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Abstract

This thesis is an investigation of pathogen removal in wastewater stabilization ponds
(WSPs). WSPs are sustainable alternatives to conventional wastewater treatment,
requiring minimal energy input and low costs. They have the capability to effectively
attenuate nutrients as well as pathogenic microorganisms. Disinfection in WSPs is a
complex process, which can be influenced by a number of mechanisms and
environmental factors, such as pH, dissolved oxygen (DO) and temperature. Due to long
retention time in these systems, algal activities are often expected during warm seasons.
Their presence may have effects on the complex interaction between biological
communities and water chemistry. This thesis aimed to assess the role of algae in
disinfection in WSP systems.

Two algae (Mougeotia sp. and Hydrodicty sp.) that were collected from the Amherstview
WSP were noted to increase both pH and DO when cultivated under laboratory
conditions. This finding was corroborated by the multivariate statistical analysis where
the correlation relationships between a wide range of water quality parameters (pH, DO,
temperature, chlorophyll, phycocyanin, Escherichia coli (E. coli), total coliforms (TC),
Enterococci, Clostridium perfringens (C. perfringens), ammonium, nitrate, total nitrogen,
phosphate total phosphorus and COD) were investigated. As such, the presence of algae
is believed to contribute to the high pH and DO levels in the WSP system.
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The inactivation of E. coli and total coliforms were found to increase with increasing pH.
Intermediate DO level (8.6 mg/L) appeared to support the survival of both E. coli and
total coliforms, while both high and low DO levels (20 mg/L and 1 mg/L, respectively)
could facilitate their removal and inactivation. This would suggest that the presence of
algae leading to high pH and DO could potentially promote the removal of E. coli, total
coliforms and Enterococci. Two additional indicator organisms (Enterococci and C.
perfringens) showed different inactivation trends compared to traditional indicator
organisms (E. coli, fecal coliforms or TC). C. perfringens were tolerant to the pH, DO
and temperature ranges investigated. They exhibited weaker correlations with both E. coli
and TC. This finding suggested that Enterococci and C. perfringens can be proposed as
potential indicator organisms.
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Chapter 1
Introduction

1.1 Background

1.1.1 Wastewater stabilization ponds (WSPs)

WSP systems consist of a single-cell pond or multiple cells in series. There are three main types
of WSPs: anaerobic, facultative and maturation (aerobic) ponds. These types of ponds vary in
terms of their functions. If operated in series, anaerobic ponds are usually followed by facultative
ponds that feed into one or more maturation ponds, which act as a polishing step prior to effluent
discharge (Mara and Johnson, 2007). The specific combination of ponds is determined on a caseby-case basis, as the performance of pond systems can vary greatly with environmental or
climatic conditions (Awuah, 2006; Tyagi et al., 2011). In general, anaerobic and facultative
ponds are designed for BOD removal, while maturation ponds are employed for pathogen
removal or disinfection. However, BOD removal can also occur in maturation ponds, and
pathogen removal has been observed in anaerobic and facultative ponds (Pena and Mara, 2004;
Al-Hashimi and Hussain, 2013).
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1.1.2 Pathogens in Domestic Wastewater

A pathogen is considered to be any microorganism that can cause disease (Ansa et al., 2012).
Pathogenic organisms can include bacteria, viruses, protozoa, helminths and fungi. Bacterial
pathogens are the most commonly found pathogenic organisms in wastewater (Awuah, 2006).
Typical waterborne pathogens present in wastewaters and their associated diseases are listed in
Table 1.1.
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Table 1.1. Pathogens commonly detected in domestic wastewaters (summarized from Crites
Tchobanoglous, 1998; Awuah, 2006 and Mosteo et al., 2013).
Organism
Bacteria
Clostridium perfringens
Escherichia coli
Enterococcus spp.
Legionella pneumophila
Leptospira sp.
Pseudomonas aeruginosa
Salmonella spp.
Shigella spp.
Vibrio cholerae
Yersinnia enterolitica
Mycobacterium tuberculosis
Viruses
Adenovirus (31 types)
Enteroviruese (polio, echo and coxsackie)
Hepatitis A
Norwalk agent
Parvovirus (3 types)
Rotaviruses
Protozoa
Cryptosporidium parvum
Giardia lamblia
Balantidium coli
Entamoeba histolytica
Helminths
Ancylostoma duodenale
Ascaris lumbricoides
Enteribium vermicularis
Fasciola hepatica
Hymenolopis nana
Taenia saginata
Taenia solium
Trichuris trichura

Disease
Food poisoning
Gastroenteritis (diarrhoea)
Urinary tract infection
Acute respiratory illness
Jaundice, fever
Urinary tract infection, gastrointestinal infection
Typhoid fever
Bacillary dysentery
Cholera
Diarrhoea
Respiratory disease
Respiratory disease
Gastroenteritis, heart anomalies, meningitis
Infectious hepatitis (Jaundice)
Gastroenteritis
Gastroenteritis
Gastroenteritis
Cryptosporiasis (diarrhoea)
Giardiasis (diarrhoea, nausea, indigestion)
Balantidiasis (diarrhoea)
Amoebic dysentery
Hookworm infection
Ascariasis (roundworm infestation)
Enterobiasis (pinworm)
Fascioliasis (sheep liver fluke)
Hymenolopiasis (dwarf tapeworm)
Taeniasis (beef tape worm)
Taeniasis (pork tapeworm)
Tricuriasis (whipworm)
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The concentrations and types of pathogens in wastewater differ notably as a function of regions
due to the different regional living and health conditions (Drechsel et al., 2009; Jimenez, 2004;
2005 and 2007). These differences suggest that each country or region should have specific
regulations that encompass the pathogens typically prevalent in their wastewater effluents. In
Guidelines for the Safe Use of Wastewater, Excreta and Greywater (2006), the World Health
Organization (WHO) specifies that in order to reuse treated wastewater for agricultural
irrigation, pathogen concentrations of less than 1 helminth egg per liter and less than 103 fecal
coliforms per 100 ml need to be attained in the final effluent of treatment systems. This
regulation generally implies 95 – 99.99% removal of helminth eggs and 3 – 6 log unit removals
of fecal coliforms (Drechsel et al., 2009).

1.1.3 Indicator Organisms

In order to mitigate public health risks associated with pathogen-contaminated wastewater, as
well as to enable water reuse, pathogen removal should be a primary concern in wastewater
treatment (Drechsel et al., 2009). The microbiological safety of treated wastewater is routinely
assessed through the monitoring of bacterial indicator organisms (typically Escherichia coli (E.
coli), fecal or total coliforms), as it would be costly and time-consuming to monitor each
pathogenic organism that could be present in the treated wastewater. However, in recent years,
the limitations associated with the use of bacterial indicators have become evident. For example,
E. coli has been widely used as an indicator organism, especially for representing pathogens
associated with fecal contamination (Davies et al., 2009). However, in some studies, E. coli
population was found not correlate with pathogenic bacteria including Vibrio cholera (V.
4

cholera) and Enterococcus faecalis (E. faecalis). Populations of V. cholera and E. faecalis
increased with rising of pH and temperature, while E. coli populations decreased (Lesgne et al.,
1991; Mezrioui and Oudra, 1998; Awuah, 2006). Moreover, bacterial indicators may be limited
in their ability to represent various pathogens, particularly human viruses (Enterovirus,
Rotavirus, Adenovirus…), protozoa (Crytosporidium parvum, Giardia lamblia…) and helminths
(helminth eggs-the infective forms of helminths), which are now recognized as being more
resistant to disinfection and inactivation processes than the common bacterial indicators
(Jimenez, 2007; Moulin et al, 2010; Abreu-Acosta and Vera, 2011). Nascimento et al. (1991)
recommended using multiple organisms as indictors because the removal kinetics of various
pathogens could differ. These findings suggest that potential health risks may still exist when
using bacterial indicators alone as indicators of pathogenic organisms in treated effluents.

A number of recent studies have proposed using additional indicators to represent bacterial, viral,
protozoan and helminthic pathogens (Vera et al., 2006; Ryu et al., 2007; Molleda et al., 2008;
Dunlop et al., 2008; Jiménez, 2009; Lanao et al., 2010; Abreu-Acosta and Vera, 2011; Mosteo et
al., 2013). E. faecalis and V. cholera are frequently suggested as additional indictors to signal the
presence of pathogens that might survive under various conditions (Vera et al., 2006; Ryu et al.,
2007; Molleda et al, 2008). In recent years, Clostridium perfringens (C. perfringens), an
anaerobic spore-forming bacterium found in high concentrations in human and animal feces, has
been proposed as an additional indicator. Its spores are considered to be highly resistant to
environmental conditions and disinfection processes. Hence, this microorganism may indicate
the presence of resistant protozoan pathogens such as the genera of Cryptosporidium and
Giardia (Dunlop et al., 2008; Lanao et al., 2010; Abreu-Acosta and Vera, 2011; Mosteo et al.,
5

2013). Bacteriophage, Enterovirus and Rotavirus have been proposed as potential indicators of
viruses (Abreu-Acosta & Vera, 2011). Protozoa of Cryptosporidium parvum and Giardia
lamblia, which have frequently been detected in treated wastewater, are often used for indicating
the presence of protozoa (Fayer, 2004; Smith et al., 2007; Reynolds et al., 2008; Castro-Hermida
et al., 2008; Moulin et al., 2010). The presence of helminth ova/eggs has been considered the
main health risk in wastewater reuse for agriculture for at least 30 years (Jimenez, 2007a; WHO,
2006). In Guidelines for the Safe Use of Wastewater, Excreta and Greywater (2006), WHO
suggests regular monitoring of helminth eggs in wastewater treated for reuse in agricultural
irrigation.

1.1.4 Algae photosynthesis, pH and dissolved oxygen (DO)

A number of studies have attempted to explain the factors responsible for pathogen reduction in
passive wastewater treatment systems. Pathogen removal within WSPs is considered to be a
complex process involving various mechanisms such as sunlight, pH, DO, temperature,
predation, attachment, sedimentation and nutrient availability (Maynard et al., 1999; Awuah et
al., 2001; Fisher et al., 2012). As this project focuses on investigating the role of algae in
disinfection, only pH and DO, which are directly associated with algae, are discussed in detail.

Elevated pH and DO in WSPs caused by algal growth is attributed to the extensive consumption
of dissolved CO2 by algae. Through photosynthesis, algae utilize dissolved inorganic carbon to
produce organic matter, as shown in Equation (1-1). Oxygen is generated as a byproduct of
photosynthesis.
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When sufficient light is available, the algae in WSPs remove CO2 from the wastewater more
rapidly than the heterotrophic microorganisms can produce respiratory CO2. The uptake of CO2
causes a shift in the equilibrium concentrations of dissolved CO2, carbonic acid (H2CO3),
bicarbonate ion (HCO3-) and carbonate ion (CO32-), the equilibrium relationships which can be
described by Equations (1-2) – (1-4) (Mayes et al., 2009; Uusitalo, 1996).

!! !"! ↔ ! !"! + !! !

(1-2)

!"#!! + !! ! ↔ ! !! !"! ∗ + !"!

(1-3)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"!!! + !! ! ↔ ! !"#!! + !"! !

(1-4)

When CO2 is utilized by algae, to maintain equilibrium, CO2 will be generated, and as a result,
hydroxide ions will be generated, increasing the pH. Therefore, high pH and DO levels are often
observed in WSPs containing algae.

1.2 Research Scope and Objectives

The objective of this study was to investigate how the presence of algae contributes to
disinfection performance in pond systems. Two disinfection factors, pH and DO, which are
related to the presence of algae in WSPs, will be presented. In addition, WSP systems in
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different climates will be compared to determine the effects of environmental conditions on pond
performance. An overview of the research objectives and the organization of the project are
presented in Figure 1.1.
Research(Objec,ve:(
The(Role(of(Algae(in(Disinfec,on(

Objec,ve(1:(Select(Representa,ve(
Indicator(Organisms(

Study(1:(Select(Addi,onal/Alterna,ve(
Indicator(Organisms(for(Amherstview(
WSPs(

Objec,ve(2:(Inves,gate(Environmental(
Factors(that(Aﬀect(Algal(Growth(and(
Disinfec,on(Eﬃciency(

Study(2:(Correlate(Algae(
growth(and(pH(and(DO;(
Correlate(pH,(DO(and(
temperature(with(indicator(
organisms(

Objec,ve(3:(Study(the(Disinfec,on(
Mechanisms(of(pH,(DO(and(
temperature(

Study(3:(Inves,gate(
Disinfec,on(Mechanisms(
and(Eﬃciencies(of(WSPs(in(
Temperate(and(the(Arc,c(
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of(pH,(DO(and(temperature(on(
Inac,va,on(of(Bacterial,(Viral,(
Protozoan(and(Helminthic(
indicator(organisms((

Figure 1.1. Scope and objectives of this doctoral research project.

1.2.1 Study 1 - Selection of additional/alternative indicator organisms

For the past a few decades, traditional indicator organisms, such as E. coli, fecal coliforms, and
total coliforms have been commonly used for monitoring and regulating pathogen levels in
treated wastewater. However, in recent years, the limitations of bacterial indicator organisms
have been recognized, and a number of recent studies have proposed the use of additional
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indicators to represent bacterial, viral, protozoan and helminthic pathogens (Vera et al., 2006;
Ryu et al., 2007; Molleda et al., 2008; Lanao et al., 2010; Mosteo et al., 2013). While a variety of
microorganisms have been selected to reflect overall pathogen levels in wastewater effluents
(Dunlop et al., 2008; Jiménez, 2009; Abreu-Acosta and Vera, 2011; Mosteo et al., 2013), the
goal of Study 1 was to assess and propose potential representative indicator organisms through a
thorough literature study.

1.2.2 Study 2 – Correlations among algae growth, pH, DO, temperature and indicator
organisms

Long-term monitoring of algal growth, pH, DO, temperature and indicator organisms selected in
Study 1 was conducted over a period of 11 months. Figure 1.2 shows the schematic
configuration of the wastewater treatment system from which data and samples were collected.
The Amherstview Water Pollution Control Plant (WPCP) has a rated average daily flow capacity
of 5,700 m3/day and services the communities of Amherstview and Odessa (Ontario, Canada), as
well as the Loyalist East Business Park. Weekly samples were collected in Pond #1 of the
Amherstview WPCP from the six sampling locations during the warm season (June – August,
2017), and from the sampling locations close to the inlet and outlet during the cold season
(October, 2016 – May, 2017) as shown in Figure 1.3. Sunlight intensity was quantified
throughout the depth of the pond using a Jaz spectrometer. Temperature, pH and DO were
recorded at the surface, and wastewater samples were grabbed at the surface for indicator
organism enumerations. Statistical analysis software, SPSS and Canoco were applied for
multivariate statistical analysis.
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Figure 1.2. The schematic configuration of Amherstview WPCP.

Figure 1.3. Sampling locations in pond #1 at Amherstview WPCP.
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1.2.3 Study 3 – Disinfection mechanisms and efficiencies of WSPs in temperate and Arctic
climates

WSPs provide biological treatment that is highly dependent on environmental conditions such as
light intensity, temperature and wind speed (Gray, 2004), which can make WSP performance
location and climate specific. In this study, two WSPs, one in a temperate climate and one in an
Arctic climate, were investigated to determine the effects of environmental conditions, such as
temperature and light intensity, on algae growth and disinfection efficiencies.

The Amherstview WPCP, as previously introduced, is a wastewater treatment plant in eastern
Ontario that employs a WSP system as part of its wastewater treatment strategy. Pond Inlet
WSP, located in northern Baffin Island, Nunavut, experiences extreme environmental conditions
and short treatment seasons (July to September). Extended daylight hours during the short
summer season usually yield high solar radiation levels and algae blooms. In early September,
before freezing, the treated sewage is decanted into the ocean.

Two trips were made to Pond Inlet, Nunavut, one at the end of July 2015 (the beginning of the
treatment season) and the other one at the end of August 2015 (the end of the treatment season).
Sample collections at the Amherstview WPCP were scheduled in early August and early
September for this study as well as, as part of the general sampling program for this research.
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Figure 1.4. Sampling locations in Pond Inlet WSP, Pond Inlet, Nunavut.

Samples were collected at each sampling location (Figure 1.3 and Figure 1.4) in each pond. pH,
DO and temperature were monitored using a Hydrolab DS5 unit at the surface of each sampling
point. Hach kits were used to quantify nitrogen and phosphorus fractions and COD to ensure that
nutrients were not limiting factors for pathogen growth. E. coli were used and monitored as
indicator organisms to compare the disinfection efficiencies in these two pond systems.

1.2.4 Study 4 - Effects of pH, DO and temperature on inactivation of bacterial, viral,
protozoan and helminthic indicator organisms (Bench study)

After determining correlations between algae growth and temperature, pH, DO and indicator
organisms in the field, the effects of pH, DO and temperature on indicator organisms were
investigated separately in bench studies. Bench studies were selected because it was difficult to
examine the individual effects of pH and DO in field studies, often yielding confounding results;
the inactivation of indicator organisms may be a result of the combined influence of different
environmental factors.
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1.3 Organization of this thesis

This thesis consists of seven chapters. Chapter 1 is a general introduction that includes the
background information, scope and objectives, and the organization of the dissertation. Chapters
2 to 6 are five manuscripts that have been or will be submitted for publication in peer-reviewed
scientific journals. Chapter 7 concludes the findings in this doctoral project.

Chapter 2 was submitted to the Journal of Environmental Reviews as a manuscript in (Submitted
January 14 2018; er-2018-0006). It presents a comprehensive literature review on disinfection
processes and mechanism in WSP systems. A thorough review of the removal or attenuation
mechanisms and factors for bacterial, viral, protozoan and helminthic pathogens is included.
Factors that impact the removal efficiency of pathogenic organisms may include sunlight, pH,
DO, temperature, sedimentation, attachment, hydraulic retention time (HRT), pond depth,
predation and nutrient availability, and the relationship between these factors is also discussed.

In Chapter 3, the correlation between typical indicator organisms, E. coli, and three
environmental factors, pH, DO and temperature were investigated. Pathogen removal in WSP
systems is driven by a combination of mechanisms and factors. Environmental factors, such as
pH, DO and temperature, all play a role in the inactivation of indicator organisms. Elevated pH,
due to the presence of algae, and temperature are considered important factors because they were
statistically well correlated with E. coli concentrations. This manuscript has been published in
the Journal of Water (Water 2016, 8(1), 5; doi:10.3390/w8010005).
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Chapter 4 describes the disinfection performance in a WSP system operating in Pond Inlet,
Nunavut, under extreme environmental conditions. The average E. coli concentration in the WSP
in the year of 2015 prior to decant exceeded discharge guidelines set by the Nunavut Water
Board. Existing WSP disinfection models were selected to assess their viability to predict the
performance of Arctic WSPs. This chapter concludes with the recommendations that could assist
in improving disinfection efficiency and current disinfection models. This manuscript has been
published

with

the

Journal

of

Environments

(Environments

2017,

4(4),

93;

doi:10.3390/environments4040093).

A bench study examining the effects of environmental factors, such as pH, DO and temperature,
on the removal and inactivation of indicator organisms of E. coli, total coliform, Enterococci and
C. perfringens is presented in Chapter 5. Different pH conditions (4, 8, 8.5, 9.5 and 10.5), DO
levels (1, 8.5 and 20 mg/L), temperatures (4 °C and 20 °C) were assessed to determine the best
combination of environmental factors for indicator organisms’ removal in WSP systems. This
manuscript will be submitted to the Journal of Biotechnology and Bioprocess Engineering.

Chapter 6 will be submitted to the Journal of Water Research. In Chapter 6, multivariate
statistical analysis was conducted to investigate the correlation between algal growth and pH,
DO, water temperature and nutrients, and the correlation between indicator organisms and pH,
DO and temperature. This chapter concluded that high pH and DO conditions observed in WSP
systems were due to the presence of algae; moreover, that the high pH and water temperature
contributed to the removal and inactivation of indicator organisms.
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Chapter 7 concludes the dissertation with a summary of the scientific and engineering
contributions of this work.

Appendix A was published as Chapter 7 – Aerobic Treatment in Cold Climate in Current
Developments in Biotechnology & Bioengineering: Volume IVA-Biological Treatment of
Industrial Effluents. Editor-in-chief: A. Pandey; D.J. Lee, J. Jegatheesan, H.H. Ngo, P.
Hallenbeck Eds. Elsevier ISBN 13: 9780444636652. It provides supplementary knowledge and
understanding of pathogen removal in passive treatment systems to this thesis.
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Chapter 2
Disinfection Processes and Mechanisms in Wastewater Stabilization Ponds: A
Review

2.1 Abstract

Wastewater stabilization ponds (WSPs) have been proven to be economical alternatives to
conventional wastewater treatment technologies due to their unique advantages, including ease
of operation, minimal energy input and minimal maintenance requirements. Their reported high
pathogen removal efficiencies have made WSPs a popular choice for wastewater treatment,
especially as tertiary lagoons. This paper provides a critical overview of the various disinfection
processes and mechanisms that occur in WSPs. A thorough review of the removal or attenuation
mechanisms for bacterial, viral, protozoan and helminthic pathogens is presented. Factors that
impact the removal efficiency of pathogenic organisms may include sunlight, pH, dissolved
oxygen (DO), temperature, sedimentation, attachment, hydraulic retention time (HRT), pond
depth, predation and nutrient availability; the relationship between these factors is also discussed.
The indicator organisms Escherichia coli (E. coli), total coliform (TC) and fecal coliform (FC)
have traditionally been selected for monitoring effluent wastewater quality. However, it has been
noted that these organisms are not always correlated with the presence of other pathogenic
organisms. As such, additional/alternative indicators are discussed and suggested as potential
alternatives. The purpose of this review paper is to utilize the current understanding of pathogen
removal mechanisms in pond systems to improve the operation and design of WSPs, and more
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importantly, to provide guidance for the definition of regulations with respect to pathogen
removal in eco-engineered wastewater treatment systems such as WSPs.

2.2 Introduction

Wastewater management plays an important role in ensuring our future environmental
sustainability, especially with growing demands on water resources and the subsequent impacts
on receiving environments (Moumouni et al., 2016). Pressured by water scarcity and increases in
water demand worldwide, treated wastewater has been reused for a variety of purposes over the
past few decades, such as for agricultural irrigation and other industrial, environmental and
municipal uses (Mo and Zhang, 2012; Cornejo et al., 2013; Mosteo, 2013; Verbyla et al., 2016).
The target 6.3 of the United Nations Sustainable Development Goals is to increase water reuse
globally by 2030 (United Nations, 2015; Verblya et al, 2016). The potential for water reuse is
dependent on effective pathogen removal (Sharafi et al., 2015). The disinfection process,
generally the last step in wastewater treatment, aims to minimize the risk of fecal pathogen
exposure to receiving environments (Mosteo et al., 2013). The standard practice in measuring the
effectiveness of pathogen removal in wastewater treatment systems is currently assessed through
the routine monitoring of indicator organism concentrations in the final effluent, which can vary
greatly depending on local or regional regulatory guidelines. For instance these range from 0
fecal coliform bacteria per 100 mL in the state of Arizona (US EPA, 2004), to less than 1000 E.
coli/100 mL in treated wastewater according to the World Health Organization (WHO)
guidelines (WHO, 2006).
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A number of approaches and technologies have been applied to treat wastewater worldwide; and
they can be divided into two principal categories: conventional (active) and non-conventional
(passive, semi-passive or natural) wastewater treatment (Drechsel et al., 2009; Al-Hashimi and
Hussain, 2013). Typically, conventional wastewater treatment involves the extensive use of
energy dependent processes, with a heavy reliance on electricity, while non-conventional
treatment generally involves the use of natural treatment or purification processes requiring little
to no energy inputs (Drechsel et al., 2009). Passive or semi-passive systems are also referred to
as eco-engineered technologies and generally include systems such as constructed wetlands,
lagoons and WSPs (Al-Hashimi and Hussain, 2013). These systems are considered economical
alternatives to conventional wastewater treatment approaches and are widely used in small, rural
and remote regions due to their ease of operation, minimal energy input, reduced maintenance
requirements and improved sludge thickening (Pearson et al., 2009; Bolton et al., 2010; AlHashimi and Hussain, 2013; Kadir et al., 2014). In the United States and New Zealand, more
than half of the wastewater treatment facilities involve passive treatment systems (Mara, 2003;
US EPA 2011). Approximately 90% of pond systems in the United States are used in small
communities with populations of less than 10,000 and have been shown to be very effective in
treating wastewater (Gray, 2004). WSPs provide biological treatment that is highly dependent on
environmental conditions such as light intensity, temperature and wind speed (Gray, 2004),
which often makes WSP performance specific to geographical location and climate.

In some jurisdictions, municipal wastewater is required to undergo a disinfection process prior to
discharge to surface receiving environments. The purpose of disinfection is to reduce the number
of pathogenic microorganisms in the treated wastewater to safe levels in order to protect source
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waters, public health and reduce the risk of exposure to infectious diseases. The removal of a
wide spectrum of pathogenic microorganisms, such as bacterial, viral, protozoan and helminthic
pathogens, is commonly achieved in WSPs. Conversely, disinfection methods (UV irradiation,
chlorination and ozone) applied in conventional treatments often only target pathogenic bacteria
and viruses, as helminth eggs and protozoan (oo)cysts are resistant to these disinfection methods
(Jiménez, 2007, 2009; Drechsel et al., 2009). Some studies have reported removals of up to 6 log
units of bacteria and practically all protozoan and helminth eggs in WSP systems, producing
final effluents that not only meet discharge to the environment requirements in most jurisdiction,
but also meet the WHO guidelines for the use of treated wastewater in unrestricted agricultural
irrigation (Bolton et al., 2010). The performance of WSP systems has been reported to be
superior to that of conventional treatment processes, such as activated sludge or primary
treatments, for which reductions of 1 to 2 log units for bacteria and 70–99% for protozoan and
helminth eggs have been noted (Ansa et al., 2012). Several factors, such as sunlight, pH, DO,
attachment, sedimentation, HRT, predation and presence of other organisms, have been found to
contribute to the removal of pathogenic organisms.

This paper provides a review of the operational conditions and mechanisms contributing to
disinfection in WPS systems. Physical, chemical and biological parameters that impact the
efficiency of pathogen removal are characterized and discussed. In addition, consideration is
given to alternative indicators and their potential benefits in the context of public and
environmental safety. Moreover, the information summarized herein can be used to assess
microbial risk in treated wastewater in order to develop wastewater discharge guidelines and
regulations, as well as safe water reuse policies.
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2.3 Wastewater Stabilization Ponds (WSPs)

By definition, wastewater treatment within a WSP solely relies on processes of natural
purification, for which solar irradiance is considered the only energy source. The performance of
WSPs can be optimized by selecting appropriate organic loading rates, retention times and pond
depths and by promoting the growth of organisms that are beneficial to the various treatment
processes (Mara, 2007). There are thousands of pond systems in use worldwide (Maynard,
1999). There are approximately 2500 WSP systems in France, 3000 in Germany, and more than
7000 in the USA (Mara, 2009). The majority of the 25 communities in Nunavut, Canada use
passive treatment systems, such like WSPs (Jamieson, 2016).

2.4 Types of WSPs

WSP systems consist of a single-cell pond or multiple cells in series. There are three main types
of WSPs: anaerobic, facultative and maturation (aerobic) ponds. These types of ponds vary in
terms of their functions. When operated in series, anaerobic ponds are usually followed by
facultative ponds, which feed into one or more maturation ponds that act as a polishing step prior
to effluent discharge (Mara, 2007). The specific combination and configuration of the pond is
determined on a case-by-case basis, as the performance of these systems can vary greatly with
environmental or climatic conditions (Awuah, 2006; Tyagi et al., 2011). In general, anaerobic
and facultative ponds are designed for BOD (biological oxygen demand) removal, while
maturation ponds are employed for pathogen removal. However, BOD removal can also occur in
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maturation ponds, and pathogen removal has been observed in anaerobic and facultative ponds
(Pena and Mara, 2004; Al-Hashimi and Hussain, 2013)

2.4.1 Anaerobic ponds

Anaerobic ponds are designed to treat wastewater with high organic loadings (greater than 100 g
BOD/m3/day). The deepest of the three types of ponds, anaerobic ponds are usually constructed
with depths ranging from 2 to 5 meters (Mara et. al, 2007; Al-Hashimi and Hussain, 2013), to
maintain anaerobic conditions by reducing the surface to volume ratio. The advantage of
anaerobic ponds is that they can efficiently treat concentrated wastewater over a relatively short
period of time. Hence, anaerobic ponds are usually constructed as a primary treatment system in
WSPs, especially when organic loadings are high.

BOD removal in anaerobic ponds is achieved through the sedimentation of solids and the
digestion of settled sludge or suspended organic matter by anaerobic microorganisms. Treatment
performance in anaerobic ponds is highly dependent on temperature (Mara et al., 2007), for
which the optimal temperature for anaerobic digestion is above 15°C (Al-Hashimi and Hussain,
2013). When temperatures fall below 10°C, digestion is reduced (Mara et. al, 2007). Therefore,
the operation of anaerobic ponds in cold climates or during the winter season should be
consistently monitored. For example, organic loadings should not exceed 100 g BOD/m3/day
with a 2-4 day retention time (depending on the strength of the sewage) to ensure adequate BOD
removal (Mara et al., 2007).
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2.4.2 Facultative (Aerobic-anaerobic) ponds

Facultative ponds are designed for BOD removal as well, although a high efficiency of pathogen
removal is also often noted (Mara et al., 2007). The design of facultative ponds is typically
dependent on the volumetric organic loading (g BOD/m3/d) (Hassan, 2011). Facultative ponds
are generally shallower than anaerobic ponds in order to promote algal growth with a sufficient
surface area to volume ratio. Facultative ponds, with depths of 1.2 – 2.0 meters (Gloyna, 1971;
Liu, 2007; Mara et al., 2007; Al-Harshimi and Hussain, 2013), are usually operated as primary or
secondary treatment processes, treating raw or settled wastewater, respectively. In multi-celled
WSP treatment systems, these ponds often receive the effluents from anaerobic ponds.

Facultative ponds have an upper aerobic zone, a lower anaerobic zone and an intermediate
facultative zone (AFM, 1988). Treatment and disinfection processes occur in each of these three
zones. In the aerobic zone, near the pond surface, treatment relies on symbiotic or synergistic
relationships between algae and bacteria. Algae release oxygen as a photosynthetic by-product
that can provide bacteria with an oxygen supply at greater depths. In return, bacteria produce
carbon dioxide, ammonia and phosphorus to support the algal growth (Mara et al., 2007). In the
anaerobic zone, near the bottom of the pond, settled organic matter form a sludge layer in which
organic matter is decomposed by anaerobic bacteria. In the intermediate zone, facultative
bacteria are the main contributors to the decomposition of soluble and suspended organic matter
(Gray, 2004; Al-Harshimi and Hussain, 2013).
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2.4.3 Maturation ponds

Maturation ponds serve as tertiary treatment systems by improving water quality through
secondary biological processes prior to discharge into receiving environments. These ponds are
often dominated by planktonic algae and are designed primarily for pathogen removal (Maynard,
1999; Kadir et al., 2014). Removals of 4-6 log units for fecal coliforms, 2-3 log units for viruses
and 100% for parasites have been reported (Mara et al., 2007).

In WSP systems, maturation ponds are considered to be the final polishing step, where the size,
retention time (5 – 15 days), and number of ponds are dependent on the bacteriological discharge
standards for the final effluent (Pena and Mara, 2004). Shallow depths of 1 – 1.5 m allow
maturation ponds to be completely aerobic, with dissolved oxygen available throughout the
entire water column (Maynard, 1999). DO is obtained either through oxygen transfer between
the air-interface or from algal photosynthesis.

2.5 Pathogen removal in WSPs

In order to mitigate public health risks associated with pathogen-contaminated wastewater, as
well as to enable water reuse, pathogen removal should be a primary concern in wastewater
treatment (Drechsel et al., 2009). There are three different pathways by which pathogenic
microorganisms can enter a WSP: influent wastewater, regrowth with the WSPs and animal
activities. There are approximately 60 known types of waterborne human pathogens (Wu et al.,
2016) and it would be very cost-intensive to assess each of them in a timely manner in the
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effluent of a WSP. Therefore, treated wastewater is routinely assessed through the monitoring of
bacterial indicator organisms (typically E. coli, FC or TC). In addition, turbidity and total
suspended solids (TSS) are often used to indicate the potential presence of pathogenic
microorganisms, as these parameters have been demonstrated to correlate with the presence of
pathogens (Rose et al., 2004). Although WSPs are considered to be a relatively well-established
biological method for the removal of pathogens, there remains some knowledge gaps regarding
the importance of disinfection factors such as sunlight, pH, DO and other environmental factors
by which pathogens could be effectively removed (Reinoso et al., 2011; Mosteo et al., 2013).
Removal efficiencies of pathogenic and indicator microorganisms during wastewater treatment
can be inconsistent and have been shown to vary, depending on the type of treatment process, as
a function of HRT, solids retention time (SRT), sunlight, DO concentration, pH, temperature and
the efficacy in TSS removal (Tyagi et al., 2011). Generally, an optimally functioning ecoengineered system could be expected to achieve 90–99% microbial reductions, but in some
cases, poor reductions have been observed and treated effluents could contain high numbers of
fecal microorganisms (George et al. 2002; Koivunen et al. 2003; Reinoso et al., 2008).

