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The outbreak of COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has al-
ready become an unprecedented global pandemic. However, the transmission of SARS-CoV-2, especially the
protected SARS-CoV-2 RNA (pRNA) with infectious particles in waterways, is still largely unexplored. In this
study, we developed a model to estimate SARS-CoV-2 transmission from the risk source in the excretion of pa-
tients to the final exposure in surface water. The model simulated the spatial and temporal distribution of the
viral pRNA concentrations in the surface water of the Elbe watershed fromMarch 2020 to January 2021. The re-
sults show that theWWTPswith themaximum capacity of >10,000 population equivalents were responsible for
95% of the viral load discharged into the surfacewater.We estimated the pRNA concentrations in surfacewater to
be 1.33 × 10−2 copies·L−1 on average in the watershed based on the model simulation on viral transmission. It
had considerable variations in spatial and temporal scales, which are dominantly controlled by epidemic situa-
tions and virus transport with decay in water, respectively. A quantitative microbial risk assessment was con-
ducted to estimate the viral infection probability from surface water ingestion with consideration of the
influence of toilet usage frequency and gender/age population groups. All the infection probabilities in the
study period were lower than the reference risk levels of 10−4 and 10−5. The individuals aged 15–34 years
had the highest infection probability of 4.86 × 10−9 on average from surface water ingestion during swimming
activities. The data provided herein suggest that the low pRNA concentrations and infection probability reflected
that the waterways were unlikely to be a significant transmission route for SARS-CoV-2.
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1. Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
resulted in severe impacts on public health and theworldwide economy
(Kissler et al., 2020; Kraemer et al., 2020; Mawani and Li, 2020). The
rapid transmissionof SARS-CoV-2 has developed into anunprecedented
global challenge. As of March 2021, there had been over 122,000,000
confirmed cases of COVID-19, including over 2,650,000 deaths globally
(WHO, 2021). It was forecasted that there would be an approximate
loss of 4.2% in global annual gross domestic product growth within a
year (OECD, 2021a). Up to 1st April 2021, the European Economic
Area still had a 14-day notification rate of 490 new cases per 100,000 in-
habitants, and Germany's 7-day incidence was 134 per 100,000, higher
than the critical rate of 100 per 100,000 (RKI, 2021). Therefore, control-
ling this rapid worldwide transmission needs global cooperation and a
better understanding of the viral transmission pathway is crucial for
the effective implementation of anti-epidemic measures.

In this regard, the transmission of SARS-CoV-2 through respiratory
droplets from infected people, aerosols, and fomites has been inten-
sively reported (Asadi et al., 2020; Chan et al., 2020; Chia et al., 2020).
By contrast, the other transmission pathways of SARS-CoV-2 are still
largely unexplored. The investigation of a SARS-CoV-1 outbreak from
an apartment building in Hong Kong in 2003 highlighted the role of
the sewage system in the transmission risk of SARS-CoVs in waterways
(McKinney et al., 2006). Specifically, SARS-CoV infection may occur
through consumption of contaminated water droplets or respiration of
aerosols created from toilet flushing (Gormley et al., 2020), defective
plumbing systems (Yu et al., 2014), or uncovered aerobic wastewater
treatment facilities (Gholipour et al., 2021). As the viral RNA of SARS-
CoV-2 was also found in excretions (stool and urine) of symptomatic
and asymptomatic patients (Guan et al., 2020; Pan et al., 2020) as well
as wastewater (Ahmed et al., 2020; Haramoto et al., 2020), the potential
infection risk of SARS-CoV-2 from waterways during the pandemic has
been of increasing concern.

The SARS-CoV-2 loadhas been reported in natural receivingwater in
low sanitation countries (Guerrero-Latorre et al., 2020). However, the
transmission of SARS-CoV-2 in waterways is unclear due to the compli-
cated multifactorial impacts of the epidemic situation, discharges of
wastewater treatment plants (WWTPs), dynamics of water flows, and
lack of understanding of SARS-CoV-2 persistence and decay in natural
waterways outside the laboratory environment (Kumar et al., 2021;
Mohapatra et al., 2021; Paul et al., 2021). Several studies have
Fig. 1. a). Map of the study Elbewatershed containing 186 rivers and streams, 280wastewater t
systemof themap is ETRS89/UTMzone32N. b) The time series of active infection cases in the stu
noted.
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conducted a risk analysis of SARS-CoV-2 in wastewater and
wastewater-impacted surface water through quantitative microbial
risk assessment (QMRA) (Dada and Gyawali, 2021; Yang et al., 2020;
Zaneti et al., 2021). However, most of the studies did not account for
the total RNA to infectious virus ratios in waterways, and it could highly
overestimate the actual infection risk (Ahmed et al., 2021). In addition,
the spatiotemporal distribution of SARS-CoV-2 transported in the sur-
face water of a watershed during the pandemic has not been evaluated.
There is still uncertainty surrounding the actual probability of
wastewater-dependent SARS-CoV-2 transmission risk in a watershed
with multiple WWTPs. It has been reported that the concentration of
SARS-CoV-2 genomes, protected by viral proteins and surrounded by a
cell-derived envelope in infectious particles (or called protected RNAs,
pRNA), was closer to the infectious virus concentration rather than the
total RNA (vRNA) concentration in wastewater detected by RT-qPCR
(Wurtzer et al., 2021). Therefore, it is essential to redevelop amodel ad-
dressing SARS-CoV-2 pRNA transmission from excretions andwastewa-
ter to surface water in a watershed.

