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ARTICLE INFO ABSTRACT

Editor: Warish Ahmed Over the course of the Corona Virus Disease-19 (COVID-19) pandemic in 2020-2022, monitoring of the severe acute
respiratory syndrome coronavirus 2 ribonucleic acid (SARS-CoV-2 RNA) in wastewater has rapidly evolved into a sup-
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Normalisation dustrial discharges and extraneous waters. The standard approach in sewage surveillance is normalisation using flow

measurements, although flow based normalisation is not effective in case the wastewater volume sampled does not
match the wastewater volume produced. In this paper, two alternative normalisation methods, using electrical conduc-
tivity and crAssphage have been studied and compared with the standard approach using flow measurements. For this,
a total of 1116 24-h flow-proportional samples have been collected between September 2020 and August 2021 at nine
monitoring locations. In addition, 221 stool samples have been analysed to determine the daily crAssphage load per
person. Results show that, although crAssphage shedding rates per person vary greatly, on a population-level
crAssphage loads per person per day were constant over time and similar for all catchments. Consequently, crAssphage
can be used as a quantitative biomarker for populations above 5595 persons. Electrical conductivity is particularly
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suitable to determine dilution rates relative to dry weather flow concentrations. The overall conclusion is that flow nor-
malisation is necessary to reliably determine short-term trends in virus circulation, and can be enhanced using
crAssphage and/or electrical conductivity measurement as a quality check.

1. Introduction

Over the course of the Corona Virus Disease-19 (COVID-19) pandemic in
2020-2022, monitoring of the severe acute respiratory syndrome coronavirus
2 ribonucleic acid (SARS-CoV-2 RNA) in wastewater has rapidly evolved into
a supplementary surveillance instrument for public health (Lodder and de
Roda Husman, 2020; Medema et al., 2020b; Kirby et al., 2021). It is currently
used in many countries (COVIDPoops19 Dashboard | covid19wbec.org) at
different scales, from national surveillance at all (Virus particles in
wastewater | Coronavirus Dashboard | Government.nl) or selected wastewa-
ter treatment plants (WWTPs) (Szennyvizekben mért SARS-CoV-2 virus
koncentracidja (gov.hu); Koronaviruksen jatevesiseurannan viikkoraportti
(thl.fi); Données ouvertes - Réseau OBEPINE (reseau-obepine.fr); Coronastep
| Luxembourg Institute of Science and Technology (list.lu); SARS-CoV-2 in
Wastewater (sensors-eawag.ch)) to regional (Wolfe et al., 2021; Ai et al.,
2021; Sarsaigua (icra.cat)), (sub) city level (Yaniv et al., 2021; Rodriguez
Rasero et al., 2022) and building level (Davo et al., 2021; Sweetapple et al.,
2021; Betancourt et al., 2021). The concentration of SARS-CoV-2 RNA in
wastewater has shown to reflect and even precede the trends of the newly re-
ported cases or COVID-19 hospitalizations (Medema et al., 2020a; Prado
et al., 2021; Ho et al., 2021). In situations with low COVID-19 prevalence
(and a limited willingness and/or capacity for SARS-CoV-2 testing), wastewa-
ter surveillance is being used as an early warning system (Medema et al.,
2020b; Betancourt et al., 2021; Ahmed et al., 2020) enabling rapid and
targeted measures to limit the SARS-CoV-2 transmission. Wastewater surveil-
lance is also an efficient tool to monitor the emergence of (signature muta-
tions of) new variants-of-concern in communities, using targeted
sequencing (Rios et al., 2021; Rothman et al., 2021; Jahn et al., 2022) or
targeted PCR methods (Graber et al., 2021; Heijnen et al., 2021). A key ad-
vantage of wastewater surveillance is the possibility to obtain objective infor-
mation about virus circulation in a community. Surveillance of reported cases
is subject to bias by (changes in) testing strategies, access to testing, and com-
pliance of communities, and reflect only those that get tested. SARS-CoV-2
concentrations in community wastewater are independent of testing behav-
iour, thereby providing a more complete and objective image of the virus cir-
culation in the community provided there is unrestricted access to sanitation.
Public health agencies use the wastewater signal to spot changes in testing be-
haviour over time or between communities (De Graaf et al., 2022) and to ver-
ify the trends in reported cases in communities. Decision-making on (partial)
lockdowns and travel restrictions requires up-to-date and reliable information
on trends in virus circulation, preferably at a high spatial resolution. The rel-
evant time window of many of these decisions is one to two antecedent
weeks; examples are the weekly updates of the epidemiological situation in
e.g. the Netherlands (https://www.rivm.nl/en/coronavirus-covid-19/
weekly-figures) and the maps in support of the Council Recommendation
on a coordinated approach to travel measures in the EU (https://www.ecdc.
europa.eu/en/covid-19/situation-updates/weekly-maps-coordinated-
restriction-free-movement) that are based on the testing, positivity and notifi-
cation rate over a time frame of two weeks.

To monitor trends in SARS-CoV-2 circulation via wastewater in a similar
time frame, frequent and representative sampling of a community is neces-
sary. Sample collection typically takes place as 24 h composite samples to
account for the typical diurnal pattern associated with wastewater produc-
tion and toilet use (Ort et al., 2010; Medema et al., 2020b). The concentra-
tion of SARS-CoV-2 RNA in wastewater can be affected by the dilution of
domestic wastewater with water from other sources that normally do not
contain SARS-CoV-2 RNA such as stormwater runoff, infiltrating ground-
water and/or industrial wastewater. Dilution rates may vary between
catchment areas (e.g. different contributions of industrial wastewater) as

well as in time (wet weather flows can be many times the normal dry
weather flow of sewers). To account for this variable dilution, normalisa-
tion of the measured concentrations is a common procedure in sewage sur-
veillance and Wastewater Based Epidemiology (WBE), building on methods
and procedures developed over the last decade mainly for drug use moni-
toring (Castiglioni et al., 2014).

