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a b s t r a c t

In Ireland, the land application of biosolids is the preferred option of disposing of municipal sewage
waste. Biosolids provide nutrients in the form of nitrogen, phosphorus, potassium and increases organic
matter. It is also an economic way for a country to dispose of its municipal waste. However, biosolids may
potentially contain a wide range of pathogens, and following rainfall events, may be transported in
surface runoff and pose a potential risk to human health. Thus, a quantitative risk assessment model was
developed to estimate potential pathogens in surface water and the environmental fate of the pathogens
following dilution, residence time in a stream, die-off rate, drinking water treatment and human
exposure. Surface runoff water quality data was provided by project partners. Three types of biosolids,
anaerobically digested (AD), lime stabilised (LS), and thermally dried (TD)) were applied on micro plots.
Rainfall was simulated at three time intervals (24, 48 and 360 h) following land application. It was
assumed that this water entered a nearby stream and was directly abstracted for drinking water. Con-
sumption data for drinking water and body weight was obtained from an Irish study and assigned
distributions. Two dose response models for probability of illness were considered for total and faecal
coliform exposure incorporating two different exposure scenarios (healthy populations and immuno-
compromised populations). The simulated annual risk of illness for healthy populations was below the
US EPA and World Health Organisation tolerable level of risk (10�4 and 10�6, respectively). However,
immuno-compromised populations may still be at risk as levels were greater than the tolerable level of
risk for that subpopulation. The sensitivity analysis highlighted the importance of residence time in a
stream on the bacterial die-off rate.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The application of treatedmunicipal sewage sludge (“biosolids”)
to agricultural land as a fertiliser can offer an excellent source of
nutrients (nitrogen, phosphorus and potassium), increase organic
matter and water absorbency, and reduce the possibility of soil
erosion. It is also a cost-effective way to dispose of municipal waste
and reduce over-reliance on landfill whilst cutting down on tipping
fees. However, biosolids can also be non-point source contributors
of heavy metals, human pathogens and xenobiotics (Clarke and
Cummins, 2014; Mccall et al., 2015; Peyton et al., 2016).
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Therefore, it is imperative that all biosolids are effectively treated to
remove pathogens and contaminants to a “safe level” prior to being
used as a land conditioner or fertiliser.

More than 10 million tonnes of sewage sludge was produced in
the European Union (EU) in 2010 (Eurostat, 2014). Although EU
policy favours the recycling of resources (COM, 2014), including
sludge, national sludge recycling policy varies throughout Europe.
In some countries, such as the Republic of Ireland, up to 80% of
sludge is reused in agriculture (Eurostat, 2014), whereas in other
countries, such as Switzerland, the farm land application of sludge
is prohibited (Evans, 2012). This is due to the considerable public
acceptance issues surrounding the reuse of treated sludge as a
fertiliser. The main concern is that the presence of organic and
inorganic contaminants in biosolids may accumulate in the food
chain, or cause the contamination of soil and water (Clarke et al.,
2015).
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The US Environmental Protection Agency (USEPA) Part 503
regulations classify biosolids according to Class A and Class B
standard. Class A biosolids contain a faecal coliform density below
1000 most probable number (MPN)/g of total solids (dry matter,
DM), whereas Class B biosolids contain a geometric mean faecal
coliform density of less than 2 � 106 MPN/g of total solids (DM)
(USEPA, 2006). In the EU, sewage sludge production is regulated by
the Sewage Sludge Directive 86/287/EC. It does not specify limits
for pathogens but instead specifies general land use, harvesting and
grazing limits to provide protection against the risk of infection
(Sobrados-Bernardos and Smith, 2012). A revision of the Sewage
Sludge Directive (Working Document 3rd Draft) states that “the use
of microbial indicators to evaluate the hygienisation of treated
sludge is based on fulfilling the limits of E. coli to achieve a 99.9%
reduction and to less than 1 � 103 cfu/g dry weight, produce a
sludge containing <3� 103 spores of Clostridium perfringens/g (DM)
and absence of salmonella. spp in 50 g (DM)” (EC , 2000).
Furthermore, the Working Document also states that sludge pro-
duced by conventional treatment shall at least achieve a 2 log10
reduction of E. coli (Mininni et al., 2014). In Ireland the standards for
maximum concentrations must not exceed 1 � 103 MPN g�1 which
is equivalent to Class B biosolids under the USEPA Part 503 regu-
lation (Fehily Timoney and Company, 1999).

Following land-spreading of biosolids, there are two main sce-
narios which can lead to human infection. First, pathogens may be
transported via overland or sub-surface flow to surface and ground
waters, and infectionmay arise via ingestion of contaminatedwater
or accidental ingestion of contaminated recreational water (Jai-
meson et al., 2002; Tyrrel and Quinton, 2003). Faecal coliform
numbers in the stabilised biosolids can be high, up to 105 g�1 DM
(Schwarz et al., 2014). Gerba and Smith (2005) reported general
survival times for bacteria in soil to be 2e12 months, whilst Lang
et al. (2007) reported survival times of enteric micro-organisms
in sludge-amended soil varying between 24 h and 2 years. The
disparities in survival rates are difficult to define due to “knowledge
gaps” and the complex interactions between the environment and
soil-specific factors that result in the decay of enteric bacteria
(Schwarz et al., 2014). Therefore, it is critical to accurately deter-
mine the pathogen risk associated with land application of sewage
sludge to fully understand the potential for environmental loss and
consequently, human transmission.

Coliforms are bacteria that are present in the digestive tract of
animals including humans, and are found in their waste. They are
also found in soil and plant material. Total coliform (TC) bacteria are
common in the environment and, with a few exceptions, are
generally harmless (USEPA, 2013). They are typically used as an
indication of other pathogens in drinking water. Faecal coliform
bacteria are gram negative, non-spore forming rods that are found
in the intestines and faeces of humans and other warm blooded
animals. In general, human faecal waste gives rise to the highest
risk of waterborne diseases (Odonkor and Ampofo, 2013). The
predominant faecal coliform is Escherichia coli (USEPA, 2006). E. coli
is currently recognised by theWorld Health Organisation (WHO) as
the best faecal indicator bacteria for monitoring faecal contami-
nation of drinking water and faecal coliforms are suggested as an
acceptable alternative (WHO , 2011). E. coli is found in all mammal
faeces at concentrations of 109 g�1, but does not multiply signifi-
cantly in the environment (Edberg et al., 2000). High levels of these
bacteria indicate the presence of pathogens that cause waterborne
diseases (Selvaratnam and Kunberger, 2004). Most coliform bac-
teria do not cause disease; however, some rare strains of E. coli,
particularly O157:H7, can cause serious illness. As few as 10 cells
can cause serious illness or even death (Liu et al., 2008). Diseases
and illness that can be contracted inwater with high faecal coliform
counts include typhoid fever, hepatitis, ear infections (ORAM,
2014), gastroenteritis and, dysentery (Gruber et al., 2014).
During wastewater treatment, the sludge component of the

waste becomes separated from the water component. As the sur-
vival of many microorganisms and viruses in wastewater is linked
to the solid fraction of the waste, the numbers of pathogens present
in sludge may be much higher than the water component (Straub
et al., 1992). Although treatment of municipal sewage sludge using
lime, anaerobic digestion, or temperature, may substantially reduce
pathogens, complete sterilisation is difficult to achieve and some
pathogens, particularly enteric viruses, may persist. Persistence
may be related to factors such as temperature, pH, water content (of
treated sludge), and sunlight (Sidhu and Toze, 2009). Similarly,
there is often resurgence in pathogen numbers post-treatment,
known as the ‘regrowth’ phenomenon. Taskin et al. (2011) re-
ported a sudden increase in E. coli density in anaerobically digested
(AD) biosolids immediately after high speed centrifuge dewatering,
a phenomena known as ‘reactivation’ and is separate from growth
during the storage of dewatered biosolids cake. There are also links
to contamination within the centrifuge, reactivation of viable, but
non-cultural, organisms, storage conditions post-centrifugation
(Zaleski et al., 2005), and proliferation of a resistant sub-
population due to newly available niche space associated with
reduction in biomass and microbial activity (McKinley and Vestal,
1985). Iranpour and Cox (2006) observed reoccurrence of faecal
coliforms in post-digested biosolids from thermophilic anaerobic
digestion treatment. The explanations for reoccurrence may be
linked to 1) incomplete destruction of the faecal coliforms during
treatment, 2) contamination from external sources during post-
digestion, or 3) a large drop of the post-digestion biosolids tem-
perature to below the maximum for faecal coliform growth.