Table 2.1 summarizes the log/percentage removal of bacteria, viruses, protozoa and helminths
from WSP systems operating worldwide. It shows a wide variation in performance, as pathogen
removal in WSPs can be location and climate specific. Hence, disinfection efficiency can be
influenced greatly by environmental conditions as well as different disinfection mechanisms.
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Table 2.1. Summary of log and percentage removal of bacteria, viruses, protozoa and helminths from WSPs world-wide
(FS=Fecal Streptococci; FE=Fecal Enterococci; CL=Clostridium Perfringens; ST=Staphylococci; SRC=spores of sulphite
reducing Clostridia; SOMPCPH=somatic coliphages; FRNAPH=F-specific RNA bacteriophages; BFRYCPH=bacteriophages
infecting Bacteroides Fragilis RYC2056).
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2.6 Indicator organisms

Indicator organisms are often used to reflect the potential presence of pathogens in a particular
wastewater or its effluent, as it would be costly and time-consuming to monitor for each
pathogenic organism that could be present. It is expected that indicator organisms can be
detected and quantified easily and cost-effectively. The presence, behavior and concentration of
indicator organisms and pathogens are assumed to correlate (Molleda et al., 2008; Abreu-Acosta
and Vear, 2011).

For the past few decades, bacterial indicator organisms, such as E. coli, fecal coliforms (FC) and
total coliforms (TC), have been commonly used for monitoring and regulating pathogen levels in
treated wastewater. However, in recent years, the limitations of bacterial indicator organisms
have been recognized and recent studies have proposed using additional indicators to represent
bacterial, viral, protozoan and helminthic pathogens.

2.6.1 Bacterial indicators

Bacterial indicator organisms, such as E. coli, FC and TC, have been the most commonly used
indicators for monitoring for the presence and concentration of waterborne pathogens. Tyagi et
al. (2011) found that reductions in TC and FC concentrations were usually between 2.0 and 2.5
log units for a municipal wastewater WSP in Rishikesh, India, over a monitoring period of two
years. Reinoso et al. (2011) reported that in a WSP system in northwestern Spain, treating
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domestic wastewater and consisting of two anaerobic ponds, a facultative pond and a maturation
pond, E. coli was removed by 5.0 log units during the warm seasons.

Coliform bacteria are described based on their source or characteristics. The average human
excretes between 10 × 106 to 40 × 106 (CFU/100 mL) coliforms on a daily basis. Total coliforms
include fecal coliform bacteria and other types of coliform bacteria that are naturally found in the
soil. Total coliforms are not used to indicate fecal contamination, but often used to determine
whether disinfection is effective. Fecal coliforms, such as Aerobacter and Escherichia, are
coliform bacteria genera that originate in fecal waste. However, the presence of these genera
does not always indicate the existence of other pathogenic organisms. For example, Enterococci,
predominately from fecal sources, have been reported to have better survival rates than FC at
high pH. In a bench-scale study using sewage grab samples obtained from the Academic Board
of Wageningen University treatment plant, Awuah (2006) observed that Enterococci could
survive at pH levels as high as 11. Therefore, the use of FC as an indicator may under predict the
presence or concentration of Enterococci, especially under high pH conditions. Consequently,
Enterococcus faecalis (E. faecalis) and Vibrio cholera (V. cholera) are frequently suggested as
additional indictors to identify the presence of different pathogens that may survive under a
broader range of conditions (Vera et al., 2006; Ryu et al., 2007; Molleda et al, 2008).

E. coli is typically the predominant species in fecal coliforms, and only the serotype E. coli
0157:H7 is known to cause serious human diseases. E. coli has been widely used as an indicator
organism, especially for representing pathogens associated with fecal contamination (Davies et
al., 2009). However, in some studies, E. coli populations were found not correlate with
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pathogenic bacteria including V. cholera and E. faecalis, where populations of V. cholera and E.
faecalis increased with increasing pH and temperature, while E. coli populations decreased
(Lesgne et al., 1991; Mezrioui and Oudra, 1998; Awuah, 2006). Mezrioui and Oudra (1998)
concluded that an alkaline pH had a more bactericidal effect on E. coli than V. cholera in a WSP
under the arid climate of Marrakesh (Morocco). Burkhardt III et al. (2000) and Len et al. (2000)
also challenged the reliability of E. coli and FC as pathogenic indicator organisms. Sunlight had
a very strong inactivation effect on FC, but much less on male-specific bacteriophage (MSB) and
Clostridium perfringens (C. perfringens) in estuarine waters (Burkhardt III et al., 2000).
Burkhardt III et al. (2000) also found that FC decay rates were very different from those
observed for enteric viruses which are responsible for human diseases under the same
environmental conditions. These findings suggest that potential health risks could exist when
using E. coli or FC alone as an indicator of pathogenic organisms in treated effluents.

C. perfringens, an anaerobic, spore-forming, sulfite-reducing bacterium found in high
concentrations in human and animal feces, has been recently used as an additional indicator. Its
spore phase is considered highly resistant to environmental conditions, as well as disinfection
processes, whereby, Dunlop et al. (2008) found that the inactivation rate of E. coli was one order
of magnitude greater than that of C. perfringens bacteria. Therefore, rather than E. coli, this
microorganism could be used to predict the presence of resistant protozoan pathogens such as
Cryptosporidium and Giardia (Lanao et al., 2010; Abreu-Acosta and Vera, 2011; Mosteo et al.,
2013). C. perfringens spores showed a higher resistance to all disinfection treatments, including
advanced disinfection systems with light, TiO2 and H2O2, than vegetative bacterial cells and
were suggested to be a better indicator of the effectiveness of water treatment effectiveness
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(Lanao et al., 2010). The inactivation of sulfite-reducing clostridia spores and bacteriophages
have been shown to approximate the reduction of viable Cryptosporidium more accurately than
conventional bacterial indicators (Costan-Longares et al., 2008).

2.6.2 Viral indicators

Indicators of fecal contamination may be limited by their ability to represent the presence of a
variety of human viruses, protozoa and helminths, which are now recognized as being more
resistant to disinfection and inactivation processes than the current, commonly used indicator
organisms (Moulin et al, 2010; Abreu-Acosta and Vera, 2011). In addition, viruses, protozoa and
helminths have much lower infectious doses than the current indicator organisms (E. coli, FC or
TC), in the range of 1-10 ova/(oo)cyst/plaque forming unit (pfu) (Bitton, 1994; Crites and
Tchobanoglous, 1998).

Bacteriophage, enterovirus and rotavirus have been proposed as potential indicator organisms for
viruses (Abreu-Acosta and Vera, 2011). The bacteriophages being considered as potential
surrogate indicators are somatic coliphages (SOMCPH), F-specific RNA bacteriophages
(FRNAPH), bacteriophage MS2 (an icosahedral, positive-sense, single-stranded RNA virus that
infects E. coli and other members of the Enterobacteriaceae) and bacteriophages infecting
Bacteroides fragilis (IAWPRC, 1991; Rose et al., 2004). In addition, as one of the few enteric
viruses with double-stranded DNA, the adenovirus is known for its stability and persistence in
aquatic environments due to its infectious ability (Ogorzaly et al., 2010). Adenoviruses are also
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known to successfully infect and replicate inside a host even when their DNA is heavily
damaged (Seth, 1999).

2.6.3 Protozoan indicators

Protozoan parasites such as Cryptosporidium spp. and Giardia duodenalis (G. duodenalis) have
been detected in treated wastewater effluents and are major causes of diarrheal disease (Fayer,
2004; Smith et al., 2007; Reynolds et al., 2008; Castro-Hermida et al., 2008; Moulin et al.,
2010). In wastewater, pathogenic protozoa exist in resistant forms of cysts or oocysts, which can
protect them from environmental stresses (Mosteo et al., 2013). Cryptosporidium spp. and G.
duodenalis have been detected in irrigation water, wastewater treatment plant effluents and
biosolids from wastewater treatment facilities (Chauret et al., 1999; Caccio et al., 2003;
Quintero-Betancourt et al., 2003; Castro-Hermida et al., 2008). Therefore, there is a risk that
reclaimed wastewater applied to agricultural land could contain these microorganisms, as well as
other pathogens. In addition, there are no requirements for testing recreational waters for these
parasites, although it has been shown that these pathogens can be shed in relevant quantities into
recreational water (Yoder et al., 2004; Craun et al., 2005; Sunderland et al., 2007; CastroHermida et al., 2008).

The presence of free-living amoebae (FLA), such as Acanthamoeba, Naegleria, Hartmannella,
Sappinia, Balamuthia and Paravahlkampfia, belonging to the genus Acanthamoeba, has been
detected in treated urban wastewaters (Garcia et al, 2011; Mosteo et al., 2013). FLA can host
pathogenic bacteria such as Legionellaceae, Mycobacteriaceae, Enterobacteriaceae and
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Vibrionaceae, and are responsible for human infections (such as granulomatous amebic
encephalitis and amebic keratitis) with the Acanthamoeba most frequently encountered (Coulon et
al., 2010). Their resistance to disinfectants makes recolonization of the bacteria possible after
disinfection processes (Greub and Raoult, 2004; Storey et al., 2004; Thomas et al., 2004; 2010).
Under unfavorable conditions, FLA form cysts with high levels of resistance to a range of
disinfection approaches, potentially presenting a threat to public health (Thomas et al., 2010).
These findings highlight the need to verify the effectiveness of disinfection for protozoa in their
vegetative and resistant forms.

2.6.4 Helminthic indicators

The potential presence of helminth ova/eggs has been considered to be the main health risk
associated with wastewater reuse for agriculture for at least 30 years (Jimenez, 2007; WHO,
2006). A number of professionals believe that helminths behave very differently than bacteria,
viruses and protozoa; as such, they cannot be monitored using commonly accepted indicator
organisms (Jimenez, 2007).

A wide variety of helminths have been reported in wastewater (Molleda et al., 2008; Mosteo et
al. 2013). Helminth eggs are the infectious stage of the helminth life cycle and is likely the most
environmentally resistant waterborne pathogen (WHO, 2006). An important group of helminths
is nematodes, which are very persistent in the environment and have a minimal infective dose
(1-10 ova)(Crites and Tchobanoglous, 1998; Molleda et al., 2008). Helminth ova possess a shell
that consists of three basic layers secreted by the egg itself: a lipoid inner layer, a chitinous
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middle layer and an outer proteinic layer. The combination of these layers protects the egg
making them highly resistant to environmental conditions (Jimenez, 2007). The control strategy
for helminthiasis, a parasitic disease caused by exposure to helminth eggs, is to remove the eggs
from wastewater and inactivate them in the sludge produced from such wastewater treatment
(Jimenez, 2007).

2.7 Factors affecting pathogen removal in WSPs

WSPs have generally been shown to be effective in the reduction or removal of pathogens.
Reinoso et al. (2011) reported that Cryptosporidium oocysts could effectively be reduced by an
average of 96%, Giardia cysts by 98% and no helminth eggs were detected in a Spanish pond
system consisting of two anaerobic ponds running in parallel, a facultative pond followed by a
maturation pond operated under both winter and summer season operations (from December
2003 to September 2004). In other studies world-wide, WSPs have been reported to remove up
to 7 log units of bacteria, up to 5 log units of viruses and almost 100% helminth ova (Zanotelli et
al., 2002; Awuah, 2006; Jimenez, 2007c; Tyagi et al., 2011; Reinonso et al., 2011).

A number of studies have attempted to explain the factors responsible for pathogen reduction in
passive wastewater treatment systems. Pathogen removal within WSPs is considered to be a
complex process involving various physical, chemical and biological factors, alone or in
combination, including sunlight, pH, DO, temperature, predation, attachment/sedimentation and
starvation (Maynard et al., 1999; Awuah et al., 2001; Oilgae, 2009; Fisher et al., 2012).
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2.7.1 Sunlight

Sunlight has a lethal impact on coliforms and the die-off rate has been reported to be
proportional to sunlight intensity (Curtis et al., 1992; 1994; Kadir and Nelson, 2014). Different
wavelength regions of the solar spectrum, such as the ultraviolet (UV) spectrum (290 – 400 nm)
and photosynthetically active radiation (PAR) (400 – 700 nm), have been shown to contribute
differently to disinfection in wastewater (Bolton, 2010). Sunlight damage in pond systems has
been attributed to three mechanisms: direct damage to DNA by UV-B wavelengths (280 – 320
nm); indirect endogenous (part of the virion) damage caused by UV-B; and indirect exogenous
(in solution) damage involving UV-A (320 – 400 nm), UV-B and PAR (Davies- Colley et al.,
1999, 2000; Kadir and Nelson, 2014).

Studies by Sarikaya and Saatci (1987) and Mayo (1989) each indicated that using light alone
might not achieve significant FC removals. In a more recent study, Kadir and Nelson (2014) also
found that direct damage by UV-B light was not a significant removal mechanism for E. coli and
E. faecalis. These findings suggest that indirect endogenous and exogenous photo-oxidation may
play a more important role in sunlight-mediated inactivation of pathogens. Photo-oxidation is the
process by which photo-sensitizers absorb light and transfer its energy to other molecules,
leading to the formation of reactive oxygen species (ROS). ROS react with membranes of
microorganisms and consequently cause damage. Photo-oxidation occurs when ROSs are
produced by endogenous and exogenous photo-sensitizers as well as by other reactions, such as
Fenton’s reaction (Curtis et al. 1992; Gracy et al. 1999; Kohn and Nelson 2007; Bolton et al.,
2010). Endogenous photo-sensitizers, such as flavins and porphyrin derivatives, are found inside
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the cell of microbes, while exogenous photo-sensitizers, such as humic substances,
photosynthetic pigments and dissolved organic matter (DOM), are present outside the cell in the
aquatic environment (Curtis et al. 1992; Kohn and Nelson, 2007).

Sunlight, however, is attenuated with depth as it penetrates into the water column. In particular,
shorter wavelengths, such as UV, may be only effective at pond surfaces (Curtis, 1994; Kadir
and Nelson, 2014; Verbyla and Mihelcic, 2016). This may explain the limited effect of UV-B in
directly damaging DNA. Conversely, longer wavelengths (PAR spectrum) can penetrate much
deeper into the water column, hence their effect can potentially be more important for
disinfection (Kadir and Nelson, 2014). Kohn and Nelson (2007) reported that more than 99% of
UV-B light at 290 nm was absorbed in the first 2.5 cm depth of a WSP, while over 99% of
visible light at 556 nm was absorbed in the first 8 cm. Sunlight gets attenuated more readily in
turbid water due to the higher solids and/or microbial and/or organic matter concentrations.

2.7.1.1 Bacteria

The response of different bacteria to sunlight damage can vary considerably. In studies by
Mezrioui et al. (1995a, 1995b), it was observed that sunlight had a much greater effect on E. coli
survival than on V. cholerae as the concentration of E. coli was markedly reduced, particularly
during the warmer seasons in a WSP operating in Marrakesh, Morocco. Many studies have
focused on the sunlight mechanisms contributing to bacterial pathogen removal, including both
endogenous and exogenous bacterial inactivation (Berney et al., 2006a; Berney et al., 2006;
Bosshard et al., 2010a; Bosshard et al., 2010b; Fisher et al., 2012; Santos et al., 2012; Sassoubre
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et al., 2012; Kadir and Nelson, 2014). Kadir and Nelson (2014) concluded that the inactivation of
E. coli occurs through endogenous mechanisms promoted by UV-B and UV-A, while the
inactivation of E. faecalis is mainly through exogenous mechanisms facilitated by UV-A and
visible wavelengths. Different exogenous photo-sensitizers, such as humic substances, may also
induce various degrees of photo-oxidation (Curtis et al., 1992, MacDougall, 2016).

2.7.1.2 Viruses

Although the pathways responsible for bacterial inactivation resulting from exposure to various
biocides are generally well understood, virus inactivation mechanisms are often contradictory.
Photo-sensitizers assist with bacterial inactivation through photo-oxidation; however, they may
not have a similar effect on viruses as they lack a bound chromosphere to act as the endogenous
photo-sensitizer (Kohn and Nelson, 2007). Hence, a detailed mechanistic understanding does not
yet exist for viruses. The development of a thorough understanding of virus inactivation is
complicated by the fact that related viruses can often exhibit different disinfection kinetics when
treated with the same disinfectant under similar conditions (Baxter et al., 2007; Cromeans et al.,
2010). These different responses suggest that even minor variations in structural or genomic
components can have a marked impact on viral resistance to inactivation. It has been
demonstrated that exposure to inactivating oxidants and radiation can result in modifications to
viral proteins (Sano et al., 2009; Hotze et al., 2009; Wigginton et al., 2010) and nucleic acids
(Nuanualsuwan et al., 2003; Li et al., 2004), leading to inactivation of viruses.
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In a study investigating the effect of sunlight on viruses, the UV-C and the full sunlight spectra
were found to effectively inactivate human adenoviruses (HAdV), whereas only the UV-A and
the visible light spectrum caused inactivation in the presence of external photo-sensitizers
(indirect solar disinfection) (Bosshard et al., 2013). Upon irradiation using a full spectrum of
simulated sunlight, in the absence of natural organic matters (NOM), and for a temperature range
of 14°C-42°C, high inactivation rate constants were measured for both the porcine rotavirus and
MS2 bacteriophage. Conversely, under the same irradiation conditions, the presence of NOM
reduced the inactivation of both viruses due to the attenuation of the lower wavelengths of light
(Romero et al., 2011). In the absence of NOM and through exposure only to light in the UVA/visible range, MS2 and rotavirus showed slow and statistically similar endogenous
inactivation kinetics (Davies-Colley et al., 1999; Kohn and Nelson, 2007). Under UV-A and
visible light irradiation, and in the presence of NOM, temperature-dependent inactivation of MS2
was observed. For rotaviruses, the NOM-mediated exogenous inactivation was only important at
temperatures >33°C, while NOM-mediated exogenous inactivation of MS2 was believed to be
triggered by singlet oxygen (1O2) (Romero et al., 2011; Kohn and Nelson, 2007).

Different disinfectants may promote different pathways leading to inactivation, and physical
treatment with UV has certainly been demonstrated to exhibit different inactivation trends than
chemical oxidant treatment (singlet oxygen: 1O2). The extent to which each disinfectant inhibits
virus functions has generally been demonstrated to relate to the extent of genome and protein
degradation (Eischeid and Linden, 2011; Wigginton et al., 2012). Both viral genome and protein
damage due to UV irradiation have been reported (Sirikanchana et al., 2008; Lytle and
Sagripanti, 2005; Eischeid and Linden, 2011; Wigginton et al., 2012); 1O2 was observed to cause
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bacteriophage MS2 inactivation primarily by impairing genome replication (Wigginton et al.,
2012).

2.7.1.3 Protozoa

Sunlight-mediated inactivation may not be the most effective route to protozoan and helminthic
disinfection. Reinoso et al. (2011) demonstrated that sunlight exposure increased the rate of
Cryptosporidium parvum (C. parvum) oocyst inactivation compared to dark conditions, reaching
a maximum difference of 40% after 4 days of exposure. While UV radiation is widely used for
water disinfection, its efficacy against FLA has not been widely reported when compared to
other protozoa such as C. parvum. Hijnen et al. (2006) provides a comprehensive overview on
the role of UV radiation in cysts inactivation and reported that Acanthamoeba spp. is highly UV
resistant. Acanthamoeba spp. cysts were demonstrated to be resistant to exposure to UV-C at
253.7 nm at 1.1 mJ s-1 cm-2 (Hwang et al., 2004), while Acanthamoeba castellanii (A. castellanii)
cysts were shown to be resistant to UV-B irradiation at 800 mJ cm-2 and Balamuthis mandrillaris
(B. mandrillaris) cysts to exposure at 200 mJ cm-2 UV irradiation (Siddiqui et al., 2008). Another
study reported a 4 log reduction of Acanthamoeba polyphaga (A. polyphaga) cysts after exposure
to 40 mJ cm-2 (Loret et al., 2008a). Exposure of A. polyphaga cysts to simulated global solar
irradiance in water (85 mJ s-1 cm-2) did not achieve cyst inactivation when the temperature was
maintained < 40°C, but yielded better results at 45°C (1.2 log reduction after 6 h), 50°C (> 3.6
log10 reduction after 6 h) and 55 °C (> 3.3 log reduction after 4 h) (Heaselgrave et al., 2006).
Sixty one percent of Naegleriagruberi cysts were still alive after UV irradiation with 21.6 mJ
cm-2, but treating amoebae with DNA repair mechanism inhibitors was noted to improve UV
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irradiation efficacy (Hillebrandt and Muller, 1991). Similarly, photo-sensitized inactivation of
Acanthamoeba palestinensis in the cystic stage has also been demonstrated by incubating cysts
with tetracationic Zn(II)-phthalocyanine prior to exposure to 600–700 nm wavelength light
sources (Ferro et al., 2006). Protozoa in cyst or oocyst form are generally considered resistant to
UV irradiation, but there are likely differences in UV sensitivity depending on the strain or
species. UV mechanisms could be more effective in protozoa inactivation with the application of
longer exposures (days) or other operational factors, such as higher temperatures. Very few
studies have examined the effects of visible wavelengths or photo-oxidation in protozoa
inactivation.

Bolton et al. (2010) reported that most studies involving sunlight-mediated mechanisms have
generally been performed in dissimilar matrices and in small reaction vessels of approximately
5–6 cm depths. Sunlight inactivation of microorganisms in actual WSPs or even in systems more
closely representative of actual WSPs, have rarely been investigated. Maturation WSPs are
typically 1–1.5m in depth and, hence, much deeper than the samples irradiated in bench-scale
laboratory studies (Curtis, 1992; Davies-Colley, 1999; Kohn and Nelson, 2007). Further research
that considers and simulates the effects of system depths and ambient environmental conditions
more closely resembling those of actual WSP operational and climatic conditions is critically
needed to better understand the performance of these systems on a larger scale.
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2.7.2 pH

pH plays an important role in pathogen removal in WSPs, and can be highly influenced by the
presence of algae in the system (Wallace et al., 2016). Photosynthesis is the process by which
light energy is transformed into chemical energy by the chloroplast in autotrophs. In general, this
process converts carbon dioxide and water into organic molecules. As shown in Figure 2.1, in
aquatic photosynthesis, algae uptake CO2 and release O2, leading to an increase in pH and DO
concentration (Fallowfield et al., 1996). Therefore, high pH levels are often observed in WSPs,
with values frequently varying diurnally within a range of 7 – 9.4 (Curtis et al., 1992; Sweeney et
al., 2007; Bolton et al., 2010; Wallace et al., 2013). Neutral to slightly acidic pH conditions
(between 6.5 and 7.5) have been reported as optimal for fecal bacteria growth (Awuah, 2006),
while pH levels higher than 8.5 have been noted to be effective for the removal of indicator
organisms (Davies-Colley et al., 1999; Davies-Colley et al., 2000; Awuah et al., 2003; Ansa et
al., 2011; Ansa et al., 2012; Liu et al., 2015). Fluctuations in pH have been shown to negatively
affect the survival of E. coli (Awuah, 2006).
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Figure 2.1. Algal photosynthesis causes an increase in pH and DO.

Some bacteria behave differently under different pH conditions. David-Colley et al. (1999) found
that the inactivation rate of E. coli increased when pH was above 8.5. Enterococci were found to
be more tolerant to high pH (>9) than to acidic conditions (Awuah et al., 2001). Inactivation of E.
coli increased with increasing pH while in contrast, Enterococci was noted to exhibit similar
rates of inactivation at all pH levels (Davies Colley et al., 1999; Nelson et al., 2009; Ouali et al.,
2014). In a study by Mezrioui et al. (1995), it was found that pH of 8 and 8.8 (tested pH include
6.6, 7.3, 8 and 8.8) inhibited the survival of E. coli and prolonged the survival of V. cholera. The
contrast in the behavior of these organisms in response to their exposure to elevated pH levels
could be due to a different reaction mechanisms or sensitivity to sunlight (Maynard, 1999, Kadir
and Nelson, 2014), where damage to the cytoplasmic membranes of bacteria caused by sunlight
could render the organisms more vulnerable to the effects of other factors such as high pH
(Curtis, 1992). In their study on WSPs, Davies-Colley et al. (1999) reported that Enterococci
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were immune to sunlight when pH was increased from 7.5 to 9.5 and under low DO levels.
However, a number of studies have demonstrated that light-induced inactivation of E. coli was
dependent on pH (Davies-Colley et al., 1997; Davies-Colley et al., 1999; Ouali et al., 2014).
Under moderate pH conditions, E. coli was inactivated by endogenous mechanism, but when the
pH was raised to above 8.5, E. coli was inactivated more rapidly by exogenous mechanism
(Davies-Colley et al. 1997; 1999).

Information on the manner in which pH inactivation impacts viruses, protozoa and helminths is
limited. Viral attachment was observed to be a function of water pH in ground water studies
(Bales et al. 1993; 1997; Guan et al., 2003). It was shown that pH levels above 12 could
inactivate helminth ova (Jimenez, 2007). However, pH levels above 12 may not be desirable in
most WSP environments, particularly when these systems discharge into receiving environments.
There is much debate in the literature on whether sunlight or pH is the most important
mechanism for pathogen removal, and there are conflicting results on the contribution of these
two mechanisms as previously discussed, hence, more targeted and systematic research is
required in this area.

2.7.3 DO

Oxygen concentrations above 0.5 mgL−1 have been shown to contribute to the removal of fecal
bacteria (Van Buuren and Hobma, 1991). As previously noted, oxygen is produced as a byproduct of algal photosynthesis, which is a source of oxygen supply in WSPs. Sweeney et al.,
(2007) observed DO concentration as high as 30 mg/L in a single pond system at the Bolivar
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Wastewater Treatment Plant in Adelaide, South Australia during the summer period. Photooxidation requires the presence of oxygen to form ROC, therefore, an increase in DO
concentration would likely increase the effect of photo-oxidation. As an example, the light
inactivation of E. coli and Enterococci has been reported to increase with increasing DO
concentrations (Curtis et al., 1992; David-Colley et al., 1995; Ouali et al., 2014). David-Colly et
al. (1995) found that the inactivation rates of Enterococci increased significantly with increasing
DO levels when pH and light intensity remained constant. In their study, David-Colley et al.
(1995) also observed a synergistic increase in inactivation of E. coli when both DO and pH
increased. This may imply that endogenous photo-inactivation of E. coli and Enterococci were
strongly dependent on DO (Davies Colley et al., 1999; Ouali et al., 2014).

As facultative anaerobes, FC are able to survive over a wide range of oxygen concentrations.
However, under anaerobic conditions, FC were found to survive for longer periods than under
aerobic conditions (Klock, 1971). In their separate studies Klock (1971) and Marais (1974)
found that aeration enhanced FC die-off rates. Kaneko (1997) also observed that the removal of
polioviruses, bacteriphages and Coxsackie virus B3 was enhanced by aeration. Davies-Colley et
al. (1999) noted that the inactivation of the F-DNA virus was independent of DO concentration,
while the inactivation of the F-RNA virus increased with increasing DO concentrations (Awuah,
2006). To date, there has been very little information regarding the effect of DO concentration on
protozoa and helminth egg removal and/or inactivation.

Indicator microorganisms respond differently to pH, water temperature and DO levels (Love et
al., 2010; Ouali et al., 2014). Bolton et al. (2011) reported that the effect of DO concentration on
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inactivation rates was organism-dependent. Significant correlations between kinetic disinfection
coefficient (K) and pH, DO, temperature and light intensity were observed. The kinetic
coefficient (K) values for E. coli and Enterococci were found to be dependent on
physicochemical parameters (pH, DO, water temperature and light intensity), where K has
generally been reported to increase with increasing pH, light intensity and temperature (Ouali et
al., 2014).

2.7.4 Temperature

Although optimal rates of bacterial growth are typically restricted to small temperature ranges,
bacterial organisms are able to survive within broader temperature limits. Some researchers have
stated that the minimum water temperature required for the treatment of wastewater using WSPs
is 7°C with higher temperatures stimulating bacterial growth, where growth rates doubles with
approximately every 10°C increase in temperature until optimal growth is reached (WPCF, 1990;
USEPA, 1988; Metcalf and Eddy, 2013). Several researchers have reported increased removal
efficiencies of FC at higher temperatures (Polprasert et al., 1983; Pearson et al., 1987a; 1987b;
Barzily and Kott, 1991; Ouali et al., 2014). In a study by Mezrioui et al. (1995), fecal coliforms
were reduced by 98.95% during the warmer seasons and by 94.91% during the cold seasons in a
WSP system, operating in Marrakesh, Morocco. This system consisted of an anaerobic and an
aerobic pond in series. They also found that when temperature was increased from 8°C to 23°C,
the removal rate of E. coli also increased.
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It has been noted that bacterial removal with increasing temperature in horizontal flow
constructed wetlands (CWs) (Winward et al., 2008). In a study by Boutiler et al. (2009), the first
order rate constants for E. coli removal were 0.09 day-1 at 7.6 °C and 0.18 day -1 at 22.8 °C in a
laboratory experiment using domestic wastewater collected from a surface flow wetland. Ulrich
et al. (2005) reported that higher temperatures improved the removal of bacterial indicator
organisms by 1 log (CFU/100mL), when comparing the operation of a CW in summer and winter
seasons. Jokerst et al. (2011) found that the wetland was able to remove an average of 1.7 log
CFU/100 mL E. coli in spring, summer and fall, but an average of 1 log CFU/100 mL in winter.

Different bacteria have been reported to respond differently to temperature change. Mezrioui et
al. (1995) found that V. cholera did not survive as well as E. coli at a temperature of 8°C, and a
Spearman correlation between temperature and the concentrations of V. cholera in a WSP in the
arid region of Marrakesh, Morocco was 0.91. Conversely, Mara and Pearson (1986) concluded
that there was no direct relationship between FC die-off and temperature and that a tertiary pond
exhibited higher levels of FC removal than anaerobic and facultative ponds when operated at the
same temperature. Factors other than temperature may have contributed to the higher removal
efficiencies observed in this case. This supports the theory that pathogen removal in WSP is
driven by several mechanisms and operational factors. However, to date, temperature effects on
viral, protozoan and helminthic pathogens have not been investigated extensively.
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2.7.5 Attachment & Sedimentation

Sedimentation has been reported to be effective in removing some microorganisms, such as
helminth eggs as they have a higher settling velocity (~0.1mm/s) (Sengupta et al., 2011, Wu et
al., 2016). However, bacteria, viruses and protozoa have much lower settling velocities, so they
can be remove through sedimentation only if they attach to larger particles (Jasper et al., 2013).

In a study by Ansa et al. (2012), investigating the attachment of FC in pond systems, FC
attachment to suspended matter was determined to significantly contribute to FC removal only in
the first two maturation ponds (71% - 99% removal efficiencies), and was generally more
pronounced at the bottom of the ponds. Mahler et al. (2000) observed that a significant
proportion of bacteria were associated with suspended solids in wastewater. Bacteria in the
aqueous media attach to solid surfaces by secreting extracellular polysaccharides and the
quantity and composition of these extracellular polysaccharides may affect the attachment
properties of the bacteria (Sanin et al., 2003). This would suggest that bacterial pathogen
attachment to algae and suspended solids could be an important mechanism for bacteria removal
(Ansa et al., 2011).

However, a study by Boutilier et al. (2009) examining sedimentation of E. coli reported that
settling did not appear to significantly contribute to E. coli removal in 5 day sedimentation
experiments during which E. coli remained in suspension and 10% and 50% of E. coli in
domestic dairy wastewater and septic tank effluent, respectively, associated with particulate
matter. The role of sedimentation in pathogen removal has been reported to range from 0 to
100% (Maynard et al., 1999). Some studies demonstrated that the performance of WSPs in
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removing protozoan cysts and helminth eggs could primarily be attributed to the process of
sedimentation favoured by the adsorption of the pathogens onto settable solids, as well as
relatively long retention times (Amahmid et al., 2002; Mara, 2003). Conversely, Reinoso et al.
(2011) noticed a negligible influence on oocyst removal through sedimentation in facultative and
maturation ponds with 0% and 5.56% of Cryptosporidium oocysts removed through
sedimentation in the facultative and maturation ponds, respectively.

