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Human norovirus (NoV) is the leading cause of foodborne illness in the United States and Canada. Wastewater treatment plant
(WWTP) effluents impacting bivalve mollusk-growing areas are potential sources of NoV contamination. We have developed a
meta-analysis that evaluates WWTP influent concentrations and log10 reductions of NoV genotype I (NoV GI; in numbers of
genome copies per liter [gc/liter]), NoV genotype II (NoV GII; in gc/liter), and male-specific coliphage (MSC; in number of PFU
per liter), a proposed viral surrogate for NoV. The meta-analysis included relevant data (2,943 measurements) reported in the
scientific literature through September 2013 and previously unpublished surveillance data from the United States and Canada.
Model results indicated that the mean WWTP influent concentration of NoV GII (3.9 log10 gc/liter; 95% credible interval [CI],
3.5, 4.3 log10 gc/liter) is larger than the value for NoV GI (1.5 log10 gc/liter; 95% CI, 0.4, 2.4 log10 gc/liter), with large variations
occurring from one WWTP to another. For WWTPs with mechanical systems and chlorine disinfection, mean log10 reductions
were �2.4 log10 gc/liter (95% CI, �3.9, �1.1 log10 gc/liter) for NoV GI, �2.7 log10 gc/liter (95% CI, �3.6, �1.9 log10 gc/liter) for
NoV GII, and �2.9 log10 PFU per liter (95% CI, �3.4, �2.4 log10 PFU per liter) for MSCs. Comparable values for WWTPs with
lagoon systems and chlorine disinfection were �1.4 log10 gc/liter (95% CI, �3.3, 0.5 log10 gc/liter) for NoV GI, �1.7 log10 gc/liter
(95% CI, �3.1, �0.3 log10 gc/liter) for NoV GII, and �3.6 log10 PFU per liter (95% CI, �4.8, �2.4 PFU per liter) for MSCs.
Within WWTPs, correlations exist between mean NoV GI and NoV GII influent concentrations and between the mean log10 re-
duction in NoV GII and the mean log10 reduction in MSCs.

Human norovirus (NoV) is the leading cause of food-associ-
ated gastroenteritis in the United States (1) and Canada (2).

U.S. residents are estimated to experience five episodes of norovi-
rus gastroenteritis in their lifetimes (3). NoV is primarily spread
via the fecal-oral route. However, attribution of a particular case
of NoV illness to a specific source is complex. The transmission
may be direct (person to person) or indirect (via contact with
contaminated fomites) or may occur through the ingestion of
contaminated food or water (4). Noroviruses are genetically di-
verse, comprising six genogroups (5), three of which (genogroup I
[GI], GII, and GIV) are capable of causing illness in humans (6).

Among foodborne NoV outbreaks, bivalve molluscs (e.g.,
clams, oysters, mussels), leafy vegetables, and fruits are the most
frequently implicated (7). More than half of the norovirus out-
breaks attributed to the consumption of bivalve molluscs in the
United States during the years from 2001 to 2008 are believed to
have originated from contamination during production or pro-
cessing (7). Bivalve molluscan shellfish typically grow in estuaries,
which may contain NoV-contaminated human fecal material
from municipal wastewater outfalls, combined sewer overflow, or
nonpoint sources of pollution, including human waste discharged
from marine vessels (8, 9). Bivalve molluscan shellfish feed on
algae from the surrounding water. During this feeding process,
each bivalve mollusc may filter 20 to 90 liters of water per day and
bioaccumulate a variety of microorganisms, including viruses and
bacteria that are associated with pollution sources (8, 10–12). Sig-
nificantly, molluscan shellfish have been found to retain viruses to
a greater extent and for much longer periods than they do bacteria
(8, 13, 14). Bivalve molluscs, therefore, may become contami-

nated with NoV when they are grown in harvesting areas contam-
inated with human wastes.

In the United States and in Canada, areas where harvested
shellfish grow require a comprehensive sanitary survey (15, 16). A
sanitary survey is an in-depth evaluation of all factors impacting
the water quality in the growing area. It includes a shoreline survey
to identify and characterize the impacts of all actual and potential
pollution sources that may have a bearing on the sanitary quality
of shellfish waters. Additionally, a growing area must meet estab-
lished bacterial water quality classification standards verified
through routine monitoring. However, the occurrence of human
enteric viruses, including NoV, does not correlate well with tradi-
tional indicators of fecal pollution, such as total coliforms, fecal
coliforms, or Escherichia coli (17, 18). Currently, only bacterial
indicators are monitored to assess the sanitary quality of wastewa-
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ter treatment plant (WWTP) effluent discharges under the U.S.
Environmental Protection Agency National Pollutant Discharge
Elimination System program for discharge permits. Shellfish con-
trol authorities are keenly aware of the increased public health risk
posed by WWTP failures, bypasses, and combined sewer over-
flows. In addition, a growing body of research demonstrates that
even most normal wastewater treatment and disinfection opera-
tions do not reduce human enteric viral pathogens as effectively as
they reduce bacterial pathogens and bacterial indicator organisms
(19–23).

The systems used by WWTPs can be divided into two groups,
lagoon and mechanical systems, on the basis of the general struc-
ture of the facility. Two key differences between lagoon and me-
chanical systems are the longer retention time and the long expo-
sure to sunlight in lagoon systems. Mechanical wastewater
treatment typically involves three to four stages of treatment. The
most commonly used are primary and secondary treatment fol-
lowed by disinfection. The disinfection stage is typically the final
stage of treatment, and its purpose is to substantially reduce the
pathogenic microorganisms in the treated sewage before being
discharged into the environment. The most common form of
wastewater disinfection is chlorination. However, UV irradiation
is gaining more popularity as the technology becomes more cost-
effective.

Improvements in the means of detection and enumeration of
NoV, notably, through the use of real-time reverse transcription
(RT)-quantitative PCR (qPCR), have facilitated studies evaluating
NoV removal efficiency in terms of the number of genome copies
(gc) of a limited number of WWTPs in specific geographic areas
(e.g., see references 11, 24, and 25 to 27). The removal of viral
genome copies describes the combination of physical removal and
destruction of the viral particle to the point that the target RNA
fragment is no longer detectable (24). Nevertheless, the number of
viral genome copies may not be related proportionally to the
number of infectious virus particles. NoV is a nonculturable virus,
so it is not possible to directly measure the level of infectious
particles in a sample. Male-specific coliphages (MSCs) have been
suggested to be potential surrogates for NoV (28, 29) because they
are ubiquitous in wastewater, are similar in size and shape to NoV,
are also RNA-based viruses, and have available culture-based
measures to evaluate the reduction of infectious particles.

The objectives of the study were (i) to evaluate and characterize
the expected concentrations of NoV (in number of genome copies
per liter) and MSCs (in number of PFU per liter) in WWTP influ-
ent as a function of the time of year and to evaluate the WWTP-
to-WWTP variability and (ii) to evaluate and compare the ex-
pected log10 reductions achieved for NoV (in gc/liter) and MSCs
(in number of PFU per liter) in WWTPs and to characterize the
reductions according to specific WWTP features and the time of
year.

For these purposes, we implemented a meta-analysis of NoV
(in gc/liter) and MSC (in number of PFU per liter) concentration
measurements collected in WWTPs obtained from refereed pub-
lications in the scientific literature and from United States and
Canadian government agency surveillance data. This work was
initiated in support of the development of a quantitative food
safety risk assessment of norovirus in bivalve molluscan shellfish
by the U.S. Food and Drug Administration (FDA), Health Canada
(HC), the Canadian Food Inspection Agency (CFIA), and Envi-
ronment Canada (EC).

