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Abstract
Protection of drinking water resources requires addressing all 
relevant fecal pollution sources in the considered catchment. 
A freely available simulation tool, QMRAcatch, was recently 
developed to simulate concentrations of fecal indicators, a 
genetic microbial source tracking (MST) marker, and intestinal 
pathogens in water resources and to conduct a quantitative 
microbial risk assessment (QMRA). At the same time, QMRAcatch 
was successfully applied to a region of the Danube River in 
Austria, focusing on municipal wastewater emissions. Herein, we 
describe extension of its application to a Danube River floodplain, 
keeping the focus on fecal sources of human origin. QMRAcatch 
was calibrated to match measured human-associated MST 
marker concentrations for a dry year and a wet year. Appropriate 
performance characteristics of the human-associated MST assay 
were proven by simulating correct and false-positive marker 
concentrations, as determined in human and animal feces. 
With the calibrated tool, simulated and measured enterovirus 
concentrations in the rivers were compared. Finally, the calibrated 
tool allowed demonstrating that 4.5 log10 enterovirus and 6.6 log10 
norovirus reductions must be achieved to convert current surface 
water to safe drinking water that complies with a health-based 
target of 10-4 infections person-1 yr-1. Simulations of the low- and 
high-pollution scenarios showed that the required viral reductions 
ranged from 0 to 8 log10. This study has implications for water 
managers with interests in assessing robust catchment protection 
measures and water treatment criteria by considering the fate of 
fecal pollution from its sources to the point of abstraction.
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Sustainable protection of water resources is a 
major policy goal worldwide. In recent years, the catch-
ment-to-tap principle has been introduced, and it consid-

ers all possible sources of fecal pollution: within the watershed, 
at the water abstraction, during distribution, and at consump-
tion (WHO, 2011). Inspired by the European Water Framework 
Directive (EU, 2006) and the Rotorua Declaration (HRWM, 
2011), the microbial water quality model QMRAcatch was 
recently developed (Schijven et al., 2015). QMRAcatch is a com-
pletely mixed reactor type model with first-order degradation 
in a main river with point wastewater discharges, a floodplain 
river, and a floodplain area with diffuse fecal sources. The main 
river feeds the floodplain river during flood events. The model 
structure includes the fate and transport of target microbes and 
viruses (TMVs), including common fecal indicator bacteria, 
genetic microbial source tracking (MST) markers, and selected 
intestinal pathogens originating from wastewater treatment 
plant (WWTP) sources and from animals or visitors into the 
main river and the floodplain river. The TMV concentrations in 
the different reactors are calculated by generating 365 random 
Monte Carlo samples for each day of a year. Degradation is con-
sidered dependent on travel time and water temperature using 
degradation rates derived from literature data. River travel times 
are calculated for this purpose using the Manning–Gauckler–
Strickler formula (Manning, 1891). For computing the TMVs 
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Core Ideas

•	 QMRAcatch is a fecal pollution and infection risk model for 
water resources.
•	 QMRAcatch was successfully applied to a river/floodplain 
environment.
•	 Successful calibration was shown using human-associated 
HF183 MST marker data.
•	 Sustainable viral reduction targets to achieve safe drinking 
water quality were estimated.
•	 Results show a high potential for targeting human emissions in 
the catchment.
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in the floodplain river, the dilution with a fraction of river water 
volume is considered only if the river flow discharge at a certain 
day exceeds a certain threshold level. In the floodplain, the fol-
lowing lumped processes are included in the model structure: 
fecal deposits from wildlife, birds, and visitors in the floodplain 
that are resuspended in flood water, runoff to the floodplain 
river, and/or groundwater infiltration. Target microbes and 
viruses contained in fecal droplets can be transported into the 
floodplain river, depending on the daily amount of rainfall and 
lumped release, runoff, and die-off rates. The model structure and 
assumptions of QMRAcatch are described in detail by Schijven 
et al. (2015). Infection risks from exposure to the pathogenic 
TMVs by swimming or consuming drinking water are calcu-
lated based on dose-response models, and the required pathogen 
reduction (i.e., removal and inactivation) to meet a health-based 
target for water quality or waterborne disease can be determined.

Recently, QMRAcatch was calibrated to simulated concen-
trations of the standard fecal indicator Escherichia coli and the 
human-associated genetic fecal MST marker HF183 in the 
Danube River in Austria to predict enterovirus concentrations 
(Schijven et al., 2015), but it was not done for the river/flood-
plain environment.