Hence, in this study, we developed a descriptive model of virus
transmission in a large watershed and a quantitative microbial risk as-
sessment to describe the relationship between virus intake and inci-
dence. The focuses of this study were to (1) credibly estimate the
spatiotemporal distribution of SARS-CoV-2 pRNA concentration in sur-
face waters, (2) investigate the most influential factors of SARS-CoV-2
transmission in surface water with the consideration of model uncer-
tainty and sensitivity, and (3) assess the infection probability from the
contaminated surface water. Themethods and findings provided herein
are expected to assist the controlling policies and provide an additional
reference to mitigate the SARS-CoV-2 transmission in the waterways.

2. Materials and methods

2.1. Study area and epidemic situation

We estimated SARS-CoV-2 transmission in the Elbe watershed in
Germany during the pandemic from 25th Mar 2020 to 10th Jan 2021.
The Elbe watershed is composed of the Elbemain channel, Saale water-
shed, Mulde watershed, and Schwarze Elster watershed (Fig. 1a). The
study areas in Saxony, Thuringia, Saxony-Anhalt, and Brandenburg
account for 41.2%, 19.2%, 36.8%, and 2.9% of the rivers and streams, re-
spectively, and 47.8%, 21.1%, 27.5%, and 3.6% of the population, respec-
tively. The model used epidemic data from 46 districts, wastewater
data from 280WWTPs, and surface water flow data from 186 discharge
reatment plants, and 186 dischargemonitoring sites in the study. The coordinate reference
dy districts of four states are shown as stacked columns. The government interventions are
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monitoring sites to estimate the transmission of SARS-CoV-2 from the
source in the excretion of patients to the final exposure in surfacewater.

The study area experienced twowaves of COVID-19, namely the first
wave inMarch–May2020 and the secondwave in August–January 2020
(Fig. 1b). The number of active infection cases in the study period
ranged from 347 to 47,781. Saxony state accounted for the highest pro-
portion of active infection cases (25.2–68.1%) in the study region,
followed by Thuringia (24.9–39.8%), and Saxony-Anhalt (21.7–34.6%).
The district-level distribution of active infection cases and cases in
100,000 inhabitants are shown in Fig. 2 and Figs. S1–3, respectively.

2.2. SARS-CoV-2 concentrations in waterways

The SARS-CoV-2 concentrations in waterways were calculated by
considering the daily toilet usage, regional epidemic situation, SARS-
CoV-2 removal in WWTPs, and discharge-dependent transmission in
surface water with dilution and decay. The discharge-dependent
SARS-CoV-2 concentrations in surface water were calculated as follows
(Yang et al., 2020):

μ ¼ deff ∙δ
Q

∙c ð1Þ

where μ is the virus concentration (copies·L−1); deff is the daily virus
amount in theWWTP effluent (copies);Q is the surface-water flow rate,
which is the sum of river/stream flow rates and WWTP effluent flow
rates (m3/d), and the WWTP effluent flow rates in units of m3/d were
yielded by averaging annual effluent volume (m3/year) over a year; c
Fig. 2. The geographic distribution of the district-level of COVID-19 epidemic situation, the es
median pRNA concentrations along the rivers of the study Elbe in a) Apr 2020, b) June 2020
(blue color shading), pRNA concentrations in surface water in copies·L−1 (red color shading
label). Charts on the left show the sum of treated, removed, and discharged pRNA amount (
pRNA amount (copies) from WWTPs of 2–5 capacity sizes (pie chart).
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is the unit conversion factor; and δ is the viral inactivation rate or decay
rate described as first-order distance-dependent decay kinetics shown
as Eq. (2) (Fauvel et al., 2017).

δ ¼ e−γL ð2Þ

where the first-order inactivation parameter γ is parameterized by a
lognormal distribution, and L is the distance (m).

