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Abstract/Zusammenfassung

Abstract

The European Water Framework Directive (WFD) mandates achieving 'good ecological and chemical
status' in all EU surface waters. Small and medium-sized rivers, which constitute over 70% of the EU's
river network, are critically important, yet extremely vulnerable to any pollution due to their low dilution
capacity and rapid hydrological responsiveness. Consequently, conventional monitoring, based on
monthly grab sampling, is fundamentally inadequate for these dynamic systems, leading to a chronic
misclassification of their chemical and ecological status. The presented work underscores the power of
real-time monitoring in small, dynamic rivers using in situ sensors directly in the water, as well as on-site
sensors and wet-chemical analysers in mobile riverbank stations. The parallel recording of reliably
measurable target parameters such as oxygen, temperature, pH, and nutrients makes it possible to capture
the transient, event-driven pollution patterns characteristic of small rivers. This enables precise source
identification, load determination, and a valid assessment of the chemical status of small and medium-
sized rivers. This paradigm shift overcomes the limitations of traditional methods and is crucial for
protecting these vital aquatic ecosystems, developing targeted mitigation measures, and ultimately
achieving the environmental objectives of the WFD.

Zusammenfassung

Die Européische Wasserrahmenrichtlinie (WRRL) schreibt vor, dass alle Oberflaichengewisser in der EU
einen ,,guten 6kologischen und chemischen Zustand* erreichen miissen. Kleine und mittlere Fliisse, die
iiber 70 % des Flussnetzes der EU ausmachen, sind hierbei von entscheidender Bedeutung, aber aufgrund
ihrer geringen Verdiinnungskapazitit und ihrer schnellen hydrologischen Reaktion duferst anfillig fiir
jede Art von Verschmutzung. Folglich ist die herkdmmliche Uberwachung auf Grundlage monatlicher
Stichproben fiir diese dynamischen Systeme grundsitzlich unzureichend, was zu einer chronischen
Fehlklassifizierung ihres chemischen und Okologischen Zustands fiihrt. Die vorgestellte Arbeit
unterstreicht die Leistungsfahigkeit der Echtzeit-Monitorings von kleinen, dynamischen Fliissen unter
Verwendung von in situ-Sensoren direkt im Wasser sowie von at-site-Sensoren und nasschemischen
Analysegeriten in Messstationen am Ufer. Die parallele Erfassung zuverldssig messbarer Parameter wie
Sauerstoff, Temperatur, pH-Wert und Néhrstoffen ermdglicht es, die fiir kleine Fliisse charakteristischen
ereignisbedingt kurzfristigen Belastungsmuster zu erfassen. Dies ermdglicht eine prézise Identifikation
der Herkunft der Belastung sowie auch eine zuverldssige Bewertung des chemischen Zustands kleiner
und mittlerer FlieBgewdsser. Dieser Paradigmenwechsel iiberwindet die Grenzen traditioneller Methoden
und ist entscheidend fiir den Schutz dieser lebenswichtigen aquatischen Okosysteme, die Entwicklung
gezielter Maflnahmen zur Schadensminderung und letztlich fiir die Erreichung der Umweltziele der
WRRL.






1. General Part

1. General Part

1.1 Introduction

Water bodies around the world are subject to a wide variety of pressures. Interventions in the
morphological state and impairment of the water quality inevitably lead to a deterioration in the
chemical and ecological status. The numerous valuable ecosystem functions performed by water
bodies are being permanently disrupted, which also has a direct negative impact on humans.

In order to halt or even reverse this highly negative development, the European Union established a
framework for Community action in the field of water policy - the Water Framework Directive (WFD,
2000/60/EC) in 2000. The WFD establishes ambitious targets for water protection across all member
states and represents a transformative legislative framework designed to achieve a “good ecological
and chemical status” in all surface waters by 2027.

Although improvements in the chemical and ecological status of water bodies have been achieved in
many parts of the EU, the European Environment Agency (EEA) concluded in 2024 that the very
ambitious goal initially set by the WFD, to achieve a good status in European water bodies by 2015,
had not been met and only limited progress has been made. In 2022, only 38% of Europe's surface
water bodies achieved a good or high ecological status. 30% achieved a good chemical status (Fig. 1).
“A large proportion of surface waters fail to meet good chemical status. This mainly owes to
widespread pollution by mercury and brominated diphenyl ethers (flame retardants)” (WISE, 2024).

The deadline for achieving the overarching goal of good status for all waters in the EU has therefore
been extended to 2027.
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Fig. 1: Percentages of European surface water bodies in good, unknown and failing to achieve good chemical
status (by number of water bodies) (WISE, 2024).

The EU member states cited the following aspects as major pressures on the surface waters: impacts
via atmospheric deposition, changes to the physical features and natural flow, agricultural impacts and
discharges via point sources such as from wastewater discharges and abstraction (Fig. 2).
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Fig. 2: Percentage of European surface waters suffering by the named major pressures (EEA, 2024).

In Annexe V of the WFD, biological, chemical and physico-chemical quality elements for the
classification of ecological status of surface waters are defined. Biological elements are indicators of
aquatic communities such as fish, benthic invertebrates and aquatic flora (composition and abundance
of the organisms). Hydrological elements (water quantity and flow, groundwater connection) and
morphological elements (depth, structure, substrate etc.) as well as chemical and physico-chemical
elements are referred as supporting the biological elements. Physico-chemical and chemical elements
thereby include general parameters such as thermal conditions, oxygen concentrations, salinity,
acidification and nutrient conditions as well as pollution by priority substances and catchment-specific
pollutants, which are discharges into a water body in significant quantities (e.g. metals, industrial
chemicals or pesticides (EC, 2000).

In Germany, the criteria for evaluating the morphological, chemical and ecological status of water
bodies are set in the German Surface Water Ordinance (OGewV). Compared to most other member
states, Germany has defined very strict classification criteria in the OGewV. Therefore, only 9% of all
surface waters in Germany can currently be classified as being in very good or good ecological status.
Pollution from substance inputs occurs everywhere, and only 1% of German surface waters are
considered to be unpolluted. Agriculture, industry, municipalities and households are cited as major
pressures on German rivers. With the planned measures, 18% of water bodies could achieve the
objectives of the Water Framework Directive by 2027. Such measures can include renaturation to
improve habitats for animals and plants (planned in over 80% of catchment areas) as well as reduction
of inputs from diffuse sources and point sources (planned in over 60% and 30% of catchment areas)
(UBA, 2022).

Sophisticated monitoring is of fundamental importance for planning such measures and for the
management of all water bodies in general; it is not just a matter of monitoring limit values and
classifying water bodies. A targeted monitoring programme can help to locate pollution sources and
to identify their transport pathways. The monitoring results also form the basis for planning targeted,
cost-effective measures and can also be used for controlling the success of measures already
implemented. Additionally, significant changes or trends that occur in water bodies over a certain time
can be documented and provide information about the impact of all kinds of changes on the aquatic
ecosystem, but also on other ecosystem functions of water bodies, and allow conclusions to be drawn
about their vulnerability and resilience (DWA, 2017).

Traditional monitoring is based on random sampling, such as the monthly sampling required by the
WEFD guidelines (WFD, 2000). But as all watercourses are subject to more or less pronounced
dynamics and conditions can therefore change very quickly, especially regarding the chemical status
of the water, a paradigm shift towards real-time monitoring of chemical parameters is necessary.
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This applies in particular to small and medium-sized rivers, which make up the vast majority (70 -
80%) of European rivers (Biggs et al., 2014; Lassaletta et al., 2010). These water bodies are extremely
vulnerable. Their vulnerability stems from their intrinsic characteristics: they have a low dilution
capacity overall and exhibit a flashy hydrology, i.e. they react quickly and intensively to precipitation
events and other external influences. Small and medium-sized rivers are therefore subject to
pronounced seasonal and daily fluctuations. Event-related pollution can lead to sudden deterioration
in water quality, and chronic, continuous pollution also has a disproportionately large impact due to
the limited amount of water. Continuous real-time measurement data can be used to capture the
temporary impulses and short-term cycles that characterise small river systems. On the contrary,
random samples can only provide a sporadic ‘snapshot’, causing an inevitable risk of misclassification
of the chemical and ecological status of small and medium-sized rivers. Critical peak concentrations
(e.g. maximum temperatures, minimum oxygen levels) and short-term pollution events may be missed,
but they can just as easily be overestimated (Benisch et al., 2024; Meyer et al., 2021a, 2019b; Su et
al., 2021).

Real-time monitoring involves the continuous, automated measurement of chemical and chemical-
physical quality parameters with high temporal resolution (from seconds to minutes), thus providing a
high-resolution, up-to-date picture of the river's condition at any time. Real-time systems can be used
in situ, with the sensors placed directly in the water, or at-site, with the water pumped to an analyser
on the riverbank. In both cases, a range of different technologies can be used: on the one hand, wet
chemical analysers are deployed at-site, e.g. for total phosphorus (P and/or ortho-phosphate
(PO4*), ammonium (NHy), total organic carbon (TOC) or various salts such as chloride (CI-) or
sulphate (SO4*). On the other hand, in situ sensors can be operated directly in the water, including
physical-chemical sensors for temperature, dissolved oxygen and electrical conductivity (EC), optical
sensors (e.g. for nitrate (NOs"), nitrite (NO>"), dissolved organic matter (DOM), turbidity, chlorophyll)
or ion-selective electrodes (ISE) (e.g for nitrate, ammonium, chloride) (Barjenbruch and Rettig, 2009;
DWA, 2017; Meyer et al., 2021a, 2019b).

In order to create a spatially sufficient measurement network for real-time monitoring and to be able
to operate it in a practical manner, cost-effective, low-maintenance and robust measuring devices are
required, ideally for in situ use and with a self-sufficient power supply (battery, solar). However, only
a few devices meet these criteria, in particular probes for physical-chemical parameters and optical
sensors. More complex measuring devices, such as wet chemical analysers, are costly and
maintenance-intensive and may require complex infrastructure.

This work examines the feasibility and practical application of a wide range of different technologies
and strategies for real-time monitoring of small and medium-sized rivers. Detailed case studies
describe the performance of different in situ and at-site systems in form of wet chemical analysers and
electrochemical, optical sensors and ISEs under real conditions. Examples of the effects of substance
inputs from point sources and diffuse sources as well as the correlation between various parameters
are presented. In addition, the importance of substance loads for the identification of pollution sources
is highlighted.

Given the need for simple measuring devices, another focus of this work is the evaluation of the
applicability of ISEs for the analysis of small rivers. ISEs offer significant advantages as they can be
installed on site, are insensitive to turbidity and colour of the water and, unlike analysers, do not require
sample pre-treatment or reagents. They are usually miniaturised, energy self-sufficient (powered by
batteries or solar energy) and offer extremely high temporal resolution and large measuring ranges.
However, their use in the complex and variable matrix of natural river water poses considerable
challenges, including sensitivity to temperature fluctuations, interference from other ions, sensor drifts
and biofouling.
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This work describes how real-time data obtained using the mentioned measuring systems can be
interpreted in conjunction with data on runoff, precipitation and other parameters, and with the aid of
additional information from the catchment area such as geogenic background, land use, point source
discharges. The insights obtained serve as a sound basis for understanding the complex interaction of
natural processes and anthropogenic pressures.

This detailed understanding is a fundamental prerequisite for the sustainable management and
protection of water bodies and the development of targeted programmes of measures adapted to
regional and local conditions, as required by the WFD.

1.2 Environmental Monitoring

The EEA defines environmental monitoring as “periodic and/or continued measuring, evaluating, and
determining environmental parameters and/or pollution levels in order to prevent negative and
damaging effects to the environment. Also include the forecasting of possible changes in ecosystem
and/or the biosphere as a whole” (EEA, 2025). For practical implementation, this means that
environmental information is gathered, assessed and reported on a basis of continuous or periodic
sampling, observation and analysis of both natural variation or changes and anthropogenic pressures
and their effects on humans and the environment (UN/ECE, 2003). In this context, both a systematic-
repeated approach procedure and a sophisticated data evaluation and interpretation are of great
importance. In general, the overall objective of an environmental monitoring is to assess environmental
conditions and trends. The insights gained from such monitoring are indispensable foundations for
policymakers but also for researchers and the general public. A monitoring programme can pursue
various (even simultaneous) objectives, such as comparing measurement data with applicable
environmental standards, ensuring public health, searching for polluters, assessing ecotoxicological
effects, calibrating computer-aided (prediction) models, or is carried out for research or investigative
purposes (DWA, 2017).

