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Abstract. Adapting to hydrological extremes through managed aquifer recharge using river water as a source requires a pro-
found understanding of the quantity and quality dynamics of the river. While quantitative data with high temporal resolution
is available at numerous gauging stations, qualitative data for many catchment areas is generally sparse or not available at all.
In this work, a combination of risk-based watershed screening, continuous on-site monitoring, and laboratory analyses was
carried out to improve this understanding of river quality dynamics. For on-site monitoring, a cost-efficient and reliable mon-
itoring kit was developed to generate time-resolved data, which proved essential for capturing hydrochemical dynamics and
can serve as a decision-support tool, reducing the parameter set required for quality control. It was installed at the Giinz River
in the southwest of Bavaria, Germany. The water quality measurements were combined with the risks arising from this rural
watershed, where wastewater treatment plants and agriculture were the primary pollution sources. The contamination state im-
proved during events with high water levels due to dilution, except for very few trace substances washed out from the topsoil.
From a technical point of view, turbidity was defined as the most urgent parameter to consider in the water treatment before
reuse due to particle-associated contaminant transport and the risk of clogging. The results demonstrated that the Giinz River
would be a suitable source for managed aquifer recharge with particle removal as a pre-treatment step. By linking identified
watershed risks to river water quality, this study highlights the importance of understanding catchment processes for effective
water management. The insights of this study contribute to optimizing high-resolution monitoring, advancing managed aquifer

recharge implementation, and enhancing water resource resilience in similar catchments.
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1 Introduction

Human-induced changes to the world’s largest rivers have been rapid, extensive, and in some cases irreversible, creating
significant environmental threats (Best, 2019). These changes make rivers less resilient and more vulnerable to extreme events,
a trend that contradicts climate change projections, which predict an increase in the magnitude and frequency of such extremes
(Best and Darby, 2020). For floods, climate change not only leads to higher frequency but also increases risks and associated
changes for people and cropland (Arnell and Gosling, 2016). Additionally, reduced minimum flows during summer months,
often exacerbated by drought, decrease dilution capacity, potentially resulting in higher pollutant concentrations (Whitehead
et al., 2009). In 2021, it was determined that only 38% of water bodies in Europe were in good chemical status, meaning
the environmental quality standards (EQS) for priority substances were met. Good ecological status was reached by 40%,
whereby the structure and functioning quality of surface water ecosystems were assessed (European Environment Agency,
2018). Meanwhile, millions of people rely or depend on river water quality and quantity and its ecosystem services like
buffering floods (Best and Darby, 2020).

In addition to the challenges faced by rivers, the worldwide decline in groundwater levels represents another pressing en-
vironmental concern. Managed aquifer recharge (MAR) projects have emerged as a viable strategy to address this problem,
gaining significant importance in recent decades (Dillon et al., 2019). MAR refers to the targeted recharge of groundwater
aquifers, which has proven to have the potential to reverse groundwater trends (Jasechko et al., 2024). River water is the most
popular water source for MAR, as can be derived from the MAR Portal, a global MAR inventory (IGRAC, 2020). The most
widely used MAR techniques are induced bank filtration, where surface water is infiltrated by pumping from a nearby well,
and surface spreading, which leads to areal recharge, e.g., via ponds. An objective of MAR implementation can be to provide

additional subsurface water storage. For instance, aquifer storage and recovery (ASR) systems inject surface water into aquifers
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with a well for later recovery (Bartos et al., 2023). Such practices demonstrate the further benefits of MAR: enhancing ground-
water supplies while providing an adaptation measure for the imbalance of the landscape water regime as excess water is kept
in the region. However, if we want to use river water for MAR and thus counter the effects of climate change, it is inevitable to
better understand the dynamics of quantity and quality.

Examples of safeguarding water quality can be derived from the drinking water sector. The World Health Organization
(WHO) guidelines for drinking water quality serve as the leading international reference for ensuring safe drinking water. In
2004, the WHO introduced therein the concept of Water Safety Plan (WSP), a risk-based and preventive approach developed
specifically for the water supply sector. The WSP focuses on identifying, assessing, and managing risks within a supply
system, addressing potential hazards throughout the entire process, from the catchment area to water extraction, treatment,
storage, and distribution (WHO, 2022). Another example of taking a risk-based approach to ensuring water safety is the
German Drinking Water Catchment Area Ordinance, with which the country has implemented the European Drinking Water
Directive (TrinkwEGYV, 2023a). Here, as well, the aim is to protect the quality of groundwater and surface water in drinking
water catchment areas through hazard analysis and risk assessment. Land cover and pollution sources play a critical role in
assessing risks to river water quality, as contaminants enter waterways through both diffuse and point-source emissions. In
groundwater-fed rivers, additional anthropogenic activities such as landfills and mining must also be considered due to their
potential impact on groundwater quality. The specific watershed under investigation helps refine the range of relevant risks.
In urban areas, stormwater runoff carries a diverse range of contaminants, as identified by, e.g., Wijesiri and Goonetilleke
(2019) and Song et al. (2019). In rural areas, water pollution primarily originates from domestic waste emissions, which
depend on the percentage of the population connected to sewage systems and their treatment efficiency, as well as agricultural
activities. In Germany, requirements for wastewater discharge in waters are outlined in the national wastewater ordinance
(AbwV, 1997). While wastewater treatment plants (WWTPs) are designed to reduce effluent contaminants, their efficiency
varies based on operational setup and the nature of the incoming wastewater. For instance, most WWTPs are not able to
effectively remove artificial sweeteners unless equipped with a fourth treatment stage (Scheurer et al., 2011). In case of extreme
weather events, polluted water can escape due to flooded WWTPs or overflows in the sewer system. On the other hand,
dilution is extremely diminished at low water levels, which leads to higher concentrations of pollutants in the receiving waters
(Bates et al., 2008). Looking at agricultural activities, runoff from manure and slurry application can introduce microbial
contamination, while pesticides and fertilizers pose additional chemical and microbiological hazards. Infrastructure, including
roads and railways, serves as another diffuse contamination source. Road salt (mainly NaCl) is frequently applied during the
frost period to prevent icing on the roads. Furthermore, effluents from railway track drainage, for example, have been identified
as sources of pollutants, including metals, polycyclic aromatic hydrocarbons (PAHs), and chemical herbicides (e.g., Burkhardt
et al., 2008).