The WWTP status and regional epidemic situation exert significant
influences on the variable deff (Eqs. (3)–(5)).

deff ¼ r∙n∙N∙ 1−θvð Þ þ 1−λc

λc

� �
ð3Þ

N ¼ β∙P ð4Þ

P ¼ PE � λp ð5Þ

where r is the protected RNA to total RNA ratio (pRNA/vRNA), which
was determined based on a previous study (Wurtzer et al., 2021); n is
the total viral RNA amount discharged into sewage per person per day
(copies·person−1·day−1); θv is the virus removal efficiency of
WWTPs; λc is the population connection rate to WWTPs or the
percentage of treated wastewater; N is the COVID-19 infection cases
connected to WWTPs, which is proportional to population connected
to WWTPs, P and the regional infection rate, β; P is estimated by the
maximum structural capacity of a WWTP in population equivalents
(PE) and the domestic wastewater proportion λp. Since the temporal
change of the regional population can cause the design value of P in
timated median SARS-CoV-2 pRNA amount discharged from WWTPs, and the estimated
, c) October 2020 and d) January 2021. It included the COVID-19 active infection cases
), and the sum of WWTP-influent and untreated pRNA amount in copies (white round
copies) from state-level WWTPs (windrose chart) and the percentage of the discharged
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the region to exceed the currentWWTP-connected population, P in part
of the districts is normalized by scaling the∑P to λc population in the
district.

Moreover, n is calculated as follows (Yang et al., 2020):

n ¼ φu∙vu∙nu þ φs∙ms∙ns ð6Þ

where φ, v/m, and n are the toilet usage frequency constant controlled
by the people's reaction to the government interventions, daily volume
or mass of a patient's excretions (mL for urine; g for faeces), and the ge-
nome vRNA concentration in a patient's excretions (copies·mL−1 for
urine; copies·g−1 for faeces), respectively. Subscripts s and n are stool
and urine, respectively.

The values for all parameters are parameterized as shown in Table 1
based on the published scientific literature (Tables S2–6). The unit of
copies·mL−1 for the genome vRNA concentration in faeces reported in
the literature was converted to copies·g−1 by using a density of wet
human faeces of 1.075 g·mL−1 (Penn et al., 2018). The best-fit distribu-
tions of parameters were selected based on the Kolmogorov–Smirnov
analysis (p < 0.05).

2.3. QMRA model

The infection probability of SARS-CoV-2 from surface water inges-
tion was estimated by using the estimated genome pRNA concentra-
tions in the surface water and the dose–response relationship
alongside QMRAmodels (Haas et al., 2014). The probability of infection
was characterized by amodified exponential dose-response function, as
given in Eq. (7) (Watanabe et al., 2010; Zhang and Wang, 2020b).

Pinf dð Þ ¼ 1−e−kdex
� �

∙α ð7Þ

where k is the dose-response parameter; dex is the exposure dose of
ingested pathogens in an event in a day (copies·day−1), and α is the
infection rate constant for the specific age and gender groups
according to the German COVID-19 infection data (Table S4). k is
modelled by using a log-normal distribution, and dex is calculated from
Eq. (8) according to the previous study (Yang et al., 2020).

dex ¼ μ ∙m ð8Þ

where m is the water exposure dose per person in an event in a day
(mL·person−1·day−1). m is described by the gamma distribution for
the swimming activity. The values of the model parameters are shown
in Table 1.

The estimated infection probabilities were comparedwith the refer-
ence risk levels suggested by the US EPA (Gholipour et al., 2021) and
WHO (Mara et al., 2007). The reference risk levels were in units of
person−1·year−1, and they were converted into person−1·day−1

based on Eq. (9) (Moazeni et al., 2017):

P inf Dð Þ ¼ 1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−P inf Að Þ
� �

n
q

ð9Þ

where n is the exposure frequency per year, whichwas 7 times per year
in the study (Schets et al., 2011).

2.4. Uncertainty and sensitivity analysis

Since there is a large variability for most of the parameters used in
the model, the results were estimated by a Latin-hypercube-sampling-
based Monte Carlo simulation. The Monte Carlo simulation drew
10,000 trials to create a distribution of infection probabilities. The
uncertainty of the results was described as a 95% confidence interval.
The estimatedmedian resultswere used tomake a conservative estima-
tion of the viral concentrations in the surface water and the infection
probability.
4

The sensitivity of the estimated SARS-CoV-2 concentrations was
analysed utilizing Sobol's method and rank correlation. Sobol's method
calculated the total Sobol's sensitivity index STi to describe the ratio
between the variance derived from the ith parameter and interactions
of all the other parameters (Sobol, 2001; Vezzaro and Mikkelsen,
2012) (Eq. (10)).

STi ¼
EX~i

VarXi
YjX~i

� �� �
Var Yð Þ ð10Þ

The rank correlationwas determined by utilizing the Spearman rank
correlation ρ between each model parameter and the estimated infec-
tion probability (Bivins et al., 2017). Both methods were conducted by
Latin-hypercube sampling. The numerical results of the sensitivity anal-
ysis are summarized in Tables S7–8. The uncertainty and sensitivity
analysis was conducted using Python 3.7.