MATERIALS AND METHODS
Data. Two general information sources were used to obtain the data that
form the basis of this investigation, including (i) the peer-reviewed liter-
ature and (ii) surveillance data collected by the U.S. and Canadian gov-
ernments.

(i) Data available from reviewed scientific literature. A search of the
literature for articles reporting NoV concentrations in WWTPs was per-
formed. The keywords “norovirus” and “wastewater” were entered in
PubMed (http://www.ncbi.nlm.nih.gov/pubmed) and in Google Scholar.
Additional relevant references were identified through cross-referencing
in the identified studies. Articles were initially screened for inclusion in
the present study on the basis of the following criteria, as determined from
the abstract and journal article information: (i) the article was published
in English, (ii) the article was published in a peer-reviewed journal, (iii)
the article was a primary research article, and (iv) the article provided
quantitative measurements of NoV concentrations using real-time RT-
qPCR methods or most probable number RT-qPCR methods. The inclu-
sion period ended in September 2013. Further screening of the full article
content restricted the set of articles included to those in which raw mea-
surement data for NoV GI, NoV GII, and NoV GIV in influent or effluent
samples of WWTPs were available (through the text, tables, and/or fig-
ures). NoV GIV was subsequently excluded from the analysis because too
few data for this genogroup were identified.

In selected peer-reviewed scientific articles, data points consisted of
measurements of NoV GI or NoV GII concentrations from collected in-
fluent, final effluent, and/or predisinfection WWTP samples. Data on the
concentrations of MSCs in the WWTP influent, effluent, and/or predis-
infection samples were also extracted, if provided. Influent concentration
data provide information on the total norovirus or MSC load entering
WWTPs. Data on the concentrations of NoV and MSCs in the predisin-
fected wastewater and final effluent provide the information required to
evaluate the overall log reduction achieved. Given that one of the objec-
tives of the study was to compare the log10 reduction in MSC and NoV
concentrations, we limited the search for data on MSCs to articles selected
for analysis of NoV concentrations.

Relevant data from each article were recorded, including the sampling
method (grab/composite); the volumes of influent, predisinfection,
and/or effluent samples collected and analyzed; and the concentration,
extraction, detection, and quantification methods employed. Individual
measurements were extracted from the text or tables of the articles.
Graphs were digitized for data extraction, when required.

Some publications/studies and some individual data points in the
publications/studies were excluded from our analysis due to inadequately
described methodologies or aberrant data. Inclusion of study data re-
quired that all methods used were clearly described (or appropriately
referenced), including the initial and final volumes derived in each step of
all protocols, because this information was necessary to estimate the limit
of detection (LOD) (described further below). The use of random hexam-
ers was also cause for exclusion, as this practice can overestimate the
number of genomic copies by up to 10-fold (30).

A large fraction (see Results) of the reported concentration values
collected for this analysis were censored values, meaning that the concen-
tration was known only to be lower than a value (the LOD) or above a
limit of numeration (or too numerous to count [TNTC]). The former
data are described as being left censored, and the latter are described as
being right censored. In order to include left-censored data in the analysis
(see below), it was necessary to have an estimate of the LOD for each
nondetect measurement. Because LOD values were not reported in most
of the included studies, we developed a set of rules and assumptions for
the estimation of LOD values: (i) the RT-PCR/RT-qPCR had a sensitivity
of 1 gc per analyzed aliquot; (ii) the sample concentration/RNA extrac-
tion/separate RT reaction (where applicable) was 100% efficient, meaning
that no loss occurred at any step; (iii) when dealing with replicate RT-
PCRs, the LOD was calculated by assuming that all reaction mixtures
contained 1 genome copy; and (iv) when certain steps of a method were
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described solely by a reference to a previous article, the volumes used in
the referenced study were assumed to be the volumes used in the study.

The LODs for influent and effluent samples were determined using the
initial water sample volume, final concentration, amount of RNA eluted,
and RT-PCR volume. In most cases, the water sample volumes for the
influent and effluent were the same. There were a few instances where the
water sample volume of the effluent was greater than that of the influent.

(ii) United States and Canadian WWTP surveillance data. Surveil-
lance studies included NoV GI, NoV GII, or MSC concentrations in
WWTP influent, predisinfection, and/or final effluent samples. Similar to
the inclusion criteria for data reported in peer-reviewed scientific articles,
the surveillance data included in this study were restricted to measure-
ments obtained by RT-qPCR methods for detection and enumeration of
NoV. Sewage samples analyzed for collection of FDA surveillance data
were collected as either grab samples or multihour composites between
May 2003 and October 2011 from 45 different WWTPs located in 12
different states/provinces and two different countries (the United States
and Canada). All WWTPs associated with the collection of U.S. surveil-
lance data had mechanical systems. These WWTPs included 36 that used
chlorine disinfection, 7 that used UV disinfection, 1 that used no disin-
fection, and 1 for which disinfection information was not available. Ca-
nadian surveillance data were collected between January 2009 and March
2012 from 18 different WWTPs. Among these WWTPs, 10 had mechan-
ical systems and 8 had lagoon systems. Disinfection treatment also varied
among the WWTPs included in the Canadian surveillance data, with 7
using chlorine disinfection, 9 using UV disinfection, and 2 using no dis-
infection. Surveillance samples collected from Canadian wastewater sys-
tems were grab samples obtained as either single influent and final effluent
pairs or three to five replicates each of influent, posttreatment/predisin-
fection effluent, and final effluent.

Samples were maintained at between 0°C and 10°C during transport to
the laboratory. Depending on the proximity of the WWTP to the labora-
tory, transport times varied from 4 to 24 h but were consistent for all
sampling events at each WWTP.

Methods for extraction and detection of NoV and MSCs in sewage.
(i) United States surveillance data. An ultracentrifugation (31, 32) pro-
tocol was used to concentrate aliquots of influent and effluent for enteric
viruses. This intact virus concentration method was combined with an
RNA extraction utilizing 6 M guanidium isothiocyanate as a lysis solution
and a modified protocol for the RNeasy minikit (Qiagen, Valencia, CA).
The real-time RT-PCR primer and probe sequences and assay parameters
used were those previously described (33, 34).

(ii) Canadian surveillance data. Enteric viruses were concentrated
from feline calicivirus (FCV)-spiked water samples (raw sewage influent,
predisinfection effluent, and postdisinfection effluent) as described by
Simard et al. (35) with the inclusion of an additional clarification step by
filtration through 0.45-�m-pore-size filtration units to remove sedi-
ments. RNA extraction and RT-qPCR of NoV were performed as de-
scribed by Houde et al. (36), with the exception that the probe sequence
for NoV GI was modified (the probe RING 1c sequence was AGA TYG
CGI TCI CCT GTC CA [37]). The RT-qPCR detection of FCV was done as
described by Mattison et al. (38). Positive NoV RT-qPCR results were
confirmed by conventional RT-PCR as described by Kojima et al. (39) and
sequencing of PCR products of the expected size.

Database. WWTP operational characteristics and parameters were
collected as they were available and reported in the article or as recorded in
the United States or Canadian surveillance data sets. This included infor-
mation on the general type of WWTP (a WWTP with a mechanical or a
lagoon system) and the disinfection process (chlorine, UV, none, or un-
identified), the only parameters for which sufficient data were available
for inclusion in the analysis. Other parameters that were considered but
for which insufficient information was provided for analysis were treat-
ment level and type (e.g., membrane bioreactor, activated sludge, multi-
cell aerated lagoon), catchment area, population served, average daily
flow (in cubic meters per day), flow rate variation, hydraulic retention

time, amount of suspended solids, biochemical oxygen demand, and
specifications regarding disinfection (e.g., dose, wavelength, residual
chlorine).

