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Abstract 

 

Although wastewater reuse presents numerous benefits, wastewater-borne pathogens, 

especially human enteric viruses, may pose risks to human health. Wastewater 

treatment processes have been shown to remove bacterial pathogens more effectively 

than they do viral pathogens, and in aquatic environments, levels of traditional faecal 

indicator bacteria (FIB) do not appear to correlate consistently with levels of human 

viral pathogens. There is, therefore, a need for novel viral indicators of faecal pollution 

and novel surrogates of viral pathogens. Potential candidates for this role include 

enteric bacteriophages (phages), viruses capable of infecting enteric bacteria. 

The aim of this study was to elucidate the relationships between viral pathogens 

(human adenovirus (HAdv) and norovirus (Nv)), phages (somatic coliphages (SOMPH), 

F-RNA coliphages (F-RNAPH) and phages infecting B. fragilis (Bf124PH)) and FIB 

(faecal coliforms (FC) and intestinal enterococci (IE)), and to demonstrate their 

behaviour in activated sludge (AS) and trickling filter (TF) wastewater treatment 

systems. Stochastic simulations were developed from the empirical data in order to 

estimate likely concentrations of the studied microorganism in final AS and TF 

effluents. Samples were collected every fortnight, over a twelve-month period, at each 

stage of four full-scale wastewater treatment plants (WWTP) in southern England (two 

AS and two TF plants) (n = 360 samples). Phages and FIB were enumerated using 

plaque assays, whereas human enteric viruses were enumerated using real-time 

qPCR. Physico-chemical parameters were also analysed. For the stochastic modelling, 

probability density functions (PDF) were fitted to empirical data and used as input 

variables in the proposed model. Final concentrations of the various parameters were 

calculated using stochastic simulations. 

AS systems were significantly more effective than TF at removing all microorganisms 

and physico-chemical parameters monitored. In both AS and TF systems, the 

treatment step predominantly responsible for the removal of microorganisms was the 

secondary (biological) one (p-value < 0.05). FIB and SOMPH were consistently found 

in all samples tested, whereas F-RNAPH, Bf124PH and HAdv were less frequently 

detected, especially following AS treatment. Concentrations of SOMPH and FIB were 

statistically higher (p-value < 0.05) than concentrations of F-RNAPH, Bf124PH and 

HAdv in raw wastewater. FIB were more effectively removed than phages in both AS 

and TF systems: 3.1-3.6 log10 global removal of FIB and 2.0-2.4 log10 global removal of 

phages in AS systems; versus 2.3-2.4 log10 global removal of FIB and 0.2-08 log10 

global removal of phages in TF systems. Removal rates of HAdv were very similar to 

those of phages at the secondary treatment stage of both systems. In TF systems 
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HAdv were removed at the same rate as F-RNAPH, but at lower rates than SOMPH 

and F-RNAPH. It was not possible to analyse statistically the global removal rates of 

HAdv in AS systems because of the low detection rate in final effluent samples. These 

findings suggest that phages (in particular SOMPH), are better indicators of the fate of 

viral pathogens in WWTP than existing FIB. 

Some erratic cases of correlation between indicator organisms and physico-chemical 

parameters were observed, especially between global removal rates of FIB and COD, 

Total P and ammonium ion in TF systems. In terms of viral pathogens, the only two 

cases of significant correlation observed were between the log10 removal rate of HAdv 

and the removal of nitrate at the secondary treatment step and ion ammonium at the 

tertiary treatment step of TF systems. The results of the present study corroborate the 

literature. 

The findings revealed that the proposed stochastic model can accurately and reliably 

predict the likely concentration of microorganisms in the final effluent of both systems. 

Moreover, sensitivity analysis revealed that the concentrations of the microorganisms 

in raw wastewater and their removal rates in the secondary treatment steps had the 

greatest influence on the predictive output. Therefore, provided attention is given to the 

quality of the specific input variables of the model, stochastic modelling can be used to 

support integrated water and sanitation safety planning approaches to human health 

risk management with regards to wastewater reuse. 
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Chapter 1. Introduction 

 

1.1. Background 

Evolving climate change scenarios continue to suggest that changes to weather 

patterns may have severe water resource management implications in western Europe 

(and much of the world). These are likely to include high evaporation rates, reductions 

in overall levels of precipitation, and increased water demands for a range of different 

activities (Angelakis et al., 2007). The potential problem of extensive water scarcity 

(both short-term and long-term) is also likely to be exacerbated by growing water 

demand for various activities, including domestic, industrial, and agricultural usage. 

Consequently, the pressure for treated wastewater to be reused, either indirectly, or 

more recently directly, has increased considerably in many parts of the world in recent 

years. Although wastewater reuse presents numerous potential environmental and 

economic benefits, a matter of considerable societal concern is the potential risk to 

human health associated with human contact to waterborne pathogenic 

microorganisms present in wastewater. More specifically, growing evidence suggests 

that waterborne viral pathogens are inadequately removed from existing wastewater 

treatment systems and that bacterial indicators used to assess water quality fail to 

detect their presence accurately (USEPA, 2015). 

Conventional wastewater treatment technologies, including two of the most widely 

applied processes, namely activated sludge (AS) and trickling filter (TF), were 

developed in the UK in the early twentieth century with the aim of removing organic 

matter and suspended solids rather than removing or inactivating pathogenic 

microorganisms. Although some degree of pathogen reduction occurs during these 

treatment processes, they have been shown to be much more effective at removing 

bacterial pathogens than viral pathogens, which are smaller in size, simpler in structure 

and tend to be more persistent in the environment (Grabow, 2001; Sinton et al., 2002; 

Diston et al., 2012). Unfortunately, levels of traditional faecal indicator bacteria (FIB), 

such as E. coli and intestinal enterococci, do not appear to correlate consistently with 

levels of human water- and excreta-borne viral pathogens (Baggi et al., 2001; Espinosa 

et al., 2009; Jurzik et al., 2010; Morens et al., 2010) in treated wastewaters from these 

systems. Therefore, in order to reduce risks to human health associated with discharge 

of final effluents into the environment and to address growing pressure for direct or 

indirect reuse of reclaimed waters, methods for the detection, removal and prediction of 

concentrations of viral pathogens need to be established and optimised. Consequently, 

empirical data on the removal rate of viral pathogens in conventional systems, such as 
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TF and AS, along with data on levels of traditional bacterial indicators and novel 

indicators, such as phages, is urgently needed if the full potential of these technologies 

is to be recognised. According to a recent report by the US Environmental Protection 

Agency (USEPA, 2015), research is needed to evaluate the use of bacteriophages as 

indicators of enteric viruses during wastewater treatment, and this research should 

encompass the enumeration of different groups of phages, FIB and human enteric 

viruses in the influent and effluent of each treatment step, as well as the calculation of 

log10 removal rates, at full-scale wastewater treatment facilities. 

 

1.2. Aim 

The aim of this study was to demonstrate and critically evaluate the relationships 

between certain enteric viral pathogens, bacteriophages and faecal indicator bacteria 

and to elucidate their removal in two widely-used wastewater treatment processes, 

namely activated sludge (AS) and the trickling filter (TF) systems. The study also aimed 

to develop stochastic simulations, based on empirical data, in order to estimate 

concentrations of microorganisms in final effluents from AS and TF systems, as a basis 

for a risk management approach to sustainable wastewater management and reuse. 

 

1.3. Objectives 

1. To evaluate the level of removal of human enteric viruses, bacteriophages and 

faecal indicator bacteria at each treatment step of four municipal wastewater 

treatment plants (WWTP), representing two commonly used technologies (AS 

and TF) in southern England; 

2. To evaluate the relationship between removal rates of enteric viral pathogens, 

bacteriophages and faecal indicator bacteria at each treatment step of the AS 

and TF systems; 

3. To evaluate the level of removal of physico-chemical parameters (chemical 

oxygen demand (COD), total suspended solids (TSS) and nutrients (N, P)) at 

each treatment step of the AS and TF systems; 

4. To evaluate the relationship between the removal rates of physico-chemical and 

microbiological parameters at each treatment step of the AS and TF systems; 

5. To assess a methodology to predict levels of indicator organisms and viral 

pathogens in the final effluents of AS and TF systems using stochastic 

modelling; 
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6. To evaluate how the information gained may be used to guide the future 

selection and design of wastewater treatment processes so that they may act 

more effectively as a barrier to the onward transmission of water- and excreta-

borne pathogens. 

 

1.4. Hypotheses 

• Phages are better indicators than FIB of the fate of viral pathogens in AS and TF. 

• Stochastic modelling, using empirical data, can be used effectively to estimate 

the concentration of indicator organisms and viral pathogens in treated 

wastewater from AS and TF systems. 

 

1.5. Contributions to knowledge 

This study aimed to obtain and critically evaluate an extensive empirical dataset on 

levels of various human enteric viruses, phages and FIB in AS and TF systems, and to 

make use of stochastic modelling to estimate the concentration of these 

microorganisms in final wastewater effluents. Therefore, the first contribution to 

knowledge stemming from this research is that phages are better indicators of viral 

pathogens in wastewater treatment plants than FIB. A key objective was to monitor 

levels of phages and FIB at different treatment steps of AS and TF systems in order to 

elucidate the behaviour of viral pathogens in such treatment processes and, 

consequently, to predict the viral load discharged into the environment. The 

observation that FIB were significantly more effectively removed than phages in both 

treatment systems, and that removal rates of HAdv were very similar to those of 

phages at the secondary treatment stage (See Chapter 5) are novel and exciting 

outcomes. As a result, this new knowledge may be used to more effectively protect 

river catchments that receive discharges of biologically-treated wastewater and also to 

protect the health of human populations that are reliant on such catchments for 

recreational uses and for the provision of drinking water. 

Another important contribution to knowledge was the ability to accurately and reliably 

predict the microbial quality of the final effluent of AS and TF systems using stochastic 

modelling (See Chapter 6). This statistical tool can be used to generate accurate and 

representative ranges of values (e.g., probability density functions) for the 

concentration of microorganisms in final effluents using simplified models. These 

ranges of values contain more valuable information than the single values (means and 

medians) that are currently used in the design and monitoring of wastewater treatment 
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systems throughout much of the world.. Furthermore, it is envisaged that these data 

may support quantitative microbial risk assessment (QMRA) models that may be used 

to determine the risks to human health associated with direct and indirect forms of 

wastewater reuse. Therefore, this approach has the capacity to influence future UK and 

European policy by shaping the development of new regulations and guidelines on the 

safer reuse of reclaimed waters and improved risk management practices within the 

framework of Water and Sanitation Safety Planning. 
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Chapter 2. Literature Review 

 

2.1. Wastewater treatment 

Wastewater treatment is the process of removing physical, chemical and 

microbiological contaminants from any kind of wastewater, such as municipal, 

commercial or industrial wastewater, with the aim of producing a final effluent of a 

quality suitable for either disposal or reuse. To achieve this, different processes are 

applied depending on the main purpose of the treatment. A wastewater treatment plant 

is comprised of various treatment units, which correspond to different treatment levels 

of the wastewater, as follows (Tchobanoglous et al., 2014): (i) preliminary treatment, to 

remove coarse solids such as floatables, grit and grease; (ii) primary treatment, to 

remove suspended solids and particulate organic matter; (iii) secondary (or biological) 

treatment, to remove biodegradable organic matter (in solution or suspension) and 

suspended solids; and finally (iv) tertiary treatment, to remove specific compounds, 

such as nutrients, pathogens, etc. 

The initial development of municipal wastewater treatment technologies took place in 

the United Kingdom (UK) at the beginning of the 20th century in response to a report 

produced by the Commission on Sewage Disposal in 1908, which established limits of 

biochemical oxygen demand (BOD) and total suspended solids (TSS) in wastewater 

effluents in order to avoid problems of anoxic conditions and eutrophication of water 

bodies (OFWAT/DEFRA, 2006). At the time, knowledge of waterborne diseases was 

still limited. Consequently, the biological wastewater treatment systems, including the 

two most common systems currently used worldwide, namely activated sludge (AS) 

and trickling filter (TF), were developed with the aim of removing organic matter and 

suspended solids. Therefore, while pathogen levels are often reduced during treatment 

processes, their destruction and/or removal is seldom factored into system design 

criteria and risk assessment models. 

Several developments during the past century have led to incremental improvements in 

the design and operation of these commonly used biological treatment systems. 

Additionally, some entirely new processes have also been developed, including: (i) the 

integration of anaerobic and/or anoxic steps within AS systems; (ii) submerged aerated 

systems; (iii) high-rate anaerobic systems, such as up-flow anaerobic sludge blanket 

(UASB) reactors; and, more recently, (iv) the use of membranes with micro-porosity, 

such as membrane bioreactor (MBR) systems (von Sperling, 2007b; De Luca et al., 

2013; Tchobanoglous et al., 2014). However, most technologies still aim to remove 
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organic matter and solid particles, and occasionally, in addition, to remove nutrients 

(phosphorus and nitrogen). The removal of pathogens is still not the primary focus of 

these systems, with the exception of MBR process, which have been demonstrated to 

achieve close to 100% removal efficacy for bacteria and protozoa (Ottoson et al., 2006; 

Zhang and Farahbakhsh, 2007; Zanetti et al., 2010). 

Although some new treatment technologies (such as MBR) more effectively remove 

pathogens, it has been suggested (Malamisa et al., 2014) that it is unlikely that they will 

offer an economically feasible alternative to conventional WWTP in most situations. 

Although a decrease in membrane costs is making MBR systems more economically 

attractive, they remain a relatively ‘energy-intensive’ process that is unsuitable for 

application in many situations. To illustrate this, whilst TF and AS systems have an 

energy consumption of approximately 0.25 and 0.35 kW.h.m-3, respectively, equivalent 

MBR systems have an energy consumption of around 0.55 kW.h.m-3 (Malamisa et al., 

2014; Williams, no date). Therefore, from both economic and environmental 

perspectives (based on sustainability/carbon emissions), there is an incentive to further 

optimise the removal of viral pathogens using existing wastewater treatment 

technologies to ensure the safe disposal and increased reuse of treated wastewater 

effluents in Europe and beyond. 

 

2.1.1. Activated sludge (AS) 

Initial studies on the aeration of wastewater in tanks as a way to oxidise organic matter 

date from the early 1880s. Following a few years of experiments conducted in England, 

more specifically in Manchester in 1914, a study entitled ‘Experiments on the oxidation 

of sewage without the aid of filters’ (Ardern and Lockett, 1914) concluded that the 

sludge played an important role in the removal of organic matter in aerated tanks, and 

the treatment process subsequently referred to as activated sludge. 

AS are heavily mechanised systems, characterised by sophisticated operation and 

maintenance, as well as by high electricity requirements as aeration of the liquid phase 

is necessary to maintain a minimum dissolved oxygen level. The advantages 

associated with such systems are the low area requirements (compact systems) and 

high organic matter and nutrient removal efficacies (von Sperling, 2007b). 

The two main units of a conventional AS system are: (i) the aeration tank or aerated 

reactor, where the biomass grows aerobically in suspension in the liquid phase and the 

flocs are formed, which are an agglutination of different microorganisms (bacteria, 

filamentous bacteria, protozoa etc.); and (ii) the (secondary) sedimentation tank or 

clarifier, where the suspended solids settle down (secondary sludge) and the effluent is 
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clarified (Figure 2.1). In addition to these two units, there is a sludge recirculation 

system responsible for the return to the aeration tank of part of the suspended solids 

that settle in the clarifiers (von Sperling, 2007a; Tchobanoglous et al., 2014). 

 

 
Figure 2.1 – Main variables in activated sludge systems. 

Source: von Sperling (2007a). 

Where: S0 = influent substrate concentration (total BOD) (mg.L
-1

 or g.m
-3

); S = effluent 

substrate concentration (soluble BOD) (mg.L
-1

 or g.m
-3

); Q = influent flow (m
3
.d

-1
); 

Qr = return sludge flow (m
3
.d

-1
); Qex = excess sludge flow (m

3
.d

-1
); X = mixed liquor 

suspended solids concentration (mg.L
-1

 or g.m
-3

); X0 = influent suspended solids 

concentration (mg.L
-1

 or g.m
-3

); Xr = return activated sludge suspended solids 

concentration (mg.L
-1

 or g.m
-3

); V = reactor volume (m
3
). 

 

The term ‘activated sludge’ is a reference to the recirculation of the sludge, mainly 

consisting of bacteria, which promotes a very high concentration of active bacteria in 

the aeration tank, allowing a high consumption of organic matter and nutrients in AS 

systems. The liquid phase in the aerated reactor is commonly referred to as the ‘mixed-

liquor suspended solids’ (MLSS). The excess sludge produced that is not recirculated 

to the treatment system is removed from the system and sent to the sludge treatment 

plant (von Sperling, 2007a; Tchobanoglous et al., 2014). 

The two most common types of AS systems are conventional activated sludge and 

activated sludge with extended aeration. In the activated sludge process, the hydraulic 

retention time (HRT) is relatively short, normally a matter of hours. On the other hand, 

the cell residence time (CRT) or sludge age (θc), which represents the period of time 

the biomass stays in the system, is considerably longer (in the order of days), as a 

consequence of the sludge recirculation (von Sperling, 2007a; Tchobanoglous et al., 

2014). Conventional AS are associated with lower MLSS, HRT and θc (2,500-4,000 mg 

VSS.L-1, 16-24 h, and 18-30 d, respectively), whilst extended aeration AS are 

associated with greater MLSS, HRT and θc (1,500-3,500 mg VSS.L-1, 6-8 h, and 4-10 

d, respectively) (von Sperling, 2007a). 
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Table 2.1 presents expected removal efficacies of some physico-chemical parameters 

in activated sludge systems. Analysing a conventional AS plant, Kitajima et al. (2014) 

found low concentrations of biochemical oxygen demand (BOD=11-28 mg.L-1) and total 

suspended solids (TSS 4-26 mg.L-1) in the final effluent. Wen et al. (2009) observed 

removal rates for BOD (96.4%) and ammonium ion (NH4
+-N – 93.3%) consistent with 

numbers presented in Table 2.1, but lower removal rate for COD (82.3%). Tandukar et 

al. (2007) also verified similar BOD and COD removals (97.8 and 96.1%, respectively) 

to the ones in Table 2.1, but lower values for NH4
+-N (66.9%). 

 

Table 2.1 – Typical removal efficacies (%) of the main parameters of pollution in 

activated sludge systems. 

Parameter 
Conventional 

activated sludge 
Extended aeration  
activated sludge 

BOD 85-93 90-97 

COD 80-90 83-93 

SS 87-93 87-93 

Ammonia >80 >80 

Total N <60 <60 

Total P <35 <35 

Source: adapted from von Sperling (2007a). 

 

2.1.2. Trickling Filters (TF) 

The concept of trickling filters (TF) emerged in England in the late 1890s and resulted 

from the use of contact filters. Unlike AS systems, TF systems consist of a simple and 

low-energy process with low operational costs and they have been used for wastewater 

secondary treatment since the early 1900s. TF systems comprise an aerobic biological 

treatment system characterised by relatively simple and low-cost construction, 

operation and maintenance. These systems consist of a tank, normally circular, filled 

with a packing medium, a material with very high permeability, such as rocks, gravel 

and coke, on which the bacteria grow and form a thin layer of fixed film (biofilm) 

USEPA (1998; 2000a; 2000b). 
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Figure 2.2 – Traditional circular trickling filter. 

Source: USEPA (2000). 

 

In TF systems, the wastewater is applied via the top of the packing medium, usually by 

rotating distributors, and percolates through the packing material towards the bottom of 

the tank and into a drainage system. During the downward flow, contact between the 

microorganisms attached to the packing medium and the wastewater promotes the 

removal of substrates, such as organic matter and nutrients, by the biofilm. The aerobic 

conditions in TF are promoted by air circulation in the empty spaces of the packing 

material and sometimes by the use of intermittent flow in such systems. The criteria 

used to design and operate TF systems are either the hydraulic loading rate (HLR) or 

the volumetric organic loading rate (Lv). In traditional TF, which have rocks or gravel as 

packing material, because of the relatively low surface area and high weight associated 

with the support medium, the rates applied are lower. However, recently, synthetic 

materials such as plastic have been used as replacements for rocks or gravel, and, as 

they are lighter and present much more surface area per unit of volume, higher depths 

and rates can be applied, resulting in lower land requirements (von Sperling, 2007a; 

Tchobanoglous et al., 2014). 

Table 2.2 presents expected removal efficacies of some physico-chemical parameters 

in TF systems. Very low concentrations of BOD (8-27 mg.L-1) and TSS (9-25 mg.L-1) 

were obtained in the final effluent of a TF plant by Kitajima et al. (2014). Zhao et al. 

(2013) observed removal rates for COD (84%) consistent with numbers presented in 
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Table 2.2, lower removal rates for TSS (77%) and higher removal of nutrients (NH4
+-N 

– 78%; Total P – 92%). Nourmohammadi et al. (2013) demonstrated very high nitrogen 

removal efficacy in TF systems, with removal rates of 99% for NH4
+-N, as 

concentrations decreased from 26.8 to 0.29 mg.L-1; effective nitrification was confirmed 

as levels of nitrate (NO3
--N) increased from 8.8 to 27 mg.L-1. The system also appeared 

to be very effective at removing organic matter, with BOD removal rates above 95% 

(Nourmohammadi et al., 2013). 

 

Table 2.2 – Typical removal efficacies (%) of the main parameters of pollution in 

trickling filter systems. 

Parameter Low rate trickling filter High rate trickling filter 

BOD 85-93 80-90 

COD 80-90 70-87 

SS 87-93 87-93 

Ammonia 65-85 <50 

Total N <60 <60 

Total P <35 <35 

Source: adapted from von Sperling (2007a). 

 

2.2. Wastewater reuse 

In practice, all wastewater produced is, to some extent, ‘reused’, though not 

necessarily directly. Examples of direct reuse include agricultural irrigation, 

aquaculture, and various domestic (e.g. toilet flushing) and industrial activities. 

However, when treated wastewater is discharged directly to river catchments, it is 

indirectly reused, in that the downstream water body is often used for recreational 

activities, including fishing, swimming and kayaking, agriculture and even for drinking 

water abstraction. The schematic presented in Figure 2.3 shows different types of 

direct and indirect reuse activities. 

As wastewater reuse is potentially an economically attractive and sustainable option for 

water resource management, more countries are investing in technologies capable of 

providing and utilising reclaimed water. For example it has been recently estimated that 

there are now more than 3,300 water reclamation facilities around the world, Most of 

these are located in the US (>1,800 facilities) and Japan (>800 facilities), whereas in 

the EU there are approximately 230 facilities (FAO, 2013). 
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Figure 2.3 – Potential routes for direct and indirect wastewater reuse. 
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According to Angelakis and Durham (2008), approximately 700 million cubic metres of 

treated wastewater were reused in Europe in 2004 and reuse potential is in the region 

of 2.5 billion cubic metres per year in EU and EUREAU1 states. In the UK, only 3 

million cubic metres of treated wastewater were reused in 2005, but this number is 

expected to increase ten-fold by 2025 (Angelakis and Durham, 2008). In addition, 

many cities, including London, rely on treated wastewater discharges into surface and 

groundwater bodies, especially during dry weather periods, to provide sufficient water 

for their needs (Angelakis et al., 2007; Angelakis and Durham, 2008). 

 

2.2.1. Wastewater reuse standards 

Although the reuse of reclaimed water presents potential benefits, the lack of standards 

and/or regulations remains a limiting factor for wastewater reuse. It is important, 

therefore, to consider the development and adoption of appropriate, evidence-based 

regulations to protect human health and sustainable development. Countries such as 

the United States, Australia, Japan, China and Israel have already established 

regulations and/or guidelines with regards to wastewater reuse in agriculture 

(Angelakis et al., 2007). In the EU, as previously mentioned, there are no common 

standard guidelines, with each Member State being responsible for creating its own 

regulations. In fact, several EU Member States, such as Spain, Cyprus and France, are 

currently developing regulation or guidelines. Italy has had regulations in place since 

2003 (Angelakis et al., 2007).  

It is important to highlight that standards and regulations should be developed using 

rational evidence-based approaches. One example of a scientific basis for this is the 

use of quantitative microbial risk assessment (QMRA – see section 3.4), which 

considers an acceptable risk and multiple health protection measures. 

The most recent World Health Organisation (WHO) guidelines for wastewater reuse in 

agriculture (WHO, 2006) were developed using the QMRA approach, based on an 

‘acceptable risk’ of 10-6 ‘disability-adjusted life years’ (DALY) and various potential 

health protection measures (multiple barriers), including wastewater treatment, crop 

restriction, irrigation technique, application time, control of human exposure, etc. 

(WHO, 2006; FAO, 2013). Figure 2.4 shows different options for risk reduction from 

pathogens in treated wastewater that is reused for agricultural irrigation according to 

                                                

1
 EUREAU is the Union of National Associations of Water Suppliers and Wastewater Services from EU 

and EFTA countries. The association contain 27 members: 24 out of the 28 EU member countries (all but 
Estonia, Lithuania, Latvia and Slovenia); 2 EFTA countries (Norway and Switzerland); and 1 Observer 
Member (Serbia). (http://www.eureau.org/). 
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the WHO guidelines. In option A, for instance, which considers root crops that may be 

eaten uncooked, to achieve the acceptable risk of 10-6 DALY, the total pathogen 

reduction suggested is 7.0 log10, achieved by a combination of wastewater treatment 

(4 log10), pathogen die-off between the last irrigation and crop consumption (2 log10), 

and reduction as a result of normal household washing of the crops with water prior to 

consumption (1 log10) (Figure 2.4). On the other hand, in option C, which considers drip 

irrigation of high-growing crops such as fruit trees, the scenario is different. In this case, 

the same acceptable risk of 10-6 DALY is achieved by combining a lower degree of 

wastewater treatment (2 log10) with a higher pathogen die-off rate between the last 

irrigation and consumption (4 log10), totalling a 6 log10 pathogen removal (Figure 2.4). 

 

 
Figure 2.4 – Options for reduction of microorganisms by different combinations of 

protection measures (multiple barriers) that achieve the health-based target of 

≤ 10-6 DALY per person per year. 

Source: Adapted from WHO (2006). 
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The QMRA approach is, therefore, dependent on reliable information with regards to 

the different components of the model, including wastewater treatment. According to 

Smeets et al. (2006), the quantification of pathogen removal in treatment systems is 

crucial to the probabilistic estimation of pathogen levels in the final treatment product 

(e.g. final effluent or drinking water). This probability value can then be used in the 

QMRA model (Haas et al., 1999) as an alternative to values obtained from monitoring 

programmes, which, according to some studies, is where the main uncertainty lies 

(Teunis et al., 1997; WHO, 2001). This then raises the need for more information 

regarding the removal rates of different microorganisms in different wastewater 

treatment systems and also probability estimates of final concentrations, for instance 

using stochastic modelling. 

Stochastic modelling (see section 3.5) has been successfully applied in other related 

scientific fields, for instance to provide more accurate input data to QMRA models in 

food microbiology and to assess the effect of environmental factors on microbial growth 

and decay (Baranyi, 2002; Poschet et al., 2003; Kutalik et al., 2005; Ponciano et al., 

2005). More recently, the use of stochastic modelling has been proposed to calculate 

removal coefficients of viruses in AS and TF treatment systems, coefficients which 

could be used to estimate the quality (in terms of viral concentration) of final effluents of 

such WWTP, taking into account variations observed around specific monitoring 

parameters (Dias et al., 2015). According to Poschet et al. (2003), single outcome 

(deterministic) models do not provide enough information to make statistically correct 

decisions, whereas stochastic models incorporate variation (range of values) to 

empirical data, which better supports decision-making processes. This corroborates the 

idea of using stochastic modelling to produce more reliable information on the removal 

of viral pathogens for use in QMRA studies associated with the reuse of treated 

wastewater. 

The QMRA approach has already been successfully used to support the formulation of 

regulations associated with drinking water quality (WHO, 2011a; USEPA, 2012a) and 

the reuse of wastewater in agriculture (NRMMC/EPHC/AHMC, 2006; WHO, 2006). 

Therefore, it is believed that if the input variables of the model (such as the removal of 

pathogens during wastewater treatment) are carefully addressed, QMRA represents an 

evidence-based tool that could be further used for the development of new regulations 

and evidence-based interventions to protect human health from enteric viral pathogens 

present in treated wastewater. 
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2.3. The EU Urban Wastewater Treatment Directive 

In order to monitor and evaluate viral pathogen removal in wastewater treatment 

systems as a basis for controlling the microbial risks associated with the discharge of 

treated wastewater into water bodies, appropriate, evidence-based policy and 

regulations are necessary. In the late twentieth century, the European Union (EU) 

began to take responsibility for controlling urban wastewater treatment in the European 

Union, for instance via the Council Directive 91/271/CEE, more commonly referred to 

as the Urban Wastewater Treatment Directive (CEU, 1991). 

Directive 91/271/EEC defines ‘urban wastewater’ as a mix of domestic and industrial 

wastewater as well as run-off rain water, and states that the urban wastewater entering 

the collection system has to be submitted to secondary treatment or its equivalent 

(CEU, 1991). The Directive also states the minimum treatment, expressed as the 

minimum removal efficacy (%) or maximum limit concentration for organic matter (BOD 

and COD), total suspended solids and nutrients (total nitrogen and total phosphorus). A 

summary of the efficacies and concentrations is presented in Table 2.3. In the case of 

‘sensitive areas’, which according to the Directive 91/271/EEC are defined as “waters 

which are found to be eutrophic or which in the near future may become eutrophic if 

protective action is not taken”, “surface freshwaters intended for the abstraction of 

drinking water which could contain more than the concentration of nitrate laid down 

under the relevant provisions of Council Directive 75/440/EEC of 16 June 1975” or 

“areas where further treatment than that prescribed in Article 4 of this Directive is 

necessary to fulfil Council Directives”, it is also stated that the wastewater must be 

submitted to more stringent treatment process before being discharged to the 

environment (CEU, 1991). 

Controversially, although Directive 91/271/EEC encourages reuse activities, stating 

“treated wastewater shall be reused whenever appropriate”, it does not mention limit 

concentrations of pathogenic or indicator microorganisms in final effluents, or minimum 

removal efficacy by different treatments processes. According to the Directive, it is the 

responsibility of individual EU Member States to develop their own national regulations. 

Thus, it is reasonable to posit that the Urban Wastewater Treatment Directive does not 

fully recognise the role of wastewater treatment as one of a series of multiple barriers 

in the water cycle to prevent the onward transmission of excreta- and waterborne 

diseases. In order to protect public health, there are other Directives that underlie water 

quality regulations for different activities in Member States, including the Water 

Framework Directive 2000/60/EC (CEU, 2000), the Bathing Water Directive 

76/160/EEC (CEU, 1976) as amended by Directive 2006/7/EC (CEU, 2006a), the 
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Freshwater Fish Directive 2006/44/EC (CEU, 2006b), and the Shellfish Waters 

Directive 2006/113/EC (CEU, 2006c). 

 

Table 2.3 – Requirements for discharges from urban wastewater treatment plants 

according to Directive 91/271/EEC. 

Parameter Concentration 
Minimum 

reduction
(a)

 (%) 
Reference method of 

measurement 

BOD 25 mg.L
-1

 O2 70 – 90 Determination of dissolved 
oxygen before and after five-
day incubation at 20±1ºC in 
complete darkness. 

COD 125 mg.L
-1

 O2 75 Homogenized, unfiltered, 
undecanted sample 
potassium dichromate. 

TSS 35 mg.L
-1

 
(10,000 to 100,000 p.e.) 

90 Filtering of representative 
sample through a 0.45 μm 
filter membrane. Drying at 
105ºC and weighing  

Total P
 (b)

 • 2 mg.L
-1 

(10,000-100,000 p.e.) 
• 1 mg.L

-1 

(> 100,000 p.e.) 

80 Molecular absorption 
spectrophotometry 

Total N
 (b, c)

 • 15 mg.L
-1 

(10,000-100,000 p.e.) 
• 10 mg.L

-1 

(> 100,000 p.e.) 

70 – 80 Molecular absorption 
spectrophotometry 

(a)
 reduction in relation to the load of the influent; 

(b)
 one or both parameters may be applied 

depending on the local situation; 
(c)

 Total N means the sum of total Kjeldahl nitrogen (organic 
and ammoniacal nitrogen), nitrate-nitrogen and nitrite-nitrogen; p.e. = population equivalent. 

Source: adapted from CEU (1991). 

 

2.4. The burden of human water- and excreta-borne disease 

Although wastewater reuse offers numerous environmental and economic benefits, a 

matter of considerable societal concern is the potential risks to human health 

associated with contact with high levels of waterborne pathogenic microorganisms in 

the wastewater. Acute gastroenteritis, associated with the ingestion of polluted water, is 

recognised by the World Health Organisation (WHO) to be one of the leading global 

causes of human morbidity and mortality (WHO, 2011b). 

Every year, approximately 250 million people become infected with waterborne 

pathogens, leading to over 10 million deaths (Zamxaka et al., 2004; Wilkes et al., 

2009). Diarrhoeal disease alone is responsible for the deaths of 1.5 million people 

every year (WHO, 2012). The burden of human disease associated with recreational 

and agricultural activities using contaminated water has been estimated to have an 

annual economic cost of around US$ 12 billion (Shuval, 2003). 
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The majority of deaths associated with diarrhoea in the world (approximately 88%) are 

thought to be caused by unsafe drinking water or inadequate sanitation or hygiene: 

more than 99% of these deaths occur in low-income countries, and around 84% of 

those are children (WHO, 2009). 

Although low-income countries are responsible for the bulk of the economic and 

societal burden of human waterborne diseases, human ill health resulting from enteric 

infections also has significant impacts on the socio-economic status of the inhabitants 

of high-income countries, despite the widespread use of relatively ‘advanced’ 

wastewater and drinking water treatment technologies (WHO, 2011b; Lin and Ganesh, 

2013). Waterborne disease cases in high-income countries are thought to be most 

often associated with failures in wastewater treatment and drinking water treatment and 

distribution (Hunter, 2010), as well as with the impacts on the water cycle of extreme 

weather events (Cann et al., 2013). 

One method to measure the health status of a given population is the ‘global burden of 

disease’ (GBD), introduced in the 1990s by the WHO in co‐operation with Harvard 

University and the World Bank. Using this approach, the impacts of both non-fatal 

conditions (morbidity) and deaths (mortality) associated with diseases are computed for 

a given population (Murray and Lopez, 1996). The GBD is measured using the concept 

of ‘disability-adjusted life years’ (DALY), which is calculated from the sum of years of 

life lost to premature death (YLL) and the years of healthy life lost as a result of 

disability (YLD) (Murray and Lopez, 1996). More simply put, the DALY value for a 

population encompasses the number of deaths and the period of time lost to sickness 

among non-fatal cases of a disease. In terms of GBD, the difference between high and 

low-income countries is less evident, with diarrhoeal diseases the second leading 

cause of disease burden (behind only lower respiratory infections) in both groups: 72.8 

million DALY (4.8% of the total) in high-income countries; versus 59.2 million DALY 

(7.2% of the total) in low-income countries (WHO, 2008). 

 

2.5. Enteric microorganisms present in municipal wastewater 

A wide variety of microbial species are found in natural waters and wastewaters, 

including examples of bacteria, archaea, protozoa, helminths, fungi, rotifers, algae and 

viruses. Many of these microorganisms are ‘free-living’ (autochthonous), harmless to 

humans and may be essential to the ecological equilibrium of aquatic environments. 

On the other hand, some (normally allochthonous) organisms that can cause a wide 

variety of illnesses in humans may be present in aquatic environments. These 

organisms are defined as ‘pathogens’ and fall into four major taxonomic groups: 
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bacteria, viruses, protozoa and helminths (von Sperling, 2007b; Tchobanoglous et al., 

2014). Table 2.4 presents the typical range of concentration of the main enteric 

microorganisms that may be found in untreated wastewater.  

Pathogens commonly found in wastewaters have normally previously been egested by 

humans (and other animals) and can cause a wide spectrum of diseases in humans. 

The principal enteric pathogens and their respect diseases and symptoms are 

presented in Table 2.5. 

 

Table 2.4 – Typical concentrations of enteric microorganisms present in untreated 

wastewater. 

Microorganisms Typical concentration in raw wastewater (MPN.100mL
-1

) 

Total coliforms 10
7
 – 10

13
 

Thermotolerant coliforms 10
6
 – 10

9
 

E. coli 10
6
 – 10

9
 

Faecal streptococci 10
4
 – 10

7
 

Protozoan cysts 10
1
 – 10

4
 

Helminth eggs 10
0
 – 10

3
 

Viruses 10
2
 – 10

4
 

Source: Adapted from von Sperling (2007b) and Tchobanoglous et al. (2014). 

 

Of the pathogenic microorganisms, bacteria are generally the most sensitive to 

disinfection processes (WHO, 2011a). Potentially, pathogenic bacteria may be free-

living and grow in the environment, e.g. Legionella spp. However, enteric bacteria 

normally do not grow in water, and usually survive in this environment for shorter 

periods than protozoa, helminths and viruses (WHO, 2011a). Many species of bacteria 

that are pathogenic to humans can also be carried by other animals (WHO, 2004; 

WHO, 2011a). 

The largest pathogenic microorganisms are found amongst the protozoa and helminths 

are the largest of the pathogenic microorganisms (protozoa: 10 to 50 μm (Yaeger, 

1991); helminth eggs: 20 to 80 μm (Jimenez, 2007)), are generally more resistant to 

disinfection processes than bacteria and viruses and may survive for relatively long 

periods in water environments. However, as a result of their relatively large size, these 

parasites can more easily be removed from water by physical processes. Examples of 

common waterborne parasites include: Giardia lamblia and Cryptosporidium parvum 

(protozoa); Ascaris lumbricoides and Trichuris trichuria (helminths). 
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Table 2.5 – Principal organisms found in untreated wastewater and their respective 

diseases and symptoms. 

Microorganism Disease Remarks/symptoms 

Bacteria   

Campylobacter jejuni Gastroenteritis Diarrhoea 

Escherichia coli 
(enteropathogenic) 

Gastroenteritis Diarrhoea 

Salmonella typhi Typhoid fever 
High fever, diarrhoea, ulceration 
of small intestine 

Shigella (four spp.) Shigellosis Bacillary dysentery 

Vibrio cholerae Cholera 
Extremely heavy diarrhoea, 
dehydration 

Protozoa   

Cryptosporidium parvum Cryptosporidiosis Diarrhoea 

Giardia lamblia Giardiasis 
Mild to severe diarrhoea, 
nausea, indigestion 

Entamoeba histolytica Amebiasis 
Prolonged diarrhoea with 
bleeding, abscesses of the liver 
and small intestine 

Helminths   

Ascaris lumbricoides Ascariasis Roundworm infestation 

Taenia saginata Taeniasis Beef tapeworm 

Taenia solium Taeniasis Pork tapeworm 

Trichuris trichiura Trichuriasis Whipworm 

Viruses   

Adenovirus (31 types) Respiratory disease  

Hepatitis A virus Infectious hepatitis Jaundice, fever 

Norwalk agent (including 
norovirus) 

Gastroenteritis Vomiting 

Rotavirus Gastroenteritis  

Enteroviruses (more than 100 
types, e.g. polio, echo, and 
coxsackie virus) 

Gastroenteritis, heart 
anomalies, meningitis 

 

Source: Adapted from von Sperling (2007b) and Tchobanoglous et al. (2014). 

 

The smallest human pathogens are found amongst the viruses (typically 20 to 400 nm 

in diameter (Heritage, 2003)) and because their relatively small size these organisms 

are not easily removed by the physical processes commonly encountered in 

wastewater treatment systems (e.g. sedimentation and filtration). Viruses can survive in 

the environment for relatively long periods: for example, Norovirus survive for up to two 

weeks (Seitz et al., 2011) and Adenovirus survive for up to twelve weeks (El-Senousy 

et al., 2014), and are consequently usually more resistant to disinfection processes 

than bacteria and have relatively low infective doses (WHO, 2011a). Viruses 

demonstrate a considerable degree of host specificity (WHO, 2004) and, therefore, 

human enteric viruses, with some exceptions, are not commonly carried by non-human 

animals (WHO, 2011a). 
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2.5.1. Enteric viruses 

Waters polluted with faecal material may contain a wide variety of viruses originating 

from the human gastro-intestinal tract. These viruses are commonly referred to as 

‘enteric viruses’. It is estimated that over one hundred viral species of enteric origin are 

present in municipal wastewaters, many of which are capable of causing illnesses in 

humans (Bosch, 1998; Tchobanoglous et al., 2014). Viruses are small and relatively 

simple infectious particles, with a nucleic acid core (single- or double-stranded RNA or 

DNA), enclosed in a protein coat or capsid, and, in some cases, a lipid coat (Grabow, 

2001; Withey et al., 2005). The morphological characteristics of some common 

waterborne viruses are presented in Table 2.6. 

 

Table 2.6 – Morphological characteristics of human enteric viruses. 

Genus Common name Nucleic acid Structure 

Calicivirus Norovirus Spherical ssRNA Nonenveloped 

Mastadenovirus Adenovirus Linear dsDNA Nonenveloped 

Rotavirus Rotavirus Spherical dsDNA 
(segmented) 

Nonenveloped 

Enterovirus Poliovirus, Coxsackievirus A 
& B, Echovirus 

Linear ssRNA Nonenveloped 

Enterovirus Hepatitis A Spherical ssRNA Nonenveloped 

Enterovirus Hepatitis E Spherical ssRNA Nonenveloped 

Source: adapted from USEPA (2015). 