Several modeling studies exist on the environmental fate 
and transport of fecal indicator organisms from various sources, 
including urban runoff, sewer discharges, wildlife, and agricul-
tural nonpoint source pollutants (Benham et al., 2006; Chin et 
al., 2009; Wu et al., 2009). Models on a catchment scale were 
also developed based on the multi-criteria method (Cool et al., 
2010) or on climate data (Schijven et al., 2013). Recent work 
includes the application of water flow and microbial water qual-
ity models combined with quantitative microbial risk assess-
ment (QMRA) (McBride et al., 2012; Sokolova et al., 2015). A 
microbial water quality model that is calibrated on the basis of 
indicators can be used to simulate pathogen concentrations that 
are often below the achievable limit of detection. In the Danube 
river, the predominant source of fecal pollution is from commu-
nal and domestic wastewater emission sources (Schijven et al., 
2015). These pollution sources can reach the floodplain river 
during floods. Along the floodplain river, animals also contribute 
to fecal pollution (Vierheilig et al., 2013), and fecal droppings 
from boar, deer, and birds were frequently spotted along the 
floodplain river during the investigation period. In contrast to 
E. coli, which occurs in both animal and human fecal excrement 
(e.g., Farnleitner et al., 2010), human-associated MST marker 
concentrations support source-targeted calibration of the com-
munal and domestic wastewater emission sources. Therefore, we 
evaluated the application of a human-associated genetic fecal 
MST marker. The contribution of this paper is that the model 
performance was tested by comparing simulated genetic MST 
marker and pathogen concentrations in the Danube River and 
the floodplain river with observation data for a dry year and a 
wet year (Anonymous, 2014). This is in contrast to McBride et 
al. (2012) and Sokolova et al. (2015), who focused on the source 
concentration and used hydrodynamic models to convey the con-
taminants to points of exposure. A further contribution of this 
paper is that the calibrated and tested model allowed simulating 
various pollution scenarios for the selected pathogens based on 
assumed or measured values within the considered catchment.

The first objective of the work was to extend the application of 
QMRAcatch to a river/floodplain environment on the Danube 
River for potential human fecal sources, which was already 
implemented in the model structure (Schijven et al., 2015). In 
addition, the applicability of a human-associated genetic MST 
marker for model calibration was evaluated. For this purpose, 
catchment-specific quantitative fecal sensitivity (i.e., correct-
positive MST marker concentrations from human sources) and 
specificity (i.e., false-positive MST marker concentrations from 
animal sources) characteristics of the selected human-associated 
MST qPCR assay were incorporated into the modeling effort. 
The second objective was to compare high- and low-pollution 
case scenarios based on the calibrated model to estimate sustain-
able reduction targets of selected viral pathogens for robust water 
safety management in the considered catchment. Enterovirus 
and norovirus were selected as human pathogenic viruses that 
cause serious and frequent disease in humans, respectively. This 
study has implications for water managers with interests in 
assessing robust catchment protection measures and water treat-
ment criteria by considering the fate of fecal pollution from its 
sources to the point of abstraction and the required treatment.

Materials and Methods
Site Description for the Case Study

The study site, located at the Danube River in Vienna, 
Austria, included a floodplain area and a floodplain river with 
observation points 1, 2, 3, and 4 (LSW 1–4; Fig. 1). The model 
domain included five WWTPs upstream of the point of inter-
est (PI) where the floodplain river connects to the Danube River 
(see Table 1 for upstream distances). As a national park, the 
flood plain area is important for preservation of nature and rec-
reation. It is a Natura 2000 protected area and, as such, is home 

Fig. 1. Bird’s-eye view of the floodplain area of the Danube River, 
Austria. The locations of the wastewater treatment plants (WWTPs), 
observation points, and drinking water wells are shown. DSW, Danube 
river observation sites; LSW, floodplain river observation sites.
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Table 1. Default parameter values and parameter values after calibration.†

Parameter Unit Description Default value Reference
Concentration of TMVs in raw wastewater; calibration WWTP 2 + 3
 Mean N L-1 enterovirus (8.1, 10) × 102 Schijven et al. (2015), WHO (2011)

norovirus 105 Katayama et al. (2008)
HF183 (1.8, 1.0) × 109 Schijven et al. (2015)

 95th percentile × mean all TMVs 2
N L-1 enterovirus (2.5, 2.8) × 103

HF183 (5.8, 3.5) × 109

Concentration of TMVs‡ in storm water overflow, multiplication factor of TMV concentration in raw wastewater
 Mean and 95th percentile – 2012 0.1§ This paper

2013 0.4§
Log reduction by wastewater treatment
 Mean log10 enterovirus 1.2 Schijven et al. (2015), Lodder and de 

Roda Husman (2005)norovirus 1
HF183 2.8, 2.2 Schijven et al. (2015)

 95th percentile × mean all TMV 0.75
log10 enterovirus 0.4§

HF183 1.9, 1.4§
Characteristics of WWTP 1–5
 Upstream distance km 20, 24, 43, 77, 193
 Discharge m3 s-1 0.1, 0.1, 0.1, 0.2, 2.2 WWTP authorities
 Overflow N yr-1 3§ This paper
 Mixing degree – 0.6, 0.65, 0.7, 0.75, 0.8 
Fecal droppings of boar/red deer
 Population N d-1 boar 150 Arnberger et al. (2009), Vierheilig et 

al. (2013), Arnberger (2006), Eder and 
Arnberger (2012)

red deer 240
visitors 900

birds 900 Parz-Gollner (2006)
 Mean weight g boar 10 Schmidt et al. (2004)

red deer 15 von Oheimb et al. (2005)
 95th percentile of weight × mean 2
 Number d-1 animal-1 boar 5 Schmidt et al. (2004)

red deer 15 von Oheimb et al. (2005)
 Mean TMV concentrations N g-1 HF183  (nontargets) 103 Farnleitner et al. (2014)
 95% × mean all TMVs 2
Fecal droppings of birds
 Mean weight g 0.5 Hahn et al. (2007)
 95th percentile of weight × mean 2
 Number d-1 bird-1 50 Hahn et al. (2007)
 Mean TMV concentrations N g-1 HF183 (nontargets) 103 Farnleitner et al. (2014)
 95th percentile × mean all TMVs 2
Fecal droppings of humans
 Weight g mean 150 Encyclopedia Brittanica (2015)