Monitoring requires planning and, as a sequence of related activities, is also an ongoing process. As
such, monitoring can be schematically represented as a cycle (Fig. 3). The first step is to determine the
objectives of the monitoring, what information is needed and, if necessary, how the information
collected will be used. Basically, it is crucial for every monitoring that the programme is tailored to
the information needed, not vice versa. The next step is to design the programme by specifying and/or
developing the evaluation criteria and scheme, which leads to the technical organisation and the
establishment of the monitoring programme. When doing so, it is important to consider all the key
criteria such as determination of sampling sites and frequency, selection of the parameters and
compartments to be investigated (e.g. dissolved substances, suspended matter, floating matter etc., see
chapter 1.3.3). Also, the investigation methods and equipment, observation frequency, analytical
quality assurance, have to be defined. Apart from that, functional data management system must be
established. Once the monitoring programme has been launched, the actual data collection can start.
The gathered data must be continuously checked, processed, and evaluated before it can be interpreted
and used in reporting. In this context, relevant data from ongoing or completed monitoring programme
s may also be taken into account. At this point, deficiencies in the monitoring programme may also be
identified, which in turn must result in a change and/or expansion of the monitoring. The evaluation
and use of this information can also lead to further questions and trigger a new monitoring cycle. In
this way, the process of monitoring and evaluation is continuously improved (UN/ECE, 2003).
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Fig. 3: Different steps of the monitoring cycle for water management (CCME, 2015).

Difference between Emission and Immission Monitoring

In the case of monitoring surface water quality, a distinction must be made between emission and
immission monitoring. This differentiation refers to the processes of measuring and assessing the
discharge of pollutants into a river (emission) and the resulting levels of pollution within a river
(immission), respectively (DWA, 2017).

Emission monitoring focuses on the sources of pollution, such as wastewater discharges from
industries, sewage treatment plants (STPs), or from agricultural or urban runoff. It aims to quantify
the sources of pollution, to track their contribution to overall river pollution, and/or to control if
emission limit values and/or significant reductions of emissions are achieved (e.g. according to EU-
Directive 2024/3019). For pollution from point sources which are discharged at one single
(waste)water effluent or pipe emission monitoring can simply by done by direct sampling. In contrast,
emission monitoring of diffuse pollution it is proving much more difficult. Diffuse inputs that are
transported into the rivers over a large area (also via atmospheric deposition) so it cannot be detected
at a single point. For estimating diffuse pollution models can be involved based on process data and
other factors.

In contrast, immission monitoring is carried out to measure the levels of pollutant concentrations and
loads in the river itself and thus assess their impact on the water quality and aquatic ecosystem. It can
also serve to track changes and trends in water quality over time. The measurements are conducted at
representative sites in the river itself or the samples to be analysed are taken from the river. Of course,
the information gathered by immission monitoring will always present the mixture of all impacts at
the monitored site.
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Monitoring under the WFD

The WFD stipulates three different monitoring types to assessing and managing water quality for the
ecological and chemical status of surface waters:

° Surveillance monitoring is done by regular measurement of water quality parameters at
representative locations to track overall ecological and chemical water status. Its aim is to provide a
broad overview of water body status within a river (sub-)basin on a large-scale, to classify water
bodies, to validate anthropogenic impact assessments, and to track long-term trends in water quality
(Arle et al., 2016). In Germany, 290 measuring stations were registered for surveillance monitoring at
rivers with the EU in 2010 (BMU, 2013). The stations must be representative of the assigned
hydrological unit and permanent in time. Surveillance monitoring sites usually assess all ecological
status, i.e., biological, hydromorphological, chemical and physico-chemical quality elements and, if
relevant, the priority substances named in the WFD.

° Operational monitoring is the tool for assessing the status of those water bodies which are at
risk of failing to meet environmental objectives and/or to control the effectiveness of implemented
measures. In 2010, 7252 monitoring stations were registered at the EU for operational monitoring at
rivers in Germany (BMU, 2013). At these stations, biological, chemical and/or physico-chemical
quality elements indicating the presence of significant pollutants are determined.

° Investigative monitoring is conducted to identify the specific causes of failing to achieve the
environmental objectives. (Arle et al., 2016). So, this is a reactive tool to understand and address
specific problems as it is done e.g. by the monitoring of Saarland University (Meyer et al., 2021a,
2019b). In Germany, 375 measuring stations were registered for surveillance monitoring at rivers with
the EU in 2010 (BMU, 2013).

“In surface waters, water is sampled regularly, animals and plants are collected, counted and identified;
these data are analysed, and water course hydromorphology is mapped, covering thousands of
kilometres. In recent years, the number of (all kinds of) monitoring sites has increased from 8500 (until
2009) to 16000 (2009 to 2016) and now, to more than 20000.” (UBA, 2022).

1.3  Basics for Planning and Performing a Purposeful Monitoring

In order to plan targeted monitoring, but also for interpretation of the collected data and for assessing
the different impacts on the respective water body, it is important to understand the natural conditions
of a rivers and its catchments including the general chemical, hydrological, hydromorphological and
biological mechanisms and transport pathway as well as all the anthropogenic factors affecting a water
body. The following chapter gives a short overview of the factors having significant influences on the
chemical water quality. Hydromorphological, and biological aspects will not be discussed in detail
here, although these factors also strongly impact on the chemical status of a river.

The first substances which must be considered are those originating from the natural environment in a
river’s catchment forming the geochemical background. Apart from that the chemical status of a water
body is also influenced by diffuse and point source inputs. While point source pollution can be fully
recorded at a single point (e.g. at the end of a sewer pipe or at the outlet of a STP), diffuse pollution
cannot be fully described by monitoring on the emission side. Indeed, diffuse pollution can only be
completely recorded on the immission side (see above) but this means that it has to be detected as a
mixture of all other impacts at the measuring site. The runoff components of the landscape water
balance are used as an example of diffuse inputs, and the runoff components of urban drainage serve
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as an example of point sources (DWA, 2017; EPA, 2004). Furthermore, when planning and performing
a monitoring it must also be taken into account that the substances entering the water bodies can be
transported in dissolved form or bound to solids. In addition, substances can also be deposited in the
bed load, from where they can be re-mobilised under special circumstances. When establishing a
monitoring strategy, information on the water compartments must therefore be provided, too.

1.3.1 Natural Conditions and Geogenic Background

Rivers reflect the natural conditions of their catchment areas. The concentrations, as well as the spatial
and temporal distribution patterns of the natural chemical background values in a river, are influenced
by geological conditions, climate and rock weathering, relief, soils, flora and fauna in the catchment
as well as by the atmosphere. To distinguish between naturally occurring elements and anthropogenic
contaminants, it is important to know the chemical background values (geogenic background) of a
river or at least to be able to be able to estimate it as accurately as possible and thus to establish
reference conditions. This process is critical for environmental management, pollution control, and
ecological risk assessments.

The OGewV defines the term “natural background concentration” in §2.7 as “the concentration of a
substance in a surface water body that is not, or is only very slightly, influenced by human activities.”
However, it must be noted that natural conditions no longer exist in our cultural landscape. For
numerous aspects, it is rarely possible to clearly distinguish between natural and anthropogenic
influences. For example, headwater in forested catchments is often considered to be close to natural,
even though anthropogenic influences from the atmosphere and forestry also affect the water bodies
there. In many places, naturally occurring substances are only released and displaced in harmful
concentrations as a result of human activity, e.g. increasing of metal concentration by rock weathering
processes due to excessive warming of the weather and increased acid rain (Zhou et al., 2020).

Against the legal background any consideration of background concentrations is only necessary if a)
a threshold value for an inorganic (naturally occurring) pollutant is exceeded and b) if detailed
investigations into the emission situation prove that there are no significant anthropogenic sources of
input and c) if it is known from the geochemical conditions in the catchment area concerned that a
high natural background concentration could be responsible for this. In addition, background
concentrations may also be significant in terms of research questions (LAWA, 2015).

There are various theoretical and practical approaches to determining the geogenic background in the
river water. Ideally, these can also be combined with each other.

A purely theoretical approach is the classification of water bodies according to Briem (2003) for the
Federal Republic of Germany is suitable for the consideration of natural background concentrations.
According to this water classification, values for “very good ecological status and highest ecological
potential” are specified in Annex 6 of the OGewV and can be used as theoretical background values
(DWA, 2017). In the Geochemical Atlas of the Federal Republic of Germany the distribution of metals
in waters and stream sediments can be found (Fauth, 1985).

In practice, the background concentrations can also be assessed by conducting water analyses in
regions or water bodies of the catchment area, which are, regarding the substance concerned, less
polluted, e.g. close to the source or in the groundwater. It must be ensured that the sampled (source)
region or the groundwater body corresponds, particularly in geological terms, to what is representative
of the water body section to be assessed. Even in small rivers, the geological subsoil can change along
the course of the river, meaning that the background concentrations to be considered also change. This
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means that a representative water sample must also be examined for this further river section. This can
be done, for example, at an unpolluted tributary that rises in the same geological region nearby.
Therefore, the lithological and pedological characteristics of the catchment area must always be
included in the assessment of the natural background (LAWA, 2015).

The results of the sampling can also be processed mathematically, with which known correlations can
be tested, e.g. correlation of zinc and cadmium often occurring in association (Bold, 2025).
Additionally, statistical distribution clusters of different parameters can be created with the help of
multivariate models, e.g. principal component analysis (PCA).

A detailed description of the parameters and parameter groups that make up the geogenic background
in rivers can be found in chapter 1.3.4.

1.3.2 Water Balance and Substance Transport

The substances that make up the specific chemical composition of a river’s water derive from different
origins and enter the river via different pathways. Especially when discussing pollution sources and
pathways in river catchments, the urban drainage from settlement areas must be highlighted as a special
part of the entire landscape water balance in the watershed (chapter 1.3.2.2). While point sources are
mostly found in urban areas, the transport from “natural” landscapes are mostly dominated by diffuse
transport pathways (DWA, 2017).

1.3.2.1 Landscape Water Balance

According to UBA (2025), the term landscape water balance “refers to the natural processes of water
distribution and storage within a landscape”. Thus, it quantifies all water inputs, outputs, and changes
in storage within a defined area, including “water moving through and stored in soils, plants, rivers,
streams, lakes, and the atmosphere (...)”.

The landscape water balance is kept in circulation by inputs via:

° precipitation: rain, snow, hail, or fog

° surface water inflow (also including river flow from upstream areas)

° groundwater inflow

° anthropogenic inputs (special case): irrigation or water transfers from other catchments.

and by outputs via:

° evapotranspiration as the sum of evaporation (from soils, water bodies and other surfaces) and
transpiration (from plants): “Evapotranspiration is an important flow term in the water cycle and a key
variable for understanding the complex interactions between climate, vegetation, and soil” (Silva-
Janior et al., 2021).

° anthropogenic withdrawals: water extracted for drinking water supply, irrigation or industrial
use.

As water storing components soil moisture, groundwater bodies, snowpacks and ice as well as surface
waters including lakes, reservoirs, wetlands, and ephemeral water bodies must be considered (UBA,
2025).
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Shawul et al. (2019) define “evapotranspiration, lateral subsurface flow (interflow), groundwater flow,
surface runoff, ponds, canopy storage, infiltration, redistribution, tributary channels, and return flow”
as the main components in the hydrological cycle.

With regard to monitoring the chemical status of a river, the three primary runoff components
sustaining the streamflow are to be considered due to their very different rules as transport pathways:
baseflow, surface runoff, and interflow. Each component varies in pathway, timescale, and controlling
factors, collectively shaping a catchment’s hydrological response. All the three components depend
on the geological properties and soil texture, topography, vegetation, land use and sealed areas
(impermeable surfaces) as well as climate conditions and human activities in the catchment, and they
are subject to constant change due to weather, land use and due to changes in the water course itself.
The distinction between the components and the significance of the special drivers leading to the
generation and composition of the components are still not fully clarified and are the subject of
numerous studies (Gu et al., 2018). Therefore, only a theoretical overview is provided here (Fig. 4 and
Table 1).

° The baseflow (also groundwater runoff) is the sustained streamflow from groundwater seepage
from discharging aquifers. More recent studies also distinguish between base flow and groundwater
discharge (Gu et al., 2018).

° The surface runoff (also direct runoff or overland flow) is the water flowing overland when
precipitation exceeds infiltration capacity or soils saturate. This also includes water that has already
infiltrated (return flow) or infiltrates again along the further flow path. There are two types of surface

runoff:
o In ‘Horton’ surface water runoff (defined by Horton 1939) runoff occurs, when the
precipitation intensity is higher than the infiltration rate into the soil.
o In saturation, overland flow occurs when the water cannot be absorbed by the water-
saturated soil.
° The interflow (also subsurface, intermediate or hypodermic flow) is the part of the water which

laterally moves through the vadose zone (unsaturated soil), without reaching the groundwater
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Fig. 4: Theoretical contribution of the runoff components to the rivers discharge after rainfall (Curtis et al., 2020).
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Table 1: Comparison of runoff components (according to Curtis et al., 2020).