The European Drinking Water Directive 98/83/EC states that
drinking water entering the distribution system should contain
zero coliforms and zero E. coli in 100 mL�1 (EC , 2000). Despite
advances in drinking water treatment, the WHO estimates that
about 1.1 billion people globally drink unsafe water and the vast
majority of diarrhoeal disease (88%) stem from unsafe water, lack of
hygiene and sanitation (Ashbolt, 2004).

The objective of this work was to develop a quantitative mi-
crobial risk assessment (QMRA) model for coliforms in drinking
water assuming the application of biosolids to agricultural land and
resulting surface runoff entered abstraction waters for a water
treatment plant (WTP).
2. Materials and methods

2.1. Model development

A quantitative drinking water treatment model was developed
that was capable of predicting likely human exposure and resulting
risk from TC and E. coli present in the drinking water without the
possibility for attenuation to surface waters. This represents a
pessimistic scenario as, in reality, biosolids would not be spread to
the edge of the field and that grassed buffer zones would be in
place. Uncertainty and variability can be accounted for in the model
by means of probability density distributions and are represented
in the model's equations by name (e.g. triangular, uniform). Vali-
dation of the model is achieved through the implementation of
relevant peer reviewed scientific experimental results and was
incorporated at various steps of the drinking water treatment (i.e.
coagulation and flocculation, sedimentation and disinfection). A
process-based approach to modelling TC and E. coli fate and human
exposure considers total concentration in surface runoff, dilution
rate, bacteria die-off rate, drinking water treatment (primary, sec-
ondary and tertiary) and human consumption (adult).
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2.2. Biosolid and soil characterisation

This study uses surface runoff water quality data generated from
project partners. The treated biosolids investigated were anaero-
bically digested biosolids from the UK (AD-UK) (sourced from an
EU-funded FP7 project (END-O-SLUDG, 2014)) and Ireland (AD-
IRE), lime stabilised (LS) and thermally dried (TD). A soil-only
control was also included. The sludge was applied to micro-plots
and exposed to three continual rainfall events, applied using a
rainfall simulator, at time intervals of 24, (RS1) 48 (RS2) and 360
(RS3) hr after application. Details regarding rainfall intensity/
duration and the amount of runoff are provided in Peyton et al.
(2016).

Three different scenarios (RS1, RS2 and RS3) were completed to
account for the differences in time and surface runoff volumes. The
mean and standard deviation of surface runoff volumes of TC and
E. coli, as measured by Peyton et al. (2016) were calculated (Csurfa-

ce-runoff) and are shown in Table 1. Runoff results indicated that the
AD-UK biosolids had significantly higher concentrations of E. coli in
the RS1 and RS2 rainfall events, and exceeded the recommended
standards of >1 � 103 MPN g�1 (Fehily Timoney and Company,
2014). All of the reported Irish biosolids were some 10-fold below
the Class A Irish standard (Peyton et al., 2016).

Riparian buffers are vegetated areas next towater resources that
help to stabilise banks and protect water quality. Schueler (2000)
reported on the effectiveness of stream buffers and faecal coli-
form removal, and found that grass filter strips were effective in
removing up to 70% of faecal coliforms. Similarly, Coyne et al. (1995)
found that grass filter strips removed up to 74% of faecal coliforms
from surface water. However, concentrations of faecal coliforms in
surface water still exceeded minimum concentration standards for
primary water. A pessimistic approach was adopted assuming that
surface runoff following biosolid application entered an adjacent
stream without any chance of buffering (e.g. contour buffer strips,
vegetative barriers, filter strips).

It was assumed that the runoff effluent in streamwater was then
abstracted to a nearby drinking water treatment plant (DWTP). To
account for TC and E. coli concentrations in surface water being
discharged into the stream, this study used a dilution factor (DF),
which is the ratio of concentration in the effluent to concentration
in the receiving water after mixing in the receiving water (Colman
et al., 2011). This assumes a homogenous distribution of the bac-
teria in the stream and does not account for dispersion or advec-
tion. Dilution factors can vary between 1 (dry river bed in summer)
Table 1
Mean and standard deviation for total and E. coli in surface water.

Total coliforms

Mean and standard deviation (n ¼ 15) (MPN 100 mL�1)

RS1 RS2 RS3

AD-UK 171,840 ± 158,962 133,516 ± 247,832 134,860.6 ± 119,499
TD 299,620 ± 511,723.2 615,760 ± 629,487.1 980,600 ± 822,835.8
LS 15,858 ± 27,155.13 628,400 ± 820,378.8 492,000 ± 614,760.4
AD-IRE 155,220 ± 163,536.4 309,934.4 ± 503,104 197,840 ± 190,432.9
Control 158,220 ± 121,426 32,850.4 ± 22,214.2 470,360 ± 506,376

E. coli

Mean and standard deviation (n ¼ 15) (MPN 100 mL�1)

RS1 RS2 RS3

AD-UK 7055.4 ± 10,283.15 4476 ± 5622 210.6 ± 419.6
TD 456 ± 804.3 114 ± 106 44.6 ± 94.23
LS 138.2 ± 21.5 358.2 ± 730.8 39 ± 61
AD-IRE 14.8 ± 21.4 271.6 ± 518.6 199.6 ± 440.7
Control 34.2 ± 47 30.4 ± 51.8 4 ± 8.9
up to 100,000. The EU Technical Guidance Document on Risk
Assessment (2003) states that where there is a lack of specific data,
a default dilution value of 10 is recommended for sewage from
municipal WTPs (in this case surface runoff) when predicting
environmental concentrations of contaminants in receiving waters
(EC , 2000). Therefore, a default dilution factor of 10 was applied to
the data to calculate the predicted environmental concentrations in
stream water (Eq.1).

PECsurface�waterðMPN=100 mlsÞ ¼ Csurface�runoff

.
DF (1)

Where PECstream-water is the total concentration of coliforms (TC and
E. coli) in stream waters following surface runoff from adjacent
grassland, DF is the dilution factor, and (Csurface -runoff) (MPN
100 mL�1) is the concentration in surface runoff.

The first order decay equation often used to describe bacterial
die-off is expressed as Chick's Law, and is used to describe the
survival (die-off rate) of TC and E. coli in soil, manure, streams and
groundwater over time (Benham et al., 2006). Die-off is a function
of temperature, nutrient levels, competing bacteria and solar ra-
diation (Hrudey, 2004), it is also a function of grazing by protozoa
(Zhang et al., 2010). The rate of bacterial “die-off” is greater in
summer than winter due to higher temperatures and increased UV
light (Murphy et al., 2015). Wilkinson et al. (1995) reported
enhanced coliform concentrations in streams during high and ris-
ing flows following storm events. This has also been found in
tropical areas, for example Ribolzi et al. (2016). The die-off rate in
stream (D-off) was calculated according to Eq. (2):

Nt ¼ N0 e ð�ktÞ (2)

Where Nt is the number of coliforms at time t in streamwater (MPN
100mL�1), N0 is the original number of coliforms following dilution
in streamwater (PECstream-water) (MPN 100mL�1), k is the first order
inactivation constant (d�1), and t is the time in the stream (d�1).

The k value was incorporated according to Schueler (2000),
using a uniform distribution (values min 0.7 and max 1.5 d�1). “k”
values in this range mean that about 90% of the bacteria present
will disappear from the water within 2e5 days. Therefore, it was
assumed that water was abstracted for drinking water treatment
from the stream to a nearby DWTP between 0 and 5 days after
runoff into the receiving stream. To account for uncertainty, the
time in stream “t” was fitted with a uniform distribution (min 0,
max 5 day�1). Figs. 1 and 2 provide a simulated time series from
concentration in surface water to concentration post die-off and
succeeding drinking water treatment.
2.3. Drinking water treatment processes

The processes for conventional drinking water treatment
include primary, secondary and tertiary. The Irish Environmental
Protection Agency's (EPA) best practice guidelines for drinking
water treatment manuals (IRELAND EPA,1995; 2002, 2011a,b) were
used as a guide to develop the drinking water treatment model.
Drinking water supplies in Ireland are predominantly sourced from
surface waters or groundwaters influenced by surface waters
(IRELAND EPA, 2011a,b). It is assumed that operations within the
drinking water treatment process are running efficiently or stable.
Poor operation of filters and inadequate disinfection may pose a
risk to human health. In recent times, many DWTPs have become
automated.