Standard SARS-CoV-2 RNA normalisation follows the approach as pre-
sented in eq. (1) using the total volume of wastewater over the 24 h sam-
pling period (V.4p,) and the number of inhabitants in the catchment area
(# inh) as normalisers to get from the SARS-CoV-2 concentration in the
sample (Csqmpie) to @ viral load per 24 h and per capita (Lzqp,cqp) that can
be compared in both time and space to other values:

Voun
L24h‘cap = Csample * ﬁ (1)

with Lyyp cqp = viral load per 24 h and per capita;

Csampte = concentration SARS-CoV-2 RNA in 24 h composite sample
(unnormalised, ‘raw’ value);

Va4n = measured wastewater volume in same 24 h sampling period;

#inh = number of inhabitants in the catchment area.

At some locations with SARS-CoV-2 monitoring, however, flow mea-
surements are unavailable. Typically, flow sensors are only installed at
wastewater treatment plants (WWTP) and large sewer pumping stations
(ps). At smaller, more upstream locations such as residence areas, univer-
sity campuses, schools, hospitals, nursing homes, etc. flow monitoring in
sewer systems is very uncommon (and often technically challenging). For
these locations, an alternative normalisation approach is needed using a pa-
rameter other than flow. Ideally, such an alternative normalisation ap-
proach would yield normalised values that can be directly compared to
normalised values using the flow-based approach.

Also in situations where flow measurement are available, flow normal-
isation may not always be representative. For instance, as a result of com-
muters or tourists, the registered number of inhabitants in an area can
differ significantly from the actual number of shedders to the sewer system.
Also, sewer system dynamics can result in situations where the wastewater
flow at the monitoring location, for instance the inlet of the WWTP, is not
representative for wastewater that is produced in the catchment area on
that day. Examples of such dynamics are (1) wastewater spills from sanitary
sewer overflows (SSOs) due to blockages in the sewer system, (2) wastewa-
ter spills from combined sewer overflows (CSOs) during heavy rainfall,
(3) transport delays in pressure mains that can strongly vary between dry
weather and wet weather conditions and (4) delays in the transport of
wastewater to the WWTP as a result of pump failure, maintenance work
or other operational issues. In these cases, wastewater (and the associated
SARS-CoV-2 RNA load) from the catchment area arrives earlier, later or
not at all at the WWTP, and is hence not well represented in the 24 h com-
posite samples. Flagging these situations using an additional, indepen-
dently measured parameter could serve as a quality control for the
standard flow normalisation.

Many parameters that may be used to normalise wastewater samples
have already been studied. Launay et al. (2016) propose the use of electrical
conductivity (EC) as a proxy of the dilution of wastewater with stormwater
based on the fact that typical EC values for urban stormwater runoff
(~200-250 pS/cm) differ significantly from those of wastewater
(~1000-1500 pS/cm). They showed in their study that the dilution rate
based on EC is similar to the rate based on inert human wastewater tracers
such as ibuprofen, naproxen and diclofenac. In our study, EC was selected
as a potential alternative parameter for SARS-CoV-2 normalisation, given
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its ability to monitor dilution of sewage due to storm events and the broad
experience in monitoring sewage with EC sensors.

Choi et al. (2018), Tandukar et al. (2020), Bivins et al. (2020) and
Medema et al. (2020b) assessed the applicability of several chemical and bi-
ological markers for human input in wastewater. Like others (Crank et al.,
2020; Hillary et al., 2021; Wilder et al., 2021; Heijnen et al., 2021), we
also selected crAssphage for the current study, given it is a highly abundant
virus (almost) exclusively found in human faeces and is present in humans
world-wide (Edwards et al., 2019). High crAssphage concentrations are re-
ported in domestic wastewater globally, and loads are reported to not show
significant seasonal variation (Ballesté et al., 2019), making them a poten-
tially useful index for the human faecal fraction of wastewater. Many other
possible tracers of human (faeces) origin are less well-suited due to e.g. a
higher background variation or degradation in the sewer (Gao et al., 2017).

The aim of this study was to assess alternative normalisation methods
for wastewater samples using EC and crAssphage and to compare the results
to the standard normalisation approach using flow measurements and num-
ber of inhabitants. We considered these alternative approaches for two dif-
ferent purposes: (1) a quality check for the standard flow normalisation of
SARS-CoV-2 RNA, and (2) normalisation of SARS-CoV-2 RNA concentra-
tion values at locations without flow monitoring.

2. Material and methods
2.1. Sampling locations Rotterdam Rijnmond

In the Rotterdam Rijnmond region (the Netherlands) nine catchment
areas were selected for wastewater sampling (Fig. 1). Population sizes
have been derived matching the sewer catchment areas with the (highly de-
tailed) Municipal Administration (CBS, 2020). All four catchment areas of
the WWTP Dokhaven (INF2, INF3, INF4 and INF5-6) were sampled from
the influent pressure mains arriving at the WWTP. These four areas make
up about half of the urban area of the city of Rotterdam with residential
populations of 27,044, 121,118, 36,011 and 138,280 inhabitants, respec-
tively. Within the INF3 catchment area, subcatchment Pretorialaan
(71,325 inhabitants) was selected for surveillance at the wastewater
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pumping station (ps). Within the Pretorialaan catchment the wastewater
from an even smaller sub-subcatchment (Katendrecht, 5595 inhabitants)
was also sampled at a pumping station.

Outside the WWTP Dokhaven area, three predominantly residential
areas were selected for surveillance: Ommoord (28,434 inhabitants),
Bergschenhoek (18,750 inhabitants) and Rozenburg (12,374 inhabitants).
Ommoord and Bergschenhoek were sampled at their respective sewer
pumping stations, Rozenburg at the local WWTP that serves only the
Rozenburg area.

The sewer network in Rotterdam is predominantly combined, with sep-
arate sewers only in more recently developed and renovated areas. All mon-
itoring locations (WWTPs as well as pumping stations) are equipped with
flow sensors that give continuous or high-frequent flow measurements.