Component | Pathway Timescale | Transport of Primary Drivers
Months to ) Aquifer properties, seasonal
Baseflow | Groundwater Dissolved substances quiter prop
decades recharge
. S ded and
Surface Minutes to uspen ec atl . . ) . .
Overland particle-bound Rainfall intensity, soil saturation
runoff days
substances
Subsurface Days to ) . ..
Interflow Y Dissolved substances | Soil permeability, macropores
(vadose zone) months

In the context of runoff component, also drainage systems must be mentioned as artificial part of the
runoff in agricultural areas. Drains are systems for removing excess water from the soil surface and
profile to prevent waterlogging. This aims to improve soil aeration, and allow for timely planting,
harvesting, and the use of farm machinery or for reclaiming land for agricultural activities. For
drainage, either surface methods, like ditches, or subsurface methods, such as perforated pipes, are
used (DWA, 2017).

The interaction between water and dissolved substances or those bound to soil particles is crucial for
the influence of runoff components on the material balance and material transport. This interaction is
determined by the type of runoff component, the soil properties, the redox potential, the pH value, and
the properties of the substance in question. Surface runoff has relatively little interaction with the soil
matrix. However, surface runoff water usually transports large quantities of suspended solids and
substances bound to soil particles (erosion). The other runoff components have a much lower
suspended load than surface runoff. In contrast, interflow and baseflow show a much stronger
interaction between the soil matrix and water and thus are to transport dissolved substances. An
exception to this is drainage runoff in combination with macropores. In this case, the short flow paths
can result in the macropores being permeable all the way to the drainage collector (DWA, 2017).

The different behaviour of substances in the landscape water balance must be considered when
monitoring watercourses. This applies in particular to temporal resolution (Kirchner et al., 2004). For
substances that are primarily introduced through surface runoff, a higher temporal resolution (event-
related monitoring) should be selected than for substances that are more likely to be found in slower
runoff components (e.g., delayed interflow runoff and groundwater runoff).

The significance of the individual runoff components for the various parameters and substance groups
is explained in more detail in chapter 1.3.4.

1.3.2.2 Urban Drainage

As mentioned previously, urban drainage from settlement areas must be discussed as a special part of
the landscape water balance due to the abundance of paved and built surfaces and therefore, due to the
lack of infiltration. They are designed to manage wastewater and stormwater in populated areas and
form a rapid rate of runoff removing a large amount of surface water (Ao et al., 2018). In addition, it
is usually heavily contaminated with a wide variety of substances while the composition of depends
largely on the following factors urban structures: lifestyle habits (e.g. freshwater consumption), street
furniture, traffic volume, indirect dischargers (industry and commerce) and the type of drainage

10
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systems (DWA, 2017). The two primary types of urban drainage systems are combined sewer systems
(CSS) and separate sewer systems (SSS).

° CSS are designed to discharge directly to surface waterbodies such as rivers, estuaries, and
coastal waters during wet weather, when total flows exceed the capacity of the CSS or STP. In dry
weather, CSS transport all flow to STPs for processing. However, during heavy rainfall or snowmelt,
the volume of water can exceed the system's capacity, leading to combined sewer overflows (CSOs),
where untreated sewage and stormwater are discharged directly into the rivers (outfall pipe to river,
Fig. 5a). So, they introduce pollutants (e.g., nutrients, bacteria, metals, pharmaceuticals and other
organic compounds as well as micro plastics) into the rivers, harming aquatic ecosystems and
endangering water quality. In addition, the displaced water masses themselves, as well as the
infiltration of pollution and the clogging of the interstitial space with sludge, pose a major threat to the
aquatic ecosystem and water quality (Fig. 5b). These issues are addressed in the new EU-Directive
concerning urban wastewater treatment with an increased focus on this topic (EC, 2024).

° SSS use two distinct pipe networks, one for sanitary sewage (blackwater and greywater) and
another for stormwater (Fig. 5a). Sanitary sewage is transported to STPs for treatment, while
stormwater is typically discharged directly into water bodies with little or no treatment. This separation
prevents the contamination of stormwater with sewage-derived pollutants, reducing the risk of
overflows during wet weather. In addition, only wastewater reaches the STP in the SSS, which leads
to more effective wastewater treatment (EPA, 2004).
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Fig. 5: a) Principle of drainage wastewater and stormwater in urban areas in CSS (above) and SSS (below) during
dry weather and wet weather (EPA, 2004); b) impacts of a CSO due to rainfall (mean hourly values from 22. —
30.07.2015, Bist in Wadgassen) (Meyer et al., 2013a).

Apart from the discharges from CSOs as described above, other direct inputs in the water bodies have
to be considered in urban areas:

° Discharges from municipal STPs: The dynamics of substance concentrations and the variability
of discharge volumes from STPs depend on various factors. Large STPs may have better process
technology (e.g. downstream flocculation filtration) and therefore have greater operational stability.
The cleaning performance of STPs depends on the inflow volumes, which in turn depend on weather
conditions in CSS. Depending on local conditions, the volume of water entering the STP and the
pollutants it contains change over the course of a day. Depending on the structure of the settlements
(commercial, industrial) whose wastewater is fed into the STP, the inflowing wastewater volumes may
be greatest and the pollutant concentrations highest at certain times of the day (DWA, 2017). The
efficiency of nitrification/denitrification is not the same for all STPs or at all times (seasonal effect:
e.g. temperature dependence). In general, the emission level of municipal STP can be differentiated
depending on the processing technology used, the size of the plant as well as seasonality and weather
influence. The discharges of STPs can lead to pronounced diurnal cycles in the concentration levels
of, for example, ammonium and phosphorus, particularly in small water bodies and at low water levels,
due to the cycle of the wastewater produced (Fig. 6).
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Fig. 6: Impacts from a STP causing diurnal cycles in the ammonium concentrations (mean hourly values from 19.
to 27.01.2020, Blies in Neunkirchen) (Meyer et al., 2020).
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° Industrial discharges: Industrial and commercial enterprises may, upon application, be assigned
the obligation to dispose of wastewater. The enterprise thus assumes responsibility for the proper
collection, conveyance, treatment and discharge of wastewater into water bodies. In contrast to indirect
dischargers, they are therefore direct dischargers.

° Discharges from mixed STPs: The method of draining residential areas in a combined system is
widely used in Germany. In this system, the wastewater produced during dry weather is collected
together with the rainwater running off the paved surface in a sewer system and conveyed to the STP.
The volume of wastewater collected in the CSS during precipitation that cannot be fed directly to the
STP is temporarily stored in rainwater basins, usually CSO basins, and fed to the STP as soon as
capacity becomes available in the sewer network. Relief structures are usually provided at the
rainwater basins. If the amount of rainwater exceeds the retention capacity of the sewer network, the
excess wastewater is roughly mechanically cleaned and discharged into the receiving water body via
these relief structures. The adverse effects that can result from these mixed water discharges are
sometimes considerable. This is particularly true for discharge events resulting from intense rainfall
after long lasting dry weather periods (EPA, 2004).

° Discharges from rainwater treatment plants in the separation system: In the separation system,
wastewater from residential areas is collected and discharged in separate channels according to its
degree of contamination. Domestic wastewater and wastewater from industry and commerce that is
not treated separately in a commercial STP is collected in sewer and fed into a municipal STP. In
contrast, rainwater from unpolluted paved areas is collected separately in a rainwater sewer system. If
additional retention basins are connected in between, the rainwater sewer system also can prevent
hydraulic peak flows (EPA, 2004).

1.3.3 River Compartments

For designing and processing a monitoring, it is not only important to know about the sources and
transport pathways, but it is equally important to know how the substances are transported in the river
itself and thus to differentiate between dissolved substances and those bonded to solids (Fig. 7).

Dissolved Substances (for a detailed description of each see chapter 1.3.4)

In relation to water monitoring, dissolved substances are defined as substances that pass through a
membrane filter with a pore size of 0.45 pm (ISO 5667-3:2018). This means that the exact distinction
between ‘dissolved’ and ‘colloidal/dispersed’ can vary depending on the scientific context, with
filterability with 0.45 pm filters representing the practical distinction. However, dissolved substances
can be sampled from the free water column (without floating matter) (DWA, 2017).

° Dissolved ions: Due to their geologic background, most of the world's rivers water chemistry
is dominated by the major ions dissolved in the water.

° Nutrients such as nitrogen (as nitrate, nitrite, and ammonium) and phosphorus naturally occur
in very small concentration ranges and are essential for biological productivity.

o Trace elements like iron (Fe?"), manganese (Mn*"), zinc (Zn®"), and copper (Cu*") occur
naturally but can reach harmful levels due to further human impacts.

° Organic substances: Dissolved organic matter (DOM) like humic and fulvic acids from decaying
terrestrial material, most of them causing a brown-yellow colour in the water, why the sum of these is
also called cDOM (coloured DOM) or yellow substances.

13
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° Dissolved gases: Further to this, gases are dissolved in the water. dissolved oxygen (DO) is
critical for aquatic life, with concentrations depending on temperature, flow conditions, and
biological activity, while carbon dioxide (CO-) influences pH in the water.

Solids

Solids enter the water bodies due to rock weathering, erosion from natural and urban surfaces and - in
case if very small grain sizes — via washout from the atmosphere. Solids strongly influence the aquatic
ecosystem as a habitat and food source as nutrient source for microorganisms and thus have a strong
impact on the aquatic ecosystem. Numerous pollutants can accumulate on these solids through
adsorption, like metals (lead, mercury, cadmium, nickel, copper), pesticides, microplastics,
pharmaceutical and cosmetic residues, other organic compounds (per- and polyfluorinated alkyl
substances (PFAS), polycyclic aromatic hydrocarbons (PAH) (Tomei et al., 2026). The smaller the
grain size, the higher the capacity for accumulation. Therefore, when providing information on the
measured pollutant content in solids, it is essential to refer to the grain-size distribution examined.
Depending on how the solids move in the flowing water, a distinction is made between floating matter
and sediments (Vidmar et al., 2017; Wilcock et al., 2009).

° Floating matter (FM) floats on the water surface and consists of particulate matter of natural
(e.g. wood, branches, leaves, seeds) and anthropogenic (e.g. plastic, human waste) origin as well as of
floating organisms (Shumilova et al., 2019). River structure impairs the natural dynamics of FM
through its removal at impoundments, changes in the discharge regime, and low morphological
complexity, which can lead to a reduction in FM retention (Shumilova et al., 2019). This fact must be
taken into consideration during the sampling process.

Based on the movement mechanism, sediments are separated into two classes: suspended matter and
bed load. “In many streams, grains smaller than about 1/8 mm tend to always travel in suspension,
grains coarser than about 8§ mm tend to always travel as bed load, and grains in between these sizes
travel as either bed load or suspended load, depending on the strength of the flow” (Wilcock et al.,
2009). The distinction between suspended matter and bed load sediment can only apply to the current
state of movement, as solids in flowing water can move from one compartment to another depending
on the flow conditions. Pollutants can be remobilised with the sediment or detached from it and enter
the aqueous phase in dissolved form. Substances can be deposited in the sediments at the bottom of
the watercourse for long time periods, sediments are therefore referred to as ‘long-term memory’ of
the watercourse (Vidmar et al., 2017).

Total suspended solids (TSS) and suspended solids consist of fine-grained solids inorganic (e.g. silt
and clay) and organic (see below). These can come from e.g. sediments, sludge, sand, algae, bacteria,
industrial waste and pollution. These particles can lead to increased water temperatures, reduced
dissolved oxygen levels and decreased photosynthesis — resulting in the death of underwater vegetation
and disruption of the food chain in the ecosystem. In addition, erosion and runoff can increase the
amount of pollutants in a body of water. The biomass content, e.g. phytoplankton, diatoms, fungi
bacteria, detritus, varies according to the season and discharge conditions (DWA, 2017). These
inorganic and organic articles are held in the water column due to their density or are kept in suspension
by turbulence and can be removed by a filter (usually 2 um or finer) (Fan et al., 2023). While SS is the
more general term for suspended solids, TSS is determined by filtration, drying and weighing (drying
at approx. 103—105 °C) The grain fraction and amount of (T)SS depends on the flow velocity and the
material s density.
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° Bed load are solid particles that sediment on the riverbed and remain there for a period. can
consist of clay, silt, sand, gravel and stones and is moved downstream along the riverbed by rolling,
sliding or salting. It should be noted that the composition and thickness of the sediments can change
along the course of the water body. For example, smaller fractions of SM can settle especially in river
sections with calm water currents. Under appropriate discharge conditions, the top layer of bed load is
resuspended and transported with the flowing wave (Wilcock et al., 2009). The space between the
sediments forms a very important habitat for fish and aquatic insects (especially space for mating and
egg laying) (Khosrovyan, 2024).

