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deterministic model that combines fate and transport modelling with quantitative microbial infection risk assess-
ment. The impact of climatic changes until the period 2035-2049 was investigated by a conceptual semi-
distributed hydrological model, based on regional climate model outputs. QMRAcatch was calibrated and vali-
dated using site- and source-specific data (human-associated genetic microbial source tracking marker and en-
terovirus). The study showed that the degree to which future changes affect drinking water safety strongly
depends on the type and magnitude of faecal pollution sources and are thus highly site- and scenario-specific.
For example, if the load of pathogens from WWTPs is reduced through enhanced treatment, climate-change
driven increases in CSOs had a considerable impact. Preventing CSOs and installing enhanced treatment at the
WWTPs together had the most significant positive effect. The simultaneous consideration of source apportion-
ment and concentrations of reference pathogens, focusing on human-specific viruses (enterovirus, norovirus)
and cross-comparison with bacterial and protozoan pathogens (Campylobacter, Cryptosporidium), was found cru-
cial to quantify these effects. While demonstrated here for a large, wastewater-impacted river, the approach is
applicable at other catchments and pollution sources. It allows assessing future changes and selecting suitable
pollution control measures for long-term water safety planning.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rivers are important for drinking water supply worldwide, yet, they
are often under pressure from multiple pollution sources. The most
widespread health risk associated with drinking water is contamination
with pathogens that originate from faecal matter (WHO, 2017b). In
densely populated large river catchments, discharges of municipal
wastewater treatment plants (WWTP) and combined sewer overflows
(CSO) are major contributors to the faecal pollution load (Rickert
et al.,, 2016; WHO, 2017b). Additional faecal pollution sources include
wildlife and domestic animal waste. Understanding this plethora of
pressures and their future changes, along with their impact on the
drinking water source, poses a great challenge for water safety planning
(Rickert et al., 2016).

The future climatic and population changes may affect faecal pollu-
tion sources, the microbiological quality of surface water, and ultimately
drinking water safety. Population growth and the associated increase in
(treated) wastewater discharges may result in the deterioration of river
water quality, and the concerns may be further aggravated by climatic
changes (WHO, 2017a). According to climate projections, the frequency
and intensity of extreme rainfall events will increase in many areas
(Myhre et al., 2019). This will result in runoff flushes and, in places
with a combined sewer system, more frequent and intense CSO events
(Bietal.,, 2015; Nie et al., 2009; Willems et al., 2012). In addition, the hy-
drological regimes and temperatures of rivers are likely to change
(e.g., Bloschl et al., 2019), affecting their buffering capacities in terms
of dilution and inactivation of pathogens. Droughts and the resulting
low river discharges would concentrate contaminants in river and
groundwater resources (WHO, 2017a), while floods are often accompa-
nied by short-term deteriorations of water quality due to agricultural
runoff and CSOs (e.g., Derx et al,, 2013). In contrast, higher water tem-
peratures expected due to climate change may facilitate the inactivation
of enteric pathogens (Boehm et al., 2019). If the pollution sources are
mainly urban wastewater discharges, possible strategies to reduce fae-
cal contamination include enhanced wastewater treatment and CSO
prevention. As a final step in wastewater treatment, ozonation and ad-
vanced oxidation processes as well as UV-treatment and chlorination
allow a considerably reduced pathogen load in the final effluent. Mea-
sures to prevent CSOs include reservoirs or any form of green infrastruc-
ture affecting runoff water quantity and quality at different spatial
scales (Golden and Hoghooghi, 2018).

The sum of climatic and demographic changes were previously
found to deteriorate microbiological water quality to a limited degree,
with less than 0.5 log; increase in the mean concentration of faecal in-
dicator bacteria or index pathogens until 2040-2070, as shown for large
rivers in Canada (Jalliffier-Verne et al., 2017; Jalliffier-Verne et al., 2015),
Bangladesh (Islam et al.,, 2018a), Pakistan (Igbal et al., 2019), and a fic-
tive river in the Netherlands (Sterk et al., 2016). The impact of CSOs

and WWTPs on the microbiological water quality of rivers has been
analysed from various perspectives. Upstream short-term pollution
events, such as via CSO discharges (Taghipour et al., 2019) or WWTP by-
pass and pumping station overflow events (Sokolova et al., 2015) were
shown to be less important for drinking water safety if relying on sur-
face water than the optimal treatment performance of the drinking
water treatment plant itself. The simultaneous reduction of multiple
faecal inputs in two catchments with high human population and live-
stock numbers was found beneficial under a sustainable future scenario,
in comparison with the uncontrolled future scenario (Igbal et al., 2019;
[slam et al., 2018a). Medema and Schijven (2001) calculated that the
majority of Cryptosporidium oocysts in Dutch rivers originates from
treated sewage, while Giardia was rather linked to untreated discharges,
pointing at the different strategies needed to reduce their concentra-
tions in river water. Sterk et al. (2016) found an elevated infection risk
through bathing downstream of the discharge point of a WWTP all-
year round, while even higher risks, although intermittent, downstream
of a CSO. The various measures that can be taken to reduce the input of
pathogens into the river have not yet been analysed systematically.
Questions also remain as to how climate and demographic changes
would alter the effect of these measures.

Assessing faecal pollution dynamics and their possible future devel-
opments at the catchment scale is a complex problem as it involves
large uncertainties of the source and transport variables (Cho et al.,
2016). Most of these microbial fate and transport models focus on faecal
indicator organisms (Islam et al., 2018b; Kim et al., 2017), while some
also include microbial source tracking markers (MST) enabling
source-specific model calibration (Sokolova et al., 2012) or pathogens
allowing the assessment of health risks directly (Dorner et al., 2006;
Fauvel et al,, 2017). Depending on the purpose, the developments
range from physically based models that simulate water currents re-
quiring much computational effort, to process based pathogen fate
and transport models requiring a high number of input parameters
(e.g., SWAT, Kim et al., 2017). Recently, studies have combined fate
and transport models with quantitative microbial risk assessment
(QMRA) to estimate the health risk associated with drinking
(Sokolova et al,, 2015) or bathing (Eregno et al., 2016; Sterk et al.,
2016). QMRAcatch was one of the first models of this kind. Its microbial
fate and transport module follows a mass balance approach to simulate
microbial concentrations in river water and accounts for the uncertainty
of model input variables (e.g., concentration of microorganism in raw
wastewater) by using a probabilistic approach. The QVIRA module of
QMRAcatch simulates the infection risks associated with the ingestion
of pathogens contained in drinking water as well as the required treat-
ment to produce safe drinking water (Derx et al.,, 2016; Schijven et al.,
2015).

This study aimed to test a new integrative approach for deciphering
the interplay between the effects of climate and demographic changes
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and wastewater management measures on the microbiological river
water quality with regards to the required treatment to produce safe
drinking water. We investigated the effects of future climatic and demo-
graphic changes up to 2050, as ‘no management changes’ scenario, as
well as these effects combined with measures that aim to reduce the
pollution from upstream WWTPs, CSOs, or both. Additionally, we inves-
tigated the effects of increased CSOs in a systematic sensitivity analysis.
The approach was tested at a Danube River study site in Vienna, repre-
sentative of large rivers where the dominant source of faecal pollution is
human wastewater from upstream point sources. The scenarios were
analysed for two viral reference pathogens: enterovirus and norovirus,
which are mainly associated with human wastewater and are often
used as references for infection risk assessment from water resources
(WHO, 2017b). Additionally, the scenarios were extended for Campylo-
bacter and Cryptosporidium for a cross-comparison between human
viral pathogens and bacterial and protozoan reference pathogens. To
meet our aim, we significantly extended QMRAcatch (Schijven et al.,
2015) (v1.0 Python) now available as open source, which we calibrated
and validated based on concentrations of a human-associated genetic
MST marker and infectious enteric viruses, measured at the study site
monthly over a period of four years. In the scenario analysis, river dis-
charges were simulated using a conceptual semi-distributed hydrologi-
cal model and four regional climate model projections covering the
range of expected climate change pathways.