× mean 95% 2
 Probability – 2012: 0.02§ This paper

2013: 0.01§
 Mean TMV concentrations N g-1 enterovirus 105 Melnick and Rennick (1980)

norovirus 105 Atmar et al. (2008)
HF183 2012: 5 × 107 Farnleitner et al. (2014)

2013: 3 × 107

 95th percentile × mean all TMVs 2
 Prevalence – enterovirus 0.01

norovirus 0.01
Main river
 Discharge, Qmr m3 s-1 data from spreadsheet
 Width m 250
 Depth m 4
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to a variety of birds, deer, and boar, among other wildlife. The 
floodplain river is currently connected to the Danube River if the 
water level of the Danube is higher than the annual mean water 
level. On average, the floodplain is partially flooded once every 
year. The aquifer in the floodplain is also used as a drinking water 
resource.

Evaluating the Applicability of the Human-Associated 
Microbial Source Tracking Marker to Calibrate the Model

During monitoring of the floodplain site, animal fecal drop-
pings were regularly spotted along the floodplain river. Because 
the focus of this work was on human fecal pollution, a human-
associated MST marker was selected as a genetic fecal indicator, 
as determined by the HF183 TaqMan assay (Green et al., 2014). 
Although the markers found by the HF183 TaqMan assay 
(HF183) are primarily associated with human feces and sewage, 
low numbers may also occur in animal feces. A total of 18 human, 
16 boar, 18 deer, and 16 bird feces samples were collected from 
the studied floodplain area in 2004, 2005, 2010, and 2011 and 
were analyzed for the HF183 MST marker (Farnleitner et al., 
2014). The HF183 MST marker concentrations in human 
feces (Chum) were derived from selected wastewater discharges 
and human fecal droppings in the investigated catchment. The 
HF183 MST marker Chum averaged 6 × 107 marker equivalents 
per gram (me  g-1), and the 5th and 95th percentiles were 1 × 
10° and 1 × 108 me g-1, respectively (Farnleitner et al., 2014). 
The HF183 MST marker concentrations were also determined 
in deer, boar, and bird feces, averaging 1 × 103 me g-1; the fifth 
and 95th percentiles were 1 × 10° and 1 × 104 me g-1, respec-
tively (Farnleitner et al., 2014), indicating that concentrations 
in animal feces are about four orders of magnitude lower than 
those in human feces. Nevertheless, the impact on false-posi-
tive HF183 MST marker detection rates in the floodplain may 
become significant, such as when a large animal population is 
the source. The impact on the simulated HF183 MST marker 

concentrations from animal sources in the floodplain river was 
therefore investigated with QMRAcatch. The model variables, 
which are the HF183 MST marker concentrations in boar, deer, 
and bird feces, were varied within the measured ranges.

Pollution Source Targeted Calibration and Verification  
of QMRAcatch

Calibration of QMRAcatch targeting the human fecal pollu-
tion sources within the selected catchment was performed step-
wise, and then the calibrated model was verified by comparing 
measured and simulated enterovirus concentrations. The step-
wise calibration was performed manually as follows:

1. In Schijven et al. (2015), we described the settings of 
concentrations in raw wastewater and reduction of the 
HF183 MST marker and enterovirus concentrations 
in the five WWTPs upstream on the basis of measured 
concentrations of the HF183 MST marker and enterovirus 
in raw and treated wastewater. All model variables were 
either taken from daily measured data or from the literature 
(Table 1).

2. QMRAcatch was set to match simulated with measured 
HF183 MST marker concentrations in the Danube River 
for the year 2012. The HF183 MST marker concentrations 
in the Danube River were measured at the PI (n = 11 for 
2012; n = 8 for 2013) (Fig. 1). Data for mean daily river 
discharges, river and floodplain river water temperatures, and 
precipitation were available from 2012 to 2013. The mean 
daily discharges from the floodplain river and the flooded 
area were estimated by means of regression because no rating 
curve was available. Polynomial functions (using MS Excel 
2010) were fitted to observed hourly river discharges and to 
flow simulations of a calibrated 2-D hydrodynamic surface 
water model (CCHE-2D; Univ. of Mississippi–National 
Center for Computational Hydroscience and Engineering, 