2.2. Wastewater sampling

At all sampling sites automated composite samplers (Endress + Hauser
Liquistation CSF48 and ASP2000 stations) were used to collect flow-
proportional 24 h composite wastewater samples. The autosamplers were
programmed to collect 50 ml aliquots per fixed volume of wastewater (as
measured by the flow sensors at the WWTP/pumping station). These
fixed volumes varied between 12 m® (Katendrecht) and 170 m® (Dokhaven
INF3) and were selected to ensure a minimum of 100 aliquots (5 L of sam-
ple) for each 24 h sample throughout the year (NEN, 2019). All locations
followed the same sampling schedule: three 24 h samples per week (Sun
08 h00 - Mon 08 h00, Tue 08 h00 - Wed 08 h00 and Thu 08 h0O - Fri 08
h00) from September 2020 (Bergschenhoek: January 2021) up to and in-
cluding August 2021. Samples were stored inside the autosampler at a tem-
perature between 1 °C and 5 °C until sample collection (Mon, Wed and Fri
between 08 h00 and 16 h00). At the time of sample collection, the collected
composite sample was manually stirred and an aliquot of 250 ml was col-
lected from the container in the autosampler, stored in a sterile flask and
transported at 4 °C to the laboratory.

Upon sample collection the quality of each sample was assessed com-
paring the theoretical sample volume (number of aliquots in 24 h, multi-
plied by aliquot volume) with the actual sample volume. In case of

Bleisw|

N209
odenrijs

Bergschenhoek
Bergschenhoek

Rozenburg

Rotterdam

Fig. 1. Catchment areas in the Rotterdam Rijnmond area used for wastewater surveillance with locations of wastewater treatment plants (WWTP) and sewer pumping

stations (ps).
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sampling ‘failure’ (> 7.5 % difference according to NEN, 2019), details of
the sampling process were further studied to determine whether the sample
could still be included in the data set. Overall, 6-10 % (depending on the
location) of all sampling failed completely (not a single aliquot in the con-
tainer in a 24 h period) due to a power cut, maintenance activities, com-
plete clogging of the autosampler, public holidays, a prolonged cold
period with frozen suction hoses, etc. For another 4-19 % of samples a de-
viation of >7.5 % was observed. These were caused mainly by (partial or
temporal) clogging of the equipment (relatively often coinciding with
storm events) and logistical errors in the field. In total, 1116 samples
were available for further processing. An overview of sampling statistics
is given in Supplementary Materials S1.

2.3. Wastewater sample processing

2.3.1. Virus concentration and nucleic acid extraction

Samples were processed within one week after sampling using the pro-
cedure as previously described (Medema et al., 2020a). In short, centrifuga-
tion was used as pre-treatment to remove larger particles. Virus particles
were concentrated from 50 ml supernatant by ultrafiltration through
Centricon® Plus-70 centrifugal ultrafilters with a cut-off of 30 kDa
(Millipore, Amsterdam, Netherlands). Mouse Hepatitis Virus (MHV)-A59
(Department Medical Microbiology, Leiden University Medical Center, Lei-
den, Netherlands) was spiked to each concentrate as quality control.
Nucleic acid was extracted from the concentrate with the Biomerieux
Nuclisens kit (Biomerieux, Amersfoort, Netherlands) in combination with
the semi-automated KingFisher ml (Thermo Scientific, Bleiswijk,
Netherlands) as previously described. Extracted nucleic acid was eluted in
a volume of 100 pl.

2.3.2. RT-qPCR for SARS-CoV-2 RNA-quantification in wastewater

The N2 and E_Sarbecco gene fragments of SARS-CoV-2 were used as
qRT-PCR targets. N2 was used for quantification, E_Sarbecco for confirma-
tion. Reagents and reaction conditions were as previously described
(Medema et al., 2020a; Heijnen et al., 2021). All RT-PCR's were run as tech-
nical duplicates on 5 pl extracted nucleic acid. Reactions were considered
positive if the cycle threshold was below 40 cycles. Spiked MHV-A59
RNA was detected by performing an MHV-A59 specific RT-qPCR targeting
the N-gene using the primers and reaction profile described by Raaben et al.
(2007).

2.3.3. PCR for crAssphage quantification in wastewater

A crAssphage CPQ_064 specific PCR (Stachler et al., 2017) was used to
quantify this DNA-virus. Assays were performed in duplicate on 5 pl 1:10
diluted extracted nucleic acid as described previously (Heijnen et al.,
2021). The concentration of the gBlock used for quantification was checked
with digital droplet qPCR.

2.4. PCR for crAssphage quantification in stool samples

Faeces swabs from 221 patients from the Rotterdam Rijnmond region
that were tested positive for SARS-CoV-2 with nose-swabs were collected
in 3 ml of viral transport medium. Samples were spun down for 5 min at
17,000 g, nucleic acids were isolated from 200 pl supernatant using the
high pure RNA isolation kit (Roche) while omitting the DNAse I step. The
same RT-PCR as used for wastewater samples was used to quantify levels
of crAssphage. This study was approved by the Medical Ethical Committee
of Erasmus MC under MEC-2020-0617.

2.5. Multiplication factors for comparison of normalisation parameters

Flow-based normalisation.

The standard flow-based normalisation for SARS-CoV-2 values follows
the approach as presented in eq. (1). It uses the ratio of the total volume
of wastewater over the 24 h sampling period (V24,) to the number of inhab-
itants in the catchment area (# inh) as normaliser to get from the SARS-
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CoV-2 RNA concentration in the sample (csqmpie) to a viral load per 24 h
per capita (Lzgp,cqp) For comparison with other normalisation approaches,
instead of using the number of inhabitants (# inh) only, the average amount
of domestic dry weather flow these inhabitants was used (Vggy). For this,
the number of inhabitants was multiplied with their average daily domestic
wastewater production (in the Netherlands a stable 0.12 m® per capita per
day (RIONED, 2013), but values can vary per country or region). With this
adaptation, the normaliser in eq. (1) changes to a dimensionless multiplica-
tion factor that expresses the number of times the measured 24 h volume is
larger than the ‘expected’ volume of domestic wastewater:

Voup
) =

mult. factor (Q v
ddwf

@

with Vo4, = measured volume of wastewater in 24 h sampling period;

Vaaws = estimated domestic dry weather flow (# inhabitants * 0.12 m?
per capita per day).