2. Materials and methods
2.1. Study area

The study site is located at the Danube River, in Vienna, Austria
(Fig. 1). The Viennese drinking water supply relies partially on water
from the Danube River. The Danube River starts in Germany, approx.
850 km upstream, and shows dynamic variations in river discharge,
ranging from 900 to 5300 m>/s for the characteristic low and high dis-
charges, with a mean discharge of 1900 m>/s at the study site. The re-
gion has a temperate climate where floods are driven by snow melts
and heavy rainfall events in the headwater catchment. The Danube
River is moderately polluted with faecal matter that originates predom-
inantly from human wastewater (Frick et al., 2017; Kirschner et al.,
2017). The catchment upstream of Vienna is home to approx. 11 million
inhabitants (Schreiber et al., 2005). Considering that 99% of the human
population in the study area is connected to a WWTP (European
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Commission, 2018), urban wastewater is the main source of human pol-
lution. This site is therefore representative of a large river polluted by
upstream discharges of urban wastewater.

2.2. Modelling approach

Two models are applied in this study (Fig. 2). A hydrological model is
used to simulate the river discharge in the Danube for a reference period
(2003-2017) and a future period (2035-2049) based on regional cli-
mate model outputs (Parajka et al., 2016). The hydrological model do-
main encompasses the entire Danube subcatchment drained by the
Danube up to the study site (104,000 km?). A newly adapted version
of the microbial fate and transport and infection risk model QMRAcatch
is used to simulate the concentrations of viruses in river water at the
study site and the required reduction of human viruses in source
water to achieve safe drinking water (log reduction value, LRV). Its
model domain is the 190-km-long Danube River section directly up-
stream of the study site and includes all sources of human wastewater,
represented by: i) the effluent of five WWTPs situated 20, 24, 43, 77, and
193 km upstream of the study site and ii) the corresponding CSOs.

2.3. Hydrological model

To simulate the daily river flow rates of the Danube at the study site,
we used a conceptual spatially-distributed hydrological model (Bloschl
et al,, 2008), which we extended for operational river flow forecasting.
The structure is similar to that of the HBV model (Bergstrém, 1976)
but several modifications were made including an additional ground-
water storage, a bypass flow (Bldschl et al., 2008; Komma et al., 2008),
and a modified routing routine. For each raster cell (5 km x 5 km),
snow processes, soil moisture processes, and hill slope scale routing
are simulated at an hourly time step. In the snow routine, snow accumu-
lation and melt are represented by a simple degree-day concept. Runoff
generation and changes in soil moisture storage are calculated by a soil
moisture accounting scheme as a nonlinear function of rainfall and
evaporation. Runoff is generated as a combination of outflows from
three reservoirs representing overland flow, interflow, and deep
groundwater flow processes. Runoff routing in the stream network is
described by a cascade of linear reservoirs (Szolgay, 2004). More details
and application examples are given, e.g., in Bloschl et al. (2008), Komma
et al. (2008), and Reszler et al. (2008).

QMRAcatch model domain

A Study site and points of interest
v Discharge gauge

Hydrological model domain
Wastewater treatment plants:
O 50.000 p.e.
O 250.000 p.e. () 950.000 p.e.

Fig. 1. Map of the study area.
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HYDROLOGICAL MODEL

- conceptual semi-distributed
- calibrated to 91 gauges
- simulation of future river flows

REGIONAL CLIMATE MODEL

- 2 global circulation models

- 3 greenhouse gas emission scenarios (IPCC)

- delta changes in air temperature and
precipitation between future and reference
periods

river temperature
HYDROLOGICAL MODEL

- delta changes added

to model inputs river discharge
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QMRAcatch

- microbial fate and transport + QMRA
- multi-year simulation with daily time steps
- probabilistic-deterministic model

FAECAL INPUTS

5 WWTPs

- secondary treatment

5 CS0s

- raw wastewater
diluted with rainwater

RIVER TRANSPORT

- dilution

- mixing

- temperature-dependent
inactivation of
microorganisms

- 2-9 times/year

concentration of QMRA
microorganisms

in river water required treatment to

produce safe drinking
water

Fig. 2. Overview of model components.

In the extended version, the model input consists of spatially distrib-
uted fields of precipitation, air temperature, and potential evaporation.
Meteorological and hydrological data were available for the period
from 2003 to 2017 (provided by ZAMG and HZB, the central services
for meteorology and hydrology in Austria). The data set includes several
extreme flow periods, such as the 200-year flood in 2013 or the drought
in 2015. The existence of hydro-meteorological extremes in the data set
helps to estimate more robust and appropriate model parameters for
predictions and extrapolation to future scenarios. For parameter identi-
fication, a hydrologic response unit approach based on spatial informa-
tion about land use, soils, hydrogeology, and topography combined with
a manual calibration procedure (Reszler et al., 2008) has been adopted.
In this study, 15 different hydrologic response unit types were used to
describe the different hydrological response behaviours (Table S1).
The parameters have been calibrated and validated against hourly dis-
charge data at 91 discharge gauges at the Danube and its tributaries.
The simulation period included a calibration (2012 to 2018) and a vali-
dation period (2003 to 2011). The Nash and Sutcliffe coefficient of run-
off model efficiency (Nash and Sutcliffe, 1970) at the 91 discharge
gauges ranged between 0.72 and 0.84 for the calibration and between
0.66 and 0.85 for the validation period. The model efficiency for the cal-
ibration and validation period at the Danube gauge was 0.78 and 0.73,
respectively.

2.4. QMRAcatch

2.4.1. Model overview

The probabilistic-deterministic microbial fate and transport and in-
fection risk model QMRAcatch (Schijven et al,, 2015) was extended for
this study and newly coded as open source (v1.0 Python). QMRAcatch
was used to estimate the microbial concentrations (Section 2.4.2) and
the required reduction of reference pathogens to produce safe drinking
water at the study site (Section 2.4.3). The model comprises the func-
tionality of the original Mathematica version QVIRAcatch06062019.cdf
with the following extensions:

« Simulation time over multiple years in contrast to one year in the pre-
vious version.

All model calculations are repeated for 100 to 1000 Monte Carlo sim-
ulations until results remain stable, to account for the natural variabil-
ity and uncertainty of the model input parameters listed in Tables 1
and 3. In the previous version random values of all stochastic input
variables were generated only once for each day in the simulation pe-
riod.

Pathogen loads are calculated from the simulated concentrations in
river water at the study site.

One CSO is located at each WWTP, as previously. The CSO discharge
volumes and frequencies are now set independently from the contin-
uous WWTP discharges. The days when CSOs occur are set to the days
of observed rainfalls (during model calibration and validation) or ran-
domly over the year based on a uniform probability distribution for
each Monte Carlo run (scenario and sensitivity analysis).

The transverse spreading of a continuous point source in a wide river
flow was accounted for according to Jirka et al. (2004).

In contrast to the previous version, the temperature-dependent mi-
crobial inactivation coefficients (for which site-specific values are
not available) were set during model calibration within constrained
limits based on reported persistence data.

2.4.2. Microbial fate and transport module

2.4.2.1. Faecal inputs. In QMRAcatch, the microbial concentration enter-
ing the WWTP (C,4) is multiplied by the fraction of pathogens passing
the WWTP (Logio Fuwip) to determine the concentration discharged to
the surface water (Cywip). It is assumed that microbes in water samples
at low concentrations are Poisson distributed. In Bayesian inference, the
conjugate prior for the rate parameter of the Poisson distribution is the
Gamma distribution. C;,, is therefore described by a gamma distribu-
tion (Table 1 for norovirus and enterovirus, Table S3 for Cryptosporidium
and Campylobacter). The lognormal distribution was used here to de-
scribe the treatment efficiency of water (Fywrp). It is convenient in
that it describes the skewness of the treatment efficiency well and it is
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Table 1
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Model input parameters for norovirus and enterovirus (see Table S3 for Cryptosporidium and Campylobacter, as well as Table 3 for the parameters varied in the scenario analysis). Gamma
probability distribution function (mean, 95 percentile) of the microbial concentrations in raw wastewater (Cy,,,), normal probability distribution function (mean, 95" percentile) of mi-
crobial removal by wastewater treatment (Fywrp), WWTP effluent discharge rate (Qwwrp), inactivation rate coefficients (ap, a;), and dose-response parameters o and (3.