Reinoso et al. (2011) suggested that anaerobic ponds were the most effective in parasite removal
followed by facultative ponds and then maturation ponds. These findings were consistent with
those previously reported, which indicated that the majority of (oo)cysts, eggs and suspended
solid material are generally removed in primary ponds (Jimenez, 2007; Reinonso et al., 2011).
However, contrary to previous studies crediting sedimentation as a main mechanism for parasites
removal in stabilization ponds, results presented by Reinonso et al. (2011) indicated that the
physicochemical environment (light, pH, DO, ammonia concentration, etc.) of the pond could
also be a significant factor in the removal of parasites from these systems (Reinoso et al., 2011b).

2.7.6 Retention time & Pond depth

HRT in WSPs is defined as the average hydraulic period that wastewater remains in pond
systems prior to discharge into a receiving environment. It is an important factor that impacts the
die-off and the removal of pathogens. Sedimentation in ponds is dependent on HRT, since longer
HRTs allow more time for the settling of suspended particles to which pathogens may be
attached (Metcalf and Eddy, 2013). Also, longer retention times provide a longer period of time
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for pathogen inactivation or removal via factors that contribute to disinfection such as sunlight,
pH, DO and temperature.

In a constructed wetland study, the E. coli removal efficiency was 91% for wetlands with 11.6
day HRT, while for wetlands with a HRT of 0.9 day, the E. coli removal efficiency was 66%
(Diaz et al., 2010). Moreover, of all the parameters (pH, total nitrogen (TN), nitrate, total
phosphorus (TP), dissolved organic carbon (DOC), total suspended solids (TSS), temperature,
DO, Chlorophyll-a, E. coli and Enterococci) compared in the study, HRT appeared to be the
factor having the greatest effect on the efficiency of E. coli and Enterococci removal (Diaz et al.
2010). HRT and the loading rate were two of the most important factors for removing fecal
coliforms and total coliforms in a pilot-scale combined constructed wetland system (Tuncsiper et
al., 2012). In domestic wastewater, Feacham et al., (1983) proposed a time period of 30-60 days
for pathogenic bacteria removal. Jiménez (2001) indicated that a minimum retention time of 5–
20 days, depending on the initial concentration, was required to efficiently remove helminth
eggs, while 38 days would be necessary to remove protozoan (oo)cysts. Grimason et al. (1996a;
1996b) showed that an HRT of 25.3 days would be sufficient for the removal of Ascaris eggs and
Giardia cysts in Eldoret, Kenya. However, 40 days would be required to accomplish the same
performance in Meze, France. It should be noted, that these retention times are longer than the 810 days recommended in the WHO guidelines, to achieve a standard of 1 helminth ovum per liter
(WHO, 1989; Awuah, 2006). The different concentrations and sizes of protozoa and helminths,
which yielded different settling velocities, may explain these variations in recommended
retention times (Reinoso et al., 2001).
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A baffle applied to a WSP system can extend HRT. Only the baffled maturation pond showed a
significant removal of fecal bacteria, viruses and protozoa when four maturation ponds (one with
baffle and three without baffle) were compared (Sheludchenko et al., 2016). After introducing
baffles to the first maturation pond, the HRT was increased by 14 hours, and the removal
efficiencies of both E. coli and Enterococci was raised by 0.2 to 0.7 log unit at Korba wastewater
treatment plant which consisted of a conventional activated sludge system followed by three
maturation ponds (Ouali et al., 2012).

Depth may increase retention period, but it may also decrease sunlight penetration in algal ponds,
which would present confounding results with respect to disinfection mechanisms. Mayo (1989)
found that, while fecal bacteria reduction in wastewater was observed to increase with solar
intensity and hydraulic retention time, it was also noted to decrease with depth. Agunwamba
(1991) and Pearson et al. (1996) also reported reductions in pond efficiencies with respect to
bacteria die-off rates in deeper ponds. Many pond system designers have indicated that
increasing pond depth, and thus retention time, would lead to better overall pond performance,
however, this may not be applicable for disinfection (Pearson et al., 1995; Mara et al. 2001).
Buchauer (2007) found that shallower maturation ponds were generally more efficient for FC
removal (Buchauer, 2007).

2.7.7 Predation & Presence of other microorganisms

Another way to remove pathogens from wastewater is through the presence of other
microorganisms that consume or compete with the pathogenic organisms. Protozoa prey on
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organisms such as bacteria, yeasts, algae and other protozoa (Storer et al., 1979). Predation is an
important factor in the removal of bacteria and protozoan (oo)cysts from wastewaters in CWs
(Jasper et al., 2013; Wu et al., 2016). MacCambridge and MacMeekin (1979, 1980)
demonstrated the importance of protozoan predation on E. coli removal. Kim and Unno (1996)
showed that the predation of viruses by protozoa was more effective than that of bacteria by
protozoa. Some protozoa have been identified to feed on FC, as well as diptherial, cholera,
typhal and streptococcal bacteria species (Enzinger and Cooper, 1976; MacCambridge and
MacMeekin, 1979; Wu et al., 2016). FC number in a duckweed pond system correlated well with
total ostracod numbers in the pond, suggesting that macro-invertebrate feedings could contribute
to FC removal in duckweed ponds (Ansa et al., 2012). In constructed wetlands, predation of
Cryptosporidium oocysts by ciliates such as Euplotes patella and Paramecium caudatum has
been reported as a mechanism for pathogen removal (Stott et al., 2001; Awuah, 2006).

The presence of other bacteria might affect pathogen removal through the competition for
nutrients. According to Atlas and Bartha (1981), intestinal bacteria and other pathogen
populations were reduced and eventually eliminated through competition with aquatic
autochthonous bacteria populations. It has been suggested that understanding nutrient availability
and competition for these nutrients in heterotrophic bacteria communities are important factors in
determining fecal bacteria die-off rates (Klock, 1971; Wu and Klein, 1976; Legendre et al.,
1984). Competitions among heterotrophic bacteria for nutrients and its effects on pathogen
removal in pond systems have not been thoroughly investigated.
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2.7.8 Nutrients and organic loading

The nutrient level and organic loading of a WSP will affect the survival and regrowth of
pathogenic microorganisms. A number of studies have reported on the importance of nutrient
availability to the survival and growth of microorganisms (Almasi and Pescod, 1996; Kaneko,
1997; Gagliardi and Karns, 2000; Diaz et al, 2010). Boutilier et al. (2009) reported that E. coli
survived for a longer period of time in dairy wastewaters, which normally have higher nutrient
concentrations than municipal wastewaters. High nutrient concentrations have been shown to
generally decrease the rate of pathogen removal in wastewater systems (Gagliardi and Karns,
2000; Diaz et al, 2010). Diaz et al. (2010) observed a positive correlation between indicator
organisms and DOC, TP, TN and nitrate concentration in a constructed surface flow wetland. In
their study, E. coli concentration was positively correlated with TP (r=0.521; p<0.01), while
Enterococci concentrations were positively correlated with TN and nitrate (r=0.357 and r=0.378,
respectively; p<0.01).

2.8 Conclusions

It has been commonly noted in literature that traditional indicator organisms (E. coli, TC and FC)
do not accurately represent the potential presence of all pathogens, which may respond
differently to various environmental or exposure factors. These may be subject to different
removal mechanisms than indicator organisms. It is also unclear to what extent fecal indicator
organisms are representative of the pathogenic organisms of concern. More research is required
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to gain a better understanding of the distribution of pathogenic organisms in WSPs and to select
appropriate additional or alternative indicator organisms.

A number of different bacterial, viral, protozoan and helminthic pathogens have been proposed
as additional or alternative indicators for monitoring wastewater effluent quality. However, the
correlation between these indicators has rarely been studied for the purpose of minimizing the
number of pathogen indicators.

Recent work has considered pathogen removal as a complex mechanism involving interactions
between the different physical, chemical and biological processes present in WSP systems. Many
factors and mechanisms, including sunlight, pH, DO, temperature, sedimentation, retention time,
predation and nutrients, contribute to this pathogen removal, however, conflicting results were
obtained in studies of each mechanism. These results reinforce the idea that pathogen removal
may not rely simply on one or two factors, but instead, on multiple factors, with many of these
removal mechanisms are interdependent or interrelated. Some research has demonstrated
correlations between these factors, but studies are necessary to gain a better understanding of the
removal factors as well as their correlations.

Algae play a unique role in pond systems. They are able to uptake nutrients, such as nitrogen and
phosphorus in both inorganic and organic forms. In addition to their role in nutrient removal,
algae have been recognized as an indirect disinfection factor, especially in natural wastewater
treatment processes. For example, algae are able to raise pH and DO concentrations through
photosynthesis. pH levels above 9 have been demonstrated to be bactericidal in WSPs. DO can
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also inactivate pathogenic organisms at concentrations higher than 0.5 mg/L. The photooxidation that occurs in a pond systems is enhanced by the presence of high DO concentrations,
which is a product of algal photosynthesis. Therefore, it is essential to study the role of algae in
the disinfection process in WSPs in order to better understand and correlate important pathogen
removal factors such as sunlight, pH and DO.
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Chapter 3
Effects of Environmental Factors on the Disinfection Performance of a
Wastewater Stabilization Pond Operated in a Temperate Climate

3.1 Abstract

Treatment in a wastewater stabilization pond (WSP) relies on natural purification processes,
which can be sensitive to both location and climate. This study investigated the effects of three
environmental factors, pH, dissolved oxygen (DO) and temperature, on disinfection efficiency in
a WSP system consisting of three facultative cells, and operated in a temperate climate region, in
Eastern Ontario, Canada. Indicator organism (Escherichia coli (E. coli)) removal in WSP
systems is driven by a combination of different factors. Elevated pH and DO concentrations,
which are attributed to the presence of algae, are important factors for effective disinfection.
Therefore, the presence of algae in natural wastewater treatment systems can contribute
appreciably to disinfection. Consequently, based on algal concentrations, removal efficiencies of
pathogenic microorganisms during wastewater treatment over the course of a year can be highly
variable, where higher removal efficiencies would be expected in summer and fall seasons.

3.2 Introduction

Pressured by water scarcity and increases in water demand worldwide, treated wastewater has
been reused for a variety of purposes over the last few decades, including agricultural irrigation
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and other industrial, environmental and municipal uses (Mosteo et al., 2013; Li et al., 2015;
Uribe et al., 2015; Paranychianakis et al., 2015). The potential for water reuse is dependent on
effective pathogen removal. The disinfection process, generally the last step in wastewater
treatment, aims to minimize the risk of pathogen exposure in receiving environments in order to
protect public health (Mosteo et al., 2013). However, the removal efficiency of pathogenic
organisms can vary greatly and depends on the type of treatment process.

Wastewater stabilization ponds (WSPs) are often considered to be the most environmentally and
economically sustainable technology for small, rural or remote communities that require lowcost and low-maintenance wastewater treatment systems (Bolton et al., 2010). WSPs have the
capability to effectively attenuate organic and nutrient concentrations, as well as bacteria and
pathogen levels, present in municipal wastewater (Maynard et al., 1999; Reinoso et al., 2008).
The removal of a wide range of pathogenic organisms, such as bacterial, viral, protozoan and
helminthic pathogens, is commonly achieved in WSP systems. Conversely, disinfection methods
(UV irradiation, chlorination and ozone) applied in conventional treatments often only target the
removal of pathogenic bacteria and viruses, as helminth eggs and protozoan (oo)cysts are
resistant to these disinfection methods (Jiménez, 2007, 2009; Drechsel et al., 2009). Some
studies have suggested that WSP systems may remove up to 6 log units of bacteria and
practically all protozoan and helminth eggs, producing final effluents that meet World Health
Organization (WHO) guidelines for the use of treated wastewater in unrestricted agricultural
irrigation (Bolton et al., 2010). The reported performance of WSP systems is generally superior
to that of conventional treatment processes, such as activated sludge or primary treatments, for
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which reductions of 1 to 2 log units for bacteria and 70%–99% (0.5 – 2 log removal) for
protozoan and helminth eggs have been noted (Ansa et al., 2012).

Indicator organisms are often employed to reflect pathogen levels in a particular wastewater or
its effluent, as it would be costly and time-consuming to monitor each pathogenic organism that
could be present in the treated wastewater. It is expected that indicator organisms can be detected
and quantified easily and cost-effectively. The presence, behavior, and population of indicator
organisms and pathogens are generally assumed to correlate (Molleda et al., 2008; Abreu-Acosta
and Vear, 2011). For the past few decades, bacterial indicator organisms, such as E. coli, fecal
coliforms (FC) and total coliforms (TC), have been commonly used for monitoring and
regulating pathogen levels in treated wastewater. However, the limitations of bacterial indicator
organisms have been recognized in recent publications. In some studies, E. coli populations were
not found to be well correlated with pathogenic bacteria including Vibrio cholera (V. cholera)
and Enterococcus faecalis (E. faecalis). Populations of V. cholera and E. faecalis increased with
increasing pH and temperature, while E. coli populations decreased (Lesgne et al., 1991;
Mezrioui and Oudra, 1998; Awuah, 2006). Burkhardt III et al. (2000), and Len et al. (2000), also
challenged the reliability of E. coli as a pathogen indicator. Nascimento et al. (1999)
recommended using multiple organisms as indictors, because the removal kinetics of various
pathogens differ. A number of municipalities, such as the one in this study, continue to employ
E. coli as indicator organisms because wastewater treatment plants are required to meet the
effluent standards, which stipulate maximum E. coli concentrations.
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3.3 Material and Methods

3.3.1 System Overview

In this study, water samples were collected from the effluents of three WSP cells at a Water
Pollution Control Plant (WPCP) located in Eastern Ontario (Canada), with a rated average daily
flow capacity of 5,700 m3/day and rated peak capacity of 16,000 m3/day. The treatment system
consists of primary treatment, biological treatment via an extended aeration activated sludge
process, secondary clarification, followed by effluent polishing in a WSP system. The flow
diagram of the WPCP is presented in Figure 3.1.

Figure 3.1. The schematic configuration of the Amherstview Water Pollution Control plant
(http://www.loyalisttownship.ca).
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The main wastewater treatment plant feeds into WSP Pond 1, followed by Pond 2, and then Pond
3. The three facultative WSPs are operated in series, provide a total volume of 154,794 m3 and
primarily facilitate disinfection prior to discharge. Table 3.1 summarizes the area, volume, and
depth of the WSPs based on field measurements. The hydraulic retention time of the WSP
system is approximately 27 days, which is anticipated to be sufficient for disinfection of
secondary effluent. The discharge limit for this plant is 200 CFU/100 mL and the design
objective is 100 CFU/100 mL.

Table 3.1. Area, volume and depth of the WSPs (Wallace et al., 2015).

1
2
3
!!"

3.3.2 Field Monitoring and Sampling

Eastern Ontario has a humid continental climate with four distinct seasons: winter, spring,
summer and fall. Over the course of a year, the temperature typically varies from -15°C to 26°C
and is rarely below -24°C or above 31°C. The relative humidity typically ranges from 40%
(comfortable) to 94% (very humid), rarely dropping below 22% (dry) and reaching as high as
100% (very humid).
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Monitoring was carried out from 10 May 2011 to 24 February 2015 and comprised of periods of
cold climate (January–March), warm weather (April–June), the hottest season (July–September)
and the return of cooler weather (October–December). pH, DO and water temperature were
measured on a weekly basis at the effluent weirs (at the surface) of the three ponds between 10
am and 12 pm at weekly intervals. pH and temperature were recorded using a HQ40d (Hach,
Loveland, CO), a portable pH, conductivity, DO, ORP and ISE multi-parameter meter, while DO
was monitored using a Model 3100 portable dissolved oxygen analyzer (Insite IG, Slidell, LA,
USA). All the equipments were calibrated before use. At the same time, effluent samples were
collected at the surface for E. coli analysis. All the water samples were stored in a cooler and
tested within 4 hours after collection. The culture and enumeration of E. coli were carried out
using the membrane filtration method according to Standard Methods for the Examination of
Water and Wastewater (APHA, 2005).

3.3.3 Statistical Analysis

Because the data was not normally distributed, the non-parametric Spearman ρ correlation
coefficient was evaluated. Spearman’s correlation coefficient is a measure of statistical
dependence between two variables. A Spearman correlation coefficient of 1 or -1 results when
the two variables being compared are monotonically related. If one variable tends to increase
when the other variable increases, the Spearman’s ρ correlation coefficient is positive.
Conversely, if one variable tends to decrease when the other variable increases, the Spearman
correlation coefficient is negative. The Spearman correlation increases in magnitudes as two
variables become closer to being perfect monotone functions of each other. An absolute value of
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Spearman correlation coefficient larger than 0.5 suggests that the two variables are well
correlated, a value between 0.25 and 0.5 indicates the two variables are moderately correlated,
while a value below 0.1 suggests the two variables are not correlated.

3.4. Results and Discussion

The influent to Pond #1 typically contains over 2000 CFU/100 mL of E. coli. The four-year
average effluent E. coli of Pond #1, Pond #2 and Pond #3 were 84, 26, 28 CFU/100 mL,
respectively. More than 98.6% disinfection efficiency was achieved throughout this WSP
system. Spikes in E. coli concentrations were observed in the effluent of the first pond, some of
which exceeded the dischargeable microbiological level of 200 CFU/100 mL of E. coli (Figure
3.2). Figure 3.3 shows the average, median, minimum and maximum value of E. coli
concentrations in the effluents of the three WSP cells over the monitoring period. The maximum
E. coli concentration observed in Pond #1 was more than seven times that of the discharge
criteria. Most of the spikes were noted to occur during the colder seasons (November–March).
The next two ponds (Pond 2 and Pond 3) provided further reduction in E. coli concentration to
lower levels. E. coli concentrations above 200 CFU/100 mL were rarely observed, and at no time
did the monthly geometric mean density of E. coli exceeded 200 CFU/100 mL.
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Figure 3.2. E. coli concentrations in the effluents of Pond #1, Pond #2 and Pond #3 of the
Amherstview WPCP.

Figure 3.3. Average, median, minimum and maximum value of E. coli concentrations in the
WSP effluents over a four-year monitoring period.
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The treatment and disinfection of wastewater in WSPs mainly rely on natural purification
processes. Hence, treatment and disinfection efficiency are expected to be influenced by
environmental factors such as sunlight, temperature, pH and DO. High pH levels (>9) and oversaturated DO concentrations often coincided with the occurrence of excessive algal growth. The
pH in the WSP cells ranged from 6.6 to 10.9, with an average of 8.9 during the monitoring
period (May 2011 to February 2015) as shown in Figure 3.4. The three WSP cells exhibited
similar trends in annual pH fluctuations, where pH started to increase in January, reached a
maximum in May, dropped down to below 8 in July, increased again to above 10 in September
and then started to decrease in September as ambient temperatures decreased and the daylight
hours shortened. The influent pH was between 6.5 and 7.5 during the monitoring period, which
suggested that the pH fluctuation within WSPs were likely due to algal activity.
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Figure 3.4. pH fluctuation in the effluents of Pond #1, Pond #2 and Pond #3.
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Figure 3.5 displays the DO concentrations in the effluents of each of the three cells. DO levels
fluctuated within a range of 0 to 25 mg/L. The elevated DO concentrations could be attributed to
algal growth.
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Figure 3.5. Changes in DO concentrations in the effluents of Pond #1, Pond #2 and Pond #3
over the four-year monitoring period.

Elevated pH and DO in WSPs resulting from algal growth is generally associated with the
extensive consumption of dissolved CO2 by algae. Through photosynthesis, algae utilize
dissolved inorganic carbon to produce organic matter, as shown in Equation (3-1). Oxygen is
generated as a photosynthetic by-product.

(3-1)
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When sufficient light is available and nutrients are not limiting, algae in WSPs remove CO2 from
wastewater more rapidly than heterotrophic microorganisms can produce respiratory CO2. The
uptake of CO2 causes a shift in the equilibrium concentrations of dissolved CO2, carbonic acid
(H2CO3), bicarbonate ion (HCO3-) and carbonate ion (CO32-), the equilibrium relationships can
be described by Equations (3-2) – (3-4) (Mayes et al., 2009; Uusitalo, 1996).

!! !"! ↔ ! !"! + !! !

(3-2)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#!! + !! ! ↔ ! !! !"! ∗ + !"!

(3-3)

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"!!! + !! ! ↔ ! !"#!! + !"! !

(3-4)

When CO2 is uptake by algae, to maintain equilibrium, more CO2 will be generated, and as a
result, hydroxide ions will be released, increasing the pH. Therefore, high pH and DO levels are
often observed in WSPs containing algae. This effect is more pronounced during warmer
weather and, particularly, during daylight hours (Gschlößl et al., 1998).
Figure 3.6 displays the relationship between E. coli concentrations and pH in Pond #1. As the
three WSP cells exhibited similar trends in pH fluctuation, Pond #1 data was selected to compare
the relationship between E. coli concentrations and pH, DO and temperature. As can be seen, the
spikes in E. coli concentrations tended to occur when the pH was below 8. As shown in Table
3.2, the statistical analysis indicated that E. coli concentrations were well correlated with pH
values (ρ= -0.54), where elevated pH coincided with the decreases in E. coli concentrations.
Hence, these observations would suggest that pH levels higher than 8 could be considered
effective in E. coli inactivation under these temperate climatic conditions.
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Figure 3.6. The relationship between E. coli population and pH in the effluent of Pond #1.

Table 3.2. Spearman rank correlation coefficients between E. coli population and pH, DO
and temperature.
E. coli
-0.54
-0.11
-0.5

pH
DO
Temperature

The observed correlation between E. coli removal and pH is consistent with other studies, which
reported increased E. coli inactivation with increases in pH (Davies-Colley et al., 1999; Ouali et
al., 2014 ). A neutral to slightly acidic pH has been reported as optimal for fecal bacteria growth
(Awuah, 2000), while pH levels higher than 9 have been reported to be effective in pathogen
removal (Davies-Colley et al., 2000; Awuah, 2003; Ansa et al., 2011; Ansa et al., 2012). Both
the terms “removal” and “inactivation” are intended to refer to the conditions where indicator
organisms lose their ability to be cultured using Standard Methods.
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A number of explanations for the effects of pH on disinfection have been proposed. Studies have
reported that light inactivation of E. coli is dependent on pH (Davies-Colley et al., 1997, 1999;
Ouali et al., 2014). Under elevated pH conditions (pH>8.5), E. coli would be inactivated by
exogenous mechanisms, while endogenous mechanisms would inactivate E. coli more slowly
under more moderate pH conditions (Davies-Colley et al., 1997, 1999). These mechanisms could
explain why pH levels above 8 were found to be effective in E. coli inactivation. The effects of
pH on E. coli have also been attributed to conformational changes in the membrane of the
bacteria (Bosshard et al., 2010a; 2010b). Bacterial inactivation can result from respiratory chain
damage due to a physical breakdown in the membrane, which exposes nucleic acids to
environmental stresses (Curtis et al., 1994).

Figure 3.7 shows the relationship between E. coli concentrations and DO levels (wastewater and
DO data collected at the water surface). Light inactivation of E. coli and Enterococci increased
with increasing levels of DO (Ouali et al., 2014). As previously noted, oxygen is produced as a
by-product of algal photosynthesis, which is also a source of oxygen in WSP systems. Elevated
DO concentrations, as high as 23 mg/L, were observed in Pond 1. Photo-oxidation, which is a
disinfection mechanism, requires the presence of oxygen. Photo-oxidation is a process where
endogenous or exogenous sensitizers absorb light and transfer this energy to other molecules
leading to the formation of reactive oxygen species (ROS), which can react with microorganisms
and cause damage. Therefore, an increase in DO concentration would be expected to increase the
effect of photo-oxidation. However, DO concentrations were not correlated with E. coli
concentrations as the Spearman’s coefficient is low (ρ=-0.11). This might be because photo-
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oxidation induced disinfection is not only dependent on DO concentrations, but also impacted
significantly by sunlight intensity.

Figure 3.7. The relationship between E. coli population and DO concentration in the
effluent of Pond #1.

Figure 3.8 illustrates the relationship between E. coli concentration and temperature, while
Figure 3.9 indicates the average, median, minimum and maximum values of E. coli
concentration for the four different seasons. Negative correlation between E. coli concentrations
and temperature (ρ= - 0.50) suggested that at lower temperatures, E. coli concentrations were
higher than during the warmer seasons. Notably lower concentrations of E. coli were also
observed during the warm seasons at the WPCP investigated. These findings suggest that
temperature may play a role in the survival of E. coli. E. coli survived better in cold weather (T <
5°C), possibly because algae growth was inhibited due to reduced sunlight intensity, shorter
daylight period and lower temperature (Raven and Geider, 1988). Reduced algal activity resulted
in a pH decrease to ≤ 8, and a, consequently, lower disinfection efficiency in the studied WSP
system. On the other hand, although optimal bacterial growth rates are typically restricted to
106

small temperature ranges, bacterial organisms are generally able to survive within broader
temperature ranges. In this four-year full-scale WSP study, the removal efficiencies of E. coli
were found to increase with increasing temperature. This observation is consistent with a number
of studies that have reported increased removal efficiencies of fecal coliforms with increasing
temperature (Ouali et al., 2014; Mezrioui et al., 1995; Barzily and Kott, 1991; Pearson et al.,
1987a;b; Polprasert et al., 1983).

Figure 3.8. The relationship between E. coli population and temperature in the effluent of
Pond #1.

107

Figure 3.9. Seasonal (Spring: April–June; Summer: July–September; Fall: October–
December; Winter: January–March) E. coli concentrations in Pond 1 during the
monitoring period.

It should be noted that effects of hydraulic retention (von Sperling, 1999 and 2005), hydraulic
efficiency

(von

Sperling,

1999

and

2005),

sunlight

(Bolton

et

al.,

2010),

attachment/sedimentation (Ansa et al., 2011), predation and nutrient availability may all
contribute to disinfection in WSPs. This study was focused on the environmental factors
associated with algal growth that are commonly present in facultative and maturation ponds due
to their long hydraulic retention time.

3.5 Conclusion

Pathogen removal in WSP systems is driven by a combination of mechanisms and factors.
Environmental factors, such as pH, DO and temperature, all play a role in the inactivation of
indicator organisms. Elevated pH, due to the presence of algae, and temperature are considered
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important factors because they were statistically correlated well with E. coli concentrations. pH
values higher than 8 in this study were noted to be effective in disinfection. Temperatures lower
than 5 °C seemed to inhibit algal activity, but E. coli concentrations were higher compared to
warmer temperatures. Inhibited algal activity may lead to a decrease in pH to below 8, which is
not considered to be effective to achieve disinfection. DO concentration was not well correlated
with E. coli removal, possibly due to the influence of other factors, such as sunlight penetration
and intensity. Pathogen removal efficiencies can be highly variable in WSPs, and exhibit
seasonal patterns, such as observations of lower E. coli concentration during the warm season.
This would imply that WSPs performance is sensitive to location and climate, making
wastewater treatment using natural systems more challenging. The last two WSP cells at the
WPCP were noted to further reduce E. coli populations, suggesting that multiple WSP cells in
series could provide a more reliable indicator organism (E. coli) removal performance than a
single WSP system.
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Chapter 4
Disinfection performance in wastewater stabilization ponds in cold climate
conditions: a case study in Nunavut, Canada

4.1 Abstract

Disinfection processes in passive wastewater treatment systems, which are dependent on natural
purification, can be greatly influenced by environmental factors. In the Canadian Arctic, the
passive systems face more challenges due to the extreme environmental conditions. The new
Wastewater Systems Effluent Regulations (WSER) were implemented in Canada in 2012.
Currently, they do not apply in the far North due to the limited wastewater treatment
infrastructure in northern communities. In the summer of 2015, a field investigation was
conducted to Pond Inlet, Nunavut, to assess the pathogen removal and inactivation of a
wastewater stabilization pond (WSP). Sunlight disinfection was considered only effective at the
water surface. The system achieved 0.76–1.2 log removal of Escherichia coli (E. coli) and 0.79–
1.02 log removal of total coliforms during the treatment season in 2015. Prior to annual decant,
the average concentration of E. coli was 1.3 × 106 CFU/100 mL in the WSP, which exceeded
discharge guidelines of 104 to 106 CFU/100 mL set by the Nunavut Water Board (NWB).
Existing WSP disinfection models, which were typically designed for temperate or tropical
regions, were selected to study their viability to predict the pathogen removal of Arctic WSPs. In
general, the models over-predicted disinfection performance by an order of magnitude or more,
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and some were unable to replicate trends in the data. A modified model for northern WSPs
should be developed in order to accurately predict disinfection performance.!

4.2 Introduction

Nunavut is the largest Canadian territory by land mass, with a population of 31,906 people
dispersed over 2 million square kilometers and with many communities only accessible by plane.
Few of these remote communities exceed populations of more than 2000 people (Appendix B,
2016). The majority of communities in the Canadian Arctic use passive wastewater treatment
systems, such as WSPs and constructed wetlands (CWs), as the extreme climatic conditions and
remote locations pose challenges to the implementation of conventional wastewater treatment
infrastructure. Moreover, due to the continuous permafrost conditions in the Canadian Arctic, it
is impractical to build piped systems or buried infrastructure to transport sewage from
households to a centralized wastewater treatment facility. Therefore, most northern communities
rely on sewage trucks for collection and transport of wastewater (Appendix B, 2016).

WSPs, in comparison to conventional wastewater treatment technologies, have several
advantages including ease of operation, lower cost, and lower maintenance. Therefore, they have
been employed in small, rural, and remote communities around the world as an economical and
sustainable alternative for treating wastewater (Al-Hashimi and Hussain, 2013; Verbyla et al.,
2016). WSPs attenuate organic and nutrient loads and have been reported to achieve excellent
pathogen removal efficiencies through naturally occurring biological, chemical, and physical
treatment mechanisms (Davies-Colley et al., 2005; Pearson et al., 2009; Bolton et al., 2010;
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Kadir and Nelson, 2014). However, Arctic environmental conditions such as short summers and
lower temperatures can greatly affect their performance, leaving them less effective than WSPs
operated in temperate or tropical climates (Mezrioui et al., 1995; Ouali et al., 2014). In Northern
Canada, the summer season is generally from middle of June to early September with an average
temperature of 7°C. The wastewater remains frozen in WSPs for the remainder of the year.
Pathogen removal is one area of WSP operation where Arctic environmental conditions pose
challenges.

Potential pathogens in wastewater effluents include various genera of bacteria, viruses, protozoa,
and helminth ova, whose presence in output wastewater can negatively affect receiving
environments and human health. Disinfection efficiency is evaluated through the assessment of
indicator organisms, typically E. coli, fecal coliforms (FC), or total coliforms (TC). Disinfection
in WSPs relies on environmental factors, such as sunlight, pH, dissolved oxygen (DO),
temperature, as well as attachment and sedimentation (Maynard et al., 1999; Awuah et al., 2001;
Fisher et al., 2012). Previous studies have noted that solar radiation is likely the most potent
factor contributing to disinfection in WSPs (Davies-Colley et al., 2005; Curtis et al., 1992; Maiga
et al., 2009), with sunlight inactivation more than one order of magnitude higher than dark
inactivation rates (Ouali et al., 2014; Sinton et al., 2002). The Northern sun, with an extended
photoperiod of 24 h of daylight in summers and a small azimuth, could highly influence
pathogen removal efficiency in Arctic WSPs. High pH and DO levels have commonly been
observed in facultative and maturation ponds due to algal activity. pH levels higher than 9 have
been reported to be effective in the inactivation or removal of indicator organisms, as high pH
can cause damage to the cell DNA (Davies-Colley etal., 2000; Awuah et al., 2002; Ansa et al.,
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2011;2012). An increase in DO concentration would likely increase the effect of photooxidation, and the light inactivation of E. coli and Enterococci have been reported to increase
with increasing DO concentrations (Davies-Colley et al., 1994). To date, studies linking
disinfection to temperature have been inconsistent in their findings (Mezrioui et al., 1995; Ouali
et al., 2014; Klock, 1971; Mancini, 1978; Flint, 1987; Pearson et al., 1987; Auer and Niehaus,
1993; Xu et al., 2002; Craggs et al., 2004).

Modelling disinfection can be useful for both optimizing performance and design considerations
in WSPs. Over the past 40 years, several models have been developed for predicting and
optimizing disinfection performance of WSPs, each considering a unique combination of
environmental factors (Ouali et al, 2014; Curtis et al., 1992; Xu et al., 2002; Marais, 1974;
Mayo, 1995). The first of these WSP disinfection models was the Marais model, which has
typically been used for maturation pond design (Marais, 1974). Existing models were generally
designed, calibrated and validated using data from temperate or tropical regions, which may not
be representative of cold climate WSP operations. To date, disinfection models have not been
developed specifically for cold climate WSP applications.