2.5. Scenario analysis

The risk was classified into the scenarios of toilet usage frequency
caused by the patients' psychological stress during lockdown (normal
and increasing usage frequency; N and I), the age groups (5–14,
15–34, 5–59, and 60–79 years old) and the gender groups (male and fe-
male;M and F) by varying themodel parameters. The detailed statistical
analysis of toilet usage frequency is presented in Supplementary mate-
rial S1. The scenario-based variation in parameter values is shown in
Table 1.

2.6. Data handling and statistical analysis

The river discharge data were provided by the State Office for the
Environment, Agriculture, and Geology of Saxony (LfULG) and Flood
Forecasting Centre of Saxony-Anhalt (HVZ). The data of the annual
effluent volume, the maximum structural capacities, the wastewater
treatment approaches and locations of WWTPs were from the
European Municipal Waste Directive (EKR, 2016). The epidemic data
of cumulated infection cases and death in German districts were pro-
vided by the Robert Koch Institute (RKI, 2021). Due to inaccessible
data, recovered cases and active infection cases are estimated by the
susceptible-exposed-infectious-removed (SEIR) model with a recovery
rate of 0.0693 (Efimov and Ushirobira, 2021). The model-based results
are handled by QGIS 3.8 and Python 3.7.

The WWTPs in the study area were categorized into five classes
based on the maximum building capacity of WWTPs in terms of popu-
lation equivalent (PE) (EKR, 2016). The inhabitant value refers to a spe-
cific biodegradable pollutant of wastewater in a sewage treatment
plant. WWTPs in Classes 1–5 have the capacities of <1000 PE, 1000–
5000 PE, 5001–10,000 PE, 10,001–100,000 PE and >100,000 PE, respec-
tively.

The influences of time and space on viral pRNA concentrations were
evaluated by the Kruskal–Wallis test. The Mantel test with 999 permu-
tations based on Spearman rank correlation was used to compare the
space-time matrices of infection probability and other variables of
flow rates, distance to the nearest WWTPs, active infection cases, and
case density in 100,000. The statistical analyses were performed using
IBM SPSS Statistics 25 and R 3.6.3 with p < 0.05 (two-sided) as statisti-
cally significant.

3. Results

3.1. SARS-CoV-2 discharged from WWTPs

The spatiotemporal SARS-CoV-2 pRNA distribution in the WWTPs
and the surfacewater of the Elbewatershedwas simulated by the trans-
mission model. The median results are illustrated in Fig. 2a–d. The un-
certainties of the results caused by the model parameter variability are



Table 1
Parameters used for the dynamic QMRA model.

Variable Definition Unit Value Reference

k Dose-response parameter copies−1 Lognormal
(−12.24, 1.52)

(Bradburne et al., 1967; De Albuquerque et al., 2006; DeDiego et al., 2008; Hirano et al.,
2001; Lunn et al., 2019; Watanabe et al., 2010; Zhang and Wang, 2020a)

α Infection rate constant / Each group:
0.69–1.50

Table S4

m Water exposure dose for a
swimming event

mL·person−1·day−1 Children:
gamma (0.81,
63)

(Schets et al., 2011)

Men: gamma
(0.48, 71)
Women:
gamma (0.52,
45)

γ First-order inactivation
parameter

m−1 Lognormal
(−7.84, 0.452)

(Fauvel et al., 2017)

r Protected SARS-cov-2 RNA
amount to total RNA amount
ratio

% 20.1 (Wurtzer et al., 2021)

θv Virus removal efficiency of
WWTP

/ 3log (Kumar et al., 2021; Yang et al., 2020)

λc Population connection rate to
WWTP

/ 0.97 (OECD, 2021b)

λp Domestic wastewater proportion / 0.54–0.89 Table S5
φu Toilet usage frequency constant

for urine
/ Normal: 1 (Clarke and James, 2003; Gideon et al., 2019; Oakman et al., 2020; Palit et al., 2012; Rao

et al., 2016), SI S1Lockdown:
1.13

Φs Toilet usage frequency constant
for stool

/ Normal: 1 (Clarke and James, 2003; Gideon et al., 2019; Oakman et al., 2020; Palit et al., 2012; Rao
et al., 2016), SI S1Lockdown:

1.96
vu Daily volume of a patient's urine L Gamma (5.32,

4) + 0.5
(Rauch et al., 2003; Rose et al., 2015)

nu Genome concentration of virus in
a patient's urine

copies·mL−1 Lognormal
(5.70, 4.582)

(Jeong et al., 2020; Jones et al., 2020; Peng et al., 2020; Yang et al., 2020; Yoon et al.,
2020)

ms Daily mass of a patient's stool g Normal (2.11,
0.252)

(Ahmed et al., 2020; Rose et al., 2015)

ns Genome concentration of virus in
a patient's stool

copies·g−1 Loguniform
(6.40, 8.81)