Parameter Unit  Distribution Details

Microorganism

Value

Reference

Human MST (1.84, 5.82) x 10° .
marker (1.04, 3.52) x 10° Schijven et al. (2015)
Craw (mean, 95th perc.) N/L  Gamma WWTP 1,2,4,5 WWTP 3 Enterovirus (1.0,2.0) x 10° (WHO, 2017b)
. Katayama et al. (2008)
S5
Norovirus (1.0,2.0) x 10 Lodder and Husman (2005)
fuman MST ;gg f;g Derx et al. (2016)
th WWT WWT .25, 1.
Fwwre (mean, 957 perc.) Logio Normal P1245 P3 Enterovirus 1.8,0.2 This study (calibrated)
Norovirus 1,0.75 Lodder and Husman (2005)
0.30,0.34,0.17,0.67, Data provided by the EPA
3 -
Qwwrp m°/s na. WWTP1 to 5 724 Austria
Human MST 0.6, —0.035 This study (calibrated)
First order decay in function of water marker
Ao, 31 - na. Enterovirus 0.68, —0.036 This study (calibrated)
temperature Bertrand et al. (2012) (mean
Norovirus 2.3, —0.035 )
value)
ap B na Dose-response relationship: hypergeometric ~ Enterovirus 0.253, 0.422 Teunis et al. (1996)
" with beta-distributed parameters Norovirus 0.04, 0.055 Teunis et al. (2008)

easy to interpret. We generated random values for each Monte Carlo run
by drawing from these distributions to reflect the temporal concentra-
tion variability. A constant discharge of treated wastewater (Qwwrp)
was attributed to WWTPs 1-5 based on previous annual discharge mea-
surements at WWTPs 1-5 and in the rest of the QMRAcatch model do-
main (Fig. 1). The WWTPs provide secondary (conventional biological)
treatment without chlorination or other tertiary treatment.

During CSO events, untreated wastewater mixed with rainwater dis-
charges into the river. The microbial concentration in CSO water (Ccso) is
therefore a fraction of C;,y. The yearly CSO volumes were roughly esti-
mated by Thomas Ertl and Florian Kretschmer (personal communication,
Clara et al., 2014) based on the mean annual precipitation, the contribut-
ing runoff areas, the proportion of the combined sewer system, and the
theoretical fraction of water piped to the WWTPs (OWAYV, 2007).

2.4.2.2. Dilution in river water. The influx of microorganisms to the river
water, through either a WWTP or a CSO, is diluted in river water. The
mixing happens gradually as the water flows downstream. To calculate
the cross-sectional concentration in the surface waters at X meters
downstream of the emission, the transverse spreading of a continuous
point source in a wide river flow (W >> h) was accounted for according
to Jirka et al. (2004). The distance Ly, to the location where complete
horizontal mixing over the river cross-section takes place was calcu-
lated by
uw?

Lo = 0.4T (1)

where U is the flow velocity [m/s] calculated according to Manning

(1891) and W is the river width [m] (Table A.1). The horizontal diffusiv-
ity Ey is calculated according to Fischer et al. (1979).

Ey = ayu'h (2)

where a, is the diffusivity constant with a possible range of 0.5 + 0.25
[—] for rivers without strong meanders and lateral dead zones, u* is the
friction velocity [m/s] and h is the river depth [m] (Table A.1). Vertical
mixing was computed to be complete after a few hundred meters. The
dilutions of microbial loads with river water are then calculated as

nNwwrp

(Cwwrr, Quwre, + Ceso,Qcs0;) L
: Q. X 3)
i=1 river i

Criver =

where Quwrpi [m3/s] is the discharge of treated wastewater at WWTP;,
Qcsoi [m>/s] is the CSO discharge, Qiver [m/s] is the river discharge, X; is

the distance of the point of interest to the pollution source [m], and
Nwwrp iS the number of WWTPs.

2.4.2.3. Inactivation during transport. The degree of removal of pathogens
during transport depends on the travel time or flow rate. Inactivation
during transport is described as a first order decay reaction, where the
decay rate in water (u,, [d~']) during transport is a function of the
water temperature (T [°C]):

In10
o () = JomoraT (4)

where ag [logyo day] and a; [log;o day °C™!] are microorganism and
pathogen-specific inactivation rate parameters (Bertrand et al., 2012).
After a travel time of m days to the study site, microorganism concentra-
tions (Cp,r [m™3]) are calculated as:

m
Cmr = Coexp (— i;”w") (5)

where Cy is the initial concentration [m 3] and T; is the temperature [°C]
on the i™ day. The parameters ap and a; were determined using linear
regression between reported times to first log;o reduction (TFL) versus
water temperature. Inactivation rates that were reported in the litera-
ture were reviewed and summarized in Fig. B.1 and Table S2.

2.4.3. QMRA module

Daily probabilities of infection for enterovirus and norovirus can be
estimated using a hypergeometric dose-response relation (Teunis and
Havelaar, 2000):

Py =1—1F1(0, ot + B,D) (6)
D= Cpy x 108 x Ix V (7)

where Py is the daily probability of infection for a person per exposure,
«, 3 are the parameters of dose-response models (Table 1), D is the dose
of ingested microorganisms, Cryy is the microorganisms' concentration
in the river water, LRV is the required treatment reduction of viruses, [
is the infectious fraction, and V is the consumed unboiled water volume
(1 L/person/day (WHO, 2017b)). As the daily health-based target (hbt),
1 - 10~% infections/person/day was adopted in this study (Signor and
Ashbolt, 2009). LRV was estimated iteratively until the criterion Pj,¢ <
hbt according to Eq. (6) was fulfilled for both the mean (p) and 95th per-
centile values of Pj,s.
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LRV = max {logl()( bt)' logw< T (8)

The dose-response model parameters for enterovirus were based on
results from a human challenge study conducted with rotavirus where
the minimum infectious dose for enterovirus was 1 focus forming unit
(Ward et al.,, 1986). We used enterovirus data based on a cell culture
method, detecting infectious enterovirus. The fraction of infectious to
total viral particles is unknown for norovirus, as their enumeration
method is based on PCR methods. However, the frequent occurrence
of these viruses in outbreaks suggests high infectivity (Teunis et al.,
2008). As the same authors pointed out, the resulting risk estimates
might still be unbiased if the ratio of total to infectious numbers of vi-
ruses is constant because the exposure estimates in our scenarios are
based on the same enumeration methods as in the human challenge
study.

2.4.4. Microbial characterization of wastewater and river water

2.4.4.1. Microbiological analyses of wastewater. Values for Cray and Cowip
of the human-associated MST marker at WWTP2 and 3 were available
from single 1-L samples collected from 2010 to 2013 (n=72, Schijven
et al, 2015, Table 1). Additionally, values for Cwp, of enterovirus at
WWTP2 were isolated from 1-L samples between 2011 and 2017 (n=
73) according to the inorganic flocculation and ultracentrifugation
method of Walter and Riidiger (1981) and enumerated following an
MPN method (Chang et al., 1958) on Buffalo green monkey kidney
cells (Dahling and Wright, 1986). For the concentrations of microorgan-
isms in wastewater, QMRAcatch estimates the parameters of a Gamma
distribution based on mean and 95 percentile values. The enterovirus
concentrations were MPN values, i.e., maximum likelihood estimates,
assuming Poisson distributed count observations. Given that these are
concentration estimates already, concentration estimates of zero could
be included in the calculation of the mean and 95" percentile values.
We assumed a mean and 95 percentile of 1x10% and 2 x 10°> MPN/L
for Craw Of enterovirus, respectively (WHO, 2017b). Fywip was adjusted
until the mean and 95th percentile of generated random values of Cywip
matched the respective observed values (Table 1). Mean Cyay and Fywip
values of 1x10° gene copies (gc)/L and 1-log;, for norovirus were as-
sumed, respectively, according to Katayama et al. (2008) and Lodder
and Husman (2005) (Table 1). The microbiological input parameters
for Cryptosporidium and Campylobacter are described in Section 2 of
the Supplementary information.

2.4.4.2. Microbiological analyses of river water. Surface water samples
were collected from the Danube riverbank as grab samples at two sam-
pling points (Fig. 1) alternately on a monthly basis over four years,
resulting in a bi-weekly dataset of independent values (2013-2017,
n=87-94). Because of the vicinity of the two points, they were treated
as one point of interest for drinking water production, called hereafter
‘the study site’ (Fig. 1). The samples were analysed for the
human-associated MST marker HF183/BacR287 as well as for infectious
enterovirus. The human-associated MST marker was quantified in
500-600-mL water samples using quantitative PCR as described previ-
ously (Green et al.,, 2014; Mayer et al., 2018). The human-associated
MST marker was detected in all samples with a median concentration
of 1.1 x 10* ME/L (marker equivalent per litre) and a range of
4.0 x 10 to 1.4 x 10° ME/L (n=87, Fig. B.2). The filtration volume, the
use of 2.5-pL of undiluted DNA extract in qPCR, and the minimal theo-
retically detectable marker concentration per reaction defines the de-
tection threshold (3.0 x 10 ME/L) (Reischer et al., 2008). Infectious
enteroviruses were enumerated from 10-L water samples according to
the method described above. Enteroviruses were detected in 42% of
the samples with a maximum concentration of 11.3 CU-MPN/L
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(cytopathic unit, most probable number, n=94). The limit of detection
was 0.1 CU-MPN/L.

