrations (ng L-1) (green bars) and 

A – monthly changes in total phosphorous (TP) concentrations (mg L-1) (purple dots) 

given from each consecutive sampled month of the study period in Pontsticill 

reservoir locations. Monthly geosmin change on the left hand y-axis scaled to Alaw 

reservoir’s monthly geosmin change. 
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Appendix 3.11: Histogram of monthly changes in nutrients and geosmin concentrations from all reservoirs, showing distribution of 

data. The y-axis depicts the frequency.
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Appendix 4.1: Alwen top 20 16S rRNA phyla abundance by year and season, facet 

wrapped by sample site location.  
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Appendix 4.2: Cefni top 20 16S rRNA phyla abundance by year and season, facet wrapped by sample site location. 
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Appendix 4.3: Dolwen top 20 16S rRNA phyla abundance by year and season.  
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Appendix 4.4: Llandgefedd top 20 16S rRNA phyla abundance by year and season, 

facet wrapped by sample site location.  

 

 

 



 

419 
 

 

 

Appendix 4.5: Llwyn On top 20 16S rRNA phyla abundance by year and season, 

facet wrapped by sample site location.  
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Appendix 4.6: Penwtyn top 20 16S rRNA phyla abundance by year and season, 

facet wrapped by sample site location.  
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Appendix 4.7: Plas Uchaf top 20 16S rRNA phyla abundance by year and season, 

facet wrapped by sample site location.  
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Appendix 4.8: Pontsticill 16S rRNA phyla abundance by year and season, facet wrapped by sample site location. 
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Appendix 5.1: QIAxcel screenshot of six replicates of PCR 16S rRNA product at 

approximately 1490 bp (lanes 1-6) and six replicates of PCR geoA product at 

approximately 905 bp (lanes 7-12) with 15 bp – 3000 bp alignment markers. 

 

 

SI-5.2: QIAxcel screenshot of six replicates of PCR mic product at approximately 307 

bp (lanes 1-6) with 15 bp – 3000 bp alignment markers and 6 blanks (lanes 7-12) .   
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Appendix 5.3: A list of all 30 species that can be detected by the primers MIBS02F 

and MIBAHR from the statistical software R using the package primerTree on 

12/02/2021. 

Species  

Planktothricoides raciborskii CHAB3331 

Pseudanabaena sp. dqh15 

Pseudanabaena galeata 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Planktothricoides raciborskii 

Leptolyngbya sp. A2 

Leptolyngbya sp. A2 

Planktothricoides sp. TH3 

Planktothricoides raciborskii CHAB3332 

Planktothrix sp. 328 

Pseudanabaena cinerea NIES-4062 

Pseudanabaena cinerea NIES-4063 

Pseudanabaena yagii NIES-4237 

Pseudanabaena yagii NIES-4238 

Oscillatoria prolifera OpAlghanmi-77 

Microcoleus pseudautumnalis Ak1609 

Pseudanabaena galeata NRERC-312 

Pseudanabaena sp. AIFI-4 

Pseudanabaena yagii NIVA-CYA 111 

Pseudanabaena sp. PD8 

Planktothrix sp. PD12 

Oscillatoria sp. 327/2 

Pseudanabaena limnetica 

Oscillatoria limosa LBD 305b 
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Appendix 5.4: A list of all species identified in the statistical software programme R using the package primerTree when comparing 

different published primers on 12/02/2021. 

 

Species identified 

MIBS02F and MIBS02R                             
(Chiu et al., 2016) 

Mtcf and Mtcr                                                                     
(Wang et al., 2011) 

MIB3324F and MIB4050R              
(Suurnäkki et al., 2015) 

MIB3313F and MIB4226R                 
(Suurnäkki et al., 2015) 

Planktothricoides raciborskii 
CHAB3331 

Planktothricoides raciborskii 
CHAB3331 

Planktothricoides raciborskii 
CHAB3331 

Planktothricoides raciborskii 
CHAB3331 

Pseudanabaena sp. dqh15 Pseudanabaena sp. dqh15 Pseudanabaena sp. dqh15 Pseudanabaena sp. dqh15 

Pseudanabaena galeata Pseudanabaena galeata Pseudanabaena galeata Pseudanabaena galeata 

Planktothricoides raciborskii Pseudanabaena cinerea NIES-4062 Planktothricoides raciborskii Microcoleus pseudautumnalis Ak1609 

Planktothricoides raciborskii Pseudanabaena cinerea NIES-4063 Planktothricoides raciborskii Pseudanabaena yagii NIVA-CYA 111 

Planktothricoides raciborskii Pseudanabaena yagii  NIES-4237 Planktothricoides raciborskii Pseudanabaena limnetica 

Planktothricoides raciborskii Pseudanabaena yagii NIES-4238 Planktothricoides raciborskii Oscillatoria limosa LBD 305b 

Planktothricoides raciborskii Microcoleus pseudautumnalis Ak1609 Planktothricoides raciborskii   

Planktothricoides raciborskii Pseudanabaena sp. AIFI-4 Planktothricoides raciborskii   

Planktothricoides raciborskii Pseudanabaena yagii NIVA-CYA 111 Planktothricoides raciborskii   

Planktothricoides raciborskii Pseudanabaena limnetica Leptolyngbya sp. A2   

Leptolyngbya sp. A2 Oscillatoria limosa LBD 305b Planktothrix sp. 328   

Leptolyngbya sp. A2 Cyaniris semiargus Microcoleus pseudautumnalis Ak1609   

Planktothricoides sp. TH3   Pseudanabaena galeata NRERC-312   

Planktothricoides raciborskii 
CHAB3332   Pseudanabaena yagii NIVA-CYA 111   

Planktothrix sp. 328   Pseudanabaena limnetica   

Oscillatoria prolifera OpAlghanmi-77   Oscillatoria limosa LBD 305b   

Microcoleus pseudautumnalis Ak1609       

Pseudanabaena galeata NRERC-312       

Pseudanabaena yagii NIVA-CYA 111       

Oscillatoria sp. 327/2       

Pseudanabaena limnetica       

Oscillatoria limosa LBD 305b       
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Appendix 5.5: Alaw geoA:16S copy numbers mL-1 GAM diagnostic plot. Top left 

includes the normal Q-Q plot, top right is the residuals vs. fitted values, bottom left is 

the histogram of residuals and bottom right is the response vs. fitted values.  
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Appendix 5.6: All reservoirs except Alaw geoA:16S copy numbers mL-1 GAM 

diagnostic plot. Top left includes the normal Q-Q plot, top right is the residuals vs. 

fitted values, bottom left is the histogram of residuals and bottom right is the 

response vs. fitted values.  
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Appendix 5.7: All reservoirs mic:16S copy numbers mL-1 GAM diagnostic plot. Top 

left includes the normal Q-Q plot, top right is the residuals vs. fitted values, bottom 

left is the histogram of residuals and bottom right is the response vs. fitted values.  

 

 

 

 

 

 

 

 