 

Numerous outbreaks of human infectious disease have been associated with contact 

with waters contaminated with enteric viruses (Leclerc et al., 2002; Parashar et al., 

2003; Parashar et al., 2006; Belguith et al., 2007; Maunula et al., 2009; Sidhu et al., 

2012; Murray et al., 2013). This may be because the infectious doses of human enteric 

viruses are considerably lower than those associated with bacterial infections, being as 

low as one to ten infectious viral particles (Teunis et al., 2008). Additionally, enteric 

viruses have been shown to be more resistant to some disinfection methods and to be 

more persistent in aquatic environments than bacteria (Nwachcuku and Gerba, 2004; 

Girones et al., 2010; Hall, 2012; Lin and Ganesh, 2013). As a consequence, outbreaks 

are more frequently associated with viral than with bacterial infections (Vantarakis and 

Papapetropoulou, 1999; Sinclair et al., 2009). 

Viruses that cause waterborne diseases include rotaviruses, noroviruses and 

adenoviruses. Rotaviruses comprise one of the leading non-bacterial causes of 

diarrhoea worldwide, especially in children (Parashar et al., 2006; Fumian et al., 2011; 

WHO, 2011a; Xue et al., 2013). Noroviruses are also responsible for outbreaks of 

acute gastroenteritis in children and adults worldwide (Victoria et al., 2010; Sima et al., 
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2011; WHO, 2011a). Human adenoviruses can cause a wide range of diseases, 

including respiratory and ocular infections, and gastroenteritis (Kuo et al., 2010; Sidhu 

et al., 2012). 

There are two main laboratory techniques commonly used for the detection and 

enumeration of human enteric viruses in water samples, namely tissue culture and 

molecular detection. Tissue culture techniques involve the growth of animal tissue or 

cells in a liquid, semi-solid or solid medium, which is then inoculated with the sample. 

The presence and infectivity of viruses are then determined by the destruction of the 

cells (cytopathic effect), which is observed by microscopy (Wyn-Jones and Sellwood, 

2001). Alternatively, the molecular approach targets specific segments of the 

pathogen’s genome (DNA or RNA) using polymerase chain reaction (PCR) technology. 

In PCR, the specific segments are subjected to in vitro amplification in order to reach 

the detection level (Girones et al., 2010). PCR is a highly specific and sensitive 

molecular method, and some variations, such as real-time quantitative PCR (RT-

qPCR) methods, allow the quantification of the genome sequences (Girones et al., 

2010). 

A summary of the advantages and disadvantages of the methods commonly used for 

the detection of human enteric viruses in water samples is presented in Table 2.7. 

Although cell-culture methods have the advantage of providing infectivity information, 

they usually involve very long processing times and tend to be more labour-intensive 

and expensive than PCR techniques. Some viruses, such as Adenovirus serotypes 40 

and 41, are slow-growing on tissue culture (Jiang, 2006), whilst others, such as 

Noroviruses, cannot currently be cultivated in vitro at all (Liu et al., 2007; Thorne and 

Goodfellow, 2014). Recently, much effort has been expended on the development of 

molecular techniques to detect and quantify viral pathogens (Heim et al., 2003; Choi 

and Jiang, 2005; Jothikumar et al., 2005; Trujillo et al., 2006; Le Guyader et al., 2009; 

Wolf et al., 2010; Sidhu et al., 2012). Although availability and affordability of molecular 

methods for the detection and enumeration of human enteric viruses have increased in 

recent years, these methods generally remain unaffordable for routine monitoring in 

high- and (particularly) low-income countries (Symonds and Breitbart, 2014). In 

addition, PCR techniques do not distinguish between infective and non-infective 

microorganisms (Girones et al., 2010) and may overestimate the risk these organisms 

pose to human health. Conversely, PCR methods may also present inhibition of the 

amplification steps because of the presence of certain substances, especially when 

analysing wastewater samples (Hedman and Radstrom, 2013). 

It is known that viral particles are found in low concentrations in water samples, 

especially surface waters, drinking water and wastewater final effluents. In addition, 
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enteric viruses have a wide range of isoelectric points (Ferguson et al., 2003), and their 

electrostatic charge depends on the pH level of the matrix. As a consequence of the 

electrical charge of viruses, they are sometimes adsorbed to suspended particles 

present in the water. Concentration and elution methods are often required prior to the 

detection and/or enumeration of viruses in water samples (Wyn-Jones and Sellwood, 

2001; Hamza et al., 2009). 

 

Table 2.7 – Summary of the advantages and disadvantages of the methods 

commonly used for the detection of human enteric viruses in water samples. 

Method Advantages Disadvantages 

Cell culture • Provides quantitative data; 
• Infectivity can be determined. 

• Long processing time (days to 
weeks); 

• Relatively more expansive than PCR; 
• Not all viruses can grow in cell culture 

(e.g. Nv). 
PCR • Rapid; 

• Increased sensitivity and 
specificity compared to cell 
culture. 

• Usually quantitative; 
• Inhibition may be present in 

environmental matrices; 
• Infectivity cannot be determined. 

RT-qPCR • Provides quantitative data; 
• Confirmation of PCR product is 

not required; 
• Can be done in a closed 

system, which reduces risk of 
cross-contamination. 

• The lower limit of quantification is 
higher than the lower limit of 
detection, so qPCR can be 
considered less sensitive than 
presence/absence PCR; 

• Can be more affected by inhibitors 
present in environmental matrices 
than culture methods; 

• Infectivity cannot be determined. 
RT-qPCR = real-time quantitative Polymerase Chain Reaction. 
Source: Adapted from USEPA (2015). 

 

Elution methods aim to modify the electrical charge of viruses (to negative or positive) 

by, respectively, increasing or reducing the pH of the water sample to a value above or 

below the isoelectric point (Hamza et al., 2009). The three different approaches 

commonly used involve the use of: beef extract solution at pH 9.5; glycine solution at 

pH 9; sodium hydroxide (NaOH) solution at 9.5-11.5; and skimmed milk at pH 9 (Wyn-

Jones and Sellwood, 2001). Methods based on low pH solutions, such as 0.05 M 

Monopotassium phosphate (KH2PO4), 1.0 M sodium chloride (NaCl), 0.1% Tween 80 

solution at pH 4, have also been proposed (Hamza et al., 2009). 

Concentration methods are commonly based on elution/adsorption, coagulation-

flocculation, entrapment techniques and ultracentrifugation. Some examples of the 

application of these approaches include: electronegative membranes (Katayama et al., 

2008); skimmed-milk flocculation (Calgua et al., 2013); ultrafiltration (Sidhu et al., 

2012); and ultracentrifugation (Pina et al., 1998). 
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In general, with regard to the detection and quantification of viral pathogens in water 

samples, both cell culture and molecular techniques present issues associated with 

levels of detection (sensitivity), complexity, timeliness and costs of analytical methods. 

In addition, lack of standardisation for sample preparation (elution and concentration 

methods) and both tissue culture and molecular techniques are also problematic 

(Persing, 2004; USEPA, 2015). There remains, therefore, an urgent need for 

appropriate, and low-cost, viral indicators, the presence of which relates closely to the 

presence of common waterborne viral pathogens in wastewater treatment systems. 

 

2.5.1.1. Norovirus 

Norovirus (Nv), also called Norwalk-like viruses, are small (38-40 nm in diameter) 

round structured viruses, with a non-enveloped capsid and a positive single-strand 

RNA genome (Liu et al., 2007; Victoria et al., 2010). Nv are classified in the genus 

Norovirus, within the Caliciviridae family (Liu et al., 2007). Another genus within the 

Caliciviridae family, which includes viruses capable of infecting humans, is Sapovirus 

(Sima et al., 2011). Additionally, five genetically diverse genogroups of Nv have been 

described (G1 to G4), the groups G1, G2 and G4 being those observed to be capable 

of infecting humans (Zheng et al., 2006; Victoria et al., 2010; Sima et al., 2011).  

Nv represent one of the leading causes of non-bacterial acute gastroenteritis 

worldwide, with cases of infection in children and adults in both high and low-income 

countries (Victoria et al., 2010; Sima et al., 2011; WHO, 2011a; Murray et al., 2013). 

The main transmission route is faecal-oral. Thus, food and water comprise the major 

exposure routes (Liu et al., 2007; Victoria et al., 2010; Murray et al., 2013). Contact 

with contaminated shellfish is also a widely reported cause of Nv outbreaks (Hewitt et 

al., 2011). Outbreaks of waterborne acute gastroenteritis caused by Nv are well 

documented in the literature (Hafliger et al., 2000; Beuret et al., 2002; Borchardt et al., 

2003; Parshionikar et al., 2003), as mentioned in Liu et al. (2007). According to Teunis 

et al. (2008), Nv have an infectious dose of 10-100 infectious virions (viral particles). 

Sima et al. (2011) have reported that Nv are shed at high titre in faeces during the 

acute phase of the infection and for three weeks after symptoms have subsided, 

reaching concentrations of 1011 particles per gramme of faeces (Atmar, 2010). As a 

consequence, Nv are detected in high concentrations in domestic wastewater (van den 

Berg et al., 2005; Haramoto et al., 2008; Katayama et al., 2008). The concentration of 

Nv in municipal wastewater can be higher than 103 genome copies per litre (Hewitt et 

al., 2013). 
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To date, Nv cannot be detected by a cell culture assay (Liu et al., 2007; Le Guyader et 

al., 2009; Victoria et al., 2010; Thorne and Goodfellow, 2014). Among the methods that 

can be used is electron microscopy (Liu et al., 2007). However, much effort has been 

employed in the development of PCR techniques (Trujillo et al., 2006; Victoria et al., 

2010; He et al., 2011; Sima et al., 2011; Murray et al., 2013), and the real-time 

quantitative polymerase chain reaction (RT-qPCR) has been shown to be one of the 

most sensitive methods available for identifying and enumerating Nv (Victoria et al., 

2010). 

 

2.5.1.2. Human adenovirus 

Human adenoviruses (HAdv) are medium-sized (90-100 nm diameter) viruses, with a 

non-enveloped capsid and a linear double-stranded DNA genome (Jiang, 2006; Hewitt 

et al., 2013). HAdv belong to the genus Mastadenovirus, within the Adenoviridae family 

(Choi and Jiang, 2005; Kuo et al., 2010). Over 50 different serotypes of human 

adenoviruses have been reported, classified into six groups or species (A-F) (Van 

Heerden et al., 2003; Kuo et al., 2010). HAdv serotypes 40 and 41 – herein referred to 

as HAdv40 and HAdv41 – which belong to group F, have been reported to be 

responsible for waterborne cases of gastroenteritis in children (He and Jiang, 2005; 

Kuo et al., 2010; Sidhu et al., 2012). 

HAdv are ubiquitous pathogens in humans and can cause a wide range of diseases, 

including respiratory and ocular infections, gastroenteritis and others (Kuo et al., 2010; 

Hewitt et al., 2011; Sidhu et al., 2012; Hewitt et al., 2013). Infections by HAdv can 

occur via the respiratory route, but the faecal-oral route is considered the predominant 

one (Van Heerden et al., 2003; Jiang, 2006; Kuo et al., 2010). HAdv are shed in human 

faeces in concentrations of up to 1011 viral particles per gramme of faeces (Fields et al. 

(2007) cited in Hewitt et al. (2011)). Thus, their presence is commonly reported in raw 

wastewater, final effluents and aquatic environments (Kuo et al., 2010; Hewitt et al., 

2011). HAdv concentrations in municipal wastewater of over 105 to 106 copies per litre 

have been observed (Hewitt et al., 2011; 2013). Jothikumar et al. (2005), citing other 

authors, mention that HAdv have been identified as a cause of waterborne disease 

worldwide (Leclerc et al., 2002) and that HAdv40 and HAdv41 are one of the leading 

causes of childhood diarrhoea, behind only rotaviruses (Allard et al., 2001). Outbreaks 

resulting from recreational activities in waters containing HAdv have also been reported 

(Sinclair et al., 2009). 

As previously mentioned, HAdv can be detected using cell culture techniques, but the 

host cells are very slow growing (Jothikumar et al., 2005; Jiang, 2006), requiring up to 
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three weeks for cytopathogenic effects to be noticed (Heim et al., 2003). Therefore, a 

search for alternative methods is underway, and as for Nv, the use of PCR techniques 

for detecting and quantifying HAdv in water samples has also been recently explored 

(Jothikumar et al., 2005; Kuo et al., 2010; Sidhu et al., 2012). 

 

2.6. Traditional FIB and the need for novel indicator organisms 

Testing water samples for the entire range of human pathogenic organisms that may 

be present and which may pose a potential risk to human health is not feasible as it 

would be both very costly and labour-intensive (Savichtcheva and Okabe, 2006). 

Instead, routine monitoring of the microbiological quality of water has been based on 

the detection and enumeration of ‘faecal indicator organisms’, or groups of organisms, 

that share similar characteristics with certain pathogenic enteric microorganisms 

(Savichtcheva and Okabe, 2006; Yates, 2007). 

According to the UK Environment Agency (UKEA, 2002) and the World Health 

Organisation (WHO, 2011a), the key criteria for an ‘ideal indicator organism’ of faecal 

pollution of waters are: (i) that they be present in high concentrations in the faeces of 

humans and other warm-blooded animals, and therefore present in municipal 

wastewaters; (ii) be present in faeces and environmental waters in higher numbers 

than pathogens; (iii) have similar survival characteristics as pathogens in environmental 

waters and treatment process; (iv) be unable to multiply in the environment; and (v) be 

detectable by simple, rapid and low-cost laboratory techniques. 

In practice, there is no indicator organism that fulfils all criteria mentioned above, 

especially in relation to the presence of enteric viral pathogens and protozoan parasites 

(UKEA, 2002). This is because, as mentioned earlier, viral pathogens tend to be both 

more resistant to wastewater treatment processes and more persistent during 

purification treatments than bacteria (Nwachcuku and Gerba, 2004; Girones et al., 

2010; Hall, 2012; Lin and Ganesh, 2013). However, the presence of some bacteria, 

such as faecal (or thermotolerant) coliforms, E. coli and intestinal enterococci in 

environmental waters may indicate the presence of intestinal pathogens (USEPA, 

2004; WHO, 2006). These bacteria are referred to as ‘faecal indicator bacteria’ (FIB). 

FIB have been used for over a century to indicate potential faecal contamination of 

water and, therefore, the possible presence of human enteric pathogens (WHO, 2001; 

USEPA, 2004; WHO, 2006).  

Several studies have shown that the presence of enteric viruses does not always 

correlate with the detection of bacterial indicators (Baggi et al., 2001; Skraber et al., 

2004a; Skraber et al., 2004b; Espinosa et al., 2009; Jurzik et al., 2010; Morens et al., 
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2010). Additionally, it has been reported in the literature that enteric viruses have been 

detected in raw, surface water, ground water and treated drinking water despite quality 

standards for FIB being achieved (Cho et al., 2000; Pusch et al., 2005). Microbial 

quality monitoring using FIB (as well as FIB-based QMRA models) may therefore 

underestimate the likely presence of viral pathogens in waters and also the associated 

health risks (Symonds and Breitbart, 2014). The development of simple, affordable 

laboratory techniques for the rapid detection and enumeration of enteric viruses and/or 

viral indicators is therefore crucial to ensure improvements in microbial safety 

(Symonds and Breitbart, 2014). 

Amongst the novel viral indicators proposed as potential viral indicators are 

bacteriophages (commonly referred to as ‘phages’), which are viruses capable of 

infecting bacteria. The three groups of phages most commonly used for water quality 

monitoring include F-specific RNA and somatic coliphages, as well as phages that 

infect Bacteroides spp. (Grabow, 2001). Bacteriophages are considered to be better 

predictors of human enteric virus persistence and environmental behaviour than FIB 

because of similarities such as composition, morphology, structure, size and site of 

replication (Grabow, 2001; Sinton et al., 2002; Diston et al., 2012). The incidence and 

survival of phages in aquatic environments resemble those of human viruses more 

closely than most other bacterial indicators commonly used (Lin and Ganesh, 2013). 

Although correlations between the concentrations of human enteric viruses and phages 

can be poor, an important observation is that phages appear to be as resistant as viral 

pathogens to environmental inactivation and to commonly used disinfection processes 

(Kott et al., 1974; Simkova and Cervenka, 1981; Stetler, 1984; Yates et al., 1985; 

Grabow, 1986). This makes phages potentially effective model organisms (WHO, 

2001) for assessment of risks to human health associated with contact with raw and 

partially treated wastewaters. 

Therefore, as previously stated, more information about the persistence of viral 

pathogens, FIB and phages in full-scale wastewater treatment processes (as well as 

information on their relative abundance at each treatment stage) is urgently required in 

order to assess and control the health risks associated with wastewater discharge and 

reuse (Carducci et al., 2009; Symonds and Breitbart, 2014; USEPA, 2015). 

 

2.6.1. Faecal indicator bacteria 

Faecal indicator bacteria (FIB) are bacteria that are considered to be non-pathogenic 

and which are commonly used to indicate possible faecal contamination of waters, in 

accordance with the legislative requirements of many countries (Wu et al., 2011). As 



27 

they are commonly found in the faeces of humans or other animals (such as mammals 

and birds) (Savichtcheva and Okabe, 2006), their presence in waters may be 

associated with the presence of pathogenic enteric microorganisms, which may 

represent a potential human health hazard. 

The bacteria most commonly used as faecal indicators are: total coliforms; faecal (or 

thermotolerant) coliforms; and intestinal enterococci (which are broadly synonymous 

with the former ‘faecal streptococci’ group). All these groups are composed of various 

species of bacteria with similar morphology and phenotypic characteristics. 

Additionally, there is a single species from the thermotolerant coliform group, namely 

Escherichia coli, which is increasingly used as a FIB. 

Several epidemiological studies conducted by the US Environmental Protection Agency 

(USEPA, 2014) have shown that among the most commonly used FIB, levels of E. coli 

and intestinal enterococci are most likely to correlate positively with Nv G1 illness in 

recreational users of fresh waters, whereas in marine waters intestinal enterococci 

seem to better indicate this health risk. However, controversially, several US States 

continue to use faecal coliforms as their primary FIB for recreational waters (USEPA, 

2014). 

 

2.6.1.1. Coliform bacteria and Escherichia coli 

The coliform group is composed of Gram-negative rod-shaped bacteria (bacilli), 

belonging to the family Enterobacteriaceae. Coliforms, also referred to as ‘total 

coliforms’, are classified as facultative anaerobic bacteria that ferment lactose at 35-

37ºC within 48 hours, contain the enzyme β-galactosidase and are oxidase-negative 

(UKEA, 2002; WHO, 2011a). The coliform group comprises bacteria of faecal origin but 

also free-living organisms, which are not of faecal origin and which can readily grow in 

the environment (von Sperling, 2007b; WHO, 2011a). 

The ‘thermotolerant coliforms’ represent a sub-group of the coliforms that are able to 

ferment lactose at 44-45ºC (UKEA, 2002; WHO, 2011a). Thermotolerant coliforms are 

often referred to as ‘faecal coliforms’. However, this group may also present as free-

living organisms, i.e., of non-faecal origin, especially in tropical and sub-tropical 

climates. Therefore, it has been suggested that the term ‘thermotolerant coliform’ is 

more appropriate (von Sperling, 2007b). 

Escherichia coli bacteria belong to the family Enterobacteriaceae and are capable of 

fermenting lactose at 44ºC within 24 hours and producing indole from tryptophan 

(UKEA, 2002; WHO, 2011a). Most members of the species also produce the enzyme 

β-glucuronidase, which can be detected using specific fluorogenic or chromogenic 
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substrates (UKEA, 2002; WHO, 2011a). E. coli are found at high concentrations in the 

faeces of warm-blooded animals. Most strains of the species are harmless, although 

there are some pathogenic strains associated with diseases of humans and other 

animals (UKEA, 2002; WHO, 2011a). E. coli has been extensively used as an indicator 

of faecal contamination in environmental waters. 

 

2.6.1.2. Faecal streptococci and intestinal enterococci 

Faecal streptococci are bacteria that are part of the genus Streptococcus. These 

bacteria are Gram-positive cocci (round-shaped). They grow aerobically and 

anaerobically in the presence of bile salts, are oxidase-negative and catalase-negative 

(UKEA, 2002; WHO, 2011a). Among faecal streptococci there is a group of bacteria 

referred to as intestinal enterococci. This sub-group was separated from faecal 

streptococci because they are relatively specific to faecal pollution, being found in the 

faeces of warm-blooded animals (UKEA, 2002; WHO, 2011a). Intestinal enterococci 

include the species E. faecalis, E. faecium, E. durans and E. hirae (WHO, 2011a). 

Along with E. coli, intestinal enterococci have been extensively used as an indicator of 

faecal contamination in environmental waters. 

 

2.6.2. Bacteriophages 

Bacteriophages were independently discovered in the 1910s: in 1915 by Frederick 

Twort in England; and in 1917 by Felix d’Herelle in France (Pelczar et al., 1988). 

Phages active against all known species of bacteria have been identified and a wide 

diversity of phage types have been isolated (USEPA, 2015). Bacteriophages may be 

defined as viruses that are capable of infecting prokaryotic organisms and, as are all 

viruses, are obligate intracellular parasites, with a reproduction cycle that depends on 

host cell metabolism (Withey et al., 2005; Tchobanoglous et al., 2014). Phages consist 

of a nucleic acid molecule (single-stranded (ss) or double-stranded (ds) DNA or RNA), 

a protein coat (or capsid), and, in some cases, a lipid membrane envelope (Grabow, 

2001; Pillai, 2006). The capsid is commonly called the ‘head’ of the phage, which may 

or may not be tailed (Grabow, 2001). Figure 2.5 presents a schematic representation of 

major phage groups. 
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Figure 2.5 – Major phage groups. 

Source: Ackermann (2003). 

 

Bacteriophages have been classified into 13 different phylogenetic families (Pillai, 

2006). Phages infecting Escherichia coli, including somatic and F-specific coliphages, 

and those infecting Bacteroides spp. have been used extensively for monitoring 

microbiological water quality (IAWPRC, 1991; Jofre et al., 1995; Grabow, 2001; Ebdon 

et al., 2007; Vijayavel et al., 2010; Ebdon et al., 2012). More recently, phages that 

infect Enterococcus have also been proposed as potential indicators of faecal pollution 

of aquatic environments (Bonilla et al., 2010; Santiago-Rodriguez et al., 2010; Purnell 

et al., 2011). 

Table 2.8 presents the morphological characteristics of some bacteriophages. The 

three groups of bacteriophages mainly used for water quality control, namely somatic 

and F-specific coliphages and phages infecting B. fragilis, are described in more detail 

in the following sections. 
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Table 2.8 – Morphological characteristics of bacteriophages. 

Type Family 
(Examples) 

Nucleic acid Structure 

Somatic coliphages  Myoviridae 
(T2, T4) 

Linear dsDNA Non-enveloped, contractile 
tail, consisting of a sheath 
and central tube  

Somatic coliphages  Podoviridae 
(T3, T7, P22) 

Linear dsDNA Non-enveloped, short non-
contractile tail  

Somatic coliphages  Microviridae 
(ΦX174) 

Circular dsDNA Non-enveloped, isometric  

Somatic coliphages and  Siphoviridae 
(λ, T1, T5) 

Linear dsDNA Non-enveloped, long non-
contractile tail  Bacteroides phages  

F-specific RNA coliphages 
(Genogroups I, II, III, IV)  

Leviviridae 
(MS2, Qβ, F2) 

Linear ssRNA Non-enveloped, isometric  

F-specific DNA coliphages  Tectiviridae 
(PR772) 

Linear dsDNA Non-enveloped, cubic 
capsid (icosahedral), no 
tail  

F-specific DNA coliphages  Inoviridae 
(M13) 

Circular ssDNA Non-enveloped, 
filamentous  

Source: adapted from USEPA (2015). 

 

2.6.2.1. Somatic coliphages 

Somatic coliphages are DNA phages belonging mainly to the families Myoviridae, 

Siphoviridae, Podoviridae and Microviridae that infect strains of E. coli through the 

bacterium’s outer membrane, and are probably the most-extensively studied group of 

phages to date (BSI, 2001; Grabow, 2001; Lucena and Jofre, 2010). Somatic 

coliphages have been isolated from human and non-human faeces (Lucena and Jofre, 

2010), and are potentially capable of multiplying in water environments if the specific 

host bacterium is metabolising in the matrix (Grabow, 2001). However, data indicate 

that somatic coliphages rarely, if ever, replicate in aquatic environments under 

environmental conditions (USEPA, 2015) and, when they do, the replication has an 

insignificant effect on the concentrations found by the standard laboratory methods 

commonly used (Jofre, 2009). 

This group of phages can be easily detected and enumerated by plaque assays (BSI, 

2001; USEPA, 2001), and among the host strains commonly used are E. coli strain 

CN13 (ATCC 700609), E. coli strain C (ATCC 13706), and E. coli strain CN (ATCC 

700078), also known as WG-5 (BSI, 2001; USEPA, 2001). Phage culture stocks used 

in studies include ϕX174 (ATCC 13706-B1), T4, T7, PRD1 (BSI, 2001; USEPA, 2001; 

Lucena and Jofre, 2010). 

According to the former IAWPRC (1991), somatic coliphages are usually found in the 

faeces of humans and other animals, such as cattle, pigs, birds and other mammals, 

and at relatively high concentrations, reaching values as high as 8.0 log10 per gramme. 

This group of phages is therefore consistently found in high numbers in wastewaters 
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(at approximately 3.0 to 4.0 log10 pfu.mL-1) and similar numbers are reported in different 

parts of the world (Dhillon et al., 1970; Ignazzitto et al., 1980; Furuse et al., 1981; 

Havelaar and Hogeboom, 1984). Somatic coliphages have been proposed as potential 

surrogates of enteroviruses, as their decay rates during treatment processes, their 

seasonal variation, and their resistance to environmental factors and chlorination may 

be similar (Kott et al., 1974; Simkova and Cervenka, 1981; Stetler, 1984). 

 

2.6.2.2. F-specific coliphages 

F-specific coliphages are bacteriophages that infect Gram-positive bacteria, including 

E. coli, through their sex pili, for this reason being also referred to as sexual coliphages 

(Lucena and Jofre, 2010). F-specific coliphages can be DNA (F-specific DNA or F-

DNA) or RNA phages (F-specific RNA or F-RNA). F-DNA phages belong to the 

Inoviridae family while F-RNA phages belong to the Leviviridae family (Lucena and 

Jofre, 2010). As F-RNA phages are classified into four serological types, and because 

they are physically, structurally and morphologically very similar to human enteric 

viruses, they have been frequently used as surrogate organisms (Havelaar et al., 1993; 

Grabow, 2001). As is the case for somatic coliphages, the replication of F-specific 

coliphages in aquatic environments is considered to be very unlikely (Jofre, 2009; 

USEPA, 2015). 

F-specific coliphages can also be detected and enumerated by plaque assays 

(USEPA, 2001; BSI, 2002). Among the host strains normally used are E. coli strain Famp 

(ATCC 700891), Salmonella typhimurium strain WG-49 (NCTC 12484) and E. coli K-12 

Hfr (NCTC 12486 or ATCC 23631) (USEPA, 2001; BSI, 2002). The bacteriophage 

stock culture mostly used in studies is the MS-2 (NCTC 12487 or ATCC 15597-B1), but 

Qβ and f2 phage are also available (USEPA, 2001; BSI, 2002; Lucena and Jofre, 

2010). 

F-specific phages are not commonly found in the faeces of humans and other animals 

(Dhillon et al., 1976; Osawa et al., 1981; Havelaar et al., 1986; Havelaar et al., 1990), 

but are frequently isolated from wastewater samples and at relatively elevated levels 

(between 3.0 and 4.0 log10 pfu.mL-1) (IAWPRC, 1991). Therefore, the presence of F-

specific phages in waters does not necessarily suggest faecal contamination, but 

rather, the presence of wastewater discharges. F-RNA male-specific coliphage groups 

have been investigated as candidate indicators of viral and faecal contamination of 

waters, providing specific information on the origin of the contamination (Cole et al., 

2003). 
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2.6.2.3. Phages infecting strains of Bacteroides spp. 

Bacteroides are strictly anaerobic, Gram-negative bacteria that are members of the 

human gastrointestinal microbiota (Grabow, 2001). Most Bacteroides spp. phages have 

a very narrow host range (Lucena and Jofre, 2010). Some strains, such as B. fragilis 

HSP-40 and GB-124, and B. thetaiotaomicron GA-17, are able to identify human-

specific contamination (Tartera et al., 1989; Payan et al., 2005; Ebdon et al., 2007), 

whilst others, such as B. fragilis RYC-2056, are not (Lucena and Jofre, 2010). These 

characteristics are highly relevant to the field of microbial source tracking (MST).  

A rapid (approximately 24 hour) plaque assay is also available for phages that infect 

Bacteroides spp. host strains (BSI, 2003b). Among the bacterial host strains commonly 

used are Bacteroides fragilis RYC-2056 (ATCC 700786), HSP-40 (ATCC 51477) and 

GB-124 (BSI, 2003b; Payan et al., 2005; Lucena and Jofre, 2010). Bacteriophage 

reference cultures include B56-3 (ATCC 700786-B1) and B40-8 (BSI, 2003b; Lucena 

and Jofre, 2010). 

Tartera and Jofre (1987) cited concentrations of phages infecting B. fragilis between 

3.0 and 7.0 log10 pfu. mL-1 in wastewaters, which are greater than those observed for 

enteric viruses (Tartera et al., 1988). Importantly, bacteriophages infecting B. fragilis 

have not been detected in waters unpolluted by human faecal material (Tartera et al., 

1988). Hence, the presence of B. fragilis phages in waters indicates contamination with 

human faeces (IAWPRC, 1991). B. fragilis host strain GB-124 was isolated by Payan et 

al. (2005) from municipal wastewater samples sourced in Southeast England (UK) and 

phages of this host strain have been shown to be very good indicators of human faecal 

contamination in aquatic environmental samples (Ebdon et al., 2007; Ebdon et al., 

2012). 

 

2.7. Enteric viruses and indicator organisms in municipal wastewater 

This section presents a review of the extant literature on the microorganisms 

investigated during this research study, namely human adenovirus (HAdv), norovirus 

(Nv), faecal indicator bacteria, including faecal coliforms (FC) and intestinal enterococci 

(IE), bacteriophages, including somatic coliphages (SOMPH), F-RNA coliphages 

(F-RNAPH) and phages infecting B. fragilis (Bf124PH). The focus of this review is to 

address the current knowledge and understanding of the prevalence of these 

microorganisms in raw wastewater and treated effluents, as well as existing evidence 

of their removal rates at various steps in the treatment processes investigated. 

With the aim of developing toolboxes for rapid detection of human and non-human Adv 

and Nv in wastewater samples, Wolf et al. (2010) used isolates of known viruses to 
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evaluate RT-qPCR assays. The results showed that the molecular methods used 

appeared to be highly sensitive (i.e., detection of true positives) and specific (i.e., no 

detection of false negatives). HAdv-F and Nv G1 and G2 were systematically detected 

in municipal wastewater samples, with a detection rate of 100, 82 and 82%, 

respectively. Concentrations of HAdv-F and Nv G2 were also shown to be highly 

variable, ranging from 4 to 10 log10 and from ‘not-detected’ to 6 log10 copies.L-1, 

respectively (Wolf et al., 2010). 

In order to identify the optimum methodology for the quantitative detection of HAdv by 

real-time PCR in small volumes (10 mL) of wastewater samples, Sidhu et al. (2012) 

tested five commercial DNA extraction kits: Macherey-Nagel Nucleospin (NS) 

(Macherey-Nagel, Düren, Germany); Epicentre MasterPure complete DNA and RNA 

purification kit (EC) (Epicentre, Madison, USA); Qiagen DNeasy Blood and Tissue kit 

(BT) (Qiagen, Hilden, Germany); QIAamp® DNA Stool Mini kit (ST) (Qiagen, Hilden, 

Germany); Mo-Bio PowerSoil DNA isolation kit (MB) (Mo Bio Laboratories, Carlsbad, 

USA). Table 2.9 presents the mean and range concentrations of HAdv obtained using 

the different DNA extraction kits tested. HAdv were systematically detected at high 

concentrations in wastewater samples using all kits, and the concentrations obtained in 

the study corresponded with previous findings (Fong et al., 2005; He and Jiang, 2005; 

Carducci et al., 2009). The authors concluded that HAdv can be detected from 

relatively small samples of wastewater (10 mL) in a rapid, reliable way by using the 

method and kits studied. 

 

Table 2.9 – Mean and range concentrations (copies.100mL-1) of HAdv obtained 

using different DNA extraction kits. 

DNA extraction kit Mean concentration Concentration range 

BT 6.73 5.98-7.25 

EC 6.53 5.89-6.98 

NS 6.19 5.52-6.67 

ST 6.00 5.36-6.24 

MB 5.72 5.02-6.13 
BT = Qiagen DNeasy Blood and Tissue kit; EC = Epicentre MasterPure complete DNA and 
RNA purification kit; NS = Macherey-Nagel Nucleospin; ST = QIAamp® DNA Stool Mini kit ; 
MB = Mo-Bio PowerSoil DNA isolation kit. 
Source: Sidhu et al. (2012). 

 

In a study undertaken in the US, Kuo et al. (2010) used RT-qPCR to enumerate 

different species of HAdv (species A, C and F) in municipal wastewater samples 

collected from a membrane bioreactor (MBR) WWTP. Of the 32 samples processed, 

28, 32 and 27 (87.5, 100 and 84.4%, respectively) were positive for HAdv species A, C 

and F, respectively (Kuo et al., 2010). The overall concentration of HAdv in the raw 
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wastewater and primary sedimentation effluent was between 6 and 7 log10 copies.L-1, 

which indicates little or no removal in the primary treatment step. An increase of 

approximately 2 log10 was observed from the primary sedimentation effluent to the AS 

mixed liquor (MBR inlet), which indicates that viruses are mostly associated with solids 

(Kuo et al., 2010). In the final effluent the numbers ranged from 3 to 4 log10 copies.L-1, 

corresponding to a global removal rate of approximately 3 log10 (Kuo et al., 2010). 

In New Zealand the influent and effluent of ten WWTP, including activated sludge (AS), 

waste stabilisation ponds (WSP) and moving bed biofilm (MBB) systems, were tested 

for Adv and Nv by the RT-qPCR technique (Hewitt et al., 2011). In 30 influent samples, 

Adv were detected 27 times (90% detection rate), and the concentrations ranged from 

3.25 to 8.62 log10 copies.L-1, similar to values reported in other studies (Schvoerer et 

al., 2001; Bofill-Mas et al., 2006; Katayama et al., 2008). Additionally, the 

concentrations of total Adv and HAdv-F obtained by RT-qPCR were similar, which 

indicates that HAdv-F is the most prevalent species among Adv. Nv G1 and G2 were 

detected in 50% and 43% of the tested samples of influent, with concentration ranges 

of 2.11-4.64 and 2.19-5.46 log10 copies.L-1, respectively (Hewitt et al., 2011). In the 

effluent, Adv, Nv G1 and Nv G2 were detected in 90, 57 and 57% of the 30 samples 

processed, respectively, with concentration ranges of 2.97-6.95, 2.18-5.06 and 2.88-

5.46 log10 copies.L-1, respectively (Hewitt et al., 2011). From these results, the removal 

of Adv was shown to be limited (0.5-1.0 log10), and no removal of Nv G1 and Nv G2 

was demonstrated in the assessed WWTP (Hewitt et al., 2011). 

Also in New Zealand, another study conducted by the same authors provided data on 

levels of enteric viruses in municipal wastewater (Hewitt et al., 2013). In total, 12 

primary screened influent samples and 25 treated effluent samples were tested. HAdv 

and HAdv-F were detected in all influent and effluent samples, while detection 

frequencies of Nv G1 and G2 were, respectively, 67 and 75% in the influent and 72 and 

76% in the effluent. Correlation coefficients between Adv and HAdv-F were high: 

r = 0.92 in influent samples and r = 0.83 in effluent samples (Hewitt et al., 2013). The 

concentrations of HAdv-F, Nv G1 and Nv G2 in the influent were equal to 5.4, 4.8 and 

5.4 log10 copies per litre (Hewitt et al., 2013). In terms of persistence, Nv G2 were 

barely removed in the WWTP studied, whereas Nv G1 and HAdv-F were removed at 

low rates, 1.0 and 0.5 log10, respectively (Hewitt et al., 2013). 

As mentioned previously, as FIB are found in the faeces of human and other animals 

and are therefore associated with enteric pathogens, they have been widely used as 

indicators. One study undertaken in the UK using FIB, more specifically total coliforms 

(TC), faecal coliforms (FC) and intestinal enterococci (IE), demonstrated that the 

concentrations of these microorganisms were significantly different in effluents 
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subjected to different levels of treatment (primary, secondary and tertiary), and were 

also influenced by different flow conditions (Kay et al., 2008). Tables 2.10 and 2.11 

present the concentrations and removal rates of the three FIB groups studied. In 

general, the concentrations of the FIB groups in raw wastewater samples were high, 

6.0, 6.8 and 7.2 log10 cfu.100mL-1 for IE, FC and TC, respectively (Table 2.10). For the 

three FIB, an increase in levels was observed (0.1-0.2 log10) during the primary 

treatment step, followed by removal rates of 1.4-1.6 log in the secondary (biological) 

treatment, and 1.8-2.3 log10 in the tertiary step (Table 2.10). AS and TF systems 

presented similar removal rates at the secondary (biological) treatment step: 1.4-1.7 

and 1.3-1.5 log10, respectively (Table 2.11). 

 

Table 2.10 – Concentrations (sample size) and removal rates of total coliforms, 

faecal coliforms and intestinal enterococci at consecutive steps in wastewater 

treatment. 

  TC FC IE 
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Raw wastewater 7.24 (532) 6.82 (534) 5.97 (534) 

Primary effluent 7.44 (144) 6.97 (141) 6.10 (142) 

Secondary effluent 6.05 (1036) 5.55 (1048) 4.49 (1053) 

Tertiary effluent 3.73 (190) 3.73 (187) 2.47 (185) 

R
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0
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Primary step -0.20 -0.15 -0.13 

Secondary step 1.39 1.47 1.61 

Tertiary step 2.32 1.82 2.02 

Global removal 3.51 3.09 3.50 

TC = total coliforms; FC = faecal coliforms; IE = intestinal enterococci. 
Concentrations given as log10 cfu.100mL

-1
. 

Source: Kay et al. (2008). 

 

Table 2.11 – Concentrations (sample size) and removal rates of total coliforms, 

faecal coliforms and intestinal enterococci in secondary (biological) wastewater 

treatment steps: activated sludge and trickling filter. 

Organism 

Activated Sludge Trickling Filter 

Effluent 
concentration 

Removal rate 
(log10) 

Effluent 
concentration 

Removal rate 
(log10) 

TC 5.92 (348) 1.52 6.15 (548) 1.29 

FC 5.52 (354) 1.45 5.65 (553) 1.32 

IE 4.40 (353) 1.70 4.63 (559) 1.47 

TC = total coliforms; FC = faecal coliforms; IE = intestinal enterococci. 
Concentrations given as log10 cfu.100mL

-1
. 

Source: Kay et al. (2008). 

 

Correlations between pathogens and indicators have been investigated using indicator-

pathogen pair data sets collected between 1970 and 2009 in a study by Wu et al. 

(2011). Indicators included total coliforms, thermotolerant coliforms (faecal coliforms), 

E. coli, faecal streptococci, enterococci, coliphages (including F-specific and somatic 
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coliphages), F-specific coliphages and F-RNA coliphages, whereas pathogens included 

Campylobacter, Salmonella, Vibrio cholerae, enteroviruses, rotaviruses, noroviruses, 

Cryptosporidium and Giardia. Of the 540 indicator-pathogen pairs analysed, only 223 

pairs presented significant correlations, whilst in 313 cases they were not statistically 

correlated (Wu et al., 2011). The study demonstrated that the microorganisms that 

were more likely to be correlated with pathogens were total coliforms, faecal 

streptococci, C. perfringens, coliphages and F-specific coliphages, the latter being the 

organism that best indicated levels of viral pathogens (Wu et al., 2011). On the other 

hand, the presence of enterococci and E. coli is considered to indicate faecal pollution 

and, therefore, a potential hazard to human health (Wu et al., 2011). More interestingly, 

the investigators concluded that indicator microorganisms cannot, as individuals, 

indicate the presence of all pathogens in waters, but over the longer term, in specific 

cases and with a sufficiently big dataset, FIB and other indicators can reliably predict 

the pathogenic contamination of waters (Wu et al., 2011). 

Victoria et al. (2010) tested 24 influent and 24 effluent samples from an activated 

sludge WWTP in Brazil for Nv using RT-qPCR methods. Nv G2 were detected in 16 

influent samples (66.7% detection rate) and 10 effluent samples (41.7% detection rate); 

Nv G1 were detected in only one influent sample and one effluent sample (4.2% 

detection rate). Quantitative results were also obtained as follows: 3.4 and 2.8 log10 

copies.L-1 of Nv G1 in influent and effluent samples, respectively; 3.9 and 3.5 log10 

copies.L-1 of Nv G2 in influent and effluent samples, respectively (Victoria et al., 2010). 

The removal rates of total and faecal coliforms obtained in the study were 

approximately six times higher than for Nv (Victoria et al., 2010). 