For this meta-analysis, a data point was characterized by the month of
collection, the virus type (NoV GI, NoV GII, or MSCs), and the virus
concentrations measured in raw, predisinfected, and postdisinfected (fi-
nal effluent) wastewater. Not all data points included predisinfection
measurements. Concentration units were in log10 gc/liter for NoV or the
log10 number of PFU per liter for MSCs. Measurements below the LOD or
above the TNTC limit were coded as less than the LOD or greater than the
TNTC limit, respectively. LOD values were derived as described above.
Values of TNTC were obtained only for MSCs in WWTP influent and
effluent, on occasion, and were defined in each investigation that reported
these observations.

Data analysis. Specific statistical procedures are required to accurately
describe and analyze data from multiple sources that include left-cen-
sored and/or right-censored data. Survival data-type analyses were first
used for the data description. An empirical distribution of the data was
provided using the expectation-maximization approach of Turnbull (40),
which addresses the presence of left- and right-censored data. The analysis
was developed using R software (v.3.0.2) (41) and the R package survival
(42). A series of Bayesian inference models was then developed to evaluate
the distribution of NoV GI, NoV GII, and MSC concentrations in influ-
ent, predisinfection, and effluent wastewater samples, as well as the cor-
responding log10 concentration reductions achieved within the WWTP.

A Bayesian framework was chosen because of its ability to analyze a
complex model system (hierarchical model, random effects, censored
data, missing covariates; see below). In a first step, prior distributions were
selected for the parameters. These prior distributions can reflect our pre-
vious knowledge of the parameters or were chosen, as in the present study,
to be as uninformative as possible. An inference step produced posterior
distributions by conditioning the parameter distributions on the observed
data, according to the Bayes theorem. The difference between the prior
and the posterior can be interpreted as the update of previous knowledge
provided by the data (43).

Hierarchical model of virus concentration and log10 reduction.
Mixed models were used to account for the covariance structure among
concentration measurements taken on a single occasion at the same
WWTP. A hierarchical structure with one mean parameter specified at the
WWTP-NoV genogroup or MSC level issued from a multivariate normal
distribution was adopted. In order to capture the variations from one
WWTP to the other and the correlations within a WWTP (w) among (i)
the mean influent concentration over time (in months) of NoV GI
(�

w,NoV GI
), (ii) the mean influent concentration over time (in months) of

NoV GII (�w,NoV GII), (iii) the mean influent concentration over time (in
months) of MSCs (�w,MSCs), (iv) the mean baseline log10 reduction (from
influent to predisinfection samples) over time (in months) for NoV GI
(�

w,NoV GI
), (v) the mean baseline log10 reduction (from influent to predis-

infection samples) over time (in months) for NoV GII (�w,NoV GII), and
(vi) the mean baseline log10 reduction (from influent to predisinfection
samples) over time (in months) for MSCs (�w,MSCs), we used the follow-
ing multivariate normal distribution: (�w,NoV GI, �w,NoV GII, �w,MSC,
�

w,NoV GI
, �w,NoV GII, �w,MSC) � MNormal (�, 1/V), where MNormal is the

multivariate normal distribution with a vector of mean M and variance-
covariance matrix 1/V, and w (where w � 1, . . . . , 80) is an index for the
WWTP. This parameterization signifies that the influent concentration
and baseline log10 reduction for each virus/genogroup is considered to
vary from one WWTP to another around parameters specified in M. The
variance-covariance matrix 1/V provides estimates on the variation of the
mean influent concentration and mean baseline log10 reduction for each
virus/genogroup from one WWTP to the other and on the correlation
between the mean influent concentration and the mean baseline log10

reduction for each virus/genogroup within WWTPs.
Modeling of influent concentration. An influent concentration, �

(log10 gc/liter), is characterized by the WWTP (indexed using w), the
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genogroup/virus (indexed using g, where the value can be for either
NoV GI, NoV GII, or MSCs), and the month (index m, which is equal
to 1, . . . , 12). A 6-month lag was used for data collected in the Southern
Hemisphere (e.g., Brazil). For a concentration characterized as a given
value for w, g, and m, the distribution of influent concentrations is de-
scribed by a normal distribution with mean value �w,g,m and standard
deviation �Ig. Some reported values were censored values; i.e., they were
below the LOD (the LOD of the analytical method used to enumerate the
concentration in the WWTP influent, consisting of left-censored data
[LCensin, where “in” represents influent]) or above the limit of numera-
tion (the TNTC limit, consisting of right-censored data [RCensin]). These
data were included in the estimation of the normal distribution parame-
ters using censored data methods, characterizing them as censored values
with possible true values ranging from �	 log10 gc/liter (or the number of
PFU per liter for MSCs) to LCensin for left-censored data or from RCensin

to 
	 log10 gc/liter (or the number of PFU per liter for MSCs) for right-
censored data.

Concentrations in influent water were modeled using �i �
Normal(�w,g,m, �Ig) when concentrations were measured, �i �
Normal(�w,g,m, �Ig) censored on (�	, LCensin,i) when concentrations
were not detected (the amount was less than the LOD), or �i �
Normal(�w,g,m, �Ig) censored on (RCensin,i, 
 	) when concentrations
were TNTC (the amount was greater than the limit of numeration), with
�w,g,m being equal to �w,g 
 �m,g, where �w,g represents the 12-month
mean log10 concentration in the influent for WWTP w. A monthly effect,
�m,g, was modeled as a fixed effect specific to the virus/genogroup, adding
to or subtracting from �w,g the mean influent concentration value derived
for a given WWTP and genogroup. Seasonal effects can be modeled in
different ways. The objective in our approach was to develop a flexible,
periodic model that took advantage of the detailed information contained
in the data set (data collected in each of the 12 calendar months) and
considered continuity between months. For each virus/genogroup, an
independent 4-parameter model with a sum of lagged sinusoidal func-
tions was selected. The model describing this effect is as follows:

�m,g � �
k�1

3

��k,g cos�k � �m � 1� ⁄ 12 � 2� � 	g�� (1)

where the �k,g terms (where k is equal to 1, 2, or 3) are three independent
scale parameters for virus/genogroup g, and g is one phase parameter for
virus/genogroup g.

Modeling of predisinfection concentration. The NoV and MSC pre-
disinfection concentration varies among WWTPs and changes with geno-
group, month, and WWTP type (a WWTP with a lagoon or a mechanical
system [a mechanical system is indexed using mech]). For a given obser-
vation characterized by w, g, m, and mech, the distribution of predisinfec-
tion concentrations is described by a normal distribution with expected
mean value �w,g,m,mech and standard deviation �Eg. �w,g,m,mech equals the
sum of the expected mean influent concentration in that month (�w,g,m),
the baseline log10 reduction (�w,g) achieved by the WWTP for the virus/
genogroup (random effect), and a virus-specific fixed effect of the WWTP
type (�mech,v, where the index v represents NoV or MSCs). The standard
deviation used in this model, �Eg, is different from the influent one, �Ig. A
vast majority of NoV records did not have predisinfection concentration
measurements (e.g., they provided only a measurement of the influent
concentration and of the effluent concentration, but no sample for deter-
mination of the concentration was taken at the predisinfection step).
When missing, the predisinfection concentration value was treated as a
latent variable. When a sample was taken, some observed concentration
values were left censored (below the LOD), and none were right censored.

The model for the predisinfection data is described as follows: �i �
Normal(�w,g,m,mech �Eg) when sampled and observed and �i �
Normal(�w,g,m,mech �Eg) censored on (�	, LCensef,i [where ef represents
effluent]) when sampled but not detected, with �w,g,m,mech being equal to
�w,g,m 
 �w,g 
 �mech,v, where �w,g represents a 12-month mean log10

reduction for WWTP w.

