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Executive Summary 

The purpose of this Project 
The purpose of this project was to provide data on microbial safety in pan-drying and 
stockpiling treatment of biosolids.  The aim was to determine the treatment time and 
conditions required  to provide high quality biosolids to be applied to land as man-made 
renewable organic fertilisers. This data is required to inform revision of current national 
and state guidelines for land application of biosolids.  
 
The objectives of the project were to: 

• Determine whether the results obtained  from the Smart Water Fund (SWF) Round 
4 funded project (SWF number 419 – 003, “Pathogen Risk and Nutrient Status of 
Air-Dried and Stored Biosolids”), that key microbial indicators decay to undetectable 
levels in 8-10 months of pan drying, are repeatable over different years with 
different weather patterns,   

• Set up a laboratory simulated treatment process with validation trials to quantify the 
decay of selected microbial pathogens and their indicators,   

• Perform a public health risk analysis for application of biosolids to agricultural land 
in Victoria,   

• Develop methods for rapid quantification of viable microorganisms contained in 
sludge, 

• Investigate key factors responsible for the decay of pathogens and indicators,    

• Provide results to underpin the revision of the current Victorian guidelines for 
obtaining T1, T2 and T3 treatment grades of biosolids and to contribute to the 
development of Australian Guidelines for land application of biosolids.    

 

How results were obtained 
The project engaged a stakeholder group to advise on development of methodology and 
analysis of data, in order to ensure that effective results were obtained. 

Key conclusions 
• For ETP, and WWTPs with similar process trains, both for average and worst-case 

data the forecast treatment time for verification to provide T1 grade biosolids in pan-
drying and or stockpiling  is 117 weeks, due to the requirement for 2 log10 decay of 
Ascaris spp. eggs. This could be reduced to 59 weeks, if 1 log10 reduction of 
Ascaris spp. eggs is accepted, given the apparently low levels in Victorian sludge. It 
is suggested that in practice the requirement for reduction of Ascaris spp. should be 
based on the numbers of Ascaris spp. eggs in raw sludge in the input for a 
particular WWTP. The decay of enteric viruses, E. coli, and Salmonella spp. are 
forecast to occur within 59 weeks. 
 

• To produce T2 and T3 grade biosolids 37 and 18 weeks treatment times in pan-
drying and or stockpiling are forecast, respectively, due the limits for decay of 
enteric viruses. 
 

• The pan-drying process at ETP is relatively robust for decay of pathogen indicators, 
as shown from results in three drying seasons, including one exceptionally dry 
season and one exceptionally wet season. 
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• In drying-pans from two WWTPs, substantial decay of indicators was confirmed 

o E. coli decayed to <100 cfu/g by 8 to 10 months (equivalent to T1 limit).  
o Decay of K-12 coliphages was similar to that of E. coli. 

 
• Treatment pans should be protected from other sources of contamination, such as 

aerosols from tankers pumping sludge into a nearby pan, and overflow from fresh 
filled pans during heavy rainfall.   
 

• Pan-drying and stockpiling simulation was required to address the decay of 
Salmonella spp, enteric viruses, pathogen protozoa and helminths. 
 

 
Novel technology. New technology was successfully developed to support this project 

•  A novel pan-drying simulation to provide a robust and flexible system with 
controlled environment elements.  
 

• Novel assay chambers to assessing the decay of adenoviruses, C parvum and 
Ascaris suum.  
 

Shorter treatment times. The main finding of this study was that pan drying and or 
stockpiling of anaerobically-digested biosolids for 59 weeks is sufficient to produce 
biosolids that can be safely applied to agricultural land without restrictions (assuming low 
levels of Ascaris lumbricoides and Cryptosporidium parvum in raw sludge, ≤1 egg or 10 
oocyst per g DS, respectively).  Stockpiling for a period of three years is not required to 
improve the safety of biosolids.  These findings apply to biosolids produced in Victoria, 
Australia, but could be but could be extrapolated to other areas with similar disease 
prevalence in the population.  The findings are based on  

(i) Decay coefficients of indicators obtained from field studies  
(ii) Decay coefficients of indicators and potential pathogens obtained from 

laboratory simulations and  
(iii) Risk analysis of applying biosolids from metropolitan Victoria to agricultural 

land (refer to report by Elisa Grant and Professor Stephen Smith, 
summarised in Chapter 11).   

The potential pathogens examined included the most resistant representatives of all major 
groups of concern, i.e. bacteria (Salmonella spp., viruses (porcine and human 
adenoviruses), helminths (Ascaris suum), and protozoa (Cryptosporidium parvum).   
 
Indicators. Results also informed proposal of Indicators for pathogen decay in pan-drying 
treatment: 

• Enterococcus spp. or E.coli be the main indicator for the decay of Salmonella spp. 
Cryptosporidium parvum, and Ascaris suum 

• Indigenous K-12 coliphages be the main indicator for the decay of enteric viruses. 
 
Optimising operation and construction of drying-pans 
The variable results for volatile solids, the decay of pathogens and indicators, as well as 
the lower rates of decays, in drying-pans at MM WWTP compared to ETP, suggest that 
the regular mixing of sludge at ETP might be responsible for the better results. This 
question could be resolved by a trial to see if weekly mixing of pan sludge leads to more 
efficient decay of pathogens and indicators and more efficient stabilization. 
 
 
Modelled annual risks of infection of pathogens for Victoria from ingestion of crops 
grown in biosolids-amended soil. A QMRA model predicted very low annual risks of 
infection by ingestion of vegetable crops grown in soil amended with conventionally-
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treated biosolids for the majority of the pathogens included in the study. The ranking of 
risks indicated that the risks modelled for Campylobacter spp. Hepatitis A Virus, rotavirus, 
Salmonella spp., Giardia spp. and Shigella spp. were below the 10-4 per person per year 

(pppy) limit for drinking water proposed by USEPA (Regli et al., 1991), by at least three 
orders of magnitude. On the other hand, the risk of infection from Cryptosporidium spp. 
oocysts was within an order of magnitude below this minimum risk threshold. 
 
Use of microbial risk analysis and disease burden models. It is proposed that for 
revision of water and wastewater regulations, 

• Microbial risk models and disease burden models be produced by academic 
experts. 

• These models be used by health authorities to inform revision of water and 
wastewater regulations. 

• Data on decay of indicators be obtained from academic experts, using simulations 
and pilot systems, if required. 

• Revised regulations for the water industry to include pathogen limits, physical and 
biological indicators and log10 removal values for specific treatment processes, but 
not requiring risk analysis or creation of disease burden models. 
 

Anaerobic digester simulation. An anaerobic digester simulation was successful in both 
operational terms and decay rates of E. coli and K-12 coliphages. 
Toward HACCP systems. In treatment plants, a practical HACCP system should be 
setup to aid microbial quality values of biosolids. This will involve attention to each specific 
process that contributes to pathogen decay, such as activate sludge treatment, anaerobic 
digestion and pan-drying. It is recommended that: 

o Factors in drying-pan treatment should include physical parameters of time, 
DS and temperature, and biological factors of E. coli or Enterococcus spp. 
and K-12 coliphages. Physical parameters be measured weekly and 
biological factors at harvest.  

o For anaerobic digesters, temperature and VS (input and output) be 
monitored daily, and biological factors of E. coli or Enterococcus spp. and K-
12 coliphages be monitored monthly.      

Toward novel treatment systems. A protease enzyme system, such as with proteases 
attached to beads in a flow-through column, could potentially be used to degrade enteric 
viruses in recycled water treatment, such as in portable treatment systems.  

 
Key factors identified in pathogen decay. 

• Proteases. Protease enzymes produced by indigenous organisms may potentially 
attack the protein coat of both indicator coliphages and enteric viruses. 

• Salts. Increased concentration of salts during pan-drying treatment and stockpiling 
may contribute to the stress on cellular indicators and pathogens, particularly as the 
DS value reaches ~15% salt and above. 

• Indigenous organisms. Indigenous organisms appear to be a major factor in 
inhibiting Salmonella spp. in both MAD and pan-drying sludge. 

• Decay of naked DNA. Rapid degradation of naked DNA by sludge is likely to be 
factor in full degradation of viruses and bacterial pathogens. 

 
Requirement for Microbiologists in the Water Industry 

• To address the need for staff at all levels with microbiology qualificatons (section 
11.4) the water industry should consider employing more microbiologists, to include 
career tracks through management. 
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Chapter 1. Introduction 

1.1 Background and aims of the project 
The practice of recycling stabilised sewage sludge (biosolids) to apply to farmland is a 
logical and environmentally practical alternative to long term storage or disposal to landfill.  
Biosolids can provide substantial benefits to soils by the addition of organic material and 
plant nutrients, such as nitrogen, potassium and phosphorus and by improving water 
holding capacity.  It is becoming increasingly important to find alternatives to chemical 
fertilizers, which are rising in cost due to global depletion of phosphate rock reserves 
(NRMMC, 2004).  It is equally important that applied biosolids do not pose an 
unacceptable risk to public health and that the community has confidence in food 
produced on biosolids-applied land.   
 
Raw sludge can potentially contain pathogenic microorganisms, including bacteria, 
viruses, protozoa and helminths.  It is important, therefore, that wastewater treatment 
substantially reduces the content of pathogenic microorganisms in treated sludge, prior to 
application. To guard public health, current Victorian State Guidelines describe the 
microbiological criteria for treatment of Grade T1 products (unrestricted) and the restricted 
grade products,  T2 and T3 (EPA Vic, 2004).   A common metropolitan process for 
producing Treatment Grade T1 material is anaerobic digestion, followed by dewatering 
and a minimum storage period of dewatered biosolids for three years. 
 
Long term storage of biosolids, however, can lead to the loss of two key plant nutrients, 
nitrogen (by microbial activity) and phosphorus (by leaching), as shown by our previous 
work in the Smart Water Fund project (Round 4, Pathogen risk and nutrient status of air-
dried and stored biosolids; Rouch et al. 2011a). It is, therefore, critical to determine if the 
prescribed storage time can be reduced, while maintaining public health.  In other words, 
during normal treatment and storage, do microbial pathogens reach safe levels in less 
than three years?  
   
Our Round 4 project evaluated the decay of indicator micro-organisms during the sludge 
air drying and stockpiling processes at two wastewater treatment plants (WWTPs) in the 
greater Melbourne area; Eastern Treatment Plant, Melbourne Water Corporation (ETP, 
MWC) and Mt Martha Plant, South East Water Limited (MM, SEWL).  These plants use 
anaerobic digestion, followed by pan drying and storage in stockpiles for at least three 
years.  Escherichia coli and Salmonella spp. represented pathogenic enteric bacteria and 
coliphages represented enteric viruses.   
 
In drying-pans from both WWTPs, E. coli showed substantial decay during pan drying.  
Levels of E. coli dropped from 1 x 106 cfu/g DS (T3 grade) on entry into the drying pan to 
<1000 cfu/g at 6 to 7 months (equivalent to T2 limit) and <100 cfu/g by 8 to 10 months 
(equivalent to T1 limit).  There were only minor differences between the two WWTPs 
plants in the length of time required to reach each treatment grade.  Decay of coliphages 
was similar to that of E. coli.  Salmonella spp. was not detected in a selected range of 
drying-pans and stockpiles.  This preliminary study suggested that biosolids of Treatment 
Grade T1 could be produced during pan-drying treatment, following anaerobic digestion, 
without a requirement for three years storage.  
 
A correlation is needed to be established between these indicators and potential 
pathogens present in sewage sludge.   
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 1.2 Potential pathogens and indicators in wastewater 
Sewage sludge may contain many species of enteric pathogens. The enteric pathogens 
present in sludge include enteric viruses, protozoa, helminths and bacteria. Enteric viruses 
found in biosolids can be divided into two major groups: enteroviruses such as Poliovirus, 
Coxsackievirus, Hepatitis A viruses and Echovirus, and a heterogeneous group including 
Adenovirus, human Rotavirus and Astroviruses.  Bacterial organisms found in sewage 
sludge include Salmonella spp. and Campylobacter spp., which cause gastroenteritis in 
humans. The most common protozoan parasites of concern in sludge are Cryptosporidium 
spp. and Giardia lamblia, which cause diarrhoeal illness. Helminths such as Ascaris 
lumbricoides are also present in Australian sewage, although in very low numbers (Sidhu 
and Toze, 2009).  
 
In developed countries, the levels of most potential pathogens are either low or absent in 
raw sludge, therefore there is a need for indicators of the presence of certain pathogens.  
An indicator is a microorganism that serves as a surrogate for other pathogens present in 
biosolids (Gerba et al., 2002). Indicators can predict the rate of decay of pathogens and 
the levels of potential pathogens in biosolids for quality control purposes (Sidhu and Toze, 
2009).  As the major groups of pathogens differ in resistance and behaviour in the 
environment, indicator pathogens are chosen to represent each major group (EPHC, 
2006).  An appropriate indicator should be an organism that is constantly present in 
sewage sludge at measurable numbers, has equal or greater resistance under 
environmental conditions than the pathogen group it represents and has a strong 
correlation with the presence of that group of pathogens (Gerba et al., 2002; Hurst et al., 
2002).   
 

1.3 Justification of choice of organisms 
The seven pathogens and indicators assessed in this project were chosen for a number of 
reasons. Three of these, the bacteria E. coli and Salmonella spp., and the helminth 
Ascaris spp, are directly named in current regulations for assessing their decay in 
treatment (EPA Vic, 2004).  Enterococcus spp. was included to determine whether this 
organism would be a better indicator for the decay of bacterial pathogens than E. coli. 
Coliphages are well recognised as indicators for determining the decay of enteric viruses.  
Adenovirus (porcine adenovirus and human adenovirus type 40/41) was selected to 
represent the decay of all enteric viruses. Cryptosporidium parvum is a reference 
pathogen for reduction of pathogenic bacteria in producing recycled water (EPHC, 2006), 
but no indicator for Cryptosporidium spp. Reduction either in recycled water or biosolids 
has yet been identified.    
 
Four of these organisms are low in numbers or absent in sludge from anaerobic digesters 
from Australian treatment plants, namely Salmonella spp., Ascaris spp., Adenovirus and 
Cryptosporidium parvum.  These organisms were used in laboratory simulations of pan-
drying and stockpiling.  This enabled us to compare log reductions and derive decay 
coefficients for indicators in the field and in the laboratory and pathogens in laboratory 
simulations.   
 
Table 1.1 summarises the levels of selected microbial pathogens at various stages of 
biosolids treatment.   
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Table 1.1. Pathogen concentrations in raw wastewater  
 

Pathogen Concentration in raw wastewater 
(organisms L-1) 

Location 

 Mean Range  
Viruses    
Enteric viruses c 2.4 x 104 3.8 x 103 – 1.2 x 105 USA 
Enterovirus c 3.5 x 102 1.4 x 102 – 8.3 x 102 Netherlands 
 4.9 x 103 1.0 x 103 – 1.4 x 104 Spain 
Hepatitis A Virus 6.5 x 105 0 – 2.3 x 106 Brazil 
Human Adenovirus a 1.4 x 107 4.71 x 105 - 2.52 x 107 Spain 
Noroviruses a 2.1 x 105 5.1 x 103 – 8.5 x 105 Netherlands 
Norovirus GI a n/a 1.7 x 102 – 2.6 x 105 Japan 
Norovirus GII a n/a 2.4 x 103 – 1.9 x 106 Japan 
Norovirus GIV a 3.9 x 104 1.6 x 104 – 6.9 x 104 Japan 
Polyomavirus JC a 2.6 x 106 1.83 x 105 - 8.9 x 106 Spain 
Polyomavirus BK a 1.5 x 106 1 x 105 – 2 x 106 Spain 
Reovirus c 9.0 x 102 1.1 x 102 – 2.1 x 103 Netherlands 
Rotavirus 3.1 x 104 b 5.1 x 103 – 9.6 x 104 Brazil 
 1.8 x 104 a 3.4 x 102 – 5.5 x 104 Netherlands 
 5.4 x 103 b 1.0 x 103 – 1.4 x 104 Spain 
 1.56 x 102 b 2.5 x 101 – 6.5 x 102  Spain  
Bacteria     
Campylobacter d 5.53 x 104 n/a UK 
Salmonella d 4 x 103  n/a  
 3.3 x 103 n/a UK 
 n/a 7.8 x 108 – 6.5 x 109 Mexico 
 n/a 4.5 x 106 – 2.4 x 106 Mexico 
Shigella d  n/a 101 – 104  
Protozoan (oo)cysts    
Cryptosporidium 
oocysts 

4.8 x 103 8.3 x 102 – 1.3 x 104 Canada 

 2 x 102 n/a  
 4.9 x 102 n/a  
 n/a 3 x 10-1 – 4 x 103  
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Table 1.1 continued. Pathogen concentrations in raw wastewater  
 
Pathogen Concentration in raw wastewater 

(L-1) 
Location 

 Mean Range  
Giardia cysts 1.6 x 104 n/a  
 7.6 x 102 n/a Tunisia 
 4.8 x 103 5.1 x 102 – 1.8 x 104 Morocco 
 n/a 1.25 x 102 – 2 x 105    
 2 x 102 n/a  
 n/a 1 x 102 – 2 x 104 Norway 
 n/a 3 x 102 – 8.9 x 103 Norway 
 8.3 x 101 1 x 103 – 2 x 104 Canada 
Helminth eggs    
Total helminth 
eggs 

8 x 102 n/a  

Ascaris eggs 1.7 x 102 1.3 x 101 – 6.7 x 102 Pakistan 
 n/a 2.4 x 101 – 2.7 x 101  Mexico 
 n/a 5 x 100 – 1.1 x 102   
 n/a 6.6 x 100 – 1.5 x 101 Mexico 
 4.6 x 102 n/a Tunisia 
 3.9 x 101 7 x 10-1 – 1.3 x 101 Morocco 
Taenia eggs 5.1 x 101 n/a Tunisia 

n/a – not available 
a Genome copies (GC)/L 
b immunofluorescence foci (FF)/L 
c Plaque Forming Units (PFU)/L 
d MPN – most probable number 
References: viruses; Prado et al. (2012) Albinana-Gimenez et al., (2006), Lodder and Husman 
(2005), Haramoto et al. (2006), Kitajima et al. (2009), Oragui et al. (1989), Bosch et al. (1988), Berg 
and Berman (1980): bacteria; Arimi et al. (1988), Cooper and Olivieri (1998), Yaziz and Lloyd 
(1979), Jimenez et al. (2001),Yates and Gerba (1998): protozoa; Chauret et al. (1999), Cooper and 
Olivieri (1998), Robertson et al. (2000), Yates and Gerba (1998); Robertson et al. (2000), Ayed et al. 
(2009), Amahmid et al. (1999), Robertson et al. (2006): helminths; Cooper and Olivieri (1998), 
Ensink et al. (2007), Jimenez et al. (2001), Yates and Gerba (1998),  Navarro et al. (2009), Ayed et 
al. (2009), Amahmid et al. (1999). Table reference: based on Grant and Smith 2010, Table 4.2. Data 
references are given in section 1.6 References. 
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The choices of indicators and pathogens are discussed in more detail below. 

Escherichia coli  
Escherichia coli was chosen as the most suitable indicator for the presence of bacterial 
pathogens, both in field studies and in the laboratory simulations.  As our investigations 
have found that output from anaerobic digesters contains~106 cfu/g DS, there was no 
need to spike samples used in laboratory simulations.  E. coli fits all the criteria of a 
suitable indicator, and moreover it can be enumerated easily by the well-established 
membrane filtration technique.  It is also required to be monitored by the Victorian 
Biosolids Land Application Guidelines (2004) and is a globally recognised indicator of 
faecal pollution.   

Enterococcus spp.  
The enterococci comprise a group of several species of the genus Enterococcus found in 
the gut of humans and animals as well as some species of Streptococcus originating from 
horses or cattle.  Enterococci are generally present in sewage sludge in numbers large 
enough to demonstrate their decay in biosolids.  As selective media are available for this 
group of bacteria, they can be enumerated by membrane filtration (WHO 2001).  The 
enterococci are known to be more persistent in the environment than E. coli and may be 
useful as an additional indicator of the presence of bacterial pathogens.   

Salmonella spp.  
Salmonella spp. belong to the same family as E. coli (Enterobacteriaceae) and are expected to 
behave in a similar manner to E. coli during the treatment of sewage sludge.  As Salmonella 
spp. are leading causes of food-borne disease in most parts of the world, the current Victorian 
guidelines prescribe maximum levels of Salmonella spp. for the various treatment grades of 
biosolids.   

Coliphage  
Bacteriophages are viruses that infect bacteria.  Coliphages, which infect coliform bacteria, 
are a large heterogeneous group of bacteriophages.  MS2 (an RNA coliphage) infects via 
the F-pilus, while the T group coliphages (DNA coliphages) attach to specific surface 
proteins on the bacterial surface.   

 
At least in water environments, coliphages appear to be as resistant as enteric viruses 
under environmental conditions and coliphages have been used as indicators for enteric 
viruses in wastewater (Harwood et al., 2005).  Other studies, however, suggest that 
coliphages are poor indicators of the absence and presence of enteric viruses as they are 
removed or inactivated differently from enteric viruses (WHO 2001; Sidhu and Toze, 
2009).  One possible reason for this is that at least some coliphages may be able to 
replicate in water environments (Borrego et al. 1990; Grabow et al. 1984; Seeley and 
Primrose 1982, cited in WHO 2001).   

 
Given the uncertainties regarding the relative persistence of coliphages and enteric 
viruses, we chose to enumerate coliphages in both the field studies and laboratory 
simulations.  The initial plan was to use MS2, however, the early studies showed that 
numbers were low and variable in field samples.  We therefore chose to use the total 
coliphage count as a possible indicator of the presence of enteric viruses in biosolids in 
field samples, using an E. coli K-12 host. This group of coliphages is thus called the K-12 
group of coliphages.  As levels of K-12 group coliphages were also low in MAD samples, 
we used two other bacteriophages to seed biosolids in some experiments.  Coliphage T2 
(host E. coli B) detected a different range of indigenous coliphages (B group coliphages)  
from the E. coli K-12 host.  The other bacteriophage used in some simulation experiments 
was the bacteriophage P22 (host Salmonella Typhimurium).    
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Adenovirus  
Adenoviruses are large double-stranded DNA viruses.  Human adenoviruses (HAdV) are 
excreted in human faeces, thus frequently found in wastewater or sewage materials 
(Jiang, 2006).  Adenovirus type 41, 12 and 40 are the predominant adenoviruses found in 
wastewater, making up 60%, 29% and 3% respectively (Fong et al., 2010).  Adenoviruses 
are present in higher numbers than other enteric viruses in both raw and digested 
biosolids, although the reported numbers vary considerably (Enriquez et al., 1995; Jiang, 
2006; Carducci et al., 2008; Sidhu and Toze, 2009).  They are more resistant to decay in 
wastewater treatment processes, than other viruses commonly found in human faecal 
material (WHO 2004, Gerba et al. 2002, Thompson et al., 2003).     
 
Porcine adenovirus type 3 (PAdV-3) was chosen as it has similar properties to those of 
HadV but is not infectious to humans (Bangari and Mittal, 2004).  PAdV-3 is more easily 
grown in cell culture than HAdV.  Also PAdV-3 is not generally present in sewage sludge.  
For these reasons, PAdV-3 was chosen as an indicator for the persistence of enteric 
viruses in laboratory simulation experiments.   
  
Cryptosporidium parvum 
Cryptosporidium parvum was chosen as the most appropriate indicator to represent 
protozoa in wastewater treatment processes.   Cryptosporidium parvum, C. hominis and C. 
meleagridis are important human pathogens, which cause chronic diarrhoea, mainly in 
children and people with depressed immune systems.  They have a low infective dose 
which causes concern if they are found in biosolids.  Healthy individuals commonly 
become infected, but show no signs and symptoms of disease although they are capable 
of transmitting the infection via faeces.  Cryptosporidium spp. oocysts are found is sewage 
less commonly than Giardia lamblia cysts (10-100 times less common), however, C. 
parvum was chosen for this study because the oocysts are more difficult to remove with 
wastewater treatment processes (EPHC, 2006).  

Ascaris suum 
Ascaris suum was chosen as an indicator for the presence of other helminths for the laboratory 
simulation studies.  This decision was based on the revised guidelines of the USEPA (1999), 
which prescribe live Ascaris spp. eggs as indicators of parasites in water, wastewater, sludge 
and biosolids.  Eggs of Ascaris spp. are used because they are extremely resistant to most 
types of inactivation compared to other helminth eggs (Brownell and Nelson, 2005, Capizzi and 
Schwartzbrod, 2001).  Ascaris lumbricoides, which infects humans, and A. suum, which infects 
pigs, are morphologically indistinguishable, have a similar life cycle (WHO, 2004) and their 
inactivation in the environment is similar (Nelson, 2002).  Eggs of A. suum are easier to obtain 
than eggs of the human pathogen, A. lumbricoides.  Moreover A. suum is not infective to 
humans and is therefore safer to handle in large quantities in the laboratory.   
 

1.4 Risk analysis  
Although most potential pathogens are either absent or present in low numbers in raw 
sludge in developed countries, it is still important to model the risk of pathogens in the 
application of treated sludge to land. We therefore developed a model to follow the decay 
of nine pathogens in wastewater treatment from the infected population through to annual 
exposure from ingestion of uncooked root crops grown in biosolids amended soil.  This 
was the work of Elisa Jiminez Grant and Professor Stephen Smith, Imperial College 
London.   
 
Chapter 11 summarises the risk analysis, as published in Grant et al 2012 (see Appendix 
1 for citation). For the full analysis see the attached report file, ‘Microbial Risk Assessment 
for Land Application of Biosolids’ by E Jimenez Grant and S R Smith. 
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1.5 Aims of the current project  
 
Aim 1 

As field studies undertaken for the Round 4 project covered only one year, they needed to 
be repeated over another season to confirm results and detect any possible seasonal 
variations in pathogen decay.   The first aim of the current project was therefore to confirm 
that the microbial decay results obtained from the Round 4 funded project are repeatable 
over different years with different weather patterns, by undertaking further analysis of field 
samples collected at ETP and Mt Martha WWTPs. 
 
Aim 2 

The log reductions demonstrated by the Round 4 project apply only to microbial indicators 
of pathogenic microbes; not to the pathogens themselves.  Demonstrating log reductions 
of Salmonella spp., enteric viruses, protozoa and helminths is not possible due to low 
numbers in Victorian sewage sludge.  Moreover, it is neither practical nor safe to add 
pathogens to sludge in the field.  A second aim of this project was therefore to set up a 
laboratory simulated treatment process to quantify the decay of selected microbial 
pathogens and their indicators.  The simulation examined log reductions of key bacterial 
and viral pathogens, enteric parasites and indicators for all of these pathogens.  Log 
reduction data was calibrated against field data as well as dry solids (DS) and volatile 
solids (VS) content of the sludge to provide a basis for HACCP plans having critical control 
points based on physical parameters in the field.     
 
Aim 3 

Perform a public health risk assessment for application of biosolids to agricultural land in 
Victoria.  This study was performed by Professor Stephen Smith, Imperial College, 
London.     
 
Aim 4 

Although numerous studies have reported levels of microorganisms present in sewage 
sludge, the lack of rapid standardised methods to detect viruses, protozoa and helminths 
prevents comparison between data from different laboratories.  A fourth aim of this project 
was to develop methods for rapid quantification of live microorganisms contained in 
sludge.   
 
Aim 5 

Finally, since factors responsible for the decline of organisms during wastewater treatment 
are poorly understood, a secondary aim was to investigate key factors responsible for this 
decay.     
 
The results of this project are expected to underpin the revision of the current Victorian 
guidelines for obtaining T1, T2 and T3 treatment grades of biosolids and to contribute to 
the development of Australian guidelines for land application of biosolids.   
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Chapter 2. Summary of Methods & Equipment 
This chapter summarises the methods that were modified from standard methods or 
developed for this project.  Detailed descriptions of the methods are shown in Appendix 2.  
 
 

2.1 Enumeration of pathogens and indicators 
 
The following microorganisms were enumerated in this study.   

2.1.1 Bacteria 

Escherichia coli (indicator) 

Enterococcus spp. (indicator) 

Salmonella spp. (pathogen) 
 

2.1.2 Bacteriophages 

Escherichia coli bacteriophages (coliphages) 

Coliphage K-12 group (indicator) 

Coliphage B group (indicator) 
 
Salmonella Typhimutium bacteriophage 

 
P22 bacteriophage 

 

2.1.3 Viruses 

Porcine Adenovirus type 3 (PAdV-3) (indicator, pathogen of pigs) 

Human Adenovirus (HAdV) (pathogen) 
 

2.1.4 Protozoan parasites 

Cryptosporidium parvum (pathogen) 

2.1.5 Helminths 

Ascaris suum (pathogen) 

 
All assay methods for indicators and pathogens were developed in this project or improved 
from previous development in the Round 4 project. 
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2.2 Sludge analysis 

Dry solids and volatile solids content 
Dry solids (DS) and volatile solids (VS) were analysed by methods detailed in Appendix 2.  
For field samples, the sample size was 10 g wet weight, while for laboratory simulations 
the sample size was 1 g wet weight.  In both cases weights were determined 
gravimetrically to 4 decimal places. 
 

2.3 Simulations 

Mesophilic anaerobic digestion 
A laboratory scale mesophilic anaerobic digester, with the same operating parameters at a 
municipal digestion processes at ETP, was set up as described in Appendix 3.  A reactor 
volume of 30 L, a residence time of 15 days and a temperature of 35 °C were set as the 
main process parameters. Additional parameters such as pH, volatile fatty acids (VFA) 
concentration and the biogas volume and composition were monitored regularly.  

Pan Simulation 
Refer to Appendix 4.     

2.4 Data analysis 

2.4.1 Non-linear regression 
The decay of pathogens in pan-drying treatment (both in field plants and laboratory 
simulations) for project data reported here, exhibit first order kinetics, that is pathogen 
decay occurs at negative exponential rates (Fig. 2.1). Therefore the trends of pathogen 
decay over time are analysed by non-linear regression. In this example, the decay trend is 
described by the equation y = 2423588*e-0.087*x, where y is the number of E .coli per g DS, 
and x is the treatment time, in days. Usually the graphs are presented with a Y axis of 
log10, to show the pathogen decay trend as a straight line (Fig. 2.2). 

Natural log vs Log10 
Regulations generally refer to Log10 units of decay, so most Y-axes in this report are of 
Log10 units. Decay rates of organisms, however, are best quantified using the natural 
exponent, e, as described above. It logically follows that statistical analysis of decay rates 
should use natural log transformations. 
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Fig. 2.1. Exponential decay of E. coli during simulation pan-drying, with linear Y axis. 
 

 
Fig. 2.2. Exponential decay of E. coli in simulation pan-drying, with log10 y axis.  
 

2.4.2 Coefficients of decay 
The exponent value, in this case, -0.087, can be described as the coefficient of decay. The 
more negative this number, the steeper the decay of the pathogen over treatment time. 
The rate of decay is entirely dependent on the coefficient of decay, so the rates of decay 
of pathogens from different field pans or laboratory simulation experiments can be 
compared by comparing the coefficients of decay. 
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2.4.3 Linear regression 
To calculate statistical variation in coefficients of decay, it is necessary to transform the 
numbers of pathogens by natural log (Ln). The purpose of this transformation is to provide 
the data for linear regression. While the original data is in non-linear form, different 
statistical software packages give different results for non-linear regression. So, to provide 
robust analysis, the data must be transformed to provide a linear relationship between 
natural log values of pathogen numbers, and treatment time (Fig. 2.3). 
 
 

 
Fig. 2.3 Natural log values of E. coli numbers versus incubation time show a linear relationship. 
 