Parameter Unit Description Default value Reference
Floodplain river
 Discharge, Qfr ¶ m3 s-1 fraction of Qmr polynomial regression This paper (Supplemental Fig. S1)
 Length km 50
 Width m 0.5
 Depth m 0.5
Main river and floodplain river
 Manning coefficient s m-0.3 river: 0.024, floodplain river: 0.035 Manning (1891)
 River bed slope m m-1 river: 0.0004, floodplain river: 0.001 Schulze et al. (2005), via donau (1997)
 Water temperature °C data from spreadsheet
Floodplain
 Precipitation mm data from spreadsheet
 Floodplain angle degrees 1
 Floodplain area km2 50
 Release from fecal deposits 1 d-1 2012: 0.006, 2013: 0.5§ This paper
 Evaporation/precipitation – 0.4 Merz and Blöschl (2009)
 Runoff coefficient – 0.1

† The concentrations of target microorganisms and viruses in raw wastewater and the calibration to wastewater treatment plant (WWTP) 2 and 3 are 
shown in Table 1 in Schijven et al. (2015).

‡ Target microbes and viruses.

§ From calibration.
¶ Includes groundwater recharge.

Table 1. Continued.
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Supplemental Fig. S1) (Gabriel et al., 2014). The HF183 MST 
marker concentrations in the Danube River were calibrated 
by adjusting the mixing degrees and number of overflows per 
year until the mean, 95th percentiles, and shape parameters 
(a and b) of the gamma distributions of the simulated and 
the observed concentrations over one year, matched. The 
HF183 MST marker concentrations in overflow water were 
also adjusted using a fixed ratio of raw influent concentrations 
in WWTPs that was varied from 1 to 5.

3. QMRAcatch was then set to match simulated with measured 
HF183 MST marker concentrations in the floodplain 
river for 2012. HF183 MST marker concentrations in the 
floodplain river were measured at locations LSW 1, 2, 3, and 
4 (n = 11 for 2012; n = 6 for 2013). The probability of visitors 
practicing open defecation (Phum) and the release rate were 
adjusted. The release rate is the fraction of deposited numbers 
of HF183 MST markers in the floodplain released daily. The 
HF183 MST marker Chum were further adjusted within the 
previously measured range (Farnleitner et al., 2014). The 
HF183 MST marker concentrations in bird, deer, and boar 
feces were set to the mean measured values (Table 1).

4. Steps 2 and 3 were repeated using river discharge and 
precipitation data from 2013. The adjusted parameters were 
kept the same for both years except for HF183 MST marker 
concentrations in overflow water and release rates because 
these are influenced by rainfall events. These parameters 
were therefore adjusted independently for each year.

5. Verification was performed by comparing simulated and 
measured enterovirus concentrations in the Danube River 
for 2012 and 2013 and in the floodplain river for 2013 using 
the same settings found in Steps 2, 3, and 4. This comparison 
is needed to evaluate the applicability of the HF183 MST 
marker to set QMRAcatch variables for predicting virus 
concentrations Enterovirus concentrations in the Danube 
River were measured at the observation points 2 and 4 
(n = 11 for 2012; n = 5 for 2013) (DSW 2 and 4; Fig. 1) 
and in the floodplain river at location LSW 3 (n = 6).

The human-associated HF183 MST marker concentrations 
were determined by the TaqMan assay according to the proce-
dure described by Green et al. (2014) with modifications for 
sample processing and DNA extraction described by Reischer et 
al. (2008). Isolation of virus particles was performed according 
to the procedure described by Walter and Rüdiger (1981) and 
enumerated as described by Chang et al. (1958).

Required log10 Reduction of Viral Pathogens to Achieve 
Drinking Water Quality

A primary objective was to evaluate QMRAcatch as a tool to 
study the impact of environmental changes or changes in man-
agement strategies on the concentrations of human pathogenic 
enterovirus and norovirus in surface water and how these changes 
affect the required log10 reduction of enterovirus and norovirus 
from surface water to achieve drinking water quality. Four sce-
narios were defined by changing groups of model variables that 
are likely to be affected in the future. The groups were defined for 
when low pollution is experienced in a wet year, when high pol-
lution is experienced in a wet year, when low pollution is expe-
rienced in a dry year, and when high pollution is experienced in 

a dry year. In addition, the current situation was investigated for 
a dry year and a wet year with the calibrated model. Variables 
selected to describe the extent of human fecal pollution included 
amount of reduction by wastewater treatment, ranging from zero 
to high; number of visitors; prevalence; and Phum, ranging from 
low to high (Table 2). The low pollution scenario was charac-
terized by a low number of visitors contributing to human fecal 
pollution and a low Phum in the floodplain area. The number of 
visitors was taken from the reported numbers of visitors, exclud-
ing bikers and visitors from the surrounding area (Arnberger, 
2006; Eder and Arnberger, 2012). The high pollution scenario 
was characterized by a high number of visitors and a high Phum in 
the floodplain area.