This factor is an estimate of how much higher the concentration SARS-
CoV-2 RNA was in the original domestic wastewater before it was mixed
with other sources of (waste)water that do not contain SARS-CoV-2 RNA,
such as groundwater, industrial wastewater and stormwater run-off. The re-
ciprocal of this factor expresses the share of domestic wastewater in each of
the collected 24 h composite samples. Note that the multiplication factor
equals the original normaliser in eq. (1) except for a (fixed) offset of 1/
0.12 = 8.33. The multiplication factor (or the share of domestic wastewa-
ter in the 24 h sample) forms the basis for comparison with the other nor-
malisation approaches.

Rewriting eq. (2) into eq. (3) allows differentiation between dry
weather and wet weather dilution processes of the domestic wastewater:

mult factor (Q) = Vo _ Vowrrg Vo (3)
Vadwr ~ Vadwsr ~ Vowrref
with Vo4, = measured volume of wastewater in 24 h sampling period;

Vaaws = estimated domestic dry weather flow (# inhabitants * 0.12 m®
per capita per day);

Vbweref = average wastewater volume during dry weather flow (details
below).

The first term in the equation (Vpwg,ref / Vaawy) indicates how much
larger the ‘average’ dry weather flow is compared to the expected domestic
wastewater volume. Hence, it gives a (constant and site-specific) multipli-
cation factor to correct for mixing of domestic wastewater in dry weather
conditions with industrial wastewater, groundwater infiltration, etc. The
second term (Va4 / Vpwr,ref) indicates how the actual (measured) 24 h
wastewater volume compares to the ‘average’ wastewater volume during
dry weather. This terms gives the (varying) multiplication factor to account
for any additional mixing of the dry weather flow with stormwater run-off.
The reference dry weather values (Vpwz,rs) was defined as the 40th percen-
tile from a 1-year time series of flow data at each sampling site (Mulder
et al., 2020). The choice for the 40th percentile is arbitrary, but is generally
considered the ‘representative’ value for dry weather flow. Also, for most
monitoring locations the difference between the 30th and 50th percentile
value is relatively small (see the S-curves for all monitoring locations in
the Supplementary Materials S2a and an overview of values in S2b). This
assessment is straightforward using the methods as described in Weif3
et al. (2002). For catchments with a strong seasonal variation in the amount
of extraneous waters (such as ps Ommoord, see Supplementary Materials
S$8), it may be necessary to derive different reference values per season.

2.5.1. EC- and crAssphage-based normalisation
The multiplication factors based on EC and crAssphage were derived
using the same approach as for the flow-based normalisation:

VDWF‘ref « ECDWF‘ref (4)

It fact EC) =
mult.factor (EC) Vit ECoampi
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VoW ref . CrASSpwr ref (cONC.)

mult factor (crAss) = Vadg  CASSqampie (conC.)

with Vpyr s = average wastewater volume during dry weather flow;

Vaaws = estimated domestic dry weather flow (# inhabitants * 0,12 m?
per capita per day);

ECpw ref OF CrASspyyr,rer = average EC or crAssphage concentration dur-
ing dry weather flow;

ECiampie OF CrASSsgmpie = measured EC or crAssphage concentration in
24 h composite sample.

Egs. (4) and (5) also estimate the dilution of the original volume of do-
mestic wastewater with other, non-SARS-CoV-2 or crAssphage containing
water sources. The first term in both equations (Vpwg,ref / Vaawy) is equal
to the first term in eq. (3) and again gives the (constant) multiplication fac-
tor to correct for dilution during dry weather flow (with industrial waste-
water, groundwater, etc.). The second terms (ECpwg,ref/ ECsample and
CrASspwr ref(conc.) /crAsssampie(conc.)) again give the additional and varying
multiplication factors to account for the mixing of the dry weather flow
with stormwater run-off, now based on EC and crAssphage measurements.

The reference dry weather values (ECpg,rer and crAsspywr,re) were de-
fined as the median of EC and crAssphage concentrations during dry
weather flow. For this, all days were selected with a daily flow volume rang-
ing between the 10th and 50th percentile in a 1-year time series. The ratio-
nale behind these ‘safe’ threshold values is that up to the lowest 10 % of
values could be affected by operational irregularities such as pump failures
or maintenance activities, while flows larger than the 50th percentile could
already be affected by (small) storm events. The Supplementary Materials
(S2a) give the S-curves per catchment area for all EC and crAssphage values
as well as those values used to derive the dry weather flow references. An
overview of values of ECpyr,rof and crAsspwr,re are given in S2b.

Comparison of normalisation approaches.

For all three normalisation approaches the actual normalisation of the
SARS-CoV-2 RNA concentration in wastewater was done by multiplying
the ‘raw’ concentration values with the multiplication factors in egs. (3),
(4) and (5). These values are referred to as “Q-normalised”, “EC-normal-
ised” and “crAss-normalised”, respectively, as opposed to the standard
flow -normalised values following eq. (1).
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3. Results and discussion
3.1. Variation of Q-based multiplication factors across catchment areas

The Q-based multiplication factor values range between a minimum of
approximately 2 up to a maximum of 5-15, depending on the catchment,
see Fig. 2. These large ranges are explained by the fact that all catchments
are served by combined sewer systems with increasing flows, and hence in-
creasingly high dilutions rates, during storm events. The variation in maxi-
mum values across catchment areas is in line with the variation in ratio
between domestic wastewater production and typical design based maximum
daily wastewater volumes. For instance, the pumping capacity of catchment
WWTP Dokhaven INF2 (2500 m>/h) allows a daily maximum of roughly
60.000 m> of wastewater, which results (with a domestic wastewater produc-
tion of 3245 m®) in a maximum multiplication factor of 18.5. For catchment
INF3 this maximum factor lies much lower at 9.9 (domestic wastewater pro-
duction of 14,534 m® on a maximum daily volume of 144,000 m>). The ob-
served maximum values for both catchments, 14.6 and 8.5, respectively, are
both around 80 % of their theoretical maximum values.