Linear regression of transformed data, using the MS Xcel regression tool, provides a range 
of statistical values, including correlation coefficient (r2), P-value, and confidence limits, 
which are reported in this study (A7.3, Appendix 7).  Confidence limits are shown 
graphically in graphs of MS Xcel stock chart style (Chapters 6, 7, 8). 
 

2.5 Major equipment 

2.5.1 Laboratory PC2 
In 2009 RMIT University funded the building of the dedicated Wastewater Laboratory at 
the Bundoora West campus (Fig. 2.4). The dedicated laboratory is at Physical 
Containment (PC2) safety quality, to support the laboratory simulations reported in this 
project (Fig. 2.5).  
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Figure 2.4 Dedicated Wastewater Laboratory under construction, with Professor Margaret Deighton, 
Professor Stephen Smith, and Dr Duncan Rouch.  
 
 

  
Fig. 2.5. Pan-drying and stockpiling simulation at the dedicated Wastewater Laboratory, with Professor 
Margaret Deighton and Dr Duncan Rouch. 

 

2.5.2 Specialised equipment 
Equipment funded by SWF for this project includes:  

• 5 biological safety cabinets (4 new and 1 second-hand).  Four  of these are 
located in the dedicated Wastewater Laboratory, and two of them have been 
modified with pairs of steel poles, to hold equipment 

• 2 sets of 4 infrared heaters and dedicated control boxes, to simulate the 
infrared heat from the sun for drying sludge 

• Furnace, programmable, to analyse VS values of sludge 
• Fume-hood, mobile, for the furnace, and oven (see below)  
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RMIT University has funded/provided two further equipment items (oven and balance) for 
the dedicated Wastewater Laboratory: 

• Oven, fan-forced, for a number of purposes, including determining DS values of 
sludge, and incubating agar plates for analysing content of E. coli and 
Enterococcus spp. 

• Balance, 4 decimal places, for weighing crucibles for DS and VS analysis. 
 

• Assay chambers.  These were used for seeding biosolids with porcine Adenovirus 
(PAdV-3), oocysts of Cryptosporidium parvum and eggs of Ascaris suum, since it 
was not possible to obtain sufficient quantities of these organisms for seeding 
larger containers and following their decay (Fig. 2.5).   The methods for making and 
validating assay chambers are described in Appendix 5.   

 

Fig. 2.5 Structure of assay chamber developed in this project.   
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Chapter 3. Field studies at Eastern Treatment Plant 
(Melbourne Water Corporation) 
 

3.1 Background and aims  
Preliminary studies were conducted at two metropolitan Wastewater Treatment Plants in 
2007-2008 (Eastern Treatment Plant, ETP, Melbourne Water Corporation and Mt Martha 
treatment Plant, South-East Water) (SWF Round 4 project, Rouch et al. 2011).   In the pan 
drying phase, at ambient air temperatures ranging from 8.3 ºC to 23.9 ºC, the prevalence 
of E. coli was reduced by >5 log10 compared with sludge entering the pan.  After pan 
drying of 8-11 months at ETP and 15 months at Mt Martha WWTP, the numbers of E. coli 
were reduced to below 102 cfu/g DS.  This level is acceptable for unrestricted use in 
agriculture in Australia (P1 treatment grade), the UK (enhanced treatment status) and the 
USA (Class A pathogen reduction).  Coliphage numbers also decreased substantially 
during the air-drying phase, indicating that enteric viruses are also likely to be destroyed 
during this phase.  Nevertheless, as the earlier investigation was conducted over only one 
season, it is necessary to repeat the study over another drying season.  
 
The aim of this investigation was to determine the levels of E. coli and coliphage 
throughout the pan drying and stockpiling process at ETP in pans dried over the summer 
period and in all-year pans.  Levels of Enterococcus spp. and Salmonella spp. were also 
determined, as these bacteria are used in the water industry to assess water quality.   A 
similar study was conducted at Mt Martha Treatment Plant (Chapter 4).   
 
To examine some of the factors that affect indicator decay during pan drying, dry solids 
content (DS) and volatile solids (VS) were determined as an indirect measure of organic 
content, pan temperatures were recorded and rainfall and temperature data were obtained 
from the Mornington and Frankston weather stations, respectively.   
 

3.2 Methods 

3.2.1 Program of sampling 
At the ETP, pans are repeatedly filled with anaerobic digester output (MAD) and the 
supernatant decanted over a period of 4 to 8 weeks, before drying begins.    
 
At intervals of approximately 6 weeks, samples were collected from MAD output, two air 
drying pans (pan 23, dried over 12 months and pan 41, dried over summer, 8 months) and 
selected stockpiles. Dates for filling these pans and stockpiling are shown in Table 3.1. At 
each sampling, triplicate samples were taken from the sampling line of anaerobic digesters 
and three composite samples were taken from drying pans.  Stockpiles SP19, SP38, or 
SP45 were sampled at the each time of pan sampling.  After pans 23 and 41 were 
stockpiled, stockpile 16 (SP16, x pan 41) and stockpile 40 (SP40 x pan 23) were sampled.  
Sampling targeted the biosolids from pans 23 and 41 respectively. Both SP16 and SP40 
originated from the 1980's, since it is field practice at ETP to add new sludge onto old 
stockpiles, due to lack of space.   Stockpiles were sampled three times at three different 
depths to provide composite samples at, 0-0.2 m (surface), 0.4-0.6 m, and 0.9-1.1 m.  
Samples were transported to the laboratory on the day of collection, and stored at 4 ⁰C 
and analysed within 72 h.   
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Table 3.1. Dates pans were filled and stockpiled 
 
Pan number  Start Fill End Fill 

 
Stockpiled 

Pan 23 (all year drying) 
 

13/03/2009 
 

21/05/2009 
 

 
18/03/2010 

 
Pan 41 (summer drying) 
 

31/08/2009 
 

11/11/2009 
 

3/05/2010 

 

3.2.2 Enumeration of and identification of Escherichia coli, Enterococcus 
spp., Salmonella spp.  and coliphage 
Each sample was analysed for E. coli, Enterococcus spp. Salmonella spp. and K12 
coliphage.  Microbial counts were converted to number of bacteria or bacteriophage/g DS, 
and transformed to log10 values.  A full description of the methods is available in Appendix 
2.   
 
Any presumptive Salmonella spp. isolated were identified and speciated by a reference 
laboratory; Microbiological Diagnostic Unit, University of Melbourne.   

3.2.3 Measurement of pan temperatures  
At each sampling, pan temperatures were measured at a depth of 60 cm using a compost 
thermometer. 

3.2.4 Weather data   
The closest weather station to ETP is the Frankston AWS (086371).  Temperature data 
was analysed from this station, while rainfall data (mm) was analysed for the Mornington 
weather station (086079), as rainfall data was not available from Frankston AWS 
(Appendix 6).  

3.2.5 Dry solids determination 
The dry solids content of all samples was measured as summarised in Section 2.2.   A full 
description of the methods is available in Appendix 2.   

3.2.6 Volatile solids  
Volatile solids data was not obtained for field samples from ETP, as the furnace oven 
obtained for this project, for volatile solids analysis, was not available for use until June 
2010.   
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3.3 Results 

3.3.1 Decay of Escherichia coli, Enterococcus spp. and coliphage  
The levels of E. coli, Enterococcus spp. and coliphage in a 12 month pan (pan 23) and a 
summer, 8 month, pan (pan 41) are presented by treatment times in Figs. 3.1 and 3.2, 
respectively.   For all graphs, time zero corresponds to the start of filling, as data showed 
decay of indicators occurred before the end of filling.   From initial levels in the anaerobic 
digester output of ~106 cfu/g DS (E. coli and Enterococcus spp.) and ~104 cfu/g DS 
(coliphage), the levels of all indicators decreased. For E. col, regulations require treatment 
grades to be reported as MPN/ g dw, however we report data in the cfu/g DS unit, which is 
equivalent, though more accurate.  So, for E. coli, T2 treatment grade levels (1000 cfu/g 
DS) were reached in ~ 220 days and ~160 days for all year and summer drying pans 
respectively, while T1 grade levels (100 cfu/g DS) were reached in ~ 300 days and ~230 
days for all year and summer drying respectively (Figs. 3.1, 3.2).  There are currently no 
guidelines for grade levels of Enterococcus spp. in biosolids.    
 
For filtration enumeration methods the accurate limit of detection is approximately 20 
organisms per g DS (depending on the actual DS values). Numbers are occasionally 
reported below this, but are less accurate.  
 
Coliphage numbers decreased to levels close to the limit of detection (20 pfu/g DS) by the 
time stockpiling occurred.  The current T1 grade requires ≤ 1 enteric virus pfu/ 100 g DS, 
which is 1000-fold below the normal limit of detection for coliphages.  Nevertheless, 
calculation of the decay rate can forecast when the T1 grade is reached (~400 and 275 
days for winter and summer drying respectively). 
 
No  E. coli, coliphages, or Salmonella spp. were detected in any of the samples from the 
five stockpiles (SP16, SP 19, SP 38, SP40, SP45) (limit of detection 20 cfu/g DS), 
however, a high count of Enterococcus spp. was found at two sequential sampling dates in 
SP38.  Enterococcus spp. was not detected in any other samples.  
 
The coefficients of decay (calculated after removal of data points close to the limit of 
detection of assays) of E. coli and coliphage were similar for both summer and all-year 
pans, but were higher for Enterococcus spp. in pan 41 (summer drying) than in pan 23 (12 
month drying) (Table 3.2).   Decay coefficients for E. coli and Enterococcus spp. were 
higher than those for bacteriophage, indicating a greater rate of decay of these bacteria 
than for the coliphages.  
 
Differences between decay coefficients given in graphs and tables are due to differences 
in the way the data was handled.  Graphs show all data, while data below the threshold 
was removed before calculating the linear regression.  Furthermore, graphs show mean 
values while triplicate data was used in calculating linear regression.  Finally, graphs show 
log10 reductions, while linear regression uses Ln values.  Linear regression (tables) is 
more accurate than the non-linear (exponential) regression (graphs).  Non-linear 
regression is presented to be consistent with industry standards.  
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Fig. 3.1. Indicator decay in ETP pan 23 (full year drying). Drying time (by days).  Numbers start from the 
beginning of filling.  Coliphage is K-12 Coliphage. The first entry (time 0) represents sample for anaerobic 
digester output.  Error bars show +/-1 STD.  Limit of detection is 20 cfu/g DS for bacteria and 20 pfu/g DS for 
bacteriophages.  
 
 

 
Figure 3.2. Indicator decay in ETP pan 41 (summer drying). Drying time (by days).  Numbers start from 
the beginning of filling.  Coliphage is K-12 Coliphage. The first entry (time 0) represents sample for anaerobic 
digester output.  Error bars show +/-1 STD.  Limit of detection is 20 cfu/g DS for bacteria and 20 pfu/g DS for 
bacteriophages.   
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 Table 3.2. Log10 reduction, coefficients of decay, correlation coefficient1 

 
Indicator 
 

Pan 23 
(full year) 
2009-2011 

 Pan 41 (summer) 
2009-2011 

 

Pan 33 
(full year) 
2007-2008 

 Log10 
reduction 

R2 value Decay 
coefficient 

Log10 
reduction 

R2 value Decay 
coefficient 

 Log10 
reduction 

R2 value     Decay 
 coefficient 

E .coli 5 0.93 -0.028+/-0.03 4  
 

0.80 -0.032+/-0.07  4 0.98     0.033+/-0.03 

Enterococcus spp. 4 0.93 -0.025+/-0.02 3.5 0.94 -0.036+/-0.03 
 

 ND2 ND2     ND2 

Coliphage 2.5 0.80 -0.014 +/-0.03 2.5 0.88 -0.019+/-0.02 
 

 2 0.98     0.020+/-0.02 

 
1 These values were calculated after removal of data points close to the limit of detection of assays. In contrast graphs show full raw data, so there may be differences between values 
in raw graphs and analysis tables and figures. 
2 ND not done  
 
The higher the coefficient of decay indicates a higher rate of pathogen decay.    
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3.3.2 Prevalence of Salmonella spp.  
Salmonella spp. was isolated from MAD output samples at ETP on six ocasions from 
January 2009 to June 2010.  The numbers isolated fluctuated throughout the period of the 
study.  The highest number of Salmonella spp. (1.34 x 102 cfu/g DS) occurred in the early 
Summer season (December) (Fig. 3.3).  Salmonella spp. was either present in low 
numbers or not isolated during the remainder of the year.  In contrast, numbers of E. coli 
isolated from MAD output were in the range of 105 to 106 CFU/g DS (Fig. 3.4).   
 
Serotyping of Salmonella spp.  isolates from MAD samples revealed a range of serotypes.  
The greatest number of different serotypes occurred in mid-July (winter) (Table 3.3).   
 
Salmonella spp. (10 cfu/g DS) was isolated from only one pan sample.  This occurred in 
March 2010 from a pan aged about 7.5 months.  The isolate was identified as the rare 
serotype, Salmonella Apapa, which is not a usual human pathogen.   
 
No Salmonella spp. were isolated from any stockpile sample over the period of the study 
(limit of detection 20 Salmonella spp./g DS).   
 

 
Fig. 3.3. Numbers of Salmonella spp. in anaerobic digester samples from ETP. Dashed line indicates 
threshold of detection (20 CFU / g DS). Numbers are based on confirmation data. 
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Fig. 3.4. Numbers of E. coli in anaerobic digester samples from ETP. 
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Table 3.3. Serotypes of Salmonella isolated from samples collected from MAD 
output and drying pans 
Date of 
sampling 

Month 
 

MAD Drying pan 

20/07/2009 
 

July 2009 Salmonella enterica serovar 
Newport 
Salmonella enterica serovar 
Senftenberg 
Salmonella enterica serovar 
Abony 
Salmonella enterica serovar 
Virchow 8* 
Salmonella enterica serovar 
Abony 
Salmonella enterica serovar 
Aberdeen* 
Salmonella enterica serovar 
Typhimurium RDNC 
Salmonella enterica serovar 
Enteritidis RDNC 
Salmonella enterica serovar 
Virchow 34a 
Salmonella enterica serovar 
Birkenhead 
 

 

05/10/2009 
 

October 
2009 

Salmonella enterica serovar 
Adelaide 

 

09/11/2009 November 
2009 

Salmonella enterica serovar 
Typhimurium 170* 
 

 

14/12/2009 December 
2009 

Salmonella enterica serovar 
Birkenhead* 
Salmonella  subsp. 1 ser 6, 
8:eh.  
 

 

22/3/2010 March 2010 Salmonella enterica serovar 
Albany 
 

Salmonella 
enterica serovar 
Apapa 

07/6/2010 June 2010 Salmonella enterica serovar 
Typhimurium 135* 
Salmonella enterica serovar 
Rissen 
Salmonella subsp 1 ser 
rough:z:1,6 
Salmonella enterica serovar 
Infantis* 

 

 

MAD= Mesophilic Anaerobic Digestion, RNDC = React but did not conform with any phage pattern. 
*Common causes of gastroenteritis in humans in Australia (Communicable Diseases Intelligence. 34(4) 
December 2010). 
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3.3.3 Comparison of log10 reduction data obtained from ETP over two years   
The log decay data for E. coli and K-12 coliphage obtained in this study (2009-2010, full 
year drying pan, Pan 23, summer pan, pan 41 and full year pan, pan 33) was similar to 
that obtained from a study (full year drying) conducted in the previous project (Figs. 3.5, 
3.6, Table 3.2).  Data for Enterococci spp. was only obtained in the current project, 
therefore earlier data was not available to be compared.  

  
Fig. 3.5. E. coli decay in two different years. Levels of E. coli in in pans 23 and 33 (full year) pan 41 
(summer).  Error bars show +/-1 STD.  Drying time numbers start at the beginning of filling.  The first entry 
represents output from anaerobic digesters.   
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Fig. 3.6. K-12 Coliphage decay in two different years. Levels of K-12 coliphage in pans 23 and 33 (full 
year) pan 41 (summer).  Error bars show +/-1 STD.  Drying time numbers start at the beginning of filling.  
The first entry represents output from anaerobic digesters.     
 

3.3.4 Relationship between pathogen decay and rainfall    
The summer of 2009-10 had normal rainfall, whereas 2007-08 had an exceptionally dry 
summer (Table 3.3).  As a consequence, pan 23 (full year drying) and pan 41 (summer 
drying) were dried under conditions of normal rainfall, whereas pan 33 (full year drying) 
was exposed to exceptionally dry conditions over summer.  Despite these differences in 
summer rain between those two periods, the decay data for E. coli and coliphage in pan 
33 (2007-08) and pan 23 (2009-10) were similar (Figs. 3.5 and 3.6), as were the 
respective decay coefficients (Table 3.2).     
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Table 3.3. Rainfall (mm) from Mornington weather station 2007-08 and 2009-10 

 
Month  Year 

  

  2007-08 2009-10 Mean (1981-2010) 
 

 Jan 40 2 42.2 
 Feb 37.4 5.8 39.6 
 Mar 35.6 45.9 42.8 
 Apr 27.8 82.2 60.5 
 May 50.6 21 65.4 
 Jun 75.8 39.2 71.7 
 Jul 125.1 88 70.6 
 Aug 49.4 NA 71.3 
 Sep 35.9 127.2 74.4 
 Oct 31.1 NA 63.3 
 Nov 101.9 NA 62.8 
 Dec 95.1 34.6 59 
 Jan 2.6 22.2 42.2 
 Feb 36.6 NA 39.6 
 Mar 9.6 69.9 42.8 

 
 

Total for drying season (Sep-Mar) 312.8 NA 384.1 
 Total for peak drying months (Dec-Mar) 143.9 NA 183.6 
     
*NA, not available, 
Box indicates the main drying period 
Bolding indicates two months of very low rainfall 

 
The months between March and September 2010 were substantially wetter than normal 
(Table 3.4).  It was therefore decided to spot sample three pans of different treatment ages 
(SDP5, SDP19, SDP30) in September 2010, to determine whether indicator decay was 
still on track.  Numbers of E. coli, coliphage and Enterococcus spp., plotted on graphs 
showing E. coli and coliphage numbers for pans 23, 33 and 41, aligned with previous data 
(Figs. 3.7, 3.8, and 3.9).   
 
Table 3.4. Rainfall (mm) from Mornington weather station 2010 
Year   Mar Apr May June July Aug Sept 

 
2110 
 

  70 117 64 112 54 125 82 

Mean   63 69 71 69 71 72 69 
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Fig. 3.7. E. coli decay in pan-drying at ETP including winter pans 2010. Error bars show ±1 sd range. 
 

 
Figure 3.8. Coliphage decay in pan-drying at ETP including winter pans 2010. Error bars show ±1 sd 
range. 
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Figure 3.9. Enterococcus spp.  decay in pan-drying at ETP including winter pans 2010. Error bars 
show ±1 sd range. 
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3.3.5 Relationship between dry solids content and drying time   
As expected, dry solids content of both pans increased, initially at a slow rate, but then 
increased as drying continued.  The time to reach a value of 10% DS was longer for the 
pan 23 (full year drying) than for pan 41(summer drying), but after the beginning of 
summer (Fig. 3.11), both pans dried at a similar rate (Figs. 3.10 and 3.11).  Data is 
presented by drying time (Fig. 3.10) and month since start of first treatment year (Fig. 
3.11). For SDP 23 and 41 it is noticeable that, once 10% DS was reached, the drying rate 
accelerated. As only four samples were taken from SDP 33, only three moving average 
points are shown for this pan, so the inflection point cannot be determined accurately. 
Nevertheless, from Fig 3.11 it is clear that For SDP 33 the drying season in 2007-2008 
was drier than for SDP 23 and 41 in 2009-2010. 
 

  
Fig. 3.10. Relationship between DS values of sludge during pan (and stockpile) drying (by days). 
Trend lines show moving averages. Data points are averages of triplicate composite samples. The last data 
point for sludge of pan 23 was at stockpile phase. 
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Fig. 3.11. Relationship between DS values of sludge during pan drying (by month since start of first 
treatment year: 0.0 marks the start of January in the first treatment year and 12.0 marks the start of 
January in the second treatment year). Treatment of sludge in SDP 33 was started in 2007 and for SDP 
23 and 41 in 2009. Trend lines show moving averages. Data points are averages of triplicate composite 
samples. The last data point for sludge from pan 23 was at stockpile. 
 

3.3.6 Sludge temperatures over the period of the study 
There were only minor differences in temperatures of sludge in the two pans.  
Temperatures in pan 23 (full year drying) ranged from 10.0 oC in July 2009 to 42.0 oC in 
February, just before harvesting.   Temperatures in pan 41 (summer drying) ranged from 
13.0 oC in September 2009 to 27.0 oC in mid-April (Fig. 3.12).  The increase in DS content 
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Fig. 3.12. Sludge temperature by date. 
 

3.3.7 Relationship between dry solids content and indicator levels    
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data.  These low correlation coefficients were also visible in the graphs showing decay 
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In log-log axes graphs decay in relation to DS content showed linear slopes. (Figs. 3.16, 
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Fig. 3.13. Relationship between DS values and levels of indicators for pan 23 (full year drying). 
Coliphage is K-12 Coliphage. 
 
 

 
Fig. 3.14. Relationship between DS values and levels of indicators for pan 41 (summer drying). 
Coliphage is K-12 Coliphage. 
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Fig. 3.15. Relationship between DS values and level of indicators for pan 33 (full year drying). Ec is E. 
coli Phage is K-12 Coliphage. 
 

 
Fig. 3.16. Relationship between DS values and content of E. coli [log-log plot]. Combined data from 
pan 23, Pan 41and Pan 33. Dotted line indicates limit of detection. Error bars show ± 1 standard deviation. 
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Fig. 3,17. Relationship between DS values and content of K-12 coliphage [log-log plot]. Combined 
data from pan 23, Pan 41 and Pan 33. Dotted line indicates limit of detection. Error bars show ± 1 standard 
deviation. 
 

 
Fig. 3.18. Relationship between DS values and content of Enterococcus spp. [log-log plot]. Combined 
data from pan 23 and Pan 41. Dotted line indicates limit of detection. Error bars show ± 1 standard 
deviation. 
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Table 3.5 DS decay coefficients for indicators (grouped data) 
    Confidence limits     

DS Decay 
coefficient  Lower 95% Upper 95% 

Indicator DS DC LCL UCL r2 P 
E. coli -2.97 -3.89 -2.04 0.71 3.23E-06 
Enterococcus spp. -2.58 -3.26 -1.91 0.81 1.05E-06 
K-12 Coliphage -1.80 -2.47 -1.14 0.62 2.08E-05 

 
 

Table 3.6 DS decay coefficients for indicators (by pan) 
      Confidence limits     

Indicator Pan ID 

DS Decay 
Coefficient 
DS DC 

Lower 95% 
LCL 

Upper 95%  
UCL r2 P 

E. coli 
SDP 23 -3.79 -4.60 -2.98 0.80 2.19E-09 
SDP 41 -2.49 -3.32 -1.66 0.62 2.93E-06 
SDP 33 -2.91 -3.94 -1.88 0.78 8.97E-05 

Enterococcus spp. 
SDP 23 -2.76 -3.53 -2.00 0.68 8.16E-08 
SDP 41 -2.47 -2.88 -2.05 0.87 2.09E-11 

K-12 Coliphage 
SDP 23 -2.21 -2.80 -1.62 0.69 4.85E-08 
SDP 41 -2.12 -2.86 -1.39 0.68 1.42E-05 

  SDP 33 -1.79 -2.43 -1.14 0.77 1.07E-04 
 

3.4 Discussion  
The bacterial indicators showed reductions of 4 to 5 log10 from levels in MAD output (106 
cfu/g DS), irrespective of whether drying occurred over a full year or over the summer 
period (Figs. 3.1,3.2, Table 3.2)   Moreover, similar results were obtained over three 
seasons which differed markedly in rainfall (Figs. 3.5, 3.6, Figs. 3.7, 3.8, 3.9, Table 3.2).  
For E coli the log10 reductions demonstrate decay of E. coli to the criteria level (100 E. coli 
MPN/ g dw) required for production of T1 grade biosolids (EPA, 2004).   
 
Greater than 3 log reduction in enteric viruses is required for verification of alternative 
treatment processes to produce T1 grade biosolids. The levels of coliphage in MAD output 
were ~104/g DS and this was reduced by 2 to 3.5 log10 regardless of drying period and 
season, and therefore would in general allow compliance with the required reduction.  
 
These findings suggest that the drying process at ETP is relatively robust for decay of the 
pathogen indicators for enteric viruses and bacteria.   
 
Complex biological reactions take place during pan drying and this study was not designed 
specifically to examine factors affecting microbial decay during sludge drying in this 
project.  Some observations were made, however.  Dry solids values increased slowly until 
they reached ~10% DS, then rose rapidly.  This rapid rise occurred towards the end of 
January for summer drying pans and full year pans (Fig. 3.11).  The levels of indicators 
decreased rapidly when the sludge was relatively liquid, but when the DS level reached 
~10% the decay rate decreased (Figs. 13 to18).  These observations could be explained if 
the initial rapid decay was due to microbial competition and predation, and the slower 
decay was due to factors associated with dryness.  Both time of exposure and pan 
temperature would be expected to be important factors early in the process.  The factors 



July 2012 © Copyright Smart Water Fund 2012 - Verifying Microbial Safety in Biosolids Treatment Page 50

affecting decay of microbial indicators and pathogens in sludge treatment are discussed in 
Chapter 11.   
 
Decay of Enterococcus spp in drying pans (Figs. 3.1, 3.2, Table 3.2) occurred at a similar 
rate to E. coli, suggesting Enterococcus spp could be an alternative indicator for decay of 
bacterial pathogens in drying pan treatment 
 
Stockpiles generally failed to yield E. coli, Enterococcus spp. or coliphages, but low 
numbers of Enterococcus spp. were isolated from one stockpile (SP38) on two 
consecutive samplings.  Since enterococci are normally found in the intestinal flora of birds 
and animals, its presence in some might have been due to post-treatment contamination, 
possibly related to a line of pooled water that was observed adjacent to the stockpile when 
it was sampled.   
 
The finding of low numbers of Salmonella spp. in MAD output, but rarely in pans and never 
in stockpiles, indicates that the treatment of sewage sludge at this plant is effective in 
removing  Salmonella spp. The fluctuation in the number of  Salmonella spp. in MAD 
samples over the period of the study, with a peak in spring (Fig. 3.3), was probably due to 
seasonal variation in the numbers of  Salmonella spp. entering the treatment plant from 
humans infected with or carrying Salmonella spp, peaking in spring. 
 
Many different serotypes of Salmonella were isolated, with the greatest variety of 
serotypes was found in mid-winter (July).  The finding of a variety of unusual serotypes in 
biosolids is consistent with the literature (Zaleski et al. 2005).   Only three of 19 isolates 
(16%) were serotype Typhimurium, which is the most common serotype implicated in 
human infections.  Approximately 45% of human salmonella infections in Australia are 
caused by S. Typhimurium (Communicable Diseases Intelligence Annual Report 2008).  
The other serotypes are either less commonly implicated in human infections or not 
considered to be human pathogens (Table 3.3).  This difference in serotype distribution 
from the distribution among human cases suggests either the presence of animal 
serotypes in wastewater, human excretion of serotypes of low virulence or differences in 
ability of serotypes to survive in wastewater.   The presence of any Salmonella spp. in 
biosolids products, regardless of their capacity to cause disease in humans, is regarded as 
a public health problem by the Department of Health, Victoria.    
 

3.5 Conclusions  
The pan-drying process at ETP is relatively robust for decay of pathogen indicators, as 
shown from results in three drying seasons, including one exceptionally dry season and 
one exceptionally wet season.  Decay of all three indicators (E. coli, Enterococcus spp.  
and coliphage) occurred during pan-drying across all conditions.  The results also suggest 
that Enterococcus spp. could be an alternative indicator to E. coli for decay of bacterial 
pathogens in drying pan treatment. 
 
The rate of decay of Salmonella spp. in pan-drying treatment could not be quantified 
because only small numbers of Salmonella spp. were detected in anaerobic digester 
sludge and only two isolated pan samples showed presence of Salmonella spp.   A pan-
drying simulation is therefore required to address this issue.   
 
None of microbial indicators were detected in stockpiles, except for low levels of 
Enterococcus spp. on two occasions and these are most likely due to re-contamination of 
stockpiles by animals or birds. 
 
Treatment time is a better gauge of indicator decay than %DS in pan-drying treatment.  
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Chapter 4. Field studies at Mt Martha Treatment Plant 
(South East Water Limited) 

4.1 Background and aims  
Our previous studies, conducted in 2007 to 2008, showed that indicators decayed at a 
somewhat lower rate at Mt Martha WWTP (MM) compared to ETP. Therefore, it was 
considered important to examine another set of samples over a second treatment cycle 
and compare results with those obtained previously.    

 
Treatment processes at the MM treatment plant are generally similar to those used at 
ETP, but there are some differences.  The pan filling schedule at MM consists of filling 
over a period of 6 months.  Pans are then left with a water cap for a further 6 months, 
before drying begins (Fig. 4.1).  In contrast, at ETP, pans are generally repeatedly filled 
and decanted over 4 to 8 weeks, before drying begins.  Based on our observations at 
ETP, pathogen decay at MM would also be expected to occur from the start of filling, 
including the initial phase when a water cap is located over the sludge.  
 
 
 

 Month 
 

Treatment 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18-
56 

Fill, settle, 
decant 

X X X X X X             

Digest 
 

      X X X X X X       

Decant, 
dry 

            X X X X   

Harvest 
 

                X  

Stockpile 
 

                 X 

 
Fig. 4. 1.   Pan treatment schedule at Mt Martha WWTP 
 
 
The aims of this study were to examine the decay of E. coli, coliphage and Enterococcus 
spp. over the summer of 2010-2011.  The specific aims were to collect samples at key 
points throughout the treatment cycle (snapshots) on four occasions over summer and 
compare the results with those obtained previously from MM and ETP.   
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4.2 Materials and methods 

4.2.1 Program of sampling 
Samples were collected on four days over the summer drying period.  The ages of pans 
and associated stockpiles at each time of sampling are presented in Table 4.1.   
 
Table 4.1: Age of pan (months) at sampling date*  
Sampling date Pan number (status) 

 
 6 (still filling) 

 
1 (filled twice†) 5‡ 

 
Nov 11th 2010 4.4 22.6 (7.7) 13.1 
Dec 13th 2010 5.4 23.6 (8.7) 14.1 
Feb 2nd 2011 7.4 25.6 (10.7) 16.1 
Mar 7th 2011 8.4 26.6 (11.7) 17.1 
* Age calculated from the start of filling.  Age from start of the second fill is in parenthesis.   
†, Pan 1: the second filling began 15 months after the first, sampling at the drying phase. 
‡, Pan 5: sampling at the drying phase. 
 
Samples were collected from primary sludge, dissolver air flotation (DAF), MAD, from 
three pans and the existing stockpile from the previous year.  At the March sampling, a 
large pool of water was observed beside the stockpile.  Samples of water were collected 
for analysis (Table 4.2).      
 
Table 4.2. Program of sampling 
Sampling date Primary 

sludge 
DAF MAD Pan 1 Pan 5 Pan 6 Stockpile 

2009 
Water 
beside 

stockpile 
Nov 11th 2010 x x x x x x x  
Dec 13th 2010  x x * x x x x  
Feb 2nd 2011 x x x x x x x  
Mar 7th 2011 x x x x x x x x 
*for the previous 48 h there was no primary sludge input.   
  
At each sampling, pan temperatures were taken at a depth of about 0.5 m using a 
compost thermometer.   Temperature and rainfall data were also obtained for the Mt 
Martha area (Frankston AWS station, and Mornington weather station, respectively).     