Variables were further varied reflecting hydrologic and climatic 
changes. The years 2003 and 2002 were selected because the lowest 
and highest mean annual discharges from the Danube River since 
1996 were recorded in these years (Anonymous, 2014). In the 
simulations, the precipitation amounts and discharges from the 
Danube River and the floodplain river were taken from observa-
tional data collected during these years. The runoff coefficient was 
set to 0.1, and the ratio of evaporation to precipitation was set to 
0.4. According to Merz and Blöschl (2009), the mean event runoff 
coefficients range from 0.1 to 0.4, and the ratio of evaporation to 
precipitation ranges from 0.4 to 0.9 in the region where the study 
area was located. Accordingly, the model variables in the simula-
tions were assumed to be within these ranges constantly over time 
(Table 1). Air and water temperatures are likely to increase in the 
future by a few degrees Celsius (Blöschl et al., 2011). From the 
calibration procedure, however, it became evident that the runoff 
coefficient, evaporation, and water temperatures affect the simu-
lated viral concentrations in the floodplain river relatively little 
compared with model variables that are associated with fecal pol-
lution (not shown). This is because their possible ranges are small 
in comparison with those of the latter. The viral release rate from 
feces is, as such, influenced by the amount and intensity of rainfall. 
This model variable was adjusted for an extremely dry year and an 
extremely wet year during the calibration (2012 and 2013, respec-
tively). In the scenarios for the wet and dry years, the release rate 
was therefore varied accordingly (Table 2). Different mixing ratios 
of Danube River water, floodplain river water, and floodplain 
water at the drinking water well were also assumed for the dry and 
the wet years, according to Taschke et al. (2014) (Table 2). All 
other variables were those of the “calibrated” model or were taken 
from the literature (concentrations of enterovirus and norovirus 
in raw wastewater and feces, wastewater discharges and upstream 
distance, dropping weight, overflows and overflow water concen-
trations of enterovirus and norovirus, mixing degrees, river lengths 
and widths, Manning coefficients and slopes of the river beds, 
floodplain slopes, release rates, evaporation, and runoff ) (Table 1).

Simulated enterovirus and norovirus concentrations in the 
Danube River, in the floodplain river, and in the floodplain were 
compared between scenarios. For each scenario, the required 
log10 reductions necessary to achieve drinking water quality 
from the Danube River and the floodplain river that complies 
with the health target of 10-4 person-1 yr-1 were calculated. The 
dose response model for norovirus and enterovirus is the hyper-
geometric dose response model (details given by Schijven et al. 
[2015]). It accounts for beta-distributed infectivity levels of the 
viruses and for Poisson-distributed virus particle numbers for the 
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dose estimation. For waterborne viruses it is assumed that virus 
particles at low concentrations in water samples can be statisti-
cally described by the Poisson distribution (i.e., virus particles are 
assumed to be randomly distributed in the water sample). For 
enteroviruses, the dose response relationship is associated with 
the enumeration of infectious virus particles, as enumerated in 
the tissue culture. In the case of norovirus, the dose response 
model was developed on the basis of PCR enumeration, which 
includes noninfectious virus particles (Teunis et al., 2008). In all 
scenarios, the number of Monte Carlo samples was set to 106, 
calculations with QMRAcatch were repeated 10 times, and the 
average concentrations and log10 reductions were calculated.

Results
Applicability of the Human-Associated Microbial Source 
Tracking Marker for Model Calibration

When varying the reported false-positive marker concentra-
tion in animal feces for the HF183 qPCR assay, the simulated 
HF183 MST marker concentrations in the floodplain river 
varied by only 5 to 8%, meaning that 92 to 95% of all possible 
variations were associated with human pollution sources in 
the catchment according to the QMRAcatch simulations. The 
HF183 qPCR assay and the measured concentrations thus 
proved to be useful for human source–targeted model calibra-
tion for the given situation.

Model Calibration and Verification
The simulated and observed HF183 MST marker and 

enterovirus concentrations and cumulative distribution func-
tions at the PIs in the Danube River and in the floodplain river 
are presented in Supplemental Fig. S2 and S3. Simulated mean, 
95th percentiles, and gamma distribution parameters a and b 
of HF183 MST marker concentrations at the PI in the Danube 
River in 2012 and 2013 differed by less than 0.4 log10 from the 
respective measured values (Table 3). The HF183 MST marker 
concentrations in overflow water were adjusted independently 
for each year because they may vary. For example, uptake from 
urban surface runoff during heavy rainfall events can cause larger 
concentrations in overflow water than during dry years. The 
factor between HF183 MST marker concentrations in overflow 
water and HF183 MST marker concentrations in raw wastewa-
ter was 0.1 in 2012 and 0.4 in 2013 (Table 1). Extremely severe 
rainfall events occurred in 2013, whereas 2012 was characterized 
by extremely dry periods (total precipitation was 510 and 660 
mm in 2012 and 2013, respectively). Higher concentrations in 
overflow water in 2013 than in 2012 therefore seem justified. 
The maximum difference between the mean, 95th percentiles, 
and gamma distribution parameters a and b of simulated and 
measured concentrations of enterovirus was 0.6 log10 in 2012 
(Table 3). In 2013, enterovirus was not detected three out of five 
times; therefore, only the mean and 95th percentiles of simulated 
and measured concentrations could be compared, and the abso-
lute difference was no less than 0.1 log10.

