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• Stormwater has been considered as an
alternative water source.

• Microbial contamination hinders
stormwater reuse.

• WSUD is effective in removing patho-
gens but requires more validation.

• QMRA analysis can facilitate decision
making and risk management efforts.
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Demands on globalwater supplies are increasing in response to theneed to providemore food,water, and energy
for a rapidly growing population. These water stressors are exacerbated by climate change, as well as the growth
and urbanisation of industry and commerce. Consequently, urbanwater authorities around the globe are explor-
ing alternative water sources to meet ever-increasing demands. These alternative sources are primarily treated
sewage, stormwater, and groundwater. Stormwater including roof-harvested rainwater has been considered as
an alternative water source for both potable and non-potable uses. One of the most significant issues concerning
alternative water reuse is the public health risk associated with chemical and microbial contaminants. Several
studies to date have quantified fecal indicators and pathogens in stormwater. Microbial source tracking (MST)
approaches have also been used todetermine the sources of fecal contamination in stormwater and receivingwa-
ters. This review paper summarizes occurrence and concentrations of fecal indicators, pathogens, and MST
marker genes in urban stormwater. A section of the review highlights the removal of fecal indicators and patho-
gens through water sensitive urban design (WSUD) or Best Management Practices (BMPs). We also discuss ap-
proaches for assessing and mitigating health risks associated with stormwater, including a summary of existing
quantitativemicrobial risk assessment (QMRA)models for potable and non-potable reuse of stormwater. Finally,
the most critical research gaps are identified for formulating risk management strategies.
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1. Introduction

Water authorities worldwide are exploring alternative water
sources to meet ever-increasing demands for potable and non-potable
water due to the adverse impacts of climate change on water supplies.
Stormwater has been considered as an alternative water source for
both potable (drinking) and non-potable uses (gardening, landscaping,
and irrigation) (McArdle et al., 2011; Page et al., 2014c; Page et al.,
2015). There are several advantages to using stormwater, including
(i) reducing demands on theurban potablewater supply (ii) diversifica-
tion of water supplies (iii) reducing discharge of untreated urban
stormwater to urban streams and marine outfalls. Despite these advan-
tages, stormwater has not been widely adopted as an alternative water
due to a perceived lack of information on the presence and risk frommi-
crobial and chemical contaminants.

The chemical quality of stormwater has been reviewed and indi-
cated the presence of numerous contaminants including heavy metals,
polychlorinated biphenyls, polycyclic aromatic hydrocarbons, haloge-
nated aliphatics, halogenated ethers, monocyclic aromatics, phenols
and cresols, phthalate esters, nitrosamines, pesticides, and other or-
ganics, especially in urban and/or industrialized areas (Makepeace
et al., 1995; Eriksson et al., 2005; Baun et al., 2006; Huber et al., 2016).
Risk assessments of chemical contaminants in stormwater have sug-
gested that in some cases, contaminants may exceed concentrations in
the environment that are relevant for ecological endpoints, but may
be lesser contributors to human health risks (Eriksson et al., 2005;
Baun et al., 2006; Eriksson et al., 2007). Non-carcinogenic risks due to
ingestion of fish in stormwater-contaminated waterbodies have been
identified as a potential concern (Bickford et al., 1999). Iron levels ex-
ceeding Australian guidelines and elevated (but below guideline) levels
of Arsenic have also been identified as potential risks for managed aqui-
fer recharge with stormwater, with overall chemical risks from various
compounds posited to be low (Page et al., 2010a, 2010b). Heavy metals
and pathogens are thought to be the drivers of human health risks for
exposure to stormwater (Page et al., 2010a, 2010b, 2010c, 2010d;
Chong et al., 2013; Ma et al., 2016). Indeed, public perception of micro-
bial risks, in particular, remains a crucial barrier to the expansion of
water recycling and reuse (Higgins et al., 2002). Therefore, the current
review will focus on microbiological contaminants in stormwater and
their associated risks.

Pathogenic bacteria, viruses and protozoa can be found in
stormwater runoff and subsequently transported to environmental
water bodies through sewer overflows, defective septic systems, agri-
cultural runoff, defecation from wild animals and discharge of treated
sewage (Ahmed et al., 2005; Noble et al., 2006; Rajal et al., 2007). The
pathogens present in various animal fecal sources will differ from
those in sewage (Schoen and Ashbolt, 2010; Soller et al., 2015;
Federigi et al., 2019), and therefore stormwater is likely to contain a dif-
ferent pathogen profile than sewage. Studies have reported a high prev-
alence of fecal indicator bacteria (FIB) and enteric pathogens in
stormwater (Noble et al., 2006; Rajal et al., 2007; AWQC, 2008; Sidhu
et al., 2012a; Cizek et al., 2008). The microbial quality of water is
assessed by FIB such as Escherichia coli (E. coli) and Enterococcus spp.
(USEPA, 2000). These indicators are abundant in the intestine of
warm-blooded animals, and their presence in waters indicates fecal
contamination and the likely presence of potential pathogens.

One major limitation of FIB is their poor correlation with the pres-
ence of pathogens, especially protozoans and enteric viruses (Hörman
et al., 2004; Selvakumar and Borst, 2006;McQuaig et al., 2009). Another
limitation of FIB is that they cannot provide information regarding the
sources of fecal contamination (Field and Samadpour, 2007; Stoeckel
and Harwood, 2007). Remediation strategies can be more effectively
implemented if the potential sources of fecal contamination and patho-
gens are known in stormwater (Sidhu et al., 2012b). Since themonitor-
ing of FIB in water does not provide information on origin, e.g., human
or animal feces, researchers have developed a set of analytical tools col-
lectively known as “microbial source tracking (MST) tools.” These tools
can be used to obtain information on whether the fecal contamination
in water came from human or animal wastewater or both (Harwood
et al., 2014).

Epidemiological studies indicated that the risks of gastrointestinal
illness (GI) among swimmers can be high when the water is contami-
nated with untreated sewage, as presumably indicated by the presence
of elevated levels of FIB (Cabelli et al., 1982; Wade et al., 2006; Marion
et al., 2010). However, mixed sources of fecal contamination (human
and animal feces) are often expected to be found in stormwater. Epide-
miological data are lacking regarding the human health impacts from
mixed source of fecal contamination, which may pose different human
health risks.

Several studies in the research literature have provided quantitative
data on potential pathogens in roof-harvested rainwater stored in
tanks (Ahmed et al., 2008a; Ahmed et al., 2014a; Dobrowsky et al.,
2014). However, pathogen abundance data in stormwater runoff and
outfalls are still scarce. Therefore, the objective of this review is to sum-
marize the concentrations of traditional and alternative fecal indica-
tors, MST marker genes and potential pathogens in stormwater
runoff and outfalls. A section of this review has been dedicated to sum-
marizing available quantitative microbial risk assessments (QMRAs)
for potable and non-potable uses of stormwater. The focus for
reviewing available QMRA models is to summarize the types of as-
sumptions used to model pathogen fate, transport, and exposure in
order to identify data gaps and areas where further attention is war-
ranted. Additionally, a review of fecal indicators and pathogen log re-
moval values (LRVs) through Water Sensitive Urban Design (WSUD)
or Best Management Practices (BMPs) of stormwater runoff has been
compiled. Finally, risk mitigation approaches and the most critical re-
search gaps are identified concerning the public health aspects of
stormwater reuse.

Peer-reviewed journal articles, reports, conference proceedings, and
guidelines published from 2005 to 2018 were taken into consideration.
Electronic databases including PubMed, Google Scholar, and Web of
Knowledge were used to obtain the information. The literature search
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was performed using the keywords “(stormwater OR sensitive urban
design OR WSUD OR green infrastructure OR low impact development
OR Low impact urban design and development) AND (pathogen OR
microb- OR bacter- OR protozoa OR source tracking ORMSTOR fecal in-
dicator OR fecal contamination OR health risk OR QMRA) and included
studies that are reported in English.

2. Fecal indicators

Routine monitoring of stormwater quality focuses on quantification
of E. coli and Enterococcus spp. High concentrations (N4 log10 CFU/
100 mL) of FIB are generally found in stormwater runoff and receiving
waters (Jiang et al., 2015). Most of the stormwater or outfall samples
often exceed the sample threshold value of FIB for the designated recre-
ational use of waters by one or more orders of magnitude. For example,
if we consider the 95th percentile value for Enterococcus spp./100 mL
water, many stormwater samples will exceed the threshold value clas-
sified as Class D (i.e., N 501 CFU/100 mL) by the National Health &Med-
ical Research Council (NHMRC) Guidelines for Recreational Use of
Water (NHMRC, 2008). The NHMRC used information from WHO
(2003) and Kay et al. (2004) to estimate that in Class D there would
be greater than a 10% chance of illness per single exposure.

Storm events have the potential to resuspend sediment-bound FIB
and pathogens back intowater column resulting in elevated contamina-
tion levels (An et al., 2002; Cizek et al., 2008; Krometis et al., 2010; Sidhu
et al., 2012a). The elevated FIB concentrations generally occur at or just
before the peak inflow of the storm hydrograph. Stumpf et al. (2010)
determined the loading of FIB over dry and wet weather conditions in
tidal creeks in North Carolina, USA. The authors reported 30 and 37
times greater loadings of E. coli and Enterococcus spp. in stormflowcom-
pared to base flow. E. coli and Enterococcus spp. were weakly correlated
(r2 = 0.13 to 0.32) with total suspended solids, while strong associa-
tions (r2 = 0.40 to 0.78) were observed between FIB and streamflow
rate and various stages (base, rising, peak and falling) of the
hydrograph. The authors also noted a large intra-storm variability in
FIB concentrations and recommended intensive sampling throughout
a storm in order to accurately quantify FIB rather than collecting a single
grab sample.

Rural or high density residential areas are reported to contribute
30–50 times greater E. coli levels in stormwater compared to light or
sparsely populated residential area (McCarthy et al., 2006). Paule-
Mercado et al. (2016) investigated the variability of FIB concentrations
in agricultural, mixed land use and urban catchments with variable
catchment area, land use, and land cover. Theurban site had the greatest
level (E. coli 7.39 log10 MPN/100 mL; fecal streptococci 7.21 log10 CFU/
100 mL) of FIB concentrations compared to agricultural site (E. coli
2.51 log10 MPN/100 mL; fecal streptococci 2.48 log10 CFU/100 mL) be-
cause of runoff from commercial markets and impervious cover, sewer
and septic overflows. The authors noted intra-event variability of FIB
across the monitoring sites. FIB concentrations increased during the
peak flow and then decreased as the storm progressed. Levels of FIB sig-
nificantly (p b 0.05) varied between early and late summer seasonswith
higher FIB concentrations observed in early summer. Anthropogenic ac-
tivities and impervious cover were found to influence positive correla-
tions (r N 0.6) between FIB numbers and environmental parameters
such as temperature, turbidity, and total suspended solids.

Although, FIBmonitoring in stormwater is a common practice, there
are uncertainties associatedwith stormwaterflow and E. coli (McCarthy
et al., 2008; Harmel et al., 2006). Uncertainties of discrete E. coli samples
and flow measurements were N30 and 97%, respectively. E. coli event
mean concentration uncertainties varied between 10 and 52% and that
uncertainties relating to site mean concentrations ranged from 35 to
55% (McCarthy et al., 2008). Sample collection procedures (5–30%), lab-
oratory analysis, preservation/storage, and flow also contributed sub-
stantial (14–28%) uncertainties (Harmel et al., 2006; Harmel et al.,
2010, 2016).
Another limitation of FIB is that they do not often correlate well with
the presence of pathogens in environmental waters. The appropriate-
ness of using FIB to indicate the presence of pathogens especially viruses
and protozoa in stormwater has been questioned (Jiang et al., 2001;
Schroeder et al., 2002; Jiang, 2004; Robertson and Nicholson, 2005;
Signor et al., 2005; AWQC, 2008). This is somewhat expected as FIB in
stormwater are sourced from feces of both human and animals, while
human pathogens especially enteric viruses in urban stormwater
mainly derived from sewage. In addition, the decay rates of FIB may
be significantly different than those of viruses (Ahmed et al., 2014b).
Hence, monitoring of FIB and interpreting their concentrations in
terms of human health risks may not yield any meaningful outcomes.

As a result of these limitations, FIB are generally not used directly for
risk estimation. However, some E. coli strains such as enteropathogenic
E. coli (EPEC), enterohemorrhagic E. coli (E. coliO157:H7 or other EHEC),
enterotoxigenic E. coli (ETEC), and others are pathogenic to humans and
can be used for risk estimation purposes. Although these subsets are not
routinely measured, general FIB can be used as a preliminary screening
tool prior to testing for other pathogens. Additionally, ratios of FIB to
pathogens are used occasionally for risk assessment purposes
(Petterson et al., 2016).

3. MST marker genes in stormwater

Fecal contamination in stormwater can originate from point and
non-point sources. Human health risk will be different depending on
the sources. Untreated sewage poses the greatest risks to humans and
the environment due to high concentrations of enteric viruses (EC,
2000; Fong et al., 2010; Soller et al., 2010). Sewage may be introduced
into stormwater through illicit connections, cross connection between
sewer pipes, storm drains and leakages into sewers through broken
lines or poor pipe joints (Pitt, 2004). The presence of sewage in
stormwater can be problematic due to the likely co-presence of patho-
gens. Identifying the presence of sewage in stormwater using is not
straightforward due to dilution, infiltration, and lack of sensitive detec-
tion methods (Panasiuk et al., 2015). However, microbial source track-
ing (MST) marker genes are used to identify human feces and other
sources of animal fecal contamination such as cattle, dogs, pigs, and
birds in water (Harwood et al., 2014; Ahmed et al., 2016).

Human feces-associated marker genes such as Bacteroides HF183
(HF183), crAssphage CPQ_056 and CPQ_064, pepper mild mottle vi-
ruses (PMMoV), human polyomaviruses (HPyV), and Lachno3 are cur-
rently being used to determine the presence of human fecal
contamination in environmental waters by research laboratories and
water quality managers. These marker genes are sensitive and accurate
analytical approaches of human fecal contamination due to high host-
specificity and abundance in human and animal feces (Boehm et al.,
2013). Several studies have reported the presence of human feces-
associated marker genes in stormwater runoff and outfall samples
(Table 1). Sidhu et al. (2012a) reported the presence of the Bacteroides
HF183 (16 of 21 samples were positive for HF183 during both dry and
wet weather samples) and Enterococcus faecium enterococci surface
protein (esp) marker gene (8 of 23 samples were positive for esp during
both dry and wet weather samples) in stormwater run-off samples and
suggested the ubiquitous presence of sewage in the urban environment.

MST field studies have identified aging infrastructure as a contribu-
tor to sewage intrusion into stormwater system (Marsalek and
Rochfort, 2004; Sauer et al., 2011; Guérineau et al., 2014). Several stud-
ies have reported the greater concentrations of the HF183 marker gene
in stormwater samples (Sercu et al., 2011; Van De Werfhorst et al.,
2014; Paar 3rd et al., 2015) (Table 1). Olds et al. (2018) observed high
levels of human Bacteroides (HB) and Lachno2 in theMilwaukee estuary
and at the lower reaches of the threemajor rivers forming the estuary in
Milwaukee,WI, USA after storm events. Concentrations of thesemarker
genes were one to three orders of magnitude higher (4.04–5.59 log10
GC/L of HB and 4.04–6.27 log10 GC/100 mL of Lachno2) in stormwater
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samples during storm events compared to low flow periods (3.53 log10
GC/100 mL of HB and 3.71 log10 GC/100 mL of Lachno2). A further in-
crease in the order of amagnitude ofmarker geneswas observed during
the combined sewer overflow (CSO) event compared to storm events.
The marker gene contamination level was high enough to exceed ac-
ceptable GI risk benchmark of 32 to 36 per 1000 primary contact
recreators in rivers or swimming at nearby beaches (USEPA, 2012a).