The primary treatment stage comprises the screening, storage,
pre-conditioning and pre-chlorination of the water. In the current
study, it was assumed that primary treatment has a negligible



Fig. 1. Simulated time series for mean TC in surface runoff, die-off and post drinking water treatment.

R. Clarke et al. / Environmental Pollution 224 (2017) 739e750742
impact on coliform removal. Secondary treatment involves the
coagulation, flocculation, sedimentation and filtration of the
influent. Coagulation/flocculation, sedimentation and filtration
remove particles, including microorganisms (bacteria, viruses and



Fig. 2. Simulated time series for mean E. coli in surface runoff, die-off and post drinking water treatment.
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protozoa) (WHO , 2011). The commonest types of coagulants used
are aluminium-based (e.g. aluminium sulphate (alum) or
polyaluminium chloride (PAC)). Both aluminium and ferric salts,
either in monomer or polymeric forms, have been reported as
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effective coagulants in treating wastewater (Kang et al., 2003; Pang
et al., 2009). When properly performed, coagulation, flocculation
and sedimentation can result in 1e2 log removal of bacteria, viruses
and protozoa (WHO , 2004). In accordance with the Irish EPA's
guidance manual (IRELAND EPA, 2002), the coagulant considered
was aluminium sulphate Al2 (SO4)3 (referred to as alum) for both TC
and E. coli.

The presence of faecal coliforms indicates fecal contamination
and the potential presence of enteric pathogens (disease causing
organisms). An example of one group of fecal coliform bacteria is
Escherichia coli or E. coli. Reductions in E. coli counts following
drinking water treatment incorporating alum were obtained from
the peer reviewed literature. Pritchard et al. (2010) compared the
efficacy of alum sulphate to more natural coagulants. The study
reported E. coli reductions between 89 and 99.8% using
30e50 mg L�1 concentration of alum sulphate. Bulson et al. (1984)
reported removal rates of E. coli of 99.99% following a concentration
of 15 mg L�1 of alum sulphate. A study conducted by Sarpong and
Richardson (2010) showed that total coliform counts were reduced
by 95% using a 5 ml L�1 concentration of alum sulphate. Similarly,
Bergamasco et al. (2011) reported a 99% reduction in total coliforms
using a 15 ml L�1 concentration of alum sulphate. Thus, a uniform
distribution was used to model coagulation, flocculation and sedi-
mentation incorporating a decimal reduction to account for vari-
ability and uncertainty in the data (min 0.89, max 0.99). It was
assumed that aluminium sulphate was coagulant used at the DWTP
and was applied at an optimum concentration of approximately
10 mg L�1.

The filtration process is the last treatment stages that can
physically remove contaminants before disinfection. One of the
most popular filtration processes used in Ireland is the rapid gravity
sand process (IRELAND EPA, 1995). A study by Li et al. (2012)
showed that direct rapid sand removal can remove 0.6e1.5 log-
units of total faecal coliform, depending on the loading rate and
grain size distribution. Mwabi et al. (2012) demonstrated that
designing and building a bio-sand filtration systemwas effective in
removing 2e4 log10 of coliform bacteria. Koivunen et al. (2003)
showed that tertiary treatment by the rapid sand filtration pro-
cess found, on average, a 97% reduction of faecal coliforms and total
coliforms in four conventional wastewater treatment plants in
Helsinki, Finland. In keeping with the Irish EPA's filtration manual
guidelines, rapid gravity filtration was considered in the model. To
model rapid sand filtration and to account for uncertainty and
variability in the data, a decimal reduction uniform distributionwas
assigned (min 0.74 max 0.99) (Table 2).

2.4. Disinfection

Disinfection is the “process by which an organism's viability/
infectivity is destroyed with a specific percentage of the population
dying over some time frame defined as a rate” (Betancourt and
Rose, 2004). Worldwide, chlorine is the most commonly used
disinfection in drinking water treatment, although other alterna-
tives are being increasingly introduced such as ozonation, ultravi-
olet irradiation, ultrasonic vibration, ultra-filtration, silver, bromide
and iodine, membrane filtration and granular activated carbon
(GAC). Chlorine is added to provide a disinfectant residual to pre-
serve the water in distribution, where the chlorine is in contact
with the water for a longer period of time compared to the pre-
chlorination process in primary treatment (Irish IRELAND EPA,
2011a,b). The principal factors that influence disinfection effi-
ciency are the disinfection concentration, contact time, tempera-
ture and pH (depending upon the disinfection) (Cotruvo et al.,
2013). Chlorination has been found to remove E. coli between 97
and 99% (O'Connor and O'Connor, 2001). Following chlorine
treatment of drinking water, certain levels of residual chlorine
known as free chlorine residual (FCR) remain in the water to pre-
vent the regrowth of microorganism that may enter the water prior
to entering the consumer's home. A study by Igunnnugbemi et al.
(2009) demonstrated how FCR < 40 mg L�1 may not prevent the
survival of fecal coliforms in drinking water even though theWorld
Health Organisation recommend FCR concentrations between 0.2
and 0.5 mg L�1 for chlorine treated piped drinking water. To ac-
count for uncertainty in the data, a uniform distribution (minimum
0.97, maximum 0.99) was assigned to model the inactivation
attributed to the disinfection process.

Removal of coliforms and bacteria (TC and E. coli) was quantified
in terms of a decimal reduction. The concentration of coliforms
remaining after secondary and tertiary treatment in a WTP was
calculated by multiplying the level present post primary treatment
by the decimal reduction due to coagulation/flocculation, sedi-
mentation, filtration and disinfection. The equation is:

PSTT ¼ D� off � ð1� CrÞ � ð1� FrdÞ � ð1� DÞ (3)

Where: PSTT is the coliform concentration post-secondary and ter-
tiary treatment (MPN 100 mL�1), Cr is decimal reduction due to
coagulation/flocculation and sedimentation, Frd is decimal reduc-
tion due to filtration, and D is the decimal reduction due to
disinfection.

2.5. Human exposure

Water consumption in Ireland for adults was modelled using a
lognormal distributionwith amean and standard deviation value of
0.564 ± 0.617 L d�1 according to a survey on adult consumption
patterns conducted by the Irish Universities Nutrition Alliance
(IUNA) which was based on 1274 consumers. The same survey was
used to model variation in adult body weight (males and females)
and a normal distribution with a mean and standard deviation
value of 78 ± 16.5 kg was used (IUNA, 2011).

2.6. Dose response model

In order to assess the risk to human health from coliforms and
E. coli associated with water consumption, the potential exposure
to the organism(s) in the daily drinkingwater intakewas estimated.
Exponential models are widely used in microbial risk assessment
(Teunis et al., 2004). The exponential model assumes that
pathogen-host interactions can describe the pathogen-host sur-
vival probability by a discreet value (Haas et al., 2000). Two dose
response models were considered for TC and E. coli exposure
incorporating two different exposure scenarios (healthy pop-
ulations and immuno-compromised populations). Immuno-
compromised individuals include patients on active anti-cancer
drugs, HIV/AIDS and other chemotherapies. Allen et al. (2013) de-
fines an immuno-compromised individual as having a haematology
profile showing abnormal values for gamma globulins, white blood
cells, red blood cells and liver function. The dose response model
estimated the probability of illness resulting from a certain level of
exposure. An exponential dose-response model was used for
probability of illness, integrating an “r” value of 0.01 for immuno-
compromised populations (I(Ic)) and an “r” value of 0.0000005
for healthy population (I(H)) as proposed by Gale (2005). As a
“worst case scenario”, the illness model was parameterized with
the assumption that the virulence of the pathogen is similar to
E. coli O157:H7. The E. coli O157:H7 strain is a particular serotype of
the group referred to as verocytotoxigenic E. coli (VTEC). VTECs
produce verotoxins or shiga-like toxins that are closely related to
the toxin produced by Shigella dysenteriea (Cassin et al., 1998). The



Table 2
Model inputs and distributions.

