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Potable water reuse is becoming more common as communities deal with increased water demands and
climate change. Understanding the risks associated with potable reuse is essential to ensuring that public
health is protected from waterborne pathogens. This paper provides a review on the studies that have
performed quantitative microbial risk assessments (QMRAs) on potable reuse. The 30 articles included here
studied direct potable reuse (DPR), indirect potable reuse (IPR), and/or de facto reuse (DFR), and a variety
of pathogens, including norovirus, adenovirus, Cryptosporidium, Giardia, Campylobacter, and Salmonella.
The QMRAs were either ‘top-down’ or regulations-focused, where log reduction targets (LRTs) were
determined based on initial (e.g., raw wastewater) pathogen concentrations and risk goals (e.g., 10 annual
risk benchmark), or ‘bottom-up’ or risk-estimation-focused, where risks were calculated based on known
pathogen concentrations and observed/credited log reduction values (LRVs). Some studies incorporated
process failures and pathogen decay, which were often a driving factor for risk, but several studies omitted
one or both. Many studies compared multiple treatment trains (e.g., carbon-based advanced treatment
(CBAT) vs. reverse-osmosis-based advanced treatment (RBAT)). They found that treatment-based
differences were pathogen-dependent because certain processes are better able to inactivate or remove
certain pathogens. Many factors influence the risks reported in the various studies, including the assumed
ratios of gene copies to infectious units (GC: IU), assumptions related to ingestion volume and frequency,
dynamic vs. static modeling, and Bayesian approaches. The LRTs for the top-down QMRAs varied within
and between studies, depending partially on the pathogen concentrations used and whether redundancy
was included. The key findings from this review were that while QMRAs often have different goals
warranting different assumptions, it is essential that researchers report these assumptions and their
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Water impact

We conducted a comprehensive literature review on quantitative microbial risk assessments (QMRAs) for potable reuse, which will likely become more
necessary due to climate change and drought. This review provides timely and critical insights into potable reuse QMRAs to inform future research and
policy development for water reuse by identifying gaps, challenges, and best practices in conducting and reporting QMRAs.

1. Introduction reuse (e.g., industrial applications, toilet flushing, irrigation®)
or potable reuse. Indirect potable reuse (IPR) involves the
planned discharge of recycled water to an environmental
buffer, such as an aquifer, river, or lake, before being treated
and used as drinking water.> For direct potable reuse (DPR),
water is treated and added to the drinking water system
through raw water augmentation (upstream of the drinking
water treatment plant) or treated water augmentation (into
the distribution system). DPR through raw water

augmentation is sometimes conceptually similar to IPR,

There has been increased interest in water reuse, particularly
in the United States (U.S.), due to population growth,
urbanization, climate change, and drought. Recycled water
can be utilized for different ends, including non-potable
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specifically when an environmental buffer with a short
residence time is used. However, regulatory frameworks may
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specify the minimum amount of time that recycled water
must spend in an environmental buffer to qualify as IPR.
Finally, de facto reuse (DFR) occurs when there is unplanned
or incidental wastewater influence on a community's
drinking water source. DFR is relatively common, with 25%
of U.S. drinking water treatment plants (DWTPs) serving
more than 10000 people having more than 1% treated
wastewater in their drinking water source under normal
streamflow conditions—and up to 100% at certain DWTPs
during drought conditions.?

Prior to introducing potable reuse in communities, it is
essential to assess the risks associated with waterborne
diseases that could be acquired through this process.
Quantitative microbial risk assessment (QMRA) is a tool
commonly used to assess the likelihood of infection and/or
illness resulting from pathogen exposure. The four steps
include hazard identification, exposure assessment, dose-
response modeling, and risk characterization.*® While QMRA
has been used extensively to analyze the risk of non-potable
reuse including agricultural reuse or other purpose-driven
applications,®" there have been fewer studies on potable
reuse.

As potable reuse regulatory development and project
implementation occur, it is essential to understand the
microbial risks presented by these systems, including how
they can be estimated and ultimately managed. Therefore,
the goal of this study was to review the studies that have used
QMRA to assess the risks from potable reuse and highlight
the implications of various assumptions made during the
risk assessment. QMRAs are inherently a product of their
assumptions, and if those assumptions are not clear, a QMRA
can be misinterpreted. This review will also examine the
pathogens driving risks, highlight risk mitigation strategies
expected to be most effective, and compare log reduction
targets (LRTs) and log reduction value (LRV) assumptions
from different studies, as these affect the development of
regulations.