Even if a risk assessment of the watershed can guarantee intrinsic safety, the quality of the source water must be monitored
and controlled for safety and health reasons, especially if further use is intended, e.g., for MAR. One of the primary concerns
is nutrient pollution, mainly by nitrogen and phosphorus (e.g., Carpenter et al., 1998; Basu et al., 2010). Eutrophication, acid-

ification, and biodiversity loss are just some of the reported effects of nutrient enrichment (e.g., Vitousek et al., 1997; Smith,



75

80

85

90

95

100

105

2003). Furthermore, heavy metals represent significant concerns when using river water for MAR (e.g., Briffa et al., 2020;
Ma et al., 2021). Another critical constituent of concern is organic pollutants, including pharmaceuticals (e.g., Patel et al.,
2019; Glaser et al., 2020b) and sweeteners (e.g., Lange et al., 2012). Due to the low removal efficiency of these compounds in
WWTPs, they act as markers of anthropogenic influence in surface water bodies (e.g., Verlicchi et al., 2012; Scheurer et al.,
2011; Oppenheimer et al., 2011). Pesticides are further organic contaminants resulting from agricultural practices detected in
several countries’ aquatic systems (e.g., Konstantinou et al., 2006; Huber et al., 2000; Cerejeira et al., 2003). Additionally, mi-
croorganisms, apart from being potentially pathogenic and posing a risk to the groundwater environment, can lead to biological
clogging (e.g., Baveye et al., 1998). Finally, physical characteristics such as turbidity and sediment load in river water affect
the recharge efficiency by causing physical clogging (e.g., Bartak et al., 2015; Zaidi et al., 2020; Lippera et al., 2023).

In recent decades, the further development of high-frequency water quality measurements has brought decisive progress for
catchment area research (Bieroza et al., 2023). Hydrochemical studies at the catchment scale have been conducted for several
rivers in Germany, e.g., the Dill catchment (Frohlich et al., 2008) and the Ammer catchment (Miiller et al., 2020), as well as
for headwater catchments, e.g., in the Harz Mountains (Werner et al., 2019). A data set encompassing multiple catchments
was, e.g., compiled by Ebeling et al. (2022), which allowed an analysis of water nutrients and runoff patterns in different
hydroclimatic and anthropogenic environments. Targeted analysis of changes in chemical composition during rain events (e.g.,
Neale et al., 2020) or droughts (e.g., Saavedra et al., 2024) in small streams further improves our understanding of the effects
of water extremes.

Addressing water quality and quantity issues in rivers requires high-frequency monitoring data combined with catchment-
scale risk assessments. Given the significant variability introduced by factors such as climate, catchment characteristics, and
hydrogeology, site-specific data sets are crucial for achieving a comprehensive understanding of river dynamics. In the context
of using river water for MAR, we hypothesize that linking watershed risks with continuous monitoring and detailed chemical
analysis enables a robust assessment of the suitability of the river water. Based on this, our objective was to develop and test a
transferable methodology, demonstrating its potential in an exemplary watershed.

In this work, we monitored the quality and quantity of the Giinz River in Bavaria, Germany, for 17 months with high
temporal resolution. Daily, seasonal, and annual fluctuations were observed and explained by analyzing the watershed with
a focus on water quality risks as well as considering hydroclimatic metrics. Together with this detailed watershed screening,
anthropogenic influences could be distinguished from the ordinarily groundwater-dominated river water. The dynamics of
floods and droughts helped to assess the impact of extreme events. Finally, we hypothesize that the applied methods allow an

estimation of water quality risk associated with the infiltration of this water using a MAR scheme.

2 Study area

The Giinz catchment (710km?) is located in the southwest of Bavaria, Germany. This right tributary of the Danube is repre-
sentative of a larger number of pre-alpine catchments. It originates from the confluence of an eastern (Ostl. Giinz: 36.8 km) and

a western tributary (Westl. Giinz: 31.9 km) (Bavarian Environment Agency, 2016). In this work, the watershed of the eastern
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tributary (107 km?) is investigated in detail, which is shown in Figure 1. Our designed monitoring station is located 22.9 km af-
ter the river’s origin. 12.4 km downstream of the station, a permanent water level gauge (Lauben) has been installed by the local
water management authority since 1977 (Bavarian Environment Agency, 2024¢). The nearest permanent groundwater gauge
(Sontheim) is located 3 km southwest of our measuring station, which is outside the surface water catchment area (Bavarian
Environment Agency, 2025). Since 2014, an association of seven municipalities has implemented a flood protection concept
for the Giinz Valley with five retention basins with a total volume of 8.15 Mio m?® (Water Board Kempten, 2024). Planning and
funding is provided by the state of Bavaria. One of these (Engetried) is located 8.6 km upstream of the monitoring station.

Figure 1b displays the land use in the eastern Giinz watershed, which is dominated by agriculture (61%) with 85% grassland
and 15% cropland (Bavarian Surveying and Mapping Authority, 2022b). Protected areas cover 12% of the watershed area, with
mainly water protection areas and flora-fauna-habitats (each 37%) (Bavarian Environment Agency, 2023c).

Based the Koppen—Geiger climate classification (1991-2020), the area falls within the humid continental climate (Dfb;
Beck et al., 2023). The annual precipitation in the eastern Giinz catchment was 1305 mm in 2023, with 1135 mm being the
mean of the last ten years (2014-2023). As typical for continental climates, the highest precipitation is usually during the
summer months. For the future climate (2071-2100) in this region, an increase in the average temperature of 1.1°C (RCP2.6),
2.2°C (RCP4.5), and 4.0°C (RCP8.5) is projected for the respective emission scenarios. Mean precipitation is also expected to
increase by 3.4% (RCP2.6), 5.4% (RCP4.5), and 2.0% (RCP8.5) (Bavarian Environment Agency, 2023a).

The geological setting in the study area is dominated by quaternary sediments lying on tertiary deposits from the Miocene
(Bavarian Environment Agency, 2023b). The southern part of the catchment with the origin of the river consists of glacial and
glacio-fluviatile sediments from the last glacial period. Up north, the catchment narrows as the river cuts through sediments
from older glacial periods. Here, the valley floor is covered with Holocene sediments and hang slide masses. Around the
monitoring station, the valley floor sees fluviatile gravel plains reaching a thickness in excess of 10 m. Most of the plateaus are
covered with loess or loamy loess, and loam along the valley slopes is common. Older quaternary sediments are mostly set of
carbonate material, while sediments of the last can contain crystalline scree. Hence, groundwater shows a calcium-magnesium-

bicarbonate signature.

3 Methods
3.1 Watershed screening

The spatial scope of the screening was the watershed of the river water monitoring kit, which was delineated with the Python
package pysheds (Bartos et al., 2023).

The land cover designation (urban, transport, industry, agriculture, vegetation, water) was analyzed using OpenData provided
by the Bavarian Surveying and Mapping Authority (2022b). Actual land use and crops grown on the farmland were verified on
site, with a special focus on the proportion of agriculture as it is the primary nutrient source. The distinction between different
cultivation was used to narrow the emission risks down according to typical management practices (growing season, irrigation,

fertilizer, pesticides).
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Figure 1. Study area map of (a) elevation in the catchment, which is the eastern tributary of the Giinz River in Bavaria, Germany (Bavarian
Surveying and Mapping Authority, 2022a) and (b) land cover (Bavarian Surveying and Mapping Authority, 2022b). The overview map in

(a) displays the study area location in Germany.
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Furthermore, settlements, commerce, and industry located in the watershed were considered. Information about WWTPs
was collected from the Bavarian geoportal BayernAtlas (Bavarian Environment Agency, 2024a). As chemical post-treatment
data was not freely available, direct assessment of individual WWTP’s performance during flood events was not possible.
Therefore, water sampling and analysis during these events were performed to assess the risks. Emissions from industrial
and commercial dischargers cover a large potential input range. Direct dischargers were identified via BayernAtlas (Bavarian
Environment Agency, 2024a). In a worst-case scenario, it was assumed that the dischargers only meet the requirements of the
national wastewater ordinance. Each direct discharger in the watershed was considered separately to evaluate the associated
risks.