Simulated and measured mean, 95th percentiles, and gamma 
distribution parameters a and b of HF183 MST marker con-
centrations in the floodplain river were less than 0.3 log10 
(Table  3). Values for Phum, Chum, and the HF183 MST marker 
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release rate were adjusted. In 2012 and 2013, Phum was 0.02 and 
0.01, respectively; Chum was 5 × 107 me g-1 and 3 × 107 me g-1, 
respectively; and the release rates were 0.006 and 0.5 d-1, respec-
tively (Table 1). Values for Phum and Chum varied little across the 
years because they are not influenced by changes in climatic or 
hydrological conditions. The release rate was set much lower in 
2012 than in 2013, consistent with the extremely dry conditions 
in 2012 and the extremely wet conditions in 2013. The abso-
lute biases of the mean, 95th percentiles, gamma distribution 
parameters a and b, and simulated and observed HF183 MST 
marker concentrations in the floodplain river were 0.3  log10. 
The observed enterovirus concentrations in the floodplain river 
were consistently below the detection limit of 0.1 MPN (most 

probable number)  L-1. The mean and 95th percentiles of the 
simulated enterovirus concentrations in the floodplain river were 
0.05 and 0.09 MPN L-1, respectively, and were therefore below 
the detection limit.

Virus Reduction to Achieve Drinking Water Quality
The simulated mean enterovirus concentrations ranged from 

7 × 10-5 to 3 MPN L-1 in the Danube River and from 5 × 10-7 
to 120 MPN L-1 in the floodplain river in the four scenarios 
(Table 4). The simulated norovirus concentrations were as much 
as two magnitudes higher than the enterovirus concentrations 
in both rivers (Table 4). Currently, the 95th percentile–required 
reduction of enterovirus is 4.5 log10 for the Danube River and 

Table 3. Comparison of measured and simulated human-associated HF183 microbial source tracking marker and enterovirus concentrations in the 
Danube River and the floodplain river after calibration and verification with QMRAcatch.

Measured values† Simulated values Log10 (measured/simulated)

Mean 95th 
percentile a b Mean 95th 

percentile a b Mean 95th 
percentile a b

–––––––  N L-1––––––– ––––––– N L-1 –––––––
MST‡ marker in  

Danube River, 2012
14,000 51,000 0.41 47,000 8,500 32,400 0.49 18,000 0.22 0.20 -0.08 0.42

MST marker in 
floodplain river, 2012

1,100 3,700 1.00 5,300 1,700 6,400 0.54 3,200 -0.19 -0.24 0.27 0.22

Enterovirus in  
Danube River, 2012

0.08 0.33 5.30 0.04 0.31 0.72 2.00 0.15 -0.59 -0.34 0.42 -0.54

MST marker in  
Danube River, 2013

9,900 19,000 4.30 2,300 16,700 35,000 3.00 5,600 -0.23 -0.27 0.16 -0.39

MST marker in 
floodplain river, 2013

2,200 7,900 0.63 8,900 1,990 8,300 0.39 5,200 0.04 -0.02 0.21 0.23

Enterovirus in  
Danube River, 2013

0.44 1.46 n.a.§ n.a. 0.35 1.59 n.a. n.a. 0.10 -0.04 n.a. n.a.

† The parameters a and b are dimensionless.

‡ MST, Microbial source tracking.

§ Not available.

Table 4. Scenario results. Simulated enterovirus and norovirus concentrations in the Danube River and the floodplain river and the required level of 
reduction to achieve a drinking water infection risk of ≤1 per 10,000 persons per year.†

Unit
Current 

situation,  
wet year

1. Low 
pollution,  
wet year

2. High 
pollution,  
wet year

Current 
situation,  
dry year

3. Low 
pollution,  
dry year

4. High 
pollution, 
dry year

Concentration in Danube N L-1      
 Enterovirus 0.59 7 × 10-5 5.9 1.1 1 × 10-4 11
 Norovirus 33 0.003 330 51 0.005 500
Concentration in floodplain river N L-1

 Enterovirus 0.1 8 × 10-7 630 0.11 0.0 21
 Norovirus 11 3 × 10-4 720 14 0.0 56
Required reduction from Danube log10

 Enterovirus 4.3 1.6 5.4 4.5 2.1 5.7
 Norovirus 6.6 4.1 7.7 6.6 4.3 8.2
Required reduction from floodplain river log10

 Enterovirus 3.6 –0.4 7.7 3.5 –0.9 6.2
 Norovirus 5.5 1.1 7.8 5.7 0.9 7.1
Required reduction from floodplain log10

 Enterovirus   n.a.‡ n.a. n.a. 3.3 no data 5.8
 Norovirus n.a. n.a. n.a. 5.6 no data 5.9
Drinking water infection risk§ p–1y–1

 Enterovirus 8 × 10-5 6 × 10-5 7 × 10-5 8 × 10-5 4 × 10-5 8 × 10-5

 Norovirus 8 × 10-5 5 × 10-5 7 × 10-5 1 × 10-4 5 × 10-5 6 × 10-5

† Model variables were set as shown in Table 1. The criteria for the scenarios are shown in Table 2. Values are the 95th percentiles. 

