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Executive Summary 

Cryptosporidium is a problematic organism for the water industry due to its presence in source 

waters and wastewaters, providing a challenge to treatment processes on account of its small size, 

resistance to chlorine disinfection and the absence of more easily measured surrogates.  The ever-

present risk of Cryptosporidium oocysts requires sound risk characterisation and often results in 

the use of multiple barriers to ensure that risk is minimised.  Conversely removal of 

Cryptosporidium in treatment processes can be highly variable, so validation of individual 

processes is important to ensure appropriate performance. Risk assessment might indicate that 

treatment processes will fail under highly adverse conditions, requiring significant capital 

expenditure for water utilities to provide sufficient risk mitigation.  However, risk analysis has 

frequently been undertaken based on total oocyst numbers, not considering either oocyst 

infectivity, resulting in possible overestimation of risk. 

This project examined the fate of Cryptosporidium along the wastewater treatment train of five 

wastewater treatment plants (WWTPs), three Victorian and two within South Australia.  However, 

instead of only considering oocyst numbers, this project also quantified oocyst infectivity in order to 

gain a better appreciation of the fate of Cryptosporidium along the wastewater treatment train, and 

gain a more informative understanding of the “real risk”. 

To undertake this project a newly developed Single Format Assay, which can determine both 

oocyst density (numbers) and infectivity from a single grab sample, was utilised.  Three Victorian 

and two South Australian WWTPs were chosen to investigate the fate of Cryptosporidium (removal 

and inactivation) along a variety of different treatment trains.  WWTPs were chosen to cover a 

variety of treatment processes and samples taken from across the treatment trains to include raw, 

primary treated, secondary treated and post lagooning (where applicable) to cover the major 

processes applied at each plant.  The Victorian WWTPs investigated were Western Treatment 

Plant (Melbourne Water), Altona (City West Water) and Mt Martha (South East Water).  The South 

Australian treatment plants included Aldinga and Glenelg (SA Water).  A minimum of six rounds of 

sampling were conducted for at each WWTP from January 2013 through to December 2013. 

In the early rounds of the project we captured data from a large and widespread cryptosporidiosis 

outbreak within Victoria.  This was reflected in the oocyst density data in the early rounds collected 

across all three Victorian WWTPs, with large spikes in numbers coinciding with a concomitant 

spike in cryptosporidiosis notifications.  Importantly, all three Victorian plants achieved removals 

during this challenge at the higher end of each individual WWTPs performance.  Cryptosporidiosis 

notifications in South Australia for the same period were almost a magnitude less; however a 

smaller spike in notifications evident during the same period was reflected in oocyst density data at 

both South Australian WWTPs.  For all WWTPs, oocyst density in the raw sewage progressively 

decreased throughout the year coinciding with a progressive reduction in the number of 

cryptosporidiosis notifications throughout the year.  

The treatment trains analysed at Western Treatment Plant (55E & 25W) demonstrated significant 

removal and inactivation of oocysts.  For 55E lagoon system from raw sewage to Lagoon 6, 

removals ranged from 1.96 - 3.84 Log10 and oocyst inactivation (LI) ranged 0.36 - 1.56 log10.  For 

the 25W system from the raw sewage up the clarifier, removals ranged from 0.21-3.08 log10 and 

oocyst inactivation (LI) ranged from -0.31 - >0.48 log10.  This substantial oocyst removal and 

inactivation occurring within the lagoon system established the importance and potential of 
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lagooning for the removal and inactivation of Cryptosporidium oocysts.  Both removal and 

inactivation of oocysts were strongly influenced by season in the 55E system, with greatest 

removals and inactivation occurring in the summer months.  The removal and inactivation of 

oocysts in the lagoons is most likely a result of both biotic predation and solar inactivation.  Aside 

from the lagoon system there also appeared a consistent but smaller degree of oocyst inactivation 

occurring within the anaerobic pots of both the 25W (0.06- 0.38 log10) and 55E (-0.09-0.62 log10) 

systems. This reduction in infectivity is possibly a result of biotic antagonism.  The infectivity of the 

oocysts in the raw sewage challenging the plant was stable throughout the year (32.6% ± 7).  By 

including infectivity into LRV calculations the risk is significantly reduced for Western Treatment 

Plant systems, compared to considering only total oocyst numbers.  Therefore it is possible that 

Cryptosporidium risk has been overestimated at Western Treatment plant having implications for 

future directions for treatment and capital expenditure and the provision of recycled water fit for 

purpose that satisfies the guidelines. 

The treatment train analysed across Altona WWTP identified moderate removals (0.49-1.33 log10) 

across IDEA Reactor tanks but no oocyst inactivation until post UV disinfection.  Removals 

appeared to be seasonal and associated with variations in the suspended solids in the raw 

sewage, which in turn were related to variations in sewage inflow.  Two large oocyst density 

challenges were captured which confronted the plant during the project.  No infectious oocysts 

were detected after UV disinfection for the first challenge. However, after the second challenge a 

number of infectious oocysts were detected post UV disinfection.  The detection of infectious 

oocysts post UV disinfection coincided with poorer oocyst removals and coinciding spikes in 

suspended solids and turbidity in the effluent prior to UV disinfection.  However, during this round 

the UV disinfection plant still provided a 2.24 log10 reduction in oocyst infectivity.  No infectious 

oocysts were detected in any of the other sampling rounds.  The UV disinfection barrier provided a 

significant additional barrier to oocyst risk providing an additional >1.48 log10 to >2.77 log10 

reduction in oocyst infectivity on top of the removals through the IDEA Reactor tanks.  The high 

oocyst densities in the raw sewage challenging the Altona plant in combination with a moderate 

and stable level of oocyst infectivity (33.2% ± 8.6) emphases the importance of the UV plant as a 

critical disinfection barrier justifying capital expenditure and costs associated with its operation at 

Altona.  Incorporation of infectivity into LRV calculations for Altona captures the true risk the 

effluent poses. 

The treatment train analysed across Mt Martha WWTP identified significant removals (0.90-3.27 

log10) from the raw sewage through to clarification.  Removals appeared to be seasonal, with the 

largest removal associated with significantly reduced inflow and increased holding times.  

Furthermore, increased sludge settleability formed a reasonable relationship with oocysts 

removals.  While removals for Mt Martha were significant, no inactivation of oocysts was apparent 

across the treatment train.  Notably, the infectious fraction of oocysts out of the clarifier (50.2% ± 

17.0) tended to be higher than that within the raw sewage (43.9% ± 12.7). It is therefore possible 

that the less infectious and dead oocysts are more readily removed in the clarification treatment 

step resulting in an increase in the infectious fraction.  By including infectivity into LRV calculations 

the risk for Mt Martha is not significantly reduced due to a high level of oocyst infectivity in the raw 

sewage, no inactivation along the treatment train and a slightly higher infectious fraction in the 

effluent after clarification. 

The treatment train analysed across Aldinga WWTP identified modest oocyst removals (0.43 - 2.07 

log10) from the raw sewage through to clarification.  Removals from raw sewage up to the lagoon 
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stage (1.05 - 3.82 log10) pinpointed further removal as a result of lagooning. The poorest removals 

(≤ 0.5 log10) from raw sewage to clarification coincided with massive intrusions of groundwater 

water into the system and poorer plant water quality as indicated by a number of other parameters 

such Total Dissolved Solids, Arsenic, Lithium and Conductivity.  No inactivation of oocysts was 

apparent across the treatment train from sewage through to clarification.  Significantly, the level of 

oocyst infectivity in the raw sewage (6.68% ± 7.53) challenging the plant was very low and this was 

unexplained, while the infectivity of oocysts after clarification was substantially higher (35.38% ± 

23.7).  It is therefore possible that the less infectious and dead oocysts are more readily removed 

in the clarification treatment step resulting in an increase in the infectious fraction.  While not as 

consistent and substantial as in Western Treatment plant, the lagoon system did enable oocyst 

inactivation of oocysts from the clarifier effluent (0.23 to >1.53 log10).  The incorporation of 

infectivity into an LRV for Aldinga can therefore be complex due to the low level and variability of 

the infectious oocyst fraction in the raw sewage in combination with the infectious fraction out of 

the clarifier being substantially increased. However, it does provide a “true picture” of risk across 

the treatment train. 

The treatment train analysed across Glenelg WWTP identified modest oocyst removals (0.85 - 

2.11 log10) from the raw sewage through to clarification.  The poorest removal, like Aldinga, 

coincided with intrusion of groundwater water into the system and poorer plant water quality for a 

number of other parameters such Total Dissolved Solids, Lithium and Conductivity.   No 

inactivation of oocysts was apparent across the treatment train from sewage through to 

clarification.  Like Aldinga, the level of oocyst infectivity in the raw sewage (10.8% ± 12.4) was low, 

while the infectivity of oocysts after clarification was substantially higher (30.7% ± 14.7).  It is 

therefore possible that the less infectious and dead oocysts are more readily removed in the 

clarification treatment step resulting in an increase in the infectious fraction.  The incorporation of 

infectivity into an LRV for Glenelg can therefore be complex due to the low level and variability of 

the infectious oocyst fraction in the raw sewage in combination with the infectious fraction out of 

the clarifier being substantially increased. However, it does provide a “true picture” of risk across 

the treatment train. 

The process of oocyst inactivation by lagooning was further investigated via conducting pilot 

chamber studies. A series of outdoor microcosm experiments housing Cryptosporidium oocysts in 

sealable and highly transparent chambers were conducted within Bolivar WWTP Lagoon 1 to 

determine the potential for solar radiation to inactivate oocysts.  While solar UV was demonstrated 

to rapidly inactivate Cryptosporidium oocysts near the surface, there was little solar-induced 

inactivation at a depth of 10cm.  This reduction in the germicidal potential of solar UV on 

Cryptosporidium in the water column appeared to be influenced by turbidity and the UV 

tranmissivity of the water.  Furthermore, there also appeared to be inactivation in a number of the 

dark controls, suggesting that temperature-driven inactivation is also key in this context. 

Consequently, the significant inactivation seen in the light microcosms close to the surface is most 

likely a combination of the effects of both UV and temperature.  While Solar UV was a force for 

inactivation near the surface, it is unlikely to have any influence on oocysts at depth in the Bolivar 

Lagoon System, due to the poor UV transmissivity of the water.  Furthermore, it also appears that 

the reductions in infectivity reported here appear to be strongly influenced by an interaction with 

temperature.  However, the mixing of water within the Bolivar system due to carp and wind 

potentially confuses conclusions which can be drawn on the importance of solar UV for oocyst 

inactivation within this system.  This may require additional modelling of the system to help 

determine the potential importance of this mechanism of inactivation.  However, any changes in 
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system management that would increase the UV transmissivity would be likely to have large 

effects on oocyst inactivation.  For other waste water lagoon systems within Australia that do not 

have significant mixing and sediment suspension, and where transmissivity is higher, UV may be a 

more significant factor influencing oocyst inactivation.  This may be one of the drivers behind the 

significant inactivation quantified within the Western Treatment Plant Lagoon system. 

Additional to the solar inactivation studies, efforts were undertaken to examine whether biotic 

predation may be a key factor influencing oocyst attenuation in the Bolivar Lagoon System.  A 

series of microcosm experiments containing communities of zooplankton as well as single 

zooplankton assemblages were setup to examine the capacity of zooplankton to attenuate 

Cryptosporidium oocysts.  Initial community microcosm experiments demonstrated rapid removal 

and inactivation of oocysts (>2 log10) within a 5 day exposure. When the holding period was 

decreased oocyst removal diminished, however a large fraction of the oocysts remaining were non-

infectious.  Single zooplankton assemblage experiments of Daphnia, Ostracods and Rotifers also 

demonstrated the ability to predate oocysts, though the effect on oocyst survival was not as 

substantial as that of the community microcosm experiments.  The microcosm work further 

suggested the possibility that multiple cycles of ingestion and excretion are required for oocyst 

removal; however it also raised the possibility that fewer cycles of ingestion and excretion are 

required to effectively inactivate a Cryptosporidium oocyst.  As the biotic component of this 

research was not included in the initial project scope and formed part of a student project it is not 

further expanded upon within this document.  However, as predation appeared to be a significant 

force for oocyst attenuation in the bolivar lagoon system and a likely contributor to oocyst removal 

and inactivation in other lagoon systems, including Western Treatment Plant, the thesis has been 

provided as an additional document complementary to this report. 

In conclusion, this project has been able to accurately quantify not only the removal of oocysts 

from various stages of the wastewater treatment train but also their inactivation, thereby accurately 

quantifying the “true effect” of a particular treatment train on oocyst risk reduction.  For a number of 

WWTPs this has identified that the risk is significantly less than previously thought, while for other 

WWTPs the outcome is considerably more complex.   Therefore, the inclusion of oocyst infectivity 

into LRVs has the potential to affect future treatment directions and capital expenditure.  

Furthermore, we have identified that removals across many of the plants are highly seasonal, with 

better removals outside the winter months.  This is significant as the greatest oocyst challenges 

are more likely to occur in the Summer/Autumn months when plant performance is greatest.  Lastly 

this report as also raises new questions and potential research avenues including;  

 Why is the infectious fraction of oocysts out of the clarifier effluent for a number of WWTPs 

increased compared to the raw sewage? 

 Why is the infectious fraction in the raw sewage for the South Australian plants so low 

compared to the Victorian plants? 

 And what are the mechanisms in anaerobic pots contributing to reductions in oocyst 

infectivity? 
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1 Introduction 

1.1 Overview 

Cryptosporidium is a problematic organism for the water industry, having a significant impact on 

wastewater treatment processes targeted for recycling due to the potential exposure of the 

community to the parasite through the third pipe system (with irrigation and toilet flushing),  

irrigation of agricultural crops and municipal irrigation.  The ever-present risk of Cryptosporidium 

has therefore required the implementation of additional treatment processes where recycling is 

utilized, which may include alternative disinfection methods such as UV and ozone (due to the 

innate resistance to chlorine based disinfection) while sometimes requiring filtration for effective 

oocyst removal. 

Australian Guidelines for Water Recycling: Managing Health and Environmental Risks –Nov 2006, 

require the removal of 4.8 log10 of Cryptosporidium for commercial crops, 4.4 log10 for garden 

irrigation, 4.9 log10 for residential garden and internal use and 5.0 log10 for dual reticulation 

systems.  This requirement enhances the need for the multiple barrier approach and Hazard 

Analysis and Critical Control Point (HACCP) principles.  However the removal of Cryptosporidium 

through treatment processes has been demonstrated on a number of occasions to be variable and 

is often plant dependant.  This can significantly increase the cost of providing recycled water fit for 

purpose that satisfies the guidelines, by requiring the inclusion of additional treatment processes, 

and in some cases necessitating a retrofit of processes to existing treatment plants.  However, 

what is not credited in these guidelines is the inactivation of Cryptosporidium oocysts through the 

wastewater treatment train.  This has been due to the absence of a satisfactory tool to measure 

oocyst infectivity.  Therefore oocyst risk may be significantly overestimated, resulting in the 

inclusion of additional treatment barriers which may be redundant and costly.  

Cryptosporidium species are currently monitored in wastewaters using standard detection 

methodologies (methods 1622 and 1623, (USEPA, 2012, USEPA, 2005)). However, these 

methods provide no information on the infectivity of the detected oocysts.  Phase I of the Smart 

Water Fund/Water Quality Research Australia (SWF/WQRA) project 72M – 7103, investigated 

critical elements of a standard cell culture infectivity assay in order to determine if we could 

increase assay sensitivity, synchronicity and precision.  Importantly this research achieved a 

number of significant outcomes.  These outcomes resulted in an optimized cell culture infectivity 

assay, with a fourfold increase in assay sensitivity, improved synchronicity of infection and a 

modified excystation methodology allowing greater precision in defining an infective focus formed 

as a result of a single oocyst infection.   

Additionally a subsequent SA Water funded RDI project adopted and extended the outcomes from 

Phase I of the SWF project with project outcomes which translated into a single assay format that 

gives precise information not only on infectivity, but also oocyst number and species in a newly 

developed plate format including a number of recovery controls to ensure data accuracy.  This 

assay was then successfully applied to a Catchment investigation during rain events to investigate 

risk of Cryptosporidium.  As a consequence of these research activities, we now have the 

capability to accurately quantify not only the removal of oocysts from various stages of the 

wastewater treatment train but both their removal and inactivation and if warranted their 

species/genotype, thereby accurately quantifying the “true effect” of the treatment train on oocyst 

risk reduction. 

http://www.epa.gov/nerlcwww/documents/1622de05.pdf
http://water.epa.gov/scitech/drinkingwater/labcert/upload/epa816r12001.pdf
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1.2 Cryptosporidium and cryptosporidiosis 

Cryptosporidium spp. are cyst-forming (oocysts) protozoan obligate parasites belonging to the 

phylum Apicomplexa that cause the gastrointestinal disease cryptosporidiosis.  This phylum 

comprises a diverse group of protists, all of which are parasites of animals and collectively 

Cryptosporidium infects all five classes of vertebrates (mammals, reptiles, birds, fish and 

amphibians).  The environmentally robust oocyst is the transmissible lifecycle stage and  protects 

the infective stage (sporozoites) from exposure to adverse environmental stresses and releases 

them when in close proximity to target host cells (Fayer et al., 2000a).  A single oocyst is sufficient 

to produce infection and disease in an animal model (Pereira et al., 2002). In humans, the median 

infectious dose for some isolates of C. parvum has been reported to be as low as 12 oocysts 

(Messner et al., 2001).  

Transmission can occur via the faecal/oral route or by ingestion of contaminated food or water, the 

latter of which serves as an excellent vehicle for its transmission (Juranek, 1997). Following 

ingestion by the host of an infectious oocyst, exposure to stomach acid, bile salts and host 

metabolic temperature promotes destabilization of the oocyst wall, resulting in release of the 

sporozoites that can then infect the epithelial cells lining the luminal surfaces of the digestive and 

respiratory tract of the host (O'Donoghue, 1995, Chen et al., 2004). The lifecycle is complex, 

comprising asexual and sexual stages, with the sexual cycle resulting in the production of millions 

of thick walled, environmentally robust oocysts (Fayer et al., 2000a, Atwill et al., 2003), which are 

excreted with the faeces of the host and subjected to the rigors of the environment until rendered 

non-infectious or ingested by a susceptible host (Fayer et al., 1998b).  The immense load of the 

excreted transmissible stage of the parasite in combination with a low infectious dose makes 

Cryptosporidium highly transmissible.   

The predominant symptom of Cryptosporidium infection is profuse watery diarrhoea which results 

from the host immune response and reduced bile reabsorption.  Other symptoms include vomiting, 

fever, fatigue and muscle cramps (Egger et al., 1990).  For immunocompetent individuals, infection 

is usually self-limiting and results in severe watery diarrhoea with occasional vomiting, lasting up to 

two weeks (Juranek, 1995).  There are however, a number of groups that are of greater risk to 

Cryptosporidium infection including children, the elderly, the malnourished and individuals who are 

immunocompromised (including AIDS, organ transplant and leukaemia patients).  For such 

individuals, cryptosporidiosis can be fatal.  While effective drugs for the treatment of 

cryptosporidiosis have become available within the last few years there are no effective therapies 

for those whom are immunocompromised. 

Outbreaks of cryptosporidiosis have been traced to infected animals in petting zoos, food prepared 

after contact with an infected infant’s nappy, unpasteurised beverages, faecal contaminated fruit in 

open markets as well as numerous recreational, recycled and potable water contamination events 

(Chalmers and Giles, 2010, Hunter et al., 2008, Lindberg et al., 2011, Mac Kenzie et al., 1994, 

Pelly et al., 2007).  Considering the high shedding rate and low infectious dose there is significant 

potential for outbreaks to rapidly escalate if shed oocysts enter an efficient transmission medium 

such as recreational, recycled or potable water.  
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1.3 Cryptosporidium species present in the Australian community 

Of the 25 species identified, seven Cryptosporidium species/genotypes are responsible for the 

majority of human cases of cryptosporidiosis, including C. hominis, C. parvum, C. meleagridis, C. 

felis, C. canis, C. ubiquitum and C. cuniculus (Chalmers et al., 2011, Fayer, 2010, Fayer et al., 

2010, Ryan and Power, 2012, Xiao and Feng, 2008) . Within this group, C. parvum and C. hominis 

cause 90-95% of all reported cases of human cryptosporidiosis, varying with both culture and 

climate (Chalmers et al., 2009).  

It is important to understand which species are most frequently detected in the human population 

of Australia, as these species will be present in humans and the most prevalent in human sewage 

with a potential small load from animal faeces flushed from within the home.  A comprehensive 

study investigated the prevalence of Cryptosporidium species occurring in Australia, analysing 98 

faecal samples from human patients with clinical cryptosporidiosis in Victoria between 1999 and 

2006 (Jex et al., 2008). Species genotyping was based on the 18Si primers (Morgan et al., 1998) 

and mutation analysis was performed using gp60 primers (Strong et al., 2000, Mallon et al., 2003). 

Sequencing of the amplicons from the 98 samples revealed three Cryptosporidium species: C. 

hominis (n=74, 75.5%), C. parvum (n= 23, 23.5%) and C. meleagridis (n=1, 1.0%). This 

demonstrated the predominating species causing cryptosporidiosis in Victoria is C. hominis. A 

second study found that the majority of Australian human isolates (n=50) were C. hominis (92%) 

while the remainder were C. parvum (8%) (O'Brien et al., 2008). Of the Australian neonatal dairy 

calves tested, 100% were infected with C. parvum although the sample size was limited (n=7). 

More recent published research has identified C. bovis is very common in diary claves, even 

neonates.  Furthermore, the distribution of C. hominis and C. parvum in immune-competent 

patients was 83% and 17% respectively when analysed by (Morgan et al., 2000).  

Different considerations are required when considering the species present in catchments for 

drinking water as Cryptosporidium species have been identified in over 140 vertebrates including 

humans, dogs, cats, mice, deer, cattle, kangaroo, fish, birds, snakes and other reptiles. These 

species are generally host specific but may be encountered in surface waters and would not be 

anticipated in wastewaters.  However where there is water intrusion into wastewater treatment 

processes from other sources there is the possibility that other species may be present, especially 

at treatment steps such as lagoons where further inputs from sources such as avian wildlife are 

possible.  As this project is focussed on wastewater sources in Australia, the main focus for 

Cryptosporidium will be C. parvum and C. hominis. 
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1.4 Current methods for isolation and detection for Cryptosporidium  

The majority of laboratories in Australia utilize an adapted form of the United States Environment 

Protection Agency immunofluorescent assay (USEPA 1622 and 1623) for the detection of the 

protozoan parasites Cryptosporidium and Giardia. The method is used in various forms depending 

on the source of the water under analysis. When raw, primary or secondary treated wastewater is 

analysed, volumes of 20mL to 10L are processed, while cleaner waters such as tertiary treated 

wastewaters and waters destined for reuse may have 10-50L or greater processed for analysis.   

The volume of sample processed depends on the anticipated level of contamination of the water 

(i.e. raw wastewater has much higher numbers of Cryptosporidium and Giardia than tertiary treated 

wastewater), and the difficulty in the processing of raw wastewaters.  

Methods utilized typically concentrate the parasites from large volumes of water using filtration, 

calcium carbonate flocculation or direct centrifugation. Due to the amount of debris and extraneous 

material concentrated during the process, an additional purification step using immunomagnetic 

separation (IMS) is incorporated.  IMS utilizes monoclonal antibodies specific for Cryptosporidium 

and Giardia that are attached to paramagnetic beads (Dynal, Oslo, Norway). The (oo)cyst surface 

antigens bind to the antibody-bead complex. The beads are collected using a magnetic strip and 

the oocysts are disassociated from the beads using hydrochloric acid. The sample concentrate is 

stained with a FITC (fluorescein-iso-thiocyanate) conjugated monoclonal antibody and the DNA 

binding fluorochrome 4',6-diamidino-2-phenylindole (DAPI). Any Cryptosporidium oocysts that are 

present are detected by fluorescence microscopy, with confirmation of their internal structure from 

DAPI staining of the sporozoite nuclei. Many laboratories incorporate a recovery control in the form 

of ColorSeed™ (BTF, Sydney, Australia) (ColorSeed™ is a commercially available product which 

contains a known number of gamma-irradiated and Texas Red dyed Cryptosporidium oocysts 

which can be added to samples to act as an internal standard). 

General staining characteristics determine that the organism is spherical in nature, 4 to 6 microns 

in diameter, and fluoresces green under excitation by blue light when using FITC labelled 

Cryptosporidium specific monoclonal antibody (Figure 1). Under ultraviolet light (UV), oocysts with 

substantially intact nuclear material show a characteristic response to DAPI, namely bright blue 

staining of the 4 sporozoite nuclei (Figure 1). Under bright field or differential interference contrast 

(DIC), microscopy intact oocysts contain discernible sporozoites, with their elongated shape easily 

recognisable. DAPI negative organisms may be empty or contain only granular or condensed 

material and are recorded as ‘presumptive’, while intact oocysts with internal material are 

designated ‘confirmed’ (Figure 1). 
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Figure 1. Cryptosporidium oocysts stained with Cryptosporidium specific FITC labelled monoclonal 

antibody under blue light, DAPI under UV light and under bright field/DIC with sporozoites and 

intact oocysts. 

In summary, current methods enumerate the number of oocysts present within a sample and 

define whether internal contents are present for a proportion of the oocysts, providing a  

presumptive number (total number of oocysts observed) and a confirmed number (number of 

oocysts with identifiable sporozoite internal contents).  Oocysts that contain sporozoites are 

considered potentially viable, while empty oocysts are not and therefore pose no infectious risk.  

However, the use of the term viable is confusing, as a viable oocyst may be metabolically active 

(alive), but incapable of infection.  This therefore provides an extremely conservative measure of 

risk, which can be too conservative for oocysts inactivated by various stresses such as UV-C, solar 

UV and internal energy reserve depletion from prolonged exposure to increased ambient 

temperatures which do not kill the sporozoites but render them non-infectious. 

1.5 Assessment of Cryptosporidium infectivity 

1.5.1 In vitro assays for assessing viability of Cryptosporidium 

In vitro surrogate assays were originally developed as convenient and user friendly alternatives to 

mouse infectivity assays for determining C. parvum oocyst viability. These viability assays were 

used to determine oocyst inactivation following chemical, physical or environmental stresses prior 

to the development of effective cell culture based infectivity methods. The methods determine 

viability using indicators such as cellular integrity or the presence of cellular components (e.g. 

ribosomal RNA and messenger RNA) that are associated with living cells. 

DAPI Staining 

One such viability assay is the vital dye staining method which allows the determination of the 

intactness of an oocyst and whether internal contents (sporozoites) are present. The method does 

not assess the infectivity of the oocyst. A number of fluorescent nucleic acid binding dyes are used 

as indicators of C. parvum oocyst viability. The inclusion or exclusion of DAPI (4´,6 amidino-2-

phenylindole) fluorescent dye was developed to determine C. parvum oocyst viability in water and 

environmental samples (Campbell et al., 1992) (as discussed above).  Intact oocysts are said to be 

permeable to DAPI. Occasionally, freshly excreted or cultured oocysts are capable of excluding the 

dye, making it appear non-viable. Correlation with DAPI staining and in vitro excystation was 
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demonstrated to be highly statistically significant (Campbell et al., 1992). However, when this was 

compared to animal infectivity it was demonstrated that in vitro excystation significantly over 

estimated infectivity (Belosevic et al., 1997, Black et al., 1996).  

SYTO59 

Alternative nucleic acid stains used for oocyst viability are the live/dead stains, in particular SYTO-

59, which stains dead oocysts red with live oocysts remaining unstained. Belosevic et al., (1997) 

demonstrated that for untreated, heat treated and chemically inactivated C. parvum oocysts SYTO-

59 staining related well with animal infectivity using neonatal CD-1 mice but not with in vitro 

excystation. The assay was used to determine log10 inactivation levels similar to that of animal 

infectivity. Further investigations by (Neumann et al., 2000) showed a correlation between mouse 

infectivity and nucleic acid staining in conjunction with flow cytometry, although the method is only 

useful for relatively high numbers of oocysts.  

FISH 

A fluorescence in situ hybridization (FISH) technique was developed for the species-specific 

labelling of C. parvum oocysts in water samples (Vesey et al., 1998).  Using the standard recovery 

method based on the USEPA method 1623, samples are enumerated on a microscope slide.  After 

enumeration, FISH is performed by fixing the oocysts to the slide and applying a probe which 

targets a specific sequence in the Cryptosporidium RNA.  Vesey et al. (1998), developed a FISH 

targeting the 18S ribosomal RNA (rRNA) of C. parvum. The specific probe is conjugated to a 

fluorochrome that allows for easy detection of FISH positive oocysts by fluorescence under specific 

wavelengths of UV light with a fluorescence microscope. This method relies on the effective 

degradation of rRNA in oocysts that have been inactivated. Although the method correlated well 

with excystation methods, and allows species specific detection and determination of viability of 

Cryptosporidium target species, the method does not directly address infectivity. 

RT-PCR 

RT-PCR is a variation of the standard PCR that amplifies a fragment of DNA specific for a certain 

species or strains of species. RT-PCR involves enzymatic activity to convert messenger RNA 

(mRNA) into DNA and then applies the standard PCR methodology to amplify the DNA. RNA is 

shorter lived and only present in live cells, while DNA is present in dead and live cells alike. RT-

PCR can therefore be used as an indication of oocyst viability. The detection of viable C. parvum 

oocysts using this technique has been reported, targeting the heat shock protein hsp70 messenger 

RNA (Stinear et al., 1996).  The assessment of mRNA as a marker of oocyst viability using RT-

PCR found that the stability of the target mRNA was critical. 

Conclusions 

The in vitro methods offer a number of advantages as they are relatively cheap and do not involve 

animals. However a significant disadvantage in most instances is that the assays do not correlate 

well with infectivity as they are not a direct measure of infectivity.  Further issues are encountered 

when oocysts are inactivated  by stresses such as exposure to ultraviolet light or various chemical 

challenges, as oocysts may remain intact with internal contents still observed or detected but the 

oocyst is in fact no longer infectious.  
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1.5.2 Human infectivity assays 

Human infectivity studies have demonstrated variable infection rates with the 50% infectious dose 

(ID50) of 132 oocysts (Iowa strain) in healthy, serologically negative (via ELISA) human volunteers, 

while some individuals became infected with as few as 34+3 oocysts, the lowest challenge dose 

(DuPont et al., 1995) using the C. parvum Iowa isolate.  In a second study the ID50 for humans 

ranged from 9 to 1042 oocysts for three different C. parvum (genotype 2) isolates (Okhuysen et al., 

1999). The variation in ID50 is attributable to the virulence of individual isolates as some isolates 

such as the TAMU isolate (ID50 = 9 oocysts) have a greater level of virulence (fewer oocysts are 

required to infect an individual) (Okhuysen et al., 1999).  Other isolates tested in the same human 

trials were Iowa (ID50=87 oocysts), and UCP (ID50=1042 oocysts) with the results lower than 

observed by DuPont et al. (1995).  A trend towards a longer duration of diarrhoea was observed for 

the TAMU isolate (94.5h) versus UCP (81.6 h) and Iowa (64.2hr) isolates. C. parvum isolates 

therefore appear to differ in their infectivity for humans (Okhuysen et al., 1999).  

Human infectivity trials, although advantageous in determining the infectious dose of a range of 

isolates, are not practical on a routine basis for a number of ethical and practical reasons.  When 

considering the low numbers of oocysts encountered in treated wastewaters, the human infectivity 

model is not useful. Human volunteer studies offer the most reliable information regarding the 

potential of oocyst infectivity, but have many inherent difficulties including medical screening of 

potential volunteers, ethical considerations, the costs involved and the low number of oocysts 

generally isolated from environmental water samples (Rochelle et al., 2002).  