Flannery et al. (2012) analysed the concentration of Nv, E. coli and F-RNAPH in raw 

wastewater, primary sedimentation effluent and AS effluent samples in Ireland. The 

concentration of Nv G1 (3.32±0.64 log10 copies.100mL-1) and Nv G2 (3.55±0.89 log10 

copies.100mL-1) were very similar in raw wastewater samples, approximately 2 log10 

lower than the levels of F-RNAPH (5.54±0.51 log10 pfu.100mL-1) and 3 log10 lower than 

the levels of E. coli (6.54±0.59 log10 cfu.100mL-1) (Flannery et al., 2012). Removal rates 

in the primary treatment step were very similar for E. coli and both groups of Nv 

(approximately 0.15 log10), whilst for F-RNAPH it was slightly higher (approximately 

0.30 log10). The removal rates observed in the secondary treatment step for the enteric 

viruses were significantly lower than for the FIB (Flannery et al., 2012): 0.64 log10 for 

Nv G1; 0.77 log10 Nv G2; 1.3 log10 E. coli; 1.8 log10 F-RNAPH. Final concentrations 

were 2.53±0.57 and 2.63±0.71 log10 copies.100mL-1 for Nv G1 and G2, respectively, 

5.06±0.58 log10 cfu.100mL-1 for E. coli and 3.41±0.77 log10 cfu.100mL-1 for F-RNAPH. 
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No correlations between the levels of organisms were observed in influent or effluent 

samples (Flannery et al., 2012). 

Aw and Gin (2010) analysed Nv G1, Nv G2, Adv, SOMPH and F-RNAPH in 18 raw 

wastewater and 18 secondary effluent samples collected from three activated sludge 

WWTP In Singapore. All samples tested were positive for enteric viruses and phages. 

The concentrations in wastewater samples of Nv G1 and Nv G2 were very similar (5.4-

5.5 log10 copies.100mL-1), and slightly higher than the concentration of Adv (5 log10 

copies.100mL-1); the levels of SOMPH and F-RNAPH were, respectively, 5.3 and 4.6 

log10 pfu.100mL-1 (Aw and Gin, 2010). SOMPH (3.3 log10) were more effectively 

removed than F-RNAPH (2.6 log10), followed by Adv (2.0 log10) and Nv G1 and G2 (1.6 

log10) in the combined primary and secondary treatment steps (Aw and Gin, 2010). 

Significant correlations (Spearman’s rho) in raw wastewater samples were observed 

between levels of SOMPH and Adv (p-value < 0.05) and levels of F-RNAPH and Nv G2 

(p-value < 0.01) (Aw and Gin, 2010). 

In the USA, six WWTP comprising AS systems, followed by a disinfection process, 

were monitored for a period of one year (Rose et al., 2004). The combination of 

primary and secondary treatment resulted in removal rates of coliphages and 

enteroviruses of approximately 2 log10, whereas for the FIB (total coliforms, faecal 

coliforms and intestinal enterococci) removal rates were slightly higher, at around 2.2-

2.3 log10. Global removal rates (including disinfection processes) varied between 3 and 

4 log10 for coliphages and enteroviruses, whereas for FIB they ranged from 5 to 6 log10. 

Although no correlation between levels of coliphages and enteric viruses was 

observed, the authors suggested the possibility of using the levels of phages to predict 

the absence of enteric viruses, as culturable enteroviruses were not detected in final 

effluent samples when levels of coliphages were below 10 pfu.100mL-1 (Rose et al., 

2004). 

In Italy, a total of 29 raw wastewater and 29 final effluent samples (AS + chlorination) 

were analysed for Nv G1, Nv G2, Adv, SOMPH. IE and E. coli (Carducci et al., 2009). 

Adv were found in all influent and effluent samples using RT-qPCR methods, whereas 

using qualitative PCR Nv G1 and Nv G2 were found, respectively, in 100% and 77.8% 

of influent samples and in 77.8% and 11.0% of effluent samples (Carducci et al., 2009). 

Adv mean concentrations in influent and effluent samples were, respectively, 5.80±5.20 

and 3.18±2.70 log10 copies.mL-1, which resulted in a removal rate of 2.10±0.53 log10. 

The removal (primary and secondary treatment steps combined) of SOMPH (2.16±0.42 

log10, reduction from 8.46±8.30 to 6.40±6.46 log10 pfu.100mL-1) were similar to the 

removal rates of Adv, whereas the removal of FIB were lower: 1.60±0.36 log10 removal 

of E. coli (reduction from 6.81±6.92 to 5.15±5.28 log10 cfu.100mL-1); 1.60±0.58 log10 
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removal of IE (reduction from 5.99±5.93 to 4.36±4.36 log10 cfu.100mL-1) (Carducci et 

al., 2009). No significant correlations were found between the levels of FIB, SOMPH 

and HAdv, while linear regression analysis resulted in positive correlation between 

SOMPH and HAdv. 

Ottoson et al. (2006) tested the removal of Nv, FIB and phages in in AS, MBR and 

upflow anaerobic sludge blanket (UASB) treatment processes (pilot scale) treating 

municipal wastewater in Sweden. Table 2.12 presents the removal rates observed in 

the three WWTP monitored. In all wastewater treatment process tested, FIB and 

phages were more easily removed than human enteric viruses. In the MBR plant, the 

removal of FIB (4.5-5.0 log10) were higher than phages (2.3-3.4 log10), followed by Nv 

(1.1 log10), whereas in the AS plant the removal of FIB and F-RNAPH were similar (3.2-

3.5 log10), followed by the removal of SOMPH (2.3 log10) and Nv (1.0 log10) (Ottoson et 

al., 2006). The study also included the analysis of a tertiary filtration step, which 

contributed an additional 1.0 log10 removal of Nv, 2.3 log10 removal of SOMPH and 3.5 

log10 removal of F-RNAPH (Ottoson et al., 2006). The authors suggested that the 

removal of SOMPH was considered to reflect the removal of human enteric viruses, 

whilst the use of F-specific phages as an index of human viruses was considered to be 

questionable. 

 

Table 2.12 – Removal rates (log10) of different microorganisms in AS, MBR and 

UASB WWTP in Sweden. 

Organism As removal MBR removal UASB removal 

Nv 0.95±0.84 1.14±0.88 - 

E. coli 3.23±0.76 4.97±0.89 1.94±0.78 

IE 3.17±0.90 4.52±1.12 1.75±0.81 

SOMPH 2.32±0.62 3.08±0.70 0.76±0.66 

F-RNAPH 3.47±0.84 3.78±0.85 2.38±0.15 

Source: Ottoson et al. (2006). 

 

A study to compare the ability of AS and MBR treatment works to remove FIB and 

phages was performed in Italy (De Luca et al., 2013). Table 2.13 presents the main 

findings. In the MBR influent the concentrations of F-RNAPH were notably high 

(6.85±0.44 log10 pfu.100mL-1), followed by E. coli, IE and phages infecting Bacteroides 

sp. (6.02±0.41 and 5.94±0.43 log10 cfu.100mL-1, and 5.90±0.22 log10 pfu.100mL-1, 

respectively), and finally by SOMPH (3.87±1.69 pfu.100mL-1, respectively). No 

significant correlation (p-value > 0.05) was observed between the levels of three 

groups of phages in the pre-treated effluent. In terms of removal rates, the MBR 

system was shown to remove both FIB and phages significantly more effectively than 

AS (De Luca et al., 2013). No clear trends were observed between the removal of 
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phages and FIB in either treatment systems: AS presented removal rates of 2.7-3.0 

log10 for E. coli, IE and SOMPH, and 1.5-2.2 log10 for F-RNAPH and Bf124PH; while in 

the MBR system the removal rates were 6.8 log10 for F-RNAPH, 5.8 log10 for IE and 

Bf124PH, and 3.9-4.4 log10 for SOMPH and E. coli (see Table 2.13). 

 

Table 2.13 – Concentrations and removal rates of FIB and phages in AS and MBR 

systems. 

Organism 
Pre-treated 

influent 
AS 

effluent 
AS 

removal 
MBR 

effluent 
MBR 

removal 

E. coli 6.02±0.41 3.37±0.38 2.7 1.67±0.32 4.4 

IE 5.94±0.43 2.92±0.62 3.0 0.17±0.33 5.8 

SOMPH 3.87±1.69 0.86±1.14 3.0 0.00±0.00 3.9 

F-RNAPH 6.85±0.44 4.64±0.80 2.2 0.10±0.20 6.8 

Bf.PH 5.90±0.22 4.41±0.95 1.5 0.11±0.21 5.8 

Concentrations of bacteria given as log10 cfu.100mL
-1

 and concentrations of phages given as 
log10 pfu.100mL

-1
. Removal rates given as log10. 

Source: De Luca et al. (2013). 

 

In the southeast of the UK, Bacteroides host strain GB-124 has been shown to be a 

good indicator of faecal contamination of human origin, with phages infecting B. fragilis 

GB-124 being found in the effluent of 29 different WWTP, with levels ranging from 2.00 

to 4.70 log10 pfu.100mL-1, while from 30 non-human samples (cattle, horses, pigs, 

poultry, rabbits and sheep) phages infecting B. fragilis GB-124 were not detected 

(Ebdon et al., 2007). According to these authors, the observed levels of somatic 

coliphages in surface water samples were greater than those of phages infecting 

B. fragilis, as has also been reported by other authors (Tartera and Jofre, 1987; Tartera 

et al., 1989; Lucena et al., 1994). 

In another study, conducted in the southeast of the UK, 12 faecal samples of human 

origin and 19 samples of non-human origin were analysed for GB-124 Bacteroides 

phages, (Bf124PH) human adenoviruses (HAdv) and noroviruses (Nv) (Ebdon et al., 

2012). None of the three studied microorganisms were detected in the non-human 

samples, whereas Bf124PH, HAdv and Nv were detected in 100, 58 and 25% of the 

samples of human origin, respectively (Ebdon et al., 2012). The authors suggested, 

therefore, that the presence of Bf124PH in municipal wastewater samples indicates 

human faecal contamination, but that their presence does not necessarily guarantee 

that HAdv and Nv will be detected in these samples. However, it was concluded that 

the absence of Bf124PH is highly likely to indicate the absence of human 

contamination and, hence, the absence of HAdv and Nv (Ebdon et al., 2012). As part of 

the study, the removal rates of SOMPH, Bf124PH, FC and IE through a TF system 

comprising polishing ponds as a tertiary treatment step were also monitored. Here, the 



40 

results demonstrated that concentrations of FC and IE were effectively reduced, (from 

approximately 6.0 and 5.0 log10 cfu.100mL-1, respectively, in the raw wastewater to 

around 3.0 and 3.5 log10 cfu.100mL-1 after secondary treatment, and 2.0 and 2.5 log10 

cfu.100mL-1 after tertiary treatment (Ebdon et al., 2012). The trends observed for 

phages were, however, markedly different: mean concentrations of F-RNAPH and 

SOMPH in the raw wastewater were equal to 4.0 and 5.0 pfu.100mL-1, respectively; a 

slight increase in the levels of both phages was observed following the primary 

(sedimentation) treatment, followed by low removal rates in the secondary and tertiary 

treatment steps. Consequently, the overall removal rate for phages during the full 

wastewater treatment process, at 0.5 log10, was considerably less than that for faecal 

indicator bacteria (Ebdon et al., 2012). 

The effect of wastewater treatment (trickling filters followed by polishing ponds) on 

levels of phages (WG-5 somatic coliphages and GB-124 Bacteroides phages) and 

faecal indicator bacteria (faecal coliforms and intestinal enterococci) was also 

investigated by Ebdon et al. (2012). The results showed that Bf124PH concentrations 

were statistically the same in both raw and treated effluent, while the removal of 

SOMPH, FC and IE was equal to, respectively, 0.50, 3.37 and 2.95 log10, showing 

greater removal of faecal bacteria in comparison with bacteriophages. From this and 

other studies (Duran et al., 2002; Ebdon et al., 2007) it can be concluded that phages 

are more resistant to the inactivation processes associated with common wastewater 

treatment processes than traditional FIB. 

More recently, Purnell et al. (2015) analysed the performance of a MBR system in the 

UK, in terms of the removal of FIB and phages. The concentration of FC in the raw 

wastewater was observed to be around 7.0 log10 cfu.100mL-1. Very low removal of FC 

was observed at the treatment steps preceding the MBR, which was responsible for a 

removal rate of 6.8 log10, resulting in very low levels of FC in the MBR product (Purnell 

et al., 2015). The levels of SOMPH, F-RNAPH and Bf124PH in raw wastewater 

samples were, respectively, 6.1, 4.3 and 4.4 log10 pfu.100mL-1. Some level of reduction 

of phages was observed at the treatment steps prior to the MBR (approximately 1-2 

log10). The removal rates of SOMPH, F-RNAPH and Bf124PH were equal to 5.3, 3.5 

and 3.8 log10, and only SOMPH were detected in the MBR product (Purnell et al., 

2015). 

From the literature, it was observed that FIB and phages are consistently found in raw 

and treated municipal wastewater (Kay et al., 2008; Carducci et al., 2009; Wu et al., 

2011; De Luca et al., 2013). The detection of human enteric viruses, on the other hand, 

is somewhat variable with high detection and/or concentrations in some cases (Aw and 

Gin, 2010; Kuo et al., 2010; Wolf et al., 2010; Sidhu et al., 2012) and low detection 
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and/or concentrations in others (Victoria et al., 2010; Hewitt et al., 2011). In addition, it 

has been observed that FIB are more effectively removed than phages and, more 

importantly, viral pathogens during wastewater treatment (Rose et al., 2004; Ottoson et 

al., 2006; Ebdon et al., 2012; Flannery et al., 2012; Purnell et al., 2015). Furthermore, 

several studies have reported no correlations between pathogens and indicator 

organisms in wastewater samples at different treatment stages (Rose et al., 2004; Wu 

et al., 2011; Flannery et al., 2012). Therefore, it is within this context that this research 

was set with the aim of investigating the concentrations and removal rates of viral 

pathogens, FIB and phages at different stages of wastewater treatment processes in 

order to determine whether FIB or phages can effectively indicate the removal of viral 

pathogens in such systems. 

 

  



42 

Chapter 3. Material and Methods 

 

3.1. Wastewater treatment sites and samples collection 

Four wastewater treatment plants (WWTP), comprising two activated sludge (AS) and 

two trickling filters (TF) treatment systems, were used to construct a comprehensive 

dataset of parameters describing treatment operation and efficacy. The selection of 

these specific four WWTP was because AS and TF comprise two of the most widely 

applied processes worldwide. In addition, the location and the scale of the WWTP 

monitored (in this study small to medium-scale) were taken into account in order to 

encompass possible effects associated with the size of population served on the 

microbiological quality of the raw wastewater. The four WWTP were located in 

southern England, within a 100-km radius of Brighton, where samples were processed 

and analysed. The WWTP monitored are described below. Table 3.1 presents consent 

data of discharge, whereas Figure 3.1 presents satellite images of each WWTP 

monitored WWTP. 

• Goddards Green WWTP (GG-WWTP) is located in the county of West Sussex 

(coordinates 50°58'13.61"N, 0°10'00.07"W) and treats the wastewater of an 

equivalent population of around 45,000 inhabitants, which contributes to a dry 

weather flow (DWF) of approximately 8,000 m3.d-1. The treatment plant is 

composed of: (i) screening and grit removal as preliminary treatment; (ii) one 

circular primary sedimentation tank (A = 314.2 m2; V = 799.0 m3); (iii) two lanes of 

extended aeration AS system (A = 3,082.0 m2; V = 10,787.0 m3) and three 

secondary sedimentation tanks (A = 942.5 m2; V = 2,332.6 m3) as secondary 

treatment; and (iv) sand filters as tertiary treatment, although they were not 

operational during this study period. 

• Hailsham North WWTP (HN-WWTP) is located in the county of East Sussex 

(coordinates 50°52'22.33"N, 0°16'22.30"E) and treats the wastewater of an 

equivalent population of around 15,000 inhabitants, which contributes to a DWF 

of approximately 1,800 m3.d-1. The treatment plant is composed of: (i) screening 

and grit removal as preliminary treatment; (ii) two circular primary sedimentation 

tanks (A = 233.8 m2; V = 751.3 m3); (iii) one anoxic tank (A = 36.0 m2; 

V = 104.4 m3) followed by an AS oxidation ditch (A = 1,062.5 m2; V = 3,612.5 m3) 

and three secondary sedimentation tanks (A = 379.4 m2; V = 1,180.0 m3) as 

secondary treatment; and (iv) three upflow sand filters (A = 37.8 m2). 
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• Scaynes Hill WWTP (SH-WWTP) is located in the county of East Sussex 

(coordinates 51°00'6.42"N, 0°02'13.40"W) and treats the wastewater of an 

equivalent population of around 33,000 inhabitants, which contributes to a DWF 

of approximately 7,300 m3.d-1. The treatment plant is composed of: (i) screening 

and grit removal as preliminary treatment; (ii) eight circular primary 

sedimentation tanks (A = 1,187.9 m2; V = 3,929.0 m3); (iii) ten TF units 

(A = 10,392.5 m2; V = 23,902.7 m3) and six secondary sedimentation tanks 

(A = 897.4 m2; V = 3,067.2 m3) as secondary treatment; and (iv) a series of 

three maturation ponds as tertiary treatment (A = 14,350 m2; V = 15,785 m3). 

• Ringmer WWTP (R-WWTP) is located in the county of East Sussex 

(coordinates 50°53'38.23"N, 0°04'49.12"E) and treats the wastewater of an 

equivalent population of around 5,000 inhabitants, which contributes to a DWF 

of approximately 850 m3.d-1. The treatment plant is composed of: (i) screening 

and grit removal as preliminary treatment; (ii) two circular primary sedimentation 

tanks (A = 135.9 m2; V = 331.5 m3); (iii) six TF units (A = 1,689.6 m2; 

V = 2,956.93 m3) and two secondary sedimentation tanks (A = 127.2 m2; 

V = 241.7 m3) as secondary treatment; and (iv) two maturation ponds in parallel 

(A = 877.4 m2; V = 1,009.0 m3). 

 

Table 3.1 – Consent data for discharge from the four wastewater treatment plants 
monitored. 

Parameter 
AS systems TF systems 

GG-WWTP HN-WWTP SH-WWTP R-WWTP 

COD 
(mg O2.L

-1
) 

125
 (a)

 125
 (a)

 125
 (a)

 125
 (a)

 

TSS 
(mg TSS.L

-1
) 

11
 (b)

 10
 (b)

 25
 (d)

 
30

 (e)
 

25
 (b)

 

Phosphorus 
(mg PO4

3-
-P.L

-1
) 

- 1.0
 (c)

 -  

Ammonia 
(mg NH4

+
-N.L

-1
) 

2.5
 (b)

 2.0
 (b)

 5
 (d)

 
10

 (e)
 

5
 (d)

 
10

 (e)
 

(a) 
Urban Wastewater Treatment Directive – Full consent values; 

(b) 
Water Resources Act 1991 – Full consent annual values; 

(c) 
Urban Wastewater Treatment Directive – Annual average result; 

(d) 
Water Resources Act 1991 – Full consent summer values; 

(e) 
Water Resources Act 1991 – Full consent winter values. 

AS = activated sludge; TF = trickling filter; GG-WWTP = Goddards Green WWTP; HN-WWTP 
= Hailsham North WWTP; SH-WWTP = Scaynes Hill WWTP; R-WWTP = Ringmer WWTP; 
COD = chemical oxygen demand; TSS = total suspended solids. 

 

In order to verify seasonal changes in the quality of raw and treated wastewater in 

terms of viral pathogens, faecal indicator organisms and physico-chemical parameters, 

a 12-month monitoring programme was set out, and samples were collected every 

fortnight from June 2013 to May 2014, which resulted in a total of 24 sampling 
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occasions. Although composite sampling methods over a period of 24 h are more 

representative, it was decided to collect samples using the grab sampling method for 

convenience. Throughout the sampling campaign samples were collected in the 

morning, between 8am and 12pm. At all sites, four different samples were collected on 

each occasion: (i) raw wastewater (RW); (ii) primary effluent – immediately after the 

primary sedimentation tanks (PST); (iii) secondary effluent – immediately after the 

secondary sedimentation tanks (SST); and (iv) final effluent – after the tertiary 

treatment systems (FE). 

 

  
AS1 – Goddards Green WWTP AS2 – Hailsham North WWTP 

  
TF1 – Scaynes Hill WWTP TF2 – Ringmer WWTP 

Figure 3.1 – Satellite images of the four WWTP monitored. 

Source: Google Earth (Google Inc.). Last accessed in December 2015. 

 

Samples were collected in pre-sterilised polyethylene bottles (autoclaved at 121ºC for 

15 minutes). Samples were stored in cooler boxes at approximately 4ºC and 

transported to the laboratory for further analysis within 4 h. The physical and chemical 

variables analysed back in the laboratory were total suspended solids (TSS), chemical 

oxygen demand (COD), total phosphorus (Total P), ammonium ion (NH4
+-N), nitrite 

(NO2
--N) and nitrate (NO3

--N), whilst the microbiological parameters included faecal 
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coliforms (FC), intestinal enterococci (IE), somatic coliphages (SOMPH), F-RNAPH 

coliphages (F-RNAPH), phages infecting B. fragilis (Bf124PH) , human adenovirus 

(F+G) (HAdv) and norovirus G1 and G2 (Nv G1 and Nv G2). 

Note: At Goddards Green WWTP (GG-WWTP) it was not possible to collect the raw 

wastewater as the whole preliminary system is covered, and it was only possible to 

collect samples following preliminary treatment (screening and grit chamber). Site GG-

WWTP did not have the tertiary treatment (sand filters) operational during this study 

period, so the post-secondary sedimentation sample is also the final effluent. 

 

3.2. Laboratory analyses 

3.2.1. Method development for the enumeration of enteric viruses 

As previously mentioned, viral particles are found in low concentrations in water 

samples, especially surface waters, drinking water and wastewater final effluents (see 

section 2.5.1). Therefore, it is often necessary to implement elution and concentration 

steps (preparation methods) prior to the detection and/or enumeration of viruses in 

water samples (Wyn-Jones and Sellwood, 2001; Hamza et al., 2009). 

In order to establish an optimal sample preparation method prior to the molecular 

assay (RT-qPCR), different elution and concentration methods, as well as 

combinations of them, were tested. One elution method tested involved the use of 

glycine 0.25 M pH 9.5 (Calgua et al., 2013). A modified version of this method was also 

tested (glycine 2.0 M pH 9.5). The two concentration methods tested involved 

skimmed-milk flocculation (Calgua et al., 2013) and ultrafiltration (Sidhu et al., 2012). 

The methods are described below. 

• Elution method using glycine 0.25 M pH 9.5: a volume of 10 mL of the sample 

was transferred to a 50-mL sterile polypropylene centrifuge tube (Fisherbrand, 

Loughborough, UK) and the viruses were eluted using 20 mL of glycine buffer 

0.25 M pH 9.5 (1:2, v/v). The sample was stirred rapidly in an orbital shaker for 

30 min at 300 rpm and then filtered through 0.22 μm polyethersulfone Millex-

GP syringe filter unit (Merck Millipore, Darmstadt, Germany) in order to 

remove bacteria and other suspended material. 

• Elution method using glycine 2.0 M pH 9.5: a volume of 10 mL of the sample was 

transferred to a 50-mL sterile polypropylene centrifuge tube (Fisherbrand, 

Loughborough, UK) and the viruses were eluted using 2.5 mL of glycine buffer 

2.0 M pH 9.5 (1:0.25, v/v). The sample was stirred rapidly in an orbital shaker 

for 30 min at 300 rpm and then filtered through 0.22 μm polyethersulfone 
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Millex-GP syringe filter unit (Merck Millipore, Darmstadt, Germany) in order to 

remove bacteria and other suspended material. 

• Concentration method skimmed milk flocculation: the pH of the samples was first 

adjusted to 3.5±0.1 by carefully adding 1.0 N HCl on the inside wall of the 

sample bottle and mixing thoroughly by vigorous stirring. The conductivity was 

checked and, when necessary, adjusted to a minimum of 1200 μS.cm-1 by 

adding artificial sea salt powder (Oxoid, Basingstoke, UK) and mixing 

thoroughly. Pre-flocculated skimmed milk (PSM) solution was added in a 

proportion of 1% (v/v), and the mix was then stirred in an orbital shaker for 30 

min at 100 rpm to allow the viruses to adsorb to the flocs. The mix was 

allowed to rest for 30 min so the flocs formed could sediment by gravity, 

before being centrifuged at 8,000 g at 4ºC for further 30 min. The supernatant 

was gently poured off, and the pellet resuspended in 1 mL of phosphate buffer 

solution (PBS). The final product was stored at 4ºC prior to further processing. 

• Concentration method using centrifugal ultrafiltration: the sample was placed in 

an Amicon Ultra-15 centrifugal filter unit (50 kDa molecular weight cutoff) 

(Merck Millipore, Darmstadt, Germany) and centrifuged at 5,000 g at 4ºC for 

10 min to obtain a final volume of less than 500 μL. For samples with volumes 

higher than 15 mL, multiple centrifugation steps were performed. The final 

volume was then adjusted to 500 μL with phosphate buffer solution (PBS) and 

stored at 4ºC prior to further processing. 

 

The combinations of elution (no elution, glycine 0.25 M pH 9.5, glycine 2.0 M pH 9.5) 

and concentration (no concentration, flocculation, ultrafiltration) techniques resulted in 

nine different preparation methods, as presented in Table 3.2. The performance of all 

preparation methods were tested for the recovery of somatic coliphages (SOMPH). For 

this, raw wastewater and final effluent samples from AS systems were processed using 

the nine preparation methods, and the final product tested for SOMPH (mean of six 

replicates), according to protocol ISO 10705-1 (BSI, 2002) using the host strain E. coli 

WG-5 (see section 3.2.2.2). 
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Table 3.2 – Preparation methods (combination of elution and concentration 

methods) tested. 

Preparation method Elution method Concentration method 

1 None None 

2 Glycine 0.25 M pH 9.5 None 

3 Glycine 2.0 M pH 9.5 None 

4 None Skimmed milk 

5 Glycine 0.25 M pH 9.5 Skimmed milk 

6 Glycine 2.0 M pH 9.5 Skimmed milk 

7 None Ultrafiltration 

8 Glycine 0.25 M pH 9.5 Ultrafiltration 

9 Glycine 2.0 M pH 9.5 Ultrafiltration 

 

This method development step resulted in three different sets of results (reported in full 

in Chapter 4). Firstly, the concentration of SOMPH, expressed as plaque-forming units 

per mL (pfu.mL-1), detected in the final product using the nine preparation methods was 

obtained. Secondly, the concentration of SOMPH in the original samples, also given as 

pfu.mL-1, was estimated considering the obtained concentrations of the final product 

and the dilution and/or concentrations factors associated with each preparation 

method. Finally, the recovery rate of each preparation method was also calculated by 

dividing the sample concentration obtained using a given method by the sample 

concentration obtained using the glycine 0.25 M pH 9.5 elution method + no 

concentration method (Method 2), which was considered as the reference procedure. 

This approach was taken because, theoretically, the elution step would promote the 

release of viruses from solid particles (desorption), as virus attachment is reduced at 

high pH levels (Schijven and Hassanizadeh, 2000). Therefore, most (if not all) viruses 

present in the sample would be in the liquid phase and, consequently, enumerated 

(recovery of approximately 100%). In addition, there is strong evidence of the 

effectiveness of the elution method using glycine 0.25 M pH 9.5 (Jofre et al., 1989; 

Pina et al., 1998; Calgua et al., 2013). The three sets of results were then analysed in 

order to select the preparation method that best suited the samples to be analysed for 

enteric virus enumeration (HAdv and Nv). 

 

3.2.2. Microbiological parameters 

3.2.2.1. Enumeration of faecal indicator bacteria 

Two FIB that are commonly tested in water and wastewater quality monitoring 

programmes are faecal coliforms and intestinal enterococci. Faecal coliforms and 

intestinal enterococci were presumptively analysed following the protocols described in 

ISO 9308-1 (BSI, 2009) and ISO 7899-2 (BSI, 2000), respectively. For both bacterial 
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groups samples were filtered through 0.45 μm cellulose nitrate membrane filters 

(Sartorius, Göttingen, Germany) and then incubated on selective agar at specific 

temperatures: membrane incubation on M-FC agar (Merck Millipore, Darmstadt, 

Germany) at 44±2ºC for 24±2 h for faecal coliforms; and on SLANETZ and BARTLEY 

agar (Merck Millipore, Darmstadt, Germany) at 37±2ºC for 44±2 h for intestinal 

enterococci. Resulting colonies were enumerated and the concentrations of FIB 

expressed as colony-forming units per 100 mL (cfu.100mL-1). 

 

3.2.2.2. Enumeration of phages 

As mentioned previously, the three groups of bacteriophages commonly used for water 

and wastewater quality control are somatic and F-specific coliphages and phages that 

infect B. fragilis. The three groups of phages were detected and enumerated as 

follows: somatic coliphages were enumerated according to ISO 10705-2 (BSI, 2001) 

using the host strain E. coli WG-5; F-RNAPH coliphages were enumerated according 

to 10705-1 (BSI, 2002) using the host strain S. typhimurium WG-49; and phages 

infecting B. fragilis were enumerated according to ISO 10705-2 (BSI, 2003a) using the 

host strain B. fragilis GB-124. Samples were first filtered through 0.22 μm 

polyethersulfone Millex-GP syringe filter units (Merck Millipore, Darmstadt, Germany) in 

order to remove bacteria and other suspended material. One mL of the filtered sample 

and 1.0 mL of bacterial host strain were then added to 2.5 mL of a semi-solid agar. The 

suspension was mixed using a vortexer and then poured onto a Petri plate containing a 

layer of solid agar. Once the top layer was solidified, the plate was inverted and 

incubated aerobically or anaerobically (depending on the phage group being detected) 

at 37±2ºC for 18-24 h. In order to increase sensitivity, the method was modified to 

process 5 mL rather than 1 mL of the sample, as described in Vijayavel et al. (2010), to 

analyse the secondary effluent (SST) and final effluent (FE) of AS systems in the last 

twelve sampling dates. Briefly, 1 mL of bacterial host strain and 5 mL of filtered sample 

were added to 4 mL of double strength agar. The suspension was mixed gently using a 

vortex and then poured onto a Petri plate containing a layer of solid agar. Once the top 

layer was solidified, plates were inverted and incubated aerobically or anaerobically 

(depending on the phage group being detected) at 37±2ºC for 18-24 h. Resulting 

plaques (clear zones in the bacterial ‘lawn’ formed on the top agar-layer as the result of 

bacterial cells lysis by the phages) were enumerated and the concentrations of phages 

expressed as plaque-forming units per 100 mL (pfu.100mL-1). 
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3.2.2.3. Enumeration of enteric viruses (molecular analysis) 

Once samples were collected and taken to the laboratory, a 10-mL volume with 5% 

glycerol (v/v) of each sample was store at -20ºC until processing. In order to increase 

the sensitivity of the method, this volume was increased to 50 mL with 5% glycerol (v/v) 

for samples of secondary (SST) and final (FE) effluent from both AS and TF systems 

during the last 16 sampling occasions was stored at -20ºC until processing. 

The elution and concentration methods carried out for the preparation of samples prior 

to the enumeration of enteric viruses were selected from a range of methods previously 

tested (for description see section 3.2.1 and Chapter 4). Before processing, samples 

were allowed to thaw at 4ºC. The 10 mL sewage samples were transferred to 50-mL 

sterile polypropylene centrifuge tubes (Fisherbrand, Loughborough, UK) and the 

viruses eluted using 2.5 mL of glycine buffer 2.0 M, pH 9.5 (1:0.25, v/v). The 50 mL 

sewage samples were transferred to 100-mL sterile polyethylene containers 

(Plastiques Gosselin, Borre, France) and the viruses eluted using 12.5 mL of glycine 

buffer 2.0 M, pH 9.5 (1:0.25, v/v). Samples were stirred rapidly in an orbital shaker for 

30 min at 300 rpm and then filtered through 0.22 μm polyethersulfone Millex-GP 

syringe filter units (Merck Millipore, Darmstadt, Germany) in order to remove bacteria 

and other suspended material. Subsequently, samples were concentrated using 

Amicon Ultra-15 centrifugal filters units (50 kDa molecular weight cut-off) (Merck 

Millipore, Darmstadt, Germany) and centrifuged at 5,000 g at 4ºC for 10 min to obtain a 

final volume less than 500 μL. Multiple centrifugation steps were applied to the 50-mL 

samples. The final volume was completed to 500 μL with phosphate buffer solution 

(PBS) and stored at 4ºC prior to extraction of nucleic acids. 

Viral DNA and RNA were extracted from samples using the commercial kits QIAamp 

Fast DNA Stool Mini Kit and QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany), 

respectively, according to the manufacturer’s instructions. Both DNA and RNA extracts 

were then stored at -80ºC until further processing within six months.  

Prior to RT-qPCR assay, samples were allowed to thaw at 4ºC. HAdv RT-qPCR was 

carried out by amplifying the hexon gene using the commercial primer set Adenovirus 

Type F and G genesig® Advanced Kit (PrimerDesign, Southampton, UK), according to 

the manufacturer’s instructions. Nv G1 RT-qPCR was carried out by amplifying the 

Norovirus GI capsid protein gene, whereas Nv G2 RT-qPCR was carried out by 

amplifying Norovirus GII RNA dependent RNA polymerase gene, both using the 

commercial primer set Norovirus Genogroups 1 and 2 genesig® Advanced Kit 

(PrimerDesign, Southampton, UK), according to the manufacturer’s instructions. All 

DNA and RNA amplification was performed using the real-time PCR cycler Rotor-Gene 

Q (Qiagen, Hilden, Germany). 
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3.2.3. Physico-chemical parameters 

The physico-chemical variables selected to be analysed were: total suspended solids 

(TSS), chemical oxygen demand (COD), total phosphorus (Total P), ammonium ion, 

nitrite and nitrate. These were chosen because they are the physico-chemical 

parameters commonly included in regulations with regards to the quality of treated 

wastewater and, therefore, employed in the routine WWTP monitoring programmes. 

Measurements of TSS concentration and COD were conducted according the methods 

detailed in Standard Methods for the Examination of Water and Wastewater 

(APHA/AWWA/WEF, 2012). TSS was measured using method 2540 B, in which a 

known volume of the sample filtered through a (previously dried and weighed) 1.2 µm 

Whatman GF/CTM glass microfibre filter (GE Healthcare Life Sciences, 

Buckinghamshire, UK), which is then heated to constant weight at 103-105ºC to 

evaporate the moisture and weighed again, and results were expressed as mg TSS.L-1. 

COD was measured using method 5220 D, which was based on the digestion of the 

sample using a silver sulphate and sulphuric acid mix and a digestion solution 

(potassium dichromate, mercury sulphate and sulphuric acid). The resulting colour 

change is measured spectrophotometrically using a Hach DR2400 portable 

spectrophotometer (Hach, Loveland, USA), and results were expressed as mg O2.L
-1. 

The concentrations of total phosphorus (Total P), ammonium ion, nitrite and nitrate 

were measured using Hach kits and a Hach DR3900 benchtop spectrophotometer 

(Hach, Loveland, USA) according to the manufacturer’s instructions. For total 

phosphorus, samples were first subjected to a digestion step in which organic 

phosphorus compounds were converted into orthophosphates; next, the 

phosphormolybdenum blue method was employed to quantify orthophosphates, and 

the results were expressed as mg PO4
3--P.L-1. The kits used for the analysis of Total P 

were the LCK 349 (low range, 0.05-1.5 mg PO4
3--P.L-1) and LCK 350 (high range, 2.0-

20.0 mg PO4
3--P.L-1). To determine the concentration of ammonium ion, the indophenol 

blue method was used, and results were expressed as mg NH4
+-N.L-1. The kits used to 

analyse ammonium ion were the LCK 304 (low range, 0.15-2.0 mg NH4
+-N.L-1) and 

LCK 303 (high range, 2-47 mg NH4
+-N.L-1). Nitrites were quantified using the ferrous 

sulphate method, and results were expressed as mg NO2
--N .L-1. The NitriVer 2 Nitrite 

Reagent Powder Pillow kit was used (Method 8153, high range, 2-250 mg NO2
--N .L-1). 

Finally, the concentration of nitrates was measured using the cadmium reduction 

method, and results were expressed as mg NO3
--N.L-1. The NitraVer 5 Nitrate Reagent 

Powder Pillow kit was used (Method 8039, high range, 0.3-30.0 mg NO3
--N.L-1). 
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3.3. Data analyses 

An easy way of presenting the variations of a dataset visually is through the use of box-

plot graphics, as illustrated in Figure 3.2. Box-plot graphics comprise some descriptive 

statistics, including minimum, maximum, median, mean, 25th and 75th percentile values. 

This aid was used to graphically illustrate the descriptive statistics for the 

concentrations of microorganism and physico-chemical parameters herein studied. 

 

 
Figure 3.2 – Example of box-plot (descriptive statistics) graphic used in this study. 

 

According to Limpert et al. (2001), the levels of microorganisms and chemicals in the 

environment are often described by log-normal distribution. Therefore, microorganism 

concentrations were converted to log10. Removal rates at each treatment step (removal 

rate at primary treatment (πprim); removal rate at secondary treatment (πsec); and 

removal rate at tertiary treatment (πtert)) were calculated for all microorganisms studied. 

For this, the numerical difference between the log10 concentrations in the inlet and the 

outlet (Cin – Cout) of all treatment steps was obtained for all pairs of data available. The 

global removal rate (πglobal), considering all three treatment steps, was also calculated 

for all pairs of data available. As for the concentrations of microorganisms, their 

removal rates were expressed as log10.  

Theoretically, as the microorganisms comprised in this study do not replicate in the 

environment, removal rates should all be positive. However, in practice, higher 

concentrations can be found in outlet samples compared with the inlet. This is because 

all treatment units (or reactors) of a given WWTP present a hydraulic retention time 

(HRT), which is the average length of time that a particle of the liquid is retained in the 

reactor. Therefore, if samples at different treatment steps are collected at the same 

time (grab sampling technique), they may correspond to different loads arriving at the 

WWTP. In this case, all positive and negative removal rates were used in the analysis. 
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For the physico-chemical parameters, due to the order of magnitude of the data, 

removal efficacies were calculated according to Eq. 1 below and were given as 

percentage (%). In order to facilitate the comparison of observed removal rates for 

microorganisms and physico-chemical parameters, the latter had their removal 

efficacies transformed to log10 values using Eq. 2. 

 

Efficacy 	%� = 100 × 	���������
���      Eq. 1 

Efficacy 	log��� = − log�� �1 − ��  !"#"$	%�
��� %&    Eq. 2 

Where: Efficacy (%) = removal efficacy given as percentage (%); Cin = concentration in 

the inlet; Cout = concentration in the outlet; Efficacy (log10) = removal efficacy given as 

logarithmic values (log10). 

 

For statistical analysis the data were divided into two groups: one group comprising the 

data collected from the two TF plants; and a second group comprising the data 

collected from the two AS plants. Prior to this, the datasets obtained from each of the 

two AS treatment plants were compared to one another for each microorganism and for 

each of the physico-chemical parameters. The same was done for the datasets 

obtained from each of the two TF treatment plants. This involved the application of the 

ranked t-test (explained below). The test results for microbiological and physico-

chemical parameters are presented in Tables 3.3 and 3.4, respectively. It can be 

observed in Tables 3.3 and 3.4 that, although in some cases the data for the two AS 

systems compared and the two TF systems compared were significantly different to 

one another, in most cases they were not. These results therefore justify the decision 

to group together the two datasets from each treatment type (either AS or TF) for all 

subsequent analyses.  
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Table 3.3 – Comparison of the microbiological dataset collected from both AS 

(Goddards Green WWTP and Hailsham North WWTP) systems monitored and both 

TF (Scaynes Hill WWTP and Ringmer WWTP) systems monitored using ranked 

t-test. 

Org 
Treatment 

step 

AS  TF 

p-value results  p-value results 

SOMPH 

RW 0.555 µ(AS1) = µ(AS2)  0.583 µ(TF1) = µ(TF2) 

PST 0.003 µ(AS1) ≠ µ(AS2)  0.001 µ(TF1) ≠ µ(TF2) 

SST 0.019 µ(AS1) ≠ µ(AS2)  0.114 µ(TF1) = µ(TF2) 

FE * *  0.027 µ(TF1) ≠ µ(TF2) 

F-RNAPH 

RW 0.209 µ(AS1) = µ(AS2)  0.456 µ(TF1) = µ(TF2) 

PST 0.009 µ(AS1) ≠ µ(AS2)  0.933 µ(TF1) = µ(TF2) 

SST 0.421 µ(AS1) = µ(AS2)  0.314 µ(TF1) = µ(TF2) 

FE * *  0.021 µ(TF1) ≠ µ(TF2) 

Bf124PH 

RW 0.991 µ(AS1) = µ(AS2)  0.360 µ(TF1) = µ(TF2) 

PST 0.031 µ(AS1) ≠ µ(AS2)  0.393 µ(TF1) = µ(TF2) 

SST 0.521 µ(AS1) = µ(AS2)  1.000 µ(TF1) = µ(TF2) 

FE * *  0.868 µ(TF1) = µ(TF2) 

FC 

RW 0.343 µ(AS1) = µ(AS2)  0.113 µ(TF1) = µ(TF2) 

PST 0.028 µ(AS1) ≠ µ(AS2)  0.317 µ(TF1) = µ(TF2) 

SST 0.000 µ(AS1) ≠ µ(AS2)  0.368 µ(TF1) = µ(TF2) 

FE * *  0.000 µ(TF1) ≠ µ(TF2) 

IE 

RW 0.176 µ(AS1) = µ(AS2)  0.002 µ(TF1) ≠ µ(TF2) 

PST 0.000 µ(AS1) ≠ µ(AS2)  0.525 µ(TF1) = µ(TF2) 

SST 0.000 µ(AS1) ≠ µ(AS2)  0.001 µ(TF1) ≠ µ(TF2) 

FE * *  0.000 µ(TF1) ≠ µ(TF2) 

HAdv 

RW 0.166 µ(AS1) = µ(AS2)  0.252 µ(TF1) = µ(TF2) 

PST 0.473 µ(AS1) = µ(AS2)  0.511 µ(TF1) = µ(TF2) 

SST 0.665 µ(AS1) = µ(AS2)  0.075 µ(TF1) = µ(TF2) 

FE * *  0.020 µ(TF1) ≠ µ(TF2) 

AS1 = Goddards Green WWTP; AS2 = Hailsham North WWTP; TF1 = Scaynes Hill WWTP; 
TF2 = Ringmer WWTP; SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; 
Bf124PH = B. fragilis phages; C = faecal coliforms; IE = intestinal enterococci; HAdv = Human 
Adenovirus Types F & G; RW = raw wastewater samples; PST = primary effluent samples; 
SST = secondary effluent samples; FE = tertiary final effluent. 
* not calculated because of insufficient data. 
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Table 3.4 – Comparison of the physico-chemical dataset collected from both AS 

(Goddards Green WWTP and Hailsham North WWTP) systems monitored and both 

TF (Scaynes Hill WWTP and Ringmer WWTP) systems monitored using ranked 

t-test. 