Staley et al. (2016) quantified BacteroidesHF183 in stormwater out-
falls and several sites along theHumber River in Toronto, Canada.HF183
was detected at all sites, with greater concentrations in outfall samples
(mean outfall concentrations of 6.22 log10 GC/L). Their results indicated
ubiquitous sewage contamination at storm water outfalls and through-
out the Humber River. Steele et al. (2018) used digital PCR to quantify
Table 1
Prevalence and concentrations (log10 GC/L) of sewage and animal-associated marker genes in

Marker genes
(host)

Country Number of sample
tested
(% occurrence)

HF183 (human) Qld, Australia 7 (57)
HF183 (human) Qld, Australia 10 (40)
HF183 (human) Qld, Australia 11 (54.5)
HF183 (human) Tampa, USA 12 (58.3)
HF183 (human) Virginia, USA 130 (100)
HF183 (human) Philadelphia, USA 14 (100)
HF183 (human) North Carolina, USA 37 (13.5)
HF183 (human) Boston, USA 18 (94.4)
HF183 (human) California, USA 14 (43)
HF183 (human) Qld, Australia 12 (92)
HF183 (human) Qld, NSW, Victoria,

Australia
23 (96)

HF183 (human) Ontario, Canada NM
HF183 (human) Toronto, Canada 59 (69.5)
HF183 (human) California, USA 44 (97.7)
HF183 (human) California, USA 26 (27)
HF134 (human) Qld, Australia 7 (71)
HF134 (human) Qld, Australia 10 (70)
BacHum-UCD (human) California, USA 14 (92.9)
HF183, BacHum-UCD (human) Milwaukee, USA 828 (57)
HuBac (human) North Carolina, USA 45 (100)
nifH (human) Australia 11 (18.2)
nifH (human) North Carolina, USA 45 (31.1)
nifH (human) California, USA 14 (43)
nifH (human) Qld, NSW, Victoria,

Australia
23 (43)

nifH (human) California, USA 26 (19.2)
Enterococcus surface protein (esp)
(human)

Qld, Australia 7 (71)

Enterococcus surface protein (esp)
(human)

Qld, Australia 11 (18)

Enterococcus surface protein (esp)
(human)

Qld, Australia 12 (58)

Lachno2 (human) Milwaukee, USA NM
Lachno2 (human) Milwaukee, USA 10 (70)
Lachno12 (human) Milwaukee, USA 10 (90)
Lachno3 (human) Milwaukee, USA 10 (70)
Human Bacteroides (human) Milwaukee, USA 10 (60)
Human Bacteroides (human) Milwaukee, USA NM
HPyV (human) Qld, Australia 11 (18.2)
HPyV (human) Philadelphia, USA 14 (28.6)
HPyV (human) Australia 12 (41.6)
HPyV (human) Qld, NSW, Victoria,

Australia
23 (52)

CrAssphage CPQ_056 (human) Tampa, USA 12 (41.6)
CrAssphage CPQ_064 (human) NSW, Australia 20 (100)
CrAssphage CPQ_064 (human) NSW, Australia 20 (90)
PMMoV (human) Philadelphia, USA 14 (100)
BacCow (cow) California, USA 15 (86.7)
BacCan (dog) USA 15 (100)
DG37 (dog) Toronto, Canada 59 (16.9)
DG3 (dog) California, USA 44 (70.4)
DogBact (dog) Milwaukee, USA 10 (40)
Gull4 (seagull) Toronto, Canada 59 (37.3)
LeeSeagull (seagull) California, USA 44 (93.2)

-: Quantitative data were not provided; NM:Notmentioned; *:where available; a=mean (ove
theHF183marker gene in samples collected frommultiple stormevents
from San Diego River (n=23) and Tourmaline Creek (n=21) that dis-
charge to popular surf beaches in San Diego, CA, USA. The authors noted
6.45–6.95 log10 GC HF183/L in stormwater discharges from Tourmaline
Creek and 5.30–6.24 log10 GC/100 mL in stormwater discharges from
the San Diego River. The HF183 marker was consistently detected
with human pathogen NoV (96% positive agreement in San Diego
River and 72% positive agreement in Tourmaline Creek).

Ahmed et al., 2018c examined the extent of sewage contamination
in an urban recreational lake located in Sydney, Australia that receives
wet weather overflows using two human feces-associated crAssphage
marker genes (CPQ_056 and CPQ_064). The concentrations of both
markers were higher (CPQ_056 ranging from 3.40 to 7.62 log10 GC/L
stormwater runoff and outfall samples.

s Mean/median ± SD (range) in positive
samples*
(log10 GC/L)

References

– Ahmed et al., 2007
– Ahmed et al., 2008b
– Ahmed et al., 2012
3.79a ± 0.33 (3.38–4.21) Ahmed et al., 2018a
4.00b-5.47b Liao et al., 2015
3.50b (0.11–6.91) McGinnis et al., 2018
(4.05- N 4.69) Parker et al., 2010
6.23a ± 1.01 (3.50–7.50) Paar 3rd et al., 2015
5.27a ± 1.43 (3.59–7.17) Sercu et al., 2011
– Sidhu et al., 2012a, 2012b
– Sidhu et al., 2013

(2.73–4.17) Staley et al., 2015
4.22a (2.55–8.65) Staley et al., 2016
3.49 ± 0.69a (2.30–5.09) Steele et al., 2018
4.69 ± 1.69a (2.61–7.17) van DeWerfhorst et al., 2014
– Ahmed et al., 2007
– Ahmed et al., 2008b
5.47a ± 5.83 Bambic et al., 2015
3.51a-6.61a Sauer et al., 2011
4.82a − 6.89a Gentry-Shields et al., 2012
– Ahmed et al., 2012
1.23a − 4.11a Gentry-Shields et al., 2012
– Sercu et al., 2011
– Sidhu et al., 2013

– van DeWerfhorst et al., 2014
– Ahmed et al., 2007

Ahmed et al., 2012

– Sidhu et al., 2012a, 2012b

4.98a ± 1.71 (4.27–6.43) Olds et al., 2018
4.94a ± 1.02 (3.50–6.73) Feng et al., 2018
3.56a ± 0.78 (3.12–5.60) Feng et al., 2018
3.85a ± 1.20 (2.65–6.23) Feng et al., 2018
4.21a ± 0.52 (3.35–4.93) Feng et al., 2018
4.78a ± 0.45 (4.25–5.74) Olds et al., 2018
– Ahmed et al., 2012
(0.27–1.29) McGinnis et al., 2018
– Sidhu et al., 2012a, 2012b
– Sidhu et al., 2013

4.19a ± 0.52 (3.62–4.91) Ahmed et al., 2018a
4.55a ± 0.89 (3.40–6.03) Ahmed et al., 2018c
4.15a ± 0.77 (3.13–5.47) Ahmed et al., 2018c
2.99b (1.34–4.62) McGinnis et al., 2018
4.75a ± 5.17 Bambic et al., 2015
4.67a ± 4.74 Bambic et al., 2015
– Staley et al., 2016
2.44a ± 0.47 (1.53–3.57) Steele et al., 2018
4.43a ± 0.79 (3.61–5.28) Feng et al., 2018
(2.15–4.52) Staley et al., 2016
3.42a ± 0.62 (1.80–4.47) Steele et al., 2018

rall mean concentrationswere calculated by authors from the available data); b=median.
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and CPQ_064 ranging from 2.90 to 6.95 log10 GC/L) in 20 of 20 (for
CPQ_056) and 18 of 20 (for CPQ_064) samples collected after storm
events compared to a dry weather event (10 of 10 samples were qPCR
negative for the CPQ_056 and 8 of 10 were negative for the CPQ_064
marker genes) suggesting that sewage contamination was transported
by urban stormwater runoff to the studied lake.

In addition to human-feces associated bacterial markers, viruses
such as HAdV species A-F and HPyV (urine indicator) have been used
to detect human fecal contamination in stormwater runoff (Brownell
et al., 2007; Ahmed et al., 2012; Sidhu et al., 2013). However, none of
these studies provided the concentrations of these viruses in
stormwater samples. Quantifying viral markers in stormwater samples
can be difficult due to factors such as their low numbers in sewage, di-
lution and loss due to recovery and DNA extraction (Horswell et al.,
2010; Wong et al., 2012).

Compared to human feces-associated markers, less information is
available on the prevalence and concentrations of animal feces-
associatedmarker genes. Staley et al. (2016) determined the concentra-
tions of seagull-associated Gull4 marker gene in a river and stormwater
outfall samples in Ontario, Canada. River sites were frequently (5 of 7
sites where gull fecal contamination was detected) impacted by gull
fecal contamination. Two of five storm outfalls were also positive for
gull feces. Bambic et al. (2015) reported themoderate occurrence of cat-
tle and dog markers in stormwater samples ranging from 4.67 and 4.75
log10 GC/L. Storm events led to an increase (4.67 and 4.75 log10 GC/L) in
cattle and dog feces-associated Bacteroides marker genes compared to
dry events (3.23 and 3.20 log10 GC/L).

Corsi et al. (2014) tested 63 samples over a 17-month period across
the three sampling locations in Milwaukee River, WI, USA for human
and bovine viruses. Twenty sampleswere collected during low-flowpe-
riods and 43 were collected during rainfall or snowmelt runoff periods.
Three of the seven bovine viruses analyzed were detected during the
study period. Bovine polyomavirus was present most often (32%)
followed by bovine rotavirus group A (19%), and bovine viral diarrhea
virus type 1 (5%). Bovine viruses were present in 46% of runoff samples
resulting from precipitation and snowmelt and 14% of low-flow sam-
ples. Maximum concentrations for these three viruses ranged from 6.7
to 11 GC/L. Bovine viral diarrhea virus type 2, coronavirus, enterovirus,
and adenovirus were not detected. The results suggested the presence
of bovine fecal contamination in stormwater runoff. This is particularly
important because a recent study reported the high risks of gastrointes-
tinal illness from cattle feces contaminated water due to protozoan
pathogens Cryptosporidium and Giardia spp. (Soller et al., 2010).

Fecal contamination in stormwater originate from point and non-
point sources, and this is supported by the fact that a number of
stormwater outfall samples had high FIB with low or no human
Bacteroides, suggesting that FIB may have originated from non-human
sources (Sauer et al., 2011). Therefore, markers targeting different ani-
mal species of zoonotic pathogen potential need to be employed to ob-
tain more information on the magnitude of animal fecal contamination
in addition to sewage contamination.

Most of the stormwater studies provided MST results in the pres-
ence/absence form. The presence/absence results of any given marker
in a sample should be interpreted with care. Mere presence of a marker
does not represent any risk as the marker concentrations are generally
greater in sewage or animal feces compared to pathogens. In contrast,
lack of detection of a marker does not necessarily indicate the sample
is free from other contaminants and safe for human exposure. Multiple
lines of evidence (i.e., a toolbox approach) are required before
implementing remediation or assessing human health risk (Ahmed
et al., 2012; Mauffret et al., 2012).

4. Pathogens in stormwater

Increased urbanisation will increase the dissemination of water-
borne pathogens in the environments (Hofstra, 2011). Information on
the concentrations of pathogens in stormwater is needed for risk assess-
ment and management for beneficial reuse. However, the data on the
occurrence and levels of pathogens in stormwater runoff is limited.
This is because collecting stormwater samples during storm events
can be challenging. Grab samples are easy to collect, and the cost asso-
ciated with sampling is low, but only represent a snapshot of the
water quality at the time of collection (Harmel et al., 2010). Automated
samples are more accurate and appropriate for stormwater sampling as
they collect representative samples. However, it has to be installed at a
specific location, requiring construction of infrastructure and regular
maintenance. Other factors such as the presence of high concentrations
of suspended solids, grease and PCR inhibitorsmake it difficult to detect
pathogens with molecular based methods (USEPA, 1999; Stenstrom
et al., 1984; Rajal et al., 2007).

Table 2 shows the occurrence and concentrations (where available)
of bacterial, protozoa, and viral pathogens in stormwater. Sidhu et al.
(2012a) investigated the presence of human pathogens in the urban
stormwater runoff in Australia. HAdV was frequently detected from all
sampling sites during wet weather conditions suggesting their wide-
spread presence. Campylobacter jejuni, Campylobacter coli, and Salmo-
nella enterica were also detected during wet weather conditions.
Based on the results, the authors suggested that some degree of treat-
ment of captured stormwater would be required if it were to be used
for non-potable purposes. However, the authors did not mention LRVs
that would be required for the safe use of stormwater.

Corsi et al. (2014) studied the prevalence, aswell as hydrological and
seasonal variations of enteric viruses in an urbanwatershed, a rural sub
watershed and theMilwaukee Rivermouth,WI, USA. The authors proc-
essed large volumes of water samples (56–2800 L) over a 17 months
duration to account for variability throughout changing hydrologic
and extended (24-h) low-flow periods. Human and bovine viruses
were detected in 49 and 41% of samples (n = 63), respectively. All
human viruses analyzed were detected at least once including HAdV
(40% of samples), norovirus (NoV) GI (10%), enterovirus (EV) (8%), ro-
tavirus (RoV) (6%), NoV GII (1.6%) and hepatitis A virus (HAV) (1.6%).
Human viruses were present in 63% of runoff samples resulting from
precipitation and snowmelt, and 20% of low-flow samples. Maximum
human virus concentrations were N2.47 log10 GC/L.

Steele et al. (2018) used digital qPCR to quantify a number of bacte-
rial and viral pathogens in stormwater samples from multiple storm
events from two different watersheds that discharge to popular surf
beaches in San Diego, CA, USA. This is the most comprehensive study
reviewed that determined the concentrations of several human health
significant pathogens in stormwater discharges in the USA. Among the
enteric viruses tested, NoV were highly prevalent in both the San
Diego River and Tourmaline Creek with concentration ranging from
1.39 to 2.69 log10 GC/100 mL of water. The prevalence of HAdV were
much lower than NoV; 9% of the samples in Tourmaline creek and 22%
of the samples in San Diego River were positive for HAdV with concen-
tration ranging from 1.14 to 1.61 log10 HAdV GC/100 mL of water. En-
terovirus was not detected in any of the water samples tested. Among
the two bacterial pathogens (Campylobacter spp., and Salmonella spp.),
Campylobacter spp. was the most commonly detected pathogens (100
and 45% samples were positive at San Diego River and Tourmaline
Creek, respectively compared to 25 and 10% samples were positive for
Salmonella spp. at San Diego River and Tourmaline Creek, respectively.
C. coli (87%) and C. lari (78%) were themost frequently detected species
in stormwater discharges from San Diego River, while C. lari (48%) and
C. jejuni (29%) were the most commonly detected in Tourmaline
Creek. The authors stated that such data is an important step forward
for assessing risk associated with stormwater.

Data generated using qPCR need to be interpreted carefully because
qPCR assays quantify both viable and dead pathogens and do not pro-
vide information on the infectivity status of the pathogen tested. Also,
complexwater matrix such as stormwater generally contain various or-
ganic substances, salts, acid and detergents which may inhibit PCR



Table 2
Prevalence and log10 concentrations of potential pathogens in stormwater samples.

Potential
pathogens

Country Land use characteristics Methods used No. of
samples
tested (% of
sample
positive)

Mean/median ± SD
(range) in positive
samples
[95% CI upper limit]*

References

Bacterial pathogens
Campylobacter
spp.

San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (45) 1.96a ± 0.90
(1.15–3.48) [3.48]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (100) 2.54a ± 0.35
(1.52–3.05) [3.05]
GC/100 mL

Campylobacter
spp.

Brisbane,
Australia

Urban residential, industrial, agricultural and rural PCR 12 (100) – Sidhu et al., 2012a,
2012b

Campylobacter
spp.

Sydney,
Australia

Untreated sewered urban Culture-based 59 (3.38) b0.30b ± b0.30
(NM-1.17) [b0.30]
MPN/L

AWQC, 2008

C. coli San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (10) 1.40a (1.34–1.46)
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (87) 1.97a ± 0.29
(1.50–2.61) [2.09]
GC/100 mL

C. coli Brisbane,
Australia

Urban residential, industrial, agricultural and rural PCR 12 (67) – Sidhu et al., 2012a

C. jejuni Brisbane,
Australia

Urban residential, industrial, agricultural and rural PCR 12 (67) – Sidhu et al., 2012a

C. jejuni San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (29) 1.69a ± 0.16
(1.50–1.93) [1.93]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (17) 1.66a ± 0.15
(1.53–1.80) [1.80]
GC/100 mL

C. lari San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (48) 1.38a ± 0.18
(1.20–1.71) [1.71]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (78) 1.61a ± 0.30
(1.20–2.15) [2.15]
GC/100 mL

E. coli eaeA Tampa, USA Urban, industrial and residential MFQPCR 12 (41.6) 5.09a ± 0.23
(4.72–5.29) [5.29]
GC/L

Ahmed et al., 2018b

L. pneumophila Tampa, USA Urban, industrial and residential MFQPCR 12 (25) 4.51a ± 0.57
(4.13–5.17) [5.17]
GC/L

Ahmed et al., 2018b

Salmonella spp. Brisbane,
Australia

Urban residential, industrial, agricultural and rural PCR 12 (91.6) – Sidhu et al., 2012a

Salmonella spp. Georgia, USA 48% forested, 45% agricultural and 7% urban MPN
combined
with PCR

58 (51.7) 0.031a-0.82a

MPN/100 mLc
Harris et al., 2018

Salmonella spp. San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (10) 1.39a ± 0.51
(0.90–1.93) [1.93]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (25) 0.92a ± 0.12
(0.80–1.15) [1.15]
GC/100 mL

Salmonella spp. Tampa, USA Urban, industrial and residential MFQPCR 12 (8.33) 5.10 GC/Ld Ahmed et al., 2018b
Salmonella spp.
(invA gene)

Philadelphia,
USA

Residental and green space qPCR 14 (7.14) – McGinnis et al.,
2018

Salmonella spp.
(ttr gene)

14 (21.4) (0.30–0.60) GC/L

Protozoa pathogens
Cryptosporidium
spp.