(Wang et al., 2020; Wölfel et al., 2020; Xu et al., 2020; Zhang et al., 2021)
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shown as 95% confidence intervals (Figs. S1–3). The estimated median
SARS-CoV-2 pRNA amounts in the entire wastewater system were
6.59 × 109 copies (95% CI: 3.36 × 1011–7.92 × 107 copies), 9.14 × 108

copies (95% CI: 4.66 × 1010–1.10 × 107 copies), 2.86 × 108 copies (95%
CI: 1.46 × 1011–3.44 × 107 copies), and 1.13 × 1011 copies (95%
CI: 5.75 × 1012–1.35 × 109 copies) on 1st April 2020, 1st July 2020,
1st October 2020, and 1st January 2021, respectively. The states of
Saxony, Thuringia, Saxony-Anhalt, and Brandenburg in the study area
contributed 19.7%–55.9%, 15.2–36.4%, 18.0–40.6%, and 1.0–3.4% in the
period, respectively. Furthermore, the WWTPs in Classes 2–5 treated
the SARS-CoV-2 loads in wastewater daily from an average of 3, 5, 19,
and 124 patients, respectively. The WWTPs in Classes 4 and 5 were
responsible for approximately 95% of the SARS-CoV-2 input from the
patients and output to the surface water.

In terms of virus concentrations, the virus amounts in the influent
and effluent of WWTPs were transformed into concentrations by divid-
ing the annual average daily flow ofWWTP effluent. The estimatedme-
dian pRNA influent concentrations were spatially distributed in the
range of 0–3.95 × 101 copies·L−1 (95% CI: 0–2.01 × 103 copies·L−1),
0–6.77 × 100 copies·L−1 (95% CI: 0–3.45 × 102 copies·L−1),
0–1.04 × 101 copies·L−1 (95% CI: 0–5.32 × 102 copies·L−1) and
8.19 × 100–3.12 × 102 copies·L−1 (95% CI: 9.84 × 10−2–1.59 × 104

copies·L−1) on 1st April 2020, 1st July 2020, 1st October 2020, and 1st
January 2021, respectively. The highest daily influent concentration in
the entire period (3.65 × 102 copies·L−1) occurred on 23rd Dec 2020.
The SARS-CoV-2 concentrations in the effluent were 0.01% of the influ-
ent concentrations, and less than 3.65 × 10−2 copies·L−1 in the study
period. Compared with the globally-reported vRNA concentrations in
influent (102 to 106 copies·L−1) (Ahmed et al., 2020; Kumar et al.,
2021; Randazzo et al., 2020) and effluent (0 to 105 copies·L−1)
(Haramoto et al., 2020; Jones et al., 2020; Randazzo et al., 2020), the
5

estimated daily pRNA concentrations were relatively lower due to the
low proportion of protected SARS-CoV-2 genomes in wastewater.

3.2. Distribution pattern of viral pRNA concentrations in the watershed

Fig. 2 illustrates the estimatedmedian SARS-CoV-2 pRNA concentra-
tions in the surface water of the watershed from April 2020 to January
2021. The 95% confidence interval boundaries of the results are shown
in Figs. S1–3. The binned frequency distributions of the median results
from April 2020 to January 2021 are shown in Fig. S4. With regard to
the state-level concentration distributions, Saxony had the highest
spatial-average values of 1.64 × 10−4-1.42 × 100 copies·L−1 (95% CI:
1.33 × 10−6–1.11 × 102 copies·L−1) during the epidemics, followed
by Saxony-Anhalt (1.45 × 10−4–4.21 × 10−2 copies·L−1; 95% CI:
1.17 × 10−6–3.15 × 100 copies·L−1), Thuringia (9.75 × 10−5–
1.56 × 10−2 copies·L−1; 95% CI: 7.89 × 10−7–1.06 × 100 copies·L−1),
and Brandenburg (2.09 × 10−5–3.01 × 10−2 copies·L−1; 95% CI:
1.61 × 10−7–2.29 × 100 copies·L−1). Saxony also had the highest active
infection cases and cases in 100,000 inhabitants among the states
(Figs. S1–3), which indicates that the epidemic situation had a signifi-
cant influence on the viral concentration distribution.

3.3. Impact of epidemic situation and virus transport on viral concentrations

The pRNA concentrations were significantly different on the tempo-
ral and spatial scales (Kruskal–Wallis test p < 0.05). Specifically, the
temporal and spatial deviations of the estimated median results were
5.58× 10−9 and 7.51× 10−7, respectively. The spatial and temporal var-
iation in pRNA concentrations was controlled by the epidemic situation
as well as virus transport in water. The epidemic situation included re-
gional active infection cases and active case density in the 100,000
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inhabitants, while virus transport was parameterized by flow dilution
and viral decay in the surfacewater. Comparedwith the active infection
cases, the active case density in the 100,000 inhabitants described the
regional infection rate. The flow dilution and viral decay were quanti-
fied as water flow rates and the water distance to the nearest WWTP.
The correlation results examined by the Mantel test with the Spearman
rank correlation (p < 0.05) illustrate that the epidemic situation was
dominant in the temporal variation of the pRNA concentrations
(Fig. 3a). Specifically, regional active infection cases and case density
had larger correlation coefficients (0.74 and 0.75, respectively) than
virus transport factors. This shows that the deterioration of the epi-
demic situation mainly contributed to the increasing pRNA concentra-
tions on the time scale.

