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ABSTRACT

As decentralized water reuse continues to gain popularity, risk-based treatment guidance is increasingly
sought for the protection of public health. However, efforts to evaluate pathogen risks and log-reduction
requirements have been hindered by an incomplete understanding of pathogen occurrence and densi-
ties in locally-collected wastewaters (i.e., from decentralized collection systems). Of particular interest is
the potentially high enteric pathogen concentration in small systems with an active infected excreter,
but generally lower frequency of pathogen occurrences in smaller systems compared to those with sev-
eral hundred contributors. Such variability, coupled with low concentrations in many source streams (e.g.,
sink, shower/bath, and laundry waters), has limited direct measurement of pathogens. This study presents
an approach to modeling pathogen concentrations in variously sized greywater and combined wastewa-
ter collection systems based on epidemiological pathogen incidence rates, user population size, and fe-
cal loadings to various residential wastewater sources. Pathogen infections were modeled within vari-
ous population sizes (5-, 100-, and 1,000-person) for seven reference pathogens (viruses: adenoviruses,
Norovirus, and Rotavirus; bacteria: Campylobacter and Salmonella spp.; and protozoa: Cryptosporidium and
Giardia spp.) on each day of 10,000 possible years, accounting for intermittent infection and overlap of
infection periods within the population. Fecal contamination of fresh greywaters from bathroom sinks,
showers/baths, and laundry, as well as combined greywater and local combined wastewater (i.e., includ-
ing toilets), was modeled based on reported fecal indicators in the various sources. Simulated daily infec-
tions and models of fecal contamination were coupled with pathogen shedding characteristics to generate
distributions of pathogen densities in the various waters. The predicted frequency of pathogen occur-
rences in local wastewaters was generally low due to low infection incidence within small cohort groups,
but increased with collection scale (population size) and infection incidence rate (e.g., Norovirus). When
pathogens did occur, a decrease in concentrations from 5- to 100- and from 100- to 1,000-person sys-
tems was observed; nonetheless, overall mean concentrations (i.e., including non-occurrences) remained
the same due to the increased number of occurrences. This highlights value of the model for character-
izing scaling effects over averaging methods, which overestimate the frequency of pathogen occurrence
in small systems while underestimating concentration peaks that likely drive risk periods. Results of this
work will inform development of risk-based pathogen reduction requirements for decentralized water
reuse.
Published by Elsevier B.V.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

Introduction ater or greywater offers the practical opportunity to provide water
savings while minimizing the cost and liability of centralized in-

Limited water resources and the rising awareness of conserva- frastructure, particularly when coupled with energy recovery (Xue
tion potential has led to an increased interest in water reuse. On- et al., 2015). However, compared to municipal sewage these waters
site or local collection, treatment, and reuse of household wastew- experience large variations in quality due to lack of wastewater di-
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lution, sporadic pathogen occurrences, and variability in user be-
havior, and their pathogen content is poorly characterized (O'Toole
et al, 2014; Schoen and Garland, 2015). This has precluded the
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Table 1

Reported enteric reference pathogen measurements in greywater (GW).

Pathogen genus  Sample type

Sample size  Occurrence

Concentration range

Reference

Campylobacter Laundry Not stated Not detected Not detected Christova-Boal et al. (1996)
Cryptosporidium  Laundry Not stated Not detected  Not detected Christova-Boal et al. (1996)
Giardia Laundry Not stated Not detected Not detected Christova-Boal et al. (1996)
Norovirus Laundry 75 13% Qualitative only O'Toole et al. (2012)
Rotavirus Laundry 75 1% Qualitative only O'Toole et al. (2012)
Salmonella Laundry Not stated Not detected  Not detected Christova-Boal et al. (1996)
Campylobacter Shower/bath Not stated Not detected  Not detected Christova-Boal et al. (1996)
Cryptosporidium  Shower/bath Not stated Not detected Not detected Christova-Boal et al. (1996)
Giardia Shower/bath Not stated Not detected  Not detected Christova-Boal et al. (1996)
Norovirus Shower/bath 36 8% Qualitative only O'Toole et al. (2012)
Rotavirus Shower/bath 36 Not detected Not detected O'Toole et al. (2012)
Salmonella Shower/bath Not stated Not detected  Not detected Christova-Boal et al. (1996)
Campylobacter Bathroom sink 3 Not detected  Not detected Birks et al. (2004)
Cryptosporidium ~ Bathroom sink 3 67% 0.4-1.2 oocysts-L~! Birks et al. (2004)

Giardia Bathroom sink 3 67% 0.6-1.2 cysts.L~! Birks et al. (2004)
Salmonella Bathroom sink 3 Not detected  Not detected Birks et al. (2004)
Campylobacter Combined GW 9 Not detected  Not detected Winward et al. (2008)
Campylobacter Combined GW 8 Not detected Not detected Birks and Hills (2007)
Cryptosporidium  Combined GW 8 Not detected  Not detected Birks and Hills (2007)
Giardia Combined GW 8 63% 0.5-1.5 cysts-L ! Birks and Hills (2007)
Salmonella Combined GW 13 Not detected Not detected Winward et al. (2008)
Salmonella Combined GW 9 Not detected  Not detected Benami et al. (2015)
Salmonella Combined GW 8 13% Not stated Birks and Hills (2007)
Salmonella Combined GW Not stated Not stated 5400 CFU-100 mL~! Kim et al. (2009)

development of pathogen-based treatment standards for decen-
tralized water reuse, resulting in existing standards that specify
treatment parameters that are routine to measure yet lacking a
demonstrated relationship to pathogen risk (NSF/ANSI, 2012). In-
deed, a recent assessment of greywater reuse potential by the Na-
tional Academy of Sciences concluded that household or multi-
residential scale systems can offer cost-effective reductions in wa-
ter demand, but that expansion is hindered by lack of risk-based
reuse guidelines. Better understanding of pathogen occurrence and
fate in these systems is necessary for determination of fit-for-
purpose treatment requirements (NAS, 2016).

Attempts to measure enteric pathogens directly in greywa-
ter have been largely ineffective, often experiencing non-detects
(Benami et al., 2015; Christova-Boal et al., 1996; Winward et al.,
2008) (Table 1). To a large extent, these non-detects may occur
due to intermittent infection incidence among smaller population
sizes (e.g., single households, apartment buildings/subdivisions, or
blocks/districts as opposed to entire cities). Conversely, as the pop-
ulation size increases, wastewater dilution effects result in a more
stabilized low pathogen concentration; with the large contributing
population of municipal wastewater, Norovirus concentrations dur-
ing outbreak conditions remain comparable to those that are rou-
tinely observed (Hellmér et al., 2014; Pouillot et al., 2015). Given
quantitative limits of detection for any method, this interplay cre-
ates difficulty in measurement and interpretation of non-detect re-
sults; pathogens may indeed be present but below detection lim-
its, or present at other times not captured by the sampling cam-
paign. The few studies containing positive detections (Table 1) have
either been non-quantitative (O'Toole et al., 2012) or too limited
(system-specific or insufficiently reported) for broad applicability
(Birks et al., 2004; Birks and Hills, 2007; Kim et al., 2009).