The minimum factors vary between 1.5 and 2.5, and median values be-
tween 2.0 and 3.5. This indicates that also during dry weather a significant
proportion of the sampled wastewater consists of non-domestic sources,
such as extraneous waters and industrial wastewater. Earlier studies showed
that at WWTP Dokhaven the average amount of extraneous waters during
dry weather flow is 43 % of the total influent (Vosse, 2013). With the majority
of multiplication factors associated with dry weather conditions, all catch-
ments show a skewed distribution with much smaller interquartile lengths be-
tween minimum and median than between median and maximum.

The large variations in multiplication factors confirm that direct com-
parison of measured SARS-CoV-2 concentrations without normalisation
would result in an incorrect assessment of the relative concentration levels,
both in time (trends per catchment) and in space (between catchments).

3.2. Comparison of Q-based, EC-based and crAssphage-based multiplication
factors

Fig. 3 presents the same Q-based multiplication factors as in Fig. 2 for all
catchments, but now compared to the EC- and crAssphage-based

Q-based multiplication factors
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Fig. 2. Boxplot with Q-based multiplication factors across catchment areas. Each boxplot gives the minimum, 25th percentile, the median, the 75th percentile and the

maximum value by the whiskers.
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Q-based (left), EC-based (middle) and crAss-based (right) multiplication factors
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Fig. 3. Boxplot with Q-based (left), EC-based (middle) and crAssphage-based (right) multiplication factors per catchment area. Each boxplot gives the minimum, 25th

percentile, the median, the 75th percentile and the maximum value by the whiskers.

multiplication factors. The median values for the three parameters are com-
parable per catchment (e.g. for WWTP Dokhaven INF2 Q-based: 3.3, EC-
based: 3.3 and crAss-based: 3.6), which is in line with all three approaches
using a measured value relative to a reference value for dry weather flow.

Relative to the Q-based factors, the EC-based factors show a similar or
smaller range of values and the range shown for crAssphage is similar or
(much) larger. This is due to the higher variability in crAssphage concentra-
tions compared with the EC measurements, both for dry and wet weather
samples. This can be observed by comparing the S-curves for EC and
crAssphage in Supplemental Fig. S2: which shows that the range of values
associated with dry weather flow volumes (in red) for crAssphage is
much larger than for EC.

The largest EC-based multiplication factors are the result of the lowest
measured EC-values in the wastewater samples. EC values have a (theoret-
ical) lower limit of 200-250 pS/cm (typical values for urban stormwater
runoff) with associated (theoretical) maximum wet weather multiplication
factors of approximately 4-5. Measurements show the lowest EC values in
the range of 315 pS/cm (ps Katendrecht) to 600 pS/cm (ps Bergschenhoek),
resulting in lower maximum wet weather factors.

. wwtp Dokhaven INF4: multiplication factors
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Fig. 4. Relations between multiplication factors derived from Q-, EC- and
crAssphage-based normalisation for catchment WWTP Dokhaven INF4.

Fig. 4 shows catchment WWTP Dokhaven INF4 as an example of the
comparison between the sets of multiplication factors. The 100 % fit be-
tween flow-based and Q-based values is a logical results of the fixed offset
between the two values. The linear fit between flow-based and EC-based
values gives an R? of 0.84. These value ranges roughly between an R? of
0.70 and 0.90 for the other catchment areas except for the smallest catch-
ment ps Katendrecht (R> = 0.37) and ps Ommoord (see S8). The linear
fit for crAssphage-based values gives a much weaker R? of 0.53, also for
the other areas the R? for crAssphage is much lower with values ranging be-
tween 0.30 and 0.60. Again, areas ps Katendrecht (R* = 0.19) and ps
Ommoord give the lowest coefficients of determination. The other catch-
ment areas give similar results (Supplementary Materials S4).

The better fit for the EC-based multiplication factors means that EC-
normalised SARS-CoV-2 RNA values are generally in better agreement
with the ‘targeted’ Q-normalised values than the crAssphage-normalised
values. Fig. 5 presents an example for catchment area WWTP Dokhaven
INF3 for a few months in 2020, and shows the general need for normalisa-
tion of values. The apparently constant virus circulation in raw
(unnormalized) values in, for instance, mid-November and the last half of
December 2020 changes into a rising trend after normalisation, because
rainfall diluted the domestic wastewater. Considering the Q-normalised
values as the reference, the EC-normalised values show a better fit in
terms of absolute values and trends compared to crAssphage-normalised
values for most sampling events. The trend in the SARS-CoV-2 RNA
signal, however, dominated the differences between the normalisation
approaches.

The other catchments show similar results (Supplementary Materials
S5).

3.3. Quality control: Comparing multiplication factors per sampling event

A comparison between multiplication factors per sampling event allowed
flagging events for which the multiplication factors differed significantly
from each other. Given the correlations between Q-based, EC-based and/
or crAssphage-based factors presented above, a relatively large difference
between factors suggests that at least one of the three parameters might
show an ‘abnormal’ result. Such an ‘abnormality’ can be caused by (1) an
erroneous measurement or laboratory analysis or (2) a process in or around
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crAssphage- normalised values) and wastewater volumes for catchment WWTP

Dokhaven INF3.

the sewer system. As some of these causes influence the representativeness
of the sample and normal WBE-normalisation, flagged events require fur-
ther investigation.