2.4.5. Calibration, validation, and application of QMRAcatch

Due to the limited availability of pathogen data in river water, we
took a three-step approach for the calibration, validation and applica-
tion of QMRAcatch: (1) model calibration and validation using the
source-specific and highly abundant human-associated MST marker
by adjusting the calibration parameters; (2) model calibration and val-
idation using the reference pathogen enterovirus by adjusting just the
microorganism- and virus-specific calibration parameters (the others
taken over from step one); and (3) application of the calibrated and val-
idated model to various pathogens (enterovirus, norovirus, Campylo-
bacter and Cryptosporidium) by using measured data or values
assumed from the literature as model inputs (overview in Table B.1,
data in Tables 1 and S3).

The datasets of observed concentrations of the human-associated
MST marker and enterovirus (n=87 and 94, respectively) were split
into two time periods. Data for the period from July 2013 to June 2015
was used for calibration, and for the period from July 2015 to June
2017 for validation, for both microorganisms (Table B.1). Non-detects
were set to the limit of detection in the calculations.

The mean absolute error (MAE) was used as a performance metric
(Willmott and Matsuura, 2005). Log,o transformed concentrations
were used in the MAE computations because microorganisms typically
follow a lognormal distribution, and the use of logarithms minimizes
the influence of outliers present in the data (Hong et al., 2018). The
Mann-Whitney test was used for the distribution comparisons of the
simulated and observed datasets and the p-value of the
Mann-Whitney statistic was a metric of model performance. During
model calibration, the calibration parameters were adjusted to mini-
mize the objective function (OF).

OF = MAE + (1—p) 9)

The calibration parameters can be grouped into (i) not faecal micro-
organism and pathogen-specific and (ii) faecal microorganism and
pathogen-specific parameters. The parameters of the first group de-
scribe the discharge and mixing processes which are assumed to be
the same for faecal indicators and pathogens in river water. These are
the constant diffusion coefficient v, (Table A.1,Eqs. (1) and (2)), the fre-
quency and discharge volumes of CSOs 1-5, and the microbial concen-
tration in CSO water as a fraction of the concentration in raw
wastewater (Table 3). The parameters of the second group are the
microorganism- and virus-specific inactivation parameters ag and a;
(Table 1). In the first step (calibration with the human-associated MST
marker), calibration parameters of both groups were adjusted, and the
best combination used for the validation. In the second step (calibration
with enterovirus), the calibrated values of the parameters of the first
group were taken over from step 1 and kept constant, and only the pa-
rameters of the second group were adjusted. The best combination of
the calibration parameter settings was used for the validation. The
CSO volumes per year were constrained to 4-25% of the yearly estimates
(Section 2.4.2). The CSO events were constrained to days when the daily
amount of rainfall exceeded 13 mmy/d. Recorded precipitation data were
used at gauges Vienna Hohe Warte (at WWTPs 1 and 2), Langenlebarn
(at WWTP 3), Krems (at WWTP 4), and Linz-City (at WWTP 5, data pro-
vided by the Austrian Meteorology Survey, ZAMG). Inactivation rates of
the human-associated MST marker, enterovirus, and norovirus that
were reported in the literature were collected and summarized in
Fig. B.1 and Table S2. Boehm et al. (2019) conducted an extensive liter-
ature review on inactivation studies for viruses and conducted a multi-
ple linear regression analysis between environmental variables and
first-order decay rates. Enterovirus inactivation rates showed a statisti-
cally significant relationship with temperature, method and sunlight,
therefore we restricted our selection to studies conducted with cell
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culture (so that they are comparable to our results, see Section 2.4.4)
and in natural or artificial sunlight. The coefficient ‘water type’ was
not significant in the multiple linear regression, therefore we included
all water types (marine and estuarine - no study was conducted in
freshwater in sunlight). Norovirus only showed a significant relation-
ship with temperature so we included all studies listed by Boehm
et al. (2019) (Table S2). An ordinary least square method was used to
fit the time-to-first-log (TFL) as a function of water temperature
(dashed lines in Fig. B.1). During the adjustment of intercept ap and
slope a; (used in Eq. (4), solid lines in Fig. B.1), it was ensured that the
inactivation as function of temperature obtained through the calibration
lay within the prediction interval of the ordinary least square regres-
sions (Fig. B.1, shaded area, left and centre).

2.5. Scenario analysis

We defined a reference scenario and the following future scenarios:
i) climate and demographic changes and ii) three scenarios of wastewa-
ter management measures that aim to reduce the faecal load from
WWTPs and CSOs. Table 2 provides an overview of the scenarios. Addi-
tionally, we conducted a sensitivity analysis to investigate the impact of
CSO changes. For all scenarios and the sensitivity analysis, the concen-
trations of enterovirus, norovirus, Cryptosporidium and Campylobacter
in the Danube were simulated using the input settings as described in
Tables 1, 3 and S3. Subsequently, a QMRA was conducted for assessing
the required LRV to achieve the health-based target.

2.5.1. Reference scenario

We simulated the concentrations of norovirus and enterovirus in
river water at the study site, as well as the required LRVs to produce
safe drinking water for the reference period from 2003 to 2017. This pe-
riod included hydrologically extreme years and was therefore deemed a
robust basis for the scenario analysis (Tables 2 and 3).

2.5.2. Future scenarios

2.5.2.1. Climate and demographic changes: ‘No management changes’ sce-
nario. In this study, flow projections of future climate scenarios were
modelled using a hydrological model forcing from a delta change ap-
proach as described in detail by Parajka et al. (2016). In a first step, re-
gional climate model (RCM) outputs were used to estimate monthly
differences in air temperature and precipitation between reference
(control) and future periods (2035-2049). These differences (delta
changes) were then added to the observed precipitation and air temper-
ature data and used as model inputs to simulate future hydrologic
changes (Fig. C.1). The daily precipitation was scaled by the relative
delta changes for each month, and the frequency of rainy days was
kept as in the reference period. The daily air temperature was changed
by the mean daily delta changes each month. To obtain future delta
changes in water temperature, the delta changes of daily air tempera-
ture were multiplied by seasonal conversion factors derived from the
observed changes in air and water temperatures of the Danube from
1900 to 2010 (Standhartinger and Godina, 2013, p. 46, Fig. 11). The con-
version factors for December, January, and February resulted in 1.22; for
March, April, and May they resulted in 0.52; for June, July, and August
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they resulted in 0.76; and for September, October, and November they
resulted in 1.5.

The RCM scenarios used in this study are based on the results of the
reclip:century project (Loibl et al., 2011; Parajka et al., 2016). The en-
semble climate projections are represented by COSMO-CLM RCM runs
forced by the ECHAMS5 and HADCM3 global circulation models for
three different Intergovernmental Panel on Climate Change (IPCC)
emission scenarios (A1B, B1, and A2; Nakicenovic et al., 2000). These
represent a large spread of different emission pathways based on no
change in greenhouse gas emission practices (A2), a scenario with a
moderate decline in emissions after 2050 (A1B), and a scenario indicat-
ing considerably reduced emissions from the present onwards (B1). For
this study, the projections by the ECHAM5 model were selected for the
three emission scenarios (A1B, A2, B1), as well as the projections by the
HADCM3 model for one emission scenario (A1B). Although these sce-
narios are meanwhile replaced by the Representative Concentration
Pathways (RCPs, van Vuuren et al. (2011)) these older scenarios are
still comparable to the newer RCPs with respect to their climate change
signals. Moreover, the model setup for RCM simulations of reclip:cen-
tury are specifically tailored for the complex terrain of the Alpine Region
and therefore provide more robust estimates of the future climate
change in the Alps and surrounding areas (Bloschl et al., 2018; Bloschl
etal, 2017).