To evaluate the potential contribution of infrastructure as a diffuse contamination source, we considered roads, railways, and
similar structures within the study area. Road salt (primarily NaCl), commonly applied during frost periods to prevent icing,
was assessed as a potential contributor to elevated sodium and chloride concentrations. Contaminants (metals, PAHs, chemical
herbicides) occurring in railway track drainage were also included in the parameter set for the chemical analyses.

When considering the connection of river water to groundwater, the risks to groundwater quality must also be taken into
account. This included identifying potential contamination sources such as landfills, mining activities, and other interventions
in the subsurface. Additionally, hydrogeological conditions were considered, including groundwater coverage and the presence
of subsurface structures that may reduce the natural filtration capacity of the soil, thereby increasing the risk of surface-derived
contamination.

Based on data on the expected concentrations, the temporal patterns, and the distance to the river, contamination risks
related to water reuse for MAR were assessed, and laboratory analyses were adjusted to ensure targeted monitoring of relevant

contaminants.
3.2 River water monitoring kit

In order to monitor river water quality and quantity with a high temporal resolution, we designed and built a monitoring kit
(Figure 2). The enclosure contains a microcontroller (Raspberry Pi IO Board with Compute Module CM 4). Five probes, as

O™ class devices are

listed in Table 1, were attached and programmed to measure every 10 minutes. The Atlas Scientific EZ
connected via the Atlas Scientific Whitebox T3 and the respective circuit boards. For energy supply, a battery (12V) and a
solar panel (30 W, offgridtec, DE) were installed. The software was based on the I2C code provided by Atlas Scientific via
GitHub (https://github.com/AtlasScientific/Raspberry-Pi-sample-code) and complemented by reading the pressure probe and
transferring the data to a remote database using a LTE connection (1nce network). A detailed construction manual with links
to all equipment used is provided on GitLab: https://gitlab.lrz.de/smart-sws/riverpi.

The measured water levels are linked to a discharge by defining a discharge curve. Therefore, manual velocity measurements
were conducted with a dipping bar according to Jens (Hydro-Bios Kiel, DE). The discharge curve at the next upstream flood

retention basin helped to compare and complement the curve. A radar sensor (Neptun, Sentinum, DE; provided by SPEKTER,

DE) was installed in May 2024 for comparison and cross-validation of the water pressure sensor of the monitoring kit.
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Figure 2. River water monitoring kit.

Table 1. Probes integrated in the monitoring kit.

Parameter Probe Manufacturer
Water temperature PT-1000 Temperature Probe Atlas Scientific, US
pH pH Probe Lab grade Atlas Scientific, US
Electrical conductivity = Conductivity Probe K 1.0 Atlas Scientific, US
Dissolved oxygen Dissolved Oxygen Probe Atlas Scientific, US
Water level Gauge transmitter series TDS-61-200-P6 ~ Tecson, DE

Water level measurements at upstream and downstream gauges were obtained from the public websites of the flood intelli-
gence service Bavaria (Bavarian Environment Agency, 2024d). Precipitation, sunshine, and humidity data were downloaded
from the German Weather Service (DWD) for the Giinz catchment (DWD, 2024) and clipped to the shape file of the delin-
eated watershed. Within this watershed, the minimum, maximum, median, and sum of precipitation were determined at hourly
intervals, which were then used for the correlation with river dynamics and precipitation event analyses. To better capture
precipitation events spanning from one month to the next, data for contiguous precipitation events (separated by one or more

days with precipitation < 0.1 mm) were evaluated instead of monthly statistics.
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A time-lapse camera (BCC300M, Brinno, TW) was mounted at the monitoring station for visual feedback on the water
level and apparent turbidity. The images were taken at S-minute intervals and combined with a graphical representation of the

rainfall intensity (cumulated for 5 minutes) into a video.
3.3 Water sampling

To connect water quality parameters to individual sources, we sampled the river at six points from the origin to the monitoring
station three times in the monitoring period (Apr., May, and June 2024). Flow velocities were measured at each point as
described above.

At the monitoring station, manual samples were taken at different flow conditions and times of the year to cover a broad
spectrum of quality and quantity, resulting in 124 samples in total. Six times during the monitoring time, these samples were
collected by an automatic sampler (Sigma 900, Hach, DE). It was added to the monitoring station, using the power supply
of the kit and having the possibility to be remotely controlled by the microcontroller. The sampler was able to take up to 24
samples, each up to 575 ml, in programmable time intervals. Emissions from flooding were qualitatively monitored during the
flood event in June 2024 using water samples before, during, and after the main flooding event. The focus was on inorganic
and organic pollutants and the amount of particulate matter.

Groundwater was sampled in two adjacent wells, each three times (Mar./May 2023, Apr. 2024, July 2024). Well 1 was
located 710 m southeast of the monitoring station and had water levels of about 7.5 m below the wellhead. Well 2 was situated
630 m southwest of the station, with water levels at 9.0 m below wellhead. Continuous groundwater level data was publicly
available for the permanent gauge Sontheim, which was used to compare with the river dynamics (Bavarian Environment
Agency, 2025). The groundwater flow direction is northwest according to the hydrogeological map (Bavarian Environment

Agency, 2024b).
3.4 Chemical analysis

On-site manual water chemistry monitoring was conducted with a portable multi-parameter device (ODEON, Aqualabo, FR)
equipped with three digital sensors: oxygen (OPTOD), conductivity (C4E), and pH (PHEHT).

In the laboratory, the ion balance was assessed after filtration (syringe filters 0.22 um, VWR International, DE) using ion
chromatography. This was conducted with two Dionex ICS-1100 systems (Thermo Fisher Scientific, DE), which utilized
Dionex IonPac™ AS9-HC and CS12A columns for anion and cation separation, respectively. Measurements were performed
in triplicate and evaluated using seven to eight concentration standards (Merck KGaA, DE). The reported concentrations are
the mean values of these triplicates. Analytical accuracy and reproducibility were ascertained with quality control samples and
taken into account in the evaluation. Typical detection limits for each ion were as follows: Mg?* = 0.082 mmolL~!, Ca®*" =
0.075 mmolL™!, Na* = 0.043 mmolL~', K* = 0.013 mmolL"", CI~ = 0.022 mmolL"", SO4*~ = 0.016 mmolL "', NO;~ =
0.013 mmol L. Titration of bicarbonate (HCO3~) was done with the color-indicator methyl orange (until Dec. 2023) or the
Eco Titrator (Metrohm, DE) by adding hydrochloric acid (HCI) until the pH value of 4.3 was reached. The hydrochemical

compositions were visualized with a Schoeller plot, where ion concentrations are plotted semi-logarithmic.
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UV-Vis spectroscopy was performed with a Specord 50 Plus (Analytik Jena, DE). Each sample was measured twice after a
reference measurement with ultrapure water. The signal is measured at 180° respective to the incident beam, and measurement
inaccuracy is given with £ 0.01 in absorbance. Two sum parameters were determined: spectral absorption coefficients at
254 nm (SAC254) and at 550 nm expressed as turbidity in NTU. SAC254 is a measure for dissolved organic substances like

humic substances and can be obtained in m™ with Eq. 1:

AR

SAC(\) = f (1)

where SAC()) is the spectral absorption coefficient (m™) at the wavelength A, A()) the absorbance of the water sample
at the wavelength A, d the optical path length of the cuvette (mm), and f a factor of 1000 (DIN 38404-3, 2005). For this
measurement, the samples were filtered with 0.45 um (syringe filters, TH. Geyer, DE). Turbidity is defined as the reduction in
the transparency of a liquid caused by undissolved substances (DIN EN ISO 7027-1, 2016). Turbidity calibration was done
with formazine standards of 100 NTU (Supelco, Sigma-Aldrich, Merck KGaA, DE). On the basis of the spectra obtained, a
suitable wavelength of 550 nm was determined for the calibration, whereby the calibration line was generated from 5 standard
solutions (100, 75, 50, 25, 5NTU). The LOD was 3.1 NTU with this measurement setup.

Total suspended solids (TSS) in the river water samples were analyzed by filtration and subsequent weighing. A filter holder
by Sartorius Stedim Biotech, DE, was used with 0.4 um filters (Nuclepore 47 mm, Whatman, UK). Filtration was conducted in
a laminar flow box (Spetec, DE). For weighing, a precision balance (ABP 200-5DM, KERN, DE) was utilized.

For a subset of samples, a detailed chemical analysis was done according to the parameters for the soil-groundwater impact
pathway of the Federal Soil Protection Ordinance (BBodSchV, 2021) by WESSLING, DE. The samples were analyzed for
heavy metals, volatile halogenated hydrocarbons (VHH), volatile aromatic hydrocarbons (VAH), polycyclic aromatic hydro-
carbons (PAH), polychlorinated biphenyl (PCB), and further restricted substances (e.g., phenols). Additionally, selected water
samples were analyzed for five artificial sweeteners (acesulfame K, cyclamate, saccharin, sucralose, aspartame) with LC-MS
by WESSLING, DE (LOD: 0.025 ug L") and for 667 different pesticides (certified external lab) with GC-MS, LC-MS, and
SPME-GC-MS.

4 Results
4.1 Risk assessment of the watershed

The watershed of the monitoring station (Figure 1b) incorporates an area of 75 km?. As for the whole eastern Giinz catchment,
the land use was dominated by agriculture (60%) with mostly grassland (94%) and some cropland (6%) (Bavarian Survey-
ing and Mapping Authority, 2022b). Livestock farming accounted for only a very small part of the grassland. In Bavaria, the
Nature Conservation Act has been tightened to the effect that the widespread use of pesticides on permanent grassland has
been prohibited since January 2022 as part of increased environmental protection measures (BayNatSchG, 2011). The main
cultivated crop was maize, but there were also clover, cereals, and cup plants. Special crops such as hops, wine, or vegetables

were not farmed. Although these fields were generally not irrigated, several herbicides were likely deployed during the culti-
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vation period, which mainly lasted from April to August. Due to the crop diversity and the possibility of pesticide legacies, a
large-scale pesticide analysis was required.

The watershed was crossed by a network of roads connecting the villages, although there were no roads of major importance.
The largest town was Obergiinzburg (population 6,700; Gemeindeverwaltung Markt Obergiinzburg, 2024). A 6.7 km long
double-track railroad line ran east-west in the south of the catchment area. Therefore, heavy metals, PAHs, and herbicides
needed to be analyzed in order to assess the resulting risk from contaminated runoff.

Four WWTPs discharged in the Giinz River in the watershed with population equivalents (PE) of 15000, 400, 6 000, and
4000 (Figure 1b, listed from south to north). With an average of 150 Ld™! per PE, this summed up to a total wastewater
volume of approx. 3810m?d!. At the MQ (1.9m?s™!), this corresponded to about 2% of the total river water volume. The
fraction of wastewater increased to 22% at the lowest discharge measured during the reported period. While only the chemical
(COD) and biochemical (BOD) oxygen demand was limited for WWTPs with PE <5000, larger plants must also comply
with maximum concentrations for nitrogen (N) and phosphorus (P) under German law. Assuming the legally most unfavorable
scenario, in which all four plants emit the maximum quantities, we would have a daily load of 359 g COD, 80g BOD, 32 ¢
N, and 5 g P (AbwV, 1997). Three of the facilities were built as activated sludge plants, which is the most common biological
process (Zouboulis and Tolkou, 2014), while the smallest facility is an immersion rotary body reactor. None of the WWTPs in
the watershed included quaternary treatment, which would further reduce micropollutants such as pharmaceutics. The partly
discontinuous discharges arrived out of phase at the monitoring station due to different travel times.

A paper mill (Felix Schoeller Holding, DE) in the south of the catchment area was the only industrial direct discharger
(Figure 1b). The German ordinance stipulates the amount of suspended solids (50 mg L), BOD (25 mgL"), N (20mg LY,
and P (2mgL"), as well as production-related maximum fluxes of total organic carbon (TOC, 0.9kgt™! of product), COD
(3kgt!), and adsorbable organic halides (AOX, 10 gt!) for companies that produce paper, cardboard or cardboard packaging
(AbwV, 1997). The company is located more than 20 m above the river and is not prone to flooding.

In this rural watershed, the camulative effects of agricultural runoff and treated wastewater, in particular, can lead to increased
nutrient levels in receiving waters. The main risks, therefore, come from agriculture, which can be assessed using nitrate and

pesticides, and from WWTPs, where tracers such as artificial sweeteners can be used.
4.2 Quantity and quality of river water

Figure 3 shows the continuous measurements (every 10 min) of water level, temperature, electrical conductivity (EC), pH value,
and dissolved oxygen (DO) at the monitoring station. Furthermore, hourly precipitation according to the measurements of the
Climate Data Center (CDC) was determined for the watershed of the monitoring station and is plotted here (DWD, 2024). The
monitoring kit was in our laboratory for revisions, as measurements were temporarily interrupted starting from 18 Oct. 2023
and from 18-26 Feb. 2024. Due to moisture in the pressure compensation capillary, the pressure measurements for water levels
were defective from 18 Aug. to 11 Sept. 2023 and from 27 Nov. 2023 to 10 Jan. 2024. DO measurements were erroneous from
9 Nov. 2023 to 18 Feb. 2024, and were excluded from the plot.