° Clogging sediment (or fine sediment) is the accumulation of small particles like silt, clay, and
fine sand (or organic compounds) that fill in the spaces between the larger solid particles on a riverbed.
A clogged riverbed has severe consequences for the entire aquatic ecosystem (e.g. suffocating fish
eggs and aquatic insects, see above) (EC, 2000).

The substrate is the layer of sediment that forms the stable bottom of the river.

It should be mentioned that real-time measuring methods refer to the dissolved water phase or
suspended solids, either using optical methods, e.g. turbidity or chlorophyll a (non-specific), or by
using upstream digestion to convert the particle-bound phase into a dissolved one and then measuring
it as such (e.g. TOC or particle-bound phosphorus) (see chapter 1.3.4).

Flow
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matter  Substances

Saltation

Rolling

matter

Saltation

Normal

bed \oad—[
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Fig. 7: River compartments: dissolved substances, floating matter, suspended matter, bed load and substrate in a
river (Marshak, 2022) (Essentials of Geology, seventh edition by Stephen Marshak. Copyright © 2022, 2019,
2016, 2013, 2009, 2007, 2004 by W.W. Norton & Company, Inc., used by permission of W. W. Norton &
Company, Inc.) (modified).

These aspects also play an important role in monitoring in terms of temporal representativeness,
particularly for planning purposes. For the temporal representation of the monitoring changes of the
target parameters over time must be considered. As soluble substances and the ones bound to SM are
transported in the water column, their concentrations usually can change very quickly, especially in
small and medium-sized rivers (Fig. 8). Changes in sediment-bound substances, on the other hand,
tend to occur over longer periods of time. Biological components, in contrast, are suitable indicators
of long-term changes (e.g. by accumulation of pollutants in organisms or through the presence or
absence of species) (DWA, 2017).
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Fig. 8: Temporal representation of monitoring different river compartments.

1.3.4 Parameters and Substance Groups for Chemical Monitoring

The number of different substances found in river water is both immense and highly variable. On one
hand it encompasses all natural compounds and their degradation products. All of them can also be
introduced into water bodies through various anthropogenic activities (e.g. nitrates or chloride). In the
description below, temperature, pH value, electrical conductivity (EC), turbidity and biological oxygen
demand are mentioned with the natural parameters, as they are of particular importance for metabolic
processes. But they can also be changed due to impacts and pollution immission in a river.
Nevertheless, they are indispensable for assessing the river status and interpreting the monitoring data
(DWA, 2017).

Apart from the naturally occurring substances, there is also the immense variety of synthetic chemicals
and their degradation products from industry, agriculture, and urban runoff. These synthetical
substances are often referred to as emerging substances.

Naturally occurring substances, temperature and turbidity

Naturally occurring substances vary significantly based on local geology, climate, and hydrology
(chapter 1.3.1):

° Minerals and ions: Because of their geogenic background, most of the world's rivers water
chemistry is dominated by the major ions dissolved in the water which are bicarbonate (HCOs"),
calcium, sulphate, magnesium, sodium (Na*), chloride and potassium (K*) typically constitute the
majority of dissolved substances (Fig. 9). “For example, global averages show bicarbonate accounts
for approximately 58 mg L', calcium 15 mg L™, and sulphate 11.2 mg L' in typical river water”)
(Meybeck, 2003).
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Fig. 9: Median proportions (in percent of cations or anions sum) in twelve classes of river runoff (q1 < 10mm
per year, then 10 - 18, 18 - 30, 30 - 50, 50 - 85, 85 - 140, 140 - 230, 230 - 380, 380 - 630, 630 - 1050, 1050 -
1750 and q12 > 1750 mm per year; sample n = 1091) (used by permission of Elsevier from (Meybeck, 2003).

° Gases are dissolved in the water entering the water from the atmosphere and through biological
processes. Dissolved oxygen is critical for aquatic life, with concentrations depending on temperature,
flow conditions, and biological activity, while carbon dioxide (CO2) influences pH in the water
(Meyer et al., 2019a).

° Nutrients such as nitrogen (as nitrate, nitrite, and ammonium) and phosphorus (as phosphate)
naturally occur in very small concentrations ranges and are essential for biological productivity.

° Trace elements such as iron, manganese, zinc, and copper also occur naturally in some regions
due to geological formations.

° Water temperature plays an important role, particularly with regard to the solubility of oxygen.
In addition, the speed of many metabolic and chemical processes depends on the water temperature.
In addition to climatic and weather-related influences, it depends heavily on the type of water body
and determines the characteristics of the fish community (LAWA, 2021). Discharges of cooling water,
but also wastewater discharges, can influence the temperature regime of a water body.

° pH is defined as the negative decadic logarithm of the activity of H" ions in water (IUPAC,
2025). The pH value of surface waters depends on many factors. In addition to the geogenic
background, biological processes also influence shifts in pH value. Apart from that, the photosynthetic
activity of aquatic plants, which leads to a diurnal variation in pH, nitrification and denitrification
processes in the water also cause a shift in pH. Domestic and industrial wastewater discharges, mining
activities and other human influences can affect the pH value, too. Sulphur and nitrogen oxides in the
atmosphere can lower the pH value of precipitation, which can contribute to the acidification of water
bodies (UBA, 2024). The lower the buffer capacity of the water (e.g. in areas with low lime content),
the more serious the impact of natural processes and anthropogenic inputs on the pH value. The pH
value in rivers is differentiated according to eleven water types. For most types, the guideline value
for good status is pH 6.5-8.5, and for organically dominated watercourses it is pH 5-8 (OGewV,
2016).

° The EC of water is a sum parameter for the content of dissolved salts in water. Naturally, EC
depends on the geological subsoil. High conductivity can indicate anthropogenic inputs such as
domestic and industrial wastewater (e.g. salt mining) but can also indicate natural influences (e.g.
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tides). In urban areas, increased EC is measured in water bodies during snowmelt due to road salt.
Rainwater itself generally has very low values (<20 uS cm™) (UBA, 2024).

° Biochemical oxygen demand (BOD) measures organic pollution in water samples. It describes
the content of biodegradable substances and is expressed in mg L™ of oxygen consumed in a defined
number of days. A consumption period of five days is common (BOD:s). It is defined as the amount of
oxygen required by heterotrophic microorganisms in a consumption period in the dark at a
temperature of 20°C to oxidatively degrade the water constituents (ISO 5815-1:2020-11).

° Turbidity in rivers is mainly caused by colloidal organic, inorganic or even living substances
(such as plankton). A rapid increase in turbidity in water bodies can be the result of discharges from
CSOs or erosion-related soil inputs, for example (Meyer et al., 2020, 2013a).

Anthropogenic pollutants

Anthropogenic pollutants, on the one hand, are synthetic substances, but on the other hand, they also
include substances that occur naturally (see above) but are released into the environment in increased
quantities as a result of human activity (non-synthetic pollutants).

The latter category includes:

° Nutrients are substances that are important for plant growth and promote an increase in plant
biomass production in water bodies (especially phosphorus and nitrogen compounds). Anthropogenic
(mostly organic) nitrogen inputs lead to an increase in biologically usable nitrogen, which — like
phosphate — can cause overproduction of biomass (eutrophication). Nutrients deriving from
agricultural fertilisers and wastewater.

o Total nitrogen bound (TND) is the sum of ammonium/ammonia nitrogen, nitrite nitrogen,
nitrate nitrogen and organically bound nitrogen (proteins, amino acids, urea). The total load
and the proportion of the individual nitrogen components vary depending on the different input
pathways. In water bodies, the nitrogen components are largely oxidised to nitrate so that
nitrate usually forms the main proportion of the total nitrogen in water (ISO 11905-1:1997).

o Ammonium, like nitrite and nitrate, is an inorganic nitrogen compound. There is a natural
balance between ammonium and non-ionised ammonia in the water. The formation of
ammonia strongly depends on pH and water temperature. The chemical context is explained
in detail in chapter 1.4.2.2. Due to its acute toxicity to fish, ammonia has a special relevance
considering aquatic ecosystems.

o Like ammonia, nitrite is toxic to fish. Nitrite is not stable in aqueous solution, as it is rapidly
oxidised to nitrate in an aerobic environment or reduced to ammonium in an anaerobic
environment. Nitrate, ammonium, nitrite and ammonia are generally present in dissolved form.

o  Phosphorus is usually measured as ortho-phosphate and total phosphorus. Ortho-phosphate
(often reported as “soluble reactive phosphorus” or DRP) refers to the inorganic phosphate
ions (e.g., PO+, HPO+*", H-PO4") that are immediately reactive and typically bioavailable in
aquatic systems as it is the dissolved fraction (smaller than 0.45 um) (EPA, 2026). It mainly
originates from domestic and industrial wastewater discharges (component in urine, washing
powders and detergents). The difference between ortho-phosphate and total phosphate is the
particle-bound fraction indicating inputs from the landscape water balance (erosion) (Meyer
etal., 2021a).

o Total organic carbon (TOC) is the sum parameter used to express the concentration of all organic
substances (dissolved and bound to particles) in mg L' carbon. Water bodies contain a variety of
organic carbon compounds of natural (e.g. algae, humic acids, etc.) or anthropogenic origin (organic
wastewater). Since the measurements also include natural components of TOC, it is not possible to
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interpret the data unambiguously. Nevertheless, the TOC content provides valuable information about
organic pollution. As a sum parameter, TOC records various forms of organic carbon, which can be
further differentiated by means of various preparative steps (Walker, 2003):

o dissolved organic carbon (DOC): the fraction not retained by a 0.45-pm filter

o particulate (POC): the fraction retained by a 0.45-pm filter

o purgeable or volatile (VOC): the fraction removed by gas stripping

o nonpurgeable (NPOC): the residue after gas stripping.

DOC is the most important component alongside TOC and is often used to compare different types of
water.

° Salts such as chloride and sulphate are generally present in dissolved form:

o Anthropogenic chloride inputs occur through domestic and industrial wastewater (e.g.
mining), through the leaching of mineral fertilisers (especially potash fertilisers) or the runoff
of road salt.

o Sulphates enter water bodies via industrial wastewater from chemical industry and metal

processing, mining and waste dumps, fertilisers, household cleaning products, water softening
and in some regions due to acid rain (Oberhausen et al., 2023; Zak et al., 2021).

° Metals such as cadmium, copper, mercury, chromium, nickel, zinc, aluminium, lead and arsenic,
have been used for centuries to manufacture everyday objects. Through this use, these substances enter
domestic wastewater and thus indirectly via STPs or directly via rain (also from roofs, rain gutters,
building installations, etc.) into water bodies. They are emitted with industrial wastewater, due to
mining activities, soil erosion (including fertilisers containing metals) and atmospheric deposition. In
rivers, the majority of these metals are chemically (complex) bound or physically bound to particles
(DWA, 2017).

° Surface waters contain tens to hundreds of thousands of so-called emerging substances (ESs,
also “upcoming”, “pollutants” or “contaminants”). But since ESs are not the subject of the present
investigations and cannot be observed with real-time monitoring due to their low concentrations, they
are only briefly described here. This substance group including pharmaceuticals, pesticides, personal
care products (PCPs), per- and polyfluoroalkyl substances (PFAS), industrial chemicals like flame
retardants (e.g., PBDEs), dioxins, nonylphenol, and their transformation products as well as micro-
and nanoplastics (MNPs), (Brack et al., 2019; Kumar et al., 2022; Mishra et al., 2023). The Norman

Experts Regularly Lists over 106000 of emerging substances and pollutants (NORMAN, 2025).

A key subgroup are endocrine-disrupting compounds (EDCs), which interfere with hormonal systems.
This subgroup includes bisphenol A (BPA), dioxins, perchlorate, polychlorinated biphenyls (PCBs),
and alkylphenols, found in certain plastics and resins, phthalates and certain pesticides (e.g. atrazine
and DDT and synthetic hormones in oral contraceptives) (Li et al., 2024).