Others have attempted to estimate pathogen content based on
the ratio of pathogens to fecal indicators in municipal wastewa-
ter (Deere et al., 2006; NRMMC-EPHC-AHMC, 2006; Maimon et al.,
2010), but poor correlations and scaling effects limit the ability
of such methods to accurately characterize onsite waters (O'Toole
et al., 2014). An alternative approach is the use of indicators to de-
termine fecal contamination of the water and epidemiological data
to estimate pathogens shed in that feces (Barker et al., 2013a; Ot-
toson and Stenstrom, 2003; Schoen et al., 2014; Fane et al.,, 2002).
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These models have often determined pathogen concentrations us-
ing the number of infections averaged over an annual (Ottoson
and Stenstrém, 2003), seasonal (Mok et al., 2014), or monthly basis
(Barker et al., 2013a). However, this simplification results in a small
number of fractional infections on each day, an impossible de-
scription of actual conditions. Implicitly, such models assume that
pathogens are always present but in low concentrations, and ne-
glect scaling effects as infections are averaged over the same popu-
lation in which dilution occurs. In order for (low) annual infection
incidence rates to be correct, the requirement of whole numbers
of infections implies that in small populations there are often days
in which no infection occurs. No models have been developed for
a comprehensive suite of fecal pathogens and source water types
while accounting for scaling effects.

The objective of this work was to simulate enteric pathogen oc-
currence and concentrations in various local wastewaters (source-
separated greywaters, combined greywater, and total domestic
wastewater) as a function of collection scale (population size). This
was accomplished by coupling literature review of fecal contami-
nation of fresh greywater from bathroom sinks, showers/baths, and
laundry, as well as of local wastewater from all sources includ-
ing toilets, with a model of infection occurrence in small popu-
lations and reported pathogen shedding characteristics (durations
and fecal densities). These results are intended to support the de-
velopment of risk-based treatment guidance for the safe reuse of
human-impacted wastewaters (Schoen et al., 2016).

Methods

Enteric pathogen densities within locally-collected wastewater
and greywater (i.e., from decentralized collection systems) were
modeled using an epidemiology-based approach (Barker et al.,
2013a; Ottoson and Stenstrém, 2003; Fane et al., 2002; Mok et al.,
2014; Barker et al., 2013b). The epidemiology-based approach con-
sisted of three separate phases: 1) estimation of fecal load in the
collected water (wet g feces per L water), determined by the ra-
tio of fecal indicator density in the water to that in human feces
(both freshly collected); 2) simulation of enteric pathogen infec-
tions in the selected population; and 3) estimation of pathogen
concentration in the water based on modeled fecal load and the
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pathogens shed in feces (#-wet g~1) during each simulated infec-
tion. Notable model assumptions and their anticipated impact on
simulation results are summarized in Supplemental Material. Note
that by modeling fecal contamination of water separately from
pathogen shedding, we did not assume that fecal indicators are
correlated to pathogen occurrence. Refer to Supplemental Mate-
rial for comparison to the conventional wastewater ratio method
(Deere et al., 2006; NRMMC-EPHC-AHMC, 2006; Maimon et al.,
2010), which does make this assumption. Also provided in Sup-
plemental Material are a simplified constant pathogen shedding
model (Barker et al., 2013a; Ottoson and Stenstrom, 2003; Mok
et al.,, 2014) and models based on alternative indicators of fecal
contamination (Ottoson and Stenstrom, 2003), as discussed below,
for comparison to our simulation.

Fecal loading

The fecal contamination of onsite/local wastewaters (wet g-L~1)
was estimated based on the ratio of previously reported fecal indi-
cator concentrations in the waters (#-L~1) to the indicator content
of raw human feces (#-wet g~1). A literature review was conducted
to identify studies reporting measurements of fecal indicators in
fresh (i.e., not stored) greywater from various household sources
(laundry, bathroom sink, and shower/bath water) as well as in do-
mestic wastewater including toilets. Studies from the United States,
Australia, Europe, and Israel within the last 25 years were consid-
ered in the analysis. To capture variability that may occur among
different collection schemes, data from single- or multi-household
systems with or without children were included. Since data for
other indicators were limited, fecal contamination estimates were
based on Escherichia coli; where E. coli data were unavailable, fecal
coliforms were substituted as a conservative surrogate. For com-
parison, models based on the available data for alternative indi-
cators (coliphages and Clostridium perfringens; Ottoson and Sten-
strom (2003)) were also developed; see Supplemental Material. E.
coli concentration in feces was represented by a PERT distribution
(Vose, 2008) following Barker et al. (2013b) (min 7.0, mode 7.4,
max 7.9 logyoCFU.L-1) (Feachem et al., 1983).

For each water source, a hierarchical model of indicator
concentrations was developed. The study results deemed most
representative of likely conditions based on methods robustness,
sample size, and data reporting were selected to form the base E.
coli concentration model. This model was constructed by fitting
a lognormal distribution to reported summary statistics (median
or mean and standard deviation); refer to Supplemental Material
for methods used to estimate lognormal parameters (Mood et al.,
1974). The lognormal distribution is typically used to represent
positive right-skewed data such as microbiological counts (Limpert
et al., 2001), and has been previously used to describe indicator
concentrations in combined greywater (Ottoson and Stenstrom,
2003). To include variability amongst studies, the mean parameter
of the lognormal distribution was also characterized based on
reported mean or median concentration from other studies and
standard deviation from the original base model. The resulting
range of fitted means was then represented as a PERT distribution
about the base model estimate, thereby generating a family of log-
normal distributions for each wastewater source. Efforts to perform
other types of meta-analysis were limited by the small number of
includable studies, which had inconsistent methods between them
and results that spanned orders of magnitude. Laundry water
was considered to be an arithmetic average of wash and rinse
cycles.

Combined greywater from bathroom sinks, showers/baths, and
laundry was simulated based on their relative water use in single-
family households as reported in the Residential End Uses of Wa-
ter Study, Version 2 (DeOreo et al., 2016). Consideration of per-

household use, rather than per-capita use, accounted for end use
that may not scale linearly with number of occupants. House-
hold use of each greywater source (gal-household—'.d=1) was rep-
resented as a lognormal distribution fitted to reported summary
statistics (Supplemental Material), as previous investigations have
shown this to describe water use characteristics well (Wilkes et al.,
2005).

Infection simulation

Reference enteric pathogens included human-infectious viruses
(adenoviruses, Norovirus, and Rotavirus), bacteria (Campylobac-
ter spp. and Salmonella enterica), and parasitic protozoa (Cryp-
tosporidium and Giardia spp.), which are anticipated to oc-
cur in household wastewaters with the potential to cause hu-
man illness (WHO, 2006a, b). The occurrence of pathogens
in greywater was simulated based on population infection in-
cidence rate (infections-person~!.year-1) and infection duration
(days-infection—!) distributions previously reported (Table 2). With
the exception of adenoviruses, incidence rates were based on the
total number of annual illnesses (2000-2008) estimated by the
U.S. Centers for Disease Control and Prevention to be caused by
each reference pathogen (Scallan et al,, 2011); the model thus ne-
glects seasonality (incidence rates are reported on an annual ba-
sis) and asymptomatic infections (illness rates were used as a sur-
rogate for infections). Adenoviruses were not included by Scallan
et al., (2011) and infection rate was based on community incidence
from Hall et al. (2011). Infection durations and shedding rates were
adopted from reviews by Ottoson and Stenstrom (2003), Gerba
(2000), Petterson et al. (2016), Schénning et al. (2007). Based on
Norovirus GI challenge studies by Atmar et al. (2008), Norovirus
shedding was modeled as a two-phase distribution with initial
high shedding during the first two weeks followed by lower shed-
ding for an extended duration.