4.2.2 Enumeration of indicators and pathogens in samples  
Samples were analysed for Escherichia coli, Enterococcus spp. (includes human and 
animal species), indigenous K-12 coliphage and Salmonella spp, using the methods set up 
in our laboratory (Appendix 2).   Each sample was analysed for the DS and VS content by 
standard methods (Appendix 2).  Microbial counts were converted to number of bacteria or 
bacteriophage/g DS, and transformed to log10 values.   
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 4.3 Results  

4.3.1 Decay rates of Escherichia coli 
Escherichia coli levels declined across the sequence of treatment processes (Fig. 4.2), 
however, unlike previous findings, E. coli was present at substantial levels in the stockpile 
from November 2010 until March 2011.  This continued presence of E. coli could be due to 
the lower average temperatures in early 2010 compared with previous years.  Low levels 
of E. coli were also detected in the water beside the stockpile, possibly due to 
contamination from animals or birds.   
 
Pan 6 (still filling) showed <1 log reduction in levels of E. coli over the 4-month period of 
sampling, while levels in Pan 1 (filled twice were) relatively steady. Pan 5 (13 months old 
when sampled, filled once) showed a rise and fall of E. coli levels. The rise occurred 
between November and December 2010, and levels remained high until February 2011, 
before falling by March 2011.  This rise was discussed with the operator, who advised that 
no further sludge was added to Pan 5, but there had been substantial rainfall at Mt Martha 
between November 2010 and February 2011. Since Pan 5 is located at the lowest point in 
the pan area, it is possible that contaminating material from adjacent areas was washed 
into the pan during heavy rain events.  Alternatively, the rise in numbers of E. coli may 
have been due to a transfer of aerosol from the addition of primary sludge to the adjacent 
pan (Pan 2) using a tanker, as was observed on March 7th 2011.  This was done due to 
continuing problems with the DAF system, which occurred around this time, as reported by 
the operator.  
 
We have previously seen a rise and fall of Salmonella spp. in a drying pan at ETP (Pan 41, 
March to April 2010), which appeared to be due to post-treatment contamination (data not 
shown).   
 

   
Fig. 4.2. Snapshots of decay of E. coli in treatment processes at Mt Martha 2010-2011.   
* water sample in stockpile pan, instead of stockpile. Error bars mark 1 SD.  Pan 6 is the newest pan (4 to 8 
weeks since start of filling), followed by Pan 1 (8 to 12 weeks since start of second filling, 23 to 27 weeks 
since start of first filling), then Pan 5 (13 to 17 weeks).  Time zero refers to the start of filling in pans, to be 
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consistent with previous reports on data from ETP.   In the case of Pan1, time 0 represents the start of the 
second filling. 
 

4.3.2 Decay of Enterococcus spp.  
The decay rates of Enterococcus spp. were lower than for E. coli (Fig. 4.3).  The levels 
fluctuated over time, but the variability was more pronounced than was observed for E. 
coli.  There were initial increases in all pans of ~1 log10.  By February 2011, the levels had 
fallen in all pans, but by variable amounts (~0.5 log10 to ~3 log10).   However, in all three 
pans levels of Enterococcus spp. rose in March to about pre-2011 levels.  Enterococcus 
spp. was present in stockpiles, but levels were several degrees of magnitude lower than in 
pans.   The reasons for the fluctuating numbers of Enterococcus spp. are unknown, but 
clearly relate to environmental factors as all three pans showed the same pattern of 
fluctuation.  The fluctuation of numbers of Enterococcus spp. could be related to 
temperature and rainfall patterns or aerosol transfer, as discussed in the section on E, coli 
(above).    
 

 
 
Fig. 4.3.  Snapshots of decay of Enterococcus spp. in treatment processes at Mt Martha 2010/2011.  
* water sample in stockpile pan, instead of stockpile. Error bars mark 1 SD.  Pan 6 is the newest pan (4 to 8 
weeks since start of filling), followed by Pan 1 (8 to 12 weeks since start of second filling, 23 to 27 weeks 
since start of first filling), then Pan 5 (13 to 17 weeks).  Time zero refers to the start of filling in pans, to be 
consistent with previous reports on data from ETP.  In the case of Pan1, time 0 represents the start of the 
second filling.    
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4.3.3 Prevalence of Salmonella spp.   
Low levels of Salmonella spp. <102 cfu/g DS) were detected in primary sludge, DAF 
sludge and MAD sludge and from a sample collected from Pan 6 (still filling), but not in the 
other pans sampled, or any stockpiles.  Isolates were identified as Salmonella Newport 
and Salmonella Paratyphi B Java (causes gastroenteritis, not enteric fever as caused by 
Salmonella Paratyphi A). 

4.3.4 Decay of K-12 coliphage  
K-12 Coliphage levels declined across the sequence of treatment processes (Fig. 4.4). In 
all three pans, levels of K-12 coliphages had declined below the detectable threshold by 
the final sampling in March 2011. No K-12 coliphages were detected in the stockpile 2010, 
or water in the stockpile pan.   
 
 

  
Fig. 4.4. Snapshots of decay of K-12 coliphage in treatment processes at Mt Martha 2010-2011.  
The threshold (2 x 101) is marked with broken line. Samples with values below the threshold are shown in 
crossed colours. Error bars mark 1 SD.  Pan 6 is the newest pan (4 to 8 weeks since start of filling), followed 
by Pan 1 (8 to 12 weeks since start of second filling, 23 to 27 weeks since start of first filling), then Pan 5 (13 
to 17 weeks).  No MAD data was available on November 15th 2010 and no primary sludge data was 
available on December 13th 2010.   Time zero refers to the start of filling in pans, to be consistent with 
previous reports on data from ETP.  In the case of Pan1, time 0 represents the start of the second filling.    
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4.3.5 Comparison of decay rates across seasons and years  

Escherichia coli 
The snapshot data obtained for the current investigation was plotted against a trend line 
showing the decay of E. coli in Pan 3, Mount Martha in 2007/2008 (Fig. 4.5).   
Escherichia coli data for Pan 6 and Pan 5 (2010-2011) were generally consistent with 
previous data (2007-2008), with the exception of two data points obtained for Pan 5, that 
were thought to be related to heavy rainfall around the time of sampling.  Data for Pan 1 
was also consistent with data obtained in 2007-2008, if the start of the second filling was 
used to calculate decay rates.   If data from the first filling was used, the data points were 
above the trend line at weeks 23 to 27 after the first filling.   
  

  
Fig. 4.5.  Decay of E. coli from Pans 1, 5, 6 (2010-2011) compared with pan 3 (2007-2008). Error bars 
mark 1 SD.  Time zero refers to the start of filling in pans.  In the case of Pan1, time 0 represents the start of 
the second filling.   
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K-12 Coliphage 
The snapshot data obtained for the current investigation was plotted against a trend line 
showing the decay of K-12 coliphage in Pan 3, Mount Martha in 2007/2008 (Fig. 6).  K-12 
Coliphage contents in Pan 6 and Pan 5 were consistent with previous data, although 
samples in later treatment times showed any presence would be below the threshold value 
of 2 x 101 pfu/g DS (Fig. 4.6). The data for Pan 1 was also consistent with previous data, 
provided the second start of filling was used to calculate the decay rates.  
 
 

  
Fig. 4.6. Decay of K-12 coliphage from pans 1, 5, 6 (2010) compared with pan 3 (2007-2008). Error bars 
mark 1 SD.  Time zero refers to the start of filling in pans.  In the case of Pan1, time 0 represents the start of 
the second filling.   
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4.3.6 Temperatures of biosolids and recorded by Frankston Weather Station  
Pan temperatures 
Pan temperatures near the inflow were generally in the range 12o C to 15 oC over the 
period of sampling.  Outflow temperatures were generally slightly higher than input 
temperatures (Table 4.3). For the same period in the previous year, pan sludges at ETP 
were about 2-5 ºC warmer.   
 
Monthly average maximum temperatures at the Frankston AWS weather station were 
generally similar for both summers (2009-2010 and 2010-2011), however, in November 
2009 and February 2010 temperatures were a few degrees higher than the corresponding 
monthly temperatures in November 2010 and February 2011 (Table 4.4).   
 
Table 4.3. Temperature of pans (oC) 

  Pan number 
       
Sampling date Mount Martha (2010-2011) 

 
ETP (2009-2010) 

 Location* 6 (still filing) 1 5 23 41 
Nov 11th 2010 Inlet 

Outlet 
12.0  
16.0  

 
12.8 

 
1.2.0 

 
15.0 

 
18.9 

Dec13th 2010 Inlet 
Outlet 

14.0 
15.1   

 
14.0 

 
14.0 

 
16.2 

 
16.8 

Feb 2nd 2011 Inlet 
Outlet 

15.0 
17.1  

 
12.0 

 
14.1 

 
18.2 

 
19.0 

Mar 7th 2011 Inlet 
Outlet 

14.0 
14.0   

 
13.9 

 
13.0 

 
(windrowed) 

 
19.0 

* Temperatures were taken from one or both ends of a pan, within 50 m of the inlet and/or 
outlet. As pan 6 was still filling there was substantial inflow from the inlet, while with other 
pans no inflow or outflow was occurring at these sampling dates. 
 
The question remains on whether difference in air temperatures between summers 2009-
2010 and 2010-2011 can explain the higher pan temperatures at ETP in 2009-2010 
compared to Mount Martha WWTP in 2010-2011.  It is possible that there are microclimate 
effects at Mount Martha which may make the local area colder on average than the 
general region.  It would be necessary to setup data-logger weather devices at both Mount 
Martha WWTP and ETP to answer this question.   
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Weather data 
The temperatures obtained from Frankston AWS station were similar over the last 5 years across the summer drying period (November to 
March), although temperatures in November 2010, February and March 2011 were lower than in the previous year (Table 4.4).   
 
Table 4.4 Temperature data from Frankston AWS station 2007-2011. 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 
2007 25.1 27.4 23.3 20.7 18 12.8 12.1 14.5 16 17.9 22.4 24.8 19.6 
2008 25.6 23.2 24.7 19.2 15.7 14.8 13 12.5 16.1 19.2 20.5 20.2 18.7 
2009 25.8 25.5 22.5 19 16 14.2 13.4 14.5 16.3 17.5 24.1 23.2 19.3 
2010 24.9 26.5 23.5 20.9 16.5 13.3 12.6 12.6 13.6 18 20.6 22.1 18.8 
2011 24.5 22.8 21.2 19.3 14.7 14.2 13.1 15.2 16.7 18.4 null null null 
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4.3.7 Dry solids content of biosolids  
Dry solids content of primary sludge, DAF, MAD output, pans and stockpiles are presented 
in Table 4.5 and Fig. 4.7.   

Table 4.5. Dry solids values (% DS) across treatment processes at Mt Martha 
WWTP 

  
Primary 
sludge 

DAF MAD Pan 6 Pan 1 Pan 5 SP 

Nov 11 2010 4.9 6.1 2.5 18.4 7.7 4.6 45.8 
Dec 13 2010 NA 5.9 1.5 5.5 6.1 4.5 47.9 
Feb 2 2011 4.7 3.9 1.9 9.7 8.4 9.2 NA 
Mar 7 2011 2.6 4.1 1.9 7.9 12.9 11.1 60.3 

NA not available. Note Pan 6 was still being filled during the sampling period. 
 
Pan 1 and Pan 5 showed no increases in DS values between November and December 
2010, but values increased later, despite the higher rainfall. This suggests the increased 
maximum mean temperatures over summer, during January and February, provided net 
evaporation, despite continuing higher rainfall.   Pan 6 was continually filled, which 
explains why DS values decreased between February and March 2011 (Table 4.5, Fig. 
4.7).  
 
 

  
Fig. 4.7. DS values for drying pans (mean values of triplicate samples). 
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4.3.8 Volatile solids content of biosolids  
Volatile solids content of primary sludge, DAF, MAD output, pans and stockpiles are 
presented in Table 4.4 and Fig. 4.8.   
 
Table 4.6. VS (%)values across treatment processes at Mt Martha WWTP 

  
Primary 
sludge DAF MAD Pan 6 Pan 1 Pan 5 SP 

Nov 11 2010 80.6 76.4 71.6 30.8 55.0 62.7 20.7 
Dec 13 2010 NA 76.3 67.8 56.4 59.3 64.8 19.8 
Feb 2 2011 82.7 78.6 77.9 53.8 54.4 52.4 NA 
Mar 7 2011 92.7 78.0 77.6 65.0 34.5 48.7 17.1 

 
For Pan 1 and Pan 5, VS values remained similar during November and December 2010, 
but declined a little by February 2011 and further declined by March 2011.  Again Pan 6 
showed increased VS values in the study period, due to continuing filling (Fig. 4.8).  
 

  
Fig. 4.8. Volatile solids values for drying pans (mean values of triplicate samples).. 
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4.4 Discussion  
 
This snapshot study showed that indicator levels across the treatment process at MM 
WWTP during the summer of 2010-2011 were generally similar to those recorded in our 
previous more extensive study, undertaken in 2007-2008.  There was ~ 2-log difference in 
the levels of E. coli between the MAD output and the pans (Fig. 4.2).   Although there was 
considerable fluctuation in the levels of E. coli in pans over the 4-month period (November 
to March) in which this study was undertaken, the general trend fitted previous graphs, if 
data was plotted by time since last filling (Fig. 4.5).   Low levels of E. coli (~102/g DS) were 
found in stockpiles.  These were ~ one-log lower than levels in the pans.   
 
Similar observations were made for Enterococcus spp., although decay was less efficient 
(Fig. 4.3).  The log reductions were ~1-log between MAD and pans and further one log 
between pan and stockpiles.   Variability in the numbers of Enterococcus spp. recovered 
from pan samples was also evident.   
 
Coliphage levels in the MAD output were only in the order of 103 pfu/g DS.  Levels in pans 
were ~ one log lower and reached undetectable levels in stockpiles.  The data obtained 
from the 2010—2011 snapshot was consistent with previous data obtained in 2007-2008 
(Fig. 4.6).   
 
Time constraints did not allow us to investigate the reasons for the apparent lower 
efficiency of decay of indicators at the MM WWTP than at ETP.  Continual re-filling of 
pans, which occurred through pan-drying at MM WWTP, is one possibility, but this does 
not explain the rise in indicator levels in pan 5, which was not re-filled after 
commencement of the study.   Other possible reasons are unusually heavy rainfall during 
the summer of 2010-2011; however, rainfall did not appear to affect the decay of indicators 
at ETP (Chapter 3).  This difference may be associated with the difference in the 
operations of pan-drying between the two plants. That is, the regular mixing of pan sludge 
at ETP may be a reason for similar decay of indicators and pathogens under different 
weather conditions. 
 
 Also, because of continuing problems with the DAF system at the time of the study, the 
addition of primary sludge to some pans may have affected the initial pathogen levels.   
 
The higher levels and greater fluctuation in the values for Enterococcus spp. compared 
with E. coli could be explained by local fluctuations in temperature, providing Enterococcus 
spp. with a selective advantage, when there was a rise in pan temperature.  Further, since 
the methods used to enumerate Enterococcus spp. detects several animal species as well 
as human species, contamination on pans and stockpiles by animals could explain these 
differences.   
 
Treatment in pans is different at the two WWTPs, with material at MM WWTP spending 
about 12 months in pans before drying starts, compared with only about four to eight 
weeks at ETP before drying starts.  Our data from ETP indicated that E. coli begins to 
substantially decay in pans after the beginning of filling.  It was therefore considered 
important to count pan age, from the start of filling.   As Pan 1 was filled twice, both start 
dates were considered.   
 
Pan 1 had a second filling after a holding period of 110 days.  At the second filling, there 
was a further addition of sludge of 18% more of the existing sludge.  It is likely that most of 
the E. coli from the second filling became attached to the existing sludge before decanting 
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occurred.  In terms of fertiliser value, most of the sludge in Pan 1 was 24 months old, and 
likely to have a much reduced organic-N content, while the microbial safety level matched 
that of sludge nine months of age.  It is therefore not recommended that pans be refilled 
months after the first filling period, in order to optimise both fertiliser value and microbial 
safety.  
   
In addition to normal-sized colonies, microcolonies were detected in stockpile and pan 
samples.  It should be noted, however, that addition of the numbers of normal and 
microcolonies would in most cases only double the final counts, and the log10 values would 
increase only slightly.  A discussion on microcolonies is presented in Appendix 7.    
 
 

4.5 Conclusions  
A number of issues in sludge treatment were observed at MM WWTP, as worst-case 
scenarios. The summer period 2010-2011 in the region was extremely wet with a number 
of events of excessive flow into the MM WWTP, combined with some mechanical 
problems in the treatment train. It is clear that pan treatment provides a separate 
downstream process to substantially reduce the presence of microbial indicators and 
pathogens, independently of upstream treatment issues. Nevertheless it is important to 
isolate treatment pans from other sources of contamination, such as aerosols from tankers 
pumping sludge into a fresh nearby pan, and overflow from freshly filled pans, during 
heavy rainfall.  Also, in order to consistently remove pathogens and indicators, a pan that 
has been incubated for some time should not be refilled. 
 
The variable results for volatile solids, the decay of pathogens and indicators, as well as 
the lower rates of decays, at MM WWTP compared to ETP, suggest that the regular 
mixing of sludge at ETP might be responsible for the better results. It is therefore 
suggested that a trial be performed at MM WWTP to see if weekly mixing of pan sludge 
leads to more efficient decay of pathogens and indicators and more efficient stabilization. 
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Chapter 5. Indicator decay in simulation of mesophilic 
anaerobic digestion 

5.1 Background and aims 
A laboratory scale simulated mesophilic anaerobic digester with the same parameters 
being used for full scale digestion processes at ETP was set up as described in Appendix 
3.  A reactor volume of 30 L, a residence time of 15 days and a temperature of 35 °C were 
set as the main process parameters. Additional parameters such as pH, VFA 
concentration and the biogas volume and composition were monitored regularly.  
 
The initial aim of this part of the project was to generate pre-conditioned pathogens and 
indicators for use in pan simulations, as it was hypothesised that both indicators and 
pathogens generated by this process would be more susceptible to decay.  The output 
from the simulated system would then be used in the laboratory simulation of pan drying. 
However due to logistical problems (amount of material that could be produced) and time 
constraints this aim could not be achieved and it was decided to obtain input material for 
the pan drying simulation from the field.    
 
The secondary aims of this part of the project were to use the simulated anaerobic 
digester to examine the decay of microbial indicators and enteric pathogens during a 
typical anaerobic digestion cycle.   

5.2 Methods  

5.2.1 Operation  
Two simulation runs were set up, each for eight weeks.  The feed sludge consisted of 65% 
primary sludge, 35% thickened waste activated sludge (TWAS), which were both obtained 
from Western Water, South Melton WWTP, every 3-4 days, and mixed as required before 
pumping into the feed tank.  During the second simulation run, there were continual 
operational problems at South Melton WWTP leading to inability to provide sludge on 
some sampling days. This led sometimes to the use of stored older secondary sludge for 
the feed, or a reduced fraction of secondary sludge in the feed.  
 
The system was set up to run at 35 oC, with a retention time of 15 days.  Preliminary 
experiments using water to fill the system were set up to determine the parameters 
required to produce ~28 L of sludge in 15 days, at ~1 to 2% DS content.   

5.2.2 Evaluation of efficiency using physical parameters  
To confirm the system was operating consistently at the required parameters, dry solids 
(DS) content, volatile solids (VS) content, pH and output of gases (CH4, CO2, O2) were 
measured each week for eight weeks (Appendix 2, Appendix 3). 

5.2.3 Determination of decay of indicators and potential pathogens in simulated 
anaerobic digestion  
After at least two weeks of satisfactory operation, triplicate samples were taken weekly, 
from both input and output sludge to determine the decay of E. coli and K-12 coliphage 
(Appendix 2). 
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5.3 Results  

5.3.1 Operation of anaerobic digester simulation 
Decreases in DS and VS values between sludge feed and output were consistent with 
efficient operation of the simulated anaerobic digester (Table 5.1)  
 
A standard method for assessing VFA content in sludge was set up and tested (Appendix 
3).  Due to time required each week for VFA assessment, it was agreed at a steering 
meeting that VFA assessment should not go ahead, in any future runs of the system.  .  
 

Table 5.1 Summary of DS and VS values in operation of anaerobic digester 
simulation 

Run 1  
 DS (%) VS (%) 
Date Feed Output Feed Output 
21/12/2009 3.3 1.4 83.3 73.7 
16/02/2010 6.2 1.5 80.6 78.6 
23/02/2010 1.7 1.1 78 1.7 
10/03/2010 4.4 1.8 ND ND 
18/03/2010 5.9 1.8 ND ND 
Mean 4.3 1.5-2.8 81.9 76.2 
Difference     

 

Run 2 
Date DS (%) 

 
VS (%) 

  Feed Output Feed Output 
06/05/2010 4.0 1.4 81.8 71.5 
12/05/2010 1.4 0.6 82.4 77.4 
19/05/2010 5.3 1.3 82.6 69.5 
26/05/2010 2.7 1.9 88.5 71.2 
02/06/2010 4.0 1.8 84.1 71.6 
08/06/2010 2.7 2.0 83.4 70.1 
Mean 3.4 1.5-1.9 83.8 71.9 
Difference      
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pH values ranged between about 6.9 and 7.3, which is acceptable for field operation 
(Table 5.2). 
 
The ratio of methane to carbon dioxide produced in the simulation was ~1:1, whereas in 
field operation the ratio should be about 6:4 (Table 5.2). Nevertheless the significant 
emission of methane indicates that anaerobic conditions were achieved in the simulation.  
Also the percentage of methane plus carbon dioxide was about 40 to 50% of total gas, 
whereas in field operation this should be close to 100%. This result was consistent with the 
relatively poor sealing of the tank at the top, in particular around the mixing rod. However, 
this was acceptable to the SEWL consultant who had tested and provided the simulation 
tank.   
 
Significant levels of oxygen were detected in gas samples, (5 to 14%) likely due to the lack 
of complete sealing of the tank. At sea level there is about 21% of oxygen in the 
atmosphere.  

Table 5.2. Summary of pH and gas values in operation of anaerobic digester 
simulation 

Run 1  
    Gasses (%)     
Sample 
date 

pH CH4 C02 O2 Balance 

10/02/2010 7.27 15.7 13.4 12.4 58.5 
15/02/2010  25.1 22.6 8.4 44 
19/02/2010  28 24.1 7.6 40.4 
23/02/2010 7.27 29.2 24.3 7.2 39.1 
26/02/2010  21.6 17.8 9.9 50.8 
03/03/2010  17.7 12 13.3 63.2 
10/03/2010 7.05 8.7 12.1 13.6 65.8 
Mean 7.20 21 18 10 52 

 

Run 2 
    Gasses (%)     
Sample 
date 

pH CH4 C02 O2 Balance 

14/04/2010 7.06 16.3 15.3 10.2 58.2 
23/04/2010  30.8 30.2 5.7 33.4 
27/04/2010  20.5 19.3 9.3 50.6 
03/05/2010  26.3 24.8 6.9 42 
06/05/2010 7.12     
07/05/2010  24.4 23.1 7.2 45.2 
20/05/2010 6.88     
31/05/2010  24.8 26.7 7 41.5 
04/06/2010 7.30 33.1 29.2 5.6 32.4 
Mean 7.09 25 24 7 43 
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5.3.2 Analysis of decay of indicators during anaerobic digestion 
The levels of E. coli in the feed material varied between 105 and 107 cfu/g DS (Run 1) and 
104 to 106/g DS (Run 2).  The levels of coliphage in the feed material was ~104pfu/mL 
(Run 1) and below the detection limit (10 pfu/ g DS) (Run 2).  The decay of indigenous E. 
coli and K-12 coliphage was assessed in the first simulation run, while only decay of E .coli 
was assessed in the second run.   
 
The mean log10 decay of E. coli was 2.4 in the first run and 0.80 in the second (Table 5.3). 
The decay value in the first run is a little higher than observed at Mt Martha WWTP 
anaerobic digester treatment (1.4), Round 4 project. The lower decay in the second run 
corresponded to continual operational issues at South Melton WWTP in providing 
secondary sludge on a number of sampling days.   
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Table 5.3.  Decay of E. coli during simulation anaerobic digestion 
Run 1 
Date Feed Output 
 (cfu/g DS) (cfu/g DS) 

21/12/2009 4.04E+05 4.55E+04 
 4.68E+05 1.42E+03 
 4.25E+05 3.13E+04 
16/02/2010 2.03E+05 1.25E+04 
 2.17E+05 1.56E+04 
 2.03E+05 1.87E+04 
23/02/2010 2.78E+05 2.22E+03 
 3.94E+05 1.66E+03 
 2.24E+05 5.54E+02 
10/03/2010 2.41E+07 6.05E+04 
 2.36E+07 4.93E+04 
 2.31E+07 3.59E+04 
18/03/2010 3.19E+05 1.20E+04 
 2.97E+05 6.02E+03 
 2.81E+05 9.03E+03 

Mean 4.97E+06 2.02E+04 
SD 9.32E+06 1.89E+04 

Log10 mean 6.696 4.304 
Mean Log10 Decay -2.39 
Max Log Decay -2.70 
Min Log Decay -1.13 

Run 2 
Date Feed Output 
 (cfu/g DS) (cfu/g DS) 

06/05/2010 2.49E+06 3.62E+04 
 2.37E+06 4.61E+04 
 5.49E+05 3.19E+04 
13/05/2010 6.08E+05 1.18E+05 
 6.29E+05 9.91E+04 
 6.91E+05 1.24E+05 
21/05/2010 1.13E+06 3.99E+05 
 1.28E+06 5.98E+05 
 1.49E+06 5.60E+05 
27/05/2010 2.26E+06 2.55E+05 
 2.23E+06 2.60E+05 
 2.34E+06 3.13E+05 
04/06/2010 9.96E+03 1.21E+04 
 2.49E+04 1.21E+04 
 1.99E+04 1.16E+04 
07/06/2010 2.12E+05 2.81E+04 
 2.86E+05 2.91E+04 
  2.79E+05 2.71E+04 

Mean 1.05E+06 1.64E+05 
sd 9.21E+05 1.91E+05 

Log10 mean 6.02 5.22 
Mean Log Decay -0.80 
Max Log10 Decay -1.59 
Min log Decay -0.15 

  
The mean log10 decay of K-12 coliphage in the first run was 0.54 (Table 5.4).  
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Table 5.4 Decay of K-12 coliphage during simulation anaerobic digestion 

Run 1 
Date Feed Output 
 (pfu/g DS)  (pfu/g DS) 
21/12/2009 9.37E+03 3.70E+03 
 5.04E+03 1.42E+03 
 8.65E+03 1.42E+03 
16/02/2010 7.44E+03 1.87E+03 
 9.47E+03 1.87E+03 
 6.09E+03 3.12E+03 
Mean 7.68E+03 2.23E+03 
STD 1.82E+03 9.50E+02 
Log10 mean 3.885 3.349 
Mean Log10 Decay -0.54 
Max Log10 Decay -0.58 
Min Log10 Decay -0.53 
 

5.4 Discussion 
Operational data on the simulation of anaerobic digestion, for pH, DS, VS and gas 
emissions was generally acceptable in both runs.  This occurred despite the lack of proper 
seals in the lid of the simulation tank, and ongoing issues in the supply of secondary 
sludge from the South Melton WWTP during run 2. 
 
Inspection of the simulation system by Dr Rajarathinam Parthasarathy, School of Civil, 
Environmental & Chemical Engineering at RMIT University indicated that the offset 
position of the mixer in the main tank, along with small size of the impeller, were likely to 
cause inefficient mixing of sludge. Dr Parthasarathy also indicated that inefficient mixing of 
sludge in field anaerobic digesters was likely to be a common issue.   
 
Poor mixing may be expected to reduce both the decay rates of pathogens and indicators, 
and chemical activity, due to the presence of poorly mixed ‘dead’ zones. 
 
Smith et al., (2005) conclude that during field mesophilic anaerobic digestion a maximum 
reduction of 2 log10 of E. coli could occur. For experimental anaerobic digesters Horan et 
al. (2004) report a decay of 1.66 log10 (12 d retention time) and Wong et al. (2009) report a 
decay of 1.5 log10 (9 d retention time). In spite of the potential problems in the simulation of 
anaerobic digestion, the results on decay of indigenous E. coli in the simulation are 
consistent with that conclusion. For decay of K-12 coliphages Wong et al. (2009) report a 
decay of 0.5 log10, for which our results are consistent.  
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5.5 Conclusions  
The anaerobic digester simulation was successful in both operational terms and decay 
rates of E. coli and K-12 coliphage. 
 
Nevertheless, future work should include assessing the effect of inefficient mixing on both 
the decay of pathogens and indicators, and efficiency of chemical transformations in 
anaerobic digesters. Knowledge on these issues would inform both HACCP management 
of anaerobic digester treatment for optimising both the decay of pathogens and indicators, 
and the optimisation of greenhouse gas emissions to reduce future carbon tax liabilities. 
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Chapter 6. Simulation of pan drying and stockpiling 

6.1. Background and aims 

6.1.1 Why is laboratory simulation necessary? 
Extensive sampling program at Metropolitan WWTPs showed that indicator organisms 
(Escherichia coli, K-12 coliphages and Enterococcus spp.) decay to undetectable levels in 
drying pans after 8-10 months, depending on the individual treatment plant (Chapters 3, 4; 
SWF Round 4 project; Rouch et al., 2011a).  The results were consistent across different 
seasons for each treatment plant.  These results suggest that biosolids may be safe for 
unrestricted use as a fertiliser earlier than current EPA regulations allow and that three 
years of stockpiling may not be necessary to assure microbiological safety.  These findings 
refer only to the decay of indicator organisms, they may not similarly apply to pathogenic 
microbes.  Based on current EPA guidelines on land application of biosolids, major 
organisms of concern are Salmonella spp., helminths and enteric viruses.  In addition, 
according to national water recycling guidelines, protozoans (especially Giardia spp. and 
Cryptosporidium spp.) are of concern in wastewater treatment, to ensure safety of recycled 
water. 
 
Microbial pathogens are usually absent from biosolids or only present in low numbers, 
however, it is important to have information on their rates of decay, since some have low 
infective doses. It is, however, impractical and unacceptably dangerous to introduce 
pathogens in full-scale treatment processes.  We planned, therefore, to set up a controlled 
laboratory simulation of summer pan drying and stockpiling.  This system was spiked with 
the major enteric pathogens.  The decay kinetics of spiked pathogens and indicators, as 
well as indigenous organisms, were examined.  The simulation data was calibrated with 
our field data on the decay of E. coli and Enterococcus spp. and K-12 coliphages. 
 
The use of controlled laboratory conditions made it possible to separate the environmental 
factors that promote decay of pathogens.  By understanding these factors, current pan-
drying processes could be optimised and new treatment processes designed to efficiently 
remove pathogens. 
 
At ETP, the shortest times in drying-pan treatment occur during the summer season, when 
pans are filled in spring and harvested in summer or early autumn. The average treatment 
time is 21 weeks, and the minimum is 7 weeks (Appendix 4, Table A4.1). Therefore the 
short drying during summer provides a worst-case for the required decay of pathogens for 
potential land application of the biosolids, assuming that the die-off increases with time. 
Thus conditions of the summer season were chosen for the controlled environment of the 
simulation. The average temperature during January in the South climate zone of Victoria 
is 20.05 ⁰C (Table 6.1), based on data over the period 1855-2008 from the Melbourne 
Regional Weather Office.  The ETP and Mt Martha WWTP are located in the South climate 
zone; however, data from Frankston AWS weather station shows similar average 
temperatures (Appendix 6, Table A6.1). 
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Table 6.1.  Midsummer and midwinter temperatures in Victoria 
       
Victorian Climate zones  Mean temperatures 

   January   July  
Zone City Min Max Mean Min Max Mean 
North Mildura 13.1 29.8 28 3.7 13.4 10.4 

 
South Warrnambool 12.8 22 17.4 6.2 13.3 9.75 
 Geelong 12.9 24.3 18.6 5.4 13.9 9.65 

  
Melbourne 
 

14.2 25.9 20.05 6 13.4 9.7 

East Omeo 9.6 26 17.8 -0.1 10.2 5.05 
 

6.2. Methods 

6.2.1 Biosolids samples and seeding methods  
Samples of fresh output from an anaerobic digester and mature sludge were collected at 
ETP and transported to the laboratory.  On arrival at the laboratory, the freshly digested 
sludge was settled for 4 days then decanted to produce solid material containing 3 to 4% 
DS content.   This material was pumped into three 25 L tanks and three 4.5 L plastic 
containers, which were placed in a biological safety cabinet class II (BSC II.)  Mature 
sludge was added to each tank or container at a dilution rate of 1:100 by volume, as 
applied in operations at Mount Martha WWTP. The mature sludge provided a “seed” of 
microorganisms to speed the digestion process. The positions of the containers in the 
cabinet were rotated in order to minimize differences in drying rates. The dimensions of 
the tanks and containers and the volume of sludge sample added to both vessels ensured 
that the depth of sludge was the same in all vessels.   The depth was approximately 1/10th 
depth of drying pans in the field.   