11
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Figure 3. Continuous measured data on water level, temperature, pH value, electrical conductivity, and dissolved oxygen, complemented
with precipitation data (DWD, 2024), from Apr. 2023 to Aug. 2024.
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The largest precipitation event in the watershed, defined by the highest precipitation total in consecutive days, was in June
2024 with 212 mm in 8 days (a Vb cyclone (van Bebber, 1898), max. 7 mm h'h, followed by 194 mm in 13 days in Nov. 2023,
and 163 mm in 9days in Aug. 2023. Analogous, water levels were highest on average in June 2024, followed by Dec. 2023,
reflecting the fact that a significant proportion of the precipitation in Nov. consisted of snow, which delayed the water level
response. The slow flattening of the water level after Dec. 2023 was caused by the snowmelt in the first half of 2024 and
by the high precipitation events since June 2024. The analysis of precipitation amount in the 24 h to 168 h prior to a rise in
the water level showed no correlation. The dynamics of the water level changes were similar throughout the year, rendering
the vegetation’s influence or the seasons negligible. The groundwater level dynamics (Sontheim gauge) were almost identical
to those of the river water levels. The flow velocity of the river at the monitored site was determined by superimposing the
level measurements at the measuring point with the permanent gauge (12.4 km downstream) and the retention basin (8.6 km
upstream) to approximately 1.8 ms™'. The discharge curve indicated a median discharge of 1.9 m* s™! with values from 0.2 m? s™!
to > 11.1m? s, Note that the discharge at the measuring station was valid up to a water level of 80 cm, above which the river
left the riverbed.

The records of pH and EC showed quite similar patterns throughout the observation period. From June to Oct. 2023, the
DO probe recorded sharply declining values each over a few weeks at a time, which could not be explained by river water
quality changes. Bio-fouling on the measuring device was suspected as the reason for this, which was remedied by copper
gauze around the sensors on 18 Oct. 2023 and thus confirmed.

Zooms on the timeline in Figure 3 are displayed in Figure 4. From Figure 4a, the daily fluctuations can be analyzed by
zooming to 48 h, once in winter (27-29 Feb. 2024) and once in summer (3-5 Aug. 2024). As there was no precipitation in
either period, the first subplot shows the short-wave global radiation at the location. While the weather was relatively dry in the
days before the winter period, there was moderate precipitation in the days before the summer period, as is typical for these
months. This is also reflected in the water level curve, with an average of 8 cm higher water levels in summer. The daily water
level fluctuations originated from a small hydropower plant located about 10 km upstream of the monitoring station and were
also used to calibrate the flow velocities of the river. In addition, irregular discharges from upstream WWTPs led to short-term
slight increases in water levels. As the effect of photosynthesis was significantly higher in summer, the pH value was more
dynamic than in winter. The absolute pH values cannot be directly compared due to a possible drift over the monitoring time.
The increased EC value in summer was caused by the higher proportion of groundwater in the river, which resulted from the
approximately 0.8 m higher groundwater level in July. The DO fluctuations matched the solar radiation well, which showed the
effect of photosynthesis. Thus, the dynamics were higher in summer, as well.

In Figure 4b, the effects of a flood event can be seen when zooming in on 21-24 July 2024, where 37 mm of precipitation fell
on the first day. This led to an almost immediate rise in water levels. Such a rapid response of river dynamics to precipitation
in the catchment was observed throughout the monitoring period. Simultaneously with the rise in water level, a decrease in
pH and EC was measured, which can be attributed to the low mineralized rainwater (Stumm and Morgan, 1996). Ion analysis
of water samples taken during several flood events showed reduced concentrations of all major ions. The fluctuations in DO

during flooding were lower than the typical daily variations observed in summer, even after the event and under bright sunlight.
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Figure 4. Zoom on continuous measured data on water level, temperature, pH value, electrical conductivity, and dissolved oxygen, comple-
mented with precipitation and radiation data (DWD, 2024); (a): Zoom on 48 h to visualize daily fluctuations for typical summer (dashed: 3-5
Aug. 2024) and winter days (continuous: 27-29 Feb. 2024); (b): Zoom on flood event (3.5 days) in July 2024.
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Figure 5. Correlation of electrical conductivity with (a) SAC254 and (b) turbidity.

Instead, they resembled the fluctuations typically seen in winter. This can be attributed to the high turbidity, which reduced the
penetration depth of global radiation into the river water, thereby limiting photosynthetic activity and oxygen production. A
second short but almost similarly intense rainfall during the night from 23-24 July 2024 showed analogous effects. Again, the
water level remained high and reached a second maximum before dropping rapidly. This was attributed to groundwater flowing
into the river after the heavy rainfall, which was consistent with the higher EC value but lower temperature. The biggest flood
event in our monitoring period was on 1 June 2024. According to the permanent monitoring station downstream, the event has
exceeded a 50-year flood (HF50) event (105 m?s!) in the morning hours with highest values measured of 108 m?s! (Bavarian
Environment Agency, 2024c¢). During the event, the water retention basin in Engetried (8.6 km upstream) was filled. Therefore,
the water levels at the monitoring station remained almost constant at 0.64 m, reflecting the constant basin outflow of 10 m?s!
over 6 days until the basin was emptied.

The video recorded on 6 May 2024 (available at https://mediatum.ub.tum.de/1338693) documents the evolution of water
level and turbidity in the river during a thunderstorm event. Precipitation began at 14:10 in the upper catchment and reached
the monitoring station at 15:40. By 16:00, the water level started to rise, and the river turned brown due to suspended material.
This initial increase in water level and turbidity can be directly linked to intense precipitation in the immediate vicinity of
the monitoring station. At 16:25, water levels remained elevated, but the brownish color faded. However, at 17:10, the river
turned brown again despite an absence of local rainfall. This second turbidity increase, approximately three hours after the
heavy rainfall in the upper catchment, corresponded to a flow velocity of roughly 2ms™', which was consistent with both
measured and calculated values. Unlike the first event, the brownish color dissipated only gradually. No precipitation was
recorded between 17:20 and 20:35.

Figure 5a shows the correlation of SAC254 to EC. The SAC254 measurements showed more dissolved organic matter

(DOM) at lower EC. This correlation resulted from organic matter input through land erosion during heavy precipitation. There
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was a significant difference between the samples from Dec. 2023 (triangles, snow cover) and the samples obtained before and
after the snowfall event (dots). At the same EC, samples from Dec. showed generally lower SAC254. A linear least-squares fit
of the data showed a slope of -0.028 and an intercept of 23.7 for the rain data (R?=0.92) and a slope of -0.018 and an intercept
of 14.9 for the snow data (R?=0.71). The regression lines crossed the x-axis at 846 uScm™ and 829 uScm™, respectively.
The EC of groundwater in the adjacent monitoring wells ranged between 630 uS cm™' and 860 uS cm™! and a SAC254 below
2. These values aligned well with those observed on the far right side of the graph, suggesting that, during this period, the
river was primarily supported by groundwater. The lower absolute slope and the smaller y-intercept of the regression line for
the snowmelt samples indicated that water entering the river after snowmelt exhibited a lower SAC254 compared to water
during and immediately after rain events. Seasonality did not appear to be a dominant factor in this catchment, as indicated by
the rainfall data. Both regression models demonstrated robustness and could be used to assess the fraction of surface runoff
contributing to river discharge, which reached up to 80%.