2. Materials and methods

A search was performed on the Web of Science on October
28th, 2024. The search term was “ALL = (QMRA OR
quantitative microbial risk assessment) AND ALL = (water
reuse OR potable reuse OR recycled water OR reclaimed
water)”. This resulted in a total of 254 abstracts which
were screened to exclude papers that focused on non-
potable reuse or did not perform a QMRA. After screening,
28 of these papers were selected for comparison and
analysis.

During the review of the selected papers, two additional
papers were identified that did not use the term quantitative
microbial risk assessment, likely because they were
published before QMRA was a common term; however, these
resources performed a QMRA on potable reuse.'>'* This
brought the total number to 30 studies of QMRA for potable
reuse.
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3. Results and discussion

3.1 Summary of studies

Nappier et al.'* wrote a review summarizing epidemiological
studies and QMRAs for potable reuse. The epidemiological
studies found no negative health impacts associated with
potable reuse,'*'® though data were limited. Since 2018,
there have been several more studies published on QMRA for
potable reuse, and some have influenced the creation of LRTs
for potable reuse treatment trains, such as California's
recently drafted DPR regulations.'” Therefore, the goal of this
study was to provide an updated critical review on QMRA for
potable reuse.

Table S11 summarizes the studies which have performed
QMRA for potable reuse. It includes the target pathogens for
each QMRA, the type of potable reuse project (DPR, IPR, and/
or DFR), the associated treatment train(s), and the QMRA
approach (i.e., top-down or regulations-focused vs. bottom-up
or risk-estimation-focused). Top-down QMRAs aim to identify
LRTs based on initial (e.g., raw wastewater) pathogen
concentrations and assumed risk goals (e.g., 10™* annual risk
benchmark). Bottom-up QMRAs estimate risk based on
known pathogen concentrations and LRVs achieved by or
credited to the treatment train, with the conservative practice
of LRV crediting generally resulting in greater estimated
risks. Those calculated risks are typically compared against a
risk benchmark to determine whether the system is
adequately protective of public health. These risk
benchmarks are often based either on a probability of
infection (Py,), with a typical target of <10~ infections per
person per year (pppy), or a metric that considers health
outcomes (e.g., disability adjusted life years (DALYs)), with a
typical target of <10 ° DALYs pppy.'®

Table S17 also includes other factors that impact the risk
calculation, including the volume of water consumed and
ingestion frequency. If the pathogen concentrations used in a
QMRA are based on molecular methods (ie., polymerase
chain reaction (PCR)), the number of gene copies (GC) often
need to be converted to infectious units (IU) for the risk
assessment, as dose-response models are often developed
based on infectious doses. A conservative GC:IU ratio of 1.0
assumes every gene copy equates to one infectious pathogen.
However, molecular methods often overestimate infectious
pathogen exposure because die-off/inactivation generally does
not result in a corresponding level of genome damage.
Therefore, GC:IU ratios can be significantly greater than 1.0
under real-world conditions.”” Some QMRAs incorporate
failures, sensitivity analyses, and/or pathogen decay linked to
retention time in the environmental buffer. Studies differ
based on the dose-response curves used for a given
pathogen, although some studies directly compare multiple
dose-response models to understand the implications of this
assumption on resulting risk estimates. The decisions
researchers made in developing their QMRAs and the
implications of those decisions are discussed in more detail
throughout this paper.
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Fig. 1 Schematic of top-down versus bottom-up QMRAs.
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3.2 QMRA type

QMRAs are typically performed top-down, where the pathogen
concentrations and risk benchmarks are used to identify LRTs,
or bottom-up, where the pathogens concentrations and unit
treatment process LRVs are used to estimate risk (Fig. 1). The
bottom-up approach was used in a number of studies to
determine the risk for a certain scenario or to compare risks
across multiple scenarios.’>"*?°” The top-down approach can
be used to identify LRTs for regulatory frameworks and the unit
treatment processes that might be necessary to achieve the
overall LRT."??5743

Not every study performed a simple top-down or bottom-
up QMRA. Two studies focused on stormwater for potable
reuse and performed a blended top-down/bottom-up
QMRA.*** Since the studies used the same pathogen
concentrations and acceptable risk threshold, they both
arrived at the same LRTs. However, they then evaluated
different treatment trains, specifically by varying the level of
aquifer treatment, to determine if the corresponding LRVs
would be sufficient to mitigate risk for the different
pathogens, albeit without directly calculating risk.