6.2.2 Location of organisms in tanks, plastic containers and assay chambers 
Three tanks and three containers were used for analysis of indigenous E. coli, indigenous 
Enterococcus spp. and indigenous coliphage.   Salmonella Typhimurium 26b-2 was 
seeded into three tanks at levels of 107/g DS.   Bacteriophages were seeded into tanks, 
containers or assay chambers after it was found that levels of indigenous coliphage were 
too low to follow their decay.  Containers were also used to hold assay chambers 
containing spiked Ascaris suum, Cryptosporidium parvum, porcine adenovirus and 
bacteriophage P22 (Table 6.2).  To validate the use of assay chambers,  the DS values, 
and levels of P22 bacteriophage, E. coli and Enterococcus spp.were compared in assay 
chambers, containers. and tanks   
 
Five different groups of bacteriophages were assayed in this study.   

1. Indigenous coliphages (K12 coliphages), susceptible to host E. coli K12.   
2. MS2, an indicator bacteriophage used in water microbiology.  MS2 is an F-pilus-

specific RNA coliphage.  As levels of MS2 were low in biosolids, samples were 
spiked with MS2 in laboratory simulations 2 and 3.    

3. P22 is a DS DNA Salmonella Typhimurium-specific bacteriophage, which was 
added to biosolids in laboratory simulations 1, 2 and 3.  .   

4. T2 is a somatic DS DNA coliphage specific to E. coli B.   T2 was added to biosolids 
in laboratory simulations 2 and 3, as levels of indigenous coliphage were found to 
be variable and low in samples.  E. coli B detects T2 coliphage as well as 
indigenous coliphages; however, the different appearance of plaques generally 
allowed T2 coliphages to be distinguished from indigenous coliphages.   

5. Another group of indigenous coliphages, named B coliphages, were also detected 
with the E. coli B host.   
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The added microorganisms as well as indigenous E. coli, Enterococcus spp. and 
coliphage were assayed (Table 6.2).    
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Table 6.2.  Organisms assayed according to location in tanks, containers, and assay 
chambers 
Organism Tank sludge Container sludge Assay chambers 
E. coli +*‡ 

 
+*‡ +*† 

Enterococcus spp. +* 
 

+* +*† 

Indigenous coliphages (host 
E. coli K-12, NZRM4027) 
 

+* +*  

    
Salmonella Typhimurium 
26b-2 

+**   

    
Phage P22 (host 
Salmonella Typhimurium) 
 

+†** 
 

+†**  +†** 

Coliphage MS2 (host E. coli 
carrying F pilus) 
 

+**# +**# 
 

 

Coliphage T2 (host E. coli B 
NalR) 
 

+**††   

B coliphages 
 

*  †† 

Ascaris suum  
 

 +**  

C. parvum  
 

 +**  

Porcine adenovirus  
 

 +**  

*  Indigenous organisms 
**  Inoculated organisms 
† Simulation 1 only 
†† Simulations 2 and 3 only 
# Added week 3 (simulation 1), week 5 (simulation 2, weeks 0 and 6 (simulation 3).   
‡ Numbers of E. coli colonies in containers and tanks were not observable in simulation 2 after day 70, 
or at all in simulation 3, due to overgrowth of Citrobacter freundii.   

6.2.3 Number of simulations 
Three simulations were conducted.  All were set up to simulate summer conditions, with a 
mean temperature of 20 ºC (average Melbourne temperature in January)  with air-drying 
(0.43 m/s) and infra-red heating (6.1 μm wavelength), timed to simulate average daylight 
hours.  Pan drying was continued until the DS values reached between15-20%.  The 
sludge was then immediately stockpiled and drying and heating were continued.  When 
the internal DS value of the stockpile reached 50-75%, drying and heating were halted to 
stabilise the DS values, as per field data.  The sludge was stirred weekly and samples 
were taken for microbiological analysis every two weeks.   
 

6.2.4 Simulation 1 
The first simulation ran for 21 weeks, consisting of 7 weeks of pan drying followed by 14 
weeks of stockpiling.  These conditions were chosen to simulate the short summer drying 
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period at ETP (~7 weeks) (Appendix 4, Table A1).  Since time is a critical factor in the 
drying of sludge, this simulation will provide a conservative estimation of pathogen decay 
over summer.     
 
Sludge for simulation 1 was collected from ETP MAD line 5, settled, decanted and pumped 
into vessels as described in Section 6.2.1.  At intervals of either one or two weeks, for 21 
weeks, the contents of tanks and containers were stirred, before collecting samples in 
triplicate.  Aliquots of 1g and 2g (wet weight) were collected for determination of DS and 
VS content and for enumeration for E. coli, Enterococcus spp., Salmonella spp. coliphage 
and P22 respectively.  Any lumps were broken up with a mortar and pestle prior to the 
analyses.   

6.2.5 Simulations 2 and 3 
For the second and third simulations, the aim was to extend the drying pan simulation 
period to 16 weeks, so that the laboratory conditions were closer to field conditions at Mt 
Martha WWTP, where sludge takes about 16 weeks to dry.  To achieve this, air circulation 
and infrared heating were shut off every second week to increase the time of pan 
incubation before stockpiling.  This resulted in a period of 12 weeks pan drying followed by 
nine weeks of stockpiling.  To ensure that stockpiling occurred at the planned DS value, 
and that stockpiles did not become over-dry, DS values were determined twice per 
sampling week after the DS value reached 10%.  This continued during stockpiling and 
until the DS level reached 50 to 75%, at which time the air circulation and heating were 
switched off until the end of the experiment. 
 
The analyses for porcine Adenovirus, C. parvum and A. suum are presented in Chapters 
7, 8 and 9 respectively.   

6.2.6 Assay chambers 
Assay chambers were used in in all three simulations, for assessing the decay of 
Adenoviruses, C. parvum and A. suum. Assay chambers, also known as sentinel 
chambers, are commonly used to assess the decay of parasites in solids, such as soil, 
animal waste and compost systems (Jenkins et al., 1999; Collick et al., 2007).  
 
The use of assay chambers was validated for assessing the decay of bacteriophage P22, 
E. coli and Enterococcus spp. Enterococcus spp. decayed at a faster rate in assay 
chambers than in tanks and containers (Appendix 4).  
 

6.2.7 Presentation of data 
Raw data is shown in Appendix 7, as are summary tables of decay coefficients.  Decay 
coefficients were calculated as shown in Section 2.4.  For these calculations, data points 
were not included after the limit of detection (20 cfu or pfu/g DS) was reached.    
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6.3 Results  

6.3.1 Changes in dry solids and volatile solids during treatment 

6.3.1.1 Drying pan simulation 1 (DP1) 

Time to stockpiling  
The DS content reached 16% DS at week 7, at which time the material was stockpiled.   In 
week 8, the DS value reached 50-85% DS, at which point both the air drying and infrared 
drying was halted.   

Dry solids changes  
The DS content of both tanks and containers began with a shallow rise followed by a steep 
rise after stockpiling, then stabilised (Fig. 6.1).  These curves were similar to those 
observed in previous field studies (Fig. 3.10, 3.11).   The average data on DS values for 
the three tanks showed high standard deviations (sd), due to low DS values in Tank B, 
which stabilised at about 64%, about 18% less than in Tanks A and C (Fig. 6.2).  The 
containers reached a slightly higher level of dryness than the tanks (84% DS), possibly 
due to a slight difference in air flow.  There were no significant differences between the DS 
values of the three containers, as shown by the low sd values.  Because of the more rapid 
drying in containers than tanks, containers were placed in an empty tank after week 8 to 
keep the air flow similar across the width of the BSC II cabinet.  Nevertheless the DS 
values for stockpiled sludge in all three containers, as well as in Tanks A and C, was 
higher than for  the range in field stockpiles (50 to 75% DS). 
 

Volatile solids changes  
There were no major differences in VS content of material in tanks and containers. The VS 
values decreased gradually from about 90% to 60% during the pan-drying phase, and 
remained at about 60% during stockpiling (Fig. 6.3). This indicates a decline in the rate of 
degrading organic content during stockpiling, which was probably due to lack of 
indigenous microbial activity, related to the high degree of dryness. 
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Fig. 6.2. DS values during pan-drying simulation 1, in tanks and containers during drying. Error bars 
show 1 sd, above or under the sample point 
 

 
Fig. 6.3. DS values during pan-drying simulation 1, in separate tanks during drying. Trend lines show 
moving average per 2 points. 
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Fig. 6.4. VS average values during pan-drying simulation 1 for all three tanks and all three containers 
during drying. Error bars show 1 sd, above or under the sample point 
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6.3.1.2 Drying pan simulations 2 and 3 (DP2 and DP3) 

As planned, the drying rate in simulations 2 and 3 was about half that observed for 
simulation 1.  As a result stockpiling was delayed until week13/14 (Fig. 6.5). These values 
were more consistent with field data (50 to 75% DS) than DS values observed in 
simulation 1.  VS values were similar for simulation 1, 2 and 3, at the same times since the 
start of the experiment (Fig. 6.6). 
 

  
Fig. 6.5. Comparison of DS values during drying for simulation 1, 2 & 3. Vertical bars show 1 sd values. 
 

  
Fig. 6.6. Comparison of VS values during drying for simulation 1,2 & 3. Vertical bars show 1 sd values. 
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 6.3.2 Decay of indigenous E. coli  

6.3.2.1 E. coli decay in Simulation 1 
The levels of indigenous E. coli declined by ~1.2 log10 over 147 days (Fig. 6.7), however 
there was a high sd of the mean levels for the tanks.   
 
 

 
Fig. 6.7. Content of E. coli, Enterococcus spp. and Salmonella Typhimurium during pan-drying 
simulation.  Data from tanks (all three species) has been used to calculate data points in this graph . Error 
bars show 1 SD.  
 
Plots of the E. coli numbers in individual tanks showed that Tank B had substantially 
higher decay rates than Tanks A and C (Fig. 6.8).  This difference was thought to reflect 
the higher moisture values in the stockpiled sludge in Tank B than in Tanks A and C.  This 
was unintended, and may have been due to variation in mixing or structure of stockpiles in 
the cabinet.  This suggests that competition from indigenous flora was more significant in 
Tank B compared to the two other, drier, tanks. 
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Fig. 6.8.  Content of E. coli, in sludge tanks. Error bars show 1 SD.  

The rate of decay of E. coli in containers was generally similar across all three containers 
(Fig. 6.9).    
 

 
Fig. 6.9. Content of E. coli in sludge containers. Error bars show 1 SD. 
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chambers and in the field is presented in Table 6.3 and Fig. 6.10.  These values were 
quite variable across tanks and containers.  Field data was less variable than data from 
laboratory simulations, however mean values for tanks and containers were consistent 
with field data (Fig. 6.10). For example, the mean values of decay coefficients for field data 
(-0.033, -0.028, -0.032) fit within the confidence limits for ‘All T& C’ (tanks and containers) 
data (-0.027 to -0.051).   

The rate of decay in containers was slightly lower than in Tank B, but greater than in 
Tanks A and C.  While the sludge in containers had similar DS values to Tanks A and C, 
the sludge particles tended to be smaller in the containers.  It is suggested that the larger 
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sludge particles in Tanks A and C were very dry on the surface, but higher moisture 
content in the centre of particles could promote survival of E .coli.   
 
 
  
  

 
Fig. 6.10. Decay coefficients for E coli in simulation 1 and field data. SDP field drying pan.  DPI drying 
pan simulation 1.  Bars show 95% confidence levels. 
 
 

6.3.2.2 E. coli decay in Simulations 2 and 3 
 

In both simulations 2 and 3, the levels of E. coli decreased by 4 log10 (~106 cfu/g DS to 
the detection threshold, ~101 cfu/g DS) by ~80 days (Fig 6.11, 6.12, 6.13).  The greater 
log10 reductions observed in simulations 2 and 3 are most likely due to the slower 
drying rate, that is, leaving relatively more moisture for increasing competition from 
indigenous organisms.   The decay coefficients of E. coli in tanks and containers were 
similar to the field data, at a 95% confidence limit. Though E. coli decayed at an 
apparently slightly greater rate in assay chambers than in the tanks and containers, at 
-0.094 compared to -0.084, -0.066, this difference was not significant at a 95% 
confidence limit (Fig. 6.13).    
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Fig. 6.11. Decay of bacteria in simulation 2.  Data for tanks (Enterococcus spp. and Salmonella), and 
assay chambers (E. coli) were used to generate data points for this graph: for E. coli data were only 
taken from assay chamber samples, due to overgrowth on analytic plates by Citrobacter freundii, from 
samples of both containers and tanks. Error bars show 1 sd (most too small to be visible).   
 

 
Fig. 6.12. Decay of bacteria in simulation 3.  Data for tanks (Enterococcus spp., Salmonella 
Typhimurium) and assay chambers (E. coli) were used to generate data points for this graph: for E. coli 
data were only taken from assay chamber samples, due to overgrowth on analytic plates by Citrobacter 
freundii, from samples of both containers and tanks. The level of E. coli decreased to the detection 
threshold level by day 84. Error bars show 1 sd (most too small to be visible).  
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Fig. 6.13. Decay of Salmonella Typhimurium compared to Enterococcus spp. and E. coli in field drying pans (SDP)) and laboratory simulations 1, 2, and 3 (DP1, 
DP2, DP3). Key: Sal, Salmonella Typhimurium; En, Enterococcus spp.; Ec, E. coli. -A, assay chamber -C, container; -T, tank.   Bars show 95% confidence levels. Note for 
E. coli only Ec–A data available for DP3, due to overgrowth of Citrobacter freundii on Ec enumeration plates for container and tank samples in DP3 (see section 6.3.5.4).
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6.3.3 Decay of indigenous Enterococcus spp.  

6.3.3.1 Enterococcus spp. decay in Simulation 1 

The decay rate of Enterococcus spp. was similar across all tanks and containers, and 
there were no statistically significant differences in the decay rates between the different 
tanks or containers (Fig 6.14).  Moreover, decay coefficients were less variable for 
Enterococcus spp., in contrast to E. coli (Fig. 6.14), making this a useful indicator.   
 

  
Fig. 6.14. Decay coefficients for Enterococcus spp. in both ETP field drying-pan (SDP) and laboratory 
simulation 1 (DP1). Bars show 95% confidence levels. 

6.3.3.2 Enterococcus spp. decay in Simulations 2 ad 3 
The decay of Enterococcus spp. in simulation 2 and 3 occurred at similar rates to both 
simulation 1 and field treatment (Fig. 6.15).   
 

  
Fig. 6.15. Decay coefficients for Enterococcus spp. in ETP field drying-pan (SDP) and drying pan 
simulations 1, 2 and 3 (DP1, DP2 and DP3).  Bars show 95% confidence levels. 
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Enterococcus spp. showed a slight tendency for higher decay in containers than tanks. 
This may have been due to the smaller size of sludge particles in containers, with overall 
drier particles than the larger sludge particles in tanks, which may contain higher moisture 
levels internally.  

6.3.4 Decay of added Salmonella Typhimurium 

6.3.4.1 Simulation 1  
The decline of added Salmonella Typhimurium over 147 days of drying was >2.5 log10 
(Fig. 6.11).  In contrast to the variation in E. coli rates of decline in different tanks, there 
was no significant difference in the decay of Salmonella Typhimurium across the three 
tanks.   

6.3.4.2 Simulations 2 and 3  
Salmonella Typhimurium had a higher decay rate than Enterococcus spp. and E. coli 
(Figs. 6.11 and 6.12), as was observed in simulation 1.  For simulation 3, Salmonella 
Typhimurium data is shown at only up to 70 days, due to overgrowth by another species 
that resembled Salmonella spp. on XLD plates.  This organism was later identified as 
Citrobacter freundii.  
 
Decay coefficients of Salmonella spp. were compared to those of Enterococcus spp. and 
E. coli in simulations 1,2,3 and field treatment (Fig. 6.13).  Salmonella Typhimurium 
decayed at a higher rate than E. coli.  Moreover, the rate of decay was lower in simulation 
1 than in simulations 2 and 3, in which the time to stockpiling was delayed.  This difference 
in decay rate was most likely due to greater time of exposure to indigenous flora.   
 

6.3.4.3 Surrogate decay coefficient for decay of Salmonella spp. in field drying-pan 
treatment 
The conditions in simulation 2 and 3 were more similar to field conditions than in 
simulation 1. The mean decay coefficient of Salmonella in simulations 2 and 3 was -0.145, 
which is substantially lower than for either Enterococcus spp. or E. coli. This value is 4.0 x 
the decay value for Enterococcus spp. in the simulations (-0.036). Thus for calculating the 
decay of Salmonella in field drying-pan treatment, we propose using 4.0 x of the decay 
value for Enterococcus spp. in field treatment (-0.031), which results in a decay 
coeffiecient of -0.124. 
 
 

6.3.5 Decay of bacteriophage  
The decay of a range of bacteriophages was examined, including indigenous K-12 
coliphage, MS2 coliphage, indigenous B coliphages, T2 coliphage and Salmonella P22 
coliphage. For clarity, only results for indigenous K-12 coliphage are shown here, as these 
directly relate to field data: full results are given in Section A7.5, Appendix 7. 
 
Note that the decline of bacteriophage P22 was similar in both container sludge and assay 
chambers, thereby validating the use of assay chambers (Section A7.5, Appendix 7).   

6.3.5.1 Simulation 1 
Indigenous K-12 coliphage decayed at a greater rate than bacteria.  The numbers of 
indigenous K-12 coliphages declined by >3 log10, reaching undetectable levels (detection 
level of 2 x 101 pfu/g DS) in <100 days.    Data values down to the first minimum detection 



July 2012 © Copyright Smart Water Fund 2012 - Verifying Microbial Safety in Biosolids Treatment Page 88

threshold value are shown in Fig. 6.1.6, for better quality of decay coefficients. Full data 
showed there was no regrowth of indigenous K-12 coliphage (Fig A7.5.1a, Appendix 7). 
 
 

 
Fig. 6.16. Decay of indigenous K-12 coliphage (data to first minimum detection threshold point). Error 
bars show 1 SD.  
 
Indigenous K12 coliphage declined at a greater rate in laboratory simulations than in the 
field.  The decay coefficients for indigenous K-12 coliphage showed more variability than 
was observed in field data (Fig. 6.17).  
   

  
Fig. 6.17. Decay coefficients for indigenous K-12 coliphage in ETP field drying-pan (SDP) and 
simulation 1 (DP1). Bars show 95% confidence levels. 
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6.3.5.2  Simulations 2 and 3 
Levels of indigenous K-12 coliphage declined only slowly, with a slightly greater rate of 
decline in simulation 2 than simulation 3 (Figs. 6.18 and 6.19).  
 

 
 
Fig. 6.18. Decay of indigenous K-12 coliphages in simulation 2. Error bars show 1 SD. 
 
 

  
Fig. 6.19. Decay of indigenous K-12 coliphages in simulation 3. Error bars show 1 SD. 
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Decay coefficients of indigenous K-12 coliphage for all simulations were compared with 
field data (Fig. 6.20, further details are in Chapter 7).  The decay coefficients for K12 
coliphage in the field were at an average of  -0.018.  These were only slightly lower than 
decay coefficients for the same group of coliphages in the laboratory simulations 2 and 3 (-
0.028, -0.035) in which drying time was extended to relate to field conditions, but 
significantly lower than for simulation 1 (-0.072).     
 

 
Fig. 6.20. Decay coefficients for indigenous K-12 coliphages in the field and in drying-pan simulation 
1, 2, 3.  SDP field drying pan, DP simulated drying pan, K-12 Cp K-12 coliphage.  
 

6.3.5.3 Uses and limitations of assay chambers in drying-pan treatment 
Validation of assay chambers was performed by assessing the decay of P22 bacteriophage, E. 
coli and Enterococcus spp. in both assay chambers and the sludge containers.  In general the 
decays of these species in assay chambers were statistically similar to values in tanks and 
containers, with one exception, of Enterococcus spp. in DP3 (Fig. 6.15): see Appendix 4 for 
discussion. 
 

6.3.5.4 Overgrowth of Citrobacter freundii, masking  Salmonella spp. on XLD and E. coli 
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During the course of analysis of samples from simulation 3, there was an apparent increase in 
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blue slightly mucoid colony that was initially thought to be a lactose-negative E. coli.  
Simultaneously, large numbers of black colonies appeared on the XLD plates.  These types of 
colonies rendered it difficult to enumerate both E. coli on MLGA and Salmonella Typhimurium 
on XLD. Both types of colonies were further investigated by performing additional biochemical 
tests and API testing.   The final identification of both colony types was Citrobacter freundii.   

K-12 Cp 
SDP 33 
07/08

K-12 Cp 
SDP 23 
09/10

K-12 Cp 
SDP 41 
09/10

K-12 Cp 
DP1

K-12 Cp 
DP2

K-12 Cp 
DP3

Bacterial viruses 95% UCL -0.018 -0.012 -0.016 -0.050 -0.024 -0.009
Bacterial viruses 95% LCL -0.022 -0.017 -0.021 -0.095 -0.047 -0.046
Bacterial viruses Mean -0.020 -0.014 -0.019 -0.072 -0.035 -0.028

-0.100
-0.090
-0.080
-0.070
-0.060
-0.050
-0.040
-0.030
-0.020
-0.010
0.000

Decay of Indigenous K-12 coliphage in ETP 
field drying pan treatment and drying-pan 

simulations 1, 2, 3



July 2012 © Copyright Smart Water Fund 2012 - Verifying Microbial Safety in Biosolids Treatment Page 91

6.4 Discussion  

Bacteria 
Bacterial indicators generally showed ~3 log10 reductions over the drying periods of 112 to 147 
days, in the three laboratory simulations.  The only exceptions were for simulation 1, tanks A 
and C.  The decline in bacterial counts was observed in spite of differences in the pan drying 
times between simulation 1 (7 weeks pan drying followed by 14 weeks stockpiling) and 
simulations 2 and 3 (12 weeks pan drying followed by 9 weeks stockpiling).   
 
For both E. coli and Enterococcus spp., the decay rates were a little higher in containers (4.5 L) 
compared to tanks (25 L). This may be due the larger sludge particles in tanks being dry on the 
surface, but containing more moisture in the centre, increasing the survival of E .coli and 
Enterococcus spp.  In contrast, the smaller sludge particles in the containers may have been 
dry throughout the centre of the particle, increasing the decay of E. coli and Enterococcus spp. 
due to the lack of moisture.  The same hypothesis could explain why the decay rate of 
Salmonella Typhimurium was lower in simulation 1 (-0.067) than in simulations 2 and 3 (-0.136, 
-0.153), which had longer sludge drying times (Fig. 6.13).  These findings are consistent with 
the notion that the initial decline of these bacteria involves predatory protozoa, while later 
decline relates to the reduction in water activity of the material.  Bacteria may also have 
alternative survival formats, such taking on viable but non-cultivable forms (VBNC).   
 
Salmonella Typhimurium decayed at a greater rate than for E. coli in laboratory simulations 2 
and 3 (average -0.145 compared with -0.070), and for E. coli in the field (-0.031).   The decay of 
Salmonella Typhimurium was also significantly higher than for Enterococcus spp. in all tanks 
and containers (-0.036).   
 
The decay rate of Enterococcus spp. was similar across all tanks and containers and the 12 
month and summer drying pans   In contrast, decay of E. coli was variable, and in some cases, 
the decay coefficients were higher than for Salmonella Typhimurium.  This suggests that 
Enterococcus spp. is a conservative indicator for the decline of Salmonella spp. during pan-
drying and stockpiling treatment and that E. coli may not be as reliable.    
 
The difference in decay rates between the different bacterial species suggest that species 
specific factors affect decay rates, especially at lower moisture levels (≤ 65% DS).   
 

Indigenous K-12 coliphage 
Indigenous K-12 coliphage showed increased decay in simulations (-0.072, -0.035, -0.028 in 
simulations 1, 2 and 3 respectively) compared to field treatment (-0.020, -0.014, -0.019).  There 
are several possible reasons for this difference.  A major factor in decay of viruses from sludge 
is protease activity (Chapter 10).  Coliphages and enteric viruses have protein coats, which may 
be sensitive to attack from proteases produced by indigenous organisms. The activity of 
proteases in sludge exhibits temperature dependence, in that activity is higher at 35 ⁰C than at 
20 ⁰C. The simulation was run continually at 20 ⁰C, while in field treatment at ETP sludge 
temperatures were below 15 ⁰C at the first sampling date and did not reach ~ 20 ⁰C until 
January of the following year (Fig. 3.12). Thus in field treatment, protease activity on average 
may have been significantly less than in the simulation.   
 
In addition, it has been reported that proteins produced by organisms in sludge can bind enteric 
viruses (Imai et al. 2011). Therefore it is likely that other viruses can be bound to sludge in this 
way. This also suggests that during wastewater treatment as water is separated from sludge, 
the sludge binds most of the virus particles. This action is recognised as the major mechanism 
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for removal of virus particles in activated sludge, as demonstrated by a number of researchers 
(e.g., Sakoda et al. 1997).  
 

Dry solids values during laboratory simulations 
In all pan-drying simulations there was accelerating of dryness once the DS values reached 15-
20%.  Similar observations were made in field treatment. This behaviour may be caused by an 
increase in surface to volume ratio as the liquid surface breaks to form individual sludge 
particles.  There may also be a change in the structure of water-holding organic materials, 
possibly following an increase in salt interactions with the organic materials, thereby releasing 
more water. 

Relationship between temperatures of pans in the field and laboratory simulations 
The temperature of the sludge in drying-pan simulations were set at a constant temperature, 
based on midsummer temperatures in the South climate zone in Victoria (Table 6.1).  
Temperatures in the field were more variable, however.  For example, drying of the summer 
Pan 41 at ETP occurred over an extended 8 months (Table 3.1), due to higher rainfall than 
average during 2010.  The average monthly temperatures over this period varied from 12.4 ⁰C 
in September, up to 20.3 ⁰C in February, and back down to 15.7 ⁰C in April (Appendix 6, Table 
A6.4).   
 
In spite of the variation in field temperatures, the correlation coefficients on the regression of 
decays for indicators in both simulation and field treatment were generally similar, suggesting 
that changes in environmental temperature generally do not have a major effect on the decline 
of indicators.  Nevertheless, some differences between field and laboratory decay rates would 
be expected, as it is difficult to fully replicate a field process in the laboratory.  
 
 

6.5 Conclusion 

DS and VS values 
• In all pan-drying simulations there was accelerating dryness once the DS values reached 

15-20%, similar to observations made in field treatment. 
 
• Substantial declines of VS values in the simulations were observed (20-30%), as were 

also observed in field treatment.   

Novel Technology  
• Assay chambers developed specifically for this project proved successful in assessing 

the decay of adenoviruses, C parvum and Ascaris suum (refer to Chapters 7, 8, 9).  
Assay chambers were validated by showing that the decay rates for bacteriophage P22 
and E. coli were not significantly different, at a 95% confidence limit, in assay chambers 
(0.5 mL) compared to the sludge in the containers (4.5L) holding the assay chamber.  In 
contrast, the decay rates for Enterococcus spp. were greater is assay chambers than in 
the host containers.     
 

• The novel pan-drying simulation developed for this project provided a robust and flexible 
system with controlled environment elements (air-flow, temperature, time, sun 
simulation). In part, this approach allowed the detection of specific factors for pathogen 
decay.  
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Bacterial indicators 
• Bacterial indicators showed ~3 log10 reductions over the drying period of 17 to 21 weeks, 

in all three laboratory simulations. 
 

• The rate of decay of Salmonella Typhimurium was generally higher than for both E. coli 
and Enterococcus spp. 

 
• Enterococcus spp. is a conservative indicator for the decline of Salmonella spp. during 

pan-drying and stockpiling treatment.   E. coli is preferred as a second choice indicator 
for the decay of Salmonella spp.    

 
• Findings are consistent with the hypothesis that the initial decline of these bacteria 

involves predatory protozoa, while later decline relates to the reduction in water activity of 
the sludge. 

 
• Indicator-specific decay factors identified 

o E. coli appeared to be sensitive to biological factors in sludge up to about 65% 
DS.  During rapid drying of sludge (simulation 1) the surface of sludge particles 
was quite dry, while the centre of particles appeared to contain more moisture, 
which apparently allowed E .coli to survive, without access by predatory protozoa. 
This ultra-variable behaviour of E. coli in pan-drying simulation provides a 
question mark about the quality of E. coli as a surrogate indicator in field 
treatment.  

o Salmonella Typhimurium also appeared to find refuge in fast drying sludge.  
 
Bacteriophage indicators 

• In laboratory simulations, decay coefficients of K-12 coliphages were very close to those 
of PAdV-3 and HAdV (Chapter 7), indicating the suitability of these bacteriophages as 
indicators in field and laboratory investigations. 

• Decay coefficients for K-12 coliphages in the field were lower than in laboratory 
simulations, possily due to temperature-dependent activity of bacterial proteases. 

 
Comparing field and simulation data:  

• E. coli field data was less variable than data from laboratory simulations, however mean 
values for tanks and containers were generally consistent with field data, though with a 
tendency to have a higher decay rate.  
 

• Simulation data for Enterococcus spp. were more consistent with field data from the ETP 
summer pan treatment than E. coli.  
 

• The decay rate of Indigenous K-12 coliphages was higher in simulations than in field 
treatment. This may have been due to optimal protease activity in the simulation due to 
the constant temperature of 20 ⁰C.  Field temperatures were substantially lower until late 
in the drying season.  
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Chapter 7. Decay of adenovirus during pan drying 
 
This work was started by Tim Casey (Minor thesis) and Samareh Ajami (Minor thesis) and continued by Sasikumar 
Vesuvanathan (Honour student, 2010) and Sriharni Chellappan (Master by Research 2011).   

7.1 Background and aims 

7.1.1 Enteric viruses in wastewater   
Human adenoviruses, e.g. HAdV type 41, are also commonly found in sewage sludge, although 
not in high numbers (Dong et al., 2010).  However, they are present at higher numbers than 
other enteric viruses in both raw and digested biosolids (Bofill-Mas et al., 2006; Jiang, 2006; 
Carducci et al., 2008; Sidhu and Toze, 2009).  Adenoviruses are more resistant to adverse 
conditions than other viruses (Thompson et al., 2003). These qualities suggest adenoviruses 
would be conservative indicators of virus decay during treatment of sewage sludge.   

7.1.2 Adenoviruses 
Due to the lack of data validating coliphages as indicators of the presence of enteric viruses, it 
was decided to include an enteric virus as the representative pathogen for enteric viruses to 
compare the decay rate with that of coliphages.  Porcine adenovirus (PAdV-3) and a common 
human adenovirus (HAdV type 41) were chosen as the indicator to demonstrate the decay rate 
of enteric viruses in biosolids during simulation of pan drying and stockpiling. Use of PAdV-3 in 
laboratory simulations has an advantage of safety, as in cannot infect humans.  