Raw

New York,
USA

Five sites representing various landuse such as little
anthropogenic impacts, suburban woodlots and high degree of
impervious surfaces and developed areas

IMS and
microscopy

– 0.63a ± 0.28
(0.23–0.86)
oocysts/L

Cizek et al., 2008

Cryptosporidium
spp.

Centrifuged

– 0.21a ± 0.26
(−0.04–0.57)
oocysts/L

Cryptosporidium
spp.

California,
USA

High density dairy farms IMS and
microscopy

350 (21) (1.04–3.30
oocysts/L)

Miller et al., 2008

Cryptosporidium
spp.

Sydney,
Australia

Untreated sewered urban NM 59 (37.3) 1.43b ± 1.53
(NM-2.13) [2.00]
oocysts/10 L

AWQC, 2008

Cryptosporidium
spp.

Atlanta,
Louisville,
USA

Highly impervious commercial and various land uses IMS and
microscopy

24 (12) 1.91a ± 0.91
(1.77–2.00) [2.63]
oocysts/100 L

Arnone and Walling,
2006

(continued on next page)
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Table 2 (continued)

Potential
pathogens

Country Land use characteristics Methods used No. of
samples
tested (% of
sample
positive)

Mean/median ± SD
(range) in positive
samples
[95% CI upper limit]*

References

C. parvum or
hominis

Sydney,
Australia

Untreated sewered urban NM 59 (8.47) 0.77b ± 1.07
(NM-1.83) [1.25]
oocysts/10 L

AWQC, 2008

Giardia spp.
Raw samples

New York,
USA

Five sites representing various landuse such as little
anthropogenic impacts, suburban woodlots and high degree of
impervious surfaces and developed areas

IMS and
microscopy

– 0.59 ± 0.28
(0.00–0.86)
cysts/100 mL

Cizek et al., 2008

Giardia spp.
Centrifuged

– 0.01 ± 0.16
(−0.09–0.17)
cysts/100 mL

Giardia spp. Sydney,
Australia

Untreated sewered urban 59 (18.6) 2.00b ± 2.53
(NM-3.40) [2.34]
cysts/10 L

AWQC, 2008

Giardia spp. Atlanta,
Louisville,
USA

Highly impervious commercial and various land uses IMS and
microscopy

24 (96) 3.55a ± 0.98
(2.30–4.47) [4.33]
cysts/100 L

Arnone and Walling,
2006

Enteric viruses
HAdV California,

USA
Highly urbanized qPCR 8 (12.5) 3.98d GC/L Ahn et al., 2005

HAdV Milwaukee,
USA

Highly urbanized qPCR 1 (100) 3.11d GC/L Sauer et al., 2011

HAdV Sydney,
Australia

Untreated sewered urban PCR 59 (3.38) – AWQC, 2008

HAdV California,
USA

Nested-PCR (7) – Surbeck et al., 2006

HAdV Brisbane,
Australia

Mainly residential and commercial PCR 23 (91.3) – Sidhu et al., 2013

HAdV San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (9) 1.18a ± 0.03
(1.15–1.20) [1.20]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (22) 1.30a ± 0.17
(1.20–1.61) [1.61]
GC/100 mL

HAdV Brisbane,
Australia

Highly urbanized PCR 7 (71.4) – Ahmed et al., 2012

HAdV 40/41 California,
USA

Urban, agricultural and natural qPCR 21 (4.76) 1.36d GC/100 mL Rajal et al., 2007

HAdV A Philadelphia,
USA

Residential and green space qPCR 14 (7.14) b0.01c,d McGinnis et al.,
2018

HAdV C, D, F Philadelphia,
USA

Residential and green space qPCR 14 (14.28) (0.1–1.41) GC/L McGinnis et al.,
2018

HAdV California,
USA

Agricultural (25%), Urban (25%) and open space (50%) qPCR 15 (6.70) – Bambic et al., 2015

HAdV Brisbane,
Australia

Urban residential, industrial, agricultural and rural PCR 12 (91.6) – Sidhu et al., 2012a

Enterovirus California,
USA

Highly urbanized RT-PCR 8 (12.5) – Ahn et al., 2005

Enterovirus Sydney,
Australia

Untreated sewered urban PCR 59 (22.0) – AWQC, 2008

Enterovirus Milwaukee,
USA

Highly urbanized qPCR 1 (100) 4.28d GC/L Sauer et al., 2011

Norovirus GI +
GII

South coast,
England

Arable (42%), woodland (21%), grassland (18%), urban (6.4%) qRT-PCR 5 (100) (2.93–4.87) GC/L Campos et al., 2015

NoV GI Milwaukee,
USA

Highly urbanized qRT-PCR 1 (100) 3.18d GC/L Sauer et al., 2011

NoV GI Philadelphia,
USA

Residential and green space qRT-PCR 1 (14) 1.86d GC/L McGinnis et al.,
2018

NoV GII San Diego,
USA

Tourmaline Creek – Highly urban residential and commercial Digital qPCR 21 (72) 2.04a ± 0.33
(1.39–2.72) [2.72]
GC/100 mL

Steele et al., 2018

San Diego River – Urban residential, commercial and industrial 23 (96) 2.07a ± 0.32
(1.58–2.69) [2.66]
GC/100 mL

NM:Notmentioned;−: Quantitative data not available; *:where available; a=mean (overallmean concentrationswere calculatedby authors from the available data); b=median c: data
not log transformed; d: single quantifiable sample.
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reaction. PCR inhibitory substances may produce false negative results
of pathogens in stormwater samples. For example, Corsi et al. (2014) re-
ported a 63% inhibition rate across virus analysis, while Steele et al.
(2018) reported 10–15% inhibition rate. This problem can be overcome
by including a sample processing control (SPC) (Shanks et al., 2016).
Digital qPCR may also offer an advantage over qPCR when dealing
with samples with inhibitory substances (Dingle et al., 2013; Cao
et al., 2016). This is because in digital qPCR sample is partitioned into
many wells are droplets unlike qPCR which measures the target as it
occurs with comparison with a standard curve.
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Cizek et al. (2008) characterized the partitioning behaviour of Cryp-
tosporidium and Giardiawith traditional and alternative fecal indicators
(E. coli, Enterococcus spp., and Clostridium perfringens) and a viral surro-
gate (coliphage) in stormwater runoff. Both protozoa exhibited similar
levels of particle association during dry weather (roughly 30%) with
an increased level observed during wet weather events (Giardia 60%
and Cryptosporidium 40%). During wet weather events, FIB, coliphage
and protozoa concentrations increased (~1–2 orders of magnitude) in
tributaries examined in the Kensico Reservoir. FIB did not exhibit a
strong one-to-one relationship with Cryptosporiduum or Giardia in
termsof total concentration or the settleable fraction in the KensicoRes-
ervoir. The authors also found C. perfringens spores (Spearman r=0.13
and coliphage r = 0.11) were the best indicators for Cryptosporidium.
This is because the inactivation rates of C. perfringens and C. parvum
were reported to be in the same order of magnitude (Hijnen et al.,
2000).

In general, concentrations of pathogens in stormwater are poorly re-
ported and some data may not be useful to infer risk or for quantitative
microbial risk assessment (QMRA). For example, several studies have
failed to detect or provided the percentage of samples positive for path-
ogens without giving quantitative numbers (Surbeck et al., 2006; Rajal
et al., 2007; Sidhu et al., 2012a; Bambic et al., 2015). Most of the
stormwater studies determined the concentrations of genus Cryptospo-
ridium and Giardia. However, in urban stormwater there is evidence
that most samples do not contain human infectious genotypes that are
capable of causing illnesses in humans rather contain genotypes that in-
fect animals. For instance, data from Jiang (2004) studying three United
States sewered urban stormwater catchments found that only about 5%
of around 100 Cryptosporidium oocyst types characterized were poten-
tially human-infective.

Recent studies reported high risks due to Campylobacter spp.
through reuse of stormwater in the Netherlands (Sales-Ortells and
Medema, 2015) and Australia (Murphy et al., 2017). These studies,
however, only measured members of the genus Campylobacter to esti-
mate risk. Genus Campylobacter is comprised of 25 species, two provi-
sional species and eight sub-species, with only a few species of human
health significance (Man, 2011). Further research should focus on deter-
mining the levels of C. jejuni, C. coli or other pathogenic species such as
C. lari and C. upsaliensis in stormwater for more accurate risk
assessment.

Finally, the persistence of pathogens in stormwater compared to
wastewater or other matrices has not been well characterized but can
provide useful information for QMRA. A systematic review by Boehm
et al. (2018) of pathogen persistence in surface waters indicated few
decay constants available for protozoan and viral pathogens or viral sur-
rogates, with viruses having the greatest degree of persistence. A com-
parison of the HF183 MST marker with NoV indicated that the first
order decay coefficient kwashigher forHF183 thanNoV. To the author's
knowledge, a similar meta-analysis has not been performed for patho-
gens in stormwater. Sidhu et al. (2015) estimated a T90 value of
b3 days for bacterial pathogens, and b120 days and N200 days for Cryp-
tosporidium spp. oocysts and enteric viruses, respectively in recycled
stormwater used for managed aquifer recharge. Due to the persistence
of viral pathogens, these microorganisms are likely to drive concerns
for human health risk.

5. Health risk assessment approaches

Various approaches for assessing the health risks of microbial con-
taminants have been applied in the stormwater context including epi-
demiological approaches and quantitative microbial risk assessment
(QMRA) models. Epidemiological studies observe patterns of disease
in conjunction with environmental exposure and provide inferences
rooted in observed health outcomes, and for this reason are highly valu-
able for assessing health risks. The findings of several epidemiological
studies have supported a relationship between stormwater exposure
and waterborne illness for stormwater-impacted waterbodies (Haile
et al., 1999; Colford Jr et al., 2007; Soller et al., 2017). However, due to
the study sizes and expense required to achieve predictive power in ep-
idemiological studies and difficulty attributing risks to a particular ex-
posure source and/or pathway, often QMRA approaches are used to
assess riskswhere effect sizes are projected to be small due to low envi-
ronmental concentrations. QMRA uses a process of hazard identifica-
tion, exposure assessment, dose response analysis, and risk
characterization to predict the risk of an infection or disease- related
outcome based on an exposure to environmental media (Haas et al.,
2014). To the author's knowledge, there has not been an epidemiologi-
cal study for potable or non-potable uses of stormwater resources. How-
ever, studies by Ashbolt and Bruno (2003) and Soller et al. (2017) have
demonstrated the utility of combining both epidemiological and QMRA
information where feasible for stormwater-affected waterbodies.

Undertaking QMRA for various exposures to stormwater can never-
theless be challenging due to difficulties in discerning the sources and
concentrations of pathogen contamination in stormwater, and assump-
tions regarding pathogen sources, fate, and transport are needed de-
pending on the availability of site-specific information. Several (n =
16) QMRA studies have relied upon concentrations of pathogens ob-
served in stormwater-impacted coastal, recreational waters, or drinking
source waters for assessment of health risks (Donovan et al., 2008;
Soller et al., 2010; ten Veldhuis et al., 2010; Fewtrell et al., 2011; Tseng
and Jiang, 2012; Andersen et al., 2013; McBride et al., 2013; de Man
et al., 2014; Sales-Ortells and Medema, 2014; Schoen et al., 2014;
Soller et al., 2014; Adell et al., 2016; Krkosek et al., 2016; Lim et al.,
2017; Soller et al., 2015; Soller et al., 2017), and two have used other
modelling approaches for microbial health risks such as Bayesian net-
work modelling (Goulding et al., 2012) or disease transmission models
(Soller et al., 2006). These recreational water QMRAs are reviewed in
detail by Federigi et al. (2019). However, few studies have conducted
a QMRA for potable and non-potable reuse exposures to stormwater
(Table 3). The focus on potable and non-potable uses here is due to
the difficulty of comparing recreational exposures with multiple non-
point as well as point sources of contamination with stormwater-only
exposures. Stormwater-impacted recreational waterbody exposures
using FIB as well as pathogens as index pathogens were very high in
some cases, up to 1.0 for a homeless population ingestingGiardia, for ex-
ample (Donovan et al., 2008). The risks from potable and non-potable
uses of stormwater in Table 3 varied substantially depending on the tar-
get pathogen and exposure scenario. Risks were considered highest for
viral pathogens, in most cases exceeding risk benchmarks for potable
and non-potable use with the exception of toilet flushing in some
cases (Lim et al., 2015; Murphy et al., 2017). The studies summarized
in Table 3 indicate that potable and non-potable exposures to
stormwater are likely to exceed water quality targets [e.g. up to a geo-
metric 240 CFU/mL for recycledwater (USEPA, 2012b)] and risk bench-
marks (10−4 probability of infection or 10−6 disability adjusted life
years per person per year (pppy) in the absence of additional treatment
and/or BMPs depending on the area, end use, and source water. Micro-
bial risks from harvested rainwater are considered as captured
stormwater but have been reviewed elsewhere (Hamilton et al., 2019).

Factors such as temporal, regional, and compositional complexity of
stormwater can make the quantification of pathogens more difficult
than for some other matrices. Once concentration values are obtained,
values can be corrected for recovery efficiency in a QMRA, however,
low or variable recovery efficiencies can also complicate QMRA analysis.
Furthermore, concentrations observed at the point of exposure may not
be indicative of realistic exposure scenarios over time as they typically
are not observed after a rainfall event during presumably peakpathogen
concentrations, or dilution occurs at the point of exposure that in some
cases will render concentrations of pathogens below the analytical de-
tection limit (McBride et al., 2013). These factors must be taken into ac-
count when constructing QMRA models. Previous studies of pathogens
in stormwater discharges have relied upon small samples sizes (Sidhu



Table 3
Quantitative microbial risk assessments (QMRA) for potable and non-potable reuse of stormwater resources

Pathogen Applications Exposure routes Exposure frequency and
duration

Risk Mean/Median (95th

percentile or upper bound) or
calculated LRV

References

Campylobacter
Cryptosporidium
Rotavirus

Stormwater treated in wetland
used for managed aquifer
recharge

Ingestion Ingestion 2 L/day C. parvum - 1.5 × 10-3 DALY
Campylobacter 4.6 × 10-3 DALY

Rotavirus 8.4 × 10-3 DALY

Page et al., 2008

Campylobacter
Cryptosporidium
Rotavirus

Irrigation, toilet flushing,
laundry, irrigation, firefighting

Ingestion Municipal irrigation and
nonpotable construction
activities (50 mL/year); dual
reticulation for indoor and
outdoor use (toilet, laundry,
irrigating food crops,
ornamental garden irrigation)
(670 mL/person/year);
firefighting (1 L/person/year);
commercial food crops (490
mL/person/year); non-food
crops (50 mL/person/year)

Log removals to achieve target
concentrations associated
with a 10-6 DALYs/person/year
calculated (0.8 log
[Cryptosporidium spp.]- 2.6 log
[rotavirus])

NRMMC-EPHC-NHMRC,
2009

Campylobacter
Cryptosporidium
Rotavirus

Managed aquifer recharge
with captured urban
stormwater

Aerosol ingestion, routine
ingestion, and accidental
ingestion

Ingestion of irrigation sprays
0.1 mL, 90/person/year;
routine ingestion of irrigation
sprays 1 mL, 90/person/year;
accidental ingestion during
irrigation 100 mL
1/person/year.

Campylobacter spray ingestion
4.6 × 10-7/b1.0 × 10-10 (95th

b1.0 × 10-10) DALY; routine
ingestion 1.5 × 10-6 /b1.0 ×
10-10 (95th b1.0 × 10-10) DALY;
accidental ingestion 1.2 ×
10-7/b1.0 × 10-10 (95th b1.0 ×
10-10) DALY

Cryptosporidium spray
ingestion 6.2 × 10-8/1.6 × 10-8

(95th 2.5 × 10-7) DALY; routine
ingestion 6.2 × 10-7/1.6 × 10-7

(95th 2.5 × 10-6) DALY;
accidental ingestion 6.8 ×
10-7/1.8 × 10-7 (95th 2.8 ×
10-6)
Rotavirus spray ingestion 4.3 ×
10-6/4.9 × 10-7 (95th 7.0 ×
10-4); routine ingestion 2.8 ×
10-5/4.0 × 10-6 (95th 1.4 ×
10-4); accidental ingestion 4.2
× 10-5/3.9 × 10-6 (95th 1.6 ×
10-4)

Toze et al., 2010

Campylobacter
Cryptosporidium
Rotavirus

Stormwater treated in wetland
used for managed aquifer
recharge

Ingestion Ingestion 2 L/day C. parvum: 2.8 × 10-8/b1 ×
10-10 DALY (95th 1.1 × 10-8,
max 1.7 × 10-4)

Campylobacter : b1 × 10-10

DALY

Rotavirus: 3.0 × 10-7/b1.0 ×
10-10 DALY (95th 6.6 × 10-8, 8.4
× 10-4)

Page et al., 2009; Page
et al., 2010a; Page et al.,
2010c; Page et al.,
2010d

Campylobacter
Cryptosporidium
Rotavirus

Stormwater treated in wetland
used for managed aquifer
recharge

Ingestion Not specified C. parvum: b1 × 10-10-1.5 ×
10-3/ b1 × 10-10-1.5 × 10-3

DALY (95th b1 × 10-10-1.5 ×
10-3).