The reclip:century scenarios project, for the study area, changes in
air temperature and precipitation between the future period
2035-2049 and the reference period 2003-2017. Precipitation projec-
tions show that winters will become 5% (HADCM3 A1B) to 22%
(ECHAMS5 A2) wetter and extreme precipitation quantities will in-
crease. Predictions of future precipitation changes for summer range
from 4% (HADCM3 A1B) to —21% (ECHAMS5 A2). These changes are
generally in line with the newer generation of RCM simulation from
the EURO-CORDEX initiative where an ensemble of simulations for
RCP4.5 and 8.5 are downscaled for the Austrian domain. Only the
EURO-CORDEX ensemble mean summer precipitation change signal
for Austria is +3% for RCP8.5, showing somewhat different results com-
pared to ECHAM5 A2, however, the ensemble spread in EURO-CORDEX
is rather large pointing towards higher uncertainties during the sum-
mer season.

For the study site of the Danube, all climate scenarios project a gen-
eral decrease of river flows during the low flow period (summer) and a
slight increase or no change of river flow during the high flow period
(end of winter/spring). The river flow in the Danube study catchment
is expected to decrease on average by 14% (ECHAMS5 A1B) to 25%
(ECHAMS5 A2), with a slight increase of about 10%-15% in January and
February for the ECHAMS5 A1B scenario and an almost 50% decrease in
August for the ECHAMS5 A2 scenario (Fig. C.1).

Population growth will result in a corresponding increase in urban
wastewater discharges into the Danube. An increase in wastewater dis-
charge volumes by 14% until 2050 was considered at WWTPs 1-5, ac-
cording to the projected population growth of Lower Austria, the state
covering the majority of the model domain (Austria, 2017, Tables 2
and 3).

2.5.2.2. Scenarios of wastewater management measures
2.5.2.2.1. ‘Enhanced wastewater treatment’ scenario. The current EU
regulations for WWTPs require a reduction of organic carbon, nitrogen,

Table 2

Overview of the scenario analysis. +: taken into account, —: not applicable/not applied.
Scenario Climate change (river discharge and Population growth (WWTP Enhanced wastewater CSO

temperature) discharge) treatment prevention

Reference — — — _
No management changes + + — _
CSO prevention + + — +
Enhanced wastewater treatment + + + —
CSO prevention and enhanced wastewater treatment  + + + +
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Table 3
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Model input parameters for the reference scenario (2003-2017) and future scenarios (2035-2049) as well as for the sensitivity analysis, for the study site in the Danube.

Parameter Dimension Reference scenario

Description of future change

Future scenarios/sensitivity analysis

Population growth and climate change
Effluent discharge at 3
WWTPs 1-5 m’/s See Table 1

Daily river discharge Hydrological modelling for period

3
at study site m/s 2003-2017
Daily river water Data records at Danube gauge
Y °C Greifenstein from 2003 to 2018

temperature .
p (viadonau, 2019)
Changes due to wastewater management measures
Logo reduction by
wastewater Logio
treatment (Fyywip)

See Table 1

At WWTP 1: 2

At WWTP 2: 2.5
At WWTP 3: 9.5
At WWTP 4: 5.5
At WWTP 5: 4
(calibrated)

At WWTP 1: 0.89
At WWTP 2: 1.01
At WWTP 3: 0.52
At WWTP 4: 2.00
At WWTP 5: 21.73
(calibrated)

CSO frequency N/year

CSO discharge at

3
WWTPs 1-5 m/s

Sensitivity to changes in CSOs

CSO frequency at .

WWTPs 1-5 N/year Calibrated (see above)
CSO discharge at 3 .

WWTPs 1-5 m°/year Calibrated (see above)

Concentration of
pathogensin CSO -
water

0.1 (calibrated)

Population growth

Climate scenarios ECHAM5-A1B, A2, B1,
HADCM3-A1B (Loibl et al., 2011, Parajka et al.,
2016) (Section 2.5.2.1)

Additional treatment

Complete prevention of CSOs through,
e.g., reservoirs

Complete prevention of CSOs through,
e.g., reservoirs

More frequent extreme rainfall events

More frequent extreme rainfall events

+14% (Austria, 2017)

Hydrological modelling from 2035 to 2049

Delta changes in air temperature and
season-specific conversion factors
(Section 2.5.2.1)

+ 4 (Campos et al., 2016, Francy et al., 2012,
Gerrity et al., 2012, Owens et al., 2000, Paraskeva
and Graham, 2002)

Up to 3-fold increase

Up to 3-fold increase

Fraction of the concentration in raw wastewater 0.1 and 1.0 (de Man et al., 2014, Sterk et al., 2016)

and phosphorous, but there are no microbiological requirements or ob-
ligations for disinfection (European Commission, 1998). A possible
strategy to reduce the load of pathogens from WWTPs is to include
ozonation and/or UV irradiation as tertiary wastewater treatment. Ac-
cording to previous reports, the efficiency of disinfection during waste-
water treatment on reducing virus concentrations can remarkably vary,
depending on the dose of chemicals or the UV fluence, from 1.5 to 4
log, particles/L by ozonation (Gerrity et al., 2012; Owens et al., 2000;
Paraskeva and Graham, 2002) or UV irradiation (Campos et al., 2016;
Francy et al., 2012). We considered an additional treatment step at at
WWTPs 1-5 that reaches a reduction of entero- and norovirus by 4
log in the scenarios (Tables 2 and 3).

2.5.2.2.2. ‘CSO prevention’ scenario. A further possible measure is to
prevent CSO events using, for example, stormwater reservoirs, retention
basins, rain barrels, green roofs, permeable patios, or grassed swales
(Demuzere et al., 2014; Lewellyn et al.,, 2016; Pazwash, 2016). We as-
sumed that the measures are capable of completely preventing CSOs
(Tables 2 and 3).

2.5.2.2.3. ‘CSO prevention and enhanced wastewater treatment’ sce-
nario. A combination of the above two wastewater management mea-
sures was considered in the fourth future scenario.

2.5.3. Sensitivity analysis to investigate the effects of increased storm events

The extreme storm event frequency is thought to increase with
warming at a rate similar to the water vapour holding capacity of the
air, the so-called Clausius-Clapeyron rate, at ~7%/°C (Molnar et al.,
2015). CSOs are therefore likely to happen more frequently, but their re-
action to changes in rainfall is highly non-linear (Willems et al., 2012).
Considering this high uncertainty, we did not include an increased
rate or intensity of CSOs in the future scenarios (they were kept the
same as in the reference scenario) but conducted a sensitivity analysis
to investigate how changes in CSO discharge volumes and frequencies

would modulate the future scenarios. We took the ‘no management
changes’ and ‘enhanced wastewater treatment’ scenarios as baselines.
The above-listed two variables were varied individually, while the set-
tings for all other parameters were kept the same as those for the base-
lines (Table 3).

3. Results
3.1. Model calibration and validation

The QMRAcatch model was calibrated and validated in two consec-
utive steps: First, against data on the human-associated MST marker
and second, against data on enterovirus measured at the study site
(Table B.1). From the calibration parameters, the model proved to be
the most sensitive to the microorganism and virus-specific inactivation
rate parameters ag and a; during the manual calibration. The parame-
ters were constrained so that the resulting time to first log reduction
versus water temperature function remained within the 95% prediction
interval of the regression line fit to experimental values for both micro-
organisms (Fig. B.1, Tables 1 and S2).

The Mann-Whitney tests indicated that the simulated and observed
concentrations were not significantly different for the
human-associated MST marker and enterovirus (p>0.05, Table 4). The
cumulative distribution plot of the simulated and observed concentra-
tions is shown in Fig. B.2.

The model errors within the 5-95™ percentiles ranged from —1.3 to
1.3 logo N/L for the human-associated MST marker and from —1.1 to
1.5 logyo N/L for enterovirus (Figs. B.2 and B.3). The error distributions
were very similar for the calibration and validation periods. The OF
values were almost the same in the validation period as in the calibra-
tion period for the human-associated MST marker. The OF values for
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Table 4
Model performance for simulated microbial concentrations at the study site after 1000 Monte Carlo runs.
Parameter Time period n (n of detects) Mann-Whitney test, p-value Mean absolute error [log;o (N/L)] Objective function (Eq. (9))
Calibration Human MST marker ~ 2013-2015 44 (44) 0.61 0.54 0.9
Enterovirus 2013-2015 46 (17) 0.75 0.62 09
Validation Human MST marker 2015-2017 43 (43) 0.59 0.63 1.0
Enterovirus 2015-2017 48 (22) 0.13 0.64 1.5

enterovirus were the same as for the human-associated MST marker for
the calibration period, but slightly higher for the validation period.