Modeling of effluent concentration. The NoV and MSC effluent con-
centration varies among WWTPs and changes with genogroup, month,
WWTP type, and the type of wastewater disinfection employed in the
WWTP. Wastewater disinfection was divided into three general types (in-
dexed as tt), identified as (i) none, meaning that disinfection was not
applied; (ii) chlorine, meaning that disinfection was achieved through
chlorination; and (iii) UV, meaning that disinfection was achieved
through irradiation with UV light. For a given observation characterized
by w, g, m, mech, and tt, the distribution of the effluent concentration is
described by a normal distribution with mean �w,g,m,mech,tt and standard
deviation �Eg. The mean �w,g,m,mech,tt equals the sum of the mean predis-
infection concentration (�w,g,m,mech) plus a fixed effect of the disinfection
treatment (tt,v; which is specific to the treatment [chlorine or UV] and
specific to virus v) and a fixed month effect specific to virus/genogroup g
(�m,g). A reference fixed effect of 0 was used for no disinfection. The
disinfection treatment was unidentified for five WWTPs, and therefore,
the actual unidentified disinfection treatment for these five WWTPs was
considered a latent variable in these cases. The fixed month effect �m,g is
modeled similarly, but independently, as �m,g.

We assumed a standard deviation to the model for the concentration
of virus in effluent water equal to the one for predisinfection water (i.e.,
�Eg), as predisinfection and effluent water may be considered similar in
terms of organic load. Some observed values, i.e., values known to be only
below a given threshold (LCensef; or the LOD of the analytical method
used to enumerate effluent samples) or above the numeration limit
(RCensef; the TNTC limit), were censored.

The effluent concentration was thus modeled using �i �
Normal(�w,g,m,mech,tt, �Eg) when the concentration was measured, �i �
Normal(�w,g,m,mech,tt, �Eg) censored on (�	, LCensef,i) when the concen-
tration was not detected (when the concentration was less than the
LOD), or �i � Normal(�w,g,m,mech,tt, �Eg) censored on (RCensef,i, 
	)
when the concentration was TNTC (when the concentration was more
than the limit of enumeration), with �w,g,m,mech,tt being equal to
�w,g,m,mech 
 �m,g 
 tt,v.

Inferences. The directed acyclic graph of the model is provided in Fig.
1. This graph illustrates the organization and hierarchy of the model (44).
We chose to use uninformative prior distributions; as examples, values of
5 log10 gc/liter (or 5 log10 number of PFU per liter for MSCs) were used for
the mean influent concentrations (�w,g), and values of �5 log10 gc/liter
(or �5 log10 number of PFU per liter for MSCs) were used for the mean
baseline log10 reductions (�w,g). Standard deviations of 10 were used for
the corresponding scale parameters. Uniform distributions from 0 to 10
were used for �Ig and �Eg. All prior distributions are provided in Table 1.

Bayesian inferences were developed using Markov chain Monte Carlo
(MCMC) methods, as implemented in OpenBugs (v.3.2.2) software,
launched from R using the R package BRugs (45). MCMC chains were
studied using the R packages BRugs (45) and Coda (46). We evaluated
conditional prior distributions of parameters (47), as imposed by the
prior distributions and the structure of the model, by running the model
without data. Using conditional prior distributions and data, we evalu-
ated the empirical conditional posterior distribution of the model param-
eters. We deemed that two parameters were statistically significantly dif-
ferent if the intervals between the 2.5th and 97.5th percentiles of their
empirical posterior distributions (95% credible intervals [95% CIs]) did
not overlap.

We performed the analysis on three MCMCs started using different
initial values and different random seed values. The first 10,000 values of
each chain were discarded. One value was then recorded every 10 itera-
tions, until 10,000 values were recorded for each of the three chains. The
convergence of the models was checked using the Gelman-Rubin crite-
rion, with a value of under 1.1 being used as a sign of convergence (48).

RESULTS
Data description. Data from the selected scientific literature orig-
inated from Japan, France, Sweden, Brazil, Ireland, and the United

Pouillot et al.

4672 aem.asm.org July 2015 Volume 81 Number 14Applied and Environmental Microbiology

http://aem.asm.org


States (11, 25–27, 49–56). Data from Flannery et al. (11) and Ra-
jko-Nenow et al. (56) originated from the same WWTP during the
same period of time; one article reported the influent data, and the
other one reported the effluent data.

A large proportion of results were reported as “nondetected.”

Indeed, 24% (336/1,410) of the influent measures were below the
LOD, while 56% (764/1,353) of the effluent data were below the
LOD. Twenty-four MSC measurements from the Canadian sur-
veillance data set were TNTC.

Overall, 1,487 records (i.e., associated measurements in influ-
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βm,g
Month 
Effect

 i

WWTP w

Genogroup/Virus (NoV I, NovII, MSC) g
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M V
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μw,g + λw,g
+ γmech,v +φ v.

FIG 1 Directed acyclic graph describing the model. Data are denoted as rectangles, and unknown random variables are denoted by ellipses.

TABLE 1 Prior distributions

Parameter Description Prior distribution or formulaa

�w,g Mean parameters for the concn of NoV GI, NoV GII, and MSCs
in influent of WWTP w

(�w,NoV GI, �w,NoV GII, �w,MSCs, �w,NoV GI, �w,NoV GII, �w,MSCs) �
MNormal(�, 1/V)

�w,g Mean parameters for the log reduction for NoV GI, NoV GII, and
MSCs for WWTP w

� Mean of the multivariate parameters MNormal[(5, 5, 5, �5, �5, �5), 1/P]
P Precision matrix 0.01 I6

V Precision matrix of the WWTP to WWTP Wishart[(4 I6)�1, 6]
�Ig Deviation to the influent model Uniform(0, 10)
�Eg Deviation to the pre-disinfection and effluent model Uniform(0, 10)
�mech,v Fixed-effect model for a mechanical system (mech � 
1) vs a

lagoon system (mech � �1) for virus v
Normal(0, 1002)

tt,v Fixed effect model for disinfection treatment for virus v (where tt
is no treatment, chlorine, UV)

Normal(0, 1002), 0 for no treatment

g Parameter-of-the-month model (phase) Uniform(��, 
�)
ak,g Parameter-of-the-month model (scale parameters) Normal(0, 102)
�i Probability that WWTPs with unidentified disinfection treatment

have no, chlorine, or UV disinfection treatment
Dirichlet(1,1,1)

a Normal distributions are parameterized as Normal(mean, variance). Multinormal distributions are parameterized as MNormal(mean vector, covariance matrix).
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ent, predisinfection, and/or effluent samples from one WWTP at
one sampling date for a given virus [2,943 total measurements])
were included in the analysis. Table 2 (NoV GI), Table 3 (NoV
GII), and Table 4 (MSCs) provide descriptions of the studies used
for our investigation and identify the information provided by
each reference, i.e., the location of sampling (influent, predisin-
fection step, or final effluent) and the type of available data (con-
centrations less than the LOD, measured, or greater than the
TNTC limit).

Figure 2 provides the empirical cumulative distributions of the
NoV GI, NoV GII, and MSC concentration data included in

the Bayesian inference model. These graphs explicitly illustrate the
marginal decrease in concentration from the influent to the final
effluent for NoV GI, NoV GII, and MSCs. They also illustrate that
the concentration of NoV in effluent water can reach high values
(e.g., for NoV GI, 13/263 measurements with �105 gc/liter; for
NoV GII, 15/566 measurements with �105 gc/liter; for MSCs,
104/534 measurements with �105 PFU per liter).

Model results. (i) Concentration in influent. Table 5 presents
the medians and the 95% CIs of the conditional prior model pa-
rameters, that is, values from a naive model that considers only the
prior distributions before the incorporation of the observed data.