7.2 Methods 
 
Details of methods and method development are to be found in Appendix 5.   

7.2.1 Growth of PAdV-3 and HAdV-41 in cell culture 
Initial experiments were conducted using buffalo green monkey kidney cells (BGMK) cells.  
While PAdV-3 grew and produced a characteristic cytopathic effect (CPE) in these cells, it did 
not form plaques.  Moreover, after a few passages, the PAdV-3 grew but failed to produce a 
CPE. It was therefore decided to change the cells for culturing PAdV-3 and HAdV type 41 to 
A459 cells.  Growth of viruses in cell culture was confirmed by standard PCR.   
 

7.2.2 Standard PCR 
Standard PCR assays with specific primers for the detection of PAdV-3 (Maluquer de Motes et 
al. 2004), primers developed for this project, or primers for HAdV type 41 (Schvoerer et al., 
2000) were used to confirm the presence of virus in cell cultures, detect virus in biosolids or 
generate standards for qPCR  (Table 7.1).   Viral DNA was extracted from the supernatant of 
infected cells using DNeasy® Blood & Tissue kit.    
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Table 7.1 Oligonucleotide primers used for PCR amplification of HAdV type 41 and 
PAdV-3 
Virus 
type 

Position Primer Sequence Product 
size 
(bp) 

Reference 

HAdV 
type 41 

18858-
18883 

Ad40  5`-GCCGCAGTGGTCTTACATGCACATC-3` 
 

301 
Allard et al., 

(1991) 
 19136- 

19158 
Ad41  5`-CAGCACGCCGCGGATGTCCAAAGT-3` 

PAdV-3 20627- 
20647 

PALF  5`-GATGTCATGGAYAACGTCAAC-3` 

612 

Maluquer de 

Motes et al. 

(2004) 
 21217- 

21238 
PARF  5`-CACGGAGGAGTCRAACTGGATG-3` 

 
19459-  
19478 

PAQL  5`-AACATCATGGCTCCCAAGAG-3` 

193 

This study 

(standard for 

GEC 

quantification) 
 

19632- 
19651 

PAQR  5`-GTTGGGGCTCATACAAAGGA-3` 

GEC, genome equivalent copies 

7.2.3 qPCR 
PCR was used to generate DNA as products for cloning.  The PCR products were transformed 
in an E. coli vector. After confirmation that, the cloned product contained the insert of interest, 
the plasmid was extracted.  Serial dilutions of the plasmid DNA (10-4 – 10-9) were used as 
template in a qPCR reaction to generate a standard curve.  The results were interpreted using 
CFX Manager™ Software 1.5 (Bio-Rad Laboratories, Gladesville, Australia). Together with the 
cloned product of 193 bp, the total size of the plasmid was 4149 bp.  The plasmid concentration 
used was also taken into account to calculate the genome equivalent copies (GEC) of virus 
present in the standards.  
 
After preparation of standard curves for PAdV-3 and HAdV type 41, cell culture lysates and 
biosolids samples were evaluated by qPCR (in triplicate) using the same conditions as for the 
standards.  Using the relationship between GEC and Ct (threshold cycle) values established 
from the standard curve, the GEC of virus in the samples was calculated.  The GEC/g DS 
values were calculated, taking into account the recovery rates from biosolids at different DS 
values.    
 

7.2.4 Pan-drying simulation 
For the simulations, triplicate aliquots of adenovirus (PAdV-3 or HAdV type41) were mixed with 
sludge, in a total volume of 0.5 mL (final virus concentration ~109pfu/mL, based on limiting 
dilution cell culture/PCR ), and placed in 24 assay chambers with end filters of 100 kDa pore 
size.  Eight assay chambers were suspended in each of three containers that each held 4.5 L of 
sludge.  The containers were then placed in the biological safety cabinets for pan-drying 
simulation.  One assay chamber was removed from the biosolids every two weeks for 16 weeks 
and triplicate samples were analysed by qPCR, after extracting the DNA.  Initial samples were 
also taken at the start of simulation, giving a total of nine sets of triplicate samples for analysis.   
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7.3 Results 

7.3.1 Standard PCR to confirm presence of PAdV-3 in cell cultures and examine 
biosolids samples for PAdV-3  
All samples from cell lysates and extracted PAdV-3 stocks generated a single distinct band of 
612 bp using primers PALF and PARF and a band of 193 bp with the newly designed primers 
(PAQL and PAQR).  All samples from cell lysates and extracted HAdV type 41 stocks generated 
a single distinct band of 301 bp using primers Ad41.   
                            

7.3.2 Presence of HAdV type 41 in biosolids samples 
HAdV type 41was not detected in any un-seeded biosolids sample examined.  The positive 
control generated bands of the expected size (301 bp). It is not clear why the biosolids samples 
did not contain HAdV type 41 when it is reported to be the most abundant HAdV present in 
biosolids (Fong et al., 2010). 
 

7.3.3 Limit of detection of qPCR 
The limit of detection in this experiment was recorded at 2.04 x 105 GEC/µL.   

7.3.4 Comparison of levels of PAdV-3 DNA in sludge from mesophilic anaerobic 
digestion at 20 ⁰C and 35 ⁰C over two weeks 
PAdV-3 was seeded into assay chambers containing MAD samples to monitor any changes in 
the amount of viral DNA at 20 ºC (pan temperature) and 35 ºC (MAD temperature), over a two 
week period.  Fig 7.1 indicates that the decrease in amounts of PAdV-3 DNA was slightly 
greater at 35 ºC than at 20 ºC. Due to time limitation, this experiment could not be monitored for 
more than two weeks, for a more plausible conclusion on the decrease in virus DNA during 
wastewater treatment.  However, the results indicate that viral decay is increased as 
temperatures rise.   
 

             
Fig. 7.1.  Comparison of decrease in levels of PAdV-3 DNA at 20 ºC and 35 ºC temperatures over 2 
weeks. The values represent the number of GECs/ g DS of biosolids. Error bars show 1 sd. 
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7.3.5 Decay of PAdV-3 during simulated drying pan treatment 
 
Simulation 1 
The GECs of porcine adenovirus fell by about 2.5 log10 over the 21 week period (Fig. 7.2).    
    

 
Fig. 7.2.  Decay of PAdV-3 DNA during drying and storage of biosolids, at 20 ºC, over 21 weeks.  The values 
represent the number of GECs/ g DS of biosolids. Error bars show 1 sd. 
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Simulations 2 and 3 
The GECs of PAdV-3 DNA and HAdV 41 DNA decreased by ~ 2 log10 over the period of the two 
simulations (Fig. 7.3, 7.4, 7.5).   
 
In simulation 2, both viruses were added at the commencement of the study. In simulation 3, 
they were added at week 5 (day 28).  Decay coefficients of PAdV-3 in simulations 2 and 3 were 
a little different (-0.039 and -0.023, Figs.7.3, 7.4). Also, the decay of HAdV in simulation 3 was a 
little higher (-0.043, Fig. 7.5), though there was more variation.  
 

 
Fig. 7.3.  Decay of PAdV-3 DNA during drying and storage of biosolids, at 20 ºC, over 21 weeks.  
The values represent the number of GECs/ g DS of biosolids. Error bars show 1 sd. 

 
 

Fig. 7.4.  Decay of PAdV-3 DNA during drying and storage of biosolids, at 20 ºC, over 17 weeks.  
The values represent the number of GECs/ g DS of biosolids. Error bars show 1 sd. 
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Fig. 7.5.  Decay of HAdV-3 DNA during drying and storage of biosolids, at 20 ºC, over 17 weeks.  
The values represent the number of GECs/ g DS of biosolids. Error bars show 1 sd. 
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7.3.6 Comparison of decline in PAdV-3, HAdV type 41 DNA and K-12 coliphage 
A comparison of decay coefficients (from linear regression analysis) of bacteriophages in the 
field and in laboratory simulations showed that the rates of decay of PAdV-3 (-0.040, -0.039,  
-0.023) were about the average decay of K-12 coliphages in DP2 and DP3, average  -0.032 
(Fig. 7.6).  However, there was somewhat higher variation in results for K-12 coliphages, due to 
relatively low numbers. Also it appears that the decay rate of K-12 coliphages in DP 1 is an 
outlier, perhaps due to the more rapid drying.  The decay of HAdV type 41 was statistically 
comparable to that of PAdV-3, though the former showed higher variation.  
 
Field data showed a slower rate of decay of K-12 coliphages than was observed in laboratory 
simulations (Chapter 6).  
 

  
 
Fig. 7.6.  Decay coefficients for K-12 coliphage (K-12 Cp) in the field and porcine adenovirus (PAdV-3) and 
human adenovirus 41 (HAdV type 41) in laboratory simulations.  SDP field drying pan, DP simulated drying 
pan.  Bars show 95% confidence levels. 
 
 

7.4 Discussion 
Environmental degradation of viruses can result from extremes in pH, thermal inactivation, and 
sunlight (Hurst, 1988; Yates et al.1985) and predation or release of virucidal agents from 
endogenous microorganisms in environmental water (Fujioka et al., 1980; Ward et al., 1986).  
 
In laboratory simulations we assessed the affect of decay factors of temperature and biological 
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at 35 ⁰C than at 20 ⁰C.  Moreover, work by Nadin Al Mosnid (Appendix 5) has shown decay of 
naked plasmid DNA in MAD sludge occurred at a greater rate at 35 ⁰C than at 20 ⁰C.  These 
observations suggest that temperature and rate of drying have a significant effect on the decay 
of DNA in a biosolids matrix.   It is likely that these temperature-specific differences in decay of 
coliphages and enteric viruses are related to the activity of indigenous bacterial proteases and 
nucleases which degrade the protein coat and nucleic acid genome respectively.   
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Both proteases and nucleases may be exported by indigenous organisms for scavenging 
organic materials to support survival and growth, or released by damaged cells of either 
indigenous or pathogenic organisms. In modelling the decay of viruses, 2 steps are proposed, 
the first step involves breakage of the protein coat, and the second involves degradation of the 
genomic nucleic acids. In sludge treatment, step 1 appears to be limiting, as the decay shows 
first order decline. This suggests that, once the protective protein coat of viruses is damaged, 
indigenous nucleases swiftly degrade the exposed genome. 
 
Since the decay coefficients of PAdV-3 and HAdV-41 were slightly less than the average decay 
rate of K-12 coliphages in laboratory simulations, K-12 coliphages would be suitable indicators 
for the decay of adenoviruses and other enteric viruses.  Thus, the use of coliphages as an 
indicator for adenoviruses in drying pan treatment of sewage sludge appears to be valid. In 
contrast, no ideal surrogate has been recognised for evaluating the decay of enteric viruses in 
activated sludge processes (Department of Health Victoria, 2010).  
 
The qPCR method provided enumeration of adenovirus DNA, not infective viruses.  While 
qPCR does not give absolute numbers of infective virus, it can be used to show log10 reduction 
values for a treatment process.  The use of qPCR for validation of virus removal in the 
inactivated sludge process is listed in the Victorian Department of Health (2011) Draft 
Guidelines for Validating Treatment Processes for Pathogen Reduction – Supportive Class A 
Water Recycling Schemes in Victoria.   
 
 

7.5 Conclusion 
Indigenous K-12 coliphages are a reasonable microbial indicator for the decay of Adenovirus 
and other enteric viruses in pan-drying treatment. 
 
It is proposed that a conservative decay coefficient of 0.018, the mean decay rate of K12 
coliphage in the field drying pans, be used when calculating enteric virus log10 reductions during 
sludge drying.  Using a decay coefficient of 0.018, it would take 56 weeks to achieve 3 log10 
reductions for a typical Victorian sludge drying and stockpiling system.   
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Chapter 8. Decay of Cryptosporidium parvum during pan 
drying and stockpiling 
 
This work was started by Vishal Mistry (Minor Master coursework thesis) and Samareh Ajami (PhD 2009, not 
completed) and continued by Fred Kong (Honours 2011).   
 

8.1 Background and aims  

Cryptosporidium spp.  in wastewater 
The most common human pathogenic protozoan parasites in raw wastewater are 
Cryptosporidium spp. and Giardia lamblia, which occur at levels of around 0.3  to 1.3 x 104/L 
and 1 x 102 to 2 x 105/L, respectively (Table 1.1).  Cryptosporidium spp. causes diarrhoeal 
disease, mainly in children and immunocompromised patients.  Other individuals may become 
infected without any signs and symptoms of disease.   The main mode of transmission for 
Cryptosporidium spp. is the faecal-oral route through the oocyst stage, usually from 
contaminated water or food. Cryptosporidium spp. has a very low infections dose, with 
estimates ranging from one oocyst to 130 oocysts (Charles and Joan, 1994).  
 
The use of in vitro excystation enables enumeration of total and viable C. parvum oocysts, 
however, it is difficult for untrained personnel to accurately count live and dead oocysts and to 
distinguish cysts from other similar structures in biosolids.  Further, oocysts embedded in sludge 
can be difficult to detect.  Moreover, 100x objectives required for phase contrast microscopy, 
cannot be used with a haemocytometer, making it difficult to distinguish between live and dead 
C. parvum oocysts.  Although, in vitro excystation gives a good indication of viability, it does not 
necessarily equate to the infectivity of C. parvum oocysts since oocysts that fail to excyst can be 
infectious to neonatal mice  (Neumann et al., 2000).  Nevertheless, later work by Rochelle et al. 
(2002) and King et al. (2011) has since shown a good correlation between in vitro and neonatal 
mice infectivity of oocysts.   
 
Use of the fluorophor, FITC linked to a monoclonal antibody and examining samples by 
epifluorescence at  x40, improves specificity; however, it can be difficult to distinguish live from 
dead cysts using a single stain at this magnification.   Combining Syto-59 with FITC-C-mAb 
improves the ability to distinguish between live and dead cysts.  Syto-9 penetrates the  cell wall 
of dead oocysts staining the inner contents red, while live oocysts actively pump the Syto-59 out 
of the cell (Neumann et al., 2000).  
 
Identification of C. parvum using confocal laser electron microscopy (CLSM) is a further 
improvement to the technique.   Dead and live C. parvum oocysts can be easily identified and 
counting can be done using clsm.  Detailed methods are provided in Appendix 5.   
 
 

8.2 Methods 

8.2.1 Source of cysts and microscopy 
Cryptosporidium parvum oocysts were obtained from Professor Una Ryan (Murdoch University, 
Western Australia).  On receiving the oocysts, total counts were performed by phase contrast 
microscopy at x40 magnification.     
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8.2.2 Pan-drying simulation 
Triplicate aliquots of C. parvum cysts where mixed with sludge, in a total volume of 0.5 mL (final 
oocyst concentration ~106/mL), and placed in assay chambers with end filters of 0.45 µm pore 
size.  Assay chambers were used because, unlike bacteria, C. parvum cannot be obtained in 
sufficiently large quantities for seeding into the larger tanks or containers. The assay chambers 
allow the use of a smaller sample of sludge seeded with enough C. parvum to allow recovery.   
Eight assay chambers were suspended in each of three containers that held 4.5 L of sludge.  
The containers were then placed in the biological safety cabinets for pan-drying simulation.  
Assay chambers were recovered at 2-weekly intervals for the duration of the simulation and 
triplicate samples for each assay chamber were analysed.  Initial samples were also taken at 
the start of simulation, giving a total of nine sets of triplicate samples for analysis. Cysts were 
recovered from the biosolids in assay chambers by magnetic bead technology, according to the 
manufacturer’s instructions, except that SDS and Sigmacote-coated beads were introduced into 
the protocol in an attempt to improve recovery from biosolids.  The numbers of live and dead 
cysts were counted, by staining with FITC-C-mAb and Syto-59, followed by CLSM.  The number 
of live oocysts/g DS was calculated, taking into account differences in recovery rates as the 
sludge dried.  Detailed methods for recovery of oocysts and counting live oocysts by CLSM are 
provided in Appendix 5.     
 

8.3 Results 

8.3.1 Total oocyst counts by phase contrast microscopy 
Quantification of total C. parvum was successfully achieved using a phase contrast microscope.  
The average observed concentration (3x10⁶ oocysts/ mL) of the sample did not show any major  
difference from the expected concentration (3.2x10⁶ oocysts/mL) of the stock solution from the  
time they were obtained, which was 2 weeks earlier than when they were counted. The 
expected concentration of the oocysts can therefore be used for the calculation of the  
recovery efficiency of C. parvum oocysts from biosolids.  
 

8.3.2 Recovery of C. parvum oocysts using magnetic bead technology 
The recovery rate of C. parvum from assay chambers appeared to be relatively low. There was 
no apparent improvement in the recovery rate after introducing SDS and Sigmacote-coated 
beads into the protocol from week 3 onwards, however, it was decided to continue with this 
procedure after observing oocysts embedded in biosolids.  Preliminary experiments using PBS 
in place of sludge achieved a recovery rate of 68%, indicating that the presence of sludge 
interfered with recovery.  Recovery from extremely dried sludge was possible, albeit at a lower 
recovery rate than samples from moist sludge (refer to Appendix 5 for details).   
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8.3.3 Decay rate of C. parvum oocysts during treatment 
Live and dead oocysts were easy to distinguish using CLSM.  The outer coat of live cysts 
stained green, while dead cysts stained red (Fig. 8.1, 8.2).   

 
 
Fig. 8.1. Stained C. parvum oocysts with FITC-C-mAb and Syto-59 observed under a confocal microscope 
using a 60x objective lens. Live cyst (green arrow), dead cyst (orange arrow)The big patch of red fluorescence 
(blue arrow) is not an oocyst. It is either another organism which is dead or just a structure such as crystal which 
has absorbed Syto-59.  
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Fig. 8.2. C. parvum oocysts embedded in sludge particles. A is a magnetic beads used to recover the C. parvum 
oocyst from sludge. B Sludge particle with C. parvum oocysts embedded within. C Dead Cryptosporidium oocyst. 

The decay of C. parvum was only measured in pan-drying simulations 2 and 3.  Data from 
simulation 1 is not available due to technical problems. In both simulations there was a gradual 
decrease in the number of live oocysts during the drying phase, followed by a faster rate of 
decay in the stockpiling phase (last two data points) (Figs 8.3, 8.4).  In the last two samples 
many cysts were crushed and deformed and did not fluoresce red.  All crushed deformed cysts 
were classified as dead and those that remained intact (round with organelles inside) without 
red fluorescence were counted as live. 

The decay rates in simulations 2 and 3 were statistically similar, -0.010, -0.012. Thus at the 
average value, -0.011, 209 days were needed for one log10 decay of live C. parvum oocysts.   
 
Decay coefficients for C. parvum are shown in Fig. 8.5, with decay data of E. coli and 
Enterococcus spp. in both drying pan simulation and field drying pan treatment, for comparison.  
In the simulations the decay coefficients for C. parvum are statistically similar to Enterococcus 
spp. while the E. coli data showed somewhat higher decay and variation.  Decay coefficients for 
C. parvum are also similar to those of Ascaris suum, with decay coefficients around -0.030. 
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Fig. 8.3. Decay of live oocysts/ g DS during pan-drying simulation 2.  Error bars (show 1 sd). 
 

   
Fig. 8.4. Decay of live oocysts/ g DS during pan-drying simulation 3.  Error bars (show 1 sd). 
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Fig. 8.5 Decay coefficients for Cryptosporidium parvum compared to E. coli and Enterococcus spp. in pan-drying simulations (DP1, DP2, DP3) and  
ETP field pan-drying treatment. Cr, Crytposporidium parvum; Ec, E. coli; En, Enterococcus spp.; -A, assay chambers; -C, containers; -T, tanks. Horizontal bars indicate 
mean values and bars show the 95% confidence limits.   
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8.4 Discussion 
 
The method described in this study for enumeration of live oocysts from biosolids by CLSM, 
after recovery using magnetic bead technology and staining with FITC-C-mAb and Syto-59, is 
time consuming but appears to be reliable. However, the classification of cysts as live or dead 
required some expertise.  The ‘gold standards’ for enumeration of live C. parvum oocysts are 
cell culture and mouse assays (Rochelle et al., 2002), but these assays were beyond the 
resources of the present project.  
 
The decay of C. parvum during the pan drying simulation was relatively slow (about 0.5 log10 
over 140 days).  The average decay rate was -0.011. 
 
In this study, the numbers of live oocysts / g DS were used to estimate the decay rates of 
Cryptosporidium parvum during the simulation.  The decay rates were similar across the whole 
treatment times in both simulations 2 and 3. Consistant with the decline of numbers  
photographs, particularly of dried sludge, taken by CSLM showed debris that appeared to be 
degraded oocysts.   This suggested that significant full destruction of occysts occurred in at 
least the last two sampling points.   
 
Cryptosporidium is relatively sensitive to temperatures over 15 ⁰C compared with Ascaris spp. 
(King et al., 2005; Maya et al. 2010).  In anaerobically digestion at 37⁰C the decay rate is 
approximately -14 (Stadterman et al., 1995), which is about three magnitudes higher than 
reported here (-0.010, -0.012) in drying-pan simulation at 20 ⁰C. The reported decay rate in 
drying-pan simulation is thus consistent with higher rates in anaerobic digestion. 
  
While Cryptosporidium oocysts are considered to be environmentally robust, they are sensitive 
to a number of abiotic and biotic processes that they may encounter in either the terrestrial or 
aquatic environment. While a number of these processes (e.g., temperature) have been well 
quantified by researchers, other processes affecting oocyst viability (e.g., solar radiation, biotic 
antagonism) need much more attention. Importantly, it is largely unknown what synergetic 
processes occur between these different stresses and how they affect oocyst survival and/or 
viability in the environment (King and Monis, 2007). 
 
According to the Victorian EPA guidelines (2004), sludge can be considered grade T1 biosolids 
if there is more than two log reduction of Ascaris eggs, three log reductions in enteric viruses 
and strict criteria for bacterial populations (especially E. coli and Salmonella spp.).  However, 
there are no criteria for protozoan parasites such as Cryptosporidium; however, a two log10 
reduction of Ascaris eggs is associated with a larger reduction in other parasites (EPA, 2004).   
 
We propose Enterococcus spp. as an indicator for decay of Cryptosporidium spp. in pan drying 
treatment, due to similar decay coefficients in the simulation experiments.  While the average 
field decay rates for Enterococcus spp. and E. coli are similar, -0.0305 and -0.0310, 
respectively, the enumeration method for Enterococcus spp. is more robust. 
 

8.5 Conclusion 
In the drying pan simulation the rate of decay of C. parvum was repeatable, with an average 
decay coefficient of -0.011.  The field decay coefficients for E. coli (-0.0310), or preferably 
Enterococcus spp. (-0.0305), are proposed to be used to forecast decay of C. parvum, by 
dividing their decay by 3. Thus about 209 days of pan treatment are required for one log10 
decay of live C. parvum oocysts. 
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The presence of Cryptosporidium spp. oocysts in MAD sludge has been reported in the range of 
1 to 100 per g DS (Grant and Smith, 2010). Thus pan treatment over 410 days (for 2 log10 
decay) should ensure effective removal of Cryptosporidium spp.    
 
We propose Enterococcus spp. as an indicator for decay of Cryptosporidium spp. in pan drying 
treatment, as the enumerating analysis method for Enterococci spp. is more robust than the one 
for E. coli. Media plates for enumerating Enterococci spp. are fully clear of any background 
growth, while MGLA plates for enumerating E. coli can suffer from variable degrees of 
background growth. Backround growth may mask E .coli colonies when at low numbers (up to 
102 to 104 per g DS), depending on degree of background growth. 
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Chapter 9. Ascaris suum 
This work was done by Jacqueline Morris (Honours), Manasa Bele, Alaa Karkashan, Ronak Hojatpanah, Basma 
Khallaf and Shengxi Zeng (Master minor thesis).   
 

9.1  Background and aims 

9.1.1 Ascaris spp. in wastewater 
Ascaris lumbricoides is the most prevalent parasitic disease-causing agent in developing 
countries with a presence in raw wastewater of about 102 eggs/ L (Table 1.1).  About 1.4 billion 
people worldwide are affected by Ascaris lumbricoides and another 4.2 billion at risk of infection 
(Silva et al. 2003; Brownell and Nelson 2005).  Ascaris lumbricoides causes about 60,000 
deaths every year (WHO 2001), and children aged 5–15 years are most commonly infected 
(Bethony et al. 2006).  The high prevalence of infection in developing countries is related to 
inadequate disposal and poor wastewater treatment (Astudillo et al. 2008), however, in 
developed countries like Australia infections rarely occur.   
 
Helminth eggs are highly concentrated in the sludge, due their high settling velocities (Sidhu 
and Toze 2009).  Generally, mesophilic anaerobic digestion is not an effective process for 
helminth inactivation (Scott 2003). High temperature and drying are the main factors for 
inactivating helminth eggs (Collick et al. 2007).   
 

9.1.2 Review of methods for enumeration of Ascaris spp. eggs 
Conventional microscopy is a direct and simple method for counting viable Ascaris eggs, but it 
lacks objective standards, requires technical expertise, is subjective and not as accurate as 
culturing methods.  The method depends on observing morphological changes present in dead 
eggs.  These include vacuolation in the egg cytoplasm due to degeneration of fat, shrinking, 
cytolysis, damaging of the shell and presence of large granules (WHO 2004).   
 
The incubation method is the most common and reliable technique used for determining egg 
viability in biosolids and is accepted as the reference method (EPA USA 2003).  Eggs are first 
recovered from the biosolids either by sedimentation or flotation methods.  The recovered eggs 
are incubated for about 28 days at 25 °C before examining for the presence of developing 
larvae inside viable eggs (Bowman et al. 2003).  This method is time consuming and takes at 
least four weeks to complete.     
      
Polymerase chain techniques have also been used to identify live Ascaris eggs, but these 
methods are yet to be validated against standard egg incubation methods.   
 
Exclusion of fluorescence dyes that stain nucleic acid is widely used for viability determination 
for bacteria, but has not been applied widely to assessing the viability of helminths.  Molecular 
Probes have developed a nucleic acid fluorescence stain for bacterial viability determination. 
This kit contains two florescence dyes; Syto 9 and propidium iodide.  The Syto 9 penetrates all 
bacterial membranes and stains them green, while PI only penetrates dead bacterial 
membranes and stains them red (Molecular Probes manual 2004).   This method has not been 
applied previously to determining the viability of Ascaris eggs.   
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9.1.3 Aims of this study 
The aims of this study were to (i) develop and evaluate rapid methods for the enumeration of 
live Ascaris spp. eggs in biosolids and (ii) to use those methods to examine the decay of 
Ascaris suum eggs in laboratory simulation of pan drying and stockpiling.    
 

9.2 Methods 

9.2.1 Detection or enumeration of Ascaris spp. eggs in biosolids 
Ascaris suum eggs were enumerated in biosolids by three methods.   (i) Conventional 
microscopy was used to obtain total egg counts.  (ii) The conventional incubation method was 
used as a reference method.  Briefly, after treatment of incubated eggs with 10% bleach, 10 µL 
of the recovered eggs was examined with light microscopy at 10 x magnifications.   (iii) Staining 
with vital dyes followed by CLSM microscopy was used to obtain live egg counts for determining 
decay rates.  Briefly, 10 µL of stained sample was placed in 24 well plates and examined with 
Nikon confocal laser-scanning microscopy (CLSM) with 20 x magnification.  Green fluorescence 
(488 nm) and red fluorescence (566 nm) channels were used to view eggs stained with Syto 9 
and propidium iodide, respectively.  Live and dead eggs were counted according to their 
fluorescence.  Each specimen was counted three times and the mean count calculated.   
 
A qPCR method was also developed to quantify live eggs, but was not used in simulation 
experiments after vital staining proved to be satisfactory.    
 
Detailed descriptions of these methods and their development is provided in Appendix 5.   

9.2.2 Pan-drying simulation 
Triplicate aliquots of Ascaris suum were mixed with sludge, in a total volume of 0.5 mL (final 
oocyst concentration ~104/mL), and placed in assay chambers with end filters of 0.45 µm pore 
size. Eight sets of triplicate chambers were prepared. The assay chambers were suspended in 
three containers each with 4.5 L of sludge, with one chamber of each triplicate set placed in a 
separate container in order to measure reproducibility between containers.  The containers 
were then placed in the biological safety cabinets for pan-drying simulation.  After the simulation 
was started, triplicate samples were taken every two weeks. Initial samples were also taken at 
the start of simulation, giving a total of nine sets of triplicate samples for analysis.  Samples 
were analysed by conventional incubation and vital staining followed by confocal microscopy.  
The number of live eggs/g DS was calculated, taking into account recovery rates.  
 

9.3 Results 

9.3.1 Viability of eggs 
After a minimum of 28 days incubation at 25°C in culture fluid more than 95% of recovered eggs 
observed under the light microscope were viable. After the outer shell of eggs was removed by 
bleaching, motile larvae were observed inside the eggs especially after heating them to 35 to 40 
°C; some of them were seen hatching and exiting the eggs.  Viable eggs were also 
distinguished by their rounded shape and thick shell wall and their content which consisted of 
either granulated cells or contained fully developed larvae. 
 

9.3.2 Recovery rates 
Recovery rates obtained for simulation 2 are used as an example, to represent all three 
simulations.  CLSM microscopy data showed more stable data compared to light miscroscopy 
(Fig. 9.1). In simulation 2, CLSM microscopy data gave the recovery rate from assay chambers 
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rangingd from 127% (week 1 of the simulation, DS 3%) to 57% for the stockpiled samples 
(week 17, DS 71%.  There was wide variation between the three replicate samples, illustraing 
the long acknowledged difficulty of counting helminth eggs in sludge (Fig, 9.1, Table 9.1).    
 
 

  

Fig. 9.1 Recovery rates of Ascaris eggs by week for simulation 2.  

Table 9.1.  Dry solid content of sludge in assay chambers for each week of simulation 2 
  

1 3 5 7 9 11 13 17
Light microscopy 164.6 37.2 61.9 90.3 67.3 85.0 69.0 44.2
Confocal microscopy 127.4 73.7 73.7 71.4 74.3 90.3 60.2 56.6
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Recovery efficiency Ascaris suum DP2

Treatment time  Dry solid content (g) per chamber 

Weeks Days  Chamber A Chamber B Chamber C average 

1 1 3.0 3.0 3.1 3.1 

3 14 3.0 3.6 5.6 4.1 

5 28 5.0 4.7 5.2 5.0 

7 42 3.9 4.3 4.4 4.2 

9 56 4.7 5.8 4.5 5.0 

11 70 10.4 7.2 5.9 7.9 

13 84 11.3 10.8 10.0 10.7 

17 112 71.2 67.7 69.0 69.3 

21 140 73.5 69.7 70.8 71.3 
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9.3.3 Detection of live Ascaris suum by light microscopy 
Eggs were classified as live if developing larvae could be seen within the egg.   Eggs were 
classified as dead if there as a cloudy dark inner core.  Some eggs were difficult to classify and 
were recorded as “uncertain”.  Each specimen was counted three times and the average and sd 
calculated (Fig. 9.2).   

 

 

 
 

Fig. 9.2.  Ascaris eggs examined with 10 X magnification alter bleaching.  
A-C: live Ascaris eggs in different larval stages, D  live developing Ascaris egg, E-F: larvae within eggs,  
G left, a dead Ascaris eggs with dark and cloudy inner core ( green arrow), right: a live developing 
Ascaris egg ( red arrow). 
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9.3.4 Detection of live Ascaris suum by CLSM 
Live eggs were easily identified by green fluorescence and red fluorescence around the 
periphery of the egg (Fig. 9.3A and D).  Dead eggs showed strong green fluorescence or red 
fluorescence which penetrated the whole egg (Fig. 9.3, B-C, E-F, arrows).  Compared with light 
microscopy, CLSM was more time consuming.  Moreover the eggs were fragile and easily 
broken, making them more difficult to distinguish from debris; however, CLSM made 
distinguishing live and dead eggs very easy.    
 