We see a similar trend in Figure 5b: Higher turbidity, indicating more suspended solids, at lower EC. Here, the linear least-
squares fit of the data showed a slope of -0.227 and an intercept of 149.0 for the rain data (R?=0.68), and a slope of -0.180
and an intercept of 99.5 for the snow data (R?=0.64). Three points, all from consecutive measurements on the morning of 14
Nov. 2023, showed greatly increased turbidity at low EC, which correlated with a steep rise in water level. When the water
level rises in this way, a lot of suspended matter is stirred up. The timing of this event is also visible in Figure 3. The points of
Dec. 2023 still stand out from the others, while not as pronounced. The snowmelt has diluted EC and turbidity almost evenly.
In total, 97% of the samples showed turbidities of less than 80 NTU with 38% below the LOD of 3.1 NTU. Under normal
conditions the measured turbidity was below 20 NTU (EC > 530 uS cm!). The first flush effect, which brought higher turbidity,
was also supported by TSS measurements. During the June flood event, TSS raised up to 44mgL! after the first hours of
higher precipitation (ca. 3mmh!). As the water level further increased and finally stayed roughly constant due to the restricted
outflow of the upstream retention basin, TSS dropped to about 20 mg L', This can be attributed to fines settling in the retention
basin. During median discharge, TSS was determined to be about 10mg L.

Figure 6 shows major ion concentrations in meq L™ for two samples taken during mean discharge, one in winter (7 Dec.
2023, MQy) and one in spring (4 Apr. 2024, MQy,), for a groundwater sample taken in well 1 (4 Apr. 2024, GW), and for
two samples at high flow rates in winter (7 Nov. 2023, HQ,,) and summer (1 June 2024, HQy,). The highest values for Na*
and CI~ were measured for MQ,,, which could be attributed to the de-icing of roads with salt during this frost period. MQs;
was representative of a large number of samples and was typical for carbonate aquifers. The high agreement between GW
and MQ, indicates that the river was mainly supported by groundwater during this discharge regime. At high discharges
(moderately high: HQ,, and extremely high: HQy,), the dilution and thus lower concentrations were clearly visible for all main
ions, while the ratio remained more or less constant. The reduction in Ca>* and Mg?* also indicated the reduced groundwater
influence during these events. During the monitoring period, no characteristic samples for dry discharge conditions could
be collected. Groundwater samples were also taken from well 2 (not shown in Figure 6). While the major ions were quite
similar, significantly higher nitrate concentrations of up to 80 mgL"~ were measured there. As this could not be correlated

with our watershed and the well is located downstream in relation to the groundwater flow direction, a separate underground
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Figure 6. Schoeller plot with major ion concentrations for five water samples: mean discharge in winter (7 Dec. 2023, MQy,), mean discharge
in spring (4 Apr. 2024, MQ;), high discharge in winter (7 Nov. 2023, HQy,), very high discharge in summer (1 June 2024, HQy,), and
groundwater in well 1 (4 Apr. 2024, GW).

watershed was assumed, and the measurements were not taken into further consideration. Yearly water chemistry fluctuations
were observed for Na* and Cl~, which significantly increased during the winter months due to road de-icing at the roads
located partly directly on the river. In the frost season 2023, the concentration raised from 15 to 34 mgL™! of chloride. Nitrate
(NO3 ™) concentrations were determined for 104 river water samples in the monitoring period. The median was 8.9 mgL"!
with a maximum of 11.3mg L (18 Dec. 2023). No increase of NO3 ™~ during the growing season was measured. Furthermore,
neither nitrate nor sodium chloride were found to accumulate. In the groundwater of well 1, similar NO3 ™~ concentrations as in
the river were detected (6-14 mg LY.

Three samples (Sept. 2022, Apr. 2023, June 2024) were analyzed to the parameters for the soil-groundwater impact pathway
(BBodSchV, 2021). Two samples (Apr. 2023 and June 2024) showed little concentrations of the element copper with 2.4 ug ™!
(Apr. 2023) and 5.6 ug L' (June 2024). In one sample (Apr. 2023), the PAH benzo(a)pyrene was detected with a concentration

of 0.006 ug L'!. All other measurements showed concentrations below the detection limit.
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Figure 7. Concentrations of four artificial sweeteners (sucralose, cyclamate, acesulfame, saccharin) over three periods (Nov. 2023, Apr., and
June 2024) plotted with the water level and EC measurements of the monitoring kit. In the periods in which no water level measurements

were available from the monitoring kit, the timeline was supplemented with measurements from the Lauben gauge downstream (thin dashed

line).

Figure 7 shows the determined concentrations of four artificial sweeteners (acesulfame K, cyclamate, saccharin, sucralose)
together with the water level over time. Concentrations of the fifth analyzed sweetener, aspartame, were always below the
LOD (0.025ugL"). Analyses were conducted mainly in Nov. 2023, with some additional sampling in Apr. and June 2024.
Often, the highest concentrations (max. 0.47 ug L!) were observed for sucralose, followed by cyclamate (max. 0.26 ugL™").
Acesulfame showed concentrations up to 0.21 ugL!. The dynamics of cyclamate and acesulfame were quite similar, with
cyclamate showing slightly greater fluctuations. Concentrations for saccharin were always below 0.1 ug L' (max. 0.087 ug L.
No clear trend was observed in the sweetener concentrations with changing water levels. The relationship analysis between
the concentrations and the time of measurement, as certain times of day can point to a discharger, also revealed no correlation.
Therefore, the sweeteners could not be used as a quantitative indicator for the proportion of WWTPs. For most of the time,
there was likewise no correlation between the EC and the sweetener concentrations. However, a similarly high dilution of the
sweeteners was observed during the flood event in June, when the water retention basin upstream was filled.

The two surrounding groundwater wells were tested for pesticides in April 2024. While no pesticides were detected in well
2, well 1 revealed the insect-repellent diethyltoluamide (DEET, 0.23 ug L"), which can be traced back to human use and is
widespread in the environment (Merel and Snyder, 2016). Around the same time (Apr. and May 2024), two samples of river

water at average water levels were taken, which showed no concentrations above the detection limit of any pesticide. A third
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sample taken during a flood wave (1 June 2024) contained five pesticides: the herbicides dimethenamid', which could be traced
back to its application in maize fields (0.54 ug L"), flufenacet (used as a precursor herbicide, 0.10 ug L'!), metolachlor? (again
originating from maize fields, 0.46 ug L"), terbuthylazine (0.31 ugL"), which might be tracked back to private ponds and
industrial cooling systems, and the insect repellent diethyltoluamide (0.14 pgL'!) as in the groundwater well.