In contrast, virus transport significantly influenced the spatial varia-
tion in the pRNA concentrations. The flow dilution exerted a more sub-
stantial influence than the decay process. The negative correlation of the
pRNA concentrations and SARS-CoV-2 transport in the surface water
shows that the dilution and decay of virus in water were of importance
to the reduction of viral concentrations in the surface water. The dilu-
tion performance could be parameterized as a dilution factor, which is
a ratio of the surface water to wastewater flow from theWWTPs. A fac-
tor of >40 is suggested by engineering practice to prevent the infection
risk of viruses (Kumar et al., 2021). The average dilution factor near the
WWTPs was 2584.9 in the studied period. A total of 43.2%–71.1% of the
Fig. 3. a). Spearman rank correlation between the SARS-CoV-2 pRNA concentrations in the surf
cases as well as infection cases in 100,000 population via the Mantel test. b) Dilution factors
distribution, corresponding to the left y-axis, and percentages of <40 dilution factors, corre
SARS-CoV-2 pRNA amount in the surface water corresponding to the water distance away fro
were the median of the Monte-Carlo uncertainty results.

6

dilution factors in the Elbe watershed were >40 (Fig. 3b). Additionally,
due to viral decay, the pRNA spatial-average amount in the surface
water decreased from 1.17 × 108 copies to 1.31 × 10−2 copies with in-
creasing transmission distance (from 0 m to 326,000 m) (Fig. 3c).
There were some sudden increases in the distance-dependent pRNA
amount reduction, which might be caused by virus accumulation from
the residual upstream.

The analysis suggests that the case density and the flow rate in the
surface water were two fundamental variables and affected the spatial
and temporal variation of pRNA concentrations in the surface water.
The water near the WWTPs had higher pRNA concentrations.

3.4. Infection probability in different scenarios and population groups

The infection probabilities of SARS-CoV-2 from surface water inges-
tion during swimmingwere separately estimated under the scenarios of
normal and increasing toilet usage frequencies, the age groups (5–14,
15–34, 5–59, and 60–79 years old), and the gender groups. The toilet
usage frequency variation was caused by the patients' psychological
stress during the lockdown, which resulted in the change in viral con-
centrations in wastewater and surface water.

Fig. 4a illustrates the estimated probability of infection with
SARS-CoV-2 for different scenarios and population groups. The dif-
ference in infection probability was apparent in toilet usage
ace water and flow rates of surface water, distances to the nearest WWTP, active infection
monitored at the water point near the WWTPs with 95% confidence interval in spatial

sponding to the right y-axis. Day zero corresponds to 25th March 2020. c) The decay of
m the nearest WWTPs with a 95% confidence interval in spatial distribution. The values



Fig. 4. a). Themedian infection probabilities in the scenarios of toilet usage frequency aswell as population groups in different genders and ages. The red dot for each scenario or population
group represented the average result among other scenarios and population groups with estimated median values. The red lines were a 95% confidence interval (CI) controlled by
distributed parameters. b) The change of infection probability caused by the virus removal efficiencies of WWTPs and population connection rates to WWTPs. c) The Spearman rank
correlation coefficient and the total Sobol's sensitivity index between seven model parameters and the infection probability in the scenarios of toilet usage frequency as well as the
groups of gender and age.
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frequency. Specifically, the potentially increasing toilet usage fre-
quency during the lockdown increased the infection probability on
average from 1.10 × 10−9 to 4.94 × 10−9.

Regarding the population groups, men had a comparable infection
probability with a spatiotemporal median of 4.30 × 10−9 (95% CI:
3.74 × 10−12–2.73 × 10−7) compared with the infection probability of
women (3.66 × 10−9, 95% CI: 3.74 × 10−12–2.32 × 10−7). This result
was different from the statistics reported by Robert Koch-Institut (RKI,
2021) that the female adults (812,739) had more infection cases than
men (764,026) in Germany. The difference might be caused by the un-
certainty of the exposure water dose for men and women. Additionally,
the population aged 15–34 years had the highest probability of infection
(4.86× 10−9; 95% CI: 4.05 × 10−12–3.09× 10−7) among the age groups.
The results were consistent with the report that the population aged
15–34 years was the most infected population in Germany (RKI, 2021).