Wastewater treatment facilities in Nunavut are required to meet territorial effluent quality
criteria. These criteria are regulated by the NWB and are enforced by Indigenous and Northern
Affairs Canada (INAC). The discharge regulations vary on a case-by-case basis, with target
effluent concentrations ranging from 104–106 colony forming units per 100 mL (CFU/100 mL)
of E. coli. Previous studies on WSPs in Nunavut have found that discharged effluents
inconsistently meet the NWB criteria (Huang et al., 2014). Currently, there is limited data on the
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disinfection performance of single-celled WSPs under extreme climatic conditions such as those
found in the Arctic. In addition, the mechanisms affecting the performance of these systems
during the summer treatment season with respect to pathogen reduction need to be investigated
more fully. The objectives of this study were to monitor an Arctic WSP to assess its disinfection
performance and ability to meet regulatory effluent guidelines and to test existing disinfection
models using the data collected to determine whether these models represent the performance of
cold climate WSPs.

4.3 Materials and Methods

4.3.1 Study site

Pond Inlet (72°41′57″ N, 77°57′33″ W) is a small, predominantly Inuit community located on
northern Baffin Island, Nunavut, with a population in 2014 of approximately 1600. Pond Inlet
uses a single-cell WSP to treat its sewage. The WSP was designed to be a facultative pond with
depths ranging from 1.5 m to 3 m. Profile and plain views of the Pond Inlet WSP bathymetry are
shown in Figure 4.1, along with the sampling locations for this study. The estimated volume of
the pond is 100,000 m3 and the daily inflow is approximately 104 m3/d. The summer treatment
season is generally from the middle of June to early September, and the WSP is decanted directly
to the Arctic Ocean at the end of the treatment season, prior to freezing.

119

(a)

(b)

Figure 4.1. Profile and plain views of the bathymetry of the Pond Inlet WSP. (a) Profile
view of the bathymetry of the Pond Inlet WSP; (b) Plan view with sampling locations.
Figure 4.1. Profile and plain views of the bathymetry of the Pond Inlet WSP. (a) Profile
view of the bathymetry of the Pond Inlet WSP; (b) Plan view with sampling locations.

4.3.2 Assessment of water quality

Two trips to Pond Inlet were made in the summer of 2015, at the end of July and then again at
the end of August in the final weeks of the treatment season. During each visit, five continuous
days of sampling were undertaken. Six locations throughout the pond were selected for the
collection of grab samples (500 mL for each location) and water quality and solar irradiance
measurements. Raw wastewater samples were also collected from sewage trucks to represent the
influent to the pond.
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For all the sampling events, downwelling irradiance was measured from 290 nm to 700 nm using
a calibrated JAZ-EL200-XR1 spectrometer suite manufactured by Ocean Optics (Largo, FL,
USA). Measurements were recorded with smaller depth increments near the surface, as UV is
sharply attenuated through the water column. Measurements were taken every 1 cm for the first 5
cm, followed by 5 cm increments thereafter, until a signal was no longer observed. Temperature,
DO and pH were measured using a HydroLab DS5 - Multiparameter Data Sonde (Sutron,
Sterling, VA, USA) unit within 10 cm of the water surface at each sampling location, as well as
in raw samples.

4.3.3 Detection of indicator organisms

The effectiveness of pathogen removal in wastewater treatment is typically assessed through
routine monitoring of the final effluent for the presence of indicator organisms such as E. coli,
fecal coliforms or total coliforms. E. coli, other coliforms than E. coli, and total coliforms were
measured during the July and August 2015 trips, to examine the disinfection performance of the
WSP system at the beginning and end of the summer treatment season. Culture and enumeration
of indicator organisms were carried out using the membrane filtration method according to the
Standard Methods for the Examination of Water and Wastewater (Rice et al., 2012). Chromocult
coliform agar was used to prepare agar plates. The agar plates were able to differentiate E. coli
(violet to blue colonies) from other coliforms (red colonies). TC were calculated as a sum of both
E. coli and other coliforms. Samples were filtered with a filtration kit. The plates were cultured
at a temperature of 37°C for 24 h. Subsequently, the E. coli and total coliform colonies were
enumerated.
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4.3.4 Modelling disinfection

Data sets were extended using interpolation via simple linear regression in order to compare
predictions from existing models. The line of best fit was calculated using the least squares
method for pH, DO, and temperature data. Artificial variability was generated with random noise
from a normal distribution using the standard deviation of each data set. The result is shown in
Figure 4.2.

Hourly sunlight data was interpolated by first using simple linear regression with the measured
downwelling irradiance between the two sampling events. These measurements were taken
roughly at noon. The line of best fit was calculated using the least squares method and random
noise was used for variation. During Arctic summers, the hours of daylight extend to nearly 24 h
a day. However, there is still hourly variation in sunlight intensity, and this variation intensifies
toward the end of the treatment season as the number of sunlight hours decreases. Hourly
variation in sunlight at the pond surface was approximated by Equation (4-1).

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

= !! sin

!!!"
!"

!

!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-1)

where Io in W/m2 was the hourly downwelling irradiance, Si was the daily peak irradiance
measured at the surface of the pond in W/m2, t was the time where i was the day, j was the hour.
If there was sunlight at the jth hour of the ith day, then tij = tij. If there was no sunlight at the jth
hour of the ith day, then tij = 0.
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Figure 4.2. Synthesized data for pH, DO and temperature based on statistics of collected
data of sampling events 1 and 2.

The simulations were performed from 26 July to 1 September for a total of 38 days. Figure 4.1(a)
shows the measured bathymetry of the pond. However, the geometry was approximated as a
cylinder, as shown in Figure 4.3, to simplify calculations.

Figure 4.3. Approximated geometry of the Pond Inlet WSP for ease of calculations.
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The controlled discharge WSP had no outflow until the decant period prior to freezing. As such,
the water level increased over the course of the treatment season, making this a non-steady-state
hydraulic model. The volume of wastewater in the WSP at a given point in time (Vi in m3) is
given by Equation (4-2).

!! = !!!! + (!!" − !!"# )∆!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-2)

Where i was the day, Qin was the flow rate into the pond in m3/d, Qout was the wastewater
outflow in m3/d, and ∆t was the time step of 1 day. Qout was zero because there was zero outflow.
It was assumed that the daily inflow was pumped into the pond in a single event, daily at noon.
The equation became:

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

= !!!! + (!!" )∆!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-3)

Changes in volume due to infiltration, evaporation, and precipitation were considered negligible
and outside the scope of this study due to the lack of available data.

The spatial (horizontal) variation of indicator concentrations, pH, DO, and temperature in the
pond were found to be minimal, and therefore a continuously stirred tank reactor (CSTR) model
was employed. In addition, the low length to width ratio of the WSP supported the use of a
CSTR model (Von Sperling, 2005). In addition, CSTRs have been shown to yield more
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conservative estimates for disinfection performance, which is safer for design (MacDougall,
2017).

First order models to represent disinfection in WSPs have been developed using first order
kinetics by Chick’s Law.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Where C was the bacteria indicator concentration in CFU/100mL, t was the time in h or d, and k
was the mortality constant in h-1 or d-1. Models have been developed to predict the mortality
constant. Generally, the equation for the mortality constant was of the following form:

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

= !! + !! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4-5)

or (Xu et al., 2002)
!! = ! !! ! !" !
where k was the mortality constant in h−1 or d−1, kd and ks were the dark and the irradiance
disinfection rates, I was the total solar irradiance incident upon the pond surface in W/m2, and x
was the irradiation coefficient in J/cm2/d. The models considered in this study and the parameters
used to predict the mortality rate are shown in Table 4.1 and have been previously reviewed
elsewhere (MacDougall, 2017). The first disinfection model for WSPs was developed by Marais,
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and it included only temperature and sunlight as factors for predicting disinfection (Marais,
1974). However, there has been some contention as to whether temperature is one of the most
influential factors in pathogen removal as the relationships between temperature and pathogen
removal have been found to be highly variable (Pearson et al., 2009; Ouali et al.,2014; Klock,
1971; Pearson et al., 1987). Curtis et al., Auer and Niehaus, Mayo, and Xu included other
important disinfection mechanisms and factors, such as pH, DO, and sedimentation, to their
disinfection models (Curtis et al., 1992; Auer and Niehaus, 1993; Xu et al., 2002;Mayo, 1995).

Table 4.1. Disinfection models predicting total coliform concentrations and the parameters
they incorporate.
Authors

Parameters

(Curtis et al., 1992)

pH, DO, sunlight

(Auer & Niehaus, 1993)

Sedimentation, depth-averaged sunlight

(Mayo, 1995)

pH, sunlight

(Xu et al., 2002)

temperature, depth-averaged sunlight
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4.4 Results

4.4.1. WSP performance

Figure 4.4 (a) and (b) show the attenuation of photosynthetically active radiation (PAR) (400–
700 nm) and UV (290–400 nm) irradiance respectively in the Pond Inlet WSP. Approximately
80% of PAR was attenuated within the first 5 cm in water column, and over 90% was attenuated
within the first 10 cm. There was no PAR detection below 15 cm from the water surface. On the
other hand, UV irradiance was attenuated more readily, with greater than 99% attenuated within
the first 5 cm of the water column, and no UV detection below 5 cm. The attenuation coefficient
(Kd) is an indication of how easily light penetrates the water column with depth. In this study, the
average Kd for PAR and UV were 29 m−1 and 80 m−1, respectively. The results aligned well with
other findings, where UV light was reported to be attenuated within the first few centimeters of
the water column and may not contribute significantly to overall pathogen removal (Kadir and
Nelson, 2014; Curtis, et al., 1994; Kohn and Nelson, 2007). Rather, it is likely that the longer
wavelength, PAR, which penetrate deeper into the water column, could contribute more
effectively to disinfection via exogenous photo-oxidation (Kadir and Nelson, 2014).
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(a)

(b)

Figure 4.4. Light attenuation as a function of depth in the Pond Inlet WSP. (a) Spatial and
temporal average of attenuation of PAR irradiance; (b) Spatial and temporal average of
UV irradiance.

The concentrations of E. coli, other coliforms and TC in the influent and effluent are shown in
Table 4.2. Overall, the single-celled system achieved 0.76–1.28 log removal of E. coli, 0.81–1.00
log removal of other coliforms and 0.79–1.02 log removal of TC during the monitoring period of
this study. In comparison to WSPs operated in temperate and tropical regions, 2–6 log removal
of bacterial indicator organisms has generally been commonly achieved (Reinoso et al., 2011;
Tyagi et al., 2011). The log removal of E. coli, other coliforms, and TC was higher in the August
sampling event than in the July sampling event. This might be due to the long retention time in
the WSP between the two sampling events and other pathogen removal mechanisms such as
attachment and sedimentation. The second August sampling event took place one week prior to
decant, and the average E. coli concentration in the pond was 1.3 × 106 CFU/100 mL, a level
which exceeded the NWB discharge standards of 104 to 106 CFU/100 mL.
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Table 4.2. Concentrations of indicator organisms in the influent and effluent of Pond Inlet
WSP.
Trip 1 (July)
Indicator organisms
E. coli
(CFU/100mL)
Other coliforms
(CFU/100mL)
TC (CFU/100mL)

Influent

Effluent

Trip 2 (August)
Log removal

Influent

Effluent

Log removal

5.1 x 106

8.9 x 105

0.76

2.5 x 107

1.3 x 106

1.28

1.8 x 107

2.8 x 106

0.81

1.1 x 108

1.1 x 107

1.00

2.3 x 107

3.7 x 106

0.79

1.3 x 108

1.23 x 107

1.02

4.4.2. Comparative analysis of disinfection models

Models were evaluated based on their sensitivity to replicate important trends in the observed
data and their ability to accurately forecast concentrations of fecal coliform in the pond.

Generally, models over-estimated the disinfection performance of the WSP by an order of
magnitude or more, as shown in Figure 4.5. This includes the Marais model, which is commonly
used for designing WSPs for disinfection (Marais, 1974). This likely resulted from two things:
first, the variables (e.g., temperature, pH) extended beyond the range for which the models were
designed, and second, the use of surface irradiance for quantifying the effect of sunlight rather
than depth-averaged irradiance.
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Figure 4.5. Observed FC concentrations (CFU/100mL) compared with predicted
concentrations by various disinfection models over the treatment season.

The TC concentration in the Pond Inlet WSP increased between the July and August sampling
events by nearly an order of magnitude. The decrease in pH, sunlight, and temperature were
likely responsible for this observed trend. This increase in concentration corresponded to
decreasing mortality rates, k, in the models as shown in Figure 4.6. The Xu et al. (2002) and
Auer and Nienhaus (1993) models showed an increase, rather than decrease, in mortality rate
over the course of the treatment season, while models that incorporated both sunlight and pH
values predicted a decreasing mortality rate. This would suggest that exogenous photo-oxidation,
which requires sunlight irradiance as well as a high pH, would be an important disinfection
mechanism in Northern WSPs.

130

Figure 4.6. Predicted mortality rate constants (k) of the 5 different models.

4.5. Discussion

Sunlight inactivation of pathogens has been reported to occur as a result of three mechanisms:
direct DNA damage by UV-B wavelength (280–320 nm), indirect endogenous damage caused by
UV-B, and indirect exogenous damage involving UV-A (320–400 nm), UV-B, and PAR
wavelengths (Davies-Colley et al., 2000). The latter two mechanisms are known as photooxidation, which is a process where endogenous or exogenous sensitizers absorb light and
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transfer this energy to other molecules, catalyzing the formation of reactive oxygen species
(ROS), which are toxic to microorganisms.

The results suggested minimal sunlight disinfection, which would only be effective at the surface
of the pond. This was likely due to the high turbidity in the pond, as suspended solids and algal
biomass are known to be two major constituents that influence the attenuation coefficient of
WSPs (Heaven et al., 2005). Heaven et al. examined the overall attenuation coefficient (Kd) for a
range of suspended solid and algal concentrations, and found that the typical range varies
between 5–25 m−1. This finding corresponds well with the results obtained in the Pond Inlet
WSP (Heaven et al., 2005).

The influent parameters were very similar for each of the sampling events. The influent pH was
7.3. The pH in the pond during the July sampling event was 9.4, which could be attributed to
algal activity. Algal blooms were observed during the July sampling event, but not during the
August sampling event, when the pH was 7.4, which was very similar to the influent pH. Algal
activity was most likely influenced by temperature and sunlight as the water temperature
decreased from 17.5°C (July) to 7°C (August). Hence, it is likely that the lower temperature and
reduced sunlight inhibited algal growth during the August sampling event.

It should be noted that the models included in this study (Table 4.1) were designed, validated,
and calibrated with data collected from lower latitudes, in both temperate and tropical climates,
rather than the Arctic. Frequently, the climatic parameter values recorded at Pond Inlet,
particularly temperature and sunlight irradiance, were lower than those used to develop the
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models. For instance, the average daily peak surface irradiance in Pond Inlet was approximately
250 W/m2. Compare this to irradiance values of 429–1096 W/m2 used to calibrate the Curtis et
al. model (Curtis et al., 1994). Extrapolating models can be difficult and unreliable. The Xu et al.
model most closely replicated the performance of the Pond Inlet WSP (Xu et al., 2002). This
model was developed using year-round data from a pond in Noirmoutier, France. The winter
climate in Noirmoutier is similar to the summer treatment season in Pond Inlet. Depth-averaged
irradiance can be calculated by the following Equation:!

!

!
!! = !"
(1 − ! !!" )

(4-6)

where I was the depth-averaged irradiance in W/m2, I0 was the surface irradiance, K was the light
attenuation coefficient, and Z was the depth of the WSP. This relationship incorporates both the
depth of the pond and turbidity as being factors to consider for sunlight-mediated disinfection.
Curtis et al. strictly considered surface irradiance and was designed using clear tertiary
wastewater (Curtis et al., 1994). As such, it would tend to over predict sunlight-mediated
disinfection rates in the Pond Inlet WSP, which is effectively a single-celled primary pond with
high turbidity. Moreover, as sunlight hours and pH decrease approaching the end of the treatment
season, the model becomes unstable and greatly under-predicts disinfection performance in the
Pond Inlet WSP. Hence, this model may be impractical for a number of Arctic communities that
only have single or two-staged WSP systems with turbid wastewater.
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4.6. Conclusion

This study investigated disinfection performance in an Arctic WSP. In order to maximize the
disinfection power of the sun, a wastewater system could be designed with multiple cells in a
series. This ecological engineering strategy would allow solids and organic material to settle in
the primary cell, allowing sunlight to penetrate further into the water column in the lower
turbidity water of the secondary cell. The comparative analysis of disinfection models showed
that current models present challenges predicting disinfection performance in WSPs. Hence, a
new model should be developed for Arctic application that considers relevant parameters, such
as sunlight, temperature, pH, DO and sedimentation and is calibrated with appropriate ranges of
those parameters. In addition, sunlight should be quantified using depth-averaged irradiation in
order to make the model more widely applicable.
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Chapter 5
The Role of Algae in the Removal and Inactivation of Pathogenic Indicator
Organisms in Wastewater Stabilization Pond Systems

5.1 Abstract

Wastewater stabilization ponds (WSPs) are an economical alternative to conventional
wastewater treatment technologies. They are commonly favored by small and rural communities.
Due to long hydraulic retention time required by the treatment in these systems, algal activity is
often expected during summer season. This study investigated the effects of algal growth on the
removal and inactivation of pathogenic indicator organisms in WSP systems. Two predominant
algae species (Mougeotia sp. and Hydrodicty sp.) that were found in Amherstview WSP were
able to increase both pH and DO. The highest inactivation rates of both E. coli and total
coliforms (TC) were observed at pH 10.5 compared to other pH (4, 8, 8.5, 9.5) investigated in
the bench-scale experiments. Both high (20mg/L) and low DO (1 mg/L) levels can facilitate the
removal and inactivation of both E. coli and TC. Enterococci were significantly reduced at both
intermediate (8.6 mg/L) and high (20 mg/L) DO concentrations. Therefore, the presence of algae
can potentially promote the removal of E. coli, TC and Enterococci. Much higher inactivation of
E. coli, TC and Enterococci at a higher temperature (20°C) than at a lower temperature (4°C)
indicates temperature is one the most important removal factor. Two potential/additional
indicator organisms (Enterococci and Clostridium perfringens (C. perfringens)) exhibited
different inactivation trends than the traditional indicators (E. coli and TC) under the same pH
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and DO conditions. C. perfringens were tolerant to all the tested pH, DO and temperature
conditions. Their resistance to environmental stresses may pose potential health risk. Hence, both
Enterococci and C. perfringens could be potentially used as indictor organisms to predict the
overall level of pathogens in treated wastewater.

5.2 Introduction

Wastewater stabilization ponds (WSPs) are environmentally sustainable ecosystems that require
lower energy inputs and maintenance compared to conventional forms of wastewater treatment
(Bolton et al., 2010; Kadir and Nelson, 2014). As such, they have become a popular alternative
to conventional technologies, especially in small, rural and remote regions. However, the
performance of WSPs is highly dependent on environmental and climatic conditions, hence, the
treatment efficiency can be sensitive to both location and season.

Maturation WSPs, with depth of 1-1.5 m, are designed for disinfection and are often
implemented as a tertiary polishing step in wastewater treatment. Over the past two decades, one
of the research interests in WSPs has been to understand the mechanisms of pathogen removal in
these systems. Previous studies have shown that the main factors contributing to disinfection in
WSP systems are: sunlight, pH, dissolved oxygen (DO), temperature, nutrient limitation, water
depth, hydraulic retention time, attachment, sedimentation and predation (Curtis et al., 1992;
Davies-Colley et al., 1999; Awuah, 2006; Sengupta et al., 2011; Ansa et al., 2012; Kadir and
Nelson, 2014; Ouali et al., 2014; Moumouni et al., 2016; Wallace et al., 2016).
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As a result of the long hydraulic retention times associated in these systems, algal activity is
often expected during warmer seasons. Consequently, high dissolved oxygen (DO) (~ 15 mg/L)
and pH levels (~ 9.5) are often observed in WSPs containing algae (Curtis et al., 1992; Bolton et
al., 2010; Wallace et al., 2013; Liu et al., 2016). It has been noted in the literature that pH and
DO are two important factors that can affect the removal and inactivation of pathogenic
microorganisms in WSPs (Curtis et al., 1992; Davies-Colley et al., 2000; Ansa et al., 2012). The
presence of algae may influence the various treatments occurring in WSP systems, such as
nutrient removal and pathogen removal (Wallace et al., 2016).

Escherichia coli (E. coli), fecal coliforms and total coliforms are common indicator organisms
that are used to assess the quality of treated wastewater and determine the presence of pathogenic
microorganisms (Jamieson et al., 2004; Boutilier et al, 2009). Their presence can be a good
indication of fecal contamination. However, the limitations associated with the use of traditional
fecal indictor organisms have been recognized in the literature; particularly as they can
sometimes be limited in their ability to represent overall pathogen levels (Burkhardt III et al.,
2000; Len et al., 2000; Molleda et al., 2008). A number of potential indicator organisms have
been proposed as representative of pathogenic microorganisms in addition to those traditionally
employed. Enterococci are one of the potential indicator organisms that have been reported to
have better survival rates than fecal coliforms at high pH. In a bench scale study using grab
samples of sewage obtained from the Academic Board of Wageningen University treatment
plant, Awuah (2006) observed that Enterococci could survive at pH levels as high as 11.
Therefore, the use of E. coli, fecal coliforms or total coliforms as indicators may under predict
the presence or concentration of Enterococci, especially under high pH conditions. Clostridium
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perfringens (C. perfringens), an anaerobic, spore-forming bacteria found in high concentrations
in human and animal feces, has been recently used as an additional indicator. Its spore phase is
considered highly resistant to environmental conditions, as well as conventional disinfection
processes, whereby, Dunlop et al. (2008) found that the inactivation rate of E.coli was one order
of magnitude greater than that of C. perfringens. Therefore, it was suggested that rather than E.
coli, this microorganism could be used to predict the presence of resistant protozoan and
helminthic pathogens such as Cryptosporidium, Giardia and helminth eggs (Lanao et al., 2010;
Abreu-Acosta and Vera, 2011; Mosteo et al., 2013). However, a comprehensive understanding
of how these indicator organisms would respond to different pH, DO and temperature conditions
is missing in the literature.

The main objective of this study was to investigate the indirect effect of algae on the removal
and inactivation of traditional (E. coli and total coliforms) and alternative indicator organisms
(Enterococcus and C. perfringens). Bench scale experiments were conducted to examine whether
the presence of algae could be responsible for the high pH and DO levels in WSP systems, then
to assess the effect of the high pH and DO conditions on the removal and inactivation of both
typical and potential indicator organisms.
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5.3 Material and Methods

5.3.1. Source of wastewater samples

Wastewater samples were collected from Amherstview water pollution control plant (WPCP) in
eastern Ontario. The plant consists of primary treatment, secondary aeration tanks, and two in
series, baffled facultative WSPs, followed by a constructed wetland (Figure 5.1). The WPCP
treats approximately 3,500 m3/day of municipal wastewater. The two WSPs have operating
depths of 1.61 m and 1.42 m (Wallace et al, 2016). Hydraulic retention times (HRTs) were
estimated to be 16 and 8 days (Wallace et al, 2016). The engineered surface-flow wetland was
constructed in 2016 and was not fully operational at the time of this study. The two baffled
WSPs were designed for disinfection, while the wetland system was designed and implemented
to attenuate high pH effluent following treatment in the WSPs. Algal samples were collected in
Pond #1, while wastewater samples used for bench pH, DO and temperature tests were collected
from the secondary effluent, which had been treated through primary treatment, secondary
aeration tanks as well as a secondary clarifier.
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Figure 0.1. The schematics of the Amherstview WPCP.

5.3.2. Algae cultivation experiments

At the Amherstview WPCP, algal blooms are typically observed to start in early June. During the
warmer months, from June to September, pH generally ranged from 9.5 to 11 (Liu et al., 2015).
Two types of algae were found to be predominant in Pond #1. One was Hydrodicty sp., also
known as Water Net algae, and tended to float on the water surface. The other one was
filamentous aglae, Mougeotia sp. which preferentially attached to the macrophytes in the WSP.
A Nikon SMZ25 microscope (Nikon Instruments Inc., USA) was used to take images of algae.
Microscopic images of both algae are shown in Figure 5.2. These two types of algae were
collected from Pond #1 on August 17, 2016, and transported to the laboratory in a cooler packed
with ice. They were washed five times with autoclaved DI water and cultivated in Bold’s Basal
Medium (BBM) separately for 6 days at room temperature (~20°C). BBM was prepared based
on the recipe provided by Dunstaffnage Marine Laboratory, Oban, UK. Their recipe was
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modified for culturing algae and protozoa, and is presented in Appendix I. Three 500-mL Mason
jars, each containing 400 mL of BBM and 10 g algae, were prepared for each type of algal. A jar
of BBM only (without any algae samples) was also maintained as a control. pH and DO levels
were monitored daily using a HQ40d portable multi-parameter (Hach, Loveland, CO).

(a)

(b)

Figure 0.2. Microscopic images (40X) of two algae, Hydrodicty sp. (a) and Mougeotia sp. (b),
isolated from the Amherstview WSP system.

5.3.3. pH experiments

The purpose of the laboratory pH experiment was to assess the effect of pH alone, on the
inactivation of indicator organisms. A grab sample was collected from the treatment plant
secondary effluent, which is the influent to the first WSP. Seven Liters of the wastewater grab
sample was distributed equally into fifteen 500-mL Mason jars. All Mason jars were autoclaved
before use. Five different pH conditions (4, 8, 8.5, 9.5 and 10.5) were tested in triplicate. pH was
adjusted daily with 0.2N HCl and 0.2N NaOH solutions as required. All the jars were placed in
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an incubator (Thermo Scientific Refrigerated Incubator) with the temperature of 20 °C and with
a light intensity of 3400 Lux, measured with a REED LM-81LX Compact Light Meter (Reed
instruments, Canada), and DO was kept at 8.5 mg/L by bubbling air using aquarium air diffusers.
The concentrations of indicator organisms were measured on days 1, 3, 5, 7 and 9.

The indicator organisms selected for this study were E. coli, total coliforms, Enterococci and C.
perfringens. Their concentrations were quantified using the membrane filtration technique
(Clesceri et al., 1998), and culture medium (Chromocult Coliform Agar (Merk, Germany),
Chromocult Enterococci Agar (Merk, Germany), and m-CP Agar base for microbiology (Mil
lliporeSigma, Canada) (Reinoso et al., 2011; Mosteo et al., 2011; Ouali et al, 2014). Plate
counting was performed after a 24-hour incubation period at 37°C for E. coli, total coliforms and
Enterococci, and a 48-hour anaerobic incubation at 44°C for C. perfringens in an anaerobic jar
(MillliporeSigma, Canada). In this study, the “inactivation” and “removal” of indicator
organisms referred to the disappearance of culturable colonies. The detection limit was 1
CFU/100 mL. If no culturable organisms were found in 100 mL sample, the concentration was
noted as zero.

5.3.4 DO experiments

Three DO levels of 1, 8.5 and 20 mg/L were investigated to simulate low, intermediate (control)
and high DO concentrations. pH and temperature were maintained at 7 and 20°C, respectively. A
secondary effluent sample was collected from the wastewater treatment plant. Three replicates of
each DO condition were prepared. A sample volume of 400 mL was transferred into each of nine
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500-mL Mason jars. Low, intermediate and high DO conditions were maintained by constantly
bubbling N2, air and O2 using aquarium air diffusers, respectively. The concentrations of
indicator organisms were measured on days 1, 3, 7, 9, 11 and 13.

5.3.5 Temperature experiments

The inactivation and removal of indicator organisms were measured at room temperature (20°C)
to simulate warmer season, and at an incubator temperature of 4°C to simulate colder season. A
grab sample from Amherstview WPCP secondary effluent was obtained. Sample volume of 400
mL was used in each Mason jar. Both temperature condition experiments were conducted in
triplicate. pH and DO were kept at 7 and 8.6 mg/L, respectively. The concentrations of indicator
organisms were measured on days 1, 3, 5, 8, 10, 13 and 15.

5.3.6 Statistical analysis

t-test is most commonly applied when the test statistic would follow a normal distribution. The ttest was used to determine if two sets of data are significantly different from each other for
different pH, DO and temperature conditions.
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5.4 Results and Discussion

Over a monitoring period of 6 days, pH and DO were noted to increase from 6.2±0.1 to
10.1±0.3, and from 6.1±0.1 to 9.1±0.2, respectively, in Mougeotia sp. jars (Figure 5.3).
Similarly, in the Hydrodicty sp. jars, pH increased from 6.0±0.1 to 9.0±0.3, and DO from
6.2±0.1 to 7.5±0.4 (Figure 5.4). In the control Mason jar, pH varied between 5.9 and 6.2, while
DO fluctuated between 5.8 and 6.2 (Figure 5.5). The increases in both pH and DO were
considered significant compared to the control (p<0.05). There were significant increases in both
pH (p<0.05) and DO (p<0.05) in both Hydrodicty sp. and Mougeotia sp. jars. This experiment
confirmed that the two predominant algal species found in Pond #1 were likely responsible for
the high pH and DO levels observed in Pond #1.
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Figure 0.3. Changes in pH and DO over a 6-day period in the Mason jars containing
Mougeotia sp. and BBM. Average pH and DO levels presented in this figure were
calculated from three replicate jars. Error bars represent standard deviation.
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Figure 0.4. Changes in pH and DO over a 6-day monitoring period in the Mason jars
containing BBM and Hydrodicty sp.. Average pH and DO levels presented in this figure
were calculated from three replicate Mason jars. Error bars represent standard deviation.
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Figure 0.5. Changes in pH and DO over a monitoring period of 6 days in the control jar
containing BBM alone.
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The inactivation of four indicator organisms (E. coli, total coliforms, Enterococci and C.
perfringens) was tested under five pH conditions, pH 4, 8, 8.5, 9.5, 9.5 and 10.5. The initial
concentrations of E. coli, total coliforms, Enterococci and C. perfringens in the secondary
effluent were 3.16, 4.75, 3.44 and 3.17 log CFU/100 ml, respectively. The original sample with a
pH of 8 was used as a control in this study. Inactivation rates of indicator organisms were
estimated by the first order rates constants, k, which was calculated by using Equation (1)
(Kadlec and Knight, 1996; Boutilier et al., 2009):

ln

!!
!!

= ! −!"

(1)

where C0 is the initial concentration (CFU/100 mL), and Ct represents the concentration
(CFU/100 mL) at time, t.

The inactivation of the selected indicator organisms throughout the 9 days of exposure to
different pH levels is compared in Figure 5.6. Table 5.1 summarized the inactivation rates of the
four indicator organisms under the different pH conditions. First order inactivation rate constants
for E. coli ranged from 0.11 day-1 at pH 8 to 0.19 day-1 at pH 10.5. Inactivation rates for total
coliforms varied between 0.08 day-1 at pH 8 and pH 8.5 and 0.12 day-1 at pH 10.5. In general, the
inactivation rates of both E. coli and total coliforms increased with an increase in pH. However,
no significant differences (p>0.05) between the tested pH were found. These observations were
consistent with the studies done in the literature. In a study by Mezrioui et al. (1995), it was
found that pH of 8 and 8.8 (tested pH include 6.6, 7.3, 8 and 8.8) inhibited the survival of E. coli.
David-Colley et al. (1999) found that the inactivation rate of E. coli increased when pH was
151

above 8.5. A study by Awual et al. (2006) also reported that no significant difference in decay
rates of fecal coliforms at pH levels of 5, 7, 9 and 10, and under both sunlight and dark
conditions. In a previous study, Liu et al. (2015) reported a strong and negative correlation
between pH and E. coli concentrations over a monitoring period of 5 years at the Amherstview
WPCP and during this monitoring period, E. coli concentrations tended to increase when pH
decreased below 8. At pH 10.5, it was noted that there was a sharp decay with the inactivation
rate of 0.30 d-1 for E. coli and 0.23 d-1for total coliforms during first 3 days.

Table 0.1. Inactivation rates of four indicator organisms at different pH levels. (DO was at
8.6 mg/L and temperature was at 20°C)
E. coli,

Total coliforms,

Enterococci,

C. perfringens,

d-1

d-1

d-1

d-1

pH 8

0.11

0.08

0.17

-0.01

pH 8.5

0.12

0.08

0.22

-0.01

pH 9.5

0.11

0.09

0.11

-0.01

pH 10.5

0.19

0.12

0.07

-0.01

pH 4

0.16

0.11

*

-0.01

*Final concentration was below detection limit of 1 CFU/100mL.