Org 
Treatment 

step 

AS  TF 

p-value results  p-value results 

TSS 

Raw 0.968 µ(AS1) = µ(AS2)  0.034 µ(TF1) ≠ µ(TF2) 

PST 0.161 µ(AS1) = µ(AS2)  0.064 µ(TF1) = µ(TF2) 

SST 0.235 µ(AS1) = µ(AS2)  0.496 µ(TF1) = µ(TF2) 

Final * *  0.333 µ(TF1) = µ(TF2) 

COD 

Raw 0.223 µ(AS1) = µ(AS2)  0.547 µ(TF1) = µ(TF2) 

PST 0.554 µ(AS1) = µ(AS2)  0.028 µ(TF1) ≠ µ(TF2) 

SST 0.092 µ(AS1) = µ(AS2)  0.219 µ(TF1) = µ(TF2) 

Final * *  0.792 µ(TF1) = µ(TF2) 

Total P 

Raw 0.615 µ(AS1) = µ(AS2)  0.100 µ(TF1) = µ(TF2) 

PST 0.000 µ(AS1) ≠ µ(AS2)  0.039 µ(TF1) ≠ µ(TF2) 

SST 0.000 µ(AS1) ≠ µ(AS2)  0.695 µ(TF1) = µ(TF2) 

Final * *  0.428 µ(TF1) = µ(TF2) 

Ammonium 

Raw 0.771 µ(AS1) = µ(AS2)  0.058 µ(TF1) = µ(TF2) 

PST 0.353 µ(AS1) = µ(AS2)  0.012 µ(TF1) ≠ µ(TF2) 

SST 0.509 µ(AS1) = µ(AS2)  0.043 µ(TF1) ≠ µ(TF2) 

Final * *  0.495 µ(TF1) = µ(TF2) 

Nitrite 

Raw 0.002 µ(AS1) ≠ µ(AS2)  0.194 µ(TF1) = µ(TF2) 

PST 0.007 µ(AS1) ≠ µ(AS2)  0.301 µ(TF1) = µ(TF2) 

SST 0.991 µ(AS1) = µ(AS2)  0.857 µ(TF1) = µ(TF2) 

Final * *  0.449 µ(TF1) = µ(TF2) 

Nitrate 

Raw 0.011 µ(AS1) ≠ µ(AS2)  0.161 µ(TF1) = µ(TF2) 

PST 0.162 µ(AS1) = µ(AS2)  0.356 µ(TF1) = µ(TF2) 

SST 0.931 µ(AS1) = µ(AS2)  0.787 µ(TF1) = µ(TF2) 

Final * *  0.485 µ(TF1) = µ(TF2) 

AS1 = Goddards Green WWTP; AS2 = Hailsham North WWTP; TF1 = Scaynes Hill WWTP; 
TF2 = Ringmer WWTP; TSS = total suspended solids; COD = chemical oxygen demand; Total 
P = total phosphorus; RW = raw wastewater samples; PST = primary effluent samples; SST = 
secondary effluent samples; FE = tertiary final effluent. 
* not calculated because of insufficient data. 

 

Prior to statistical analysis, normality tests, using the Anderson-Darling (A-D) statistic 

and P-P plots of data, were first performed to check whether or not the dataset was 

normally distributed. Normality test results are presented in Tables 3.5 to 3.8. As a 

result, it was observed that some groups of data followed normal distribution and 

others did not. However, according to the central limit theorem, if the sample size is 

sufficiently large (usually higher than 30), the arithmetic mean of independent random 

variables will be normally distributed regardless of the underlying distribution 

(Montgomery and Runger, 2011). In addition, generally speaking, non-parametric tests 

consist of adaptation of parametric tests applied to ranked data (Montgomery and 

Runger, 2011). Therefore, considering that the factors tested in the present study 

presented a sample size higher than 30 on nearly all occasions, it was decided to rank 
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the dataset prior to statistical tests, and then the unpaired t-test (ranked t-test) and one-

way analysis of variance (ANOVA on ranks) were applied to the ranked data. 

 

Table 3.5 – Anderson-Darling (A-D) normality test applied to the concentration of the studied 

microorganisms at each treatment stage of AS and TF systems. 

WWTP Organism Parameter RW PST SST FE 

AS 

SOMPH p-value 0.899 0.359 0.554 0.129 

(log10 pfu.L
-1

) Distribution Normal Normal Normal Normal 

F-RNAPH p-value 0.912 0.084 0.128 0.052 

(log10 pfu.L
-1

) Distribution Normal Normal Normal Normal 

Bf124PH p-value 0.352 0.185 <0.005 0.340 

(log10 pfu.L
-1

) Distribution Normal Normal Non-normal Normal 

FC p-value 0.736 0.460 0.263 0.713 

(log10 cfu.L
-1

) Distribution Normal Normal Normal Normal 

IE p-value <0.005 <0.005 0.032 0.310 

(log10 cfu.L
-1

) Distribution Non-normal Non-normal Non-normal Normal 

HAdv p-value 0.506 0.748 0.198 0.227 

(log10 copies.L
-1

) Distribution Normal Normal Normal Normal 

TF 

SOMPH p-value 0.726 0.233 0.101 0.068 

(log10 pfu.L
-1

) Distribution Normal Normal Normal Normal 

F-RNAPH p-value 0.048 0.024 0.821 0.985 

(log10 pfu.L
-1

) Distribution Non-normal Non-normal Normal Normal 

Bf124PH p-value 0.817 0.684 0.038 0.396 

(log10 pfu.L
-1

) Distribution Normal Normal Non-normal Normal 

FC p-value 0.299 0.514 0.818 0.052 

(log10 cfu.L
-1

) Distribution Normal Normal Normal Normal 

IE p-value 0.073 0.023 0.025 <0.005 

(log10 cfu.L
-1

) Distribution Normal Non-normal Non-normal Non-normal 

HAdv p-value 0.764 0.018 0.053 0.041 

(log10 copies.L
-1

) Distribution Normal Non-normal Normal Non-normal 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA 
coliphages; Bf124PH = B. fragilis phages; C = faecal coliforms; IE = intestinal enterococci; HAdv = 
Human Adenovirus Types F & G; RW = raw wastewater samples; PST = primary effluent samples; 
SST = secondary effluent samples; FE = tertiary final effluent. 
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Table 3.6 – Anderson-Darling (A-D) normality test applied to the concentration of the 

monitored physico-chemical parameters at each treatment stage of AS and TF systems. 

WWTP Organism Parameter RW PST SST FE 

AS 

TSS p-value <0.005 0.027 0.023 0.028 

(mg TSS.L
-1

) Distribution Non-normal Non-normal Non-normal Non-normal 

COD p-value 0.040 0.362 <0.005 <0.005 

(mg O2.L
-1

) Distribution Non-normal Normal Non-normal Non-normal 

Total P p-value 0.085 <0.005 <0.005 0.203 

(mg PO4
3-

-P.L
-1

) Distribution Normal Non-normal Non-normal Normal 

Ammonium p-value 0.309 0.393 <0.005 <0.005 

(mg NH4
+
-N.L

-1
) Distribution Normal Normal Non-normal Non-normal 

Nitrite p-value 0.005 <0.005 <0.005 0.117 

(mg NO2
-
-N.L

-1
) Distribution Non-normal Non-normal Non-normal Normal 

Nitrate p-value <0.005 0.033 0.304 0.367 

(mg NO3
-
-N.L

-1
) Distribution Non-normal Non-normal Normal Normal 

TF 

TSS p-value <0.005 0.428 0.897 0.474 

(mg TSS.L
-1

) Distribution Non-normal Normal Normal Normal 

COD p-value 0.012 0.324 <0.005 0.172 

(mg O2.L
-1

) Distribution Non-normal Normal Non-normal Normal 

Total P p-value <0.005 0.172 0.007 0.008 

(mg PO4
3-

-P.L
-1

) Distribution Non-normal Normal Non-normal Non-normal 

Ammonium p-value 0.062 0.074 <0.005 0.025 

(mg NH4
+
-N.L

-1
) Distribution Normal Normal Non-normal Non-normal 

Nitrite p-value <0.005 0.128 0.064 <0.005 

(mg NO2
-
-N.L

-1
) Distribution Non-normal Normal Normal Non-normal 

Nitrate p-value <0.005 <0.005 0.005 0.913 

(mg NO3
-
-N.L

-1
) Distribution Non-normal Non-normal Non-normal Normal 

 AS = activated sludge; TF = trickling filter; TSS = total suspended solids; COD = chemical oxygen 
demand; Total P = total phosphorus; RW = raw wastewater samples; PST = primary effluent samples; 
SST = secondary effluent samples; FE = tertiary final effluent. 
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Table 3.7 – Anderson-Darling (A-D) normality test applied to the log10 removal rates of 

the studied microorganisms at each treatment stage of AS and TF systems. 

WWTP Organism Parameter π.prim π.sec π.tert π.global 

AS 

SOMPH 
p-value 0.117 <0.005 0.043 0.677 

Distribution Normal Non-normal Non-normal Normal 

F-RNAPH 
p-value 0.042 0.124 0.422 0.314 

Distribution Non-normal Normal Normal Normal 

Bf124PH 
p-value 0.008 0.872 0.338 0.005 

Distribution Non-normal Normal Normal Non-normal 

FC 
p-value 0.056 0.279 0.891 0.239 

Distribution Normal Normal Normal Normal 

IE 
p-value <0.005 <0.005 0.098 0.474 

Distribution Non-normal Non-normal Normal Normal 

HAdv 
p-value 0.854 0.741 * * 

Distribution Normal Normal Normal Normal 

TF 

SOMPH 
p-value 0.603 0.198 0.467 0.289 

Distribution Normal Normal Normal Normal 

F-RNAPH 
p-value 0.651 0.008 0.145 0.510 

Distribution Normal Non-normal Normal Normal 

Bf124PH 
p-value 0.758 0.366 0.173 0.085 

Distribution Normal Normal Normal Normal 

FC 
p-value 0.357 0.104 <0.005 0.457 

Distribution Normal Normal Non-normal Normal 

IE 
p-value 0.243 0.033 <0.005 0.081 

Distribution Normal Non-normal Non-normal Normal 

HAdv 
p-value 0.048 0.475 0.104 0.794 

Distribution Non-normal Normal Normal Normal 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA 
coliphages; Bf124PH = B. fragilis phages; C = faecal coliforms; IE = intestinal enterococci; HAdv 
= Human Adenovirus Types F & G; πprim = efficacy of preliminary and primary treatment; πsec = 
efficacy of secondary treatment; πtert = efficacy of tertiary treatment. 
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Table 3.8 – Anderson-Darling (A-D) normality test applied to the removal rates (%) of 

the monitored physico-chemical parameters at each treatment stage of AS and TF 

systems 

WWTP Organism Parameter π.prim π.sec π.tert π.global 

AS 

TSS 
p-value 0.007 <0.005 0.071 <0.005 

Distribution Non-normal Non-normal Normal Non-normal 

COD 
p-value <0.005 <0.005 0.300 0.009 

Distribution Non-normal Non-normal Normal Non-normal 

Total P 
p-value 0.562 <0.005 0.067 <0.005 

Distribution Normal Non-normal Normal Non-normal 

Ammonium 
p-value <0.005 <0.005 <0.005 <0.005 

Distribution Non-normal Non-normal Non-normal Non-normal 

Nitrite 
p-value <0.005 <0.005 0.010 <0.005 

Distribution Non-normal Non-normal Non-normal Non-normal 

Nitrate 
p-value <0.005 <0.005 0.147 <0.005 

Distribution Non-normal Non-normal Normal Non-normal 

TF 

TSS 
p-value 0.034 <0.005 <0.005 <0.005 

Distribution Non-normal Non-normal Non-normal Non-normal 

COD 
p-value <0.005 0.693 <0.005 <0.005 

Distribution Non-normal Normal Non-normal Non-normal 

Total P 
p-value <0.005 0.296 0.012 0.012 

Distribution Non-normal Normal Non-normal Non-normal 

Ammonium 
p-value <0.005 <0.005 <0.005 <0.005 

Distribution Non-normal Non-normal Non-normal Non-normal 

Nitrite 
p-value <0.005 <0.005 <0.005 <0.005 

Distribution Non-normal Non-normal Non-normal Non-normal 

Nitrate 
p-value <0.005 <0.005 0.537 <0.005 

Distribution Non-normal Non-normal Normal Non-normal 

AS = activated sludge; TF = trickling filter; TSS = total suspended solids; COD = chemical 
oxygen demand; Total P = total phosphorus; πprim = efficacy of preliminary and primary 
treatment; πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment. 

 

The unpaired two-sample t-test was used to compare two parameters against one 

another. The ranked t-test was applied to compare the following: 

• AS and TF systems in terms of the concentrations of each microorganism and 

physico-chemical parameters at each treatment step: 

o Null hypothesis Ho: μ (AS) – μ (TF) = 0; 

o Alternative hypothesis Ha: μ (AS) – μ (TF) < 0. 

• AS and TF systems in terms of the removal rates of each microorganism and 

physico-chemical parameters at each treatment step: 

o Null hypothesis Ho: μ (AS) – μ (TF) = 0; 

o Alternative hypothesis Ha: μ (AS) – μ (TF) > 0. 
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When three or more parameters were being compared, the one-way analysis of 

variance and the Tukey’s statistics were performed to compare the means. The 

ANOVA on ranks and Tukey’s statistics were applied to compare the following: 

• The concentrations of microorganisms (at each treatment step of both AS and TF 

systems); 

• The removal rates of microorganisms (at each treatment step of both AS and TF 

systems); 

• The removal rates at the primary, secondary and tertiary treatment steps (for 

each microorganisms in both AS and TF systems); 

o Null hypothesis Ho: All means are equal; 

o Alternative hypothesis Ha: At least one mean differs from the others. 

 

In addition, the non-parametric Spearman’s rank correlation test was used to check 

correlations between concentrations and removal rates of different microorganisms and 

physico-chemical parameters at different treatment steps of AS and TF systems. For 

this test, the following null (Ho) and alternative (Ha) hypotheses were considered: 

o Ho: Spearman's rank correlation coefficient (rho) = 0; 

o Ha: Spearman's rank correlation coefficient (rho) ≠ 0. 

 

Theoretically, the Spearman's rank correlation coefficient (rho) resulting from the test 

vary between -1 and 1, and the closer the absolute value of rho to 1, the stronger the 

correlation between the parameters being tested. 

All statistical tests were performed using a significance level of 5% (α = 0.05) with the 

aid of Microsoft Excel 2010 (Microsoft Corporation, Redmond, USA) and Minitab 

version 17.1.0 (Minitab Inc, Pennsylvania, USA). 

 

3.4. Quantitative microbial risk assessment (QMRA)  

With reference to investigations of health risks associated with the reuse of wastewater 

and the formulation of standards and regulations, two distinct areas of research can be 

highlighted: quantitative microbial risk analysis (QMRA); and epidemiology (Mara et al., 

2007). As epidemiological studies are laborious and expensive, QMRA studies have 

been widely used by authorities with regards wastewater disposal and reuse. The term 

‘quantitative risk assessment’ was originally conceived for the exposure to chemical 

substances (quantitative chemical risk assessment – QCRA). More recently, this 
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approach was adapted to quantify risks associated with exposure to microbial agents 

(quantitative microbial risk assessment – QMRA (Haas et al., 1999). The QMRA 

approach has been successfully used to support the formulation of regulations 

associated with drinking water quality (WHO, 2011a; USEPA, 2012a) and the reuse of 

wastewater in agriculture (NRMMC/EPHC/AHMC, 2006; WHO, 2006). QMRA is an 

approach used to estimate the numerical risk, or in other words, probability or likelihood 

of the public health impact of the exposure to a microbial hazard, based on scientific 

findings (USEPA, 2012b). 

The QMRA process involves four distinct steps: 

1. Hazard identification – the step of hazard identification includes the 

identification of the microbial agent responsible for illnesses and diseases 

(adverse effects) in humans, the source (e.g. point or diffuse) and the route of 

infection. In hazard identification, information regarding factors such as 

mechanisms of host-pathogen interaction, pathogenicity and virulence, 

immunity and multiple exposures should be addressed. 

2. Dose-response assessment – this step is associated with the dose of the 

microbial agent ingested or administered and the health effects. The idea is to 

characterise mathematically the probability of infection or disease of an 

individual or population exposed as a function of the dose of the pathogen 

ingested. From empirical research there are now several dose-response 

‘curves’ available for various microorganisms, but by far the two most 

commonly used are the exponential (for protozoa) and the beta-Poisson (for 

bacteria and rotavirus) models. 

3. Exposure assessment – the aim of the exposure assessment step is to 

determine the size and nature of the population exposed and the route, 

frequency, duration and magnitude of exposure to the microbial agents. In this 

step, information around the distribution of pathogens in space and over time, 

as well as their survival, transport mechanisms and fate (growth and/or decay 

rates) in the environment is very important. 

4. Risk characterisation – in risk characterisation, the three steps previously 

discussed are integrated in order to estimate the probability of a resulting public 

health problem considering all the aspects above mentioned and also the 

uncertainties and variabilities associated with the input variables of the models 

(Haas et al., 1999; WHO, 2011a; USEPA, 2012b). 

 

In a simplified way, QMRA translates the occurrence of pathogens in the environment 

into the likelihood (probability) of infection in individuals who may ingest microbial 
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agents through a particular route, i.e., it allows the estimation of risk for the exposed 

population, given densities of particular pathogens, rates of pathogen ingestion through 

defined pathways (exposure models) and appropriate dose-response models (Bastos, 

2010). 

As mentioned above, a number of dose-response models are presented in the 

literature. However, two of the most widely used include: 1) the exponential dose-

response model (Eq. 3); and 2) the beta-Poisson dose-response model (Eq. 4) (Haas 

et al., 1999). 

 

P(	)� = 1 − exp 	−r. d�        Eq. 3 

P(	)� = 1 − �1 + � )
123% . 	256 − 1�&7

     Eq. 4 

Where: PI(d) = risk of infection in an individual exposed to a single pathogen dose d; d = 

number of pathogens ingested or administrated per exposure (dose); N50 = mean 

infective dose; α and r = pathogen “infective constants”. 

 

The exponential and beta-Poisson models, represented by Eq. 3 and Eq. 4, 

respectively, give an estimate of the risk of infection in an individual exposed to a single 

pathogen dose d, often considered the daily risk of infection (PI(d)). The annual risk 

(PI(A)(d)) is given by the sum of the daily risks of n exposures in a period of one year. 

However, estimating daily infections in different exposure events is not practical and in 

many situations is not possible (Karavarsamis and Hamilton, 2010). Therefore, Eq. 5 is 

suggested to calculate the annual risk (PI(A)(d)) from a single daily infection probability, 

e.g. calculated from Eq. 3 or Eq. 4 (Haas et al., 1999; Karavarsamis and Hamilton, 

2010). 

 

P(	8�	)� = 1 − 91 − P(	)�:;
      Eq. 5 

Where: PI(A)(d) = annual risk of infection in an individual from n exposures per year to the 

pathogen dose d; PI(d) = risk of infection in an individual exposed to a single pathogen 

dose d; n = number of exposures per year. 

 

An important input variable used to estimate risks is the dose of pathogens ingested or 

administrated. With regards to the reuse of treated wastewater, for example in 

agriculture or for flushing toilets, information on the concentration of microorganisms 

and their distribution in final effluents is essential to ensure better risk assessment 

models. Moreover, the estimate of the probability distribution of pathogens in final 
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effluents produced by different treatment techniques can contribute to a more complete 

and dynamic model. 

 

3.5. Deterministic and stochastic models 

Models used in QMRA are subject to uncertainties, encompassing variability and 

uncertainty itself. Conceptually, the term ‘uncertainty’, sometimes called ‘fundamental 

uncertainty’, ‘epistemic uncertainty’ or ‘degree of belief’, refers to the lack of 

knowledge, or in other words the level of ignorance, concerning variables that 

characterise the system, and can be reduced by additional studies or measurements 

(more data), as well as by consulting experts (Zwietering and van Gerwen, 2000; Vose, 

2008). The term 'variability', also referred to as ‘stochastic variability’ or ‘inter-individual 

variability’, is defined as the random effect inherent to the evaluated system and cannot 

be reduced by additional studies or measurements but only by physical changes 

(process control) in the system (Zwietering and van Gerwen, 2000; Vose, 2008). 

Although these two terms represent different concepts, uncertainty and variability 

combined represent the ‘total uncertainty’, although they have commonly been kept 

separate in risk assessment models (Vose, 2008). 

QMRA models are divided into deterministic and stochastic models. Deterministic 

models are characterised by input models expressed by punctual estimates, normally 

measures of central tendency, e.g. median, arithmetic mean, geometric mean. 

However, stochastic models differ in that they are given value ranges according to a 

specific frequency or probability distribution function (PDF), therefore incorporating 

uncertainties around the input parameters of the model and, consequently, the output 

variable (Morgan and Herion, 1990; Vose, 2008). 

Additionally, stochastic modelling allows the propagation of uncertainties by successive 

and random sampling of each variable, e.g. by the use of Monte Carlo sampling or 

Latin Hypercube sampling, both based on the cumulative distribution function (CDF) of 

the input variables (Vose, 2008; Palisade, 2013). Monte Carlo sampling, developed 

during the 1930s and 1940s, is based on the entirely random selection of values from 

the PDF, with values from the area of the PDF with higher probabilities of occurrence 

more likely to be drawn (Palisade, 2013). Because of this, problems of clustering may 

occur if the number of iterations is not sufficiently large. On the other hand, the greater 

the number of iterations, the closer the samples selected by Monte Carlo simulation 

“recreate” the PDF of the input variable (Palisade, 2013). 

In contrast to Monte Carlo simulation, the Latin Hypercube simulation is a sampling 

technique that has been more recently developed to “recreate” the input PDF with 
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fewer iterations (Palisade, 2013). In Latin Hypercube sampling, the cumulative curve is 

divided or “stratified” into intervals with the same probability of occurrence, and 

samples are then taken from each interval. In this sampling system, the number of 

intervals or stratification is exactly the same as the number of the iterations performed, 

i.e., each interval is sampled only once. Therefore, with Latin Hypercube sampling, the 

samples more accurately reflect the PDF of values in the input probability distribution 

(Palisade, 2013). 

The Latin Hypercube sampling method has been commonly used in risk assessment 

studies as a way to guarantee that the inferior and superior extreme values of the 

frequency distribution of the input variables are not under-represented (Saliby and 

Pacheco, 2002; Helton et al., 2005; Vose, 2008). Therefore, the application of 

stochastic modelling to the appropriate sampling method can be a useful tool that 

allows the probability distribution of pathogens and indicators in final effluents produced 

by different wastewater treatment process to be estimated. As such this approach can 

generate valuable input data for use in QMRA models. 

 

3.6. Fitting distributions to data 

There are several techniques to fit an empirical PDF to the available data, including 

‘goodness-of-fit’ statistics. According to Vose (2008), ‘goodness-of-fit’ statistics are not 

easy to interpret as they do not provide a measure of the probability that the data come 

from the fitted distribution. Alternatively, they provide a likelihood that random data 

generated from the fitted distribution produces a goodness-of-fit statistic value as low 

as the one calculated for the observed data (Vose, 2008). 

Commonly used ‘goodness-of-fit’ statistics are chi-square (χ2) and Kolmogorov-

Smirnoff (K-S) tests. The former is generally used for discrete distributions, while the 

latter is used for continuous distributions (Vose, 2008). There is also the Anderson-

Darling (A-D) test, which is an optimisation of the K-S statistic. In all cases, the lower 

the values of the statistics, the closer the theoretical distribution fits the data (Vose, 

2008). The A-D statistic An
2 is defined as: 

 

A;= = −n − ��
;% ∑ 	2i − 1�	ln@F	x!�B − ln@1 − F	x;�!C��B�;!D�   Eq. 6 

Where: n = total number of data points; F(x) = distribution function of the fitted 

distribution; i = the cumulative rank of the data point 
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The A-D ‘goodness-of-fit’ statistic is, in general, a more useful measure of fit than the 

K-S statistic, especially where it is important to place equal emphasis on fitting a 

distribution at the tails as well as the main body. 

‘Goodness-of-fit’ plots provide a visual comparison between the fitted distribution and 

the data (Vose, 2008). Among ‘goodness-of-fit’ plots there are probability-probability 

(P-P) and quantile-quantile (Q-Q) plots. P-P is a plot of the cumulative distribution of 

the fitted curve F(x) against the cumulative frequency F;	x� = 1/	n + 1� for all values of 

the observed data xi, whereas Q-Q is a plot of the observed data xi against the x-values 

where F	x� = F;	x� = 1/	n + 1�  (Vose, 2008). In both cases, the better the fit, the 

closer the plot resembles a straight line (Vose, 2008). 

 

3.6.1. Usual probability distribution functions (PDF) used 

This section presents a brief description of the most common probability distributions, 

including the probability distribution function (PDF) and cumulative distribution function 

(CDF) formulae, as well as graphical illustrations. 

 

• Uniform distribution 

The uniform distribution, also called rectangular distribution, is the simplest probability 

density function, with two parameters: minimum (a); and maximum (b). Every value of 

the range between the minimum and maximum parameters has an equal likelihood of 

occurrence (VoseSoftware, 2007; Walck, 2007; Vose, 2008). Eq. 7and Eq. 8 describe 

the PDF and the CDF of the uniform distribution, whilst Figure 3.3 illustrates graphically 

both the PDF and the CDF. 

 

PDF:   f	x; a; b� =  �
J�#       Eq. 7 

CDF:   F	x; a; b� = L�#
J�#       Eq. 8 

Where: a < b and a ≤ x ≤ b. 
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Figure 3.3 – Probability distribution function (A) and cumulative distribution function 

(B) of uniform distribution for minimum (a) and maximum (b) values equal to 2 and 5, 

respectively (a = 2; b = 5). 

 

• Triangular distribution 

The triangular distribution is defined by three parameters, minimum (a), maximum (b) 

and most likely (c) values. The skew of the triangular distribution is defined by the 

distance of the most likely parameter (c) to the minimum (a) or maximum (b) value: the 

closer c is to a, the distribution is skewed towards the right; the closer c is to b, the 

distribution is skewed towards the left (VoseSoftware, 2007; Walck, 2007; Vose, 2008). 

Eq. 9 and Eq. 10 describe the PDF and the CDF of the triangular distribution, whilst 

Figure 3.4 illustrates graphically both the PDF and the CDF. 

 

PDF:   f	x; a; b; c� =
MN
O =	L�#�

	J�#�	"�#�      ;  a P x P c
=	J�L�

	J�#�	J�"�      ;  c P x P b
     Eq. 9 

CDF:   F	x; a; b; c� =
MQ
N
QO 	L�#�R

	J�#�	"�#�              ;  a P x P c
1 − 	J�L�R

	J�#�	J�"�      ;  c P x P b
   Eq. 10 

Where: a < b; a ≤ c; c ≤ b and a ≤ x ≤ b. 
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Figure 3.4 – Probability distribution function (A) and cumulative distribution function 

(B) of triangular distribution for minimum (a), maximum (b), and most likely (c) values 

equal to 2, 5 and 4, respectively (a = 2; b = 5; c = 4). 

 

• Normal distribution 

The most widely used model for the distribution of a random variable is the normal 

distribution, also commonly referred to as Gaussian distribution. The Normal 

distribution is a symmetric distribution (skewness equal to zero), bell-shaped, 

unbounded on both sides, described by two parameters: mean (μ), which determines 

the centre of the PDF; and standard deviation (σ), which determines the width of the 

curve. In theory, whenever a random experiment is replicated, the random variable that 

equals the average (or total) result over the replicates tends to have a normal 

distribution as the number of replicates become large (VoseSoftware, 2007; Walck, 

2007; Vose, 2008). Eq. 11 and Eq. 12 describe the PDF and the CDF of the normal 

distribution, whilst Figure 3.5 illustrates graphically both the PDF and the CDF. 

 

PDF:   f	x; μ; σ� =  �
U√=W . exp �− 	L�X�R

=UR &     Eq. 11 

CDF:   F	x; μ; σ� = Y �
U√=W . exp �− 	L�X�R

=UR & . dxL�Z     Eq. 12 

Where: σ > 0 and -∞ < x < +∞. 
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Figure 3.5 – Probability distribution function (A) and cumulative distribution function 

(B) of normal distribution for mean equal to 0 (µ = 0) and different values of standard 

deviation (σ). 

 

• Log-normal distribution 

The log-normal distribution is an asymmetric distribution, bounded on the left at zero, 

and skewed towards the right. Like the normal distribution, the log-normal distribution is 

described by two parameters: mean (μ); and standard deviation (σ). While the normal 

distribution results from adding many random processes, the log-normal distribution 

arises by multiplying many random processes. This is because the product of random 

numbers is equal to the sum of the logarithms (VoseSoftware, 2007; Walck, 2007; 

Vose, 2008). Eq. 13 and Eq. 14 describe the PDF and the CDF of the log-normal 

distribution, whilst Figure 3.6 illustrates graphically both the PDF and the CDF. 

 

PDF:   f	x; μ; σ� = �
LU√=W . exp �− 	[; 	L��X�R

=UR &    Eq. 13 

CDF:   F	x; μ; σ� = Y �
LU√=W . exp �− 	[; 	L��X�R

=UR & . dxL�    Eq. 14 

Where: μ > 0; σ > 0 and 0 < x < +∞. 
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Figure 3.6 – Probability distribution function (A) and cumulative distribution function 

(B) of log-normal distribution for mean equal to 0 (µ = 0) and different values of 

standard deviation (σ). 

 

• Exponential distribution 

The exponential distribution describes the distance between successive events of a 

Poisson process, which is a random experiment with events that occur in an interval. 

The exponential distribution is explained by one parameter only (λ), and its curve has a 

fixed shape, skewed towards the right (VoseSoftware, 2007; Walck, 2007; Vose, 2008). 

Eq. 15 and Eq. 16 describe the PDF and the CDF of the exponential distribution, whilst 

Figure 3.7 illustrates graphically both the PDF and the CDF.  

 

PDF:   f	x; λ� = λ. exp	−λ. x�      Eq. 15 

CDF:   F	x; λ� = 1 − exp	−λ. x�      Eq. 16 

Where: λ > 0 and 0 < x < +∞. 

 

  
Figure 3.7 – Probability distribution function (A) and cumulative distribution function 

(B) of exponential distribution for different values of decay constant (λ). 
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• Weibull distribution 

The Weibull distribution is explained by two parameters, one responsible for the shape 

(α) and one responsible for the scale (β). The parameters of the Weibull distribution 

provide a certain level of flexibility to model. When α<1, α=1 and α>1, the PDF 

describes a process of increasing, constant and decreasing intensity, respectively. In 

addition, the Weibull distribution becomes an exponential distribution when α is equal 

to 1 (i.e., Weibull (1,β) = Exponential (β)) and is very close to the Normal distribution 

when β is equal to 3.25 (VoseSoftware, 2007; Walck, 2007; Vose, 2008). Eq. 17 and 

Eq. 18 describe the PDF and the CDF of the Weibull distribution, whilst Figure 3.8 

illustrates graphically both the PDF and the CDF. 

 

PDF:   f	x; α; β� = α. β�7. x7��. exp	−x/β�7    Eq. 17 

CDF:   F	x; α; β� = 1 − exp	−x/β�7     Eq. 18 

Where: α > 0; β > 0 and 0 < x < +∞. 

 

  
Figure 3.8 – Probability distribution function (A) and cumulative distribution function 

(B) of Weibull distribution for different values of shape parameter (α) and scale 

parameter (β). 

 

• Beta distribution 

As for the Weibull distribution, the Beta distribution also provides flexibility as it can 

take a wide range of shapes. Beta distributions with a minimum value of 0 and a 

maximum value of 1 and are explained by two shape parameters (α and β). This 

distribution is commonly used to describe uncertainty or random variation of a 

probability, fraction or prevalence, and to model expert opinion (VoseSoftware, 2007; 

Walck, 2007; Vose, 2008). Eq. 19 and Eq. 20 describe the PDF and the CDF of the 

Beta distribution, whilst Figure 3.9 illustrates graphically both the PDF and the CDF. 
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PDF:   f	x; α; β� = L6_5	��L�`_5
a	7,c�       Eq. 19 

CDF:   F	x; α; β� = ad	7,c�
a	7,c�        Eq. 20 

Where: α > 0; β > 0, 0 < x < 1, B is the Beta function and Bx is the incomplete Beta 

function. 

 

  
Figure 3.9 – Probability distribution function (A) and cumulative distribution function 

(B) of Beta distribution for different values of shape parameters (α and β). 

 

• Gamma distribution 

The Gamma distribution is skewed towards the right and bounded at zero. It is a 

parametric distribution based on Poisson mathematics, and is explained by a shape 

parameter (α) and a scale parameter (β). The Gamma distribution is extremely 

important in risk analysis modelling. As for the Weibull distribution, when then when 

shape parameter (α) is equal to 1 the Gamma distribution becomes an exponential 

distribution (i.e., Gamma (1,β) = Exponential (β)) (VoseSoftware, 2007; Walck, 2007; 

Vose, 2008). Eq. 21 and Eq. 22 describe the PDF and the CDF of the Gamma 

distribution, whilst Figure 3.10 illustrates graphically both the PDF and the CDF. 

 

PDF:   f	x; α; β� = c6_5.L6_5
e	7� . exp 	−x/β�     Eq. 21 

CDF:   F	x; α; β� = ed	7�
e	7�        Eq. 22 

Where: α > 0; β > 0, 0 < x < 1, Γ(α) is the Gamma function and Γx(α) is the incomplete 

Gamma function. 
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Figure 3.10 – Probability distribution function (A) and cumulative distribution function 

(B) of Gamma distribution for different values of shape parameter (α) and scale 

parameter (β). 

 

3.7. Sensitivity analysis 

Using sensitivity analysis, it is possible to identify the input variables that have the 

highest impact on the output variable (Vose, 2008). With this information, it is possible 

to choose which input variable should be given more attention when building the 

exposure model (Zwietering and van Gerwen, 2000; Frey and Patil, 2002; Palisade, 

2013). Sensitivity analysis methods are classified in mathematical, statistical and 

graphical methods (Frey and Patil, 2002). Mathematical methods are based on the 

calculation of the output using different values of the input variables, and they can be 

used to identify the most important inputs, as well as the inputs that require further data 

acquisition or research (Frey and Patil, 2002). Statistical methods are commonly used 

when PDF are assigned to the input variables and the outputs are estimated through 

simulations, and they check the effect of the variance of the inputs on the output 

distribution (Frey and Patil, 2002). Graphical methods provide a visual representation 

of the sensitivity, and are usually applied as a complementary method to the 

mathematical and statistical methods (Frey and Patil, 2002). 

One method of sensitivity analysis that is commonly used when outputs are estimated 

by stochastic simulations is based on Spearman rank correlation coefficient 

calculations (because outputs are rarely normally distributed). In this method, the 

Spearman rank correlation coefficients (SRN, Eq. 23) are calculated between the 

output variable and samples for each of the input distributions. SNR varies between -1 

and 1, and the closer |SRN| is to 1, the higher the correlation between the variability of 

the input and the variability of the output, and, consequently, the more significant the 

input is in determining the output's value (Zwietering and van Gerwen, 2000; Palisade, 

2013). 
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SRN = 1 − i ∑ 	1��j��R��k5;	;R���        Eq. 23 

Where: SRN = Spearman rank correlation coefficient; n = number of simulations; Ni = 

rank number of N at the i
th
 simulation; pi = rank number of the factor under study at the i

th
 

simulation. 

 

3.8. Stochastic modelling 

As a consequence of growing water demand for various activities, pressure for treated 

wastewater to be reused (either indirectly or directly) has increased considerably in 

many parts of the world over recent years. Although wastewater reuse presents 

numerous potential environmental and economic benefits, the presence of waterborne 

pathogens in wastewater is a matter of considerable concern. Controversially, although 

Directive 91/271/EEC encourages reuse activities, it does not state specific limit 

concentrations of pathogens or indicator microorganisms in final effluents, or the 

minimum removal efficacy required by different treatments processes in order ensure 

‘safe’ water for particular applications. 

As a result, alternative approaches have been developed to support the formulation of 

regulations associated with drinking water quality (WHO, 2011a; USEPA, 2012a) and 

the reuse of wastewater in agriculture (NRMMC/EPHC/AHMC, 2006; WHO, 2006), 

such as quantitative microbial risk assessment (QMRA). However, it is important to 

mention that QMRA models are only as good as the data upon which they are based. 

For example, QMRA requires reliable information concerning the dose of pathogens 

ingested or administered during a given exposure scenario such as the irrigation of 

food crops with partially treated wastewater. It is, therefore, of paramount importance 

that reliable information regarding the concentration of pathogenic microorganisms 

(including viral pathogens) in the final treated wastewater effluent is available. 

One method that has been proposed to provide information on the concentration of 

pathogens in treated wastewater effluents is via the use of stochastic modelling. The 

advantage of using stochastic modelling is that it incorporates variation (i.e., range of 

values) to the empirical data, which better supports decision-making processes. As 

mentioned before (see section 2.2.1) stochastic modelling has been successfully 

applied in other related scientific fields, for instance in food microbiology (Baranyi, 

2002; Poschet et al., 2003; Kutalik et al., 2005; Ponciano et al., 2005). However, it has 

not until now been used to calculate the removal coefficients of viruses in AS and TF 

treatment systems. As such, these coefficients could be used to estimate the final 

quality of wastewater from different WWTP (Dias et al., 2015). 
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The stochastic modelling component of this research using simplified mathematical 

models, therefore, has significant potential to safeguard public health through an 

improved ability to understand the risks associated with different types of wastewater 

treatment, quality and use. 

For this, empirical data obtained during the 12-month monitoring programme from the 

four WWTP were used to feed the proposed model. The following sections explain the 

method used to complete this task. 

According to the proposed model, the concentrations of the various microorganisms in 

the final effluent (Cfinal) were calculated from their concentrations in the raw wastewater 

(Craw) and their removal rates at each step of the treatment process (πd), as described 

in Eq. 24 and Eq. 25. 

 

C !;#[ = Cl#m × πjl!o × πpq" × πrqlr     Eq. 24 

Where: Cfinal = microorganism concentration in final effluent; Craw = microorganism 

concentration in raw wastewater; πprim = efficacy of preliminary and primary treatment; 

πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment. 

π) = �s.����s.��         Eq. 25 

Where: πd = efficacy of the treatment d; Cd.out = microorganism concentration after 

treatment d; Cd.in = microorganism concentration before treatment d. 

 

For the Craw component of the model (Eq. 24), data from raw wastewater samples were 

used. For the calculation of the πprim, πsec and πtert factors, the following pairs of data 

were used, respectively: RW and PST; PST and SST; and SST and FE. 

In theory, the concentration of microorganisms in the inlet would be expected to be 

higher than the concentration in the outlet of all treatment steps. Consequently, the 

values of πprim, πsec and πtert should range from 0 to 1 (πd = Cd.out / Cd.in; Eq. 25). 

However, as previously explained (section 3.3), the opposite can happen, in which 

case values of πprim, πsec and πtert greater than 1 may arise. Therefore, in order to 

overcome this issue, whenever levels of microorganisms in the outlet exceeded those 

in the inlet, the value of πd was assumed to be equal to one. 

Probability density functions (PDF) were fitted to the Craw, πprim, πsec and πtert dataset. 

For all PDF (Craw, πprim, πsec and πtert) the lower bound limit was fixed as zero. For this, 

the Anderson-Darling (A-D) ‘goodness-of-fit’ statistic was performed using the 

statistical software @Risk, version 6.3.1 (Palisade Corporation, Ithaca, USA), which 

calculates the value of the A-D test for different theoretical distributions. Whether or not 
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a particular PDF was chosen depended on the value of the A-D test and the 

probability–probability (P–P) ‘goodness-of-fit’ plots generated. Only the PDF discussed 

in section 3.6.1 were considered in this study. The concentrations in the final effluents 

were then estimated using the proposed model (Eq. 24) by stochastic simulation with 

Latin Hypercube sampling and 10,000 iterations, again using the software @Risk, 

version 6.3.1 (Palisade Corporation, Ithaca, USA). 