Stage Symbol Description Model/distribution Units

Effluent (Surface-runoff)
Csurface-runoff Initial concentration in surface runoff Lognormal

(based on Table 1)
MPN 100 mL�1

Dilution DF Dilution in stream Dilution factor (10) e

PECstream-water Concentration of coliforms in stream-water following dilution Csurfacerunoff/DF MPN 100 mL�1

Die-off K First order inactivation constant Uniform
(min 0.7, max 1.5)

d�1

t Time in stream Uniform
(min 0, max 5)

d�1

D-off Die-off rate in stream N ¼ N0 〖exp (-kt)〗 MPN 100 mL�1

Secondary treatment
Cr Coagulation/Flocculation and sedimentation reduction Uniform

(min 0.89, max 0.99)
Decimal reduction

Frd Filter reduction (rapid sand) Uniform
(min 0.74, max 0.99)

Decimal reduction

Tertiary treatment
D Disinfection Uniform

(min 0.97, max 0.99)
Decimal reduction

Output Pstt Post-secondary and tertiary treatment Pstt ¼ D-off � (1-Cr) � (1-Frd) � (1-D) MPN 100 mL�1

Human exposure
Consumption TWi Tap water intake (adult) Lognormal (mean 0.564,

SD 0.617)
L d�1

Output Vcc Viable coliforms/E. coli consumed Pstt � Twi MPN d�1

Dose response
Output I(H) Probability of illness (healthy) 1-EXP (- 0.0000005 � Vcc) -

Output I (Ic) Probability of illness (immunocompromised) 1-EXP (- 0.01 � Vcc) e
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USEPA have proposed an acceptable benchmark of 10�4 annual
infection/illness probability per person per year for Shigella (Grant
et al., 2012). The WHO use the metric DALY (disability-adjusted life
year) to estimate severity and duration of a disease. The 10�6 DALY
tolerable burden of disease may be considered unrealistic and there
have been proposals to introduce a less stringent burden of risk
such as the upper limit for excess lifetime risk of cancer of 10�5 or a
10�4 limit in line with the USEPA limit (WHO , 2011). Crockett et al.
(1996) reported that ingestion of only 10e100 Shigella cells can
lead to infection. The probability of illness per day can be expressed
by:

Pi ¼ 1� expð � d� rÞ (4)

Where Pi is the probability of illness (d�1), d is the dose and ‘r’
represents an exponential parameter. The annual individual risk is
calculated as:

Pi ð365Þ ¼ 1� ð1� PÞ 365 (5)

2.7. Sensitivity analysis

A sensitivity analysis based on rank order correlation was per-
formed to evaluate how the model's predictions are dependent on
variability and uncertainty in the model input parameters. The
entire model was constructed in Microsoft Excel 2010 (with the
@Risk 6.0 add on) (V4.5, Palisade Corporation, Newfield, NY) using
Monte Carlo simulation techniques and run for 10,000 iterations.

3. Results

The model produced several output distributions (TC and E. coli
concentration in effluent post DWTP, viable coliforms consumed,
and probability of illness) that were used to compare coliform
concentrations detected in surface runoff and the potential risk to
human health. Figs. 1 and 2 show a simulated time series of initial
TC and E. coli concentrations detected in surface runoff, die-off and
post drinking water treatment. Following drinking water treat-
ment, reductions of 99% and between 87 and 99%were recorded for
E. coli and TC, respectively. Pritchard et al. (2010) recorded reduc-
tion values of 97% for E. coli using alum and sand for coagulation
and filtration; however no tertiary treatment (i.e. disinfection) was
considered. The TD biosolid had the greatest concentration of TC
(mean count values 1.3, 2.7 and 4.2 MPN 100 mL�1) for corre-
sponding rainfall simulation times (24 (RS1), 48 (RS2) and 360 h
(RS3)), whilst E. coli concentration from ADUK biosolid were
greater (mean count values 7.3 � 10�2, 4.7 � 10�2 and 2.4 � 10�3

MPN 100 mL�1) at each rainfall simulation time (RS1, RS2 and RS3).
The results for mean human exposure via drinking water con-

sumption show that following drinking water treatment and based
on human consumption patterns, the biosolids TD and LS produced
the greatest concentration of TC that can be viably consumed
combining the rainfall simulation times of 48 and 360 h ((RS2 and
RS3) (mean viable total coliform values 16.83 and 26.75 MPN d�1,
respectively) Fig. 3). The greatest concentration of viable E. coli that
can be consumed was for ADUK biosolids and rainfall simulation
times of 24 and 48 h s (RS1 and RS2) (Fig. 3) mean viable E. coli
consumed values 5.20 � 10�1 and 2.34 � 10�1 MPN d�1, respec-
tively. These results are in accordance with reported results for
water quality in Ireland (IRELAND EPA, 2015).

The results for probability of illness (healthy and immuno-
compromised) are displayed in Table 3. For each scenario (healthy
and immuno-compromised), the risk assessment model produced
a simulated probability of illness per day and per year. Compared to
the healthy population, the immuno-compromised population are
more at risk of illness. Results show that for exposure to TC and
immuno-compromised populations following surface runoff from
the LS biosolid treatment (RS1), the mean risk of illness yr�1 was
9.92 � 10�1. The mean probability of illness yr�1 values for E. coli
and immuno-compromised populations show that the ADUK bio-
solids and the RS1 and RS2 time frames had the greatest probability
of risk (values 2.1 � 10�1 and 1.7 � 10�1, respectively). This is
comparable to the healthy population for the same biosolid treat-
ment and time frames (mean annual values of 7.0 � 10�5 and



Fig. 3. Simulated mean TC and E. coli consumed.
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4.6 � 10�5, respectively).
Sensitivity analysis was performed to investigate how variability

of the outputs can be apportioned quantitatively to different
sources of variability in the inputs. The analysis indicated that the
LS and TD biosolids produced the highest concentration post WTP
of TC, and ADUK produced the highest counts of E. coli, in drinking
water, therefore, a sensitivity analysis was conducted for the annual
probability of illness for both biosolid treatments. The results for TC
and E. coli show that the parameter of importance that affected the
variance in model predictions was time in the stream (correlation
coefficient �0.63 and �0.57, respectively) (Fig. 4). This highlights
the importance of residence time of bacteria in a stream. The longer
the bacteria are in the stream, the more likely the bacteria are
subject to factors such as temperature, pH and photolysis, which
may in-turn influence the growth or die-off rate of bacteria in a
stream. The other parameters of importance were the tap water
intake and initial counts in surface runoff (correlation coefficients
0.33 and 0.31, respectively, for Twi and 0.32 and 0.33, respectively,
for C-surface-runoff). The die-off rate in the stream (�022 for TC
and �0.20 for E. coli) was also of importance. The die-off rate is
related to the residence time in the stream and is associated with
sub-optimum conditions in the stream that influence bacterial
growth.
4. Discussion

Concentrations of TC and E. coli in surface runoff were quanti-
tatively assessed following the spreading of biosolids on grassland.
The aim was to study the fate of TC and E. coli in drinking water
treatment, subsequent consumption and human health effects.
Initial concentrations of E. coli in surface runoff were above the
recommended standards of >1 � 103 MPN g�1 and were equivalent
to class B microbial matter under the USEPA Part 503 regulations.
Surface runoff, also known as overland flow to hydrologists, is
distinguished from other types of runoff in that it does not pass
through the soil. Therefore, typical soil-pathogen reactions (desic-
cation, photolysis, temperature and nutrients) may be by-passed
depending on a combination of the rate of rainfall, rainfall



Table 3
Mean probability of illness for healthy and immuno-compromised populations.