Unlike E. coli and total coliforms, a higher removal and inactivation of Enterococci was
observed at pH 4 and pH 8.5. There were no Enterococci detected after day 3 at pH 4. This
observation could challenge the use of E. coli and total coliforms to represent pathogenic
Enterococci as these organisms showed different responses to various pH conditions.
Inactivation of E. coli increased with increasing pH while in contrast, Enterococci was noted to
exhibit similar rates of inactivation at all pH levels (Davies Colley et al., 1999; Nelson et al.,
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2009; Ouali et al., 2014). Awuah (2006) also reported that low pH (pH 4 and 5) had a more
bactericidal effect on Enterococci in domestic wastewater than alkaline conditions. Sporeforming bacteria, C. perfringens, showed resistance to all the pH levels investigated during the
test period. They may require a longer period of time to be inactivated or pH is not a significant
removal mechanism for C. perfringens.
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Figure 0.6. Inactivation and removal of E. coli (a), total coliforms (b), Enterococci (c) and
C. perfringens (d) in the secondary effluent wastewater collected from the Amherstview
municipal WPCP, over a 9-day period during exposure to pH levels of 4, 8, 8.5, 9.5 and
10.5.

The effects of different DO concentrations on the removal and inactivation of indicator
organisms were also investigated in this study. Table 5.2 presents the inactivation rates of the
four indicator organisms at low, intermediate and high DO levels. Figure 5.7 shows the
concentrations of E. coli, total coliforms, Enterococci and C. perfringens at different DO levels
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over the 13-day testing period. The highest inactivation rates for both E. coli and total coliforms
were observed at the high DO concentration of 20 mg/L (Figure 5.7 (a) and (b)). Among the
selected indicator organisms, E. coli, total coliforms and Enterococci are facultative anaerobes,
while C. perfringens are obligate anaerobes. Facultative anaerobes can metabolize either
aerobically or anaerobically; however these organisms prefer aerobic conditions as aerobic
respiration generates more adenosine triphosphate (ATP) than either fermentation or anaerobic
respiration. This could explain why comparatively low inactivation rates were generally found
under intermediate DO condition of 8.5 mg/L for both E. coli and total coliforms, while high DO
concentrations could promote the removal of these two microorganisms. However, no significant
differences (p>0.05) between the DO concentrations were found. David-Colley et al. (1995) also
observed a synergistic increase in inactivation of E. coli when both DO and pH increased. The
light inactivation of E. coli and Enterococci have been reported to increase with increasing DO
concentrations (Curtis et al., 1992; David-Colley et al., 1995; Ouali et al., 2014).

For the removal and inactivation of Enterococci, a higher inactivation rate was found at high and
intermediate DO concentrations. The Enterococci species obtained from the secondary effluent
appeared to exhibit a higher growth rate at lower DO concentrations. Moreover, a significant
difference was found between low DO and high DO (p=0.004). As such, this would suggest that
when DO was enhanced by algal photosynthesis during warm season, it could facilitate the
inactivation of Enterococci. Although C. perfringens are obligate anaerobes, and oxygen can be
considered toxic to them, they showed a minimum inactivation rate of 0.01 day-1 at high DO
concentration over the monitoring period of 13 days. This again shows the resistance to
environmental stresses of C. perfringens.
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Table 0.2. Inactivation rates of four indicator organisms at low (1 mg/L), intermediate (8.6
mg/L) and high DO (20 mg/L) levels (pH was at 7 and temperature was at 20°C).

Control

C. perfringens, day-1

E. coli,

Total coliforms,

Enterococci,

day-1

day-1

day-1

0.05

0.02

*

-0.01

*

*

*

0.01

*

*

0.01

0.00

(8.6 mg/L)
High DO
(20 mg/L)
Low DO
(1 mg/L)

*Final concentration was below detection limit of 1 CFU/100mL.
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Figure 0.7. Inactivation and removal of E. coli (a), total coliforms (b), Enterococci (c) and
C. perfringens (d) in the secondary effluent wastewater collected from the Amherstview
municipal WPCP over a 13-day period when they were exposed to low, intermediate and
high DO levels. Temperature were maintained at 20 °C.

Two temperatures (4°C and 20°C) were selected to simulate the cold and warm seasons, and to
assess their effects on the removal and inactivation of indicator organisms. Figure 5.8 shows the
concentrations of E. coli (a), total coliforms (b), Enterococci (c) and C. perfringens (d) under
warm (T=20 °C) and cold (T=4 °C) temperatures over a monitoring period of 15 days.
157

The inactivation rates of E. coli were - 0.02 day-1 at 4°C and 0.11 day-1 at 20°C, while for total
coliforms, the inactivation rates ranged from -0.01 day-1 and 0.03 day-1, respectively. There was
no Enterococci colony detected on day 12 under the 20°C condition and the inactivation rate for
the first 10 days was 0.23 day-1. Meanwhile, the inactivation rate of Enterococci at 4°C was 0.05
day-1. The concentrations of E. coli, total coliforms and Enterococci were generally significantly
reduced at 20°C compared to at 4°C (p<0.05). This finding agrees with observation made by
several researchers as they have reported increased removal efficiencies of fecal coliforms at
higher temperatures (Polprasert et al., 1983; Pearson et al., 1987a,b; Barzily and Kott, 1991;
Ouali et al., 2014). In a study by Mezrioui et al. (1995), fecal coliforms were reduced by 98.95%
during the warmer seasons and by 94.91% during the cold seasons in a WSP system, operating in
Marrakesh, Morocco. This system consisted of an anaerobic and an aerobic pond in series. They
also found that when temperature was increased from 8°C to 23°C, the removal rate of E. coli
also increased. For C. perfringens removal in this study, they were generally tolerant to the wide
range of temperature during a 15-day test period.
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Figure 0.8. Inactivation and removal of E. coli (a), total coliforms (b), Enterococci (c) and
C. perfringens (d) in the secondary effluent wastewater collected from the Amherstview
municipal WPCP over a 15-day period when they were exposed warm (T=20°C) and cold
(T=4°C) temperatures.

5.5 Conclusion

This study investigated the effects of pH (4, 8, 8.5, 9.5 and 10.5), DO (1, 8.5 and 20 mg/L) and
temperature (4 °C and 20 °C) on the inactivation and removal of four indicator organisms (two
traditional ones and two potential ones). Both algae (Mougeotia sp. and Hydrodicty sp.) that
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were collected from the Amherstview WSP were noted to increase both pH and DO when
cultivated under laboratory conditions. Their presence are believed to contribute to the high pH
and DO levels in the WSP system.

The inactivation of E. coli and total coliforms were found to increase with increasing in pH. The
highest inactivation rates were observed at pH 10.5. Intermediate DO level appeared to support
the survival of both E. coli and total coliforms, while both high and low DO levels could
facilitate their removal and inactivation. Enterococci were significantly reduced at both
intermediate and high DO concentrations. This would suggest that the presence of algae leading
to high DO concentrations could potentially promote the removal of E. coli, total coliforms and
Enterococci.

Two additional indicator organisms (Enterococci and C. perfringens) showed different
inactivation trends compared to traditional indicator organisms. C. perfringens were tolerant to
the pH, DO and temperature ranges investigated. This would suggest that E. coli and total
coliforms are limited in their ability to represent the presence and concentration of Enterococci
and C. perfringens. This finding supports the literature where they have been suggested to be
potential indicator organisms of pathogens in addition to E. coli, fecal coliforms and total
coliforms.

Disinfection efficiencies should be expected to exhibit seasonal variations in WSP systems
operated in temperate climates. Higher removal efficiencies of indicator organisms would be
expected during the warmer seasons, which will continue to pose challenges to winter operation
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unless some engineered operational modifications can be adapted that will facilitate their
retention and removal under colder conditions, which would normally be expected to offer more
limited inactivation efficiencies.
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Appendix I
Bold's Basal Medium (BBM) for Freshwater Algae

Stocks
(1) NaNO3 10.0 g per 400ml
(2) MgSO4.7H2O 3.0 g per 400ml
(3) NaCl 1.0 g per 400ml
(4) K2HPO4 3.0 g per 400ml
(5) KH2PO4 7.0 g per 400ml
(6) CaCl2.2H2O 1.0 g per 400ml
(7) Trace elements solution per liter (autoclave to dissolve):
ZnSO4.7H2O 8.82 g
MnCl2.4H2O 1.44 g
MoO3 0.71 g
CuSO4.5H2O 1.57 g
Co(NO3)2.6H2O 0.49 g
(8) H3BO3 11.42 g per liter
(9) EDTA 50.0 g per liter
KOH 31.0 g per liter
(10) FeSO4.7H2O 4.98 g per liter
H2SO4 (concentrated) 1.0 ml per liter

Medium per liter
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Stock solutions 1 – 6 (10 ml each)
Stock solutions 7 -10 (1 ml each)
Make up to 1 liter with glass distilled or deionized water
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Chapter 6
Examining Disinfection performance and water quality in a wastewater
stabilization pond with algal blooms using multivariate statistical analysis

6.1 Abstract

Treatment and water quality in passive wastewater treatment systems, such as wastewater
stabilization ponds (WSPs), can be greatly influenced by environmental factors. This study used
multivariate statistical analysis tools to evaluate the performance of a WSP operated in eastern
Ontario, Canada. By examining 15 environmental and water chemistry parameters over an 11month sampling period, pH and temperature were determined to be the main factors contributing
to the removal of indicator organisms of pathogens. Strong positive correlations between
chlorophyll and water temperature, pH and DO demonstrated algal activity, which resulted in
elevated pH and DO. Strong negative correlations between water temperature and indicator
organisms indicated that high temperature would increase the removal of bacterial indicators.
High pH can promote the inactivation of bacterial indicators, while high DO can facilitate the
inactivation of Enterococci. In this long-term monitoring program, seasonal variance in the
performance of the WSP has been observed, which raised concerns with respect to the operation
of the system in colder season.
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6.2 Introduction

Many small and remote municipalities use passive wastewater treatment systems, such as
wastewater stabilization ponds (WSPs), as sustainable alternatives to conventional wastewater
treatment due to their ease of operation, minimal energy input and low costs (Al-Hashimi and
Hussain, 2013; Metcalfe and Eddy, 2013; Steinmann et al., 2003). WSPs have the capability to
effectively attenuate nutrient loads, while also providing environmental conditions suitable for
the removal of bacteria and pathogens present in municipal wastewater, through naturally
occurring biological, chemical and physical treatment mechanisms (Crites and Tchobanoglous,
1998; Jiménez, 2007; Maynard et al., 1999). In particular, WSP systems have been shown to be
capable of removing various genera of bacteria, viruses, protozoa and helminthic pathogens
found in wastewater effluents, which may pose environmental and human health risks (AbreuAcosta and Vera, 2011; Maynard et al., 1999).

The effectiveness of WSPs depends on the complex interactions between biological
communities, water chemistry and regional climate. Disinfection in WSPs relies on
environmental factors, such as sunlight, pH, dissolved oxygen (DO), temperature, and
attachment and sedimentation (Maynard et al., 1999; Awuah et al., 2001). The biological
communities within WSPs, such as of algae, macrophytes and microorganisms, also contribute to
the wastewater treatment mechanisms. Specifically, algae have been shown to heavily influence
the efficiency of effluent polishing and nutrient recovery processes (Reinoso et al., 2008).
However, as passive systems often have long hydraulic retention times (HRTs), WSPs are also
conducive to excessive algal growth, particularly during the summer months, when temperatures
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and sunlight are highest (Steinmann et al., 2003). Consequently, high dissolved oxygen (DO)
(>15 mg/L) and pH levels (>9.5) are observed in WSPs with algal blooms, often exceeding
discharge limits (Liu et al., 2015; Wallace et al., 2016).

Indicator organisms, such as Escherichia coli (E. coli), fecal coliforms (FC) and total coliforms
(TC), are commonly used to determine the presence of pathogenic microorganisms and evaluate
disinfection performance in WSP systems (Jamieson et al., 2004; Boutilier et al, 2009).
However, these traditional fecal indictor organisms in the literature may not be capable of
representing overall pathogen levels (Burkhardt III et al., 2000; Len et al., 2000; Molleda et al,
2008; Liu et al., 2018a). As a result, a number of potential indicator organisms have been
proposed in addition to those traditionally employed. Enterococci have been suggested as
potential indicator organisms due to their higher survival rates at high pH compared to FC
(Awuah, 2006). Additionally, Clostridium perfringens (C. perfringens), an anaerobic, sporeforming bacteria has also been suggested as a potential indicator as its spore phase has been
observed to be highly resistant to environmental conditions (Dunlop et al., 2008). C. perfringens
were used to represent the presence of more resistant protozoan and helminthic pathogens such
as Cryptosporidium, Giardia and helminth eggs (Lanao et al., 2010; Abreu-Acosta and Vera,
2011; Mosteo et al., 2013). In this study, two traditional indicators, E. coli and TC, and two
potential indicators, Enterococci and C. perfringens, were used to provide a comprehensive
understanding of disinfection performance in the WSP.

WSPs are highly complex systems whose performance is affected by many interacting
biochemical and physical processes. The use of analytical tool is crucial to developing a better
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understanding of the interacting factors and are used in modeling and performance prediction in
wastewater management. One of the increasingly popular approaches in environmental modeling
is Principal Component Analysis (PCA). PCA, widely used in ecological and biogeochemical
modeling studies, provides an objective statistical method for managing large, multi-parameter
data sets (Arhonditis et al., 2003; Barbieri et al., 1999; Bengraine et al., 2003; Perkins and
Underwood, 1999; Flink et al., 2001; Reisenhofer at al., 1995; Singh et al., 2004; Yidana et al.,
2008; Vega et al., 2008; Zitko, 1994). PCA transforms a dataset into a series of uncorrelated
linear combinations of the original variables, termed Principal Components (PCs), which account
for most of the variability and reduces the complexity of a multidimensional system. PCA
produces more interpretable information to explain physical, biological and chemical parameters
of a system (Barbieri et al., 1999, Bengraine et al., 2003). More recently, PCA has also been
applied to the characterization, monitoring, process control and modeling of both conventional
and passive wastewater treatment systems (Boon et al., 2002; Dong & Reddy, 2010; Iordache
and Dunea, 2013; Miettinen et al., 2004; Ouali et al., 2009; Wallace et al., 2016).

The main purpose of this study was to use a multivariate statistical approach to determine
significant water quality parameters influencing treatment performance, particularly disinfection
performance, of a WSP system with excessive algal growth. For this purpose, 15 physical,
chemical, and biological water quality parameters were taken from a WSP located in a Canadian
temperate region. The case study site has a history of algal blooms and high pH, a common
occurrence in a number of WSP systems during the warmer seasons. To better understand the
complex interactions between parameters collected from field data, multivariate statistical
techniques were used. This paper will ultimately contribute to the growing body of knowledge
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on wastewater treatment monitoring and management.

6.3. Materials and Methods

6.3.1. System overview

A WSP at the Amherstview municipal water pollution control plant (WPCP) located in
southeastern Ontario, Canada, was monitored over an 11-month period from October 2016 to
August 2017. The monitoring period was selected to investigate seasonal fluctuations in
treatment performance. The WPCP treats an average of 3500 m3/day of municipal wastewater
and consists of primary treatment, secondary aeration tanks, followed by two in-series facultative
WSPs and a surface-flow constructed wetland (Figure 6.1). The three passive treatment systems
have a total volume of 170,000 m3 and have average operating depths of approximately 1.61 m,
1.42 m and 1.17 m, and surface areas of 48,600 m2, 28,200 m2 and 31,200 m2, respectively
(Figure 6.1). Baffles were installed in WSP 1 and 2 in 2009–2010 to increase the overall HRT of
the system to approximately 27 days before the final effluent is discharged to Bayview Bog
wetland.

171

Figure 0.1. Overall configuration schematic of Amherstview WPCP, including WSP 1,
WSP 2 and the constructed wetland and 6 sampling point locations in WSP 1.

6.3.2. Water quality analysis

As shown in Figure 6.1, samples were collected at six surface points within WSP 1, from
influent to effluent, and analyzed on a weekly basis during the warm season (June-August, 2017)
when average water temperatures were above 20°C, and at Inf 1 and Eff 1 during the cold season
(October 2016 – May 2017) when average temperatures were below 15°C. The water quality
parameters were characterized using field probes or according to Standard Methods for the
Examination of Water and Wastewater (APHA, 2005). The water quality parameters, measured
using Hydrolab DS5 – Multiparameter Data Sonde (Sutron, Sterling, VA, USA) included pH,
temperature, DO. Algae concentrations were determined using weekly fluorometric chlorophyll,
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an indicator of green algae, and phycocyanin, an indicator of cyanobacteria. These measurements
were taken also using the Hydrolab DS5. Standard methods and Hach kits (Colorado, USA) were
used to determine nitrogen species including ammonium (NH4+-N) (APHA Standard Method
4500-NH3-H), nitrate (NO3-- N) (APHA Standard Method 4500C) and total nitrogen (TNT
Persulfate Digestion Method, Hach Method 10071). Phosphorous (P) species included
phosphate/ortho-P (PO43--P) (APHA Standard Method 4500) and total phosphorous (TP) (U.S.
EPA Reactor Digestor Method, Hach Method 8190). Organic matter was reported in terms of
total chemical oxygen demand (COD) (U.S. EPA Reactor Digestion Method, Hach Method
8000). The analytical data quality was ensured through careful standardization, procedural blank
measurements and duplicate samples.

6.3.3 Detection of indicator organisms

Traditional indicators, E. coli and TC, and two potential alternative indicator organisms,
Enterococci and C. perfringens were used in this study. At Amherstview WPCP, the regulatory
discharge limit was 200 CFU/100 mL (2.30 log CFU/100 mL) for E. coli. A membrane filtration
technique was used to quantify these indicator organisms, followed by cultivation on agar plates.
The agar plates were prepared using Chromocult Coliform-Agar (Merck, Germany), Chromocult
Enterococci-Agar (Merck, Germany) and m-CP Agar base for microbiology (MilliporeSigma,
Canada) (Reinoso et al., 2011; Mosteo et al., 2011; Ouali et al, 2014). Chromocult ColiformAgar was able to differentiate E. coli (violet to blue colonies) from other coliforms (red
colonies). TC was calculated as a sum of both E. coli and other coliforms. Plate counting was
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performed after a 24-hour incubation period at 37°C for E. coli, TC and Enterococci, and a 48hour anaerobic incubation at 44°C for C. perfringens.

6.3.4 Statistical Analysis

The software used for statistical analysis were SPSS Statistics 24 and CANOCO 5.0.
Multivariate Spearman's ρ correlation coefficients between variables were determined and used
as general indicators in statistical dependence, determining preliminary strong and weak
correlations. Spearman’s ρ correlation coefficients have values between -1 and 1, where values
between 0 and 1 indicate positive correlations, while values between -1 and 0 suggest negative
correlations. Correlation coefficient values greater than the critical Spearman’s ρ value indicate
strong correlations. In this study, critical values were determined to be 0.197 with N=100 and
α=0.05, and 0.257 with N=100 and α=0.01 (Ramsey, 1989).

The data set was normalized and outliers reduced to produce a homogenized variance of
distribution and avoid misclassification due to different orders of magnitude of numerical values.
Imputation was used to estimate missing values due to inaccessibility of the site in cold weather
climates. PCA was used to summarize the majority of the variability and reduce the number of
dimensions in order to determine the variables are to be retained for analysis, thereby
strengthening the reliability of results. The resulting PCs contributing to variance were selected
using the Kaiser criterion (Kaiser, 1960). The retained variables were considered to account for
most of the variation in the data, while discarded variables were considered redundant (King and
Jackson, 1999). The retained PCs were extracted and rotated, using the varimax normalization, to
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determine the rotated factor loadings for each water quality parameter (Kaiser, 1960). The
loadings in PCs indicate the percent contribution of corresponding parameter to the PC and
relations between parameters.

6.4 Results and discussion

6.4.1 Summary of WSP system treatment performance

A summary of the WSP system treatment performance is presented in Table 6.1. Average values
of each parameter were calculated to compare overall changes and removal efficiencies during
both the warm and cold seasons. In general, higher removal efficiencies of nutrients and
indicator organisms were achieved during the warm season, with lower concentrations of both
observed in the final effluent of WSP 1.

During the warm season, the influent and effluent were similar in temperature (~ 21°C); while
during the cold season, the effluent was approximately 2-degree higher temperature than the
influent. pH in the influent and effluent was generally higher under warmer temperatures than
under colder temperatures. Surface DO levels were noticeably higher in influent and effluent
samples during the winter and spring months possibly because DO saturation concentrations are
strongly affected by water temperature. Chlorophyll and phycocyanin, indicators for green algae
and blue-green algae, respectively, were found in highest concentrations (34.56 µg/L and
19626.27 cell/mL, respectively) in the influent during summer months as algal blooms were
observed to start in Inf 1, the area with highest nutrient levels. Concentrations for both
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parameters in the influent were much lower during the cold season. However, for the effluent,
chlorophyll and phycocyanin levels during the warm season were comparable to those in the cold
season.

Table 0.1. Summary of water quality parameters, with mean values and standard
deviations, measured in both influent and effluent of the WSP system over the sampling
period in both warm and cold seasons.
Warm season

Cold season

Inf 1

Eff 1

Overall change

Inf 1

Eff 1

Overall change

Temperature, °C

21.18±1.77

21.35±1.26

-1%

9.65±4.22

7.81±4.51

19%

pH

7.86±0.22

8.14±0.74

0.04%

7.12±0.38

7.70±0.68

0.08%

DO, mg/L

7.19±2.86

6.82±2.93

5%

10.18±2.44

12.10±3.43

-19%

34.56±80.61

1.19±0.81

97%

2.09±3.64

1.42±0.96

32%

19626.27±49076.28

1209.82±579.04

94%

2317.29±3466.17

1396.69±718.06

40%

Ortho-P, mg/L

0.59±0.15

0.50±0.17

16%

0.52±0.25

0.50±0.28

3%

TP-P, mg/L

2.09±0.36

1.71±0.39

18%

1.54±0.43

1.48±0.43

4%

NH4+-N, mg/L

0.67±0.36

0.77±0.42

-15%

0.57±0.74

9.38±19.00

-1557%

NO3 -N, mg/L

13.26±3.9

7.75±3.41

42%

4.22±5.02

1.31±0.74

69%

TN-N, mg/L

16.47±5.14

9.66±3.44

41%

17.50±6.21

13.00±2.34

26%

COD, mg/L

21.56±9.78

19.11±9.78

11%

17.30±6.24

21.56±8.28

-25%

2.17±0.86

1.03±0.52

53%

3.55±0.87

2.63±0.77

26%

3.10±0.93

2.60±1.23

16%

4.11±0.79

3.32±0.64

19%

2.06±0.86

1.40±0.35

32%

2.91±0.63

1.83±0.90

37%

2.10±0.73

0.92±0.41

56%

2.79±0.58

1.73±0.56

38%

Chlorophyll, µg/L
Phycocyanin, cell/mL

—

E. coli,
log CFU/100mL
TCs,
log CFU/100mL
Enterococci,
log CFU/100mL
C. perfringens,
log CFU,100mL
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In this WSP system, the nutrient loadings of ortho-P, TP, ammonium, and TN entering the
system were similar in both seasons, with the exception of nitrate. The average concentration of
influent nitrate during the warm season was 13.26 mg/L, while the average nitrate concentration
in the influent in cold season was 4.22 mg/L. The removal efficiencies of ortho-P, TP,
ammonium, nitrate, TN and COD in the warm season were 16%, 18%, -15%, 42%, 41% and
11%, respectively. The removals of these parameters were higher during the warm season than
during the cold season, except for nitrate. The removal efficiency of nitrate during the warm
season was 42%, while the removal efficiency was 69% during the cold season. Ammonium
concentrations were higher in the effluent than in the influent during both seasons. The average
COD concentration was higher in the effluent than in the influent during the cold season. This
was likely due to the decay of algae and other vegetation during the cold season. An increase of
34.6% in effluent COD concentrations was also noted by Wallace et al. (2016), whose work was
conducted in the same WSP from July-October 2012. In the study by Wang et al. (2010), COD
was also reported to increase after the cultivation of green algae Chlorella sp. on the municipal
wastewater.

For all the indicator organisms monitored in this study, the influent concentrations were higher
during the cold season than during the warm season, same trend was found in the effluent
concentrations as well. The removal efficiencies for TC were 16% during the warm season and
19% during the cold season; and reductions in Enterococci by 32% during the warm season and
37% during the cold season were observed. During the warm season, the removal efficiencies of
E. coli and C. perfringens were 53% and 56%, respectively, and were reduced to 26% and 38%,
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respectively, during the cold season. These results may raise concerns and challenges with
respect to the operation of the WSP system to meet discharge limits during the winter season.

6.4.2 Multivariate statistical analysis

Multivariate correlation analysis was applied to better understand which parameters contributed
to

pathogen removal and inactivation in the passive treatment systems. Spearman’s ρ

correlation coefficients between all parameters are summarized in Table 6.2.

Strong positive correlations between chlorophyll and water temperature (ρ=0.247, p<0.01), pH
(ρ=0.383, p<0.01) and DO (ρ=0.260, p<0.01) supported the observed algal activity during the
summer months. When water temperature is warm, algal blooms can occur and lead to increases
in pH and DO. Zang et al. (2010) also noted strong positive correlations between these
parameters in their study. A strong positive correlation (ρ=0.701, p<0.01) between phycocyanin
and chlorophyll was also observed, indicating that green algae and blue-green algae tended to
occur at the same time.

E. coli, Enterococci and C. perfringens were all strongly negatively correlated with water
temperature with spearman’s ρ correlation coefficients of -0.576 (p<0.01), -0.329 (p<0.01) and 0.203 (p<0.05), respectively. This would suggest that higher temperatures would increase the
removal of bacterial indicators. In a laboratory study, Liu et al. (2018b) investigated the effect of
temperature (4 °C and 20 °C) on the removal and inactivation of these four indicator organisms,
as with this study in municipal wastewater collected from the secondary effluent of the
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Amherstview WPCP, and noted that the inactivation rates of E. coli, TC and Enterococci were
much lower at 4°C than 20°C. In a study by Mezrioui et al. (1995), it was also found that when
temperature was increased from 8°C to 23°C, the removal of E. coli increased. Hence, higher
concentrations of indicator organisms would be expected during the winter months (Table 6.1
and 6.2). This finding would demonstrate that temperature is an important environmental factor
contributing to disinfection in WSP systems.

Strong negative correlations were noted between pH and E. coli, Enterococci and C. perfringens.
This indicated that with increasing pH, concentrations of bacterial indicator organisms would
decrease. David-Colley et al. (1999) also found that the inactivation rate of E. coli increased
when pH was above 8.5. These results further support that pH is an important environmental
factor in disinfection. Moreover, the presence of algae can be considered beneficial for
disinfection in WSPs as is attributed to high pH. The strongly negative correlation between
Enterococci and DO (ρ=-0.254, p<0.05) indicated that high DO levels could promote the
removal of Enterococci. This result was consistent with the observation by Liu et al. (2018b) in a
bench scale experiment, where the highest inactivation (k=0.54 d-1) of Enterococci was found at
high DO concentrations (20 mg/L). Both Enterococci and C. perfringens were positively
correlated with P species (ortho-P and TP), and E. coli was positively correlated with TN likely
because bacterial growth requires both N and P constituents. This also indicated that nutrient
availability appears to play a role in pathogen removal, and excess nutrients could support the
pathogen survival.
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Bacterial indicator organisms positively correlated with each other (Table 6.2). Enterococci
strongly and positively correlated with C. perfringens as they share similarities in terms of being
resistant to environmental stresses. Additionally, they exhibited weaker correlations with both E.
coli and TC, suggesting that they could be considered as additional indicators.
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Table 0.2. Spearman’s ρ correlation coefficients between all parameters. |ρ| larger than critical value indicates strong
correlation, and is bolded in red.
pH

DO

Chl-a

phycocyanin

Ortho-P

TP

NH4+-N

NO3--N

TN

COD

E. coli

TC

Enterococci

C. Perfringens

Temperature

0.493**

-0.311**

0.247**

0.265**

-0.145

0.000

0.184*

0.661**

0.483

0.142

-0.576**

-0.005

-0.329**

-0.203*

pH

---

0.427**

0.383**

0.332**

-0.328**

-.270**

0.089

0.525**

0.360

0.018

-0.538**

-0.151

-0.550**

-0.409**

DO

---

---

0.260**

0.139

-0.084

-0.092

-0.182

0.065

0.166

-0.193

0.111

-0.081

-0.254*

-0.142

Chl-a

---

---

---

0.701**

0.087

0.067

-0.232*

0.384**

0.180

-0.030

-0.191

0.079

-0.021

-0.091

phycocyanin

---

---

---

---

-0.033

0.033

-0.054

0.321**

0.261

0.099

-0.301**

0.043

-0.115

-0.122

**

0.176

0.096

0.195

0.085

0.389

**

0.271**

---

---

---

---

---

0.736

TP

---

---

---

---

---

---

-0.157

-0.257**

0.286

0.172

0.047

-0.058

0.325**

0.212*

NH4+-N

---

---

---

---

---

---

---

0.421**

0.533

0.047

-0.053

0.045

-0.132

0.197

NO3--N

---

---

---

---

---

---

---

---

0.310

-0.003

-0.206

0.192

-0.292**

0.075

TN

---

---

---

---

---

---

---

---

---

0.175

0.316

0.029

0.088

0.088

COD

---

---

---

---

---

---

---

---

---

---

-0.131

-0.106

0.003

0.028

E. coli

---

---

---

---

---

---

---

---

---

---

---

0.509**

0.661**

0.675**

TC

---

---

---

---

---

---

---

---

---

---

---

---

0.277**

0.329**

Enterococci

---

---

---

---

---

---

---

---

---

---

---

---

---

0.542**

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

-0.364

**

Ortho-P

Notes:

-0.450

**

6.4.3. Principle Components Analysis

PCA was applied to the entire normalized data set to identify and compare relationships
between the water quality parameters. The Kaiser criterion was applied to determine the
number of PCs to be retained (Kaiser, 1960). Under this criterion, only PCs with
eigenvalues greater than or equal to 1 were accepted as potential sources of variance. The
highest eigenvalue represents the PC contributing to the most variance. In this study, four
PCs with eigenvalues exceeding 1 were retained, accounting for 67% of the total variance
in the data set (Table 6.3).
Table Error! No text of specified style in document..1. Descriptive statistics of selected
PCs for all measured water quality parameters. Underlined PCs represent retained
PCs, based on the Kaiser criterion (Kaiser, 1960).
Cumulative

PC

Eigenvalue

1

3.955

26.37

2

3.213

47.78

3

1.592

58.40

4

1.280

66.93

5

0.970

73.93

6

0.895

79.89

7

0.738

84.81

8

0.590

88.75

9

0.426

91.59

10

0.371

94.06

11

0.351

96.43

12

0.271

98.24

13

0.157

99.28

14

0.096

99.92

15

0.013

100.00

Proportion (%)
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Variance

As shown in Figure 6.2, the variable loadings from PC1 showed that E. coli, TC, Enterococci
and C. perfringens were all negatively correlated to temperature and pH, suggesting both
parameters were involved in the removal of these bacterial indicators. It was noted that higher
pH levels decreased the resistance of the microorganisms to the effects of light or that higher pH
levels increased the production certain reactive oxygen species, toxic to bacteria (Curtis et al.,
1992). This observation was consistent with the Spearman results and with a number of studies
that have reported increased FC removal with increasing temperature and pH (Curtis et al., 1992;
Mezrioui et al, 1995; Pearson et al., 1987; Pearson et al., 1987).
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Figure 0.2. Variable loadings onto PC1, for the PCA performed on entire data set.

Variable loadings from PC2 showed that ammonium and nitrate negatively correlated with
ammonium (Figure 6.3). The negative correlation between nitrate and ammonium suggested
nitrification processes were occurring within the WSP. The high DO concentrations and
oxidative conditions observed in the WSP were conducive to nitrification processes.
Additionally, nitrifying bacteria have been shown to have an optimal pH of approximately 6.8 to
183

7.8 and optimal temperature range of 15 to 25°C for maximum specific growth rate (Antoniou et
al., 1990). This was consistent with observed results as the average temperature of the system
during the warm season remained within this optimal temperature range. However, a study
reported that at higher temperatures, the number of heterotrophic bacteria decreased in lagoons
due to competition for glucose between bacteria and algae, such as Chlorella vulgaris (C.
vulgaris), in a neutral pH environment (Mayo and Noike, 1996). This supports the observed
negative relationship between temperature and ammonium as algal activity increased with
warmer temperatures, perhaps outcompeting heterotrophic bacteria.
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Figure 0.3. Variable loadings onto PC2, for the PCA performed on entire data set.