MacNevin and Zornes** performed a bottom-up QMRA but
iterated over different LRVs to determine the minimum
required LRV to consistently achieve a 10 annual risk of
infection, providing a similar result to following a top-down
approach. They used the concentrations of Cryptosporidium
and Giardia at 20 different water reclamation facilities and
started with a LRV of 4. They then increased the LRV by 0.5
at each facility to determine if the annual risk of infection
was less than 107 every year for 1000 simulations. This
resulted in a total of 40 values of minimum LRVs, ranging
from 5 to 10, for both Cryptosporidium and Giardia. MacNevin
and Zornes** compared these results in the context of two
potential treatment trains: (1) reverse-osmosis-based
treatment (RBAT: UF-RO-UVAOP-ESB + Cl,) with LRVs of 12/
15/12 and (2) carbon-based advanced treatment (CBAT: Oj-
BAF-UF-UVAOP-ESB + Cl,) with LRVs of 16/16/11 for viruses,
Giardia, and Cryptosporidium, respectively. All facilities would
be able to surpass the LRTs with either treatment train.

Soller et al.*® did much of their analysis with the bottom-
up approach to determine risks for specific scenarios, but
also did a top-down assessment for DPR to determine the
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LRTs needed to consistently meet the benchmark risk levels.
They found a 14log reduction of viruses, with norovirus as
the model pathogen, and a 11+ log reduction of
Cryptosporidium and Giardia resulted in around 95% of the
simulations having annual risk of infection less than 107%.
They demonstrated that 12/10/10 log reductions for viruses,
Giardia, and Cryptosporidium, respectively, were insufficient
to achieve the 10™* annual risk benchmark in any of their
simulations, which contradicts the findings of MacNevin and
Zornes** for protozoa. This is potentially problematic
considering that the “12/10/10” framework has been adopted
for IPR in California*®*’ and Nevada,*® and now for DPR in
Colorado.*® Differences in assumptions between MacNevin
and Zornes* and Soller et al*® included different starting
concentrations of protozoa, with MacNevin and Zornes
having significantly lower concentrations, the use of point-
estimate LRVs associated with treatment processes™® vs.
uniform distributions,*®> and different dose-response models.
A more recent top-down QMRA from Gerrity et al.*® yielded
scenarios that generally supported both Soller et al*® and
MacNevin and Zornes,** depending on whether the pathogen
concentrations were assumed to be maximum values or
97.4™ percentile values, respectively.

Church et al.>® used QMRA to develop tentative standards
for reuse of dishwashing graywater on military bases for
potable use. They followed a top-down approach, but instead
of trying to determine LRTs, they determined the final
maximum allowable concentrations of norovirus, Salmonella,
and E. coli 0157:H7 for dishwashing, showering, and
drinking, without specifying a certain type of treatment.
Church et al®® found that the maximum allowable
concentration for potable reuse was lowest for E. coli O157:
H7 (2.7 x 107° colony forming units (CFU) per mL). Since E.
coli can be monitored with culture-based methods easily and
in a cost-effective manner, Church et al® suggested
converting E. coli O157:H7 to total culturable E. coli with a
ratio and applying a 10-fold safety factor. This resulted in a
recommended maximum final concentration of E. coli of 1.6
x 10> CFU mL™" when treating recycled dishwashing water
for DPR. Overall, top-down QMRAs are useful for identifying
LRTs and creating regulations, while bottom-up QMRAs can
be used to evaluate the expected performance of an existing
treatment train or to determine the inherent safety factor.

3.3 Potable reuse approach (DFR vs. IPR vs. DPR)

Most studies performed their assessment on only
DPR19,23,29,32,38,39,44,45,50 or de facto reuse/IPR.12‘13‘27’28’33_37’41_43
A few studies stated they were doing IPR but neglected the
impact of the environmental buffer and pathogen decay,
making their analyses consistent with a DPR analysis,**
although this is consistent with LRV crediting frameworks that
generally omit environmental attenuation.