3.2. Scenario analysis: virus concentration and required LRV

QMRAcatch was applied to simulate the reference and four future
scenarios using the calibrated settings but with river flows and temper-
atures as simulated by the regional climate and hydrological models
(Fig. 2, Tables 2 and 3). For these scenarios, we simulated pathogen con-
centrations in river water at the study site and calculated the required
treatment reduction (LRV) of pathogens from river water for the pro-
duction of safe drinking water. The viral reference pathogens norovirus
and enterovirus were the primary focus of the analysis. For cross-
comparisons, the scenario analysis was additionally performed for Cryp-
tosporidium and Campylobacter (results reported in Section 2 of the Sup-

plementary information).

3.2.1. Reference
For the reference period, the median and range of concentrations of

enterovirus at the study site were —0.55 (—2.84 to 2.54) log,o N/L,
while they were 3 orders of magnitude higher for norovirus: 2.30
(1.23 to 3.23) log1o N/L (Fig. 3, top, Table C.1). The required LRV was
6.3 and 8.4 logy, for enterovirus and norovirus, respectively (Fig. 3,

bottom).

3.2.2. Future climate, population, and no management changes
Four regional climate scenarios were tested, covering the entire
range of expected climate pathways. They showed similar results in
terms of the simulated concentrations of enterovirus and norovirus in
river water as well as the LRVs (Fig. C.2, Table C.1). The climate scenario
ECHAMS5 A2, based on no efforts taken to reduce greenhouse gas emis-
sions, was chosen as the basis for all future scenarios. Based on this cli-
mate scenario, the discharge of the Danube River at the study site will be
up to 50% lower during low flows (summer-autumn), while only
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Fig. 3. Scenario simulations for norovirus and enterovirus (see Fig. S1 for the results for Cryptosporidium and Campylobacter). Upper panel: Simulated concentrations in river water. The
‘CSO prevention’ scenario entirely overlaps with the ‘no management changes’ one. Bottom panel: Required virus log reduction values to achieve safe drinking water.
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slightly higher during high flows (late winter-spring). The temperature
of river water will be 2 °C higher on average (Figs. C.1 and C.3).

In comparison to the reference period, the projected climatic and de-
mographic changes showed a negligible effect on the concentrations of
enterovirus and norovirus in river water as well as on the required LRVs
(Fig. 3, Table C.1).

3.2.3. Future climate, population, and prevention of CSOs

While preventing CSO events precluded a few peaks of virus concen-
tration in the river, it did not affect the overall distribution of concentra-
tions, which remained similar to the reference and ‘no management
changes’ scenarios (Fig. 3, top, Table C.1). The LRVs were not affected ei-
ther (Fig. 3, bottom).

3.2.4. Future climate, population, and enhanced wastewater treatment
The installation of a tertiary treatment step at the five WWTPs (as-
sumed effect: 4 logo) reduced the median concentrations of enterovi-
rus and norovirus in river water by 3.9 and 3.8 log;o, respectively,
compared to the reference scenario. However, the maximum concentra-
tions were only slightly reduced (1.9 and 0.1 logo lower), and a batch of
virus concentration peaks 3 to 5 log;¢ higher than the median remained
(Fig. 3, top and Table C.1). The LRVs for enterovirus and norovirus were
2.0 and 1.3 log;o lower than in the reference scenario (Fig. 3, bottom).

3.2.5. Future climate, population, and combination of enhanced wastewater
treatment and prevention of CSOs

The measure reduced both the median and maximum virus concen-
trations at the study site by approximately 4 log,o compared to the ref-
erence scenario (Fig. 3, top, Table C.1). The LRVs were 3.9 and 3.8 log;o
lower than in the reference scenario (Fig. 3, bottom).

The observed pattern of the scenario analysis was found to be prin-
cipally the same for all four reference pathogens (Fig. 3 for norovirus
and enterovirus, Fig. S1 for Campylobacter and Cryptosporidium).

3.3. Sensitivity of future scenarios to uncertainties in CSO predictions

Considering the lack of information regarding the effect of climate
change on CSOs, we conducted a sensitivity analysis to see how changes
in CSOs would modulate the two future scenarios with CSO events (‘no
management changes’ and ‘enhanced wastewater treatment’). We var-
ied two factors: the frequency of CSO events and the volume of CSO
events (up to a 3-fold increase compared to the reference). We calcu-
lated the LRVs for enterovirus and norovirus.
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In the ‘no management changes’ scenario, varying the frequency and
the volume of CSO events had no or very little effect on the LRVSs. In con-
trast, in the ‘enhanced wastewater treatment’ scenario, the same varia-
tions in the frequency and volume of CSO events had a considerable
effect on the LRVs. An increase in the frequency of CSOs had a more pro-
nounced effect on the LRVs, with 0.35 to 0.40 log;o higher LRVs for a
100% increase in CSO frequency, compared to 0.23 log;o higher LRVs
for a 100% increase in CSO volumes (Fig. 4).

The above results show that the ‘no management changes’ scenario
is not sensitive to an increase in CSOs. However, in the ‘enhanced waste-
water treatment’ scenario, the required LRV for enterovirus and
norovirus could be up to 1.03 and 0.74 log, higher, respectively, de-
pending on how the frequency and volumes of CSOs are affected by cli-
mate change (Fig. 4).

Additionally, we assessed the effect of the virus concentration in CSO
water on the LRV. In the two baseline scenarios, the virus concentration
in CSO water is assumed to be 10% of that of raw wastewater. Increasing
it to equal raw wastewater did not cause changes in the predictions for
the ‘no management changes’ case; however, it increased the LRV
values by 1 log for the ‘enhanced wastewater treatment’ case (results
not shown).

3.4. Scenario analysis: source apportionment of the load of viruses at the
study site

The above results of the scenario analysis raise some intriguing ques-
tions about the effect of the wastewater management measures
targeting WWTPs and/or CSOs (Section 3.2) and their interplay with cli-
mate and population changes (Section 3.3). To better understand this
effect, we conducted a source apportionment of the load of pathogens
at the study site originating from WWTPs and from CSOs. We did this
by running each scenario twice: once by setting all pathogen inputs
from WWTPs to zero and once by setting all inputs from CSOs to zero.
We then calculated the daily load of pathogens at the study site by mul-
tiplying the simulated daily concentrations at the study site by the daily
river flows. Fig. 5 displays the sum of loads from WWTPs and CSOs,
i.e., the entire load of viruses in each scenario together with the percent-
age contribution of WWTPs and CSOs (Fig. S2 shows the same for Cryp-
tosporidium and Campylobacter).

The analysis revealed that under the current situation and in the ‘no
management changes’ scenario, WWTPs discharging secondary treated
wastewater were the major contributors to the load of viruses at the
study site (10'° N/d enterovirus and 10'® N/d norovirus, 97-99% of
the total load). The rest, 1-3%, originated from CSOs that discharge
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Fig. 4. Effect of various future CSO changes on the required log reduction value (LRV). The black contour shows the ‘no management changes’ (circle) and ‘enhanced wastewater treatment’
(triangle) scenarios. The table shows the results of linear regression analyses for enhanced treatment achieving an additional reduction of viruses of 0 or 4 log;o; n.s., not significant; **, p <

0.01.
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the results for Cryptosporidium and Campylobacter.

raw wastewater diluted with rainwater (Fig. 5). This explains why
changes in CSOs (neither their prevention nor their increase due to cli-
mate change) did not affect virus concentration distributions and LRVs
(Figs. 3 and 4). It also explains why enhanced wastewater treatment
was effective at improving river microbial water quality (LRVs reduced
by 1.3 and 2 log;, for norovirus and enterovirus, Fig. 3): It addressed the
main contributor to the pollution load.

This source contribution relationship between WWTPs and CSOs
flipped once enhanced wastewater treatment was in place: the main
contributors were then the CSOs, with 10° N/d enterovirus and 10° N/
d norovirus contributing over 99% to the total load. The median daily
load was reduced by 4 log;o; however, the maximum daily loads were
reduced by only 0.2 and 3.1 log; for norovirus and enterovirus, respec-
tively (Fig. 5). This means a highly unequal distribution of the pollution
load over time: While on days with no CSO events the daily load is rel-
atively low, showing the beneficial effect of enhanced wastewater treat-
ment, on days with CSOs the load is up to 5 log;o higher. The same
pattern is visible in the virus concentration results (Fig. 3, top). Also,
this predominance of CSOs explains why a climate-change-driven in-
crease in CSOs affects LRVs so remarkably if enhanced wastewater treat-
ment is in place (Fig. 4), and why the prevention of CSOs (‘CSO
prevention and enhanced wastewater treatment ’ scenario) resulted in
such a pronounced additional decrease of LRVs (an additional 2.5 and
1.9 log o reduction of viruses, Fig. 3, bottom).