Figure 6.4 shows variable loadings onto PC3, for the PCA performed on the entire data set. PC3
showed that both E. coli and TC were negatively correlated with both ortho-P and TP.
Meanwhile, E. coli and TC were positively correlated with ammonium and nitrate. This
observation was unexpected, possibly because P species were the limiting nutrients and nitrate
was available in excess (Table 6. 1) in this system.
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Figure 0.4. Variable loadings onto PC3, for the PCA performed on entire data set.

Variable loadings of PC4 showed a negative correlation between DO and Enterococci. This
result was consistent with Spearman’s statistical results. Chlorophyll and COD were also
positively correlated, supporting the results from the studies conducted by Wallace et al. (2016)
and Wang et al. (2010) as previously described.
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6.5 Conclusions

This study used statistical analysis tools to evaluate the performance of a WSP system, with the
focus on discerning the factors and mechanisms contributing to disinfection processes in passive
wastewater treatment systems, by examining 15 water chemistry parameters monitored over an
11-month sampling period. Multivariate statistical analysis was performed to determine the main
factors contributing to the removal and inactivation of indicator organisms and pathogens.

Strong positive correlations between chlorophyll and water temperature, pH and DO
demonstrated algal activity during the warm season, which resulted in elevated pH and DO.
Strong negative correlations between water temperature and E. coli, Enterococci and C.
perfringens indicated that high temperature would increase the removal of bacterial indicators.
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High pH can promote the removal of E. coli, Enterococci and C. perfringens, while high DO can
facilitate the inactivation of Enterococci. Hence, the presence of algae in WSPs could contribute
positively to disinfection processes, with nutrient availability playing a more minor role. The
PCA results revealed that temperature and pH were the most critical parameters involved in the
disinfection of the four indicator organisms.

This study examined the long-term, seasonal variance in the performance of a WSP, raising
concerns with respect to the operation of the system during colder temperatures, as well as
identifying important environmental factors involved in disinfection. Ultimately, the results of
this study provided valuable insight and understanding to the growing body of knowledge on
passive wastewater treatment systems in order to improve the design and operation of ecoengineered systems.
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Chapter 7
Conclusions and Engineering Contributions

7.1 Conclusions

This thesis investigated the role of algae in disinfection processes in passive wastewater
treatment systems operating under both temperate and Arctic climatic conditions. The
investigation consisted of comprehensive field monitoring programs, laboratory bench-scale
experiments, and extensive data analyses using multivariate statistical analysis, including
Spearman’s correlation analysis and principal component analysis (PCA).

At the Amherstview Water Pollution Control Plant (WPCP) located in eastern Ontario, Canada,
excessive algae growth and high pH levels in the wastewater stabilization ponds (WSPs) have
raised concerns and challenges with regards to meeting regulatory discharge limits as stipulated
in the facility’s operating permit. Studies were initially undertaken to investigate the contributing
factors to the high pH levels and, subsequently, focused on the role of algae and high pH on
pathogen removal in the WSPs. Two of the predominant algal species (Mougeotia sp. and
Hydrodicty sp.) that were found in Amherstview WSP were found to increase both pH (increased
from 6.1 to 9.5) and DO (increased from 6.1 to 8.3 mg/L) substantially (Chapter 5). Moreover,
strong positive correlations between chlorophyll and water temperature (ρ=0.247, p<0.01), pH
(ρ=0.383, p<0.01) and DO (ρ=0.260, p<0.01) were consistent with the observed algal activity,
high pH and DO during the summer months (Chapter 6). When the water temperature is warm,
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algal blooms were noted to occur and likely contributed significantly to the observed increase in
pH and DO of the system. Hence, the presence of these algae was concluded to contribute to the
high pH and DO levels in the WSP system.

Pathogen removal in WSP systems is driven by a combination of mechanisms and factors.
Environmental factors, such as pH, DO and temperature, all play a role in the inactivation of
indicator organisms. A four-year dataset including pH, DO, temperature and indicator organisms
(E. coli) was obtained from the Amherstview WPCP. Higher E. coli concentrations were
observed when pH was below 8 or/and temperature dropped below 5°C. pH and temperature
were determined to be important factors because they were strongly negatively correlated with E.
coli concentrations (Chapter 3). This finding was corroborated by the later field study in the
Amherstview WPCP WSP over an 11-month monitoring period. Multivariate statistical analysis
(Spearman’s ρ correlation and PCA) demonstrated a strong and negative correlation (|ρ|>critical
value, 0.257, p<0.01) between temperature and both traditional and potential indicator
organisms, and a strong and negative correlation (|ρ|>critical value, 0.257, p<0.01) between pH
and bacterial indicators (Chapter 6). Moreover, high DO could promote the removal of
Enterococci (ρ=-0.254, p<0.05) (Chapter 5), and nutrient availability was also found to play a
minor role.

The limitations of using only traditional indicator organisms (E. coli, fecal coliforms or total
coliforms (TC)) to represent the overall pathogen levels in wastewater have been noted in the
literature. In this study, two additional indicator organisms (Enterococci and Clostridium
perfringens (C. perfringens)) were selected. They showed different inactivation trends compared
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to traditional indicator organisms. C. perfringens were tolerant to all the tested pH (pH 4, 8, 8.5,
9.5 and10.5), DO (1, 8.5 and 20 mg/L) and temperature (4 and 20°C) conditions (Chapter 5).
However, multivariate statistical analysis revealed strong and positive correlations between all
four indicator organisms ((|ρ|>critical value, 0.257, p<0.01), suggesting that E. coli could be used
as an indicator organism to represent TC, Enterococci and C. perfringens (Chapter 6).

The new Wastewater Systems Effluent Regulations (WSER) were implemented in Canada in
2012, but not in the far North, due to the number of northern communities with limited
wastewater treatment infrastructure. In the summer of 2015, two sampling trips were undertaken
in Pond Inlet (Nunavut) to study the disinfection performance of a single-celled wastewater
stabilization pond (WSP). Sunlight disinfection was only effective close to the water surface.
The system achieved 0.76-1.28 log removal of E. coli and 0.79-1.02 log removal of TC during
the treatment season. The average E. coli concentration in the WSP was 1.3 x 106 CFU/100ml
prior to annual decant, which exceeded discharge guidelines of 104 to 106 CFU/100ml set by the
Nunavut Water Board. Existing WSP disinfection models were selected to assess their viability
to predict the performance of Arctic WSPs. In general, these models over predicted disinfection
performance by an order of magnitude or more, and some were unable to replicate trends in the
data. A modified model for polar WSPs should be developed, as existing models have been
typically designed, calibrated and validated for temperate or tropical regions (Chapter 4).

Pathogen removal efficiencies can be highly variable in WSPs, and exhibit seasonal patterns,
such as observations of lower E. coli concentrations during the warm seasons, and higher
concentrations during the cold seasons. This would imply that WSP performance is sensitive to
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location and climate, making wastewater treatment using natural systems more challenging. The
last two WSP cells at the WPCP were noted to further reduce E. coli populations, suggesting that
multiple WSP cells in series could provide a more reliable indicator organism (E. coli) removal
performance than a single WSP system.

7.2 Engineering Contributions

The work presented in this thesis brings a number of new and significant contributions to the
field of engineering, provides valuable insights and understanding to the growing body of
literature through the investigation of disinfection mechanisms and factors, and the application of
multivariate statistic techniques in passive wastewater treatment systems. Multivariate statistics,
consisting Spearman’s correlation analysis and PCA can identify key parameters affecting
disinfection processes, and reveal system performance. A more thorough understanding of
pathogen removal mechanisms and factors in WSP systems, especially the mechanisms and
factors associated with the presence of algae was gained through this study. The occurrence of
algae in naturalized and eco-engineered systems is usually considered unpleasant. The work
presented in this thesis demonstrated that the presence of algae can in fact increase pH and DO,
but the high pH and DO levels can facilitate the removal and inactivation of bacterial indicator
organisms. Hence, algae can be considered beneficial to disinfection processes in WSP systems.

The knowledge gained through this study can be applied to improve the operation and design of
WSPs in both temperate and arctic climates, to identify correlations between factors that impact
disinfection efficiency and, more importantly, to provide practical guidance for improving
196

regulations regarding pathogen removal from wastewater in nonconventional physical and
chemical methods. Finally, the extensive monitoring program that was implemented during this
research project will also provide valuable information for future research in the area of WSPs.

197

Appendix A
Aerobic Treatment in Cold Climate Countries

A.1 Abstract
Cold climate wastewater treatment facilities present unique challenges in terms of producing
wastewater effluents that continue to meet increasingly stringent discharge regulations.
Biological processes are the most severely affected. However, a number of design and
operational strategies have evolved to improve the performance of aerobic biological wastewater
treatment at conventional and eco-engineered facilities operated under cold temperature
conditions. The effect of cold temperatures on the performance of these systems with respect to
constituent removal is presented, with suggestions for climate adaptations to improve treatment
effectiveness. In addition, alternative operational and design considerations for enhanced
performance under cold climate operation and implementation are discussed.

A.2 Introduction
Treatment of wastewater effluents in cold climate regions is one of the greatest challenges for
environmental and municipal engineers. Significant diurnal, short-term and longer-term seasonal
temperature changes occur frequently in many areas of the world, including northern Europe,
Asia and North America. In the next decade, many of these regions will require increasingly
efficient treatment systems that are designed to operate even under cold temperature conditions
in order to meet increasingly stringent effluent discharge guidelines and minimize detrimental
effects on receiving environments. These challenges may be largely addressed by the
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implementation of carefully designed and integrated aerobic biological processes. Although
considered robust, biological treatment processes, required for the degradation of organic
compounds, nitrification and denitrification, as well as enhanced phosphorous and pathogen
removal, are very sensitive to temperature changes. Microbial activity in a biological wastewater
treatment process decreases significantly when the water temperature decreases below 15°C,
becomes particularly low at temperatures lower than 10°C, and will exhibit almost no
physiological activity at temperatures below 4°C (Xu et al., 2014).

This chapter aims to demonstrate the effectiveness of aerobic biological treatment of various
wastewater effluents under cold climate conditions. The effect of cold temperatures on the
performance of both conventional and eco-engineered systems in the removal of biologically
treatable constituents will be discussed. Finally, aerobic treatment cold region design
considerations and future perspectives for the enhanced performance and widespread
implementation of these systems will be recommended.

A.3 Aerobic Treatment Systems in Cold Climate Regions

A.3.1 Conventional systems
Biological treatment of wastewater effluents in conventional systems is typically accomplished
by biological processes that can be classified as either suspended (e.g. activated sludge) or
attached growth (e.g. trickling filter, biofilm) systems. However, traditional suspended growth
processes, such as activated sludge, can exhibit performance limitations when subjected to high
hydraulic and organic loads or low temperatures. Two strategies can be applied to increase the
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performance of activated sludge systems under these conditions; increase in aerobic reactor
volume or increase in biomass concentrations inside the aerobic reactor. (Di Trapani et al.,
2013).

Scherfig et al. (1996) examined the effect of temperature variations on biological unit processes
such as nitrification and denitrification. Using USEPA-defined temperature-dependent kinetic
coefficients, they estimated that a decrease of 2°C, from 9°C to 7°C, would require an increase of
20 and 16% in required reactor volumes, respectively, to maintain nitrification and dentirification
treatment performance. In addition to the reduction in biological activity, chemical reaction
kinetics and viscosity are also considered in these systems, as they may influence other chemical
and physical processes upon which these biological systems are dependent (Makinia et al., 2005;
Scherfig et al., 1996; Wells, 1996). Low temperatures also strongly influence adsorption and
sedimentation processes, composition of biofilm populations and oxygen transfer efficiencies in
systems requiring aeration (Xu et al., 2014). Often, the main difficulty in overcoming these
limitations, however, is related to the process capacity, where expanding clarifier volumes can be
logistically difficult or cost-prohibitive. As such, alternate approaches have been developed to
overcome treatment limitations associated with temperature fluctuations related to cold climate
operations.

Sundaresan and Philip (2008) investigated the performance of three different types of aerobic
processes: activated sludge, fluidized bed and submerged bed. Once the systems had been
acclimatized at 35°C and reached steady state, the operating temperature was reduced step wise
from 30°C to 5°C. Although the acclimatization time for the submerged bed reactor was longer
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than for the fluidized bed and conventional activated sludge processes, the submerged bed
reactor was generally found to be more robust and efficient. All reactors performed well in terms
of constituent removal, as long as the operating temperature was maintained at or above 15°C. At
10°C, the submerged bed reactor exhibited higher removal efficiencies for organic constituents.
Once a temperature of 5°C was reached, the treatment efficiencies of the activated sludge and
fluidized bed systems were negligible. However, the submerged bed system was still active and
was able to regain 90% of its original efficiency once the temperature was raised to 10°C
(Sudaresan and Philip, 2008), suggesting that submerged bed reactors offer a viable alternative
for treating wastewaters in cold climate regions.

Cold weather nitrification with a trickling filter/solids contact process has been demonstrated for
temperatures as low as 10°C. Moreover, this demonstration was with a medium-density cross for
the trickling filter step lower than previously required. Parker et al. (1998) investigated the
performance of a novel trickling filter/solids contact (TF/SC) treatment scheme in constituent
removal under cold climates with average wastewater temperatures below 10°C. The system
benefited from the low concentrations of biodegradable organics in the wastewater and higher
density cross-flow media than had previously been applied in the TF/SC process to achieve
nitrification (Parker et al., 1998)

Effective solids reduction, partial nitrification and biological phosphorus removal have been
demonstrated in cost-effective sequencing batch reactors (SBRs) operated using alternating
anaerobic/aerobic cycles under cold temperatures (Yuan and Oleszkiewicz, 2011a; 2011b; 2010;
Hwang and Oleszkiewicz, 2007; Head and Oleszkiewicz, 2004). Solids retention time (SRT)
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control was noted as the most important strategy for cold temperature operation to achieve
nitrification (Hwang and Oleszkiewicz, 2007; Head and Oleszkiewicz, 2004). Similarly, the
availability of sufficient substrate in the form of volatile fatty acids was noted as the key factor
for enhanced biological phosphorus removal (Yuan and Oleszkiewicz, 2010; 2011a; 2011b).

Another strategy, referred to as the integrated fixed-film activated sludge (IFAS) process,
involves the combination of both types of biomass into one reactor through the introduction of
suspended biomass into the aeration/anoxic tank (Di Trapani et al., 2013; 2011). Such systems
have been reported to sustain high organic removal rates, as well as nitrification and biological
phosphorus removal throughout the winter, without the need to increase suspended biomass
concentration, and hence, a corresponding increase in aerobic or clarifier volumes. In the IFAS
systems, the attachment media can either be fixed or freely moving inside the reactor (Di Trapani
et al., 2013; 2010). One such alternative is to couple the Kaldnest moving bed biofilm reactor
(MBBR) process with a conventional activated sludge process, in which biofilm growth is
promoted on small carrier units that are kept in suspension throughout the reactor (Di Trapani et
al., 2008). Operational advantages of MBBR compared to fixed biofilm carrier systems include:
lower head loss, minimal channeling and no need for periodic backwashing. MBBR can also be
operated at lower SRTs than conventional activated sludge systems, at low temperature and high
organic loading rates, while sustaining nitrification. (Di Trapani et al., 2011).

In other studies, anaerobic pre-treatment was demonstrated to be beneficial for biological
nitrogen removal. The efficient removal of organic constituents and dissolution of particulate
organic matter may enhance nitrification as it may reduce the competition between carbon202

utilizing heterotrophic microorganisms and autotrophic nitrifiers (Metcalf and Eddy et al., 2013).
This may be more pronounced at low temperatures as more dissolved organic matter is retained
in the anaerobic effluent for denitrifiers. Sequencing batch operation of MBBR has been
examined, along with the application of MBBR as a post-treatment process following anaerobic
wastewater treatment. For nitrogen removal, MBBRs have usually been operated in series with
aerobic (nitrifying) and anoxic/anaerobic (denitrifying) units in separate reactors or in a single
reactor with alternating aerobic and anoxic phases, through the application of intermittent
aeration. The combined two-phase UASB-septic tank and intermittently aerated MBBR achieved
>70% of all constituents, including cold temperature operation (Luostarinen et al., 2006).

De Kreuk et al. (2005) examined the formation of aerobic granules and their effects on biological
conversion processes in an aerobic granular sequencing batch airlift reactor (SBAR) under
moderate and low temperatures. They noted that once a reactor was acclimatized at higher
temperatures and had reached steady state, it was then possible to operate a stable aerobic
granular sludge system at lower temperatures (10°C) (Bao et al., 2009; Sundaresan and Philip,
2008). The aerobic granules were found to enhance nitrification, although nitrification rates were
inhibited to some extent at low temperatures. Conversely, phosphorus removal efficiency was
affected by low temperatures and C:P (carbon: phosphorus) ratio to a lesser extent (Bao et al.,
2009).

Another cold climate adaptation strategy has been the introduction of cold-adaptable
microorganisms with different carbon sources. These microorganisms have been investigated for
systems operated at temperatures as low as 5°C treating synthetic wastewater. 16S rRNA
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analysis indicated that P. fluorescents, P. putrid, C. fungivorans fed with glucose and V.
paradoxus, Acinetobacter sp. fed with sodium acetate were dominant, most of which belong to
Gram-negative bacteria (Tang et al., 2015; Niu et al., 2012).

A.3.2 Naturalized systems
Another important consideration is that while conventional wastewater treatment technologies
are reliable and cost-effective for municipalities serving large populations, they represent a less
suitable alternative for small, remote and rural communities, which are often located in cold
climate regions. In many of these communities, alternative passive, semi-passive or ecoengineered treatment systems; including natural and constructed wetlands, lagoons, wastewater
stabilization ponds, bioretention systems, rock filters and reed beds, have been implemented (AlHashimi and Hussain, 2013). They have been proven to be economical alternatives to
conventional wastewater treatment practices and are widely used in remote regions by virtue of
their ease of operation, minimal energy input, reduced maintenance requirements and improved
sludge thickening (Wu et al., 2015; Al-Hashimi and Hussain, 2013; Bolton et al., 2010; DaviesColley, 2005). For example, approximately 90% of pond systems in the United States are used in
small communities with less than 10,000 people and have been shown to be very efficient in
treating wastewaters (Gray, 2004). However, these systems also typically rely on biological
processes and, hence, will be influenced by climatic conditions, with greater responses to
changes at lower temperatures (< 15°C) than for the optimal range of 20-35°C (Kadlec and
Reddy, 2001). Although used extensively, concerns associated with the long-term performance
and functional reliability of these systems in cold climates compared to conventional, but less
sustainable, treatment systems have been raised (Yan and Xu, 2014; Roy-Poirier et al., 2010b;
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Johnson et al., 2007; Jenssen et al., 2005; Werker et al., 2002; Kadlec and Reddy, 2001).

Critical factors limiting the widespread establishment of these eco-engineered treatment
technologies have been the lack of a standardized understanding of the effect of temperature on
treatment process mechanisms within these systems and a more robust basis of comparison
within and between systems as they evolve with time (Werker et al., 2002). A number of
operational strategies have been proposed to improve treatment efficiencies in cold climates,
which generally fall under one of the following categories: improvement of system design and
commissioning; optimization of cold temperature operation; and incorporation of pre- and posttreatment technologies (Wu et al., 2015; Yan and Xu, 2014; Jenssen et al., 2005; Werker et al.,
2002).

In the range of available naturalized treatment system approaches, (natural) treatment wetlands
are generally considered the least engineered and least energy intensive alternatives. A number
of the biogeochemical processes that govern the removal of organics and nutrients in naturalized
systems are affected by temperature, which is thereby expected to influence overall treatment
efficiencies (Kadlec and Reddy, 2001). In the past, they have been used extensively in cold
temperature climates and have been shown to perform very well in polishing primary and
secondary wastewater effluents (Kadlec and Wallace, 2009; Anderson et al. 2007; Mæhlum et
al., 1995). These systems, often referred to as tundra wetlands, have also been used extensively
in arctic communities (Hayward et al., 2014; Yates et al., 2012; Kadlec and Wallace, 2009;
Johnson et al., 2007; Andersson et al., 2002). Tundra wetland treatment systems are often located
in naturally occurring wet depressions on the tundra. Arctic systems, servicing populations
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<2,500 (Johnson et al., 2007), often treat continuously discharging wastewater from retention
lagoons or raw wastewater discharged directly into the wetland, although seasonally decanted
systems are also in place. Treatment wetlands inherently have site-specific physiogeographic
characteristic that influence plant communities and water retention, which in turn influence the
treatment of wastewater discharged into the systems (Chouinard et al., 2014; Yates et al., 2012).

Despite their demonstrated natural ability to act as sinks and transformers in the treatment of
wastewaters, the use of natural wetlands to treat wastewater in developed countries has declined.
Kadlec and Wallace (2009) recommended that this practice be limited to retain their value as part
of the landscape and environmental ecosystems, which could be enhanced by reducing extrinsic
pollutant loadings. Instead, the use of constructed wetlands, which utilize similar biogeochemical
treatment approaches, has been implemented. These systems provide a higher level of control,
providing higher treatment efficiencies and more consistent and reliable performance when
subjected to colder climates and higher pollutant loadings. However, it should be noted that a
number of natural wetlands continue to be employed in temperate and cold climate regions to
polish wastewater from lagoons or conventional treatment facilities. (Andersson et al., 2002).

Constructed wetlands include both free-surface, which more closely mimic natural wetland
systems, and subsurface flow operational configurations; and these can include both vegetated
and non-vegetated systems. Using four years of performance data from a free-water surface
constructed wetland receiving dairy wastewater in Nova Scotia, Jamieson et al. (2007) noted that
reaction rate constant values for BOD5, TP, TKN, NH4+-N, fecal coliform and TSS did not
appear to be influenced by temperature or solar radiation, but were positively correlated with the
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hydraulic loading rate for most parameters, emphasizing the effects of dilution on outlet pollutant
concentrations and the importance of wetland hydrology and its influence on overall
performance (Hayward and Jamieson, 2015). In recent studies, the beneficial role of substrate
and vegetation in the overall performance of a number of these systems has been reported,
despite the short growing season often associated with cold region systems (Jin et al., 2016;
Wallace et al., 2015a; Hayward et al., 2014; Allen et al., 2013; Kato et al., 2013a; Kato et al.,
2013b; Yates et al., 2012; Speer et al., 2012; Speer et al., 2011; Taylor et al., 2011; Van de
Moortel et al., 2010; Gholikandi et al., 2009; Kadlec and Wallace, 2009; Gottschall et al., 2007;
Solano et al., 2004).

Wastewater stabilization pond (WSP) systems, also referred to as maturation or polishing ponds
and lagoons, depend on the biogeochemical transformations, as well as physical and hydraulic
transport processes within the pond. For these systems, temperature has been regarded as the
most important physical factor influencing performance efficiency (Heinke et al 1991; Rockne
and Brezonik, 2006; Kadlec and Wallace, 2009; Mansouri et al., 2011). In addition to the
physical and biogeochemical treatment processes previously noted, in recent years, studies have
examined the role of algae in oxygen, carbon and nutrient cycling, as well as disinfection control
within these systems (Liu et al., 2016; Maassarani et al., 2016a; Maassarani et al., 2016b;
Wallace et al., 2016; Matamoros et al., 2015; Wallace et al., 2015b). Algal carbon requirements
can be met by a combination of CO2 released through the oxidation of organic compounds by
heterotrophic bacteria and inorganic carbon uptake, while photosynthesis provides much of the
oxygen needed for BOD removal (Rockne and Brezonik, 2006)

207

Johnson et al. (2007) compiled cold climate performance data for pilot-scale waste stabilization
ponds, with subsequent naturalized treatment approaches: two tertiary maturation ponds in
series; two tertiary maturation ponds in series followed by a reed bed channel; a control rock
filter; an aerated rock filter; and a constructed wetland. In general, the maturation ponds and reed
bed channel, and the control and aerated rock filters operated successfully at low temperatures
during the UK winter period. It was noted that the maturation ponds and reed bed channel system
required a larger land area, while the aerated rock filter would require energy inputs (aeration)
(Johnson et al., 2007).

A.3.3 Hybrid systems
For the context of this chapter, hybrid systems refer to the integration of conventional or
mechanical and passive systems, with the aim of enhancing the performance of passive treatment
systems. There are tangible benefits that could be associated with the implementation of hybrid
systems to improve the winter or cold temperature performance of naturalized systems. Hybrid
aeration pretreatment/constructed wetland systems have been designed and implemented for
successful winter/cold temperature operation in horizontal flow, vertical flow and integrated
(combination of horizontal and vertical flow treatment cells) constructed wetland treatment
systems (Wallace et al., 2015a; Kato et al., 2013a; Kato et al., 2013b; Speer et al., 2012, Speer et
al., 2011; Williamson, 2010; Johnson et al., 2007; Ouellet-Plamondon et al., 2006; Mæhlum and
Stålnacke, 1999; Mæhlum et al., 1995).

Another form of hybrid system adapted for cold region applications includes an anaerobic
pretreatment stage (e.g. septic tank) followed by a vertical flow aerobic biological filter or
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vertical flow constructed wetland (Maunoir et al., 2007; Jenssen et al., 2005). In these systems,
each treatment cell is typically buried in the ground or landscape, which allows the system to be
insulated from extreme climatic conditions or large temperature fluctuations (Speer et al., 2012).
These types of decentralized hybrid wastewater treatment systems are particularly applicable in
remote or cold region resort communities, where systems may be operating at varying capacities
throughout the year (Maunoir et al., 2007).

More sophisticated hybrid systems have also been investigated, primarily involving the use of
aerated submerged biofilm (ASBF) reactors to enhance the performance of shallow wastewater
treatment lagoons or WSPs. The ASBF reactors are designed to encourage the establishment of a
nitrifying bacteria biofilm on a submerged surface. The system configuration is designed to
maximize contact between rising air bubbles and the submerged biofilm, which is believed to
increase oxygen transfer rate into the biofilm as well as the flux of water, nutrients, and waste
products in and out of the biofilm (Choi et al., 2008). The rationale for adopting this type of
hybrid configuration is that biofilm systems are noted to greatly increase the bacterial mass-tovolume ratio, and hence SRT, in the treatment system, which reduces reactor volume
requirements.

A.4 Effects of Cold Climate on Treatment Performance
A.4.1 Organic Matter
Biological treatment processes have been reported to yield poor removal efficiencies of organic
constituents in cold regions because microbial activity is typically inhibited at low temperatures.
The first-order model has been traditionally employed for predicting removal rates of organic
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matter in most traditional wastewater treatment processes, with the modified Arrhenius
relationship typically used to adjust the removal rate coefficient for temperature (Metcalf and
Eddy Inc. et al., 2013). Values of θ range from 1.00 to 1.08, with typical values of 1.04 for
activated sludge, 1.08 for aerated lagoons and 1.035 for trickling filters (Metcalf and Eddy Inc. et
al., 2013). However, the responses to temperature fluctuations in conventional and naturalized
systems are different as are the approaches to mitigating their effects.

A.4.1.1 Conventional systems
In conventional wastewater treatment systems, changes in treatment performance have largely
been correlated with fluctuations in influent wastewater temperatures which subsequently affect
the biological treatment stage. Sunderesan and Philip (2008) examined the effect of temperature
(5°C-35°C) on COD removal efficiency for three types of reactors (activated sludge, fluidized
bed and submerged bed) using both synthetic wastewaters and domestic wastewater. They
reported that COD removal efficiencies were generally good above 15°C and that most of the
systems failed at 5°C. Although the acclimatization time was longer for the submerged bed
reactor, it was generally found to be more robust and efficient compared to the fluidized bed and
activated sludge processes. At 10°C, the submerged bed reactor achieved 40% COD removal
efficiencies while the fluidized bed and activated sludge reactors only achieved 20% removal
efficiencies. At 5°C, the submerged bed reactor exhibited 20% COD removal efficiencies, but
was able to regain 90% of its original efficiency once the temperature was raised to 10°C. The
COD removal efficiencies of the three reactors were also noted to be higher with synthetic
wastewaters than with actual domestic wastewater, which was likely due to the presence of
inhibitory substances that would be present in the more complex domestic wastewater
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(Sundaresan and Philip, 2008).

A study of a municipal wastewater treatment plant receiving industrial dyeing effluent containing
acid black 1 (AB1) illustrates the potential influence of the presence of inhibitory constituents in
wastewater, particularly under cold temperature conditions (Martin et al., 2005). Effluent from a
dyeing industry (24-73 mg/L) was combined with domestic sewage and fed to sequencing batch
reactors (SBA) at 7°C and 22°C. COD removal was found to decrease by 50% in dye-bearing
wastewater at 7°C and by 20% at 22°C. In addition, the presence of AB1-bearing wastewater led
to a general deterioration of the activated sludge process at 7°C, where excessive foaming and
the presence of filamentous bacteria were observed. The recovery period of the activated sludge
process was also noted to be longer at the colder operating temperature (Martin et al., 2005).

The use of moving bed biofilm reactors (MBBR) has been proposed for the treatment of
wastewaters with high organic and nutrient loadings. These have been investigated in
configurations following anaerobic pre-treatment (Luostarinen et al., 2006), or to enhance an
activated sludge process (Di Trapani et al., 2013; 2011). Following the anaerobic pre-treatment
of dairy wastewater (10°C) and a mixture of black water and kitchen waste (20°C), MBBRs were
reported to exhibit 40–70% COD removal efficiencies, whereas continuous and sequencing batch
operations yielded similar performances. The combination of an upflow anaerobic sludge blanket
(UASB) as a pre-treatment unit, followed by a septic tank with MBBR provided 92% COD and
99% BOD7 removals, respectively (Luostarinen et al., 2006). When employed in an activated
sludge MBBR process combination, it was found that the presence of the biofilm (MBBR) would
allow the system to operate and maintain system performance at lower temperatures (> 9°C) and
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lower solids retention times or higher organic loading rates than the comparable activated sludge
process alone (Di Trapani et al., 2013; 2011).

Aerated submerged biofilm (ASBF) reactors can be used to enhance the performance of
activated sludge processes or shallow wastewater treatment lagoons through the addition of
specially designed structures which forces the direct contact of rising air bubbles against a
submerged biofilm (Choi et al., 2008). This direct gas-phase contact is believed to increase the
oxygen transfer rate into the biofilm and increase the microclimate mixing of water, substrate,
nutrients, and waste products into and out of the biofilm. Specifically, the effects of cold
temperatures (3.4°C-6°C) on the removal of COD were investigated for a batch system. In
general, heterotrophic bacteria were found to consume the bulk of the COD in the first 8-16
hours of the batch test even at lower temperatures, provided sufficient oxygen was not limiting.
Wastewater BOD-NH4-N ratios ranged from 1.9 to 57.5, and wastewaters with a higher BODNH4-N ratio typically sustained larger heterotrophic bacteria populations and smaller autotrophic
bacteria populations leading to higher organic removal rates (Choi et al., 2008). Xu et al. (2014)
developed an enhanced physicochemical-biological process to improve the pollutant removal
efficiencies under cold temperature conditions (-30°C ambient outdoor temperature). Micromembrane filtration has been combined with sequential anaerobic-aerobic biofiltration processes.
The micro-membrane filtration step greatly increased the fraction of dissolved organics and
decreased the subsequent biological treatment load, which reduced some of the operational
challenges and increased the wastewater treatment efficiency at cold temperatures. Average
soluble COD removal efficiencies were increased to 86% when treated using micro-membrane
filtration and a polyaluminium chloride (PAC) coagulant dosage of 50 mg/L (Xu et al., 2014).
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Hence, the incorporation of biofilm or submerged bed configurations with conventional activated
sludge processes could be a beneficial adaptation for wastewater treatment facilities endeavoring
to meet high effluent discharge standards with biological treatment processes in cold climate
regions. Other considerations would include oxygen limitations. In addition, the study by Martin
et al. (2005) underlined the importance of ascertaining inhibition at the lowest operating
temperature in the design and testing of biological treatment processes.

A.4.1.2 Naturalized systems
Conventional unit processes differ considerably from naturalized systems in terms of functional
complexity and operating conditions. They are designed to provide intense focus on microbial
processes with limited design consideration for other biotic and abiotic components or the spatial
heterogeneity of an eco-engineered system (Kadlec and Reddy, 2001). Naturalized treatment
technologies for organic constituent removal range from overland flow involving very shallow (a
few centimeters depth) water flow over vegetated surfaces, to natural and constructed wetlands
involving a variety of vegetated and non-vegetated systems with various surface and subsurface
flow configurations and depths of less than 1 m, to wastewater stabilization ponds which
typically represent algal systems with typical depths of 1-2 m (Kadlec and Reddy, 2001).

