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Precipitation effects on parasite, indicator bacteria, and
wastewater micropollutant loads from a water resource
recovery facility influent and effluent

Samira Tolouei, Laurene Autixier, Milad Taghipour, Jean-Baptiste Burnet,
Jane Bonsteel, Sung Vo Duy, Sébastien Sauvé, Michele Prévost
and Sarah Dorner WA

ABSTRACT

The variability of fecal microorganisms and wastewater micropollutants (WWMPS) loads in relation to
influent flow rates was evaluated for a water resource recovery facility (WRRF) in support of a
vulnerability assessment of a drinking water source. Incomplete treatment and bypass discharges
often occur following intense precipitation events that represent conditions that deviate from normal
operation. Parasites, fecal indicator bacteria, and WWMPs concentrations and flow rate were
measured at the WRRF influent and effluent during dry and wet weather periods. Influent
concentrations were measured to characterize potential bypass concentrations that occur during
wet weather. Maximum influent Giardia and C. perfringens loads and maximum effluent Escherichia
coli and C. perfringens loads were observed during wet weather. Influent median loads of
Cryptosporidium and Giardia were 6.8 log oocysts/day and 7.9 log cysts/day per 1,000 people.
Effluent median loads were 3.9 log oocysts/day and 6.3 log cysts/day per 1,000 people. High loads of
microbial contaminants can occur during WRRF bypasses following wet weather and increase with
increasing flow rates; thus, short-term infrequent events such as bypasses should be considered in
vulnerability assessments of drinking water sources in addition to the increased effluent loads during
normal operation following wet weather.
Key words | bypass discharges, Cryptosporidium, Escherichia coli, fecal indicator bacteria,
wastewater micropollutants, water resource recovery facility
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Waterborne disease outbreaks are of concern for the
health, environment, and the economy of a society (Corso
et al. 2003; Baldursson & Karanis 2011). In order to prevent
waterborne disease outbreaks, the application of a source-to-
tap multi-barrier approach for drinking water supply
systems is recommended (WHO 2011; Health Canada 2012).
Characterizing the variability of source water quality and
implementing adequate source water protection strategies
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are essential for the prevention of waterborne disease out-
breaks (Signor et al. 2005).

The variation of source water quality and contaminant
loads depend on many factors, including land use and
meteorological conditions (Charron et al. 2004; Huang
et al. 2013; Jalliffier-Verne et al. 2015). Meteorological
conditions (i.e. rainfall events or snowmelt) influence the
quality of stormwater runoff (Parker et al. 2010), sediment
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transport (Wu et al. 2009), resuspension of sewer sediments
(Passerat et al. 20m), and efficiency rates of water resource
recovery facilities (WRRFs, also known as wastewater treat-
ment plants) (Lucas et al. 2013). Heavy rainfall events are
regularly associated with peak concentrations of pathogens
in surface waters (Atherholt et al. 1998; Kistemann et al.
2002; Signor et al. 2007; Burnet et al. 2014) and they increase
the frequency of bypass discharges and combined or sani-
tary sewer overflows (CSOs and SSOs). WRRF influent
from separate sewer systems includes sewage and additional
flows through inflow (during intense storm events and snow-
melt) and infiltration (from groundwater through network
defects). Inflow/Infiltration (I/I) into sewer lines during
wet weather periods is a common cause of bypass dis-
charges from WRRFs served only by separate sewer
systems. Bypass discharges are a concern for urban areas
as they contribute to beach closures and the contamination
of drinking water supplies (EPA 2004).

Several studies have investigated the concentrations, the
loadings and removal efficiencies of pathogens, microbial
indicators, and wastewater micropollutants (WWMPs) in
different stages of WRRFs (Kistemann et al. 2008; Fu et al.
2010; Ajonina et al. 2012; Gallas-Lindemann ef al. 2013;
Burnet et al. 2014; Subedi & Kannan 2014) and CSOs
(Benotti & Brownawell 2007; Madoux-Humery et al. 2013;
Al Aukidy & Verlicchi 2017). Concentrations of WWMPs
have been shown to be approximately 1 log higher in CSO
discharges than in treated effluent discharges (Phillips
et al. 2012), although continuously discharged effluents
remain the main source of environmental contamination
of WWMPs (Madoux-Humery ef al. 2015). Studies examining
the variability of pathogens, fecal indicators, and WWMPs
loadings from a WRRF (fed by a separate sewer system)
under various operating conditions, particularly, bypass dis-
charges are rare even though they are needed for source
water protection planning and setting management priori-
ties (Signor et al. 2005). Limited attention has been paid to
the characterization of pathogen loads from bypass dis-
charges, possibly because of the difficulties in collecting
representative samples during these transient events.
Astrom et al. (2009) estimated pathogen and fecal indicator
loads from the effluent and emergency discharges of local
WRRFs as well as combined and sanitary sewer overflow
literature data for microbial

discharges using the
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concentrations and removals. To our knowledge, similar
studies have not been performed on estimating parasites,
fecal indicators, WWMPs, and total suspended solids
(TSS) loads from bypass discharges. These data are needed
to assess microbial loads from potential sources for
microbial risk analyses, particularly, wastewater treatment
performance data are not relevant when treatment does not
occur or is incomplete.

In a WRREF served by a combined sewer system, fecal
indicators and WWMP concentrations are influenced by
sewer processes such as deposition or resuspension of
sewer sediments. Sewer sediments were identified as a reser-
voir for fecal indicator bacteria (FIB), WWMPs, and TSS,
and the importance of their contribution to the loads from
CSO discharges has been evaluated (Hajj-Mohamad et al.
2014; Madoux-Humery et al. 2015). When considering the
dilution potential of inflow/infiltration during wet weather
in a WRRF fed by a separate sewer system, the concen-
trations of microorganisms in untreated wastewater were
not strongly mass limited and peak contaminant concen-
trations were observed during wet weather periods
(Tolouei et al. 2019). However, the contribution of sewer pro-
cesses as a result of inflow/infiltration following heavy
rainfall events to contaminant loadings is still unknown.
Data on the variability of contaminant loads during wet
weather periods are needed to estimate the vulnerability of
drinking water treatment plants influenced by the loads
from wastewater effluents as de facto or unplanned waste-
water reuse is common (Rice et al. 2015) and seldom
acknowledged. To the authors’ best knowledge, this is
the first study to examine the relative influence of inflow/
infiltration on parasites, FIB, WWMPs, and TSS loads into
a WRRF.

In the present study, parasites (Cryptosporidium and
Giardia), FIB (Escherichia coli (E. coli) and Clostridium
perfringens (C. perfringens)), and WWMPs (CAF, CBZ,
CBZ-20H, ACE, SUC, and ASP) were investigated as they
are usually present in WRRF discharges (Buerge et al.
2003; Kistemann et al. 2008; Fu et al. 2010; Weyrauch et al.
2010; Ajonina et al. 2012; Gallas-Lindemann et al. 2013;
Burnet et al. 2014; Subedi & Kannan 2014). The main objec-
tive of this study was to investigate the impact of variable
weather conditions on contaminants loads from a WRRF
serving a separate sewer system. The specific objectives
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were to: (1) evaluate the most important factors influencing
mass loadings from the WRRF influent and effluent; (2)
investigate the importance of sewer processes in the mass
loadings arriving at a WRRF under various flow
conditions; (3) estimate the variability of parasites (Cryptos-
poridium and Giardia), FIB (E. coli and C. perfringens),
WWMPs (CAF, CBZ, CBZ-20H, ACE, SUC, and ASP),
and TSS mass loadings from a WRREF in the case of failure,
bypass discharges, and normal operation conditions under
weather conditions ranging from trace to intense precipi-
tation; and (4) assess the excess loads from a bypass
discharge compared with that of final effluent discharges
during wet weather conditions. Although the loads esti-
mated are specific to the system under investigation, other
similar sewer systems are expected to have similar behavior
with regard to wet versus dry weather conditions. Further-
more, data on loads per capita from wastewater discharges
are needed for comparing among WRRF loads and their
impacts worldwide.

MATERIAL AND METHODS
The study site

The studied WRRF has a capacity of 518,000 m>/day and is
fed by a separate sewer system. It receives the sewage from
residential (approximately 1 million residents), industrial,
and commercial facilities in the Greater Toronto Area,
Canada (Kambeitz 2015, personal communication). The
WRREF treats raw sewage through primary, secondary treat-
ment (activated sludge processes with phosphorus removal),
and chlorine disinfection. Studies from this region (Cole
Engineering 2011) and historical data indicate that inflow/
infiltration during wet weather periods are a challenge for
local WRRFs. Raw sewage is conveyed to primary clarifiers
after preliminary treatment (screening and grit removal) by
three channels. Plant 3 treats the raw sewage from Channels
1 and 2 and Plants 1 and 2 from Channel 3 (see Supplemen-
tary Information, Figure S1, available with the online
version of this paper). We sampled Channel 2. The primary
treated effluent (with or without disinfection) from Plant 3 is
discharged into Lake Ontario when the flow rate exceeds
the treatment capacity of the plant. From 2007 to 2014,
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the studied WRREF experienced 11 bypass events mostly fol-
lowing heavy rainfall (>80% of bypass events).