Biosolid treatment Probability of illness

Healthy population Immuno-compromised population

(d�1) (yr�1) (d�1) (yr�1)

TC E. coli TC E. coli TC E. coli TC E. coli

RS1
ADUK 2.57E-06 1.71E-07 8.90E-04 7.0E-05 2.81E-02 3.68E-03 5.62E-01 2.1E-01
TD 4.09E-06 1.46E-08 1.35E-03 4.2E-06 3.67E-02 2.86E-04 5.85E-01 4.1E-02
LS 2.76E-06 5.29E-09 1.01E-03 1.3E-06 5.22E-02 1.03E-04 9.92E-01 1.9E-02
AD-IRE 2.38E-06 3.94E-10 7.89E-04 1.4E-07 2.44E-02 7.87E-06 5.38E-01 2.5E-03
CONTROL 2.00E-06 9.51E-10 7.18E-04 3.9E-07 2.60E-02 1.90E-05 5.62E-01 6.2E-03
RS2
ADUK 1.86E-06 1.23E-07 6.34E-04 4.6E-05 2.05E-02 2.1E-03 4.65E-01 1.7E-01
TD 8.41E-06 3.46E-09 2.77E-03 1.0E-06 6.73E-02 6.9E-05 7.24E-01 1.5E-02
LS 8.86E-06 9.26E-09 2.71E-03 3.4E-06 6.32E-02 1.8E-04 7.10E-01 3.5E-02
AD-IRE 4.11E-06 6.35E-09 1.41E-03 3.0E-06 3.87E-02 1.3E-04 5.94E-01 2.9E-02
CONTROL 3.91E-07 8.69E-10 1.42E-04 3.2E-07 6.83E-03 1.7E-05 3.43E-01 5.2E-03
RS3
ADUK 1.66E-06 6.1E-09 5.99E-04 2.6E-06 2.30E-02 1.2E-04 5.31E-01 2.3E-02
TD 1.34E-05 1.2E-09 4.27E-03 1.2E-06 9.31E-02 2.4E-05 7.87E-01 6.7E-03
LS 6.41E-06 1.2E-09 2.20E-03 3.9E-07 5.47E-02 2.3E-05 6.82E-01 6.4E-03
AD-IRE 2.70E-06 5.1E-09 9.38E-04 2.3E-06 2.97E-02 1.0E-04 5.80E-01 2.3E-02
CONTROL 5.56E-06 1.1E-10 1.93E-03 4.6E-08 5.35E-02 2.2E-06 6.89E-01 8.6E-04

Fig. 4. Sensitivity analysis for TC annual probability of illness and TD biosolid treat-
ment and E. coli annual probability of illness and ADUK biosolid treatment.
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intensity and duration along with the soil surface crusting and
vegetation covering the degree of soil saturation. Concentrations of
TC and E. coli in surface runoff in this study are comparable to
concentrations reported by Schreiber et al. (2015) who reported
minimum count values of <10 CFU 100 mL�1 for E. coli in surface
runoff following an investigation into various land uses. Similarly,
Wallace et al. (2014) reported a large variability in bacterial counts
following low and high filtered biosolid applications with a poor
relationship (r2 ¼ 0.44) in runoff faecal CFU levels. All TC and E. coli
counts had decreased by the third rainfall event (RS3; 360 h) and
may be attributed to the desiccation of the pathogens in soil
following the application of the biosolids. However, Lang and Smith
(2007) suggest that “predation processes are likely to be an
important pathogen inactivation mechanism in temperate bio-
solids amended agricultural soils”. Furthermore, in temperate soil
conditions, survival times of enteric bacteria supplied in bulky
types of biosolids (i.e. dewatered sludge cake) may be shorter in
moist soils and prolonged by dry conditions.

The mean concentration of TC after the DWTP showed that the
TD biosolids (RS2 and RS3) and LS biosolids (RS2 and RS3) with the
highest concentration of TC. This was attributed to initial counts of
TC in the influent and the time in stream combined with the
removal rates associated with secondary treatment (e.g. coagula-
tion/flocculation and sedimentation and filtration). Thermal drying
is recognised as more effective in pathogen removal than meso-
philic digestion and can achieve the time-temperature requirement
for Class A biosolids (Iranpour and Cox, 2006). However, regrowth
of pathogens can occur in thermally dried biosolids (Zaleski et al.,
2005). Lloret et al. (2013) showed that the reduction in sludge
retention time may be responsible for presence of coliforms post
treatment. Lloret et al. (2013) reported that a minimum time of
more than 10 days under thermophilic conditions is required to
achieve appropriate sanitation of sludge. Similarly, Iranpour and
Cox (2006) reported the presence of faecal coliforms after ther-
mal drying, and attributed the reason to be the relatively short
sludge retention time of about 10 days.

The mean concentrations of E. coli post drinking water show
that the ADUK biosolids had the greatest counts of E. coli for RS1
and RS2 only. This was also attributed to the initial concentration
and the time in the stream of E. coli in the influent and associated
drinking water treatment removal rates. Although initial counts of
TC and E. coli in surface water were high, the effect of drinking
water treatment significantly reduced overall TC and E. coli con-
centrations with a 99.9% reduction across all treatments and time
frames. The EU states that there should be 0 in 100 ml of coliform
bacteria and E. coli following drinking water treatment.

The mean viable consumption of TC and E. coli in drinking water
showed the same trends as mean TC and E. coli counts post drinking
water treatment. Safe drinking water is a human right and in
developed countries it has become an “entitlement”. Water con-
sumers rely on the efficacy of drinking water treatment to produce
a product that is pathogen free, odourless and clear. However, in-
dicator bacteria are known to regrow in finished drinking water.
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This was highlighted in a report by LeChevallier et al. (1991). The
authors reported various factors attributed to the occurrence of
coliforms in drinking water including disinfectant residuals, filtra-
tion and temperature. Bacterial growth can occur on any surface
that is constantly wet, so the internal surface of water distribution
pipes is normally coated with a biofilm (Gray, 2010). Although the
concentration of coliforms post drinking water treatment in this
study were significantly reduced, inefficiencies in drinking water
treatment due to operational defects that promote the regrowth of
coliforms and other pathogens can be a cause of concern for
drinking water management.

Ideally water intended for human consumption should be
pathogen free. However, in practice, this is an unachievable goal. A
consequence of variable human susceptibility to pathogens is that
exposure to drinking water of a particular quality may lead to
health problems in different populations (WHO , 2011), particularly
the very young and immuno-compromised. Enteric pathogens are
among the many agents that take advantage of the impaired or
destroyed immune system; therefore, sensitive populations are
considerably more vulnerable and may need special protection
from waterborne microorganisms (Gerba et al., 1996). As E. coli is
used as an indicator that faecal matter is present, it may indicate
the presence of pathogens that cause waterborne diseases. It is
important to note that in this study the amount of water consumed
was based on actual drinking water consumed (i.e. not used for
cooking, or hot drinks) rather than the recommended 2 L as pro-
posed in many risk assessment guidelines. Therefore, the exposure
results represent more realistic bacterial exposure estimates. The
risk of illness for healthy populations was deemed negligible based
on the tolerable risk guidelines set by the USEPA and the WHO for
Shigella. However, based on the same guidelines, immuno-
compromised populations may be at risk. Individuals who are
truly immuno-compromised would follow medical advice
regarding food and water intake, thus reducing the risk of illness.
The risk of illness recorded in this study is far lower than those
recorded in previous studies. For example, The current European
legislation requires that the sludge be subjected to a process of
stabilisation before land application. With future demography in-
creases and growing demand for water, the use of reclaimed water
will rise; therefore efforts to assess the treatment efficacy are vital.
5. Conclusions

Application of biosolids on grassland and subsequent simulated
rainfall over three time frames resulted in TC and E. coli counts in
surface runoff. The counts of E. coli exceeded the recommended
standards being some 10-fold below the Class A Irish standard. This
prompted the need to investigate human exposure. Further analysis
which included simulated dilution and die-off rate in a stream,
drinking water treatment, and human exposure following con-
sumption of the treated water resulted in a very low probability of
illness based on the USEPA and the WHO threshold of acceptable
risk (10�4 and 10�6, respectively) for healthy populations. However,
the risk of illness for immuno-compromised populations exceeded
the thresholds of acceptable risk by a factor of 3 for TC and a factor
between 1 and 3 for E. coli. It is noted in such cases, susceptible
populations would be subject to medical advice regarding food and
water intake, thus reducing the risk of illness. The sensitivity
analysis identified that the time in stream is an important param-
eter as the longer the bacteria are in thewater and being exposed to
ultraviolet light, varying temperature and pH, the greater the in-
fluence on bacterial growth. The risk assessment model developed
in this studymay be of importance to local authorities or regulatory
agencies to evaluate the likely risk of E. coli entering potable water
following biosolid application on agricultural land. As this study
only focused on coliforms, future studies are needed in order to
assess other compounds of concern e.g. pharmaceutical contami-
nants that may be present in biosolids.

Acknowledgements

The authors acknowledge the Irish EPA for the funding of this
project under the STRIVE Programme (2007e2013).

References

Allen, M.J., Edberg, S.C., Clancy, J.L., Hrudey, S.E., 2013. Drinking water microbial
myths*. Crit. Rev. Microbiol. 1e8.

Ashbolt, N.J., 2004. Microbial contamination of drinking water and disease out-
comes in developing regions. Toxicology 198, 229e238.

Benham, B.L., Baffaut, C., Zeckoski, R.W., Mankin, K.R., Pachepsky, Y.A., Sadeghi, A.,
Brannan, K.M., Soupir, M.L., Habersack, M.J., 2006. Modeling Bacteria Fate and
Transport in Watersheds to Support TMDLs.