 

 

Fig 9.3: Ascaris eggs were stained with Live/Dead BacLight kit and examined by CLSM with 488 nm (green 
fluorescence) and 561 nm (red fluorescence).  488 nm green fluorescent background (A-C): Live eggs (green 
arrows), dead eggs (red arrows), .561 nm red fluorescent background (D-F) live eggs (green arrows), Dead eggs 
(red arrows). 
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9.3.5 Log reduction values over the drying and stockpiling period 
Similar results were obtained with the conventional incubation methods and examination with 
CLSM after staining with a BactLight, viability kit (R values for decay curves were 0.8916 and 
0.9108, respectively).    
 
In simulation 1 there was a  ~1-log10 decay in the number of viable eggs per g DS, and 0.5 log10 
decay in simulations 2 and 3 during the treatment time (Figs. 9.4, 9.5, 9.6). It appears that faster 
drying in DP1 may have led to a slight increased rate of decay. For simulation 2 and 3 the 
average decay coefficient is -0.0056, which provides a 1 log10 reduction, in 58.7 weeks. 
 
Decay coefficients for Ascaris suum are graphed in Fig. 9.7, compared to E. coli and 
Enterococcus spp. in pan-drying simulation and ETP field pan-drying treatment. The decay 
rates of Ascaris suum in DP2 and DP3 are about 2-fold lower than of those for C. parvum, with 
decay coefficients around -0.0056, compared to -0.011, respectively. 
     
 

  
Fig. 9.4. Decay of Ascaris suum in simulation 1 over 21 weeks. Error bars show 1 sd (too small to be seen). 
 

 
 
Fig. 9.5. Decay of Ascaris suum in simulation 2, over 21 weeks. Error bars show 1 sd. 
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Fig. 9.6. Decay of Ascaris suum in simulation 3, over 17 weeks. Error bars show 1 sd.
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Fig. 9.7 Decay coefficients for Ascaris suum compared to Enterococcus spp. and E. coli in pan-drying simulations (DP1, DP2, DP3) and ETP field pan-drying 
treatment. As, Ascaris suum; Ec, E. coli; En, Enterococcus spp.; -A, assay chambers; -C, containers; -T, tanks). Horizontal bars indicate mean values and bars show the 
95% confidence limits. 
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9.4 Discussion 
As ascariasis is not a reportable disease in Australia, it is not possible to estimate the 
concentration of eggs in wastewater entering treatment plants.  However, anecdotal evidence 
from diagnostic laboratories in Victoria indicates that the rate of infection is low, that most 
infections are acquired overseas and that patients diagnosed with ascariasis are generally 
treated successfully.  This suggests that the concentration of eggs in wastewater entering 
treatment plants in Victoria is likely to be very low.  The sensitivity analysis that was conducted 
by Grant and Smith (2010) as part of this project concluded that, in regions of low prevalence of 
ascariasis such as Victoria, the risk to human health from the application of biosolids to land is 
extremely low.   
 
In this study, A. suum was used as a reference pathogen for helminths, since Ascaris spp.  is 
the most resistant of the helminth parasites  There was about a  0.5-log10 reduction of live A. 
suum eggs after 140 days of laboratory pan-drying simulation. The Victoria EPA guideline for 
land application of biosolids (2004) without restrictions (grade T1) requires 2-log10 decays of 
Ascaris spp. eggs during biosolids treatment.  Ascaris eggs are somewhat resistant to MAD 
treatment, but would be followed by at about a 1-log reduction in egg counts during the pan-
drying stage of biosolids production, over 59 weeks. Given the low prevalence of ascariasis in 
Victoria this should be sufficient to destroy all Ascaris eggs present.  This suggests that 
Victorian biosolids can safely be applied to land after a period of pan-drying and that the 3-year 
stockpiling stage, mainly introduced to ensure decay of helminth eggs, is unnecessary.   
 
The recovery rates of eggs from biosolids ranged from ~100% for liquid biosolids (DS ~3%) to 
~57% for dry biosolids (DS ~70%).   The dry biosolids were very difficult to suspend in liquids.  
This was partly overcome by breaking them up with a scalpel, repeated pipetting and leaving 
the Maximum Recovery Diluent/biosolids suspension at 4 OC for 2-3 days before attempting to 
make an even suspension.   Another important factor influencing recovery was the sticky 
property of Ascaris eggs. At pH 7, up to 69.2±4.9% of eggs stick to glass surfaces (Capizzi, 
2001).  All glassware and polypropylene was coated with Sigmacote in an attempt to prevent 
the eggs from sticking to the glass.  In spite of these improvements to the technique, only 57% 
recovery was achieved from dry biosolids.  In other studies the rates of the recovery of Ascaris 
spp eggs ranged from 4.38% to 80.8%.   
 
In this study, the numbers of recovered live eggs were used to calculate the number of eggs/g 
DS at defined points during the simulation.  This method takes into account disintegration of 
dead eggs. In enumerating eggs in anaerobic digestion simulations Pike et al. (1983, 1988) as 
well as assessing percentage live eggs, also assessed total egg counts, indicating that 
significant total destruction of eggs can occur at 35 OC.  Recovery efficiencies in this study 
ranged from ~100% for moist sludge to 57% for the final sampling points when the sludge was 
very dry.  As all data numbers lie close to the calculated trend lines it is likely that reduced 
recovery rates as the sludge dried are due to complete destruction of an increasing proportion 
of dead eggs. Technical difficulties in extraction of eggs from dried sludge may also contribute 
to decreased recovery, but not to a significant level.   Therefore, the average decay rate in 
simulations 2 and 3 (-0.0056), is considered to be an accurate value. 
 
In general, the major factors in destroying Ascaris spp.are heat, at temperatures of 40 ⁰C or 
more, dessication and time (Feachem et al, 1983). As the laboratory simulation was conducted 
at 20 ⁰C, heat was unlikely to be a factor in decay of A. suum. In comparison to decay rate of 
Ascaris suum reported here in drying-pan simulation at 20 ⁰C (-0.0056), the decay rates were 
-0.046 and -0.050 in anaerobically digested sludge at 35 ⁰C, and -0.31 at 49 ⁰C (Pike et al., 
1983; 1988). These differences would be expected due to the known effect of temperature on 
decay of Ascaris eggs (Pecson et al., 2007; Maya et al., 2010). Thus the decay rate of A. suum 
for drying-pan simulation reported here is consistant with published data. 
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Moisture levels at 5 % or less may also cause rapid death of Ascaris spp., but this is not a 
normal factor in sludge-drying practice, where sludges generally do not reach a DS content of 
>75%. It is likely that biological factors may be important for the decay of Ascaris spp. eggs in 
pan-drying treatment; in particular the possibility of damage from scavenging enzymes from 
indigenous organisms.   

9.5 Conclusion 
The decay rates of A. suum are about 2-fold lower than for C. parvum, with decay coefficients 
around -0.0056.  During pan-drying simulation and stockpiling, 1 log10 reduction of Ascaris suum 
occurred in about 59 weeks.  Future investigations should focus on identifying the biological 
factors responsible for decay of Ascaris spp. in drying-pan and stockpiling treatment. 
 
This decay rate is likely to be conservative, as in the field, the eggs would have been exposed 
to 15 days anaerobic digestion at 35 oC and high ammonia concentrations, which is likely to 
have weakened the eggs, leading to an increased decay rate.   
 
The decay rate of A. suum is similar to both Enterococcus spp. and E. coli. We propose 
Enterococci spp. as a preferred indicator for decay of Ascaris spp. in pan drying treatment, with 
E. coli as a second-choice indicator, due to the more robust analysis method for Enterococcus 
spp. 
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Chapter 10. Factors affecting decay of indicators and pathogens 
in sewage sludge 

10.1 Factors affecting the decay of T2 coliphage in biosolids 
 
Work by David Garrick (Honours student) 

10.1.1 Background 
As the chemical, physical and biological systems in the sludge environment are dynamic and 
complex, different conditions and factors may contribute to the decay of pathogens.  These 
factors might have different effects on the various microorganisms that inhabit sludge. It is 
possible that the rate of pathogen decay and decline is influenced by factors imposed during the 
sludge treatment process.  The aim of this study was to observe any factors which may affect 
decay of T2 coliphage, and potentially other viruses in biosolids.  

10.1.2 Methods 

10.1.2.1 Biosolids treatment 
Sludge was collected from the output of an anaerobic digester at the South Melton Treatment 
Plant, Melton, Victoria (Western Water).  Aliquots of MAD sludge were treated by autoclaving 
for 2 hours at 121°C, or by gamma irradiation at 250 kGy, performed by Steritech, Dandenong 
Victoria.  Autoclaved, gamma-irradiated and untreated samples were stored at 4 oC until 
required.  Fresh sludge was used to simulate field conditions.   Autoclaved sludge were used to 
show the effects of decay of indigenous flora, however since autoclaving could also destroy 
enzyme systems, gamma irradiation was used to show the effect on decay of microorganisms 
without destruction of extracellular enzymes, e.g. proteases and DNases, that could be involved 
in bacteriophage decay.   

10.1.2.2 T2 coliphage inoculation and incubation 
Aliquots of untreated, autoclaved and gamma irradiated MAD sludge were inoculated with 106 
pfu/mL T2 bacteriophage or left uninoculated.  Half the MAD samples were incubated at 20 °C 
(average summer temperature of pan sludge) while the other half were incubated at 35 °C 
(temperature in MAD).  To ensure statistical integrity, three sets of sludge were prepared for 
each treatment type.   

10.1.2.3 Sampling and analysis 
Every week for five weeks, samples were removed from sample containers and analysed for T2 
coliphage (host E. coli B) and B coliphage as described in Appendix 2.   The B coliphages are a 
group of indigenous bacteriophages that use the same host as T2 coliphage.   
 

10.1.2.4 Statistical analysis  
One-way analysis of variance test (ANOVA) was used to compare the three treatment types.  A 
p value of <0.05 was considered to be significant.   
 
 
 

10.1.3 Results 
In fresh MAD sludge, the numbers of indigenous B coliphage remained relatively stable, with a 
decrease of ~1 log10  pfu/g DS (35 °C) or an increase of ~ 0.5 log10 pfu/g DS (20 °C), while the 
numbers of added T2 bacteriophage decreased by about 1.5-2.5 log10 at both temperatures 



July 2012 © Copyright Smart Water Fund 2012 - Verifying Microbial Safety in Biosolids Treatment Page 125

(Fig. 10.1).  The decline in numbers of T2 bacteriophage was statistically significant at 35 oC; 
however, at 20 oC the data showed considerable variability and the decline was not significant.   
 
For autoclaved MAD, T2 coliphage declined by ~4.5 log10 and ~1.5-log10 pfu/g DS after 
incubation for 30 days at  35 °C and 20 °C respectively (Fig.10.2), while the log10 reductions in 
γ-irradiated MAD were ~3 log10 at both temperatures (Fig. 10.3).   The regression lines showing 
decline in T2 bacteriophages in autoclaved and γ-irradiated MAD were statistically significant.  
 
 

 
Fig. 10.1 Phage pfu/g DS in untreated sludge over time (days). Error bars show 1 sd. 
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Fig. 10.2 Phage pfu/g DS for autoclaved sludge over time. Error bars show 1 sd. Dashed line shows threshold 
of detection. Blue symbol of B phage 20 ⁰C hidden under red symbol of B phage 35 ⁰C.  
 

  

Fig. 10.3 Phage pfu/g DS for  γ-irradiated sludge over time. Error bars show 1 sd. Blue symbol of B phage 20 
⁰C hidden under red symbol of B phage 35 ⁰C. 
 
of the  decay coefficients of T2 coliphage in both autoclaved and  γ-irradiated MAD sludge were 
greater than for fresh sludge, either at 20 ⁰C or 35 ⁰C.  The highest decay levels where 
observed for autoclaved sludge. Decay coefficients of T2 in fresh MAD incubated at 20 ⁰C were 
similar to the decay coefficients observed in the drying-pan simulations, at 20 ⁰C (-0.104 
compared to -0.10, -0.08) (Table 10.1, Fig. 6.20). The indigenous B coliphages did not change 
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significantly at 20 ⁰C in this study (+0.031) or in drying pan simulations ( -0.06 and -0.02).  Refer 
to Appendix  7 for full data on the decay of bacteriophages.    

Table 10.1 Summary of decay coefficients of coliphages* 
MAD treatment Indigenous B coliphages Added T2 coliphage 
 20 oC 35 oC 20 oC 35 oC 
Fresh +0.031 -0.065 -0.104 -0.203 
Autoclaved NA NA -0.130 -0.398 
γ-irradiated NA NA -0.184 -0.230 
* Decay coefficients were calculated from non-linear regression.  ,  

10.1.4 Discussion 
Incubation of fresh MAD sludge at either 20o C or 35o C resulted in < 1 log10 changes in the 
levels of indigenous coliphage over a period of one month.  In contrast, there was ~ 1.5-2.5 
log10 reduction in added T2 coliphage over the same period.  This suggested that the 
indigenous E. coli hosts maintained the levels of indigenous B coliphages, but not T2 coliphage, 
which may require specific E. coli hosts for its maintenance or hosts in a specific phase of 
growth not encountered under the test conditions.   An alternative reason why indigenous B 
coliphages showed no significant decrease is that they are less susceptible to proteases 
present in the MAD sludge compared to T2 coliphage.   Also, the variation in decay of 
indigenous B coliphages suggest these may not be a useful indicator. 
 
In general, factors in destruction of T2 may include proteases produced by indigenous bacteria 
in MAD sludge, predation by various protozoa and redox chemicals.  Incubation in autoclaved or 
γ -irradiated MAD sludge at 20 oC or 35 oC showed increased decay compared to fresh sludge. 
As protozoa would be killed by both autoclaving and γ -irradiation the results suggests that 
predation by indigenous protozoa is not a major factor in decay of T2 coliphages. Other cellular 
organisms would also be killed by these conditions. However, the death of indigenous 
organisms is likely to lead release of intracellular protease, which might cause increased decay 
of T2 phages. The higher decay under all three sludge conditions at 35 oC compared to 20 oC 
may indicate increased activity of proteases at the higher temperature. 
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10.2 Factors affecting decay of MS2 coliphages 
Work by Tania Mondal (PhD student) 

10.2.1 Background 
Given that enteric viruses and bacteriophages generally have protein coats it is suggested that 
indigenous proteases in sludge may be a factor in the decay of both enteric viruses and 
bacteriophages. MS2 is a member of the K-12 coliphages group. 

10.2.2 Methods 

10.2.2.1 Assessing protease activity in sludge 
Sludge samples of different treatment ages were obtained from ETP, i.e.  MAD, an early drying-
pan, and a late drying-pan.  MAD sludge was also obtained from South Melton WWTP. Sludge 
samples were centrifuged, the supernatant transferred to a new tube and filtered (0.22 µm pore 
size) to remove bacteria and any larger organisms. The extracts were incubated with azocasein 
(as a substrate for detection of the activity of proteases by colour change) at 35 ⁰C, and the 
degraded products measured with a spectrophotometer.  Values obtained from negative 
controls (without added protease) were subtracted from sample values before graphing (Sigma- 
Aldrich, 1998; Gessesse et al., 2003). 

10.2.2.2 Effects of sludge extracts on decay of MS2 coliphage 
Purified MS2 coliphages (105-107 pfu/mL) were mixed with sludge extracts, proteinase K 
(positive control), or tryptone yeast extract glucose broth as a negative control. The decay of 
MS2 was assessed by the K-12 coliphage assay method (Appendix 2).  Indigenous K-12 
coliphages (which use the same host bacteria as MS2) were almost undetectable in the sludge 
obtained from South Melton WWTP and therefore was substantially lower than for the added 
MS2, so providing clear detection of MS2. Therefore no K-12 coliphages would have been 
present in the higher dilutions used for enumerating MS2. 
 

10.2.3 Results 

10.2.3.1 Protease activity in different sludge samples 
After 2 h of incubation, significant protease activity was observed in sludge extracts from both 
MAD samples and drying-pans (Fig. 10.4).  
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Fig. 10.4 Protease activity (PA) in mesophilic anaerobic digester output (EMAD). Early pan (EP) and late pan 
(LP) collected from ETP and MAD output (MMAD) collected from Melton. Proteinase K (PK) used as a positive 
control. Negative control (broth only) values were subtracted from sample values before graphing.  
 
 
An extract of MAD sludge from South Melton WWTP led to substantial decay of MS2, with 
significant decay by 4 h incubation at 35 ⁰C (Fig. 10.5).  
 

 
Fig. 10.5 The effect of sludge extracts from South Melton WWTP on MS2 bacteriophage decay. TYGB 
(negative control); PK, proteinase K (positive control).  MMAD sludge extract, Melton anaerobic digester. 
 
 
Extracts from sludge of different ages from ETP led to similar decay rates of MS2 (Fig. 10.6). 
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Fig. 10.6.  The effect of different sludge extracts from ETP on MS2 coliphage decay. Error bars show 1 SD. 
Controls were not performed in this second experiment. 

 

10.2.4 Discussion 
Filtering of the sludge extracts was planned to remove cellular organisms, but leave behind 
organic salts, organic molecules and proteins, including any proteases. As MS2 has a protein 
coat, as do other bacteriophages and enteric viruses, it is likely that the observed decay of MS2 
was due to the presence of indigenous proteases (Cliver and Hermann, 1972).  
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10.3 The effect of salt on the fate of Escherichia coli in biosolids 
 
Work by Tania Mondal (PhD student) 

10.3.1 Background 
As the sludge in drying-pans dries, the salts in the sludge will increase in concentration. Salts 
may aid decay of indicator and pathogenic bacteria, due to reducing the water activity (which 
refers to unbound water, that is available to support growth of microorganisms). 
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10.3.2 Methods 
Salt composition and concentrations in sludge at different stages in drying-pan and stockpiling 
treatment were estimated according to Park et al (2006)).  Luria Broth was prepared containing 
a range of salt concentrations representing those at different treatment stages (Table 10.2).  
The broths were inoculated with different E. coli isolates, including field isolates and reference 
strains, and incubated overnight at 37 ⁰C. Enterococcus faecalis ATCC 29212, was included as 
a control, as enterococci are known to be more salt tolerant than E. coli. Overnight growth was 
assessed by standard plate counts. 

Table 10.2  Estimated salt concentrations at different stages of pan-drying and 
stockpiling.  Summarised from Park et al. 2006 
 

Total 
Solids 

Pan or stockpile 
 

NaCl K2HPO4 Ammonium 
acetate 

MgCl26H20 CaCl2 Total salt  

% (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) % 
0.7 Pan 1.09 0.37 0.93 0.14 0.19 2.72 0.27 
1 Pan 1.55 0.53 1.33 0.19 0.28 3.89 0.39 
2 Pan 3.10 1.06 2.67 0.39 0.56 7.77 0.78 
5 Pan 7.76 2.65 6.67 0.97 1.39 19.44 1.94 
10 Pan 15.52 5.29 13.34 1.93 2.78 38.87 3.89 
20 Pan 31.04 10.58 26.69 3.86 5.57 77.74 7.77 
30 Pan Stockpile 46.56 15.87 40.03 5.79 8.35 116.61 11.66 
40 Pan Stockpile 62.08 21.16 53.38 7.72 11.14 155.48 15.55 
50 Stockpile 77.60 26.46 66.72 9.66 13.92 194.35 19.44 
60 Stockpile 93.12 31.75 80.07 11.59 16.70 233.22 23.32 
70 Stockpile 108.64 37.04 93.41 13.52 19.49 272.09 27.21 
80 Stockpile 124.15 42.33 106.76 15.45 22.27 310.96 31.10 
90 Stockpile 139.67 47.62 120.10 17.38 25.06 349.83 34.98 
95 Stockpile 147.43 50.26 126.78 18.34 26.45 369.27 36.93 
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10.3.3 Results 
All E. coli strains showed significantly reduced growth in the presence of total salt 
concentrations at 5% or higher.  At 11% total salts, the growth was reduced by about 4 log10 
(Fig. 10.7). The field isolates showed similar reduction in growth to each other and to the 
reference strain, ATCC 25922.  Enterococcus faecalis ATCC 29212 showed higher tolerance 
than the E. coli isolates, as expected. 
 

 
Fig. 10.7 Effect of different salt concentrations on growth of different E. coli isolates, M34, M1-1, M0a-5, 
M0a2-1, M0a2-5 were isolated from Mt Martha WWTP (Round 4 project). TS, total solids; LB, Luria Broth; error 
bars show 1 SD. 
 

10.3.4 Discussion 
As total salt levels caused decreased growth of E. coli at as low as 5%, it is suggested that salts 
play a role in the decay of E. coli during pan-drying treatment, as well as in stockpiling. The total 
salt concentrations are expected to reach about 11% by the time for stockpiling is reached, 
which might not only contribute to the decay of E. coli, but also prevent regrowth.  This work 
could be extended to include other mechanisms of decay, as well as a range of other indicators 
and pathogens. 
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10.4 Effect of indigenous flora on the fate of Salmonella Typhimurium 
 
Work by Tania Mondal (PhD student) 

10.4.1 Background 
Indigenous flora in sludge may aid decay of cellular indicators and pathogens by directly 
competing with indicators and pathogens for nutrients and niches, or by consuming these 
organisms. 
 

10.4.2 Methods 
A field strain of Salmonella Typhimurium (~105cfu/mL) was incubated at 37 ⁰C (optimal growth 
temperature for Salmonella, MAD sludge) or 20 ⁰C (summer drying-pan sludge) for 24 h or up to 
48 h, with sludges of different treatment types and ages, obtained from ETP.  Prior to 
inoculation, samples were treated by autoclaving or by γ-irradiation.  Subsequently, the growth 
or decay of Salmonella Typhimurium was assessed. Growth in nutrient broth (NB) was used as 
a positive control. The experiment was performed twice, with three replicated for each condition 
in each run. 
 

10.4.3 Results  
 
MAD 
Incubation of Salmonella Typhimurium in fresh MAD sludge prevented growth, while incubation 
in either autoclaved or γ-irradiated sludge allowed substantial growth, although not as much as 
in Nutrient Broth (NB) media (Fig. 10.8.  These results suggested a role for indigenous 
organisms in inhibiting growth of Salmonella Typhimurium.  Mixing of fresh sludge with NB 
allowed growth to occur (Fig. 10.9), perhaps due to changing the balance between both the 
nutrient availabilitry and  presence of indigenous organisms in favour of Salmonella 
Typhimurium.  
 
 

 
Fig. 10.8 Growth of Salmonella Typhimurium in MAD sludge post-treated by autoclaving or γ-irradiation, or 
fresh (non-autoclaved) at 37 ⁰C for 24 h. Growth in NB is shown as a positive control. Bars show 1 SD. 
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Fig 10.9 Growth of Salmonella Typhimurium MAD sludge autoclaved or mixed with NB at 37 ⁰C for 24 h. NA 
not autoclaved.  Bars show 1 SD. 
 
Drying pan sludge 
In drying-pan sludge incubated at 20 ⁰C for 24 h, Salmonella Typhimurium decayed by up to 1 
log10 in fresh sludge from pans at middle phase or late phase, but not in early phase sludge 
(Fig. 10.10a).  Some growth occurred in autoclaved sludge at middle phase and late phase, but 
not in early phase sludge.  The highest amount of growth (~ 2 log10) occurred in γ-irradiated 
sludge in all treatment phases.  
 
 

 
Fig. 10.10a. Growth or decay of Salmonella Typhimurium in drying-pan sludge of different ages (early, 
middle, late), with post-treatment by autoclaving or γ-irradiation after 24 h incubation at 20 ⁰C. UEP 
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untreated early pan, UMP untreated middle pan, ULP untreated late pan, AEP autoclaved early pan, AMP 
autoclaved middle pan, ALP autoclaved late pan, GEP  γ-irradiated early pan, GMP γ-irradiated middle pan, GLP 
γ-irradiated late pan. Bars show 1 SD. 
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By 48 h, the same patterns were observed, with recovery of ~ 2 log10 in autoclaved middle and 
late pan sludge and all γ-irradiated samples (Fig. 10.10b).   
 

 
Fig. 10.10b Growth or decay of Salmonella Typhimurium in drying-pan sludge of different ages (early, 
middle, late), with post-treatment by autoclaving or γ-irradiation after 48 h incubation at 20 ⁰C. UEP 
untreated early pan, UMP untreated middle pan, ULP untreated late pan, AEP autoclaved early pan, AMP 
autoclaved middle pan, ALP autoclaved late pan, GEP  γ-irradiated early pan, GMP γ-irradiated middle pan, GLP 
γ-irradiated late pan. Bars show 1 SD. 
 
 
 

10.4.4 Discussion 
The inability of Salmonella Typhimurium to grow in untreated sludge, yet able to grow in 
autoclaved or γ-irradiated sludge, suggests that indigenous organisms are a major factor in 
inhibiting growth or regrowth of Salmonella Typhimurium.  The increased growth in γ-irradiated 
sludge compared with autoclaved sludge suggests that nutrient availability could also be a 
factor, as some nutrients could be destroyed by autoclaving but not by γ-irradiation.   
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10.5 Degradation of naked DNA by sludge 
By Nadin Al Mosnid  
 

10.5.1 Background 
This project aimed to examine DNA degradation in biosolids samples over time, to understand 
how viruses and bacterial pathogens are degraded during biosolids treatment.  The results will 
also help to elucidate the extent to which PCR assays overestimate the number of viable 
microorganisms and viruses in biosolids samples. 
 

10.5.2 Methods 
Plasmid extraction using a plasmid extraction kit 
A single colony of E. coli DH5α cultured overnight in Luria Broth (LB) containing 200 µL/mL 
ampicillin, was used for the plasmid extraction.  After extraction, a 50 µL volume containing the 
double-stranded plasmid was quantified using a spectrometer before being stored in a −20°C. 
 
Biosolids sample 
A biosolids sample (MAD) was obtained from ETP and stored at 4°C until required.  The same 
500 mL sample was used for the entire experiment. The sample was briefly vortexed before 
use, in order to mix the contents and prevent any precipitation. 

Sample preparation 
A 1.5 mL aliquot of the sludge sample in a 15 mL centrifuge tube was centrifuged at 4700 rpm 
for 5 minutes at 4700 4°C. 90 µL of the supernatant was used directly, another 90 µL was 
heated at 65 oC for 20 mins to destroy bacterial enzymes and a third 90µL was filtered through 
a 0.22 µm syringe filter to remove bacteria and other solid matter, but retain enzymes. 10 µL of 
plasmid preparation was added to each sample to make a 1:10 dilution.  The sludge was 
incubated at 37 oC overnight.  Samples were collected at 3, 4, 5, 30, 60 min, 8 and 18 hours.  
Positive controls contained plasmid only, while the negative controls contained supernatant 
without plasmid.  
 
For the untreated and heat-treated supernatant the concentration of the DNA was 300µg/mL.  
For the filtered MAD supernatant the DNA concentration was 660µg/mL.   
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10.5.3 Results 

Decay of plasmid DNA in extracted sludge  
The plasmid DNA was degraded over time in untreated, heat-treated and filtered MAD 
supernatant, with almost complete degradation in 24 hours.  In untreated and autoclaved , but 
not heat-treated samples, a large fragment of DNA representing microbial DNA from the 
biosolids remained in the wells (Fig. 10.11).    
 

                                                                     
 
                                                                                                                                        
 
 
 
 
     

                                                                                                                             
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 

                                                                       
 
 
 
 
 

Fig 10.11. Gel electrophoresis of DNA 
extracted by ethanol precipitation.   a 
untreated, b heat-treated, c filtered over 
time; For a and c: Lane 1 molecular weight 
marker, lane 2 plasmid only, lane 3 negative 
control, lanes 4 to 8 incubation for 3, 4, 5, 
30, 60 min, 8 h, overnight.  For b: there is no 
molecular weight marker and all wells are 
moved to the left.   
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10.5.4 Discussion 
This study was conducted to investigate DNA degradation in biosolids.  Plasmid DNA of E. coli 
DH5α was completely degraded in a sample of biosolids collected from an anaerobic digester, 
after incubation at 37 oC for 24 hours.  Digestion was observed in untreated supernatant, 
supernatant heated at 65oC and supernatant that had been filtered to remove bacteria and other 
matter.  The degradation of plasmid DNA in the supernatant may have occurred due to the 
release of DNases from indigenous bacteria, such as enterococci, Clostridium perfringens or 
other anaerobic bacteria (Citak et al. 2004; Gupta and Malik 2007).  Another possibility is that 
restriction enzymes, such as   EcoRI, EcoRII, EcoP151 and EcoRV may specifically cut the E. 
coli DH5α plasmid.   Heating of supernatant to 65 oC would be expected to destroy most 
bacterial enzymes; however, some bacteria, including enterococci, produce specific 
thermostable nucleases (TNase), for example, Nuclease P1 from Penicillium citrinum has 
optimum activity at 70 oC (Nour et al. 1987; Giraffa et al. 1995).   
 
For untreated supernatant, as well as supernatant heated to 65 ⁰C for 30 mins, large fragments 
of DNA remained in the wells of the gel (Fig. 3.11). The large DNA fragments were also present 
in the negative controls containing only supernatant without plasmid, but not in supernatant 
filtered to remove bacteria. The most likely explanation for this observation is that these large 
fragments consisted of DNA from live or dead microorganisms that are normally present in 
biosolids.    
 
The total degradation of plasmid DNA in biosolids after 24 hours may decrease the concern that 
PCR based methods are overly conservative, detecting both residual DNA fragments and DNA 
of viable organisms.  Degradation of DNA can only occur after degradation of outer structures 
such as viral protein coats, bacterial cell walls, and external coats of parasites.   Moreover, this 
study only investigated degradation of plasmid DNA in MAD; the putative enzyme activity could 
be different in pan and stockpile material.    
 
 

10.5.5 Conclusion 
Indigenous organisms appear to be a major factor in inhibiting Salmonella Typhimurium in both 
MAD and pan-dried sludge.  This is supported by the work of Sidhu et al. (2001).    
 
A major novel factor investigated here for decay of viruses appears to be protease enzymes 
produced by indigenous organisms that potentially attack the protein coat of both indicator 
coliphages and enteric viruses. 
 
The increased concentration of salts during pan-drying treatment and stockpiling may contribute 
to the stress on bacterial indicators and pathogens, particular as the DS value reaches about 
15% and above. 
 
 
The rapid degradation of naked DNA by sludge is likely to be a factor in full degradation of 
viruses and bacterial pathogens. This would support PCR assays for assessing the presence of 
microbial pathogens present in biosolids.  Due to rapid DNA degradation, PCR methods may 
not overestimate microbial numbers as much as was first thought.   
 
This study only examined the degradation of DNA.  Enteric viruses consist of either DNA or 
RNA surrounded by a protein coat.  This study only examined DNA degradation in biosolids, 
however since RNA is known to be less stable than DNA, it is likely that RNA would degrade in 
biosolids more rapidly than DNA.     
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Chapter 11. Risk Analysis 
This chapter summarises the risk analysis, as published in Grant et al 2012 (see Appendix 1 for 
citation). For the full analysis see the attached report file, ‘Microbial Risk Assessment for Land 
Application of Biosolids’ by E Jimenez Grant and S R Smith. 

11.1 Background 

Modelling the risk of infections from land application of biosolids is important to improve 
microbial safety regulations as well as to support public confidence in the agricultural use of 
biosolids for food production.  

11.2 Method 

The effect of the incidence of enteric disease on potential risk to human health from the 
agricultural use of mesophilic anaerobically digested biosolids was investigated for the state of 
Victoria. A model was developed to follow the partitioning and decay of nine pathogens from the 
estimated pathogen loads in the population through to annual exposure from ingestion of 
uncooked root crops grown in biosolids-amended soil. Dose-response relationships were used 
to estimate the annual risk of infection. Pathogen risks from land application of anaerobically 
digested biosolids were shown to be below the USEPA limits for drinking water. 
 