1.5.3 Animal models 

Animal bioassays once were considered the method of choice for assessing Cryptosporidium 

oocyst infectivity and the neonatal mouse model has been utilized extensively in the assessment of 

oocyst disinfection.  A wide range of animal models including hamsters, macaques, pigs, lambs 

and opossums have been used for Cryptosporidium infectivity assays with the most common 

model being adult suckling mice.  The assay is based on determining the level of infection using a 

most probable number (MPN) style enumeration of infection by inoculating mice with oocysts of a 

range of dilutions. The assay has also been effectively applied to assessing disinfection 

technologies using C. parvum as the model oocyst species.   

The ID50 of the Iowa isolate in CD-1 mice (mice lacking the group 1 cluster of differentiation 

glycoproteins expressed on the surface of antigen presenting cells instead having two copies of  

CD-1d) has been reported to be 60-87 oocysts (Korich et al., 2000), while ID50 in humans was 87-

132 oocysts.  Other research has demonstrated the ID50 to be higher e.g. Rochelle et al. (2002) 

demonstrated the ID50 for the C. parvum oocysts (genotype 2),  Iowa isolate in mice was 347 

oocysts, while the TAMU isolate was 23 oocysts, Moredun 16 oocysts, Maine 21 oocysts and 

Glasgow, 21 oocysts.   The ID50 of the Iowa isolate for CD-1 mice was considerably higher than 

those typically obtained for the isolate and strain of mouse.  The use of the CD-1 mouse has 

demonstrated reasonable correlation for the ID50’s (summarized in Table 1). The study by 

Okhuysen et al. (1999) utilized Gene Knockout (GKO) mice. The GKO mice were selected based 

on being the most susceptible to infection with Cryptosporidium. In this case, the mice are 

significantly more susceptible to infection with the Moredun isolate than humans and thereby 

provide a conservative model for determining ID50. 
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The use of animals in scientific research encounters a number of ethical issues as well as the 

expense of maintaining and operating an animal care facility.  There is also considerable variation 

in the disinfection data generated using the mouse model, although much of this is to do with the 

experimental design rather than the failing of the model (Rochelle et al., 2002).  Relatively high 

numbers of oocysts are required to adequately utilize the animal models.  Although this model has 

provided significant information regarding ID50 and oocyst inactivation with a variety of 

disinfectants, and the development of therapeutic agents to treat cryptosporidiosis, the link 

between human infection and mouse infection is not fully understood. 

However, this model has limited applications for the assessment of waterborne oocysts because of 

the limited number of oocysts present in the water (generally requiring > 30 oocysts to cause 

infection).  Secondly a range of Cryptosporidium species have been found to cause infection in 

humans and the mouse model cannot support the growth of type 1 (human) C. hominis, while type 

2 oocysts (C. parvum) can infect mice. Once again, this is a limitation of the assay for determining 

the infectivity of Cryptosporidium isolated from environmental sources where recovery is variable 

and most often in recycled waters the numbers are low. Similar problems exist for disinfection 

assays with the majority of testing performed using the neonatal mouse model.  

The data generated from mouse infectivity assays can be subject to large variations and this can 

be due to variation in mouse litters, and infection of the individuals. The human genotype can be 

cultured in gnotobiotic pigs (Widmer et al., 2000) and this model has been used to assess drug 

efficacy (Theodos et al., 1998). The majority of research performed on Cryptosporidium 

disinfection has focussed on the C. parvum oocysts as they are more easily obtained from infected 

calves, with a small area of research devoted to the human genotype of C. hominis. C. hominis 

displayed similar levels of infectivity and had the same sensitivity to UV light as C. parvum 

(Johnson et al., 2005) when tested in cell culture based systems. 
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Table 1. Summary of Human and mouse Cryptosporidium infection trials. 

Oocyst 

isolate 

Human 

ID50 

Reference Mouse 

ID50 

Mouse model Reference 

Iowa 132 

87 

DuPont et al. 1995 

Okhuysen et al. 

1999 

60-87 

347 

CD-1 

CD-1 

Korich et al. 2000 

Rochelle et al. 2002 

TAMU 9 Okhuysen et al. 

1999 

23 CD-1 Rochelle et al. 2002 

UCP 1042 Okhuysen et al. 

1999 

 na  

Moredun 300 (Okhuysen et al., 

2002) 

1 

16 

GKO 

CD-1 

Okhuysen et al. 2002 

Rochelle et al. 2002 

Maine na  21 CD-1 Rochelle et al. 2002 

Glasgow na  21 CD-1 Rochelle et al. 2002 

GKO= gamma interferon knockout mice 
na = not applicable 

1.5.4 Infection of Cell Culture  

Significant developments in determining oocyst infectivity have been made with the development of 

cell culture assays for C. hominis oocysts (Widmer et al., 1998, Hijjawi et al., 2001) and for C. 

parvum oocysts (Current and Haynes, 1984, Upton et al., 1994, Rochelle et al., 1996, Di Giovanni 

et al., 1999, Slifko et al., 1999, Hijjawi et al., 2001). Cell culture has been used previously to study 

the lifecycle and metabolic growth requirements of Cryptosporidium in vitro (Upton et al., 1994). 

These methods have been further developed to use cell culture with polymerase chain reaction 

(PCR) and applied to determining disinfection efficiency (Keegan et al., 2003, Johnson et al., 2005) 

where large numbers of oocysts are inoculated onto cultured cells after treatment to determine 

disinfection kinetics.     

Studies were performed to determine the correlation between the ‘Gold standard’ animal models 

and cell culture based methods.  Rochelle et al. (2002) compared in vitro cell culture to neonatal 

mice for infectivity of five genotype 2 isolates of C. parvum (Table 2). The ID50 for mice was 347 

oocysts. This was higher than the 60-87 oocysts observed by Korich et al. (2000). The variation is 

attributed to inherent variability in infectivity assays even when the gold standard animal model 

was used. The result did fit within the 80% prediction limits of the earlier study and was considered 

valid.  Correlations for infection in the 2 models were R2=0.85 for CD-1 mice and HCT8 cells for 

untreated oocysts and R2=0.89 for treated oocysts (UV and ozone) demonstrating the in vitro 

culture was equivalent to the ‘Gold standard’ mouse infectivity and should be used as a practical 

and accurate alternative for assessing oocyst infectivity (Rochelle et al., 2002). Other reports 

demonstrate comparable results between the two techniques (Upton et al., 1994, Jenkins et al., 

2003, Joachim et al., 2003). These results support the view that in vitro cell culture can replace the 

neonatal mouse model for certain studies, being more suited to high throughput testing and the 

ability to detect waterborne C. hominis and C. parvum oocysts (Di Giovanni et al., 1999, Tzipori 

and Widmer, 2008). 



28 

 

Table 2. Comparison of ID50s for five isolates of C. parvum in mouse and cell culture based infectivity models (Rochelle et al., 2002). 

Isolate 
Oocyst 

doses 

CD-1 mice HCT-8 cell RT-PCRa Caco-2 cell RT-PCRa MDCK cell IFAb 

ID50 

(oocysts)c 

95% confidence 

interval (oocysts)d 

ID50 

(oocysts) 

95% confidence 

interval (oocysts) 

ID50 

(oocysts) 

95% confidence 

interval (oocysts) 

ID50 

(oocysts) 

95% confidence 

interval (oocysts) 

Iowa 50-1,000 347 (220) 128-942 (18) 106 (77) 52-154 (13) 629 (327) 237-1,669 (12) 0.5 (24)e 0.02-13 (14) 

TAMU 5-25 23 (25) 17-32 (15) 27 (34) 21-34 (11) 31 (58) 17-33 (11) 18 (17) 6-53 (11) 

Moredun 25-500 16 (28) 9-25 (25) 30 (26) 18-38 (21) 45 (40) 28-70 (22) 1.2 (5) 0.6-2 (16) 

Maine 25-250 21 (22) 10-40 (21) 86 (84) 66-114 (22) 118 (104) 89-156 (20) 13 (20) 2-78 (11) 

Glasgow 25-250 21 (27) 13-34 (20) 81 (81) 60-110 (22) NDf ND 1.5 (3) 0.4-7 (11) 

a Infection was detected by RT-PCR.  

b Infection was detected by immunofluorescence microscopy.  

c ID50s were calculated by solving the logistic regression of each dose-response curve for a logit response of 0, using individual percentages of infectivity for 

each replicate dose of oocysts or by first averaging the percentages of infectivity for all replicates and then performing the logit transformation (values in 

parentheses).  

d The 95% confidence intervals of the ID50s were calculated from the logistic regression by using individual percentages of infectivity for each replicate dose 

of oocysts. The numbers in parentheses are the numbers of cages of mice or sets of cell culture wells used to calculate the ID50 and the 95% confidence 

intervals from the logistic regression by using individual percentages of infectivity for each replicate dose of oocysts. The total numbers of animals or wells of 

cell cultures used to generate the values can be approximated by multiplying these numbers by 10.  

e Iowa oocysts were incubated in 0.75% sodium taurocholate prior to inoculation of MDCK cell monolayers.  
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1.5.5 Focus detection method 

Cell culture technology has developed into a tool that can be used to study the 

microorganism in an environment similar to the in vivo situation avoiding the need for 

animal models.  The original focus detection method was developed for low level detection 

of infectious oocysts by using the HCT-8 cells in culture as hosts to C. parvum reproductive 

stages (Slifko et al., 1997). The Slifko et al. (1997) method defined a foci or focus as an 

individual reproductive lifecycle stage. It was anticipated that if all 4 sporozoites were 

infectious then a ratio of foci to oocysts of 4:1 would be seen.  At the 24 h time point, the 

focus to oocyst ratio ranged from 0.5:1 to 1.5:1. After 48 h, the focus-to-oocyst ratios 

ranged from 9.3:1 to 29.6:1.  Each area of infection was observed for different lifecycle 

stages including trophozoites, meronts, microgametocytes and macrogametocytes.  The 

variability in number of foci was potentially due to initial nonsynchronous excystation, 

infection, and development of the oocysts, sporozoites and subsequent developmental 

stages in cell culture. For enumeration of infection, Slifko et al. (1997) utilized an MPN 

format where a cell culture well is scored positive where infection was observed. Where 

large numbers of oocysts are present, an MPN format is useful, but where the inoculum is 

restricted, the MPN format introduces greater variability and is therefore not appropriate for 

analysis of environmental waters and waste-water streams. 

This definition of a focus has been addressed by a number of researchers. Infections 

developed focally (around the central point of where the oocyst/sporozoites landed and 

attached to the host cells) and the term infectious focus was applied to each cluster of 

developmental stages analogous to a virus plaque-forming unit or a bacterial colony 

forming unit (Rochelle et al., 2001). The boundary of a single focus was delineated as a 

cluster of developmental stages in closer proximity to each other than to other foci. Foci that 

developed following incubation of infected monolayers for 24 h typically contained less than 

8 developmental stages, whereas following incubation for 48 h, the number of stages 

generally increased to greater than 20 (Rochelle et al., 2001).  For the purpose of 

enumerating infections, it was assumed that each infectious focus arose from the 

sporozoites in a single oocyst. This definition was much more appropriate for the analysis of 

environmental waters and waste-water streams.  However, it is possible that sporozoites 

from more than one oocyst attach in the same area of the cell monolayer. Consequently 

some foci, particularly the larger ones, may actually be overlapping foci originating from 

separate oocysts. Focal development of C. parvum infections in cell culture is a result of the 

finite migration distance of merozoites released from meronts. Based on the maximum size 

of observed foci this distance is 143.5 microns.  Focal development is also affected by the 

lower susceptibility to infection of regions of the cell monolayer that contain older cells 

(Upton et al., 1994). 

There were no significant differences in the number of infectious foci following 24 h or 48 h 

incubation. However, 24 h and 48 h dose response curves were significantly different when 

infectivity was measured as the number of developmental stages per monolayer, with an 

average of 5.3-fold more stages following 48 h incubation (Rochelle et al., 2001). Most foci 

were irregularly shaped, and the number of developmental stages per focus ranged 
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between 5 and 20.  The incubation period for the assay at AWQC was set at 48 h. By 

utilizing the 24 h time point, improvements in turn-around-time would be possible.  

While a significant body of work had been invested in the development of in vitro culture, in 

vitro cell culture was still hampered by a number of factors, including low levels of infectivity 

affecting assay sensitivity (Rochelle et al., 2001, Arrowood, 2002, Schets et al., 2005), as 

well as delayed life-cycle development and poor synchronicity affecting the precision and 

interpretation of data (Weir et al., 2001).  

Like other Apicomplexans, Cryptosporidium sporozoites contain a number of vesicular 

secretory organelles and apical organelle discharge has been identified as essential in 

sporozoite motility, secretion and infection (Chen et al., 2004, Huang et al., 2004). 

Significantly, recent work has demonstrated that once excysted, sporozoites rapidly 

undergo distinct physiological changes including apical organelle discharge of secretory 

organelles (Chen et al., 2004) accompanied by changes in membrane depolarization, 

increased sporozoite intracellular calcium and rapid reductions in internal energy resources 

(King et al., 2009, Matsubayashi et al., 2011). The timing of this discharge is critical and 

needs to occur when the sporozoite is in close proximity to or intimate contact with a 

compatible cell for successful infection to be established (King et al., 2009). While 

Cryptosporidium oocysts are long lived and resilient to numerous environmental and water 

treatment stresses, excysted sporozoites have a limited opportunity to infect a compatible 

cell (Upton et al., 1994, Widmer et al., 2007). Importantly, oocysts may release their 

sporozoites before settling on a monolayer and in vitro assays have not necessarily been 

optimized bearing this in mind.  

In Phase 1 of a Victorian SWF project (SWF/WQRA project 72M – 7103) we investigated 

factors that may affect the timing of sporozoite contact with a target cell, in particular, the 

relationship between excystation rate and the proximity of oocysts/excysted sporozoites to 

the cell monolayer and the effect on in vitro infectivity. We found that in a standard assay 

format the majority of sporozoites are not close enough to the cell monolayer to 

successfully establish infection. However this can be overcome by centrifugation of oocysts 

onto the monolayer, greatly increasing the sensitivity of the assay (Weir et al., 2001). 

Secondly, excystation procedures can also be tailored to control the excystation rate, 

thereby influencing experimental design and data interpretation. Finally, we demonstrated 

that the addition of both a centrifugation and a washing step may also be appropriate when 

considering the design of in vitro culture experiments for developmental analysis and stage-

specific gene expression as this appears to increase the synchronicity of early 

developmental stages. 

Further to the gains made in the SWF project a subsequent SA Water funded RDI project 

adopted and extended the outcomes from Phase I of the SWF/WQRA project outcomes 

which translated into a single assay format that gives precise information not only on 

infectivity, but also oocyst number and species in a newly developed plate format including 

a number of recovery controls to ensure data accuracy.  This assay was then successfully 

applied to a Catchment investigation during rain events to investigate risk of 

Cryptosporidium.  This has reduced our need to split samples and thereby further 

increasing our assay sensitivity as well as precision on the information generated from a 

single sample.  As a consequence of these research activities, we now have the capability 
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to accurately quantify not only the removal of oocysts from various stages of the 

wastewater treatment train but both their removal and inactivation and, if warranted, their 

species/genotype, thereby accurately quantifying the “true effect” of the treatment train on 

oocyst risk reduction. 

1.6 Critical processes affecting Cryptosporidium infectivity 

1.6.1 Heat (temperatures >37°C) 

Oocysts can be exposed to stresses such as high temperature and desiccation, which are 

particularly effective at inactivating oocysts. Experiments using moist heat demonstrated 

complete oocyst inactivation (presumably C. parvum), measured using mouse infectivity, for 

exposure times between 5 – 20 minutes at 45°C, although details of oocyst doses and 

oocyst infectivity before heat treatment were not provided (Anderson, 1985). Mouse 

infectivity data have also shown that C. parvum oocysts suspended in water were 

completely inactivated after 1 minute at 72°C and 2 minutes at 64°C (Fayer, 1994). In the 

study by Fayer (1994), the oocyst dose administered to each mouse was 1.5 x 105 and 

considering that the oocysts were at most 1 month old and isolated directly from 

experimentally infected calves, it would be reasonable to infer a log10 reduction of at least 4. 

Similar results were obtained using a pasteurization temperature of 71.7°C for 5 – 15 

seconds, resulting in complete inactivation using doses of 105 treated oocysts administered 

to mice (Harp et al., 1996). Sensitivity to high temperature appears to be common to 

Cryptosporidium species, with C. parvum, C. muris and a Cryptosporidium spp isolated 

from a chicken all exhibiting complete inactivation after 15 seconds at 60°C or 30 seconds 

at 55°C using a dose of 106 oocysts into mice for C. parvum and C. muris or 2-week-old 

chickens for the Cryptosporidium spp. (Fujino et al., 2002).  These higher temperatures can 

occur in animal faeces exposed to sunlight, with bovine faecal material shown to exhibit 

temperature peaks between 40°C and 70°C once air temperature exceeds 25°C (Li et al., 

2005). Using diurnal temperature cycles typical of spring – autumn conditions for California 

rangelands, an inactivation rate of 3.27 log10 / day was observed using a mouse infectivity 

model (Li et al., 2005). In these experiments, Li et al (2005) observed that the primary loss 

of infectivity appeared to be due to partial or complete excystation of oocysts in the faecal 

matrix. The rate of loss of infectivity was much slower for winter diurnal temperatures, with 

an internal faecal matrix temperature of 30°C resulting in a rate of 0.2 log10 / day and 20°C 

resulting in 0.03 log10 / day (Li et al., 2010). 

1.6.2 Freezing and desiccation  

While oocysts are sensitive to heat they are able to withstand short periods of freezing, 

surviving days at -10°C and hours at -15°C (Fayer and Nerad, 1996).  However, oocysts 

have been shown to be susceptible to freeze thaw cycles particularly in soil (Kato et al., 

2002, Jenkins et al., 1999), where soil particles cause abrasion and fragmentation of 

oocysts (Jenkins et al., 1999). Oocysts have been shown to be particularly sensitive to 

desiccation, which is significant in a terrestrial environment. Desiccation can occur within 

the faecal matrix, as a consequence faecal processing by insects such as dung beetles 

(Ryan et al., 2011) or once oocysts have been washed from the faecal matrix into soil.  

Loss of infectivity from desiccation can be relatively rapid, with oocysts in calf faeces dried 

for as little as 1 day losing infectivity for neonatal mice (Anderson, 1986).  Within 2 hours of 
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air-drying on slides 97% of oocysts were dead (measured by vital dye staining), increasing 

to 100% of oocysts after 4 hours (Robertson et al., 1992). Similar results were obtained 

when assessing oocyst survival following desiccation on stainless steel surfaces (Deng and 

Cliver, 1999). Aside from desiccation, the physical, chemical and biological properties of 

soil may affect oocyst survival (Ferguson et al., 2003).  Viability assays have shown that 

oocyst survival is affected by soil type (Davies et al., 2005, Jenkins et al., 2002), in 

particular soil texture and possibly low soil pH (Jenkins et al., 2002).  In these studies 

temperature was suggested as a major factor affecting oocyst inactivation and soil moisture 

appeared to have no role correlation with loss of viability (Davies et al., 2005, Jenkins et al., 

2002). However, a study evaluating the effect of water potential (using osmolarity as a 

surrogate) suggests that soil moisture content will greatly influence the rate of oocyst 

degradation. The study of Walker et al (2001) used water potentials representing soil 

moisture contents required to support normal crop growth, the wilting point (the minimum 

soil moisture content required to prevent plant wilting) and extremely dry conditions. Water 

potential stresses were found to combine with temperature effects and freeze-thawing to 

enhance oocyst degradation and that degradation was likely to be more rapid in dry soil 

compared with calf faeces or in water at low temperatures (Walker et al., 2001). A more 

recent study using cell culture infectivity provided further support for the findings of Walker 

et al (2001), suggesting that saturated loamy soil did not affect oocyst inactivation 

compared with oocysts suspended in distilled water, with both resulting in 0.93 log10 

inactivation after 10 days at 30°C, whereas dry loamy soil had a greater effect, with 2.5 

log10 inactivation after 10 days at 32°C (Nasser et al., 2007). Furthermore, the study of 

Nasser et al (2007) compared viability and infectivity measures for the different test 

conditions and found that the viability method overestimated oocyst survival by 1 – 2 log10, 

measuring no loss of infectivity at 30°C and only 0.5 log10 inactivation at 32°C.  

1.6.3 Ammonia 

Ammonia can be present at high levels in decomposing faeces, especially in manure 

storages (Muck and Richards, 1983, Muck and Steenhuis, 1982, Patni and Jui, 1991), 

ranging from 0.05M, rising to 0.2M in cattle slurries depending on storage time(Whitehead 

and Raistrick, 1993). Oocysts have been shown to be sensitive to ammonia, initially in a 

study investigating gaseous disinfection of oocysts using different compounds (Fayer et al., 

1996). In that study, oocysts suspended in water were exposed to one atmosphere of pure 

ammonia at 21°C to 23°C for 24 hrs and were rendered non-infectious to mice. Another 

study used excystation and vital dye staining assays to assess the effect of a wide range of 

ammonia concentrations (0.007 – 0.148 M) on oocyst viability, finding that all 

concentrations reduced viability and calculating that 0.06 M ammonia would inactivate 

99.999% oocysts in 8.2 days at 24°C (Jenkins et al., 1998). The inactivation rate was 

temperature dependent, taking much longer (55 days) at 4°C. Considering the sensitivity of 

oocysts to ammonia, it is likely that some oocyst inactivation will occur from this source in 

animal faeces and that practices such as long-term storage of animal waste will effectively 

reduce Cryptosporidium risk, even at low temperatures (Hutchison et al., 2005). 

1.6.4 Hydrological parameters 

Surface waters can provide an excellent environment for supporting the survival of oocysts, 

providing a thermal buffer from temperature extremes (in contrast to the terrestrial 
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environment) and also providing a medium for transmission to and ingestion by a 

susceptible host.  However, there are biotic and abiotic factors that can cause removal or 

inactivation in an aquatic environment and also processes that control transport and 

distribution within a water body (Brookes et al., 2004).  Key factors include particle 

interaction, temperature, sunlight (UV) exposure and grazing, all of which are affected by 

the hydrodynamics of a stream or reservoir (eg. dispersion, dilution) (Brookes et al., 2004). 

Oocyst transport within lakes / reservoirs is predominantly driven by inflows, particularly 

those from rainfall events, and also by circulation patterns from wind-generated currents 

and internal waves (Brookes et al., 2004).  Inflows are considered to be major sources of 

pathogens for reservoirs.  The behaviour of an inflow is controlled by the inflow density 

relative to that of the receiving water, with water temperature being a major factor affecting 

transport of oocysts. Inflow water that is warmer than the receiving water (and so less 

dense) will travel across the top of the receiving water surface, whereas inflow water that is 

colder will be more dense and flow along the bottom of the receiving water (Brookes et al., 

2004).  Entrainment of the receiving water by the inflow leads to dilution of oocyst 

concentrations. Inflow temperature, velocity, insertion depth and entrainment rate are 

critical factors determining the hydrodynamic distribution of oocysts in lakes and reservoirs 

(Brookes et al., 2004). 

Sedimentation rate, along with flow velocity, is a key factor affecting the position of oocysts 

within a water column. Oocyst position can influence survival, at the surface oocysts can be 

exposed to stressors such as sunlight, at depth or in sediments oocysts may be protected 

from sunlight but may be subject to microbial interactions via predation or interaction with 

biofilms. Empirically determined oocyst sedimentation rates have been shown to closely 

match theoretical calculations based on oocyst size and density, being measured to be 0.27 

– 0.35 µm / s (Medema et al., 1998, Dai and Boll, 2006). Attachment to particles or 

entrapment within an organic matrix will greatly affect sedimentation rates (Searcy et al., 

2005), but as discussed in the previous section, there have been conflicting reports on the 

interaction of oocysts with particles and characteristics of the water such as type and 

concentration of organic matter, as well as the nature of the sediment contributing particles, 

may influence oocyst attachment to particles.  In the context of wastewater, oocysts have 

been shown to readily attach to effluent particles (Medema et al., 1998), hence oocysts in 

water resulting from sewage effluent discharge may behave differently compared with 

oocysts from land runoff.  While the sedimentation velocity of single oocysts is too low to 

result in significant settling in a large water body, the rate can increase dramatically (28.9 

µm / s) for oocysts attached to particles (Medema et al., 1998). A study of the oocyst loss 

rate in Lake Burragorang (a water storage in Sydney, Australia) measured a high 

sedimentation rate, 57.9 – 115.7 µm / s, much higher than the laboratory-measured values, 

and proposed that oocyst aggregates with other oocysts or particles was responsible for the 

accelerated removal (Hawkins et al., 2000).  The results of Hawkins et al (2000) suggest 

that transport under field conditions can vary dramatically from those observed under 

laboratory simulated conditions. Factors that may not be accounted for are the effect of 

turbulence in inflows on oocyst interaction / aggregation with particles and the influence of 

processes within a water body, such as internal waves, which can cause rapid movement of 

oocysts through the water column (Brookes et al., 2004).  Once in sediment, oocysts can 

remain infective for a substantial time, particularly at temperatures below 15°C. Sediment 

re-suspension events, caused by turbulence from underflows or internal waves (Michallet 

and Ivey, 1999), can remobilize oocysts, which will still pose a water quality challenge in 
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drinking water service reservoirs. Storm events have also been shown to cause significant 

re-suspension of pathogens in river sediments (Dorner et al., 2006). 

1.6.5 Predation and microbial activity 

Oocysts are exposed to a variety of aquatic environments where they may come into 

contact with other microorganisms that are antagonistic or will reduce oocyst persistence. 

Despite the potential importance of biological interactions for the removal of oocysts in 

natural and engineered systems, there has been relatively little published in this field.  One 

of the first indications of the potential role of biological interactions was the study of Chauret 

et al (1998). They observed better survival of oocysts in 0.2 µm-filtered river water 

compared with unfiltered river water and concluded that this was due to biological 

antagonism (Chauret et al., 1998). Predation of oocysts by a free-living nematode 

(Caenorhabditis elegans) has been demonstrated in soils (Huamanchay et al., 2004) and 

interaction with Pseudomonas aeruginosa extracts (modelling soil exposure) led to 

degradation of the oocyst wall, reducing oocyst infectivity (Nasser et al., 2007). Ingestion of 

oocysts by C. elegans did not reduce the infectivity of excreted oocysts (Huamanchay et al., 

2004). A variety of aquatic organisms have been shown to be capable of ingesting oocysts, 

including rotifers (Fayer et al., 2000b, King et al., 2007, Stott et al., 2003), ciliates (Stott et 

al., 2001, King et al., 2007, Stott et al., 2003), amoebae (King et al., 2007, Stott et al., 

2003), gastrotrichs (King et al., 2007) and platyhelminths (King et al., 2007).  

The effect of ingestion on oocyst infectivity has not been assessed.  However, Fayer et al 

(2000) noted that rotifers excreted oocysts in boluses and King et al (2007) also identified 

oocyst clumping following biotic activity. As previously discussed above, aggregated 

oocysts will settle faster and so may be less mobile. The excreted oocysts, which may have 

been exposed to proteolytic digestion and also may be coated in other material as a 

consequence of the ingestion process, may also interact with particles differently, which 

may further increase sedimentation and decrease opportunity for further transport through a 

water body. In feeding experiments conducted by King et al (2007), it was observed that 

ingestion by some predators, resulted in the degradation of oocysts in food vacuoles.  One 

limitation of feeding experiments is that in general high oocyst numbers have been used (eg 

greater than 104 oocysts/ml) whereas in environmental waters oocyst concentrations are 

very low, at most 1 – 10 oocysts / L under base-flow conditions (Brookes et al., 2004).  

However, in the environment many of the predators are size selective feeders and 

Cryptosporidium oocysts would only be an incidental food source amongst the many other 

organisms in that size range (such as yeast, algae and bacteria), that the predators are 

able to consume.   

1.6.6 Inactivation by temperature (temperatures 2-37°C) 

The temperatures in aquatic environments are generally more moderate compared with the 

high temperatures that can be encountered in a terrestrial environment. While inactivation 

at high temperatures is rapid, particularly at temperatures above 40°C, it can be relatively 

slow at temperatures more relevant in water bodies. Oocysts have been shown capable of 

retaining infectivity for at least 24 weeks at 4°C and 16 – 24 weeks at 15°C (Keegan et al., 

2008, Fayer et al., 1998b), with at most a 1 log10 reduction in infectivity. Using mouse 

infectivity, Fayer et al (1998) found that oocysts retained infectivity after 24 weeks stored at 
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20°C and 12 weeks stored at 25°C, but that the number of mice infected and the level of 

infection was greatly reduced compared with control oocysts. Quantitative measurement of 

inactivation using cell culture infectivity found more than 3 log10 inactivation of oocysts after 

12 weeks stored at 20°C, 8 weeks stored at 25°C and 3 weeks stored at 30°C (King et al., 

2005).  In cooler climates, temperature is unlikely to play a role in oocyst inactivation unless 

the detention time within a water storage is extremely long. However, depending on 

reservoir hydrodynamics and oocyst detention times, tropical and possibly sub-tropical 

climates may well influence oocyst survival in the aquatic environment.  

The mechanism responsible for oocyst inactivation, at least at temperatures of 37°C or less, 

has been shown to be metabolic exhaustion. Cryptosporidium oocysts contain finite 

carbohydrate energy reserves, stored as amylopectin, which are required to initiate 

infection and are consumed due to metabolic activity at ambient environmental 

temperatures (Fayer et al., 1998b).  Oocyst energy levels (measured as ATP) have been 

shown to closely correlate with retention of infectivity (measure by cell culture infectivity) for 

temperatures between 4°C and 37°C (King et al., 2005).  The finite energy reserve within 

sporozoites is a key factor in determining host cell infection success, meaning that the 

timing of sporozoite release is critical and must be controlled for optimal measurement of 

infectivity using cell culture models (King et al., 2011, Upton et al., 1994).  

1.6.7 Inactivation by sunlight 

Sunlight is possibly the most potent environmental stressor in the aquatic environment. The 

most damaging components of sunlight are short-wavelength ultraviolet (UV) light, 

specifically UV-B (280nm to 320nm) and UV-A (320nm-400nm), with UV-B principally 

causing DNA damage and UV-A causing damage to a variety of cellular components 

including lipids and proteins (Caldwell, 1971, Ravanat et al., 2001, Malloy et al., 1997, 

Friedberg et al., 1995).  UV exposure can be detrimental to a variety of organisms ranging 

from bacteria to plants in both terrestrial and aquatic environments (King and Monis, 2007). 

In terms of Cryptosporidium in water, the bulk of research appears to have focused on 

measuring the effectiveness of solar disinfection (SODIS) for oocyst inactivation, which 

combines solar irradiation with temperature inactivation and may have variable wavelengths 

of UV involved, depending on the UV transmissivity of the containers used. However, there 

have been several studies to assess the effectiveness of solar radiation on oocyst infectivity 

under environmentally relevant conditions. An early study utilized excystation to measure a 

90% reduction in oocyst viability following a 3-day exposure to sunlight in marine water 

(Johnson et al., 1997). More recently, solar radiation and artificial UV-B have been shown 

to be effective at reducing the infectivity of oocysts suspended in phosphate-buffered saline 

(Connelly et al., 2007), although it was not clear how the % inactivation values reported 

were calculated in that study. A dose of 66 kJ/m2 (measured at 320 nm) resulted in a 97.5% 

reduction in infectivity compared with the dark control, and a claimed >99.99% loss of 

infectivity following 10 hours of exposure to sunlight on a mid-summer day. However, some 

of the calculated reductions may not be accurate, based on the data presented. This is 

because the experimental design described by Connelly et al (2007) utilised triplicate 

samples of 5,000 oocysts for the solar radiation experiments, each replicate analysed in 

triplicate using 100 oocysts per analysis, measuring infectivity from a total of 900 oocysts.  