Following the river upstream in the watershed, the discharge increased depending on the morphology and inflowing streams.
At medium water levels (4 Apr. 2024), the discharge increased from 0.3m?s! 1.6km after the spring to 1.4m>s™! at the
monitoring station. The increase was related to tributaries and exfiltrating groundwater aquifers along the river. At the spring,
slightly lower concentrations of the anthropogenically induced ions Na*, C1~, and SO42~ were measured. Shortly downstream,
the influence of the only direct discharger in the catchment area, the paper industry, was evident in the concentrations of
Na* and SO,>~. Further along the watershed, the water chemistry was homogeneous, matching the samples at the monitoring
station. The turbidity correlated with the measured flow velocities, whereby the high turbulence downstream of the flood
retention basin (Figure 1) and the slowdown upstream were reproduced. The analysis of artificial sweeteners at six points
in the watershed showed no clear trend but high dynamics. This indicated different treatment efficiencies at the WWTPs,
while sucralose was generally worst eliminated. Furthermore, varying dilution proportions arose due to in-flowing streams and

infiltrating groundwater along the watershed.

5 Discussions
Monitoring kit

The designed monitoring set proved to be a cost-efficient and reliable instrument for continuous river water monitoring. Impor-
tant advancements were to wrap the sensor holder with copper gauze to prevent biofouling and the installation of a bigger solar
panel (100 W, offgridtec, DE) to bridge winter months. While we had some issues with very cheap pressure sensors (DC24V
TL231, Fafeicy, CN) due to nonreliable air pressure compensation because of water entry, the Tecson pressure sensors proved
to be stable. The comparison with the radar measurements generally showed a high level of agreement but with consistently

more outliers in the radar, presumably due to turbulent water flow with small waves disturbing the reflection of the radar waves.
Water quality

The watershed screening revealed that the Giinz River can be regarded as moderately modified in the section under considera-
tion. The daily dynamics were dominated by a small hydropower plant with discontinuous operation (surge power plant). The
flow regime during and after severe flooding events was controlled by the upstream retention basin, i.e., the peak discharge was
limited while the basin was filling, and it remained high after the initial flooding and surface runoff until the basin went dry.
The channelized sections through upstream villages further led to increasing flow velocities and faster responses to rain events.

This was reflected in higher turbulence throughout the river and increased sediment transport at high water levels. During high

!dimethenamid including other mixtures of constituent isomers including dimethenamid-P
2metolachlor and S-metolachlor (metolachlor including other mixtures of constituent isomers including S-metolachlor)
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flow, the turbidity increased and the EC decreased. While the former could be either the mobilization of fines from the riverbed
or erosion by surface runoff, the latter, combined with the increase in SAC254, a proxy for organic matter concentrations,
clearly pointed to surface runoff as the primary driver of turbidity in the river. The rapid decline in turbidity, despite sustained
high water levels, suggested either that all mobilizable particles from the riverbed and banks had already been transported at
the given flow velocity or that groundwater inflow was increasing. However, the latter is improbable, as accumulating surface
runoff causes the river level to rise faster and higher than the surrounding aquifer, thereby restricting groundwater discharge
into the river. A subsequent rise in turbidity at still-elevated water levels was unlikely due to riverbed sediment mobilization.
Instead, the gradual decrease in turbidity indicated that the delayed increase was driven by surface runoff carrying elevated
concentrations of fine particles. Some spikes showed turbidities of up to 153 NTU, which was still well below the maxima of
344 to 2200 NTU, which were measured during flood events at four rivers with relatively small catchments (100-150km?) in
southwestern Germany by Riigner et al. (2014). This can be attributed to the gentle slopes of the catchment, which are mostly
forest and grassland, reducing the vulnerability to erosion. The threshold for turbidity in drinking water in Germany is 1 NTU
(TrinkwV, 2023b). The good correlation between EC and turbidity demonstrated that it is sufficient to measure EC continu-
ously and add a turbidity calibration at different flow situations. This reduces the costs and complexity of the monitoring kit.
Likewise, the correlation of SAC254 and EC could be used to calculate the proportion of surface runoff in the river discharge.
Here, the type of precipitation (rain, snow) must be known. Both correlations are site-specific.

The water quality was shown to be anthropogenically influenced by agriculture, WWTPs, and a paper mill in the catchment
area. In contrast to our expectations and literature data indicating that a lot of pollutant fluxes generally occur at high turbidity
conditions related to storm events (e.g., Riigner et al., 2013; Miiller et al., 2021), we did not observe a general increase of
the concentrations. Instead, during flood events, all measurements clearly showed a dilution of water constituents. This was
consistent with the structure of the regional sewer systems, which were predominantly designed as separate systems for surface
water and wastewater. As a result, the risk of WWTP overloading and reduced treatment efficiency during high-flow conditions
is minimized. The dilution also indicated that the mass flow into the river from other sources remains almost constant. As most
of the pollutants were below the LOD, calculating the fluxes was not possible.

The only class of substances that did not follow the dilution pattern was pesticides, whose increasing concentrations showed
that heavy rainfall during the growing season could mobilize significant concentrations from agricultural fields (sum of
1.55 ug L'!). The detected herbicides reflected the agricultural activities being mainly maize fields. The concentration threshold
for pesticides according to the German Drinking Water Ordinance is 0.1 ugL"! for individual ones, and 0.5 ug L' as the sum
of all detected pesticides (TrinkwV, 2023b). As the concentrations measured were three times as high, pre-treatment with suit-
able adsorption materials such as activated carbon is essential to reduce the concentrations to acceptable levels for infiltration.
Contrary to expectations, no increase of NO;~ during the growing season was observed. This could be due to the relatively
small proportion of agricultural areas in the watershed (3%) and high dispersion in the aquifer infiltrating the river, which
compensated for annual variations.

For artificial sweeteners, no correlation with the discharge could be proven. However, lower concentrations were observed

during flood events compared to low-flow conditions, highlighting the dilution effect of treated wastewater. Concentration
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fluctuations did not follow a distinct daily or weekly pattern, which would be expected if a single WWTP with constant
discharge was the primary source, reflecting the emission pattern of artificial sweeteners at the end of the food chain. Instead,
the catchment contains four WWTPs, resulting in overlapping discharge patterns due to varying travel times to the monitoring
and sampling point. Although specific removal efficiencies for these WWTPs were not accessible, differences in treatment
performance can be expected due to variations in technical standards at the time of their construction. Consequently, the
emergence of a clear concentration pattern is unlikely. In any case, the flood event of June 2024 can be considered a worst-
case scenario, and the observed dilution suggests that significantly higher pollution levels are improbable. In Germany, no
thresholds for sweeteners are explicitly defined. According to the European River Memorandum, a limit value of 1ugL’!
was suggested for microbially poorly degradable substances without known effects on biological systems for watercourses
from which drinking water is obtained (IAWR et al., 2020). None of the measurements exceeded this concentration, but the
concentrations for sucralose, cyclamate, and acesulfame were still not negligible as they added up to as high as 0.77 ugL'!
(13 Nov. 2023). To further reduce the risks associated with inadequate removal in WWTPs, improved technologies, such as
reactive barriers, have been shown to have the potential to increase removal efficiency (Valhondo et al., 2020). For nutrients
discharged from WWTPs (especially N and P), the dilution factor was so high that they were not detectable and traceable at
the monitoring site.