Pathogens and surrogate indicators 
A variety of pathogens were tested including at least two from each of the four major groups of 
infectious agents: viruses, bacteria, protozoa and helminths (Table 11.1). Data for indicators 
was used when removal data at various points in the wastewater and sewage sludge treatment 
processes was not available for three pathogens, Hepatitis A virus (HAV), rotavirus and Shigella 
spp. For HAV and rotavirus the indicators were Enterovirus/Bacteriophage and for Shigella spp. 
were Campylobacter, Salmonella, E. coli and faecal coliforms.  

QMRA approach 
The quantitative microbial risk assessment (QMRA) method proposed by Gale (2002), using 
event trees, was applied to assess the risks to public health from the use of treated biosolids in 
agriculture. The advantage of calculating event trees is that they aid the transparency of the risk 
assessment procedure, by reporting information and methodologies clearly and concisely. Gale 
(2002) developed a series of event trees to show pathogen partitioning and removal during 
wastewater and sludge treatment and application onto soil for the UK. Pathogen transfers onto 
carrots, representing a worst-case root crop that may be consumed raw, was then used to 
calculate the probability of infection following consumption of uncooked product.  

The novel approach developed here applies the event tree technique to predict the potential risk 
to human health when microbiological data, based on infection rates in the population of 
notifiable enteric diseases, are scarce.
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Table 11.1. Modelled pathogen numbers in raw and treated wastewater, and raw and treated sludge for Victoria†.  

Pathogen 
Raw wastewater  Treated wastewater Raw sludge Treated sludge  

Calculated  
(L-1) 

Reported  
(L-1)d 

Calculated  
(L-1) 

Reported  
(L-1)d 

Calculated  
(g-1DS) 

Reported  
(g-1DS)d 

Calculated 
(g-1DS) 

Reported  
(g-1DS)d 

Viruses         

HAV 1.4x106 107 8.0x103 -- 3.4x106 -- 2.4x105 -- 

Rotavirus 5.4x105 101 – 104 3.1x103 <100 – 103 
(MEDC) 1.3x106 -- 3.2x105 101 – 102 

Bacteria         

Campylobacter   1.1x105 104 (MEDC) 1.2x101 101 (MEDC) 5.0x105 105 – 1011b 7.7x104 102 

Salmonella  
(including 
typhoid fever) 

6.5x103 
103 (MEDC) 

106 – 109 
(LEDC) 

2.2x101 -- 3.0x104 

102 – 107b 
(MEDC) 
106 – 108 

(LEDC) 

4.0x102 10-1 – 103 

Shigella 2.0x102 101 – 104 3.7x10-1 -- 8.9x102 107 1.8x101 101 

Protozoan 
(oo)cysts         

Cryptosporidium 2.0x103 10-1 – 104 9.6x100 <100 – 102 

(MEDC) 7.9x103 10-1 – 102b 1.4x103 100 – 102 

Giardia 3.0x102 101 – 105 3.4x100 
10-1 – 100 

(MEDC) 
102 (LEDC) 

8.8x102 

10-1 – 103 

(MEDC) 
102 – 104 
(LEDC) 

1.8x100 10-2 – 103 

Helminth eggs         
Ascaris eggs 

--c 0 – 103 (LEDC) -- c 101 (LEDC) -- c 

10-1 – 101a 
(MEDC) 

100 – 102a 
(LEDC) 

-- c 

10-1 – 101a 
(MEDC) 

100 – 102a 

(LEDC) 
Taenia eggs -- c 101 (LEDC) -- c 100 (LEDC) -- c -- -- c -- 
†, For the described conventional treatment train; a, Reported as helminth eggs (removal in MAD treatment was only 0-50%); b, Upper limit values 
reported by Gale (2002); c, See text; --, No data or not directly calculated; LEDC, Less economically-developed country; MEDC, More 
economically-developed country; d, All values have been drawn from literature sources, which are cited in the References and marked by *. 
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The key steps in developing this QMRA included (Haas et al., 1999; Gerba et al., 2008):  

(a) Hazard identification. Microbiological risk was determined from the incidence of infection in 
the human population by selected, important enteric pathogens: i.e., the viruses Hepatitis A 
and Rotavirus; bacteria Campylobacter spp., Salmonella spp, and Shigella spp.; protozoa 
Cryptosporidium spp. and Giardia lamblia; Helminths Ascaris lumbricoides and Taenia spp. 
Incidences of diseases can vary across countries, therefore risks were determined locally: in 
this investigation the state of Victoria was taken as an example.  For a number of pathogens 
there are commonly very low numbers in untreated sludge and no reported infections within 
the population in Australia. Therefore, incidence of diseases in two districts of Mexico was 
used in sensitivity analysis for estimating the maximum potential rates of infection. This also 
allowed a comparison between the microbiological quality of sewage sludge resulting from a 
conventional treatment train (mesophilic anaerobic digestion with mechanical dewatering) in 
a more economically-developed country (MEDC), Australia, and a less economically-
developed country (LEDC), Mexico. Data from two areas of Mexico was used, Distrito 
Federal (metropolitan) and Chiapas (rural). A conventional sewage sludge treatment process 
(ADAS, 2001) significantly reduces the numbers of pathogens in the biosolids, but may not 
fully eliminate these, therefore a residual pathogen population and, consequently, a risk of 
infection, may potentially remain.  

 
(b) Exposure assessment. The annual exposure of an individual to faecal pathogens resulting 

from ingestion of raw vegetables grown in soil amended with conventionally-treated biosolids 
was determined from: 

a. Pathogen load in raw wastewater: population and wastewater flow data was used 
to calculate pathogen concentrations in raw wastewater for each of the three 
locations: Victoria, Australia; Distrito Federal, Mexico and Chiapas, Mexico. Disease 
incidence data published by relevant health authorities was used to calculate the 
pathogen concentration in raw wastewater. The source for Australian infection rates 
was OzFoodNet (2009).   

b. Microbiological event trees: were constructed to assess the pathogen flows through 
the treatment and end-use pathways based on Gale (2002). Pathogen transfers and 
decay during wastewater treatment were calculated to estimate pathogen 
concentrations in raw sewage sludge. Reported data on pathogen decays in 
conventional sludge treatment were used to predict numbers in treated biosolids and 
amended soil after prescribed harvest periods. Variation in reported pathogen 
removals was accounted for by repeating the QMRA using “typical” pathogen 
inactivation rates and “worst-case” pathogen inactivation.  

c. Pathogen loads in applied biosolids: biosolids reuse information was used to 
estimate pathogen loadings at point of harvest of root crops likely to be eaten raw, 
such as carrots, and grown in biosolids-amended soil. 

d. Annual exposure: information on yearly vegetable consumption and biosolids use 
were used to estimate annual exposure to sewage sludge pathogens from 
consumption of crops grown in biosolids-amended soil. 

 
(c) Dose-response assessment. Reported dose-response relationships for various pathogens 

were compiled from the literature: Rotavirus (Haas et al., 1993); Campylobacter spp. (Teunis 
et al., 1999); Salmonella spp. FAO/WHO, 2000; Teunis et al., 1999; Coleman and Marks, 
2000); E. coli O157:H7 (Crockett et al., 1996; Powell et al., 2000); Cryptosporidium spp. 
oocysts (Okhuysen et al., 1998; Chapell et al., 1999); Giardia spp .cysts (Rose et al., 1991); 
Ascaris lumbricoides eggs (Navarro et al., 2009). 
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(d) Risk characterisation. Finally, dose-response information and annual exposure to 
pathogens were integrated to estimate the probability of infection and assess the risk to 
human health posed by the residual numbers of pathogen detected in conventionally-treated 
biosolids.   

 

Predicted pathogen concentrations in raw and treated wastewater, as well as in raw and treated 
sludge, were compared to published information on pathogen numbers to validate the model.  

For some infections, notably ascariasis, which are not reported in Victoria (CDPCU, 2010), 
sensitivity analysis was employed by carrying out various iterations of hypothetical infections: 
starting with one infection and increasing by one order of magnitude until the resulting risk of 
infection was comparable to that in Mexico’s Distrito Federal. 

The main assumptions relevant to this part of the investigation were: (1) sources of pathogens 
were only of human origin, (2) disease notification captured all cases of infection in the 
population, (3) seasonality of disease was not necessarily represented in the available reported 
annual infection data, and (4) all faeces from infected populations enter the wastewater 
collection system.  

Also calculated were the pathogen crop loading, individual exposure, and annual risk of 
infection per capita. Ascaris lumbricoides was used as a representative organism in the risk 
assessment for helminths. 

 

Treatment train 

A conventional wastewater and sludge treatment train (Tchobanoglous et al.,  2003) was the 
basis for this analysis (Figure 11.1), and included the following steps: (1) Primary sedimentation 
with a 2-hour detention time, (2) Activated sludge process (ASP), followed by secondary 
clarification, (3) Mesophilic anaerobic digestion (MAD) with a mean retention period of 12 days 
at 35°C ±3°C followed by storage for 14 days, (4) Mechanical dewatering, (5) 10 month harvest 
period: the minimum waiting period after application of enhanced-treated biosolids to grow 
vegetable and salad crops in the UK (ADAS, 2001). It was assumed that pathogen inactivation 
only occurred during ASP, MAD and the harvest period. The sludge treatment process was 
chosen to provide a mid-rate removal of bacterial pathogens and indicators (typically ≥ 2 log10). 
Higher pathogen removals would occur  by pan-drying sludge, which is commonly practiced in 
Australia, in place of mechanical dewatering (Rouch et al., 2011b), while more variable 
pathogen removals may be expected in smaller rural treatment systems.    

For comparison, in Mexico the main treatment systems are activated sludge and waste 
stabilization ponds, which treat 46.2% and 18% of municipal waste water, respectively. 
However, only about 36% of the wastewater generated is treated, the untreated remainder 
being discharged directly to the environment, to water courses or directly to the sea (Zurita et 
al., 2011).  
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Fig. 11.1. Conventional sludge treatment train used for modelling risk assessment. (See text for details.)  

 

11.3 Results 

Model validation 

Predicted concentrations of pathogens in raw and treated wastewater, and raw and treated 
sludge, were compared with pathogen numbers reported in the scientific literature, and are 
shown in Table 11.1. Model predictions were considered to be consistent with published data if 
they were within one order of magnitude of the reported values.  
  
Overall, the modelled concentrations of pathogens in treated biosolids were consistent with 
published results (Table 11.2), including the distinction between values measured in LEDCs and 
MEDCs, where this was possible. However, predicted densities of some pathogens in treated 
biosolids, including Campylobacter spp. and rotavirus, suggested that the modelled inactivation 
of these organisms was conservative. By contrast, the model underestimated Giardia spp. 
concentrations in raw wastewater and in sludge, suggesting under reporting of disease 
incidence in the human population, and/or there are other significant sources of Giardia cysts 
entering the wastewater collection system. Lack of published concentration data prevented 
verification of HAV whereas Ascaris and Taenia contents in sludge could not be calculated as 
no infections are reported for these organisms in the population in Victoria.  
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Table 11.2. Predicted annual risk of infection by pathogens from ingestion of crops grown in 
biosolids-amended soil, for Victoria. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pppy, per person per year; DALY, Disability Adjusted Life Years; -, data not available.  
 

Risk of infection 

Modelled estimated annual risks of infection of pathogens for Victoria from ingestion of crops 
grown in biosolids-amended soil are shown in Table 11.2. The QMRA model predicted very low 
annual risks of infection by ingestion of vegetable crops grown in soil amended with 
conventionally-treated biosolids for the majority of the pathogens included in the study. The 
ranking of risks, shown in Figure 11.2, indicated that the risks modelled for Campylobacter spp., 
HAV, rotavirus, Salmonella spp. , Giardia spp. and Shigella spp. were below the 10-4 per person 
per year (pppy) limit for drinking water proposed by USEPA (Regli et al., 1991), by at least three 
orders of magnitude. On the other hand, the risk of infection from Cryptosporidium spp. oocysts 
was within an order of magnitude below this minimum risk threshold. 

Pathogen 
Incidence  
(per 105 

inhabitants) 

Pathogen crop 
loading  

  (g-1crop) 

Annual risk of 
infection  
(pppy) 

Disease burden 
(DALY pppy) 

Viruses     

HAV 0.88 5.5 x 10-31 <10-27 - 

Rotavirus 0.5 1.2 x 10-24 <10-21 <1.4 x 10-23 

Bacteria     
Campylobacter 
spp.    110.17 2.8 x 10-45 <10-41 <4.6 x 10-44 

     
Salmonella spp, 
(including S. 
Typhi) 

28.70 7.2 x 10-21 <10-18 - 

Shigella spp.  1.60 2.0 x 10-10 1.3 x 10-9 - 

Protozoan 
(oo)cysts     

Cryptosporidium 
spp.  21.35 3.0 x 10-5 6.0 x 10-5 8.8 x 10-8 

Giardia spp.  22.90 6.3 x 10-15 1.6 x 10-13 - 
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Fig. 11.2. Annual risk of infection by enteric pathogens from the agricultural reuse of biosolids. 

 

Estimating risk of infection by Ascaris lumbricoides in Victoria 

Ascariasis is not a notifyable disease in Victoria, therefore, an iterative sensitivity analysis was 
carried out to assess the impact of assumed numbers of infected individuals in the population 
on the risk of infection by Ascaris in Victoria, using data from Distrito Federal, Mexico. The risk 
of infection estimated from the incidence data of ascariasis in Mexico was substantial, and 
equivalent to 10-1pppy.  Consequently, there is a high risk of infection by this parasite from land 
spreading biosolids treated to a conventional standard (synonymous to a P3 Grade) when there 
is a high prevalence of infection in the population. In order to reach the same annual risk of 
ascariasis infection as that observed in Distrito Federal, Mexico, 10,000 infections would need 
to be reported in Victoria at any one time. This would correspond to an incidence of 192 per 105 

inhabitants in Victoria, which is far higher than the incidence of any of the notifiable foodborne 
diseases included in this study occurring in Victoria or Distrito Federal. Between 1-10 infections 
per 105 inhabitants in the population would result in a risk of infection less than the US EPA limit 
for drinking water. However, it is important to stress that the QMRA described here is highly 
conservative and that sludge treated by mesophilic anaerobic digestion and short-term storage 
is not permitted in practice for use on ‘ready to eat’ crops, such as carrots. In the UK, for 
example, a 30 month harvest interval applies in this case, or the sludge should be treated to 
enhanced status (ADAS, 2001), synonymous with Australian P2 Grade, to eliminate pathogens.   

Incidences in excess of 100 infections per 105 inhabitants were infrequent and only observed for 
three of the data sets in the present study: campylobacteriosis in Victoria (110 infections per 105 

inhabitants), salmonellosis in Chiapas (422 and 493 infections per 105 inhabitants without and 
with typhoid fever, respectively) and ascariasis in Chiapas (224 infections per 105 inhabitants). It 
is important to emphasise  that the actual reported infection rates in the general population are 
not linked to the agricultural use of biosolids, but were used here to calculate residual numbers 
of pathogens in sludge and the corresponding risk of infection associated with its agricultural 
application, under ‘worst-case’ conditions, to ‘ready to eat’ crops.  
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Calculating preferred limits of Ascaris in wastewater treatment 

Using the dose-response model for Ascaris lumbricoides (Navarro et al., 2009, Figure 11.3), we 
can start with the USEPA pathogen limit, 10-4 pppy, and calculate back to the required limits in 
treatment processes, using the QMRA model and our simulation data.  

 

Fig. 11.3 Dose-response model for Ascaris lumbricoides (Navarro et al., 2009). 

From the dose response model the dose of 1.05 x 10-3 A. lumbricoides per g dry weight 
corresponds to the 10-4 pppy risk infection. The amount of biosolids consumed is estimated at 
0.511 g DS per year (Table 11.3). Therefore, the final level of Ascaris in applied biosolids 
should be ≤ 2.06 x 10-3 ascaris per g DS. This is well below the detection limit for A. 
lumbricoides, whicjh is about 1 per g DS, using the Tulane method.  

Table 11.3 Calculating the amount of biosolids consumed via raw crops. 
Calculation step   Number unit Reference 
Biosolids applied to soil 
Biosolids application rate 50 dt/Ha NSW EPA (Martin and Kelso, 2009) 

50 m3/Ha 
Biosolids mixed to a depth of  0.25  m Microbial Risk Assessment report 

1 Ha 10,000 m2 
Volume of soil in 1 Ha 0.25 x 1 0,000 2,500 m3 

Dilution of biosolids in soil 0.02 (1/50) 

Crop harvested and consumed 
Crop harvested 70 g per day Microbial Risk Assessment report 
2% of crop is soil 1.4 g per day Microbial Risk Assessment report 
90% of attached soil is washed away 0.14 g per day Microbial Risk Assessment report 
Part of crop eaten raw or unpealed 35 g per day Microbial Risk Assessment report 
Attached soil to raw or unpealed crop part 0.07 g dw per day 

Biosolids consumed with crop  (1/50 of soil) 0.00140 g ds per day 
    0.511 g ds per year 
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The decay of Ascaris in sequential treatment processes can be estimated: activated sludge (0.5 
log10), anaerobic digestion (0.4 Log10), pan-drying treatment (14 months, 1 log10), giving a total 
decay of about 2 log10 over a metropolitan treatment plant. Thus the raw sludge should contain 
≤ 2.06 x 10-1 A. lumbricoides per g DS on entry to the plant. The current Tulane method could 
be used to analyse 10 samples at a time to reach detection of this limit. It is also possible that 
the method could be improved to provide a lower detection limit. 

Thus it can be concluded that (a) A. lumbricoides presence should enumerated in the raw 
sludge taken into treatment plants, and (b) that HACCP management is used to confirm that 
treatment processes will continue to perform to the efficiency required for the Log10 decay 
values. 

Worst-case scenarios  
Risks of infection from bacteria under worst-case conditions, using upper values of pathogen 
concentrations in biosolids and worst-case removal rates during sludge treatment and in soil, 
were up to 1 order of magnitude greater than under typical conditions, but remained well below 
the USEPA drinking water limit of 10-4 pppy (data not shown). Worst-case conditions had a 
slightly greater impact on the risk from Giardia cysts, but the risk of infection from this parasite 
in biosolids-amended soil still remained below 10-4 pppy. By contrast, the risk posed by A. 
lumbricoides eggs did not change since removal rates of viable eggs by conventional sludge 
treatment processes are relatively poor and already reflect an inherently worst-case exposure. 
Worst-case removals had a significant impact on risks of viral infection primarily due to the large 
range of reported inactivation rates for enteric viruses in soil (Sobsey et al., 1995).  
 

11.4 Discussion 

Main findings regarding risk of infection 

Modelling the risk of infections from land application of biosolids is important to improve 
microbial safety regulations as well as build public confidence in the agricultural use of 
biosolids. Bacteria, protozoa (oo)cyst, virus and helminth egg concentrations in wastewater and 
sludge were modelled based on the incidence of enteric disease infections in the human 
population and by integrating pathogen removal data reported in the literature for a variety of 
infectious agents into a QMRA framework using an event tree approach (Gale, 2002). Predicted 
concentrations were validated against and were shown to be generally comparable to published 
data on pathogen numbers in wastewater, raw sludge and conventionally treated biosolids by 
mesophilic anaerobic digestion. The model was applied to areas in two countries with 
contrasting prevalences of enteric disease: the state of Victoria, Australia and rural and urban 
districts in Mexico. The four main uncertainties arising from this investigation were in: (1) 
practices governing exposure to pathogens from raw vegetables, (2) variation in pathogen 
inactivation data, (3) dose-response relationships, and (4) disease under-reporting and carriage 
of pathogens.  

For Victoria, the QMRA showed that most of the pathogens investigated pose very low risk to 
human health from the application to land of conventionally-treated biosolids (Table 3). Indeed, 
for all organisms tested, the annual risk of infection was well below the USEPA limit for drinking 
water, 10-4 pppy. The smallest risk of infection was observed for Campylobacter spp. at <10-41 

pppy, whereas Cryptosporidium spp. represented the highest risk value at 6 x 10-5 pppy. 
Nevertheless, in all cases and under worst case conditions (of use on ready to eat vegetable 
root crops, pathogen numbers and decay rates) the values remained below or well below 10-4 

pppy.  
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Results suggested more experimental information should be gathered to assess the risk posed 
by Cryptosporidium spp. oocysts and also for enteric viruses to confirm that the risks of infection 
are negligible.  Indeed, climate has a major impact on inactivation of Cryptosporidium spp. 
oocysts (as it does for all enteric pathogen types) and decay rates increase at warmer 
temperatures (Olson et al., 1999), which may further lower the risk of infection from this 
pathogen below the 10-4 pppy value indicated here (Table 11.2). Enhanced treatment processes 
(ADAS, 2001), designed to eliminate the pathogen content in sludge, would also reduce this 
risk, however, from a microbiological risk perspective, their deployment is not justified for 
general agricultural application, for instance, in broad-acre arable agriculture, or for the 
establishment of pasture crops.  
 
In Mexico, a country where ascariasis has high prevalence, A. lumbricoides presented the 
greatest risk (10-1 pppy) to human health from the use of conventionally-treated biosolids in root 
vegetable crop production, compared to the other organisms examined. However in regions of 
low prevalence, or where it is absent altogether, as in the case of Victoria, the risk of infection 
by A. lumbricoides from biosolids reuse in agriculture is extremely small questioning the 
underlying rationale and need for the inclusion of helminth critieria in controls for the agricultural 
use of biosolids in Australia.  

Agricultural importance of Taenia removal 
Taeniasis occurs worldwide and is common in parts of Latin America, Africa, South East Asia 
and Eastern Europe. Taenia species are usually imported to Australia, leading to sporadic 
locally acquired cases of T. saginata infection. Nevertheless, there are no recently reported 
cases of taeniasis in Victoria. Human infection is acquired through ingestion of incompletely 
cooked beef or pork that carries the cyst stage of the cestode lifecycle, from cattle or pigs which 
have been exposed to pasture or feed contaminated with human faeces infected with Taenia 
eggs. 

The risk of taeniasis infection in the human population is evidently very small in a modern 
society operating advanced water and wastewater treatment coupled with good food hygiene 
(Caberet et al., 2002). Indeed, based on meat hygiene inspection data for bovine cysticercosis, 
van der Logt et al. (1997) found that the risk of Taenia infection in the human population in New 
Zealand was very small and in the range 10-6 – 10-7 assuming an extreme upper level of beef 
consumption.   

The QMRA for Taenia is not shown as it was incomplete due to uncertainties in estimating the 
risk of infection of the intermediate host, cattle, and subsequent infection of humans, when 
taking account of meat inspection practices and the effect of cooking.  However, biosolids 
management practices inherently protect livestock from microbiological infections because 
surface application of conventionally-treated (equivalent to P3 Grade) biosolids to pasture used 
for grazing is not permitted in Australian or international regulations on the agricultural use of 
biosolids. Furthermore, in contrast to the other major infectious helminth examined here, A. 
lumbricoides, Taenia species typically undergo ≥ 2 log10 decay during conventional sludge 
treatment, such as in mesophilic anaerobic digestion. Therefore, the public health risk from 
Taenia spp associated with the agricultural use of biosolids in Victoria is extremely small. 

Role of disease burden limit for revising water and wastewater microbial safety 
regulations 
The WHO guidelines for drinking water quality (WHO, 2011) and Australian guidelines for water 
recycling (NRMMC, 2006) define the tolerable burden of disease as an upper limit of 10-6 
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disability-adjusted life years (DALY) pppy, as an approach to improving microbial safety 
regulations for water and wastewater treatment.  
 
In the last decade, however, there appears to have been confusion about the division of work 
between health departments and water companies in revising water and wastewater 
regulations. In part this has occurred due to the National Guidelines for Water Recycling 
(NRMMC, 2006) which provides a full range of information for revising guidelines, but without 
advising a division of responsiblities. This has lead to confusion about the use of the disease 
burden model for controlling the limits of pathogens in treated water and biosolids, both within 
Australia and internationally (WHO, 2011).  
 
What is the purpose of assessing disease burdens? In developed countries like Australia, the 
purpose of assessing disease burdens is to help plan for services to improve the health status 
of all residents (PHG, 2005). For example, in terms of disease burden the top three disease 
groups in Victoria are cancer (20.7%), cardiovascular diseases (17.6%) and mental disorders 
(11.5%), and therefore these demand major services (Table 11.3).  In contrast, enteric 
infections constitute only about 0.1% of the total disease burden (Table 11.3). The relatively 
small burden for infectious diseases indicates the need to support the current public health 
efforts to contain the disease burden in that area (PHG, 2005). 
 
For developing countries infectious diseases, such as caused by helminths, constitute a major 
proportion of the disease burden (Hotez et al, 2003). In these cases the calculations of disease 
burdens should also be used to promote the development of relevant public health services, 
such as water and wastewater treatment systems. 
 

Table 11.3. Disability-adjusted life years (DALYs), Victoria, 2001(PHG, 2005). Disease groups 
are listed in descending order of values of DALYs. 

  
Disease group  DALYs % of total 
Cancer  135,152 20.7 
Cardiovascular diseases  115,053 17.6 
Mental disorders  94,417 14.5 
Neurological and sense disorders  75,153 11.5 
Chronic respiratory diseases  47,749 7.3 
Diabetes mellitus  29,183 4.5 
Unintentional injuries  27,440 4.2 
Musculoskeletal diseases  20,648 3.2 
Genitourinary disorders  18,611 2.8 
Digestive disorders  14,581 2.2 
Intentional injuries  14,470 2.2 
Congenital abnormalities  11,411 1.7 
Oral health  9,453 1.4 
Other endocrine and metabolic disorders 8,243 1.3 
Neonatal conditions  7,622 1.2 
Infections and parasitic diseases  7,608 1.2 
Respiratory Infections  7,187 1.1 
Skin diseases  2,681 0.4 
Other neoplasms  2,519 0.4 
Nutritional disorders  2,105 0.3 
Miscellaneous 1,459 0.2 
Enteric infections 621 0.1 
Maternal conditions  397 0.1 
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In terms of water and wastwater treatment systems in both developed and developing countries, 
we conclude that the purpose of calculating burdens for infectious diseases is to provide public 
heatlh reasons to build and maintain these systems. Government authorities may be expected 
to use assessment of infectious disease burdens to devise practical operational limits for 
pathogens in water and wastwater treatment for the water industry, such by advising required 
log10 removal values of pathogens. There are; however, some problems with this approach.   
 
What are the limits in directly applying disease burden models in revising water and wastewater 
regulations? While assessment of disease burdens is useful for planning services, applying this 
approach to operational limits lead to two major issues: 

1. The limited data on infections by enteric pathogens: this data is available only for three 
pathogens; C. parvum, Campylobacter spp. and rotavirus, and there is difficulty 
assembling disease burden data for other pathogens, as there has been no new data 
published since 2003. Moreover, it is unreasonable to expect water companies to 
develop this data themselves as they do not have relevant expertise or facilities. 

2. Full application of the disease burden approach could lead to reduced services. For 
example while infection with Cryptosporidium spp. cause illness in some members of the 
population, the majority of infections are extremely mild or subclinical.  Moreover, people 
do not die from this infection, so the disease burden is relatively low. Therefore, logically, 
to optimise use of resources, water and wastewater treatment could have reduced 
resources and the released resources could be applied to public diseases with higher 
priorities, while leading to increased infections by Cryptosporidium spp from reduced 
water and wastewater treatment.  

 
A further issue in calculating disease burdens is increased uncertainty. To examine this issue let 
us look at the two components of the disease burden model for infectious diseases potentially 
coming from water and wastewater products 

Step 1. Risk analysis (eg. QMRA), to provide risk values of infections by different pathogens 
Step 2. Assessing the morbidity and mortality of infections. 

 
Assessing the risk of infection from water and wastwarer products is based on a wide range of 
existing data and a generally accepted limited set of assumptions. 
 
While assessing the morbidity and mortality of infections gives a wider picture of potential 
infections from water and wastewater products than analysis of the risk of infection, it also adds 
substantially more uncertainty to conclusions. Uncertainty arises from factors such as the 
unknown variation of sensitivity of different population subgroups to infection, such as young, 
old, pregnant women and chronically ill people, as health data used for disease burden models 
is only available for limited cohorts from research publications. A further uncertainty arises from 
variability in assessing morbidity by different doctors. 
 
In the USA the USEPA has avoided this uncertainty by simply using step 1, to advise a general 
risk limit for potential infectious diseases for drinking water, 10-4 pppy. 
 
Nevertheless, both the development of microbial risk analysis models and assessing the 
morbidity and mortality of infectious diseases is clearly beyond the expertise of water 
companies. 
 
It is therefore reasonable to expect health authorities to be responsible for modelling the risk of 
infection and disease burdens, and to use these models to advise the required limits of 
pathogens in water and wastewater products.  In part this will require specific log10 removal 
values (LRV) for pathogens in particular treatment processes, using advised specific physical 
and microbial indicators. A LRV approach is also included in the Australian guidelines for water 
recycling (NRMMC, 2006). 
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Health authorities may usefully outsource risk modelling to recognised academic experts. 
Furthermore, the experimental assessment of useful indicators should be provided by academic 
experts, using treatment simulations or pilot systems, calibrated to field data, the approach used 
in this project.. Such data would naturally be peer-reviewed to improve its acceptability. It is not 
reasonable to expect water companies to obtain such data themselves, due to their lack of 
expertise, the hazard of injecting pathogens in field treatment processes, and the lack of peer-
review of industry data.   
 

Disease burden calculations for biosolids treatment 
For the planning purpose we calculated disease burden (DALY pppy) values for a number of 
pathogens assessed in this report.  DALY data for three pathogens listed in Table 11.2 has 
been reported, for C. parvum, Campylobacter spp and rotavirus (Havelaar and Melse, 2003). 
For these pathogens values of DALY pppy were therefore calculated for the agricultural reuse of 
biosolids (Table 11.2). All three values were substantially below the 10-6 prescribed limit, with 
the calculated disease burden for Cryptosporidium spp. being closest to this value, but still an 
order of magnitude less, at 8.8 x 10-8.  Given that Cryptosporidium spp. exhibit the highest risk 
of causing infections in agricultural reuse of biosolids of the range of pathogens assessed here, 
it appears that current treatment processes, similar to the conventional system utilised in this 
assessment (Figure 11.1), would be effective in maintaining the disease burden below the 
prescribed limit. 
 

Importance of microbiologists to the water industry 
Our students readily find jobs in industry due to their valued skills and knowledge (see original 
application). However, none of the many students trained in this project have found jobs in the 
water industry, mainly due to very low number of microbiologist jobs in the water industry. The 
two main website for jobs in the water industry in Australia were searched recently 
(http://www.watercareer.com.au/, http://www.waterjobs.com.au/) and no jobs were found for 
microbiologists, at any level, in the water industry. One of the reasons for this situation is the 
general outsourcing of microbial tests. Across the Australian water industry it appears that only 
Sydney Water has an inhouse monitoring service for pathogens, as well as chemical pollutants 
(http://www.sydneywater.com.au/OurSystemsandOperations/MonitoringAnalyticalServices/).  
 

Who checks and interrogates the results? 
While outsourcing of analytical microbial work can save costs a remaining question is who, in 
the absence of microbiologists, in the water companies have the expertise to analyse the results 
sent back by external microbial analytical service companies? Which non-microbiologist staff 
have the professional knowledge and experience to question results and ensure they are 
meaningful? We have seen one set of results from a well-known service company, which 
showed numbers of indicator coliphages in sludge samples to be too high by many orders of 
magnitude to be acceptable, but who would know that if not a qualified and experienced 
microbiologist? 