As an example, Fig. 6 shows the difference in the share of domestic
wastewater in each sample (the reciprocal of the multiplication factors)
for catchment Katendrecht as calculated using the Q-based and EC-based
approaches. Similar results were obtained in the other catchment areas
(Supplementary Materials S4b).

For EC-based factors, the majority of values are within a 10 % difference
compared to Q-based values, and are hence in good accordance. On a num-
ber of occasions, however, differences larger than 10 % and/or sudden
changes in differences were observed. Most striking was the difference on
January 20th, 2021 (=41 %). On this day the EC-value (315 pS/cm) was
typical for wet weather flow, but the measured 24 h wastewater volume
(1215 m®) was more typical for a dry weather day. Further assessment re-
vealed that it was indeed a wet weather day, but that halfway the sampling
event a pump failure caused the pumping station to cease operation for
about 48 h (for details, see Fig. S4c.2 in the Supplementary Materials). As
a result, the flow proportional sampling only collected samples until the
pumps stopped and the sample hence only represents a fraction of the full
wastewater production of the area on that day (the other fraction being
stored in the sewer system during the pump failure). Interestingly, during
the following sampling event (January 22nd) the opposite occurred: after
the re-start, the pumping station processed all wastewater of the preceding
48 h that had been stored in the sewer system, leading to a 24 h sample and
measured wastewater volume that were again not representative of the
wastewater production in the area in the targeted 24 h.

In the Supplementary Materials (S4a) an overview is given of other
flagged events (based on EC) with their possible causes and effects on rep-
resentativeness and WBE-normalisation. In total, 7 events have been
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Fig. 6. Differences in percentage domestic wastewater (reciprocal of multiplication
factors) between Q-based and EC-based normalisation for catchment area
Katendrecht.
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flagged for which the sample and measured 24 h volume were not represen-
tative for the targeted 24 h period as a result of maintenance or failure of a
pumping station. Hence, these results were excluded from trend analysis.
Other flagged events were related to high EC values (after road de-icing)
or very low flow values (in summer periods without rain). In these cases
there was no need to exclude results as the representativeness of the sample
and the associated flow volume were not affected.

Flagging based on comparison of Q-based and crAssphage-based values
proved valuable in identifying samples with unexpected low recovery of vi-
ruses from wastewater (see results in Supplementary Materials S4, particu-
larly in Ommoord), poorly performing lab filter batches (data not included)
and deviations (mainly in the period 8-15 March 2021 and end of August
2021) associated with erroneous laboratory results of crAssphage. Most
anomalies observed with EC were not seen with crAssphage, as they were
masked by the inherent large(r) variation of measured crAssphage concen-
trations.

3.4. Quality control: crAssphage loads to verify number of shedders

For each catchment area the crAssphage load per day was calculated by
multiplying the (measured) crAssphage concentration of the sample with
the associated (measured) 24 h wastewater volume. Dividing this daily
load over the (administrative) number of inhabitants yielded a time-series
of crAssphage loads per capita for each catchment area. Fig. 7 presents an
example for catchment area ps Pretorialaan (other catchment areas in Sup-
plementary Materials S6).

The per capita crAssphage load showed little variation and no long term
trend in time (Fig. 7, upper graph) with a median value of 1.3 * 10'* gc/
(cap*day) and a 5-95 percentile range between 8.5%10'°-2.1 * 10! gc/
(cap*day). Other catchment areas (except ps Ommoord) showed similar re-
sults with median values ranging between 1.2 and 1.6 * 10'! gc/(cap*day).
The lack of correlation between daily flow and crAssphage load per capita
(lower graph) suggests that there is no significant build-up of crAssphage in
sediments or biofilm in the sewer network during dry weather that is
flushed out at higher rates during wet weather events (Ballesté et al.,
2019). This is unlike other wastewater parameters such as Chemical Oxy-
gen Demand (COD) and Total Suspended Solids (TSS) (Schilperoort et al.,
2012), or pollutants that show a strong adsorption to TSS (Gasperi et al.,
2014).

Given the small range of median values for the per capita crAssphage
loads across the studied catchment areas, it was possible to flag any (suffi-
ciently large) deviations from this median. As an illustration: during data
processing, the median value for catchment area ps Katendrecht was ini-
tially calculated as 2.0 * 10'" gc/(cap*day), which was relatively far out-
side the range for the other catchment areas (1.2-1.6 * 10! gc/
(cap*day)). Further assessment showed that the number of inhabitants in
the Katendrecht catchment area had increased from the 4884 based on cen-
sus data of 2019 to 5595 based on census data in 2020, i.e. by approxi-
mately 20 %, due to urban development not long before the monitoring
started. The administrative data that were used initially had not been up-
dated. The anomalous per capita crAssphage load in this case flagged the
use of outdated administrative information.

Stikkers (2022) demonstrated for a number of WWTPs in the
Netherlands that traditional biomarkers N (nitrogen) and P (phosphate)
can be used to determine temporal variations due to tourism in the number
of shedders. N and P are routinely monitored at WWTP Dokhaven, while
ammonium, the main fraction of N in WWTP influent, can be considered
to be a very good biomarker (Choi et al. (2018), and has been used as a pop-
ulation normaliser in recent studies (e.g. Aberi et al., 2021). For the main
summer holiday period (15 July 2021-15 August 2021) we calculated a de-
crease of 14 % in the median daily crAssphage load relative to the annual
median daily crAssphage load on DWF days, while the decrease in P load
was 11 % and the decrease in N load was 8 %. As crAssphage is only
found in domestic wastewater, while N and P may also originate from in-
dustrial sources (Zessner and Lindtner, 2005), a higher reduction in the
crAssphage load compared to the nutrient load was to be expected. This
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Fig. 7. CrAssphage daily load per capita for catchment ps Pretorialaan: chronologically (upper graph) and comparison with 24 h wastewater volumes (lower graph).

illustrates the potential of crAssphage as a biomarker for temporal varia-
tions in the number of shedders.