It should be noted that all the spatiotemporal distributed infection
probabilities in the study period were significantly lower than the
daily-transformed reference risk levels of 10−4 and 10−5 suggested by
theUS EPA (Gholipour et al., 2021) andWHO(Mara et al., 2007) respec-
tively. This suggests that waterborne transmission was a less important
transmission route for SARS-CoV-2 than air transmission.

3.5. Influencing factor of infection probability

As excretions were the potential source of SARS-CoV-2 loading to
wastewater and surface water, WWTPs played a crucial role in control-
ling the transmission of SARS-CoV-2 pRNA. Themain associated techni-
cal parameters were virus removal efficiency θv and population
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connection rates to WWTPs, λc. Fig. 4b illustrates the impact of these
two parameters on the spatiotemporally average infection
probabilities along the Elbe main channel. θv was selected in the range
of 3log–6log based on the references (Bhowmick et al., 2020; Kumar
et al., 2021; Zhang et al., 2016). λc was in the range of 0.71–1 based on
the percentage of the resident population connected to urban
wastewater collecting systems in 2016–2018 in 35 countries (OECD,
2021b) (Table S9). Interestingly, the increase in λc reduced the
infection probabilities of SARS-CoV-2 by two orders of magnitude
from an average of 8.78 × 10−13 to 5.99 × 10−16. The changes in θv
had no apparent impacts on the infection probability until the 100%
resident population connected to WWTPs.

Fig. 4c shows the sensitivity analysis of the infection probability to
seven distributed-based parameters (k, m, γ, vu, nu, ms, and ns) in
different scenarios and groups. The global Sobol's sensitivity index (STi)
and the Spearman rank correlation coefficients (ρ) were employed. The
dose-response parameter (k), the water exposure dose (m), and the ge-
nome concentration of patients' stool (ns) were dominant factors that
affected the infection probability. The former two parameters are
directly related to the dose-response model. The sensitivity result of ns
was consistent with prior reviews that patient excretions, especially
faeces, were themain sources of SARS-CoV-2 transmission inwastewater
(Bhowmick et al., 2020; Jones et al., 2020). The distributed variations of
these parameters were mainly responsible for the uncertainties of the
model estimation. In contrast, the first-order inactivation parameter (γ),
the daily mass of a patient's stool (ms), and the genome concentration
of virus in a patient's urine (vu) weakly affected the infection probability
in surface water.
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The toilet usage frequency scenario showed significant impacts on
the sensitivity results of the sewage parameters (vu, nu, ms, and ns)
(Mann–Whitney U test p < 0.05), as shown in Table S10. Specifically,
the increasing toilet usage frequency resulted in a 50% increase in STi
(6% for ρ) of ms, and ns, but a 50% decrease in STi (10% for ρ) of mu,
and nu. However, the gender and age groups exerted a limited impact
on the sensitivity variation.

4. Discussion

The results of the study reflected that the WWTP was an important
sector between domestic wastewater and surface water. On the one
hand, most of the SARS-CoV-2 discharged into the surface water came
from WWTPs, especially WWTPs in urban areas. Over 90% of SARS-
CoV-2 in virus-contaminated domestic wastewater was discharged
from the WWTPs with a maximum capacity of >10,000 population
equivalents. TheseWWTPs were located around urban cities, indicating
that urban areas were the major contributors to virus-contaminated
wastewater. On the other hand, the SARS-CoV-2 concentration in the
wastewater was expected to be mostly removed in WWTPs. However,
the removal efficiency of SARS-CoV-2 in the wastewater treatment of
WWTPs ranges widely and is still largely unexplored specifically for
SARS-CoV-2. Several studies and reviews have estimated or investigated
the removal efficiencies of SARS-CoV-2 RNA for various conventional
activated sludge (CAS) processes (Abu Ali et al., 2021; Bogler et al.,
2020; Kumar et al., 2021). The results show that the removal efficiency
of SARS-CoV-2 vRNA inWWTPs would be in the range of between 2log
and 6log. It seems that the infectious particles were less stable than the
total RNA in thewater (Sala-Comorera et al., 2021), which suggests that
the removal efficiency of pRNA should be higher. For advanced treat-
ment processes, chlorination, ozone, and UV irradiation could signifi-
cantly inactivate SARS-CoV-2 (Heilingloh et al., 2020; Zhang et al.,
2020). However, no WWTPs in the study area have chlorination,
ozone, and UV treatments, which might be a concern regarding the po-
tential spread of SARS-CoV-2. Combined with the abovementioned
removal efficiencies and the wastewater treatment process data, the
removal efficiency of 3log was selected to simulate SARS-CoV-2 RNA
reduction in WWTPs.