Who runs tests for validation of pathogen removal? 
Moreover, one manager in the water industry has commented, in relation to validation of 
pathogen removal in recycled water treatment, that they are not sure if they are performing it 
correctly. If the Department of Health requires the water industry to run microbial tests for 
assessing microbial safety, then is it not reasobable to expect that these tests will be overseen 
by qualified microbiologists?   
 

http://www.watercareer.com.au/
http://www.waterjobs.com.au/
http://www.sydneywater.com.au/OurSystemsandOperations/MonitoringAnalyticalServices/
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Given the importance of public health in building and maintaining water and wastewater 
treatment systems, it would seem reasonable to have staff with microbiology qualifications at all 
levels of management, such as in strategy and planning, as well as at the technical level. 
  

11.5 Conclusion 

Health risks from the agricultural use of biosolids are prevented by maintaining effective multi-
barriers to disease transmission through correct operation of sludge treatment systems, 
supported by Hazard Analysis Critical Control Point (HACCP) management, coupled with 
appropriate land use controls. In regions where health risks are increased, due to higher 
incidences of communicable enteric diseases, and where it may be difficult to control end use 
effectively, enhanced treatment, to eliminate the pathogen content in sludge, may be necessary 
for biosolids to be used safely in agriculture.   

The flexibility of current regulations on microbial safety of biosolids could be improved in certain 
states in Australia to increase the opportunities available for recycling the valuable nutrient and 
organic matter resources in sludge for soil improvement and food production. This could be 
achieved through appropriate attention to local risk assessment, as well as HACCP 
management. For example, in Victoria, given that both A.  lumbricoides and Taenia spp are at 
very low risk of causing disease from biosolids produced by conventional treatment systems, 
with moderate pathogen removal potential (typically ≥2 log10), it is unnecessary to require 
process validation for these parasites or to store sludge for extended periods for the general 
agricultural use of biosolids.  
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Chapter 12. Forecast of treatment times in pan-drying and 
stockpiling to reach treatment grades T1, T2 and T3 
 

12.1 Introduction 
In this chapter the project results (field data along with field and simulation decay coefficients) 
were used to forecast decay of all pathogens in pan-drying and stockpiling treatment, which are 
required by the current regulations (EPA Vic, 2004).  
 
Shown below are the maximum numbers of pathogens and indicators specified for 
demonstrating microbial safety treatment grades 1, 2 and 3, in verification for prescribed 
treatment processes (Table 12.1), verification for alternative treatment processes (Table 12.2), 
and routine monitoring  for current regulations (EPA Vic, 2004). 
 

12.2 Results and discussion 
 
Using average data of indicators and pathogens in MAD output the treatment times required to 
verify decay of each indicator and pathogen to treatment grades 1, 2 and 3 are shown in Table 
12.4.  For worst-case data the treatment times for verification are shown in Table 12.5. 
 
In both cases the forecast treatment time for verification to provide T1 grade biosolids in pan-
drying and or stockpiling is 117 weeks (over 2 years) if 2 log10 reduction of A. lumbricoides 
remains required. However, for Victorian conditions it is unlikely that even 1 log10 reduction of 
Ascaris spp. is required. Thus, it is suggested that in practice the requirement for reduction of 
Ascaris spp. should be based on the numbers of Ascaris spp. eggs in raw sludge in the input to 
a particular WWTP. For example, if Ascaris spp. egg counts from raw sludge are in the range 1 
to 0.1 / g DS, as in the average case (Table 12.7), then1 log10 reduction of Ascaris spp. may 
well be sufficient, in which case the treatment time could be safely reduced to 59 weeks (about 
1 year). 
 
The requirement for 3 log10 decays of enteric viruses, E. coli and Salmonella spp. are all 
forecast to also occur within 59 weeks, for both average and worst-case scenarios (Tables 12.4 
and 12.5). 
 
 
To produce T2 and T3 grade biosolids 37 and 18 weeks treatment times are forecast, 
respectively, due the limits for decay of enteric viruses. 
 
Decay of Taenia saginata eggs is also required to verify production of biosolids for T2 and T3 
grade biosolids. While there is no available data on the level of Taenia eggs in MAD treated 
sludge or decay rates in pan-drying treatment, the data on decay of Ascaris spp. may be used 
instead, as Ascaris spp. has been internationally recognised as an indicator for decay of other 
parasites. This is due to the higher resistance of Ascaris spp. eggs to chemical and physical 
factors compared to other parasites. As significant decay of Ascaris spp. eggs occurred during 
pan-drying simulation, it may be concluded that effective decay of Taenia spp. eggs would 
occur during pan-drying treatment. 
 
Data on decay times for Cryptosporidium spp. oocysts are also included in Tables 12.4 and 
12.5, as this pathogen is named in current regulations, although no direct requirements for its 
removal are stated for microbial treatment grades (EPA Vic, 2004). A 1 log10 reduction of 
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Cryptosporidium spp. oocysts is forecast to occur within 30 weeks, while almost 2 log10 of 
Cryptosporidium spp. oocysts can occur in the time forecast for 1 log10 decay of Ascaris eggs.  
 

Log10 reductions 
Log10 reductions are required for both enteric viruses and Ascaris spp. The required Log10 
reductions for treatment can be performed across the full treatment train (Table 12.6). For 
example, the full sequence of treatment processes are predicted to provide about 4.4 log10 
decay in total of Enteric viruses., e.g., 1.04 log10 (activated sludge), plus 1.14 log10 (anerobic 
digester), plus 2.2 log10 (59 weeks pan-drying and or stockpiling) gives a total of about 4.4 log10 
decay. For Ascaris eggs the total decay is about 1.1 log10, and for Cryptosporidium oocysts 3.8 
log10 decay. 
 
 
 
Table 12.1. Verification for microbial numbers 
 
Indicator/Pathogen T1 Grade T2 Grade T3 Grade 

 
E. coli 
 

<100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g 
dw 

Salmonella spp. 
 

<0.2 cfu/ g dw† <2 cfu/ g dw† - 

Enteric viruses 
 

<0.1 pfu/ g dw‡ - - 

 
† ETPVic (2004): Table 3 states threshold numbers of Salmonella for T1 grade should be <1 cfu/ 50 g dw (<0.02 
cfu/g dw), however the detailed text (section 4.2.1) indicates numbers should be <1 cfu/ 5 g dw, over 10 tests, that 
is <0.2 cfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be 10 cfu/50 g dw (0.2 cfu/g dw), 
while the text indicates numbers should be <10 cfu/ 5 g dw, over 10 tests, that is <2 cfu/ g dw.   
‡ Similarly Table 3 states threshold numbers numbers of enteric viruses for T1 grade should be <1 pfu/100 g (0.01 
pfu/g dw), while the detailed text (section 4.2.1) indicates numbers should be <1 pfu/ 10 g dw, over 10 tests, that is 
<0.1 pfu/ g dw. 
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Table 12.2. Verification of alternative processes* for microbial numbers 
 
Indicator/Pathogen T1 Grade T2 Grade‡ T3 Grade 

 
E. coli 
 

<100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g 
dw 

Salmonella spp. 
 

<0.2 cfu/ g dw† <2 cfu/ g dw† >1 log10 reduction 

Enteric viruses 
 
 

<0.1 pfu/ g dw‡,  
>3 log10 reduction 

<2 pfu/ g dw‡,  
>2 log10 reduction  

>1 log10 reduction 

Ascaris eggs 
 

>2 log10 reduction - - 

Taenia saginata 
eggs 

- <0.1 eggs / g dw,  
2 log10 reduction 

? 

 
† ETPVic (2004): Table 3 states threshold numbers of Salmonella for T1 grade should be <1 cfu/ 50 g dw (<0.02 
cfu/g dw), however the detailed text (Figure 1, section 4.2.1) indicates numbers should be <1 cfu/ 5 g dw, over 10 
tests, that is <0.2 cfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be 10 cfu/50 g dw (0.2 
cfu/g dw), while the text indicates numbers should be <10 cfu/ 5 g dw, over 10 tests, that is <2 cfu/ g dw.   
‡ Similarly Table 3 states threshold numbers numbers of enteric viruses for T1 grade should be <1 pfu/100 g (0.01 
pfu/g dw), while the detailed text (Figure 1, section 4.2.1) indicates numbers should be <1 pfu/ 10 g dw, over 10 
tests, that is <0.1 pfu/ g dw. Similarly for T2 grade Table 3 states threshold numbers should be <2 pfu/10g dw (0.2 
pfu/g dw), while the text indicates numbers should be <20 pfu/ 10 g dw, over 10 tests, that is <2 pfu/ g dw. 
* Proponents of alternative processes should contact EPA Vic and the Department of Health to confirm microbial 
indicators relevant to the process and an appropriate program for verification. 
‡, EPA will confirm the acceptability of proposals with the Chief Veterinary Officer. 
? depends on application: e.g. for pasture requires removal of Taenia saginata ova. 
 
 
Table 12.3. Routine monitoring* for microbial numbers 
 
Indicator/Pathogen T1 Grade T2 Grade T3 Grade 

 
E. coli <100 MPN/ g dw <1000 MPN/ g dw <2 x 106 MPN/ g 

dw 
Salmonella spp. NA <0.2 cfu/ g dw - 
 
* For alternative processes data on treatment indicators (e.g. temperature and duration) will be required, along with 
microbial indicators such as E. coli and/or Salmonella spp. 
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Table 12.4. Verification: forecast of treatment times for pan-drying and or stockpiling 
treatment (alternative treatment processes) to provide T1, T2 and T3 treatment grades, 
using average data.   
 
Indicator/Pathogen Concentration 

in MAD 
sludge (per g 
DS)‡ 

Treatment 
Time to 
reach T1 
grade 
(weeks) 

Treatment 
Time to 
reach T2 
grade 
(weeks) 

Treatment 
Time to 
reach T3 
grade 
(weeks) 

E. coli 2.09 x 106 46 
 

35 0.2 

Salmonella spp. 3.85 x 101 6.1 3.4  2.7 (>1 
log10 
reduction) 

Enteric viruses† 3.5 29 (<0.1 
pfu/ g dw ),  
56 (>3 
log10 
reduction) 
 

4.5 (<2 pfu/ 
g dw),  
37 (>2 
log10 
reduction) 

18 (>1 
log10 
reduction) 

Ascaris eggs 0.7 117a (>2 
log10 
reduction) 
 

- - 

Cryptosporidium 
oocysts 

2.65 61b (>2 
log10 
reduction) 

- - 

 
† For Enteric viruses decay rates for K-12 coliphage indicator were used. 
‡ Average-case data, Table 12.7 
a, 1 log10 reduction is suggested to be sufficient, taking 59 weeks. 
b, 1 log10 reduction is suggested to be sufficient, taking 30 weeks. 
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Table 12.5. Verification: forecast of treatment times for pan-drying and or stockpiling 
treatment (alternative treatment processes) to provide T1, T2 and T3 treatment grades, 
using Worst-case data.  
  
Indicator/Pathogen Concentration 

in MAD 
sludge (per g 
DS)‡ 

Treatment 
Time to 
reach T1 
grade 
(weeks) 

Treatment 
Time to 
reach T2 
grade 
(weeks) 

Treatment 
Time to 
reach T3 
grade 
(weeks) 

E. coli 6.25 x 106 51 40 5 
 

Salmonella spp. 1.3 x 102 6.3 4.0 3.2 (>1 
log10 
reduction) 
 

Enteric viruses† 1.0 x 101 37 (<0.1 
pfu/ g dw ),  
56 (>3 
log10 
reduction) 

13 (<2 pfu/ 
g dw),  
37 (>2 
log10 
reduction) 
 

18 (>1 
log10 
reduction) 

Ascaris eggs 9.7 117a (>2 
log10 
reduction) 
 

- - 

Cryptosporidium 
oocysts 

5.4 61b (>2 
log10 
reduction) 

- - 

 
† For Enteric viruses decay rates for K-12 coliphage indicator were used. 
‡ Worst-case data, Table 12.7 
a, 1 log10 reduction is suggested to be sufficient, taking 59 weeks. 
b, 1 log10 reduction is suggested to be sufficient, taking 30 weeks. 
 
 
 
Table 12.6. Log10 reduction values (LRV) across the full treatment train*  
 
Pathogen Activated sludge Anaerobic 

digestion 
Drying-pan and 
or stockpiling 
(59 weeks) 

Total LRV 

Enteric viruses 1.04 1.14 2.2 4.4 
Ascaris eggs 0.0 0.06‡ 1.0 1.1 
Cryptosporidium 
oocysts 

0.98 0.77 2.0 3.8 

* Values for decay of pathogens in activated sludge process and anaerobic digestion were 
taken from the Microbial Risk Analysis report: these are average values from a number of 
published reports. 
‡ Based on data for simulation of anaerobic digestion (Pike et al., 1983; 1988) Ascaris eggs are 
estimated to decay at 0.3 Log10. As this value is higher than for field data, 0.06, as shown 
above, this might possibly be due to the simulation experiments having optimal mixing of sludge 
while field anaerobic digesters may have had less mixing and thus shorter detetion times, 
leading to lower decay.  
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12.3 Application of project data and risk modelling for sludge treatment 
from other WWTPs 
 
The data based on sludge treatment at ETP and the risk model from this project can be applied 
to other WWTPs, making allowance for variation in treatment trains.  Other data can be brought 
in for specific treatment processes, such as published decay data for activate sludge treatment, 
e.g., see Table 12.6. 

12.3.1 Mount Martha WWTP 
MM WWTP has a similar treatment train to ETP, however decays of indicators occurs at a 
somewhat slower rate compared to ETP, which would require longer treatment times to reach 
treatment grades. However, sludge in drying pans at MM WWTP are currently not mixed and 
we propose a trial to check if regular mixing of sludge leads to more efficient decay, similar to 
ETP (Chapter 4). 
 

12.3.2 South Melton WWTP 
Western Water’s South Melton WWTP includes the activated sludge process followed by 
anaerobic digestion, then dewatering of sludge by belt-drying. We propose that the dewatered 
sludge be stockpiled for 59 weeks to be approved for producing T1 grade biosolids. Based on 
the data from drying-pan and stockpiling simulation in this project it is further proposed that the 
dewatered sludge be kept relatively wet, at below 30% DS, for the first 15 weeks, to promote 
decays of pathogens.  
 
This certification approach could also apply to simular treatment trains with dewatering by 
centrifuge, instead of belt-drying. 
 

12.3.3 Lagoon treatment systems 
Along with the WTP there are a substantial number of lagoon treatment systems across 
Victoria. Our current SWF project is investigating the decay of pathogens and indicators in 
lagoon pond sludge treated by pan-drying and stockpiling.  It is proposed that this new project 
will provide data to support certification of biosolids produced by pan-drying and or stockpiling 
from lagoon ponds. 
  

12.3.4 Risk analysis 
The quantitative microbial risk analysis (QMRA) model (Chapter 11) is based on a conventional 
treatment train, including activated sludge process followed by anaerobic digestion, then 
dewatering and land application for 10 months.  
 
If a similar train includes extra treatment, such as the dewatering being followed by stockpiling 
for 59 weeks, then the risk will be even less that predicted by the QMRA model.  
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12.4 Estimating the decay of indicators and pathogens 
The falling numbers of indicators and pathogens over treatment time in pan-drying at ETP can 
be estimated using the following equation (1)  
 

(1) Nt = N0*e-DC*t 
 
Where Nt is the number of organisms at time t (cfu or pfu /g DS); N0 is the number of organisms 
at time zero (cfu or pfu /g DS), e.g. at the start of pan filling; DC is the organism-specific decay 
coefficient (Table 12.7, 12.8); t is time t (days). 
 
 
 
Table 12.7 Indicator and pathogen decay coefficients in pan-drying treatment. (See 
Appendix 7 for detailed data). 
  
Indicator or 
pathogen 

Decay 
coefficient: 
simulation 

Actual or 
surrogate decay 
coefficient: field 
treatment 

Proposed 
surrogate 

E. coli 
 

-0.057 -0.031 NA 

Enterococci spp. 
 

-0.036 -0.031 NA 

Salmonella spp. 
 

-0.145 -0.145*a Enterococci spp., 
or E. coli 

K-12 coliphage 
 

-0.032 -0.018 NA 

Enteric viruses 
 

-0.036 -0.018*b K-12 coliphage 
 

Ascaris ova 
 

-0.0056 
 

-0.0056*c Enterococci spp. , 
or E. coli 
 

Cryptosporidium 
oocysts 

-0.0108 -0.0108*d Enterococci spp. , 
or E. coli 

 
* Field surrogate decay coefficient; a, for Salmonella spp. 4.68 x decay coefficient of Enterococci spp.(see section 
6.3.4.3); b, for enteric viruses 1 x decay coefficient of K-12 coliphages;  c, for Ascaris ova 0.18 x decay coefficient 
of Enterococci spp.; d, for Cryptosporidium oocysts 0.35 x decay coefficient of Enterococci spp. 
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Table 12.8 Data for worst case and average case calculations 
  Worst 

case 
Average   Surrogate indicator? 

 

Indicator/Pathogen Concentration in 
MAD sludge (per g 
DS)‡ 

Source   Actual or 
surrogate* 
decay 
coefficient 

E. coli 6.25E+06 2.09E+06 This project NA -0.031 

Salmonella spp. 1.30E+02 3.85E+01 This project Enterococcus  
spp. 

-0.145* 

Enteric viruses 1.00E+01 3.50E+00 Guzman et al. 
2007 

K-12 
coliphage 

-0.018* 

Ascaris eggs 9.7 7.00E-01 Grant & Smith 
2010  
Table 4.9 

Enterococcus 
spp. 

-0.0056* 

Cryptosporidium 
oocysts 

5.4 2.65 Grant & Smith 
2010 Table 4.10 

Enterococcus 
spp. 

-0.0108* 

 
‡, maximum value reported. 
 

12.5 References 
1 EPA Vic (Environmental Protection Authority, Victoria) 2004. Moving Towards Sustainable 

Biosolids Management.  EPA Victoria, April 2004. Guidelines for Environmental 
Management: Biosolids Land Application. EPA Victoria. 
 

2 Grant, E. J. and S.R. Smith. 2010. Estimating pathogen risks and concentrations in sewage 
sludge from disease incidence data in Australia and Mexico.  Report to Smart Water Fund, 
Victoria, Australia. 
 

3 Guzmán, C., J. Jofre, M. Montemayor and F. Lucena. 2007. Occurrence and levels of 
indicators and selected pathogens in different sludges and biosolids. J. Appl. Microbiol. 103. 
2420–2429. 
 

4 Pike, E.B., E. G. Carrington, and S.A. Harman. 1988. Destruction of Salmonellas, 
enteroviruses and ova of parasites in wastewater sludge by pasteurization and anaerobic 
digestion. Water Sci. Tech. 20(11-12):337-343. 

5 Pike, E.B., d. l. Morris, and E.G. Carrington. 1983. Inactivation of ova of the parasites 
Taenia saginata and Ascaris suum during heated anaerobic digestion. Water Pollut. Control. 
82(4):501-509. 

  



July 2012 © Copyright Smart Water Fund 2012 - Verifying Microbial Safety in Biosolids Treatment Page 167

 

Chapter 13. Conclusions  

13.1 Forecast of treatment times in pan-drying to reach treatment grades 
T1, T2 and T3 
 

• For ETP and WWTPs with similar treatment trains both for average and worst-case data 
the forecast treatment time for verification to provide T1 grade biosolids in pan-drying 
and or stockpiling is 117 weeks, due to the requirement for 2 log10 decay of Ascaris eggs. 
This could be reduced to 59 weeks, if 1 log10 reduction of Ascaris eggs is accepted, given 
the apparently low level of Ascaris eggs in Victorian sludge. It is suggested that in 
practice the requirement for reduction of Ascaris should be based on the numbers of 
Ascaris eggs in raw sludge at the input for a particular WWTP. The decay of enteric 
viruses, E. coli, and Salmonella spp. are forecast to occur within 59 weeks. 
 

• To produce T2 and T3 grade biosolids 37 and 18 weeks treatment times in pan-drying 
and or stockpiling are forecast, respectively, due the limits for decay of enteric viruses. 

13.2 Field pan-drying and stockpiling treatment  
• The pan-drying process at ETP is relatively robust for decay of pathogen indicators, as 

shown from results in three drying seasons, including one exceptionally dry season and 
one exceptionally wet season. 
   

• At ETP substantial decay of all three indicators, E. coli, Enterococcus spp.  and K-12 
coliphages, was observed during pan-drying across all conditions.  Also at Mt Martha 
WWTP decay of indicators at the 2010/11 season were generally in line with the early 
2007/08 season. 

 
• In drying-pans from both WWTPs substantial decay of indicators was confirmed 

o E. coli decayed to <100 cfu/g by 11.5 to 13 months (equivalent to T1 limit).  
o Decay of K-12 coliphages was similar to that of E. coli. 
o The results also suggest that Enterococcus spp. could be an alternative indicator 

to E. coli for decay of pathogens in drying pan treatment, due to higher variability 
of E coli decay coefficients and the more robust enumerating method for 
Enterococcus spp. 

 
• Pan treatment provides a separate downstream process, independent of upstream 

treatment issues, to substantially reduce the presence of microbial indicators and 
pathogens. 
 

• Treatment pans should be isolated from other sources of contamination, such as 
aerosols from tankers pumping sludge into a fresh nearby pan, and overflow from fresh 
pans, during heavy rainfall.   
 

• In order to achieve rapid reduction of pathogens a pan that has been incubated for some 
time should not be refilled at some substantial later time, e.g. 4-5 months for best 
reduction of pathogens. 

 
• None of the microbial indicators were detected in stockpiles, except for low levels of 

Enterococcus spp. on two occasions. 
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• The rate of decay of Salmonella spp. in pan-drying treatment could not be quantified 
because only small numbers of Salmonella spp. were detected in anaerobic digester 
sludge and only two isolated samples from pan-drying treatment showed the presence of 
Salmonella spp.   The pan-drying simulation was therefore required to address that 
issue, and for decay of enteric viruses, pathogen protozoa, e.g. Cryptosporidium parvum, 
and helminths, e.g. Ascaris spp. 
 

 

13.3 Anaerobic digester simulation 
• The anaerobic digester simulation was successful in both operational terms and decay 

rates of E. coli and K-12 coliphages. 
 

• Future work should include assessing the effect of inefficient mixing on the, 
o Decay of pathogens and indicators.  

 
• Knowledge on these issues would inform HACCP management of anaerobic digester 

treatment for optimising both the decay of pathogens and indicators. 
 

13.4 Pan-drying simulation 

13.4.1  DS and VS values 
• In all pan-drying simulations, there was accelerating dryness once the DS values 

reached 15-20%, similar to observations made in field treatment. 
 
• Substantial declines of VS values in the simulations were observed (20-30%), as were 

also observed in field treatment.  The rate of VS decline decreased significantly until the 
DS value reached 15-20%, with little subsequent decline in VS. 

13.4.2 Novel Technology  
• The assay chambers developed for this project were validated using bacteriophage P22 

and E. coli,  which showed a similar decay coefficient in the sludge in the assay chamber 
and the bulk sludge outside the chambers in the containers. The assay chambers 
developed in this project had substantially lower production costs, at less than 10-fold the 
cost of commercial sentinel chambers.  For this project assay chambers proved 
successful in assessing the decay of adenoviruses (Chapter 7). Assay chambers were 
also used to assess the decay of two parasites, C parvum and Ascaris suum, providing 
conservative decay rates (Chapters 8, 9, Appendix 4).  In contrast, assay chambers did 
not appear as useful for assessing the decay of Enterococcus spp. (Appendix 4) as there 
was a significant (give confidence interval) between the Enterococcus spp. Decay rate in 
the assay chamber versus the bulk sludge. 
 

• The novel pan-drying simulation developed for this project provided a robust and flexible 
system with controlled environmental elements (air-flow, temperature, time, sun 
simulation). In part, this approach allowed the detection of specific factors for pathogen 
decay.  

13.4.3 Bacterial indicators 
• Bacterial indicators showed ~3 log10 reductions over the drying period of 17 to 21 weeks, 

in all three laboratory simulations. 
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• The rate of decay rate of Salmonella Typhimurium (average -0.145) was generally higher 
than that for both E. coli (average -0.057) and Enterococcus spp. (average -0.036). For 
determining the decay of Salmonella spp. in field drying-pan treatment Enterococcus 
spp. is the preferred indicator, followed by E. coli as a second choice. The ratio of the 
decay data for Salmonella Typhimurium with Enterococcus spp. was used to calculate 
the decay rate of Salmonella spp. in field drying-pan treatment, as -0.145. 

 
• E. coli field data was less variable than data from laboratory simulations, however mean 

values for tanks and containers were generally consistent with field data, although with a 
tendency to have a higher decay rate. As a result when using decay coefficents to 
calcuate reduction of pathogens in the field it is recommended that the data from field 
samples be used in preference to data from the laboratory simulations.  In addition the 
ultra-variable behaviour of E. coli in pan-drying simulation provides a question mark 
about the quality of E. coli as a surrogate indicator in field treatment.  

 
• Findings are consistent with the hypothesis that the initial decline of these bacteria 

involves predatory protozoa, while the later decline relates to the increase in osmotic 
pressure of sludge due to the increase in salt concentration with drying.  

 
• Indicator-specific decay factors identified. 

o E. coli appeared to be sensitive to biological factors in sludge up to about 65% 
DS.  During rapid drying of sludge (simulation 1) the surface of sludge particles 
was quite dry, while the centre of particles appeared to contain more moisture, 
which apparently allowed E .coli to survive, without access by predatory protozoa. 

o Salmonella Typhimurium also appeared to find refuge in rapid drying sludge.  
 

13.4.4 Bacteriophage indicators 
• In laboratory simulations, decay coefficients of K-12 coliphages (average -0.032 for DP2 

and DP3) were close, to those of PAdV-3 (average -0.034) and HAdV type 41 (-0.043), 
rendering K-12 coliphages suitable as conservative indicators in field and laboratory 
investigations.  Indigenous B coliphage may also be a useful indicator (average decay 
coefficient -0.044), due to higher content in MAD sludge, but needs further testing in 
sludge from a wider range of field plants (Refer to Appendix 7). 

 
• Decay coefficients for K-12 coliphages in the field (average -0.018) were somewhat lower 

than in laboratory simulations, with about a two-fold difference, possily due to 
temperature-dependent activity of bacterial proteases. 
 

• Bacteriophages MS2, P22 and T2 coliphages are not useful indicators as their decay 
rates (average -0.113, -0.133, -0.094, respectively) in sludge is substantially more rapid 
than for Adenoviruses.  Moreover, these bacteriophages are not present in sufficient 
numbers in sludge to demonstrate log10 reductions (Refer to appendix 7).   

 

13.4.5 Cryptosporidium parvum  
• In the drying pan simulation, the rate of decay of C. parvum was repeatable, with an 

average decay coefficient of -0.0108. In field treatment the proposed decay coefficient is 
0.35 x -0.031, for the primary surrogate Enterococcus spp. (with E. coli as a second 
choice). Thus 75 days of pan treatment are required for one log10 decay of live C. parvum 
oocysts.  
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13.4.6 Ascaris suum 
• The decay rates of Ascaris suum are about half of those for C. parvum, with decay 

coefficients around -0.0056. In field treatment the proposed decay coefficient is 0.18 x 
-0.031, for the primary surrogate Enterococcus spp. (with E. coli as a second choice).  

 
• During pan-drying simulation and stockpiling 1 log10 reduction of Ascaris suum occurs in 

about 59 weeks. 
 

• Future investigations should focus on identifying the biological factors responsible for 
decay of Ascaris spp. in drying-pan and stockpiling treatment. 

 

13.5 Factors in pathogen decay 
• Indigenous organisms appear to be a major factor in inhibiting Salmonella spp. in both 

MAD and pan-drying sludge. 
 

• A major novel factor investigated here for decay of viruses appears to be protease 
enzymes produced by indigenous organisms that potentially attack the protein coat of 
both indicator coliphages and enteric viruses. 

 
• The increased concentration of salts during pan-drying treatment and stockpiling may 

contribute to the stress on cellular indicators and pathogens, particularly as the DS value 
reaches about 15% and above. 

 
• The rapid degradation of naked DNA by sludge is likely to be a factor in full degradation 

of viruses and bacterial pathogens.  
 

• Treatment time and DS content are reasonable secondary variables for estimating the 
decay of indicators and pathogens.  

 

13.6 Indicators for pathogen decay in pan-drying treatment 
It is proposed that,  

• Enterococcus spp or E. coli be the main indicator for the decay of Salmonella 
spp., Cryptosporidium parvum, and Ascaris suum, 

• Indigenous K-12 coliphages be the main indicator for the decay of enteric viruses. 
 

13.7 Toward shorter treatment times 
• Combining field and simulation data supports the proposal that biosolids could be safely 

harvested from drying-pans, without requiring stockpiling or three years storage, to 
provide high quality biosolids for land application. 

 

13.7.1 Optimising operation and construction of drying-pans 
The variable results for volatile solids, the decay of pathogens and indicators, as well as the 
lower rates of decays, in drtying-pans at MM WWTP compared to ETP, suggest that the regular 
mixing of sludge at ETP might be responsible for the better results. This question could be 
resolved by a trial to see if weekly mixing of pan sludge leads to more efficient decay of 
pathogens and indicators and more efficient stabilization. 
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13.8 Modelled annual risks of infection of pathogens for Victoria from 
ingestion of crops grown in biosolids-amended soil  

The QMRA model predicted very low annual risks of infection by ingestion of vegetable crops 
grown in soil amended with conventionally-treated biosolids for the majority of the pathogens 
included in the study. The ranking of risks indicated that the risks modelled for Campylobacter, 
Hepatitis A Virus, rotavirus, Salmonella, Giardia and Shigella were below the 10-4 per person 
per year (pppy) limit for drinking water proposed by USEPA (Regli et al., 1991), by at least three 
orders of magnitude. On the other hand, the risk of infection from Cryptosporidium oocysts was 
within an order of magnitude below this minimum risk threshold. 
 

13.9 Use of microbial risk analysis and disease burden models 
It is proposed that for revision of water and wastewater regulations, 

• Microbial risk models and disease burden models be produced by academic experts. 
• These models be used by health authorities to inform revision of water and wastewater 

regulations. 
• Data on decay of indicators be obtained from academic experts, using simulations and 

pilot systems, if required. 
• Revised regulations for the water industry to include pathogen limits, physical and 

biological indicators and log10 removal values for specific treatment processes, but not 
requiring risk analysis or creation of disease burden models. 

13.10  Toward practical HACCP systems 
• In treatment plants a practical HACCP system should be set up to aid microbial quality 

values of biosolids. This will involve attention to each specific process that contributes to 
pathogen decay, such as activate sludge treatment, anaerobic digestion and pan-drying. 
It is recommended that: 

o Factors in drying-pan treatment should include physical parameters of time, DS 
and temperature, and biological factors of E. coli or Enterococcus spp. and K-12 
coliphages. Physical parameters be measured weekly and biological factors at 
harvest.  

o For anaerobic digesters, temperature and VS (input and output) be monitored 
daily, and biological factors of E. coli or Enterococcus spp. and K-12 coliphages 
be monitored monthly.      

13.11  Toward novel treatment systems 
• A protease enzyme system, such as with proteases attached to beads in a flow-through 

column, could potentially be used to degrade enteric viruses in recycled water treatment, 
such as in portable treatment systems.  

13.12  Method transfer 
• In the short term a technology transfer event should be organised whereby commercial 

laboratories can attend a day’s hands-on training for use of key methods at RMIT e.g 
quantification of Ascaris suum, Cryptosporidium parvum, Salmonella spp., E. coli. 

 
• In the longer term a project should be set up to develop Standards Australia methods, for 

commercial laboratories and to support practical use from government guidelines. 
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13.13  Requirement for Microbiologists in the Water Industry 
• To address the need for staff at all levels with microbiology qualificatons (section 11.4) 

the water industry should consider employing more microbiologists, to include career 
tracks through management. 