One single sample revealed the PAH benzo(a)pyrene (BaP). This highly toxic and carcinogenic substance is poorly soluble in
water and, therefore, binds to organic material. It originates from combustion and has been detected in surface water as well as
in air and soil (Bukowska et al., 2022; Bostrom et al., 2002). BaP has been shown to be formed in paper processing operations,
which would fit with the paper mill in the watershed (e.g., Chalbot et al., 2006). With 6 ng !, the measured BaP concentration
is below the limit value of 10ng L™ according to the German Drinking Water Ordinance (TrinkwV, 2023b). Furthermore, the
heavy metal copper was detected, but the values found were several hundred times below the drinking water threshold value
of 2mgL!. These low concentrations indicate a less polluted area, while the many possible natural or anthropogenic sources

make it challenging to clearly attribute the origin to a watershed characteristic.
Quantitative assessment of suitability for MAR

Based on river water monitoring as conducted in this work, the extent to which the water is suitable for MAR can be estimated.
However, the basis of this use is the sufficient availability of water. Rivers require a certain flow for ecological functionality
and biodiversity. Instead of defining this minimum flow as a constant threshold, an environmental flow, Yarnell et al. (2015)
suggested retaining a functional flow regime. This share of the hydrograph must contain several peaks, e.g., at the beginning of
the wet season and at the transition from the wet to dry season, whereby a large-magnitude peak, a low runoff during the dry
season, and the interannual variability must be maintained. While the functional flow concept allows to analyze the amount of
water retrospectively, projections on the amount of water available for MAR for future scenarios are difficult due to the lack
of a sound reference case. Considering the flow dynamics observed during the monitoring period, with a median discharge of

1.9m3s7!, it appears feasible to divert at least 10% of the flow. This would correspond to a water level reduction of only approx.
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1.5 cm. Even a larger diversion fraction may be unlikely to have a significant impact on the overall flow dynamics; however, a

more detailed investigation would be required to confirm this.
Qualitative assessment of suitability for MAR

According to the European Water Framework Directive (WFD), the quality and quantity of water bodies must be protected.
Furthermore, the deterioration of surface and groundwater bodies is prohibited (WFD, 2000). Infiltration of water that is of
better quality than the groundwater will improve the quality and quantity of the groundwater body, which is very much in line
with the WFD principles. Some parameters at this site, such as turbidity and organic pollutants, must, therefore, be treated
to prevent groundwater contamination, while others, such as nitrate, are already naturally lower in surface water and thus
represent a qualitative improvement. The most critical parameter was identified to be turbidity - on the one hand, because of
particle-associated contaminant fluxes and, on the other hand, because of the risk of clogging the treatment facility. Several
studies found linear correlations between total suspended solids (TSS) and pollutants, like metals or PAH (e.g., Nasrabadi et al.,
2018; Glaser et al., 2020a). The removal of solids must, therefore, be the first treatment stage if the infiltration of river water
is also planned for high flow rates. Suitable adsorption materials can then further reduce the pollutant concentrations, whereby

the resistance to clogging should still be taken into account.
Transferability and limitations

The methodology of this work is broadly transferable to other locations and is not limited to specific MAR systems but can
be applied to various designs using river water as a source. However, we consider the rural-urban distinction and the size of
the watershed as the main factors influencing its applicability. The catchment should not be too large, as the identification and
assessment of potential risks must still be feasible on an individual basis. In urban areas, there are many other risks that need
to be considered as demonstrated, e.g., by Song et al. (2019). Given the current lack of a clear legal framework for such plants
in Germany, close cooperation with local authorities and extensive site-specific preliminary investigations are necessary before
implementation of a MAR system.

As stated in the introduction, biological contamination poses a further risk when using river water for MAR (e.g., Baveye
etal., 1998). Especially the increased transport of sediments and contaminants like nutrients can degrade microbiological water
quality (e.g., Passerat et al., 2011; Garcia-Armisen and Servais, 2009; Droppo et al., 2009). This study focused on assessing
dissolved inorganic and organic contaminants, while detailed (micro-)biological analyses were out of scope. MAR systems
significantly impact ecosystem functions, especially those of the river and the groundwater. The assessment of changes to these
functions by the proposed system should be an additional study.

The effects of climate change must furthermore be taken into account in the planning and operation of MAR systems to
ensure their sustainability. On the one side, adaption approaches like MAR are essential to balance the effects of a changing
climate, which comes with increased frequency and intensity of water extremes. In addition, water demand is projected to
increase for irrigation (Bernhardt et al., 2022) as well as for domestic use, causing declining groundwater levels (Wunsch

et al., 2022). On the other hand, climate change has an impact on water quality, e.g., through higher water temperatures that
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promote eutrophication, through altered flow regimes that change sediment transport, and through further pollution caused by

anthropogenic activities.

6 Conclusions

MAR with river water presents a highly valuable strategy to adapt to the imbalance of the landscape water regime. This,
however, requires a deeper understanding of quality and quantity dynamics in rivers, which is often limited by data availability
and quality. Conventional analytical methods are too slow for real-time decision support, making it crucial to ensure water
quality in advance. A key step is risk-based watershed screening, followed by identifying a reduced set of parameters that
reliably indicate water quality and can be continuously monitored on-site to provide timely, actionable insights.

In the rural Giinz watershed, which stands representative for a larger number of pre-alpine catchments, the primary anthro-
pogenic risks to river water quality were identified as pesticides from maize cultivation and pollutants from WWTP discharges.
During flood events, a dilution effect was observed for nearly all water constituents. Nevertheless, freshly applied pesticides
were washed out during heavy rainfall and showed increasing concentrations downstream of agricultural fields. Surface runoff
was identified as the primary driver of turbidity in the river, which strongly increased in the case of high flow events. Turbidity
reflected the soil properties in the catchment and was influenced by upstream water retention, snowmelt, and groundwater in-
flows. From a technical perspective, the high particle load poses a challenge due to the risk of clogging the infiltration system.
However, removing fine particles also eliminates contaminants bound to these solids. Therefore, the proportion of fine particles
was identified as the most urgent parameter to address for safe water reuse.

Artificial sweeteners showed no correlation with discharge or EC at the monitoring station due to varying source concentra-
tions, different travel times, removal efficiencies, and discontinuous effluent discharges. Therefore, sweetener concentrations
could not serve as a quantitative indicator for the proportion treated wastewater.

We conclude that water from the Giinz River would be a suitable source for MAR. Regarding the technical design of
the MAR system, the treatment unit has to be able to remove fines and must have adsorption materials that can cope with
hydrophilic organic pollutants. Combinations of MAR with flood protection measures, such as retention basins, benefit from
the settling of sediments in the retention basins after extreme flow conditions. This work provides a foundation for future MAR
implementations and research, particularly in addressing microbiological risks and extending the applicability of the framework
to more urbanized regions. The insights gained contribute to optimizing MAR implementation and enhancing water resource

resilience in similar catchment systems.

Code and data availability. For the river water monitoring kit, the source code, and detailed information on hardware used in this work
are available on GitLab: https://gitlab.lrz.de/smart-sws/riverpi. Collected data from the monitoring kit and the video footage are available at
https://mediatum.ub.tum.de/1338693.
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