In contrast to other studies that have averaged infection in-
cidence over time (Barker et al., 2013a; Ottoson and Stenstrom,
2003; Mok et al., 2014), which results in an unrealistic fractional
number of infections on each day, we developed a probabilis-
tic simulation of daily infections as a modified compound bino-
mial process (Gerber, 1988); comparison to a simplified constant
shedding model is provided in Supplemental Material. For each
population size considered (5-, 100-, or 1000-person), the num-
ber of new pathogen infections on each day of 10,000 possible
years was simulated based on the binomial distribution of a daily
per-person probability of new infection (annual per-person inci-
dence rate sample/365 days) and population size. The binomial
distribution models the discrete number of successes (infections)
in a given number of trials (persons in the population) based on
the probability of success in each trial (per-person incidence rate)
(Vose, 2008). In this approach we assumed that each new infection
was independent (no secondary transmission occurs within the se-
lected population) and that there was no person-to-person vari-
ability in infection susceptibility (modeled variation in incidence
rates reflects uncertainty of the estimated average within 90th per-
centile credible intervals (Scallan et al., 2011)). Each new infection
lasted for a randomly sampled duration (Table 2), and the total
number of infected individuals per day was determined by adding
together any overlapping infections. Infections persisting at the end
of one year continued into the following year. Norovirus infections
in their first two weeks were differentiated from those in extended
phases to facilitate the two-phase concentration model.

Pathogen concentrations

Daily pathogen concentrations in the various water sources (Py;
#.L-1) were estimated by random sampling of pathogen fecal den-
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Table 2
Reported distributions of pathogen densities in feces, shedding durations, and population infection incidence rates.
Pathogen genus  Parameter Units Distribution Distribution values Reference
Adenoviruses Density logjoparticles-wet g1 Triangle (min, mode, max) 8 10 12 Petterson et al. (2016)
Adenoviruses Duration days Triangle (min, mode, max) 3 7 12 Petterson et al. (2016)
Adenoviruses Incidence 104p~1.y! PERT (min, mode, max) 41 97 210 Hall et al. (2011)
Campylobacter Density log1oCFU-wet g1 Triangle (min, mode, max) 4 6 10 Petterson et al. (2016)
Campylobacter Duration days Triangle (min, mode, max) 15 34 42 Petterson et al. (2016)
Campylobacter Extreme duration? proportion of cases Triangle (min, mode, max) 0.005 0.0075 0.01 Petterson et al. (2016)
days Point estimate 60
Campylobacter Incidence 104p~—t.y! PERT (min, mode, max) 14 35 68 Scallan et al. (2011)
Cryptosporidium Density logjg00cysts-wet g1 Triangle (min, mode, max) 6 7 9 Petterson et al. (2016)
Cryptosporidium  Duration days Triangle (min, mode, max) 5 10 30 Petterson et al. (2016)
Cryptosporidium Extreme duration proportion of cases Point estimate 0.02 Petterson et al. (2016)
days Point estimate 60
Cryptosporidium  Incidence 104p~1.y! PERT (min, mode, max) 5 23 65 Scallan et al. (2011)
Giardia Density In cysts-wet g~! Normal (mean, sd) 15 1.7 Schonning et al. (2007)
Giardia Duration In days Normal (mean, sd) 4.5 0.7 Schonning et al. (2007)
Giardia Incidence 104p~1.y! PERT (min, mode, max) 27 38 50 Scallan et al. (2011)
Norovirus Density logpgc-wet g1 PERT (min, mode, max) 7.5 9.75 12 Atmar et al. (2008)
Norovirus Extended density® logogc-wet g1 PERT (min, mode, max) 3.5 6.5 7.6 Atmar et al. (2008)
Norovirus Duration days PERT (min, mode, max) 13 28 56 Atmar et al. (2008)
Norovirus Incidence 104p~1.y! PERT (min, mode, max) 428 696 1025 Scallan et al. (2011)
Rotavirus Density logjoparticles-wet g1 Triangle (min, mode, max) 8 10 12 Petterson et al. (2016)
Rotavirus Duration days Triangle (min, mode, max) 3 7 12 Petterson et al. (2016)
Rotavirus Incidence 104p~1.y! PERT (min, mode, max) 79 103 128 Scallan et al. (2011)
Salmonella Density log1oCFU-wet g~! Triangle (min, mode, max) 6 7.5 9 Petterson et al. (2016)
Salmonella Duration days Triangle (min, mode, max) 10 15 50 Petterson et al. (2016)
Salmonella Incidence 104p~—1.y! PERT (min, mode, max) 23 37 60 Scallan et al. (2011)

2 Based on evidence of extended shedding in a fraction of the population

b Atmar et al. (2008) report initial high-shedding during the first two weeks followed by extended shedding at a lower density

sity (Pp; #-wet g~ 1; refer to Table 2 for pathogen measurement ba-
sis), indicator fecal density (Ir; E. coli CFU-wet g~1), and indicator
water concentration (Iyy; E. coli CFU.L-1) distributions for each in-
fection i occurring on that day (if any) and accounting for dilution
effects by wastewater from non-infected individuals:

N

) Prilw i (P%)p) (1)

I ;
iz1 R

Py =

where N is the total number of daily infections from the infection
simulation and Pop is the population size. Norovirus concentrations
resulting from the two shedding phases were added together for
each day. Infection and pathogen concentration simulations were
performed using R 3.2.3 (R Core Team, 2015). Model stability was
confirmed by agreement of average daily pathogen infection rates
with reported averages and convergence of infection and concen-
tration results between subsequent model runs (overall averages
and quantiles by year; 5% tolerance).

Sensitivity analysis for a subset of pathogens (Campylobacter,
Cryptosporidium, and Norovirus spp.) in combined greywater was
performed using Spearman’s rank-order correlation through the
mc2d package in R (Pouillot and Delignette-Muller, 2010). Parame-
ters included pathogen fecal densities, E. coli concentrations in fe-
ces and combined greywater, and predicted distributions of total
daily infections. Analyses were conducted for each population size
(5-, 100-, or 1000-person), both for the overall pathogen concen-
tration results and for the subset of results when pathogens oc-
curred. Since each simulated infection affected multiple days in the
model, raw infection incidence rates and shedding durations could
not be correlated directly to daily greywater concentrations. An ad-
ditional analysis examined sensitivity of the combined greywater E.
coli model to individual source concentrations and household fix-
ture usages.

Results and discussion
Quality of locally-collected wastewaters

Greywater quality is inherently variable, both within and be-
tween systems, due to specific fecal contamination characteris-
tics of the water source and variation in user behavior (Jefferson
et al., 2004; Nolde, 2000). This is evident in the reviewed stud-
ies of fecal indicator concentrations (Table 3), wherein reported
standard deviations are greater in magnitude than sample means
and median values fall orders of magnitude below the mean. Given
that concentration is a zero-bounded variable, this indicates right-
skewed distributions characterized by many low values and an up-
per tail of occasional very high values. To capture such variability,
the study used lognormal distributions (Table 4) to describe over-
all distribution shapes and hierarchically nested mean concentra-
tion distributions to account for inter-study variability in reported
values, rather than relying on a single set of estimates.

Fitted models of E. coli in freshly-collected greywater and
wastewater, as well as median and 95th percentile simulated con-
centrations (n= 10,000 simulations), are shown in Table 4. Simu-
lated values are representative of the ranges seen in source studies
(Table 3), indicating that the model performed well at characteriz-
ing variation in greywater quality. Consistent with Friedler (2004),
shower/bath water was the largest source of fecal contamination;
Gerba (2000) estimates that an average of 0.14 g of feces are added
to water during bathing activity, with potentially up to 10 g added
by children. Laundry was generally low in modeled E. coli (Table 4)
but characterized by high peak concentrations, as may be antic-
ipated to occur during washing of diapers or other highly soiled
materials (Nolde, 2000); small low-end concentrations in modeled
laundry water result from consideration of non-detects (37-46%) in
the O'Toole et al. (2012) study.

Median concentration of E. coli in combined greywater (Table 4)
was slightly greater than that of individual source streams due to
the right-skewed concentration distributions. On average, the con-
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Table 3

Studies included in models of E. coli in various household water sources; units are logcCFU or logcMPN per
100 mL. Studies used for the base model are identified in bold.