ESs originate mainly from households, industry, and agriculture and spread widely via wastewater,
runoff, and atmospheric deposition, reaching even remote environments. Due to their persistence,
mobility, bioaccumulation, and toxicity, they pose risks to ecosystems and human health, including
endocrine disruption, antibiotic resistance, and biodiversity loss. Due to their mobility and thus
widespread distribution, their persistence, bioaccumulative properties and toxicity (PMT/PBT) and/or
high bioaccumulation (vPvM), they pose a risk to the environment and human health (Boahen et al.,
2025; UBA, 2021). Although often present at low concentrations, their impacts can be amplified
through biomagnification. Many ESs are not yet routinely monitored or fully regulated but are
increasingly detected and assessed under frameworks such as the EU Water Framework Directive
Watch List.
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1.4  Water Quality Monitoring in Practice

The following chapter takes a closer look at the practical implementation of chemical and
electrochemical parameters for river monitoring. The focus will be on real-time methods regarding
their particular importance for the observation and assessment of small and medium-sized water
bodies.

1.4.1 Technical Terms

When talking about river monitoring with help of continuously working systems, different terms are
used in literature. The term “real-time monitoring” used in this work is also often used imprecisely in
the context of environmental monitoring. What distinguishes it from conventional approaches is the
improved speed of data availability, the increased measurement frequency, or a combination of both.
Similar terms such as “online monitoring” are used synonymously. However, a distinction can be
made: While “online monitoring” usually means that sampling and analysis take place in a bypass line
outside the main stream, the terms “real-time” refers exclusively to the timeliness of the analysis and
the availability of the data. In these cases, the analysis device may also be located directly in the main
stream (Arndt et al., 2026). Apart from that, there are more terms describing different aspects of
monitoring strategies and often overlapping but with distinct focuses:

° Real-time monitoring emphasizes immediate data delivery and analysis.

° Continuous monitoring focuses on non-interrupted observation.

° Online monitoring refers to monitoring using sensors external to the system being monitored.
° High-frequency monitoring tracks data at very short interval.

° High-resolution monitoring focuses on detailed data capture.

In this work, the term real-time monitoring is used to describe data which is collected in a very high
temporal solution of a measuring frequency varying between several seconds to sub-hourly, depending
on the measuring method. The monitoring is carried out continuously (over a longer period, from
several months up to years). In practice, the raw data are delivered in real-time, nevertheless, these
raw data must be crosschecked to detect potential faults, e.g. due to device errors.

1.4.2 In Situ and On-Site/At-Site Measurement

Depending on the location of a real-time measuring device, a distinction is made between two
methods (Fig. 10) (DWA, 2017):

o In situ: The measuring device is located in the water body itself.

° On-site: The sampling point is located in the water body, meanwhile the measurement is
carried out on the riverbank. At-site measurement is a subtype of the on-site measurement: the term
on-site is broader and includes any field measurement (manual or automated), the term at-site often
refers to dedicated monitoring stations that provide real-time data.
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Fig. 10: Principle of in situ and on-site/at-site measurements.

In situ measuring devices are mostly sensors, which are continuously immersed in water. They can be
fixed at anchored to riverbeds, buoys, or bridges. Since there can be no sample preparation in the form
of filtering or digestion, they must be used for dissolved substances or such parameters which can be
detected optically (e.g. turbidity, chlorophyll-a). At-site measuring devices are installed near the river
(e.g., riverbank, boat) for immediate analysis. Since reagents can also be used and the samples can be
treated accordingly before measurement, e.g. filtered, digested or diluted, there are more analytical
possibilities. However, the effort in terms of maintenance, costs, etc. is significantly higher and the
flexibility of use (power supply, location) is limited (DWA, 2017). The advantages and disadvantages
of in situ and at-site measurements are listed in Table 2.

These two different approaches are decisive for the choice of measuring equipment, and therefore also
for the choice of measurable parameters and, thus, for the overall design of the monitoring system.

Table 2: Advantages and disadvantages of in situ and at-site measurements (DWA, 2017).

Advantages

Disadvantages

Example

In situ

o Measurement in the river
o Continuous measurement

o No pumping costs

maintenance)

out)
o Low personnel costs
o No reagent consumption

o Self-sufficient operation

o Out-of-sight operation

o Small number of components (low

o Mobility in choice of location (e.g.
critical pollution points can be sought
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o Limited parameter set

o Unprotected against unauthorised
access

o Obstacle to waterway maintenance

o Possible conflict with flood
protection

o Measurement accuracy may be
limited

o Measurement values may be
distorted by floating
debris/vegetation

Probes installed in the river
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o Possible contamination of the
sample during transport (e.g.
oxygen consumption)

o Sample preparation and processing
possible (filtration, digestion, etc.)

o High investment costs

o High operating costs (e.g. energy

o Extended parameter set for pump, air conditioning)

o Teal-time/quasi-real-time o Large number of components
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o

o

measurement (susceptibility to faults, =

o Protection from the weather maintenance) o0
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‘® | o Protection against vandalism o Relocation is expensive 5
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o Simplified operation and maintenance | © Location dependent on available =

(accessibility of the measuring infrastructure ;‘;

. o

systems) o High personnel costs =

o Laboratory workstation for o Reagent use and disposal may be

comparative measurements or necessary

calibration possible
o Impact on the landscape-

o Obstacle to water drainage and
watercourse

o Pump maintenance

The different approaches have various advantages and disadvantages depending on the issues at hand
and the parameters to be measured. These challenges will be explained in more detail in the next
chapter.

1.4.3 Technological Solutions for Real-Time Monitoring

Various technologies for numerous parameters are used to continuously record for real-time
monitoring of water quality. However, the selection of substances and substance groups that can be
continuously measured in the river is limited. On one hand, many substances, such as metals or organic
compounds, occur in too small quantities in the river water and therefore cannot be reliably
recorded by real-time measurements with automated probes or analysers. On the other hand, many
methods, that are sufficiently sensitive in the laboratory, are interfered by numerous non-target
substances or disturbed by physical influences (e.g. turbidity, temperature fluctuations). Sample
preparation, as can be carried out in the laboratory, is also only possible to a limited extent in
real-time measurements directly in or on the water.

The most common and reliable methods for real-time water monitoring are presented below. The
methods and measuring instruments used in the studies presented in chapter 2 are explained as
examples.
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1.4.3.1 In Situ Sensors for Real-Time Monitoring

In situ sensors offer numerous advantages. They are relatively inexpensive, especially because no
consumables (e.g. reagents) are needed. They offer large measurement ranges, very high sensitivity
and exceptional temporal solution (seconds to minutes) as well as specificity for a range of parameters.
In situ sensors usually have a self-sufficient energy supply (e.g. via rechargeable battery or solar
power) and are therefore extremely flexible in their application. Many systems are also equipped with
remote data transmission. Often, different sensors from one manufacture are installed together in a
single sensor body, resulting in what are known as multi-parameter probes. Ideally, individual sensors
can also be replaced by the users themselves, e.g. if a sensor is defective or another/additional
parameter needs to be measured. All sensors must be calibrated, maintained and cleaned regularly, and
replaced at regular intervals, meanwhile the frequencies depend on the measuring methods. Since the
sensors are deployed directly in the water, they are susceptible to damage from dirt, sediments or
vandalism. In addition, they are subject to biofouling processes and clogging and thus tend to drift
(Meyer et al., 2025).

Physical sensors for real-time monitoring

Physical sensors are the simplest and most robust measurement methods and can be used for recording
parameters like

° Temperature is measured by changes in electrical resistance with temperature.

° Dissolved oxygen (Clark electrode) is measured by reduction of oxygen molecules diffusing
through a membrane, generating a current (ISO 5814-2012).

° pH is measured by the voltage difference between an ion-selective glass electrode and a
reference electrode due to the hydrogen ion activity(ISO 10523:2008).

° EC is measured by the ability of ions in water to carry an alternating current (ISO 7888:1985).

Optical sensors for real-time monitoring

An optical sensor detects substances (or objects) by emitting light and measuring the change in that
light (absorption, reflection, refraction or interruption) and converting it into an electrical signal. The
basic functionality involves a light source (often an LED or laser) that directs light onto a target
solution, a receiver (such as a photodiode) that detects the converted or reflected light, and evaluation
electronics that convert the light intensity into a usable electrical signal (Lepore and Delfino, 2022).
The primary interactions measured are:

° Absorbance, which is the amount of light a sample absorbs at a specific wavelength (related to
concentration by the Lambert-Beer Law).

° Luminescence, which is the process of detecting light emitted by a sample, either through a
chemical reaction (chemiluminescence) or through excitation with external light (fluorescence /
phosphorescence) or electricity (electroluminescence).

° Scattering, which is the deflection of light by suspended particles (e.g., for turbidity).

23



1. General Part

Examples for optical sensors and how they work

Many dissolved substances can be measured using direct absorption. It should mentioned that the terms
absorption and extinction are largely synonymous terms for the attenuation of light by a sample. While
absorbance often focuses more on pure light absorption and is mostly used when speaking about
measuring methods, extinction physically describes the total attenuation due to absorption and
scattering (see also turbidity below) and is used in context with photometric results.

Lambert-Beer Law

Absorption measurements are basically carried out by sending a light beam of a specific wavelength
through the sample onto a detector. The dissolved substance to be measured in the sample absorbs the
light, so that a light beam with reduced intensity hits the detector. The difference between the emitted
light and the light detected by the detector provides information about the concentration of the
substance to be measured. The concentration calculation is based on Lambert-Beer Law, which is a
fundamental concept in spectroscopy and will therefore be explained in more detail here.

The Lambert-Beer Law states that the amount of light absorbed (or extinguished) by a substance
dissolved in a non-absorbing solvent is directly proportional to the concentration of the substance, the
path length the light travels through the solution and to a substance specific extinction coefficient. The
more concentrated a solution is, the more light it will absorb. The law is expressed in its logarithmic
form (1) (IUPAC, 2026):

PO

A=1 2) = 1 1
0810 (Px) goxlxc (1)

A: absorbance

P%;: intensity of the incident light at wavelength ; (entering the sample)

P, : intensity of the transmitted light at wavelength ; (exiting the sample)

€, : molar (decadic) absorption ®efficient (constant for a given substance at wavelength ; (im)
(m* mol ™)

l: optical path length (cm)
c¢: molar concentration of the absorbing substance (mol L ™).

In general, concentrations up to 0.0l mol L can be measured with this method. Optical
interferences may occur due to other light reaching the detector or because of particles in the probe
that scatter the light beam light.

Optical sensor for real-time measurement of nitrate by absorption

Nitrate can — among others - be measured using a simple optical sensor by direct absorption in the UV
range with a wavelength between 210 and 230 nm (depending on the manufacturer) (Fig. 11). The
sensor is immersed in the river so that the water can flow continuously through the sample chamber
(Fig. 12). In addition to the measure light beam, many devices also record further absorptions, e.g. at
254 nm and 360 nm, in order to detect the influence of organic matter and turbidity. This range is
calculated out so that the sensor is less sensitive to cross-influences in the water. The method is
particularly effective for waters where high DOC concentration complicates UV-based nitrate
quantification (Burkert, 2025). Dong et al. (2024) provide an overview of the influence of different
DOC concentrations on the absorption maxima of a constant nitrate concentration (Fig. 11).
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Fig. 11: (a) Absorption spectra of different concentrations of nitrate; b) absorption spectra of nitrate and DOC
mixed solutions (take 2 mg L™! nitrate as an example) solutions (Dong et al., 2024).

sample chamber

Fig. 12: Optical probe for nitrate (Hach, 2026a) (used by permission of Hach Company).

Optical sensor for real-time measurement of dissolved oxygen by luminescence

A reliable method for measuring the concentration of dissolved oxygen in solutions is based on the
measurement of luminescence.

The sensor for dissolved oxygen (O.) consists in a gas permeable polymer matrix which is coated with
a luminescent material (Fig. 13a). Blue light from an LED hits the luminescent chemical on the sensor,
which is immediately excited. When the excited chemical relaxes, it emits red light (luminescence)
(Fig. 13b). Red light from a second LED is detected by a photodiode. The time it takes for the chemical
to return to a relaxed state is measured. When oxygen meets the luminescent chemical, the intensity
of the red light decreases (quenching), and the time required for the material to relax is reduced. The
higher the oxygen concentration, the less red light is emitted by the sensor. So, the sensor measures
the time required after excitation until the red light is emitted (the lifetime of the luminescence, but
not its intensity). A second reference LED emits red light pulses with known characteristics onto the
fluorescent spot, it’s signal detected by the photodiode serves as a reference signal. Luminescence
sensors for oxygen measurement are designed for immediate and maintenance-free operation. They
require no startup or polarization time nor special conditioning. preventing sensor poisoning (Hach,
2026Db).
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Fig. 13: a) Structure of the gas permeable matrix; b) scheme of a luminescence sensor for dissolved oxygen
(Hach, 2026b) (used by permission of Hach Company).

Optical sensor for real-time measurement of turbidity by scattering light

Turbidity can be measured in two ways: by nephelometry or turbidimetry. In both methods, light (of
known intensity) is passed through a medium and then detected and recorded. The two methods differ
in terms of the position of the detector (Fig. 14).