TABLE 2 Description of NoV GI data set

Author, yr (reference) or
source

No. of
WWTPs

No. of data points LODa

Influent Predisinfection sample Effluent

Total Influent

Predisinfection
sample and
effluentMeasured Nondetected NAb Measured Nondetected NA Measured Nondetected NA

da Silva et al., 2007 (25) 4 34 46 1 81 18 58 5 81 2.7 2.7
Flannery et al., 2012 (11) 1 13 25 38 37 1 38 2.74 2.74
Francy et al., 2012 (50) 4 10 9 3 16 19 19 19 2.64–4.15c 0.18–1.83c

Fumian et al., 2013 (51) 1 12 12 12 12 3.28 3.28
Katayama et al., 2008 (26) 1 12 12 12 12 3.15 2.7
Nordgren et al., 2009 (52) 1 12 4 8 12 3.98 3.98
Sima et al., 2011 (53) 1 14 2 16 5 11 16 2.7 1.3
Simmons et al., 2011 (27) 1 8 8 8 8 3.78 2.48
Tian et al., 2012 (54) 1 11 11 11 11 2.70 2.70
Joint United States-Canada

Norovirus in Bivalve
Molluscan Shellfish Risk
Assessment Team, U.S.
data

19 28 53 81 2 57 22 81 3.0–3.1d 3.0–2.0d

Grand total 34 123 130 37 3 16 278 89 174 27 290
a LOD estimated in this study.
b NA, data were not available at this step of the process (influent, predisinfection sample, or effluent), but some data (for this virus, WWTP, and date) existed in other steps.
c Values provided by the authors via supplemental material.
d The first value is for analysis done before 2008, and the second is for analysis done after 2008.

TABLE 3 Description of NoV GII data set

Author, yr (reference) or
source

No. of
WWTPs

No. of data points LODa

Influent Predisinfection sample Effluent

Total Influent

Predisinfection
sample and
effluentMeasured Nondetected NAb Measured Nondetected NA Measured Nondetected NA

da Silva et al., 2007 (25) 4 71 10 81 11 60 10 81 2.7 2.7
Flannery et al., 2012 (11) 1 13 25 38 37 1 38 2.74 2.74
Francy et al., 2012 (50) 0 2.64–4.15c 0.18–1.83c

Fumian et al., 2013 (51) 1 7 5 12 2 10 12 3.28 3.28
Katayama et al., 2008 (26) 1 12 12 12 12 3.15 2.7
Nordgren et al., 2009 (52) 1 11 1 12 7 5 12 3.98 3.98
Sima et al., 2011 (53) 1 13 3 16 6 10 16 2.7 1.3
Simmons et al., 2011 (27) 1 8 8 8 8 3.78 2.48
Tian et al., 2012 (54) 1 11 11 11 11 2.70 2.70
Victoria et al., 2010 (55) 1 11 1 12 7 5 12 3.20 2.24
Joint United States-Canada

Norovirus in Bivalve
Molluscan Shellfish
Risk Assessment
Team

U.S. data 20 89 6 95 32 40 23 95 3.0–3.1d 3.0–2.0d

Canadian data 10 125 180 1 20 284 69 223 13 305 2.24 2.24

Grand total 42 360 206 36 1 20 581 194 362 46 602
a LOD estimated in this study.
b NA, data were not available at this step of the process (influent, predisinfection sample, or effluent), but some data (for this virus, WWTP, and date) existed in other steps.
c Values provided by the authors via supplemental material.
d The first value is for analysis done before 2008, and the second is for analysis done after 2008.
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The credible intervals are extremely large, which reflects our in-
tention to use a prior which was as uninformative as possible. The
comparison of these conditional prior distributions with the con-
ditional posterior distributions demonstrates the impact of the
information provided by the data on these parameter estimates.

The 95% CIs of the conditional posterior distributions are nar-
rower than those of the conditional prior distributions (Table 5),
indicating that the data provide information. The expected mean
concentrations of NoV GI and NoV GII in influent over WWTPs
are estimated to be 1.5 log10 gc/liter (95% CI, 0.4, 2.4 log10 gc/liter)
and 3.9 log10 gc/liter (95% CI, 3.5, 4.3 log10 gc/liter), respectively.
The mean concentration of NoV GI is significantly lower than that
of NoV GII. Nevertheless, the variations from one WWTP to the
other around the mean parameters were large, with WWTP-to-
WWTP standard deviations of 2.2 log10 gc/liter for NoV GI and
1.3 log10 gc/liter for NoV GII.

As shown in Table 5, the mean concentration of MSCs in in-
fluent over WWTPs was significantly higher than that of NoV,
with an estimated mean MSC concentration of 6.2 log10 PFU per
liter (95% CI, 6.1, 6.4 log10 PFU per liter). The variations across
WWTPs were lower for MSCs (0.6 log10 PFU per liter) than for
NoV. The standard deviation from the model for the MSC con-
centration in influent (�I,MSC) shown in Table 5 is lower than the
one for NoV (estimated concentrations, 0.9 log10 PFU per liter for
MSCs versus 1.5 gc/liter for log10 NoV GI and 1.4 log10 gc/liter for
NoV GI).

The model, as populated with the data available, was able to
discriminate monthly variations in influent concentrations for
NoV GI, NoV GII, and MSCs (Fig. 3). For NoV GI, a significantly
higher mean concentration than the 12-month mean is pre-
dicted in March and April, and a significantly lower one is
predicted in October and November. For NoV GII, a signifi-
cantly higher mean concentration than the 12-month mean is
predicted from January to April, and a significantly lower one is
predicted from July to November. For MSCs, a significantly
higher concentration than the 12-month mean is predicted
from February to June, and a significantly lower one is pre-
dicted from August to December.

(ii) Log10 reduction. Table 6 provides estimates and 95% CIs
for mean log10 reductions [mean(�w,g) 
 �mech,v 
 tt,v] for var-
ious combinations of genogroup/virus, type of WWTP, and dis-
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FIG 2 Survival-like function (solid line) and 95% confidence interval (dashed
lines) for the influent (in blue) and the effluent (in red) data. Data for NoV GI,
NoV GII, and MSCs are shown.

TABLE 4 Description of MSC data set

Author, yr (reference) or
source

No. of
WWTPs

No. of data points LODa

Influent Predisinfection sample Effluent

Total Influent

Predisinfection
sample and
effluentMeasured TNTCb NAc Measured Nondetected NA Measured Nondetected TNTC NA

Francy et al., 2012 (50) 4 19 13 6 5 14 19 1.0
Haramoto et al., 2006 (49) 1 11 11 0 9 2 11 2.0
Joint United States-

Canada Norovirus in
Bivalve Molluscan
Shellfish Risk
Assessment Team

U.S. data 39 170 1 12 3 156 89 38 44 171 2.0
Canadian data 18 371 20 3 114 30 250 199 174 4 17 394 2.3

Grand total 62 571 20 4 150 39 406 302 228 4 61 595
a LOD estimated in this study.
b TNTC, too numerous to count (right censored).
c NA, data were not available at this step of the process (influent, predisinfection sample, or effluent), but some data (for this virus, WWTP, and date) existed in other steps.
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infection process considered in this analysis. For WWTPs with
mechanical systems without disinfection, a mean log10 reduction
of the number of genome copies of �2.2 (95% CI, �3.7, �0.8) is
expected for NoV GI, and a mean log10 reduction of the number of

genome copies of �2.5 (95% CI, �3.4, �1.6) is expected for NoV
GII (Table 6). The disinfection effect tt,NoV is not statistically
significant with the available data for either chlorine or UV disin-
fection for the reduction in NoV genome copy numbers.