Campylobacter: : b1 × 10-10

DALY all parameters.

Rotavirus b1.0 × 10-10-8.4 ×
10-4/b1.0 × 10-10-8.4 × 10-4

(95th b1.0 × 10-10-8.4 × 10-4).

Page et al., 2010b

Campylobacter
Cryptosporidium
Rotavirus

Stormwater treated in wetland
used for managed aquifer
recharge

Ingestion Ingestion 2 L/day C. parvum: Log reduction
credits for 10-6 DALY risk open
space irrigation 0.8-4.8,
drinking 4.9- N6.0 (Page et al.
2012)

Campylobacter: Log reduction
credits for 10-6 DALY risk open
space irrigation 1.3- N6.0,
drinking 5.5-N6.0 (Page et al.
2012)

Page et al., 2012

1312 W. Ahmed et al. / Science of the Total Environment 692 (2019) 1304–1321



Table 3 (continued)

Pathogen Applications Exposure routes Exposure frequency and
duration

Risk Mean/Median (95th

percentile or upper bound) or
calculated LRV

References

Rotavirus: Log reduction
credits for 10-6 DALY risk open
space irrigation 1.3-3.4,
drinking 5.5-N6.0 (Paget al.
2012)

HAdV Irrigation* Aerosol ingestion, accidental
ingestion

Boating 1 mL 52 times/year;
irrigation aerosols 1 mL 90
times/year; irrigation
accidental ingestion 100 mL 1
time/year.

Log removal credits calculated
to achieve 10-6 DALY for
adenovirus for irrigation
(aerosol) 2.3-3.2/1.4-2.5 (95th

2.9-3.8), irrigation (accidental
ingestion) 2.4-3.2/1.5-2.5
(95th 2.9-3.8)

Sidhu et al., 2012b

E. coli O157:H7 Riverbank filtration managed
aquifer recharge

Ingestion 3.12 ± 1.17 L/day (Normal
distribution)

0.115 (no treatment) -
0.00165 DALYs/person/year
(with treatment)

Bartak et al., 2015

HAdV
NoV

Toilet flushing, showering, and
consumption of irrigated
lettuce

Aerosol inhalation, aerosol
ingestion, lettuce
consumption

Four flushes/day, one 20 min
shower/ day; Lettuce
consumed 90, 180, or 270
times/year. Toilet and shower
inhalation volumes calculated
based on aerosols produced by
fixtures and aerosol volumes.

Adenovirus: Toilet flushing
annual infection risk 1.1 ×
10-7-8.9 × 10-7 (95th 2.7 ×
10-7-1.2 × 10-6); DALY risk 3.0
×10-9-2.4 × 10-8 (95th 7.2 ×
10-8-3.1 × 10-8). Showering
annual infection risk 3.6 ×
10-7-5.3 × 10-5 (95th 1.3 ×
10-6-3.5 × 10-4); DALY risk 1.1
× 10-8-1.6 × 10-6 (95th 3.5 ×
10-8- 9.3 × 10-6).
Norovirus: Toilet flushing
annual infection risk 5.3 ×
10-7- 1.3 × 10-4 (95th 1.6 ×
10-6 - 1.34 × 10-4); DALY risk
1.0 × 10-20-1.5 × 10-16 (95th

5.3 × 10-19 - 3.2 × 10-15).
Showering annual infection
risk 3.4 × 10-4-4.3 × 10-2 (95th

1.6 × 10-3- 1.9 × 10-1); DALY
risk 1.1 × 10-14-6.3 × 10-11

(95th 1.4 × 10-10- 1.0 × 10-7).
Food crop annual infection risk
8.0 × 10-4-9.8 × 10-1 (95th 2.6
× 10-2); DALY risk 8.0 ×
10-14-1.1 × 10-6 (95th 3.3 ×
10-10- 1.8 × 10-5)

Lim et al., 2015

Campylobacter
Cryptosporidium
RoV

Managed aquifer recharge
with stormwater

Ingestion Open space irrigation 1mL,
50/year; toilet flushing 0.01
mL, 1,100/year; drinking
2L/day

Log removals calculated to
meet health targets for viruses
(1.0-8.6), protozoa (0-N10.8),
and bacteria (0.5-N16.0)

Page et al., 2015

Campylobacter
spp. (human)

Campylobacter
spp. (zoonotic)
L. pneumophila

Recreational exposure to
urban stormwater plaza
receiving street and roof
runoff

Ingestion, inhalation Ingestion: exposure volume
triangular (0, 0.051, 5)
mL/event; Inhalation:
aerosolization ratio Normal
(mean, SD 10-8.07, 100.3),
inhalation rate normal (mean
log (22.7), SD 0.06 L/min),
exposure duration 21 ± 5min,
exposure frequency mean 2.7
events/year for high rainfall,
mean 6.5 events/year for low
rainfall

Campylobacter spp. (human):
4.5 × 10-2 (95% 1.2 ×
10-1)/person/event

Campylobacter spp. (zoonotic):
2.5 × 10-3 (95% 9.2 ×
10-3)/person/event

L. pneumophila: 1.2 × 10-9

(95% 5.2 × 10-9)/person/event

Sales-Ortells and
Medema, 2014,
Sales-Ortells and
Medema, 2015

Campylobactera

Salmonella spp.
RoV
HAdV
Cryptosporidiuma

Stormwater harvesting system
in residential development,
car park, or large urban
catchment with ageing
infrastructure; avian- or
human sewage- driven
contamination

Aerosol ingestion by
community residents, Hand-to
mouth exposure by
participants in sporting
activities, Hand-to-mouth
exposure of council workers
watering trees, Accidental
drinking incident

Aerosol ingestion 0.1 mL,
weekly; hand-to-mouth
exposure during sporting
activities 1 mL, weekly;
hand-to-mouth exposure of
tree watering council workers
1 mL, daily; accidental
drinking 100 mL, single
exposure. Various sources of
E. coli assumed.

Campylobacter aerosols 2.7 ×
10-9-0.1 (95th 1.5 × 10-7-7.0 ×
10-2); hand-to-mouth 2.7 ×
10-8-0.15 (95th 1.5 ×
10-6-0.12); accidental
ingestion 2.7 × 10-6-0.24 (95th

1.5 × 10-4-0.21)

Salmonella spp. aerosols 1.3 ×
10-12-5.0 × 10-5 (95th 4.1 ×
10-10-7.0 × 10-2);
hand-to-mouth 1.3 ×
10-11-0.15 (95th 4.1 ×
10-9-0.12)

Petterson et al., 2016

(continued on next page)
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Table 3 (continued)

Pathogen Applications Exposure routes Exposure frequency and
duration

Risk Mean/Median (95th

percentile or upper bound) or
calculated LRV

References

Rotavirus aerosols 1.4 × 10-3

(95th 4.3 × 10-1);
hand-to-mouth 1.3 × 10-2

(95th 0.21); accidental
ingestion 0.31 (95th 1.0)

Adenovirus aerosols 1.3 × 10-3

(95th 4.3e-1); hand-to-mouth
1.3 × 10-2 (95th 0.35);
accidental ingestion 0.72 (95th

1.0)

Cryptosporidiuma aerosols 2.9
× 10-8 (95th 7.7 × 10-7);
hand-to-mouth 2.9 × 10-7

(95th 7.7 × 10-6); accidental
ingestion 2.9 × 10-5 (95th 7.6 ×
10-4)

Campylobacter Toilet flushing, irrigation, and
swimming in stormwater
wetland using different
stormwater treatments
(wetlands, biofilters, and
traditional treatment trains)

Aerosol ingestion, routine
ingestion (hand-to-mouth)*

Garden irrigation aerosol
ingestion 0.1 mL/event, 90
events/person/year; garden
irrigation (routine
hand-to-mouth exposure) 1
mL/event, 90
events/person/year;
Municipal irrigation 100
mL/event, 1
event/person/year; toilet
flushing 0.01 mL/event, 1100
events/person/year. Multiple
treatment options and dose
response models evaluated.

Garden irrigation aerosol
ingestion: per infection 1.1 ×
10-9 -3.1 × 10-3, annual risk 1.0
× 10-7-1.4 × 10-1 (95th 1.4 ×
10-7-7.0 × 10-1), DALY risk 1.3
× 10-10-2.2× 10-1 (95th 2.2 ×
10-10-1.1 × 10-3)

Garden irrigation routine
ingestion hand-to-mouth: per
infection 1.1 × 10-6 -2.4 × 10-1,
annual risk 1.0 × 10-6-2.4 ×
10-1 (95th 1.6 × 10-6-4.9 ×
10-1), DALY risk 1.4 × 10-9-3.9
× 10-4 (95th 2.5 × 10-9-9.5×
10-4)

Garden irrigation accidental
ingestion: per infection 1.1 ×
10-10 -3.7 × 10-4, annual risk
1.2 × 10-7-1.7× 10-1 (95th 1.7
× 10-7-7.8 × 10-1), DALY risk
1.6 × 10-10-2.7 × 10-4 (95th 2.7
× 10-10-1.2 × 10-3)

Municipal irrigation: per
infection 1.1 × 10-8 -2.6 × 10-3,
annual risk 1.0 × 10-6-1.4 ×
10-1 (95th 1.4 × 10-6-6.1 ×
10-1), DALY risk 1.3 × 10-9-2.3
× 10-4 (95th 2.2 × 10-9-2.3 ×
10-4)

Toilet flushing: per infection
1.1 × 10-8 -2.4 × 10-1, annual
risk 5.6 × 10-7-2.4 × 10-1 (95th

7.9 × 10-7-4.7 × 10-1), DALY
risk 7.2 × 10-10-3.9 × 10-4

(95th 1.2 × 10-9-9.3 × 10-4)

Murphy et al., 2017

Mastadenovirus
(adenovirus)

Norovirus
Campylobacter
spp.
Salmonella spp.
Giardia spp.
Cryptosporidium
spp.

Indoor use (toilet flushing and
clothes washing), accidental
ingestion of treated
non-potable water
(cross-connection with
potable water), unrestricted
outdoor irrigation, drinking

Ingestion Toilet flushing (3×10-5 L/day,
365 d/y), clothes washing
(1×10-5 L/day, 365 d/y),
irrigation and dust
suppression (1×10-3 L/day, 50
d/y), Cross-connection of
treated water with potable
water (2 L/day, 1 day/year,
10% of population exposed),
potable consumption (2 L/day,
365 days). Multiple dose
response models used.

Log removals to achieve target
concentrations associated
with a 10-4 annual infection
risk calculated:

Norovirus: toilet flushing
2.5-7.3, unrestricted irrigation
3.2-8.0, indoor use 5.0-7.9,
drinking 9.3-12.4.

Mastadenovirus: toilet
flushing 2.1-4.1, unrestricted
irrigation 2.8-4.8, indoor use
3.9-5.9, drinking 6.9-8.9

Cryptosporidium spp.: toilet
flushing 0.8-3.8, unrestricted

Schoen et al., 2017
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Table 3 (continued)

Pathogen Applications Exposure routes Exposure frequency and
duration

Risk Mean/Median (95th

percentile or upper bound) or
calculated LRV

References

irrigation 1.6-4.5, indoor use
2.8-5.7, drinking 5.7-8.6

Giardia spp.: toilet flushing
0.5-2.5, unrestricted irrigation
1.3-3.3, indoor use 2.5-4.5,
drinking 5.4-7.4

Campylobacter spp.: toilet
flushing 1.4-3.4, unrestricted
irrigation 2.1-4.1, indoor use
3.1-5.1, drinking 6.2-8.2

Campylobacter spp.: toilet
flushing 0-1.8, unrestricted
irrigation 0.6-2.6, indoor use
1.8-3.8, drinking 4.6-6.6

a Species not specified and based on surrogate data; dose response models for C. jejuni, S. enterica, Cryptosporidium spp. were used; *only potable and non-potable exposure scenarios
included
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et al., 2012a, 2012b; McBride et al., 2013; Sales-Ortells and Medema,
2015), limiting the ability to capture the large variability in stormwater
pathogen concentrations due to potentially diverse fecal contamination
sources (human andmultiple animal fecal wastes, affecting the types of
index pathogens chosen for the QMRA), rainfall patterns, decay rates,
and other factors.

Monitoring efforts conducted to inform QMRAs by Petterson et al.
(2016) andMcBride et al. (2013) confirmed that variability in pathogen
concentration is indeed high between rainfall and baseline events.
There is therefore a need to look at a scenario-conditional risk estimate
(sometimes referred to as “conditional risk”), rather than averaging or
annualizing over time without regard to rainfall events. Pathogens can
survive on urban surfaces and building materials, for example, and
could furthermore be introduced into stormwater during subsequent
rain eventswithout the presence of an ongoing fecal source. This further
supports the need for comparison of stormwater wet-weather risks
with dry event (baseline) risks (Taylor et al., 2013).

Some of the principal challenge in conducting a QMRA for
stormwater is determining the concentration of pathogens in
stormwater discharges or harvesting systems, and addressing the com-
plexities of their transport and inactivation prior to arrival at a human
receptor. In lieu of a detailed hydrodynamic or fate and transport
models for pathogens, simplified assumptions of decay and dilution be-
tween a pathogen source and human receptor are often made. Dilution
factors are sometimes applied to estimate pathogen loads between
stormwater and receiving recreational bodies; for example, McBride
et al. (2013) used a 30-fold dilution factor applied to the concentrations
of pathogens observed in stormwater discharges. Other studies have ap-
plied an estimatedmicrobial decay factor for particular pathogens or in-
dicators as surrogates for pathogens in stormwater, sometimes also
coupled with a dilution factor (Petterson et al., 2016; Lim et al., 2015).
The use of hydrodynamic mixing and inactivation models such as
those applied by Andersen et al. (2013) could beused to obtainmore ac-
curate site-specific dilution information, or a distribution of dilution fac-
tors could be incorporated into a Monte Carlo approach in QMRA
models as performed in Soller et al., 2017.

Improved characterization of different removal values for bacteria,
protozoans and viruses in stormwater treatment processes can also im-
prove QMRA estimates, as previous estimates have been based on FIB
rather than pathogens themselves due to limited data (Davies et al.,
2008; Page et al., 2010a, 2010b, 2010c, 2010d; Petterson et al., 2016).
Limited information is available for pathogen removal by stormwater
treatment barriers and would be informative for conducting risk
analyses. Additionally, these values can be compared with theoretical
LRVs necessary to meet health risk targets (NRMMC-EPHC-AHMC,
2009; Page et al., 2015; Schoen and Garland, 2015; Schoen et al., 2017).

As stormwater concentrations of pathogens cannot always be di-
rectly measured, impacts to stormwater can also be estimated;
Petterson et al. (2016) modelled avian contamination of stored
stormwater resources with birds colonized by Campylobacter and Sal-
monella aswell as pathogen inputs fromhuman sewage using an epide-
miologic approach, making use of information about disease incidence,
pathogen excretion and known sewage flow rates to approximate load-
ing rates in a typical sewage. Several recent studies used QMRA analysis
to determine HF183 concentrations that represent human health risks
to swimmers based on the recreational water quality criteria (RWQC)
risk benchmark of 36/1000 primary contact recreators (USEPA, 2012a;
Boehm et al., 2015; Ahmed et al., 2018d). Such approaches can also be
undertaken to determine the health risks associated with different
stormwater end usewhere the pathogen data is lacking or not available.

QMRA can be a useful tool for examining the potential human health
risks related to rainfall events and can inform risk management prac-
tices (Bichai and Ashbolt, 2017). These assessments show that there
are non-trivial risks associated with the use of stormwater resources
to supplementwater portfolios and in some cases guidelines are not suf-
ficient to mitigate risks (Murphy et al., 2017). This is needed as
stormwater harvesting areas can create new opportunities for co-
mingling of potential animal habitats or reservoirs for animal fecal ma-
terial and human recreational environments, where transmission of
fecal pathogens can occur (Sales-Ortells and Medema, 2015; Petterson
et al., 2016). While acknowledging the utility of QMRA, caution must
be exercised when comparing risk estimates from QMRAs employing
differentmethodologies. For example, a direct comparison of annual in-
fection risks and annual disability adjusted life years (DALYs) (pppy)
should be interpreted carefully as these methodologies can lead to dif-
ferent risk conclusions when compared to guideline values (Lim et al.,
2015). Furthermore, it has been suggested that drinking water bench-
marks could be too stringent for comparison with alternative water
uses in some cases and warrants consideration of the development of
more applicable guideline values (Mara, 2011; Schoen and Garland,
2015).