The turbidimetric method determines the attenuation of light passing through the sample (transmission
at an 180° angle). This method is suitable for samples with high particle concentration (high turbidity).

The nephelometric method measures the intensity of light scattered by particles at an angle such as
45° (backscatter) or 90° (sidescatter). As this method has a much higher sensitivity, it is suitable for
low particle concentrations. The most common and standardized detector angle is 90°, as specified by
the method 180.1 of the US Environmental Agency (EPA) and the International Organization for
Standardization (ISO) 702-1:2016 (EPA 180.1-1, 1993; ISO 7027-1:2016, 2016).

Furthermore, two different light sources can be installed. On one hand, white light (400 to 600 nm) is
used especially for detection of smaller particles. By using a 860 nm light source impact of colour can
be eliminated, and the effects of stray light can be minimised (ISO 7027-1:2016).

In general, all results are given in nephelometric turbidity units (NTU) or formazin nephelometric units
(FNU), meanwhile NTU mostly refers to white light measurement with at 90° angle (according to
EPA) and FNU often refers to a measurement at 860 nm at 90° angle (according to ISO) (EPA 180.1-

1, 1993; ISO 7027-1:2016, 2016).
/ ———

Sample chamber

()

Fig. 14: Scheme of different scattering light measurement methods.
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Ion-selective sensor for real-time monitoring

In ion-selective measurements, the ion activity of the ion to be measured is determined. This ion
activity can be approximated by the ion concentration in the sample, if the concentrations are low
enough (ideal for concentrations < 0.001 mol-L™', very good approximation for concentrations
between 0.001 and 0.01 mol-L") (Harris, 2014).

In most cases, the measurement is done by converting the activity into an electrical potential (mV or
V) (ion-selective electrodes, ISEs) or into an optical signal (ion-selective optodes, ISOs) (the sensor
for dissolved oxygen presented above is also an optode as the oxygen ions are detected by converting
ion binding events in special membranes into optical signals). At this point, the measuring principle
will be explained using ISEs, i.e., potentiometric measurement.

An ISE consists of the actual ion-selective electrode and a reference electrode. The measured values
are determined by measuring the potential difference between these two electrodes using a
potentiometer (Fig. 15).

The reference electrode provides a stable, constant, and reproducible electrochemical potential. This
means that any change in the measured cell voltage can be attributed exclusively to the change in the
potential of the measuring electrode (the ISE), which is determined by the activity of the target ion to
be measured (Bakker and Pretsch, 2007).

The reference electrode usually consists of a silver/silver chloride element (Ag/AgCl). The half-cell
reaction is (2):

AgCl(s) + e~ =Ag(s)+Cl (aq) (2)

The element is located in an internal filling solution (reference electrolyte, usually potassium chloride
(KCl) in a high concentration), which keeps the potential stable, and a liquid connection (salt bridge,
in the form of a diaphragm or similar), which establishes ion contact between the internal filling
solution of the reference electrode and the sample to be measured via a capillary (Bakker and Pretsch,
2007).

The main component of the measuring electrode (ISE), on the other hand, is the membrane that is in
contact with the sample to be measured. Embedded in this sensor membrane are so-called ionophores
(ion carriers), molecular recognition elements that can selectively and reversibly bind the target ion to
be measured. The selectivity results from the thermodynamic stability of the ionophore-ion complex,
which is determined by the size, charge, and chemical affinity between the host molecule and the guest
ion. There are two main classes of ionophores, neutral carriers (electrically neutral molecules) and
charged carriers (lipophilic ions), which bind to target ions (Bakker et al., 1997).
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Fig. 15: Schematic diagram of a membrane electrode (in this case, an ion-selective membrane) (Harvey, 2013).

The binding between the host molecule and the guest ion generates a phase boundary potential, which
is measured.

According to the Nernst equation (3) (Nernst, 1889), the electrical potential (E) depends on the activity
of the target ion to be measured in the sample in a In-linear relationship and is calculated as follows:

E(aj) = E° + - In (a)) 3)

E(ai): measured potential (mV)

a;: activity of the analyte ion

E°: the standard electrode potential (in mV)
R: the ideal gas constant (8.314 J mol™ K™)
T: the temperature (in K)

z: is the ionic charge (e)

F: the Faraday constant (96485 C mol™).

From equation (3), it can be seen that ISE measurements are highly temperature-dependent. Therefore,
most ISEs available on the market feature temperature measurement so that this data can also be used
to perform automatic temperature compensation when calculating concentration values.

In most cases, the measuring membranes are not absolutely specific to the target ion. Other ions
dissolved in the sample with a similar charge density, similar ion size or due to forming hydrate shells
of similar size can also bind to the membrane or penetrate it, which is referred to as interference or
cross-sensitivity. This leads to a change in the membrane potential and simulates excessively high
measured values, often described by the selectivity coefficient in the Nikolsky—Eisenmann equation
as extension of the Nernst equation (4) K;j for each target ion (Nikolsky et al., 1967):
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E(a) = E° +_In - |a; + ZKi]-a].Zj] (4)

z;: ion charge of the analyte ion i

z;: ion charge of the interfering ion j
a;: ion activity of the analyte ion i

a;: ion charge of the interfering ion j.

For lower ion concentrations, as they mostly occur in small and medium-sized rivers, the ion activity
can be approximated by the ion concentration in the sample solution.

ISEs are used to measure pH and specific ions such as nitrate, ammonium, potassium, chloride,
calcium, magnesium, and sodium. Technically, other ions can also be measured if their target
concentrations in the water are high enough and the corresponding interfering ions do not occur in
problematic concentrations (e.g., nitrite, copper, bromide, silver, fluoroborate, lithium, or perchlorate)
(Libelium, 2025).

While the optical sensors mentioned above are more susceptible to interference from turbidity and
water coloration, temperature changes, rapid concentration jumps in the matrix, and also in the target
ion, compromise ISE measurements. In addition, they are susceptible to biofouling, clogging, and, in
the case of liquid membranes, bleeding. All of this can lead to a drift in the measured values.
Furthermore, a minimum level of background activity in the sample is required for an ISE
measurement. This can be caused by target ions, but also by non-target ions. (Schénenberger, 2024)
stated that “laboratory investigations led to the conclusion that a minimum EC of 300 - 400 pS cm™ is
required to enable reproducible and stable river measurements with the selected ISE sensor”.

A detailed discussion of the use of ISEs for real-time monitoring of small watercourses and their
advantages and disadvantages can be found in chapter 2.3.

Examples for ISEs and how they work

In the study presented in chapter 2.3, among other things, a combination probe for the simultaneous
detection of ammonium and nitrate with integrated compensation measurement for potassium and
chloride was used. This will therefore be explained in more detail here.

This ISE probe is a combination probe that has been specially developed for continuous real-time
monitoring in water and wastewater (Fig. 16). It is inserted directly into the water and has a response
time of less than three minutes. The combination probe contains four individual ISEs and a reference
electrode with an integrated temperature sensor. It focuses on two target ions, which are measured
simultaneously: ammonium and nitrate. Since ammonium ions are highly susceptible to interference
from potassium ions and nitrate ions are highly susceptible to interference from chloride ions, two
ISEs for potassium and chloride are also integrated into the probe. The controller, which processes the
potential measured by the respective potentiometer (as an mV signal) on base of the Nernst equation,
uses the simultaneously measured data of potassium, chloride, and water temperature to
mathematically compensate for any interference in real time (Hach, 2026c¢).

Although ions such as nitrite (NO,") can cause interference with nitrate ions and ions such as sodium
(Na"), magnesium (Mg”"), and calcium (Ca*") can cause interference with ammonium ions, the
concentration ranges in which these ions interfere with the measurement of the actual target ions are
usually very high and therefore rarely play a role in practice.
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According to the manufacturer's specifications, the reference electrode used for all four ions is an
Ag/AgCl system (see above). The ISEs for ammonium, nitrate, and potassium each contain different
solid-state polymer membranes with an organic ion exchanger, while the chloride ISE also has a solid-
state membrane, namely a silver chloride/silver sulphide pellet (AgCl/Ag,S). It consists of an inactive
silver sulphide matrix material that stabilizes conductivity and silver chloride for chloride sensitivity.

All five electrodes are pre-assembled in a cartridge and factory calibrated as a single, replaceable
cartridge. This means that the entire cartridge can be replaced on a probe body if necessary.

According to the manufacturer's specifications, the sensor operates in a range of 0 — 1000 mg L™ for
potassium and chloride, 0 — 780 mg L 'for ammonium, and 0 — 225 mg L' for nitrate (Hach, 2026c).

§,

Fig. 16: Probe for simultaneous measurement of ammonium, nitrate, potassium and chloride (left) and scheme
of measuring cartridge (right) (Hach, 2026¢) (used by permission of Hach Company).

Sometimes, the above-described sensors are integrated into online analysers. In these cases, the sample
is fed into an on-site device where it can be prepared under controlled conditions, e.g. by filtering, by
temperature control or by adding reagents (adjusting the pH value, inducing a colour reaction) (e.g.
sulphate, see chapter 1.4.3.2). This means that even measurement methods which, in theory, could be
used directly in the water but are prone to interference in this matrix can be carried out under optimised
conditions. Other methods, such as those requiring the use of reagents, can only be carried out within
a closed system inside an analyser.

1.4.3.2 At-Site Measuring Devices for Real-Time Monitoring

The numerous measuring devices that collect sub hourly continuous data but cannot be operated
directly in the water due to the methodology used. So, they must be installed at-site. The disadvantage
of using analysers is that they are much more expensive to purchase, maintain and operate than pure
probe measurements. In addition, a power supply is required, and the response time is significantly
longer (sub hourly). On the other hand, they offer the advantage of being stable and are also able to
detect even very low concentrations. Therefore, in some cases, these analysers represent the more
reliable alternative for measurements in smaller concentration ranges(Meyer et al., 2019b).

Furthermore, the sample material must be transported to the measuring device. This can be done using
suction pumps that are integrated into the device itself or using larger suction pumps (on land) or
pressure pumps (in the water), which transport the sample to a storage basin from where the analyser
extracts the required sample volume (again using an integrated pump).

In many cases, these methods use reagents that are automatically mixed with the sample to produce
the desired reaction. Most of these analysers have an automatic calibration and cleaning function.
Often, the methods used by these devices require sample treatment prior to analysis. For example, for
analysers using a light source for measurement, interfering solids must be filtered out. If particle-bound
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substances are to be measured, they must first be converted into the dissolved phase by means of
digestion. Many systems also offer the option of choosing between different measuring ranges e.g. by
changing the concentration of the reagents or by adding an automated dilution step to dilute the analyte
if the initial concentrations are too high for analysis.

Online analysers generally work according to the following steps.

° A precisely measured quantity of the sample must be automatically supplied via a dosing pump.
° The required reagents must also be added in a controlled sequence and quantity (via dosing
pumps), with the temperature being adjusted if necessary.

° The sample and reagents are combined in a reaction chamber and mixed if necessary.

° Often, a certain reaction time must then be waited for.

° The actual measurement is carried out.

° The integrated computer uses appropriate algorithms to determine the concentration from the

resulting signals.

Many devices have an automated calibration mode. In this mode, a standard solution is processed
instead of the sample at a specified time. If the measurement signals obtained in this way deviate from
a certain value range, the device displays an error and, if necessary, stops the measurement operation.
An automated cleaning cycle can often be programmed. In this case, a corresponding cleaning solution
is pumped through the tubes in the device to remove contaminants.

Examples for online analysers and how they work
Analyser for photometric real-time measurement of phosphorus (molybdenum blue method)

The molybdenum blue method is a basic photometric method for measuring phosphate in water. It
consists of a two-step chemical reaction that produces an intensely blue-coloured complex.

In the first step, soluble ortho-phosphate ions (PO+*") react with molybdate ions (MoOs*) under
strongly acidic conditions (with sulphuric or hydrochloric acid) to phosphorus molybdate
(H3PMo12040). The simplified reaction is (5):

PO;™ + 12 MoO%~ + 27 H* - H3Mo,,0,4, + 12 H,0 5)
This intermediate complex is almost colourless or pale yellow.

In the second step, this acid is reduced. A reducing agent (usually ascorbic acid (CsHgOs) with a
catalyst) is added. This reduction converts some of the molybdenum atoms from oxidation state +VI
to state +V, creating a mixed-valence compound. This electronic change leads to the formation of the
intensely blue-coloured phosphor molybdenum blue complex, a representative formula for this
reduced complex is [HiPMo"'sMo"4040]*". Since the complex has its absorption maximum in the near-
infrared/red range, the extinction is measured at approximately 880 nm (see section 1.4.4.1) (Patella
et al., 2023).