Similarly, the value for the factor �mech,v was not statistically

TABLE 5 Statistics of the conditional prior and conditional posterior distributions for some parameters of the model

Parameter type and parameter
Median (95% CI) conditional
prior distribution

Conditional posterior distributiona

Mean Median P2.5% P97.5%

Expected mean parameter
NoV GI influent concn (log10 gc/liter) 3.8 (�5.4, 11) 1.5 1.5 0.4 2.4
NoV GII influent concn (log10 gc/liter) 1.9 (�8.2, 9.1) 3.9 3.9 3.5 4.3
MSC influent concn (no. of log10 PFU/liter) 1.6 (�6.9, 7.7) 6.2 6.2 6.1 6.4
NoV GI baseline log reduction (log10 gc/liter) �4.3 (�13.9, 7.4) �1.7 �1.6 �3.3 �0.2
NoV GII baseline log reduction (log10 gc/liter) �0.9 (�15.8, 10.9) �2.0 �2.0 �2.9 �1.0
MSC baseline log reduction (no. of log10 PFU/liter) 0.3 (�7.7, 11.2) �2.8 �2.8 �3.5 �2.1

WWTP-to-WWTP variation parameter (SD)
NoV GI influent concn (log10 gc/liter) 1.5 (0.7, 3.6) 2.2 2.1 1.5 3.2
NoV GII influent concn (log10 gc/liter) 1.5 (0.7, 4.4) 1.3 1.3 1.0 1.6
MSC influent concn (no. of log10 PFU/liter) 1.5 (0.7, 3.6) 0.6 0.6 0.5 0.7
NoV GI log reduction (log10 gc/liter) 1.5 (0.7, 3.7) 1.3 1.3 0.8 2.0
NoV GII log reduction (log10 gc/liter) 1.6 (0.7, 4.2) 1.8 1.7 1.3 2.4
MSC log reduction (no. of log10 PFU/liter) 1.5 (0.7, 4.4) 1.6 1.6 1.3 2.0

Variation from model
NoV GI influent concn (�I,NoV GI) (log10 gc/liter) 0.9 (0, 4.2) 1.5 1.5 1.3 1.8
NoV GII influent concn (�I,NoV GII) (log10 gc/liter) 1.2 (0, 3.7) 1.4 1.4 1.3 1.6
MSC influent concn (�I,MSC) (no. of log10 PFU/liter) 1.3 (0.1, 3.7) 0.9 0.9 0.9 1.0
NoV GI effluent concn (�E,NoV GI) (log10 gc/liter) 2.3 (0.2, 5.6) 2.2 2.2 1.9 2.5
NoV GII effluent concn (�E,NoV GII) (log10 gc/liter) 1.9 (0.1, 5.1) 1.3 1.3 1.2 1.5
MSC effluent concn (�E,MSC) (no. of log10 PFU/liter) 2.4 (0.3, 5.3) 0.5 0.5 0.5 0.6

a P2.5% and P97.5%, 2.5th and 97.5th percentiles, respectively.
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FIG 3 Monthly variation relative to the mean of the expected concentrations of
NoV GI (black line; log10 gc/liter), NoV GII (blue line; log10 gc/liter), and MSCs
(solid red line; log10 number of PFU per liter) in WWTP influent and monthly
variation relative to the mean log10 reduction of MSCs (red dashed line; log10

number of PFU per liter) predicted by the model. Circles represent the medians of
the posterior distributions, while segments represent the 95% CIs of the posterior
distributions. As an example, the MSC mean log10 reduction was significantly
lower (the month effect is positive) than the average from February to June and
significantly higher than the average from August to December.

TABLE 6 Statistics of posterior distribution of mean log10 reduction
according to type of WWTP, disinfection treatment, and genogroup/
virus

WWTP
type Disinfection

Genogroup
or virus

Log10 reductiona

Mean Median P2.5% P97.5%

Mechanical
system

None NoV GI �2.2 �2.2 �3.7 �0.8
NoV GII �2.5 �2.5 �3.4 �1.6
MSCs �2.4 �2.4 �2.9 �1.9

Chlorine NoV GI �2.4 �2.4 �3.9 �1.1
NoV GII �2.7 �2.7 �3.6 �1.9
MSCs �2.9 �2.8 �3.4 �2.4

UV NoV GI �3.0 �3.0 �4.6 �1.5
NoV GII �3.3 �3.3 �4.4 �2.3
MSCs �4.3 �4.3 �4.9 �3.7

Lagoon
system

None NoV GI �1.2 �1.2 �3.1 0.8
NoV GII �1.5 �1.5 �2.9 0.0
MSCs �3.2 �3.2 �4.3 �2.0

Chlorine NoV GI �1.4 �1.4 �3.3 0.5
NoV GII �1.7 �1.7 �3.1 �0.3
MSCs �3.6 �3.6 �4.8 �2.4

UV NoV GI �2.0 �2.0 �4.1 0.0
NoV GII �2.3 �2.3 �3.8 �0.7
MSCs �5.0 �5.0 �6.2 �3.9

a Data are in gc/liter for NoV and number of PFU/liter for MSCs. P2.5% and
P97.5%,2.5th and 97.5th percentiles, respectively.
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different from 0, indicating that the available data cannot discrim-
inate mechanical versus lagoon treatment regarding the log10 re-
duction of NoV genome copy numbers.

In our analysis, the efficiencies by which WWTPs with me-
chanical and lagoon systems reduce the infective MSC concentra-
tion (in number of PFU per liter) were not significantly different.
In contrast, disinfection appeared to have a considerable effect on
the reduction in the number of log10 PFU of MSCs per liter. The
effects of chlorine and UV was both statistically significant com-
pared to those of no disinfection, with an additional �0.4-log10

change for chlorine (95% CI, �0.7, �0.1 log10) and an additional
�1.9-log10 change for UV (95% CI, �2.2, �1.6 log10). The sea-
sonal dependence of the log10 reduction, as characterized by the
month effect �m,g, was never significantly different from 0 for the
log10 reduction for NoV GI or NoV GII (in gc/liter) but was sig-
nificant for the log10 reduction for MSCs (in number of PFU per
liter) (Fig. 3). The MSC mean log10 reduction was significantly
lower (the month effect was positive) from February to June and
higher from August to December.

(iii) Correlation between influent concentrations of NoV GI,
NoV GII, and MSCs and log10 reductions within the same
WWTP. The use of a multivariate normal distribution enables
evaluation of the correlation coefficient between parameters
among WWTPs (Table 7). Within WWTPs, significant correla-
tions were identified between the mean NoV GII influent concen-
tration (in gc/liter) and (i) the mean NoV GI influent concentra-
tion (in gc/liter) (the higher that the NoV GII influent
concentration was, the higher that the NoV GI influent concen-
tration was), (ii) the mean MSC influent concentration (in num-
ber of PFU per liter) (the higher that the NoV GII influent con-
centration was, the higher that the MSC influent concentration
was), (iii) the mean log10 NoV GII reduction (the higher that the
NoV GII influent concentration was, the higher that its log10 re-
duction was), and (iv) the mean log10 MSC reduction (the higher
that the NoV GII influent concentration was, the higher that the
log10 reduction for MSCs was).

A highly significant correlation (0.8; 95% CI, 0.6, 0.9) between
the mean log10 reduction in NoV GII and the mean log10 reduc-
tion in MSCs was also found (e.g., the higher that the mean log10

reduction in NoV GII was, the higher that the mean log10 reduc-
tion in MSCs was). Correlations between individual measure-
ments of a concentration/log10 reduction of MSCs or NoV geno-
groups and those for another measurement within a single
WWTP are expected to be weaker because of the large variability
in these values.