Sample collection and analytical methods

WRREF influent (following preliminary screening and grit
removal) and effluent were monitored between April 2014
and September 2014. Time-proportional composite samples
from the influent (using ISCO 6712FR fiberglass and refriger-
ated portable auto-samplers in 1 L polypropylene bottles) and
grab samples from the effluent (in 10 L collapsible container
low density polyethylene bottles) were collected under various
weather conditions. Sampling was initiated based on rainfall
and flow rate thresholds. The relationship between historical
flow rates and rainfall data was determined to establish
monthly thresholds that are representative of inflow/infiltra-
tion events. Wet weather conditions were defined as 2-day
cumulative rainfall prior to sample collection >10 mm and
flow rates above the determined threshold from the historical
data analysis for each month of the year. Conditions with only
trace amounts of rainfall (<3 mm) and flow rate below the
threshold (also determined through historical data analysis)
were defined as ‘dry’ weather conditions. Four wet weather
events (one in April, two in June, and one in September) and
two trace precipitation weather events (May and September)
were monitored during the sampling campaign. The 2-day
cumulative rainfall prior to sample collection ranged from
trace amounts to 32 mm. For the four wet weather events,
return periods were below 2 years. Collected samples were
analyzed for parasites (Cryptosporidium and Giardia), FIB
(E. coli and C. perfringens), WWMPs (CAF, CBZ, CBZ-20H,
ACE, SUC, and ASP), and TSS. Detailed information
regarding sampling, analytical methods, concentrations,
prevalence rates, and recovery efficiencies are provided by
Tolouei et al. (2019).

Calculations

The contribution of sewer processes to mass loadings
arriving at a WRRF

In a WRRF served by a separate sewer system with high level
of inflow/infiltration, the total mass loadings into the WRRF
during wet weather periods (Linsww) is equal to the loadings
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during the dry weather period (Lintpw) and loadings as a
result of sewer processes (Lsp) and inflow/infiltration (Ly,;)
(Equation (1)). Sewer processes not only include net
deposition or net resuspension of particle associated con-
taminants depending on flow conditions but also include
biological activity such as inactivation, predation, and biode-
gradation. One can assume that parasites, FIB, WWMPs, and
TSS concentrations are negligible in inflow/infiltration
(Li/1 = 0) as compared with sewage, thus loads as a result
of sewer process can be calculated using Equation (2).
In this study, the mass loadings into the WRRF during
dry weather were calculated using the median values of
the observed concentrations and total flow rate at the
WRREF influent in the September dry weather event for
two reasons: (1) more data were available in this month
(n=24) and (2) flow rate data for the September dry weather
event (as compared with the May dry weather event)
were not affected by other sources of stored water, such
as infiltration, as a result of a higher water table
(Figure S2, available online). For each wet weather event,
loadings were also calculated from the median concen-
trations and total flow rates (i.e. from all channels)
observed at the WRRF influent. Finally, the contribution
of sewer processes was estimated for each wet weather
event. This calculation was not conducted for Cryptospori-
dium and Giardia due to insufficient data.

Lint-ww = Lint_pw + Lsp + Li1 1)
Lsp = Lint-ww — Lint-pw if Ly1 = 0 )
Lint pw = Cint-pw X Qint_pW ©)
Lint-ww = Cint-ww X Qint-ww (4)

where Lintpw [log-units/day]|, Lintww [log-units/day], Lsp
[log-units/day], and Ly, [log-units/day] are the contaminant’s
mass loadings from the WRRF influent under dry and wet
weather conditions from sewer processes, and from inflow/
infiltration, respectively; Cint.pw [log-units/liter] and Cineww
[log-units/liter] are the observed concentrations at the
WRRF influent under dry and wet weather conditions,
respectively; Qintpw [liter/day] and Qi.eww [liter/day] are
the total influent flow rates under dry and wet weather con-
ditions, respectively.
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Removal efficiency rates and concentrations at the
primary effluent (with disinfection)

For the sampling events under dry and wet weather con-
ditions, removal efficiencies were calculated by averaging
monitored concentrations in the influent and effluent. Con-
centrations in the primary effluent (with disinfection)
following a bypass discharge were calculated (Equation
(5)) based on the log removal values provided in Table 1
and Table S1 (available online). For the contaminants with
poor total removal efficiency rates (<70%) (i.e. CBZ, CBZ-
20H, ACE, and SUC), the primary treatment removal effi-
ciencies (with disinfection) were assumed to be negligible.

be-pass = Cinf - Rpt + Rdis (5)

Cint [log-units/liter] and Cyy.pass [log-units/liter] are the
concentrations in the influent and bypass discharges; Ry
and Ry;s are contaminant log removals by the primary treat-
ment and disinfection processes, respectively. Since the
prevalence rate of Cryptosporidium in the influent (8.6%)
and effluent (30%), as well as ASP in the effluent (0%),
was low, calculations were not performed for these
contaminants.

Mass loadings from influent, primary effluent (with
disinfection), and treated effluent

Bypasses are infrequent as they usually occur when the flow
rates are at their highest and it is difficult to predict their
occurrence for a sampling campaign. Thus, we estimated
mass loadings from the primary effluent using the observed

Table 1 | Estimated removal efficiency rates through primary treatment and disinfection

processes?
Parameters Primary treatment Disinfection
Giardia 0.3 log 0.4 log
E. coli 0.5 log 1.51og
C. perfringens 0.6 log 0.5 log
CAF 0.12 log ~0
TSS 0.7 log ~0

@Based on a reported range of removals (refer to Table S1) and observed total removal
efficiency rates.
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concentrations in the influent. The daily loads of parasites,
FIB, WWMPs, and TSS from the primary effluent (with dis-
infection) following a bypass discharge were estimated using
the median, 10th and 90th percentiles of historical data
(2008-2014) for the bypass flow rate (Qny) and duration
(Dypy) as well as estimated concentrations in the primary
effluent. Although these bypass flow rates are unique to
the WRRF and depend on the plant capacity available, the
state of the sewer network, and local hydrometeorological
factors, the approach can be generalized to other systems.
The percentiles of the historical data (d10, d50, and d90)
for the bypass flow rates were 58 ML/day, 136 ML/day,
and 240 ML/day for corresponding durations of 3h, 5h,
and 16.5 h, respectively. Contaminant loadings from pri-
mary effluents were estimated considering three scenarios
using: (a) 10th percentiles of Quy and Dyy; (b) the median
of Qpy and Dyy; and (c) 90th percentiles of Quy and Dyy.

Loadings from the influent, bypass, and effluent dis-
charges per 1,000 people were calculated using Equations
(6) to (8) and per 1,000 people basis is to compare with
other studies (Burnet et al. 2014). Two ratios were calculated
to (a) compare a bypass discharge to effluent discharge
during wet weather (F;), and (b) compare an effluent dis-
charge during dry weather with the sum of wet weather
effluents (effluent and bypass discharges, F,). The F; and
F, ratios were computed using the median and 10th and
90th percentiles.

1, 000
Lis /1,000 people = (Cips X Qinf). — 6
¢/ people = (Cint X Qint) pop (6)
1, 000
Lby-pass/L 000 people = (be-pass X Qby—pass)- S (7)
pop
1, 000
Let/1,000 people = (Cegr X Qcft)- @®)
pop
Ly pass—
F = zypasisww )
eff -WW
F Legi_pw (10)

Lby-pass—WW + Leff— \WA%%

where Lins [log-units/day], Liy.pass [log-units/day] and Leg
[log-units/day] are contaminant loads from the influent,
bypass discharge, and effluent per 1,000 people; Cins, Coypasss
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and Cy [log-units/liter] are the concentrations in the
influent, bypass, and effluent; Qint, Qby-pass, and Qe [liter/
day] are the total flow rate in the influent, bypass discharge,
and effluent; pop is the population; DW and WW refer to
dry and wet weather, respectively. For influent and primary
effluent analyses, Cryptosporidium and Giardia concen-
trations were not adjusted by the recovery rates in the
influent as recovery data were not available for each
sample, whereas their concentrations were corrected by
the recovery rates for the effluent loading analyses. The
sample sizes (illustrated boxplots in Figures 3 and 4) were
larger for the influent as compared with the effluent and
thus uncertainties with regard to effluent mass loadings
were larger.