For real-time measurement using an analyser, the sample must either be filtered or the particles
contained in the sample must be crushed and homogenised so as not to interfere with the measurement.
This can be done using ultrasound, for example. If the sample is prepared in this way, the total
phosphorus content can also be determined after subsequent high-temperature digestion using an
oxidising agent (usually peroxydisulphate (SOs*). During digestion, all particle-bound phosphorus
fractions are transferred to the solution and oxidised so that they are all present as ortho-phosphate.
Some equipment manufacturers offer analysers with alternating measurement of ortho-phosphate and
total phosphorus.

31



1. General Part

In practice, for measuring ortho-phosphate and total phosphorus, a homogeniser first breaks down
solid particles in the sample using ultrasonic (app. 2 minutes) to ensure a uniform mixture for accurate
analysis (Fig. 18a).

For ortho-phosphate, an aliquot is injected directly into the reagent stream, total phosphorus, an aliquot
is mixed with the digestion reagent (acidic peroxodisulphate) and heated (Fig. 18b). So, all phosphorus
fractions are hydrolysed and oxidized to ortho-phosphate. Then the sample is cooled. The next steps
are identical for measuring both ortho-phosphate and total phosphorus. The sample is mixed with
ammonium molybdate reagent, then ascorbic acid reducer is added. The mixture passes through a
reaction coil (at ~50°C) to allow the molybdenum blue complex to develop fully. In the flow-through
spectrophotometer cell, extinction is measured at 880 nm. The concentration of phosphorus is
calculated. With this approach, a measurement cycle takes 10 - 15 minutes (Hach, 2026d).

reaction chamber
dosing pumps

dosing valves

standard solution

refrigerator with reagents

Fig. 17: a) Ultrasonic homogeniser (Hach, 2026¢); b) analyser for photometric real-time measurement of ortho-
phosphate and total phosphorus (Hach, 2026d) (both used by permission of Hach Company).

Analyser for photometric real-time measurement of ammonium (indophenol blue method)

Another photometric method is the indophenol blue method for measuring ammonium, in which
ammonium ions produce a measurable blue colour.

In this method, the ammonium ions react with hypochlorite (OCI") under alkaline conditions (pH >
12). This produces monochloramine (NH,Cl) (6):

NH; + OH™ 4+ 0ClI~ - NH,Cl + 2H,0 (6)

Under these conditions, most of the ammonium is present as ammonia, which is the actual reactive
species (see also below). The monochloramine (NH2Cl) thus formed reacts with salicylate ions
(C7Hs05") under still alkaline conditions. This reaction is catalysed by nitroprusside ([Fe(CN)sNOJ*)
(7):

_ [Fe(CN)s NOJ?~
NHzcl + 2 C7H503 + OH_ —)C14H9N02 + Cl_ + 2H20 (7)

32



1. General Part

The colour intensity of the resulting deep blue indophenol blue (Ci2HoNO,) is proportional to the
ammonium concentration and is measured at a wavelength of 630—-660 nm (Hach, 2026c).

In an analyser for photometric real-time measurement of ammonium, the filtered water sample is
brought together with all reagents in the mixing chamber and mixed using a stirrer (Fig. 18). After a
short reaction time, the solution is pumped into the measuring chamber and measured there by help of
the light beam. The analyser provides a measurement cycle of approximately 10 minutes.

cleaning solution

measuring chamber mixing chamber with stirrer

dosing valves dosing pumps

refrigerator with reagents
and standards

Fig. 18: Analyser for photometric real-time measurement of ammonium (Hach, 2026f) (used by permission of
Hach Company).

Analyser for gas-sensitive real-time measurement of ammonium

This measurement method is based on the natural ammonium-ammonia equilibrium in water, i.e. the
relationship between ammonium ions and un-ionised ammonia gas in water, which can be seen in the
following equation (8):

NH; + OH™ = NH; + H,0 (8)

The percentage of un-ionized ammonia (NHs) in water is not fixed, it depends on the water's pH and
temperature. The calculation uses the acid dissociation constant (pK,) of ammonium ion, which varies
with temperature (Fig. 19). The primary relationship for the fraction of total ammonia-N (TAN = NHs-
N + NH4"-N) present as NHs-N is calculated as follows (9) (EPA, 2013):

NH,—-N

NH; =N = k= ©)

pKa: acid dissociation constant for NH4" at a specific temperature (see below).

pH: pH of the water sample.

33



1. General Part

The value for pK, changes with temperature, it can be calculated using equation (10) (EPA, 2013):

0.09018+2729.92

: (10)

T: absolute temperature in Kelvin (temperature of the water sample in °C + 273,15)

pKq, =

This results in the following equation (11):

L . (11)
T

pH

NH; — N =

1+100.09018+
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Fig. 19: Percentage distribution of ammonium/ammonia, depending on pH value at different temperatures
(LUBW, 2015).

In the gas-sensitive analyser, ammonium is be detected by converting it into gaseous ammonia
(Fig. 20). By the ammonia gas passing through a membrane, a precise, low-maintenance, and wide-
range measurement (0.02 - 1000 mg L) with rapid response (5 - 10 minutes) can be provided. The
sample has to be filtered to remove suspended particles.

Since the reaction must take place at very high pH values (usually > 12), sodium hydroxide (NaOH)
is added to the sample to raise the pH. This chemical reaction converts ammonium it into gaseous
ammonia (equation 6) (Hach, 2026g).

To support the reaction, the solution may also be heated (see equation 7). The ammonia gas then
diffuses through the hydrophobic, gas-permeable membrane into an electrolyte liquid (usually
ammonium chloride) located between the membrane and the pH glass electrode. In the electrolyte, the
ammonia gas reacts according to the equation (12):

NH; + H,0 = NHf + OH™ (12)

The formation of hydroxide ions causes the pH value in the electrolyte layer to rise. This pH shift is
measured by the integrated pH electrode. The resulting electrical potential is logarithmically
proportional to the concentration of ammonia in the sample (Hach, 2026g).
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dosing pump
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reaction chamber with membrane
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Fig. 20: Analyser for gas-sensitive real-time measurement of ammonium (Hach, 2026g) (used by permission of
Hach Company).

Analyser for nephelometric real-time measurement of sulphate

The methods described above for measuring turbidity (turbidimetry and nephelometry) can be used in
analysers if a chemical reaction causes the target substance to form a precipitate which then can be
correlated with the concentration of this substance. The resulting precipitate (turbidity) is kept in
suspension during the nephelometric or turbidity measurement with the aid of a stirrer (Hach, 2026h).

The determination of sulphate ions is based on nephelometric measurement by light scattering
(90°angle). The sulphate is precipitated with barium chloride (BaCl,) to form barium sulphate
(BaSOy).

For calcium sulfate (CaSO,), e.g., the reaction can be represented as follows (13):
CaS0, + BaCl, —» BaS0O, | +CacCl, (13)

Before doing so, an acidic medium (hydrochloric acid, HCl) has to be created to prevent the
precipitation of other ions like carbonate or phosphate. Additionally, a conditioning agent such as
ethylenediaminetetraacetate (EDTA) is needed to stabilise the suspension during the measurement.

In the analyser, the filtered sample is therefore mixed with HCI, BaCl, and EDTA in the reaction
chamber (Fig. 21). Insoluble BaSO, is formed (precipitation reaction). This suspension (turbidity) is
then measured using the nephelometric method (see above). The light is scattered by the barium
sulphate particles, the intensity of this scattered light is directly proportional to the particle density and
thus to the sulphate concentration (Hach, 2026h).
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dosing pump for probe
dosing pumps for reagents

reaction chamber
with integrated stirrer

Fig. 21: Analyser for nephelometric real-time measurement of sulphate (Hach, 2026h) (used by permission of
Hach Company).

1.4.3.3 Special Cases Automatic Samplers

While all of the methods described above ultimately refer to the measurement of grab samples -
regardless of their temporal resolution, automatic sampling systems can generate grab samples and
composite samples. A composite sample consists of the combination of grab samples taken at fixed
intervals over a specific period.

Automatic samplers are often used for this purpose. With help of these devices, samples can
automatically be taken proportionally to time, volume, flow rate, or be event-driven as the triggering
signal (Fig. 22) (DWA, 2017). The selected volume of samples is filled into a specific bottle in
accordance with the relevant procedure. The samples obtained in this way are then collected after a
certain time and analysed in the laboratory for the parameters and substances to be considered. There
are self-emptying devices that automatically empty the first bottles at the end of the programme me
which are then available for the subsequent samples. In addition, some devices have a rinsing function
for the suction pipe and bottles to prevent contamination from previously drawn samples. Some of the
devices offer the option of cooling or even freezing the samples for preservation purposes. In addition,
a specific amount of a suitable conservation liquid can be added to each bottle to be filled, e.g. acid to
preserve samples for metal analysis. Particular care must be taken when selecting the materials for the
pipes and bottles to ensure that they are inert to the substances to be measured. For example, bottles
must be made of glass for the analysis of metals (DWA, 2017). While simple automatic samplers are
relatively inexpensive to purchase and can be used flexibly in field thanks to battery or solar power,
the more specific devices are much more expensive and require a more complex infrastructure such as
accessibility and current power supply (Fig. 23).
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TIME-PROPORTIONAL SAMPLING

Samplo voluma Desing voiuma  Flow
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The most common sampling mode; simple sampling performed at regular time intervals.

VOLUME-PROPORTIONAL SAMPLING
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Sampling based on input from a flow meter, with sample volumes remaining constant but time intervals
between samples varying according to flow. It is also possible to combine volume and time-proportional
sampling to moderate extreme fluctuations and prevent samples from being taken too close together (very
high flow) or too far apart (very low flow).

FLOW-PROPORTIONAL SAMPLING
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Sampling based on input from a flow meter, with time intervals between samples remaining constant but
sample volumes varying according to flow. Offers representative samples if amount of flow and dirt content
fluctuate widely. In some regions, this sampling mode is mandatory.
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Sampling based on input from an online measuring device, e.g. pH sensor. As long as a predefined event is
taking place, samples are drawn and handled according to program settings.

Fig. 22: Schematic overview of the different sampling strategies by an automatic sampler: time proportional,
volume-proportional, flow-proportional and event-proportional sampling (Romanowski, 2015).
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Fig. 23: Automatic sampler installed on a trailer: a) exterior view with pipes and power supply cable (left side)
and stand alone analyser for ammonium (right side), b) interior view with small sample basin, probes (left side)
and automatic sampling device (right side).

Composite samples also include samples taken continuously over a defined time period, such as those
gained by so-called passive samplers. Passive samplers are monitoring devices that accumulate
chemical pollutants from river water over time, providing time-weighted average concentrations rather
than single-point measurements. Another example for passive sampling devices is a suspended matter
(SM) collector. Since these were not used in the studies presented in chapter 2, they are only mentioned
briefly here for the sake of completeness.

1.4.3.4 Combining Measuring Devices — Example of a Mobile Monitoring Station

Analysers offer additional advantages for real-time water monitoring, but they are expensive to
purchase and maintain and require a great deal of maintenance. If such systems are to be used, many
criteria must be taken into account, such as accessibility, power supply, protection against flooding
and vandalism, and much more. But relying only on in situ sensors misses valuable data of other
pollutants (e.g. phosphorus and TOC). For robust river monitoring, integrating both approaches is
essential to overcome their individual limitations, especially in small and medium-sized rivers.

The mobile measuring stations in the studies presented in chapter 2 are an example for integration of
both approaches (Fig. 24).

These measuring stations are designed as trailers and can therefore be used at a wide variety of
locations (Fig. 24). At each location, a pump is installed in the river, which continuously pumps the
river water through a pipe into the sample basin in the measuring station. The water can flow back into
the river via the outlet at the other side of the basin. The sample basin thus serves as a bypass for the
river.

Various measuring devices (probes and analysers) are combined in the station. Probes for measuring
temperature, oxygen, pH value and EC as well as for nitrate and turbidity are located directly in the
sample basin. In addition, analysers for measuring ammonium, ortho-phosphate and total phosphorus
as well as TOC are available. They are supplied with treated sample water either via filters
(ammonium) or an ultrasonic homogeniser. All measuring devices are connected to a data logger via
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4 - 20 mA signals, through which the data is transmitted. The stations are designed to be adaptable,
allowing additional probes (e.g. ISEs for measuring chloride), additional analysers (e.g. for measuring
sulphate) or even an automatic sampler can be integrated.

a) b)

mm m auto sampler

PO,-P

turbidity homogeniser

Fig. 24 a) Scheme of a mobile measuring station, b) mobile measuring station in Fechingen.