Bergamasco, R., Konradt-Moraes, L.C., Vieira, M.F., Fagundes-Klen, M.R.,
Vieira, A.M.S., 2011. Performance of a coagulationeultrafiltration hybrid process
for water supply treatment. Chem. Eng. J. 166, 483e489.

Betancourt, W.Q., Rose, J.B., 2004. Drinking water treatment processes for removal
of Cryptosporidium and Giardia. Veterinary Parasitol. 126, 219e234.

Bulson, P.C., Johnstone, D.L., Gibbons, H.L., Funk, W.H., 1984. Removal and inacti-
vation of bacteria during alum treatment of a lake. Appl. Environ. Microbiol. 48,
425e430.

Cassin, M.H., Lammerding, A.M., Todd, E.C., Ross, W., Mccoll, R.S., 1998. Quantitative
risk assessment for Escherichia coli O157: H7 in ground beef hamburgers. Int. J.
food Microbiol. 41, 21e44.

Clarke, R.M., Cummins, E., 2014. Evaluation of “classic” and emerging contaminants
resulting from the application of biosolids to agricultural lands: a review. Hum.
Ecol. Risk Assess. An Int. J. 21, 492e513.

Clarke, R., Healy, M.G., Fenton, O., Cummins, E., 2015. A quantitative risk ranking
model to evaluate emerging organic contaminants in biosolid amended land
and potential transport to drinking water. Hum. Ecol. Risk Assess. An Int. J.
http://dx.doi.org/10.1080/10807039.2015.1121376.

Commission of the European Communities (COM), 2014. Towards a Circular Econ-
omy: a Zero Waste Programme for Europe. http://eur-lex.europa.eu/resource.
html?uri¼cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_
1&format¼PDF.

Cotruvo, J.A., Dufour, A., Rees, G., Bartram, J., Carr, R., Cliver, D.O., Craun, G.F.,
Fayer, R., Gannon, V.P., 2013. Waterborne zoonoses: identification, causes and
control. Water Intell. Online 12, 9781780405865.

Coyne, M., Gilfillen, R., Rhodes, R., Blevins, R., 1995. Soil and fecal coliform trapping
by grass filter strips during simulated rain. J. Soil Water Conserv. 50, 405e408.

Crockett, C.S., Haas, C., Fazil, A., Rose, J., Gerba, C., 1996. Prevalence of shigellosis in
the US: consistency with dose-response information. Int. J. food Microbiol. 30,
87e99.

EC (European Commission), 2000. Working Document on Sludge 3rd Draft; DG
Environment. European Commission, Brussels, Belgium. Available at: http://
www.ewa-online.eu/comments.html?file¼tl_files/_media/content/documents_
pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_
sludge_en.pdf.

Edberg, S., Rice, E., Karlin, R., Allen, M., 2000. Escherichia coli: the best biological
drinking water indicator for public health protection. J. Appl. Microbiol. 88,
106Se116S.

END-O-SLUDG, 2014. 2014. END-O-SLUDG Project. Available at: http://www.end-o-
sludg.eu/.

Eurostat, 2014. Sewage Sludge Production and Disposal. http://appsso.eurostat.ec.
europa.eu/nui/show.do?dataset¼env_ww_spd&lang¼en.

Evans, T.D., 2012. Biosolids in Europe. Water environment federation. In: Annual
Residuals & Biosolids Conference, 25-28 March, Raleigh NC. Raleigh, NC.

Gerba, C.P., Rose, J.B., Haas, C.N., 1996. Sensitive populations: who is at the greatest
risk? Int. J. food Microbiol. 30, 113e123.

Gerba, C.P., Smith, J.R.J.E., 2005. Sources of pathogenic microorganisms and their
fate during land application of wastes. J. Environ. Qual. 34, 42e48.

Grant, E., Rouch, D., Deighton, M., Smith, S., 2012. PAthoGEn RISkS in LAnD-APPLIED
BIoSoLIDS. AWA Water 39, 72e78.

Gray, N.F., 2010. Water Technology. An Introduction for Environmental Scientist and
Engineers, third ed. Elsevier Ltd, London, UK, p. 310.

Gruber, J.S., Ercumen, A., Colford Jr., J.M., 2014. Coliform Bacteria as Indicators of
Diarrheal Risk in Household Drinking Water: Systematic Review and Meta-
analysis.

Haas, C.N., Thayyar-Madabusi, A., Rose, J.B., Gerba, C.P., 2000. Development of a
dose-response relationship for Escherichia coli O157: H7. Int. J. food Microbiol.
56, 153e159.

Hrudey, E.J., 2004. Safe Drinking Water: Lessons from Recent Outbreaks in Affluent
Nations. IWA publishing, p. 32.

Igunnnugbemi, O., Babalola, B., Olayemi, A., Kolawole, O., 2009. Survival of coliforms

http://refhub.elsevier.com/S0269-7491(16)31129-0/sref1
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref1
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref1
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref2
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref2
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref2
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref4
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref4
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref4
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref5
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref5
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref5
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref5
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref5
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref6
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref6
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref6
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref7
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref7
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref7
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref7
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref8
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref8
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref8
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref8
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref9
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref9
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref9
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref9
http://dx.doi.org/10.1080/10807039.2015.1121376
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://eur-lex.europa.eu/resource.html?uri=cellar:aa88c66d-4553-11e4-a0cb-01aa75ed71a1.0022.03/DOC_1%26format=PDF
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref12
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref12
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref12
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref14
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref14
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref14
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref15
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref15
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref15
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref15
http://www.ewa-online.eu/comments.html?file=tl_files/_media/content/documents_pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_sludge_en.pdf
http://www.ewa-online.eu/comments.html?file=tl_files/_media/content/documents_pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_sludge_en.pdf
http://www.ewa-online.eu/comments.html?file=tl_files/_media/content/documents_pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_sludge_en.pdf
http://www.ewa-online.eu/comments.html?file=tl_files/_media/content/documents_pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_sludge_en.pdf
http://www.ewa-online.eu/comments.html?file=tl_files/_media/content/documents_pdf/European%20Water%20Policy/Comments/Sewage%20Sludge/EWA_WD_sludge_en.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref17
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref17
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref17
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref17
http://www.end-o-sludg.eu/
http://www.end-o-sludg.eu/
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd%26lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd%26lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd%26lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd%26lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_spd%26lang=en
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref20
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref20
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref20
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref21
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref21
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref21
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref22
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref22
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref22
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref23
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref23
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref23
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref24
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref24
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref25
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref25
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref25
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref26
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref26
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref26
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref26
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref27
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref27


R. Clarke et al. / Environmental Pollution 224 (2017) 739e750 749
in chlorinated and de-chlorinated water under storage. Available at: http://
www.unilorin.edu.ng/publications/olayemi/6.pdf.

Iranpour, R., Cox, H.H., 2006. Recurrence of fecal coliforms and Salmonella species
in biosolids following thermophilic anaerobic digestion. Water Environ. Res.
1005e1012.

IRELAND EPA (Environmental Protection Agency), 1995. Water Treatment Manuals.
Filtration. Published by the Environmental Protection Agency, Ireland. Available
at: http://www.epa.ie/pubs/advice/drinkingwater/EPA_water_treatment_
manual_%20filtration1.pdf.

IRELAND EPA (Environmental Protection Agency), 2002. Water Treatment Manuals.
Coagulation, Flocculation and Clarification. Published by the Environmental
Protection Agency, Ireland. Available at: http://www.epa.ie/pubs/advice/
drinkingwater/EPA_water_treatment_mgt_coag_flocc_clar2.pdf.

IRELAND EPA (Environmental Protection Agency), 2011a. Water Treatment Man-
uals. Disinfection. Published by the Environmental Protection Agency, Ireland.
Available at: http://www.epa.ie/pubs/advice/drinkingwater/Disinfection2_web.
pdf.

IRELAND EPA (Environmental Protection Agency), 2011b. Treatment and Moni-
toring of Nutrients, Odour and Sludge at a Small-town Demonstration Waste-
water Treatment System National Centre for Water and Wastewater Research
and Demonstration. Published by the Environmental Protection Agency,
Ireland. Available at: https://www.epa.ie/pubs/reports/research/tech/STRIVE_
78_web.pdf.