Indicator  Source n Mean  SD Min Median Max  Reference

FC Laundry 2.04 3.04 Christova-Boal et al. (1996)
FC Laundry 35 6.60 Friedler (2004)

E. coli Laundry rinse 74 353 445 nja’ 0.00 5.38 O'Toole et al. (2012)
E. coli Laundry wash 75 5.04 598 nja 0.30 6.91 O'Toole et al. (2012)
FC Laundry rinse 57 1.40 Rose et al. (1991)

FC Laundry wash 57 2.10 Rose et al. (1991)

FC Shower/bath 2.23 3.52 Christova-Boal et al. (1996)
FC Shower/bath® 10 6.60 6.84 Friedler (2004)

FC Shower/[bath 19 6.60 6.93 Friedler (2004)

E. coli Shower/bath 34 1.92 2.08 Jefferson et al. (2004)
E. coli Shower/bath 34 317 3.69 Jefferson et al. (2004)
FC Shower/bath 1.00 3.00  Nolde (2000)

E. coli Shower/bath 36 3.23 3.65 nfa 21 432 O'Toole et al. (2012)
FC Shower/bath 57 3.78 Rose et al. (1991)

FC Shower/bath 8 4.65 4,78 Santos et al. (2014)
FC Bathroom sink 33 354 3.87 Friedler (2004)

E. coli Bathroom sink 34 1.00 3.94 Jefferson et al. (2004)
FC Bathroom sink 8 2.52 2.72 Santos et al. (2014)
FC Local WW 5¢ 448  5.69 6.87  Lowe (2007)

E. coli Local WW 57 6.52 704 4.00 548 791 Lowe et al. (2010)

Abbreviations: FC, fecal coliforms; SD, standard deviation; WW, wastewater

2 Not applicable; some samples below detection limits

b For studies reporting both shower and bath, italics indicate which source

¢ Literature review; number of studies considered

Table 4

Modeled E. coli concentration in wastewater from various household sources; percentiles based on 10,000
simulations. Combined greywater (GW) was modeled by relative household water use for each fixture.
Local wastewater (WW) represents mixed wastewater including toilets.

Water source

Lognormal parameters (InCFU-100mL-")

Modeled concentration (log;oCFU-L-1)

minp modep maxp o 5% 50% 95%
Laundry wash -1.70 0.69 10.08 3.61 - - -
Laundry rinse -1.90 0.00 10.08 3.20 - - -
Laundry overall - - - - -11 1.8 4.8
Shower/bath 2.65 4.87 13.43 1.88 1.8 35 5.6
Bathroom sink 1.68 518 7.54 112 2.0 32 43
Combined GW - - - - 24 3.6 53
Local WW 12.10 12.10 13.10 2.03 49 6.3 7.8

tributions of laundry, showers/baths, and sinks to overall greywa-
ter volume were 29%, 38%, and 33%, respectively, although bath-
room sink usage is overestimated by kitchen sinks and other faucet
types being included in the available data (DeOreo et al., 2016).
Comparing the different greywater sources, the combined greywa-
ter E. coli model was most sensitive to modeled shower concentra-
tion (Spearman’s p = 0.73; other sources 0.27-0.30); of the sources
considered, shower water had the highest E. coli concentrations
(Table 4) and thus the greatest influence on variability in combined
greywater quality. Water volume contributions from each fixture
did not have a meaningful impact on combined greywater qual-
ity (| p| =0.00-0.04) since relative usages were similar among the
sources.

Household wastewater E. coli was modeled based on densities
measured in influent to domestic onsite wastewater treatment and
disposal systems (i.e., septic tanks) (Lowe, 2007; Lowe et al., 2010),
and was approximately 2.5 orders of magnitude higher than in
modeled combined greywater (Table 4). This is consistent with the
World Health Organization’s guidance that greywater be consid-
ered a 100-1000 fold wastewater dilution (WHO, 2006b). In ad-
dition to greywater sources, total wastewater contains fecal load-
ing from toilets and water from kitchen sinks that can be con-
taminated during food preparation (WHO, 2006b; Casanova et al.,
2001). Concentrations in local wastewater were comparable to mu-
nicipal wastewater (6.7-8 log;oMPN-100 mL~1; Rose et al. (2004)),
but exhibited greater variability consistent with lack of wastewater

dilution effects in the locally-collected water during peak contam-
ination periods.

Since coliform bacteria have been demonstrated to grow in
greywater collection systems (Ottoson and Stenstrom, 2003; Dixon
et al., 2000; Rose et al.,, 1991), reviewed studies were limited to
those reporting fresh (not stored) greywater. Such growth is likely
differential from pathogen growth or decay, particularly for non-
bacterial pathogens that do not amplify in the environment, such
as enteric viruses, and would thus result in poor estimates of
pathogen density in the water (O'Toole et al., 2014; WHO, 2006b).
Note that E. coli was used for estimation of fecal loading to grey-
water (g feces-L~1 water), rather than as a pathogen surrogate or
indicator of pathogen presence; the occurrence and densities of
pathogens in such feces was modeled separately. This avoids in-
accuracies of the traditional pathogens-to-indicator ratio approach,
as discussed in detail by O'Toole et al. (2014), particularly since
pathogen detection has been unassociated with levels of indicator
bacteria in greywater (O'Toole et al., 2012).

Epidemiology-based model

Results of the infection simulations are summarized in Table 5.
As anticipated, infections rarely occurred in the smallest popula-
tion studied (5-person); indeed, pathogens with annual per-person
incidence rates <0.01 did not appear even during 95th percentile
years (5 persons x 0.01 per person per year=>5% annual proba-
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Table 5

Mean annual infection rates and percentiles of annual days with infections occuring (n= 10,000 years) for each population size.

5-person 100-person 1000-person
Mean rate Infection days/year Mean rate Infection days/year Mean rate Infection days/year
(10%p-ty-1) 5% 50% 95% (10%p-ty-1) 5% 50% 95% (10%p~1y-1) 5% 50% 95%
Adenoviruses 107 0 0 4 107 0 7 24 106 40 73 11
Campylobacter 33 0 0 0 36 0 0 46 37 29 98 178
Cryptosporidium 28 0 0 0 26 0 0 23 27 0 38 91
Giardia 37 0 0 0 38 0 0 193 38 87 268 365
Norovirus 686 0 0 45 711 79 164 247 706 358 365 365
Rotavirus 107 0 0 5 104 0 7 24 103 38 7 108
Salmonella 36 0 0 0 38 0 0 43 38 20 83 158
bility of occurring). The more prevalent pathogens (adenoviruses, 8 E Parcone
Norovirus, and Rotavirus) appeared within the majority of years
as the population size increased to 100-person, and in the 1000- 7 ® 100 Persons
person population all pathogens routinely occurred within a given 6 A 1000 Persons
year. Note that each infection was also simulated to persist for a P ®
sampled duration (Table 2) and that in larger populations multi- 5
ple infections were likely to overlap. Mean per-person annual in- g . .
fection rates for each population size studied were similar and = 4 Y\
agreed well with input parameters (Table 2). The ability to repro- L 3 4 A
duce reported averages while accounting for the distribution of in- * n
fections across time highlights the model’s advantage for simulat- 2 g
ing pathogen occurrence in local collection systems, for which scal- [ ] n "
ing effects are important to the understanding and management 1 I yy
of associated health risks (Fane et al,, 2002). The infrequent sim-
ulated occurrence of pathogens in small populations also justifies 9 : . J . ! ! |
their unsuccessful detection in previous studies of greywater qual- 4.\&6 c}'é 6‘0& ‘8\0 .\&(’ .\@" Q,\\"’
ity (Benami et al., 2015; Christova-Boal et al., 1996; Winward et al., & \(,0'0 & ® 0*04 o\'§ \@00
2008), supporting value of the modeling approach. v.be 6‘@ \er Ay <& =id
An important limitation of our epidemiology-based model is &4 OC\Q

the use of illness rates as a surrogate for infection; since only a
fraction of infections lead onto disease, the number of days with
infections is clearly underestimated. The actual infection rate may
be similar to upper 90th percentile credible intervals reported by
Scallan et al. (2011), which were approximately double the esti-
mated mean (Table 2). If included, secondary transmission would
also impact model results, particularly for pathogens with high
secondary spreading potential such as Norovirus. Although over-
all incidence rates would remain the same, occurrences would be
clustered as infections are spread among individuals in close prox-
imity. This would likely result in significant overlap of infections,
and thus fewer infection days yet higher concentrations on those
days. Barker et al. (2013b) modeled pathogen concentrations in
wastewater from a small population (approximately 50-100 per-
sons) during outbreak conditions, which included secondary trans-
mission, and found that they were 2-5 orders of magnitude greater
than those anticipated in municipal wastewater.