Therefore at most a 3 log10 inactivation (99.9%) could be measured if all of the oocysts 

were infectious at the start of the experiment (but at most 22% were infectious in the 
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controls).  Additionally, there was also between 2 and almost 10-fold difference in the 

infectivity measured for dark and laboratory control oocysts, suggesting either large 

variability in the measured infectivity, or some other effect on infectivity aside from solar 

radiation (temperature can be excluded because it did not exceed a maximum of 22.5°C on 

any of the testing days).  The authors noted the high variability in some samples and 

suggested it could be due to differences within the oocyst population, oocyst clumping 

(causing underestimation of infectious foci) or variability in the quality / density of the cell 

monolayer (Connelly et al., 2007).  Irrespective of these possible shortcomings of the cell 

assay or inactivation calculations, the findings clearly demonstrated the impact of solar 

radiation on oocyst infectivity.   

Another study assessed the effect of solar radiation on the survival of C. parvum oocysts 

suspended in tap water or environmental waters, using a cell culture infectivity assay (King 

et al., 2008). These experiments were conducted on days with different levels of solar 

insolation, measured using a pyranometer, and compared with the UV index. The UV index 

is a measure developed by the World Health Organization to raise public awareness of the 

risk of UV radiation and provides an indication of the daily danger of solar UV radiation 

intensity (http://www.who.int/uv/intersunprogramme/activities/uv_index/en/index.html). It is 

calculated at solar noon, when the sun’s radiation is most intense, with each point on the 

index equivalent to 25 milliWatts / m2 of UV radiation (UV wavelengths between 290 nm 

and 400 nm). The water quality ranged from 2.8 mg / L dissolved organic carbon (DOC), 

0.23 NTU turbidity and a colour of 2 HU for the tap water, to maximums of 12.3 mg / L 

DOC, 7.42 NTU turbidity and 77 HU colour for the reservoir waters.  For days with UV 

indices of 4 or higher, reductions in infectivity of between 2.2 – 3 log10 were achieved within 

a single day of exposure (King et al., 2008). The inactivation rates on different days were 

compared using T90, which is the time (hours) required to achieve 90% inactivation. The T90 

was larger for low UV index days (eg. 6.4 for a day with a UV index of 1) and smaller for 

high UV index days (eg. 0.4 for a day with a UV index of 12). Comparison of the T90 for the 

different water types suggested that DOC had the largest influence on oocyst inactivation 

by solar UV, with waters with the T90 increasing as the DOC increased, and waters with 

similar DOC having similar T90, despite differing by up to 10-fold in colour and turbidity (King 

et al., 2008).  The penetration of UV in water has been shown to be highly dependent on 

the concentration and type of DOC (Jerome and Bukata, 1998, Morris et al., 1995, 

Hutchison et al., 2005), providing protection from solar radiation for oocysts that are at 

sufficient depth to allow UV attenuation. However, particular events such as warm-water 

inflows into cold reservoirs will place oocysts within a zone where they can be inactivated 

by sunlight, which can cause >90% inactivation after a few hours on a high UV index day.  

The relative contribution of the different wavelengths of sunlight has been investigated 

using long-pass filters (Connelly et al., 2007, King et al., 2008). Connelly et al (2007) used a 

<404 nm long pass filter to remove UV-B and UV-A. Compared with dark controls, oocysts 

exposed to sunlight with the UV component removed had between 42 and 61% reduction in 

infectivity, compared with reductions of 93 and 97% for oocysts exposed to solar UV.  King 

et al (2008) used cut off filters to remove UV-B (<323nm) and UV-A and UV-B (<400nm). In 

these experiments, full sunlight achieved 2.5 – 2.7 log10 oocyst inactivation, whereas the 

removal of UV-B reduced the amount of inactivation to 0.8 – 1.3 log10 and the removal of 

both UV-A and UV-B abolished any reduction in infectivity compared with the dark control, 

which is in contrast with the finding of Connelly et al (2007). While UV-B might be more 

http://www.who.int/uv/intersunprogramme/activities/uv_index/en/index.html
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active in causing DNA damage and reducing infectivity (causing approximately two thirds of 

the observed inactivation), UV-A light has also been previously shown to cause cytotoxic 

and mutagenic effects, although to a smaller extent than UV-B (Ravanat et al., 2001).  

While UV-A causes less damage and a longer exposure time is required, it is likely to be of 

greater ecological significance than UV-B in the context of oocyst inactivation within a water 

column because longer wavelengths are better able to penetrate deeper into water.  

The mechanism of solar UV inactivation has been further elucidated through the study of 

the effect of UV radiation on sporozoite DNA and cellular processes (King et al., 2010). One 

of the main mechanisms of inactivation caused by short wavelength UV irradiation is the 

production of DNA photoproducts, specifically cyclobutane pyrimidine dimers (CPDs) 

(Ravanat et al., 2001).  Oocysts were exposed to varying doses of UV-C and an anti-CPD 

antibody was used to readily detect CPDs in oocyst DNA extracts (King et al., 2010). 

However, CPDs could not be detected in oocysts exposed to levels of solar UV causing 3 

log10 inactivation, whereas CPDs could be detected in oocysts exposed to a UV-C dose 

causing the same level of inactivation (approx. 10 mJ/cm2). It was possible to detect CPDs 

in the DNA from solar UV irradiated oocysts, but only by increasing the amount of DNA 

assayed 10-fold and also by increasing the exposure times for the luminescent assay used 

to detect antibody binding events (King et al., 2010).  Other cellular targets were assessed 

to determine if they were affected by solar UV causing loss of infectivity. Solar radiation was 

found to induce membrane depolarization in sporozoites, leading to an increase in 

intracellular calcium and apical organelle discharge, which was apparent as a loss of 

internal granularity as measured by flow cytometry (King et al., 2010).  The ultimate 

consequence of exposure to solar radiation was the accelerated depletion of ATP 

(compared with dark controls) and a decrease in the ability of sporozoites to attach to and 

invade host cells (King et al., 2010).  Cryptosporidium poses a challenge to conventional 

water treatment plants. Most older plants utilize treatment processes designed to remove 

turbidity and to a certain degree natural organic matter (NOM), but have not been designed 

to target the removal of particles in the Cryptosporidium oocyst size range. The first step in 

conventional filtration plants is the addition of coagulants, such as alum or ferric chloride, as 

well as coagulant aids (cationic polyelectrolytes), to remove particulates by flocculation 

followed by sedimentation. Coagulation results in the aggregation of suspended particles in 

source water, forming a gel like precipitate (aluminium hydroxide in the case of alum).  The 

removal of Cryptosporidium through flocculation can be quite effective and is the basis of a 

cost effective method for the concentration of oocysts in water samples for routine 

monitoring (Vesey et al., 1993). Poor coagulation conditions have been shown to result in 

poor filtration performance (Emelko, 2003).  A pilot plant study using alum as a coagulant 

removed approximately 1 log10 oocysts after the coagulation and sedimentation (Hsu and 

Yeh, 2003). Jar testing of river water, using alum as the coagulant and an oocyst surrogate 

(surrogate =, compared with oocyst = 4-6 µm, 1.05 – 1.10 specific gravity. -25 mV (pH 6.0 – 

6.5) Zeta potential), measured oocyst removal by coagulation/sedimentation to be 1.2 – 1.5 

log10 (Lee et al., 2007).  The mechanism of oocyst removal during flocculation is dependent 

on the oocyst charge (Bustamante et al., 2001). A study of oocyst zeta potential in the 

presence of different coagulants suggests that oocysts maintain a negative charge in the 

presence of ferric chloride and so sweep flocculation (physical entrainment in the 

developing floc) is required for oocyst removal, whereas oocysts undergo charge 

neutralization in the presence of alum, meaning that oocysts can adsorb to alum flocs, as 

well as be removed by sweep flocculation (Bustamante et al., 2001). These findings have 
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been further supported by studies of oocyst charge characteristics in the presence of 

different salt concentrations and coagulants (Butkus et al., 2003). The chemicals used for 

flocculation do not appear to reduce oocyst infectivity. Examination of filter backwash water 

from water treatment plants detected infectious oocysts (Di Giovanni et al., 1999) and jar 

testing using alum as the coagulant did not measure any reduction in oocyst infectivity, with 

the small amount of infectivity reduction measured (0.4 log10) also occurring in the control 

jars without alum, indicating an effect due to mechanical processing (Keegan et al., 2008).  

1.6.8 Media filtration 

Sand filtration was first reported to have potential for removal of oocysts based on a 

laboratory-scale experiment using a 1 meter column of pool filter sand challenged with 

oocysts purified from a human clinical sample, (Chapman and Rush, 1990). In this 

experiment, 106 oocysts were used to challenge the filter. None were detected in the filtrate, 

while oocysts were only detected in the top 300 mm of the filter bed (Chapman and Rush, 

1990). The transport of oocysts through a filter medium has been measured for sand filters 

treating wastewater. Grain size was a key factor, with fine-grained sand effectively 

removing oocysts while coarse-grained media had more oocyst break-through, depending 

on hydraulic loading rates (Logan et al., 2001). Filter removal efficiency has been shown to 

be affected by the presence of biofilm and NOM. The removal efficiency was measured for 

oocysts coagulated using calcium chloride and filtered through silicon beads, finding that 

biofilm reduced the filtration efficiency by 50% and the presence of 5 ppm of NOM reduced 

efficiency by 75% (Dai and Hozalski, 2002). The reduction in filtration efficiency was likely 

due to charge interactions, with improved filtration performance observed using alum as the 

coagulant, even in the presence of NOM (Dai and Hozalski, 2002). Filtration efficiency has 

also been shown to be affected by ionic strength and pH (Hsu et al., 2001). However, a 

more recent study suggests that oocyst removal by a packed quartz sand column was not 

overly affected by ionic strength and that physical straining is an important capture 

mechanism (Tufenkji et al., 2004). Atomic force microscopy has characterized the 

interaction between oocysts and sand particles, suggesting that proteins on the oocyst 

surface contribute to electrostatic repulsion against the surface of sand particles, and that 

dissolved organic carbon and dissolved calcium assist with overcoming this repulsion 

(Considine et al., 2002). A further study of oocyst wall macromolecules suggests that they 

are responsible for electrostatic repulsion from surfaces, even in the presence of ionic 

strengths predicted to overcome any electrostatic repulsion, and that treatment of the 

oocysts with proteinase K to remove the macromolecules resulted in improved oocyst 

attachment to surfaces (Kuznar and Elimelech, 2006). 

A program monitoring source water and product water from a conventional treatment plant 

(coagulation-flocculation, sedimentation and rapid filtration) measured a combined oocyst 

removal of 2.5 – 2.7 log10, depending on the method used to determine oocyst numbers 

(geometric mean versus 90% observation level) (Hashimoto et al., 2001). Pilot-scale 

experiments using similar treatment processes measured a combined oocyst removal of 5-

6 log10 (Gale et al., 2002). There appear to be fewer studies examining filtration 

performance separately from coagulation/sedimentation. Sand filter column testing, using a 

Cryptosporidium tracer (described in the Flocculation section) and water that had been 

coagulated with alum, measured a 1.3 – 1.5 log10 removal of the tracer (Lee et al., 2007). 

Poorer performance (0.5 removal) was reported for a pilot plant sand filter receiving 
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secondary treated effluent from an activated sludge plant, although performance was 

greatly increased by dosage of alum (2 log10 removal) (Suwa and Suzuki, 2003). Other 

studies have reported variable filter performance in wastewater treatment plants, ranging 

from 0.4 – 1.5 log10 depending on the filter type (Levine et al., 2008, Fu et al., 2010). The 

differences in performance are likely to be due to differences in operational parameters 

such as hydraulic load, chemical pretreatment and backwashing regimes (Levine et al., 

2008). In contrast, laboratory-scale slow sand filters have demonstrated >5 log10 oocyst 

removal, a similar removal to the original report for pool sand filters made by Chapman et al 

(1990) (Hijnen et al., 2004). This removal rate was confirmed in a later study by loading a 

mature pilot sand filter with oocysts, dosing for 100 days and monitoring for 150 days, 

demonstrating oocyst removal of 4.7 log10 (Hijnen et al., 2007). Oocysts did not accumulate 

in the filter and it was hypothesized that they were removed as a result of predation by 

zooplankton (Hijnen et al., 2007). Granular activated carbon (GAC), often used in filters to 

reduce NOM or remove organic contaminants, has also been shown to be effective at 

removing oocysts (1.3 2.7 log10) (Bichai et al., 2010). A study of the fate of oocysts on 

granular activated carbon also observed oocyst loss from the filter medium due to biotic 

activity (Bichai et al., 2010). Zooplankton were isolated, identifying rotifers as a dominant 

group (previously shown to be predators of Cryptosporidium) and oocysts were recovered 

from zooplankton following release by sonication (Bichai et al., 2010). 

Conventional filters using sand, gravel, anthracite, etc. are not the only types of filters in use 

for the production of drinking water or the treatment of wastewater. Bank filtration, which 

passes water through a river bank, is in use in some parts of the world as a pretreatment for 

drinking water or for wastewater. The removal efficiency of sandy alluvial riverbank 

sediment in bank filtration, based on modelled distribution profiles, has been claimed to be 

23 – 200 log10 / m (Faulkner et al., 2010). In the case of bank filtration, straining is not the 

only removal mechanism and surface charge of the medium has been suggested to play a 

major role, such that gravel soil can have better performance than sandy soils for removal 

of microorganisms (Hijnen et al., 2005, Faulkner et al., 2010). The performance of bank 

filtration for oocyst removal has been found to correlate with the surface coverage of the 

sediment grains by metal oxides, with higher coverage providing better removal (Metge et 

al., 2010). A novel filtration medium was developed, using Zeolite treated with a quaternary 

ammonium chloride. This modified Zeolite exhibited an oocyst removal efficiency of 0.54, 

which is comparable with sand filters but of most interest it also resulted in 1.19 log10 

inactivation of the oocysts (Abbaszadegan et al., 2006). Surface functionalisation of the 

sand in sand filters may improve filter performance. Functionalizing silica with 3-(2-

aminoethyl)aminopropyltrimethoxysilane improved the filtration performance from 1 log10 for 

the uncoated silica to 1.3 – 1.4 log10 for the functionalize silica, depending on the level of 

coating (Majewski and Keegan, 2012). 

1.6.9 Dissolved air flotation 

Dissolved Air Flotation (DAF) treatment of surface waters and wastewaters uses coagulants 

to develop flocs, which are floated to the surface using aeration and then collected from the 

top of the reactor and disposed of as sludge (for a detailed review of this process see 

(Edzwald, 2010)). The effectiveness of the DAF process, like conventional flocculation 

processes, is affected by turbidity and natural organic matter and has reported oocyst 

removals of 1.7 – 2.5 log10, increasing to > 5.4 log10 when combined with filtration (DAFF) 
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for drinking water (Edzwald et al., 2001). In the case of DAFF, the operation of the plant in 

terms of filter backwashing is important for determining if oocysts are concentrated in the 

floated sludge or in the filters, with the volume of backwash water used determining the 

level of oocyst build-up in the plant influent (Edzwald et al., 2001). 

1.6.10 Membrane filtration 

Membrane filtration systems can provide excellent removal of oocysts, through size 

exclusion. Most research on membrane filters in terms of Cryptosporidium has been in 

relation to the concentration of oocysts from large volume water samples (eg. (Hill et al., 

2007, Lindquist et al., 2007, Liu et al., 2012)), rather than validating the technology for 

oocyst removal. Full-scale validation of membrane filters will often measure removal of 

bacteria (such as E. coli) and use calculated LRV for smaller organisms to provide a 

conservative LRV for the much larger oocysts.  In practice, the performance of filters is 

higher than the maximum log10 removal values (LRV) that will be credited by health 

regulators. In part, this is because as a guiding principle health regulators (at least in 

Australia) will not provide a credit of more than 4 LRV for any individual barrier.  Also 

limitations in detecting membrane failure influence these conservative credited values, 

although this is more applicable to viruses because parameters such as turbidity may not 

show a failure that will allow breakthrough of viruses but not larger particles. Ultrafiltration 

has been shown to be effective (>1.84 log10) at removal of oocysts in full scale testing for 

tertiary treatment of secondary effluent (Fu et al., 2010). A pilot-scale evaluation of 

conventional and membrane filters has been reported, but the numbers of oocysts in the 

raw water were low (56 oocysts / 10L) and so limited conclusions can be drawn from that 

work regarding oocyst removal efficiency (Hsu and Yeh, 2003). 

1.6.11 Activated sludge and other secondary wastewater treatment processes 

As water becomes scarcer, there is increasing attention being given to the reuse of 

wastewater. Most of the common conventional wastewater treatment processes, such as 

the use of the activated sludge process (ASP) or waste stabilization ponds, are designed to 

remove nutrients to a suitable level for environmental discharge, with pathogen removal 

more often being achieved by disinfection prior to discharge, although some pathogen 

attenuation may occur during treatment. Wastewater reuse usually requires tertiary 

treatment to further improve the quality of the water and also to remove pathogens to 

protect human health.  The activated sludge process is essentially a large bioreactor 

designed to achieve nitrification and denitrification of the wastewater to remove nitrogen 

from the wastewater. Being an active biological process there is some opportunity for 

interactions with oocysts to remove and possibly inactivate them. An early study of lab-

scale ASP using C. parvum oocysts demonstrated a 1 log10 reduction in the intensity of 

infection measured using mice (Villacorta-Martinez de Maturana et al., 1992).  A pilot plant 

ASP showed an oocyst removal efficiency of 2, which was increased to 3 log10 by dosing 

with alum (Suwa and Suzuki, 2003). Monitoring of a full-scale wastewater treatment plant 

measured a 1.52 log10 oocyst removal for conventional ASP and higher removals for an 

oxidation ditch process (2.17 log10) and an anaerobic-anoxic process (1.79 log10) (Fu et al., 

2010). Another study of a full-scale ASP reported better removal of oocysts, with an LRV of 

almost 3 log10 (Neto et al., 2006). There are many different configurations for ASP, and 

these may have a large effect on removal efficiency. A lab-scale ASP, using return 
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activated sludge from a full-scale ASP, was able to achieve a 2.4 log10 reduction in oocyst 

number, whereas the full-scale plant only removed 0.7 log10 (Wen et al., 2009).      

1.6.12 Lagoons / waste stabilization ponds 

Wastewater stabilization ponds and constructed wetlands provide attractive low technology 

and low energy solutions for treating contaminated waters such as wastewaters or 

stormwaters, especially in areas where there is sufficient space. Provided that detention 

times are adequate and there are reduced opportunities for disturbance of sediments, 

lagoons and constructed wetlands have the potential to provide excellent removal of 

oocysts from wastewater or stormwater.  Sedimentation is a major mechanism for oocyst 

reduction and oocyst numbers in sediment from a surface flow wetland have been shown to 

be 1 – 3 orders of magnitude higher compared with numbers in the water column (Karim et 

al., 2004). Monitoring of lagoon systems used for treating wastewater has shown 1 – 2.5 

log10 oocyst removal (Ulrich et al., 2005), with constructed wetlands capable of 1 -2 log10 

LRV (Quinonez-Diaz et al., 2001, Reinoso and Becares, 2008). As previously mentioned, 

some of this removal is thought to be a result of protozoan predation (Stott et al., 2001). 

However, there is some variability in the performance of constructed wetlands, with a 

system receiving sewage effluent only removing 64% of oocysts (Thurston et al., 2001). 

High rate algal ponds (HRAP) are a variation of waste stabilization ponds, actively using 

energy to provide a higher level of oxidation to support algal growth, which in turn mediates 

nutrient removal. The HRAP design has been shown to be effective at oocyst inactivation, 

causing 2 – 3 log10 reduction in infectivity in mice (Araki et al., 2001). Further study of 

oocyst inactivation in a HRAP using semipermeable bags suggested that the inactivation 

was due to a combination of ammonia, pH and sunlight exposure (Araki et al., 2001).  

Sunlight has also been suggested to be a major cause of inactivation of oocysts in waste 

stabilization ponds, with 40% inactivation observed after 4 days exposure to sunlight 

(Reinoso and Becares, 2008).  Considering that secondary treated effluent is high in 

organics, it is tempting to speculate that UV-A is a primary factor causing inactivation in this 

scenario. A comparison of anaerobic ponds, a facultative pond and a maturation pond 

suggested that sunlight and water chemistry were the main factors influencing oocyst 

removal in the anaerobic and maturation ponds, whereas predation may have been more 

important in the facultative pond (Reinoso et al., 2011). 
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1.6.13 Oxidant-based disinfection 

The resistance of Cryptosporidium to disinfectants such as chlorine is one of the primary 

reasons Cryptosporidium has been an issue for the water industry and the cause of so 

many drinking water-related outbreaks. The ineffectiveness of chlorine and chloramine was 

recognized in the early 1990s, with disinfection studies showing that a Ct of 1,600 mg.min/L 

using chlorine (80 ppm) was required to achieve a 1 log10 reduction in oocyst infectivity, 

measured using mice (Korich et al., 1990). Chloramine was shown to be equally ineffective 

in the same study. While it is not possible to deliver the required Ct for treating drinking 

water or reuse water, chlorine can be used to effectively inactivate oocysts in swimming 

pools following a faecal accident. However, there is usually insufficient contact time 

immediately following a faecal accident, so any pool users in the vicinity will likely become 

infected if they have ingested contaminated water before the pool has been treated with 

elevated levels of chlorine. A more recent study using 2 different isolates of C. parvum and 

monitoring of cell culture infectivity demonstrated that the Ct required for 3 log10 inactivation 

was 10,400 – 15,300 mg.min/L, which is larger than the previous recommendation CT from 

the Centre for Disease Control and Prevention for the treatment of recreational waters 

following a faecal accident (Shields et al., 2008). Chlorine dioxide was shown to be more 

effective, while ozone treatment (1 ppm) was the best option for inactivation of oocysts, 

achieving 2 log10 inactivation for a Ct estimated between 5 – 10 mg.min/L and >4 log10 

inactivation for a Ct of 10 mg.min/L (Korich et al., 1990).  Similar results were observed in 

an independent study using 1.11 ppm ozone, achieving approximately 4 log10 inactivation 

for a Ct of 6.6 mg.min/L (Peeters et al., 1989).   

Electrochemically produced mixed oxidants (chlorine plus other uncharacterized species 

produced by a MIOX unit) have been shown to inactivate >3 log10 oocysts with a Ct of 

1,200 mg.min/L (5 ppm mixed oxidant with 4 hour contact), whereas no inactivation was 

observed exposed to chlorine for Cts of 1,200 – 7,200 mg.min/L (5 ppm for 4 – 24 hours 

contact) (Venczel et al., 1997), although it was not clear from the study if chlorine decay 

was measured to properly calculate a Ct. The lack of any observed inactivation for chlorine 

for the nominated Ct range is suspect considering the earlier findings of Korich et al (1990). 

A study of the inactivation kinetics of chlorine dioxide for oocysts compared excystation and 

cell culture infectivity, showing that for a Ct of 1,000 mg.min/L the excystation method only 

measureD 0.5 log10 inactivation, whereas the infectivity method measured a 2 log10 

inactivation (Chauret et al., 2001). This result suggests that the earlier finding of Venczel et 

al 1997 may have in part been affected by the method used for estimating viability. The 

performance of MIOX units appears to be variable. The effectiveness of MIOX could not be 

reproduced in a subsequent study using a cell culture infectivity assay, where the MIOX 

mixed oxidants and chlorine treatment performed similarly (Keegan et al., 2003). However, 

a different study using mouse infectivity measured inactivation for oocysts exposed to 2 – 5 

mg/L MIOX (measured as free chlorine) but not for 5mg/L free chlorine (Sasahara et al., 

2003). An on-site evaluation of an electrolytic system (ECO, using the same system as 

MIOX) was not effective at inactivating oocysts, producing equivalent results to chlorine 

(Venczel et al., 2004). 

Conflicting results have been reported for the sensitivity of oocysts as a function of age. A 

study using oocysts aged in dialysis cassettes suspended in a river reported no change in 

chlorine sensitivity, although this study used excystation to measure chlorine inactivation 
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(Chauret et al., 1998). In contrast, oocysts stored at 4°C for 24 weeks were shown to have 

approximately 1 log10 more inactivation for Ct 300 mg.min/L compared with fresh oocysts 

using an infectivity assay (Keegan et al., 2008).  

1.6.14 Ultraviolet light 

Discussion within the scientific literature regarding the use of UV-C for the disinfection of 

potable water first began in the late 1980s / early 1990s in response to proposed changes 

to the US Safe Drinking Water Act (Wolfe, 1990). At that time, there was no information on 

UV inactivation of Cryptosporidium, but it was presumed to be more resistant than bacteria 

on the basis of the observed resistance of oocysts to chlorine (Wolfe, 1990).  There are two 

types of UV-C lamps used in disinfection systems, medium pressure (MP)-UV lamps that 

deliver UV light in the full UV-C spectrum (200-300 nm) and low pressure (LP)-UV lamps 

that deliver germicidal UV-C (254 nm). The first report of the effectiveness of UV against 

Cryptosporidium used mouse infectivity to demonstrate complete inactivation of oocysts 

following a UV dose of 15,000 mW/sec for 150 min, although the dose delivery was not 

measured to allow comparison with more recent studies (Lorenzo-Lorenzo et al., 1993). A 

subsequent study used viability assays (vital dyes and excystation) to demonstrate 2 – 3 

log10 reduction in viability using a total low pressure LP-UV dose of 8,748 mJ/cm2 

(Campbell et al., 1995) and on the basis of this and similar studies using viability 

techniques, it was believed for many years that Cryptosporidium was relatively UV 

resistant.  

A detailed study of the dose response of Cryptosporidium to LP- and MP-UV, using mouse 

infectivity and a collimated beam apparatus for precise UV dose delivery, demonstrated 

inactivation of 2 log10 for 10 mJ/cm2, 3 log10 for 25 mJ/cm2 and 3.4 - >4.9 log10 for 119 

mJ/cm2 (Craik et al., 2001).  Evaluation of a UV disinfection device that delivered 120 

mJ/cm2 was shown to reduce infectivity in mice by 5.4 log10 (Drescher et al., 2001). The 

most effective wavelengths of UV-C were determined to be 250-275 nm (Linden et al., 

2001). A direct comparison of animal infectivity and excystation methods demonstrated that 

high doses of UV were required to reduce excystation, but much lower doses were required 

to reduce infectivity .(Morita et al., 2002). Dose-response studies at low UV doses 

measured >2.6 log10 for 3 mJ/cm2 and >3.9 log10 for10 mJ/cm2 (Shin et al., 2001), with a 

similar bench-scale study using cell culture infectivity demonstrating >3 log10 inactivation for 

5 – 10 mJ/cm2 doses of LP-UV (Bukhari and LeChevallier, 2003). Due to ease of production 

in calves or mice, the vast majority of UV studies have used C. parvum. Using oocysts 

isolated from a human clinical patient, C. hominis has been shown to possess a similar UV 

sensitivity compared with C. parvum (Johnson et al., 2005). The requirement for lower UV 

doses has translated into suitable UV reactor design, with full-scale UV systems described 

for Cryptosporidium disinfection and validated using MS2 bacteriophage as a challenge 

organism (Bukhari and LeChevallier, 2003) 

A study of ex vivo and in vivo reactivation of oocysts found no evidence for reactivation, 

with oocysts exposed to 60 mJ/cm2 of MP-UV remaining inactivated, as measured using 

mouse infectivity (Belosevic et al., 2001). Other studies also examined photoreactivation 

and dark repair, finding that although Cryptosporidium possess UV repair genes and that 

cyclobutane pyrimidine dimers were shown to be repaired, infectivity was not restored 

(Oguma et al., 2001, Morita et al., 2002, Rochelle et al., 2004). Based on more recent 
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knowledge regarding the importance of energy stores for infectivity and the impact of 

sunlight on infectivity (King et al., 2010), it is likely that response of sporozoites to repair 

UV-induced damage results in energy depletion and a loss of infectivity. Transcriptome 

analysis supports this, showing an upregulation of genes for DNA repair and intracellular 

trafficking (Zhang et al., 2012), which is consistent with the finding of King et al (2010) in 

terms of UV-B causing premature exocytosis. Some studies have recommended the use of 

MP-UV to prevent reactivation (Kalisvaart, 2004), but the available evidence suggests that 

LP-UV is sufficient to cause a permanent reduction in infectivity for Cryptosporidium. 

Conventional UV reactors used for treatment of bulk water use UV lamps enclosed in a 

quartz sleeve and installed either in the centre of a stainless steel pipe, or suspended in an 

open channel. Water is passed through the pipe or channel and the UV dose delivered is a 

function of the lamp intensity, flow rate, mixing through the system and the UV 

transmissivity of the water. In conventional UV systems the lamps are always on while the 

system is operational. An alternative system that has been evaluated more recently uses 

pulsed UV light, which has been shown to achieve 6 log10 inactivation with an equivalent 

UV dose of 278 mJ/cm2 and 2 log10 with a dose of 15 mJ/cm2 (Lee et al., 2008).  One issue 

with the use of pulsed UV technology is the difficulty in measuring the UV fluence (dose) 

delivered to oocysts (Garvey et al., 2010). 

1.6.15 Combined processes 

Sequential disinfection has been shown to improve oocyst inactivation levels. The 

combination of ozone followed by free chlorine increased oocyst inactivation by 4 – 6-fold 

compared with ozone alone (Li et al., 2001). Similar results were obtained using a 

combination of ozone and monochloramine, although the increase in inactivation due to 

chloramine was only 2.5-fold (Rennecker et al., 2001).  The synergistic effectiveness of 

ozone followed by chlorine has been demonstrated using both animal infectivity (Li et al., 

2001, Biswas et al., 2005) and excystation methods (Corona-Vasquez et al., 2002). Low 

ozone doses have been combined with UV disinfection to allow adequate disinfection of 

water while reducing the formation of disinfection by-products by ozone (Meunier et al., 

2006). An added advantage of this combination is that the ozone will react with organics in 

the water, helping to increase the UV transmissivity and so improve UV dose delivery. In 

terms of the treatment of wastewater to produce reuse water, combined treatment trains 

such as UV and chlorine disinfection have been recommended to allow control of both 

chlorine resistant pathogens such as Cryptosporidium and UV resistant pathogens such as 

adenovirus (Montemayor et al., 2008). 

1.6.16 Heat 

As has been previously discussed, Cryptosporidium are sensitive to heat, making this an 

effective method for disinfection. Moist heat is highly effective (Anderson, 1985) and the 

temperatures achieved in thermophilic aerobic digestion of sewage sludge (55°C) are 

sufficient for ready inactivation of oocysts (Whitmore and Robertson, 1995). Pasteurization 

has been shown to be effective for the inactivation of oocysts in water and milk (Harp et al., 

1996), but while it is can be used to inactivate oocysts in food (eg (Deng and Cliver, 2001)), 

it has not been used for large scale treatment of water or wastewater.  
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1.6.17 Other 

Photocatalytic inactivation of Cryptosporidium oocysts has been assessed using titanium 

dioxide films and a black light lamp (essentially UV-A), achieving up to 78% oocyst 

inactivation after 3 hours exposure .(Sunnotel et al., 2010). However, this study used 

viability surrogates rather than infectivity and so may be underestimating the effectiveness 

of the treatment. The measured inactivation was not due to UV-A exposure based on 

comparison of a control exposed to the light source in the absence of the titanium dioxide. 

A fibrous ceramic titanium oxide photocatalyst, used in combination with UV-C, has also 

been shown to be effective at reducing oocyst numbers, suggesting that the photo 

byproducts produced actively disrupt oocysts (Navalon et al., 2009). The mechanism of 

photocatalytic titanium oxide or ferrioxolate systems is the generation of the hydroxide 

radical, which has been reported to be 104 – 107 times more effective compared with ozone, 

chlorine dioxide or chlorine alone (Cho and Yoon, 2008).  However, another study 

examining Low Pressure-UV and titanium dioxide suggested that reactive oxygen species 

were only responsible for a relatively small amount of inactivation when used in isolation, 

but that when used in combination with UV produced a synergistic effect resulting in greater 

inactivation than either exposure alone (Ryu et al., 2008). 