This pattern observed at the viral reference pathogens proved to be
similar in the case of the bacterial and protozoan reference pathogens
(Campylobacter and Cryptosporidium, Fig. S2).

4. Discussion

In this study, we tested an integrative modelling approach that com-
bines CO, emission scenarios of the IPCC, a regional climate model, a
conceptual hydrological model of the catchment as well as the signifi-
cantly extended version of the microbial fate, transport and infection
risk model QMRAcatch. The latter was used to estimate the source ap-
portionment and the pathogen concentration in river water for QMRA.
The combination of these methodological aspects was the key in gaining
insights into the effects of future climatic and demographic changes and
their interplay with possible upgrades in wastewater infrastructure on
the microbiological water quality of rivers.
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4.1. Implications of the assumptions and uncertainties of the modelling
approach

Here, we discuss the model assumptions in this study, the uncer-
tainty in the choice of input parameters, and their implications on the
results. To assess the effects of climate change, monthly differences of
air temperature and precipitation between simulations for a reference
(2003-2017) and a future period (2035-2049) were calculated based
on regional climate model outputs and used as input to a hydrological
model. To investigate the changes in intense rainfall events and the im-
pact on CSOs, however, methods that account for the spatial and tempo-
ral variability of rainfall would be needed (Muller-Thomy et al., 2018).
Hydraulic modelling of the sewer system, e.g., by using the urban
stormwater model SWMM, would enable the studying of these effects
on CSOs. For example, Bi et al. (2015) found a 15-500% increase in the
volume discharged by CSOs in 2050 as compared to 2013 in Canada.
This highlights that the relationship between changes in precipitation
and CSO variables is not linear. How the contaminant concentration in
CSO water will change in the future is also very much specific to the
urban area and the sewer system drained by the CSO. An in-depth and
location-specific analysis of urban sewer systems and their response
to climate change was beyond the focus of this study.

As a wastewater upgrade for WWTPs, we assumed that enhanced
treatment achieves an additional 4-log reduction of enterovirus and
norovirus concentrations. While we added this value to the mean and
95" percentile of the assumed normal probability distribution of sec-
ondary treatment, a more realistic approach would be to apply distribu-
tions of microorganism- and process-specific values. The concentration
of pathogens in WWTP effluent was assumed to be the same in the fu-
ture as it is now. However, there may be differences in the disease bur-
den in the future (Levy et al., 2016).

Our study focuses on two pathogenic human viruses, enterovirus
and norovirus, and their source, human wastewater. As an extension,
we compare these results with a bacterial and a protozoan reference
pathogen, Campylobacter and Cryptosporidium. Since these latter two
may basically also originate from reservoirs other than humans, it is
important to note that the current study focussed on the human-
wastewater-associated fraction of these pathogens for direct cross-
comparisons to the viral refence pathogens, assuming human commu-
nal waste water as the dominating pollution source.
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The above-listed uncertainties and assumptions affect the absolute
LRVs to achieve safe drinking water for all scenarios likewise. We
aimed to study the effects of various changes of the system on microbi-
ological drinking water safety requirements, not absolute LRV values.

4.2, Accurateness of the pathogen fate and transport predictions

In order to accurately predict the reference pathogen concentrations
and loads, the model calibration and validation of the fate and transport
model based on site- and source-specific data are seen as an essential
step. To evaluate QMRAcatch, we used measured MST and enterovirus
concentrations collected at the study site over four years.

Our literature survey on reported MST marker and virus inactivation
rates revealed a current lack of studies conducted in real-world and nat-
ural light conditions, in particular for norovirus, which creates a source
of model uncertainty. In order to overcome this limitation, we set the
microbial inactivation coefficients during calibration within constrained
limits based on reported persistence data for the human-associated MST
marker and enterovirus.

The use of human-associated MST data allowed for source-targeted
calibration and validation of the model (Mayer et al., 2018; Zhang
et al,, 2019). The human-associated MST marker thus provides a better
basis for calibration and validation in the context of our research ques-
tions (on point sources of human wastewater) than a standard faecal in-
dicator organism, such as E. coli would do, since E. coli may, for example,
also originate from other non-faecal sources (Frick et al., 2018). Inte-
grating pathogen data in the calibration-validation process is an essen-
tial confirmation, and it allows to assess health risks directly (Boehm
and Soller, 2013; Lodder et al., 2015). However, pathogens can hardly
serve as the basis for a comprehensive calibration on their own, since
their concentrations in environmental waters are often very low, and
the required large sample volumes and processing efforts render the es-
tablishment of large data series unfeasible. Still, a smaller pathogen
dataset may complement the calibration process. The human-
associated MST marker has approx. 4-6 logo higher concentrations in
raw wastewater than most pathogens, and often maintains high con-
centrations in environmental waters. Therefore, the model calibration
followed a nested approach to make optimal use of both the host-
associated MST marker and pathogen data. Discharge and mixing pro-
cesses of faecal pollution associated microorganisms and pathogens in
river water could be robustly calibrated using sufficiently abundant
source-targeted MST marker data. The pathogen data were then used
to adjust the model to the pathogen-specific inactivation rate coeffi-
cients. The calibrated and validated model was then able to simulate
the low, non-detectable but significant ranges of the enteric pathogens
in question or even simulate new pathogens, where only information on
the concentrations in sewage and environmental persistence is avail-
able (Table B.1). Despite the advantages of this systematic approach,
only a few microbial fate and transport modelling studies have used it
so far (Derx et al., 2016; Schijven et al,, 2015).

4.3. Deciphering the interplay of future changes and wastewater manage-
ment measures

Several studies investigated the effects of future changes in climate,
population or wastewater infrastructure on the microbiological river
water quality so far, but the controlling factors remain yet unclear
(Igbal et al., 2019; Islam et al., 2018a; Jalliffier-Verne et al., 2017; Sterk
et al., 2016). This study brought new insights into this question by inte-
grating source apportionment, concentrations of reference pathogens
and risk assessment into a modelling analysis. Source apportionment
was previously used to identify the dominant sources of faecal indicator
bacteria (Soller et al., 2014; Stapleton et al., 2011) or to study the effects
of sociodemographic and climate changes on faecal indicator bacteria
loads into a river (Igbal et al., 2019). Our study identified source appor-
tionment together with the other methodological aspects of the
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integrative modelling approach as the key for understanding for the
first time the interplay of future changes and wastewater management
measures. We showed how this interplay affects pathogen loads into
rivers, and the pathogen concentrations in rivers considering safe drink-
ing water production.

For the scenario with no management changes at our example study
site, changes in river flows and water temperatures were shown to have
a minor negative effect on the microbiological river water quality, in line
with the predictions for other regions (Igbal et al., 2019, Islam et al.,
20184, Jalliffier-Verne et al., 2017, Sterk et al., 2016). According to the
reference scenario, WWTPs discharging secondary treated sewage are
the major contributors to the pathogen loads, not CSOs. Therefore, nei-
ther potential increases in CSO events due to climate change nor their
prevention affected the drinking water safety requirements. In contrast,
if enhanced wastewater treatment was in place at the WWTPs, CSOs
suddenly became the major contributors to the pathogen loads. Here,
climate-change driven increases in CSO events resulted in significantly
higher treatment requirements. While this issue was addressed earlier
by Sterk et al. (2016) in the context of bathing water infection risks,
our modelling results for the first time identify the conditions and ex-
tent to which increased CSOs affect the microbiological river water qual-
ity in the context of safe drinking water production.

The greatest improvement in the microbiological water quality of
the riverine water intake was achieved with measures targeting both
WWTPs and CSOs. The Austrian Waste and Wastewater Association es-
timates that an additional yearly investment of 150 million Euros is
needed to tackle upcoming problems in this sector in the coming
years (OWAV, 2020). Since the current regulatory standard is secondary
treatment at the WWTPs, it is very important to evaluate the benefits
enhanced wastewater treatment would bring, which is currently
discussed in the context of micropollutant abatement. Furthermore, it
is important to estimate the impact of urban soil sealing, an important
yet often neglected aspect in city development, with respect to the mi-
crobiological water quality of the receiving waters.