6. Reduction of microbial contaminants through WSUD/BMPs

Elevated levels of microbial contaminants in stormwater is of great
concern for water safety. As a result, there is regulatory pressure to
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remove contaminants so that risk benchmarks can be met. A variety of
microbial contaminant mitigation measures can be used including the
implementation of various types of stormwater infrastructure
(Thurston et al., 2001; Struck et al., 2008). Fletcher et al. (2015) under-
took a review of terminology associated with urban stormwater man-
agement in different countries. The terms reviewed included: WSUD,
BMPs, Integrated Urban Water Management (IUWM), Low Impact
Urban Design and Development (LIUDD), Low Impact Development
(LID), Green Infrastructure, and Sustainable Urban Drainage Systems
(SUDS). Their review identified that whilst the concepts are all
underpinned by the principles of reducing disturbance to natural hy-
drology and mitigating the water quality impacts of urbanisation,
there are subtle differences in the scope and focus of terms (Fletcher
et al., 2015). However, for the purposes of this review the terms can
be considered broadly analogous and are hereafter referred to as
“WSUD”.

WSUD takes an integrated approach to managing stormwater that
protects public health, while alsomitigating the environmental impacts
of urban development and provides for improved community amenity.
WSUD has the objective of reducing the impact of urbanisation on the
natural water cycle, and its principles can be applied at a range of scales
(Lloyd et al., 2002). Davies (1996) proposed that, fundamentally,WSUD
strives to maintain the water balance andwater quality of an urbanized
environment in much the same state as prior to urbanisation.

The approaches taken to implement WSUD will depend upon the
development context and drivers for the adoption of WSUD. WSUD ap-
proaches often use a ‘treatment train’ where a series of treatment ap-
proaches are used to meet stormwater objectives. The approaches
applied will depend upon the catchment characteristics, climate condi-
tions and discharge requirements. Often the initial stages of a WSUD
treatment train will focus on the removal of coarse sediments, which
can help improve the treatment effectiveness of subsequent stages
that use filtration and/or biological processes. In addition to the WSUD
treatment approaches summarized below, non-structural catchment-
scale approaches can be used to improve quality of runoff discharged
to receiving waters (Wong, 2006). This can include buffers around wa-
terways that limit potentially polluting land uses, and the revegetation
of riparian zones. For example, Bryan et al. (2009) described the use of
an adaptive management framework to reduce Cryptosporidium risk in
an agricultural catchment in South Australia.

Although information regarding the degree of pathogen removal
from various WSUDs can help for water quality managers and urban
planners to design andmaintain systems that adequately protect public
health, data available on specific LRVs of pathogens through WSUD is
limited (NRMMC-EPHC-NHMRC, 2009). Most studies have employed
FIB to derive the LRVs of microbial removal in specificWSUD treatment
processes and as such, and there is much less information on the re-
moval of specific pathogens such as viruses and protozoa which have
very different physico-chemical characteristics. A range of factors have
an impact on the treatment capability of WSUD systems. The removal
of pathogens varies from system to system and therefore, it may be use-
ful to assess individual systems in-situ to account for local variability
resulting from factors such as sedimentation, sunlight exposure, water
temperature, and adsorption/desorption with biofilms (Jiang et al.,
2015). Peng et al., 2016 highlighted that most microbe focused studies
of stormwater biofilters focus on FIB, which are measured by culture-
based methods, and less frequently by molecular based methods.
These studies may be difficult to extrapolate to pathogens. There are
few studies on the removal of pathogens, particularly viruses, in
stormwater by biofiltration. Peng et al. (2016) also noted the need for
more studies that use field-basedmeasurements, rather than laboratory
settings, as it captures the more variable and complex features of the
urban environment that influences how effective WSUD approaches
are likely to be in reducing pathogen loads.

One key resource for LRV in WSUD is the International Stormwater
BMP Database. The database contains approximately 600 pairs of
influent and effluent data for fecal coliforms and E. coli. Among the
600 pairs, 100 pairs belong to E. coli from 12 sites in Portland, Oregon
and the remaining 500 pairs are fecal coliform collected from 61 sites
in California, Florida, Virginia, Ontario, New York, Texas, Georgia,
North Carolina, and Oregon. Clary et al. (2008) analyzed the fecal coli-
form and E. coli datasets in the International Stormwater BMP database
and provided results on how BMPs can effectively reduce fecal indicator
concentrations in order to assist in meeting total maximum daily load
(TMDL) goals. Swales and detention basins did not appear to effectively
reduce FIB in effluent samples. Datasets for wetlands andmanufactured
devices were not of adequate size to drawmeaningful conclusions. The
authors concluded that the ability of BMPs to reduce FIB varies widely
within BMP categories. No single BMP appears to be able to consistently
reduce FIB in effluent to levels below instream primary contact recrea-
tion standard. Among the BMPs, retention pond and media filters ap-
peared to have potential for bacteria removal in effluent.

Chandrasena et al. (2016) studied the removal of E. coli and Cam-
pylobacter spp. from urban stormwater by field-scale biofilters. E. coli
LRVs (average 1.23–1.39 LRVs) were greater than that of Campylobacter
spp. (average 0.88–0.99 LRVs) in both biofilters. The authors did notfind
any correlation between E. coli and Campylobacter spp. log removal per-
formance suggesting that single organisms should not be employed to
understand pathogen removal in urban stormwater treatment systems.

Such variationsmay affect performance evaluation aswell as the im-
pact of other factors including the selection of plants, use of a sub-
merged zone in biofilters, and operation under wet vs. dry conditions
(Jiang et al., 2015; Chandrasena et al., 2016). Generally, a one log10 re-
moval of FIB and pathogens can be expected if biofilters are properly de-
signed accordingly to local guidance (Bichai and Ashbolt, 2017).
However, the performance of such systems can be site specific, and
therefore, undertaking in situ validation of specific devices has been rec-
ommended (Payne et al., 2015). While individual WSUD technologies
performances are available, there is an expectation that there would
be an improved or increased performance for the removal of contami-
nants when water is passed through a series of WSUD technologies
prior to (re)use (Vogel et al., 2015).

This not only can increase the amount of contaminants removed, but
can also enable a level of redundancy to be built in so that if treatment of
an individual WSUD technologies declines, the resulting reduction in
treatment capacity is covered by the rest of the WSUD treatment sys-
tem. In addition, residence time is important for the removal ofmicroor-
ganisms, so the longer water is held within a WSUD treatment system,
the greater the pathogen removal rates.

Table 4 provides information on the studied removal capacity of a
range of WSUD treatment systems. While there is variability in the re-
moval capacity of the different reported WSUD systems, in general all
of these systems achieved 0.5 to 1 LRV for FIB and the bacterial pathogen
Campylobacter. The results also show that bacterial removal is faster (or
higher) than viral and protozoan pathogens, which tend to be more re-
sistant to treatment processes, and therefore more able to survive
through the different WSUD treatments. This is due to the differences
in size surface characteristics, mode of reproduction and life cycle of vi-
ruses and protozoa which are different than those of bacteria (Hoff and
Akin, 1986). In general, sequential treatment systems with a series of
ponds, wetlands or combinations tend to improve pathogen removal
from source water. For example, Reinoso et al. (2008) evaluated the re-
moval of a variety of traditional and alternative fecal indicators such as
coliphages, total coliform, E. coli, fecal streptococci andC. perfringens and
pathogens such as Cryptosporidium spp. and Giardia spp. from domestic
sewage in a treatment train including pond storage followed by surface
and subsurface wetlands, with the overall Cryptosporidium and Giardia
removal efficiency found to be as high as two log10. A new potential
WSUD treatment component currently being studied is the addition of
heavy metal (e.g., copper) labelled zeolite to filtration bed media. Labo-
ratory research has demonstrated that copper coated zeolite can have
LRV capability for bacteria such as E. coli greater than three log10 (Li
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et al., 2012). Stormwater can also be contaminatedwith viral and proto-
zoan pathogens, both of which have higher treatment requirements
than bacteria. However, the information on the effect of zeolites coated
with heavymetals on these enteric non-bacterial pathogens is very lim-
ited. Silver/copper coated zeolites could reduce coronavirus by 2–3 LRVs
(Bright et al., 2009) and silver-impregnated filtration pots reducedGiar-
dia and Cryptosporidium by at least 96% (~1.5 LRV) (Adeyemo et al.,
2015). More research would be needed to assess the treatment poten-
tial of copper-coated zeolite on a range of enteric viruses and protozoa
under in-field conditions before its use could be justified as beneficial
for the cost, particularly for the removal of pathogens.

7. Stormwater treatment and risk mitigation

Stormwater harvesting systems generally require some level of
treatment to minimise operational risks. Additional treatment may
also be required for higher exposure uses to manage human health
and environmental risks. The operational risks relating to stormwater
quality are usually managed by the use of BMPs/WSUDs. For example
gross pollutant traps and vegetated swales to remove sediment and
leaves entering the stormwater harvesting scheme and potentially
blocking pipes, irrigation nozzles or drip irrigation systems, or damag-
ing pumps. Use of wetlands and bio retentive systems can also assist
in reducing high loads of organic matter (e.g. leaf fall) as well as remov-
ing nitrogen and phosphorus through phytoremediation. Additional
levels of treatment are often required to manage human health risks,
where stormwater from a sewered residential catchment is used for
public, open-space irrigation (e.g. in schools and sporting ovals). Here,
human health risks can bemanaged by the use of on-site access controls
to minimise exposure to irrigation water. For example, the use of with-
holding periods on public recreation ovals has been recommended to
reduce the risks from pathogens (Page et al., 2014b).

Additional treatments may be required for higher exposure usages,
for example the Australian Guidelines for Stormwater Harvesting and
Reuse (NRMMC-EPHC-NHMRC, 2009) describes the derivation of
these criteria in terms of LRVs and also lists default LRV values for a
range of engineered treatments. These accepted default LRV tables can
be then used along with catchment specific knowledge where possible
exposure controls are used to determine the required level of treatment
for pathogens. For example, Page et al. (2012) reported that risks from
viruses have the highest required LRV targets and if they are met then
protozoan and bacterial LRV targets will also be met. It was reported
that for open space irrigation requires b2.0 LRV is sufficient for
stormwater recycled via an aquifer and this can potentially bemanaged
using chlorination and exposure controls. However, if in the same sys-
tem where stormwater is recycled via an aquifer were to be used for
drinkingwater, a LRV of 5.5would be required tomanage human health
risks from viruses (Page et al., 2014c). Generally these default LRVs
apply where there has been no stormwater catchment-specific assess-
ment of the health risks posed by the quality of the stormwater.
Where such a site specific risk assessment has been performed, alterna-
tive treatment could be adopted (e.g., lower LRV targetsmay be adopted
where microbial source tracking has found negligible sewage contami-
nation in a catchment).

8. Research gaps and conclusions

• Monitoring of FIB in stormwater may not be useful unless synergisti-
cally used with MST marker genes such as HF183, crAssphage or
Lachno3 which are able to differentiate between sources of fecal con-
tamination. This will provide additional information on the human
health risks associated with stormwater from point and non-point
sources of fecal contamination. Identifying and quantifying sources
of human sewage in stormwater is most important followed by cattle
due to the presence of a wide array of enteric viruses and zoonotic
pathogens in these sources.
• The concentration of pathogens in stormwater, outfalls and receiving
environmental waters can be high, especially in urban areas. Monitor-
ing of traditional FIB takes 24–48 h and does not provide real-time in-
formation on the quality of recreational water. This is important from
a human health perspective. Swimming area closure causes economic
losses. Therefore, it is recommended that a rapid pathogenmonitoring
toolbox and standardizedmethods need to be developed that are able
to quantify a number of reference pathogens in waterbodies with in-
creased accuracy, reliability, and less technical training under various
conditions. The toolbox can be used either in the laboratory or in the
field to provide a rapid assessment whether the stormwater from a
particular storm event presents a hazard to public health.

• Most of the stormwater quality monitoring studies focused on deter-
mining the concentrations of pathogens in urban stormwater. How-
ever, more data is required on the concentration of pathogens in
stormwater sourced from a range of land uses. While sewage dis-
charges are relatively well characterized, there remain gaps in our un-
derstanding of runoff from nonpoint sources. More studies are
required to determine the concentrations of zoonotic pathogens in
stormwater.

• Fecal contamination in stormwater is largely dependent on the land
uses and mostly include sewage, septage and various animal feces.
Therefore it is imperative to determine the sources of contamination.
This will in turn provide a basis for cost-effective remediation and in-
formation on the immediate human health risks in stormwater im-
pacted waters. Currently used FIB monitoring approaches are
inadequate due to their presence in both human and animal feces.
An MST toolbox comprised of various human and animal feces-
associatedmarker genes needs to be employedwhichwill allowman-
agers to quickly identify the relative contribution of point and non-
point sources of fecal contamination.

• The quality of stormwater in terms of microbial contaminants is
poorly understood. Microbial risk will be the dominant acute health
risks on stormwater reuse due to the risk of waterborne pathogens
(Hrudey and Hrudey, 2014). However, in some cases, chemical risks
may be the driving health concern and relationships between multi-
contaminant exposures should be explored. Few QMRA studies ad-
dressing potable and non-potable exposures to stormwater were
available. Most of the QMRA studies are based on conservative as-
sumptions. More data are required on the concentrations of patho-
gens and recovery from water samples across sites and stormwater
hydrographs. In addition, improved understanding of the influence
of catchment characteristics and baseline levels of pathogens, meteo-
rological factors, and decay of pathogens is required for accurate
QMRA estimates.

• Different types of WSUD and BMPs are able to reduce microbial con-
tamination, however, reliable information is still lacking on the per-
formance of these treatment barriers. Standardized natural
treatment validation protocol needs to be developed.Most studies de-
termined the efficacy of WSUD or BMPs on the removal of microor-
ganisms using FIB, while one or two studies investigated the LRVs of
protozoa pathogens such as Cryptosporidium spp. or Giardia spp.
Given the differences in size and characteristics of different groups
of pathogens, it is unlikely that FIB LRVs will be representative for
pathogens especially enteric viruses. Therefore, studies should focus
on determining the removal of enteric viruses and other pathogens
(i.e., bacterial and protozoans) of interest to determine the removal
rates through different types of WSUD and BMPs, simultaneously.
These data will be important for evaluating the effectiveness of
WSUD/BMPs for reducingmicrobial contaminants in the receiving en-
vironments and can support improved QMRAmodels. The evaluation
will focus not only on the performance of individual component of
WSUD/BMPs but also on a series of different types of BMPs.

• Little is known regarding the decay of pathogens in stormwater or
outfalls, and the relative differences in persistence between FIB, path-
ogens, and host-associated markers. As stormwater becomes aged,



Table 4
Percentage of log reduction values (LRVs) of FIB and pathogens through WSUD.

WSUD
approach

Study description Location
(climate)

Development setting FIB and
pathogens
(influent
concentrations)

% or Log
Reduction
Value(LRVs)

Notes and Reference

Retention
ponds

Experimental testing of retention pond to
investigate environmental mechanisms
that influence microbial removal efficiency

Edison, N.J.,
USA (humid
continental)

Experimental design
with prepared
bacterially loaded
stormwater

E. coli (approx.
5.30 log10
CFU/100 mL)

1 Highlights importance of detention time,
where concentration decreases
exponentially with time (up to 50 h
residence)
Struck et al., 2008

A wet pond monitored as part of a WSUD
(BMPs) pilot evaluation (waterfowl freq.
observed)

North
Carolina,
USA (humid
subtropical)

Residential
catchment of 48.6 ha

E. coli (3.95
log10 CFU/100
mL)

0.26 Log reduction value from geometric mean
of influent and effluent samples
Hathaway et al., 2009

Fecal coliform
(3.32 log10
CFU/100 mL)

0.52

Constructed
wetland

Constructed wetland monitored as part of
a WSUD (BMPs) pilot evaluation

North
Carolina,
USA (humid
subtropical)

Residential
catchment of 6.4 ha

E. coli (3.98
log10 CFU/100
mL)

0.18 Log reduction value from geometric mean
of influent and effluent samples
Hathaway et al., 2009

Fecal coliform
(3.38 log10
CFU/100 mL)

0.35

Secondary treated sewage flows into
duckweed pond followed (6 days HRT)
followed by subsurface flow wetland (3.8
days HRT)

Arizona
(very hot
summers
and mild
winters)

Secondary treated
sewage flows into
duckweed pond
followed by
subsurface flow wet
land

Giardia (1.14
log10 cysts/100
L)

87% subsurface flow wetland cells have a
maximum depth of 1.4 m and are 61 m
long and 8.2 m wide, planted with Typha
domingenisis, Scirpus olneyi, and Populus
fremontii, total HRT of 10 days
Thurston et al., 2001

Coliphage (2.39
log10 PFU/mL)

95%

Fecal coliforms
(3.86 log10
CFU/100 mL)

98%

Trickling filter process treated sewage
flows into surface flow wetland

Arizona
(very hot
summers
and mild
winters)

Urban sewage Adenovirus
(2.79–5.17
log10 GC/L)

b1 The wetlands ~0.03 km2 in size, consisting
of planted bulrush and cattails, 7 days HRT,
removal calculated from inflow and
outflow virus data
Rachmadi et al., 2016

Surface flow wetland, where outflow is
harvested, where it undergoes
comprehensive treatment train, then used
for non-potable uses. This study reports on
pathogen reductions from wetland inflow
to outflow

Melbourne,
Australia
(temperate)

Mixed-use catchment
of 1020 ha mostly
low-density
residential (23%
impervious)

Campylobacter
spp. (2.23–2.99
log10 MPN/L)

0.05
(−0.9–1.25)

E. coli found to poor indicator for
Campylobacter as a reference pathogen
Direct fecal deposition by waterfowl feces
was a microbial source to stormwater
wetlands, and explained variable results.
Meng et al., 2018

E. coli
(2.60–4.00
log10 MPN/L)

0.96
(0.19–1.79)

Biofilter Stormwater harvesting scheme that
supplements irrigation water to suburban
golf club

Melbourne,
Australia
(temperate)

SW collected from 17
ha residential
catchment (70%
impervious)

Campylobacter
spp. (1.00 log10
CFU/L)

0.78
(0.35–1.57)

Median values with min and max in
parentheses
Chandrasena et al., 2016

E. coli (4.79
log10 CFU/L)

1.38
(0.4–1.84)

Field-scale testing system Melbourne,
Australia
(temperate)

Treating runoff from
0.5 ha university car
park (100%
impervious)

Campylobacter
spp. (1.47 log10
CFU/L)

0.90
(−0.28–2.05)

Median values with min and max in
parentheses
Chandrasena et al., 2016

E. coli (5.30
log10 CFU/L)

1.18
(0.82–1.80)

Laboratory experimental set-up Melbourne,
Australia
(temperate)

Water taken from
nearby wetland, then
dosed with pathogen
seed cultures

Clostridium
perfringens
(3.79 log10
CFU/100 mL)

3.20 Mean values for all sampling runs.
Performance was significantly reduced for
samples taken following dry period
compared to wet periods.
Li et al., 2012E. coli (4.95

log10 CFU/100
mL)

1.30

1318 W. Ahmed et al. / Science of the Total Environment 692 (2019) 1304–1321
pathogenswill start to decay and as result, the human health riskswill
also decrease. Studies should focus on determining the decay of path-
ogens in stormwater and outfalls or recreational water contaminated
with stormwater. In-situ decay studies are preferable over laboratory
microcosm studies where it is difficult to mimic real world scenarios.