Sonication has been shown to be effective in physically disrupting oocysts, causing oocysts 

to release contents, and also to reduce the infectivity of any remaining intact oocysts 

(Oyane et al., 2005). Using a horn-type sonicator, 60 s at 52 W resulted in 52% inactivation, 

while 126 W for the same exposure time caused 94.9% inactivation (Oyane et al., 2005). A 

flow through sonicator was also able to inactivate oocysts, but it was only effective at low 

flow rates (Oyane et al., 2005). 

1.7 Description of the waste water treatment Plants chosen for investigation 

1.7.1 Western Treatment Plant 

Western Treatment Plant located in Werribee covering an area of 10,500 hectares, 

processes approximately half of Melbourne's sewage, serving approximately 1.6 million 

people in the central, northern and western suburbs and generates almost 40 billion litres of 

recycled water a year.  Western Treatment Plant uses a series of large ponds, called 

lagoons, to treat sewage to either a Class A or Class C recycled water standard. Two 

modern lagoon systems (25W and 55E) treat the bulk of flows at WTP. These consist of an 

initial anaerobic pond, followed by activated sludge treatment and then detention in 10 

maturation lagoons. Total detention time in these systems is typically 30 days. At this 

point the water meets Class C recycled water quality requirements and can be used onsite 

at the treatment plant to maintain habitat for migratory birds and for agricultural activities. 

The treated effluent can also be discharged to Port Phillip Bay, under EPA Victoria license 

requirements.  To produce Class A water, the Class C water undergoes further disinfection 

by ultraviolet light and chlorine processes. The Class A recycled water is then supplied to a 

range of off-site customers. 

1.7.2 Altona WWTP 

Altona WWTP services over 20,000 residential and business properties in the Altona, 

Altona Meadows, Laverton and Point Cook areas treating close to 13 million liters of 
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sewage a day. It utilizes sequencing batch reactors using Intermittent Decanted Extended 

Aeration process, tertiary cloth filtration and UV disinfection followed by ultrafiltration and 

reverse osmosis at the Altona salt reduction plant to supply up to 2.5 billion liters per year of 

recycled water at full operational capacity for industrial and irrigation customers in the 

Altona region. 

1.7.3 Mt Martha WWTP 

Mt Martha WWTP, which is on the Victorian Mornington peninsula, serves south eastern 

Melbourne, treating approximately 12.5 million liters of sewage a day. This plant uses the 

activated sludge process, followed by chlorination, dechlorination and ocean discharge.  

Recently Mt Martha has undergone a treatment upgrade allowing the generation of Class A 

water. 

1.7.4 Aldinga WWTP 

Aldinga WWTP is located approximately 44 km south of metropolitan Adelaide, treating 

approximately 2 ML of sewage a day.  It utilizes two oxidation ditches and clarifiers followed 

by chlorination and storage in lagoons before being used for drip irrigation for viticulture – 

commercial food crops. The scheme requires 6.0 and 5.0 log10 virus and protozoa 

removal, respectively. The process is accredited with 1.0 and 0.5 log10 virus and protozoa 

removal and drip irrigation of a raised crops (i.e. grape vines) achieves 5.0 log10. The 

recycled water can further be treated by transferring lagoon effluent to the Southern Urban 

Reuse Scheme Reclaimed Water Storage. The recycled water is then further treated to 

dual reticulation standard by ultrafiltration, UV disinfection and chlorine disinfection. 

1.7.5 Glenelg WWTP 

Glenelg WWTP is one of three major wastewater treatment plants servicing metropolitan 

Adelaide, treating approximately 45 ML of sewage a day.  It utilises activated sludge 

treatment and chlorination. The treated effluent can either be discharged into Gulf St. 

Vincent (under South Australian EPA license conditions), recycled for restricted municipal 

applications – golf course or further treated for the Glenelg to Adelaide Recycled Water 

Scheme (GARWS) by the Glenelg RWTP. The Glenelg WWTP is accredited with 1.0 and 

0.5 log10 virus and protozoa removal, respectively. The Glenelg RWTP encompasses 

ultrafiltration, UV disinfection and chlorine disinfection and can produce 34 ML/day for uses 

including dual reticulation and unrestricted municipal irrigation in the Adelaide Central 

business District and surrounds. The Glenelg WWTP and RWTP together achieve 6.5 and 

5.0 log10 virus and protozoa removal, respectively. 
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1.8 Objectives of the study 

 

The capability is now available to accurately quantify not only the removal of oocysts from 

various stages of the wastewater treatment train but also their inactivation, thereby 

accurately quantifying the “true effect” of the treatment train on oocyst risk reduction. This 

project aimed to: 

1) Investigate the inactivation of Cryptosporidium across the treatment train from raw 

sewage through activated sludge and lagooning and where waters are potentially 

reused for applications requiring less treatment.  This was undertaken for a select 

group of five wastewater treatment plants located in Victoria and SA.   

2) Examine the process of oocyst inactivation by lagooning via conducting pilot 

chamber studies to investigate the effect of solar inactivation on oocyst infectivity. 

This work focussed on the lagoon system at the Bolivar WWTP and engaged a 

student undertaking a Master in Biotechnology studies to conduct this work under 

the supervision of the Principal Investigator.  The outcomes of the solar inactivation 

research are presented within this report.  Furthermore the student undertook as 

part of their research project (additional to the scope of this Smart water project) 

microcosm studies to investigate the potential for biotic oocyst attenuation.  

Therefore the complete student thesis has also been provided as an additional 

supplementary document due to the interesting nature of the biotic predation results.  
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2 Methodology 

2.1 Wastewater treatment plant (WWTP) selection and sampling strategy 

Three Victorian and two South Australian WWTPs were chosen to investigate the fate of 

Cryptosporidium (removal and inactivation) along a variety of different treatment trains 

(Table 3).  Plants were chosen to cover a variety of treatment processes and samples taken 

from across the treatment trains to include raw, primary treated, secondary treated and 

lagoon treated effluent (where applicable) to cover the major treatment processes applied 

at each plant.   Tables 4-17 display data relating to sampling schedules and sample 

collection. 

Table 3. Victorian and South Australian WWTPs chosen for the investigation of 

Cryptosporidium inactivation along the treatment train 

Wastewater 

Treatment 

Plant 

Water Utility State Number of 

sampling 

rounds 

Samples 

collected for 

Round 1 

Samples 

collected for 

each of the 

remaining 

Rounds  

Western 

Treatment 

Plant 

Melbourne 

Water 

Victoria 7 14 14 

Altona City West 

Water 

Victoria 6 8 9 

Mt Martha South East 

Water 

Victoria 6 8 9 

Aldinga SA Water South Australia 6 6 9 

Glenelg SA Water South Australia 6 8 9 

 

A review of the data generated after the first round of sampling was undertaken in order to 

examine the soundness of the sampling points chosen and the degree of replication 

employed, so as to assess any need to alter these parameters in order to maximise the 

value of the data generated from the project.  A review of the data from round 1 indicated 

that with the exception of Western Treatment Plant a change to some sampling locations 

and an increase in sample replication at some locations would be prudent (Table 3).  

Therefore the sample points utilised for round 1 are presented in separate tables to the 

sampling points utilised for the remaining rounds 2-6.  A further round of sampling (Round 

7) was undertaken for Western Treatment Plant due to an experimental failure to generate 

infectivity results for Round 5 samples due to use of cytotoxic cell medium.  
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2.2 Sampling schedules and sample collection 

 

Table 4. Sample Points and Descriptions for Western Treatment Plant WWTP Rounds 1-6   

Sampling Point Sample Description Label 

Descriptions 

Sample Volume 

to be collected* 

55E Lagoon System 

1 Raw sewage (grab samples) WTSM2-1 

WTSM2-2 

1 litre / sample 

2 55E covered anaerobic lagoon 

effluent (pump Station half way 

down anaerobic lagoon) (grab 

samples) 

L55P-1 

L55P-2 

1 litre / sample 

3 55E Pond 2 outlet (grab samples) L55Ep2-1 

L55Ep2-2 

10 litres/ sample 

4¥ 55E Pond 4 outlet (grab samples) L55Ep4-1 

L55Ep4-1 

10 litres/ sample 

5¥ 55E Pond 6 outlet (grab samples) L55Ep6-1 

L55Ep6-2 

10 litres/ sample 

25W Lagoon System 

6¥ 25W covered anaerobic lagoon 

effluent (pump station at the end 

of the anaerobic lagoon) (grab 

sample) 

L25P-1 

L25P-1 

 

1 litre/ sample 

7 25W ASP clarifier outlet 

(composite from 5 clarifiers) 

L25ACO-1 

L25ACO-2 

10 litres/ sample 

*The volume stated in the above table is the volume required for each duplicate sample 

¥  For the 55E system the ASP and clarifiers are between ponds 4 and 5 

For 25W the ASP is fed from the anaerobic pot and the clarifiers discharge into Pond 2 
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Table 5. Sampling Schedule for Western Treatment Plant 

Sampling Round Total Number of Samples Sampling Dates 

Round 1 14 Tuesday  15th January 2013 

Round 2 14 Tuesday  5th March 2013 

Round 3 14 Tuesday  7th May 2013 

Round 4 14 Tuesday  2nd   July 2013 

* Round 5 14 Tuesday  27th August  2013 

Round 6 14 Tuesday  22nd October 2013 

Round 7 14 Tuesday  26th November 

2013 

*Note for Round 5 only Cryptosporidium density data was generated and no infectivity data produced 

due to an experimental problem with cytotoxic cell medium.  Therefore an extra round of sampling 

(Round 7) was undertaken for Western Treatment Plant. 
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Table 6. Sample Points and Descriptions for the Altona WWTP Round 1 

Sampling 

Point 

Full Sample Description Altona Sample Label 

Description 

Volume* 

1 Raw Sewage post screening (grab 

samples after step screens at 

peak flow) 

Altona Raw Sewage Grab 1 

Altona Raw Sewage Grab 2 

1 litre / 

sample 

2 Samples from the low lift pump 

station auto-sampler (after the 

balance tank) (samples are 

equivalent to secondary  

clarification) 

LLP Station Auto 1 

LLP Station Auto 2 

1 litre / 

sample 

3 Mixed liquor during the aeration 

phase (grab sample) 

MLSS Grab 1 

MLSS Grab 2 

1 litre / 

sample 

4 UV effluent (grab sample) UVE-1 

UVE-2 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each duplicate sample 

 

Table 7. Revised Sample Points and Descriptions for the Altona WWTP Rounds 2-6 

Sampling 

Point 

Full Sample Description Altona Sample Label 

Description 

Volume* 

1 Raw Sewage post screening 

(grab samples after step 

screens at peak flow) 

Altona Raw Sewage Grab 

1 

Altona Raw Sewage Grab 

2 

Altona Raw Sewage Grab 

3 

1 litre / sample 

2 Samples from the low lift 

pump station auto-sampler 

(after the balance tank) 

(samples are equivalent to 

secondary  clarification) 

LLP Station Auto 1 

LLP Station Auto 2 

LLP Station Auto 3 

1-2 litres / 

sample 

3 UV effluent (grab sample) UVE-1 

UVE-2 

UVE-3 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each triplicate sample 
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Table 8. Sampling Schedule for the Altona WWTP 

Sampling Round Total Number of Samples Sampling Dates 

Round 1 8 Tuesday  22nd January 2013 

Round 2 9 Tuesday  19th March 2013 

Round 3 9 Tuesday  21th May 2013 

Round 4 9 Thursday 18th   July 2013 

Round 5 9 Tuesday  24th  September  2013 

Round 6 9 Tuesday  19th November 2013 

* After the first round of sampling for Altona WWTP, sampling point 3 which sampled the 

Mixed Liquor during the aeration phase (grab sample) (Table 6) was discontinued.  In 

exchange, triplicate samples were taken for the 3 remaining sample points (Table 7) for 

rounds 2-6 (Table 8). 
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Table 9. Sample Points and Descriptions for Mt Martha WWTP Round 1 

Sampling 

Point 

Full Sample Description Altona Sample Label 

Description 

Volume* 

1 Raw Sewage after grit 

removal (grab samples at 

peak flow) 

Martha  Raw Sewage 

Grab 1 

Martha  Raw Sewage 

Grab 2 

1 litre / 

sample 

2 Samples from Anoxic Tank 

(grab samples) 

Anoxic Tank 1 

Anoxic Tank 2 

1 litre / 

sample 

3 Samples from Aeration 

Tank (grab samples) 

Aeration tank 1 

Aeration tank 2 

1 litre / 

sample 

4 Samples from Clarification 

Tank (grab sample) 

Clarification Tank 1 

Clarification Tank 2 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each triplicate sample 

 

Table 10. Sample Points and Descriptions for Mt Martha WWTP Rounds 2-6 

Sampling 

Point 

Full Sample Description Altona Sample Label 

Description 

Volume* 

1 Raw Sewage after grit 

removal (grab samples at 

peak flow) 

Martha Raw Sewage Grab 1 

Martha Raw Sewage Grab 2 

Martha Raw Sewage Grab 3 

1 litre / 

sample 

2 Samples from Primary 

Sedimentation Tank 

Sedimentation Tank Grab 1 

Sedimentation Tank Grab 2 

Sedimentation Tank Grab 3 

1 litre / 

sample 

3 Samples  from Clarification 

Tank (grab sample) 

Clarification Tank Grab 1 

Clarification Tank Grab 2 

Clarification Tank Grab 3 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each triplicate sample 
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Table 11. Sampling Schedule for Mt Martha WWTP 

Sampling Round Total Number of 

Samples 

Sampling Dates 

Round 1 8 Wednesday 6th February 2013 

Round 2 9 Wednesday 3rd  April 2013 

Round 3 9 Tuesday 28th May 2013 

Round 4 9 Thursday 1st August 2013 

Round 5 9 Monday 9th September 2013 

Round 6 9 Wednesday 13th November  2013 

* After the first round of sampling for Mt Martha WWTP, sampling points 2 & 3 which 

sampled the Mixed Liquor from the Anoxic Tank and from the Aeration Tank (Table 9) 

were discontinued. In exchange triplicate samples were taken from the 2 remaining 

sample points and an additional set of triplicate samples taken from the Primary 

Sedimentation Tank (Table 10) for rounds 2-6 (Table 11). 
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Table 12. Sample Points and Descriptions for the Aldinga WWTP Round 1 

Sampling 

Point 

Full Sample Description Aldinga Sample Label 

Description 

Volume* 

1 Raw Sewage at sample point 

4177 (grab samples) 

Aldinga Raw Sewage Grab 1 

Aldinga Raw Sewage Grab 2 

1 litre / 

sample 

2 Mixed liquor (grab samples 

with sampling rod) 

Aldinga  MLSS Grab 1 

Aldinga  MLSS Grab 2 

1 litre / 

sample 

3 After the Oxidation ditch and 

Clarifier at point 4178 (grab 

samples) 

Aldinga  4178 Grab 1 

Aldinga  4178 Grab 2 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each triplicate sample 

 

Table 13. Sample Points and Descriptions for the Aldinga WWTP Rounds 2-6 

Sampling 

Point 

Full Sample Description Aldinga Sample Label 

Description 

Volume* 

1 Raw Sewage at sample 

point 4177 (grab 

samples) 

Aldinga Raw Sewage Grab 1 

Aldinga Raw Sewage Grab 2 

Aldinga Raw Sewage Grab 3 

1 litre / 

sample 

2 After the Oxidation ditch 

and Clarifier at point 

4178 (grab samples) 

Aldinga  4178 Grab 1 

Aldinga  4178 Grab 2 

Aldinga  4178 Grab 3 

1 litre / 

sample 

3 Lagoon 1 (after 

chlorination) 

Lagoon 1 Grab 1 

Lagoon 1 Grab 2 

Lagoon 1 Grab 3 

10 litres / 

sample 

*The volume stated in the above Table is the volume required for each triplicate sample 
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Table 14. Sampling Schedule for the Aldinga WWTP 

Sampling Round Total Number of Samples Sampling Dates 

Round 1 6 Tuesday 12th February  2013 

Round 2 9 Thursday 11th April 2013 

Round 3 9 Thursday 20th June 2013 

Round 4 9 Tuesday 20th August 2013 

Round 5 9 Tuesday 24th September  

2013 

Round 6 9 Tuesday 19th November 

2013 

* After the first round of sampling for Aldinga WWTP, sampling point 2 which included grab 

samples from the Oxidation ditch (Table 12) were discontinued. In exchange triplicate samples 

were taken from the remaining 2 sample points and an additional further set of triplicate samples 

were taken from a new sampling point Lagoon 1 (Table 13) for rounds 2 to 6 (Table 14). 
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Table 15. Sample Points and Descriptions for the Glenelg WWTP Round 1 

Sampling 

Point 

Full Sample Description Glenelg Sample Label 

Description 

Volume* 

1 Raw Sewage at sample 

point 4050 (grab samples) 

Glenelg Raw Sewage Grab 1 

Glenelg Raw Sewage Grab 2 

1 litre / 

sample 

2 Point after Primary 

Treatment 4059 Plant C 

(grab samples) 

Glenelg PT 4059 Grab 1 

Glenelg PT 4059 Grab 2 

1 litre / 

sample 

3 Mixed liquor (grab samples 

with sampling rod) 

Glenelg MLSS Grab 1 

Glenelg MLSS Grab 2 

1 litre / 

sample 

4 Point after activated 

sludge/clarifier 40577 Plant 

D (grab samples) 

Glenelg AS/CL  40577 Grab 1 

Glenelg AS/CL  40577 Grab 2 

10 litre / 

sample 

*The volume stated in the above table is the volume required for each duplicate sample 

 

Table 16. Sample Points and Descriptions for the Glenelg WWTP Rounds 2-6 

Sampling 

Point 

Full Sample Description Glenelg Sample Label 

Description 

Volume* 

1 Raw Sewage at sample 

point 4050 (grab samples) 

Glenelg Raw Sewage Grab 1 

Glenelg Raw Sewage Grab 2 

Glenelg Raw Sewage Grab 3 

1 litre / 

sample 

2 Point after Primary 

Treatment 4059 Plant C 

(grab samples) 

Glenelg PT 4059 Grab 1 

Glenelg PT 4059 Grab 2 

Glenelg PT 4059 Grab 3 

1 litre / 

sample 

3 Point after activated 

sludge/clarifier 40577 Plant 

D (grab samples) 

Glenelg AS/CL  40577 Grab 1 

Glenelg AS/CL  40577 Grab 2 

Glenelg AS/CL  40577 Grab 3 

10 litres / 

sample 

*The volume stated in the above table is the volume required for each duplicate sample 
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Table 17. Sampling Schedule for the Glenelg WWTP 

Sampling Round Total Number of Samples Sampling Dates 

Round 1 8 Tuesday 12th February  2013 

Round 2 9 Thursday 11th April 2013 

Round 3 9 Thursday 20th June 2013 

Round 4 9 Tuesday 20th August 2013 

Round 5 9 Tuesday 24th September  

2013 

Round 6 9 Tuesday 19th November 

2013 

* After the first round of sampling for Glenelg WWTP, sampling point 3 which included grab 

samples of Mixed Liquor (Table 15) were discontinued. In exchange triplicate samples were 

taken from the remaining 3 sample points (Table 16) for rounds 2 to 6 (Table 17). 
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2.3 Routine data collection 

A suite of water quality and operational data collected as part of routine sampling 

programmes were made available for analysis in concert with any reductions measured in 

Cryptosporidium oocyst numbers and infectivity.  This was undertaken in order to examine 

if any of these factors influence either oocyst infectivity or removal.  Furthermore, climate 

data for  air temperature, rainfall and solar radiation were downloaded from the BOM 

(Bureau of Meteorology) website for the year 2013 

(http://www.bom.gov.au/climate/data/index.shtml).  While significant data analysis was 

undertaken across all plants only those factors indicating an influence on either oocyst 

infectivity or removal are presented in the results for each of the WWTPs. 

2.4 Concentration and isolation of Cryptosporidium from WWTP samples 

All pathogen samples for concentration and isolation were lodged with Microbiology 

Laboratory Services through the Laboratory Information System (LIMS).  Based upon visual 

inspection, samples which were highly particulate, turbid or coloured, such as raw sewage 

and samples from primary sedimentation, were sub-sampled (250ml-1000ml) then diluted in 

either 5 or 10 litres of reagent water before flocculation. Samples of a cleaner nature, such 

as from the clarifier or lagoons, were mixed, weighed and any additional water above 10 kg 

discarded. Samples were then seeded with an internal control (ColorSeed, BTF Pty Ltd, 

Australia) of 100 Texas-Red labelled inactive Cryptosporidium parvum oocysts. 

Samples were then concentrated using calcium carbonate flocculation and left to settle 

overnight. After adequate settling time, the supernatant was siphoned off and sulphamic 

acid added to dissolve any flocculent. The sample was further concentrated using 

centrifugation. The resulting pellet was placed into two Leighton tubes and Cryptosporidium 

oocysts were concentrated using a Dynal Cryptosporidium immunomagnetic separation 

(IMS) kit following the manufacturer’s instructions.   

For Mixed Liquor Samples collected in Round 1, 50ml subsamples were taken and 

ColorSeed added before samples were centrifuged at 1800 × g and the supernatant 

siphoned off and the sulphamic acid added to dissolve the pellet. 

The pathogen samples (contained within the IMS tubes) were analysed for both infectivity 

and oocyst density using a modified infective focus technique as described in section 2.5. 

Cryptosporidium counts were adjusted to account for recovery rate and expressed as 

oocyst density (oocysts per 10 L) (eg. a sample with 10 observed oocysts and 50 % 

recovery is reported as 20 oocysts per 10 L).  While  oocyst densities for WWTPs have 

often been expressed per L, oocyst density was chosen to be expressed per 10L as it 

reduced the likelihood that densities would be expressed as partial oocysts (e.g. 0.1 

oocysts per L) considering the level of treatment for the WWTPs investigated.  Furthermore 

it makes direct comparison with source water data and other re-use data more amenable, 

which is significant when examining contamination of source water streams by WWTP 

effluent. 

  

http://www.bom.gov.au/climate/data/index.shtml
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2.5 Enumeration of Cryptosporidium oocysts and determination of oocyst 

infectivity by the modified focus detection method 

The principle of this method is to expose Cryptosporidium sp oocysts from environmental 

samples to an excystation pre-treatment, prior to their inoculation onto a cultured cell line 

susceptible to infection. The cell line used in this method is derived from a human colorectal 

adenocarcinoma, HCT-8, which grows as a single cell monolayer.  

A number of controls are used during this assay; i) a C. parvum positive control during the 

excystation pre-treatment to determine losses during the process, ii) a C. parvum positive 

control during the infection of the HCT-8 monolayer to ensure that the HCT-8 cell 

monolayer is responsive and to determine oocyst recovery from the plate, iii) a negative 

control for the infection of the HCT-8 monolayer and  iv) an internal ColorSeed control 

(added in each grab sample) that can be distinguished from the environmental 

Cryptosporidium sp oocysts via epifluorescence thus enabling calculation of the oocyst 

density. 

If infectious Cryptosporidium sp oocysts are present and foci are detected after 48 hour 

incubation, then genotyping steps can be carried out to distinguish between the 

Cryptosporidium species if warranted. 

2.5.1 Sampling and sample pre-treatment 

Environmental samples are processed by the Protozoology Unit using a standard NATA 

accredited method for concentration and isolation of enteric protozoa. Each water sample is 

loaded with an aliquot of ColorSeed; 100 inactivated Cryptosporidium oocysts permanently 

labelled with red fluorescent dye. ColorSeed acts as an internal positive control where the 

number of ColorSeed detected provides the percentage recovery achieved in the sample.  

The Source Water, Wastewater and Environment R&I unit are then supplied with a pellet 

concentrate in microcentrifuge tubes with oocysts attached to Immuno Magnetic Separation 

(IMS) Dynabeads ready for oocyst dissociation, application onto the HCT-8 monolayer for 

infection and subsequent genotype determination if present. 

2.5.2 Establishment of an HCT-8 monolayer for infection 

An adherent HCT-8 cell line is maintained using standard conditions (Keegan et al., 2003).  

To generate a 48 well plate ready for infection, two 25cm2 flasks with HCT-8 cells at 

confluence are required. 

The growth medium is gently aspirated from the flasks and cells washed with 5-10mL of 

CC-PBS. The CC-PBS is then aspirated and 1mL of 0.25% w/v trypsin/EDTA solution is 

added to each flask and incubated for approximately 5 minutes at 37 ºC in a 5% humidified 

CO2 incubator to dissociate cells. 
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Trypsin/EDTA treated flasks are removed from the incubator and 4 mL of HCT-8 

maintenance medium used to resuspend cells (Keegan et al., 2003). 

Once cells have been resuspended, a further 9mL of maintenance medium is used to bring 

the cell suspension to a total volume of 14 mL for each 25cm2 flask used. Suspensions from 

both flasks are combined and mixed to generate a homogenous cell suspension. 

Aliquots of 500µL of the cell suspension is applied (seeded) into each well of a flat 

bottomed 48 well plate and incubated in a 5%  humidified CO2  incubator at 37 ºC for 48 

hours. 

After 48 hours incubation the monolayer is at an optimal stage for infection.  The monolayer 

can be infected as early as 24 hrs after seeding, however, the monolayer is not as adherent 

at this time-point and can be lost when infecting with environmental samples.  On the other 

hand,  incubation times longer than 48 hrs can result in significantly lower infectivity due to 

overgrowth of the monolayer. 

2.5.3 Dissociation of Cryptosporidium sp. oocysts from IMS Dynabeads 

Microcentrifuge tube(s) are placed in a Magnetic Particle Concentrator (MPC-M) with the 

magnetic strip in place and gently rocked/rolled by hand for approximately 2 minutes. At the 

end of this step, the beads should appear as a distinct brown dot at the back of the tube. 

Buffer is then aspirated from the tubes without disturbing the magnetic pellet. 

The magnetic strip is then removed from the MPC-M and 1mL of CC-PBS added to the 

tubes to wash the pellet. The magnetic strip is replaced and tubes rotated again. 

CC-PBS is then removed by aspiration and discarded. 

50µL 0.1N HCl is added to the pellet and vortexed for a minimum of 20 seconds. 

Tubes are then placed back into the MPC-M and allowed to stand for 10 minutes at room 

temperature. 

5µL of 1M NaOH Clean is then added to 1.5mL microfuge tubes for each sample. 

Samples are again vortexed, placed back in the MPC-M with the magnetic strip in place 

and allowed to stand for 2 minutes. 

The supernatant (containing oocysts dissociated from the beads) is then transferred into the 

clean labelled tubes containing the1M NaOH. 

Additionally 940µL of acidified ultrapure water (aMQ, pH 2.4) is added to the beads as a 

final wash step to remove any enmeshed oocysts (Oocysts can become trapped or tangled 

within the beads due to the small volume used in the first dissociation). 

The samples are allowed to sit undisturbed in the MPC-M with the magnetic strip in place 

for 2 minutes before the aMQ is removed and added to the 55µL of the original dissociated 

sample. 
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Samples are now ready for excystation. 

 

2.5.4 Excystation pre-treatment of Cryptosporidium sp oocysts and their 

application to the HCT-8 cell monolayers 

Six aliquots of 100 infectious C. parvum oocysts in a total volume of 100µL are used as 

positive controls and run in parallel with the environmental samples. 

895µL of aMQ (pH 2.5) and 5µL of 5% w/v trypsin was added to the positive controls. 

The environmental samples already contain a volume of 995µL (already acidic) so only the 

addition of 5µL of 5% w/v trypsin is needed. 

Samples and controls are then incubated at 30ºC for 20min in the heating block. 

After incubation samples are then centrifuged at 1800 × g for 10 minutes and supernatant is 

carefully removed down to 100µL. 

Samples are then washed with 900µL of room temperature HCT-8 Maintenance Medium to 

reduce the presence of any contaminating organics and to reduce the carryover of residual 

trypsin or aMQ onto the HCT-8 monolayer. The presence of these can result in the loss of 

the cell sheet during the infection. 

Samples are then centrifuged again at 1800 × g for 10 minutes and supernatant carefully 

removed down to approximately 100µL. 

3 aliquots of the positive control are taken and stained with 20µL of Easystain (FITC-

labelled CRY104), in the dark for a minimum of 20 minutes.   

Under vacuum the 3 aliquots are filtered through a polycarbonate membrane. The 

membrane is placed filtered side up onto 10µL of mounting medium on a microscope slide 

and a glass coverslip applied.  

These controls are then scanned and numbers recorded as they provide C. parvum positive 

control counts post excystation.  

The remaining positive controls and the samples are transferred to the Cell Culture Lab for 

application to cell culture. 

900µL of room temperature HCT-8 Maintenance Medium is added to each of the remaining 

controls and samples. 

HCT-8 cell growth needs to be checked. There should be at least 95% confluence prior to 

infection. The growth medium needs to be removed from the wells of the 48 well plate.  

The contents of a single tube are gently added to a single well.  
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1mL of room temperature HCT-8 Maintenance Medium is added to 3 wells, for a negative 

control. 

Once all samples are added to the plate the plate is centrifuged using a plate spinner rotor 

in a ultracentrifuge for 5 minutes at 408 × g. 

The plate is then incubated plate for 4 hours in a humidified 5% CO2 incubator at 37 ºC to 

allow sporozoite attachment/invasion to occur. 

After 4 hours incubation, 500µL of the medium is removed from the wells into their 

respective clean tubes.  The remaining 500µL of medium is then re-pipetted over the 

monolayer carefully between 5-10 times.  

The second 500µL wash volume is collected and added to the previous 500µL volume 

removed from the well. 

After the well is washed the medium is replaced with 1mL of HCT-8 Maintenance Medium 

and the process repeated across the plate before re-incubation in a humidified 5% CO2 

incubator for 48 hours. 

30µL of EasyStain is added to the collected sample washes and allowed to stain in the dark 

for at least 1 hour. 

After incubation samples are filtered under vacuum through a polycarbonate membrane. 

The membrane is then placed filtered side up onto 10µL of mounting medium on a 

microscope slide, and covered with a glass coverslip. At this stage slides can be stored at 

4ºC for scanning at a later date. 

The slide can then be scanned under epifluorescence microscopy using the blue light filter 

to detect Cryptosporidium sp and ColorSeed oocysts. Oocysts fluoresce green under the 

blue light filter. If an oocyst is detected it is then examined under the Texas Red filter. If the 

oocyst then fluoresces red it is a ColorSeed internal positive control. If the oocyst does not 

fluoresce red it is an environmental oocyst. 

2.5.5 Staining the HCT-8 monolayer for foci detection 

The medium from the inoculated 48 well plate is removed and 200µL of absolute Methanol 

added to the inoculated wells and the plate incubated for 10 minutes at room temperature. 

After incubation the methanol is aspirated from the wells and 500µL of blocking buffer (CC-

PBS with 5% BSA) added to each well for 30 minutes at room temperature. 

After incubation the blocking buffer is removed and 200µL of sporoglo antibody added to 

each well. 

The plate is then covered  with foil and incubated at room temperature with shaking for at 

least 1 hour 

The antibody is then removed and the plate washed 4 times with 500µL of CC-PBS 
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A final 500µL of CC-PBS is added to each well. Under epifluorescence microscopy, and 

using the blue light, the plate is then scanned for foci.  