Statistical analysis

Statistical analyses were performed using the STATISTICA
software (Version 12). Given that the majority of loads
were neither normally nor log-normally distributed, non-
parametric Mann-Whitney U tests were performed to
assess the differences between loadings under dry and wet
weather conditions. The differences and regressions were
considered to be significant at alpha = 5%. EPA’s ProUCL
software (Singh & Maichle 2013) was used to impute left-cen-
sored data (i.e. values below the limit of detection, n =4
below the limit of detection for Giardia and ASP). The vari-
ation of loadings under dry and wet weather periods were
demonstrated in boxplots in which boxes present 10th and
90th percentiles and whiskers illustrate minimum and maxi-
mum values, median (square in box), and mean (+ in box).

RESULTS AND DISCUSSION

Treatment removal efficiency rates

Variable removal efficiencies through secondary treatment
were observed (Table 2). For all monitored conditions,
removal efficiencies for Giardia ranged from 72.6% to
99.9% and in most instances (i.e. 80% of the time), it was
>97%. Removal efficiencies for E. coli and C. perfringens
varied from 99.9% to 99.99% and from 98.2% to 99.7%,
respectively. The removal efficiency of pathogens and
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Table 2 | Removal efficiencies of parasites, indicator bacteria, total suspended solids, and
wastewater micropollutants through secondary treatment

Parameters Removal efficiency rate Treatment rank

E. coli 99.9-99.99 High (>99%)
CAF 99.1-99.9

Giardia 72.6-99.9% Moderate (>90%)
C. perfringens 98.2-99.7

TSS 94.3-99.5

CBZ —48.5-2.52 Poor (<70%)
CBZ-20H —34.5-39.5

ACE -5.5-70

sucC —59.1-51.7

Giardia removal efficiencies were >97% and 80% of the time.

microbial indicators vary with plant sizes and treatment
conditions (Fu ef al. 2010). The observed removal efficiencies
for Giardia, E. coli, and C. perfringens are consistent with
published removal rates in the literature, which is unsurpris-
ing given the wide ranges of reported removal rates (Ottoson
et al. 20006; Kistemann et al. 2008; Fu et al. 2010; Kitajima
et al. 2014).

Treatment processes effectively removed both TSS and
CAF (Table 2). This observation is consistent with previous
observations showing higher removal of CAF in WRRFs
(Miao et al. 2005; Lee et al. 2011; Sim et al. 2011; Gao et al.
2012; Lee et al. 2013). In contrast, CBZ, CBZ-20H, ACE,
and SUC were not notably removed from this WRRF, and
even negative removal efficiencies were observed for these
WWMPs (Table 2). In other Canadian and non-Canadian
studies, low and even negative removal efficiencies were
similarly reported for CBZ, CBZ-20H, ACE, and SUC
(Miao & Metcalfe 2003; Miao et al. 2005; Scheurer et al.
2014; Subedi
The lower removal efficiency of CBZ concentrations

2009; Hoque et al. & Kannan 2014).
from WRRFs was explained by its poor biodegradability
(Kasprzyk-Hordern et al. 2009) and the increase of CBZ
concentration in the WRREF effluent was attributed to the
hydrolysis of carbamazepine glucuronide conjugate and
cleavage of the free parent compound (Radjenovi¢ et al.
2007). The test of biodegradability of ACE and SUC in acti-
vated sludge of a typical WRRF wunder laboratory
conditions confirmed their persistence as no degradation

was observed within 7h of incubation at 15°C (Buerge
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et al. 2009). In a fate study, SUC was identified as a resistant
compound to microbial degradation, soil sorption, hydroly-
sis, chlorination, ozonation, and UV-photolysis (Soh et al.
20tr). ACE and SUC have been suggested as ideal indicators
of wastewater contamination in groundwater and surface
waters because of their chemical properties (Buerge et al.
2009; Oppenheimer et al. 201).

Flow rate influence on concentrations

The influence of flow rate on FIB, WWMP, and TSS concen-
trations in the influent and effluent of the studied WRRF
(served by a separate sewer system) was characterized by
log concentration—log flow rate (log C - log Q) plots for all
data (wet and dry weather) (Figure 1). This type of analysis
was also used for WWMPs, hormones, and indicator bac-
teria in raw sewage and the treated effluent of WRRFs
served by combined sewer systems as well as CSOs (Phillips
et al. 2012; Madoux-Humery et al. 2015). The slope in log C -
log Q plots indicates the importance of dilution on concen-
trations, with slopes greater than —0.7 showing that
concentrations decrease at a slower rate than the increase
in flow rates. Influent flow rate data are from Channel 2.

In the influent, Giardia, E. coli, and C. perfringens con-
centrations increased significantly (p < 0.05) with the flow
rate (Figure 1). The observed patterns suggest that dilution
processes did not affect the concentrations of the fecal
microorganisms. Higher concentrations with higher flow
rates can be explained by several confounding processes:
(1) shorter travel times in the sewer network lead to
decreased microbial inactivation, (2) higher flow rates
occur at times of day that correspond to human defecation
patterns, and (3) less sedimentation occurs in the sewer net-
work and higher flow rates may also lead to sewer sediment
resuspension.

For WWMPs, the slopes of CAF, CBZ, SUC, and CBZ-
20H in log C - log Q plots were in the range of 0.4-0.44
in the influent (Figure 1 and Figure S3, available with the
online version of this paper). ACE, however, displayed a
slope of —1.1, indicating that it was strongly influenced by
dilution (including from inflow and/or infiltration). Among
the studied artificial sweeteners (ACE, SUC, and ASP),
dilution processes only affected the concentrations of
ACE. The observed behavior may, in part, be explained by
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Figure 1 | Concentrations in the influent (diamonds) and in the effluent (squares); *the regressions were significant at p < 0.05; influent flow rates are from Channel 2, which are part of the
total flow rate.
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the higher solubility of ACE as compared with the other arti-
ficial sweeteners studied (SRC 2015). A clear and significant
trend was not observed for ASP (Figure S3).

For TSS, the slope (—0.6) in log C - log Q plot remained
above —0.7 in the influent, reflecting the contribution of the
non-wastewater sources to its loads and reducing the effect
of dilution (Phillips et al. 2012; Madoux-Humery et al.
2015). TSS in sewer lines may originate from wastewater,
sewer deposit resuspension, and to a lesser extent, inflow.
Solids are deposited in the sewer system during low flows
and are mobilized by high flows, which also enhance the
transport of particulate compounds (Phillips ef al. 2012).

In contrast to increasing influent concentrations with
flow rate in this study of a separated sewer system, a
decrease of hormones, WWMPs, and FIB concentrations
with increasing flow rates was reported in combined sewer
systems (Phillips et al. 2012; Madoux-Humery et al. 2015).
Although inflow/infiltration causes the flow rate to increase
in the influent of a WRREF served by separate sewer systems,
combined sewer systems have more potential for dilution.
Thus, the dilution of raw sewage could be a more important
factor in controlling contaminant concentrations and loads
in WRREF influents fed by combined sewer systems and con-
centrations and loads from separate sewer systems are more
strongly influenced by human defecation patterns.

In the effluent, the concentration of Giardia cysts
was inversely related to flow rate (Figure 1). Giardia cysts

are environmentally resistant to degradation; Giardia
die-off rates in water and sediment are reported to be
0.029 log;o day ! and 0.37 logyo day ! (Karim et al. 2004).
Thus, it seems that the concentration of Giardia was princi-
pally influenced by dilution in the WRRF effluent or that
treatment efficiency of Giardia was not greatly influenced
by higher flow rates. In contrast, the concentrations of
E. coli and C. perfringens in effluents increased with flow
rate, suggesting that reduced treatment efficiency was
more important than dilution. This trend was previously
reported for both E. coli and enterococci in Parisian
WRRFs that showed decreased treatment efficiency as a
result of the decrease of hydraulic retention times during
wet weather periods (Lucas ef al. 2013).

For WWMPs, the slope of the log C - log Q plots for
CAF, CBZ, CBZ-20H, ACE, and SUC ranged from —2.3
to —0.03 in the effluent (Figure 1 and Figure S3), but the
regression was only significant for ACE. Dilution appears
to influence the concentration of ACE in the effluent as a
result of its higher solubility (587,500 mg/L at 25 °C)
(SRC 2015).