5. Conclusions

* The pathogen fate and transport and infection risk model QMRAcatch
(v1.0 Python) was significantly extended and is now available as open
source.

Climatic and demographic changes had little impact on the microbio-
logical river water quality considering safe drinking water, where 98%
of the pathogen loads stemmed from WWTP discharges. Strong cli-
mate change effects are shown in the scenario with enhanced
WWTP treatment, where CSOs are the major faecal pollution sources.
The required log reduction value (LRV) to produce safe drinking water
was 6.3, 8.4, 4.9 and 5.1 log; for enterovirus, norovirus, Campylobac-
ter and Cryptosporidium in the scenario with secondary WWTP treat-
ment. Enhanced wastewater treatment led to a reduction of LRVs by
0.5 to 2.0 log;q. This measure combined with preventing CSOs had
the most significant positive effect with a reduction of LRVs by up to
4 lOg]U.

The integrative modelling framework is demonstrated at a large,
wastewater-impacted river, and is applicable at other catchments
and types of pollution sources for long-term water safety planning.

Software availability

The source code for QMRAcatch v1.0 python is available upon re-
quest. The original Mathematica version is available at www.
waterandhealth.at.
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Table A.1
River dimensions and intermediate calculations for dilution of microbial concentrations with river water.
River geometry
w Width of the river
h Depth of the river
s Slope of the river bed
Constants
n Manning coefficient
[ Diffusivity constant, calibrated
g Gravitation constant

Intermediate calculations

Rn Hydraulic radius
U Average flow velocity (Manning, 1891)
u* Friction velocity

250 [m]

4 [m]
0.0004 -1
0.024 [m s3]
035 -1

9.81 [ms?]
=y =39 (m]

— Ri;‘ﬁzz.l [l‘l’l/S]

= /g -h-s=01 [m/s]

Appendix B. Additional information to the calibration and validation

Table B.1

A tiered approach to the application of the model to various targeted microorganisms and pathogens. n.a.: not applied.

Microorganism/pathogen QMRACcatch calibration

QMRACcatch validation

Scenario simulations

Human-associated MST marker Yes Yes
Dataset 2013-2015

Enterovirus Yes Yes
Dataset 2013-2015

Norovirus na. n.a.

Campylobacter n.a. n.a.

Cryptosporidium n.a. n.a.

n.a.

Dataset 2015-2017

Yes, input data partially measured, partially from literature

Dataset 2015-2017

Yes, input data from literature
Yes, input data from literature
Yes, input data measured

13


http://www.waterandhealth.at

Science of the Total Environment 768 (2021) 144278

K. Demeter, J. Derx, J. Komma et al.
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Fig. B.1. Inactivation of the human-associated MST marker, enterovirus, and norovirus as applied in this study (solid lines) and as reported in experimental studies (dots, Table S2), plotted
as time to first log; reduction (TFL, days) values logo-transformed (log;o(TFL)) in function of the temperature. Ordinary-least-square regressions (dashed lines) were fitted to the lit-
erature values, shown with their 95% prediction intervals (shaded). The intercept and the slope of the solid lines were the result of the model calibration for the human MST marker and

enterovirus, and are the reported values of Bertrand et al. (2012) for norovirus. These values were used as model input parameters ap and a, in Eq. (4) (Table 1).
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Fig. B.2. Simulated and observed concentrations of the human-associated MST marker and of enterovirus during calibration and validation. The light grey area marks values under the

detection threshold for the human-associated MST marker (qPCR) and under the limit of detection for enterovirus (MPN method).
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Fig. B.3. Calibration and verification. Cumulative distribution plot of the difference between the simulated and measured concentrations (log;o-transformed) of the human-associated MST

marker and enterovirus for the calibration and validation periods.
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Appendix C. Additional information to the scenario analysis

— ECHAMS5 A1B — HADCM3 A1B
— ECHAM5A2  — ECHAMS B1
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Fig. C.1. Mean monthly change of the river flow for the Danube River in Vienna, estimated according to four climate projections: ECHAMS5 A1B, ECHAM5 A2, ECHAM5 B1 and HADCM3 A1B,
where A1B, B1, and A2 represent three Intergovernmental Panel on Climate Change emission scenarios, and ECHAM 5 and HADCM3 are two global climate models. The change represents
the relative change between the reference period 2003-2017 and the future period 2035-2049.
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Fig. C.2. Simulated concentrations of norovirus and enterovirus in river water according to the four climate scenarios considered in this study.
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Fig. C.3. Discharge (upper panel) and water temperature (lower panel) of the Danube in the study area for the reference period (2003-2017) and the future period (2035-2049). The

projections are based on the ECHAM5 A2 climate scenario. The line shows the mean across the 15 years, while the ribbon shows the range between the year with the lowest yearly mean
discharge/temperature and the year with the highest one.
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Table C.1
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Simulated concentration of enterovirus and norovirus in river water at the study site in the scenario analysis. For each scenario, 100 Monte Carlo runs were simulated. Each statisticis given

by the median and range across the 100 runs.

Virus Scenario

Simulated concentration [log;o(N/L)]

Median (range of median)

Min (range of min)

Max (range of max)

Scenarios of global change and wastewater infrastructure upgrades
Reference

No management changes

CSO prevention

Enhanced ww. treatment

Enhanced ww. treatment & CSO prevention
Reference

No management changes

CSO prevention

Enhanced ww. treatment

Enhanced ww. treatment & CSO prevention

Enterovirus

Norovirus

Climate scenarios
ECHAM5-A1B
ECHAMS5-A2
HADCM3-A1B
ECHAMS5-B1
ECHAM5-A1B
ECHAM5-A2
HADCM3-A1B
ECHAMS5-B1

Enterovirus

Norovirus

—0.55 (—0.58 to —0.51)
—0.47 (—0.50 to —0.44)
—0.49 (—0.51 to —0.45)
—4.43 (—4.45 to —4.40)
—4.49 (—4.51 to —4.46)

2.30 (2.29 t0 2.31)
2.49 (2.48 to 2.50)
2.48 (2.47 t0 2.49)
—1.50 (—1.51 to —1.49)
—1.52 (—1.53 to —1.51)

—0.44 (—0.47 to —0.42)
—0.47 (—0.50 to —0.44)
—0.45 (—0.47 to —0.42)
—0.43 (—0.45 to —0.41)
242 (2.41 t0 2.43)
2.49 (2.48 to 2.50)
2.44 (2.44 0 2.45)
2.43 (2.42 t0 2.44)

—2.84 (—3.33 to —2.61)
—2.83 (—3.54 to —2.48)
—2.84 (—3.52 to —2.55)
—6.84 (—7.53 to —6.51)
—6.86 (—7.32 to —6.59)

1.23 (0.81 to 1.46)
1.40 (1.10 to 1.57)
1.42 (1.1 to 1.56)
—2.61 (—2.89 to —2.41)
—2.61 (—2.83 to —2.41)

—2.74 (=331 to —2.47)
—2.83 (—3.54 to —2.48)
—2.75 (—3.22 to —2.44)
—2.74 (—3.17 to —2.43)

1.33 (1.06 to 1.54)
1.40 (1.10 to 1.57)
132 (1.01 to 1.55)
1.34 (1.04 to 1.56)

2.54 (1.78 t0 3.58)
2.59 (2.05 t0 3.53)
2.61 (1.98 t03.73)
0.68 (0.4 to 1.25)
—1.45 (—2.10 to —0.61)
3.23 (3.07 t0 3.50)
3.47 (3.34 t0 3.66)
3.44 (3.30 t0 3.65)
3.15 (2.94 t0 3.61)
—0.57 (—0.71 to —0.40)

2.57 (2.08 to 3.46)
2.59 (2.05 t0 3.53)
2.54 (2.08 t0 3.53)
2.62 (2.05 t0 3.39)
3.38 (3.26 0 3.65)
3.47 (3.34 t0 3.66)
3.37 (3.25 t0 3.66)
334 (3.23 t0 3.59)

Appendix D. Supplementary data

Supplementary data to this article providing more details on model calibration and validation as well as all results of the scenario simulations for
Cryptosporidium and Campylobacter can be found online at https://doi.org/10.1016/j.scitotenv.2020.144278.
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