Each individual focus is a tight cluster of cell lifecycle stages formed by the infection of a 

single oocyst. Foci are variable in size, consisting of fewer than 40 to more than 350 

fluorescent bodies (mean florescent bodies 188 ± 95, median 182 florescent bodies).  Each 

focus enumerated is discreetly separated from other foci present on the cell culture 

monolayer. 
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2.6 Outdoor Solar Inactivation Studies 

Three outdoor experiments to examine solar inactivation of Cryptosporidium oocysts were 

conducted onsite at the Bolivar Wastewater Treatment Plant (WWTP) Lagoon 1, 20 km 

north of Adelaide, 34° 55’S (latitude) 138° 36’E (longitude), South Australia between June 

and October, 2014. Sealable water-tight methylacrylate cuvettes (3.5 ml, UV Fluorometer, 

Perfector Scientific, Atascadero, CA, USA) which are highly UV transmissible to sunlight 

down to 258 nm (>85% transmission) were used to house oocysts for solar inactivation 

experiments.  

The integrity of the cuvette seals was checked by filling the cuvette with water containing a 

blue dye and submerging the sealed cuvette in a container containing tap water for 4 days. 

There was no evidence of leakage under these conditions.  Two floating rafts were 

designed and constructed by using rectangular electrical cable conduit attached to cut 

down pool noodles connected using galvanised bolts (Figure 2). These rafts were designed 

so that sealable cuvettes could be mounted on top of the electric conduit and sunk below 

the water at the desired depths. The first of the floating rafts was constructed so that 

oocysts could be sunk to a depth of 1 cm below the surface of the water.  The second 

floating raft was allowed housed oocysts to be sunk to a depth of 10 cm below of the lagoon 

water surface (Figure 3).   

Cuvettes used as radiation minus (dark) controls were spray painted with silver exterior 

enamel paint and submerged alongside the treatment cuvettes. In total there were twelve 

cuvettes per floating raft (6 light-treatment – 6 dark treatment controls). After the second 

experiment it was apparent that not seals remained watertight for the duration of the field 

experiments with the possibility of some entry of lagoon water into the cuvette. For the third 

experiment, vacuum grease was used to create a further barrier around the lids of the 

cuvettes to avoid possible interference of invasive zooplankton. Cuvettes containing 

oocysts stored at 4°C in the laboratory were used as baseline controls to identify any 

changes in infectivity of the treated oocysts that may not be due to solar insolation.  

For Experiment 1, oocysts were housed in sterile water at a concentration of 1000/ml.  

Oocyst concentrations were increased for Experiments 2 & 3 to 1500/ml.  Floating rafts 

were deployed by attaching them using nylon rope to a wire cable pulley system which 

allowed the rafts to be deployed approximately 5 to 8 meters from the north-eastern jetty of 

Lagoon 1 (Figure 4).  After one week, three light and three dark treatments were collected 

to determine oocyst infectivity.  Upon collection of microcosms oocysts were enumerated to 

check the oocyst concentration.  The remaining microcosms were collected the following 

week. Parameters including ambient air temperature, wind speed, total daily solar insolation 

and UV index were recorded from Australian Government Bureau of Meteorology website 

(www.bom.gov.au) during the experimental period. Basic turbidity (NTU) and spectral UV 

transmission characteristics of the water (200nm-400nm) were also quantified from grab 

samples collected on the day of the experimental set-up as well on the sampling dates.  

 

http://www.bom.gov.au/
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Figure 3. Floating rafts at Bolivar Wastewater Treatment  Lagoon 1.  Floating raft (A) 
contained Cryptosporidium oocysts sunk to a depth of 1 cm below the surface of the 
water.  Floating raft (B) contained Cryptosporidium oocysts sunk to a depth of 10 cm 
below of the lagoon water surface. 

Figure 2. Floating  raft used in the outdoor solar inactivation study. Design and 
construction: Paul Monis-SA Water 
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2.7 Statistical Analyses 

Statistical analysis was performed where indicated. The program Origin 8 (OriginLab 

Corporation) was used. Two- tailed independent samples T-test analysis was applied to 

data (Outdoor Solar Inactivation Studies). Additionally, GraphPad Prism Version 5 

(GraphPad Software, Inc) one-way analysis of variance (ANOVA) followed by Bonferroni 

correction test analysis were applied to data (Biotic Predation Studies). Significance levels 

of p<0.05 are denoted by either ‘*’ or ‘#’ as described in the text. 

  

Figure 4. Floating rafts at Bolivar Wastewater Treatment  Lagoon 1.  Floating rafts were 
deployed by affixing them to a wire cable pulley system which allowed the rafts to be 
deployed approximately 5 to 8 meters from the north-eastern jetty of Lagoon 1. 
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2.7.1 Calculation of oocyst inactivation  

For calculation of oocyst inactivation, the average log10 inactivation (LI) for oocyst 

infectivity between two sampling points was determined using a weighted average.  This 

was based on the total number of oocysts inoculated onto cell culture for each replicate 

sample influencing the calculation of the infectious fraction, giving greater weight to the 

infectious fraction calculated from replicates with higher oocyst inoculums. This calculation 

does not take into account sample recovery rates. When there were no infectious oocyst 

detects, a greater than value (> LI)  was calculated based on the conservative assumption 

that 1 infectious oocyst had been detected in each replicate sample. 

2.7.2 Calculation of log10 reduction values (LRVs) for total oocysts 

LRV for Total oocysts was calculated using the total number of oocysts/10L in the raw 

sewage and the total number of oocysts/10L at the final point of analysis.  This calculation 

accounted for sample recovery rates. While this calculation gives an accurate measure of 

a treatment processes capacity to remove oocysts it does not quantify a treatment 

processes facility to render oocysts non-infectious. 

2.7.3 Calculation of log10 reduction values (LRVs) for infectious oocysts only  

LRV for Infectious oocysts only was calculated using the number of  infectious 

oocysts/10L in the raw sewage and the number of infectious oocysts/10L at the final point 

of analysis.  This calculation accounted for sample recovery rates.  While this calculation 

gives an accurate measure of the “real risk”  pose by oocysts along a treatment train, it 

does not quantify the capacity of a treatment process to remove all oocysts (infectious and 

non-infectious).  When there were no infectious oocyst detected, a greater than (>) LRV 

was calculated based on the conservative assumption that 1 infectious oocyst had been 

detected in each replicate sample. 

2.7.4 Calculation of log10 reduction values (LRVs) for differential risk 

LRV for Differential Risk was calculated on the total number of oocysts/10L in the raw 

sewage but only considered the number of infectious oocysts/10L at the final point of 

analysis.  This calculation accounted for sample recovery rates.  The logic behind the 

calculation of the Differential Risk was the generation of an LRV value which accounted 

for a processes capacity to remove oocysts (infectious and non-infectious) but still 

account for oocyst infectivity in the calculation.  The above two calculations (2.5.8 & 2.5.9) 

do not provide this facility, and oocyst infectivity at the end of a process is the critical 

determinant of risk.  When there were no infectious oocysts detected, a greater than (>) 

LRV was calculated based on the conservative assumption that 1 infectious oocyst had 

been detected in each replicate sample. 
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3 Results and Discussion 

3.1 Cryptosporidium Density and Infectivity Data across 5 WWTPs  

3.1.1 Cryptosporidium Density data for Western Treatment Plant WWTP 55E 

Lagoon System 

 

 

Figure 5. Cryptosporidium Density data for Western Treatment Plant WWTP 55E Lagoon 

System over 7 rounds of sampling, rounds 1 - 4.  
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Figure 6. Cryptosporidium Density data for Western Treatment Plant WWTP 55E Lagoon 

System over 7 rounds of sampling, rounds 5 - 7.  
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Table 18. The LRVs across Western Treatment Plant WWTP 55E Lagoon System between 

the raw sewage sampling point through to Lagoon 2. 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LRV (log10) 1.38 0.81 0.31 0.31 -0.14 -0.09 0.48 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

Table 19. The LRVs across Western Treatment Plant WWTP 55E Lagoon System between 

the raw sewage sampling point through to Lagoon 4. 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LRV (log10) 2.77 2.94 2.46 0.45 -0.05 1.23 2.48 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

Table 20. The LRVs across Western Treatment Plant WWTP 55E Lagoon System between 

the raw sewage sampling point through to Lagoon 6. 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LRV (log10) 3.84 3.62 1.96 2.05 1.57 2.69 2.62 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

Density data was stable between duplicate samples at each of the sampling points 

throughout the 7 rounds of sampling indicating that replication used was sufficient for 

Western Treatment Plant.  Between round 1 & round 2, there was greater than a tenfold 

increase in the oocyst density data for the raw sewage.  This spike in oocyst density in the 

raw sewage coincided with a significant increase in the cryptosporidiosis notifications for 

the State of Victoria (greater than tenfold) (see section 3.5, Figure 57).  A subsequent drop 

in the oocyst challenge to the plant is evident for rounds 3 & 4 followed by a further 

decrease in the magnitude of the challenge for rounds 5, 6 & round 7.  This decrease in 

oocyst density coincides with a progressive reduction in the number of cryptosporidiosis 

notifications throughout the year.  

For Lagoon 2, oocyst removals steadily decreased throughout the year until no removal 

occurred in rounds 5 & 6.  Oocysts were once again removed for Lagoon 2 in round 7.  At 
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Lagoon 4, removals were highest during the increased challenge (spike in oocyst density) 

in round 2.  Poorest removals occurred during rounds  4 & 5.  While the oocyst density 

challenging the plant for rounds 5, 6 and 7 were similar, removals began to successively 

improve through rounds 6 & 7.  For Lagoon 6, poorer removals occurred in rounds 3 & 5.  It 

should also be noted that oocyst density increased in  Lagoon 6 after Lagoon 4  for round 3, 

as Lagoon 6 also receives effluent from an activated sludge Plant i.e. no intervening ponds 

(see Appendix on Western Treatment Plant Schematics). 

 

3.1.2 Cryptosporidium Density data for Western Treatment Plant WWTP 25W 

Lagoon System 

 

Figure 7. Cryptosporidium Density data for Western Treatment Plant WWTP 25W System 

over 7 rounds of sampling, rounds 1 - 4. 
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Figure 8. Cryptosporidium Density data for Western Treatment Plant WWTP 25W System 

over 7 rounds of sampling, rounds 5 - 7. 
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Table 21. The LRVs across Western Treatment Plant WWTP 25W Lagoon System 

between the raw sewage sampling through to post clarification 

 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LRV (log10) 1.42 2.05 0.21 2.84 1.17 2.01 3.08 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

Density data was stable between duplicate samples at each of the sampling points 

throughout the 7 rounds of sampling indicating that replication was adequate for Western 

Treatment Plant.  The raw sewage data for round 1 through to round 7 which indicated a 

spike in round 2 (tenfold increase in the oocyst density) is the same data for the 55E lagoon 

system as it is the same sampling point.  There was substantial variation in oocyst removals 

across the 25W lagoon system between the raw sewage sampling point WTSM2 and after 

clarification at L25ACO ranging from 0.21 log10 to 3.08 log10.  
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3.1.3 Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 55E Lagoon System 

 

 

Figure 9. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 55E Lagoon System rounds 1 & 2. 
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Figure 10. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 55E Lagoon System rounds 3 & 4. 
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Figure 11. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 55E Lagoon System rounds 6 & 7.  



78 

 

Table 22. The LI (log10 Inactivation) in oocyst infectivity across Western Treatment Plant 

WWTP 55E Lagoon System between the raw sewage sampling point through to Lagoon 2 

(oocyst infectivity only). 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5
th
 March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LI (log10) 1.56 1.48 0.94 0.48 No 

Results 

0.84 0.36 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

A large reduction in oocyst infectivity between the raw sewage and L55Ep2 was evident for 

rounds 1 & 2.  An approximate inactivation between WTMS2 and L55Ep2 of 1.5 log10 was 

achieved for both rounds.  This inactivation gradually diminished to only 0.48 log10 by round 

4.  Interestingly these results appear to be associated with a higher  Solar UV index at the 

beginning of the project which steadily decreases to a low solar UV index by round 4. This 

indicates this inactivation may be partly solar UV driven.  Inactivation increases again by 

round 6 but dropped in round 7.  For  Round 5, no data for infectivity was obtained due to 

loss of in vitro cell culture due to cytotoxic medium.  Apart for solar inactivation, the 

inactivation appears to be seasonal, so it is also plausible that biotic antagonism may be 

also contributing to inactivation as this could also be temperature related. (See section 

3.4.1). 

Table 23. The LI (log10 Inactivation) in oocyst infectivity across Western Treatment Plant 

WWTP 55E Lagoon System between the raw sewage sampling point through to 

L55P(anaerobic pot) (oocyst infectivity only). 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5
th
 March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LI (log10) -0.09 0.62 0.15 0.02 No 

Results 

0.25 0.36 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

For the L55P (anaerobic pot) sampling point there is a trend for a reduction in the infectivity 

of the oocysts over the  6 rounds with the exception of round 1.  This reduction may be 

possibly related to some form of biotic/abiotic antagonism taking place within this treatment 

step. (See section 3.4.1) 

No infectious oocysts were detected in lagoon 4 (L55EP4) for rounds 1-3 and rounds 6-7.  

However for round 4, with a large increase in oocyst numbers in this lagoon, infectious 

oocysts were detected.  Infectious oocysts have been detected in L55EP6 in 4 of the 6 

rounds; however the treatment train is not linear (refer to Appendix Western Treatment 

Plant Schematics).  Unlike L55EP2 & L55EP4, Lagoon 6 (L55EP6) also directly receives 

effluent from an activated sludge Plant i.e. no intervening ponds.  Infectivity of some of the 

samples for lagoon 6 is high, however oocysts numbers are low, however using a weighted 

infectious average takes this into account.  
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3.1.4 Cryptosporidium Infectivity and inoculum data for Western Treatment Plant 

WWTP 25W Lagoon System 

 

Figure 12. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 25W Lagoon System rounds 1 & 2 
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Figure 13. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 25W Lagoon System rounds 3 & 4. 
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Figure 14. Cryptosporidium infectivity and inoculum data for Western Treatment Plant 

WWTP 25W Lagoon System rounds 6 & 7. 
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Table 24. The LI (log10 Inactivation) in oocyst infectivity only across Western Treatment 

Plant WWTP 25E Lagoon System between the raw sewage sampling point through to L25P 

(oocyst infectivity only). 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th March 

Round 3 

7
th
 May 

Round 4 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LI (log10) 0.06 0.26 0.14 0.13 No 

Results 

0.38 0.36 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

Table 25. The LI (log10 Inactivation) in oocyst infectivity only across Western Treatment 

Plant WWTP 25E Lagoon System between the raw sewage sampling point through to 

L25ACO(oocyst infectivity only). 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th March 

Round 3 

7
th
 May 

Round 4* 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LI (log10) 0.34 0.07 0.15 >0.48 No 

Results 

0.04 -0.31 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

*  
The minimum  Inactivation for round 4 was calculated on the detection of 1 infectious foci in each 

sample from an expected 3 foci based on the number of oocysts detected and average oocyst 

infectivity of the raw sewage.  However due to the low numbers of oocysts in these samples 

confidence in this inactivation calculation is considerably reduced. 

Table 26. The LI (log10 Inactivation)  in oocyst infectivity only across Western Treatment 

Plant WWTP 25E Lagoon System between the L25P sampling point through to L25ACO 

(oocyst infectivity only). 

Sampling 

Round 

Round 1 

15
th
 Jan 

Round 2
¥ 

5th March 

Round 3 

7
th
 May 

Round 4
¥ 

2
nd

 July 

Round 5 

27
th
 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th
 Nov 

LI (log10) 0.28 -0.19 0.01 >0.61 No 

Results 

-0.34 -0.67 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

All rounds of sampling demonstrate a small but consistent trend of lower oocyst infectivity in 

the effluent from the L25P Pot compared to the oocyst infectivity of the raw sewage (Table 

24).  Therefore it is possible that some form of biotic/abiotic antagonism is taking place 

within this treatment step as appears to be occurring in the 55E system.  From 6 sampling 

rounds it appears that  that oocyst infectivity is generally lower after clarification in the 25E 

system compared to the raw sewage (exception for round 7) (Table 25). However after 

accounting for the inactivation due to the L25P Pot processes (Table 26), oocyst infectivity 

does not appear to be consistently lower after clarification. 
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3.1.5 Summary of infectivity data over 6 rounds of sampling for Western WWTP 

 

 

Figure 15. Cryptosporidium infectivity in the raw sewage and from the clarifier over the 6 

rounds for Western WWTP. 

 

The oocyst infectivity in the raw sewage over the 6 rounds at Western treatment plant has 

been relatively stable at 32.6% ± 7.   

The oocyst infectivity after the clarifier has been more variable over the 6 rounds at 27.7% ± 

20.1.  Some of this may in part be due to the very low numbers detected after the clarifier  

especially for rounds 6 & 7. 

  

  

0

20

40

60

80

100

Round 
1

Round 
2

Round 
3

Round 
4

Round 
6

Round 
7

In
fe

ct
io

u
s 

Fr
ac

ti
o

n
 (%

)

Western Treatment Plant 

Raw

Clarifer



84 

 

3.1.6 The Incorporation of oocyst infectivity into LRVs across the treatment train 

for Western Treatment Plant WWTP 55E Lagoon System 

 

Table 27. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Western Treatment Plant WWTP 55E Lagoon System 

between the raw sewage sampling point through to Lagoon 2. 

Sampling 

Round 

 

Round 1 

15th Jan 

Round 

2¥ 

5th 

March 

Round 3 

7th May 

Round 4 

2nd July 

Round 5 

27th Aug 

Round 6 

22nd Oct 

Round 7 

26th Nov 

LRV (log10)  

Total 

oocysts 

1.38 0.81 0.31 0.31 -0.14 -0.09 0.48 

LRV (log10) 

Infectious 

oocysts only 

3.07 2.58 1.44 1.08 n.a. 0.96 0.80 

LRV (log10) 

Differential 

Risk 

3.58 3.03 1.90 1.60 n.a 1.32 1.44 

 

¥ Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

The incorporation of oocyst infectivity into either an Infectious oocyst only LRV or 

Differential Risk LRV, results in potential large additional credit gains across the 55E 

Lagoon System for the section of Western Treatment Plant treatment train analysed when 

compared to the normal LRV calculated for only oocyst removal.  This increase is a result of 

significant oocyst inactivation occurring across the treatment train up to this point (Lagoon 

2).   
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Table 28. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 55E Lagoon System between the raw 

sewage sampling point through to Lagoon 2. 

Sampling 

Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
1.69 1.77 1.13 0.77 n.a 1.05 0.32 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

Table 29. Additional LRV credit using the Differential Risk LRV instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 55E Lagoon System between the raw 

sewage sampling point through to Lagoon 2. 

Sampling 
Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
2.20 2.22 1.59 1.29 n.a. 1.41 0.96 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

The additional LRV credit calculated using the Infectious oocyst only LRV across the 

Western Treatment Plant WWTP 55E Lagoon System between the raw sewage sampling 

point through to Lagoon 2 (Table 28) was comparable to the LI (log10 Inactivation) 

calculated between the same points even though the methodology used in the calculations 

was different.  The additional credit calculated using Differential Risk LRV over the 

Infectious oocyst only LRV (additional gain 0.36-0.64 log10)  is a reflection of only 32.6% 

± 7 of the oocysts in the raw sewage being infective. 

The calculation of either an Infectious oocyst LRV or Differential Risk LRV appears a 

satisfactory methodology for inclusion of infectivity inactivation credits on the condition that 

a large number of oocysts can be detected at the outlet point of analysis, such as for 

Lagoon 2.  However, using the same methodology to calculate inactivation credits at 

Lagoon 4 becomes problematic due to the significantly lower number of oocysts detected at 

this stage of treatment in concert with the large number of non-detects for infectious 

oocysts, allowing the calculation of only greater than values (>log10).  Therefore, applying 

this methodology to calculate greater than LRV values for Lagoon 4 through employing the 

assumption of the detection of a single infectious oocyst in each sample replicate can result 

in the magnitude of the additional (>log10)  credit for Differential Risk LRV or Infectious 

oocyst only LRV appearing reduced or in the case of round 7 appearing diminished from 

the values calculated for lagoon 2 (see Tables 30, 31 & 32).  This emphasises the need to 

choose appropriate points along the wastewater treatment train to identify where LRVs 

incorporating oocyst infectivity can be calculated with confidence. 
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Table 30. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Western Treatment Plant WWTP 55E Lagoon System 

between the raw sewage sampling point through to Lagoon 4. 

Sampling 

Round 

 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

LRV (log10)  

Total 

oocysts 

2.77 2.94 2.46 0.45 -0.05 1.23 2.48 

LRV (log10) 

Infectious 

oocysts only 

>3.02 >3.92 >3.03 1.44 n.a. >2.38 >2.14 

LRV (log10) 

Differential 

Risk 

>3.58 >4.23 >3.50 1.97 n.a >2.75 >2.78 

 

¥ Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

> LRV (Log10)  calculated based on the conservative assumption that 1 infectious oocyst had been detected 

in each replicate sample. 
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Table 31. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 55E Lagoon System between the raw 

sewage sampling point through to Lagoon 4. 

Sampling 

Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
>0.25 >0.99 >0.57 0.99 n.a >1.15 >-0.34 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

 

Table 32. Additional LRV credit using the Differential Risk LRV instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 55E Lagoon System between the raw 

sewage sampling point through to Lagoon 4. 

Sampling 

Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
>0.81 >1.29 >1.04 1.52 n.a >1.52 >0.30 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 
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3.1.7 The Incorporation of oocyst infectivity into LRVs across the treatment train 

for Western Treatment Plant WWTP 25W Lagoon System  

 

Table 33. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Western Treatment Plant WWTP 25W Lagoon System 

between the raw sewage sampling through to post clarification. 

Sampling 

Round 

 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

LRV (log10)  

Total 

oocysts 

1.42 2.05 0.21 2.84 1.17 2.01 3.08 

LRV (log10) 

Infectious 

oocysts only 

2.24 2.41 0.59 >3.27 n.a. 1.90 2.70 

LRV (log10) 

Differential 

Risk 

2.80 2.86 1.05 >3.79 n.a. 2.26 3.33 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

> LRV (Log10)  calculated based on the conservative assumption that 1 infectious oocyst had been detected 

in each replicate sample. 
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Table 34. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 25W Lagoon System between the raw 

sewage sampling through to post clarification. 

Sampling 

Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
0.82 0.36 0.38 >0.43 n.a. -0.11 -0.38 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

 

Table 35. Additional LRV credit using the Differential Risk LRV  instead of Total oocyst 

LRV across the Western Treatment Plant WWTP 25W Lagoon System between the raw 

sewage sampling through to post clarification. 

Sampling 

Round 

Round 1 

15
th

 Jan 

Round 2
¥ 

5th 

March 

Round 3 

7
th

 May 

Round 4 

2
nd

 July 

Round 5 

27
th

 Aug 

Round 6 

22
nd

 Oct 

Round 7 

26
th

 Nov 

Additional 

Credit 
1.38 0.81 0.84 >0.95 n.a. 0.25 0.25 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. data not available 

 

The incorporation of oocyst infectivity into either an Infectious oocyst only LRV or 

Differential Risk LRV resulted in for additional credit gains for only rounds 1-4.  This is the 

result of antagonistic processes acting on oocyst infectivity within this treatment train that 

occur within the anaerobic pot (e.g reduction in the infectious fraction) and before 

clarification (increases in the infectious fraction). The additional LRV credit calculated using 

the Infectious oocyst only LRV between the raw sewage sampling point through to the 

clarifier  2 (Table 34) was comparable to the LI (log10 Inactivation) calculated between the 

same points (Table 25) even though the methodology used in the calculations was different.  

The additional credit calculated using Differential Risk LRV over the Infectious oocyst 

only LRV (additional gain 0.36-0.63 log10)  is a reflection of only 32.6% ± 7 of the oocysts in 

the raw sewage being infective. 
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3.2 Cryptosporidium Density data for Altona WWTP 

 

Figure 16. Cryptosporidium Density data for Altona WWTP over 6 rounds of sampling 
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Table 36. The LRVs across the Altona WWTP system between the raw sewage sampling 

point through to post UV disinfection (not including oocyst inactivation) 

Sampling Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th
 

March 

Round 3 

21
st
 May 

Round 4
¥
 

18
th
 July 

Round 5 

24
th
 Sept 

Round 6 

19
th
 Nov 

LRV (log10) 1.33 1.12 0.98 0.86 0.49 0.97 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

While density data were stable between duplicate samples at each of the sampling points 

for round 1, the number of oocysts recovered from the mixed liquor (Mixed liquor is a 

combination of raw or unsettled wastewater and activated sludge) samples was low.  This 

was a result of only a small sample volume being able to be processed due to the poor 

quality of sample matrix (large bacterial floc that could not be dissolved).  It was therefore 

decided that it would be prudent to increase replication at the other 3 samples points to 

generate more valuable data and that the sample points after the activated sludge process 

would be more informative and less prone to inherent sample variability.  The increase in 

replication added stability to the density data across all further rounds, especially for the 

raw sewage sampling point. 

Between round 1 and round 2, there was a greater than tenfold increase in the oocyst 

density data for the raw sewage.  This spike in oocyst density in the raw sewage coincided 

with a significant increase in the cryptosporidiosis notifications for the State of Victoria 

(greater than tenfold) (see section 3.5). This resulted in a very large oocyst challenge to the 

UV disinfection.  The oocyst density then decreased for round 3 but again spiked in round 4 

with another large challenge to the plant.  The sampling date (July 18th) with this further 

(2nd) challenge coincides with another, but smaller increase in cryptosporidiosis notifications 

for the State of Victoria in (Section 3.5).  Interestingly, a 2nd spike in oocyst density for 

round 4 was not captured at the other two Victorian plants.  This may be the result of the 

smaller magnitude of the spike of cryptosporidiosis for this second event.   After round 4 

oocyst densities again decreased which coincides with a progressive reduction in the 

number of cryptosporidiosis notifications. 
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3.2.1 Cryptosporidium Infectivity and inoculum data for Altona WWTP 

 

 

Figure 17. Cryptosporidium infectivity and inoculum data for Altona WWTP system rounds 

1 & 2. 
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Figure 18. Cryptosporidium infectivity and inoculum data for Altona WWTP system rounds 

3 & 4. 
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Figure 19. Cryptosporidium infectivity and inoculum data for Altona WWTP system rounds 

3 & 4.  
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Table 37. The LI (log10 Inactivation)  in oocyst infectivity across the Altona WWTP system 

between the raw sewage sampling point through to LLP sampling point (oocyst infectivity 

only) 

Sampling Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th
 

March 

Round 3 

21
st
 May 

Round 4
¥
 

18
th
 July 

Round 5 

24
th
 Sept 

Round 6 

19
th
 Nov 

LI (log10) 0.10 -0.02 0.03 -0.09 -0.09 ---- 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

---- Not calculated as absence of infective oocysts in the raw sewage 

 

Table 38. The LI (log10 Inactivation)  in oocyst infectivity across the Altona WWTP system 

between the raw sewage sampling point through to post UV disinfection (oocyst infectivity 

only) 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th
 

March 

Round 3 

21
st
 May 

Round 4
¥
 

18
th
 July 

Round 5 

24
th
 Sept 

Round 6 

19
th
 Nov 

LI (log10) >1.48 >2.77 >1.94 2.24 >2.41 ---- 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

---- Not calculated as absence of infective oocysts in the raw sewage 

> LI (Log10)  calculated on the assumption if 1 infectious oocyst had been detected in each 

replicate sample 

 

No consistent reduction in infectivity was apparent across the treatment train from the raw 

sewage up to and including the LLP Auto Sampler (samples are equivalent to secondary 

clarified effluent) (Table 37).  There were no infectious oocysts detected after UV 

disinfection for round 1 through to 3; however a number of infectious oocysts were detected 

at round 4.  No infectious oocysts were detected post UV for rounds 5 & 6 (Table 38).  

Round 6, oocysts numbers detected were very low. As there was an absence of infective 

oocysts in the raw sewage and  only 1 infectious oocyst was detected for that round at the 

LLP sampling point in round 6, the LI values were not calculated. 

The UV disinfection plant was able to adequately inactivate the high oocyst challenge 

resulting from the cryptosporidiosis outbreak in Victoria during round 2, thus confirming the 

importance of the capital expenditure on a UV plant within this treatment train.  While a 

second oocyst density spike was captured at Altona during round 4 and a small number of 
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infectious oocysts were detected post UV treatment, significant oocysts inactivation (2.24 

log10) still occurred.  It should be noted that after UV treatment, water for re-use is treated 

by Ultra Filtration and Reverse Osomosis in the recycled water Treatment Plant which 

would remove any infectious oocysts after UV treatment. 

 

 

 

3.2.2. Summary of infectivity data over 6 rounds of sampling for Altona WWTP 

 

 

Figure 20. Cryptosporidium infectivity in the raw sewage and from the LLP over the 6 

rounds for Altona WWTP. 

 

The mean oocyst infectivity in the raw sewage over the 6 rounds at Altona WWTP was 

33.2% ± 8.6.   

The mean oocyst infectivity after the clarification has been 39.8.% ± 10.7. 

Round 6 infectivity results were more variable due to the very low number of oocysts 

detected.  
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3.2.3 The incorporation of oocyst infectivity into LRVs across the Altona 

treatment train  

 

Table 39. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Altona treatment train  between the raw sewage sampling 

through to post UV. 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

LRV (log10)  

Total 

oocysts 

1.33 1.12 0.98 0.86 0.49 0.97 

LRV (log10) 

Infectious 

oocysts 

only 

>2.78 >3.77 >2.65 2.90 >2.92 ---- 

LRV (log10) 

Differential 

Risk 

>3.13 >4.06 >3.14 3.31 >3.43 ---- 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

---- Not calculated as absence of infective oocysts in the raw sewage 

 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

> LRV (Log10)  calculated on the conservative assumption that 1 infectious oocyst had been detected in 

each replicate sample. 
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Table 40. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Altona Treatment Plant between the raw sewage sampling through to post 

UV. 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
>1.45 >2.65 >1.67 2.04 >2.43 ---- 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

 

Table 41. Additional LRV credit using the Differential Risk LRV instead of Total oocyst 

LRV across the Altona Treatment Plant between the raw sewage sampling through to post 

UV. 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
>1.8 >2.94 >2.16 2.45 >2.94 ---- 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

The incorporation of oocyst infectivity into either an Infectious oocyst LRV or Differential 

Risk LRV results in potential large additional credit gains across the section of the Altona 

treatment train analysed when compared to the normal LRV calculated for only oocyst 

removal.  This is expected as no additional credit for the UV plant was taken into account in 

the LRV calculations used herein.  

The additional LRV credit calculated using the Infectious oocyst only LRV across the 

Altona WWTP between the raw sewage sampling point through to post UV  (Table 40) was 

comparable to the LI (log10 Inactivation) calculated between the same points though the 

methodology used in the calculations was different. The additional credit calculated using 

Differential Risk LRV over the Infectious oocyst only LRV (additional gain 0.29-0.51 

log10)  is a reflection of only 33.2% ± 8.6 of the oocysts in the raw sewage being infective.  

The calculation of either an Infectious oocyst LRV or Differential Risk LRV appears a 

satisfactory methodology for inclusion of infectivity inactivation credits for Altona WWTP as 

a large number of oocysts were detected at the outlet point of analysis.  
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3.3 Cryptosporidium Density data for Mt Martha WWTP 

 

 

Figure 21. Cryptosporidium Density data for Mt Martha WWTP over 4 rounds of sampling 
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Table 42. The LRVs across Mt Martha WWTP between the raw sewage sampling point 

through to post clarification 

Sampling Round 

 

Round 1
¥ 

6
th
 Feb 

Round 2
¥ 

3
rd

  April 

Round 3 

28
th
 May 

Round 4 

1
st
 Aug  

Round 5 

9
th
 Sept 

Round 6 

13
th
 Nov 

LRV (log10) 3.27 1.95 1.63 0.90 1.30 1.64 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

 

Density data was reasonably stable between duplicate samples at each of the sampling 

points for round 1, however the number of oocysts recovered from the mixed liquor samples 

taken from both the Anoxic Tank and from the Aeration Tank was low.  This was a result of 

only a small sample volume being able to be processed due to the poor quality of sample 

matrix (large bacterial floc that could not be dissolved).  It was therefore decided that it 

would be prudent to increase replication at the other 2 sample points to generate more 

valuable data and include an additional set of triplicate samples taken from the Primary 

Sedimentation Tank to get a better grasp on oocyst density entering the WWTP.  The 

increase in replication added stability to the density data for the second round, especially 

helping to understand the high oocyst density challenging the plant.  Data generated from 

the sedimentation tank has assisted in this understanding.  

