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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,
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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.


https://github.com/AtlasScientific/Raspberry-Pi-sample-code
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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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