Pathogen simulation

The viral reference pathogens, which have both the greatest
infection incidence rates and concentrations in feces (Table 2),
demonstrated the highest concentrations in modeled greywater
(Table 6 and Fig. 1) and wastewater (Table 7 and Fig. 2) (mean
concentrations of approximately 5-6 and 7-8 log;o-L~1, respec-
tively); refer to Supplemental Material for all water sources. Note,
however, that virus particles detected by molecular or microscopic
techniques are not necessarily infective; these values should be
considered conservative estimates of infectious units. Results do
not account for thermal inactivation of pathogens from the use
of hot water, nor for chemical disinfection from residual chlo-
rine in supplied water and the use of antimicrobial cleaning prod-
ucts. O'Toole et al. (2012) used qualitative PCR methods to mon-
itor enteric viruses in greywater from single households (bath-

Fig. 1. Simulated pathogen concentrations when occuring in combined greywater.
Symbols represent median values; whiskers indicate 5th and 95th percentiles. Refer
to Table 2 for pathogen measurement basis.
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Fig. 2. Simulated pathogen concentrations when occuring in local wastewater from
all sources including toilets. Symbols represent median values; whiskers indicate
5th and 95th percentiles. Refer to Table 2 for pathogen measurement basis.

room sink n=36 and washing machine n=75), with detection
rates of 12% and 1% for Norovirus (genogroups GI and GII com-
bined) and Rotavirus, respectively (Table 1). These rates are some-
what higher than predicted by the 5-person model, but lower than
mid-scale (100-person). Modeled concentrations of Norovirus in lo-
cal wastewater (Table 7 and Fig. 2) were higher than estimated for
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Table 6

Simulated pathogen concentrations in combined greywater: rate of occurrence, net mean including non-occurrences, and
95th percentile when occurring. Concentrations are expressed as logyo per L; refer to Table 2 for pathogen measurement

basis.
5-person 100-person 1000-person
Occurrence Mean  95th%  Occurrence Mean  95th%  Occurrence Mean  95th%
Adenoviruses 0.1% 4.57 7.58 2.3% 4.88 6.34 20.3% 4.85 5.41
Campylobacter 0.1% 225 4.97 3.1% 2.55 3.85 27.3% 2.85 3.19
Cryptosporidium  0.1% 1.83 4.87 1.2% 1.85 3.57 11.3% 1.87 2.77
Giardia 0.6% 2.05 4.09 11.3% 2.08 3.01 69.8% 2.02 248
Norovirus 2.8% 5.82 6.82 44.8% 5.63 5.78 99.7% 5.93 5.73
Rotavirus 0.1% 4.59 7.62 2.2% 4.66 6.35 19.8% 4.82 5.41
Salmonella 0.1% 1.93 4.96 2.6% 234 3.69 23.2% 2.16 2.89
Table 7

Simulated pathogen concentrations in local wastewater from all sources including toilets: rate of occurrence, net mean in-
cluding non-occurrences, and 95th percentile when occurring. Concentrations are expressed as logyo per L; refer to Table 2

for pathogen measurement basis.

5-person 100-person 1000-person

Occurrence Mean  95th%  Occurrence Mean  95th%  Occurrence  Mean  95th%
Adenoviruses 0.1% 6.93 10.20 2.3% 6.84 8.92 20.3% 6.86 7.97
Campylobacter 0.1% 443 7.51 3.1% 4.49 6.23 27.3% 4.53 535
Cryptosporidium 0.1% 3.59 7.38 1.2% 3.72 6.07 11.3% 3.71 511
Giardia 0.6% 4.00 6.65 11.3% 4.07 5.38 69.8% 4.06 4.65
Norovirus 2.8% 7.66 9.47 44.8% 7.70 8.34 99.7% 7.70 8.21
Rotavirus 0.1% 6.93 10.12 2.2% 6.83 8.91 19.8% 6.88 7.98
Salmonella 0.1% 412 7.52 2.6% 416 6.20 23.2% 4.16 5.28

municipal wastewater (mean 3.9 logjgcopies-L~!) (Pouillot et al.,
2015), which may be attributable to greater sensitivity of detection
in fresh fecal samples of infected individuals vs. dilute municipal
wastewater. It should be noted that we used a two-phase shedding
model for Norovirus, in distinction from others based only on a sin-
gle peak in shedding (Mok et al., 2014; Barker, 2014), to more accu-
rately represent excretion patterns observed in the original feeding
trials by Atmar et al. (2008). This two-phase shedding resulted in
mean Norovirus concentrations approximately 1-2 orders of magni-
tude lower than would be predicted using only the peak shedding
rate.

Bacterial (Campylobacter and Salmonella spp.) and parasitic pro-
tozoan (Giardia and Cryptosporidium spp.) pathogens had mean
concentrations of approximately 2 logyo-L~! in combined greywa-
ter (Table 6; see Supplemental Material for individual sources) and
4 logo-L7! in local wastewater (Table 7). Bacterial concentrations
were based on reported cultivation-based measurements in hu-
man feces, which may underestimate infectious populations due
to selection bias and presence of viable but nonculturable cells
(Oliver, 2005). We identified only two studies reporting enteric
pathogen quantities in residential greywater (Table 1). Birks and
Hills (2007) measured 0.5-1.5 Giardia spp. cysts-L-! (63% detec-
tion, n =8 samples) in combined greywater from baths, showers,
and sinks in 18 university apartments, approximately 1-log order
lower than the median mid-scale (100-person) simulation of this
study. Given the high detection rate and extended shedding dura-
tion of Giardia cysts (mean 90 days; Table 2), comparable to the
study period of approximately 3 months, it is possible that these
results reflect a single infected individual. One sample was posi-
tive for S. enterica Veltereden (unquantified), but no Cryptosporid-
ium, Campylobacter, E. coli 0157: H7, or enteroviruses were de-
tected. Kim et al. (2009) reported 5400 S. enterica Typhimurium
CFU-100mL-! in greywater from 170 apartments; however, specific
water sources, sample size, and detection rates were not stated.
Modeled bacterial and protozoan pathogens in local wastewater
(Table 7 and Fig. 2) were near the upper range reported in mu-
nicipal wastewater (Campylobacter spp. 3.0-4.6 log;oCFU-L~1; Cryp-
tosporidium spp. 0.3-4.7 logqgoocysts-L~1) (Crockett, 2007; Nasser,
2015; Stampi et al., 1993).