DPR can either utilize raw water augmentation or treated
water augmentation (Fig. 2). For raw water augmentation, the
treated recycled water can be added back to an environmental

This journal is © The Royal Society of Chemistry 2025
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augmentation and treated water augmentation).
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buffer (i.e., aquifer, river, or lake) upstream of a drinking water
treatment plant or blended directly with the water prior to
treatment. This can be distinguished from IPR based on the
residence time in the environmental buffer, with some
regulatory frameworks requiring minimum storage times for an
IPR designation (e.g, a minimum of two months in
California®®). Bailey et al.>® focused their risk assessment on raw
water augmentation, with a retention time of 5 days and a
mixing ratio of 20% recycled water and 80% surface water.
Treated water augmentation occurs when the recycled water is
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blended directly into the distribution system. Amoueyan et al.*!
studied the risks of both types of DPR. For IPR, the
environmental buffer can either be surface water or
groundwater, depending on the needs of a particular
community. DFR is similar to IPR, but the treated wastewater at
the drinking water intake is unplanned or incidental and often
lacks additional/advanced treatment.

Both Soller et al.*' and Amoueyan et al.>' compared DFR,
IPR, and DPR and found the risks of IPR and DPR to be lower
than the risk of DFR if the advanced water treatment (AWT)
facilities are operating within design specifications.
Amoueyan et al.>"** found that the lowest risk occurred for
DPR with no conventional source water (e.g., surface water or
groundwater), and that the risk for IPR was dominated by
pathogens assumed to be present in the conventional source
water (i.e., not derived from local wastewater), leading to
lower risks with greater recycled water contributions (RWCs).
Other studies did not account for pathogen concentrations in
the traditional source water and therefore found increased
risk with higher percentages of recycled water.”” Future
assessments of risk in IPR systems should consider pathogen
concentrations in the source water, unless there are site-
specific data to support their omission, as this would allow
for a fair assessment of the relative risk impact of recycled
water vs. conventional source water. This could prevent
expensive additions to the advanced treatment train on the
recycled water side when the driver of risk is actually the
conventional source water.

IPR is already implemented in many places, including in
the U.S. in states such as California, Virginia, Texas, and
Georgia, as well as outside the U.S. in South Africa, Australia,
and the United Kingdom.”® However, IPR is not a viable
option for all communities, especially communities that lack
access to a reservoir or aquifer with an adequate residence
time or dilution ratio to sufficiently mitigate risk or meet
regulatory requirements. Constructing and maintaining
pipelines and pumping the treated water to reservoirs, where
the water will be treated again after it is withdrawn, can be
barriers for IPR implementation in some communities.
Therefore, DPR may be the most sustainable option for
certain communities, assuming DPR projects can be
permitted. However, DPR greatly reduces the time available
for detection and remediation of treatment issues (i.e., the
response retention time or RRT).'” Adding an engineered
storage buffer (ESB) to a DPR treatment train increases the
RRT, allowing for risk reduction through mitigation of off-
specification treatment.>® This potentially increases the
attractiveness of DPR from the perspective of regulators and
other stakeholders.

3.4 Hazard identification: pathogens studied

The first step in QMRA involves hazard identification, which
includes choosing the pathogen(s) of greatest relevance for
the goals of that study. Most studies analyzed multiple
pathogens, although several chose to focus on a single
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pathogen.'*?%22:2%41 " This gsimplified the analyses and
allowed for more focused evaluations, such as equivalency
across reuse type (DPR, IPR, and DFR),** the effect of
pathogen ‘spikes’ and hydraulic considerations on risk,
comparisons of static vs. dynamic modeling and exposure
routes,”® or how Bayesian hierarchical modeling influences
parameter uncertainty with scarce data.*’ Based on the
Australian Guidelines for Water Recycling, seven studies used
rotavirus or adenovirus, Cryptosporidium, and Campylobacter
as their pathogens.?®?>7374%42:43 Acrogs the other 23 studies,
norovirus and Cryptosporidium were the most commonly
included pathogens (included in 57% and 70% of studies,
respectively), and Giardia was also included in 43% of the
studies, though Pecson et al®>’ did not include Giardia
because Cryptosporidium was assumed to be a conservative
surrogate for Giardia. Similarly, adenovirus sometimes
required lower LRTs than norovirus and enterovirus,
meaning that any LRT approach that was sufficient for
controlling norovirus and enterovirus would also be sufficient
for adenovirus."”*? Though some studies included bacteria,
such as Salmonella and Campylobacter, many studies
included only protozoa and/or viruses. Potable reuse
regulations in the U.S. generally omit bacteria because
requirements for protozoa and viruses are assumed to be
highly protective against bacteria as well.”"** Potable reuse
systems in the U.S. are also required to comply with the Safe
Drinking Water Act (SDWA), which includes stipulations for
bacteria.