9. Conclusions

Stormwater reuse can contribute to water conservation and water
quality improvement and be a great water source to meet the ever-
increasing demand on water supplies. However, human and environ-
mental health risks associated with stormwater need to be assessed
carefully. This is due to the presence of fecal pollution and associated
pathogen in stormwater that are capable of causing illnesses in humans.
The research gaps discussed in this paper and other uncertainties asso-
ciated with the performance of stormwater treatment systems needs to
be investigated. Health risks can be assessed using a QMRA analysis,
thus facilitating decision-making and risk management efforts. This
may, in turn, increase the confidence of regulators and public health
managers for adopting stormwater practice widely.
References

Adell, A.D., McBride, G., Wuertz, S., Conrad, P.A., Smith, W.A., 2016. Comparison of human
and southern sea otter (Enhydra lutris nereis) health risks for infection with protozoa
in nearshore waters. Water Res. 104, 220–230.

Adeyemo, F.E., Kamika, I., Momba, M.N.B., 2015. Comparing the effectiveness of five low-
cost home water treatment devices for Cryptosporidium, Giardia and somatic coli-
phages removal from water sources. Desal Water Treat 56 (9), 2351–2367.

http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0005
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0005
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0005
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0010
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0010
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0010


1319W. Ahmed et al. / Science of the Total Environment 692 (2019) 1304–1321
Ahmed,W., Neller, R., Katouli, M., 2005. Evidence of septic system failure determined by a
bacterial biochemical fingerprinting method. J. Appl. Microbiol. 98 (4), 910–920.

Ahmed, W., Stewart, J., Gardner, T., Powell, D., Brooks, P., Sullivan, D., Tindale, N., 2007.
Sourcing faecal pollution: a combination of library-dependent and library-
independent methods to identify human faecal pollution in non-sewered catch-
ments. Water Res. 41 (16), 3771–3779.

Ahmed, W., Huygens, F., Goonetilleke, A., Gardner, T., 2008a. Real-time PCR detection of
pathogenic microorganisms in roof-harvested rainwater in Southeast Queensland,
Australia. Appl. Environ. Microbiol. 74 (17), 5490–5496.

Ahmed, W., Stewart, J., Powell, D., Gardner, T., 2008b. Evaluation of Bacteroides markers
for the detection of human faecal pollution. Lett. Appl. Microbiol. 46 (2), 237–242.

Ahmed, W., Sidhu, J.P.S., Toze, S., 2012. Evaluation of the nifH gene marker of
Methanobrevibacter smithii for the detection of sewage pollution in environmental
waters in Southeast Queensland, Australia. Environ. Sci. Technol. 46 (1), 543–550.

Ahmed,W., Brandes, H., Gyawali, P., Sidhu, J.P.S., Toze, S., 2014a. Opportunistic pathogens
in roof-captured rainwater samples, determined using quantitative PCR. Water Res.
53, 361–369.

Ahmed, W., Gyawali, P., Sidhu, J.P.S., Toze, S., 2014b. Relative inactivation of faecal indica-
tor bacteria and sewage markers in freshwater and seawater microcosms. Lett. Appl.
Microbiol. 59 (3), 348–354.

Ahmed,W., Hughes, B., Harwood, V.J., 2016. Current status ofmarker genes ofBacteroides and
related taxa for identifying sewage pollution in environmental waters. Water 8 (6), 231.

Ahmed,W., Lobos, A., Senkbeil, J., Peraud, J., Gallard, J., Harwood, V.J., 2018a. Evaluation of
the novel crAssphage marker for sewage pollution tracking in storm drain outfalls in
Tampa, Florida. Water Res. 131, 142–150.

Ahmed, W., Zhang, Q., Lobos, A., Senkbeil, J., Sadowsky, M.J., Harwood, V.J., Saeidi, N.,
Marinoni, O., Ishii, S., 2018b. Precipitation influences pathogenic bacteria and antibi-
otic resistance gene abundance in storm drain outfalls in coastal sub-tropical waters.
Environ. Int. 116, 308–318.

Ahmed, W., Payyappat, S., Cassidy, M., Besley, C., Power, K., 2018c. Novel crAssphage
marker genes ascertain sewage pollution in a recreational lake receiving urban
stormwater runoff. Water Res. 145, 769–778.

Ahmed, W., Hamilton, K.A., Lobos, A., Hughes, B., Staley, C., Sadowsky, M.J., Harwood, V.J.,
2018d. Quantitative microbial risk assessment of microbial source tracking markers
in recreational water contaminated with fresh untreated and secondary treated sew-
age. Environ. Int. 117, 243–249.

Ahn, J.H., Grant, S.B., Surbeck, C.Q., Digiacomom, P.M., Nezlin, N.P., Jiang, S., 2005. Coastal
water quality impact of stormwater runoff from an urbanwatershed in Southern Cal-
ifornia. Environ. Sci. Technol. 39 (16), 5940–5953.

An, Y.J., Kampbell, D.H., Breidenbach, G.P., 2002. Escherichia coli and total coliforms in
water and sediments at lake marinas. Environ. Pollut. 120 (3), 771–778.

Andersen, S.T., Erichsen, A.C., Mark, O., Albrechtsen, H.J., 2013. Effects of a 20 year rain
event: a quantitative microbial risk assessment of a case of contaminated bathing
water in Copenhagen, Denmark. J. Water Health 11 (4), 636–646.

Arnone, R.D., Walling, J.P., 2006. Evaluating Cryptosporidium and Giardia concentrations in
combined sewer overflow. J. Water Health 4 (2), 157–165.

Ashbolt, N.J., Bruno, M., 2003. Application and refinement of theWHO risk framework for
recreational waters in Sydney, Australia. J. Water Health 1 (3), 125–131.

AWQC, 2008. Pathogens in Stormwater. AustralianWater Quality Centre, Report Prepared
by P Monis for the NSW Department of Environment and Climate Change and the
Sydney Metropolitan Catchment Management Authority.

Bambic, D.G., Hildare-Hann, B.J., Rajal, V.B., Sturm, B.S.M., Minton, C.B., Schriewer, A.,
Wuertz, S., 2015. Spatial and hydrologic variation of Bacteroidales, adenovirus and en-
terovirus in a semi-arid wastewater effluent-impacted watershed. Water Res. 75,
83–94.

Bartak, R., Page, D., Sandhu, C., Grischek, T., Saini, B., Mehrotra, I., Jain, C.K., Ghosh, N.C.,
2015. Application of risk-based assessment and management to riverbank filtration
sites in India. J. Water Health 13 (1), 174–189.

Baun, A., Eriksson, E., Ledin, A., Mikkelsen, P.S., 2006. A methodology for ranking and haz-
ard identification of xenobiotic organic compounds in urban stormwater. Sci. Total
Environ. 370 (1), 29–38.

Bichai, F., Ashbolt, N., 2017. Public health andwater quality management in low-exposure
stormwater schemes: a critical review of regulatory frameworks and path forward.
Sustai. Cities Soc. 28, 453–465.

Bickford, G., Toll, J., Hansen, J., Baker, E., Keessen, R., 1999. Aquatic ecological and human
health risk assessment of chemicals in wet weather discharges in the Sydney region,
New South Wales, Australia. Mar. Pollut. Bull. 39 (1−12), 335–345.

Boehm, A.B., Van DeWerfhorst, L.C., Griffith, J.F., Holden, P.A., Jay, J.A., Shanks, O.C., Wang,
D., Weisberg, S.B., 2013. Performance of forty-onemicrobial source trackingmethods:
a twenty-seven lab evaluation study. Water Res. 47 (18), 6812–6828.

Boehm, A.B., Soller, J.A., Shanks, O.C., 2015. Human-associated fecal quantitative polymer-
ase chain reaction measurements and simulated risk of gastrointestinal illness in rec-
reational waters contaminated with raw sewage. Environ. Sci. Technol. Lett. 2 (10),
270–275.

Boehm, A.B., Graham, K.E., Jennings, W.C., 2018. Can we swim yet? Systematic review,
meta-analysis, and risk assessment of aging sewage in surface waters. Environ. Sci.
Technol. 52 (17), 9634–9645.

Bright, K.R., Sicarios-Ruelas, E.E., Gundy, P.M., Gerba, C.P., 2009. Assessment of the antivi-
ral properties of zeolite containing metal ions. Food. Environ. Virol. 1, 37–41.

Brownell, M.J., Harwood, V.J., Klurz, R.C., McQuaig, S.M., Lukasik, J., Scott, T.M., 2007. Con-
formation of putative stormwater impact on water quality at a Florida beach by mi-
crobial source tracking methods and structure of indicator organism populations.
Water Res. 41 (16), 3747–3757.

Bryan, B.A., Kandulu, J., Deere, D.A., White, M., Frizenschaf, J., Crossman, N.D., 2009. Adap-
tive management for mitigating Cryptosporidium risk in source water: a case study in
an agricultural catchment in South Australia. J. Environ. Manag. 90 (10), 3122–3134.
Cabelli, V.J., Dufour, A.P., McCabe, L.J., Levin, M.A., 1982. Swimming-associated gastroen-
teritis and water quality. Am. J. Epidemiol. 115 (4), 606–616.

Campos, C.J., Avant, J., Gustar, N., Lowther, J., Powell, A., Stockley, L., Lees, D.N., 2015. Fate
of human noroviruses in shellfish and water impacted by frequent sewage pollution
events. Environ. Sci. Technol. 49 (14) (8377–8355).

Cao, Y., Raith, M.R., Griffith, J.F., 2016. A duplex digital PCR for simultaneous quantification
of the Enterococcus spp. and the human fecal-associated HF183 marker in waters.
J. Vis. Exp. 109, 53611.

Chandrasena, G.I., Deletic, A., McCarthy, D.T., 2016. Biofiltration for stormwater harvest-
ing: comparison of Campylobacter spp. and Escherichia coli removal under normal
and challenging operational conditions. J. Hydrol. 537, 248–259.

Chong, M.N., Sidhu, J., Aryal, R., Tang, J., Gernjak, W., Escher, B., Toze, S., 2013. Urban
stormwater harvesting and reuse: a probe into the chemical, toxicology and microbi-
ological contaminants in water quality. Environ. Monit. Assess. 185 (8), 6645–6652.

Cizek, A.R., Characklis, G.W., Krometis, L.A., Hayes, J.A., Simmons, O.D., Di Lonardo, S.,
Alderisio, K.A., Sobsey, M.D., 2008. Comparing the partitioning behaviour of Giardia
and Cryptosporidium with that of indicator organisms in stormwater runoff. Water
Res. 42 (17), 4421–4438.

Clary, J., Jones, J., Urbonas, B., Quigley, M., Strecker, E., Wagner, T., 2008. Can Stormwater
BMPs Remove Bacteria? New Findings from the International Stormwater BMP Data-
base. Stormwater Magazine (May/June, 1-14).

Colford Jr., J.M., Wade, T.J., Schiff, K.C., Wright, C.C., Griffith, J.F., Sandhu, S.K., Burns, S.,
Sobsey, M., Lovelace, G., Weisberg, S.B., 2007. Water quality indicators and the risk
of illness at beaches with nonpoint sources of fecal contamination. Epidemiology
18 (1), 27–35.

Corsi, S.R., Borchardt, M.A., Spencer, S.K., Hughes, P.E., Baldwin, A.K., 2014. Human and bo-
vine viruses in the Milwaukee River watershed: hydrologically relevant representa-
tion and relations with environmental variables. Sci. Total Environ. 490, 849–860.

Davies, J.B., 1996. Water sensitive urban design progress in Perth. 23rd Hydrology and
Water Resources Symposium, 21–24 May, 1996, pp. 681–688 Hobart Tasmania.

Davies, C.M., Mitchell, V.G., Petterson, S.M., Taylor, G.D., Lewis, J., Kaucner, C., Ashbolt, N.J.,
2008. Microbial challenge-testing of treatment processes for quantifying stormwater
recycling risks and management. Wat. Sci. Technol. 57 (6), 843–847.

deMan, H., van den Berg, H., Leenen, E., Schijven, J., Schets, F., van der Vliet, J., van Knapen,
F., de Roda Husman, A., 2014. Quantitative assessment of infection risk from exposure
to waterborne pathogens in urban floodwater. Water Res. 48, 90–99.

Dingle, T.C., Sedlak, R.H., Cook, L., Jerome, K.R., 2013. Tolerance of droplet-digital PCR ver-
sus real-time quantitative PCR to inhibitory substances. Clin. Chem. 59, 1670–1672.

Dobrowsky, P.H., De Kwaadsteniet, M., Cloete, T.E., Khan, W., 2014. Ditribution of indige-
nous bacterial pathogens and potential pathogens associated with roof-harvested
rainwater. Appl. Environ. Microbiol. 80 (7), 2307–2316.

Donovan, E., Unice, K., Roberts, J.D., Harris, M., Finley, B., 2008. Risk of gastrointestinal dis-
ease associated with exposure to pathogens in the water of the lower Passaic River.
Appl. Environ. Microbiol. 74 (4), 994–1003.

EC, 2000. Directive 2000/60/EC of the European Parliament and of the council of October
23, 2000. Establishing a framework for community action in the field of water policy.
Off. J. Eur. Communities L327/1eL327/72.

Eriksson, E., Baun, A., Mikkelsen, P.S., Ledin, A., 2005. Chemical hazard identification and
assessment tool for evaluation of stormwater priority pollutants. Water Sci. Technol.
51 (2), 47–55.

Eriksson, E., Baun, A., Mikkelsen, P.S., Ledin, A., 2007. Risk assessment of xenobiotics in
stormwater discharged to Harrestrup Å, Denmark. Desalination 215 (1–3), 187–197.

Federigi, I., Verani, M., Donzelli, G., Cioni, L., Carducci, A., 2019. The application of quanti-
tative microbial risk assessment to natural recreational waters: a review. Mar. Pollut.
Bull. 144, 334–350.

Feng, S., Bootsma, M., McLellan, S.L., 2018. Human-associated Lachnospiraceae genetic
markers improve detection of fecal pollution in urban waters. Appl. Environ.
Microbiol. 84 (14), e00309–e00318.

Fewtrell, L., Kay, D., Watkins, J., Davies, C., Francis, C., 2011. The microbiology of urban UK
floodwaters and a quantitative microbial risk assessment of flooding and gastrointes-
tinal illness. J. Flood. Risk. Manage. 4 (2011), 77–87.

Field, K.G., Samadpour, M., 2007. Fecal source tracking, the indicator paradigm and man-
aging water quality. Water Res. 41 (16), 3517–3538.