Since naturalized systems usually operate in a relatively uncontrolled environment compared
with conventional treatment facilities such as activated sludge plants, the efficiency of these
systems is expected to change with the climatic conditions. Temperature is often considered the
most important physical factor influencing the efficiency of naturalized systems, as it affects the
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metabolic rate of the microorganisms in the system and thus the rate of degradation of organic
matter and subsequent stabilization of inorganic nutrients (Mansouri et al., 2011; Reinoso et al.,
2008). However, similar (<10% difference) or consistent organic (BOD, COD, TOC) removal
rates throughout all seasons of operation have been reported in a number of studies investigating
these types of systems operated in cold climate regions, including natural and constructed
wetlands (Wallace et al., 2015a; Speer et al., 2012; Speer et al., 2011; Taylor et al.; 2011;
Jamieson et al., 2007; Ouellet-Plamondon et al., 2006; Kadlec and Reddy, 2001; Mæhlum and
Stälnacke, 1999; Mæhlum et al., 1995), reed beds (Gholikandi et al., 2009; Solano et al., 2004)
and wastewater stabilization/maturation ponds (Heaven et al., 2011; Williamson, 2010; Rockne
and Brezonik, 2006). The seemingly limited influence of temperature on overall performance can
be attributed to the size and complexity of these naturalized systems, where effects on known
microbial temperature sensitivity are simply dampened by other factors (Kadlec and Reddy,
2001). These masking effects are not always as apparent in temperature controlled mesocosm or
laboratory-scale studies where the understanding of fundamental processes is targeted, while
they become more evident in field-scale studies.

Mæhlum and Stålnacke (1999) investigated the influence of temperature, flow rate and influent
concentrations over a 3-year period on the treatment efficiency of organics in 3 integrated
horizontal subsurface flow constructed wetlands treating domestic wastewater in Norway, with
particular focus on aerobic pre-treatment in vertical-flow filters and the treatment efficiency
during winter. Aerobic pre-treatment followed by constructed wetlands including P sorption
media (sand and Filtralite wetlands) removed most organic matter (BOD> 80%). Differences in
treatment efficiencies between seasons were generally less than 10% and no statistical
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differences in treatment efficiencies as a result of water temperature could be detected (Mæhlum
and Stålnacke, 1999). It was surmised that temperature effects were partially compensated for by
the large hydraulic retention time (14 days) and aerobic pre-treatment (Mæhlum and Stålnacke,
1999; Mæhlum et al., 1995).

Solano et al. (2004) evaluated the treatment performance of a pilot-scale subsurface-flow
constructed wetland for the BOD and COD removal from raw municipal wastewater
characteristically derived from small villages. They reported high BOD and COD removal for all
treatments studied including: two hydraulic loading rates (150 and 75 mm/day) and two
macrophytes (cattail (Typha sp.) and reed (Phragmites sp.). After 2 years of operation a
significant correlation was observed between hydraulic loading rate and performance, with the
best removal being obtained by those beds receiving the lowest hydraulic loading rate and
highest retention time (3 days). High removals were achieved for all the treatment beds without
any significant relationship to plant species, or to plant biomass (cattail or reed). No seasonal
differences were found in BOD and COD removals. According to that finding, removal
efficiency could be improved by increasing the retention time (Solano et al., 2004).

In a study by Ouellet-Plamondon et al., (2006) investigating the effects of aeration and
vegetation on the treatment performance of wetland mesocosms operated under cold temperature
conditions, average COD removals above 90% were noted for all treatments except for nonvegetated and non-aerated mesocosms, which showed 88% removal. During the summer (25°C),
there was a slight increase in COD removal in vegetated compared to non-vegetated mesocosms,
but aeration did not enhance removal efficiencies, regardless of whether the system was
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vegetated or not. In winter (7°C), the expected reduction in COD removal in non-aerated
mesocosms was completely compensated for with a notable improvement in corresponding
aerated mesocosms, for both the vegetated and non-vegetated systems. Additional oxygen during
cold temperature operations likely counterbalanced the reduction in biological kinetics resulting
from the low temperature and plant dormancy (Ouellet-Plamondon, 2006).

In a similar study, the suitability of using a subsurface flow reed bed constructed wetland
followed by a duckweed lagoon as a nutrient polishing pond, for treating domestic wastewater
from small communities in economically underdeveloped cold regions of Iran was investigated
by Gholikandi et al. (2009). The reed bed pilot-scale system included four basins, of which two
were vegetated reed beds and two were non-vegetated controls. The artificial reed bed
constructed wetlands exhibited an average removal of 89% BOD and 78% COD, with further
removal of 20% and 10% in BOD and COD, respectively, in the duckweed lagoon.

The presence of plants provides well-documented benefits in treatment wetlands, however, the
effects of different species on year-round and seasonal performance are generally not clearly
understood. Taylor et al. (2011) evaluated the influence of plants on seasonal COD removal in
batch-fed (synthetic secondary wastewater) microcosms simulating subsurface flow treatment
wetlands. 19 plant species were studied over a 20-month period with temperatures ranging from
4-24°C. An average COD removal of 70% was reported for the controls, while removals ranged
between 70–97% for the individual species. Most plants were noted to enhance COD removal
significantly, particularly at temperatures of 4-8°C. It was also found that COD removal
decreased at low temperatures in the non-vegetated controls, but exhibited limited seasonal
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variation in the vegetated microcosms, where removals did not differ for 15 of the species. Two
species showed significant negative correlations; better removal at colder temperature; Carex
nebrascensis and C. utriculata. Species that showed the highest overall performance were
generally in the sedge and rush families (Cyperaceae and Juncaceae), while species exhibiting
lower treatment performance were largely in the grass family (Poaceae) (Taylor et al., 2011).
The high COD removals throughout the study were strongly associated with high SO42concentrations, particularly at low temperatures, which would suggest that plant performance
was likely related to oxidation in the rhizosphere of the plants and their abilities to promote
aerobic over anaerobic microbial processes, particularly during colder operational periods.

As previously noted, wastewater stabilization or maturation ponds generally represent
aerobic/anaerobic or facultative non-vegetated algal systems with typical operating depths of 1-2
m (Kadlec and Reddy, 2001). In a one-year study conducted by Rockne and Brezonik (2006),
carbon C flux through a three-pond wastewater stabilization system (WWSP) operated in a cold
region (Minnesota, USA) with an average of 4 months of ice cover was examined. A 90%
overall soluble carbonaceous biochemical oxygen demand (sCBOD) removal was reported, with
most of the removal occurring in the primary pond. The C balance demonstrated that algal
carbon requirements were met by a combination of CO2 released by bacterial oxidation of
organic matter in the wastewater influent, as well as inorganic carbon in the wastewater influent
and air-water CO2 mass transfer. In return, algal photosynthesis provided much of the oxygen
needed for heterotrophic sCBOD removal in the primary pond. In effect, soluble organic matter
in a pond system can be rapidly oxidized to CO2 by heterotrophic bacteria, and this inorganic
carbon is not factored into the organic carbon measurements until it is assimilated by algae.
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Hence, it was argued that observed organic carbon removal values do not necessarily reflect true
removal efficiencies of influent-derived organic carbon, particularly in the summer, because a
large portion of the TOC outflow from the ponds was likely algal mass, while wastewater
influents typically do not contain algae. This conclusion was supported by high TOC
concentrations in the secondary pond, even though 90% of the influent sCBOD had been
removed in the primary pond.

Mansouri et al. (2011) investigated the significance of differences in the seasonal changes of
various water quality parameters including COD and BOD5 in a cold climate region wastewater
stabilization pond. The variation of these parameters followed seasonal temperature trends,
where maximum removal efficiencies of COD (76%) and BOD5 (85%) were noted in the
summer, while minimum COD and BOD5 removal efficiencies were observed in the spring
(59%) and winter (66%), respectively. However, data analysis revealed that there were
significant differences in these water quality parameters between the four different seasons both
in the influent and final effluent concentrations (Mansouri et al., 2011). This was attributed to the
presence of algae in these systems, particularly during the summer period where extended
photoperiods may prevail in some cold climate regions. Microcystis aeruginosa, Synechococcus
and Synechocystis are typical cyanobacteria species occurring in natural ecosystems and have
also been shown to be predominant species in a wastewater stabilization pond (Mozaheb et al.,
2010).

Interestingly, Rockne and Brezonik (2006) also noted that ~90% of influent TOC was removed
during the ice-cover period, which is counterintuitive given that modeled organic carbon removal
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rate kinetics (Heaven et al., 2011) are expected to decrease considerably at temperatures
expected during ice-cover (2-5°C), as previously noted. However, temperature effects were
likely dampened by the extended hydraulic retention time (120 days) from onset of ice cover to
its melting, which may allow sufficient time for biodegradation even at reduced rates. Most of
the organic matter in the secondary pond consisted of algal biomass and not influent-derived
organic material.

Hence, the incorporation of aeration, vegetation and algal biomass, as well as extended hydraulic
retention time in naturalized treatment system design configurations, should be considered viable
alternatives for enhancing treatment system performance in cold climate regions. Extended
hydraulic retention times or reduced organic loading rates have been shown to significantly
dampen the effects of temperature (Rockne and Broznik, 2006; Solano et al., 2004; Kadlec and
Reddy, 2001; Mæhlum and Stålnacke, 1999). It has been reported that factors that enhance
electron acceptor availability or enhance root zone oxidation activity can be at least as important
as temperature in facilitating organic matter removal (Allen et al., 2013; Allen et al., 2002).
Studies have shown that as oxidation decreases, the amount of accumulated residual inert organic
matter increases and aggregates in the filtration matrix, which ultimately affects hydraulics
through the soil matrix, consequently reducing hydraulic retention time (Speer et al., 2013; He
and Mankin, 2001) and the effectiveness of biological treatment (Ouellet-Plamondon et al.,
2006). Increasing oxygen availability with artificial aeration could enhance mineralization and
reduce the hydraulic clogging due to increased organic matter accumulation. Thus, for organic
matter removal, the incorporation of vegetation as well as artificial aeration in constructed
wetlands could be beneficial in winter or cold climate operation, particularly when vegetation is
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dormant. (Taylor et al., 2011; Ouellet-Plamondon et al., 2006).
A.4.2 Nitrogen
The processes leading to nitrogen removal from wastewater primarily involve bacterial
transformations. Nitrification refers to the oxidation of ammonium (NH4+) to nitrate (NO3-) by
nitrifying bacteria and can only occur under aerobic conditions. Conversely, denitrification is an
anaerobic decomposition process in which organic matter is broken down by bacteria using
nitrate instead of oxygen as an electron acceptor; nitrate is first reduced to nitrous oxide, which is
subsequently further reduced to atmospheric nitrogen (N2) (Verhoeven and Meuleman, 1999).

Nitrification is the most temperature-sensitive biological process in wastewater treatment; not
only with respect to colder temperatures (<10oC), but also in terms of temperature fluctuations
(Huang et al., 2013; Rodriguez-Caballero et al., 2012; Yuan and Oleszkiewicz, 2011b; Hwang
and Oleszkiewicz, 2007; Head and Oleszkiewicz, 2004). Therefore, nutrient removal
performance can be difficult to sustain during colder temperature operations. Bacterial nitrifying
populations are functionally classified as chemolithotrophic ammonia oxidizing bacteria (AOB),
which oxidize NH3 to NO2- and nitrite-oxidizing bacteria (NOB), which convert NO2- to NO3-.
The NO3- is then converted to nitrogen gas through the anaerobic denitrification process. AOB
and NOB share a close symbiotic relationship with each other because of the high toxicity of
NO2-, forming densely packed micro-colonies in wastewater treatment systems (Jauffur et al.,
2014). Different populations of AOB and NOB typically co-exist in wastewater treatment
environments, but changes in temperature can significantly alter the composition of these
communities, which ultimately affects nitrification efficiency (Rodriguez-Caballero et al., 2012).
Other factors that can also negatively affect AOBs include: pH reductions, low dissolved oxygen
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(DO) concentrations (<3 mg/L), toxic compounds, sludge retention time (SRT) and high organic
loads.

A.4.2.1 Conventional systems
This risk of cold shock is a phenomenon that is particular to conventional wastewater treatment
system operated in cold climate regions. These can result from rapid snow melt, a common
occurrence in the late fall and early spring in cold-temperate climate communities. Sudden, daily
temperature fluctuations of 5°C to 7°C are not uncommon (Head and Oleszkiewicz, 2004).
Hwang and Oleszkiewicz (2007) characterized the effect of temperature on nitrification,
considering both the effects of rapid temperature decreases and that of a gradual temperature
decrease. They noted that a sudden temperature decrease affected nitrification much more than
predicted using the accepted temperature correction factor (1.072), with a 10°C decrease (20°C
to 10°C) yielding a >20% decrease in specific nitrification rate. Conversely, the change of
nitrification rate could be predicted fairly accurately for a gradual temperature decrease. It was
concluded that in the case of a sudden temperature decrease, the overestimated nitrifier growth
rate might cause the washout of the autotrophic organisms, hence, it is essential that measures be
in place to avoid nitrifier washout should such conditions arise (Hwang and Oleszkiewicz, 2007).
A number of studies have been undertaken to develop process strategies to overcome shortfalls
in nitrogen removal performance.

Head and Oleszkiewicz (2004) introduced the bioaugmentation of nitrifying bacteria for short
solids retention time (short-SRT) nitrification as a relatively low-cost alternative for wastewater
treatment facilities operated in cold climates. They suggested seeding a cold sequencing batch
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reactor (SBR) with nitrifying bacteria from the anaerobic sludge digestion dewatering liquor or
centrate acclimatized at 20°C. The rationale was that the seeded SRTs of the cold SBRs would
then be raised above the minimum solids retention time (SRTmin) required for nitrification.
Decreases in nitrification rates were observed, however, and complete NH4+ removal could be
realized as long as seeding to the cold SBRs was sustained (Head and Oleszkiewicz, 2004).

Next, Yuan and Oleszkiewicz (2010) developed a SBR process that could achieve partial
nitrification and biological phosphorus removal. The study showed that partial nitrification could
be achieved at low temperature as long as high dissolved oxygen concentrations (>3 mg/L) were
sustained. Controlling SRT was proposed as the operational strategy for successful partial
nitrification of an SBR operated in cold temperature conditions (15°C). From the pilot-scale
testing, it was noted that shorter SRT for NOB than for AOB would lead to NOB washout due to
the NO2- substrate limitation at the beginning of the aeration cycle in the SBR (Yuan and
Oleszkiewicz, 2011b; Yuan and Oleszkiewicz, 2010). The long-term effects of temperature on
partial nitrification were examined by Guo et al. (2010). A larger activation energy (111.5 kJ
mol−1) was determined for AOB at lower temperatures of 5-20°C, than at higher temperatures of
20-35°C (42.0 kJ mol−1). As the activation energies of AOB and NOB as well as their
sensitivities to temperature changes are distinctly different, this would imply that AOB could
out-compete NOB at the higher temperatures and that the rate-limiting step for ammonia
oxidation is not identical at different temperature ranges (Guo et al., 2010).

Another strategy that has been employed to overcome reductions in nitrogen removal at colder
temperatures is the use of attached growth systems, such as trickling filters. Gullicks and Cleasby
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(1990) and Parker et al. (1998) examined the nitrification performance of a pilot-scale, separate
stage trickling filter plant and a trickling filter/solids contact (TF/SC) process, respectively. In
general, nitrification performance was diminished at low temperatures (10°C), but could be
restored effectively during winter operation by introducing continuous dosing and lower
hydraulic loading rates. Tower influent aeration, effluent recirculation, forced draft ventilation of
nitrifying biofilters, were also recommended to further improve treatment effectiveness.

As biofilms are generally anoxic at the interface with the attachment medium, there is the
potential for denitrification to provide energy inside biofilms in aerated bioreactors should a
sufficient carbon source be available, which would be beneficial in the design of bioreactors for
nitrogen removal under cold temperature operation (Karkman et al., 2011). Moving bed biofilm
reactors (MBBR) were introduced as part of an innovative activated sludge/attached-growth
alternative for operation under cold temperatures and low SRT (Di Trapani et al., 2013; Di
Trapani et al., 2011; Luostarinen et al., 2006). Luostarinen et al. (2006) achieved complete
nitrification through intermittent aeration, but noted that denitrification was limited by low
carbon availability. In essence, Di Trapani et al. (2011) introduced suspended carriers, which
move freely inside the reactor volume (Di Trapani et al., 2010) into the aeration/anoxic process
to facilitate biofilm attachment and growth in a process referred to as IFAS (integrated fixed-film
activated sludge). This type of process could be used to upgrade conventional activated sludge
facilities with the aim of reaching their nitrification objectives under cold temperature operation,
without the need of additional volumes. The performance of a pilot-scale, hybrid MBBR process
was investigated for operation at relatively low sludge retention time (SRT) and temperature,
with a particular focus on nitrification. Batch tests were conducted to assess nitrification in both
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the suspended and attached growth systems, in order to understand the role of each biomass
system in the nitrification process. Biofilm nitrification was noted to be higher than that of the
suspended sludge, which was not negligible and significantly higher than in a simple activated
sludge reactor operated under the same conditions. This was attributed to the seeding effect of
nitrifiers from the biofilm to the mixed liquor, which would have contributed to an increase in
the apparent nitrification activity of the entire system (Di Trapani et al., 2011). In a subsequent
study, biofilm nitrification activity was found to increase with decreasing mixed liquor SRT,
suggesting that hybrid reactors could be operated with low mixed liquor SRT values, even at low
temperatures, and achieve high ammonium removal efficiency (Di Trapani et al., 2013).

One strategy to compensate for low denitrification rates at low temperatures is to enhance the
biomass concentration in the reactor. This can be achieved by introducing more low-temperature
tolerant nitrifying biomass (Vackovà et al., 2011; Yao et al., 2013a; Yao et al., 2013b) or by
immobilizing the biomass in polymeric matrixes (Vackovà et al., 2011). Immobilization of
biomass brings additional advantages such as easier separation from the treated wastewater,
controlled retention time of the biomass in the system, and protection of the biomass. A
psychrotrophic heterotrophic nitrifying–aerobic denitrifying bacterium was isolated by Yoa et al.
(2013a) and identified as Acinetobacter sp. It exhibited excellent tolerance to low temperature
from 20°C (optimum) to 4°C, facilitating efficient ammonium, nitrite and nitrate removal at lowtemperature, under solely aerobic conditions with little accumulation of intermediates. Next the
nitrogen removal performance and metabolic mechanisms of the strain were further investigated
under aerobic conditions at 10°C. Acinetobacter sp. HA2 was capable of heterotrophic
nitrification and aerobic denitrification at low temperature (10°C), efficiently removing
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ammonium, nitrite and nitrate (Yao et al., 2013b). These developments hold promise for future
adaptations facilitating nitrification and denitrification for wastewater operations in cold climate
regions.

A.4.2.2 Naturalized Systems
Nitrogen removal in naturalized systems is challenging due to the complexity of the nitrogen
cycle, as well as variations of influent nitrogen species. Vegetation, season, temperature and
hydraulic loading most likely influence root zone oxygenation and consequent nitrogen removal,
especially for NH4+-rich wastewater (Allen et al., 2013; Kadlec and Wallace, 2009). Nitrogen
removal in the form of NH4+ or NO3- can take place through uptake by algae, heterotrophic
organisms and vegetation. The sequence of mineralization, nitrification and denitrification is
often rate limited by nitrification as the slowest step, while denitrification is usually not rate
limiting (Ducey et al., 2010; Kadlec and Reddy, 2001; Verhoeven and Meuleman, 1999). Hence,
nitrogen removal is often governed by nitrification, which requires aerobic conditions. These
aerobic conditions can be facilitated through photosynthetic activity by algae and macrophytes,
atmospheric oxygen transfer and passive and artificial aeration (Beebe et al., 2015; Allen et al.,
2013; Feng et al., 2012; Speer et al., 2012; Speer et al., 2011; Ouellet-Plamondon et al., 2006;
Rockne and Brezonik, 2006; Kadlec and Reddy, 2001).

A significant portion of dissolved organic nitrogen can be returned to the water column during
breakdown of microorganisms, vegetation or soil organic matter. Nitrogen release during
decomposition is typically higher at warmer temperatures. However, so are nitrogen uptake by
algae and vegetation, and nitrification and denitrification processes, which can therefore present
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confounding effects. (Kadlec and Reddy, 2001). NH4+ and NO3- removal exhibits a strong
seasonality in naturalized systems, and nitrate removal has been reported to be much higher in
warmer seasons (Kadlec and Reddy, 2001; Williamson, 2010). Temperatures approaching 10°C
are low enough to partially inhibit nitrate reduction in naturalized systems, however, if the
carbon source is sufficient, the nitrate removal rate can be sustained at an appreciable level
(Kadlec and Reddy, 2001).

In open systems such as wetlands, lagoons and ponds, seasonal differences in nitrogen removal
may be influenced by NH3 volatilization due to pH increases and uptake resulting from algae
growth (Wallace et al., 2016; Wallace et al., 2015b; Hayward et al., 2014; Kadlec and Wallace,
2009; Rockne and Brezonik, 2006). Significant nitrogen loses resulting from ammonia
volatilization can take place particularly when ammonium concentrations are high and the pH
rises above 8.0, often due to algal growth, shifting the NH4+/NH3 equilibrium further to the
volatile nonionized form. In the absence of algae and related pH increases, the NH4+/NH3
equilibrium shifts further to the non-volatile ionized form (Wallace et al., 2016; Wallace et al.,
2015b; Hayward et al., 2014; Rockne and Brezonik, 2006).

Allen et al. (2013) and Ouellet-Plamondon et al. (2006) observed that plant presence and species
had a greater effect on total nitrogen and TKN removals, respectively, in wetland systems than
temperature or residence time, achieving approximately twice the nitrogen removal of nonvegetated controls regardless of season and temperature. Carex typically outperformed Typha
and Schoenoplectus with less temperature dependency (Allen et al., 2013). Artificial aeration
was found to improve summer and winter TKN removal in non-vegetated system, but the
226

additional aeration did not fully compensate for the absence of plants. Ouellet-Plamondon et al.
(2006) argued that the role of plants extended beyond the addition of oxygen and most likely
supported the growth of a more diversified and active microflora in the rhizosphere, confirming
the positive effect of aeration (artificial or photosynthetically-derived) on nitrifying bacteria.

A number of researchers have argued that the effect of direct nutrient uptake by plants could only
be significant when wastewater nutrient and organic loadings are low (Beebe et al., 2015; Allen
et al., 2013; Gottschall et al., 2007; Ouellet-Plamondon et al., 2006). In an attempt to address the
issues of long-term and cold climate performance, as well as the importance of plants to overall
effectiveness of constructed wetland systems, Gottschall et al. (2007) evaluated the contribution
of nutrient uptake by emergent macrophytes to total mass nutrient removal in a well-established
constructed wetland treating agricultural wastewater in a cold climate. As the wetland was
NH4+-dominated, there was preferential uptake of NH4+ over NO3−, and total uptake, as well as
biomass, increased with increasing NH4+ in the wastewater (Gottschall et al., 2007).

Attached growth biological treatment systems were also shown to be an effective alternative to
sustain cold temperature nitrification as temperatures as low as 4°C. Despite the lack of
consistent or prolonged periods of nitrification at low temperatures within suspended growth
treatment systems operated under similar conditions, there is evidence that attached growth
nitrification processes have the potential to achieve ammonia removal at low temperatures for
extended periods of time (Delatolla et al., 2012; Ha et al., 2010; Choi et al., 2008; Andersson et
al., 2005).
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Biological aerated filters (BAF) are a unit process that can accommodate both wastewater
recirculation and maintenance of high biomass concentrations. BAFs may be added as a
treatment unit after aerated lagoons or used directly as a secondary treatment unit. They are
generally more compact than other attached-growth processes such as nitrifying trickling filters.
In a lagoon system upgrade with a gravel BAF, Ha et al. (2010) reported that approximately 95%
of NH3-N could be nitrified with a HRT of 2 hours for wastewater entering at an influent
temperature of 6.5°C. However, they noted that by recirculating 200% of the effluent back into
the BAF for a HRT of 1 hour, NH3-N removal could be improved from 54% to 92% at 6.5°C.
Delatolla et al. (2012) characterized the effect of cold-temperature exposure time on nitrifying
biofilm and nitrifying biomass of BAF implemented as a lagoon system upgrade. They
demonstrated that attached-growth AOB and NOB populations were capable of surviving
exposure to 4°C and that the AOB population remained fairly consistent throughout the 4-month
exposure. The NOB population was noted to decrease significantly with exposure to 4°C, but
was maintained for the entire 4-month study (Delatolla et al., 2012). These studies demonstrated
that BAF with recirculation could be employed as an add-on technology to improve nitrification
under cold temperature operations.

The application of psychrophiles in cold region wetlands has gained interest in the last decade.
Individual strains (NL01, NL02, NL03) of cold-tolerant bacteria that can sustain nitrification
activity, and hence, NH4+ removal efficiencies at temperatures below 15oC were investigated by
Ying et al. (2010). Moreover, it was also noted that, under the same conditions, a mixture of the
three strains was more robust under harsher environmental conditions. Ducey et al. (2010)
reported on the application of an acclimated lagoon nitrifying sludge (ALNS) capable of high
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rates of nitrification at temperatures ranging between 5°C to 20°C. ALNS was used to inoculate
attached- and suspended-growth nitrification processes and consistently exhibited rapid
bioreactor start-up and excellent NH4-N removal performance under cold temperature
conditions. It also formed large flocs that could be settled rapidly, producing a high-quality
effluent. Characterization showed that the AOB community was dominated by Nitrosomonas,
which appeared to form a symbiotic relationship with other cold tolerant organisms capable of
using the accumulated nitrite for nitrogen assimilation and energy production via reduction
pathways (Ducey et al., 2010).

Feng et al. (2012) designed a shallow moss constructed wetland (SMCW), constructed with moss
(Bryum muehlenbeckii) and ornithogenic soil (inoculum) collected from polar regions to enhance
nitrogen treatment at cold temperatures (5°C to 20°C). They noted that the highest dissolved
oxygen concentrations were detected around moss roots and were significantly higher than in the
control wetland. The dominant AOB population characterized in the SMCW included
Nitrosococcus mobilis, Nitrosomonas eutropha and Nitrosomonas marina, which was also
different than in the control wetland. They attributed the SMCW capacity to maintain the
nitrification rate at low temperatures to the cold-adapted and tolerant AOB population inoculated
from ornithogenic soil and the high oxygen transfer to the moss root zone (Feng et al., 2012).

A.4.3 Phosphorus
A.4.3.1 Conventional systems
Phosphorus tends to accumulate in aquatic systems because there are no significant gaseous loss
pathways, therefore, removal or retention in these treatment systems is regulated by chemical
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(adsorption, complexation, precipitation), physical (sedimentation, filtration) and biological
mechanisms (uptake and release by vegetation, periphyton and microorganisms). Traditionally,
phosphorous removal from wastewater effluents in conventional configurations has largely been
through adsorption and chemical precipitation and sedimentation. However, in the last two
decades, a number of studies have focused on elucidating biological phosphorous removal, and
more recently, on the effect of temperature on the biological removal pathways and mechanisms.

Biological phosphorus removal (BPR) is essentially a two stage process, where microorganisms,
known as phosphorus accumulating organisms (PAOs), pass from an anaerobic stage, where they
store the phosphorus, to an aerobic stage, where it is released (van Loosdrecht et al. 1997).
Ideally, the anaerobic phase is deficient in nitrate (NO3-), nitrite (NO2-) and dissolved oxygen
(DO), and when readily biodegradable carbon substrates such as short-chain volatile fatty acids
are available, they are stored as polyhydroxybutyrate (PHB) in the cells. When the system is
aerated and aerobic conditions are resumed, the PHB stored in the cell is metabolized and used
as an energy source, and thus released back to the aqueous phase. (Marklund and Morling,
1994). A number of microorganisms, including Acinetobacter ssp., have been reported to be able
to store and release excess phosphorus during anaerobic-aerobic conditions. The efficiency of
BPR in conventional treatment systems such as activated sludge processes and SBR is
temperature dependent, which can affect its performance and reliability in cold climate regions
(Kumar et al., 1996).

In a one-year full-scale study, cold-climate BPR was investigated at a wastewater treatment
plant, equipped with a conventional activated sludge process retrofitted to a SBR, in a small
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village near the Arctic circle (Marklund and Morling, 1994). Wastewater temperatures typically
varied between 3 and 10°C and was below 5°C for approximately 240 days of the year. Effluent
soluble phosphorus concentrations with the SBR adaptation were generally <1.0 mg/L for
wastewater temperatures above 5°C, but BPR was significantly impeded at temperatures below
4°C (Marklund and Morling, 1994).

Nitrate has been shown to have a negative effect on anaerobic phase P-release as denitrifiers
compete with PAOs for readily biodegradable carbon substrates. It then reasonably follows that
denitrification, the second step of denitrification, which also produces nitrite (NO2-) and which
requires a readily biodegradable carbon substrate, may negatively affect anaerobic phase Prelease. Using an SBR system, Yuan and Oleszkiewicz (2011a) demonstrated that the addition of
nitrite alone did not make a significant difference in P-release rate and, in fact, that PAOs were
strong competitors for the carbon source, with the microorganisms involved in NO2- removal.
Hence, they concluded that the conversion of NO3- to NO2- was the key step necessary for the
denitrifiers to successfully outcompete PAOs for carbon source. With respect to P-uptake, they
noted that the aerobic P-uptake rate did decrease with increasing NO2- concentration and
therefore that aerobic P-uptake by PAOs was more sensitive to NO2- than anaerobic P-release
(Yuan and Oleszkiewicz, 2011b). In addition, BPR and partial nitrification were also achieved at
low temperature (15°C), but the availability of short-chain fatty acids (VFA) was the key to
successful P-release and subsequent P-uptake (Yuan and Oleszkiewicz, 2010; 2011b).

It has also been shown that the alternating anaerobic and aerobic conditions that promote Puptake and accumulation as intracellular polyphosphate also favor another group of
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microorganisms known as glycogen accumulating organisms (GAO). These microorganisms
may also compete with PAOs for the available organic substrate without contributing to P
removal (Zeng et al., 2003), and their presence may lead to BPR deterioration (Oehmen et al.,
2006). Temperature is one of the key parameters affecting the performance of BPR systems due
to its impact on the PAO/GAO competition and community composition (Lopez-Vasquez et al.,
2009; Brdjanovic et al., 1998). Lopez-Vazquez et al. (2009) noted that PAO was the dominant
microorganisms at 10°C, since the metabolism of GAO was inhibited, while at 20°C, growth of
PAO was favored over GAO only at a high pH (> 7.5) conditions, and at 30°C, GAO tended to
dominate the competition with higher substrate uptake rates.

Wang et al., (2012) demonstrated that BPR from wastewater could be achieved through an
aerobic/extended-idle (A/EI) process, suggesting that a strict anaerobic phase, as provided in the
anaerobic/oxic (A/O) process, was not critical and that an extended idle period of 210–450 min
could achieve similar removals. Chen et al. (2014) investigated the effect of temperature (5 to
30°C) on BPR induced by the A/EI regime. Phosphorous removal induced by the A/EI regime
depended strongly on temperature, where efficiency increased with increasing temperature from
5 to 20°C but decreased when temperatures were increased further to 30°C, and the highest P
removal (97.1%) was obtained at 20°C. They demonstrated that the composition of PAO and
GAO in BPR sludge shifted with the variation of temperature (Lopez-Vasquez et al., 2009;
Oehmen et al., 2007; Brdjanovic et al. 1998). The phosphorus removal efficiencies of A/EI SBRs
and traditional anaerobic/oxic (A/O) SBRs were compared at 5 and 20°C, respectively by Chen
et al. (2014). The results showed the A/EI process yielded higher phosphorus removal
efficiencies than the A/O process at both 5 and 20°C, and in both cases, PAOs were more
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abundant than GAOs, which might be the principal reason for the higher BPR in the A/EI SBRs.
Furthermore, successful BPR operation have been observed at temperatures as low as 5°C
(Brdjanovic et al. 1998; Erdal et al. 2003). Recent studies have demonstrated that the A/EI
process could accommodate higher nitrate concentrations (Wang et al., 2012). Hence, the higher
tolerance for nitrate of the A/EI process might also be a contributing factor in the higher BPR
observed in the A/O SBRs (Chen et al., 2014).

A.4.3.2 Naturalized systems
Phosphorus in influent wastewater is present in soluble and particulate forms, with both forms
containing a certain fraction of inorganic and organic phosphorus constituents, which is
dependent on the type of wastewater. For example, municipal wastewater may contain a large
fraction (>75%) as inorganic phosphorus in soluble forms. As naturalized systems offer less
operational control than their more conventional counterparts, phosphorus behavior is sometimes
more challenging to predict. Phosphorus removal in naturalized systems is largely governed by
abiotic retention mechanisms including adsorption, complexation, precipitation, sedimentation,
entrainment and entrapment (Roy-Poirier et al., 2010a; Kadlec and Reddy, 2001). These
processes are not as susceptible to temperature conditions as systems that rely on biological
processes. A study by Tang et al. (2015) examined the effect cold resistant bacteria
(Pseudomonas flava WD-3) seeding of an integrated vertical-flow constructed wetland (IVCW)
system on the removal phosphorus during winter operation and found that at a high organic
substrate loadings, P. flava WD-3 dosage and removal rates were positively correlated. However,
while BPR may still occur under the appropriate environmental conditions, it should be noted
that its net contribution to overall phosphorus removal is likely to be over shadowed by other
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processes.