To confirm the impact of the removal efficiency inWWTPs on the in-
fection risk of SARS-CoV-2, a removal efficiency between 3–6log was
analysed. The result shows that the increase in removal efficiencies for
wastewater treatment processes had a limited impact on the infection
probability from surface water ingestion. This suggests that the im-
provement of the population connection rate to WWTPs took priority
over the enhancement of the SARS-CoV-2 treatment technique, espe-
cially in developing countries with low population connection rates to
WWTPs, although a tertiary treatment is an additional important barrier
(Abu Ali et al., 2021).

Furthermore, the distribution of SARS-CoV-2 pRNA in the surface
water was related not only to the WWTPs but also to other factors,
such as the dilution of viruses by surface water. The dilution process
was driven by the dynamics of water flows, which had seasonal varia-
tions (Kumar et al., 2021). This resulted in seasonal changes in pRNA
concentrations in the watershed (Fig. 2). The dilution factors were
higher in June–July 2020 (average 2800.0) and October–November
2020 (average 3726.4) (Fig. 3b). Compared with the temporal changes
in water flows, the spatial variation in the flow in the watershed was
more important to the distribution of viral concentrations in the surface
water according to the correlation result.

Regarding the infection probability of SARS-CoV-2 fromsurfacewater
ingestion, it is worth noting that the lockdown policy in the study area
could not eliminate the probability of surface water ingestion during
the epidemics. The lockdown measure mainly prohibits gatherings, but
individual outdoor activities are allowed in Germany (Anke et al.,
2021). A survey shows that children's and adolescents' activity time of
nonorganized sports increased by 100%–400% after the COVID-19
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lockdown in Germany (Schmidt et al., 2020). The increase in outdoor
activitiesmight increase the probability of surfacewater ingestion during
swimming activities.

The infection probabilities of SARS-CoV-2 from surface water inges-
tionwere estimated in different scenarios and population groups. Inter-
estingly, the variation in toilet usage frequencies caused by the patients'
psychological changes during the lockdown had an impact on the infec-
tion probabilities. The lockdown intervention physically distances social
contact and restricts movement, which mainly reduces the risk of virus
transmission through infected people and aerosols. However, it might
show a distinctive effect on the infection probability of SARS-CoV-2
from surface water ingestion, as the source of the virus comes from ex-
crements in the toilet. As shown in Supplementary material S1, the
work-at-home population during lockdown relieves psychosocial stress
and physical stress, increasing urination and defaecation frequency. The
lockdown might slightly amplify the probability in the surface water
when the lockdown starts, but the lockdown policy is still the effective
approach to slow COVID-19 transmission (WHO, 2020).

Themodel-based results presented in this work remained uncertain,
althoughwe highly improved the reliability of the results by usingpRNA
instead of vRNA in the calculation of viral concentrations in the surface
water and analyzing the uncertainty and sensitivity of the model pa-
rameters. By using the pRNA/vRNA ratio as a model parameter, the
model was able to estimate the more infectious SARS-CoV-2 concentra-
tions in surface water rather than the total SARS-CoV-2 RNA concentra-
tions, including the noninfectious particles (Dada and Gyawali, 2021;
Yang et al., 2020; Zaneti et al., 2021). However, pRNA includes the
protected genomes within infectious particles and noninfectious parti-
cles in a ribonucleoprotein complex (Wurtzer et al., 2021). Therefore,
there might be a slight overestimation in the results. In addition, the
model-based results were affected by the model parameters. The large
95% confidence intervals of the results indicate that the model parame-
ter variations had a significant influence on the simulation results of the
viral concentration distribution and the infection probability. Except for
the parameters considered in the study, the model was also inherently
limited by other uncertainties from the unknown information, such as
the lack of inactivation or the reduction of viral pRNA in the sewage sys-
tem and the detailed physical-chemical properties of the surface water.
Specifically, the parameters of pH, temperature, suspended solids, and
pharmaceuticals in water could influence SARS-CoV-2 concentrations
(de Oliveira et al., 2021; Dehbandi and Zazouli, 2020; Geller et al.,
2012; Kumar et al., 2019). The model can be further improved if SARS-
CoV-2 is more deeply investigated and comprehensively understood.

5. Conclusion

This study provides an approach considering the transmission of
SARS-CoV-2 protected RNA genomes (pRNA) from infected individuals
and a wastewater collecting system to surface water. The viral pRNA
concentrations increased with the increase in active infection cases.
The water flow and viral inactivation process considerably reduced
the virus concentrations. The infection risk analysis shows that the pop-
ulation aged 15–34 years has the highest infection probability when ex-
posed to aqueous environments. The increase in toilet usage frequency
induced by the work-at-home population during lockdown could in-
crease the infection probability. However, the low pRNA concentrations
and infection probability reflect that the waterways were unlikely to be
a significant transmission route for SARS-CoV-2. The data provided
herein suggest that improving the population connection rate to
WWTPs could be more effective in alleviating the infection probability
from virus-contaminated surface water.
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