3.5. CrAssphage shedding: Individual versus population shedding

In addition to the population shedding from catchment areas,
crAssphage shedding of individuals was studied. Stool samples were col-
lected from SARS-CoV-2 positive adults (n = 221) that notified their gen-
eral practitioner of a positive SARS-CoV-2 test. The crAssphage
concentrations in these stool samples showed a very large variation, span-
ning >10 log!® units, see Fig. 8. A small percentage (n = 10 or 4.5 %)
had no detectable (<1090 gc/ml faeces) crAssphage in their stool sample.
In the positive stool samples, a bimodal distribution was observed, with
peaks around 10*® and 10°2 gc/ml faeces.

The arithmetic average concentration of crAssphage in stool samples is
2.64 x 10'° GC/ml. This average was largely determined by a single stool
sample that contained an extremely high concentration of 10*%gc/ml). The
high concentration was confirmed by re-analysis of the sample. To be less
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dependent on data from a single stool sample, the shedding data were fitted
to two separate Normal distribution after log-transformation, one for the
low shedding part of the population (66.1 %, including the non-detects),
with an average of 10*° GC/ml and a standard deviation of 10°5% GC/ml,
and one for the high shedding part (33.9 %, with an average of 10°> GC/
ml and a standard deviation of 10%°® GC/ml. In order to compare the
crAssphage load in stool samples and in sewage, the daily load in stool
has been calculated by multiplying the measured concentration in the
stool samples with an average daily stool production of 128 g wet weight
(=ml) per person per day (pppd) (Rose et al., 2015). The resulting calcu-
lated average crAssphage load of the stool sample population would be
8.7 x 10® GC pppd. This is in line with the median per capita crAssphage
load derived from the measurements in the Rotterdam wastewater (1.2-1.6
*10'! ge/(cap*day)). The two values being of the same order of magnitude
confirms there is no significant decay of crAssphage in the sewer environ-
ment (Ballesté et al., 2019).

Compared to the variability of crAssphage shedding per person, the ob-
served crAssphage concentration in wastewater was very comparable
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Fig. 8. Distribution of crAssphage concentration in human stool samples (n = 221) from the Rotterdam Rijnmond area. Data below the detection limit (n = 10° gc/ml) is not
shown in the graph. Normal distributions are fitted through the log'*-transformed concentrations in stool samples of low shedder (<107 gc/ml; mean: 10*°; standard
deviation 10°%2; in black) and high shedder (= 1074 gc/ml; mean: 10°3; standard deviation 10°°%; in red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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between different city areas and over time. This indicates that, even though
the variation in crAssphage shedding between individuals is very high, the
‘population shedding’ is fairly constant in the population sizes of this pro-
ject from 5.595 and above. Although crAssphage has been shown to reside
in the human gut for months (Siranosian et al., 2020; Honap et al., 2020),
little is known about the crAssphage shedding dynamics per person over
time. A longitudinal study in three infants showed considerable variation
over the first year of life (Taboada et al., 2021), but a study among ten
healthy adults showed that the human gut virome composition is personal-
ized and relatively stable over time, including for crAssphage (Shkoporov
etal., 2019). The high variability in crAssphage concentration in stool sam-
ples observed in this study, would imply that crAssphage would become
less suitable as normaliser in small populations. More research on smaller
populations is required to answer this question.

3.6. Normalisation without flow

For locations where flow measurements are not available, an alternative
normalisation approach is developed using EC and crAssphage concentra-
tion measurements only. The developed “no-Q”-normalisation approach
is given in eq. (6):

VDWF.ref,er « ECDWF,ref,an

6
Vddws ECsample ©)

mult factor (no—Q) =

with Vowrretnoq = estimated mean wastewater volume during dry weather
flow, using crAssphage;

Vaaws = estimated domestic dry weather flow (# inhabitants * 0,12 m?
per capita per day);

ECpwr refnoq = estimated mean EC concentration during dry weather
flow;

ECqample = measured EC in 24 h composite sample.

Similar to egs. (3), (4) and (5) the first term of the equation (Vowr regnoq
/ Vaawp) describes the dilution of domestic wastewater during dry weather,
and the second term (ECpwr refnoq / ECsample) the dilution during wet
weather. The difference, however, lies in the way the dry weather reference
values (Vpwr,refnoq and ECpwr refnoq) are calculated. To describe the wet
weather dilution EC measurements were selected as these proved to be a
better descriptor of this dilution process than crAssphage. To derive a dry
weather reference value without flow information (ECpw; refnoq), We used
the 40th percentile value of all EC measurements (in contrast to the earlier
method of using only values associated with dry weather flow volumes).
For catchment WWTP Dokhaven INF2 this gave a reference value of
1.115 pS/cm (Fig. 9). This value differed slightly (—3 %) from the refer-
ence value determined with the EC-based approach (1.155 pS/cm) using
only EC values associated with dry weather flows.

wwtp Dokhaven INF2: EC values
T T T

Science of the Total Environment 865 (2023) 161196

To describe the dry weather dilution, measured crAssphage concentra-
tions were combined with the number of inhabitants in the catchment
areas (CBS, 2020) (# inh) and a constant value for shedded crAssphage
load per capita per day (1.85 * 10'°). The ‘expected’ daily crAssphage
load from a catchment area was calculated (eq. 8a). Then, given the mea-
sured crAssphage concentration, this expected load was used to estimate
the associated volume of wastewater in 24 h (Va4 .s) for each wastewater
sample following eq. (8b). Finally, the time-series of estimated 24 h waste-
water volumes was used to derive a reference dry weather value (Vpwgrer
noq) using the 40th-percentile value of that time-series.

crAss(load) = #inh « crAss(daily load per capita) (7a)

crAss(load) = crAsssmple(conc.) s Vaup est (7b)
with crAss (load) = estimated daily crAssphage load from a catchment
area;

# inh = number of inhabitants/shedders in an area, based on Municipal
Administration;

crAss (daily load per capita) = constant value (1.85 * 10'9), see results;

CrASSsampie (conc.) = measured crAssphage concentration in 24 h com-
posite sample;

Vaanest = estimated 24 wastewater volume.