Source contribution for the contaminant loads into a
WRRF

The relative contribution of sewer processes varied among
contaminants and events (Figure 2). Depending on flow
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Figure 2 | Relative contribution of the sewer process load to loads of indicator bacteria, wastewater micropollutants, and total suspended solids during four wet weather events. E. coli,

TSS, and ASP data were not available for the April wet weather event.
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Figure 3 | Observed Giardia, E. coli, C. perfringens, and TSS mass loadings from the influent and effluent, and estimated mass loadings from bypass discharges. Boxplots represent the
10th and 90th percentiles, median values (), mean (+), and whiskers (minimum and maximum values) by-a-ww: 10th percentile bypasses (Qny = 58 ML/day and Dy = 3 h); by-
b-ww: 50th percentile bypasses (Qpy = 136 ML/day and Dyy = 5 h); by-c-ww: 90th percentile bypasses (Qpy = 240 ML/day and Dy, = 16.5 h), respectively. Obs. is the observed
bypasses through historical data; * indicates a significant difference (p < 0.05) between wet and dry weather conditions.

rates, sewer process contribution to E. coli, C. perfringens,
and TSS loads from the influent varied from 10% to 49%,
from 21% to 83%, and from 15% to 24%, respectively. A
recent study by Madoux-Humery et al. (2015) demonstrated
that sediment resuspension contributed to FIB and TSS
loads measured in CSOs. The contribution of sewer deposit
resuspension ranged from 10% to 70% for E. coli loads, from
40% to 80% for enterococci loads, and from 26% to 82% to
total suspended solids loads from CSO discharges (Chebbo
et al. 2001; Gasperi et al. 2010; Passerat et al. 2011). The con-
tribution of sewer deposit resuspension depends on
pollutant type, sewershed type and configuration, rain inten-
sity, and antecedent dry weather period. It has been
demonstrated that the contribution of sewer deposit resus-
pension to the TSS load from CSOs varied significantly
among rain events (10-70% for low-intensity events) and
were higher for the high intensity events (>60%) (Gasperi
et al. 2010). In this study of a sewershed with separate
storm and sanitary sewers, the effects of sewer sediment
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resuspension were less pronounced than in combined
sewers likely as a result of lower variability of wet weather
flows and a closer association between higher flow rates
and human excretion patterns. Increased loads with a
higher flow in this study are also the result of less deposition
during higher flows and shorter travel times leading to less
biodegradation within the sewer network.

In the case of WWMPs, the contribution of sewer pro-
cesses was observed for CBZ, SUC, and ASP (Figure 2).
The contribution of sewer processes to loads of CBZ
under the wet weather condition was higher than that of
CAPF. This can be explained, at least in part, by lower biode-
gradability of CBZ in comparison to readily biodegradable
CAF (Tran et al. 2018). Sewer sediments are known to act
as a reservoir for CBZ in combined sewer systems
(Madoux-Humery et al. 2015). Hajj-Mohamad et al. (2017)
further showed that the sorption coefficient (log Rgapp) of
native suspended and settled sediments from a combined
sewer system were higher for CAF (0.3 +0.2 L/kg and
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Figure 4 | Observed WWMPs mass loadings from the influent and effluent and estimated mass loadings from bypass discharges. Boxplots represent the 10th and 90th percentiles, median
values (), mean (+), and whiskers (minimum and maximum values) by-a-ww: 10th percentile bypasses (Qp, = 58 ML/day and Dy, = 3 h); by-b-ww: 50th percentile bypasses
(Quy = 136 ML/day and Dy,y = 5 h); by-c-ww: 90th percentile bypasses (Qpy = 240 ML/day and Dy, = 16.5 ), respectively. Obs. is the observed bypasses through historical data;
* indicates a significant difference (p < 0.05) between wet and dry weather conditions.

0.0 + 0.1 L/kg, respectively) than for CBZ (0.1 = 0.1 L/kg
and —0.1 + 0.1 L/kg, respectively), whereas desorption con-
stants of CAF were lower than those of CBZ. Among the
studied artificial sweeteners, the contribution of sewer pro-
cesses to the loadings of ACE was limited (negative bars in
Figure 2). This can be relatively explained by higher dilution
of ACE as a result of its higher solubility following higher
flow conditions. Compared with ACE and SUC, the contri-
bution of sewer processes was higher for ASP, as the latter
has relatively lower water solubility (10,000 mg/L) and
higher log K,,, (0.07). Subedi & Kannan (2014) detected
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ASP in 92% of influent suspended particles. In their study,
the fraction of total ASP sorbed to suspended particulate
matter was 50.4% and was higher than that of ACE and
SUC. Their sorption coefficient was based on the concen-
trations measured in influent (ng/L) and suspended
particulate matter (ng/kg dw) and reported to be 289, 5.1,
and 4,540 L/kg for ACE, SUC, and ASP, respectively.

The flow rate of the WRRF depends on human activities
and inflow/infiltration (as a result of precipitation, snow-
melt, and groundwater table depths). It usually increases
during the day before decreasing at night (Briere 2012) and
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during the spring (following the snow melt period,
Figure S2). Interestingly, for the majority of the microbial
indicators and WWMPs studied, higher contributions of
sewer processes were estimated for the Evl and Ev3
(events that occurred in spring and daytime, respectively).
This could be partly related to higher fecal loads associated
with the higher flows (from human defecation patterns) in
addition to more resuspension of sewer sediments, less
degradation, and less deposition with higher flows.

Mass loadings variability

Mass loadings from a WRRF depend on the population
size, water usage and flow rate patterns, type of treatment,
and weather conditions. Here, we determined mass load-
ings during normal operation conditions of the WRRF as
well as in the case of failure and bypass discharge during
various weather conditions. Daily loads of pathogenic para-
sites, FIB, WWMPs, and TSS from the influent and effluent
as well as estimated daily loads from the primary effluent
following scenarios of bypass discharge duration and flow
rate (by-a (10th percentile bypass), by-b (median bypass),
by-c (90th percentile bypass)) are illustrated in Figures 3
and 4. The impact of WRRFs on receiving waters could
possibly be from the treated effluent and bypass discharges
during wet weather conditions; thus, contaminant loads
from bypasses were quantified to estimate the extra
imposed load from WRRFs into receiving waters during
wet weather periods compared with the normal operation
condition.

Influent mass loadings under dry and wet weather
conditions (representing incomplete treatment)

All meteorological conditions considered, influent median
loads per 1,000 people were 6.8 log oocysts/day, 7.9 log
cysts/day, 13.2log CFU E. coli/day, and 11.4log CFU
C. perfringens/day. The median load of Giardia was signifi-
cantly higher during the dry weather events monitored and
E. coli during wet weather events (p < 0.05 in Mann-Whit-
ney U test). However, the maximum loads of Giardia and
C. perfringens (8.9log cysts/day per 1,000 people and
12.5 log CFU/day per 1,000 people) were observed during
the wet weather period (Figure 3).
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Overall, the median loads of WWMPs per 1,000 people
were 4.6 log mg CAF/day, 2.1 log mg CBZ/day, 2.6 log mg
CBZ-20H/day, 3.9 log mg ACE/day, 3.9 log mg SUC/day,
and 2.6log mg ASP/day, respectively. For the studied
WWMPs, the maximum loads were generally observed
during wet weather periods, CAF and ACE being the excep-
tions (Figure 4). The median load of TSS from the WRRF
influent was 5.5 log g/day and 5.7 log g/day during dry and
wet weather conditions, respectively (Figure 3). TSS
median loadings from the influent were significantly lower
for dry weather events (p < 0.05 in Mann-Whitney U test).
Return periods of monitored events were 2 years or lower,
meaning that larger precipitation events with higher return
periods could lead to higher loads during bypass events.

Effluent mass loadings under dry and wet weather
conditions (representing normal operating conditions)

Overall, the median loads of Cryptosporidium and Giardia
into Lake Ontario per 1,000 people were 3.9 log oocysts/
day and 6.3log cysts/day and indicator bacteria were
7.8log CFU E. coli/day and 9.3 log CFU C. perfringens/
day. These are similar to the mean loads of Cryptosporidium,
Giardia, and E. coli reported from effluent discharges of a
WRRF in Luxembourg (4.31log oocysts/day per 1,000
people, 6.2log cysts/day per 1,000 people, and 8.7 log
MPN/day per 1,000 people, respectively) (Burnet et al.
2014). The median C. perfringens loads from the effluent
were significantly lower during dry weather events as com-
pared with wet weather loads (p < 0.05 in Mann-Whitney
U test) (Figure 3). The difference between Giardia and
E. coli median mass loadings from the effluent under dry
and wet weather conditions was insignificant (p > 0.05 in
Mann-Whitney U test). While the low number of data
(n =2) for Giardia in effluent samples precludes further
conclusions; maximum mass loadings were observed
during wet weather conditions for C. perfringens and E. coli.