Both round 1 and round 2 had a very high oocyst density.  Examination of the sampling 

dates closely coincides with an increase in the cryptosporidiosis notifications for the State of 

Victoria (greater than tenfold) (see section 3.5).  Subsequently the oocyst densities 

decreased accordingly (small spike in round 5) with a decrease in cryptosporidiosis 

notifications.  It is possible that the study first picked up the cryptosporidiosis outbreak 

before the notification data demonstrated an outbreak was occurring in the state.  For round 

1 through to round 4, across Mt Martha WWTP system between the raw sewage sampling 

point and after the activated sludge & clarifier, oocyst removals have gradually diminished 

from 3.27 log10 to 0.90 log10.  The removals subsequently began to improve again for 

rounds 5 & 6.  
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3.3.1 Cryptosporidium Infectivity and inoculum data for Mt Martha WWTP 

 

 

Figure 22. Cryptosporidium infectivity and inoculum data for Mt Martha WWTP rounds 1 & 

2. 
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Figure 23. Cryptosporidium infectivity and inoculum data for Mt Martha WWTP rounds 3 & 

4. 
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Figure 24. Cryptosporidium infectivity and inoculum data for Mt Martha WWTP rounds 5 & 

6. 
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Table 43. The LI (log10 Inactivation) in oocyst infectivity across the Mt Martha WWTP 

system between the raw sewage sampling point through to secondary clarification (oocyst 

infectivity only) 

Sampling Round 

 

Round 1
¥ 

6
th
 Feb 

Round 2
¥ 

3
rd

  April 

Round 3 

28
th
 May 

Round 4 

1
st
 Aug  

Round 5 

9
th
 Sept 

Round 6 

13
th
 Nov 

LI (log10) -0.11 -0.03 -0.10 -0.12 -0.06 0.10 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

 

Table 44. The LI (log10 Inactivation)  in oocyst infectivity across the Mt Martha WWTP 

system between the raw sewage sampling point through to primary sedimentation (oocyst 

infectivity only) 

Sampling Round 

 

Round 1
¥ 

6
th
 Feb 

Round 2
¥ 

3
rd

  April 

Round 3 

28
th
 May 

Round 4 

1
st
 Aug  

Round 5 

9
th
 Sept 

Round 6 

13
th
 Nov 

LI (log10) N.A. 0.11 0.05 -0.16 0.20 0.15 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

N.A. Not applicable 

Across Mt Martha WWTP system between the raw sewage sampling point and after the 

clarifier there appears to be no reduction in oocyst infectivity.  While small, there is a trend 

that the infectious oocyst fraction from the clarifier is more infectious than in the raw 

sewage.  Furthermore it appears that there is a trend for a small decrease in infectivity 

between raw and primary sedimentation (Table 44). It is therefore possible that the less 

infectious and dead oocysts are more readily removed in the clarification treatment step 

resulting in an increase in the infectious fraction. The numbers of oocysts (inoculum) that 

we have been able to infect the cell culture with have been large enough to give us great 

degree of confidence in the infectivity data that has been generated out of all rounds at Mt 

Martha. 
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3.3.2 Summary of infectivity data over 6 rounds of sampling for Mt Martha WWTP 

 

 

 

Figure 25. Cryptosporidium infectivity in the raw sewage and from the clarifier over the 6 

rounds for Mt Martha WWTP. 

 

The mean oocyst infectivity in the raw sewage over the 6 rounds at Mt Martha has been 

43.9% ± 12.7 

The mean oocyst infectivity after the secondary clarifier was 50.2% ± 17.0 

Oocyst infectivity at Mt Martha has been higher than for all other plants analysed, this may 

be a reflection on catchment size and the time taken for transport of sewage to the 

wastewater treatment plant. 
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3.3.3 Incorporation of oocyst infectivity into LRVs across the Mt Martha 

treatment train  

 

Table 45. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Mt Martha treatment train between the raw sewage sampling 

through to post clarification. 

Sampling 

Round 

 

Round 1
¥ 

6
th

 Feb 

Round 2
¥ 

3
rd

  April 

Round 3 

28
th

 May 

Round 4 

1
st

 Aug  

Round 5 

9
th

 Sept 

Round 6 

13
th

 Nov 

LRV (log10)  

Total 

oocysts 

3.27 1.95 1.63 0.90 1.30 1.64 

LRV (log10) 

Infectious 

oocysts 

only 

3.08 2.28 1.54 0.93 1.38 2.25 

LRV (log10) 

Differential 

Risk 

3.65 2.61 1.80 1.20 1.92 2.54 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 
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Table 46. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Mt Martha treatment train between the raw sewage sampling through to 

post clarification. 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
-0.19 0.33 -0.09 0.03 0.08 0.61 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on the 

WWTP 

 

Table 47. Additional LRV credit using the Differential Risk LRV  instead of Total oocyst 

LRV across the Mt Martha treatment train between the raw sewage sampling through to 

post clarification. 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
0.37 0.66 0.17 0.30 0.62 0.90 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

The incorporation of oocyst infectivity into an Infectious oocyst LRV did not result in large 

increases in the potential additional credit gains across the section of the Mt Martha 

treatment train analysed when compared to the LRV calculated for only oocyst removal 

(Table 46).  This is a result of an increased proportion of infectious oocysts being detected 

after clarification in comparison to the proportion detected in the raw sewage in a number of 

rounds.  However, calculation of the Infectious oocyst only LRV resulted in fewer rounds 

with reduced LRVs compared to Total oocysts LRVs, that was implied by the LI for oocyst 

infectivity (Table 43).  This is due to differences in the methodology used for the calculation 

of the values (weighted average using inoculum levels compared to use of recovery rates) . 

The incorporation of oocyst infectivity into a Differential Risk LRV did not have a 

substantial improvement or reduction in potential additional credit gains when compared to 

the normal LRV calculated for only oocyst removal due to the increased proportion of 

infectious oocysts being detected after clarification as explained above.  Furthermore 

overall levels of oocyst infectivity in the raw sewage were highest at the Mt Martha plant 

(43.9% ± 12.7) compared to the other plants investigated in this study influencing the 

calculation of the Differential Risk LRV (Table 78).  
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3.3.4 Cryptosporidium Density data for Aldinga WWTP 

 

Figure 26. Cryptosporidium Density data for Aldinga WWTP over 6 rounds of sampling 
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Table 48. The LRVs across Aldinga WWTP from the raw sewage sampling point through to 

secondary clarification 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LRV (log10) 0.76 2.07 1.71 0.50 0.43 ----- 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

----  Not calculated as only one  oocysts detected in one sample of the raw sewage and no 

oocysts detected in any of the clarifier samples. 

 

Table 49. The LRVs across Aldinga WWTP from the raw sewage sampling point to Lagoon 

1 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LRV (log10) n.a. 3.82 2.25 1.73 1.05 1.6 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

n.a. not applicable 

For round 1, inherent sample variability due to very low oocyst numbers was evident for the 

mixed liquor samples taken from the oxidation ditch.  This was a result of only a small 

sample volume being able to be processed due to the poor quality of sample matrix (large 

bacterial floc that could not be dissolved). Therefore grab samples from the Oxidation ditch 

were discontinued and triplicate samples were taken from the remaining 2 sample points 

and an additional further set of triplicate samples were taken from a new sampling point 

Lagoon 1 for the following sampling rounds.  This change in replication and sample location 

increased data stability for the data set for Rounds 2, 3, 4 & 5. 

The oocyst density for round 1 was low, and coincided with a low number of notifications for 

cryptosporidiosis for the State of South Australia.  Round 2 saw an increase in oocyst 

density which coincides with a doubling in SA notifications (section 3.5).  Removals were 

substantially better across the Oxidation ditch/clarifier process for the second round, 

coinciding with an increased oocyst density challenging the plant The oocyst density for 

rounds 3 through to 6 progressively dropped coinciding with a low number of notifications of 

cryptosporidiosis in SA. 

Oocysts numbers were very low for Round 6 with a majority of non-detects in samples 

analysed.  Colorseed recoveries were good which provided confidence that the oocyst load 

challenging the plant during Round 6 was very low as reported. 
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3.3.5 Cryptosporidium Infectivity and Inoculum data for Aldinga WWTP 

 

Figure 27. Cryptosporidium infectivity and inoculum data for Aldinga WWTP rounds 1 & 2. 
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Figure 28. Cryptosporidium infectivity and inoculum data for Aldinga WWTP rounds 3 & 4. 
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Figure 29. Cryptosporidium infectivity and inoculum data for Aldinga WWTP rounds 5 & 6. 
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Table 50. The LI (log10 Inactivation)  in oocyst infectivity across the Aldinga WWTP system 

between the raw sewage sampling point through to secondary clarification (oocyst 

infectivity only) 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LI (log10) -0.20 -2.20 -0.11 ---- -0.69 ---- 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

---- Not calculated as no infectious oocysts detected in the raw sewage 

 

Table 51. The LI (log10 Inactivation)  in oocyst infectivity across the Aldinga WWTP system 

between the clarifier sampling point through Lagoon 1 (oocyst infectivity only) 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LI (log10) n/a 0.53 0.36 >1.53 0.23 ----- 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

---- Not calculated no infectious oocysts detected in clarifier 

> LI (Log10)  calculated on the assumption that 1 infectious oocyst had been detected in each 

replicate sample for the lagoon 

With the small sample size and low numbers of oocysts recovered from the mixed liquor 

samples, the infectivity data of the mixed liquor samples is not representative and prone to 

inherent instability, thus confirming the advisability of discontinuing the mixed liquor 

samples.   There was significant variation for the infectivity of oocysts analysed from  the 

raw sewage with the majority of oocysts in the raw sewage samples for rounds 2, 4, & 5 not 

being infective, and the infectivity in the raw sewage being low over the 6 rounds of 

sampling.  Oocysts numbers were very low for round 6 with a majority of non-detects in 

samples analyse.  Therefore little can be deduced about oocyst infectivity for round 6, as 

the challenge was so low.  

There is a trend that the infectious oocyst fraction from the secondary clarifier is more 

infectious than in the raw sewage.  For round 4, no infectious oocysts were detected in the 

raw sewage but a highly infectious fraction was detected out of the clarifier.  It is possible 

that the less infectious and dead oocysts are more readily removed in the treatment steps 

up to and including clarification.  Furthermore it also suggests the inherent sample variation 

at this low flow plant (Sewage flow is intermittent and pumped from a sump station).  There 

does however appears to be inactivation of the oocyst in the lagoon process after oocysts 

have been discharged from the clarifier.   
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3.3.6 Summary of infectivity data over 6 rounds of sampling for Aldinga WWTP 

 

 

Figure 30. Cryptosporidium infectivity in the raw sewage and from the clarifier over the 6 

rounds for Aldinga WWTP. 

The mean oocyst infectivity in the raw sewage over the 5 rounds at Aldinga WWTP has 

been 6.68% ± 7.53. 

The mean oocyst infectivity after the clarifier has been 35.38% ± 23.7. 

Data from Round 6 was not included  in Figure above due to low number of oocysts 

detects. 

Unlike the Victorian WWTPs investigated, the infectivity of the oocysts in the raw sewage 

has been very low throughout the 6 rounds. In some rounds this may be due to low 

numbers detected from the samples analysed.  However these variable results may be a 

consequence of low and intermittent volumes of raw sewage entering the plant with a 

resultant variability in the samples collected for oocyst infectivity.  This may have 

implications for validation of small plants.  Of the plants analysed in this study , Aldinga has 

a appreciably lower inflow volume (approx 10-100 fold less than other plants analysed). 

Also low and intermittent flows means that the sewage may remain in the transfer system 

for extended periods of time before reaching the WWTP.  The sewage transfer system 

could possibly be hostile to oocyst survival over extended periods of time. 

Due to the nature of the clarification process after ASP, water downstream of clarifier 

appears to give a more stable measurement of oocyst infectivity than raw sewage.  This 

overcomes what appears to be inherent sample variability for infectivity of the raw sewage, 

and the lower oocyst numbers that are recovered from the raw sewage samples due to 

differences in the volumes that can be analysed (10L can be analysed for the clarifier, while 

only 0.25L for the raw sewage).  Round 2, which had the greatest oocyst load, also had the 

highest infectivity for Aldinga. 



115 

 

Table 52. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Aldinga treatment train between the raw sewage sampling 

point through to Lagoon 1. 

Sampling 

Round 

 

Round 1 

12
th

 Feb 

Round 2
¥ 

11
th

 April 

Round 3 

20
th

 June 

Round 4 

20
th

 Aug 

Round 5 

8
th

 Oct 

Round 6 

3
rd

 Dec 

LRV (log10)  

Total 

oocysts 

n/a 3.82 2.25 1.73 1.05 1.06 

LRV (log10) 

Infectious 

oocysts 

only 

n/a 3.80* 2.70* >1.12* 0.82* > 0.33* 

LRV (log10) 

Differential 

Risk 

n/a 4.64* 3.54* >1.96* 1.65* > 1.16* 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on the 

WWTP. 

*Indicates were the highest average infectivity for the sewage (14.5%) over the six rounds was used in the 

calculations as the infectivity in the raw sewage for this round was either highly variable or  excessively  low. 

n.a. not applicable as lagoon site was not sampled in round 1 

> LI (Log10)  calculated on the assumption if 1 infectious oocyst had been detected in each replicate sample 

for the lagoon 

 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

 

The incorporation of oocyst infectivity into a either an  Infectious oocyst LRV or 

Differential Risk LRV posed a challenge for Aldinga WWTP due to highly variable or 

excessively  low oocyst infectivity results. Therefore the highest average infectivity for the 

sewage over the six rounds was used in all the calculations (14.5%).   
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Table 53. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Aldinga treatment train between the raw sewage sampling point through to 

Lagoon 1 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
n/a -0.02 0.45 -0.61 -0.23 -0.73 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on the 

WWTP 

 

Table 54 Additional LRV credit using the Differential Risk LRV instead of LRV for Total 

oocyst LRV across the Aldinga treatment train between the raw sewage sampling point 

through to Lagoon 1 

Sampling 

Round 

 

Round 1 

12
th

 Feb 

Round 2
¥ 

11
th

 April 

Round 3 

20
th

 June 

Round 4 

20
th

 Aug 

Round 5 

8
th

 Oct 

Round 6 

3
rd

 Dec 

Additional 

Credit 
n/a 0.82 1.29 0.23 0.6 0.1 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

n.a. not applicable as lagoon site was not sampled in round 1 

 

The incorporation of oocyst infectivity into an Infectious oocyst LRV generally resulted in a 

reduction in the credit gains across the section of the Aldinga  treatment train analysed 

when compared to the LRV calculated for only oocyst removal (Table 53).  This is a result 

of an increased proportion of infectious oocysts being detected after clarification in concert 

with only minor inactivation occurring in the lagoon. The incorporation of oocyst infectivity 

into a Differential Risk LRV did improve the potential additional credit gains when 

compared to the normal LRV calculated for total oocyst removal only (Table 54) due to the 

low oocyst infectivity for the sewage (14.5%) used in the calculations.  

It should be further emphasised that the oocyst infectivity used in these calculations, was 

still very low when compared to the average oocyst infectivity in the Victorian Plants.  

However, if additional credits were to be sought for such a plant in the future it would be 

critical to understand why the infectivity in the raw sewage for Aldinga is so low compared 

to other plants.  Otherwise it could be argued that a much higher oocyst infectivity should 

be used in the calculations to be conservative (95 percentile for highest infectivity across all 

plants examined), and this would further reduce any Differential Risk LRV. 
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3.3.7 Cryptosporidium Density data for Glenelg WWTP 

 

Figure 31. Cryptosporidium Density data for Glenelg WWTP over 6 rounds of sampling 
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Table 55. The LRVs across Glenelg WWTP from the raw sewage sampling point to post 

clarification 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LRV (log10) 1.15 1.67 2.11 0.85 1.68 1.56 

¥
Indicates a spike in oocyst density during the round and therefore a significant increase in the 

oocyst challenge on the WWTP 

Across the Glenelg WWTP system between the raw sewage sampling point and after the 

secondary clarifier, total oocyst removals have ranged between 0.85 log10 up to 2.11 log10 

over the 4 rounds.  The oocyst density for round 1 was low and coincides with a low 

number of notifications for cryptosporidiosis for the State of South Australia.  Round 2 saw 

an increase in oocyst density which coincides with a doubling in SA notifications (the 

notifications were still a magnitude less than those in Victoria).   Rounds 3-6 saw oocyst 

densities progressively reduce, coinciding with a low number of notifications for 

cryptosporidiosis in South Australia. 

For round 1, inherent sample variability due to very low oocyst environmental numbers was 

evident for not only the mixed liquor but also the raw sewage.  For the mixed liquor this was 

a result of only a small volume of sample being able to be processed due to the poor quality 

of sample matrix (large bacterial flocs that could not be dissolved).  It is possible that the 

significant variation between the two replicate raw sewage samples for Glenelg were the 

result of only 1/3 of the floc pellet being able to be processed to IMS tubes therefore 

introducing significant variation. This may be a result of processing too much of the sample 

(500ml).  

Samples collected from both primary sedimentation and secondary sedimentation 

(clarification) have generated more stable data across replicates.  Therefore, grab samples 

from the mixed liquor were discontinued and triplicate samples were instead taken from the 

remaining 3 sample points i.e. raw, primary sedimentation and secondary clarification.  

The data generated from the raw sewage for round 2 was more stable.  Notably for this 

round only 250ml of the raw sewage (instead of 500ml) for the each replicate sample was 

processed, but 67% of the pellet was able to be processed potentially reducing the 

concentration steps processing variability resulting in greater data stability across replicate 

samples. In further rounds we have been able to process 100% of the pellet reducing a 

possible source of variation.  Density data from round 2, 3, 4 & 6 was substantially more 

stable across the replicates for all three sample points.  Some data instability exists for 

round 5 due to low oocyst number detection. 
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3.3.8 Cryptosporidium Infectivity and Inoculum data for Glenelg WWTP 

 

Figure 32. Cryptosporidium infectivity and inoculum data for Glenelg WWTP rounds 1 & 2. 
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Figure 33. Cryptosporidium infectivity and inoculum data for Glenelg WWTP rounds 3 & 4. 
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Figure 34. Cryptosporidium infectivity and inoculum data for Glenelg WWTP rounds 5 & 6. 
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Table 56. The LI (log10 Inactivation) in oocyst infectivity across the Glenelg WWTP system 

between the sedimentation sampling point through to post clarification (oocyst infectivity 

only) 

Sampling Round 

 

Round 1 

12
th
 Feb 

Round 2
¥ 

11
th
 April 

Round 3 

20
th
 June 

Round 4 

20
th
 Aug 

Round 5 

8
th
 Oct 

Round 6 

3
rd

 Dec 

LI (log10) 0 -0.09 -0.68 -0.03 ---- *** 

 

---- Not calculated as no oocysts detected after clarification 

*** Not calculated as no infectious oocysts detected in either the sedimentation or clarification 

samples 

With the small sample size and low numbers of oocysts recovered from the mixed liquor, 

the infectivity data of the mixed liquor samples is not representative and prone to inherent 

instability.  Mixed liquor sampling was thus discontinued for the rest of the project.   There 

was inherent sample variability in the raw sewage across the sampling rounds, however 

data generated from the primary sedimentation samples and samples from the clarifier 

were more stable until rounds 5 & 6 due to low oocyst loads challenging the plant and 

therefore low number of oocysts detected in samples.  Internal control recoveries however 

were sound.  For rounds 1 to 4, there appears to be no inactivation of Cryptosporidium 

across the conventional ASP and a possible trend that the infectious oocyst fraction from 

the clarifier is slightly more infectious than samples from the primary sedimentation 

samples.  It is possible that the less infectious and dead oocysts are more readily removed 

in the treatment steps up to and including clarification.  
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3.3.9 Summary of infectivity data over 6 rounds for Glenelg WWTP 

 

Figure 35. Cryptosporidium infectivity in the raw sewage, sedimentation tank and from the 

clarifier over the 6 rounds for Glenelg WWTP. 

 

The mean oocyst infectivity in the raw sewage over the 6 rounds at Glenelg WWTP was 

10.8% ± 12.4 

The mean oocyst infectivity in the primary sedimentation tank effluent over the 6 rounds has 

been 30.7% ± 14.4 

The mean oocyst infectivity after the clarifier has been over the 6 rounds has been 31.2 % ± 

26 

The infectivity of the oocysts in the raw sewage at the Glenelg plant appears to be quite low 

and variable.  This may be due to low numbers detected from the samples analysed 

providing an explanation for some of this variability. 

The infectivity measurement from the primary sedimentation and clarifier  samples is more 

stable than that of the sewage ignoring those rounds (round 5 & 6) when the number of 

oocysts detected was very low. 
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Table 57. Comparison of the LRVs for Total oocysts, Infectious oocysts only, and 

Differential Risk across the Glenelg WWTP from the raw sewage sampling point to post 

clarification 

Sampling 

Round 

 

Round 1 

12
th

 Feb 

Round 2
¥ 

11
th

 April 

Round 3 

20
th

 June 

Round 4 

20
th

 Aug 

Round 5 

8
th

 Oct 

Round 6 

3
rd

 Dec 

LRV (log10)  

Total 

oocysts 

1.15 1.67 2.11 0.85 1.68 1.56 

LRV (log10) 

Infectious 

oocysts 

only 

1.83* 1.53* 2.13* 0.28* >0.57* >1.12* 

LRV (log10) 

Differential 

Risk 

2.39* 2.09* 2.68* 0.83* >1.13* >1.68* 

 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

*Indicates were the highest average infectivity for the sewage (27.8%) in a single round over the six rounds 

was used in the calculations as the infectivity in the sewage was unstable. 

LRV (Log10) for Total oocysts was calculated based on the total number of oocysts/10L in the raw sewage 

and the total number of oocysts/10L at the final point of analysis. 

LRV (Log10) for Infectious oocysts only, was calculated based on the number of  infectious oocysts/10L in 

the raw sewage and the number of infectious oocysts/10L at the final point of analysis. 

LRV (Log10) Differential Risk was calculated based on the total number of oocysts/10L in the raw sewage 

but only considered the number of infectious oocysts/10L at the final point of analysis. 

> LI (Log10) calculated on the assumption that 1 infectious oocyst had been detected in each replicate 

sample for the clarifier 

The incorporation of oocyst infectivity into a either an Infectious oocyst LRV or Differential 

Risk LRV posed a challenge for Glenelg WWTP due to highly variable or excessively low 

oocyst infectivity results.  Therefore the highest average infectivity for the sewage in a single 

round over the six rounds was used in all the calculations (27.8%).   
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Table 58. Additional LRV credit using the Infectious oocyst LRV instead of Total oocyst 

LRV across the Glenelg treatment train between the raw sewage sampling point through to 

post clarification 

Sampling 

Round 

 

Round 1 

22
nd

 Jan 

Round 2
¥
 

19
th

 March 

Round 3 

21
st

 May 

Round 4
¥
 

18
th

 July 

Round 5 

24
th

 Sept 

Round 6 

19
th

 Nov 

Additional 

Credit 
0.68 -0.14 0.02 -0.57 -1.11 -0.44 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on the 

WWTP 

 

Table 59. Additional LRV credit using the Differential Risk LRV instead of Total oocyst 

LRV across the Glenelg WWTP from the raw sewage sampling point to post clarification 

Sampling 

Round 

 

Round 1 

12
th

 Feb 

Round 2
¥ 

11
th

 April 

Round 3 

20
th

 June 

Round 4 

20
th

 Aug 

Round 5 

8
th

 Oct 

Round 6 

3
rd

 Dec 

Additional 

Credit 
1.24 0.42 0.57 -0.02 -0.55 0.12 

¥
Indicates a spike in oocyst density during the round and a significant increase in the oocyst challenge on 

the WWTP. 

 

The incorporation of oocyst infectivity into an Infectious oocyst LRV resulted in 4 of the 6 

rounds having a diminished credits across the section of the Glenelg  treatment train 

analysed, when compared to the LRVs calculated for only oocyst removal (Table 58).  This 

is a result of an increased proportion of infectious oocysts being detected after clarification 

in a number of the samples.  The incorporation of oocyst infectivity into a Differential Risk 

LRV did improve the potential additional credit gains when compared to the normal LRV 

calculated for only oocyst removal (Table 59), but rounds 4 & 5 still had diminished LRVs 

due to higher levels of infectivity out of the clarifier.  

As for Aldinga, if additional credits were to be sought for such a plant in the future, it would 

be critical to understand why the infectivity in the raw sewage for Glenelg  is low and 

variable compared to other plants.  Otherwise it could be argued that a much higher oocyst 

infectivity could be used in the calculations to be conservative (95 percentile for highest 

infectivity across all plants examined), and this would further reduce any Differential Risk 

LRV. 
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3.4 The influence of water quality, operational parameters and seasonality 

on oocyst removals and Infectivity’s for 5 WWTPs 

3.4.1 The influence of water quality, operational parameters and seasonality on 

oocyst removals and infectivity for Western WWTP 

Water quality, operational and climate data for Western treatment plant were obtained for 

the period of the project and examined to determine if trends or variations existed that may 

explain poorer oocyst removals and/or substantial changes in oocyst infectivity.   Removals 

across the 55E lagoon system from raw sewage through to Lagoon 4, and raw sewage 

through to Lagoon 6  appeared to be strongly seasonal and related to the temperature of 

Lagoon water (Figure 36).   

 

Figure 36. The relationship between water temperature of Lagoons 4 & 6 (55EP4 & 55EP6) 

and Cryptosporidium removals, LRV (log10 reduction values). The mean temperature 

calculated was the average value from 3 sampling dates collected in a 22 day period up to 

the Cryptosporidium sampling period. 
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This is not surprising as oocyst removals in a lagoon system may involve significant 

biological predation from organisms such as protozoa, rotifers and micro-invertebrates 

which would likely be strongly governed by temperature.  Such removal may result in either 

the destruction of the oocysts or their possible sequestration to the sediments of the lagoon 

in the faecal pellets of such organisms.  For both anaerobic pots in the 25W and 55E 

systems there was no evidence of consistent oocyst removal.  It should also be considered 

that removals may be also involve physical sequestration (no biotic removal) to the 

sediments which may be governed by hydrodynamic forces which can also be influenced 

by temperature such as colder inflows travelling across the surface of a water body and 

warmer inflows travelling across the bottom of a water body. 

Removals across the 25W system from raw sewage through to post clarification (L25ACO) 

were high with the exception of one very poor removal during the 3rd May sampling round 

(0.21 Log10). No relationship between removals and water temperature were identified for 

the 25W system.  However, it was observed that before the May sampling date there was a 

rapid increase in the inflow to the L25W ASP.  The volume of the flow increased by 

approximately 50 % from the second sampling round, however then remained relatively 

constant (Figure 37).  It is possible that this initial rapid increase in flow is responsible for 

the poorer removals throughout this part of the treatment train and the effects are greatest 

immediately after the large flow increase as the biological system has not had an 

opportunity to adapt to the changed conditions and community structure can be changed 

significantly ( e.g. important organisms could be washed out).   This therefore may warrant 

future investigations, however no other parameters were identified indicating poor 

performance in this system during this round of sampling. 

 

 

Figure 37. Daily flow (ML) in the L25W system to the ASP encompassing the period when 

Cryptosporidium sampling was conducted. The periods when Cryptosporidium sampling 

occurred and the corresponding flow data are denoted by red squares. 
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L55EP2 a maturation pond after the anaerobic and aerobic ponds showed  large reductions 

in oocyst infectivity compared to the raw sewage throughout the project, with larger 

reductions appearing to be associated with increased solar insolation over only the first 4 

rounds of sampling (Figure 38).  However for rounds 6 & 7 the solar insolation on the days 

on which Cryptosporidium was sampled were low for that time of the year. 

 

Figure 38. Daily insolation for Western Treatment Plant (measured at Laverton, obtained 

from BOM website) for the year encompassing the sampling period, including rounds 1-4 

and rounds 6 &7. Round 5 was not included as there was no infectivity data generated for 

that round. The periods when Cryptosporidium sampling occurred and the coinciding 

insolation data are denoted by red squares.  Insolation is the total amount of solar radiation 

energy received on a given surface for the day. 

Cumulative insolation over a five day period up to the day of sampling was found to 

correlate poorly with  LI (Log10 reduction in infectivity) (r2 =0.34) over all rounds.  However 

the effectiveness of solar inactivation can be influenced by  water transmissivity and particle 

shielding.  UV transmissivity for Lagoon 2 decreased for round 7 which was associated with 

a poorer LI.  Therefore when round 7 was removed from the data set, the relationship 

between cumulative solar insolation and LI was stronger (r2 = 0.75) (Figure 39).  Solar 

insolation reaching the earth’s surface includes solar UV (280nm-400nm) as well as solar 

radiation including the visible light and infrared spectrums (400nm-2500nm).  

Cryptosporidium is primarily damaged by the UV component of solar insolation.  Therefore 

the relationship between UV index (average UV index for a five day period up to the day of 

sampling, not including round 7) and LI was calculated and found to be higher (r2 = 0.81).  It 

should be noted that UV transmissivity (UV Transmission at 254nm) for Lagoon 2 was only 

measured for rounds 4-7 (Table 60).   Furthermore the transmissivity of solar UV is 
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significantly higher than that of UV 254nm, however UV 254nm can provide a reasonable 

surrogate for understanding changes in transmission of solar UV through a water matrix.   

 

 

Table 60.  UV Transmission at 254nm for Lagoon 2 (55EP2) 

Sampling Round UV Transmission at 254nm Lagoon 2 

Round 4 (7/05/13) 38% 

Round 5 (27/08/13) 38% 

Round 6 (22/0810) 34% 

Round 7 (26/11/13) 31% 

 

 

Figure 39. The relationship between cumulative insolation (5 day period before sampling) 

for Western Treatment Plant (measured at Laverton, obtained from BOM site) and 

Cryptosporidium inactivation (Log 10 Inactivation, LI). 

Aside from the influence of solar radiation on oocyst infectivity, maximum and minimum air 

temperatures for the site were also analysed as no data was available on water temperature 

for Lagoon 2.  Mean maximum and minimum air temperatures were calculated from a 5 day 

period up to the day of Cryptosporidium sampling (as undertaken for solar insolation 

analysis).  The relationships between both max and min temperatures and LI over the entire 

sampling round were high (r2 = 0.80 & 0.79) (Figure 40).  
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Figure 40. The relationship between mean maximum and minimum air temperatures (5 day 

period up to the day of Cryptosporidium sampling) for Western Treatment Plant (measured 

at Laverton, obtained from BOM site) and Cryptosporidium inactivation for Lagoon 2 (Log 10 

Inactivation, LI). 

The effect of temperature on Cryptosporidium oocyst infectivity had has been well 

established.  While the maximum temperatures are high enough to inactivate 

Cryptosporidium over prolonged holding times, the retention times in the lagoon up to this 

stage are not sufficiently long to equate with the level of inactivation measured in this study.  

However all inactivation rates have been based on freshly excreted oocysts, and it is 

unknown how long oocysts have been in sewer network and treatment stages (oocyst age), 

nor does it account for synergistic effects with other biotic/biotic parameters (stresses to 

which oocysts have already been subjected).  Importantly it should be noted that oocyst 

inactivation already begins in the anaerobic pot before the lagoon process. Therefore it is 

possible that the stresses responsible at this stage may make oocysts significantly more 

susceptible to direct temperature induced inactivation further along the treatment train. 