DISCUSSION

Wastewater treatment is intended to reduce the risk of exposure of
the public to bacterial and viral pathogens. Nevertheless, under
certain conditions, processed and treated WWTP effluent may
still contain pathogens and thus can contaminate the environ-
ment and possibly impact the safety of shellfish harvested in these
areas (9). A key element in the management of the public health
risk may lie in the reduction of NoV concentrations in sewage
during wastewater treatment (9). Precise estimates of the removal
of NoV during wastewater treatment and its variation are needed
to inform the modification of current risk management practices
and policies and/or the development of new risk management
practices and policies.

Data are heterogeneous, but meta-analysis provides more
comprehensive information than individual studies. Multiple
investigations have been undertaken to develop reliable quantifi-
cation methods (semiquantitative RT-PCR and then RT-qPCR,
notably) to determine enteric virus concentrations in wastewater
and to evaluate the log10 reduction of enteric viruses in WWTPs
(49, 52, 57–59). In general, these studies indicate a high prevalence
of NoV in influent, with a higher prevalence for NoV GII than for
NoV GI; a marked seasonality characterized by a winter peak con-
centration in WWTP influent; a reduced WWTP efficiency for
removal of NoV compared with that for removal of bacterial con-
taminants; and a resulting presence of NoV in effluent (9, 25, 58,
60). The studies report data collected in one or a few WWTPs and,
as such, do not provide a description of how these parameters vary
among WWTPs with similar or different designs or an estimate of
the average values of these parameters across WWTPs. The pres-
ent meta-analysis provides a description of the viral concentra-
tions, log10 reductions, and variability in these values more general
than that which has been previously presented.

The data used in this meta-analysis came from heterogeneous
sources that used various sample processing (e.g., concentration
and extraction) and detection methods. Such heterogeneity
among the included studies can lead to variations in the precision
of measurements, adding to the inherent variability of virus re-
moval and inactivation efficacy among different WWTPs reflected
in the data. The sample collection methods used also varied
among the studies included in this analysis. In some studies, tem-
poral composite samples were collected (e.g., samples were col-
lected over 24 h), while in other studies, grab samples were col-
lected (i.e., samples were collected at a single point in time). The
sample collection method selected can impact the accuracy and

TABLE 7 Correlation coefficient between mean influent and log10 reductions within the same WWTP for NoV GI, NoV GII, and MSCs

Parameter

Correlation coefficient (95% CI)

12-mo mean influent concn Log reduction

NoV GI NoV GII MSCs NoV GI NoV GII

Influent concn
NoV GII 0.7 (0.3, 0.9)
MSCs 0.3 (�0.2, 0.6) 0.4 (0.1, 0.7)

Log reduction
NoV GI �0.1 (�0.7, 0.7) �0.2 (�0.8, 0.6) �0.1 (�0.5, 0.5)
NoV GII �0.3 (�0.6, 0.1) �0.5 (�0.8, �0.2) �0.3 (�0.6, 0.1) 0.5 (�0.2, 0.8)
MSCs �0.3 (�0.6, 0.2) �0.5 (�0.8, �0.1) �0.2 (�0.5, 0.1) 0.5 (�0.2, 0.8) 0.8 (0.6, 0.9)
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precision of WWTP viral reduction efficiency estimates when the
concentration of virus varies significantly with time.

Facing this heterogeneity, our approach was to initiate the data
collection process with a comprehensive search of the data, fol-
lowed by a secondary examination with a selection of the methods
and data included on the basis of the expert judgment of a panel of
subject matter experts. In this process, the LODs from the studies
were evaluated or reevaluated. Some data points were excluded
due to inefficient protocols or methods or missing information.

The model implicitly assumes that the WWTPs evaluated in
the literature and in the United States and Canadian surveillance
samples included in the analysis are representative of WWTPs
worldwide. Similarly, it is assumed that the data included in this
model incorporate data obtained from various situations that are
typically experienced by WWTPs, including high flows that may
impact treatment efficacy or the log10 reduction. For example,
storm water and infiltration/inflow caused by a storm event may
lower the concentration of enteric viruses in the influent through
dilution, while reductions in other critical factors, such as the
hydraulic retention/treatment time, may diminish the effective-
ness of treatment. We assumed that the data included in the infer-
ence model were not derived from exceptional events, such as
failures in disinfection or treatment bypasses of untreated waste-
water, because the surveillance data from the United States and
Canada were derived from nominally compliant WWTPs and
none of the published articles identified unusual or exceptional
WWTP operating conditions. Specific data are needed to allow a
better characterization of the impact of these types of events on
viral concentrations and log10 reductions (9).

The statistical method appropriately addresses censored
data. In the peer-reviewed scientific literature, evaluations of log10

reductions are usually performed by assigning a value (e.g., 0 or
LOD [27, 61] or one-half the LOD or an arbitrary value [52]) to
measurements below the LOD, by ignoring those values (25), or
by providing only a lower limit of the actual log10 reduction (e.g.,
a log10 reduction of 
�3.8 [53]). Ignoring censored data or re-
placing these observations with a given value biases the inference
process (62, 63). It can also lead to an artificial correlation between
the influent concentration and log10 reduction. More accurate
estimates were achieved with the statistical method used in this
study, which considered censored data, by including the informa-
tion provided by observations below the LOD or observations
greater than a limit of enumeration. Nevertheless, due to the large
number of censored data points in the analyzed data set (more
than 50% of effluent data), our analysis may lack power. There-
fore, when an effect is not found to be statistically significant, it
does not necessarily mean that there is no effect. The effect may be
not large enough to discern with this data set, due to the lack of
power. The impact of censored data is notable when comparing
the high precision of the parameters obtained for MSCs, for which
few censored data were observed, with the level of precision of the
parameters obtained for NoV. Future technical improvements in
analytical methodology, notably, in the extraction method, could
lower the LOD in future studies and eliminate these issues.

Influent concentrations of NoV GII are higher than those of
NoV GI, with a large seasonal dependence being observed. The
detection of NoV in raw sewage reflects viral illness in the com-
munity (64). Our meta-analysis included data from a large num-
ber of WWTPs and spanned all 12 months of the calendar year,
thereby better characterizing the WWTP-to-WWTP and month-

to-month variations reported in the literature. We estimated that
the mean influent log10 concentration of NoV GII over WWTPs
(average, 3.9 log10 gc/liter) was higher than the mean influent log10

concentration for NoV GI (average, 1.5 log10 gc/liter). This result
is consistent with other reports in the literature (49, 65, 66) and
with epidemiological data (4). A large variation in influent con-
centration was nevertheless observed from WWTP to WWTP
(standard deviations, 2.2 and 1.3 for NoV GI and NoV GII, respec-
tively).

The general seasonal variation in NoV influent concentrations
reported in the literature was observed and quantified in the pres-
ent analysis. Our inference model results estimated that NoV GI
and NoV GII influent concentrations were higher from January to
May than from June to November, which is consistent with other
specific reports in the literature (25, 26, 53). As an example, Katay-
ama et al. (26) reported NoV influent concentrations to be more
abundant in winter than in summer, which is consistent with the
present model results (�1 log10; Fig. 3), although the peaks in
concentration predicted for NoV GI and NoV GII in the present
model, on the basis of a meta-analysis of the available literature,
are shifted by about 2 months from that specifically reported by
Katayama et al. (26). Interestingly, Victoria et al. (55) reported a
peak virus load in July in Rio de Janeiro, Brazil, which is a cold
month in Brazil. We considered the hemispheric seasonal shift by
applying a 6-month lag to the month for data collected in the
Southern Hemisphere. Epidemiological data have also identified a
seasonal dependence for NoV illness in the population (67).