For WWMPs, the median loads from the effluent dis-
charged into Lake Ontario per 1,000 people were 1.6 log
mg CAF/day, 2.0 log mg CBZ/day, 2.4 log mg CBZ-20H/
day, 3.4 log mg ACE/day, and 3.8 log mg SUC/day. As was
observed for FIB, the maximum loads of all studied
WWMPs into Lake Ontario occurred during wet weather
events, ACE being the exception (Figure 4). The median
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mass loading of TSS from the effluent discharge was
3.3 log g TSS/day per 1,000 people. Mass loadings of CBZ
and CBZ-20H from the effluent discharge of the studied
WRRF were comparable to values 2.3 log mg CBZ/day
and 1.7 log mg CBZ-20H/day per 1,000 people, respectively
reported in another Canadian study (Miao et al. 2005). Total
mass loadings of ACE and SUC from the effluent discharge
and sewage sludge of a WRRF in the USA was reported as
3.04-3.13log mg ACE/day per 1,000 people and 4.23-
426log mg SUC/day per 1,000 people, respectively
(Subedi & Kannan 2014).

Results demonstrated that loads vary according to the
meteorological conditions and hence routine monitoring,
which is based on regular sampling dates, does not ade-
quately describe event-based contaminant discharges
important for quantifying the risks at drinking water intakes.

Primary effluent mass loadings under wet weather
conditions (representing bypass discharges)

Parasite, FIB, WWMPs, and TSS loads from a primary efflu-
ent during a bypass discharge were estimated using
assumptions adopted for the bypass flow rate and duration
(by-a (10th percentile bypass), by-b (median bypass), and
by-c (90th percentile bypass)) and are illustrated in Figures 3
and 4. The estimated ranges of Giardia, E. coli, C. perfringens,
and TSS daily loads from bypass discharges per 1,000 people
were 3.9-7.5 log cysts/day, 8.8-11.3 log CFU E. coli/day, 7.6~
10.4 log CFU C. perfringens/day, and 1.9-4.7 log g TSS/day,
respectively. The estimated values for E. coli and TSS are in
agreement with the observed daily bypass loads (using histori-
cal data from 2007 to 2015) which are in the range of 6.7-
10.7 log CFU E. coli per 1,000 people and 2.5-4.7 log g TSS
per 1,000 people, respectively (Figure 3). Historical data
were not available for other contaminants.

In order to understand the extra mass loadings that are
discharged into Lake Ontario from a primary effluent fol-
lowing a bypass discharge to effluent discharges during the
wet weather condition, F; ratios were calculated and illus-
trated in Table 3. The relative loadings from bypass
discharges were higher for the microbial contaminants as
compared with those of WWMPs that are generally less effi-
ciently removed, an observation that confirms the findings
of others for steroid hormones and six WWMPs, including
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Table 3 | Relative median (lower limit and upper limit) loads from a bypass discharge to
effluent discharge under wet weather conditions (F;)

Parameters Median (lower limit to upper limit) Treatment rank

E. coli 87.4 (0.7-1,989.4) High (>99%)
CAF 28.6 (1.3-198.3)

Giardia 0.4 (0.1-5.4) Moderate (90%)
C. perfringens 0.3 (0.1-2.6)

TSS 2.2 (0.1-13.4)

CBZ 0 (0-0.3) Poor (<70%)
CBZ-20H 0.1 (0-0.4)

ACE 0.1 (0-0.8)

SuC 0.1 (0-0.7)

caffeine (Phillips et al. 2012). Al Aukidy & Verlicchi (2017)
showed that CSOs contributed to >90% of E. coli and
>77% of enterococci monthly loads in receiving waters
despite the fact that flow rates were much lower (9% in
June, 17% in July, 2% in August, and 5% in September) in
CSO discharges than in WRREF effluents (secondary effluent
+ bypass). The fractions of effluent loads during dry weather
periods relative to effluent loads during wet weather periods
(when a bypass discharge occurs) were also evaluated (F,
Figure 5). For the studied contaminants (except ACE), the
values of F, were generally <1, suggesting their higher
loads into Lake Ontario during wet weather periods than
during the dry weather period. For ACE, the amount of
F>>1 can be explained by its relatively higher solubility
and poor removal through wastewater treatment.

3.5
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Figure 5 | The ratio of dry weather mass loadings to wet weather mass loadings when a
bypass occurs (F,). Boxplots demonstrate 10th and 90th percentiles, median
values ([J), mean (+), and whiskers (minimum and maximum values); FIB: fecal
indicator bacteria, WWMPs: wastewater micropollutants; and TSS: total sus-
pended solids.
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At the studied WRRF, a maximum of two bypass dis-
charges occur yearly and they can last for up to 16.5h,
which suggests that the contribution of bypass loads to total
annual loads is insignificant. However, it should be taken
into account that maximum mass loadings into Lake Ontario
were observed during wet weather periods. Higher amount of
parasites and FIB loads have been observed in drinking water
reservoirs, at drinking water intakes, and in the influent of a
drinking water treatment plant during wet weather periods
(Kistemann et al. 2002; Burnet et al. 2014; Madoux-Humery
et al. 2016). In Lake Ontario, pathogens have been studied
at drinking water intakes (Edge ef al. 2013) and there is a
need to determine the relative importance of their sources
for source water protection planning. Bypasses could rep-
resent critical events for drinking water treatment plants
and communication of bypass events to drinking water treat-
ment plant operators must be ensured.

The methodology applied in this study can be used to esti-
mate the impacts of WRRFs on drinking water sources.
Drinking water treatment is more concerned with peak con-
tamination events outside the range of normal operating
conditions than average or annual loads from wastewater efflu-
ents. This study further provides data for hydrodynamic
modeling of the fate and transport of pathogens for quantitative
microbial risk assessment of drinking water treatment plants.

The findings of this study were based on four wet weather
events with return periods below 2 years and two dry weather
events. A greater focus was placed on the influent sampling
in order to understand loads of untreated or partially treated
sewage during bypass events. Given the relationships observed
between precipitation, flow rates, concentrations and loads,
it would be useful to collect more samples for precipitation
events with higher return periods that are representative of
more extreme conditions and larger bypasses. Data for more
intense events would improve risk assessments for water
users including for drinking water production.

CONCLUSIONS

The present study provided the following key findings:

e In the influent, dilution as a result of inflow/infiltration
during wet weather did not lower the loads of studied
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contaminants, except for ACE. In the effluent, the loads
of both E. coli and C. perfringens were controlled
primarily by treatment efficiency, Giardia and ACE by
dilution processes.

e Sewer processes (deposition/resuspension and inacti-
vation/biodegradation) are important for estimating
contaminant loads under wet weather conditions. Con-
sidering all wet weather events, the increased loads as a
result of sewer processes were in the range of 10-49%
and 21-83% for E. coli and C. perfringens, respectively.
Among the studied artificial sweeteners, the importance
of sewer processes was more pronounced for ASP loads
due to its lower solubility and potential for higher sorp-
tion to suspended particulate material in the sewer lines.

e Among the studied contaminants, overall removal efficien-
cies through wastewater treatment were generally higher
for E. coli and CAF (>99%), moderate for Giardia,
C. perfringens, and TSS (>90%), and poor for CBZ,
CBZ-20H, ACE, and SUC (<70%). The contributions of
loads from the primary effluent during a bypass discharge
relative to the final effluent were higher for microbial con-
taminants as compared with those of WWMPs with poor
total removal efficiency rates. The relative importance of
loads from a bypass discharge depends on the removal effi-
ciencies of contaminants through wastewater treatment.
Bypass discharges are therefore more important contribu-
tors to daily loads of microbial contaminants that
generally have high removal efficiencies through secondary
wastewater treatment.

e For the studied FIB and WWMPs, the mass loadings
during the wet weather period (with a bypass discharge)
to mass loadings during the dry weather period were
higher (except ACE), indicating their higher loads into
Lake Ontario during wet weather periods.

e Emphasis should be placed on characterizing wet weather
event discharges upstream of drinking water treatment
plants as peak loads were observed during those periods.

ACKNOWLEDGEMENTS

The present study was financially supported by the City of
Toronto, Peel Region, the Canadian Water Network,



714 s Tolouei et al. | Precipitation effects on mass loading from a water resource recovery facility

Journal of Water and Health | 17.5 | 2019

Canada Research Chair on Source Water Protection, and
NSERC Industrial Chair on Drinking Water. The authors
thankfully acknowledge the help of the technical staff of
the WRRF, Polytechnique Montréal, the municipality

involved, as well as the Chemistry Department of

Université de Montréal for their scientific support and
technical help.

REFERENCES

Ajonina, C., Buzie, C., Ajonina, I. U., Basner, A., Reinhardt, H.,
Gulyas, H., Liebau, E. & Otterpohl, R. 2012 Occurrence of
Cryptosporidium in a wastewater treatment plant in North
Germany. Journal of Toxicology and Environmental Health,
Part A 75 (22-23), 1351-1358.

Al Aukidy, M. & Verlicchi, P. 2017 Contributions of combined
sewer overflows and treated effluents to the bacterial load
released into a coastal area. Science of The Total
Environment 607-608 (Supplement C), 483-496.