IRELAND EPA (Environmental Protection Agency), 2015. Drinking Water Report
2014. Published by the Environmental Protection Agency, Ireland. Available at:
http://www.epa.ie/pubs/reports/water/drinking/2015%20DW%20Report%
20Public%20Supplies_web.pdf.

Kang, M., Kamei, T., Magara, Y., 2003. Comparing polyaluminum chloride and ferric
chloride for antimony removal. Water Res. 37, 4171e4179.

Koivunen, J., Siitonen, A., Heinonen-Tanski, H., 2003. Elimination of enteric bacteria
in biologicalechemical wastewater treatment and tertiary filtration units.
Water Res. 37, 690e698.

Lang, N.L., Smith, S.R., 2007. Influence of soil type, moisture content and biosolids
application on the fate of Escherichia coli in agricultural soil under controlled
laboratory conditions. J. Appl. Microbiol. 103 (6), 2122e2131.

Lang, N.L., Bellett-Travers, M.D., Smith, S.R., 2007. Field investigations on the sur-
vival of Escherichia coli and presence of other enteric micro-organisms in
biosolids-amended agricultural soil. J. Appl. Microbiol. 103, 1868e1882.

Lechevallier, M.W., Norton, W.D., Lee, R.G., 1991. Occurrence of Giardia and Cryp-
tosporidium spp. in surface water supplies. Appl. Environ. Microbiol. 57,
2610e2616.

Li, Y., Yu, J., Liu, Z., Ma, T., 2012. Estimation and modeling of direct rapid sand
filtration for total fecal coliform removal from secondary clarifier effluents.
Water Sci. Technol. 65, 1615e1623.

Liu, Y., Gilchrist, A., Zhang, J., Li, X.-F., 2008. Detection of viable but nonculturable
Escherichia coli O157: H7 bacteria in drinking water and river water. Appl.
Environ. Microbiol. 74, 1502e1507.

Lloret, E., Pastor, L., Pradas, P., Pascual, J.A., 2013. Semi full-scale thermophilic
anaerobic digestion (TAnD) for advanced treatment of sewage sludge: stabili-
zation process and pathogen reduction. Chem. Eng. J. 232, 42e50.

Mccall, C.A., Jordan, K.S., Habash, M.B., Dunfield, K.E., 2015. Monitoring Bacteroides
spp. markers, nutrients, metals and Escherichia coli in soil and leachate after
land application of three types of municipal biosolids. Water Res. 70, 255e265.

Mininni, G., Blanch, A., Lucena, F., Berselli, S., 2014. EU policy on sewage sludge
utilization and perspectives on new approaches of sludge management. Envi-
ron. Sci. Pollut. Res. 1e14.

Murphy, S., Jordan, P., Mellander, P.-E., O'Flaherty, V., 2015. Quantifying faecal in-
dicator organism hydrological transfer pathways and phases in agricultural
catchments. Sci. Total Environ. 520, 286e299.

Mwabi, J.K., Mamba, B.B., Momba, M.N., 2012. Removal of Escherichia coli and faecal
coliforms from surface water and groundwater by household water treatment
devices/systems: a sustainable solution for improving water quality in rural
communities of the Southern African development community region. Int. J.
Environ. Res. public health 9, 139e170.

Odonkor, S.T., Ampofo, J.K., 2013. Escherichia coli as an indicator of bacteriological
quality of water: an overview. Microbiol. Res. 4, 2.

ORAM, B., 2014. E. coli in Water. Water Research Centre, B.F. Environmental Con-
sultants Inc.. Available at: http://www.water-research.net/index.php/e-coli-in-
water

O'Connor, J.T., O'Connor, T., 2001. “Water Quality Deterioration in Distribution
Systems,” Part 4: Microbiologically-mediated Deterioration in Surface Water
Supplies, Water Engineering & Management. Available at: http://www.
wqpmag.com/sites/default/files/WQDET_Part_IV_2_01.pdf.

Pang, F.M., Teng, S.P., Teng, T.T., 2009. Heavy metals removal by hydroxide precip-
itation and coagulation-flocculation methods from aqueous solutions. Water
Qual. Res. J. Can. 44, 174e182.

Peyton, D.P., Healy, M.G., Fleming, G.T.A., Grant, J., Wall, D., Morrison, L.,
Cormican, M., Fenton, O., 2016. Nutrient, metal and microbial loss in surface
runoff following treated sludge and dairy cattle slurry application to an Irish
grassland soil. Sci. Total Environ. 541, 218e229.

Pritchard, M., Craven, T., Mkandawire, T., Edmondson, A.S., O'Neill, J.G., 2010.
A comparison between Moringa oleifera and chemical coagulants in the puri-
fication of drinking water e an alternative sustainable solution for developing
countries. Phys. Chem. Earth, Parts A/B/C 35, 798e805.
Ribolzi, O., Rochelle-Newall, E., Dittrich, S., Auda, Y., Newton, P.N., Rattanavong, S.,

Knappik, M., Soulileuth, B., Sengtaheuanghoung, O., Dance, D.A.B., Pierret, A.,
2016. Land use and soil type determine the presence of the pathogen Bur-
kholderia pseudomallei in tropical rivers. Environ. Sci. Pollut. Res. 23,
7828e7839.

Sarpong, G., Richardson, C.P., 2010. Coagulation efficiency of Moringa oleifera for
removal of turbidity and reduction of total coliform as compared to aluminum
sulfate. Afr. J. Agric. Res. 5, 2939e2944.

Schreiber, C., Rechenburg, A., Rind, E., Kistemann, T., 2015. The impact of land use on
microbial surface water pollution. Int. J. Hyg. Environ. Health 218, 181e187.

Schueler, T., 2000. Microbes and Urban Watersheds: Ways to Kill 'Em: the Practice
of Watershed Protection. Center for Watershed Protection, Ellicott City, MD,
pp. 392e400. Available at: http://www.cwp.org/online-watershed-library/doc_
details/361-microbes-and-urban-watersheds-ways-to-kill-em?
tmpl¼component.

Schwarz, K., Sidhu, J., Pritchard, D., Li, Y., Toze, S., 2014. Decay of enteric microor-
ganisms in biosolids-amended soil under wheat (Triticum aestivum) cultiva-
tion. Water Res. 59, 185e197.

Selvaratnam, S., Kunberger, J.D., 2004. Increased frequency of drug-resistant bac-
teria and fecal coliforms in an Indiana Creek adjacent to farmland amended
with treated sludge. Can. J. Microbiol. 50, 653e656.

Sidhu, J.P.S., Toze, S.G., 2009. Human pathogens and their indicators in biosolids: a
literature review. Environ. Int. 35, 187e201.

Sobrados-Bernardos, L., Smith, J.E., 2012. Controlling pathogens and stabilizing
sludge/biosolids: a global perspective of where we are today and where we
need to go. Proc. Water Environ. Fed. 2012, 56e70.

Taskin, B., Gozen, A.G., Duran, M., 2011. Selective quantification of viable Escherichia
coli bacteria in biosolids by quantitative PCR with propidium monoazide
modification. Appl. Environ. Microbiol. 77, 4329e4335.

Teunis, P., Katsuhisa Takumi, P., Kunihiro, S., 2004. Dose response for infection by
Escherichia coli O157:H7 from outbreak data. Risk Analy. An Int. J. 24, 401e407.

US EPA (US Environmental Protection Agency), 2013. Revised Total Coliform Rule. A
Quick Reference Guide. Available at: http://nepis.epa.gov/Exe/ZyPDF.cgi?
Dockey¼P100K9MP.txt.

Wallace, C.B., Burton, M.G., Hefner, S.G., Dewitt, T.A., 2014. Sediment, nutrient, and
bacterial runoff from biosolids and mineral fertilizer applied to a mixed cool-
and native warm-season grassland in the ozark mountains. Appl. Environ.
Soil Sci. 2014.

WHO (World Health Organisation), 2004. Water Treatment and Pathogen Control:
Process Efficiency in Achieving Safe Drinking Water. In: LeChevallier, Mark W.,
Au, Kwok-Keung (Eds.). Published by IWA Publishing, London, UK, p. 13. ISBN: 1
84339 069 8.

WHO (World Health Organisation), 2011. Guidelines for Drinking-water Quality,
fourth ed., vol. 1 (Geneva). Available at: http://apps.who.int/iris/bitstream/
10665/44584/1/9789241548151_eng.pdf.