Fletcher, T.D., Shuster, W., Hunt, W.F., Ashley, R., Butler, D., Arthur, S., Trowsdale, S.,
Barraud, S., Semadeni-Davies, A., Bertrand-Krajewski, J.-L., Mikkelsen, P.S., Rivard,
G., Uhl, M., Dagenais, D., Viklander, M., 2015. SUDS, LID, BMPs, WSUD and more –
the evolution and application of terminology surrounding urban drainage. Urban
Water J. 12 (7), 525–542.

Fong, T.-T., Phanikumar, M.S., Xagoraraki, I., Rose, J.B., 2010. Quantitative detection of
human adenoviruses in wastewater and combined sewer overflows influencing a
Michigan River. Appl. Environ. Microbiol. 76 (3), 715–723.

Gentry-Shields, J., Rowny, J.G., Stewart, J.R., 2012. HuBac and nifH source tracking markers
display a relationship to land use but not rainfall. Water Res. 46 (18), 6163–6174.

Goulding, R., Jayasuriya, N., Horan, E., 2012. A Bayesian network model to assess the pub-
lic health risk associated with wet weather sewer overflows discharging into water-
ways. Water Res. 46 (16), 4933–4940.

Guérineau, H., Dorner, S., Carrière, A., McQuaid, N., Sauvé, S., Aboulfadl, K., Hajj-Mohamad,
M., Prévost, M., 2014. Source tracking of leaky sewers: a novel approach combining
fecal indicators in water and sediments. Water Res. 58, 50–61.

Haas, C.N., Rose, J.B., Gerba, C.P., 2014. Quantitative Microbial Risk Assessment. Second. J.
Wiley and Sons.

Haile, R.W., Witte, J.S., Gold, M., Cressey, R., McGee, C., Millikan, R.C., Glasser, A., Harawa,
N., Ervin, C., Harmon, P., Harper, J., 1999. The health effects of swimming in ocean
water contaminated by storm drain runoff. Epidemiol 10 (4), 355–363.

Hamilton, K.A., Reyneke, B., Waso, M., Clements, T., Ndlovu, T., Khan, W., GiGiovanni, K.,
Rakestraw, E., Montalto, F., Haas, C.N., Ahmed, W., 2019. A global review of the

http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0015
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0015
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0020
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0020
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0020
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0025
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0025
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0025
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0030
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0030
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0035
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0035
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0035
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0040
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0040
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0040
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0045
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0045
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0045
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0050
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0050
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0055
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0055
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0055
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0060
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0060
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0060
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0065
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0065
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0065
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0070
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0070
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0070
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0075
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0075
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0075
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0080
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0080
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0085
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0085
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0085
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0090
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0090
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0095
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0095
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0100
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0100
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0100
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0105
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0105
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0105
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0110
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0110
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0115
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0115
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0115
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0120
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0120
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0120
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0125
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0125
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0125
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0130
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0130
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0135
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0135
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0135
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0135
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0140
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0140
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0140
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0145
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0145
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0150
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0150
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0150
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0150
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0155
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0155
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0155
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0160
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0160
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0165
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0165
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0165
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0170
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0170
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0170
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0175
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0175
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0175
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0180
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0180
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0180
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0185
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0185
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0185
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0190
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0190
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0190
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0195
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0195
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0195
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0200
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0200
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0200
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0205
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0205
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0210
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0210
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0215
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0215
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0220
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0220
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0225
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0225
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0225
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0230
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0230
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0230
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0235
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0235
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0235
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0240
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0240
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0240
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0245
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0245
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0250
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0250
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0250
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0255
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0255
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0255
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0260
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0260
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0260
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0265
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0265
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0270
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0270
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0270
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0275
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0275
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0275
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0280
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0280
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0285
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0285
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0285
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0290
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0290
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6020
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6020
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0295
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0295
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0300


1320 W. Ahmed et al. / Science of the Total Environment 692 (2019) 1304–1321
microbiological quality and potential health risks associated with roof-harvested
rainwater tanks. NPJ Clean Water 2 (7).

Harmel, R.D., Cooper, R.J., Slade, R.M., Haney, R.L., Arnold, J.G., 2006. Cumulative uncer-
tainty in measured streamflow and water quality data for small watersheds. Trans.
ASABE 49, 689–701.

Harmel, R.D., Slade Jr., R.M., Haney, R.L., 2010. Impact of sampling techniques on mea-
sured stormwater quality data for small streams. J. Environ. Qual. 39 (5), 1734–1742.

Harmel, R.D., Hathaway, J.M., Wagner, K.L., Wolfe, J.E., Karthikeyan, R., Francesconi, W.,
McCrathy, D.T., 2016. Uncertainty in monitoring E. coli concentrations in streams
and stormwater runoff. J. Hydrol. 534, 524–533.

Harris, C.S., tertuliano, M., Rajeev, S., Vellidis, G., Levy, K., 2018. Impact of storm runoff on
Salmonella and Escherichia coli prevalence in irrigation ponds of fresh produce farms
in southern Georgia. J. Appl. Microbiol. 124 (3), 910–921.

Harwood, V.J., Staley, C., Badgely, B.D., Borges, K., Korajkic, A., 2014. Microbial source
tracking markers for detection of fecal contamination in environmental waters: rela-
tionships between pathogens and human health outcomes. FEMS Microbiol. Review.
38 (1), 1–40.

Hathaway, J.M., Hunt, W.F., Jadlocki, S., 2009. Indicator bacteria removal in storm-water
best management practices in Charlotte, North Carolina. J. Environ. Engineer. 135
(12), 1275–1285.

Higgins, J., Warnken, J., Sherman, P., Teasdale, P., 2002. Survey of users and providers of
recycled water: quality concerns and directions for applied research. Water Res. 36
(20), 5045–5056.

Hijnen,W.A.M.,Willemsen-Zwaagstra, J., Hiemstra, P., Medema, G.J., van der Kooij, D., 2000.
Removal of sulfite-reducing clostridia spores by full-scalewater treatment processes as
a surrogate for protozoan (oo)cysts removal. Water Sci. Technol. 41 (7), 165–171.

Hoff, J.C., Akin, E.W., 1986. Microbial resistance to disinfectants: mechanisms and signifi-
cance. Environ. Health. Pers. 69, 7–13.

Hofstra, N., 2011. Quantifying the impact of climate change on enteric waterborne path-
ogen concentrations in surface water. Curr. Opin. Environ. Sust. 3 (6), 471–479.

Hörman, A., Rimhannen-Finne, R., Maunula, L., von Bonsdorff, C.H., Torvela, N.,
Heikinheimo, A., Hänninen, M.L., 2004. Campylobacter spp., Giardia spp., Cryptosporid-
ium spp., noroviruses, and indicator organisms in surface water in southwestern
Finland, 2000-2001. Appl. Environ. Microbiol. 70 (1), 87–95.

Horswell, J., Hewitt, J., Prosser, J., Van Schaik, A., Croucher, D., Macdonald, C., Burford, P.,
Susarla, P., Bickers, P., Speir, T., 2010. Mobility and survival of Salmonella typhimurium
and human adenovirus from spiked sewage sludge applied to soil columns. J. Appl.
Microbiol. 108 (1), 104–114.

Hrudey, S.E., Hrudey, E.J., 2014. Ensuring Safe Drinking Water: Learning from Frontline
Experience with Contamination.

Huber, M., Welker, A., Helmreich, B., 2016. Critical review of heavymetal pollution of traf-
fic area runoff: occurrence, influencing factors, and partitioning. Sci. Total Environ.
541, 895–919.

Jiang, S., 2004. Is Urban Runoff a Source of Human Pathogenic Viruses to Recreational
Beach Waters? Technical Completion Report, Project No. W-943. University of Cali-
fornia Water Resources Center.

Jiang, S., Noble, R., Chui, W.P., 2001. Human adenoviruses and coliphages in urban runoff-
impacted coastal waters of Southern California. Appl. Environ. Microbiol. 67 (1),
179–184.

Jiang, S.C., Lim, K.-Y., Huang, X., McCarthy, D., Hamilton, A.J., 2015. Human and environ-
mental health risks and benefits associated with use of urban stormwater. WIREs
Water 2 (6), 683–699.

Kay, D., Bartram, J., Prüss, A., Ashbolt, N., Dufour, A., Wyer, M., Fleisher, J., Fewtrell, L.,
Rogers, A., 2004. Derivation of numerical values for the World Health Organization
guidelines for recreational waters. Water Res. 38 (5), 1296–1304.

Krkosek, W., Reed, V., Gagnon, G.A., 2016. Assessing protozoan risks for surface drinking
water supplies in Nova Scotia, Canada. J. Water Health 14 (1), 155–166.

Krometis, L.A., Characklis, G.W., Drummery, P.N., Sobsey, M.D., 2010. Comparison of the
presence and partitioning behaviour of indicator organisms and Salmonella spp. in
an urban watershed. J. Water Health 8 (1), 44–59.

Li, Y.L., Deletic, A., Alcazar, L., Bratieres, K., Fletcher, T.D., McCarthy, D.T., 2012. Removal of
Clostridium perfringens, Escherichia coli and F-RNA coliphages by stormwater
biofilters. Ecol. Engineer. 49, 137–145.

Liao, H., Krometis, L.-A.H., Hession, W.C., Benitez, R., Sawyer, R., Schaberg, E., von
Wagoner, E., Badgely, B.D., 2015. Storm loads of culturable and molecular fecal indi-
cators in an inland urban stream. Sci. Total Environ. 530-531, 347–356.

Lim, K.-Y., Hamilton, A.J., Jiang, S.C., 2015. Assessment of public health risk associatedwith
viral contamination in harvested urban stormwater for domestic applications. Sci.
Total Environ. 523, 95–108.

Lim, K.Y., Shao, S., Peng, J., Grant, S.B., Jiang, S.C., 2017. Evaluation of the dry and wet
weather recreational health risks in a semi-enclosed marine embayment in Southern
California. Water Res. 111, 318–329.

Lloyd, S., Wong, T., Porter, B., 2002. The planning and construction of an urban
stormwater management scheme. Water Sci. Technol. 45 (7), 1–10.

Ma, Y., Egodawatta, P., McGree, J., Liu, A., Goonetilleke, A., 2016. Human health risk assess-
ment of heavy metals in urban stormwater. Sci. Total Environ. 557, 764–772.

Makepeace, D.K., Smith, D.W., Stanley, S.J., 1995. Urban stormwater quality: summary of
contaminant data. Crit. Rev. Environ. Sci. Technol. 25 (2), 93–139.

Man, S.M., 2011. The clinical importance of emerging campylobacter species. Nat. Rev.
Gastroenterol. Hepatol. 8 (12), 669–685.

Mara, D., 2011. Water-and wastewater-related disease and infection risks: what is an ap-
propriate value for the maximum tolerable additional burden of disease? J. Wat.
Health 9 (2), 217–224.

Marion, J.W., Lee, J., Lemeshow, S., Buckley, T.J., 2010. Association of gastrointestinal ill-
ness and recreational water exposure at an inland U.S. beach. Water Res. 44 (16),
4796–4804.
Marsalek, J., Rochfort, Q., 2004. Urban wet-weather flows: sources of fecal contamination
impacting on recreational waters and threatening drinking water sources. J. Toxicol.
Environ. Health. A 67 (20−22), 1765–1777.

Mauffret, A., Caparis, M.P., Gourmelon, M., 2012. Relevance of Bacteroidales and F-specific
RNA bacteriophages for efficient fecal contamination tracking at the level of a catch-
ment in France. Appl. Environ. Microbiol. 78 (15), 5143–5152.

McArdle, P., Gleeson, J., Hammond, T., Heslop, E., Holden, R., Kuczera, G., 2011. Centralised
urban stormwater harvesting for potable reuse. Water Sci. Technol. 63 (1), 16–24.

McBride, G.B., Stott, R., Miller, W., Bambic, D., Wuertz, S., 2013. Discharge-based QMRA for
estimation of public health risks from exposure to stormwater-borne pathogens in
recreational watersin the United States. Water Res. 47 (14), 5282–5297.

McCarthy, D., Mitchell, V.G., Deletic, A., 2006. Escherichia coli levels in urban stormwater.
Paper Presented to the Urban Drainage Modelling and International Water Sensitive
Urban Design Conference, Melbourne, 4–6 April 2006.

McCarthy, D.T., Deletic, A., Mitchell, V.G., Fletcher, T.D., Diaper, C., 2008. Uncertainties in
stormwater E. coli levels. Water Res. 42 (6–7), 1812–1824.

McGinnis, S., Spencer, S., Firnstahl, A., Stokdyk, J., Borchardt, M., McCarthy, D.T., Murphy,
H.M., 2018. Human Bacteroides and total coliforms as indicators of recent combined
sewer overflows and rain events in urban creeks. Sci. Total Environ. 630, 967–976.

McQuaig, S.M., Scott, T.M., Lukasik, J.O., Paul, J.H., Harwood, V.J., 2009. Quantification of
human polyomaviruses JC virus and BK virus by TaqMan quantitative PCR and com-
parison to other water quality indicators in water and fecal samples. Appl. Environ.
Microbiol. 75 (11), 3379–3388.

Meng, Z., Chandrasena, G., Henry, R., Deletic, A., Kolotelo, P., McCarthy, D., 2018.
Stormwater constructed wetlands: a source or a sink of Campylobacter spp. Water
Res. 131, 218–227.

Miller, W.A., Lewis, D.J., Pereira, M.D.G., Lennox, M., Conrad, P.A., Tate, K.W., Atwill, E.R.,
2008. Farm factors associated with reducing Cryptosporidium loading in storm runoff
from dairies. J. Environ. Qual. 37 (5), 1875–1882.

Murphy, H.M., Meng, Z., Henry, R., Deletic, A., McCarthy, D.T., 2017. Current stormwater
harvesting guidelines are inadequate for mitigating risk from campylobacter during
nonpotable reuse activities. Environ. Sci. Technol. 51 (21), 12498–12507.

NHMRC, 2008. Guidelines for Managing Risks in Recreational Waters, Canberra.
Noble, R.T., Griffith, J.F., Blackwood, D.A., Fuhrman Gregory, J.B., Hernandez, X., Liang, X.,

Bera Angie, A., Schiff, K., 2006. Multitiered approach using quantitative PCR to track
sources of fecal pollution affecting Santa Monica Bay, California. Appl. Environ.
Microbiol. 72 (2), 1604–1612.

NRMMC-EPHC-NHMRC, 2009. Australian Guidelines for Water Recycling: Stormwater
Harvesting and Reuse (Phase 2). Natural Resource Ministerial Management Council,
Environment Protection and Heritage Council and National Health and Medical Re-
search Council, Canberra.

Olds, H.T., Corsi, S.R., Dila, D.K., Halmo, K.M., Bootsma, M.J., McLellan, S.L., 2018. High
levels of sewage contamination released from urban areas after storm events: a
quantitative survey with sewage specific bacterial indicators. PLoS Med. 5 (7),
e1002614.

Paar 3rd, J., Doolittle, M.M., Varma, M., Siefring, S., Oshima, K., Haugland, R., 2015. Devel-
opment and evaluation of a culture-independent method for source determination
of fecal wastes in surface and stormwaters using reverse transcriptase-PCR detection
of FRNA coliphages genogroup gene sequences. J. Microbiol. Methods 112 (28–25).

Page, D., Barry, K., Pavelic, P., Dillon, P., Chassagne, A., 2008. Preliminary quantitative risk
assessment for the Salisbury stormwater ASTR project. National Research Flagships
Water for a Healthy Country Report.

Page, D., Dillon, P., Toze, S., Sidhu, J.P.S., 2010a. Characterising aquifer treatment for path-
ogens in managed aquifer recharge. Water Sci. Technol. 62 (9), 2009–2015.

Page, D., Dillon, P., Toze, S., Bixio, D., Genthe, B., Cisneros, B.E.J., Wintgens, T., 2010b. Val-
uing the subsurface pathogen treatment barrier in water recycling via aquifers for
drinking supplies. Water Res. 44 (6), 1841–1852.

Page, D., Dillon, P., Vanderzalm, J., Bekele, E., Barry, K., Miotlinski, K., Levett, K., 2010c.
Managed aquifer recharge case study risk assessments. Australian Government
Water for a Healthy Country Flagship Report.

Page, D., Dillon, P., Vanderzalm, J., Toze, S., Sidhu, J., Barry, K., Levette, K., Kremer, S., Regel, R.,
2010d. Risk assessment of aquifer storage transfer and recoverywith urban stormwater
for producing water of a potable quality. J. Environ. Quality 39 (6), 2029–2039.

Page, D., Gonzalez, D., Dillon, P., 2012. Microbiological risks of recycling urban stormwater
via aquifers. Water Sci. Technol. 65 (9), 1692–1695.

Page, D., Sidhu, J., Toze, S., 2014b. Microbial risk reduction of withholding periods during
public open space irrigation with recycled water. Urban Water J. 12 (7), 581–587.

Page, D., Gonzalez, D., Torkzaban, S., Toze, S., Sidhu, J., Miotlinski, K., Barry, K., Dillon, P.,
2014c. Microbiological risks of recycling urban stormwater via aquifers for various
uses in Adelaide, Australia. Environ. Earth Sci. 73 (12), 7733–7737.