The simulation results were analysed in terms of the range values of the output factors, 

their histogram, skewness and kurtosis. Skewness is the measurement of the 

asymmetry of the distribution, and its value for a normal distribution is equal to zero; a 

negatively skewed distribution has its left tail longer and fatter than the right one 

(skewed toward the left), whereas a positive skewed distribution has its right tail longer 

and fatter than the left one (skewed toward the right) (Vose, 2008). Kurtosis, on the 

other hand, is the measurement of the ‘peakedness’ or ‘flatness’ of the distribution, and 

its value for a normal distribution is equal to 3.0 (Vose, 2008). In addition, the following 

assumptions were made (Vose, 2008): 

• Kurtosis: 

o Kurtosis = 3.0 – mesokurtic (normal) distribution; 

o Kurtosis < 3.0 – platykurtic distribution (flat distribution); 

o Kurtosis > 3.0 - Leptokurtic distribution (peaked distribution). 

• Skewness: 

o |Skewness| equal to 0.0 � symmetric (normal) distribution; 

o |Skewness| between 0.0 and 0.5 � fairly symmetric distribution; 

o |Skewness| between 0.5 and 1.0 � moderately skewed distribution; 

o |Skewness| higher than 1.0 � highly skewed distribution. 

 

As for the input factors of the model, PDF were fitted to the outputs obtained from 

simulations, again using A-D test and P–P plots and the aid of the software @Risk, 

version 6.3.1 (Palisade Corporation, Ithaca, USA). 

 

3.8.1. Sensitivity analysis 

Sensitivity analysis tests were performed with the aim of verifying the impact of each 

input variable of the proposed model on the output. Sensitivity analysis is based on the 

idea of setting fixed values to a given input variable, and then running simulations with 

the various alternatives, one at a time, in order to evaluate how the values of the output 

variable change as a result. This process is undertaken using all the input variables of 



75 

the model. The impact of the input variables on the output is then evaluated by 

assessing the amplitude of the range of mean values of the estimates obtained in each 

simulation performed. As all input variables (Craw = microorganism concentration in raw 

wastewater; πprim = efficacy of preliminary and primary treatment; πsec = efficacy of 

secondary treatment; πtert = efficacy of tertiary treatment) of this study are given as 

probability distributions, it was decided to select a range of percentiles (1, 5, 25, 50, 75, 

95 and 99%) of such distributions as fixed values. As a result of the sensitivity analysis 

tests undertaken, ‘tornado graphs’ displaying a ranking of the input variables that 

impact the output mean value were obtained. 

In order to validate the proposed model, the estimated concentrations of the different 

microorganisms were compared statistically with the observed concentrations obtained 

from the WWTP monitoring programme, in terms of median values, using the non-

parametric Mann-Whitney test, and significance level of 5% (α = 0.05), as follows: 

o Null hypothesis Ho: η (estimated) – η (observed) = 0; 

o Alternative hypothesis Ha: η (estimated) – η (observed) ≠ 0. 
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Chapter 4. Method development for the 

enumeration of enteric viruses 

 

Other than in raw wastewaters, human enteric viruses are often found at low 

concentrations in final effluents and water samples. It is, therefore, common practice to 

process samples prior to molecular analysis in order to increase the concentration of 

these viruses. In this chapter the results of a preliminary study, undertaken with the aim 

of selecting an optimal sample preparation method from a range of combinations of 

different elution and concentration methods, are presented. For this, the preparation 

methods were tested in terms of their ability to concentrate somatic coliphages 

(SOMPH) from raw wastewater (RW) and final effluent (FE) samples. 

 

4.1. Comparison of elution and concentration methods 

The concentrations of SOMPH in the final product of the nine preparation methods 

tested (see section 3.2.1) are presented in Table 4.1. 

 

Table 4.1 – Detection rates and mean concentrations (log10 pfu.mL-1) of somatic 

coliphages (SOMPH) in the final product of nine sample preparation methods used 

for raw wastewater and final effluent samples. 

Preparation 
method 

 
RW 

 
FE 

 
No. Positives / 

No. Samples (%) 
Final product 

(log10 pfu.mL
-1

)  
No. Positives / 

No. Samples (%) 
Final product 

(log10 pfu.mL
-1

) 

1 
 

6/6 (100%) 3.51  6/6 (100%) 1.48 

2 
 

6/6 (100%) 3.20  6/6 (100%) 1.29 

3 
 

6/6 (100%) 3.52  6/6 (100%) 1.54 

4 
 

6/6 (100%) 2.89  2/6 (33.3%) 1.78 

5  6/6 (100%) 2.64  3/6 (50.0%) 1.40 

6  6/6 (100%) 2.76  4/6 (66.7%) 1.30 

7  6/6 (100%) 3.95  6/6 (100%) 2.39 

8  6/6 (100%) 4.34  6/6 (100%) 2.62 

9  6/6 (100%) 4.25  6/6 (100%) 2.43 

method 1: no elution + no concentration; method 2: glycine 0.25 M pH 9.5 elution + no concentration; 
method 3: glycine 2.0 M pH 9.5 elution + no concentration; method 4: no elution + skimmed milk 
concentration; method 5: glycine 0.25 M pH 9.5 elution + skimmed milk concentration; method 6: 
glycine 2.0 M pH 9.5 elution + skimmed milk concentration; method 7: no elution + ultrafiltration; method 
8: glycine 0.25 M pH 9.5 elution +ultrafiltration; method 9: glycine 2.0 M pH 9.5 elution +ultrafiltration. 

 

Comparison of detection rates demonstrated that SOMPH were only undetected when 

FE samples were processed using the skimmed-milk concentration method (methods 

4, 5 and 6, with detection rate equal to 33.3, 50 and 66.7%, respectively; Table 4.1). 
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SOMPH were detected in 100% of the cases using all other methods for FE and using 

all nine methods for RW. 

In terms of concentration, the preparation methods that included an ultrafiltration 

concentration step (methods 7 to 9) were shown to produce final product with the 

highest levels of SOMPH (approximately 4.0-4.3 and 2.4-2.6 log10 pfu.mL-1 in RW and 

FE samples, respectively; Table 4.1). In addition, for RW samples, concentrations of 

SOMPH in the final product of preparation methods 8 and 9 (both of which included 

elution methods) were statistically greater than the concentrations obtained from other 

preparation methods (ANOVA on ranks, p-value = 0.000; Table 4.3). For FE samples, 

preparation methods that included ultrafiltration as the concentration step (method 7 – 

without an elution step; Methods 8 and 9 – with an elution step) were also statistically 

higher than the others (methods 1 to 6), although they did not show statistically 

differences between themselves (ANOVA on ranks, p-value = 0.000; Table 4.3). 

Table 4.2 shows the estimated concentration of SOMPH in the original samples, 

calculated using the obtained concentrations in the final product and the dilution and/or 

concentrations factors associated with each preparation method. The highest 

concentrations of SOMPH estimated for the original samples were obtained using the 

reference method (method 2, comprising an elution step with glycine 0.25 M pH 9.5 

and no concentration step). The adapted elution method (2.0 M pH 9.5; method 2) 

resulted in good recovery rates (86.9% for RW samples and 73.1% for FE samples), 

whereas for the method without elution (method 1), the recovery rates were slightly 

lower (68.8 and 51.7% for RW and FE samples, respectively; Table 4.2). analysing 

methods 1 to 3, no significant difference was observed between the concentrations 

calculated for the original RW samples, whereas for the FE samples, methods 2 and 3 

resulted in significantly higher concentrations for the original samples than method 1 

(ANOVA on ranks, p-value = 0.000; Table 4.3). 

The preparation methods that resulted in the lowest recovery rates were those 

involving a concentration step based on the use of pre-flocculated skimmed milk 

solution (methods 4 to 6), recording recovery rates of 3.4 to 10.2% for FE samples, and 

less than 2% for RW samples (Table 4.2). For those preparation methods that included 

a concentration step by ultrafiltration (methods 7 to 9), recovery rates were shown to be 

greater than those resulting from methods that used the skimmed milk concentration 

step. When RW samples were processed using preparation methods 7, 8 and 9, the 

recovery rates obtained were 9.4, 23.0 and 19.0%, respectively. Calculated SOMPH 

concentrations in original samples from preparation methods 8 and 9 were significantly 

higher than those obtained using method 7 (ANOVA on ranks, p-value = 0.000; Table 

4.3). For FE samples, the recovery rates for methods 7, 8 and 9 were 20.7, 35.8 and 
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23.1%, respectively, and no statistical difference was observed between the 

concentrations calculated for the original samples (ANOVA on ranks, p-value = 0.000; 

Table 4.3). 

 

Table 4.2 – Mean concentrations (log10 pfu.mL-1) and recovery rates (%) of somatic 

coliphages (SOMPH) in raw wastewater and final effluent samples obtained using 

nine sample preparation methods. 

Preparation 
method 

 
RW 

 
FE 

 

Sample 
concentration 
(log10 pfu.mL

-1
) 

Recovery rate 
(%)  

Sample 
concentration 
(log10 pfu.mL

-1
) 

Recovery rate 
(%) 

1 
 

3.51 68.8%  1.48 51.7% 

2 
 

3.67 100.0%  1.77 100.0% 

3 
 

3.61 86.9%  1.63 73.1% 

4 
 

1.89 1.7%  0.78 10.2% 

5  1.64 0.9%  0.40 4.3% 

6  1.76 1.2%  0.30 3.4% 

7  2.65 9.4%  1.09 20.7% 

8  3.04 23.0%  1.32 35.8% 

9  2.95 19.0%  1.13 23.1% 
method 1: no elution + no concentration; method 2: glycine 0.25 M pH 9.5 elution + no concentration; 
method 3: glycine 2.0 M pH 9.5 elution + no concentration; method 4: no elution + skimmed milk 
concentration; method 5: glycine 0.25 M pH 9.5 elution + skimmed milk concentration; method 6: 
glycine 2.0 M pH 9.5 elution + skimmed milk concentration; method 7: no elution + ultrafiltration; method 
8: glycine 0.25 M pH 9.5 elution +ultrafiltration; method 9: glycine 2.0 M pH 9.5 elution +ultrafiltration. 

 

Table 4.3 – Comparison of preparation (elution and concentration) methods using 

ANOVA on ranks and Tukey Pairwise Comparison tests (α = 0.05). 

 Raw wastewater samples Final effluent samples 

C
o

n
c

e
n

tr
a

ti
o

n
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f 
fi

n
a

l 

p
ro

d
u

c
ts

 

ANOVA: p-value = 0.000 

Tukey Pairwise Comparisons  

Factor     N    Mean  Grouping 

method.8   6    4.34  A 

method.9   6    4.25  A 

method.7   6    3.95    B 

method.3   6    3.52      C 

method.1   6    3.51      C 

method.2   6    3.20        D 

method.4   6    2.89        D E 

method.6   6    2.76          E F 

method.5   6    2.64            F 

ANOVA: p-value = 0.000 

Tukey Pairwise Comparisons  

Factor     N    Mean  Grouping 

method.8   6    2.62  A 

method.9   6    2.43  A B 

method.7   6    2.39  A B 

method.4   2    1.78    B C 

method.3   6    1.54      C 

method.1   6    1.48      C 

method.5   3    1.40      C D 

method.6   4    1.30        D 

method.2   6    1.29        D 

C
a
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u
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te

d
 

c
o

n
c

e
n

tr
a

ti
o

n
s
 i

n
 o

ri
g

in
a

l 

s
a
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ANOVA: p-value = 0.000 

Tukey Pairwise Comparisons  

Factor     N    Mean  Grouping 

method.2   6    3.67  A 

method.3   6    3.61  A 

method.1   6    6.51  A 

method.8   6    3.04    B 

method.9   6    2.95    B 

method.7   6    2.65      C 

method.4   6    1.89        D 

method.6   6    1.76        D E 

method.5   6    1.64          E 

ANOVA: p-value = 0.000 

Tukey Pairwise Comparisons  

Factor     N   Mean  Grouping 

method.2   6   1.77  A 

method.3   6   1.63  A B 

method.1   6   1.48    B C 

method.8   6   1.32      C D 

method.9   6   1.13        D E 

method.7   6   1.09        D E 

method.4   2   0.78          E F 

method.5   3   0.40            F 

method.6   4   0.30            F 

method 1: no elution + no concentration; method 2: glycine 0.25 M pH 9.5 elution + no concentration; 
method 3: glycine 2.0 M pH 9.5 elution + no concentration; method 4: no elution + skimmed milk 
concentration; method 5: glycine 0.25 M pH 9.5 elution + skimmed milk concentration; method 6: 
glycine 2.0 M pH 9.5 elution + skimmed milk concentration; method 7: no elution + ultrafiltration; method 
8: glycine 0.25 M pH 9.5 elution +ultrafiltration; method 9: glycine 2.0 M pH 9.5 elution +ultrafiltration. 
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4.2. Discussion 

As mentioned previously, the detection and quantification of viral pathogens in water 

samples using molecular techniques present issues associated with detection level 

(sensitivity), complexity, timeliness and cost. Another point of concern is the lack of 

standardisation for sample preparation (elution and concentration) methods (Persing, 

2004; USEPA, 2015). 

A number of elution and concentration methods have been proposed in the literature. 

Examples of elution methods include: beef extract at pH 9.5 (Wyn-Jones and Sellwood, 

2001), glycine/NaOH at pH 9.5-11.5 (Calgua et al., 2013), and 0.05 M KH2PO4 1.0 M 

NaCl, 0.1% Tween 80, pH 4 solution (Hamza et al., 2009). Concentration methods 

include the use of electronegative membranes (Katayama et al., 2008), skimmed-milk 

flocculation (Calgua et al., 2013), ultrafiltration (Sidhu et al., 2012), and 

ultracentrifugation (Pina et al., 1998). 

The use of beef extract as an eluent has been demonstrated to cause PCR inhibition 

(Abbaszadegan et al., 1999; Rock et al., 2010). Limitations associated with the use of 

membranes and filters to concentrate viruses from water samples are mainly related to 

the clogging of membranes/filters (particularly with turbid waters, such as wastewater) 

and the need to precondition samples before filtration (Cashdollar and Wymer, 2013). 

Concentration methods involving ultracentrifugation are limited because of the high 

costs associated with the laboratory equipment required (Calgua et al., 2013). 

The two elution methods tested in this study are very similar in terms of their labour 

requirements. However, the method proposed by Calgua et al. (2013) (glycine 0.25 M 

pH 9.5) requires higher volumes of the eluent compared with the modified version 

proposed in this study (glycine 2.0 M pH 9.5), which leads to higher volumes of final 

eluate, and the need of multiple centrifugation steps (i.e., more time-consuming) when 

using the concentration method by ultrafiltration as the next step. With regards to the 

concentration methods, the skimmed-milk method (Calgua et al., 2013) is considerably 

more labour-intensive and time-demanding than the ultrafiltration method (Sidhu et al., 

2012), although it is worth mentioning that the latter is associated with higher costs 

than the former. 

The results of this preliminary study demonstrated that concentration by ultrafiltration 

produced final product with higher concentrations of viruses than the skimmed milk 

concentration method. Higher recovery rates were also associated with ultrafiltration 

than with the skimmed milk method. With regards to the use of an elution method, it 

appears that the use of glycine solution at pH 9.5 results in higher concentration factors 

and recovery rates, when compared to preparation methods without an elution step, 
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although no significant difference was observed between the two elution methods 

tested. 

Therefore, for the enumeration of HAdv and Nv, it was decided to use a preparation 

method consisting of an elution step using glycine 2.0 M pH 9.5 (adapted from Calgua 

et al. (2013)) followed by concentration by ultrafiltration using Amicon Ultra-15 

centrifugal filters units (used in Sidhu et al. (2012)) (method 9). A recovery rate of 21% 

(being the average recorded recovery rate obtained using method 9 to process RW 

and FE samples) was used when calculating levels of HAdv and Nv in the original 

samples. 
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Chapter 5. WWTP monitoring results 

 

In this chapter the quantification and analysis of microorganisms and physico-chemical 

parameters at each treatment step [raw wastewater (RW), primary effluent (PST), 

secondary effluent (SST) and tertiary effluent (FE)] of four WWTP in southern England 

(two AS and two TF systems) are presented. To support the subsequent discussion, 

the dataset was divided into two distinct groups, one comprising data from the two AS 

plants, and the other comprising data from the TF plants. Statistical tests, such as 

analysis of variance on ranks (ANOVA on ranks), ranked t-test and Spearman's rank 

correlation coefficient, were used for data analysis. In all cases a significance level of 

5% (α = 0.05) was utilised. 

 

5.1. Microorganisms 

Figures 5.1 and 5.2 present the descriptive statistics for the concentrations of all 

microorganisms monitored [coliphages (SOMPH), F-RNAPH coliphages (F-RNAPH) 

and phages infecting B. fragilis (Bf124PH), faecal coliforms (FC), intestinal enterococci 

(IE), human adenovirus (HAdv), norovirus genogroup 1 (Nv G1) and norovirus 

genogroup 2 (Nv G2)] in RW, PST SST and FE samples from AS and TF systems, 

respectively. Table 5.1 presents detection rates and mean concentrations of the 

microorganisms studied, whereas Table 5.2 presents the removal rates of the 

microorganisms studied at the primary (πprim), secondary (πsec) and tertiary (πtert) 

treatment steps of AS and TF systems. Global removal rates (πglobal) were also 

computed. Complete numerical descriptive statistics of all microorganisms studied are 

presented in Appendix 1. 

Somatic coliphages (SOMPH) were found in all 353 samples tested (Table 5.1). The 

mean concentrations of SOMPH recorded in raw wastewater samples were 5.94 log10 

pfu.100mL-1 in AS and 6.05 log10 pfu.100mL-1 in TF systems (Table 5.1), with no 

significant difference (ranked t-test; p-value = 0.183; Table 5.3). It can be seen from 

Figures 5.1 and 5.2 that AS treatment plants were more effective at removing SOMPH 

than TF plants, which was corroborated by the ranked t-test (p-value = 0.000 for global 

removal rates; Table 5.4). In both AS and TF systems, the treatment stage that 

accounted for the greatest removal of SOMPH was the secondary stage, in which it 

was significantly higher than in the primary and tertiary treatment stages (ANOVA on 

ranks, AS: p-value = 0.000, TF: p-value = 0.000; Table 5.5), although visually less 

evident in TF systems (Table 5.1). Mean global removal rates were equal to 2.42 log10 
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(1.77 log10 in the biological treatment step) in AS, and 0.84 log10 (0.54 log10 in the 

biological treatment step) in TF systems (Table 5.2). 

F-RNA coliphages (F-RNAPH) were found in almost 100% of RW and PST samples of 

both AS and TF systems (Table 5.1). As for SOMPH, mean concentrations in raw 

wastewater samples of AS (3.33 log10 pfu.100mL-1) and TF (3.23 log10 pfu.100mL-1) 

systems were not statistically different (ranked t-test, p-value = 0.307; Table 5.3). 

Removal rates of F-RNAPH in TF plants were very low in all three treatment steps 

(Figures 5.1 and 5.2; Table 5.2). In fact, no significant difference was observed 

between the decay of F-RNAPH in the primary, secondary and tertiary treatment steps 

(ANOVA on ranks, p-value = 0.247; Table 5.5), and the mean global removal rate was 

equal to 0.23 log10. On the other hand, in AS systems, the removal rates observed in 

the biological treatment were significantly higher than the ones observed in the primary 

and tertiary steps (ANOVA on ranks, p-value = 0.000; Table 5.5), and the mean global 

removal rate was equal to 2.26 log10. As a consequence, F-RNAPH were found in only 

45.8 and 21.7% of SST and FE samples from AS systems, respectively, and at low 

levels (approximately 1.9 log10 pfu.100mL-1; Table 5.1). On the other hand, the 

detection rate (percentage of positive samples) of F-RNAPH in SST and FE of TF 

systems was close to 100%, with mean values of approximately 3.0 log10 pfu.100mL-1 

(Table 5.1). 

As it can be seen in Figures 5.1 and 5.2 and Tables 5.1 and 5.2, AS systems were 

more effective than TF systems at removing phages infecting B. fragilis (Bf124PH). In 

AS sites, the treatment step most responsible for removing Bf124PH was the 

secondary one (mean removal rate equal to 1.75 log10), significantly higher (ANOVA on 

ranks; p-value = 0.000; Table 5.5) than the primary and tertiary treatment steps (0.27 

and 0.08 log10, respectively, Table 5.2). The mean concentration was reduced from 

3.52 log10 pfu.100mL-1 in RW samples to 1.81 log10 pfu.100mL-1 in FE samples, and the 

detection rates of Bf124PH is SST and FE samples were equal to 72.9 and 39.1%, 

respectively (Table 5.1). In TF plants, the biological step was also the treatment step 

that accounted for the greatest removal rates (0.52 log10), followed by the tertiary 

treatment (0.19 log10) and then the primary treatment step (null removal) (ANOVA on 

ranks, p-value = 0.000; Table 5.5). The mean concentration of Bf124PH was reduced 

from 3.81 log10 pfu.100mL-1 in RW samples to 3.16 log10 pfu.100mL-1 in FE samples, 

and phages were detected in almost 100% of samples tested (Table 5.1). 
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Figure 5.1 – Descriptive statistics for the concentrations of somatic coliphages (A), 

F-RN coliphages (B), B. fragilis phages (C), faecal coliforms (D), intestinal 

enterococci (E), human adenoviruses (F), noroviruses genogroup 1 (G) and 

noroviruses genogroup 2 (H) at each treatment step in the activated sludge systems. 

RW = raw wastewater; PST = primary sedimentation tank; SST = secondary 

sedimentation tank; FE = final effluent. 

FESSTPSTRW

8

7

6

5

4

3

2

1

0

S
O

M
P

H
 (

 l
o

g
10

 p
fu

 /
 1

0
0
 m

L
 )

A 
FESSTPSTRW

8

7

6

5

4

3

2

1

0

F-
R

N
A

P
H

 (
 l

o
g

10
 p

fu
 /

 1
0

0
 m

L 
)

B 

FESSTPSTRW

8

7

6

5

4

3

2

1

0

B
f1

2
4

P
H

 (
 l

o
g

10
 p

fu
 /

 1
0

0
 m

L
 )

C 
FESSTPSTRW

8

7

6

5

4

3

2

1

0
F
C

 (
 l

o
g

10
 c

fu
 /

 1
0
0

 m
L 

)

D 

FESSTPSTRW

8

7

6

5

4

3

2

1

0

IE
 (

 l
o

g
10

 c
fu

 /
 1

0
0

 m
L 

)

E 
FESSTPSTRW

8

7

6

5

4

3

2

1

0

H
A

d
v 

( 
lo

g
10

 c
o

p
ie

s 
/ 

10
0
 m

L
 )

F 

FESSTPSTRW

8

7

6

5

4

3

2

1

0

N
v
 G

1 
( 

lo
g

10
 c

o
p

ie
s 

/ 
10

0
 m

L
 )

G 
FESSTPSTRW

8

7

6

5

4

3

2

1

0

N
v
 G

2
 (

 l
o

g
10

 c
o

p
ie

s 
/ 

10
0
 m

L 
)

H 



84 

  

  

  

  
Figure 5.2 – Descriptive statistics for the concentrations of somatic coliphages (A), 

F-RN coliphages (B), B. fragilis phages (C), faecal coliforms (D), intestinal 

enterococci (E), human adenoviruses (F), noroviruses genogroup 1 (G) and 

noroviruses genogroup 2 (H) at each treatment step in the trickling filter systems. 

RW = raw wastewater; PST = primary sedimentation tank; SST = secondary 

sedimentation tank; FE = final effluent. 
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Table 5.1 – Detection rates and mean concentrations of SOMPH, F-RNAPH, 
Bf124PH, FC, IE, HAdv, Nv G1 and Nv G2 at each treatment step in the AS and TF 
systems. 

Org Sample 
 

AS 
 

TF 

 
No. Positives / 

No. Samples (%) 
Mean±SD 

 
No. Positives / 

No. Samples (%) 
Mean±SD 

S
O

M
P

H
 RW  48/48 (100%) 5.94±0.52 

 
48/48 (100%) 6.05±0.51 

PST  46/46 (100%) 5.65±0.50 
 

46/46 (100%) 5.94±0.45 

SST  47/47 (100%) 3.85±0.39 
 

48/48 (100%) 5.42±0.47 

FE  22/22 (100%) 3.45±0.42 
 

48/48 (100%) 5.20±0.45 

F
-R

N
A

P
H

 RW  44/45 (97.8%) 3.33±0.85 
 

45/46 (97.8%) 3.23±0.89 

PST  41/46 (89.1%) 3.11±0.92 
 

47/48 (97.9%) 3.27±0.87 

SST  22/48 (45.8%) 1.91±0.69 
 

46/47 (97.9%) 3.17±0.63 

FE  5/23 (21.7%) 1.88±0.27 
 

48/48 (100%) 3.01±0.59 

B
f1

2
4

P
H

 RW  44/44 (100%) 3.52±0.82 
 

45/47 (95.7%) 3.81±0.67 

PST  44/47 (93.6%) 3.36±0.84 
 

47/47 (100%) 3.84±0.73 

SST  35/48 (72.9%) 1.79±0.72 
 

46/47 (97.9%) 3.36±0.78 

FE  9/23 (39.1%) 1.81±0.70 
 

44/47 (93.6%) 3.16±0.76 

F
C

 

RW 
 

48/48 (100%) 6.63±0.64  48/48 (100%) 6.70±0.55 

PST 
 

47/47 (100%) 6.31±0.57  48/48 (100%) 6.52±0.45 

SST 
 

48/48 (100%) 4.10±0.58  46/46 (100%) 5.04±0.29 

FE  22/22 (100%) 3.17±0.60  45/45 (100%) 4.43±0.52 

IE
 

RW  47/47 (100%) 5.80±0.42  48/48 (100%) 5.84±0.55 

PST  47/47 (100%) 4.91±1.05  47/47 (100%) 5.67±0.30 

SST  47/47 (100%) 3.26±0.49  45/45 (100%) 3.89±0.34 

FE  22/22 (100%) 2.61±0.46  48/48 (100%) 3.46±0.63 

H
A

d
v

 

RW 
 

27/48 (56.3%) 4.52±0.85  22/47 (46.8%) 4.42±1.32 

PST 
 

26/47 (55.3%) 4.39±0.72  24/47 (51.1%) 4.43±0.70 

SST 
 

11/46 (23.9%) 3.01±0.91  26/47 (55.3%) 3.97±0.78 

FE  2/23 (8.7%) 2.34±0.73  35/48 (72.9%) 4.09±0.96 

N
v
 G

1
 RW  5/45 (11.1%) 3.37±1.42  5/44 (11.4%) 3.41±1.50 

PST  1/46 (2.2%) 2.03±**  4/46 (8.7%) 3.11±1.03 

SST 
 

1/46 (2.2%) 4.38±**  5/48 (10.4%) 1.44±0.72 

FE  4/22 (18.2%) 4.60±2.45  5/46 (10.9%) 1.84±0.61 

N
v
 G

2
 RW  6/46 (13.0%) 3.51±2.16  10/47 (21.3%) 4.72±1.71 

PST  8/47 (17.0%) 3.65±1.75  5/48 (10.4%) 5.20±1.69 

SST  4/47 (8.5%) 4.54±1.08  8/46 (17.4%) 2.64±1.25 

FE  1/46 (2.2%) 5.87±**  7/48 (14.6%) 2.19±0.78 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA 
coliphages; Bf124PH = B. fragilis phages; C = faecal coliforms; IE = intestinal enterococci; 
HAdv = Human Adenovirus Types F & G; Nv G1 = Norovirus genogroup 1; Nv G2 = 
Norovirus genogroup 2; RW = raw wastewater samples; PST = primary effluent samples; 
SST = secondary effluent samples; FE = tertiary final effluent; SD = standard deviation. 
** not calculated because of insufficient data. 
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Table 5.2 – Mean removal rates (log10) of SOMPH, F-RNAPH, Bf124PH, FC, IE and 

HAdv at each treatment step of AS and TF systems. 

Org Treatment step  
AS 

 
TF 

 
Mean±SD 

 
Mean±SD 

SOMPH 

πprim 
 

0.33±0.44   0.10±0.41 

πsec  
1.77±0.46 

 
0.54±0.35 

πtert  
0.26±0.30 

 
0.21±0.25 

πglobal  
2.42±0.69   0.84±0.42 

F-RNAPH 

πprim 
 

0.33±0.57   0.01±0.45 

πsec  
1.60±0.72 

 
0.07±0.57 

πtert  
0.39±0.44 

 
0.16±0.36 

πglobal  
2.26±0.82   0.23±0.75 

Bf124PH 

πprim 
 

0.27±0.63   -0.09±0.53 

πsec  
1.75±0.64 

 
0.52±0.43 

πtert  
0.08±0.35 

 
0.19±0.37 

πglobal  
2.00±1.19   0.60±0.69 

FC 

πprim 
 

0.33±0.61   0.18±0.33 

πsec  
2.21±0.68 

 
1.47±0.36 

πtert  
0.58±0.31 

 
0.58±0.54 

πglobal  
3.59±0.69   2.26±0.87 

IE 

πprim 
 

0.85±0.92   0.16±0.55 

πsec  
1.64±0.95 

 
1.77±0.41 

πtert  
0.39±0.43 

 
0.42±0.49 

πglobal  
3.10±0.71   2.38±1.02 

HAdv 

πprim 
 

0.13±0.84   0.15±1.29 

πsec  
1.65±0.92 

 
0.37±0.62 

πtert  
* 

 
-0.27±1.05 

πglobal  
*   0.17±1.07 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA 
coliphages; Bf124PH = B. fragilis phages; C = faecal coliforms; IE = intestinal enterococci; HAdv = 
Human Adenovirus Types F & G; πprim = efficacy of preliminary and primary treatment; πsec = efficacy of 
secondary treatment; πtert = efficacy of tertiary treatment; 
* Not calculated because of insufficient data. 

 

Faecal coliforms (FC) were detected in all 352 samples from AS and TF systems 

(Table 5.1). The mean concentrations of FC observed in raw wastewater samples in 

AS and TF systems (mean value equal to 6.63 and 6.70 log10 cfu.100mL-1, 

respectively; Table 5.1) were not significantly different (ranked t-test, p-value = 0.334; 

Table 5.3). In both treatment systems, the biological treatment step was responsible for 

significantly higher removal rates than the other treatment steps (ANOVA on ranks, p-

value = 0.000; Table 5.5), and the mean global removal rate observed in the plants AS 

(3.56 log10) was significantly higher (ranked t-test, p-value = 0.001; Table 5.4) than that 

recorded in the TF plants (2.26 log10). 

Similar analysis for intestinal enterococci (IE) results demonstrates that they were 

detected in 100% of the 351 samples tested (Table 5.1); that AS systems were 

significantly more effective than TF at removing IE (ranked t-test, p-value = 0.001; 
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Table 5.4); and that the mean removal rate in secondary treatment was statistically 

higher than those observed in the primary and tertiary treatment steps (ANOVA on 

ranks, p-value = 0.000; Table 5.5) in both AS and TF systems. Concentrations were 

reduced from 5.80 and 5.84 log10 cfu.100mL-1 in RW samples to 2.61 and 3.46 log10 

cfu.100mL-1 in FE samples from AS and TF systems, respectively (Table 5.1). 

A total of 353 samples were tested for human adenoviruses (HAdv). In AS systems, the 

detection rate of HAdv decreased gradually through the treatment: 56.3% in RW, 

55.3% in PST, 23.9% in SST and 8.7% in FE samples (Table 5.1). Conversely, in TF 

systems the detection rate of HAdv ranged between 46.8% and 55.3% in RW, PST and 

SST samples, and, surprisingly, in FE samples the detection rate was slightly higher, 

72.9% (Table 5.1). The mean concentrations observed in RW samples from both AS 

and TF (4.52 and 4.42 log10 copies.100mL-1, respectively; Table 5.1) were not 

significantly different (ranked t-test, p-value = 0.383; Table 5.3). The mean removal 

rates in the primary and secondary treatment steps of TF systems were equal to, 

respectively, 0.15 and 0.37 log10, whereas an increase of 0.27 log10 was observed in 

the tertiary treatment step (Table 5.2). No significant difference was observed between 

the removal rates calculated for the three treatment steps (ANOVA on ranks, p-

value = 0,140; Table 5.5). The overall removal of HAdv in TF systems was equal to 

0.17 log10 only. In AS plants, the secondary treatment step (1.65 log10) demonstrated 

significantly higher removal rates than the primary treatment step (0.13 log10) (ANOVA 

on ranks, p-value = 0,003; Table 5.2). Because of the low number of positive samples 

in the FE samples (low detection rate), the tertiary and global removal rates could not 

be calculated. The mean concentration of HAdv in final effluents of AS and TF systems 

were 2.34 and 4.09 log10 copies.100mL-1, respectively (Table 5.1). 

In terms of norovirus, the overall detection rate of both norovirus genogroup 1 (Nv G1) 

and norovirus genogroup 2 (Nv G2) was very low. Nv G1 were found in only 30 (8.7%) 

samples from a total of 343 samples tested, whereas Nv G2 were found in 49 (14.0%) 

samples of 351 tests performed (Table 5.1). Therefore, as a consequence of the low 

detection rate, discussion of the results for both Nv G1 and Nv G2 is necessarily 

limited. 

A mean concentration of Nv G1 equal to 3.4 log10 copies.100mL-1 was observed in the 

raw wastewater of both AS and TF (Table 5.1). The primary treatment step of AS 

systems contributed to a removal rate of around 1.3 log10, but the concentrations then 

increased to 4.4 log10 copies.100mL-1 (increase of 2.4 log10) in the SST samples and 

then to 4.6 log10 copies.100mL-1 (increase of 0.2 log10) in FE samples (Tables 5.1 and 

5.2). The primary and secondary treatment steps of TF systems contributed to removal 
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rates of around 0.3 and 1.7 log10, respectively, but the concentrations then increased to 

1.8 log10 copies.100mL-1 (increase of 0.4 log10) in FE samples (Tables 5.1 and 5.2). 

The pattern of the concentrations of Nv G2 through the TF systems appeared erratic: 

the mean concentration recorded in RW samples was 4.7 log10 copies.100mL-1; an 

increase of 0.5 log10 was observed in the primary treatment step (mean levels equal to 

5.2 log10 copies.100mL-1 in PST samples); followed by a reduction of 2.6 log10 in the 

secondary step (mean levels equal to 2.6 log10 copies.100mL-1 in SST samples); and 

then a reduction of 0.4 log10 in the tertiary treatment step (mean levels equal to 2.2 

log10 copies.100mL-1 in FE samples) (Tables 5.1 and 5.2). In AS systems, an increase 

in levels of Nv G2 was observed in all treatment steps: 0.2, 0.8 and 1.4 log10 in the 

primary, secondary and tertiary treatment steps, respectively. As a consequence, the 

concentration increased from 3.5 log10 copies.100mL-1 in RW samples to 5.9 log10 

copies.100mL-1 in FE samples (Tables 5.1 and 5.2). 

 

Table 5.3 – Comparison between AS and TF systems, in terms of concentrations of 

microorganisms at each treatment step, using ranked t-test (α = 0.05). 

Org Parameter RW PST SST FE 

SOMPH 

N(AS) / N(TF) 48 / 48 46 / 46 47 / 48 22 / 48 

p-value 0.183 0.009 0.000 0.000 

result μ(AS) = μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

F-RNAPH 

N(AS) / N(TF) 44 / 45 41 / 47 22 / 46 5 / 48 

p-value 0.307 0.191 0.000 0.000 

result μ(AS) = μ(TF) μ(AS) = μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

Bf124PH 

N(AS) / N(TF) 44 / 45 44 / 47 35 / 46 9 / 44 

p-value 0.040 0.002 0.000 0.000 

result μ(AS) < μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

FC 

N(AS) / N(TF) 48 / 48 47 / 48 48 / 46 22 / 45 

p-value 0.334 0.023 0.000 0.000 

result μ(AS) = μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

IE 

N(AS) / N(TF) 47 / 48 47 / 47 47 / 45 22 / 48 

p-value 0.258 0.001 0.000 0.000 

result μ(AS) = μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

HAdv 

N(AS) / N(TF) 27 / 22 26 / 24 11 / 26 2 / 35 

p-value 0.383 0.481 0.002 0.021 

result μ(AS) = μ(TF) μ(AS) = μ(TF) μ(AS) < μ(TF) μ(AS) < μ(TF) 

AS = activated sludge; TF = trickling filter; RW = raw wastewater samples; PST = primary effluent 
samples; SST = secondary effluent samples; FE = tertiary final effluent; SOMPH = somatic coliphages; 
F-RNAPH = F-RNA coliphages; Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal 
enterococci; HAdv = human adenoviruses. 
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Table 5.4 – Comparison between AS and TF systems, in terms of removal rates of 

microorganisms at each treatment step, using ranked t-test (α = 0.05). 

Org Parameter πprim πsec πtert πglobal 

SOMPH 

N(AS) / N(TF) 46 / 46 45 / 46 22 / 48 22 / 48 

p-value 0.009 0.000 0.154 0.000 

result μ(AS) > μ(TF) μ(AS) > μ(TF) μ(AS) = μ(TF) μ(AS) > μ(TF) 

F-RNAPH 

N(AS) / N(TF) 38 / 44 20 / 45 5 / 46 4 / 45 

p-value 0.001 0.000 0.122 0.000 

result μ(AS) > μ(TF) μ(AS) > μ(TF) μ(AS) = μ(TF) μ(AS) > μ(TF) 

Bf124PH 

N(AS) / N(TF) 40 / 45 31 / 46 9 / 43 6 / 42 

p-value 0.003 0.000 0.169 0.005 

result μ(AS) > μ(TF) μ(AS) > μ(TF) μ(AS) = μ(TF) μ(AS) > μ(TF) 

FC 

N(AS) / N(TF) 47 / 48 47 / 46 22 / 44 22 / 45 

p-value 0.213 0.000 0.246 0.001 

result μ(AS) = μ(TF) μ(AS) > μ(TF) μ(AS) = μ(TF) μ(AS) > μ(TF) 

IE 

N(AS) / N(TF) 46 / 47 46 / 44 22 / 45 21 / 48 

p-value 0.000 0.228 0.356 0.001 

result μ(AS) > μ(TF) μ(AS) = μ(TF) μ(AS) = μ(TF) μ(AS) > μ(TF) 

HAdv 

N(AS) / N(TF) 19 / 17 6 / 16 0 / 21 1 / 19 

p-value 0.469 0.002 * * 

result μ(AS) = μ(TF) μ(AS) > μ(TF) * * 

* = not performed (limited data). 
AS = activated sludge; TF = trickling filter; πprim = removal rate at primary treatment step; πsec = removal 
rate at secondary treatment step; πtert = removal rate at tertiary treatment step; πglobal = global removal 
rate; SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; Bf124PH = B. fragilis phages; FC = 
faecal coliforms; IE = intestinal enterococci; HAdv = human adenoviruses. 
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Table 5.5 – Comparison of removal rates at different treatment steps for each 

microorganisms using ANOVA on ranks and Tukey Pairwise Comparison tests 

(α = 0.05). 

Org AS TF 

S
O

M
P

H
 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    45   1,77  A 

πprim   46   0,33    B 

πtert   22   0,26    B 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    46   0.54  A 

πtert   48   0.21    B 

πprim   46   0.10    B 

F
-R

N
A

P
H

 p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    20   1.60  A 

πtert   38   0.39    B 

πprim   05   0.33    B 

p-value = 0.247 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πtert   46   0.16  A 

πsec    45   0.07  A 

πprim   44   0.01  A 

B
f1

2
4
P

H
 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    31   1.75  A 

πprim   40   0.27    B 

πtert   09   0.08    B 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    46   0.52  A 

πtert   43   0.19    B 

πprim   45  -0.09      C 

F
C

 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    47   2.21  A 

πtert   22   0.58    B 

πprim   47   0.33    B 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N    Mean   Grouping 

πsec    46    1.47  A 

πtert   44    0.58    B 

πprim   48    0.18      C 

IE
 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    46   1.64  A 

πprim   46   0.85    B 

πtert   22   0.39    B 

p-value = 0.000 

 

Tukey Pairwise Comparisons  

Factor  N    Mean   Grouping 

πsec    44    1.77  A 

πtert   45    0.42    B 

πprim   47    0.16    B 

H
A

d
v
 

p-value = 0.003 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    06   1.65  A 

πprim   19   0.13    B 

* πtert: not performed (limited data) 

p-value = 0.140 

 

Tukey Pairwise Comparisons  

Factor  N   Mean   Grouping 

πsec    16   0.37  A 

πprim   17   0.15  A 

πtert   21  -0.27  A 

AS = activated sludge; TF = trickling filter; πprim = removal rate at primary treatment step; πsec 
= removal rate at secondary treatment step; πtert = removal rate at tertiary treatment step; 
SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; Bf124PH = B. fragilis phages; 
FC = faecal coliforms; IE = intestinal enterococci; HAdv = human adenoviruses. 
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5.2. Physico-chemical parameters 

Figures 5.3 and 5.4 present the descriptive statistics for the concentrations of all 

physico-chemical parameters monitored [total suspended solids (TSS), chemical 

oxygen demand (COD), total phosphorus (Total P), ammonium, nitrite and nitrate] in 

RW, PST SST and FE samples from AS and TF systems, respectively. Tables 5.6 

presents detection rates and mean concentrations of the physico-chemical parameters 

studied, whereas Table 5.7 presents the removal rates of the physico-chemical 

parameters studied at the primary (πprim), secondary (πsec) and tertiary (πtert) treatment 

steps of AS and TF systems. Global removal rates (πglobal) were also computed. 

Complete numerical descriptive statistics of all physico-chemical parameters studied 

are presented in Appendix 2. 