Astrom, J., Pettersson, T. J., Stenstrom, T. A. & Bergstedt, O. 2009
Variability analysis of pathogen and indicator loads from
urban sewer systems along a river. Water Science &
Technology 59 (2), 203-212.

Atherholt, T. B., LeChevallier, M. W., Norton, W. D. & Rosen, J. S.
1998 Effect of rainfall on Giardia and crypto. Journal
American Water Works Association 90 (9), 66-80.

Baldursson, S. & Karanis, P. 20m Waterborne transmission of
protozoan parasites: review of worldwide outbreaks — an
update 2004-2010. Water Research 45 (20), 6603-6614.

Benotti, M. J. & Brownawell, B. J. 2007 Distributions of
pharmaceuticals in an urban estuary during both dry-and
wet-weather conditions. Environmental Science &
Technology 41 (16), 5795-5802.

Briere, F. 2012 Drinking-Water Distribution, Sewage and Rainfall
Collection, 3rd edn. Presses inter Polytechnique, Canada.

Buerge, I.]., Poiger, T., Miiller, M. D. & Buser, H.-R. 2003 Caffeine, an
anthropogenic marker for wastewater contamination of surface
waters. Environmental Science & Technology 37 (4), 691-700.

Buerge, L. J., Buser, H.-R., Kahle, M., Muller, M. D. & Poiger, T.
2009 Ubiquitous occurrence of the artificial sweetener
acesulfame in the aquatic environment: an ideal chemical
marker of domestic wastewater in groundwater.
Environmental Science & Technology 43 (12), 4381-4385.

Burnet, J.-B., Penny, C., Ogorzaly, L. & Cauchie, H.-M. 2014
Spatial and temporal distribution of Cryptosporidium and
Giardia in a drinking water resource: implications for
monitoring and risk assessment. Science of The Total
Environment 472, 1023-1035.

Charron, D. F.,, Thomas, M. K., Waltner-Toews, D., Aramini, J. J.,
Edge, T., Kent, R. A, Maarouf, A. R. & Wilson, J. 2004
Vulnerability of waterborne diseases to climate change in

Downloaded from http://iwa.silverchair.com/jwh/article-pdf/17/5/701/611791/jwh0170701.pdf

Canada: a review. Journal of Toxicology and Environmental
Health, Part A 67 (20-22), 1667-1677.

Chebbo, G., Gromaire, M., Ahyerre, M. & Garnaud, S. 2001
Production and transport of urban wet weather pollution in
combined sewer systems: the ‘Marais’ experimental urban
catchment in Paris. Urban Water 3 (1), 3-15.

ColeEngineering 2011 Inflow and Infiltration (I-1) Study. Ontario,
Canada.

Corso, P. S., Kramer, M. H., Blair, K. A., Addiss, D. G., Davis, J. P.
& Haddix, A. C. 2003 Cost of illness in the 1993 waterborne
cryptosporidium outbreak, Milwaukee, Wisconsin. Emerging
Infectious Diseases 9 (4), 426-432.

Edge, T., Khan, L., Bouchard, R., Guo, J., Hill, S., Locas, A., Moore,
L., Neumann, N., Nowak, E. & Payment, P. 2013 Occurrence
of waterborne pathogens and Escherichia coli at offshore
drinking water intakes in Lake Ontario. Applied and
Environmental Microbiology 79 (19), 5799-5813.

EPA 2004 Report to Congress on Impacts and Control of Combined
Sewer Overflows and Sanitary Sewer Overflows.

Fu, C, Xie, X., Huang, J., Zhang, T., Wu, Q., Chen, J. & Hu, H.
2010 Monitoring and evaluation of removal of pathogens at
municipal wastewater treatment plants. Water Science and
Technology 61 (6), 1589-1599.

Gallas-Lindemann, C., Sotiriadou, 1., Plutzer, J. & Karanis, P. 2013
Prevalence and distribution of Cryptosporidium and Giardia in
wastewater and the surface, drinking and ground waters in the
Lower Rhine, Germany. Epidemiology and Infection 141,9-21.

Gao, P, Ding, Y., Li, H. & Xagoraraki, I. 2012 Occurrence of
pharmaceuticals in a municipal wastewater treatment plant:
mass balance and removal processes. Chemosphere 88 (1),
17-24.

Gasperi, J., Gromaire, M.-C., Kafi, M., Moilleron, R. & Chebbo, G.
2010 Contributions of wastewater, runoff and sewer deposit
erosion to wet weather pollutant loads in combined sewer
systems. Water Research 44 (20), 5875-5886.

Hajj-Mohamad, M., Aboulfadl, K., Darwano, H., Madoux-
Humery, A.-S., Guérineau, H., Sauvé, S., Prévost, M. &
Dorner, S. 2014 Wastewater micropollutants as tracers of
sewage contamination: analysis of combined sewer overflow
and stream sediments. Environmental Science: Processes &
Impacts 16 (10), 2442-2450.

Hajj-Mohamad, M., Darwano, H., Duy, S. V., Sauvé, S., Prévost, M.,
Arp, H. P. H. & Dorner, S. 2017 The distribution dynamics
and desorption behaviour of mobile pharmaceuticals and
caffeine to combined sewer sediments. Water Research 108,
57-67.

Health Canada 2012 Guidelines for Canadian Drinking Water
Quality: Guideline Technical Document-Enteric Protozoa:
Giardia and Cryptosporidium. Water, Air and Climate
Change Bureau, Healthy Environments and Consumer
Safety Branch, Health Canada, Ottawa, Ontario (Catalogue
No. H129-23/2013E-PDF).

Hoque, M. E., Cloutier, F., Arcieri, C., McInnes, M., Sultana, T.,
Murray, C., Vanrolleghem, P. A. & Metcalfe, C. D. 2014
Removal of selected pharmaceuticals, personal care products


http://dx.doi.org/10.1080/15287394.2012.721167
http://dx.doi.org/10.1080/15287394.2012.721167
http://dx.doi.org/10.1080/15287394.2012.721167
http://dx.doi.org/10.1016/j.scitotenv.2017.07.050
http://dx.doi.org/10.1016/j.scitotenv.2017.07.050
http://dx.doi.org/10.1016/j.scitotenv.2017.07.050
http://dx.doi.org/10.2166/wst.2009.860
http://dx.doi.org/10.2166/wst.2009.860
http://dx.doi.org/10.1002/j.1551-8833.1998.tb08499.x
http://dx.doi.org/10.1016/j.watres.2011.10.013
http://dx.doi.org/10.1016/j.watres.2011.10.013
http://dx.doi.org/10.1016/j.watres.2011.10.013
http://dx.doi.org/10.1021/es0629965
http://dx.doi.org/10.1021/es0629965
http://dx.doi.org/10.1021/es0629965
http://dx.doi.org/10.1021/es020125z
http://dx.doi.org/10.1021/es020125z
http://dx.doi.org/10.1021/es020125z
http://dx.doi.org/10.1021/es900126x
http://dx.doi.org/10.1021/es900126x
http://dx.doi.org/10.1021/es900126x
http://dx.doi.org/10.1016/j.scitotenv.2013.10.083
http://dx.doi.org/10.1016/j.scitotenv.2013.10.083
http://dx.doi.org/10.1016/j.scitotenv.2013.10.083
http://dx.doi.org/10.1080/15287390490492313
http://dx.doi.org/10.1080/15287390490492313
http://dx.doi.org/10.1016/S1462-0758(01)00029-2
http://dx.doi.org/10.1016/S1462-0758(01)00029-2
http://dx.doi.org/10.1016/S1462-0758(01)00029-2
http://dx.doi.org/10.3201/eid0904.020417
http://dx.doi.org/10.3201/eid0904.020417
http://dx.doi.org/10.1128/AEM.00870-13
http://dx.doi.org/10.1128/AEM.00870-13
http://dx.doi.org/10.1128/AEM.00870-13
http://dx.doi.org/10.2166/wst.2010.757
http://dx.doi.org/10.2166/wst.2010.757
http://dx.doi.org/10.1017/S0950268812002026
http://dx.doi.org/10.1017/S0950268812002026
http://dx.doi.org/10.1017/S0950268812002026
http://dx.doi.org/10.1016/j.chemosphere.2012.02.017
http://dx.doi.org/10.1016/j.chemosphere.2012.02.017
http://dx.doi.org/10.1016/j.chemosphere.2012.02.017
http://dx.doi.org/10.1016/j.watres.2010.07.008
http://dx.doi.org/10.1016/j.watres.2010.07.008
http://dx.doi.org/10.1016/j.watres.2010.07.008
http://dx.doi.org/10.1039/c4em00314d
http://dx.doi.org/10.1039/c4em00314d
http://dx.doi.org/10.1039/c4em00314d
http://dx.doi.org/10.1016/j.watres.2016.10.053
http://dx.doi.org/10.1016/j.watres.2016.10.053
http://dx.doi.org/10.1016/j.watres.2016.10.053
http://dx.doi.org/10.1016/j.scitotenv.2013.12.063

715 S. Tolouei et al. | Precipitation effects on mass loading from a water resource recovery facility

Journal of Water and Health | 17.5 | 2019

and artificial sweetener in an aerated sewage lagoon. Science
of The Total Environment 487, 801-812.