We confirm that NoV GI and NoV GII may be present in
influent and effluent all year long. A strong correlation between
the mean NoV GI and NoV GII influent concentrations within a
WWTP was obtained in this analysis (0.7; 95% CI, 0.3, 0.9), as was
also observed in a specific WWTP by Nordgren et al. (52). The
high WWTP-to-WWTP variation in NoV GI and GII mean influ-
ent concentrations and the correlation between NoV GI and NoV
GII mean influent concentrations are important results, as they
suggest that some WWTPs receive sewage that is highly contami-
nated with both NoV GI and NoV GII. Further studies focusing on
describing these specific WWTPs on the basis of particular char-
acteristics (such as flow or catchment) will provide critical infor-
mation for assessing and improving the management of the public
health risk linked to estuary NoV concentrations originating from
WWTPs.

Low reduction in NoV genome copy numbers in WWTPs.
Virus elimination during WWTP processing is dependent on a
wide array of factors, including temperature, solar radiation, ad-
sorption to particulate matter, enzymatic destruction, and preda-
tion by bacteria and protozoa (9). Unfortunately, any analysis of
these effects, including the present meta-analysis, is limited by the
available data. Information on a relatively few WWTP settings has
been reported in the literature. A more detailed delineation
among the general characteristics of the WWTPs beyond whether
they had a mechanical or a lagoon system could not be used, be-
cause of large variations in WWTP engineering designs and the
absence of this information in the literature providing measure-
ments of viral concentrations in WWTP influent and effluent. The
estimated log10 reductions for WWTPs with mechanical and la-
goon systems represent marginal log10 reductions (i.e., reductions
averaged over all other characteristics) for WWTPs of those two
types, assuming that the WWTPs present in the database are rep-
resentative of all WWTPs.
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Our analysis indicates that, on average, reductions of �2.2
log10 for NoV GI genome copies and �2.5 log10 for NoV GII
genome copies in WWTPs with mechanical systems are expected
before disinfection but that the variations from WWTP to WWTP
are great. Substituting values under the LOD by one-half the LOD,
Nordgren et al. (52) obtained average log10 reductions of �1.4 for
NoV GI and �1.2 for NoV GII in the municipal wastewater treat-
ment of Gothenburg, Sweden. Laverick et al. (68) found a �2 log10

reduction. The results that we obtained here are in line with the
current observations that WWTPs are relatively inefficient in re-
ducing the concentration of NoV genome copies and confirm a
large variability from WWTP to WWTP.

The type of WWTP (i.e., a WWTP with a lagoon versus a me-
chanical system) and the disinfection treatment modulate the
log10 reduction effects. Nevertheless, there is uncertainty in the
estimated differences among log10 reductions, and none of these
differences are statistically significant for NoV genome copy num-
bers. A similar performance with regard to NoV genome copy
removal in waste stabilization pond, activated sludge, and sub-
merged membrane bioreactor treatments was found by da Silva et
al. (25) in a specific study. In lagoon systems with long retention
times, the viral log10 reduction calculated may be questionable if
grab samples of influent and effluent are collected without con-
sideration of retention times. Samples of effluent collected for
detection of virus are potentially being compared with samples of
influent that arrived at the WWTP during a very different part of
the seasonal cycle and/or during periods of high or low shedding.
Moreover, lagoons are often located in small population centers,
where influent viral loads may vary widely.

The disinfection effect for NoV (in gc/liter) removal in this
meta-analysis was not statistically significant. More data on pre-
disinfection concentrations within WWTPs would refine the esti-
mate of the disinfection effect. Note that MSC results, which in-
dicate a significant disinfection effect (see below), suggest that a
loss of viral infectivity (which cannot be measured for NoV) plays
a larger role than physical removal of virus particles from disin-
fection.

The correlation between the mean influent concentration of
NoV and the log10 reduction achieved within a WWTP was low
and significant only for NoV GII. As a consequence of these two
observations, the monthly variation in the influent concentrations
of NoV GI and NoV GII is also expected to be observed for the
effluent, with peaks of concentration being expected in winter.
These higher effluent concentrations of NoV GI and NoV GII in
winter predicted by the model provide critical information for the
assessment of the public health risk associated with activities im-
pacted by estuary contamination during this time, e.g., consump-
tion of raw oysters harvested during the winter months.

MSC as a possible treatment process index. The estimates of
the mean log10 reductions in NoV GI and NoV GII genome copy
numbers achieved by different WWTPs provide lower limits on
the mean log10 reductions of infectious particles. In contrast, es-
timates of the mean log10 reductions for MSCs in the present
model reflect reductions in infectious particles because these are
based on culture-based measurements (numbers of PFU per liter).
In the absence of a culture-based method for enumerating NoV
particles, measurements for MSCs continue to be explored as pos-
sible surrogate measures for infective NoV (28, 29).

The seasonal variability in the MSC mean influent concentra-

tion is lower in magnitude than that observed for NoV. MSC peak
concentrations are observed in August and September (Fig. 3).

A significant correlation between the mean influent concentra-
tions of NoV GII and MSCs within the same WWTP was ob-
served, meaning that if the average concentration of MSCs in in-
fluent is high for a given WWTP, the average concentration of
NoV GII in influent is expected to be high.

A strong correlation (0.8; 95% CI, 0.6, 0.9) between the mean
log10 reductions of NoV GII and MSCs was observed. Among
WWTPs of a given type, a higher mean log10 reduction of MSCs
for a WWTP was then associated with a higher mean log10 reduc-
tion for NoV GII. This result suggests that MSCs could be useful in
evaluating the efficiency of a WWTP. Indeed, given that MSCs are
present at high concentrations in influent throughout the year,
censored data are infrequent. As a consequence, estimates of the
log10 reduction achieved within a given WWTP are expected to be
more precise than those derived from NoV measurements, as il-
lustrated in the present model results.

The model results indicate that WWTPs with either chlorine or
UV disinfection achieve significantly larger reductions for MSCs
(in number of PFU per liter) but not NoV (in gc/liter) than
WWTPs without disinfection. This may be due to the inactivation
of particles, which is captured by the infectivity assay for MSCs but
not the molecular/particle-based detection assays for NoV. Dan-
cho et al. (69) showed that estimates of the NoV GI log10 reduction
obtained following UV irradiation can differ when only molecu-
lar-based methods are used and when a binding assay is used in
combination with molecular methods to isolate potentially infec-
tious particles. Specifically, their data showed that the reduction in
the amount of NoV GI particles that can bind is larger than the
reduction in the total amount of NoV GI particles following treat-
ment. If the differences in the log10 reductions between MSCs and
NoV characterized in the present analysis are reflective of the dif-
ferences in the losses of infective particles and total particles, then
the mean log10 reduction estimates for MSCs provide a surrogate
measure of the mean log10 reduction for infective NoV particles.

The large difference between the estimated mean log10 reduc-
tions for MSCs (in number of PFU per liter) in lagoons in the
absence of disinfection and that for NoV GI and NoV GII (in
gc/liter) may also be a reflection of inactivation facilitated by ex-
tended retention times and exposure to sunlight during retention.

Model implementation in a quantitative risk assessment.
The model and its structure were developed to support its use by
the Joint United States-Canada Norovirus in Bivalve Molluscan
Shellfish Risk Assessment Team and can be adapted for use in
other related risk assessments, e.g., risk assessments associated
with recreational waters impacted by WWTPs. On the basis of the
available information, this meta-analysis focuses on estimating
the magnitude and seasonal variation in NoV and MSC concen-
trations in WWTP influent and the overall log10 reduction of NoV
and MSC concentrations achieved by WWTPs. The inference
model determines the significance and provides estimates of the
impact of WWTP type, disinfection, and seasonality (month). In-
deed, the level of enteric virus may vary widely depending on
several factors, such as the number of ill people in the population
served, the size of the catchment area served by the WWTP, the
type of treatment, meteorological conditions, and seasonal
changes. The use of a random effect to characterize WWTPs al-
lows the model to be used to simulate the influent and effluent
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concentrations of NoV in specific types of WWTPs or a WWTP at
random.
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