Overall our results demonstrate the impact of system scale on
pathogen concentrations: mean concentrations remain the same
within water type (Tables 6 and 7, respectively), but the distribu-
tion of daily concentrations changes considerably with user popu-
lation scale (Figs. 1 and 2). With the exception of Norovirus, which
reached nearly constant occurrence in the 1000-person simulation
and no longer displayed scaling effects, median pathogen concen-
trations in combined greywater (when occurring) decreased by ap-
proximately one order of magnitude from 5- to 100-person pop-
ulations (range 0.8-1.3 log;o-L~!) and by 0.3-0.9 logy-L~! from
100- to 1000-person (Fig. 1); similar trends were observed in lo-
cal wastewater (Fig. 2). In smaller populations, pathogens rarely
occurred; when they did, concentrations were high from lack
of wastewater dilution by uninfected individuals. As population
size increased there was a greater probability of infection oc-
curring, but dilution effects reduced concentrations. Such effects
are evident in occurrence rates and 95th percentiles presented
in Tables 6 and 7. The ability to represent this anticipated trend
highlights the value of the distributed infection approach over av-
eraging methods, which overestimate occurrence in small pop-
ulations while underestimating concentrations. For comparison,
Barker et al. (2013a) modeled noroviruses in household greywater
by averaging monthly incidence rates over each day of the month,
estimating median concentrations of —0.3-1.9 logjgcopies-L~! (in-
cluding 25% zeros during the 3 months in which no norovirus in-
fections occurred).

Given the intermittency of pathogen infections, overall model
results (ie., greywater concentrations including both pathogen oc-
currences and non-occurrences) were most sensitive to the distri-
butions of total daily infections. However, the magnitude of these
dependencies varied by pathogen and population size. For less
frequently occurring pathogens (Campylobacter and Cryptosporid-
ium spp.) and for Norovirus in the 5- and 100-person simulations,
the number of daily infections and greywater concentrations were
highly correlated (Spearman’s p = 0.93-1.00); since the majority of
days had zero infections (Table 5), the occurrence of an infection
in these datasets had a dominant effect. Note that since such in-
fections rarely overlapped, on days when infections occurred their
total number was typically one and thus assigned an equal rank
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in the analysis. For Norovirus in the 1000-person simulation, which
reached nearly 100% occurrence (Table 5), the strength of this cor-
relation decreased (p =0.23) since the presence of an infection
was no longer a distinguishing characteristic. Rather, the relation-
ship was driven by variation in the number of overlapping infec-
tions. In the 1000-person Norovirus simulation, greywater E. coli
concentration and pathogen shedding density became more impor-
tant factors (o =0.57 and 0.59, respectively), as was the case for
all pathogens and population sizes when considering only days on
which pathogens occurred (o =0.29-0.76 and 0.15-0.80, respec-
tively). Concentrations of E. coli in greywater and of pathogens in
feces had comparable effects on variation in greywater pathogen
concentration.

Implications and future needs

The intent of the approaches developed is to support the
determination of required pathogen log-reduction values for
greywater reuse at various local scales. Since treatment goals
are based on annual acceptable risk benchmarks (eg, 10~4
infections-person~!.year~1), simulation of concentration variation
over 10,000 possible years generated a rich dataset for examin-
ing the complexities of risk management at these scales. While
daily risks may often be low, annual risks will be governed by in-
termittent high concentrations during infection events. Simulation
by year, rather than of independent days to be randomly sampled
when generating years of aggregate risk, also allows risk assessors
to represent annual risk more realistically by accounting for infec-
tions that last multiple days and the overlap of infections within a
population. Development of pathogen log-reduction requirements
for various combinations of source waters, reference pathogens,
and reuse applications based on model outputs are presented in
an accompanying article (Schoen et al.,, 2016). The resulting rec-
ommendations should be beneficial to system operators, regula-
tors, and other stakeholders seeking guidance on treatment re-
quirements for decentralized water reuse. In addition to the statis-
tics reported herein, simulation results will be made available for
download via the U.S. EPA ScienceHub for further Monte Carlo risk
analysis or other modeling efforts.

This research emphasizes the distinction of local wastewater
collections from centralized systems in terms of pathogen oc-
currence and concentration. As such, it highlights the value that
would be provided by additional data collected at these scales;
however, improved sample collection and analysis methods will be
required to increase measurement sensitivities and understanding
of infectivity. Results of this work could inform sampling strategies
and study design, e.g., power analysis (Cohen, 1992); additional de-
scriptive statistics are provided in Supplemental Material to facil-
itate such efforts. These initiatives are best directed towards viral
pathogens such as Norovirus that occur frequently in the popula-
tion and are shed at high densities, particularly given their impor-
tant clinical relevance (Ahmed et al., 2014; Hall et al., 2013). For
small scales, such as single households, it is unlikely that sampling
campaigns will capture sufficient pathogen occurrences to appro-
priately characterize these waters; such efforts may, therefore, fo-
cus on quantifying indicators of fecal contamination to support
epidemiology-based modeling as presented here. To that effect, im-
proved characterization of pathogen shedding (including their vir-
ulence and fate in water systems) and population infection dynam-
ics (e.g., latency and incubation time, heterogeneity in host inter-
action, and community transmission) as well as spatial/temporal
variability (Haas, 2015), would provide more accurate and, if de-
sired, case-specific wastewater estimates.

Data generated by the current analysis does not include
pathogen growth or decay during storage, as only fresh wastew-
aters were considered, and it does not reflect residual contami-

nation that may persist in closed-loop water reuse systems. Also,
not addressed in our work but of potential concern are the
water-based (saprozoic) pathogens that may grow post-treatment
within plumbing biofilms, such as Legionella pneumophila, Pseu-
domonas aeruginosa, Mycobacterium avium complex, and various
fungi (Ashbolt, 2015), that best management practices need to con-
trol (e.g., ASHRAE (2015)). Lastly, endotoxins generated from Gram-
negative bacteria may also be of concern (Barker et al., 2016), but
were not addressed.

Conclusion

Pathogen concentrations in locally-collected wastewaters are re-
quired for the understanding and management of human health
risks associated with decentralized water reuse. However, efforts
to measure fecal pathogens in onsite greywater have been largely
unsuccessful, given low concentrations/non-detects resulting from
the sporadic nature of infections in small populations. We propose
an epidemiology-based approach to estimate pathogen concentra-
tions that improves upon previously described methods. By char-
acterizing the variability of pathogen occurrence and density in lo-
cal wastewaters, the developed model provides insight into scal-
ing effects that occur in small greywater and wastewater collec-
tion systems, such as single households, apartment buildings, or
subdivisions, and further emphasizes their distinction from cen-
tralized municipal wastewater. In addition to differences in antic-
ipated quality between greywater and local wastewater, simula-
tion results demonstrate that pathogen occurrences in the various
wastewaters are intermittent at these collection scales, increasing
in frequency with user population size. However, when pathogens
do occur in small collection systems, concentrations are high from
lack of wastewater dilution effects. Quantitative representation of
the interplay between these trends provides a valuable tool for an-
alyzing the risks associated with reuse of onsite-collected waters.

Associated content

Datasets generated by this work are made publically available
via the US. EPA ScienceHub repository (https://catalog.data.gov/
dataset/epa-sciencehub).

Funding

This work was supported by the U.S. Environmental Protection
Agency Office of Research and Development. The views expressed
in this article are those of the authors and do not necessarily re-
flect the views or policies of the U.S. Environmental Protection
Agency. Any mention of specific products or processes does not
represent endorsement by the U.S. EPA.

Acknowledgements

The authors thank Gene Whelan, Scott Keely, and the anony-
mous peer reviewers for reviewing this work.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.mran.2016.11.001.