Page, D., Gonzalez, D., Sidhu, J., Toze, S., Torkzaban, S., Dillon, P., 2015. Assessment of treat-
ment options of recycling urban stormwater recycling via aquifers to produce drink-
ing water quality. Urban Water J. 13 (6), 657–662.

Panasiuk, O., Hedstrom, A., Marsalek, J., Ashley, R.M., Viklander, M., 2015. Contamination
of stormwater by wastewater: a review of detection methods. J. Environ. Manag. 152,
241–250.

Parker, J.K., McIntyre, D., Noble, R.T., 2010. Characterizing fecal contamination in
stormwater runoff in coastal North Carolina, USA. Water Res. 44 (14), 4186–4194.

Paule-Mercado, M.A., Ventura, J.S., Memon, S.A., Jahng, D., Kang, J.H., Lee, C.H., 2016. Mon-
itoring and predicting the fecal indicator bacteria concentrations from agricultural,
mixed land use and urban stormwater runoff. Sci. Total Environ. 550, 1171–1181.

Payne, E.G.I., Hatt, B.E., Deletic, A., Dobbie, M.F., McCarthy, D.T., Chandrasena, G.I., 2015.
Adoption Guidelines for Stormwater Biofiltration Systems. Cooperative Research
Centre for Water Sensitive Cities, Melbourne, Australia.

Peng, J., Cao, Y., Rippy, M.A., Afrooz, A.R.M.N., Grant, S.B., 2016. Indicator and pathogen re-
moval by low impact development best management practices. Water 8 (12), 600.

http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0300
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0300
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0305
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0305
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0305
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0310
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0310
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0315
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0315
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0320
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0320
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0320
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0325
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0325
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0325
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0325
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0330
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0330
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0330
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0335
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0335
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0335
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0340
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0340
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0345
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0345
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0350
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0350
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0355
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0355
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0355
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0360
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0360
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0360
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0365
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0365
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0370
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0370
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0370
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0375
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0375
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0375
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0380
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0380
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0380
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0385
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0385
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0385
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0390
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0390
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0395
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0395
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0400
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0400
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0400
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0405
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0405
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0405
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0410
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0410
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0415
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0415
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0415
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0420
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0420
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0420
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0425
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0425
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0430
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0430
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0435
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0435
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0440
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0440
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0445
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0445
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0445
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0450
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0450
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0450
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0455
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0455
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0455
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0460
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0460
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0460
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0465
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0465
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0470
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0470
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0470
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0475
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0475
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0475
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0480
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0480
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0485
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0485
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0490
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0490
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0490
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0490
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0495
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0495
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0500
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0500
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0505
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0505
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0505
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0510
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0515
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0515
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0515
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0520
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0520
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0520
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0520
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0525
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0525
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0525
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0525
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0530
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0530
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0530
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0530
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0535
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0535
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0535
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0540
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0540
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0545
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0545
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0545
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0550
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0550
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0555
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0555
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0560
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0560
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0565
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0565
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0570
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0570
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0575
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0575
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0575
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0580
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0580
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0580
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0585
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0585
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0590
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0590
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0590
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0595
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0595
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0600
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0600


1321W. Ahmed et al. / Science of the Total Environment 692 (2019) 1304–1321
Petterson, S.R., Mitchell, V.G., Davies, C.M., O'Connor, J., Kaucner, C., Roser, D., Ashbolt, N.,
2016. Evaluation of three full-scale stormwater treatment systems with respect to
water yield, pathogen removal efficacy and human health risk from faecal pathogens.
Sci. Tot. Environ. 543 (Pt A), 691–702.

Pitt, R., 2004. Illicit Discharge Detection and Elimination: A Guidance Manual for Program
Development and Technical Assessment. Center for Watershed Protection.

Rachmadi, A.T., Kitajima, M., Pepper, I.L., Gerba, C.P., 2016. Enteric and indicator virus re-
moval by surface flow wetlands. Sci. Total Environ. 542 (Pt A), 976–982.

Rajal, V.B., McSwain, B.S., Thompson, D.E., Leutenegger, C.M., Wuertz, S., 2007. Molecular
quantitative analysis of human viruses in California stormwater. Water Res. 41 (19),
4287–4298.

Reinoso, R., Torres, L.A., Becares, E., 2008. Efficiency of natural systems for removal of bac-
teria and pathogenic parasites from wastewater. Sci. Total Environ. 395, 80–86.

Robertson, B.H., Nicholson, J.K.A., 2005. New microbiology tools for public health and
their implications. Annu. Rev. Public Health 26, 281–302.

Sales-Ortells, H., Medema, G., 2014. Screening-level microbial risk assessment of urban
water locations: a tool for prioritization. Environ. Sci. Technol. 48 (16), 9780–9789.

Sales-Ortells, H., Medema, G., 2015. Microbial health risks associated with exposure to
stormwater in a water plaza. Water Res. 74, 34–46.

Sauer, E.P., Vandewalle, J.L., Bootsma, M.J., McLellan, S.L., 2011. Detection of the human
specific Bacteroides genetic marker provides evidence of widespread sewage contam-
ination of stormwater in the urban environment. Water Res. 45 (14), 4081–4091.

Schoen, M.E., Garland, J., 2015. Review of pathogen treatment reductions for onsite non-
potable reuse of alternative source waters. Microbial Risk Analysis 5, 25–31.

Schoen, M.E., Ashbolt, N.J., 2010. Assessing pathogen risk to swimmers at non-sewage im-
pacted recreational beaches. Environ. Sci. Technol. 44 (7), 2286–2291.

Schoen, M.E., Xue, X., Hawkins, T.R., Ashbolt, N.J., 2014. Comparative human health risk
analysis of coastal community water and waste service options. Environ. Sci. Technol.
48 (16), 9728–9736.

Schoen, M.E., Ashbolt, N.J., Jahne, M.A., Garland, J., 2017. Risk-based enteric pathogen re-
duction targets for non-potable and direct potable use of roof runoff, stormwater, and
greywater. Microbial Risk Anal 5, 32–43.

Schroeder, E.D., Stallard, W.M., Thompson, D.E., Loge, F.J., Deshussess, D.E., Cox, H.H.J.,
2002. Management of Pathogens Associated with Storm Drain Discharge: Methodol-
ogy for Quantitative Molecular Determination of Viruses, Bacteria and Protozoa. Uni-
versity of California, Davis (report prepared for California Department of
Transportation).

Selvakumar, A., Borst, M., 2006. Variation of microorganism concentrations in urban
stormwater runoff with land use and seasons. J. Water Health 4, 109–124.

Sercu, B., Van DeWerfhorst, L.C., Murray, J.L.S., Holden, P.A., 2011. Sewage exfiltration as a
source of storm drain contamination during dry weather in urban watersheds. Envi-
ron. Sci. Technol. 45 (17), 7151–7157.

Shanks, O.C., Kelty, C.A., Oshiro, R., haugland, R.A., Madi, T., Brooks, L., Field, K.G.,
Sivaganesan, M., 2016. Data acceptance criteria for standardized human-associated
fecal source identification quantitative real-time PCR methods. Appl. Environ.
Microbiol. 82 (9), 2773–2782.

Sidhu, J.P.S., Hodgers, L., Ahmed, W., Chong, M.N., Toze, S., 2012a. Prevalence of human
pathogens and indicators in stormwater runoff in Brisbane, Australia. Water Res. 46
(20), 6652–6660.

Sidhu, J.P.S., Gernjak, W., Toze, S., 2012b. Health Risk Assessment of Urban Stormwater,
Urban Water Security Research Alliance Technical Report No. 102.

Sidhu, J.P.S., Ahmed, W., Gernjak, W., Aryal, R., McCarthy, D., Palmer, A., Kolotelo, P., Toze,
S., 2013. Sewage pollution in urban stormwater runoff as evident from the wide-
spread presence of multiple microbial and chemical source tracking markers. Sci.
Total Environ. 463-464, 488–496.

Sidhu, J.P.S., Toze, S., Hodgers, L., Barry, K., Page, D., Li, Y., Dillon, P., 2015. Pathogen decay
during managed aquifer recharge at four sites with different geochemical character-
istics and recharge water sources. J. Environ. Qual. 44 (5), 1402–1412.

Signor, R.S., Roser, D.J., Ashbolt, N.J., Ball, J.E., 2005. Quantifying the impact of runoff events
on microbiological contaminant concentrations entering surface drinking source wa-
ters. J. Water Health 3 (4), 453–468.

Soller, J.A., Eisenberg, J.N.S., DeGeorge, J.F., Cooper, R.C., Tchobanoglous, G., Olivieri, A.W.,
2006. A public health evaluation of recreational water impairment. J. Water Health 4
(1), 1–19.

Soller, J.A., Schoen, M.E., Bartrand, T., Ravenscroft, J.E., Ashbolt, N.J., 2010. Estimated
human health risks from exposure to recreational waters impacted by human and
non-human sources of faecal contamination. Water Res. 44 (16), 4674–4691.

Soller, J.A., Schoen, M.E., Varghese, A., Ichida, A.M., Boehm, A.B., Eftim, S., Ashbolt, N.J.,
Ravenscroft, J.E., 2014. Human health risk implications of multiple sources of faecal
indicator bacteria in a recreational waterbody. Water Res. 66, 254–264.

Soller, J., Bartrand, T., Ravenscroft, J., Molina, M., Whelan, G., Schoen, M., Ashbolt, N., 2015.
Estimated human health risks from recreational exposures to stormwater runoff con-
taining animal faecal material. Environ. Model. Soft. 72, 21–32.
Soller, J.A., Schoen, M., Steele, J.A., Griffith, J.F., Schiff, K.C., 2017. Incidence of gastrointes-
tinal illness following wet weather recreational exposures: harmonization of quanti-
tative microbial risk assessment with an epidemiologic investigation of surfers.
Water Res. 121, 280–289.

Staley, Z.R., Vogel, L., Robinson, C., Edge, T.A., 2015. Differential occurrence of Escherichia
coli and human Bacteroidales at two great lakes beaches. J. Great Lakes Res. 41 (2),
530–535.

Staley, Z.R., Grabuski, J., Sverko, E., Edge, T.A., 2016. Comparison of microbial and chemical
source tracking markers to identify fecal contamination sources in the Humber River
(Toronto, Ontario, Canada) and associated storm water outfalls. Appl. Environ.
Microbiol. 82 (21), 6357–6366.

Steele, J.A., Blackwood, A.D., Griffith, J.F., Noble, R.T., Schiff, K.C., 2018. Quantification of
pathogens and markers of fecal contamination during storm events along popular
surfing beaches in San Diego, California. Water Res. 136, 137–149.

Stenstrom, M.K., Silverman, G.S., Bursztynsky, T.A., 1984. Oil and greases in urban
stormwaters. J. Environ. Eng. 110 (1), 58–72.

Stoeckel, D.M., Harwood, V.J., 2007. Performance, design, and analysis in microbial source
tracking studies. Appl. Environ. Microbiol. 73 (8), 2405–2415.

Struck, S.D., Selvakumar, A., Borst, M., 2008. Prediction of effluent quality from retention
ponds and constructed wetlands for managing bacterial stressors in storm-water
runoff. J. Irrig Drain. Engineerr. 134 (5), 567–578.

Stumpf, C.H., Piehler, M.F., Thomson, S., Noble, R.T., 2010. Loading of fecal indicator bacte-
ria in North Carolina tidal creek headwaters: hydrographic patterns and terrestrial
runoff relationships. Water Res. 44 (16), 4704–4715.

Surbeck, C.Q., Jiang, S.C., Ahn, J.H., Grant, S.B., 2006. Flow fingerprinting fecal pollution and
suspended solids in stormwater runoff from an urban coastal watershed. Environ. Sci.
Technol. 40 (14), 4435–4441.

Taylor, J., Davies, M., Canales, M., 2013. The persistence of flood-borne pathogens on
buildingsurfaces under drying conditions. Int. J. Hyg. Environ. Health 216 (1), 91–99.

ten Veldhuis, J.A., Clemens, F.H., Sterk, G., Berends, B.R., 2010. Microbial risks associated
with exposure to pathogens in contaminated urban flood water. Water Res. 44 (9),
2910–2918.

Thurston, J.A., Gerba, C.P., Foster, K.E., Karpiscak, M.M., 2001. Fate of indicatormicroorgan-
isms, giardia and cryptosporidium in subsurface flow constructed wetlands. Water
Res. 35 (6), 1547–1551.

Toze, S., Bekele, E., Page, D., Sidhu, J., Shackleton, M., 2010. Use of static quantitative mi-
crobial risk assessment to determine pathogen risks in an unconfined carbonate aqui-
fer used for managed aquifer recharge. Water Res. 44 (4), 1038–1049.

Tseng, L.Y., Jiang, S.C., 2012. Comparison of recreational health risks associated with surf-
ing and swimming in dry weather and post-storm conditions at Southern California
beaches using quantitative microbial risk assessment (QMRA). Mar. Pollut. Bull. 64
(5), 912–918.

USEPA, 1999. Preliminary Data Summary of Urban Storm Water Best Management Prac-
tices. EPA 821-R-99-012. Office of Water, United States Environmental Protection
Agency.

USEPA, 2000. Improved Enumeration Methods for the Recreational Water Quality Indica-
tors: Enterococci and Escherichia coli. EPA/821/R-97/004. Office of Science and Tech-
nology, Washington, D.

USEPA, 2012a. Recreational Water Quality Criteria. Office of Water, U.S. Environmental
Protection Agency, Washington, DC (820-F-12-058).

USEPA, 2012b. Guidelines for Water Reuse. Office of Wastewater Management, Office of
Water National Risk Management Research Laboratory, US Agency for International
Development, Washington, DC and Cincinnati, OH (EPA/600/R-12/618).

Van DeWerfhorst, L.C., Murray, J.L.S., Reynolds, S., Reynolds, K., Holden, P.A., 2014. Canine
scent detection and microbial source tracking of human waste contamination in
storm drains. Wat Environ. Res. 86, 550–558.

Vogel, J.R., Moore, T.L., Coffman, R.R., Rodie, S.N., Hutchinson, S.L., McDonough, K.R.,
Mcmaine, J.T., 2015. Critical review of technical questions facing low impact develop-
ment and green infrastructure: a perspective from the Great Plains. Water Environ.
Res. 87 (9), 849–862.

Wade, T.J., Calderon, R.L., Sams, E., Beach, E., Brenner, K.P., Willliams, A.H., Dufour, A.P.,
2006. Rapidly measured indicators of recreational water quality are predictive of
swimming associated gastrointestinal illness. Environ. Health Pers. 114 (1), 24–28.

WHO (World Health Organization), 2003. Guidelines for safe recreational water environ-
ments. Coastal and Fresh Waters. vol. Volume 1. WHO, Geneva.

Wong, T.H.F., 2006.Water sensitive urban design - the journey thus far. Australasian Jour-
nal of Water Resources 10 (3), 213–222.

Wong, K., Fong, T.-.T., Bibby, K., Molina, M., 2012. Application of enteric viruses for fecal
pollution source tracking in environmental waters. Environ. Int. 45, 151–164.

http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0605
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0605
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0605
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0610
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0610
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6000
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6000
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0620
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0620
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0620
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0625
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0625
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0630
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0630
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0635
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0635
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0640
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0640
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0645
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0645
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0645
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0650
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0650
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6005
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6005
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0655
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0655
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0655
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0660
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0660
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0660
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0665
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0665
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0665
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0665
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0670
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0670
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0675
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0675
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0675
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0680
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0680
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0680
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0685
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0685
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0685
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0690
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0690
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0695
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0695
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0695
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6015
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6015
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf6015
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0700
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0700
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0700
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0705
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0705
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0710
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0710
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0710
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0715
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0715
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0720
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0720
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0725
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0725
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0725
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0725
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0730
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0730
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0730
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0735
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0735
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0735
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0735
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0740
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0740
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0740
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0745
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0745
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0750
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0750
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0755
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0755
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0755
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0760
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0760
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0760
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0765
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0765
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0765
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0775
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0775
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0780
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0780
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0780
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0785
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0785
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0785
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0790
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0790
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0790
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0795
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0795
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0795
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0795
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0800
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0800
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0800
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0805
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0805
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0805
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0810
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0810
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0815
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0815
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0815
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0820
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0820
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0820
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0825
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0825
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0825
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0830
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0830
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0835
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0835
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0840
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0840
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0845
http://refhub.elsevier.com/S0048-9697(19)33168-7/rf0845

	A review on microbial contaminants in stormwater runoff and outfalls: Potential health risks and mitigation strategies
	1. Introduction
	2. Fecal indicators
	3. MST marker genes in stormwater
	4. Pathogens in stormwater
	5. Health risk assessment approaches
	6. Reduction of microbial contaminants through WSUD/BMPs
	7. Stormwater treatment and risk mitigation
	8. Research gaps and conclusions
	9. Conclusions
	References