‡ Not available.

§ The health-based target is ≤1 × 10-4 infections person-1 yr-1.
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3.6 log10 for the floodplain river; each of these values was roughly 
2 log10 more for norovirus (Table 4). According to the low- and 
high-pollution scenarios, the 95th percentile–required reduction 
of enterovirus for the Danube River ranges from 1.6 to 5.7 and 
from 0 to 7.7 for the floodplain river (Table 4). According to the 
same scenarios but for norovirus, the 95th percentile reduction 
ranges from 4.1 to 8.2 and from 0.9 to 7.8, respectively (Table 4).

The simulated target viral concentrations in the Danube River 
were found to be 20 to 70% lower in the wet year than in the 
dry year (Table 4). Viral concentrations are more diluted when 
higher discharges are released from the Danube. The simulated 
target viral concentrations in the floodplain river were found 
to be 0.05- to 30-fold higher in the wet than in the dry years 
because of the additional precipitation and runoff (Table 4). The 
calculated required viral reduction in wet and dry years differed 
by no less than 0.5 log10 for the Danube River and by 1.5 log10 for 
the floodplain river.

Discussion
Several frameworks, such as the WHO Water Safety Plan 

framework (WHO, 2009) and the EU Drinking Water Directive 
(EU, 1998), demand robust management of water resources to 
ensure a safe drinking water supply in the future. In support of 
this task, models such as QMRAcatch are needed to estimate 
the required sustainable protection measures and robust treat-
ment targets in consideration of the sources and transport of 
fecal pollution in catchments used for drinking water supplies. 
QMRAcatch has been previously tested as a model for a riv-
erbank infiltration site at the Danube River by Schijven et al. 
(2015), assuming the WWTP was the main pollution source in 
upstream areas. We have shown the successful extension of test-
ing QMRAcatch to a river/floodplain system for the same sec-
tion of the river by including additional potential human sources 
from the floodplain areas.

QMRAcatch was calibrated to the human fecal pollution 
emission patterns using human-associated HF183 MST marker 
concentrations determined for the Danube River and the flood-
plain river. We introduced a tiered approach based on calibration 
of QMRAcatch to measured concentrations of the HF183 MST 
marker for a dry year and a wet year followed by verification of 
the modeled enterovirus concentrations with measured values. 
Verification of enterovirus concentrations in the floodplain river 
for 2013 was limited because 100% of the values were nonde-
tectable; however, they were verified in that the simulations also 
yielded enterovirus concentrations below the limit of detection 
(<0.1 MPN L-1). 

The simulation tool is based on simplifications that can 
impose limitations on interpretation of the findings. For exam-
ple, retention and release of TMVs that may attach to river sedi-
ments, groundwater exchange, and diffuse sources will be part of 
extending the model. These processes are indirectly included in 
the lumped mixing rates of the river. The successful prediction 
of E. coli in the Danube with the calibrated QMRAcatch model 
by human-associated genetic fecal markers for different time 
periods by Schijven et al. (2015) strongly supports the assump-
tion that WWTPs are the dominant source. The occurrence of 
TMVs from human and animal fecal droppings is assumed to 
be homogenously distributed (i.e., the same at all points in the 

floodplain). However, higher densities of animal fecal droppings 
were observed in certain areas, such as the upstream section of 
the floodplain river. Also, if visitors practice open defecation, 
they will likely stay close to the hiking trails, which consist of 
a network of trails in the floodplain area. Compared with the 
animals, the homogeneous distribution of direct human pollu-
tion sources is thus better justified. Also, the process parameters 
describing the release and runoff within the floodplain area were 
very simple; that is, constant fractions were used (Schijven et al., 
2015). Also, TMV concentrations were assumed to be homoge-
neously distributed in human feces, and a constant release rate 
over time was assumed. Up to now, only a few studies have investi-
gated release rates from fecal droppings (Guber et al., 2015). The 
potential impact of environmental factors (e.g., duration of dry 
periods, air temperature, or the frequency of flooding) on these 
release rates remains largely unknown. In QMRAcatch, release 
is implemented as a single fraction. The uncertainties associated 
with some of the model variables (i.e., TMV concentrations of 
wastewater and fecal matter, fecal weight) were considered in 
QMRAcatch by drawing random numbers from statistical dis-
tributions within a Monte-Carlo framework instead of using 
constant values. In addition, some of the model variables were 
varied within reported ranges (Table 2).

The human-associated fecal MST marker performed success-
fully as an indicator in the studied river/floodplain environment. 
This was demonstrated by varying the false-positive MST marker 
concentrations in animal feces within the measured ranges. This 
resulted in variations of HF183 MST marker concentrations in 
the floodplain river of less than 8%. To the best of our knowl-
edge, this is the first demonstration of including quantitative 
fecal specificity and sensitivity HF183 MST marker perfor-
mance data into the model. Inclusion of other fecal pollution 
sources and pathogens from potentially relevant animal sources 
(zoonotic pathogens; Stalder et al., 2011) will be introduced into 
the model in the future. A comprehensive model calibration will 
be attempted by including additional animal-associated MST 
markers, such as those from ruminant and boar fecal sources 
(Wuertz et al., 2011).