References

Ahmed, S.M., Hall, AJ., Robinson, A.E., Verhoef, L., Premkumar, P., Parashar, U.D.,
Koopmans, M., Lopman, B.A., 2014. Global prevalence of norovirus in cases of
gastroenteritis: a systematic review and meta-analysis. Lancet Infect. Dis. 14 (8),
725-730.


https://catalog.data.gov/dataset/epa-sciencehub
http://dx.doi.org/10.1016/j.mran.2016.11.001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0001

52 M.A. Jahne et al./Microbial Risk Analysis 5 (2017) 44-52

Ashbolt, NJ., 2015. Environmental (saprozoic) pathogens of engineered water
systems: understanding their ecology for risk assessment and management.
Pathogens 4 (2), 390-405.

ASHRAE, 2015. ANSI/ASHRAE Standard 188-2015 Legionellosis: Risk Management for
Building Water Systems, American Society of Heating. Refrigerating and Air-
Conditioning Engineers, Inc., Atlanta, GA.

Atmar, RL., Opekun, AR, Gilger, M.A., Estes, M.K., Crawford, S.E., Neill, FH., Gra-
ham, D.Y., 2008. Norwalk virus shedding after experimental human infection.
Emerging Infect. Dis. 14 (10), 1553-1557.

Barker, S.F., 2014. Risk of norovirus gastroenteritis from consumption of vegetables
irrigated with highly treated municipal wastewater-evaluation of methods to es-
timate sewage quality. Risk Anal. 34 (5), 803-817.

Barker, S., O'Toole, J., Sinclair, M., Keywood, M., Leder, K., 2016. Endotoxin health
risk associated with high pressure cleaning using reclaimed water. Microb. Risk
Anal.

Barker, S.E, O'Toole, J., Sinclair, M.I,, Leder, K., Malawaraarachchi, M., Hamilton, A].,
2013a. A probabilistic model of norovirus disease burden associated with grey-
water irrigation of home-produced lettuce in Melbourne, Australia. Water Res.
47 (3), 1421-1432.

Barker, S.F, Packer, M., Scales, PJ., Gray, S., Snape, L., Hamilton, A.J., 2013b. Pathogen
reduction requirements for direct potable reuse in Antarctica: Evaluating human
health risks in small communities. Sci. Total Environ. 461, 723-733.

Benami, M., Gillor, O., Gross, A., 2015. The question of pathogen quantification in
disinfected graywater. Sci. Total Environ. 506, 496-504.

Birks, R., Colbourne, J., Hills, S., Hobson, R., 2004. Microbiological water quality in a
large in-building, water recycling facility. Water Sci. Technol. 50 (2), 165-172.

Birks, R., Hills, S., 2007. Characterisation of indicator organisms and pathogens in
domestic greywater for recycling. Environ. Monit. Assess. 129 (1-3), 61-69.

Casanova, L.M,, Little, V., Frye, R]., Gerba, C.P,, 2001. A survey of the microbial qual-
ity of recycled household graywater. ]. Am. Water Resour. Assoc. 37, 1313-1319.

Christova-Boal, D., Eden, R.E., McFarlane, S., 1996. An investigation into greywater
reuse for urban residential properties. Desalination 106 (1-3), 391-397.

Cohen, J., 1992. Statistical power analysis. Curr. Directions Psychol. Sci. 1 (3),
98-101.

Crockett, C.S., 2007. The role of wastewater treatment in protecting water supplies
against emerging pathogens. Water Environ. Res. 221-232.

Deere, D., Krogh, M., White, P., Ferguson, C., Davison, A., Reid, H., 2006. Microbial
Quality of Grey Water. Water Futures for South East Water Ltd., Dundas, NSW.

DeOreo, W., Mayer, P, Dziegielewski, B., Kiefer, J., 2016. Residential End Uses of Wa-
ter, Version 2. Water Research Foundation, Denver, CO.

Dixon, A., Butler, D., Fewkes, A., Robinson, M., 2000. Measurement and modelling of
quality changes in stored untreated grey water. Urban Water 1 (4), 293-306.
Fane, S., Ashbolt, N., White, S., 2002. Decentralised urban water reuse: the implica-
tions of system scale for cost and pathogen risk. Water Sci. Technol. 46 (6-7),

281-288.

Feachem, R.G., Bradley, DJ., Garelick, H., Mara, D.D., 1983. Sanitation and Disease:
Health Aspects of Excreta and Wastewater Management. John Wiley and Sons,
New York.

Friedler, E., 2004. Quality of individual domestic greywater streams and its impli-
cation for on-site treatment and reuse possibilities. Environ. Technol. 25 (9),
997-1008.

Gerba, C.P,, 2000. Assessment of enteric pathogen shedding by bathers during recre-
ational activity and its impact on water quality. Quant. Microbiol. 2 (1), 55-68.

Gerber, H.U., 1988. Mathematical fun with the compound binomial process. Astin
Bull. 18 (02), 161-168.

Haas, C.N., 2015. Microbial dose response modeling: past, present, and future. Envi-
ron. Sci. Technol. 49 (3), 1245-1259.

Hall, AJ., Lopman, B.A., Payne, D.C., Patel, M.M. Gastanaduy, PA., Vinje, ],
Parashar, U.D., 2013. Norovirus disease in the United States. Emerging Infect.
Dis. 19 (8), 1198-1205.

Hall, AJ., Rosenthal, M., Gregoricus, N., Greene, S.A., Ferguson, ], Henao, O.L,
Vinje, J., Lopman, B.A., Parashar, U.D., Widdowson, M.A., 2011. Incidence of acute
gastroenteritis and role of norovirus, Georgia, USA, 2004-2005. Emerging Infect.
Dis. 17 (8), 1381-1388.

Hellmér, M., Paxéus, N. Magnius, L, Enache, L., Arnholm, B., Johansson, A.,
Bergstrom, L., Norder, H., 2014. Detection of pathogenic viruses in sewage: virus
and norovirus outbreaks provided early warnings of Hepatitis A. Appl. Environ.
Microbiol. 80 (21), 6771-6781.

Jefferson, B., Palmer, A., Jeffrey, P, Stuetz, R., Judd, S., 2004. Grey water characteri-
sation and its impact on the selectilon and operation of technologies for urban
reuse. Water Sci. Technol. 50 (2), 157-164.

Kim, J., Song, I, Oh, H., Jong, ], Park, ]., Choung, Y., 2009. A laboratory-scale gray-
water treatment system based on a membrane filtration and oxidation pro-
cess—characteristics of graywater from a residential complex. Desalination 238
(1), 347-357.

Limpert, E., Stahel, W.A., Abbt, M., 2001. Log-normal distributions across the sci-
ences: keys and clues. Bioscience 51 (5), 341-352.

Lowe, K.S., 2007. Influent constituent characteristics of the modern waste stream
from single sources: literature review. Water Intell. Online 6, 9781843397731.

Lowe, K.S. Tucholke, M.B., Tomaras, ].M., Conn, K., Hoppe, C., Drewes, J.E.,
McCray, J.E., Munakata-Marr, J., 2010. Influent constituent characteristics of
the modern waste stream from single sources. Water Intell. Online 9,
9781780403519.

Maimon, A., Tal, A., Friedler, E., Gross, A., 2010. Safe on-site reuse of greywater for
irrigation-a critical review of current guidelines. Environ. Sci. Technol. 44 (9),
3213-3220.

Mok, H.F,, Barker, S.F.,, Hamilton, AJ., 2014. A probabilistic quantitative microbial risk
assessment model of norovirus disease burden from wastewater irrigation of
vegetables in Shepparton, Australia. Water Res. 54, 347-362.

Mood, A.M., Graybill, FA., Boes, D.C., 1974. Introduction to the Theory of Statistics.
McGraw Hill, New York.