The mean concentrations of TSS in RW samples in AS and TF systems were 276 and 

293 mg.L-1 (Table 5.6), respectively, which were demonstrated not to be significantly 

different (ranked t-test, p-value = 0.280; Table 5.8). Removal rates of TSS in AS were 

equal to 65, 79 and 56% in the primary, secondary and tertiary treatment steps, 

respectively; in TF plants, the numbers were equal to 62, 72 and 49%, respectively 

(Table 5.7). Analysing the quality of final effluent samples from the WWTP monitored, 

both concentration (9 mg.L-1 in AS and 14 mg.L-1 in TF; Table 5.6) and global removal 

rate (96% in AS and 94% in TF; Table 5.7) were in accordance with the standards set 

out in the EU Urban Waste Water Treatment Directive (91/271/EEC) (CEU, 1991), 

which prescribes an effluent concentration of lower than 35 mg.L-1 or a minimum 

removal rate of 90%. In fact, secondary effluents from both the AS and TF systems 

complied with the Directive standards for TSS. Although the observed TSS removal 

efficacies for AS and TF plants were very similar, the former was shown to be more 

effective than the latter at removing TSS, producing effluents of a higher quality 

(ranked t-test, p-value = 0.023; Table 5.9). The final effluent of both AS and TF 

systems were also in compliance with the discharge consent data (Table 3.1). 
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Figure 5.3 – Descriptive statistics for the concentrations of TSS (A), COD (B), Total 

P (C), ammonium (D), nitrite (E) and nitrate (F) at each treatment step in the 

activated sludge (AS) systems. 

Upper outliers not shown in the graphics: TSS - AS.RW (n=2); COD - AS.RW (n=1); 

Total P - AS.RW (n=1); ammonium - AS.RW (n=1); nitrate - AS.RW (n=2). 

TSS = total suspended solids (mg TSS.L-1); COD = chemical oxygen demand 

(mg O2.L
-1); Total P = total phosphorus (mg PO4

3--P.L-1); ammonium (mg NH4
+-N.L-1); 

nitrite (mg NO2
--N.L-1); nitrate (mg NO3

--N.L-1); RW = raw wastewater; PST = primary 

sedimentation tank; SST = secondary sedimentation tank; FE = final effluent. 
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Figure 5.4 – Descriptive statistics for the concentrations of TSS (A), COD (B), Total 

P (C), ammonium (D), nitrite (E) and nitrate (F) at each treatment step in the trickling 

filter (TF) systems. 

Upper outliers not shown in the graphics: TSS - TF.RW (n=2); Total P - TF.RW 

(n=2); nitrate - TF.PST (n=1). 

TSS = total suspended solids (mg TSS.L-1); COD = chemical oxygen demand 

(mg O2.L
-1); Total P = total phosphorus (mg PO4

3--P.L-1); ammonium (mg NH4
+-N.L-1); 

nitrite (mg NO2
--N.L-1); nitrate (mg NO3

--N.L-1); RW = raw wastewater; PST = primary 

sedimentation tank; SST = secondary sedimentation tank; FE = final effluent. 
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Table 5.6 – Mean concentrations (mg.L-1) of TSS, COD, Total P, ammonium ion, 

nitrite and nitrate at each step of treatment in the AS and TF systems. 

Parameter Sample  
AS 

 
TF 

 
Mean±SD 

 
Mean±SD 

TSS 
(mg TSS.L

-1
) 

RW 
 

276±203  293±212 

PST 
 

84±42  89±33 

SST 
 

16±12  24±11 

FE  9±8  14±8 

COD 
(mg O2.L

-1
) 

RW  606±311  577±253 

PST  259±103  218±72 

SST 
 

29±16  52±18 

FE  24±18  42±14 

Total P 
(mg PO4

3-
-P.L

-1
) 

RW  9.0±4.9  8.8±5.8 

PST  4.4±2.3  6.4±2.6 

SST  2.6±2.8  4.9±1.9 

FE  0.3±0.1  4.9±1.8 

Ammonium ion 
(mg NH4

+
-N.L

-1
) 

RW  38.2±21.4  36.0±21.2 

PST  30.0±15.6  20.8±8.6 

SST  0.0±0.0  1.1±1.2 

FE  0.1±0.1  1.6±1.0 

Nitrite 
(mg NO2

-
-N.L

-1
) 

RW  6.8±4.2  6.9±4.3 

PST  3.5±2.3  3.8±2.0 

SST  1.6±0.9  1.7±0.7 

FE  1.6±0.7  1.7±0.7 

Nitrate 
(mg NO3

-
-N.L

-1
) 

RW  9.9±7.7  9.3±7.2 

PST  3.7±2.3  6.1±7.0 

SST  11.2±3.6  10.7±3.7 

FE  10.6±2.9  10.0±3.0 

AS = activated sludge; TF = trickling filter; TSS = total suspended solids; COD = chemical oxygen 
demand; Total P = total phosphorus; RW = raw wastewater samples; PST = primary effluent samples; 
SST = secondary effluent samples; FE = tertiary final effluent; SD = standard deviation. 
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Table 5.7 – *Mean removal rates (%) of the physico-chemical parameters studied at 

each treatment step of AS and TF systems 

Parameter Treatment step  
AS 

 
TF 

 
Mean±SD 

 
Mean±SD 

TSS 

πprim 
 63.1±20.1% 60.1±23.5% 

πsec  77.6±23.6% 69.8±22.8% 

πtert  45.9±41.1% 34.7±43.6% 

πglobal  95.9±3.8% 93.5±5.3% 

COD 

πprim 
 51.5±26.9% 55.1±25.1% 

πsec  88.1±6.6% 74.8±9.3% 

πtert  23.9±19.5% 16.5±22.8% 

πglobal  95.5±3.8% 91.6±4.3% 

Total P 

πprim 
 44.1±25.9% 14.3±40.9% 

πsec  52.6±36.2% 17.5±17.7% 

πtert  20.0±22.3% 3±11.9% 

πglobal  94.7±4.2% 35.3±26% 

Ammonium ion 

πprim 
 3.3±90.1% 18.1±56.7% 

πsec  85.7±86.5% 94.4±5.6% 

πtert  -122.6±295.3% -109.5±176.1% 

πglobal  99.7±0.3% 94.5±4.2% 

Nitrite 

πprim 
 23.9±79.4% 35.2±29.2% 

πsec  29.1±70.6% 43.1±44.1% 

πtert  -4.2±46.8% -8.9±45.3% 

πglobal  74.4±22.9% 66.3±21.1% 

Nitrate 

πprim 
 41.6±63.8% -23.5±206.8% 

πsec  -423.7±530.2% -232±423% 

πtert  2.1±20.3% 3.3±19.4% 

πglobal  -21.9±81.5% -87.8±188.6% 

 

In terms of COD, mean concentrations in RW samples were not shown to be 

significantly different (ranked t-test, p-value = 0.368; Table 5.8) between AS and TF 

systems (606 and 577 mg.L-1, respectively; Table 5.6). Removal rates observed within 

the primary and tertiary steps were similar for the two treatment systems studied: 56 

and 27%, respectively, in AS; and 58 and 22%, respectively, in TF (Table 5.7). 

However, the secondary (biological) treatment step of AS plants was demonstrated to 

remove COD more effectively than the equivalent step of TF plants (88% and 75%, 

respectively), which was corroborated by ranked t-test (p-value = 0.000; Table 5.9). As 

with TSS, EU COD standards (effluent concentration lower than 125 mg.L-1 or 

minimum removal rate of 75% (CEU, 1991)) were achieved in the secondary effluents 

of both AS and TF systems; mean levels of COD were significantly lower in the FE 

samples from the AS plants (24 mg.L-1; πglobal = 96%) than in those from the TF plants 

(42 mg.L-1; πglobal = 92%) sites (ranked t-test, p-value = 0.000; Table 5.8). Both SST 

and FE samples from AS and TF systems complied with the discharge consent data 

(Table 3.1). 



96 

With regard to the removal of Total P, AS systems were clearly more effective 

compared with TF systems. Observed removal rates in the former were significantly 

higher than in the latter for all treatment steps (ranked t-test, p-value = 0.000; Table 

5.9). Total P levels were reduced from 9.0 mg.L-1 in RW samples to 2.6 and 0.3 mg.L-1 

in SST and FE samples, respectively, in AS systems (πglobal = 94.5%); in TF, observed 

reductions were from 8.8 mg.L-1 in RW to 4.9 mg.L-1 in SST samples, and the values 

then barely changed in FE samples (πglobal = 41.2%) (Tables 5.6 and 5.7). Whilst the 

EU standards for Total P (effluent concentration lower than 2 mg.L-1 or minimum 

removal rate of 80%; WWTP < 100,000 p.e. (CEU, 1991)) were achieved in the final 

(tertiary) effluent of AS systems, they were not achieved in the TF plants. Final 

effluents of AS complied with the discharge consent data (Table 3.1). However, there 

are no discharge consent data for TF systems. 

Both AS and TF systems were shown to remove ammonium ions from wastewater 

effectively: in AS systems, levels dropped from 38.2 mg.L-1 in RW to 30.0 mg.L-1 in PST 

samples, and were consistently below 1.0 mg.L-1 in SST and FE samples; in TF 

systems, the removal rate in the primary stage was slightly higher, with concentrations 

reducing from 36.0 mg.L-1 in RW to 20.8 mg.L-1 in PST samples, and then fluctuating 

between 1.0 and 2.0 mg.L-1 in SST and FE samples (Table 5.6). Although removal 

efficacies were similar, AS (99.7%) was shown to be more effective than TF (94.5%) at 

removing ammonium ion (ranked t-test, p-value = 0.000; Table 5.9). Both SST and FE 

samples from AS and TF systems complied with the discharge consent data (Table 

3.1). 

As for ammonium ion, both AS and TF systems were shown to remove nitrite 

effectively: levels dropping from 6.8 mg.L-1 in RW to 1.6 mg.L-1 in SST samples in AS 

sites; whereas in TF plants, concentrations were reduced from 6.9 mg.L-1 in RW to 1.7 

mg.L-1 in SST (Table 5.6). The tertiary treatment step of both AS and TF systems 

appeared not to contribute to the removal of nitrite, and levels in FE samples were very 

similar to those in SST samples. Once again, AS (78.0%) was shown to be more 

effective than TF (66.3%) (ranked t-test, p-value = 0.025; Table 5.9). 

Analysis of the concentrations of nitrate through the WWTP studied demonstrated that 

although some reduction was observed in the primary treatment step (from 9.9 to 3.7 

mg.L-1 and from 9.3 to 6.1 mg.L-1 in AS and TF systems, respectively; Table 5.6), a 

considerable increase in the levels of nitrate was observed in the secondary treatment 

step of both AS and TF systems (11.2 and 10.7 mg.L-1 in the SST samples of AS and 

TF systems, respectively; Table 5.6). The tertiary treatment stage of both treatment 

systems also contributed to some additional removal of nitrate, but the levels in FE 
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samples where higher than the levels in RW samples of both AS and TF systems (10.6 

and 10.0 mg.L-1, respectively). 

Finally, the level of total nitrogen was considered to be the sum of the concentrations of 

ammonium ion, nitrite and nitrate as total nitrogen (Total N), as it is expected that the 

organic nitrogen was completely converted into other forms of nitrogen after the 

secondary (biological) treatment step. Therefore, final effluent samples demonstrated 

Total N levels ranging between 10 and 15 mg.L-1, lower than the standard 

concentration prescribed in the Directive 91/271/EEC (effluent concentration lower than 

15 mg.L-1; WWTP < 100,000 p.e. (CEU, 1991)). 

 

Table 5.8 – Comparison between AS and TF systems, in terms of concentrations of 

physico-chemical parameters at each treatment step, using ranked t-test (α = 0.05). 

Parameter Parameter RW PST SST FE 

TSS 

N(AS) / N(TF) 48 / 48 47 / 48 47 / 48 19 / 45 

p-value 0.280 0.107 0.000 0.005 

result µ(AS) = µ(TF) µ(AS) = µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) 

COD 

N(AS) / N(TF) 45 / 44 43 / 46 38 / 43 18 / 43 

p-value 0.368 0.035 0.000 0.000 

result µ(AS) = µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) 

Total P 

N(AS) / N(TF) 47 / 46 45 / 47 46 / 44 23 / 47 

p-value 0.279 0.000 0.000 0.000 

result µ(AS) = µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) 

Ammonium 

N(AS) / N(TF) 45 / 45 44 / 45 39 / 43 20 / 44 

p-value 0.325 0.001 0.000 0.000 

result µ(AS) = µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) µ(AS) < µ(TF) 

Nitrite 

N(AS) / N(TF) 45 / 46 34 / 46 46 / 46 22 / 46 

p-value 0.494 0.174 0.280 0.427 

result µ(AS) = µ(TF) µ(AS) = µ(TF) µ(AS) = µ(TF) µ(AS) = µ(TF) 

Nitrate 

N(AS) / N(TF) 44 / 45 39 / 46 46 / 46 22 / 45 

p-value 0.365 0.025 0.197 0.236 

result µ(AS) = µ(TF) µ(AS) < µ(TF) µ(AS) = µ(TF) µ(AS) = µ(TF) 

AS = activated sludge; TF = trickling filter; RW = raw wastewater samples; PST = primary effluent 
samples; SST = secondary effluent samples; FE = tertiary final effluent; TSS = total suspended solids; 
COD = chemical oxygen demand; Total P = total phosphorus. 
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Table 5.9 – Comparison between AS and TF systems, in terms of removal rates of 

physico-chemical parameters at each treatment step, using ranked t-test (α = 0.05). 

Parameter Parameter πprim πsec πtert πglobal 

TSS 

N(AS) / N(TF) 47 / 48 46 / 48 19 / 45 19 / 45 

p-value 0.256 0.001 0.114 0.023 

result µ(AS) = µ(TF) µ(AS) > µ(TF) µ(AS) = µ(TF) µ(AS) > µ(TF) 

COD 

N(AS) / N(TF) 42 / 44 36 / 43 17 / 43 17 / 41 

p-value 0.147 0.000 0.120 0.000 

result µ(AS) = µ(TF) µ(AS) > µ(TF) µ(AS) = µ(TF) µ(AS) > µ(TF) 

Total P 

N(AS) / N(TF) 45 / 46 44 / 44 23 / 44 23 / 46 

p-value 0.000 0.000 0.000 0.000 

Result µ(AS) > µ(TF) µ(AS) > µ(TF) µ(AS) > µ(TF) µ(AS) > µ(TF) 

Ammonium 

N(AS) / N(TF) 44 / 45 38 / 43 19 / 43 20 / 44 

p-value 0.063 0.000 0.049 0.000 

Result µ(AS) = µ(TF) µ(AS) > µ(TF) µ(AS) > µ(TF) µ(AS) > µ(TF) 

Nitrite 

N(AS) / N(TF) 33 / 46 34 / 46 22 / 45 22 / 46 

p-value 0.248 0.212 0.316 0.025 

result µ(AS) = µ(TF) µ(AS) = µ(TF) µ(AS) = µ(TF) µ(AS) > µ(TF) 

Nitrate 

N(AS) / N(TF) 37 / 45 39 / 46 22 / 45 22 / 44 

p-value 0.007 0.001 0.255 0.077 

Result µ(AS) > µ(TF) µ(AS) < µ(TF) µ(AS) = µ(TF) µ(AS) = µ(TF) 

AS = activated sludge; TF = trickling filter; πprim = removal rate at primary treatment step; πsec = removal 
rate at secondary treatment step; πtert = removal rate at tertiary treatment step; πglobal = global removal 
rate; TSS = total suspended solids; COD = chemical oxygen demand; Total P = total phosphorus. 
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5.3. Discussion 

5.3.1. Microbiological parameters 

FIB and SOMPH were detected in 100% of the samples tested, including secondary 

and tertiary (final) effluent samples (Table 5.1). On the other hand, whilst F-RNAPH 

and Bf124PH were consistently found in samples from TF systems, as well as in raw 

wastewater and primary effluent samples from the AS systems, the detection rate of 

both groups of phages was lower in SST and FE samples from AS systems: 45.8% and 

21.7%, respectively, for F-RNAPH; 72.9% and 39.1%, respectively, for Bf124PH (Table 

5.1). 

The high detection rate of FIB and SOMPH in raw and treated wastewater recorded in 

this study is also corroborated by data from the extant literature (Kay et al., 2008; 

Carducci et al., 2009; Wu et al., 2011; De Luca et al., 2013). Despite the high removal 

rates of FC (6.8 log10) and SOMPH (5.3 log10) in a MBR system in the UK, Purnell et al. 

(2015) reported the occasional presence of FIB and SOMPH in the MBR product. As 

for the RW samples tested in the present study, Bf124PH were also consistently 

detected in municipal wastewater samples in the UK (Ebdon et al., 2012). In the study 

by Purnell et al. (2015), both F-RNAPH and Bf124PH were detected in all raw 

wastewater samples analysed, but were not detected in MBR product. From this, and 

considering that in the present study AS systems were shown to be more effective than 

TF systems at removing phages, it is unsurprising that the effluent of the former 

demonstrated lower detection rate of F-RNAPH and Bf124 than the latter. 

Compared with FIB and phages, the detection rate of HAdv was considerably lower in 

all cases. In AS systems, the detection rate of HAdv decreased gradually through the 

treatment process: 56.3% in RW, 55.3% in PST, 23.9% in SST and 8.7% in FE 

samples (Table 5.1). Conversely, in TF systems the detection rate of HAdv ranged 

between 46.8% and 55.3% in RW, PST and SST samples, and in FE samples the 

detection rate was slightly higher (72.9%) (Table 5.1). Overall, HAdv have been 

consistently (>80%) reported in both raw wastewater and final effluent (Aw and Gin, 

2010; Kuo et al., 2010; Wolf et al., 2010; Hewitt et al., 2011; Hewitt et al., 2013). 

However, Ebdon et al. (2012) reported a similar detection rate of HAdv to this study in 

municipal wastewater (58%) and, once again, it was unsurprising that detection rate 

reduced through the treatment processes, especially in AS systems. 

The detection rate of Nv G1 and Nv G2 was lower than 20% in all treatment steps of 

both AS and TF systems. As a consequence, discussion of the fate of Nv in the WWTP 

studied is somewhat restricted when compared with the other parameters. These 

findings are broadly in agreement with the existing literature, which suggests 
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considerable variation in the detection of Nv G1 and G2 in treated and untreated 

wastewaters, ranging from below 10% (Victoria et al., 2010), between 40 and 80% 

(Hewitt et al., 2011), to above 80% (Wolf et al., 2010). 

Low detection of viral pathogens in wastewater treatment is, however, to be expected, 

given that viral pathogens such as human adenovirus and norovirus, unlike FIB and 

phage, are not necessarily continuously shed by the human populations served by the 

WWTP. Their levels in raw wastewaters are therefore likely to reflect this. In addition, 

the rate of detection may also have been influenced by the sample volume used (10 to 

50 mL in this study), the recovery rate of the method (21.0%) calculated using SOMPH 

(see Chapter 4), and possible inhibition during the amplification process of the RT-

qPCR procedure. 

Figure 5.5 presents a summary of the concentrations of FIB, phages and HAdv in RW 

samples of AS and TF systems (data presented in section 5.1). In terms of mean 

concentrations in raw wastewater from both AS and TF systems, the concentration of 

FC (6.6-6.7 log10 cfu.100mL-1) was significantly higher than the levels of IE (5.8 log10 

cfu.100mL-1) and SOMPH (5.9-6.1 log10 pfu.100mL-1), followed by HAdv (4.4-4.5 log10 

copies.100mL-1), and then F-RNAPH and Bf124PH (3.2-3.3 and 3.5-3.8 log10 

pfu.100mL-1, respectively) (ANOVA on ranks; p-value = 0.000; Table 5.10). 

Additionally, no significant difference was observed between AS and TF in term of 

concentrations of each microbial group (except for Bf124PH, which demonstrated 

higher levels in TF systems) (Table 5.3). Mean levels of Nv G1 and G2 in RW samples 

ranged from 3.4 to 4.7 log10 copies.100mL-1. 

 

  
Figure 5.5 – Summary of the concentrations of FIB, phages and HAdv in RW 

samples from AS (A) and TF (B) systems. 

RW = raw wastewater; PST = primary sedimentation tank; SST = secondary 

sedimentation tank; FE = final effluent. 

 

Similar concentrations of FIB in municipal wastewater are reported in the literature (Kay 

et al., 2008; Carducci et al., 2009; De Luca et al., 2013; Purnell et al., 2015). On the 

HAdvBf124PHF-RNAPHSOMPHIEFC

8

7

6

5

4

3

2

1

0

lo
g

10
 o

rg
 /

 1
0

0
m

L

A HAdvBf124PHF-RNAPHSOMPHIEFC

8

7

6

5

4

3

2

1

0

lo
g

10
 o

rg
 /

 1
0

0
m

L

B 



101 

other hand, the levels of phages observed here in RW samples were about 1.0 log10 

lower than those reported by Purnell et al. (2015); Aw and Gin (2010) also reported 

greater concentrations of F-RNAPH, and the levels found by De Luca et al. (2013) 

were considerably higher (8.5 log10 pfu.100mL-1); similar concentrations of SOMPH and 

Bf124PH to those reported here were observed by Aw and Gin (2010) and Ebdon et al. 

(2007), respectively. 

The concentrations of HAdv observed here in raw wastewater were similar to those 

reported in some other studies (Aw and Gin, 2010; Hewitt et al., 2011), but were lower 

than the levels reported by others (Carducci et al., 2009; Kuo et al., 2010; Wolf et al., 

2010; Sidhu et al., 2012; Hewitt et al., 2013). Similar concentrations of Nv G1 and G2 

in untreated wastewater to those reported here are also reported in the literature 

(Hewitt et al., 2011; Flannery et al., 2012). 

The results, therefore, confirm that SOMPH and FIB were the investigated indicator 

organisms detected at the highest concentrations in raw wastewater (at levels higher 

than those observed for HAdv). This is one of the required characteristics of an ideal 

indicator organism (UKEA, 2002; see section 2.6). F-RNAPH and Bf124PH, on the 

other hand, were detected in raw wastewater at concentrations lower than those of 

SOMPH and FIB, and relatively similar to those of HAdv. 

Analysing the removal rates observed in the WWTP monitored (Table 5.2), although 

these treatment systems are not designed with the main aim of removing pathogens, 

some reduction in the concentrations of viral pathogens and indicator organisms were 

observed through the systems. As previously mentioned, AS was shown to be 

significantly more effective at removing FIB and phages than TF (ranked t-test; 

p-value ≤ 0.005 for πglobal; Table 5.4) (see section 5.1). This is highly likely to be the 

result of the contrasting underlying mechanisms that underpin the treatment systems. 

In addition, in both AS and TF systems, the treatment step predominantly responsible 

for the removal of the microorganisms was the secondary (biological) one (Table 5.5): 

the only exceptions were for F-RNAPH (ANOVA on ranks; p-value = 0.247; Table 5.5) 

and HAdv (ANOVA on ranks; p-value = 0.140; Table 5.5) in TF systems (removal rates 

statistically the same, and very low, in all three treatment steps. 
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Table 5.10 – Comparison of concentrations of microorganisms at each treatment 

step using ANOVA on ranks and Tukey Pairwise Comparison tests (α = 0.05). 
Treatment 

step AS TF 

RW 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       48    6.63  A 

SOMPH    48    5.94    B 

IE       47    5.80    B 

HAdv     27    4.52      C 

Bf124PH  44    3.52        D 

F-RNAPH  44    3.33        D 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       48    6.70  A 

SOMPH    48    6.05    B 

IE       48    5.84    B 

HAdv     22    4.42      C 

Bf124PH  45    3.81        D 

F-RNAPH  45    3.23        D 

PST 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       47    6.31  A 

SOMPH    46    5.65    B 

IE       47    4.91      C 

HAdv     26    4.39        D 

Bf124PH  44    3.36          E 

F-RNAPH  41    3.11          E 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       48    6.52  A 

SOMPH    46    5.94    B 

IE       47    5.67      C 

HAdv     24    4.43        D 

Bf124PH  47    3.84          E 

F-RNAPH  47    3.27            F 

SST 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       48    4.10  A 

SOMPH    47    3.85  A 

IE       47    3.26    B 

HAdv     11    3.01    B 

F-RNAPH  22    1.91      C 

Bf124PH  35    1.19      C 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

SOMPH    48    5.42  A 

FC       46    5.04    B 

HAdv     26    3.97      C 

IE       45    3.89      C 

Bf124PH  46    3.36        D 

F-RNAPH  46    3.17        D 

FE 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N   Mean  Grouping 

SOMPH    22   3.45  A 

FC       22   3.19  A B 

IE       22   2.61      C 

HAdv      2   2.31    B C 

F-RNAPH   9   1.88      C 

Bf124PH   5   1.81      C 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

SOMPH    48    5.20  A 

FC       45    4.43    B 

HAdv     35    4.09    B 

IE       48    3.46      C 

Bf124PH  44    3.16      C D 

F-RNAPH  48    3.01        D 
AS = activated sludge; TF = trickling filter; RW = raw wastewater samples; PST = primary 
effluent samples; SST = secondary effluent samples; FE = tertiary final effluent; SOMPH = 
somatic coliphages; F-RNAPH = F-RNA coliphages; Bf124PH = B. fragilis phages; FC = 
faecal coliforms; IE = intestinal enterococci; HAdv = human adenoviruses. 
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Table 5.11 – Comparison of removal rates of microorganisms at each treatment step 

using ANOVA on ranks and Tukey Pairwise Comparison tests (α = 0.05). 
Treatment 

step AS TF 

πprim 

ANOVA: p-value = 0.019 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

IE       46    0.85  A 

F-RNAPH  38    0.33  A B 

SOMPH    46    0.33  A B 

FC       47    0.33  A B 

Bf124PH  40    0.27    B 

HAdv     19    0.13  A B 

ANOVA: p-value = 0.028 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       48    0.18  A 

IE       47    0.16  A B 

HAdv     17    0.15  A B 

SOMPH    46    0.10  A B 

F-RNAPH  44    0.01  A B 

Bf124PH  45   -0.09    B 

πsec 

ANOVA: p-value = 0.003 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       47    2.21  A 

SOMPH    45    1.77    B 

Bf124PH  31    1.75    B 

HAdv      6    1.65  A B 

IE       46    1.64    B 

F-RNAPH  20    1.60    B 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

IE       44    1.77  A 

FC       46    1.47    B 

SOMPH    46    0.54      C 

Bf124PH  46    0.52      C 

HAdv     16    0.37      C D 

F-RNAPH  45    0.07        D 

πtert 

ANOVA: p-value = 0.002 

 

Tukey Pairwise Comparisons  

Org       N   Mean  Grouping 

FC       22   0.58  A 

IE       22   0.39  A B 

F-RNAPH   5   0.39  A B 

SOMPH    22   0.26    B 

Bf124PH   9   0.08    B 

*HAdv: not performed (limited data) 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

FC       44    0.58  A 

IE       45    0.42  A B 

SOMPH    48    0.21    B C 

Bf124PH  43    0.19    B C 

F-RNAPH  46    0.39    B C 

HAdv     21   -0.27      C 

πglobal 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N   Mean  Grouping 

FC       22   3.59  A 

IE       21   3.10  A B 

SOMPH    22   2.42      C 

F-RNAPH   4   2.26    B C 

Bf124PH   6   2.00    B C 

*HAdv: not performed (limited data) 

ANOVA: p-value = 0.000 

 

Tukey Pairwise Comparisons  

Org       N    Mean  Grouping 

IE       48    2.38  A 

FC       45    2.26  A 

SOMPH    48    0.84    B 

Bf124PH  42    0.60    B C 

F-RNAPH  45    0.23      C 

HAdv     19    0.17      C 

AS = activated sludge; TF = trickling filter; πprim = removal rate at primary treatment step; πsec 
= removal rate at secondary treatment step; πtert = removal rate at tertiary treatment step; 
πglobal = global removal rate; SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; 
Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; HAdv = 
human adenoviruses. 
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The removal of enteric microorganisms in WWTP is likely to be chiefly attributed to two 

different mechanisms: one involves interactions (e.g. competition and predation) of 

microorganisms (pathogens) with the WWTP microbial community; the other is the 

physical attachment of microorganisms (pathogens) onto suspended solids and 

colloids (Zhang and Farahbakhsh, 2007; Orruno et al., 2014). In the biological 

treatment step of TF systems, the main mechanism responsible for the removal of 

enteric microorganisms is likely to be the adsorption of particles onto the biofilm 

attached to the packing medium and subsequent predation by other microorganisms, 

such as bacteria, protozoa and rotifera (Strauss, no date), whereas in AS systems, in 

addition to predation, there is also the attachment of particles onto the biological flocs 

and their consequent transfer to the sludge during settlement (Zhang and 

Farahbakhsh, 2007; Kuo et al., 2010). Furthermore, AS systems also involve mixing of 

the wastewater in the biological reactor, as well as a high concentration of suspended 

solids (mixed liquor suspended solids – MLSS), which combined contribute to the 

likelihood of collisions between suspended solids and enteric microorganisms 

(aggregation). Therefore, the removal of enteric microorganisms may be expected to 

be higher in AS systems, when compared to TF systems. 

In terms of global removal rates, both AS and TF systems were significantly more 

effective at removing FIB than they were at removing phages (ANOVA on ranks, 

p-value = 0.000 for AS and p-value = 0.000 for TF; Table 5.11). In TF systems, HAdv 

were removed at the same rate as F-RNAPH and Bf124PH, but at lower rates than 

SOMPH. It was not possible to analyse statistically the global removal rates of HAdv in 

AS systems because of the limited data (low detection rate in FE samples). Analysing 

the secondary (biological) treatment step, AS and TF showed different patterns: in the 

AS plants, FC were statistically more effectively removed than the other 

microorganisms (ANOVA on ranks, p-value = 0.003; Table 5.11); whereas in the TF 

plants, IE demonstrated the highest removal rates, followed by FC, then SOMPH, 

Bf124PH and HAdv, and finally F-RNAPH (ANOVA on ranks, p-value = 0.000; Table 

5.11). 

The removal rates in the primary and secondary treatment steps of AS systems were 

very similar for all groups of phages studied, at approximately 0.3 and 1.7 log10, 

respectively (Table 5.2). In TF systems, they varied: SOMPH and Bf124PH were barely 

removed in the primary treatment step (πprim ≤ 0.1 log10), whereas there was a slight 

increase in the levels of F-RNAPH (approximately 0.1 log10); in the secondary 

(biological) treatment step, again SOMPH and Bf124PH were removed at similar rates 

(πsec ~ 0.5 log10; Table 5.2), whilst removal rates of F-RNAPH were lower (πsec ~ 0.1 

log10; Table 5.2). Mean removal rates of phages in the tertiary treatment stage varied 
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between 0.1 and 0.4 log10. For all groups of phages, both πsec and πglobal were 

statistically higher in AS (1.6-1.8 and 2.0-2.4 log10, respectively) than in TF system 

(0.1-0.5 and 0.2-0.8 log10, respectively) (ranked t-test, p-value = 0.000 for πsec and 

p-value ≤ 0.005 for πglobal; Table 5.4). 

Information regarding the removal rates of phages in primary treatment (‘primary 

sedimentation’) is very limited in the literature. A 0.3 log10 removal rate was observed 

for F-RNAPH (Flannery et al., 2012), whilst an increase of 0.1 to 0.3 log10 was 

observed for SOMPH and Bf124PH (Ebdon et al., 2012). Also, little information is 

available on the removal of phages in TF systems: removal rates in secondary step 

below 0.5 log10 for SOMPH and Bf124PH were reported by Ebdon et al. (2012), in 

accordance with the findings of the study presented here. Regarding the removal of 

phages in AS systems, more information is available. Considering the primary and 

secondary treatment steps combined, the removal of the three groups of phages 

studied was approximately 2.0 log10. Similar values are reported for SOMPH (Rose et 

al., 2004; Ottoson et al., 2006; Carducci et al., 2009) and F-RNAPH (Rose et al., 2004; 

Flannery et al., 2012; De Luca et al., 2013). Higher removal rates of SOMPH and 

F-RNAPH were observed in the study undertaken by Aw and Gin (2010), whereas De 

Luca et al. (2013) observed higher removal rates of SOMPH (3.0 log10) and lower 

removal rates of Bf124PH (1.5 log10) compared to those reported in this study. 

Removal rates above 1.0 log10 were detected in tertiary disinfection processes (Rose et 

al., 2004; Ottoson et al., 2006) and sand filtration (Ottoson et al., 2006), whilst decay 

rates below 0.5 have been associated with polishing ponds following TF systems 

(Ebdon et al., 2012). 

Regarding FIB, the mean removal rates of IE in the secondary and tertiary treatment 

steps of AS systems was similar to the ones computed for phages (1.6 and 0.4 log10, 

respectively) (Table 5.2). However, the mean removal rate observed in the primary 

treatment step was considerably higher (0.9 log10). The mean removal rates of FC in 

the primary treatment step of AS plants were similar to those recorded for phages (0.3 

log10), whereas the levels of decay in the secondary and tertiary treatment steps were 

considerably higher (2.2 and 0.6 log10, respectively) (Table 5.2). In TF systems, the 

mean removal rates of both FIB studied were approximately 0.2, 1.5-1.8 and 0.4-0.6 in 

primary, secondary and tertiary treatment steps, respectively. For FC, both πsec and 

πglobal were statistically higher in AS (2.2 and 3.6 log10, respectively) systems compared 

with those of TF (1.5 and 2.3 log10, respectively) (ranked t-test, p-value = 0.000 for πsec 

and p-value = 0.001 for πglobal; Table 5.4). With regards to IE, although the mean πglobal 

was significantly higher in AS (3.1 log10) than in TF (2.4 log10) systems, the mean 
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values of πsec (1.6-1.8 log10) were not significantly different in both systems (ranked t-

test, p-value = 0.228 for πsec and p-value = 0.001 for πglobal; Table 5.4). 

Low removal rates of FIB (< 0.5 log10) in primary treatment step have also been 

presented in the literature (Ebdon et al., 2012; Flannery et al., 2012). Conversely, Kay 

et al. (2008) observed an increase of 0.1-0.2 log10 in the levels of FIB following the 

primary sedimentation step. Considering the primary and secondary treatment steps 

combined, removal rates reported in the literature (Rose et al., 2004; Kay et al., 2008; 

Ebdon et al., 2012; De Luca et al., 2013) are similar to those presented here (2.5 and 

1.8 in AS and TF systems, respectively). Ottoson et al. (2006) reported greater removal 

rates of FIB in AS systems, whereas Carducci et al. (2009) and Flannery et al. (2012) 

reported lower decay rates. As for phages, decay rates greater than 1.0 log10 were 

observed in tertiary disinfection processes (Rose et al., 2004; Ottoson et al., 2006), 

while removal rates below 0.5 were associated with polishing ponds (Ebdon et al., 

2012). 

As for phages and FIB, removal rates of HAdv in the primary treatment step were 

markedly low in both AS and TF systems (0.13 and 0.15 log10, respectively). In the 

secondary treatment step, values were similar to those observed for phages and lower 

than those for FIB: 1.65 log10 in AS plants and 0.37 log10 in TF plants (Table 5.2). 

Considering the primary and secondary treatment steps combined, the values 

observed here were similar to those reported by Rose et al. (2004), Carducci et al. 

(2009) and Aw and Gin (2010), higher than those reported by Ottoson et al. (2006) and 

Hewitt et al. (2011), and lower than those reported by Kuo et al. (2010). 

In terms of Nv G1 and Nv G2, in AS systems, the primary treatment contributed to a 

removal rate of around 1.3 log10, but increases of 2.4 and 0.2 log10 were observed in 

secondary and tertiary treatment steps, respectively. The primary and secondary 

treatment stages of TF systems contributed removal rates of around 0.3 and 1.7 log10, 

respectively, but an increase of 0.4 log10 was observed in the tertiary treatment step. 

Hewitt et al. (2011) reported no removal of Nv G1 and Nv G2; removal rates below 1.0 

log10 were reported by Flannery et al. (2012); Aw and Gin (2010) reported removal rate 

equal to 1.6 log10, for both Nv G1 and Nv G2. 

Overall, analysing the removal rates of the primary and secondary treatment steps 

combined, it was observed that the log10 removal rates of HAdv (~1.8 log10 in AS; 

~0.5 log10 in TF) were to some extent similar to those observed for the three groups of 

phages (~2.0 log10 in AS; ~0.1-0.6 log10 in TF), and considerably lower than the 

removal rates observed for FIB (~2.5-2.7 log10 in AS; ~1.7-1.9 log10) (Table 5.2). From 

this, in the WWTP monitored in the present study, phages appeared to better indicate 

the removal of viral pathogens than FIB, as an ideal indicator should have similar 
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survival characteristics as pathogens in wastewater treatment processes (UKEA, 2002; 

see section 2.6). 

Because AS systems were significantly more effective than TF systems at removing 

FIB, phages and enteric viruses (Table 5.4), the former obviously produced final 

effluents with significantly lower concentrations of microorganisms. A summary of the 

concentrations of FIB, phages and HAdv in SST and FE samples (data presented in 

section 5.1) are presented in Figures 5.6 and 5.7, respectively. In terms of mean values 

for SST samples from AS systems, the concentrations of FC and SOMPH were the 

highest recorded (4.10 cfu.100mL-1 and 3.85 pfu.100mL-1, respectively), followed by IE 

and HAdv (3.26 cfu.100mL-1 and 3.01 copies.100mL-1, respectively), and then 

F-RNAPH and Bf124PH (1.91 and 1.79 pfu.100mL-1,) (ANOVA on ranks, 

p-value = 0.000; Table 5.10). Following tertiary treatment, concentrations of FC and 

SOMPH were equal to 3.17 cfu.100mL-1 and 3.45 pfu.100mL-1, respectively, followed 

by IE (2.61 cfu.100mL-1), HAdv (2.34 copies.100mL-1), F-RNAPH (1.88 pfu.100mL-1) 

and Bf124PH (1.81 pfu.100mL-1) (ANOVA on ranks, p-value = 0.000; Table 5.10). 

Although the mean concentration of FC was significantly higher than those of IE, 

F-RNAPH and Bf124PH, the mean concentration of HAdv was not significantly different 

to the levels of any of these four groups of microorganism (ANOVA on ranks, 

p-value = 0.000; Table 5.10). Similar concentrations of HAdv (Aw and Gin, 2010; Kuo 

et al., 2010; Hewitt et al., 2011), SOMPH (De Luca et al., 2013) and F-RNAPH (Aw and 

Gin, 2010) in AS secondary effluents have been reported in the literature. In contrast, 

higher concentrations of FIB (Kay et al., 2008; Flannery et al., 2012; De Luca et al., 

2013) and F-RNAPH (Flannery et al., 2012) have been observed in some studies. 

Considerably lower concentrations of indicator organisms have been reported in MBR 

product (De Luca et al., 2013; Purnell et al., 2015). 

 

  
Figure 5.6 – Summary of the concentrations of FIB, phages and HAdv in SST 

samples from AS (A) and TF (B) systems. 

RW = raw wastewater; PST = primary sedimentation tank; SST = secondary 

sedimentation tank; FE = final effluent. 
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Figure 5.7 – Summary of the concentrations of FIB, phages and HAdv in FE 

samples from AS (A) and TF (B) systems. 

RW = raw wastewater; PST = primary sedimentation tank; SST = secondary 

sedimentation tank; FE = final effluent. 

 

In TF systems, SST samples recorded concentrations of microorganisms at a higher 

order of magnitude: SOMPH demonstrated the highest concentrations (5.42 

pfu.100mL-1), followed by FC (5.04 cfu.100mL-1), then HAdv and IE (4.09 

copies.100mL-1 and 3.89 cfu.100mL-1, respectively), followed by Bf124PH and 

F-RNAPH (3.36 and 3.17 pfu.100mL-1, respectively) (ANOVA on ranks, 

p-value = 0.000; Table 5.10). Following tertiary treatment, SOMPH recorded the 

highest levels (5.20 pfu.100mL-1), followed by FC and HAdv (4.43 cfu.100mL-1 and 4.09 

copies.100mL-1, respectively), then IE and Bf124PH (3.46 cfu.100mL-1 and 3.16 

pfu.100mL-1, respectively), and finally F-RNAPH (3.01 pfu.100mL-1) (ANOVA on ranks, 

p-value = 0.000; Table 5.10). Similar levels of FIB and phages in TF effluents were 

reported by Kay et al. (2008) and Ebdon et al. (2012). 

Tables 5.12 and 5.13 present the Spearman's rank correlation coefficient (rho) 

between the log10 concentrations of microorganisms at each treatment step of the AS 

and TF systems. It can be seen that concentrations of SOMPH significantly correlated 

with the concentrations of F-RNAPH, Bf124PH and FIB in RW, PST and SST samples 

(p-value ≤ 0.05; Table 5.12), except for F-RNAPH in SST samples (rho = 0.386, 

p-value = 0.084; Table 5.12). However, correlations in all cases were shown to be 

moderate, with rho values varying from 0.3 to 0.6. FIB also correlated significantly with 

F-RNAPH and Bf124PH in PST (p-value ≤ 0.05; Table 5.12), but again at moderate 

levels (rho between 0.3 and 0.6). Considering viral pathogens, the only correlation 

observed was between the concentrations of HAdv and Bf124PH in untreated 

wastewater (rho = 0.506, p-value = 0.007; Table 5.12). In the final effluent, only IE and 

FC were correlated (rho = 0.532, p-value = 0.011; Table 5.12). It is worth remembering 

that the data for HAdv from FE effluents were limited (low detection rate), therefore, it 

was not possible to perform correlation statistics. 
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Table 5.12 – Spearman's rank correlation coefficient (p-value) for the log10 

concentrations of microorganisms at each treatment step of the AS systems. 