The expected daily crAssphage load from the WWTP Dokhaven INF2
catchment area was calculated to be 3.8 * 10'® gc/day (27.044 inhabitants
x 1.4 * 10" daily load per capita). Using this (fixed) load and the (varying)
measured crAssphage concentration per wastewater sample, a 24 h waste-
water volume was estimated for each sample (Vz4p, s using eq. 7b. Com-
parison of estimated wastewater volumes with the actual measured
volumes (see Fig. 10) showed a reasonable fit for most samples, but also oc-
casional large differences between estimated and measured values. More
specifically, of all 1138 samples from the nine catchment areas 20 %-35
% showed a difference smaller than 10 %, and 80 %-90 % of all samples
showed a difference smaller than 50 % between estimated and measured
wastewater volumes (for details, see S7b).

Finally, using the time-series of estimated 24 h wastewater volumes
(Va4n,est) the reference dry weather volume was derived using the 40th-
percentile of this time-series. For catchment WWTP Dokhaven INF2 this
gave a reference value (Vpwr refnoq) of 8442 m?/d, about 13 % less than
the reference value for the Q-based approach (Vpyrrr = 9754 m®/d). For
other catchment areas reference values differed between 1 % and 15 %.

Finally, we calculated the “no-Q" multiplications factors using eq. 6.
Fig. 11 shows the distribution of factors per catchment area as well as a
comparison with the Q-based and EC-based normalisation factors (as pre-
sented in Figs. 2 and 3). The width of the range of no-Q multiplication fac-
tors was very similar to the EC-based ranges. This is in line with the small
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Fig. 9. EC values of wastewater samples from catchment area WWTP Dokhaven INF2 and dry weather reference values with (ECpwr,rf) and without (ECpwrrefnoq) flow

information.
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Fig. 10. Measured and estimated 24 h wastewater volumes of catchment WWTP Dokhaven INF2 (upper graph) and their relative differences (lower graph).

differences (1-3 %) between the dry weather reference values for EC as de-
termined with (ECpg,rep) and without (ECpwr,refnoq) flow information. As a
result, the second terms in eqs. 4 and 6 (representing the wet weather dilu-
tion) did not differ much.

The dry weather dilution, on the other hand, did show larger differences
for some catchment areas (WWTP Dokhaven INF2, INF4 and ps
Katendrecht). For catchment WWTP Dokhaven INF2, for instance, the dry
weather reference values estimated based on crAssphage (Vpwr,refnoq)
was 13 % smaller than the reference based on measured wastewater vol-
umes (Vpwrrep) resulting in ditto smaller “no-Q” multiplication factors.
For WWTP Dokhaven INF4 the difference is +15 %, resulting in overall
higher “no-Q” multiplication factors.

The normalisation method that can be applied in absence of flow data (a
frequent situation for sewer surveillance more upstream in a catchment),

named ‘no-Q normalisation’, provided results comparable to the traditional
flow based normalisation. The presented no-Q normalisation combines the
well know potential of EC to describe dilution during wet weather flow
(WWF) and the potential of crAssphage to describe the dilution during
DWEF due to e.g. industrial discharges and extraneous waters. The largest
uncertainty in the no-Q approach is related to the estimation of the average
daily crAssphage load, which is based on the number of inhabitants and a
fixed daily load per capita. The latter may be uncertain for smaller popula-
tions than the smallest catchment (5595 inhabitants) of this study.

4. Conclusions

Wastewater surveillance has evolved rapidly during the COVID-19 pan-
demic as an important source of information on the SARS-CoV-2
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circulation. The long term SARS-CoV-2 monitoring project in the Rotter-
dam Rijnmond region compared three normalisation methods using flow,
electrical conductivity and crAssphage. Based on the findings in this pro-
ject, we conclude the following:

Unnormalised SARS-CoV-2 sewage data may misrepresent the actual
short-term trends of SARS-CoV-2 circulation in the population due to the
impact of rain and snowmelt in a combined sewer network. Unnormalised
data do show similar long-term trends as normalised data, but it is the short-
term (1-2 weeks) trends are the most relevant to support public health ac-
tions to limit the transmission of the virus and where discrepancies were
considerable.

Flow normalisation, being the standard in sewage surveillance, is an ap-
propriate normaliser as long as the basic assumption that the sample taken
is representative of 24 h of shedding of the population sampled, is not vio-
lated. Pump failures have been demonstrated to violate this assumption.
Moreover, flow normalisation is not suitable to back calculate the number
of shedders.

EC normalisation yielded comparable results as flow normalisation in
terms of being able to calculate the dilution due to rainfall. EC was not an
appropriate normaliser in case of time varying disturbing factors, such as
road de-icing and intrusion of brackish groundwater.

CrAssphage could be used as a quantitative biomarker to normalise the
population of shedders. Our results showed that despite inherent variation,
errors in the number of inhabitants of 20 % s and a time varying number of
shedders during summer holidays of 15 % could be detected. Significant de-
viations in recovery efficiency of the laboratory methods could also be de-
tected. The high variation in crAssphage shedding per person observed in
stool samples (n = 221) suggests that the potential of crAssphage as a quan-
titative biomarker for normalisation of wastewater samples for populations
smaller than 5595 needs to be subject of further research.

The parallel use of the three normalisation methods, as applied in this
study, provides a very strong quality check of the wastewater surveillance
data. Differences between the three methods helped to identify issues
with sampling, lab analysis or specific situations such as road de-icing.

Moreover, in absence of flow data, crAssphage and EC offer an appropri-
ate alternative to normalise samples taken as part of wastewater surveillance,
where the strength of EC to capture dilution due to rainfall and the strength of
crAssphage to capture differences in the number of shedders are combined.
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