Huang, J., Zhan, J., Yan, H., Wu, F. & Deng, X. 2013 Evaluation of
the impacts of land use on water quality: a case study in the
Chaohu Lake basin. The Scientific World Journal 2013, 7 pp.

Jalliffier-Verne, 1., Leconte, R., Huaringa-Alvarez, U., Madoux-
Humery, A.-S., Galarneau, M., Servais, P., Prévost, M. &
Dorner, S. 2015 Impacts of global change on the
concentrations and dilution of combined sewer overflows in
a drinking water source. Science of The Total Environment
508, 462-476.

Kambeitz, C. 2015 Wastewater Quality and Compliance Specialist
at Region of Peel. Ontario, Canada.

Karim, M. R., Manshadi, F. D., Karpiscak, M. M. & Gerba, C. P.
2004 The persistence and removal of enteric pathogens in
constructed wetlands. Water Research 38 (7), 1831-1837.

Kasprzyk-Hordern, B., Dinsdale, R. M. & Guwy, A. J. 2009 The
removal of pharmaceuticals, personal care products,
endocrine disruptors and illicit drugs during wastewater
treatment and its impact on the quality of receiving waters.
Water Research 43 (2), 363-380.

Kistemann, T., ClaRen, T., Koch, C., Dangendorf, F., Fischeder, R.,
Gebel, J., Vacata, V. & Exner, M. 2002 Microbial load of
drinking water reservoir tributaries during extreme rainfall
and runoff. Applied and Environmental Microbiology 68 (5),
2188-2197.

Kistemann, T., Rind, E., Rechenburg, A., Koch, C., Classen, T.,
Herbst, S., Wienand, I. & Exner, M. 2008 A comparison of
efficiencies of microbiological pollution removal in six
sewage treatment plants with different treatment systems.
International Journal of Hygiene and Environmental Health
211 (5-6), 534-545.

Kitajima, M., Haramoto, E., Iker, B. C. & Gerba, C. P. 2014
Occurrence of Cryptosporidium, Giardia, and Cyclospora
in influent and effluent water at wastewater treatment plants
in Arizona. Science of The Total Environment 484 (1),
129-136.

Lee, S., Kang, S.-I., Lim, J.-L., Huh, Y. J., Kim, K.-S. & Cho, J. 201
Evaluating controllability of pharmaceuticals and
metabolites in biologically engineered processes, using
corresponding octanol-water distribution coefficient.
Ecological Engineering 37 (10), 1595-1600.

Lee, E., Lee, S., Park, J., Kim, Y. & Cho, J. 2013 Removal and
transformation of pharmaceuticals in wastewater treatment
plants and constructed wetlands. Drinking Water
Engineering and Science 6 (2), 89-98.

Lucas, F. S., Therial, C., Gongalves, A., Servais, P., Rocher, V. &
Mouchel, J.-M. 2013 Variation of raw wastewater
microbiological quality in dry and wet weather conditions.
Environmental Science and Pollution Research 21 (8), 1-11.

Madoux-Humery, A.-S., Dorner, S., Sauvé, S., Aboulfadl, K.,
Galarneau, M., Servais, P. & Prévost, M. 2013 Temporal
variability of combined sewer overflow contaminants:
evaluation of wastewater micropollutants as tracers of fecal
contamination. Water Research 47 (13), 4370-4382.

Downloaded from http://iwa.silverchair.com/jwh/article-pdf/17/5/701/611791/jwh0170701.pdf

bv auest

Madoux-Humery, A.-S., Dorner, S. M., Sauvé, S., Aboulfadl, K.,
Galarneau, M., Servais, P. & Prévost, M. 2015 Temporal
analysis of E. coli, TSS and wastewater micropollutant loads
from combined sewer overflows: implications for
management. Environmental Science: Processes & Impacts
17 (5), 965-974.

Madoux-Humery, A.-S., Dorner, S., Sauvé, S., Aboulfadl, K.,
Galarneau, M., Servais, P. & Prévost, M. 2016 The effects of
combined sewer overflow events on riverine sources of
drinking water. Water Research 92, 218-227.

Miao, X.-S. & Metcalfe, C. D. 2003 Determination of
carbamazepine and its metabolites in aqueous samples using
liquid chromatography-electrospray tandem mass
spectrometry. Analytical Chemistry 75 (15), 3731-3738.

Miao, X.-S., Yang, J.-J. & Metcalfe, C. D. 2005 Carbamazepine and
its metabolites in wastewater and in biosolids in a municipal
wastewater treatment plant. Environmental Science &
Technology 39 (19), 7469-7475.

Oppenheimer, J., Eaton, A., Badruzzaman, M., Haghani, A. W. &
Jacangelo, J. G. 2om Occurrence and suitability of sucralose
as an indicator compound of wastewater loading to surface
waters in urbanized regions. Water Research 45 (13),
4019-4027.

Ottoson, J., Hansen, A., Bjorlenius, B., Norder, H. & Stenstrom, T.
2006 Removal of viruses, parasitic protozoa and microbial
indicators in conventional and membrane processes in a
wastewater pilot plant. Water Research 40 (7), 1449-1457.

Parker, J., McIntyre, D. & Noble, R. 2010 Characterizing fecal
contamination in stormwater runoff in coastal North
Carolina, USA. Water Research 44 (14), 4186-4194.

Passerat, J., Ouattara, N. K., Mouchel, J.-M., Rocher, V. & Servais,
P. 20m Impact of an intense combined sewer overflow event
on the microbiological water quality of the Seine River.
Water Research 45 (2), 893-903.

Phillips, P., Chalmers, A., Gray, J., Kolpin, D., Foreman, W. &
Wall, G. 2012 Combined sewer overflows: an environmental
source of hormones and wastewater micropollutants.
Environmental Science & Technology 46 (10), 5336-5343.

Radjenovic, J., Petrovi¢, M. & Barcel6, D. 2007 Advanced mass
spectrometric methods applied to the study of fate and
removal of pharmaceuticals in wastewater treatment. TrAC
Trends in Analytical Chemistry 26 (11), 1132-1144.

Rice, J., Via, S. H. & Westerhoff, P. 2015 Extent and impacts of
unplanned wastewater reuse in US rivers. Journal American
Water Works Association 107 (11), E571-E581.

Scheurer, M., Brauch, H.-J. & Lange, F. T. 2009 Analysis and
occurrence of seven artificial sweeteners in German waste
water and surface water and in soil aquifer treatment (SAT).
Analytical and Bioanalytical Chemistry 394 (6), 1585-1594.

Signor, R., Roser, D., Ashbolt, N. & Ball, J. 2005 Quantifying the
impact of runoff events on microbiological contaminant
concentrations entering surface drinking source waters.
Journal of Water and Health 3 (5), 453-468.

Signor, R., Ashbolt, N. & Roser, D. 2007 Microbial risk
implications of rainfall-induced runoff events entering a