There is still hesitance about including norovirus in
QMRAs for water reuse because there are not widely used,
standardized culture methods to measure norovirus
infectivity, and there is uncertainty around how to utilize
molecular (e.g.,, qPCR) norovirus concentrations.>*>°
Moreover, there are multiple dose-response models for
norovirus that provide different results, and there is no
consensus on which is most appropriate. As can be seen in
Fig. 3, the same dose of norovirus (100 infectious units) can
result in an order of magnitude difference in the probability
of infection. At this dose, the dose-response functions
without an aggregation parameter predict the following
probabilities of infection: the hypergeometric ;F; model®”
predicts 53%, the fractional Poisson® predicts 72%, and
beta-Poisson®! predicts 14%. Meanwhile, the fractional
Poisson with an aggregation parameter®>>>° predicts only
6%. The goal of an aggregation parameter is to prevent
overestimation of infection by accounting for incomplete
mixing of norovirus with a water body, which was observed
in the inoculum used in a human trial.” The drawback of
including an aggregation parameter, however, is the
unknown extent of aggregation or disaggregation of norovirus
in environmental waters, leading some studies to consider
the aggregated models as less conservative (i.e., predict lower
probabilities of illness). Chaudhry et al>* found that using
the fractional Poisson aggregated dose-response model for
norovirus resulted in three orders of magnitude lower
median risk than using the disaggregated model. Soller
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Fig. 3 Impact of norovirus dose-response model on risk:
hypergeometric iF; (no aggregation) from Teunis et al.,>? fractional
Poisson with aggregation from Atmar et al.>>>® and Messner et al.,>®
fractional Poisson with no aggregation from Messner et al,>* and
approximate beta-Poisson (no aggregation) from Van Abel et al.>*

et al.>® took an approach of modeling norovirus risk within
two “bounds”, where the lower bound was set as the
aggregated fractional Poisson and the upper bound was set
to the hypergeometric ;F;. Lim et al.*’ also justified the use
of the disaggregated hypergeometric ;F; as being more
conservative; however, in the range simulated in Fig. 3, the
fractional Poisson predicts the highest probability of
infection at lower doses, indicating that the Messner et al.”®
model (not considered in the study) would be a potential
better choice for an upper bound or conservative model. A
more in-depth discussion and full comparison of norovirus
dose-response models was published in Van Abel et al>
Many of the reviewed QMRAs'®?"222429:31:3245 inclyded
multiple dose-response models for norovirus and
Cryptosporidium due to the differences in predicted risks.

Drawbacks for norovirus inclusion in QMRAs are not
limited to the dose-response model. Norovirus has multiple
molecular assays that capture different strains, and some
people are resistant to certain strains,*>*® complicating the
interpretation of the molecular results. Although it was
included in their sampling campaign, Bailey et al>® chose
not to include norovirus in their risk assessment because
they did not detect any gene copies in their recycled or
surface water samples. Pecson et al'® found that the
uncertainty in the LRTs for norovirus spanned over 10 orders
of magnitude and therefore suggested using a hybrid
approach of using enterovirus occurrence data, which are
culturable and in high concentrations in wastewater, and the
rotavirus dose-response model, which is highly infectious, as
a measure of gastrointestinal virus in reuse QMRAs.

Soller et al.*® argues that norovirus should be included in
risk assessments because it causes approximately 20 million
illnesses a year in the U.S.,°* more than half of the illnesses

This journal is © The Royal Society of Chemistry 2025
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caused by all foodborne pathogens.®® They also argue that
newer dose-response models for norovirus can capture
uncertainty.”® Soller et al.** also mentions that though norovirus
is not easily culturable, the GC:IU ratios for other enteric
viruses are sometimes low (i.e., molecular data =~ culture data),
recently excreted viruses are likely mostly infectious, and that it
is better to use conservative estimates.®> These all support the
inclusion of norovirus molecular data in reuse QMRAs,
particularly when  characterizing influent  wastewater
concentrations. In contrast, a dynamic QMRA, where
community transmission was taken into account, found that
waterborne norovirus likely contributes no appreciable risk to
public health, because the risk for this specific organism in a
community is dominated by secondary infections and
foodborne transmission.>”