According to the model calibration, 4.5 log10 of enterovirus 
and 6.6 log10 of norovirus concentrations (95th percentiles) 
must be removed from water of the Danube River to achieve 
drinking water quality (Table 4). From the Danube and flood-
plain river water, viral concentrations are currently reduced by 
river bank filtration (RBF) and chlorination at the study site. 
The disinfection step by chlorination is designed to achieve a 4 
log10 reduction according to the Austrian Codex Alimentarius 
(BMG, 2015). Currently, 2.6 log10 would have to be achieved 
by RBF. According to Derx et al. (2013), several log10 more can 
be achieved by RBF in certain circumstances. They performed 
3-dimensional virus transport simulations in fluvial aquifers 
using virus reduction rates from various reported field tracer 
experiments (Pang, 2009) and showed that the achieved viral 
reduction by RBF can range widely depending on the aquifer 
conditions. The actual treatment performance of RBF systems 
must therefore be carefully studied for every site.

A major objective of this study was to estimate sustainable 
reduction targets of selected viral pathogens for robust water 
safety management for the considered catchment. In the low 
pollution scenario, a 5 log10 virus reduction at the WWTPs was 
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considered. It was further assumed very unlikely that visitors 
practice open defecation in the floodplain. Only visitors coming 
from remote areas (excluding bikers) were considered to have a 
low viral prevalence. In contrast, in the high-pollution scenario, 
no wastewater treatment and a high chance that visitors prac-
tice open defecation in the floodplain were assumed. Although 
this is very unlikely to happen in the future, it is a useful sce-
nario for investigating robust design criteria for the water supply 
treatment system. Based on this scenario, a robust design would 
be achieved with 8 log10 virus reduction from the Danube and 
the floodplain river (Table 4). Combined RBF and chlorina-
tion should, in theory, be sufficient to ensure an adequate virus 
reduction even for this unlikely event. The actual achieved viral 
reduction during RBF, however, will have to be investigated in 
more detail. The low-pollution scenario showed that the poten-
tial for fecal pollution is currently higher from the Danube than 
from the floodplain river by 1 to 3 log10 (Table 4). In the high-
pollution scenario, the potential for fecal pollution is higher in 
the floodplain river, but this is very unlikely to happen (Table 
4). The low-contamination scenario shows great potential for 
the protection of drinking water catchments. As seen in this 
scenario, no further enterovirus reduction would be required 
in the floodplain river water. Interestingly, protection measures 
targeting both the WWTPs and direct pollution in the flood-
plain were shown to have similar potentials for improving the 
microbial water quality at the study site. Such measures could 
comprise, for example, additional ozone and UV treatments of 
wastewater from WWTPs upstream in the Danube River, which 
reportedly achieved at least 2 and 4 log10 reductions, respectively 
(WHO, 2011). The placement of public toilets and signs may 
help in preventing pollution from visitors in the flood plain. This 
further supports the philosophy of targeting the source of pol-
lution in the catchment for protecting drinking water resources 
(WHO, 2011). The simulations further demonstrated that in 
wet and dry years, the required virus reduction hardly differs 
between the low-pollution scenario and the current situation. 
The high-pollution scenario showed that from 0.7 to 1.5 log10 
higher virus reductions from floodplain river water are required 
in wet years because of more precipitation and runoff. These 
results can help decision-makers to better plan the design of 
water supply systems in the future. Even though current water 
treatment regulations in different countries worldwide provide 
important information, they do not provide specific guidance; 
for example, in the United States and Canada, a virus reduc-
tion of at least 4 log10 is required from surface water before it 
is considered safe for drinking (Health Canada, 2011; USEPA, 
2012), whereas the WHO guidelines recognize that water treat-
ment requirements will differ for different sites (WHO, 2011). 
QMRAcatch is freely accessible and can be applied at locations 
where one or more of the described compartments and pollution 
sources must be addressed.

Conclusions
QMRAcatch, a free-access catchment model for simulat-

ing microbial quality of surface water, was successfully applied 
for a river/floodplain system of the Danube River in Austria. 
A human-associated HF183 MST marker proved to be very 
useful for setting hydrological and pollution source–associated 
variables, such as mixing degree, number of overflows, overflow 

water concentration, HF183 MST marker release rate, and 
Phum, enabling prediction of pathogen concentrations using 
QMRAcatch. The model can be used to demonstrate that 4.5 
log10 and 6.6 log10 (95th percentiles) reductions in enterovirus 
and norovirus, respectively, must be achieved by the current treat-
ment barriers (RBF and disinfection). The simulations showed 
that, with further measures for preventing fecal emissions from 
WWTPs and within the floodplain area, no further reduction 
of enterovirus from the floodplain river would be required to 
achieve drinking water quality according to the health-based 
target set. These results indicate the great potential of targeting 
fecal pollution sources in the catchment for minimizing the fecal 
burden on water resources. This information can be used to sup-
port the future design of robust water supply systems and thus 
has implications for water suppliers and authorities.
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