http://dx.doi.org/10.1016/j.scitotenv.2013.12.063
http://dx.doi.org/10.1016/j.scitotenv.2014.11.059
http://dx.doi.org/10.1016/j.scitotenv.2014.11.059
http://dx.doi.org/10.1016/j.scitotenv.2014.11.059
http://dx.doi.org/10.1016/j.watres.2003.12.029
http://dx.doi.org/10.1016/j.watres.2003.12.029
http://dx.doi.org/10.1016/j.watres.2008.10.047
http://dx.doi.org/10.1016/j.watres.2008.10.047
http://dx.doi.org/10.1016/j.watres.2008.10.047
http://dx.doi.org/10.1016/j.watres.2008.10.047
http://dx.doi.org/10.1128/AEM.68.5.2188-2197.2002
http://dx.doi.org/10.1128/AEM.68.5.2188-2197.2002
http://dx.doi.org/10.1128/AEM.68.5.2188-2197.2002
http://dx.doi.org/10.1016/j.ijheh.2008.04.003
http://dx.doi.org/10.1016/j.ijheh.2008.04.003
http://dx.doi.org/10.1016/j.ijheh.2008.04.003
http://dx.doi.org/10.1016/j.scitotenv.2014.03.036
http://dx.doi.org/10.1016/j.scitotenv.2014.03.036
http://dx.doi.org/10.1016/j.scitotenv.2014.03.036
http://dx.doi.org/10.1016/j.ecoleng.2011.04.007
http://dx.doi.org/10.1016/j.ecoleng.2011.04.007
http://dx.doi.org/10.1016/j.ecoleng.2011.04.007
http://dx.doi.org/10.5194/dwes-6-89-2013
http://dx.doi.org/10.5194/dwes-6-89-2013
http://dx.doi.org/10.5194/dwes-6-89-2013
http://dx.doi.org/10.1016/j.watres.2013.04.030
http://dx.doi.org/10.1016/j.watres.2013.04.030
http://dx.doi.org/10.1016/j.watres.2013.04.030
http://dx.doi.org/10.1016/j.watres.2013.04.030
http://dx.doi.org/10.1016/j.watres.2015.12.033
http://dx.doi.org/10.1016/j.watres.2015.12.033
http://dx.doi.org/10.1016/j.watres.2015.12.033
http://dx.doi.org/10.1021/ac030082k
http://dx.doi.org/10.1021/ac030082k
http://dx.doi.org/10.1021/ac030082k
http://dx.doi.org/10.1021/ac030082k
http://dx.doi.org/10.1021/es050261e
http://dx.doi.org/10.1021/es050261e
http://dx.doi.org/10.1021/es050261e
http://dx.doi.org/10.1016/j.watres.2011.05.014
http://dx.doi.org/10.1016/j.watres.2011.05.014
http://dx.doi.org/10.1016/j.watres.2011.05.014
http://dx.doi.org/10.1016/j.watres.2006.01.039
http://dx.doi.org/10.1016/j.watres.2006.01.039
http://dx.doi.org/10.1016/j.watres.2006.01.039
http://dx.doi.org/10.1016/j.watres.2010.05.018
http://dx.doi.org/10.1016/j.watres.2010.05.018
http://dx.doi.org/10.1016/j.watres.2010.05.018
http://dx.doi.org/10.1016/j.watres.2010.09.024
http://dx.doi.org/10.1016/j.watres.2010.09.024
http://dx.doi.org/10.1021/es3001294
http://dx.doi.org/10.1021/es3001294
http://dx.doi.org/10.1016/j.trac.2007.10.002
http://dx.doi.org/10.1016/j.trac.2007.10.002
http://dx.doi.org/10.1016/j.trac.2007.10.002
http://dx.doi.org/10.5942/jawwa.2015.107.0178
http://dx.doi.org/10.5942/jawwa.2015.107.0178
http://dx.doi.org/10.1007/s00216-009-2881-y
http://dx.doi.org/10.1007/s00216-009-2881-y
http://dx.doi.org/10.1007/s00216-009-2881-y
http://dx.doi.org/10.2166/wh.2005.052
http://dx.doi.org/10.2166/wh.2005.052
http://dx.doi.org/10.2166/wh.2005.052
http://dx.doi.org/10.2166/aqua.2007.107
http://dx.doi.org/10.2166/aqua.2007.107

716  S. Tolouei et al. | Precipitation effects on mass loading from a water resource recovery facility

Journal of Water and Health | 17.5 | 2019

reservoir used as a drinking-water source. Journal of Water
Supply: Research and Technology 56 (8), 515-531.

Sim, W.-]., Lee, J-W., Lee, E.-S., Shin, S.-K., Hwang, S.-R. & Oh,
J.-E. 201 Occurrence and distribution of pharmaceuticals in
wastewater from households, livestock farms, hospitals and
pharmaceutical manufactures. Chemosphere 82 (2), 179-186.

Singh, A. & Maichle, R. 2013 ProUCL Version 5.0.00 User Guide.
https://www.epa.gov/sites/production/files/2015-03/
documents/proucl_v5.0_user.pdf.

Soh, L., Connors, K. A., Brooks, B. W. & Zimmerman, J. 2011 Fate
of sucralose through environmental and water treatment
processes and impact on plant indicator species.
Environmental Science & Technology 45 (4), 1363-1369.

SRC 2015 Environment Science SRC PhysProp Database. Available
from: http://www.srcinc.com/what-we-do/environmental/
scientific-databases.html.

Subedi, B. & Kannan, K. 2014 Fate of artificial sweeteners in
wastewater treatment plants in New York State, USA.
Environmental Science & Technology 48 (23), 13668-13674.

Tolouei, S., Burnet, J.-B., Autixier, L., Taghipour, M., Bonsteel, J.,
Duy, S. V., Sauvé, S., Prévost, M. & Dorner, S. 2019 Temporal
variability of parasites, bacterial indicators, and wastewater
micropollutants in a water resource recovery facility under
various weather conditions. Water Research 148, 446-458.

Tran, N. H., Reinhard, M. & Gin, K. Y.-H. 2018 Occurrence and
fate of emerging contaminants in municipal wastewater
treatment plants from different geographical regions — a
review. Water Research 133, 182-207.

Weyrauch, P., Matzinger, A., Pawlowsky-Reusing, E., Plume, S.,
von Seggern, D., Heinzmann, B., Schroeder, K. & Rouault, P.
2010 Contribution of combined sewer overflows to trace
contaminant loads in urban streams. Water Research 44 (15),
4451-4462.

WHO 2011 Guidelines for Drinking-Water Quality, 4th edn.

Wu, J., Rees, P., Storrer, S., Alderisio, K. & Dorner, S. 2009 Fate
and transport modeling of potential pathogens: the
contribution from sediments. Journal of the American Water
Resources Association 45 (1), 35-44.

First received 15 January 2019; accepted in revised form 6 July 2019. Available online 30 July 2019

Downloaded from http://iwa.silverchair.com/jwh/article-pdf/17/5/701/611791/jwh0170701.pdf

bv auest


http://dx.doi.org/10.2166/aqua.2007.107
http://dx.doi.org/10.1016/j.chemosphere.2010.10.026
http://dx.doi.org/10.1016/j.chemosphere.2010.10.026
http://dx.doi.org/10.1016/j.chemosphere.2010.10.026
https://www.epa.gov/sites/production/files/2015-03/documents/proucl_v5.0_user.pdf
https://www.epa.gov/sites/production/files/2015-03/documents/proucl_v5.0_user.pdf
https://www.epa.gov/sites/production/files/2015-03/documents/proucl_v5.0_user.pdf
http://dx.doi.org/10.1021/es102719d
http://dx.doi.org/10.1021/es102719d
http://dx.doi.org/10.1021/es102719d
http://www.srcinc.com/what-we-do/environmental/scientific-databases.html
http://www.srcinc.com/what-we-do/environmental/scientific-databases.html
http://www.srcinc.com/what-we-do/environmental/scientific-databases.html
http://dx.doi.org/10.1021/es504769c
http://dx.doi.org/10.1021/es504769c
http://dx.doi.org/10.1016/j.watres.2018.10.068
http://dx.doi.org/10.1016/j.watres.2018.10.068
http://dx.doi.org/10.1016/j.watres.2018.10.068
http://dx.doi.org/10.1016/j.watres.2018.10.068
http://dx.doi.org/10.1016/j.watres.2017.12.029
http://dx.doi.org/10.1016/j.watres.2017.12.029
http://dx.doi.org/10.1016/j.watres.2017.12.029
http://dx.doi.org/10.1016/j.watres.2017.12.029
http://dx.doi.org/10.1016/j.watres.2010.06.011
http://dx.doi.org/10.1016/j.watres.2010.06.011
http://dx.doi.org/10.1111/j.1752-1688.2008.00287.x
http://dx.doi.org/10.1111/j.1752-1688.2008.00287.x
http://dx.doi.org/10.1111/j.1752-1688.2008.00287.x

	Precipitation effects on parasite, indicator bacteria, and wastewater micropollutant loads from a water resource recovery facility influent and effluent
	INTRODUCTION
	MATERIAL AND METHODS
	The study site
	Sample collection and analytical methods
	Calculations
	The contribution of sewer processes to mass loadings arriving at a WRRF
	Removal efficiency rates and concentrations at the primary effluent (with disinfection)
	Mass loadings from influent, primary effluent (with disinfection), and treated effluent

	Statistical analysis

	RESULTS AND DISCUSSION
	Treatment removal efficiency rates
	Flow rate influence on concentrations
	Source contribution for the contaminant loads into a WRRF
	Mass loadings variability
	Influent mass loadings under dry and wet weather conditions (representing incomplete treatment)
	Effluent mass loadings under dry and wet weather conditions (representing normal operating conditions)
	Primary effluent mass loadings under wet weather conditions (representing bypass discharges)


	CONCLUSIONS
	The present study was financially supported by the City of Toronto, Peel Region, the Canadian Water Network, Canada Research Chair on Source Water Protection, and NSERC Industrial Chair on Drinking Water. The authors thankfully acknowledge the help of the technical staff of the WRRF, Polytechnique Montr&eacute;al, the municipality involved, as well as the Chemistry Department of Universit&eacute; de Montr&eacute;al for their scientific support and technical help.
	REFERENCES