A key factor to note is that temperature is also a critical parameter governing any potential 

biotic predation (temperature indirect inactivation).  Seasonal density data from Lagoons 2, 4 
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& 6 suggest the possibility for substantial oocyst removal occurring as result of biotic 

predation. Predation may not initially destroy oocysts, but inactivate oocysts as it can 

involves multiple cycles of ingestion and excretion by organisms of various taxa.  Therefore it 

is possible that predation of oocysts may be another significant antagonistic stress occurring 

within this lagoon contributing to reductions witnessed in oocyst infectivity. 

Following this supposition, for round 7, when there was a reduction in the expected oocyst 

inactivation, it was observed there was a concomitant  increase in the biological oxygen 

demand (BOD) in the preceding pot (55E) (no BOD data for Lagoon 2) (Figure 41).  

Interestingly the BOD remained relatively constant around the other sampling periods. An 

increase in the BOD would limit the amount of dissolved oxygen having the potential to 

significantly affect predators such as micro-invertebrates, rotifers and protozoa, potentially 

limiting predation.   When round 7 was removed from the data set, the relationship between 

temperature and oocyst inactivation for the maximum and minimum temperature was 

stronger (r2 = 0.86 & 0.86 respectively). 

 

 

Figure 41. Biological Oxygen Demand for the L55E anaerobic pot for Western Treatment 

Plant for the year encompassing the sampling period, including rounds 1-4 and rounds 6 

&7. The periods when Cryptosporidium sampling occurred and the coinciding BOD data are 

denoted by red squares. 

It is most likely that the seasonal oocyst inactivation at Western Treatment plant results from 

a combination of solar UV, predation and temperature inactivation.  However the relative 

contributions of each of these stresses is unknown and further experimentation would be 
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required to quantify the contribution of these factors and any possible synergistic 

interactions. 

Both anaerobic pots  (L55P & L25P) showed moderate inactivation of Cryptosporidium 

oocysts.   

While no strong trends were identified across the dataset, increased inactivation (aside from 

Round 1)  appeared to associated with higher pot temperatures. 

3.4.2 The influence of water quality, operational parameters and seasonality on 

oocyst removals and infectivity for Altona WWTP 

Removals across Altona WWTP gradually diminished across the first 5 rounds of sampling. 

However, removals again improved for the final round of sampling.  Water quality, 

operational and climate data for the Plant were obtained for the period of the project and 

examined to determine if trends existed that may be indicative of the poorer oocyst 

removals.  As the decrease in oocyst removal was gradual, data were scrutinized for trends 

indicating either a gradual increase or decrease over the period.  Data were also analysed 

for deviations in these parameters that occurred around the time of sampling.   

Suspended solids in the raw sewage were variable but nevertheless showed a gradual 

increase over the sampling period (Figure 42). 

 

Figure 42. Suspended solids in the raw sewage for Altona WWTP encompassing the 

period when Cryptosporidium sampling was conducted.  
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The 16 day average for suspended solids was calculated for each sampling event, using 3 

data points measured on the day of Cryptosporidium sampling and 8 days before and 8 

days after the sampling event. A reasonable correlation between the mean suspended 

solids in the raw sewage and LRV for oocysts was evident (Figure 43), with 

Cryptosporidium removal decreasing with increasing suspended solids. 

 

 

Figure 43. The relationship between mean suspended solids in the raw sewage and 

Cryptosporidium removals. The mean suspended solids were calculated from a 16 day 

average (3 data points), including suspended solids measured on the day of 

Cryptosporidium sampling and 8 days before and 8 days after the sampling event. 

Higher suspended solids in the sewage can result from increased industrial effluent and/or 

intrusion from stormwater or groundwater.  Changes in the suspended solids could indicate 

the possibility of flow variability, affecting plant operation in regards to Cryptosporidium 

removals.  While the daily inflow and daily effluent were relatively constant throughout the 

year, some significant variations at particular times were apparent (Figure 44).  Therefore, 

variations in inflow and outflow were analysed around each Cryptosporidium sampling 

event.  The mean daily inflow and mean daily effluent around each sampling event were 

calculated over a 16 day period encompassing each Cryptosporidium sampling event at 

Altona (same period as calculated for suspended solids).  The differences between these 

calculated means and the yearly daily average (Deviations between Means) were then 

calculated and plotted against the LRV for oocyst removal (Figure 45). 
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Figure 44. Daily inflow and outflow for the Altona WWTP encompassing the period when 

Cryptosporidium sampling was conducted. 
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Figure 45. The relationship between LRV for oocysts and variations in inflow and outflow 

volume. The mean daily inflow and mean daily outflow around each sampling event were 

calculated over a 16 day period encompassing each Cryptosporidium sampling event at 

Altona.  The differences between the sampling event means and the yearly daily average 

were denoted as the Deviations between Means. 

The correlation between LRV for oocysts and variations in inflow and outflow were high 

(Figure 45), with Cryptosporidium LRV decreasing proportionally as daily flow varied above 

the yearly daily average flow. Variations in flow were analysed by a number of other ways 

including mean period flow, standard deviations in flow, minimum  and maximum flows for 

the period and flow range.  All showed reasonable relationships, but the data presented 

above demonstrated the strongest correlation.  
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At the Altona WWTP, there are 2 IDEA Reactor tanks working independently, with the same 

cycle sequence and duration. The aeration, settle and decant phases are staggered for 

each tank.  There are 6 biological treatment cycles in a day and each cycle comprises 2 

hours aeration, 1 hour settling followed by a 1 hour decant. The duration and sequence are 

fixed for each cycle.  Therefore any large deviations from the usual (mean) flow, such as an 

extended wet weather event diluting the sewage, can result in less efficient treatment.   

While no infectious oocysts were detected post UV treatment for 5 of the 6 rounds, 

infectious oocysts were detected post UV treatment for round 4.  This detection of infectious 

oocysts coincided with a large spike in oocyst density in concert with the 2nd poorest oocyst 

removal achieved for the biological treatment process at Altona during the course of the 

study.  While UV transmissivity data (post UV) remained stable over the period sampled 

(Figure 46), there were spikes in both suspended solids and turbidity in the effluent prior to 

UV disinfection at the time of sampling (Figure 47).  It is therefore possible that the 

combination of the high oocyst challenge in concert with the poorer performance of the 

IDEA Reactor tanks (indicated by small spikes in the suspended solids and turbidity prior to 

UV disinfection) as a result sewage inflow variability, resulted in a small proportion of 

oocysts being shielded and therefore not inactivated. 

  

Figure 46. The UV transmissivity in the effluent after UV disinfection encompassing the 

period when Cryptosporidium sampling was conducted.  The periods when Cryptosporidium 

sampling occurred and the coinciding transmissivity data are denoted by red circles on the 

graph.  The 100% transmissivity point is most likely an instrument or recording error (as 

even tap water does not return a result of  100% UVT). 
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Figure 47.  The suspended solids and turbidity in the effluent prior to UV disinfection 

encompassing the period when Cryptosporidium sampling was conducted.  The periods 

when Cryptosporidium sampling occurred and the coinciding suspended solids and turbidity 

data are denoted by red circles on the graph.  The red star on the graph denotes the 

detection of infectious oocysts post UV treatment for round 4.   
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No strong correlations were identified with any of the climate data collected for the locale in 

relationship to either oocyst removals or infectivity’s for Altona. 

3.4.3 The influence of water quality, operational parameters and seasonality on 

oocyst removals and infectivity’s for Mt Martha WWTP 

Removals across Mt Martha WWTP appeared to be seasonal, diminishing between round 1 

through to round 4 after which they subsequently improve.  Water quality, operational and 

climate data for the plant were obtained for the period of the project and examined to 

determine if trends existed that may be indicative of the poorer oocyst removals.  Rounds 1-

3 which were encompassed by stable sewage inflow exhibited oocyst LRVs >1.5 log10.  

Round 4 which had the poorest removal over the sampling period for Mt Martha with an 

LRV < 1.0 log10 preceded a period of extreme sewage flow variability (Figure 48).  While 

flow variability remained high after round 4 until the January 2014, LRVs improved for the 

final two sampling rounds. 

 

Figure 48.  Daily raw sewage inflow (ML) for Mt Martha encompassing the period when 

Cryptosporidium sampling was conducted. The periods when Cryptosporidium sampling 

occurred and the coinciding flow data are denoted by red squares. 
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The LRVs for Cryptosporidium oocysts showed a reasonable relationship to the sludge 

settleability,  with the three poorer removals associated with higher SVI values possibly 

indicative of some filament growth. 

 

 

Figure 49. The relationship between sludge settleability and LRV for oocysts. The mean 

sludge settleability was calculated from available measurements for a week up until the 

period of Cryptosporidium sampling. 

As there appeared to be a strong seasonal element to the performance at Mt Martha in 

respect to oocyst removals, climatic data was also collected and analysed to determine if it 

may be indicative of oocyst removals. The maximum and minimum daily air temperature 

data were obtained for the locale for the year encompassing the period when 

Cryptosporidium sampling was conducted (Figure 50).   A reasonable correlation was 

evident between oocyst removals (LRVs) and maximum temperature.  While temperature 

may not have a direct effect on removals, it is possibly an indicator (surrogate) for other 

processes not yet identified, but which affect removals e.g. predation. 
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Figure 50. (A) Maximum and minimum air temperatures (collected from BOM site for 

Frankston for the year encompassing the period when Cryptosporidium sampling was 

conducted. (B) The relationship between LRV for oocysts and the average maximum and 

minimum temperatures for the sampling period. The average maximum and minimum 

around each sampling event were calculated for an 8 day period up to and including each 

Cryptosporidium sampling event. 
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3.4.4 The influence of water quality, operational parameters and seasonality on 

oocyst removals and infectivity’s for Aldinga WWTP 

Oocyst removals across the Aldinga WWTP system between the raw sewage sampling 

point and after the clarifier were  ≤ 0.5 log10 for Rounds 4 & 5.  In both instances, poor 

removals coincided with a large increase in the peak volume challenge to the WWTP 

(Figure 51). At greatest, almost double the daily inflow challenged the plant compared to 

the previous three rounds of sampling.  After the spike in flow, inflow gradually diminished 

on a trajectory back towards the baseline but still higher in volume than before the spike.  

Historical data for Aldinga confirmed that this peak volume challenge is seasonal. 

Furthermore there has also been a trend for volume to the plant to gradually increase over 

the last few years. 

 

 

Figure 51.  Daily inflow for Aldinga WWTP encompassing the period when Cryptosporidium 

sampling was conducted. The periods when Cryptosporidium sampling occurred and the 

coinciding flow data are denoted by red squares. 

Along with the increase in volume passing through the WWTP, a number of other 

parameters in the raw sewage such as Total Dissolved Solids, Conductivity and a number 

of Metals increased temporarily during this period of increased volume (Table 61).  These 

parameters along with the flow data are indicative of a large increase in either stormwater 

and/or groundwater intrusion into the sewer system.  A number of parameters also showed 

spikes in the effluent after clarification indicating poorer overall performance of the 

biological processes during this period. 
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Table 61.  Parameters associated with poor Cryptosporidium Removal at Aldinga WWTP. 

 

Sampling Rounds Sewage Final Effluent AC Sludge to 

Lagoons 

Rounds 4 &5  

(20th August & 8th 

October) 

(≤ 0.5 log10 

removal) 

Higher Total 

Dissolved Solids 

Higher Total 

Dissolved Solids  

------ 

Higher Conductivity Higher Conductivity ------ 

Higher Arsenic Higher Arsenic ------ 

Higher Lithium Higher Lithium ------ 

Higher Molybdenum Higher Molybdenum ------ 

Higher Vanadium Higher Vanadium ------ 

 Higher Boron ------ ------ 

Lower Biochemical 

Oxygen Demand 

------ ------ 

------ Higher Bicarbonate ------ 

------ Higher Magnesium ------ 

------ Higher Sodium ------ 

------ Higher Alkalinity (as 

Calcium Carbonate) 

 

Round 1 

(12th Feb) 

(<1 log10 removal) 

------ ------ Higher Ash 

------ ------ Higher Total 

Solids 

------ ------ Higher Volatile 

Matter 

 

It is highly likely that Cryptosporidium removal is affected as are other parameters (Table 61) 

by the large intrusions of either storm water or groundwater into the system as these have 

the propensity to adversely affect the activated sludge 

To further analyse whether this spike in flow was a result of storm water or groundwater 

intrusion, rainfall data was obtained for the locale for the year encompassing the period 

when Cryptosporidium sampling was conducted.  A  significant amount of rainfall fell before 

the sampling period of round 3, however removals for this period where high (1.71 log10) 

(Figure 52).  Further significant rainfall fell during rounds 4 & 5, which coincided with poorer 

oocyst removals  ≤ 0.5 log10.   
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Figure 52.  (A) Daily rainfall data (collected from BOM site for Sellicks Beach, <10km from 

Aldinga) for the year encompassing the period when Cryptosporidium sampling was 

conducted.  The red lines denote each of the 6 sampling points and the blue lines the daily 

rainfall. (B) Cumulative rainfall data up to and including the day of sampling encompassing 

the period when Cryptosporidium sampling was conducted. 

The rainfall pattern indicates that the increased flow events to Aldinga WWTP are the result 

of prolonged rainfall and the subsequent intrusion of ground water into the sewer system. 

This confirms with what is already known about the Aldinga system and ground water 

intrusion into the system. 
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No strong correlations were identified with any of the water quality parameters or climate 

data collected for the locale in relationship to either oocyst infectivity’s for Aldinga. 

3.4.5 The influence of water quality, operational parameters and seasonality on 

oocyst removals and infectivity’s for Glenelg  WWTP 

Oocysts removals across the Glenelg WWTP system between the raw sewage sampling 

point and after the clarifier (across activated sludge) were > 1 log10 for 5 of the 6 sampling 

rounds.  However in August (round 4)  oocyst removals were < 1 log10.  This poorer removal 

coincided with a large increase in the peak volume challenge to the WWTP.  Figure 53 

illustrates the large amount of effluent passing through Plant D just before round 4 of 

Cryptosporidium sampling.  At the greatest volume, almost double the daily effluent was 

generated out of plant D within the month of August compared to the previous month.  After 

the initial spike in flow, effluent generated gradually diminished on a trajectory back towards 

the baseline but still higher in volume than before the spike.  Historical data for Glenelg 

confirms that this peak volume challenge is seasonal. Furthermore there has also been a 

trend for volume to the plant to gradually increase over the last few years. 

 

 

Figure 53. Daily effluent generated from Plant D at the Glenelg WWTP encompassing the 

period when Cryptosporidium sampling was conducted. The periods when Cryptosporidium 

sampling occurred and the coinciding flow data are denoted by red squares. 

Along with the increase in volume passing through the WWTP, a number of other 

parameters in the raw sewage such as Total Dissolved Solids, Conductivity and a number 

of Metals spiked during this period of increased volume (Table 62).  These parameters, 
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along with the flow data, are indicative of a large increase in either storm water and/or 

groundwater intrusion into the sewer system.  A number of parameters also showed spikes 

in the effluent after clarification indicating poorer overall performance of the biological 

processes during this period. 

Table 62.  Parameters associated with reduced Cryptosporidium Removal at Glenelg  

WWTP. 

Sampling Rounds Sewage Final Effluent AC Raw Sludge 

Round 4  

(20th Aug)  

(<1 log10 removal) 

Higher Total 

Dissolved Solids 

Higher Total 

Dissolved Solids 

 

Higher Conductivity Higher Conductivity  

Higher Arsenic ------  

Higher Chromium Higher Chromium  

Higher Lithium Higher Lithium  

Higher Molybdenum ------  

Higher Vanadium ------  

------ Higher Alkalinity as 

Calcium Carbonate 

 

 Higher Bicarbonate  

------ Higher Magnesium  

------ Higher Sodium  

------ Lower Temperature  

  Higher Ash 

  Higher Total 

Solids 

  Higher Volatile 

Matter 

 

It is highly likely that Cryptosporidium removal is affected as are other parameters (Table 62) 

by the large intrusion of either storm water or groundwater into the system as these have the 

propensity to adversely affect the activated sludge plant.  It is not surprising that the effects 

are greatest immediately after large intrusions as the biological system has not had 

opportunity to adapt to the changed conditions and community structure can be changed 

significantly ( e.g. important organisms could be washed out).   However by the next round of 

sampling the oocyst removal returned  to similar levels demonstrating that this biological 

system can adapt over a relatively short time-period  to changes in volume, but not sudden 

changes. 
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To further analyse whether this spike in flow was a result of storm water or groundwater 

intrusion, rainfall data was obtained for the locale for the year encompassing the period 

when Cryptosporidium sampling was conducted.  A  significant amount of rainfall fell before 

the sampling period of round 3, however removals for this period where >2 log10 (Figure 54).  

Further significant rainfall fell during round 4 which coincided with poorer oocyst removals < 

1 log10 .   

 

Figure 54. (A) Daily rainfall data (collected from BOM site for Morphettville,3km from site) 

for the year encompassing the period when Cryptosporidium sampling was conducted.  The 

red lines denote each of the 6 sampling points and the blue lines the daily rainfall . (B) 

Cumulative rainfall data up to and including the day of sampling. 

A

B
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The rainfall pattern indicates that the significant flow events to Glenelg WWTP are the result 

of prolonged rainfall and the subsequent intrusion of groundwater into the sewer system. 

This confirms what is already known about the Glenelg system and groundwater intrusion.  

The maximum and minimum daily air temperatures data were obtained for the locale for the 

year encompassing the period when Cryptosporidium sampling was conducted (Figure 55).  

 

Figure 55. (A) Maximum and minimum air temperatures (collected from BOM site for Kent 

Town, < 7 km from site) for the year encompassing the period when Cryptosporidium 

sampling was conducted. (B) The relationship between LRV for oocysts and the average 

maximum and minimum temperatures for the sampling period with the exclusion of round 4 

data. The average maximum and minimum around each sampling event were calculated for 

an 8 day period up to and including each Cryptosporidium sampling event. 
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The relationship between LRV for oocysts and the average maximum and minimum 

temperatures for the sampling period were high when data from round 4 was excluded, with 

Cryptosporidium LRV decreasing proportionally as daily maximum and minimum air 

temperature reduced.  This was counterintuitive to what had been seen with other plants.  

However this may relate to the increased volume of mixed liquor that is wasted during the 

warmer months due to higher rates of bacterial growth in combination with reduced holding 

times.   While temperature may not have a direct effect on removals, it is possibly an 

indicator (surrogate) on other processes not yet identified affecting removals.  No strong 

correlations were identified with any of the water quality parameters or climate data collected 

for the locale in relationship to oocyst infectivity’s for Glenelg. 
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3.4.6 Seasonal Removal Performance for the WWTPS 

 

Across all 5 wastewater treatment trains there appeared to be a strong seasonal element to 

oocyst removal.   Performance for each individual wastewater treatment trains were 

therefore ranked and binned according to season. The 25W and 55E systems of Western 

Treatment Plant were treated as 2 separate treatment trains.   The binned performances for 

all 5 WWTPs were then pooled (Figure 56). 

 

 

 

Figure 56. Treatment performances for oocyst removal for each individual wastewater 

treatment plant were ranked into quartiles and then binned according to season for all five 

wastewater treatment trains. 

The majority of the poorer oocyst removals occurred in winter.  This is not surprising 

considering that a number of constraining parameters identified in this study, such as 

temperature and rainfall (groundwater or stormwater intrusion) which adversely affect 

removals, predominate during the winter months for the WWTPs investigated. 
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3.5 Cryptosporidiosis Notification data for Victoria and South Australia for 

2013 and Oocyst Density data for the five WWTPs 

 

 

 

Figure 57. Number of cryptosporidiosis notifications / 100,000 people for Victoria and South 

Australia for 2013. 

Cryptosporidium notifications were collected from the Australian Government Department of 

Health National Notifiable Diseases Surveillance System website 

(http://www9.health.gov.au/cda/source/rpt_1_sel_a.cfm). It was apparent that a large 

increase in the notification rate for cryptosporidiosis occurred between January 2103 

through to May 2013 for Victoria, with a smaller spike in notification rate for South Australia 

occurring during the same period. At the same time it should be noted that during March 

2013, a number of notifications were issued to the public by the Victorian Department of 

Health in relation to Cryptosporidiosis.  The Victorian spike in notification rate was related to 

recreational swimming pool outbreaks. Such spikes in notification rates are typically 

seasonal as they often relate to recreational swimming. 

Oocyst density data for the raw sewage for each individual WWTP was ranked according to 

magnitude and mapped to date and season (Figure 58).  The greatest oocyst densities 

http://www9.health.gov.au/cda/source/rpt_1_sel_a.cfm
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occurred during the period when the notification rate was highest.  Interestingly, large 

oocyst densities were evident as early as 2nd Feb at Mt Martha before any notifications 

were issued to the public by the Victorian Department of Health in relation to 

cryptosporidiosis.  A second smaller spike in notifications was apparent in July which was 

also picked up in oocyst density data at both Altona and Western Treatment Plant. 

 

 

 

Figure 58.  Raw sewage mean oocyst density data (oocysts/10L) for each individual 

sampling round for all five WWTPs paired with date and season.  The magnitude of the 

challenge to each WWTP is described also by colour codes, greatest density (RED) and 

second greatest density (AMBER). 

 

Dates Western 55EAltona Mt MarthaAldinga Glenelg

15/01/2013 8,809

22/01/2013 3,189 Summer

6/02/2013 137,619

12/02/2013 4,548 2,436

5/03/2013 90,046

19/03/2013 67,880

3/04/2013 213,350

11/04/2013 30,168 19,747 Autumn

7/05/2013 9,570

21/05/2013 5,971

28/05/2013 37,261

20/06/2013 4,456 1,364

2/07/2013 15,505

18/07/2013 37,967

1/08/2013 3,627 Winter

20/08/2013 194 256

27/08/2013 2,503

9/09/2013 9,855

24/09/2013 9,121

8/10/2013 888 55 Spring

22/10/2013 1,838

13/11/2013 3,649

19/11/2013 276

3/12/2013 31 135 Summer

26/12/2013 3,245

75th Percentile 12,537 30,755 112,529 4,525 2,168
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3.6 Oocyst infectivity data across all five WWTPS 

Figure 59.  Mean oocyst infectivity of the raw sewage for each individual sampling round 

were ranked into quartiles and then binned according to season for all five wastewater 

treatment trains. 

We initially hypothesised that oocyst infectivity may also have a seasonal dimension as 

demonstrated with the oocyst challenge (oocyst density) to each of the WWTPs and the 

oocyst removals quantified along the treatment train.  However there was little evidence for 

any apparent biases in relation to oocyst infectivity and seasonality (Figure 59).  Instead 

oocyst infectivity appeared to governed by unknown factors related to each individual 

WWTP (Figure 60).  It is possible that infectivity within the raw sewage by the time it 

reaches the WWTP is governed by factors such as catchment size, sewage inflow and the 

relative proportions of industrial and domestic effluent.  Interestingly oocyst infectivity did 

appear to vary from SA to Victoria. 

 

Figure 60.  The mean infectious oocyst fraction in the raw sewage for each  WWTPs 

across all sampling rounds.   
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3.7 Oocyst Infectivity after Clarification 

For a number of treatment trains there appeared to be an increase in the infectivity of 

oocysts after secondary clarification as compared to the raw sewage (Figure 61A). This was 

not evident for the 25W system at Western Treatment Plant.  However, the 25W system 

includes an anaerobic pot before the ASP, shown to reduce oocyst  infectivity.  Therefore 

when this was omitted from the data set,  the relationship between increased oocyst 

infectivity after clarification over the raw sewage was more pronounced (Figure 61B).  As 

previously discussed, it is therefore possible that the less infectious and dead oocysts are 

more readily removed in the clarification treatment step resulting in an increase in the 

infectious fraction. 

Figure 61.  (A) Oocyst Inactivation, LI (log10 Inactivation) between the raw sewage and after 

secondary clarification across the 5 WWTPs for each round (R1 –R7). (B) Oocyst 

Inactivation between the raw sewage and after clarification across 4 WWTPs for each round 

with the omission of 25W system data.  

A

B
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3.8 Data variability of the raw sewage and secondary clarified effluent 

In assigning log reduction credits to wastewater treatment plants there has been emergent 

interest in examining the last unit process in the treatment train where the target organism 

is present in sufficient numbers to enable the fitting of a distribution for QMRA (McAuliffe 

and Gregory, 2010). In many cases this is the secondary clarified effluent which has been 

through the activated sludge process.  This interest has arisen due to an inherent number 

of problems regarding sample variance and uncertainty stemming from inherent variability 

in microorganism numbers (densities) in wastewater, in WWTP process performance, 

sampling and laboratory testing (McAuliffe and Gregory, 2010).   

The data generated in this report indicates that some of these hurdles have been overcome 

with the methodology used herein.   Variation in oocyst densities in raw sewage between 

replicate samples was low indicating confidence in the quantification of the oocyst load in 

the raw sewage challenging the WWTP.  Furthermore data generated in this project 

identified that raw sewage samples tended to have higher recovery rates than samples of 

secondary clarified water, a result of concerted research efforts directed at improving 

oocyst concentration and isolation such challenging matrices.  However it needs to be 

noted that other laboratories use different concentration and isolation methods (e.g. 

filtration) which is not necessarily suitable for primary effluent which may generate 

erroneous results. 

While substantial variation existed between rounds for each plant, this was identified to be 

seasonal and related to the level of cryptosporidiosis burden within the community serviced 

by each WWTP.  Furthermore the analysis of primary effluent allowed confirmation of a 

large outbreak of cryptosporidiosis in the community and the subsequent extreme challenge 

to the plants and how initial treatment barriers performed under this scenario.  If only 

secondary clarified effluent had been analysed, this level of challenge may have been 

masked at some WWTPs due to the improved removals across the primary treatment steps 

during these periods of high challenge.  

The methodology used within this work not only allowed oocyst density to be quantified but 

oocyst infectivity from the same grab sample to be ascertained. For the three Victorian 

plants investigated in this study, oocyst infectivity in the raw sewage was not only stable 

across replicate samples, but across the season, which should aid QMRA analysis.  

However considerable variation in the oocyst infectivity for the raw sewage samples was 

apparent from the South Australian Plants investigated.  In these cases the use of 

secondary effluent may be more appropriate as the starting point for QMRA.  However data 

variability appeared to be exacerbated in raw sewage when oocyst numbers were low, 

which may not be solved by analysis of the secondary clarified effluent. 

Complicating the situation was the finding that the infectious oocyst fraction in the 

secondary effluent was higher than that of the raw sewage, which was more evident at 

Aldinga, Glenelg and Mt Martha WWTPs.  Incorporation of infectivity in LRV calculations at 

these stages in the treatment process was therefore complex as the calculated oocyst risk 

was sometimes higher than that calculated for raw sewage with low oocyst numbers.  

Therefore secondary clarified effluent may be a more appropriate staring point when 

incorporating infectivity into LRVs. 
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In the first round of this project we attempted to analyse the mixed liquor of the activated 

sludge plants.  However this was found to be technically challenging due to the nature of 

the sample and we discontinued this approach early in the scope of the project.  However 

findings of this work suggest that little oocyst inactivation is occurring across the typical 

activated sludge plant (with the exception of anaerobic ponds (not ASPs) in Western 

Treatment Plant) and there may be little value analysing the number and infectivity of 

oocysts in the mixed liquor using the approach taken here.  
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3.9 Outdoor Solar Inactivation Studies 

To examine the potential of solar radiation to inactivate Cryptosporidium oocysts within the 

Bolivar lagoon system, three outdoor experiments housing oocysts in sealable and highly 

transparent cuvettes were conducted onsite at the Bolivar Wastewater Treatment Plant 

(WWTP) Lagoon 1 from June 2014 through to October 2014. Each experiment ran for a 

maximum duration of 16 days, and included two sampling periods. All experiments 

contained light treatments, dark controls and a 4°C baseline control. 

3.9.1 Outdoor Solar Experiment 1 

The first solar inactivation study was initiated on the 26th June running through to the 10th of 

July. After 7 days exposure, oocysts sunk at a 1 cm depth for the light microcosms showed 

a 78% ± 13 reduction (p<0.05 two-tailed T-test) in the infectious oocyst fraction compared 

to the 1 cm dark controls (Figure 62). There was no significant difference between the 1 cm 

dark and 4°C controls.  At 10 cm depth, there was no significant difference in the infectious 

fraction between the light treatments and the dark and 4°C controls. 

The remaining cuvettes were collected the following week (15 days exposure). No 

infectious oocysts were detected in any of the 1 cm light treatments compared to an 

infectious oocyst fraction of 20% in the dark controls (p<0.05 two-tailed T-test).  

Interestingly there was a 71% reduction in the infectivity of the dark control compared to 

4°C baseline control (p<0.05 two-tailed T-test) at 1 cm depth. However, at 10 cm depth 

while there appeared to be a trend for a reduction (55%) in the infectious fraction between 

the light treatment and dark control, this difference was not significant.  There was no 

significant difference between the dark and 4°C controls.  

For the duration of outdoor solar Experiment 1, the mean daily UV index for the entire 

experimental period was 2, and ranged between 1 to 3 (Figure 63), with a total solar 

insolation for the whole period of 120 MJm2 (Figure 64). The mean daily air temperature for 

the entire experimental period was 16oC, ranging between 13oC to 19oC (Figure 65).  The 

transmissivity of UV/B and UV/A was similar for the water samples collected. The mean 

transmissivity of UV/B (280-320) was 56%, whereas the mean transmissivity  for UV/A 

(320-400nm) was 67% transmissivity (Figure 66). The mean of turbidity during this 

experiment was 35 NTU (Nephelometric Turbidity Unit) (Table 63). 
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Figure 62. Solar inactivation of Cryptosporidium oocysts in Bolivar Lagoon 1 (26th June to 

the 10th of July, Experiment 1).  Oocyst microcosms (light treatments and dark controls) 

were sunk at 1 and 10 cm below the water’s surface and sampled after 7 and 15 days 

exposure.  Error bars indicate standard deviations from three individual microcosms for 

each treatment.  4°C control microcosms were also included in the analysis to identify 

changes in the infectivity of oocysts that may not be due to solar insolation alone. The 

infectious oocyst fraction (%) was calculated using a cell culture infectivity assay. Oocysts 

were applied to cell monolayers from each microcosm in duplicate. An asterisk (*) indicates 

significance (p<0.05) between dark and light treatments and a hash (#) indicates 

significance between the 4°C and dark control. 

  

 

* 

* 

# 
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Figure 63. Average daily UV index for Adelaide encompassing each experimental period 

for all three outdoor Experiments (1-3) conducted onsite at Bolivar Lagoon 1. Information 

was downloaded from the Australian Government Bureau of Meteorology website. UV index 

and danger category is defined as; 1 to 2 Low, 3 to 5 Moderate, 6 to 7 High, 8 to 10 Very 

High, 11+ Extreme. An asterisk (*) indicates the periods of sample collections. 
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Figure 64. Daily solar insolation for Adelaide encompassing each experimental period for 

all three outdoor experiments (1-3) conducted onsite at Bolivar Lagoon 1. Information was 

downloaded from the Australian Government Bureau of Meteorology website. An asterisk 

(*) indicates the periods of sample collection. 
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Figure 65. Maximum daily air temperature for Adelaide encompassing each experimental 

period for all three outdoor Experiments (1-3) conducted onsite at Bolivar Lagoon 1. 

Information was downloaded from Australian Government Bureau of Meteorology website. 