Three studies have also used a surrogate enteric virus in
their QMRA.'***?° While Tanaka et al.'® used concentrations
from an enteric virus database with 377 samples from
unchlorinated secondary effluents, Asano et al'? used an
enteric virus database with 424 secondary effluent samples
and 84 tertiary effluent samples. Gerrity et al.>® used SARS-
CoV-2 concentrations in wastewater with the hypergeometric
dose-response model for norovirus based on the assumption
that SARS-CoV-2 concentration dynamics were comparable to
norovirus. While their calculated relative risks do not
correspond to risk for actual pathogens, Gerrity et al.>
able to gain insights about how incidental dispersion or
engineered mixing could be implemented to attenuate
pathogen concentration spikes and ultimately reduce high-
end risk estimates. Though Asano et al'’ used the same
concentrations for all the enteric viruses, they modeled the
risk separately for poliovirus 1, poliovirus 3, and echovirus 12
due to different infectivities.

were

3.5 Pathogen concentration determination

Determining accurate pathogen concentrations for QMRAs is
vital because pathogen concentration has a large impact on risk,
but there are many uncertainties around what concentrations
should be used. There are seasonal and geographic variations
in pathogen concentrations,”> and some studies use point
estimates'>*>** rather than distributions. Different probability
distribution functions (PDFs) could be fit to the pathogen data,
such as lognormal or triangular. While most studies>*>%3'%*
used pathogen concentrations from raw wastewater, several
used wastewater effluent data,'®'®?3262741 and a few used
point estimates of pathogens in urban stormwater.*>** Many
QMRAs assessed the sensitivity of the risk to different
concentrations of pathogens in the water, often finding that
they were the driving factor in risk.'>"**'*3%% Chaudhry
et al”* and Soller et al.*®> independently used the same meta-
analysis for pathogen concentrations (ie., statistical
distributions of norovirus concentrations)*® and arrived at
similar risk estimates.

However, determining accurate and appropriate values
can be difficult. Molecular data measures the number of gene

This journal is © The Royal Society of Chemistry 2025
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copies, rather than the number of infectious pathogens, so
the number of gene copies must be converted to infectious
units (GC:IU ratios or harmonization factors). The GC:IU
ratio has a large impact on risk,'>*>** and the numbers can
vary widely. As discussed by Gerrity et al,”
approaches assume a GC:IU ratio of 1.0, where every gene
copy is assumed to equate to an infectious pathogen, but the
actual number of infectious units might be orders of
magnitude lower due to inactivation/degradation.’® Most
studies assumed all gene copies were infectious, but Bailey
et al.”® had percentages of infectious units for each pathogen.
They used point estimates of 38.5% infectious for adenovirus
(2.6:1 GC:1U), 65% for Salmonella (1.5:1 GC:IU), 25% for
Cryptosporidium (4:1 GC:IU), and 13% for Giardia (7.7:1
GC:1U). Gerrity et al® modeled the GC:IU ratios for
norovirus, enterovirus, and adenovirus as log;,-uniform
distributions from 1:1 to 200:1, while Amoueyan et al>'
used a 700:1 point estimate GC:IU for adenovirus. Culture
methods, on the other hand, may underestimate the number
of infectious viruses present. One proposed option to address
this is to assume that only 10% of the viruses present are
culturable,®® and this 10-fold correction factor has recently
been applied to enterovirus culture data."®*’

Low concentrations of pathogens can be difficult to measure,
so using larger sample volumes, or more specifically larger
equivalent sample volumes (ESVs),°® can provide more data
with fewer non-detects. For example, Pecson et al.'® used 1 L
samples to identify Cryptosporidium and the detection rate was
98%, compared to 40% with 50 pL samples.®” This would not
be of concern for top-down QMRAs if the LRTs are determined
from the highest pathogen concentrations, but for bottom-up
QMRAs using pathogen concentration distributions, the lowest
concentrations would be censored and potentially omitted,
resulting in  overestimations of risk. The pathogen
concentrations in the assessment also depend on the PDFs used
to model them. Zhiteneva et al®® performed a review
summarizing assumptions made when selecting the PDFs for
source water, treatment steps, and the dose-response models
for potable and non-potable reuse. PDFs assume variability in
the system and provide a range of final risk estimates. Each
dataset needs to be individually fitted to a PDF, and a poorly
chosen PDF can over- or underestimate risk.