 
 

HAdv SOMPH F-RNAPH Bf124PH FC 

A
S

.R
W

 

SOMPH 0.226     

 (0.257)     

F-RNAPH -0.011 0.548***    

 (0.959) (0.000)    

Bf124PH 0.506*** 0.375** 0.273   

 (0.007) (0.012) (0.084)   

FC 0.280 0.461*** 0.373** 0.214  

 (0.158) (0.001) (0.013) (0.162)  

IE 0.383 0.382*** 0.415*** 0.264 0.496*** 

 (0.054) (0.008) (0.006) (0.088) (0.000) 

A
S

.P
S

T
 

SOMPH -0.030     

 (0.885)     

F-RNAPH 0.070 0.578***    

 (0.739) (0.000)    

Bf124PH 0.154 0.469*** 0.500***   

 (0.461) (0.002) (0.001)   

FC -0.076 0.545*** 0.444*** 0.344**  

 (0.711) (0.000) (0.004) (0.022)  

IE 0.109 0.503*** 0.470*** 0.410*** 0.584*** 

 (0.596) (0.000) (0.002) (0.006) (0.000) 

A
S

.S
S

T
 

SOMPH -0.109     

 (0.749)     

F-RNAPH -0.205 0.386    

 (0.741) (0.084)    

Bf124PH 0.282 0.345** 0.602***   

 (0.498) (0.046) (0.008)   

FC 0.023 0.531*** 0.236 0.309  

 (0.947) (0.000) (0.290) (0.071)  

IE -0.430 0.353** -0.022 -0.108 0.629*** 

 (0.214) (0.016) (0.923) (0.544) (0.000) 

A
S

.F
E

 

SOMPH *     

 (*)     

F-RNAPH * -0.775    

 (*) (0.225)    

Bf124PH * 0.187 **   

 (*) (0.630) (**)   

FC * 0.154 0.783 0.458  

 (*) (0.505) (0.118) (0.215)  

IE * 0.089 -0.224 0.017 0.532** 

 (*) (0.701) (0.718) (0.965) (0.011) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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Table 5.13 – Spearman's rank correlation coefficient (p-value) for the log10 

concentrations of microorganisms at each treatment step of the TF systems. 

 

 
HAdv SOMPH F-RNAPH Bf124PH FC 

T
F

.R
W

 

SOMPH -0.032     

 (0.887)     

F-RNAPH -0.357 0.625***    

 (0.123) (0.000)    

Bf124PH -0.008 0.343** 0.387**   

 (0.975) (0.021) (0.010)   

FC -0.138 0.568*** 0.712*** 0.385***  

 (0.541) (0.000) (0.000) (0.009)  

IE -0.284 0.339** 0.408*** 0.254 0.752*** 

 (0.200) (0.018) (0.005) (0.093) (0.000) 

T
F

.P
S

T
 

SOMPH -0.085     

 (0.698)     

F-RNAPH -0.033 0.508***    

 (0.878) (0.000)    

Bf124PH 0.125 0.504*** 0.405***   

 (0.571) (0.000) (0.005)   

FC -0.090 0.598*** 0.692*** 0.231  

 (0.674) (0.000) (0.000) (0.118)  

IE 0.227 0.217 0.174 -0.175 0.424*** 

 (0.298) (0.152) (0.249) (0.246) (0.003) 

T
F

.S
S

T
 

SOMPH -0.011     

 (0.959)     

F-RNAPH 0.058 0.711***    

 (0.781) (0.000)    

Bf124PH 0.065 0.466*** 0.536***   

 (0.763) (0.001) (0.000)   

FC 0.153 0.636*** 0.583*** 0.379**  

 (0.455) (0.000) (0.000) (0.011)  

IE -0.110 0.084 0.117 0.108 0.347** 

 (0.601) (0.584) (0.454) (0.489) (0.021) 

T
F

.F
E

 

SOMPH -0.011     

 (0.959)     

F-RNAPH 0.058 0.711***    

 (0.781) (0.000)    

Bf124PH 0.065 0.466*** 0.536***   

 (0.763) (0.001) (0.000)   

FC 0.153 0.636*** 0.583*** 0.379**  

 (0.455) (0.000) (0.000) (0.011)  

IE -0.110 0.084 0.117 0.108 0.347** 

 (0.601) (0.584) (0.454) (0.489) (0.021) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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In TF systems, levels of SOMPH were also significantly correlated with the 

concentrations of F-RNAPH, Bf124PH and FIB in RW, PST and SST samples 

(p-value ≤ 0.05; Table 5.13), except with IE in PST and SST samples. For these 

correlations, rho values ranged from 0.3 to 0.7, showing moderate correlation. Some 

significant correlations (p-value ≤ 0.05) were also observed between F-RNAPH, 

Bf124PH and FIB in RW, PST and SST samples (Table 5.13). In FE samples, 

significant correlations (p-value ≤ 0.05) were found between: SOMPH and F-RNAPH; 

SOMPH and Bf124PH; F-RNAPH and Bf124PH; and FC and IE (Table 5.13). A notable 

observation was that levels of HAdv did not correlate with the concentrations of any 

other microorganisms in any of the treatment steps of TF systems (Table 5.13). 

In general, it has been observed in the literature that indicator organisms correlate with 

each other, but little or no correlation between concentrations of viral pathogens and 

indicator organisms in untreated and treated wastewater have been reported (Rose et 

al., 2004; Ottoson et al., 2006; Carducci et al., 2009; Flannery et al., 2012). On the 

other hand, Aw and Gin (2010) observed significant correlations between levels of 

SOMPH and HAdv, and the concentrations of F-RNAPH and NV G2 in raw wastewater 

samples. Despite the fact that no correlation between concentrations of enteric viruses 

and coliphages were observed by Rose et al. (2004), the authors suggest that the 

absence of enteric viruses can be predicted by monitoring levels of SOMPH. In a study 

based on a comprehensive literature review, Wu et al. (2011) suggested that the 

commonly monitored enteric microorganisms more likely to be correlated with 

pathogens include total coliforms, coliphages and F-specific coliphages. These authors 

also suggest that, although no single organism (or group of organisms) can indicate the 

presence of all pathogens in waters, over the longer term, if the dataset is large 

enough, FIB and other indicators (i.e., phages) can reliably predict the contamination of 

waters by pathogens. 

 

5.3.2. Physico-chemical parameters 

In terms of removal rates of physic-chemical parameters (Table 5.7, section 5.2), in 

general, both AS and TF systems were shown to be very effective at removing TSS 

and COD. Considering the primary and secondary treatment steps combined, AS and 

TF demonstrated TSS removal rates equal to 92.5 and 89.7%, and COD removal rates 

equal to 94.3 and 89.8%, respectively (Table 5.7). Similar removal rates in AS plants 

are reported in the literature (Tandukar et al., 2007; Kitajima et al., 2014), whereas the 

findings obtained from the TF plants monitored here were better than those reported in 

other studies (Zhao et al., 2013). The tertiary treatment step contributed to further 

removal of COD and TSS in both the AS and TF systems. FE samples recorded TSS 
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levels of 9 and 14 mg.L-1 and COD levels of 24 and 42 mg.L-1 in AS and TF systems, 

respectively. The TSS and COD values prescribed in the EU Urban Waste Water 

Treatment Directive 91/271/EEC (CEU, 1991) were achieved in the secondary and 

tertiary effluents of both AS and TF systems. 

Total P was also effectively removed in AS systems, with concentrations decreasing 

from 9.0 to 2.6 mg.L-1 in the secondary effluent (removal following primary and 

secondary treatment steps equal to 70.8%) and to 0.3 mg.L-1 in the final effluent (global 

removal rate equal to 94.7%) (Table 5.7). These values are considerably greater than 

the ones suggested for AS systems (von Sperling, 2007a). In TF systems, the global 

removal rate of Total P was lower (37.8%), consistent with the literature (von Sperling, 

2007a), but lower than what was observed in a study by Zhao et al. (2013). Only AS 

systems were able to produce final effluents that comply with the standards for Total P 

prescribed in EU Directive 91/271/EEC (CEU, 1991). 

In terms of nitrogen compounds, the wastewater treatment processes studied were 

consistent at removing ammonium ion (πglobal equal to 99.7 and 94.5% in AS and TF 

systems, respectively) and nitrite (πglobal equal to 74.4 and 66.3% in AS and TF 

systems, respectively) (Table 5.7). However, considerable increases in the levels of 

nitrate were observed in the secondary treatment step of both AS and TF systems, 

which led to final effluent samples with higher concentrations of nitrates than raw 

wastewater samples. These findings are consistent with the literature (Wen et al., 

2009; Nourmohammadi et al., 2013). The reductions of concentrations of ammonium 

ion and nitrite and the increase of concentrations of nitrate through the AS and TF 

systems are indicative of the occurrence of nitrification processes (conversion of 

ammoniacal nitrogen into nitrates – via nitrites - by autotrophic bacteria) within the 

biological reactors. However, it seems that denitrification processes (conversion of 

nitrates into nitrogen gas by heterotrophic facultative anaerobic bacteria) were not 

effectively achieved in the WWTP monitored. Therefore, total nitrogen levels 

(considered to be the sum of the concentrations of ammonium ion, nitrite and nitrate 

only, as the organic nitrogen is expected to be totally converted to other forms of 

nitrogen by this stage) in final effluent samples ranged between 10 and 15 mg.L-1, 

values that are below the level prescribed in Directive 91/271/EEC (CEU, 1991). 

Tables 5.14 and 5.15 present the Spearman's rank correlation coefficient (rho) 

between the log10 removal of microorganisms and physico-chemical parameters at 

each treatment step of the AS and TF systems, respectively. Overall, removal rates of 

HAdv were not shown to correlate with the removal rates of any indicator organisms at 

any of the treatment steps (including global removal rates) of AS and TF systems. The 

only exceptions were in the secondary treatment step of TF systems, where log10 
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removal rates of HAdv were significantly correlated with the removal of SOMPH 

(rho = 0.550, p-value = 0.034; Table 5.15). Analysing indicator organisms only, 

significant correlations (p-value ≤ 0.05) were observed for πprim in AS plants and πtert 

and πglobal in TF plants between IE and phages, as well as for πtert in TF plants between 

FC and phages (Tables 5.14 and 5.15). 

Removal rates of microorganisms (including viral pathogens) and physico-chemical 

parameters were investigated for correlations. In TF systems, removal rates of HAdv 

were significantly correlated with the removal of nitrate at the secondary treatment step 

(rho = -0.503, p-value = 0.047; Table 5.15) and ion ammonium at the tertiary treatment 

step (rho = 0.457, p-value = 0.043; Table 5.15). No correlation between removal rates 

of HAdv and physico-chemical parameters was observed in AS systems. Some erratic 

cases of significant correlation (p-value ≤ 0.05) between indicator organisms and 

physico-chemical parameters were observed, but attention should be paid to 

correlations of phages and FIB to COD, Total P and ammonium ion, which were 

consistently observed at primary and global treatment levels in the TF systems. 

In a single study found in the literature that included correlations between removal 

rates of enteric viruses and physico-chemical parameters, no significant correlations 

were observed between enteric viruses and physico-chemical parameters (Ottoson et 

al., 2006). In this same study, significant correlations were detected between the log10 

removal rates of enterovirus and IE, and enterovirus and E. coli. Comparing removal 

rates of indicator organisms and physico-chemical parameters, significant correlations 

were observed between: IE and COD; E. coli and COD; IE and ammonium ion; 

SOMPH and ammonium ion; and F-RNAPH and total phosphorus (Ottoson et al., 

2006). To conclude, Ottoson et al. (2006) observed that SOMPH was shown to reflect 

the removal of human enteric viruses, but the use of F-RNAPH as an indicator 

organism was shown to be questionable. 
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Table 5.14 – Spearman's rank correlation coefficient (p-value) for the log10 removal 

of physico-chemical parameters and microorganisms at each treatment step of the 

AS systems. 

 

 
HAdv SOMPH F-RNAPH Bf124PH FC IE 

A
S

.π
p

ri
m

 
SOMPH 0.421      

 (0.073)      

F-RNAPH -0.252 0.285     

 (0.328) (0.087)     

Bf124PH 0.256 0.393** 0.333    

 (0.290) (0.013) (0.054)    

FC 0.244 0.203 0.390** 0.306   

 (0.314) (0.177) (0.016) (0.055)   

IE -0.305 0.311** 0.531** 0.587** 0.504**  

 (0.204) (0.038) (0.001) (0.000) (0.000)  

TSS 0.168 0.082 0.432** 0.043 0.302** 0.313** 

 (0.491) (0.589) (0.007) (0.794) (0.039) (0.034) 

COD 0.459 0.172 0.226 0.001 0.109 0.064 

 (0.074) (0.283) (0.205) (0.995) (0.491) (0.692) 

Total P -0.001 0.300** 0.584** 0.300 0.324** 0.514** 

 (0.997) (0.048) (0.000) (0.068) (0.030) (0.000) 

Ammonia 0.228 -0.009 -0.218 -0.204 -0.189 -0.342** 

 (0.379) (0.956) (0.201) (0.226) (0.218) (0.025) 

Nitrite -0.497 0.139 0.547** 0.308 0.198 0.477** 

 (0.050) (0.449) (0.003) (0.111) (0.269) (0.006) 

Nitrate -0.292 0.347** 0.590** 0.319 0.151 0.599** 

 (0.256) (0.038) (0.001) (0.086) (0.372) (0.000) 

A
S

.π
s
e
c
 

SOMPH 0.543      

 (0.266)      

F-RNAPH 0.400 -0.065     

 (0.600) (0.798)     

Bf124PH 0.800 0.032 0.484    

 (0.200) (0.869) (0.079)    

FC 0.314 0.252 0.050 -0.159   

 (0.544) (0.095) (0.833) (0.393)   

IE * 0.304** 0.204 0.156 0.324**  

 (*) (0.045) (0.401) (0.409) (0.028)  

TSS 0.200 0.097 -0.152 -0.346 0.111 0.198 

 (0.747) (0.529) (0.548) (0.066) (0.468) (0.192) 

COD -0.200 0.108 -0.169 0.069 0.249 -0.051 

 (0.800) (0.542) (0.476) (0.739) (0.142) (0.771) 

Total P 0.100 -0.176 -0.335 -0.070 0.252 -0.433** 

 (0.873) (0.266) (0.175) (0.713) (0.099) (0.004) 

Ammonia -0.200 0.206 0.068 -0.288 0.043 0.007 

 (0.704) (0.227) (0.810) (0.146) (0.796) (0.968) 

Nitrite 0.800 0.209 0.211 -0.090 -0.068 0.262 

 (0.200) (0.251) (0.469) (0.677) (0.702) (0.141) 

Nitrate 0.086 0.150 0.542** 0.222 -0.146 0.261 

 (0.872) (0.376) (0.020) (0.275) (0.375) (0.114) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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Table 5.14 – Spearman's rank correlation coefficient (p-value) for the log10 removal 

of physico-chemical parameters and microorganisms at each treatment step of the 

AS systems (continuation). 

 

 
HAdv SOMPH F-RNAPH Bf124PH FC IE 

A
S

.π
te

rt
 

SOMPH *      

 (*)      

F-RNAPH * 0.211     

 (*) (0.789)     

Bf124PH * 0.644 *    

 (*) (0.061) (*)    

FC * -0.044 -0.564 -0.087   

 (*) (0.849) (0.322) (0.824)   

IE * -0.260 -0.154 -0.592 0.546**  

 (*) (0.256) (0.805) (0.093) (0.009)  

TSS * 0.071 * -0.335 -0.168 0.026 

 (*) (0.779) (*) (0.463) (0.505) (0.919) 

COD * 0.162 0.872 -0.217 -0.358 -0.326 

 (*) (0.549) (0.054) (0.641) (0.158) (0.202) 

Total P * -0.204 0.205 -0.270 0.104 0.136 

 (*) (0.363) (0.741) (0.483) (0.644) (0.546) 

Ammonia * -0.507** -0.600 -0.444 0.505** 0.387 

 (*) (0.032) (0.400) (0.271) (0.033) (0.113) 

Nitrite * 0.009 0.500 0.248 0.221 -0.002 

 (*) (0.968) (0.391) (0.520) (0.336) (0.993) 

Nitrate * -0.355 -0.616 -0.104 0.001 -0.119 

 (*) (0.115) (0.269) (0.789) (0.996) (0.606) 

A
S

.π
g

lo
b

a
l 

SOMPH *      

 (*)      

F-RNAPH * 0.500     

 (*) (0.667)     

Bf124PH * 0.086 *    

 (*) (0.872) (*)    

FC * 0.319 * 0.257   

 (*) (0.158) (*) (0.623)   

IE * 0.683** -0.800 -0.371 0.349  

 (*) (0.001) (0.200) (0.468) (0.121)  

TSS * 0.507** -0.500 0.300 -0.084 0.480 

 (*) (0.032) (0.667) (0.624) (0.742) (0.051) 

COD * 0.400 -0.200 0.029 0.277 0.647** 

 (*) (0.125) (0.800) (0.957) (0.282) (0.007) 

Total P * 0.425** * -0.314 0.433** 0.513** 

 (*) (0.049) (*) (0.544) (0.044) (0.017) 

Ammonia * -0.104 -0.400 -0.300 0.554** 0.131 

 (*) (0.673) (0.600) (0.624) (0.014) (0.604) 

Nitrite * 0.280 -0.632 -0.429 0.017 0.563** 

 (*) (0.219) (0.368) (0.397) (0.942) (0.010) 

Nitrate * 0.270 -0.400 0.429 0.443** 0.353 

 (*) (0.236) (0.600) (0.397) (0.044) (0.126) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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Table 5.15 – Spearman's rank correlation coefficient (p-value) for the log10 removal 

of physico-chemical parameters and microorganisms at each treatment step of the 

TF systems. 

 

 
HAdv SOMPH F-RNAPH Bf124PH FC IE 

T
F

.π
p

ri
m

 
SOMPH 0.209      

 (0.438)      

F-RNAPH -0.119 0.011     

 (0.660) (0.944)     

Bf124PH 0.050 0.416** 0.062    

 (0.860) (0.006) (0.696)    

FC -0.223 0.383** 0.235 0.282   

 (0.390) (0.009) (0.124) (0.061)   

IE -0.229 0.531** 0.153 0.387** 0.556**  

 (0.393) (0.000) (0.327) (0.009) (0.000)  

TSS -0.186 0.475** 0.293 0.167 0.349** 0.605** 

 (0.474) (0.001) (0.054) (0.273) (0.015) (0.000) 

COD -0.036 0.376** 0.359** 0.431** 0.539** 0.679** 

 (0.899) (0.014) (0.023) (0.004) (0.000) (0.000) 

Total P -0.168 0.469** 0.356** 0.328** 0.473** 0.568** 

 (0.535) (0.001) (0.021) (0.032) (0.001) (0.000) 

Ammonia 0.159 0.476** 0.208 0.339** 0.538** 0.509** 

 (0.557) (0.001) (0.192) (0.028) (0.000) (0.000) 

Nitrite -0.226 -0.276 0.253 -0.187 -0.142 -0.184 

 (0.383) (0.069) (0.106) (0.229) (0.348) (0.226) 

Nitrate -0.109 0.050 0.292 -0.109 0.189 0.214 

 (0.688) (0.751) (0.064) (0.491) (0.215) (0.163) 

T
F

.π
s
e
c
 

SOMPH 0.550**      

 (0.034)      

F-RNAPH -0.268 -0.086     

 (0.316) (0.584)     

Bf124PH 0.108 0.222 -0.148    

 (0.714) (0.147) (0.345)    

FC -0.103 0.168 0.284 -0.081   

 (0.704) (0.275) (0.065) (0.601)   

IE 0.175 -0.187 0.370** -0.081 0.526**  

 (0.533) (0.236) (0.017) (0.610) (0.000)  

TSS -0.024 -0.013 0.144 -0.025 0.159 0.164 

 (0.931) (0.930) (0.346) (0.868) (0.291) (0.286) 

COD 0.321 0.159 -0.042 0.118 0.128 0.045 

 (0.226) (0.321) (0.795) (0.461) (0.424) (0.784) 

Total P 0.286 0.341** 0.016 0.254 -0.014 -0.122 

 (0.302) (0.023) (0.920) (0.104) (0.930) (0.453) 

Ammonia -0.129 -0.055 0.246 -0.213 0.277 0.227 

 (0.648) (0.727) (0.125) (0.181) (0.080) (0.153) 

Nitrite -0.451 0.118 0.556** 0.219 0.492** 0.282 

 (0.092) (0.453) (0.000) (0.158) (0.001) (0.074) 

Nitrate -0.503** -0.068 0.293 0.244 0.142 0.011 

 (0.047) (0.660) (0.057) (0.110) (0.356) (0.946) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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Table 5.15 – Spearman's rank correlation coefficient (p-value) for the log10 removal 

of physico-chemical parameters and microorganisms at each treatment step of the 

TF systems (continuation). 

 

 
HAdv SOMPH F-RNAPH Bf124PH FC IE 

T
F

.π
te

rt
 

SOMPH 0.096      

 (0.679)      

F-RNAPH 0.168 0.399**     

 (0.468) (0.006)     

Bf124PH 0.106 0.495** 0.686**    

 (0.675) (0.001) (0.000)    

FC 0.113 0.584** 0.73** 0.547**   

 (0.626) (0.000) (0.000) (0.000)   

IE 0.075 0.652** 0.674** 0.622** 0.875**  

 (0.746) (0.000) (0.000) (0.000) (0.000)  

TSS -0.094 -0.007 0.078 0.100 0.229 0.281 

 (0.687) (0.963) (0.618) (0.540) (0.149) (0.072) 

COD -0.239 0.259 0.249 0.097 0.362** 0.454** 

 (0.297) (0.094) (0.117) (0.557) (0.024) (0.003) 

Total P -0.021 0.353** 0.099 0.394** 0.146 0.235 

 (0.930) (0.019) (0.527) (0.013) (0.369) (0.139) 

Ammonia 0.457** -0.188 -0.230 -0.022 -0.454** -0.209 

 (0.043) (0.227) (0.148) (0.892) (0.003) (0.183) 

Nitrite 0.162 0.196 0.188 0.139 0.063 0.102 

 (0.496) (0.196) (0.228) (0.387) (0.696) (0.519) 

Nitrate -0.239 0.482** 0.367** 0.284 0.345** 0.42** 

 (0.297) (0.001) (0.016) (0.072) (0.027) (0.006) 

T
F

.π
g

lo
b

a
l 

SOMPH 0.261      

 (0.280)      

F-RNAPH 0.039 0.195     

 (0.881) (0.200)     

Bf124PH 0.071 0.154 -0.091    

 (0.795) (0.330) (0.576)    

FC 0.114 0.382** 0.607** 0.262   

 (0.642) (0.010) (0.000) (0.102)   

IE 0.026 0.423** 0.568** 0.313** 0.906**  

 (0.915) (0.003) (0.000) (0.044) (0.000)  

TSS -0.393 0.109 0.256 0.130 0.45** 0.532** 

 (0.096) (0.476) (0.102) (0.431) (0.003) (0.000) 

COD -0.414 0.032 0.524** 0.061 0.449** 0.372** 

 (0.098) (0.844) (0.001) (0.721) (0.005) (0.016) 

Total P -0.055 0.412** 0.428** -0.005 0.406** 0.500** 

 (0.829) (0.004) (0.004) (0.976) (0.007) (0.000) 

Ammonia -0.005 0.340** 0.453** 0.046 0.515** 0.385** 

 (0.984) (0.024) (0.003) (0.781) (0.001) (0.010) 

Nitrite 0.097 0.201 0.272 0.188 0.150 0.140 

 (0.694) (0.180) (0.077) (0.239) (0.336) (0.354) 

Nitrate 0.063 0.043 0.268 -0.089 0.221 0.069 

 (0.804) (0.780) (0.090) (0.588) (0.165) (0.656) 

* not enough data to perform test. 
** significant correlation (p-value < 0.05); *** significant correlation (p-value < 0.01). 
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5.3.3. Novel indicators of viral pathogens in WWTP 

Growing evidence suggests that bacterial indicators commonly used to assess water 

quality fail to detect accurately the presence (and concentration) of viral pathogens, 

especially in WWTP (USEPA, 2015). This is because WWTP have been shown to be 

more effective at removing enteric bacteria than enteric viruses, which are smaller in 

size, simpler in structure and which tend to be more persistent in the environment 

(Grabow, 2001; Sinton et al., 2002; Diston et al., 2012). Alternatively, the use of 

phages, which can be detected in water samples using simple, affordable laboratory 

techniques, has been proposed (Grabow, 2001). Phages are considered to be better 

predictors of human enteric virus persistence and environmental behaviour than FIB 

because of similarities such as composition, morphology, structure, size and site of 

replication (Grabow, 2001; Sinton et al., 2002; Diston et al., 2012). 

In terms of wastewater treatment, characteristics of an ‘ideal indicator organism’ 

include that they are: (i) detectable by simple, rapid and low-cost laboratory techniques; 

(ii) found in high concentrations in municipal wastewaters; (iii) present in wastewater in 

higher numbers than pathogens; (iv) unable to multiply in the environment; and (v) 

have similar survival characteristics as pathogens in treatment process. 

As previously mentioned, FIB were removed at higher rates than phages and HAdv in 

both TF and AS systems. In order to compare the removal of the studied 

microorganisms through AS and TF systems, Figure 5.8 presents concentrations and 

removal rates of the FIB (FC and IE datasets combined), phages (SOMPH, F-RNAPH 

and Bf124PH datasets combined) and viral pathogens (HAdv dataset) at each 

treatment step of AS and TF systems. From Figure 5.8, it is evident that, in both 

primary and secondary steps of AS systems, the removal of FIB was higher than that of 

phages, followed by HAdv. However, analysing the global removal rates, HAdv and 

phages were removed at similar rates, whereas removal rates for FIB were 

considerably greater. In TF systems, the removal of phages and HAdv were very 

similar in both primary and secondary treatment steps, both being lower than the rates 

observed for FIB (Figure 5.8). Studies reported in the literature have also shown that 

phages are more resistant than bacteria in wastewater treatment systems (Grabow, 

2001; Arraj et al., 2005; Zanetti et al., 2007; De Luca et al., 2008). This information 

supports the suggestion that phages better indicate the removal of enteric viruses in 

WWTP compared with FIB. 
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Figure 5.8 – Concentrations and removal rates of FIB, phages and viral pathogens 

at each treatment step of AS (A) and TF (B) systems 

 

Furthermore, from an analysis of HAdv and the phage groups studied, Figure 5.9 

presents concentrations and removal rates of SOMPH, F-RNAPH, Bf124PH and HAdv 

at each treatment step of the AS and TF systems. The removal rates of the three 

groups of phages and HAdv within primary treatment steps were very similar to one 

another in AS systems; in the secondary treatment step, phages demonstrated removal 

rates 1.0 log10 greater than HAdv; HAdv, SOMPH and F-RNAPH demonstrated similar 

global removal rates (Figure 5.9). The phage groups that are more closely related to 

the removal of HAdv in primary, secondary and tertiary treatment steps of TF systems 

were, respectively, SOMPH, F-RNAPH and Bf124PH (Figure 5.9). 

 

  
Figure 5.9 – Concentrations and removal rates of SOMPH, F-RNAPH, Bf124PH and 

HAdv at each treatment step of AS (A) and TF (B) systems 

 

Therefore, from the discussion presented here, as FIB are more effectively removed 

than phages and enteric viruses, and considering that HAdv and phages were removed 

at similar rates, it appears that phages may better indicate the removal of human 

enteric viruses in wastewater treatment processes than FIB. In addition, SOMPH were 

consistently found in raw and treated wastewater, whilst F-RNAPH and Bf124PH were 

not detected in a number of treated effluents collected from AS systems, Furthermore, 
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SOMPH were found in higher levels than the other phage groups and HAdv in all 

treatment steps of the WWTP. Therefore, the results indicate that, amongst the widely 

studied groups of indicator organisms, and more specifically amongst the phage 

groups studied, SOMPH may be regarded as the parameter that best indicates the 

removal of viral pathogens in AS and TF systems. It is important to stress, however, 

that no significant correlations were observed between the levels and log10 removal 

rates of enteric viruses and indicator organisms. 

With regards to the use of physico-chemical parameters that are commonly tested 

during the routine monitoring of WWTP, the removal of none of the parameters studied 

appeared to indicate the removal of HAdv as the only two cases of significant 

correlation (p-value ≤ 0.05) observed were between the log10 removal rate of HAdv and 

the removal of nitrate at the secondary treatment step (rho = -0.503, p-value = 0.047; 

Table 5.15) and ion ammonium at the tertiary treatment step (rho = 0.457, 

p-value = 0.043; Table 5.15) of the TF systems. The results of the present study 

corroborate those reported by Ottoson et al. (2006), who did not detect significant 

correlations between enteric viruses and physico-chemical parameters. 

As such, this research contributes valuable knowledge that can be used by the 

international water industry to support the effective operation and the monitoring of 

wastewater treatment plants in order to prevent the discharge of high loads of 

waterborne pathogens into the environment. Consequently, it is envisaged that this 

study may support the safer (direct and indirect) reuse of reclaimed waters and 

improve risk management practices within the framework of Water and Sanitation 

Safety Planning. 

However, it is important to note that the data on viral pathogens in this study was 

obtained using real-time qPCR techniques, which do not provide information on the 

infectivity of such microorganisms. Furthermore, as suggested by Wu et al. (2011), if a 

sufficiently large dataset is collected over the longer-term, indicator organisms, such as 

phages and FIB, may reliably indicate pathogen levels in waters and wastewaters. It is 

recommended, therefore, that further investigations, involving the enumeration of 

infectious human enteric viral pathogens, as well as the gathering of additional data for 

other wastewater treatment processes located in other geographical areas, would 

further support the objectives of this research. 
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Chapter 6. Estimating the microbial quality 

of final effluents 

 

In this chapter, estimates of the concentrations of microorganisms in the final effluent of 

AS and TF systems, calculated using the proposed model and stochastic simulation 

(see section 3.8), are presented. To support the discussion, statistical tests, such as 

sensitivity analysis to verify which input variables of the proposed model impacted the 

most on the output values, as well as the non-parametric Mann-Whitney test to 

compare the median values of estimated and empirical data, are also presented. 

 

6.1. Stochastic simulation results 

Probability distribution functions (PDF) were fitted to each input variable of the model 

using the A-D test and P-P plot ‘goodness-of-fitness’ statistics and fixing the lower 

bound limit as zero. These are summarised in Table 6.1. It is notable that, in general, 

four different PDF seemed to describe the empirical data: log-normal, Weibull, Beta 

and Gamma. In only one case was a PDF other than these used: as a consequence of 

the small sample size of the input variable πtert for HAdv in AS systems, a uniform 

distribution with minimum and maximum values equal to one (no removal during the 

tertiary treatment) was considered. 

Final concentrations of all microorganisms were then estimated using the proposed 

model, considering the PDF described in Table 6.1, and using stochastic simulations 

with Latin Hypercube sampling and 10,000 iterations. Figure 6.1 presents the 

histograms, whereas Table 6.2 presents a summary of the statistics for the estimated 

concentrations of microorganisms in the final effluent of AS and TF systems. Complete 

numerical descriptive statistics of the estimated concentrations are presented in 

Appendix 3. 
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Table 6.1 – Probability distribution functions(a) of the input variables of the proposed 

model(b) to estimate the concentration of microorganisms in the final effluents of AS 

and TF systems. 

Org 
Input 

variable 

WWTP 

AS TF 

SOMPH 
(c)

 

Craw Gamma (129,0.046) Gamma (145.2,0.042) 

πprim Weibull (22.44,0.964) Gamma (543.1,0.002) 

πsec Log-N (0.688,0.066) Weibull (19.93,0.934) 

πtert Weibull (19.98,0.947) Weibull (33.69,0.973) 

F-RNAPH 
(c)

 

Craw Beta (8.833,12.729) Beta (7.981,12.455) 

πprim Weibull (9.786,0.921) Weibull (19.18,0.977) 

πsec Gamma (13.99,0.040) Weibull (16.55,0.961) 

πtert Log-N (0.861,0.127) Weibull (16.32,0.968) 

Bf124PH 
(c)

 

Craw Weibull (4.918,3.838) Beta (10.194,5.081) 

πprim Weibull (11.18,0.949) Gamma (151.5,0.006) 

πsec Beta (4.750,3.689) Weibull (10.48,0.904) 

πtert Log-N (0.937,0.097) Weibull (16.96,0.963) 

FC 
(d)

 

Craw Weibull (12.543,6.907) Beta (34.015,10.388) 

πprim Gamma (179.0,8,0.005) Gamma (732.8,0.001) 

πsec Beta (23.767,26.008) Log-N (0.7756,0.045) 

πtert Gamma (99.933,0.008) Weibull (11.31,0.927) 

IE 
(d)

 

Craw Weibull (18.39,5.967) Beta (32.041,12.639) 

πprim Weibull (7.439,0.909) Gamma (307.5,0.003) 

πsec Log-N (0.689,0.154) Log-N (0.690,0.062) 

πtert Gamma (71.66,0.012) Weibull (10.39,0.933) 

HAdv 
(e)

 

Craw Log-N (4.526,0.859) Beta (6.3999,8.559) 

πprim Weibull (13.50,0.962) Weibull (10.76,0.962) 

πsec Weibull (3.991,0.710) Weibull (11.60,0.942) 

πtert Uniform (1.000,1.000) Gamma (99.02,0.010) 
(a)

 Uniform (a,b) = Uniform distribution with a minimum value a and a maximum value b; Log-N (μ σ) = 
log-normal distribution with mean μ and standard deviation σ; Weilbull (α,β) = Weibull distribution with 
shape parameter α and scale parameter β; Beta (α;β) = Beta distribution with two shape parameters α 
and β; Gamma (α,β) = Gamma distribution with shape parameter α and scale parameter β. 
(b)

 C !;#[ = Cl#m × πjl!o × πpq" × πrqlr; Cfinal = microorganism concentration in final effluent; Cin = 

microorganism concentration in raw wastewater; πprim = efficacy of preliminary and primary treatment; 
πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment; 
(C)

 log10 (pfu.100mL
-1

); 
(d)

 log10 (cfu.100mL
-1

); 
(e)

 log10 (copies.100mL
-1

). 
AS = activated sludge systems; TF = trickling filter systems; SOMPH = somatic coliphages; F-RNAPH = 
F-RNA coliphages; Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; 
HAdv = human adenoviruses. 
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Figure 6.1 – Histogram and cumulative frequency curve of the estimated concentrations 

of microorganisms in the final effluents of AS and TF systems, calculated by the 

proposed model using stochastic simulations. 
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Table 6.2 – Summary of the statistics for the estimate concentration of 

microorganisms in the final effluents of trickling filter and activated sludge systems, 

calculated using the proposed model(a) and stochastic simulations. 

System Parameter 
Microorganism 

SOMPH
(b)

 F-RNAPH
(b) Bf124PH

(b)
 FC

(c)
 IE

(c)
 HAdv

(d)
 

AS 

Median 3.51 1.29 1.46 3.36 2.82 2.61 

Mean 3.55 1.40 1.52 3.41 2.93 2.69 

SD 0.55 0.60 0.62 0.74 0.91 0.96 

Low 95%CI 2.48 0.22 0.30 1.95 1.15 0.82 

High 95%CI 4.62 2.58 2.74 4.87 4.71 4.57 

Kurtosis 3.03 4.79 3.36 3.22 4.13 3.72 

Skewness 0.29 1.05 0.58 0.41 0.78 0.56 

TF 

Median 5.07 2.63 2.92 4.44 3.39 3.37 

Mean 5.09 2.68 2.94 4.44 3.41 3.46 

SD 0.60 0.80 0.69 0.67 0.63 1.20 

Low 95%CI 3.91 1.11 1.57 3.12 2.18 1.12 

High 95%CI 6.27 4.25 4.30 5.76 4.64 5.81 

Kurtosis 3.09 3.00 2.98 3.02 3.02 3.20 

Skewness 0.15 0.35 0.16 0.00 0.22 0.49 
(a)

 C !;#[ = Cl#m × πjl!o × πpq" × πrqlr; Cfinal = microorganism concentration in final effluent; Craw = 

microorganism concentration in raw wastewater; πprim = efficacy of preliminary and primary treatment; 
πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment; 
(b)

 log10 (pfu.100mL
-1

); 
(c)

 log10 (cfu.100mL
-1

); 
(d)

 log10 (copies.100mL
-1

). 
AS = activated sludge systems; TF = trickling filter systems; SOMPH = somatic coliphages; F-RNAPH = 
F-RNA coliphages; Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; 
HAdv = human adenoviruses; SD = standard deviation; Low 95% IC = lower 95% confidence interval; 
High 95% IC = higher 95% confidence interval. 

 

From the results of stochastic simulation presented in Figure 6.1, it is notable that AS 

systems seemed to produce better final effluents (histograms shifted towards the left) 

than TF (histograms shifted towards the right) with regards to phages, FIB and HAdv 

(as observed during the monitoring programme; see Chapter 5). This is corroborated 

by information presented in Table 6.2. AS final effluents recorded relatively low 

concentrations with regards to F-RNAPH and Bf124PH, with mean estimated values 

equal to 1.40 and 1.52 log10 pfu.100mL-1, respectively (Table 6.2). The mean estimated 

concentrations of HAdv and IE in AS final effluents were equal to 2.69 log10 

copies.100mL-1 and 2.93 log10 cfu.100mL-1, respectively, whereas average estimates of 

SOMPH and FC were considerably higher, 3.55 log10 pfu.100mL-1 and 3.41 log10 

cfu.100mL-1, respectively (Table 6.2). In TF systems, the mean estimated final 

concentrations were higher for all microorganisms than those estimated for AS 

effluents: the average estimated concentrations of F-RNAPH, Bf124PH, IE and HAdv 

were of the order of magnitude 3.0 log10 (2.68 log10 pfu.100mL-1, 2.94 log10 

pfu.100mL-1, 3.41 log10 cfu.100mL-1 and 3.46 log10 copies.100mL-1, respectively), 

whereas the mean estimates of FC and SOMPH were 4.44 log10 cfu.100mL-1 and 

5.09 log10 pfu.100mL-1, respectively (Table 6.2). Importantly, mean values of estimates 
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were similar to the observed concentrations for all microorganisms in FE samples, from 

both AS and TF systems (Table 6.2 and Tables 5.1, 5.2 and 5.3). 

From a conservative stand point, analysing the 95th percentile, concentrations below 

the common wastewater reference value of 3.0 log10 organisms.100mL-1 were only 

achieved for F-RNAPH and Bf124PH in AS systems (2.53 and 2.62 log10 cfu.100mL-1, 

respectively). For SOMPH, FIB and HAdv, the 95th percentiles of estimated 

concentrations in the effluents of AS systems ranged from 4.4 to 4.7 log10 org.100mL-1. 

In effluents of TF systems, the 95th percentiles of estimated concentrations of 

F-RNAPH and Bf124PH were approximately 4.1 log10 pfu.100mL-1; for IE the 95th 

percentile of estimated concentrations was equal to 4.5 log10 cfu.100mL-1; and for 

SOMPH, FC and HAdv, it varied from 5.6 to 6.1 log10 org.100mL-1. Surprisingly, in 

terms of 95th percentile, estimated concentrations of IE for TF systems were lower than 

those for AS systems. 

Considering the 95% confidence interval (95% CI), estimated concentrations of phages 

in the final effluents of AS systems varied by an order of magnitude of 2.1-2.4 log10 

(from 0.2-0.3 to 2.6-2.7 log10 pfu.100mL-1 for F-RNAPH and Bf124PH, and from 2.5-4.6 

log10 pfu.100mL-1 for SOMPH). Such variations were even higher (3.0-3.8 log10) for FIB 

and HAdv: from 1.2-2.0 to 4.7-4.9 log10 cfu.100mL-1 for IE and FC; and from 0.8-4.6 

log10 copies.100mL-1 for HAdv (Table 6.2). In TF systems, variations observed in the 

95% CI were in an order of magnitude of 2.4-2.7 for SOMPH, Bf124PH, FC and IE 

(3.9-6.3 and 1.6-4.3 log10 pfu.100mL-1 for SOMPH and Bf124PH, respectively; 3.1-5.7 

and 2.2-4.6 log10 cfu.100mL-1 for FC and IE, respectively); the variation for F-RNAPH 

was slightly higher (3.1 log10; 1.1-4.2 log10 pfu.100mL-1), and was considerably greater 

for HAdv (4.7 log10; 1.1-5.8 log10 pfu.100mL-1) (Table 6.2). 

Analysing Figure 6.1 and Table 6.2 in terms of their skewness, it can be observed that 

estimated concentrations of all microorganisms in TF effluents demonstrated fairly 

symmetric distributions (skewness lower than 0.5). The same was true for estimated 

concentrations of SOMPH and FC in AS effluents. However, estimated concentrations 

of Bf124PH, IE and HAdv in AS effluents demonstrated distributions that were 

moderately skewed towards the right (skewness between 0.5 and 1.0), and the 

estimated concentrations F-RNAPH in AS effluents demonstrated distribution that were 

highly skewed (skewness above 1.0), also towards the right. With regards to their 

‘flatness’, the distributions of SOMPH in AS effluents and all microorganisms but HAdv 

in TF effluents demonstrated shapes similar to a normal distribution (kurtosis ~ 3.0). In 

the other cases (HAdv in TF systems; F-RNAPH, Bf124PH, FC, IE, and HAdv in AS 

systems), the distributions were ‘peaked’ (kurtosis > 3.0), especially for F-RNAPH and 

IE in AS systems (kurtosis > 4.0) (Figure 6.1 and Table 6.2). 
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6.2. Sensitivity analysis 

Figure 6.2 presents the results of the sensitivity analysis that was performed in order to 

identify the input variables of the proposed model (Craw = microorganism concentration 

in raw wastewater; πprim = efficacy of preliminary and primary treatment; πsec = efficacy 

of secondary treatment; πtert = efficacy of tertiary treatment) with the highest impact on 

the mean values of the output variable (Cfinal = microorganism concentration in final 

effluent). 