Wilkinson, J., Jenkins, A., Wyer, M., Kay, D., 1995. Modelling faecal coliform dy-
namics in streams and rivers. Water Res. 29, 847e855.

Zaleski, K.J., Josephson, K.L., Gerba, C.P., Pepper, I., 2005. Survival, growth, and
regrowth of enteric indicator and pathogenic bacteria in biosolids, compost,
soil, and land applied biosolids. J. residuals Sci. Technol. 2, 49e63.

Zhang, L., Seagren, E.A., Davis, A.P., Karns, J.S., 2010. The capture and destruction of
Escherichia coli from simulated urban runoff using conventional bioretention
media and iron oxide-coated sand. Water Environ. Res. 82 (8), 701e714.

Further reading

Bain, R., Cronk, R., Wright, J., Yang, H., Slaymaker, T., Bartram, J., 2014. Fecal
Contamination of Drinking-water in Low-and Middle-income Countries: a
Systematic Review and Meta-analysis.

Council Directive 98/83/EC of 3 November 1998 on the quality of water intended for
human consumption, 2000. European Communities (Drinking Water) Regula-
tions (S.I. No. 439 of 2000).

ISO. International Standards Organisation, 2006. Microbiology of Food and Animal
Feeding Stuffs d Horizontal Method for the Detection and Enumeration of
Coliforms d MPN Technique. 2006a ISO., International Standards Organisation
ISO 4831.

Iranpour, R., Cox, H.H.J., Oh, S., Fan, S., Kearney, R.J., Abkian, V., Haug, R.T., 2006.
Thermophilic-anaerobic digestion to produce class a biosolids: initial full-scale
studies at hyperion treatment plant. Water Environ. Res. 78, 170e180.

Irish water, 2015. National Wastewater Sludge Management Plan. Asset Strategy.
Available at: http://www.water.ie/about-us/project-and-plans/wastewater-
sludge-management/NWSMP-report.pdf.

ISO. International Standards Organisation, 2001. Microbiology of Food and Animal
Feeding Stuffs d Horizontal Method for the Enumeration of b-glucuronidase-
Positive Escherichia coli. Part 2: Colony-count Technique at 44�C Using 5-
bromo-4-chloro-3-indolyl-b-d-glucuronide. ISO., International Standards
Organisation ISO 16649-2.

Pascual-Benito, M., García-Aljaro, C., Casanovas-Massana, S., Blanch, A., Lucena, F.,
2015. Effect of hygienization treatment on the recovery and/or regrowth of
microbial indicators in sewage sludge. J. Appl. Microbiol. 118, 412e418.

Rahube, T.O., Marti, R., Scott, A., Tien, Y.-C., Murray, R., Sabourin, L., Zhang, Y.,
Duenk, P., Lapen, D.R., Topp, E., 2014. Impact of fertilizing with raw or

http://www.unilorin.edu.ng/publications/olayemi/6.pdf
http://www.unilorin.edu.ng/publications/olayemi/6.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref30
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref30
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref30
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref30
http://www.epa.ie/pubs/advice/drinkingwater/EPA_water_treatment_manual_%20filtration1.pdf
http://www.epa.ie/pubs/advice/drinkingwater/EPA_water_treatment_manual_%20filtration1.pdf
http://www.epa.ie/pubs/advice/drinkingwater/EPA_water_treatment_mgt_coag_flocc_clar2.pdf
http://www.epa.ie/pubs/advice/drinkingwater/EPA_water_treatment_mgt_coag_flocc_clar2.pdf
http://www.epa.ie/pubs/advice/drinkingwater/Disinfection2_web.pdf
http://www.epa.ie/pubs/advice/drinkingwater/Disinfection2_web.pdf
https://www.epa.ie/pubs/reports/research/tech/STRIVE_78_web.pdf
https://www.epa.ie/pubs/reports/research/tech/STRIVE_78_web.pdf
http://www.epa.ie/pubs/reports/water/drinking/2015%20DW%20Report%20Public%20Supplies_web.pdf
http://www.epa.ie/pubs/reports/water/drinking/2015%20DW%20Report%20Public%20Supplies_web.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref39
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref39
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref39
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref40
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref40
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref40
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref40
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref40
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref41
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref41
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref41
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref41
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref42
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref42
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref42
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref42
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref43
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref43
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref43
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref43
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref44
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref44
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref44
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref44
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref45
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref45
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref45
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref45
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref46
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref46
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref46
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref46
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref47
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref47
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref47
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref47
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref48
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref48
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref48
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref48
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref49
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref49
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref49
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref49
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref50
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref51
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref51
http://www.water-research.net/index.php/e-coli-in-water
http://www.water-research.net/index.php/e-coli-in-water
http://www.wqpmag.com/sites/default/files/WQDET_Part_IV_2_01.pdf
http://www.wqpmag.com/sites/default/files/WQDET_Part_IV_2_01.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref54
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref54
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref54
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref54
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref56
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref56
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref56
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref56
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref56
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref57
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref59
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref60
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref60
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref60
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref60
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref61
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref61
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref61
http://www.cwp.org/online-watershed-library/doc_details/361-microbes-and-urban-watersheds-ways-to-kill-em?tmpl=component
http://www.cwp.org/online-watershed-library/doc_details/361-microbes-and-urban-watersheds-ways-to-kill-em?tmpl=component
http://www.cwp.org/online-watershed-library/doc_details/361-microbes-and-urban-watersheds-ways-to-kill-em?tmpl=component
http://www.cwp.org/online-watershed-library/doc_details/361-microbes-and-urban-watersheds-ways-to-kill-em?tmpl=component
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref63
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref63
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref63
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref63
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref64
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref64
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref64
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref64
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref65
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref65
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref65
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref66
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref66
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref66
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref66
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref67
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref67
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref67
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref67
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref68
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref68
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref68
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100K9MP.txt
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100K9MP.txt
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100K9MP.txt
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref72
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref72
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref72
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref72
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref73
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref73
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref73
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref73
http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng.pdf
http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref75
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref75
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref75
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref76
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref76
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref76
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref76
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref77
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref77
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref77
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref77
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref3
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref3
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref3
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref13
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref13
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref13
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref29
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref31
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref31
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref31
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref31
http://www.water.ie/about-us/project-and-plans/wastewater-sludge-management/NWSMP-report.pdf
http://www.water.ie/about-us/project-and-plans/wastewater-sludge-management/NWSMP-report.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref38
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref55
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref55
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref55
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref55
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58


R. Clarke et al. / Environmental Pollution 224 (2017) 739e750750
anaerobically digested sewage sludge on the abundance of antibiotic-resistant
coliforms, antibiotic resistance genes, and pathogenic bacteria in soil and on
vegetables at harvest. Appl. Environ. Microbiol. 80, 6898e6907.

US EPA (US Environmental Protection Agency), 2006. Method 1681: Faecal Co-
liforms in Sewage Sludge (Biosolids) by Multiple-tube Fermentation Using A-1
Medium. Tube Fermentation Using A-1 Medium. Available at: http://water.epa.
gov/scitech/methods/cwa/bioindicators/upload/2008_11_25_methods_
method_biological_1681_1.pdf.

Van Schagen, K.M., 2009. Model-based Control of Drinking-water Treatment Plants,
TU Delft. Delft University of Technology.

http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref58
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_11_25_methods_method_biological_1681_1.pdf
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_11_25_methods_method_biological_1681_1.pdf
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_11_25_methods_method_biological_1681_1.pdf
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref71
http://refhub.elsevier.com/S0269-7491(16)31129-0/sref71

	A quantitative microbial risk assessment model for total coliforms and E. coli in surface runoff following application of b ...
	1. Introduction
	2. Materials and methods
	2.1. Model development
	2.2. Biosolid and soil characterisation
	2.3. Drinking water treatment processes
	2.4. Disinfection
	2.5. Human exposure
	2.6. Dose response model
	2.7. Sensitivity analysis

	3. Results
	4. Discussion
	5. Conclusions
	Acknowledgements
	References
	Further reading