Historically, QMRAs have relied on limited data. However,
the rise of wastewater surveillance for SARS-CoV-2 during the
COVID-19 pandemic has caused a substantial increase in
wastewater biobanks, with additional reuse-relevant pathogen
datasets based on these samples being published. This
increase in pathogen data highlights the importance of
reviews such as Zhiteneva et al.®® and Darby et al.®® These
papers focus on identifying and aggregating high-quality
pathogen data, and they provide criteria on fitting data to
distributions, guiding future pathogen data collection and
selection for QMRAs.

Dispersion/mixing of pathogens in sewer collection systems
and wastewater treatment plants (e.g., in clarifiers and aeration
basins) results in overall ‘averaging’ of pathogen concentrations
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over time, effectively attenuating high end concentrations but
also elevating low-end concentrations. This may inflate
measures of central tendency by increasing risk for most
ingestion events, but it will also reduce risks at the upper
percentiles that often drive LRT determinations.”® The
attenuation effect is particularly apparent for intermittent
spikes in influent pathogen concentration (i.e., outlier events).>®
Some QMRAs use point estimates based on maximum influent
pathogen concentrations, but those data points may be spikes
(i.e., outliers) that might actually be attenuated after accounting
for dispersion. However, this benefit of dispersion is only
realized with intermittent spikes; if high concentrations last for
an extended period of time (e.g., during a community outbreak),
the effects of dispersion might be negligible. Just as there are
stipulations for chemical peak averaging,'” implementing
similar guidelines for pathogens could be beneficial,
considering the significant impact it could have on pathogen
concentrations and resulting LRTs or credited LRVSs.

3.6 Environmental buffers: retention time, pathogen decay,
and recycled water contribution

Pathogens decay over time, making the inclusion of retention
time in the environmental buffer an important consideration.
However, many QMRAs and regulatory frameworks do not
explicitly consider LRVs during storage or may only account
for decay for certain pathogens. In California, for example, 1
log virus reduction is credited for each month that the water
is retained underground for groundwater replenishment.”® If
pathogen decay is not considered, any corresponding risk
estimates might be artificially inflated, particularly for IPR
and DFR scenarios. Similarly, omitting decay from LRV
crediting inevitably increases capital and operations and
maintenance costs associated with engineered treatment
trains, while potentially yielding no appreciable change in
public health protection.*

The differences in decay rates for the different pathogens
impact the needed retention times for risk reduction. For
DFR, Amoueyan et al>* found that risk associated with
wastewater-derived Cryptosporidium exhibited a meaningful
increase with fewer than 105 days of storage in the
environmental buffer, while Amoueyan et al.*® found that a
reservoir storage time of at least 30 days could potentially
reduce risk from norovirus in a DFR system below that of
DPR, using bacteriophage MS2 decay rates as a surrogate for
norovirus.

Even 1% of wastewater effluent in the drinking water
source water can have important health risk considerations
in reuse.>**! Soller et al.*" included Cryptosporidium, Giardia,
and norovirus in their analysis, and used residence times of
2-360 days for DFR and 30-360 days for IPR. They found that
simulations with a retention time less than 180 days
exceeded the annual risk benchmark of 107%, even with an
RWC of 1% for DFR. With more than 10% wastewater
contribution with DFR, more than 180 days were needed to
consistently achieve a probability of annual infection of less
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than 107*. Approximately 90 days in the reservoir were
required to consistently meet the annual risk benchmark of
10~ for IPR with surface water augmentation. For DFR, Lim
et al®” also found a negative correlation of risk with the
residence time in the lake (between 270 and 360 days), and a
positive correlation of risk with RWC, because they assumed
the source water was pathogen free. Tanaka et al'® and
Asano et al."® both assumed a residence time of 6 months in
the reservoir, while Zhiteneva et al.*>* modeled their residence
time between 50 and 120 days. In California, to be
considered IPR, instead of DPR with raw water augmentation,
the retention time must either be at least 180 days or the
project could apply to the State Board for approval for a
reduced theoretical retention time, though it can be no less
than 60 days.*®

Page et al’® studied the impact of aquifer tr