For phages, the two input variables of the proposed model with the greatest impact on 

the output (Cfinal) were Craw and πsec in both AS and TF systems. Interestingly, for the 

three groups of phages, Craw was the input variable with the highest impact on the 

output (Cfinal) in TF systems, whereas in AS systems, it was the πsec (Figure 6.2). 

Furthermore, with regard to the sensitivity analysis of phages, in general, it was 

observed that: the impacts of Craw and πsec on Cfinal were similar to one another; the 

impacts of Craw and πsec were considerably higher than the impacts of πprim and πtert; 

and the impacts of πprim and πtert was also similar to one another. The only exception to 

this was F-RNAPH in TF systems, where the impact of Craw was considerably higher 

than the removal rates in all treatment steps (πprim, πsec and πtert), the impact of these 

three variables being similar to one another (Figure 6.2). 

Conversely, for FIB, the removal in the tertiary treatment stage (πtert) was also shown to 

have considerable impact on final effluent concentrations. In TF systems, πtert was 

observed to be the input variable with the highest impact on Cfinal, followed by Craw for 

FC and by πsec for IE (Figure 6.2). For FC in AS plants, πsec was the input variable with 

the highest impact on Cfinal, followed by πtert. The pattern was different for IE in AS 

systems, with πsec and πprim, respectively, having the highest and second highest 

impact on Cfinal. Interestingly, in this last case, Craw reported very low impact on Cfinal 

(Figure 6.2). 

For HAdv in AS systems, πsec was the input variables with the greatest impact on Cfinal, 

followed by Craw and then πsec (Figure 6.2). Sensitivity analysis was not performed for 

πtert because a uniform distribution was assumed for this variable as a consequence of 

the limited sample size. For HAdv in TF plants, the impact of Craw was considerably 

higher than the removal rates in all treatment steps (πprim, πsec and πtert), the impact of 

these three variables on Cfinal being similar to one another (Figure 6.2). 
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Figure 6.2 – ‘Tornado graphs’ to display the ranking of input variables for the proposed 

model that impact the output mean value. 
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6.3. Discussion 

The results presented in this chapter demonstrate how stochastic modelling of 

pathogen and indicator data can be used to estimate their concentrations in the final 

effluents of AS and TF systems. Concentrations obtained from the stochastic 

simulations are given as PDF, and encompass uncertainties associated with the input 

variables of the model. Therefore, importantly, these PDF can be used to incorporate 

such uncertainties into QMRA models in risk assessment studies. 

The assumed conditions for the stochastic modelling exercise were shown to reflect the 

observed removal of phages, FIB and HAdv in AS and TF systems, as the proposed 

model appeared to estimate accurately the concentrations of all the studied 

microorganisms in the final effluents of both treatment systems. In order to validate the 

proposed model, the estimated concentrations of the various microorganisms were 

compared with the observed concentrations obtained from the WWTP monitoring 

programme. For this, the non-parametric Mann-Whitney test were used to compare the 

medians and a significance level of 5% (α = 0.05) was considered. Figures 6.4 and 6.5 

present a summary of the concentrations of the microorganisms in the final effluent of 

AS and TF systems obtained from the WWTP monitoring programme (data presented 

in section 5.1) and stochastic modelling (data presented in section 6.1). 

 

  
Figure 6.3 – Concentrations of the microorganisms in the final effluent of AS 

systems observed from the WWTP monitoring programme (A) and estimated using 

stochastic modelling (B). 
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Figure 6.4 – Concentrations of the microorganisms in the final effluent of TF systems 

observed from the WWTP monitoring programme (A) and estimated using stochastic 

modelling (B). 

 

It can be seen in Figures 6.4 and 6.5 that the mean and median concentrations of the 

empirical data were very similar to those of simulated data for all microorganisms in 

both AS and TF systems. In general, the proposed model was shown to estimate 

accurately the concentrations of FIB, phages and HAdv in the final effluents of both AS 

and TF systems. In final effluent from AS systems, the median concentrations of 

empirical and simulated data were not shown to be significantly different (Mann 

Whitney test; Table 6.3) for any microorganisms other than F-RNAPH (median of 

simulated data lower than median of real data) and IE (median of simulated data higher 

than median of real data). In final effluent from TF plants, the median concentrations of 

empirical and simulated data were significantly different (Mann Whitney test; Table 6.3) 

for F-RNAPH (median of simulated data lower than median of real data) and HAdv 

(median of simulated data higher than median of real data). For the other 

microorganisms, empirical and simulated median concentrations were not shown to be 

significantly different (Mann Whitney test; Table 6.3). In addition, in the three cases in 

which the median values for simulated and empirical data were shown to be 

significantly different, the proposed model was shown to over-estimate the reduction of 

F-RNAPH (AS and TF systems) and HAdv (TF systems), i.e., median concentrations in 

final effluents of simulated data were significantly lower than those derived from 

empirical data. 

Sensitivity analysis is a useful tool to indicate the main input variables of a given model 

that impact the output variable to the greatest extent (Zwietering and van Gerwen, 

2000). Such impact on the output is probably due to the uncertainties associated with 

the input variables. It is possible, therefore, to extract from this information which input 

variable (or variables) should be given more attention to further develop the model 

(Zwietering and van Gerwen, 2000; Frey and Patil, 2002). According to Smeets (2011), 
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larger datasets can be used to reduce the uncertainties associated with a given input 

variable of the model. 

From the sensitivity analysis performed in this study, with regard to phages in both AS 

and TF systems and HAdv in AS plants, it appears that the two input variables of the 

proposed model that had the greatest impact on the output variable (Cfinal) were Craw 

and πsec. However, for FIB in AS and TF systems and HAdv in TF plants, the pattern 

varied: the removal rates in the tertiary treatment step (πtert) were demonstrated to 

impact considerably the output variable (Cfinal) of FC in AS and TF systems and of IE in 

TF systems, whereas the removal rates in the primary treatment stage (πprim) were 

shown to impact the output variable (Cfinal) of IE in AS systems and HAdv in TF 

systems. 

In general, Craw and πsec were shown to be the input variables of the proposed model 

that had the greatest impact on the output (Cfinal). For Craw, this may be because the 

microorganism concentration in the raw wastewater is directly associated with its 

concentration in the treated effluent. For πsec, this may be because, of the three 

treatment stages of both AS ad TF systems, the secondary (biological) stage was the 

treatment step that predominantly removed microorganisms (see Chapter 5) (see 

Chapter 5). For FIB, removal rates in the primary and tertiary treatment stages (πprim 

and πtert, respectively) were also shown to have considerable impact on Cfinal. This may 

be because FIB, in contrast to the other microorganisms studied, were removed to a 

considerable extent in these two treatment steps (see Chapter 5). 

Probability distribution functions (PDF) were also fitted to the empirical data observed 

from the monitoring programme, as well as to output data generated from the proposed 

model using stochastic modelling, and are summarised in Tables 6.3 and 6.4. For the 

input variables of the proposed model, empirical and estimated concentrations of all 

microorganisms in the effluents from both AS and TF systems were described by log-

normal, Weibull, Gamma and Beta distributions. This exercise was performed in order 

to produce information that may support QMRA models to assess more effectively the 

human risk associated with treated wastewater reuse. This is because PDF provide 

more valuable information than mere point estimates (e.g. mean, median, and mode), 

as PDF are presented as value ranges, and each value of the range has a likelihood of 

occurrence. 
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Table 6.3 – Comparison between empirical and simulated data of the 

concentrations of microorganisms in the final effluents of AS and TF systems using 

Mann-Whitney test (α = 0.05). 

Org Parameter AS TF 

SOMPH 

N(SIM) / N(EMP) 10000 / 22 10000 / 48 

p-value 0.312 0.084 

result μ(sim) = μ(emp) μ(sim) = μ(emp) 

F-RNAPH 

N(SIM) / N(EMP) 10000 / 5 10000 / 48 

p-value 0.016 0.000 

result μ(sim) ≠ μ(emp) μ(sim) ≠ μ(emp) 

Bf124PH 

N(SIM) / N(EMP) 10000 / 9 10000 / 44 

p-value 0.250 0.054 

result μ(sim) = μ(emp) μ(sim) = μ(emp) 

FC 

N(SIM) / N(EMP) 10000 / 22 10000 / 45 

p-value 0.079 0.889 

result μ(sim) = μ(emp) μ(sim) = μ(emp) 

IE 

N(SIM) / N(EMP) 10000 / 22 10000 / 48 

p-value 0.004 0.580 

result μ(sim) ≠ μ(emp) μ(sim) = μ(emp) 

HAdv 

N(SIM) / N(EMP) 10000 / 2 10000 / 35 

p-value 0.615 0.001 

result μ(sim) = μ(emp) μ(sim) ≠ μ(emp) 

AS = activated sludge; TF = trickling filter; emp = empirical data; sim = simulated data; SOMPH = 
somatic coliphages; F-RNAPH = F-RNA coliphages; Bf124PH = B. fragilis phages; FC = faecal 
coliforms; IE = intestinal enterococci; HAdv = human adenoviruses. 
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Table 6.4 – Probability distribution functions(a) fitted to empirical concentrations of the 

studied organisms in final effluents of AS and TF systems. 

Organisms 
WWTP 

AS TF 

SOMPH Log-N (3.455,0.400) Log-N (5.204,0.446) 

F-RNAPH Weibull (7.802,1.991) Beta (11.804,9.920) 

Bf124PH Weibull (3.072,2.032) Gamma (17.582,0.180) 

FC Beta (8.160,3.629) Beta (14.686,4.004) 

IE Weibull (6.830,2.793) Beta (5.4845,1.498) 

HAdv - Weibull (5.414,4.430) 
(a)

 Uniform (a,b) = Uniform distribution with a minimum value a and a maximum value b; Log-N (μ σ) = 
log-normal distribution with mean μ and standard deviation σ; Weilbull (α,β) = Weibull distribution with 
shape parameter α and scale parameter β; Beta (α;β) = Beta distribution with two shape parameters α 
and β; Gamma (α,β) = Gamma distribution with shape parameter α and scale parameter β. 

 

Table 6.5 – Probability distribution functions(a) fitted to the output variables of the 

proposed model(b). 

Organisms 
WWTP 

AS TF 

SOMPH Gamma (42.17,0.084) Gamma (70.99,0.072) 

F-RNAPH Log-N (1.404,0.635) Beta (7.7748,20.098) 

Bf124PH Beta (4.450,16.276) Beta (10.592,17.099) 

FC Gamma (20.94,0.163) Beta (21.762,22.677) 

IE Gamma (10.70,0.274) Gamma (28.78,0.118) 

HAdv Gamma (7.514,0.358) Gamma (8.017,0.432) 
(a)

 Uniform (a,b) = Uniform distribution with a minimum value a and a maximum value b; Log-N (μ σ) = 
log-normal distribution with specific mean μ and standard deviation σ; Weilbull (α,β) = Weibull 
distribution with shape parameter α and scale parameter β; Beta (α;β) = Beta distribution with two shape 
parameters α and β; Gamma (α,β) = Gamma distribution with shape parameter α and scale parameter 
β. 

(b)
 C !;#[ = Cl#m × πjl!o × πpq" × πrqlr; Cfinal = microorganism concentration in final effluent; Craw = 

microorganism concentration in raw wastewater; πprim = efficacy of preliminary and primary treatment; 
πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment. 

 

6.3.1. The use of stochastic modelling to support QMRA models 

As previously mentioned, the QMRA approach has already been successfully used to 

support the formulation of regulations associated with drinking water quality (WHO, 

2011a; USEPA, 2012a) and the reuse of wastewater in agriculture 

(NRMMC/EPHC/AHMC, 2006; WHO, 2006). However, it is important to highlight that 

the QMRA approach depends on reliable information with regard to the various 

components of the model, one point of major concern being the pathogen 

concentrations in the final treatment product (Smeets et al., 2006), especially viral 

pathogens, as a consequence of their low levels and problems associated with the 

detection limit of enumeration methods. Alternatively, probability values, which can be 

generated using stochastic modelling, could be used to feed QMRA models (Haas et 

al., 1999). 
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Stochastic modelling has been successfully applied in other related scientific fields 

(Baranyi, 2002; Poschet et al., 2003; Kutalik et al., 2005; Ponciano et al., 2005), and 

recently it has been proposed as a way to estimate the removal coefficients of phages 

in AS and TF treatment systems (Dias et al., 2015). The main advantage of using 

stochastic models over deterministic models is the incorporation of the variations 

(uncertainties) associated with empirical data into the model (Poschet et al., 2003). It is 

proposed here that the stochastic modelling exercise undertaken in this study produces 

reliable information on the removal of microorganisms, including viral pathogens, 

during wastewater treatment and that this information can support integrated water and 

sanitation safety planning approaches to human health risk management (QMRA 

models) with regards to wastewater reuse. 

However, it is worth mentioning once again that the input variables of the proposed 

model in this study may have some uncertainty associated with them (e.g. with regard 

to recovery rates and infectivity). Although recovery rate was considered for the 

enumeration of HAdv in this study, and despite the fact that uncertainties are generally 

incorporated into stochastic modelling, uncertainties have to be specifically addressed 

when stochastic modelling is used to support risk assessment studies (e.g. decision 

support or legislation). This is especially true with regard to data on pathogens (e.g. 

HAdv), as uncertainties may have some impact on the estimated treatment product 

concentration, and consequently, on the risks calculated. 

From the results presented here, it is envisaged that stochastic modelling can be used 

in WWTP in different parts of the world in order to estimate the microbial quality of final 

effluents of different treatment processes and to verify whether they comply with 

discharge and/or reuse regulations. Consequently, treated wastewater can be safely 

discharged into water bodies and/or be either directly or indirectly reused for different 

purposes. Furthermore, this tool has significant potential for designing or selecting 

optimal wastewater treatment processes (or combination of processes), necessary to 

ensure a final effluent quality that complies with local regulations in different parts of 

the world. 

  



134 

Chapter 7. Conclusions and future work 

 

7.1. Conclusions 

Discussion of the objectives accomplished are presented below: 

The evaluation of the level and rate of removal of human enteric viruses, 

bacteriophages and faecal indicator bacteria (Objectives 1 and 2) showed that although 

conventional WWTP are not specifically designed to remove viral pathogens, their 

levels were shown to decrease in both AS and TF systems. However, AS systems 

were shown to be more effective than TF at removing viral pathogens, traditional faecal 

indicator bacteria and novel indicator phages (section 5.1). Whilst FIB and SOMPH 

were detected in 100% of the samples tested at all stages of the treatment process, in 

contrast, the detection rate of HAdv in all stages, and of F-RNAPH and Bf124PH in 

secondary and tertiary (final) effluents, was less than 50%. The detection rate of Nv 

G1/G2 was lower than 20% in all treatment steps of both AS and TF systems (section 

5.1). FIB and SOMPH exhibited the highest mean concentrations (Objective 1) in raw 

wastewater (5.8-6.7 log10 org.100mL-1), followed by HAdv (4.4-4.5 log10 

copies.100mL-1), and then F-RNAPH and Bf124PH (3.2-3.8 log10 pfu.100mL-1, 

respectively) (section 5.3.1). No significant difference was observed between AS and 

TF levels, in term of concentrations of each microbial group (except for Bf124PH, which 

demonstrated higher levels in TF systems) (section 5.3.1). 

In both AS and TF systems, FIB were shown to be more effectively removed than 

phages and viral pathogens (Objective 2). In addition, removal rates of phages were 

shown to be similar to those of HAdv. It was also observed that indicator organisms 

correlate positively with each other, but that it appears that viral pathogens and 

indicator organisms do not. The only correlation observed was that between the 

concentrations of HAdv and Bf124PH in untreated wastewater of AS systems 

(rho = 0.506, p-value = 0.007; Table 5.12). Overall, removal rates of HAdv (Objective 2) 

were not shown to correlate with the removal rates of any indicator organisms at any of 

the treatment steps (including global removal rates) of AS and TF systems. The only 

exception to this observation was in the secondary treatment step of TF systems, in 

which log10 removal rates of HAdv were statistically correlated with the removal of 

SOMPH (rho = 0.550; p-value = 0.034; Table 5.15) (section 5.3.1). The results indicate, 

therefore, that phages, and more specifically SOMPH, constitute good indicators of the 

removal of viral pathogens in AS and TF systems. 
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As for microorganisms, no significant difference was observed between AS and TF in 

terms of concentration of each physico-chemical parameter (Objective 3). In general, 

both AS and TF systems were shown to be very effective at removing TSS, COD and 

Total P, producing final effluents complying with the EU Urban Waste Water Treatment 

Directive 91/271/EEC and the consent data of discharge (section 5.2). Although the 

observed TSS, COD and Total P removal efficacies for AS and TF plants were very 

similar, the former was shown to be more effective than the latter at removing these 

parameters. In terms of nitrogen compounds, both AS and TF were consistent at 

removing ammonium ion. However, considerable increases in the levels of nitrate were 

observed in the secondary treatment step of both AS and TF systems. These findings 

are indicative of the occurrence of nitrification processes (conversion of ammoniacal 

nitrogen into nitrates – via nitrites – by autotrophic bacteria) within the biological 

reactors. As a consequence, total nitrogen levels (considered to be the sum of the 

concentrations of ammonium ion, nitrite and nitrate only, as the organic nitrogen is 

expected to be totally converted to other forms of nitrogen by this stage) in final effluent 

samples ranged between 10 and 15 mg.L-1, values that are below the level prescribed 

in Directive 91/271/EEC (section 5.3.2). 

When removal rates of microorganisms (including viral pathogens) and physico-

chemical parameters (Objective 4) were investigated for correlations (section 5.3.2), 

some erratic cases of correlation between indicator organisms and physico-chemical 

parameters were observed, especially between global removal rates of FIB and COD, 

Total P and ammonium ion in TF systems. In terms of viral pathogens, the only two 

cases of significant correlation (p-value ≤ 0.05) observed were between the log10 

removal rate of HAdv and the removal of nitrate at the secondary treatment step 

(rho = -0.503, p-value = 0.047; Table 5.15) and ion ammonium at the tertiary treatment 

step (rho = 0.457, p-value = 0.043; Table 5.15) of TF systems. The results of the 

present study corroborate the reported by Ottoson et al. (2006), who did not detect 

significant correlations between enteric viruses and physico-chemical parameters. 

Therefore, it seems that the monitoring of physico-chemical parameters cannot be 

used to determine the quality of final wastewater treatment plant effluents (in terms of 

viral pathogens) (section 5.3.3). 

The proposed stochastic model used to predict levels of indicators and viral pathogens 

(Objective 5) appeared to estimate accurately the concentrations of all the studied 

microorganisms in the final effluents of both treatment systems. The mean and median 

concentrations of the empirical data were very similar to those of simulated data for all 

microorganisms in both AS and TF systems (section 6.3). Validation of the proposed 

stochastic model demonstrated that the median concentrations of empirical and 
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simulated data were not statistically different (Mann Whitney test; α = 0.05) for any 

microorganisms other than F-RNAPH in AS systems, and F-RNAPH and HAdv in TF 

systems (section 6.3). In general, the concentration in the raw wastewater (Craw) and 

the efficacy of secondary treatment (πsec) were shown to be the model input variables 

that had the greatest impact on the output (Cfinal). For FIB, removal rates in the primary 

and tertiary treatment stages (πprim and πtert, respectively) were also shown to have 

considerable impact on Cfinal. Therefore, additional attention should be focused on 

these variables in order to further optimise the proposed model (section 6.3).  

The stochastic modelling approach undertaken in this study can produce reliable 

information on the removal of microorganisms (including viral pathogens) during 

wastewater treatment that can support integrated water and sanitation safety planning 

approaches to human health risk management (QMRA models) with regards to 

wastewater reuse (Objective 6). In addition, it is envisaged that stochastic modelling 

can be used in WWTP in different parts of the world in order to estimate the microbial 

quality of final effluents of different treatment processes and to verify if they comply 

with discharge and/or reuse regulations. Consequently, treated wastewater can be 

safely discharged into water bodies and/or be either directly or indirectly reused for 

different purposes. Furthermore, this tool has significant potential for designing or 

selecting optimal wastewater treatment processes (or combination of processes), 

necessary to ensure a final effluent quality which complies with local regulations in 

different parts of the world (section 6.3.1). 

 

7.2. Recommendations for future work 

This research has improved understanding of the removal of human enteric viruses 

and indicator organisms (phages and FIB) in two municipal wastewater treatment 

processes commonly used in many parts of the world, namely activated sludge and 

trickling filter systems. Many of the findings discussed here are likely to inform future 

research to protect the environment and human health with regards to the discharge of 

treated wastewater into water bodies as well as its reuse. The following paragraphs 

highlight the nature of studies that might build on the achievements of this study and 

add to what has been learnt to date. 

The production and analysis of additional data on the removal of human enteric viruses 

(including HAdv, Nv and others), phages and faecal indicator bacteria in AS and TF 

systems and other wastewater treatment technologies (e.g. MBR systems, UASB 

reactors, WSP etc.), in the UK and elsewhere are needed in order to further validate 

the assertion that phages are better indicators of viral pathogens than FIB in 



137 

wastewater treatment processes. Such additional data should involve a range of viral 

pathogens and indicator organisms tested over different geographic locations and 

seasons. This should help to ensure that the dataset is sufficiently representative and 

capable of effectively supporting the use of indicator organisms (Wu et al., 2011). 

Another important point is the need to gather more information on the infectivity of 

human enteric viruses present in raw and treated wastewater, as such information is 

crucial for subsequent risk analysis (QMRA) studies. This is because infectivity studies, 

which generate dose-response models commonly applied in QMRA models, are limited 

to a given number of viruses. In addition, such studies are normally performed in 

healthy adults, not including, therefore, individuals that are more susceptible to 

infection, for instance children, elderly people and immune-supressed individuals. This 

information could, therefore, better support human health risk management decisions 

(QMRA models). 

Further research into the removal mechanisms of specific enteric viruses and bacteria 

in wastewater treatment processes is also required in order to improve understanding 

of the behaviour and fate of such microorganisms in WWTP. For instance, it appears 

that the attachment of viruses to solid and colloidal particles and other suspended 

solids plays a significant role in the fate of these microorganisms in WWTP (Kuo et al., 

2010; Orruno et al., 2014), whereas for bacteria predation appears to be the dominant 

removal mechanism (Orruno et al., 2014). Improved understanding of the removal 

mechanisms of viruses and bacteria in WWTP would also facilitate selection of the 

most appropriate indicators (either phages of FIB) of viral pathogens. 

Finally, there is also the need for the production and analysis of further data in order to 

reduce the level of uncertainties with regard to the input variables of stochastic models. 

Uncertainties can be reduced by additional studies or measurements, as well as by 

consulting other experts (Zwietering and van Gerwen, 2000; Vose, 2008). Therefore, 

from the production and analysis of further data, more reliable information can be used 

to support integrated water and sanitation safety planning approaches to the human 

health risk management (QMRA models) of wastewater reuse. Consequently, the 

application of stochastic modelling could reliably be used in different parts of the world 

in order to: estimate the microbial quality of final effluents of existing WWTP; design or 

select optimal wastewater treatment processes (or combination of processes); support 

QMRA studies and the formulation of new regulations and/or risk management 

decisions. 
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Appendix 1 – Descriptive statistics for the concentration of somatic coliphages 

(SOMPH), F-RNA coliphages (F-RNAPH), phages infecting B. fragilis (Bf124PH), 

faecal coliforms (FC), intestinal enterococci (IE), human adenovirus (HAdv) and 

norovirus genogroups 1 and 2 (Nv G1 and Nv G2) at each step of treatment in the AS 

and TF systems. 

Org Variable 
 AS  TF 

 RW PST SST FE  RW PST SST FE 

S
O

M
P
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o

g
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0
 p

fu
.1

0
0
m

L
-1
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Total N  48 46 47 22  48 46 48 48 

Positives  48 46 47 22  48 46 48 48 

(%)  100% 100% 100% 100%  100% 100% 100% 100% 

Min  4.59 4.35 3.05 2.70  4.74 5.18 4.22 4.35 

25%  5.54 5.36 3.55 3.22  5.69 5.65 5.08 4.86 

Med  5.98 5.74 3.82 3.43  6.15 5.86 5.34 5.14 

75%  6.27 6.03 4.09 3.58  6.36 6.24 5.81 5.45 

Max  6.94 6.47 4.82 4.71  7.61 6.83 6.22 6.06 

Mean  5.94 5.65 3.85 3.45  6.05 5.94 5.42 5.20 

SD  0.52 0.50 0.39 0.42  0.51 0.45 0.47 0.45 

SE  0.08 0.07 0.06 0.09  0.07 0.07 0.07 0.07 

F
-R
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H
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Total N  45 46 48 23  46 48 47 48 

Positives  44 41 22 5  45 47 46 48 

(%)  97.8% 89.1% 45.8% 21.7%  97.8% 97.9% 97.9% 100% 

Min  1.74 1.70 1.05 1.70  1.74 1.74 1.74 1.70 

25%  2.91 2.44 1.35 1.70  2.52 2.59 2.73 2.65 

Med  3.21 2.98 1.85 1.70  3.18 3.08 3.18 3.03 

75%  3.92 3.76 2.53 2.00  4.01 4.04 3.59 3.39 

Max  5.37 4.96 3.34 2.30  5.37 4.63 4.42 4.27 

Mean  3.33 3.11 1.91 1.88  3.23 3.27 3.17 3.01 

SD  0.85 0.92 0.69 0.27  0.89 0.87 0.63 0.59 

SE  0.13 0.14 0.10 0.06  0.13 0.13 0.09 0.08 
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g
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Total N  44 47 48 23  47 47 47 47 
Positives  44 44 35 9  45 47 46 44 

(%)  100% 93.6% 72.9% 39.1%  95.7% 100% 97.9% 93.6% 
Min  1.70 2.00 1.05 1.05  2.22 2.18 2.00 1.70 

25%  3.14 2.77 1.05 1.05  3.39 3.40 2.97 2.67 

Med  3.56 3.20 1.70 1.70  3.83 3.88 3.23 3.10 
75%  3.94 4.02 2.09 2.40  4.35 4.41 3.84 3.52 

Max  5.25 5.18 3.31 2.85  5.16 5.24 5.14 5.10 
Mean  3.52 3.36 1.79 1.81  3.81 3.84 3.36 3.16 

SD  0.82 0.84 0.72 0.70  0.67 0.73 0.78 0.76 

SE  0.12 0.12 0.10 0.15  0.10 0.11 0.11 0.11 

F
C
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g
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 c

fu
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m
L
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Total N  48 47 48 22  48 48 46 45 

Positives  48 47 48 22   48 48 46 45 
(%)  100% 100% 100% 100%  100% 100% 100% 100% 

Min  5.05 5.05 2.59 2.05  5.35 5.22 4.47 3.59 

25%  6.31 5.97 3.72 2.69  6.43 6.30 4.86 3.99 
Med  6.73 6.29 4.17 3.17  6.66 6.52 5.00 4.57 

75%  7.09 6.76 4.45 3.66  7.09 6.87 5.20 4.74 
Max  7.77 7.49 5.25 4.24  7.73 7.42 5.89 5.31 

Mean  6.63 6.31 4.10 3.17   6.70 6.52 5.04 4.43 

SD  0.64 0.57 0.58 0.60  0.55 0.45 0.29 0.52 
SE  0.09 0.08 0.08 0.13  0.08 0.07 0.04 0.08 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; 
Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; HAdv = Human 
Adenovirus Types F & G; Nv G1 = Norovirus genogroup 1; Nv G2 = Norovirus genogroup 2; RW = raw 
wastewater samples; PST = primary effluent samples; SST = secondary effluent samples; FE = tertiary 
final effluent; Total N = sample size; Positives = number of positive samples; Min = minimum value; 25% 
= first quartile; Med = median value; 75% = third quartile; Max = maximum value; SD = standard 
deviation; SE = standard error. 
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Appendix 1 – Descriptive statistics for the concentration of somatic coliphages 

(SOMPH), F-RNA coliphages (F-RNAPH), phages infecting B. fragilis (Bf124PH), 

faecal coliforms (FC), intestinal enterococci (IE), human adenovirus (HAdv) and 

norovirus genogroups 1 and 2 (Nv G1 and Nv G2)at each step of treatment in the AS 

and TF systems (continuation). 
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Total N  47 47 47 22  48 47 45 48 

Positives  47 47 47 22   48 47 45 48 
(%)  100% 100% 100% 100%  100% 100% 100% 100% 

Min  4.35 3.11 2.02 1.52  4.22 4.86 2.65 1.74 
25%  5.67 3.65 2.87 2.38  5.58 5.57 3.75 2.96 

Med  5.83 5.41 3.39 2.67  5.86 5.68 3.87 3.68 

75%  6.02 5.81 3.63 2.89  6.18 5.87 4.03 3.89 
Max  6.56 6.15 4.46 3.52  7.18 6.18 4.53 4.39 

Mean  5.80 4.91 3.26 2.61   5.84 5.67 3.89 3.46 
SD  0.42 1.05 0.49 0.46  0.55 0.30 0.34 0.63 

SE  0.06 0.15 0.07 0.10  0.08 0.04 0.05 0.09 
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Total N  48 47 46 23  47 47 47 48 
Positives  27 26 11 2  22 24 26 35 

(%)  56.3% 55.3% 23.9% 8.7%  46.8% 51.1% 55.3% 72.9% 
Min  2.69 2.87 1.97 1.82  2.13 2.35 2.58 1.17 

25%  3.95 4.02 2.30 2.08  3.46 4.23 3.38 3.80 

Med  4.33 4.49 2.73 2.34  4.43 4.45 4.20 4.23 
75%  5.05 4.91 3.64 2.59  5.02 4.65 4.51 4.67 

Max  6.23 5.75 4.51 2.85  7.08 5.54 5.28 5.66 
Mean  4.52 4.39 3.01 2.34  4.42 4.43 3.97 4.09 

SD  0.85 0.72 0.91 0.73  1.32 0.70 0.78 0.96 

SE  0.12 0.10 0.13 0.15  0.19 0.10 0.11 0.14 

N
v

 G
1

 

(l
o

g
1

0
 c

o
p

ie
s
.1

0
0
m

L
-1

) 

Total N  45 46 46 22  44 46 48 46 

Positives  5 1 1 4  5 4 5 5 
(%)  11.1% 2.2% 2.2% 18.2%  11.4% 8.7% 10.4% 10.9% 

Min  1.61 2.03 4.38 1.50  1.46 1.71 0.75 1.43 

25%  2.53 2.03 4.38 3.48  2.32 2.81 0.80 1.58 
Med  3.56 2.03 4.38 4.78  3.99 3.28 1.48 1.59 

75%  3.74 2.03 4.38 5.89  4.11 3.58 1.68 1.66 
Max  5.41 2.03 4.38 7.34  5.18 4.18 2.50 2.91 

Mean  3.37 2.03 4.38 4.60  3.41 3.11 1.44 1.84 

SD  1.42 - - 2.45  1.50 1.03 0.72 0.61 
SE  0.21 - - 0.52  0.23 0.15 0.10 0.09 

N
v

 G
2

 

(l
o

g
1

0
 c

o
p

ie
s
.1

0
0
m

L
-1

) 

Total N  46 47 47 46  47 48 46 48 

Positives  6 8 4 1  10 5 8 7 
(%)  13.0% 17.0% 8.5% 2.2%  21.3% 10.4% 17.4% 14.6% 

Min  1.22 1.21 3.43 5.87  1.85 2.91 1.31 0.58 
25%  1.75 2.41 3.72 5.87  3.34 3.98 1.44 2.06 

Med  3.37 3.39 4.60 5.87  5.20 5.97 2.60 2.33 
75%  5.03 4.92 5.43 5.87  5.78 6.13 3.30 2.69 

Max  6.33 6.10 5.54 5.87  7.30 7.00 4.87 2.89 

Mean  3.51 3.65 4.54 5.87  4.72 5.20 2.64 2.19 
SD  2.16 1.75 1.08 -  1.71 1.69 1.25 0.78 

SE  0.32 0.25 0.16 -  0.25 0.24 0.18 0.11 

AS = activated sludge; TF = trickling filter; SOMPH = somatic coliphages; F-RNAPH = F-RNA coliphages; 
Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; HAdv = Human 
Adenovirus Types F & G; Nv G1 = Norovirus genogroup 1; Nv G2 = Norovirus genogroup 2; RW = raw 
wastewater samples; PST = primary effluent samples; SST = secondary effluent samples; FE = tertiary 
final effluent; Total N = sample size; Positives = number of positive samples; Min = minimum value; 25% 
= first quartile; Med = median value; 75% = third quartile; Max = maximum value; SD = standard 
deviation; SE = standard error. 

 

  



153 

Appendix 2 – Descriptive statistics of the concentration of total suspended solids 

(TSS), chemical oxygen demand (COD), total phosphorus (Total P), ammonium ion, 

nitrite and nitrate at each step of treatment in the AS and TF systems. 

Org Variable 
 AS  TF 

 RW PST SST FE  RW PST SST FE 
T

S
S

 

(m
g

 T
S

S
.L

-1
) 

N  48 47 46 19  48 48 48 45 
Min  60 18 1 1  32 30 4 1 
25%  174 57 7 4  183 65 15 8 
Med  254 78 16 6  242 96 24 13 
75%  301 102 22 13  341 110 31 19 
Max  1272 200 65 29  1460 188 54 35 

Mean  276 84 16 9  293 89 24 14 
SD  203 42 12 8  212 33 11 8 
SE  29 6 2 2  31 5 2 1 

C
O

D
 

(m
g

.O
2
.L

-1
) 

N  45 43 38 18  44 46 43 43 
Min  137 92 10 9  206 97 17 14 
25%  363 188 17 13  338 167 39 34 
Med  528 252 24 15  590 213 53 39 
75%  800 312 36 25  791 271 69 51 
Max  1618 579 72 68  1185 354 76 74 

Mean  606 259 29 24  577 218 52 42 
SD  311 103 16 18  253 72 18 14 
SE  46 16 3 4  38 11 3 2 

T
o

ta
l 

P
 

(m
g

 P
O

4
3

- -P
.L

-1
) 

N  47 45 46 23  46 47 44 47 
Min  1.6 1.4 0.0 0.2  1.3 2.0 2.0 1.7 
25%  5.3 2.4 0.4 0.2  4.9 4.1 3.4 3.2 
Med  8.3 4.3 0.8 0.3  8.5 6.6 5.3 5.0 
75%  12.3 5.9 4.6 0.4  10.8 8.2 6.5 6.5 
Max  28.0 9.5 9.6 0.7  36.0 11.8 8.4 7.5 

Mean  9.0 4.4 2.6 0.3  8.8 6.4 4.9 4.9 
SD  4.9 2.3 2.8 0.1  5.8 2.6 1.9 1.8 
SE  0.7 0.3 0.4 0.0  0.8 0.4 0.3 0.3 

A
m

m
o

n
iu

m
 i

o
n

 

(m
g

 N
H

4
+
-N

.L
-1

) 

N  45 44 39 20  45 45 43 44 
Min  2.7 0.0 0.0 0.0  3.0 5.1 0.0 0.2 
25%  23.1 17.6 0.0 0.0  15.2 14.8 0.4 1.1 
Med  36.6 28.5 0.0 0.0  33.4 18.2 0.9 1.4 
75%  53.2 40.6 0.1 0.1  51.6 25.4 1.4 2.2 
Max  113.4 62.0 0.3 0.5  97.0 40.0 7.5 5.6 

Mean  38.2 30.0 0.0 0.1  36.0 20.8 1.1 1.6 
SD  21.4 15.6 0.0 0.1  21.2 8.6 1.2 1.0 
SE  3.2 2.3 0.0 0.0  3.2 1.3 0.2 0.1 

N
it

ri
te

 

(m
g

 N
O

2
- -N

.L
-1

) 

N  45 34 46 22  46 46 45 46 
Min  0.9 0.3 0.6 0.6  1.8 0.9 0.6 0.6 
25%  3.7 1.6 1.0 0.9  3.3 2.1 1.2 1.2 
Med  5.8 2.7 1.5 1.7  5.9 3.5 1.5 1.5 
75%  10.3 5.4 1.8 2.1  10.3 5.2 2.1 2.1 
Max  15.8 8.5 6.1 3.3  18.6 9.7 4.0 3.3 

Mean  6.8 3.5 1.6 1.6  6.9 3.8 1.7 1.7 
SD  4.2 2.3 0.9 0.7  4.3 2.0 0.7 0.7 
SE  0.6 0.4 0.1 0.2  0.6 0.3 0.1 0.1 

N
it

ra
te

 

(m
g

 N
-N

O
3

- -N
.L

-1
) 

N  44 39 46 22  45 46 46 45 
Min  1.2 0.3 5.2 5.0  0.2 0.6 4.2 3.7 
25%  3.7 1.8 8.1 9.1  4.7 2.8 8.5 8.1 
Med  8.2 3.2 11.2 10.1  7.9 4.4 11.0 9.7 
75%  12.3 5.3 13.9 12.3  12.1 6.2 12.4 11.9 
Max  35.3 9.1 20.4 17.0  29.8 41.3 23.0 16.4 

Mean  9.9 3.7 11.2 10.6  9.3 6.1 10.7 10.0 
SD  7.7 2.3 3.6 2.9  7.2 7.0 3.7 3.0 
SE  1.2 0.4 0.5 0.6  1.1 1.0 0.5 0.4 

AS = activated sludge; TF = trickling filter; RW = raw wastewater samples; PST = primary effluent 
samples; SST = secondary effluent samples; FE = tertiary final effluent; N = sample size; Min = minimum 
value; 25% = first quartile; Med = median value; 75% = third quartile; Max = maximum value; SD = 
standard deviation; SE = standard error. 
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Appendix 3 – Statistics for the estimate concentration of microorganisms in the final 

effluents of trickling filter and activated sludge systems calculated using the 

proposed model(a) and stochastic simulations. 

System Parameter 
Microorganism 

SOMPH
(b)

 F-RNAPH
(b) Bf124PH

(b)
 FC

(c)
 IE

(c)
 HAdv

(d)
 

AS 

Min 1.91 0.20 0.13 1.25 0.73 0.12 

1% 2.41 0.43 0.38 1.91 1.28 0.87 

5% 2.69 0.62 0.62 2.28 1.65 1.25 

25% 3.16 0.96 1.06 2.88 2.29 2.01 

50% 3.51 1.29 1.46 3.36 2.82 2.61 

75% 3.90 1.72 1.91 3.88 3.46 3.28 

95% 4.49 2.53 2.62 4.72 4.60 4.38 

99% 4.93 3.27 3.21 5.35 5.54 5.29 

Max 5.92 5.53 4.30 6.70 9.01 8.42 

Mean 3.55 1.40 1.52 3.41 2.93 2.69 

SD 0.55 0.60 0.62 0.74 0.91 0.96 

Low 95%CI 2.48 0.22 0.30 1.95 1.15 0.82 

High 95%CI 4.62 2.58 2.74 4.87 4.71 4.57 

Kurtosis 3.03 4.79 3.36 3.22 4.13 3.72 

Skewness 0.29 1.05 0.58 0.41 0.78 0.56 

TF 

Min 2.85 0.46 0.80 1.84 1.38 0.56 

1% 3.73 1.08 1.42 2.87 2.05 1.17 

5% 4.14 1.44 1.82 3.35 2.41 1.69 

25% 4.67 2.11 2.45 3.99 2.98 2.59 

50% 5.07 2.63 2.92 4.44 3.39 3.37 

75% 5.49 3.20 3.40 4.89 3.82 4.22 

95% 6.09 4.07 4.11 5.56 4.49 5.60 

99% 6.57 4.70 4.60 5.98 4.98 6.66 

Max 7.82 6.49 5.79 7.14 5.91 9.73 

Mean 5.09 2.68 2.94 4.44 3.41 3.46 

SD 0.60 0.80 0.69 0.67 0.63 1.20 

Low 95%CI 3.91 1.11 1.57 3.12 2.18 1.12 

High 95%CI 6.27 4.25 4.30 5.76 4.64 5.81 

Kurtosis 3.09 3.00 2.98 3.02 3.02 3.20 

Skewness 0.15 0.35 0.16 0.00 0.22 0.49 
(a)

 C !;#[ = Cl#m × πjl!o × πpq" × πrqlr; Cfinal = microorganism concentration in final effluent; Cin = 

microorganism concentration in raw wastewater; πprim = efficacy of preliminary and primary treatment; 
πsec = efficacy of secondary treatment; πtert = efficacy of tertiary treatment; 
(b)

 log10 (pfu.100mL
-1

); 
(c)

 log10 (cfu.100mL
-1

); 
(d)

 log10 (copies.100mL
-1

). 
AS = activated sludge systems; TF = trickling filter systems; SOMPH = somatic coliphages; F-RNAPH = 
F-RNA coliphages; Bf124PH = B. fragilis phages; FC = faecal coliforms; IE = intestinal enterococci; 
HAdv = human adenoviruses; Min = minimum value; 1% = first percentile; 5% = fifth percentile; 25% = 
first quartile; 50% = median; 75% = third quartile; 95% = ninety fifth percentile; 99% = ninety ninth 
percentile; Max = maximum value; SD = standard deviation; Low 95% IC = lower 95% confidence 
interval; High 95% IC = higher 95% confidence interval.. 

 