A number of studies have reported that phosphorus retention is not significantly affected by
temperature in cold climate wetlands (Rockne and Broznik, 2006; Kadlec and Reddy, 2001;
Mæhlum and Stålnacke, 1999). Kadlec and Reddy (2001) suggested that phosphorus removal is
likely affected by translocation to below ground biomass and slow rate of decomposition of
detrital tissue during the cold temperature season, while throughout the warmer seasons,
phosphorus removal is governed by more rapid biological uptake and release during
decomposition. Hence, specific removal trends are not always readily apparent due to the
complexity of these systems. The lack of correlation between phosphorus removal and
temperature would also suggest that the primary removal mechanism is a physical process
(Kadlec and Reddy, 2001; Mæhlum and Stålnacke, 1999)

The rate of adsorption is largely controlled by the pH and redox conditions of the system,
adsorptive surface area (active iron and aluminum or calcium carbonate) and temperature. For
instance, under aerobic, neutral to acidic conditions, Fe(III) binds phosphates in stable
complexes, while under anaerobic conditions, Fe(III) can be reduced to Fe(II), which has a lower
adsorption affinity for phosphates and can subsequently lead to their release (Verhoeven and
Meuleman, 1999). Inorganic phosphorus is retained by oxides and hydroxides of iron and
aluminum in acid soils and by calcium carbonate in alkaline soils. Similarly, the adsorption of
phosphates to calcium only occurs under basic to neutral conditions. However, this can be
subject to variability in systems where the pH fluctuates diurnally as a result of algal
photosynthetic activity (Hayward et al., 2014; Kadlec and Reddy, 2001). In addition to the
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reversible nature of the adsorption process due to these environmental factors, substrates are
subject to saturation as each will exhibit a specific adsorption capacity and when the sites are
occupied, no further removal will occur.

Phosphorus uptake by vegetation is expected to be at its highest during the peak growing season,
followed by decrease and cessation in the fall and winter. Water column phosphorus can be
removed via periphyton uptake. Phosphorus present in detrital plant tissue and algal biomass is
rapidly released to the water column during decomposition. However, during long-term periods,
a significant fraction of organic phosphorus may remain in the sediment, remain relatively
resistant to microbial breakdown and can be considered an important phosphorus sink (Rockne
and Brezonik, 2006; Kadlec and Reddy, 2001). Both uptake and release are expected to be higher
in the spring and summer. The increase in phosphorus flux with temperature suggests that
mechanisms of phosphorus release in sediments may be regulated by biological activity
including the root zone (Mæhlum et al., 1995). For systems that rely on vegetation for P removal
(e.g. floating macrophyte mats for ortho-phosphate removal) in cold climate regions, treatment
efficiencies have generally been reported to be highly variable throughout the year (0–99.6%),
with lower efficiencies during the late fall and higher efficiencies throughout the spring and
summer season (Van de Moortel et al., 2010)

A.4.4 Solids
While it is widely accepted that temperature plays a significant role in the performance of
wastewater systems, as lower temperatures slow reaction rates and bacterial growth and activity,
some studies have also demonstrated that the effectiveness of solids removal can also be affected
235

in both conventional (Scherfig et al., 1996) and, particularly, passive treatment systems
(Williamson, 2010). As such, various design strategies have been implemented to improve
treatment efficiency, including solids removal.

In a study by Xu et al. (2014) an enhanced physicochemical-biological wastewater treatment
process including micro-membrane filtration, anaerobic biofilter, and aerobic biofilter was
developed to improve removal efficiencies under winter operational conditions in northeast
China. In particular, micro-membrane filtration was found to significantly decrease operating
difficulties, and increase wastewater treatment efficiency under colder conditions. Full-scale
experiments were conducted with outdoor temperatures as low as -30oC. Using micro-membrane
filtration a polyaluminium chloride coagulant dosage of 50 mg/L, average SS removals of 95.8%
were achieved.

Mæhlum and Stålnacke (1999) examined the influence of temperature, flow rate and input
concentrations on the treatment efficiency of three integrated horizontal subsurface flow
constructed wetlands treating domestic wastewater. The study focused on aerobic pre-treatment
in vertical-flow filters, filter media with high phosphorus sorption capacity, and treatment
performance during winter operations. No statistical differences in the treatment efficiencies due
to water temperature were detected, with reported differences generally less than 10%. It was
surmised that temperature effects could be partially compensated for by larger hydraulic
retention times. The study (Mæhlum and Stålnacke, 1999) also reported poor suspended solids
(SS) removal in the wetland systems with iron-rich ferro-humic podzol sand.
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In a 2-year pilot-scale study, Solano et al. (2004) assessed the role of macrophytes (Typha sp.)
and reed (Phragmites sp.) and surface loading rates in a subsurface flow constructed wetland
treating raw municipal wastewater. No significant differences were observed between cattail and
reed performance. In addition, no seasonal differences were found in total suspended solids
(TSS) removal, with the exception of winter, during which time removals were significantly
lower, although percent removals never fell below 40%. However, under cold temperature
conditions, higher removals were obtained under lower surface loading rate (150 and 75
mm/day) conditions. A similar study by Gholikandi et al. (2009) investigated the feasibility of
using subsurface flow constructed wetland systems followed by a duckweed lagoon as a
polishing stage to treat domestic wastewaters in small cold region communities. The pilot-scale
system included two planted reed beds and two unvegetated controls, followed by the duckweed
lagoon. Notably higher TSS removals (92%) were obtained in the reed bed with a further
reduction of 24% in the duckweed lagoon.

A study by Ouellet-Plamondon et al. (2006), showed no apparent differences in TSS removals
between planted and unplanted horizontal subsurface flow constructed wetlands during either
summer or winter seasons. This was corroborated in studies by Jamieson et al. (2007), Mozaheb
et al. (2010) and Mansouri et al. (2011) who actually noted higher removals in the winter (78%)
than in the summer (63%). However, Ouellet-Plamondon et al. (2006) did observe improvements
in TSS removal for both seasons in aerated mesocosms. They achieved significantly higher
removals (>95%) than those reported in previous studies (75-85%), suggesting that aeration may
have reduced solids accumulation by increasing degradation kinetics and prevented clogging
from the initial stages of the pilot-scale process through physical mixing. It should be noted,
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however, that in many open passive systems there are significant differences in the influent and
in the effluent TSS concentration throughout the different seasons in cold regions and temperate
climates. The higher performance observed in the winter may be due to a lower concentration of
algal cells (Hayward et al., 2014; Mozaheb et al., 2010) and heterotrophic organisms in the
effluent compared to the summer period, when extended photoperiods are often also experienced
in a number of cold climate regions.

A.4.5 Pathogens
Disinfection is generally the last process in wastewater treatment prior to discharge to a receiving
environment or to a distribution network for water consumption or reutilization. It aims to
minimize public health risks as a result of exposure to pathogen-contaminated wastewater, as
well as enable water reuse in receiving environments (Mosteo et al., 2013). Removal of a wide
spectrum of pathogenic organisms, such as bacterial, viral, protozoan and helminthic pathogens
is often required or expected.

While disinfection methods (UV irradiation, chlorination and ozone) are often applied in
conventional and more energy intensive treatments, they only target the removal of pathogenic
bacteria and viruses, but not helminth eggs and protozoan (oo)cysts, as these microorganisms
behave differently from bacteria and viruses and are resistant to these disinfectants (Jiménez,
2007; Jiménez et al., 2007). Some studies have suggested that passive treatment systems, such as
WSPs, may remove up to 6 log units of bacteria and practically all protozoan and helminth eggs,
producing a final effluent that meets the WHO guidelines and recent revisions for the use of
treated wastewater in agricultural unrestricted irrigation. The reported performance of these
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systems was generally higher than those observed in conventional treatment processes, such as
activated sludge or primary treatments, where reductions of 1 to 2 log units for bacteria and 70–
99% for protozoan and helminth eggs were noted. Several factors such as sunlight, pH, dissolved
oxygen (DO), attachment, sedimentation, retention time, predation and presence of other
organisms were found to contribute to the removal of pathogenic organisms (Tyagi et al. 2008;
Mosteo et al., 2013).

Pond systems have generally been shown to be effective in the removal of pathogens. In previous
work by Reinoso et al. (2008, 2011), 100% removal of protozoan pathogens (Cryptosporidium
and Giardia) were reported, as well as 96% and 98% average reductions in Cryptosporidium
oocysts and Giardia cysts. In other studies, up to 6 log units of bacteria, up to 5 log units of
viruses and 99% helminth ova removals were observed in similar pond systems (Jiménez, 2007;
Jiménez et al., 2007; Tyagi et al., 2008; Reinonso et al., 2011). A number of studies have
attempted to explain the factors responsible for pathogen reduction in passive wastewater
treatment systems. Jensson et al. (2005) noted that a high level of indicator bacteria and <1000
thermotolerant coliforms/100 ml could be achieved in high performance constructed wetlands
consisting of septic tanks, biological filters and subsurface wetlands in series in Norway under
both summer and winter operating conditions.

Typically, an optimally working biochemical treatment process may achieve 90–99% microbial
reduction, but in some cases, poor reductions are observed and treated effluents could contain
high numbers of fecal microorganisms (Reinoso et al., 2008). Pathogen removal is considered a
complex process involving various mechanisms and factors, such as sunlight, pH,
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photooxidation, DO, temperature, predation, attachment/sedimentation and starvation (Kadir and
Nelson, 2014; Fisher et al., 2012; Reinoso et al., 2011; Awuah et al., 2001; Maynard et al.,
1999). Removal efficiencies of pathogenic microorganisms during wastewater treatment can be
inconsistent, and has been shown to vary with treatment process (Tyagi et al., 2008; Awuah et
al., 2004). Hence, the role of these factors, and their relationships will be discussed further.

A.4.5.1 Sunlight
Sunlight has a lethal impact on coliforms and the die-off rate is proportional to sunlight intensity
(Kadir and Nelson, 2014; Curtis et al., 1994; 1992a). Different wavelength regions of the solar
spectrum, such as the ultraviolet (UV) spectrum (290 – 400 nm) and photosynthetically active
radiation (PAR) (400 – 700 nm), have been shown to contribute to disinfection in wastewater
(Bolton et al., 2010). A number of studies have investigated the role of sunlight in pathogen
inactivation. However, there is debate in literature regarding the relative contributions of UV-A,
UV-B and visible wavelengths to sunlight disinfection (Curtis et al., 1992a; Curtis et al., 1994;
Davies-Colley et al., 2000; Bolton et al., 2010).

UV radiation is commonly considered the most potent bactericidal component of sunlight. The
UV-B (290 – 320 nm) range is known to disinfect by directly damaging the DNA, RNA and
other cellular constituents of microorganisms, even those resistant to antibiotics, in processes
called direct photo-inactivation (Bolton et al., 2010). However, sunlight is attenuated with depth
as it penetrates the water column. In particular, higher light frequencies, such as UV light, are
quickly attenuated within the first few centimeters of water and, thus, may not contribute
significantly to overall pathogen removal at greater depths (Kadir and Nelson, 2014; Curtis et al.,
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1994). Instead, longer wavelengths (PAR spectrum) can penetrate much deeper into the water
column, hence their effect can potentially be more important (Kadir and Nelson, 2014). Kohn
and Nelson (2007) reported that more than 99% of UV-B light at 290 nm was absorbed in the
first 2.5 cm of a WSP, while over 99% of visible light at 556 nm was absorbed in the first 8 cm.
Sunlight gets attenuated more readily when the water is more turbid due to higher solids and/or
microorganism and/or organic matter concentrations. WSP disinfection can be greatly reduced in
algal pond systems with increasing depth, as light can be attenuated by both the water and the
algal biomass (Van der Steen et al., 2000a; 2000b). Therefore, where disinfection is desirable,
pond and wetland systems designed for disinfection should be shallow to allow sunlight
penetration throughout the depth of the water column.

Disinfection mechanisms vary depending on the wavelength region primarily due to their
differences in energy. In addition to direct photo-inactivation induced by exposure to the UV-B
spectrum, UV-A (320 – 400 nm), UV-B and PAR spectra can also indirectly inactivate
microorganisms through photo-oxidation. Photo-oxidation is a process in which sensitizers
absorb light and transfer this energy to other molecules, leading to the formation of reactive
oxygen species (ROS), which react with microorganisms and consequently cause them damage.
Photo-oxidation takes place when reactive oxygen species (ROS) are produced by endogenous
and exogenous sensitizers as well as by other reactions such as Fenton’s reaction (Bolton et al.,
2010; Kohn and Nelson 2007; Curtis et al. 1992b). Endogenous sensitizers, such as flavins and
porphyrin derivatives, are found inside the cell of microbes, while exogenous sensitizers, such as
humic substances, photosynthetic pigments and dissolved organic matter (DOM), are present in
the aquatic environment outside the cell (Kohn and Nelson 2007; Curtis et al. 1992b).
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Disinfection as a result of sunlight damage in pond systems has been characterized by three
mechanisms: direct damage to DNA by UV-B radiation (280 – 320 nm), indirect endogenous
damage caused by UV-B radiation and indirect exogenous damage involving the UV-A (320 –
400 nm), UV-B and visible spectra up to 550 nm (Davies- Colley et al., 1999, 2000). However, it
is currently unclear to what extent each of these mechanisms, and the presence of photosensitizers, contribute to disinfection in pond and wetland systems.

A.4.5.2 pH
pH plays an important role in pathogen removal in most wastewater treatment systems. Curtis et
al. (1994) described high pH as a critical contributor to disinfection because it both increased the
rate of photo-oxidation and made the most penetrating wavelength of light bactericidal. They
stated that bacterial cell membranes are the most likely sites of action for exogenously reduced
O2, peroxides, superoxides and hydroxyl radicals. Observations of similar Enterococci removal
efficiencies achieved under both sunlight exposure and dark conditions demonstrate that pH
itself is an important mechanism for pathogen removal (Awuah et al., 2002).

In pond and wetland systems, aquatic photosynthesis involving CO2 uptake and O2 release often
leads to increases in pH and DO concentrations (Fallowfield et al., 1996). In fact, excessively
high pH levels can often be observed in these systems, with values frequently varying diurnally
within a range of 7 – 9.4 (Bolton et al., 2010; Sweeney et al., 2007; Curtis et al., 1992a). Neutral
to slightly acidic pH conditions (6.5-7.5) have been reported as optimal for fecal bacteria growth
(Awuah et al., 2002), while pH levels higher than 9 have been found effective for the removal of
indicator organisms (Ansa et al., 2011; Awuah et al., 2002; Davies-Colley et al., 2000).
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Fluctuations in pH have also been shown to negatively affect the survival of E. coli (Awuah et al.,
2002).

A.4.5.3 Dissolved Oxygen
Dissolved oxygen concentrations above 0.5 mg/L have been shown to contribute to the removal
of fecal bacteria (Van Buuren and Hobma, 1991). As previously noted, oxygen is produced as a
by-product of algal photosynthesis, which is a source of oxygen supply in WSPs. Sweeney et al.,
(2007) observed elevated DO concentration of 30 mg/L in pond systems during the summer
period. Photo-oxidation requires the presence of oxygen to form ROC. Therefore, an increase in
DO concentration would increase the effect of photooxidation. Light inactivation of E. coli and
Enterococci increased with increasing levels of DO (Ouali et al., 2014; Curtis et al., 1992b).
Endogenous photo-inactivation of E. coli and enterococci was strongly dependent on DO (Ouali
et al., 2014; Davies-Colley et al., 1999).

Being facultative anaerobes, fecal coliforms are able to survive a wide range of DO
concentrations. However, they have been found to survive for longer periods under anaerobic
conditions than under aerobic conditions. In a study by Marais (1974), it was found that aeration
enhanced fecal coliform die-off rates. Kaneko (1997) also observed that the removal of
polioviruses, bacteriophages and Coxsackie virus B3 was enhanced by aeration. Davies-Colley et
al. (1999) noted that the inactivation of F-DNA virus was independent of DO concentration,
while the inactivation of F-RNA virus increased with increases in DO (Awuah et al., 2001).
Conversely, there is very little information available regarding the effect of DO concentration on
protozoa and helminth eggs.
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A.4.5.4 Temperature
Although optimal rates of bacterial growth are typically restricted to small temperature ranges,
bacterial organisms are generally able to survive within broader temperature ranges. A number of
studies have reported increased removal efficiencies of fecal coliform with temperature increase
(Ouali et al., 2014; Locas et al., 2010; Mezrioui et al., 1995; Barzily and Kott, 1991; Pearson et
al., 1987a,b; Polprasert et al., 1983). Conversely, Mara et al. (1992) concluded that there was no
direct relationship between fecal coliform die-off and temperature, as a tertiary pond exhibited
higher levels of fecal coliform removal than anaerobic and facultative ponds when operated at
the same temperature. In a two-year pilot scale constructed wetland study, Solano et al. (2004)
reported highly variable total coliform, fecal coliform and fecal streptococci removals, but
notably higher reductions in the summer and falls seasons. In both of these latter studies, factors,
other than temperature, may have contributed to the higher removal efficiency, including
vegetation density and type (Solano et al., 2004; Stottmeister et al., 2003), hydraulic loading rate
(Solano et al., 2004) and aeration (Mara et al., 1992), which would support the argument that
pathogen removal in pond and wetland systems is likely driven by a combination of mechanisms
and factors. However, temperature effects on viral, protozoan and helminthic pathogens have not
been investigated extensively.

A.5 Cold Climate Aerobic Treatment Design Considerations
Aerobic wastewater treatment in cold climate regions presents unique challenges to ensure that
effluents meet required discharge standards. Treatment processes must not only address low
temperature operation efficiency, but in some cases, location remoteness, population size and
availability of technical expertise. Processes that have been adapted to overcome these
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challenges include decreasing the organic and/or nutrient load, increasing the solids and
hydraulic retention times, modifying flow configurations, effluent recirculation or aeration,
incorporation of vegetative cover and dosing with low temperature tolerant microorganisms.

A.5.1 Flow configuration
Many environmental factors exhibit seasonal or diurnal cycles that influence whole system
performance. Water temperature is one of the important cyclic factors, but flow rates and
concentrations into conventional and naturalized systems also affect biogeochemical cycles and
can contribute to the observed trends in nutrient and pollutant removal. Different flow
configuration strategies can be employed to mitigate the effect of the fluctuations on overall
system performance.

A common operational challenge in cold climate regions is the fact that small-scale domestic
wastewater treatment facilities are common. Furthermore, operational stresses resulting from
hydraulic shock loads or fluctuations in constituent loadings are more frequent at small plants
than at larger facilities. Hence, they tend to be more vulnerable to the effects of flow
fluctuations. As such, there is a need for unit operations or processes to be stable and selfadjusting. For conventional systems using activated sludge treatment, sequencing batch reactor
(SBR) configurations have been beneficial in terms of overcoming the challenges associated with
these fluctuations. A batch method offers the advantage of simple and automatic hydraulic timecontrolled treatment, which can be configured within a single reactor (Marklund and Morling,
1994). This process flexibility allows SBR units to be adaptable for advanced biological nutrient
removal, including cost-effective partial nitrification and biological phosphorus removal (Yuan
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and Oleszkiewicz, 2011b; Hwang and Oleszkiewics, 2007) under cold climate, particularly with
the concurrent implementation of SRT control strategies (Yuan and Oleszkiewics, 2011a; Yuan
and Oleszkiewics, 2010).

In naturalized treatment systems, external hydrologic inputs such as precipitation, runoff,
evaporation and evapotranspiration can have a large influence on the water budget of the system
(Kadlec and Wallace, 2009; Jamieson et al., 2007). The less engineered the system, the more
important it is to characterize these external hydrologic inputs and their influence on biological
rate constants and overall treatment performance (Hayward and Jamieson, 2015; Hayward et al.,
2014). Due to the nature of these systems, it is anticipated that considerations related to site
hydrology will be site specific.

A.5.2 Hydraulic retention time
In a number of naturalized systems, temperature effects can often be compensated for with large
hydraulic retention times (Solano et al., 2004; Kadlec and Reddy, 2001; Mæhlum and Stålnacke,
1999; Mæhlum et al., 1995), which implies lower hydraulic loadings (Kadlec and Wallace,
2009), thereby affecting the apparent overall treatment performance. However, decreasing
hydraulic loading rates or expanding the operational configuration of a naturalized system to
achieve lower effluent concentrations at lower temperatures may not be a cost-effective
operational strategy (Ha et al., 2010; Jamieson et al., 2007). Longer HRTs also tend to lower
system reaction rate estimates, especially for heterogeneous wastewater parameters (Hayward
and Jamieson, 2015; Hayward et al., 2014; Jamieson et al., 2007). Hydraulic loading rates and
HRTs should be selected to ensure that the treatment area of a naturalized system is used to its
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full treatment potential (Hayward and Jamieson, 2015; Kadlec and Wallace, 2009; Jamieson et
al., 2007). This is particularly true in the operational context of conventional systems, where
system expansion is simply not a feasible option. Hence, alternate strategies must be employed to
increase residence time within these systems, to enhance the treatment of organics and nutrients,
in particular, under cold climate conditions.

A.5.3 Recirculation
When providing longer retention times in treatment systems to enhance their performance under
cold climate operation may not be practical, as these systems would necessarily need to be more
voluminous, one approach to increasing the time that wastewater is in contact with the biomass is
to recirculate the wastewater (Ha et al., 2010). The benefits of wastewater recirculation for
winter operation has been demonstrated in treatment wetlands (Kadlec and Wallace, 2009),
vertical flow constructed wetlands (Wallace et al., 2015a; Kato et al., 2013a; Kato et al., 2013b;
Speer et al., 2012; Speer et al., 2011), as well as in aerated (BAF) lagoon systems (Ha et al.,
2010) and in aerated secondary treatment units between septic tank and leach fields in
decentralized systems (Williamson, 2010). In all cases, improved organic constituent and
nitrogen removals (nitrification) were reported.

A.5.4 Enhanced biomass systems
The other operation factor that can assist in improving biological treatment at low temperature is
to utilize more biomass (Ha et al., 2010). Unit processes that allow for the maintenance of high
biomass in conventional systems are biological aerated and/or attached growth and/or fixed
biomass filters. The enhanced cold temperature performance of a variety of these types of unit
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process adaptations have been reported and previously discussed; including: trickling
filters/solids contact processes (Parker et al., 1998), fluidized beds and submerged bed reactors
(Wallace et al., 2015a; Xu et al., 2014; Speer et al., 2012; Speer et al., 2011; Ha et al., 2010;
Sundareson and Philip, 2008); moving bed biofilm reactors (Di Trapani et al., 2013; Di Trapani
et al., 2011; Di Trapani et al., 2010; Di Trapani et al., 2008; Luostarinen et al., 2006; Salvetti et
al., 2006) and aerobic granules (Bao et al., 2009; Sudaresan and Philip, 2008; De Kreuk et al.,
2005). Ultimately, these attached growth systems increase the solids retention time (SRT) within
the treatment unit, which has been noted to be one of the most effective control strategies for
cold temperature operation to achieve nitrification, biological phosphorous removal and higher
organic matter decomposition (Hwang and Oleszkiewicz, 2007; Head and Oleszkiewicz, 2004).
They can also be operated at lower SRTs than conventional activated sludge systems, at low
temperature and high organic loading rates, while sustaining nitrification. (Di Trapani et al.,
2011; Sundaresan and Philip, 2008).

Another cold climate adaptation strategy has been the introduction of cold-adaptable
psychrotrophic microorganisms. Pseudomonas flava WD-3, Pseudomonas fluorescens,
Pseudomonas denitrificans, Pseudomonas putrid, Collimonas fungivorans and Variovorax
paradoxus, Acinetobacter sp., most of which are gram-negative bacteria, have been investigated
for systems operated at temperatures as low as 5°C treating synthetic wastewater (Tang et al.,
2015; Huang et al., 2013; Vackovà et al., 2011; Niu et al., 2012). Tang et al., 2015 used
Pseudomonas flava WD-3, as a cold-temperature bioaugmentation microorganism in an
integrated vertical flow constructed wetland system. Xu et al., (2014) and Ying et al. (2010)
employed mixed psychrotrophs to treat domestic wastewater and demonstrated that cold-resistant
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strains were more stable and adaptable than single strains at temperatures as low as 5°C.
Similarly, other researchers have explored psychrotrophic nitrifying/denitrifying organisms to
enhanced nitrogen removal from wastewater, where nitrification tends to be most susceptible to
temperature (Huang et al., 2013; Yao et al., 2013a; Yao et al., 2013b; Ducey et al., 2010)

A.5.5 Vegetation
The incorporation of vegetation is particularly relevant for aerobic treatment in naturalized
systems, while practically non-existent in more conventional systems. While the role of
vegetation in improving treatment remains a subject of debate, its insulating benefits in cold
climates have been noted (Hayward et al., 2014; Van de Moortel et al., 2010; Williamson, 2010;
Kadlec and Wallace, 2009; Ouellet-Plamondon et al., 2006; Mæhlum and Stålnacke, 1999;
Mæhlum et al., 1995). Diurnal water temperatures in cold region climates can vary
approximately 5°C for surface flow and open pond systems (Kadlec and Reddy, 2001). Van der
Moorten et al., (2010) noted that the influence of vegetation on water temperature was not
necessarily that higher temperatures could be sustained during colder periods, but that a cool
down effect could be observed at temperatures above 15°C, which sustained microbial activity.
A number of studies have investigated the role of vegetation in constructed and treatment
wetlands, reed bed channels, lagoons and pond systems, but differences in the effect of
individual species on annual and seasonal performance are poorly understood.

Emergent macrophytes decrease flow velocity aiding particulate settling and constituent
adsorption, transport gases and solutes between above-ground shoots and root zones, take up
organic and inorganic compounds, release oxygen and exudates into the rhizosphere and
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influence microbial diversity and activity (Kadlec and Wallace, 2009; Stottmeister et al., 2003).
Because vegetation growth, physiology, senescence and decay vary seasonally, their effects on
treatment processes and overall system performance are expected to vary seasonally and be
affected by temperature. Taylor et al. (2011) investigated the effects of a wide range of plant
species on seasonal trends in organic matter removal and root zone oxidation in subsurface
constructed wetlands under cold temperatures operations. Species that exhibited higher cold
temperature performances were largely in the sedge and rush families (Cyperaceae and
Juncaceae), while those whom performed more poorly were largely in the grass family
(Poaceae).

Taylor et al. (2011) also demonstrated a capacity to support high organic carbon removal at
temperatures as low as 4°C, suggesting that plants, and plant species selection, may be more
important in cold climate regions with low temperatures and extended periods of plant
dormancy, than in milder climates. The densities and activities of microorganisms have been
reported to be more abundant on root surfaces and within the rhizosphere, contributing to organic
matter and nitrogen removal (Allen et al., 2013; Taylor et al., 2011; Gottschall et al., 2007;
Ouellet-Plamondon et al., 2006; Verhoeven and Meuleman, 1999). Vegetation contributes to
subsurface aeration by transporting oxygen into the rhizosphere, as well as actively and passively
releasing exudate composed of a variety of substances that enhance microbial abundance,
diversity and activity around roots (Allen et al., 2013; Taylor et al., 2011; Van de Moortel et al.,
2010). These factors are believed to contribute significantly to treatment efficacy in systems with
high constituent loadings, even at colder operational temperatures.
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The use of floating vegetative mats has also been investigated in cold regions. In general, the
addition of mats has been show to improve overall system performance in the removal of organic
matter and nutrients, particularly at temperatures of 5°C and 15°C. Although the presence of
such mats limit oxygen diffusion from the air to the water column, the release of oxygen from
the roots was found to be higher than oxygen diffusion from the air, and reported to stimulate
oxygen consuming reactions within the root mat (Van de Moortel et al., 2010).

A.5.6 Aeration
A number of studies have shown that the introduction of aeration, whether vegetation driven,
algae driven, passive or artificial, can greatly improve aerobic treatment of wastewaters in cold
region climates, both in conventional and naturalized systems. In conventional systems, cold
temperature strategies have included the introduction of aerated attached growth processes (Xu et
al., 2014; Di Trapani et al., 2013; Di Trapani et al., 2011; Ha et al., 2010; Williamson et al.,
2010; Choi et al., 2008) or sequencing aerobic and anaerobic phases (Yuan and Oleszkiewicz,
2013; Yuan and Oleszkiewicz, 2011b; Hwang and Oleszkiewicz, 2007; Luostarinen et al., 2006;
Head and Oleszkiewicz; 2004; Marklund and Morling, 1994). In naturalized systems, aeration
can be achieved through vegetation (Allen et al., 2013; Taylor et al., 2011; Van de Moorten et
al., 2010), through passive aeration facilitated by intermittent flow (Kato et al., 2013a; Kato et
al., 2013b; Speer et al., 2012; Speer et al., 2011; Verhoeven and Meuleman, 1999) and artificial
aeration of the system, often employed as a pre-treatment process (Wallace et al., 2015a; Speer et
al., 2012; Speer et al., 2011; Williamson, 2010; Ouellet-Plamondon et al., 2006; Jenssen et al.,
2005; Mæhlum and Stålnacke, 1999; Mæhlum et al., 1995). In most cases, the role of aeration
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has been reported to not only enhance organic matter removal, but more importantly, to promote
nitrification and biological phosphorus removal. Hence, this strategy will be important in cold
climate regions, as wastewater effluent discharge guidelines become more stringent, and
adherence to nutrient removal becomes a priority.

A.6 Conclusion
The performance of aerobic biological treatment processes is significantly impacted by
wastewater temperature. Microbiological activity, which affects biological treatment, decreases
markedly as water temperature decreases. Biological treatment during winter season or in cold
climate regions, hence, experiences reduced or often limited treatment efficiency. A number of
treatment processes and operational strategies have been adopted for conventional systems (e.g.
submerged bed reactor, SBRs), naturalized systems (e.g. constructed wetland, wastewater
stabilization pond) and hybrid systems (e.g. aeration pretreatment/constructed wetland) to
overcome the limitations associated with cold climate operation to various degrees.

The influence of cold temperature on the performance of both conventional and eco-engineered
systems is mainly reflected in the removal of biologically treatable constituents, particularly
organic matter, nitrogen, phosphorus, solids and pathogens. A combination of aerobic and
anaerobic biological processes in conventional systems, and aeration, vegetation, algal biomass,
extended hydraulic retention time in naturalized treatment systems could be beneficial adaptions
to improve BOD/COD removal in cold climate regions. Nitrogen removal, through the processes
of nitrification and denitrification, in conventional systems during winter operation, could be
sustained through the bioaugmention of nitrifying bacteria, as well as the use of attached growth
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systems, lower hydraulic rates, extended influent aeration, effluent recirculation, forced draft
ventilation of nitrifying biofilters. In passive systems, in addition to nitrification/denitrification,
nitrogen removal can take place through uptake by algae, heterotrophic organisms and vegetation.
The presence of plants, application of a BAF or psychrophiles can all play a role in increasing
the removal efficiency of nitrogen. Biological phosphorus removal in conventional systems relies
on the activity of PAOs as well as anaerobic/aerobic conditions. Temperature is one of the most
important factors affecting PAO/GAO competition and dominant species. Phosphorus removal in
naturalized systems is mainly achieved through chemical/physical mechanisms, which are less
sensitive to temperature fluctuations than systems that are dependent on biological processes.
But biological uptake and release of phosphorus can still take place in warmer seasons and
contribute to overall phosphorus removal. The effectiveness of solids removal can also be
affected by lower temperature in both conventional and passive treatment systems, where higher
removal efficiencies in colder temperature are often attributed to lower concentrations of
autotrophic and heterotrophic microorganisms. Pathogen removal in conventional systems is
generally achieved through disinfection technologies employing UV, chlorination and ozone,
while in passive systems, pathogen removal are subjected to many environmental factors, such as
sunlight, pH, DO and temperature.

Cold climate poses operational challenges for wastewater treatment plants to meet required and
increasingly stringent effluent discharge criteria. In order to maintain acceptable levels of
constituent removals in wastewater treatment facilities operated under cold climate conditions,
operational processes or strategies that have been adopted include modifying flow configurations,
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increasing hydraulic retention time, recirculating wastewater, enhancing biomass systems,
aeration, incorporation of vegetation.
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