NAS, 2016. Using Graywater and Stormwater to Enhance Local Water Supplies: An
Assessment of Risks, Costs, and Benefits. National Academies of Sciences, Engi-
neering, and Medicine, Washington, D.C.

Nasser, A.M., 2015. Removal of Cryptosporidium by wastewater treatment processes:
a review. J. Water Health wh2015131.

Nolde, E., 2000. Greywater reuse systems for toilet flushing in multi-storey build-
ings-over ten years experience in Berlin. Urban Water 1 (4), 275-284.

NRMMC-EPHC-AHMC, 2006. Australian guidelines for water recycling. Managing
health and environmental risks. Phase 1. Nat. Water Qual. Manage. Strategy 21.

NSF/ANSI, 2012. NSF/ANSI 350 - 2012 Onsite Residential and Commercial Water
Reuse Treatment Systems. NSF International Standard / American National Stan-
dards Institute, Ann Arbor, Michigan.

O'Toole, ]., Sinclair, M., Barker, S.F, Leder, K., 2014. Advice to risk assessors mod-
eling viral health risk associated with household graywater. Risk Anal 34 (5),
797-802.

O'Toole, ]., Sinclair, M., Malawaraarachchi, M., Hamilton, A., Barker, S.F,, Leder, K.,
2012. Microbial quality assessment of household greywater. Water Res. 46 (13),
4301-4313.

Oliver, J.D., 2005. The viable but nonculturable state in bacteria. J. Microbiol. 43 (1),
93-100.

Ottoson, J., Stenstrom, T.A., 2003. Faecal contamination of greywater and associated
microbial risks. Water Res. 37 (3), 645-655.

Petterson, S.R., Mitchell, V.G., Davies, C.M., O’Connor, J., Kaucner, C., Roser, D., Ash-
bolt, 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. Total Environ. 543, 691-702.

Pouillot, R., Delignette-Muller, M.L., 2010. Evaluating variability and uncertainty sep-
arately in microbial quantitative risk assessment using two R packages. Int. ].
Food Microbiol. 142 (3), 330-340.

Pouillot, R., Van Doren, .M., Woods, ]., Plante, D., Smith, M., Goblick, G., Roberts, C.,
Locas, A., Hajen, W., Stobo, J., 2015. Reduction of Norovirus and male-specific
coliphage concentrations in wastewater treatment plants: a meta-analysis. Appl.
Environ. Microbiol., AEM 00509-00515.

Core Team, R, 2015. R: A Language And Environment For Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rose, J.B., Nowlin, H., Farrah, S.R., Harwood, V]., Lukasik, ]J., Pepe Menendez, P,
Scott, T.M., 2004. Reduction of Pathogens, Indicator Bacteria, And Alternative
Indicators By Wastewater Treatment And Reclamation Processes. Water Envi-
ronment Research Foundation, Alexandria, VA.

Rose, J.B., Sun, G.S., Gerba, C.P, Sinclair, N.A., 1991. Microbial quality and persistence
of enteric pathogens in graywater from various household sources. Water Res.
25 (1), 37-42.

Santos, C., Matos, C., Taveira-Pinto, F, 2014. A comparative study of greywater
from domestic and public buildings. Water Sci. Technol.-Water Supply 14 (1),
135-141.

Scallan, E., Hoekstra, R.M., Angulo, EJ., Tauxe, R\V., Widdowson, M.A., Roy, S.L,
Jones, ].L.,, Griffin, PM., 2011. Foodborne illness acquired in the united states—
major pathogens. Emerging Infect. Dis. 17 (1), 7-15.

Schoen, M.E., Ashbolt, N., Jahne, M.A., Garland, J., 2016. Risk-based enteric pathogen
reduction targets for non-potable and direct potable use of roof runoff,
stormwater, greywater, and wastewater. Microb. Risk Anal. Submitted.

Schoen, M.E., Garland, J., 2015. Review of pathogen treatment reductions for onsite
non-potable reuse of alternative source waters. Microb. Risk Anal.

Schoen, M.E., Xue, X.B., 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.

Schénning, C., Westrell, T., Stenstrom, T.A. Arnbjerg-Nielsen, K., Hasling, A.B.,
Hoibye, L., Carlsen, A., 2007. Microbial risk assessment of local handling and
use of human faeces. J. Water Health 5 (1), 117-128.

Stampi, S., Varoli, O., Zanetti, F, De Luca, G., 1993. Arcobacter cryaerophilus and
thermophilic campylobacters in a sewage treatment plant in Italy: two sec-
ondary treatments compared. Epidemiol. Infect. 110 (03), 633-639.

Vose, D., 2008. Risk Analysis: A Quantitative Guide. John Wiley & Sons.

WHO, 2006a. Guidelines for the Safe Use of Wastewater, Excreta and Greywater:
Wastewater Use In Agriculture. World Health Organization.

WHO, 2006b. Guidelines For The Safe Use Of Wastewater, Excreta And Greywater:
Excreta And Greywater Use In Agriculture. World Health Organization.

Wilkes, C.R., Mason, A.D., Hern, S.C,, 2005. Probability distributions for showering
and bathing water-use behavior for various US subpopulations. Risk Anal. 25
(2), 317-337.

Winward, G.P,, Avery, L.M., Frazer-Williams, R., Pidou, M., Jeffrey, P., Stephenson, T.,
Jefferson, B., 2008. A study of the microbial quality of grey water and an evalu-
ation of treatment technologies for reuse. Ecol. Eng. 32 (2), 187-197.

Xue, X., Schoen, M.E., Ma, X.C.,, Hawkins, T.R., Ashbolt, N.J., Cashdollar, J., Gar-
land, J., 2015. Critical insights for a sustainability framework to address inte-
grated community water services: technical metrics and approaches. Water Res.
77, 155-169.


http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0002
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0002
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0003
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0004
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0005
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0005
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0006
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0007
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0008
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0009
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0009
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0009
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0009
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0010
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0010
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0010
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0010
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0010
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0011
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0011
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0011
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0012
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0012
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0012
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0012
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0012
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0013
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0013
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0013
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0013
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0014
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0014
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0015
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0015
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0016
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0017
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0017
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0017
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0017
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0017
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0018
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0018
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0018
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0018
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0018
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0019
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0019
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0019
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0019
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0020
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0020
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0020
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0020
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0020
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0021
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0021
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0022
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0022
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0023
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0023
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0024
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0024
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0025
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0026
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0027
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0028
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0029
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0030
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0030
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0030
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0030
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0031
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0031
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0032
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0033
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0033
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0033
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0033
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0033
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0034
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0034
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0034
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0034
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0035
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0035
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0035
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0035
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0036
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0037
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0037
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0038
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0038
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0039
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0040
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0041
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0041
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0041
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0041
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0041
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0042
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0043
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0043
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0044
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0044
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0044
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0045
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0046
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0046
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0046
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0047
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0048
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0048
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0049
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0050
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0050
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0050
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0050
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0050
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0051
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0051
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0051
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0051
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0052
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0053
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0053
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0053
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0053
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0053
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0054
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0054
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0054
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0055
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0055
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0055
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0055
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0055
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0056
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0057
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0057
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0057
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0057
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0057
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0058
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0058
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0059
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0060
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0061
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0061
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0061
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0061
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0062
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063
http://refhub.elsevier.com/S2352-3522(16)30038-X/sbref0063

	Simulation of enteric pathogen concentrations in locally-collected greywater and wastewater for microbial risk assessments
	 Introduction
	 Methods
	 Fecal loading
	 Infection simulation
	 Pathogen concentrations

	 Results and discussion
	 Quality of locally-collected wastewaters
	 Epidemiology-based model
	 Pathogen simulation
	 Implications and future needs
	 Conclusion

	 Associated content
	 Funding
	 Acknowledgements
	 Supplementary materials
	 References