An asterisk (*) indicates the periods of sample collection. 
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Figure 66. Spectral UV transmissivity of Bolivar Lagoon 1 water for all three outdoor 

Experiments (1-3). Water grab samples were collected on the day of the experimental set-

up as well as on the sampling dates for the three experiments. Data were obtained by using 

a spectrophotometer. 
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Table 63. Turbidity measure during the three outdoor experiments (1-3) conducted onsite at 

Bolivar Lagoon 1 

 

 Sampling Date Turbidity 

(NTU)* 

 26- June 2014 29.4 

First Experiment 02- July 2014 40.6 

 21- August 2014 2.6 

Second Experiment 28- August 2014 8.1 

 04- September 2014 28.4 

 29- September 2014 35.1 

Third Experiment 07- October 2014 69.2 

 14-  October 2014 53.9 

                

 *NTU= Nephelometric Turbidity Unit 
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3.9.1 Outdoor Solar Experiment 2 

The second solar inactivation study was initiated on the 21st August through to the 4th of 

September. After 8 days exposure, no infectious oocysts were detected for light 

microcosms sunk at 1 cm depth, while the infectious oocyst fraction of the 1cm dark 

controls was 34 % (p<0.05 two-tailed T-test) (Figure 67). Interestingly there was a reduction 

of 35% ± 14 in the infectivity of the dark control compared to 4°C baseline control (p<0.05 

two-tailed T-test). At 10cm depth there was a 39% ± 26 reduction in the light treatments 

compared to the dark controls (p<0.05 two-tailed T-test). Furthermore there was a 53% ± 

13 reduction in the dark control compared to 4°C baseline control (p<0.05 two-tailed T-test). 

The remaining cuvettes were collected the following week (15 days exposure). No 

infectious oocysts were detected in any of the 1 cm light treatments compared to an 

infectious oocyst fraction of 18% in the dark controls (p<0.05 two-tailed T-test). Interestingly 

there was a 65% ± 24 reduction in the infectivity of the dark control compared to 4°C 

baseline control (p<0.05 two-tailed T-test) at 1cm depth. Data for 15 days at 10 cm is not 

presented as the samples were lost. For the duration of outdoor solar Experiment 2, the 

mean daily UV index for the entire experiment period was 4, and ranged between 4 to 5 

(Figure 63), with a total solar insolation for the whole period of 208 MJm2 (Figure 64 ). The 

mean daily air temperature for the entire experimental period was 20oC, ranging between 

15oC to 25oC (Figure 65).  There was a slight difference between the transmissivity of UV/B 

and UV/A for the water samples collected. The mean transmissivity of UV/B (280-320) was 

68%, whereas for UV/A (320-400nm) was 81% transmissivity (Figure 66). The mean of 

turbidity during this experiment was 13 NTU (Nephelometric Turbidity Unit) (Table 66). 
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Figure 67. Solar inactivation of Cryptosporidium oocysts in Bolivar Lagoon 1 (21st August to 

the 4th of September, Experiment 2).  Oocyst microcosms (light treatments and dark 

controls) were sunk at 1 and 10cm below the water’s surface and sampled after 8 and 15 

days exposure.  Error bars indicate standard deviations from three individual microcosms 

for each treatment.  4°C control microcosms were also included in the analysis to identify 

changes in the infectivity of oocysts that may not be due to solar insolation alone. Data for 

15 days at 10cm is not presented as microcosms were lost.  The infectious oocyst fraction 

(%) was calculated using a cell culture infectivity assay. Oocysts were applied to cell 

monolayers from each microcosm in triplicate. An asterisk (*) indicates significance 

(p<0.05) between dark and light treatments and a hash (#) indicates significance between 

the 4°C and dark control. 
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3.9.2 Outdoor Solar Experiment 3 

The third solar inactivation study was initiated on the 29th September through to the 14th of 

October. After 9 days exposure, no infectious oocysts were detected for light microcosms 

sunk at 1 cm depth, while the infectious oocyst fraction of the 1cm dark controls was 31 % 

(p<0.05 two-tailed T-test) (Figure 68). Interestingly there was a reduction of 38% ± 3 in the 

infectivity of the dark control compared to 4°C baseline control (p<0.05 two-tailed T-test). At 

10cm depth however, there was no significant difference in the infectious fraction between 

the light treatments and the dark and 4°C controls.  

The remaining cuvettes were collected the following week (16 days exposure). No 

infectious oocysts were detected in any of the 1 cm light treatments compared to an 

infectious oocyst fraction of 6% in the dark controls (p<0.05 two-tailed T-test).  Interestingly 

there was a 90% ± 7 reduction in the infectivity of the dark control compared to 4°C 

baseline control (p<0.05 two-tailed T-test) at 1 cm depth. However, at 10 cm depth while 

there appeared to be a trend for a reduction (40%) in the infectious fraction between the 

light treatment and dark control this difference was not significant.  Though there was a 

67% ± 3 reduction in the infectivity of the dark control compared to 4°C baseline control 

(p<0.05 two-tailed T-test) at 10cm depth.  For the duration of outdoor solar Experiment 3, 

the mean daily UV index for the entire experimental period was 7, and ranging between 6 to 

8 (Figure 63), with a total solar insolation of the whole period of 310 MJm2  (Figure 64). The 

mean daily air temperature for the entire experimental period was 24oC, ranging between 

18oC to 33oC (Figure 65). There was a slight difference between the transmissivity of UV/B 

and UV/A for the water samples collected. The mean transmissivity of UV/B (280-320) was 

35%, whereas for UV/A (320-400 nm) was 48% transmissivity (Figure 66). The mean of 

turbidity during this experiment was 53 NTU (Nephelometric Turbidity Unit) (Table 63). 
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Figure 68. Solar inactivation of Cryptosporidium oocysts in Bolivar Lagoon 1 (29th 

September to the 14th of October, experiment 2).  Oocyst microcosms (light treatments and 

dark controls) were sunk at 1 and 10cm below the water’s surface and sampled after 9 and 

16 days exposure.  Error bars indicate standard deviations from three individual 

microcosms for each treatment.   4°C control microcosms were also included in the analysis 

to identify changes in the infectivity of oocysts that may not be due to solar insolation alone. 

The infectious oocyst fraction (%) was calculated using a cell culture infectivity assay. 

Oocysts were applied to cell monolayers from each microcosm in triplicate. An asterisk (*) 

indicates significance (<0.05) between dark and light treatments and a hash (#) indicates 

significance between the 4°C and dark control. 
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3.9.3 Effect of Solar UV Radiation on Oocyst Infectivity 

To address the potential of solar radiation to inactivate Cryptosporidium oocysts within the 

Bolivar lagoon system three outdoor microcosm experiments using oocysts housed in 

sealable and highly transparent cuvettes were conducted onsite within Bolivar Wastewater 

Treatment Plant (WWTP) Lagoon 1 from June 2014 through to October 2014. Each 

experiment ran for a maximum of 16 days and included two sampling periods. All 

experiments included light treatments, dark controls and a 4°C baseline control. 

For all three experiments, oocyst inactivation was consistently greater for the light 

microcosms sunk at a 1 cm depth compared to the dark microcosms across both sampling 

periods.  This was not unexpected as solar radiation has been reported to damage a wide 

range of organisms including plants and animals as well as to rapidly inactivate viruses, 

bacteria, and other protozoa including Cryptosporidium (Deckmyn and Impens, 1999, Ries 

et al., 2000, Slieman and Nicholson, 2000, Hijjawi et al., 2001, Whitman et al., 2004, Misra 

et al., 2005, Connelly et al., 2007, King et al., 2008).  

The inactivation and damage to organisms has been shown to be proportional to the 

intensity of sunlight (Acra et al., 1990, Piazena and Hader, 1994, Morris et al., 1995, 

Davies-Colley et al., 1997, Ravanat et al., 2001, Sivaganesan and Sivaganesan, 2005, King 

et al., 2008, Gomez-Couso et al., 2009) with the toxic component identified as UV (280nm-

400 nm) (Caldwell, 1971, Ravanat et al., 2001, King et al., 2006, Connelly et al., 2007, King 

et al., 2008).  In this study, the UV component of the total solar insolation was quantified by 

using the Daily Solar UV index value, previously demonstrated to be an accurate predictor 

of solar inactivation of Cryptosporidium oocysts (King et al., 2008).  The three outdoor 

experiments spanned the period of June through to October and encompassed a UV Index 

range from 1 (Low) through to 9 (Very High).  Infectious Cryptosporidium oocysts in the light 

microcosms sunk at a 1 cm depth were only detected at the first sampling point for 

Experiment 1.  This experiment had the lowest average UV index (2) and lowest Total Solar 

Insolation (120 MJm2).  For the 2nd and 3rd experiments undertaken under higher solar 

insolation levels and UV index days, no infectious oocysts were detected at the first 

sampling point.  However, the first sampling point taken for experiment 1 was sampled a 

day earlier, confounding this interpretation, as inactivation rate is a combination of both UV 

intensity and exposure time. 

While rapid solar inactivation was apparent close to the water’s surface, at 10 cm depth UV 

inactivation was limited, with a significant difference between light and dark microcosms 

only apparent for the 2nd Experiment (21st August to the 4th September).  Although solar 

inactivation of organisms is proportional to the intensity of sunlight it is also inversely 

proportional to the water depth (Acra et al., 1990, Brookes et al., 2004, Connolly et al., 

2001).  This poor inactivation at only a slight depth is due to rapid attenuation of UV through 

the water column as indicated by the poor UV transmissivity of the samples collected.  The 

poor UV transmissivity of Lagoon 1 water is due to the high turbidity levels, with the 

particles responsible for this turbidity able to shield and scatter UV light (Acra et al., 1990, 

Connolly et al., 2001).  Furthermore, high levels of dissolved organic carbon (DOC) present 

within the water can effectively absorb UV (Robertson et al., 1992, Morris et al., 1995, 

Jerome and Bukata, 1998, Huovinen et al., 2003). Therefore both turbidity and DOC act as 
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an effective sunscreen for oocysts suspended at relatively shallow depths (only 10cm 

depth).   

Interestingly, the UV transmissivity for the second experiment was slightly higher than that 

of the 1st experiment and the turbidity levels substantially lower. In concert with a higher UV 

index for the duration of the experiment, these differences in water parameters may explain 

the minor inactivation seen in the light microcosms sunk at depth compared to the dark 

controls.  Interestingly, while the UV index was very high for the 3rd experiment, there was 

no significant inactivation at depth. This coincided once again with poor UV transmissivity 

and high turbidity levels in comparison to 2nd experiment.   

Based on the solar inactivation results presented herein, even though the Bolivar lagoon 

system is only approx. 4 feet in depth, it could be concluded that solar inactivation of 

oocysts may have a negligible part to play in their inactivation due to the low UV 

transmissivity of the water. However, a continuous cycling and rapid resuspension of 

material within this system occurs, so that particulate matter near the benthic interface will 

not stay there for long before being resuspended close to the surface, and then once again 

settling before the re-suspension cycle starting over. This is primarily due to two factors, 

firstly, lagoon 1 has a high level of the invasive fish species carp, and their feeding 

behaviour results in continual re-suspension of sediment in the lagoon system.  Secondly 

the Bolivar lagoons are exposed to prevailing winds and depending on the direction, this 

can be a significant force for mixing in the lagoon.  Therefore, any exposure near the 

surface could rapidly inactivate oocysts.  However, to determine the actual potential 

reduction across the Bolivar system would require hydrodynamic modelling of the system to 

account for the mixing from wind and presence of carp. 

Aside from the dark controls, sets of 4°C baseline controls were also included in the 

analysis to in order to identify other stressors that may be responsible for the inactivation of 

Cryptosporidium oocysts aside from solar UV.  For the three outdoor experiments, the dark 

controls had a significant reduction in oocyst infectivity compared to the 4°C baseline 

controls for 5 of the 6 analyses performed for the 1 cm depth.  At the 10 cm depth, a 

significant reduction in oocyst infectivity for the dark controls compared to the 4°C baseline 

controls was apparent for 2 of the 5 analyses performed.  Aside from the UV intensity, 

pathogen inactivation is also related to the water temperature, which can be strongly 

influenced by atmospheric temperature.   It is likely that some of the inactivation observed 

in the dark controls was temperature dependant, as the maximum daily ambient 

temperature was as high as 33°C.  Such temperatures are high enough to have a 

significant effect on oocyst infectivity (Fayer et al., 1998a, King et al., 2005, Moriarty et al., 

2005).  This may also explain differences seen between the dark control at 1 and 10 cm 

depth as there would be slight temperature differences at depth.  As already noted, the 

lagoons can be greatly influenced by wind, which can generate waves within the lagoon. 

These waves may have been large enough to alter the depth of the cuvettes, even allowing 

intermittent exposure of the 1 cm microcosms to direct sunlight.  Taking this into 

consideration, the significant inactivation seen in the light cuvettes is most likely a 

combination of UV and temperature, and not UV alone. 
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5 Appendices  

Discussion of the outcomes of Project 80S-8012 “Inactivation of 

Cryptosporidium across the wastewater treatment train: Recycled water fit for 

purpose (Phase II)” in context with in the Australian Guidelines for Water 

Recycling (AGWR, 2006) framework. 

Due to drought and movement of population to large centres near capital cities, pressure on 

freshwater supplies will continue to increase in many cities and regional areas across 

Australia. Therefore it is imperative we use water more efficiently; for example, by reusing 

water that has traditionally been seen as wastewater. In response to this situation, the 

Environment Protection and Heritage Council and the Natural Resource Management 

Ministerial Council developed national guidelines on water recycling, under the auspices of 

the National Water Quality Management Strategy (NWQMS). The NWQMS National 

Guidelines for Water Recycling: Managing Health and Environmental Risks (2006) provide 

an authoritative but not prescriptive reference for the supply, use and regulation of recycled 

water schemes for Australia to manage both human health and environmental risks 

enabling sustainable use of this critical resource.  

When recycling water, it is essential to protect the health of both the public and the 

environment.  Therefore a risk management framework approach has been utilised in the 

guidelines, rather than simply relying on post-treatment testing as the basis for managing 

recycled water schemes.  The first step is to look at hazards in the recycled water that could 

potentially affect human or environmental health. The next step is to estimate the risk from 

each hazard by assessing the likelihood that the event will happen and the consequences if 

it did. After characterising the risks, preventive measures to control hazards are then 

identified. The approach also includes monitoring to ensure that the preventive measures 

operate effectively, and verification to ensure that the management system consistently 

provides recycled water of a quality that is fit for its intended use. 

Re-use water must be “fit for purpose”, however; if such schemes are to be sustainable, 

they must also be cost effective and the guidelines provide a framework to assist providers 

in delivering a competitive product.  To further enable re-use water to be cost effective, the 

most appropriate laboratory techniques need to be employed so data generated assists in 

accurately quantifying identified risks.  One of the major microbiological hazards in recycled 

water that can potentially affect human health is Cryptosporidium, and the guidelines have 

used this protozoan as one of the reference organisms as it is highly infective, resistant to 

chlorination and considered one of the most important waterborne human pathogens in 

developed countries.  However, what is not credited in these guidelines is the inactivation of 

Cryptosporidium oocysts through the wastewater treatment train, and further to this, an 

implicit conservative assumption that all oocysts are infective.  This has been due to the 

absence of a satisfactory tool to measure oocyst infectivity.  Therefore oocyst risk may be 

significantly overestimated, resulting in the inclusion of additional treatment barriers which 

may be redundant and costly.  After the development of a highly sensitive tool for 

assessment of Cryptosporidium oocyst infectivity during Phase I, Phase II of “Inactivation of 

Cryptosporidium across the wastewater treatment train: Recycled water fit for purpose” was 

undertaken to generate data not only on total Cryptosporidium oocysts numbers but also 

oocyst infectivity in order to more accurately define Cryptosporidium risk in a context as 

defined within the AGWR (2006).   
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The number of Cryptosporidium oocysts in raw sewage can vary substantially and Table 

3.6 within the AGWR (2006) identifies values ranging from 0-10,000 oocysts per litre.  As 

pathogen concentrations can vary over a wide range, 95th percentiles should be used in 

determining health-based targets with the default value in the guidelines set at 2000 

oocysts/L.  The data generated from this study suggests the oocyst range quoted in the 

guidelines is reasonably robust with oocyst density in the raw sewage at 4 of the 5 WWTPs 

not exceeding the upper value (10,000 oocysts/L) quoted in the guidelines (Table 1). While 

the 95th percentile for Total Oocysts (oocysts/L) from data generated from this project from 

the South Australian WWTPs was very similar to the AGWR default value, all three 

Victorian WWTPs had greater 95th percentiles for Total Oocysts (oocysts/L) in the raw 

sewage, with the Mt Martha WWTP 95th percentile a magnitude higher than the default 

value (Table 1).   

This increased challenge is undoubtedly the result of capturing data from an abnormal year 

within Victoria when a large state-wide outbreak of cryptosporidiosis occurred, “An 

Outbreak Scenario”. The results generated from this work demonstrate that oocyst 

challenges (Total Oocysts) may be greater than expected when there is an outbreak of 

cryptosporidiosis in the population.  However, it should also be emphasised that 

cryptosporidiosis in Australia is highly seasonal and an ‘outbreak scenario” is likely to occur 

when plant performance is greatest as indicated by LRV data generated within this report.  

A caveat for this to apply is that the WWPT is operating within design specifications.  

Therefore, while future revision of guidelines may consider an outbreak scenario it should 

be considered in the context of the removals achieved during such as scenario.  

Significantly, the approach of validating individual treatment performance using a “numbers 

in” and “numbers out” approach inherently takes into account both seasonal removal and 

seasonal oocyst challenges.  

When applying the above methodology to only infective oocysts, the magnitude of the risk 

profile within the raw sewage decreased across all plants (Table 1).  In terms of Risk 

Reduction Values (RRV Log 10 for Total Oocysts v Infectious Oocysts), the reduction in risk 

ranged between 0.27 log10 to a 1.36 log10 for the five WWTPs investigated.  When looking 

at the combined data, the risk reduction was greatest for the South Australian context   

(0.76 log 10) as the infectivity in the raw sewage was low across both SA plants.  The 

reduction in risk for the combined Victorian data was more moderate (0.42 log 10) due to 

higher oocyst infectivity in the sewage.  This reduction in risk can have significant effects on 

recycled water schemes as it may determine that recycled water may be “fit for purpose” 

without the further treatment options, enable relaxation of some on-site controls and use 

restrictions, or result in further barrier redundancy at no additional cost to protecting human 

health.  
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Table 1 

 AGWR 

Default 

Values 

Glenelg 

WWTP 

Aldinga 

WWTP 

Mt Martha 

WWTP 

Altona 

WWTP 

Western 

Treatment 

Plant 

WWTP 

Combined 

S.A. Data 

Combined 

Vic. Data 

Oocyst Range 

(oocysts/L) 

0 – 10,000 0 – 2251 8 – 6240 200 – 

25,675 

14 – 11,366 114 – 

10,978 

0 – 6240 14 – 25,675 

95
th

 Percentile  for 

Total Oocysts 

(oocysts/L) 

2000 1951 

 

2435 

 

21,903 

 

6548 

 

8413 

 

2007 17,877 

95
th

 Percentile 

Infectious Oocysts 

Only (oocysts/L) 

Nil 751 

 

107 

 

 

11,852 

 

3416 

 

 

3096 

 

341 6678 

 

¥
RRV (Total Oocysts v 

Infectious 

Oocysts)Log 10 

 0.42 1.36 0.27 0.28 0.43 0.76 0.42 

¥Risk Reduction Values (RRV Log 10) were calculated for the raw sewage by comparing Total Oocysts v Infectious Oocysts 

95
th
 Percentile values were calculated using Microsoft Excel 2010. 
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However, as mentioned above, Cryptosporidium oocysts in raw sewage varied substantially and an 

assessment of this variability is an integral component of managing risk and is promoted in the 

AGWR. Variability needs to be considered in terms of distributions. The approach that has been 

used in quantitative microbial risk assessment (QMRA) is the consideration of probability 

distribution functions (PDFs).  Therefore, the variability in sewage concentrations of Total and 

Infectious Oocysts for South Australian data were further characterised by fitting probability density 

functions (PDFs) to cumulative data using @Risk software (Palisade Corporation, version 5.5) and 

examined for goodness-of-fit using the Root-Mean Squared Error. PDF fitting of Total Oocysts and 

the Infectious fraction (%) were undertaken in preparation for a Monte Carlo simulation to compute 

a final distribution to estimate the density of Infectious Oocyst numbers. This was subsequently 

used to calculate a PDF describing “LRV” (or Risk Reduction Value) that could be assigned for 

describing the difference in Total and Infectious Oocysts numbers in raw sewage.  

Results showed that log10 transformed numbers of Total Oocysts per L in sewage followed a 

normal distribution (Figure 1). Similarly the infectious fraction (% of total Oocysts that were 

infectious) also followed a normal distribution (Figure 1). By using these two PDFs we were able to 

use Monte Carlo simulation to estimate the number of infectious Oocysts in raw sewage, which 

was subsequently used to estimate the “LRV” or “Risk Reduction Value” that could be assigned for 

describing the difference in Total and Infectious Oocysts numbers in raw sewage (see Figure 2). 

By using this approach we demonstrated that mean difference in Total and Infectious Oocysts 

numbers in sewage was 0.95 log10 units, with 5th and 95th percentile values measuring 0.49 and 

1.76 log10 units respectively (Figure 2). 
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Figure 1. PDFs characterising the concentration of Total Oocysts and Infectious Fraction (%) in 

South Australian sewage (illustrated using a cumulative frequency distribution plot). The blue line 

indicates the sample data, while the red line indicates the fitted distribution (best fit).   
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Figure 2. Monte Carlo simulation results showing a final distribution characterising the “LRV”  or 

“Risk Reduction Value” that could be assigned for describing the difference in Total and Infectious 

Oocysts numbers in raw sewage. LRV was computed from the total Oocysts PDF minus the 

Infectious fraction PDF. 

 

The Recycled water guidelines specify combinations of treatment processes (AGWR Table 3.4) 

together with on-site controls and use restrictions (AGWR Table 3.5) to provide water of acceptable 

quality for identified uses. The achievable ranges of pathogen reduction are relatively broad 

because effectiveness will be influenced by design feature.  In this study, we covered a selection of 

treatment processes including a variety of secondary treatment processes, Lagoon storage and UV 

treatment.  

Secondary treatment processes across the five WWTPs were investigated.  The removals ranged 

from 0.21 log10 -3.27 log10 with a mean removal of 1.46 log10 for secondary treatment processes 

and the 5th percentile calculated to be 0.46 log10.  This demonstrates the conservative approach 

taken within the guidelines is justified due to secondary treatment process variability and that the 

indicative values for secondary treatment for Cryptosporidium ranging between 0.5-1.05 log10 

(AGWR Table 3.4) are appropriate.  Any substantial treatment option performance claims for 

secondary treatment would therefore need to be validated as indicated in the guidelines.  While 

secondary treatment can effectively remove oocysts, this research did not identify any significant 

inactivation across these processes.  Furthermore it identified the possibility for those remaining 

oocysts, a moderate increase in the infectious fraction.  Therefore, claims outside the indicative 

values set in the guideline may need to also quantify oocyst infectivity after secondary treatment for 

an accurate reflection of risk. 
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Lagoon storage at two WWTPs, Aldinga and Western Treatment plant were investigated.  While 

these systems operate differently: Western Treatment Plant using a series of inter-connected 

ponds, Aldinga using a single lagoon to treat secondary effluent; the secondary effluent is retained 

for similar holding periods (25-35 days) before re-use.  The guidelines state an indicative removal 

range between 1.0 -3.5 log10 (Table 3.4 AGRW ), with removals achieved at Aldinga WWTP (range 

0.54-1.75 log10, 1.04 mean log10) closer to the lower indicative value, and removals achieved at 

Western Treatment Plant up to Lagoon 6 out of 10 ponds (range 1.57-3.84 log10, mean 2.62 log10) 

closer to the upper indicative value.  However, additional oocyst inactivation was identified at both 

Aldinga Lagoon (range 0.36 - >1.53 log10) and Western Treatment Plant Lagoon 2 (range 0.36-

1.56 log10).  Further to this, a study of biotic predation in the Bolivar lagoons identified a significant 

capacity for oocyst inactivation in a short time period (> 2 log10 within 2 days).  Work described in 

this report demonstrates that validation of lagoon systems using not just oocyst enumeration but 

also quantifying oocyst infectivity may provide data to support further treatment performance 

claims. 

A UV disinfection treatment Plant at Altona was investigated. The guidelines state an indicative 

removal range for UV light of >3.0 log10 (Table 3.4 AGRW).  While densities in the raw sewage 

were as high as 11,000 oocysts /L at Altona (Table 1), the number of oocysts directly challenging 

the UV disinfection plant was approximately between 0.5-1.3 log10 less as a result of secondary 

treatment removal.  This diminished our ability to quantify oocyst inactivation values greater than 

3.0 log10 as a result of UV disinfection, with inactivation quantified in this study ranging between 

>1.48 to >2.77 log10 .  However under two distinct high oocyst challenge events, a number of 

infective oocysts were detected in the UV effluent during the second event and a precise 

inactivation of 2.24 log10 quantified.  While UV disinfection is an effective barrier, the detection of 

infective oocysts within the effluent under an adverse water quality scenario emphasises that the 

importance of a multi- barrier approach.  In this case, UV effluent had the further treatment barrier 

of Reverse Osmosis. For human health risks, validation monitoring is essential because of the 

magnitude of potential health risks from use of recycled water. This means that log reductions 

assured by designers and manufacturers of treatment systems, or by user group representatives, 

cannot be assumed to be valid — some objective empirical evidence of the log reductions is 

required.  This report also demonstrates performance of a number of these barriers under peak 

challenge situations. 
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Incorporation of Cryptosporidium oocyst infectivity data into hypothetical 

operational Risk Assessment at Bolivar WWTP and determination if recycled water 

is “fit for purpose”. 

Bolivar WWTP is the largest wastewater treatment plant in South Australia. It processes >60% of 

metropolitan Adelaide’s raw sewage and treats approximately 46,000 ML wastewater annually.  It 

uses four process stages before discharging effluent into the environment or reuse.  The 

preliminary treatment consists of mechanical screening, followed by pre-aeration, grit removal and 

primary sedimentation. The secondary treatment includes an activated sludge system (ASP). 

Three waste water lagoons comprise the tertiary treatment stage.  The final treatment step 

incorporates Dissolved Air Flotation Filtration (DAFF) so the wastewater can be distributed for 

irrigation purposes.  

Each of these treatment steps has been well characterised and validated in relation to all reference 

pathogens, including protozoa. Together with the infectivity data collected from the Glenelg and 

Aldinga studies, a QMRA was performed using this data to assess the risk for a number of 

hypothetical scenarios occurring at the Bolivar WWTP.  The concentration of total oocysts in 

sewage, oocyst infectivity and barrier effectiveness (LRV) for ASP, Lagoons and the DAFF 

treatment steps was described in the form of probability density functions (PDFs). Monte Carlo 

simulations were employed to integrate these PDFs to estimate risk.  For this exercise, the major 

exposure pathway was ingestion from municipal dual reticulation (AWGR, 2006). A 

Cryptosporidium dose-response model and DALY value (AGWR, 2006) were used to generate 

illness estimates for each scenario. A working QMRA example is provided in Figure 3. 

Four illustrative scenarios were assessed, using QMRA input assumptions described in Table 2. 

The QMRA scenarios considered:  

(A) Baseline barrier LRV performance  

(B) Baseline barrier LRV performance + sewage oocyst infectivity “LRV” as a “barrier”  

(C) Partial failure of the DAFF process 

(D) Partial failure of the DAFF process + sewage oocyst infectivity “LRV” as a “barrier”  

 

Figure 4 summarises the risk as defined by DALY for each scenario. As expected, the estimated 

DALY risk for Scenario A, was well within the benchmark of ‘tolerable risk’  with some redundancy 

(95th %ile ≤ 10-7). When we incorporated sewage oocyst infectivity as a “RRV” (Scenario B) the 

level of risk decreased by 1 order of magnitude showing an extra level of redundancy.  By 

modifying the Monte Carlo model we explored two hazardous event scenarios (C and D) which 

assumed a partial failure of the DAFF process. For Scenario C, the risk associated with DAFF 

failure was only just within the tolerable benchmark, where the 95th %ile DALY was estimated to 

be 10-6. Under the same circumstance, however assuming a oocyst infectivity “RRV” (Scenario D), 

the risk benchmark was still well within the tolerable risk, illustrating the benefit of accurately 

quantifying initial oocyst risk.  
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Data Stage Source 

 

Primary sewage total 

Oocyst/L 

A. Keegan 

validation study 

 

Infectivity “RRV” 

 

This study (B. 

King) 

 

ASP LRV 

 

A. Keegan 

validation study 

 

Lagoon LRV 

 

B. van den 

Akker PDF 

from Historical 

monitoring data 

 

DAFF LRV 

 

A. Keegan 

validation study 

using yeast 

0.00197 L/d x 365 day 

 

Exposure 

Municipal dual reticulation 

AGWR value 

P=1-Exp(-0.059*d) Dose Response AGWR value 

illnesses/infection = 0.7 DALY AGWR value 
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Figure 3. A worked QMRA example for the computation of Cryptosporidium risk 
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Table 2 QMRA assumptions used in each of the four scenarios for Bolivar WWTP 

Stage 
PDF 

Mean (SD) 

Scenario 

A 

Scenario 

B 

Scenario 

C 

Scenario 

D 

Primary 

sewage 

total 

Oocyst/L 

2.06 (0.46) 

Lognormal* 
Yes Yes Yes Yes 

Infectivity 

“LRV” 

 

LRV 

0.95 (0.40) 

Lognormal** 

No Yes No Yes 

ASP LRV 

 

1.76 (0.46) 

Lognormal* 
Yes Yes Yes Yes 

Lagoon 

LRV  

 

3.01 (1.05) 

Lognormal* 
Yes Yes Yes Yes 

DAFF LRV 

 

2.02 (0.08) 

Lognormal* 
Yes Yes No No 

DAFF LRV 

Failure 

1.0 

Point estimate 
No No Yes Yes 

Exposure 

 

0.00197 L/d 

Point value 

Municipal 

dual 

reticulation 

Municipal 

dual 

reticulation 

Municipal 

dual 

reticulation 

Municipal 

dual 

reticulation 

*Sourced from Bolivar WWTP validation studies 

**Developed in this study using Aldinga and Glenelg WWTP data 
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Figure 4. Four illustrative scenarios for Bolivar WWTP and risk as defined by DALY for each 
scenario.  

Scenario A        Scenario B          Scenario C  Scenario D 
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Combined Sampling Schedule for 5 WWTPs for 2013  

 

ROUND 

 

Sampling Date 

 

WWTP 

 

 

ROUND 1 

15th January 2013 

22nd January 2013 

6th February 2013 

12th February 2013 

12th February 2013 

Western Treatment Plant 

Altona 

Mt Martha 

Aldinga 

Glenelg 

 

 

ROUND 2 

5th March 2013 

19th March 2013 

3rd April  2013 

11th April 2013 

11th April 2013 

Western Treatment Plant 

Altona 

Mt Martha 

Aldinga 

Glenelg 

 

 

ROUND 3 

7th May 2013 

21st May 2013 

28th May 2013 

20th June 2013 

20th June 2013 

Western Treatment Plant 

Altona 

Mt Martha 

Aldinga 

Glenelg 

 

 

ROUND 4 

2nd July 2013 

18th July 2013 

1st August 2013 

20th August 2013 

20th August 2013 

Western Treatment Plant 

Altona 

Mt Martha 

Aldinga 

Glenelg 

 

 

ROUND 5 

¥27th August 

9th September 

24th September 

8th October 

8th October 

Western Treatment Plant 

Mt Martha 

Altona 

Aldinga 

Glenelg 

 

 

ROUND 6 

22nd October 

13th November  

19th November 

3rd December 

3rd December 

Western Treatment Plant 

Mt Martha 

Altona 

Aldinga 

Glenelg 

ROUND 7 26th November Western Treatment Plant 

 

¥The Red Highlighted round for Western Treatment Plant generated only density data and no 

infectivity data due to cytotoxic  growth medium.  Therefore a further round of sampling was 

organised , Round 7.  
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Western Treatment Plant Schematics 
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Altona WWTP Schematics 
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Mt Martha WWTP Schematics 
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Aldinga WWTP Schematics 
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Glenelg WWTP Schematics 

 

 

 