1.4.4 Limits to the Use of Real-Time-Methods

Although continuous water quality monitoring systems offer many advantages, they also have some
limitations. One significant disadvantage is the high cost of purchase and maintenance. The need for
special sensors, data loggers and telemetry equipment incurs considerable expense. Furthermore,
regular maintenance and calibration work is essential to ensure the accuracy and reliability of the data.
These financial hurdles make it difficult to implement such systems on a broad scale.

In addition, the analytical possibilities are limited: due to low concentrations or disruptive
environmental influences, many important parameters can often only be determined after complex
sample preparation in the laboratory.

Another disadvantage is the complex data management and analysis. Continuous monitoring generates
large amounts of data, which are difficult to evaluate without the appropriate tools and expertise.
Outliers, missing data or false alarms can hinder accurate interpretations. Qualified personnel and
advanced analysis methods are therefore necessary for the effective use of the data obtained.
Consequently, without appropriate training and resources, the potential benefits of continuous
monitoring systems often remain untapped (Meyer et al., 2021a, 2019b).

1.4.5 Determination and Meaning of Loads

The calculation or estimation of registered substance loads serves to assess substance flows in water
bodies and to balance the input into the higher-level river system or coastal waters. The substance load
in water bodies is the mass of a substance that is transported through the flow cross-section of a water
body within a period of time (e.g. year, day or even event). It is calculated as the product of the water
volume (flow) and the measured substance concentration, which is assumed to be representative of the
entire cross-section. A detailed description of various load calculation methods, as well as sampling
strategies for the purpose of load calculation, can be found in LAWA (2003).

Especially in small and medium-sized rivers, which rarely exhibit pronounced laminar flow behaviour,
the substance concentration measured at a water point can be assumed to be representative of the entire
cross-section. However, substance concentration and flow can vary greatly in some cases and exhibit
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characteristic patterns (daily, weekly, monthly, annual). Therefore, real-time measurements also
provide the best possible results for determining loads, assuming the respective load from mixed
samples or random samples inevitably leads to greater deviations from reality (Meyer et al., 2021a).

In addition, high-resolution loads allow the variability of substance transport to be better recorded, and
further interpretation of this data enables conclusions to be drawn about the origin and transport routes
of the substances under consideration, as well as about peak loads, e.g. during flood events.
Furthermore, a comparison of the loads can provide information about the spatial origin of pollution,
e.g. when the loads at two measuring locations in a catchment area are compared with each other
(Fig. 25a). This comparison can then be used to determine in which part of the catchment area the
largest proportion of the pollution occurs and which area in the catchment area is most effective for
measures to reduce this pollution. A comparison of the loads at the same measuring site at different
times is also useful to check whether measures implemented in the catchment area between the two
measurement campaigns have led to a reduction in pollution and an improvement in the chemical status
other (Fig. 25b) (Meyer et al., 2021a).

The loads are also of particular importance in relation to the question of the origin of the pollution and
the proportion of the total pollution attributable to STPs, CSOs and agricultural inputs. First, a
distinction must be made between the quantities of a substance transported at a measuring point in the
base flow in a water body (base load) and the additional quantities introduced as a result of
precipitation events (hereinafter referred to as precipitation load for the sake of simplicity). For this
purpose, the respective median discharge is generally used to distinguish between base and “event
discharge” (Moatar et al., 2017). The difference between the total load and the base load is then the
precipitation load. Based on these values, a rough categorisation of the loads can be made, e.g. for
nitrogen and phosphorus, into those originating from agriculture, STPs, CSOs and groundwater
(Table 3). In this case, the sum of nitrate and ammonium is given as total nitrogen, since the proportion
of nitrite and organic nitrogen compounds in the flowing water can be considered negligible. Regular
measurements of nitrite confirm this theory. Nevertheless, it is clear that this results in inaccuracies,
especially for the nitrogen fraction, since, for example, ammonium as an indicator of STP emissions
(in groundwater runoff) and CSOs (in ‘precipitation runoff’), or because the distinction between nitrate
inputs via groundwater and those from STPs cannot be easily made on the basis of the measurement
data collected online alone. Such inaccuracies also exist for phosphorus, as sedimentation and
resuspension processes cannot be taken into account in the balance. To verify this assessment more
accurately, additional measurement data, e.g. emission data from STPs or data from groundwater
measurements, can be used (Meyer et al., 2021a).
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Table 3: Theoretical breakdown of nutrient loads into individual categories (proportions from STPs, CSOs,

agriculture and groundwater).

Category Agriculture STPs CSOs Groundwater
nitrogen Precipitation load Determined using | Precipitation load of | Base load of
Nitrate (inaccuracy due | the emission data | ammonium nitrate minus
to the time lag between | from STPs the proportion
runoff and of STP
concentration) emissions
phosphorous | Precipitation load of Base load of total | Precipitation load of | negligible
particle-bound phosphorus ortho-phosphate
phosphorus (the small (small amounts of
amount of ortho- particle-bound
phosphate is negligible, phosphorus are
see CSOs) neglected, see
‘agriculture’)
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Fig. 25: Comparing loads for assessing the origin of pollution: a) spatial assessment: nitrate loads at two different
measuring sites along river Blies (mean hourly values from 04.11.2019 to 30.06.2020, in Neunkirchen and in
Bierbach) (Meyer et al., 2020);b) assessment according to the categories: loads of nitrogen and phosphorous
from groundwater, agricultural impacts and discharges from STPs and CSOs (mean hourly values from 08.03.

t0 29.10.2022, Oster in Wiebelskirchen) (Meyer et al., 2023).
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1.4.6 Data Management and Interpretation

Effective data management is crucial for converting the raw data collected through monitoring
activities into usable insights into the status of a water body. It encompasses IT-supported data
collection, transmission, storage, processing and management, as well as automated reporting and the
organisation, documentation and quality assurance of the entire monitoring process. Each of these
steps is subject to data security. Data management is particularly important in the field of real-time
monitoring, mainly because real-time measurements usually generate very large amounts of data.

For the above-mentioned sub-steps, there are numerous technical solutions that are either
commercially available or internally customized. Therefore, only the conceptual approaches to data
management will be discussed here.

Data acquisition

The measured data is collected by a heterogeneous mix of sensors and instruments, which often have
different formats, communication protocols and temporal resolutions. An important step - and also a
major challenge - is the normalisation and integration of this data into a centralised platform in order
to create a uniform view and to be able to further process, evaluate and interpret the data accordingly.
The data collection system must also be designed to be adaptable when network requirements change,
e.g. due to an expansion of the device pool or the use of newer measurement technology (Bumberger
et al., 2025).

Data transmission

Data is often transmitted wirelessly (via Wi-Fi, GSM or encrypted networks) to cloud platforms or
data centres for processing. Various technologies are used for efficient, scalable real-time data
streaming. It is important that data transmission is not susceptible to interference and functions reliably
at all times (DWA, 2017).

Data storage and management

Centralised, secure and scalable data storage solutions (e.g. cloud-based platforms) are essential for
processing large amounts of data. For management in the database, the structure of the measurement
data and its metadata must be standardised. The data stored in the database must be searchable for
overview or detailed evaluations. It should be possible to retrieve the data according to the
requirements of specific evaluation programme (statistics/time series visualisation/spatial
analysis/modelling) (DWA, 2017).

While the first three points refer to the raw data itself, the following points refer to the conversion of
the raw data into validated data and the resulting information, including in the form of alarms, graphics
and reports.

Data processing, internal visualisation, evaluation and interpretation:

° Standardisation of data and conversion into the required uniform format: in this step, the
collected data is normalised and merged. Measurement data from other external programme s (e.g. the
results of grab sampling, third-party data (weather data, data from STP effluents, discharge
measurements) or even measurements from other locations can also be integrated into this process.
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° Data aggregation: for recurring evaluations, it makes sense to aggregate high-resolution data
according to uniform criteria to data at the next higher time level, e.g. hourly values to daily values,
which are stored as derived data series. The aggregation rules must be based on a specified minimum
number of original values (DWA, 2017).

° Real-time processing: this procedure enables the output of warning messages and notifications
when parameters exceed predefined thresholds (e.g. via email or SMS).

° Advanced analyses: special tools can be used, for example, to eliminate outliers or technical
errors (e.g. due to device failure), identify trends or enable forecasts.

° Automated reporting and visualisation: a user-friendly, powerful tool for graphically
displaying raw data and adjusted measurements, as well as any additional data, alarms, trends and
forecasts is essential for internal visualisation the final evaluation and interpretation of the data.
Additional creation of customised reports is crucial for e.g. ensuring the data to be formatted to comply
with legal standards, where applicable, streamlines work processes and reduces manual errors.
External visualisation of the measurement data can be done via web-based dashboards and portals by
are user-friendly interfaces for authorities and citizens to access graphics and reports (DWA, 2017).

° General documentation: when documenting monitoring data, all framework conditions
(location including coordinates, date and time, sampling method, equipment, sample preparation,
analysis method and devices) must be recorded. These must also be stored in the data management
system (DWA, 2017).

° Quality control: ensuring continuous data accuracy requires proactive quality control of the
raw data. An important element of quality control is analytical quality assurance. This involves
comparative measurements to check the functionality of the analytical equipment. The data must be
systematically checked for transmission errors (actuality and completeness of the data). Further
plausibility checks can be carried out by comparing identical parameters at nearby measuring locations
or interdependent parameters at the same measuring point. Calibration data and maintenance
information should also be documented within this process. Systematic data checking can be
significantly supported by predefined database queries and programme med test routines. Values that
are implausible, have been corrected retrospectively or are influenced by special measurement
conditions should be marked and, if necessary, commented on so that they can be specifically excluded
or included in later evaluations. The preliminary end product is quality-assured water quality data, the
collection and analysis of which is fully documented and thus traceable (Bumberger et al., 2025).

e Data security: data security is of particular importance for the entire data management process.
This includes ensuring data integrity, implementing backups and protecting sensitive information
through robust security measures. When presenting data externally, a balance must be struck between
security and accessibility (DWA, 2017).

e Data interpretation: the interpretation of data obtained by real-time monitoring should always take
into account all available gathered data. Comparing simultaneously measured values of different
parameters provides insights into the input patterns and, thus, to the origin of the pollution. In addition,
if possible, the discharge data from the same or at least a nearby gauging station and the weather
conditions representative of the location (precipitation, air temperature, air pressure and global
radiation, if applicable) should also be included in the interpretation. Ideally, this information should
also be available as high-resolution data. In addition, data such as discharge values from STPs or
industrial dischargers located in the catchment of the measuring point as well as groundwater data can
also be considered, e.g. for estimating continuous pollution from point sources or for assessing the
matrix of the geogenic background (Meyer et al., 2021a, 2019b).
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1.5 Significance of Small and Medium-Sized Rivers and their Monitoring

Sophisticated targeted, and spatiotemporal high-resolution monitoring is of utmost importance,
especially for small and medium-sized rivers. In the WFD, such rivers with a catchment area of less
than 100 km? are defined as small, while those with a catchment area of 100 to 1000 km? are defined
as medium-sized rivers. The figures for the proportion of small and medium-sized rivers in the total
number of water bodies in the EU vary between 70% (Lassaletta et al., 2010) and 80% (Biggs et al.,
2014). Nevertheless, there is no doubt that most European rivers fall into this category.

1.5.1 Ecosystem Services of Small and Medium-Sized Rivers

Almost everywhere, rivers of all sizes have been significantly changed by human influences in
morphology, hydrology, chemical and biological aspects. The anthropogenic pressure on the rivers is
caused by e.g. damming and channelising of rivers to gather for water for any human use, the sealing
of surfaces in the catchments changing the hydrological conditions, as well as by discharges of
domestic and industrial wastewater, the runoff from agricultural and urban areas substantially
influencing the chemical status and thus the biological status of the water bodies. This leads to the
reduction of aquatic biodiversity by destroying habitats, and compromising ecological integrity, and
inevitably to negatively impacting the rivers” ecosystem services (Khosrovyan, 2024). For example,
Su et al. (2021), state that “more than half of the river basins (52.8%) representing 40.2% of the world
continental surface and 37.3% of the world river length (...), revealing deep and spatially distributed
anthropogenic impacts on fish biodiversity*.

Nevertheless, all water bodies fulfil many different ecosystem services (ES). The ES concept was
formalized by the Millennium Ecosystem Assessment (2005) and is defined to be all direct and indirect
contributions of ecosystems to human well-being and societal development. The ES are usually
subdivided into provisioning, regulating, supporting and cultural services (Rodriguez et al., 2006).
This subdivision can also be applied to the river's ES. The main services of rivers for these categories
are listed below, with special regard to the small and medium-sized rivers including also intermittent
and ephemeral streams.

e  Provisioning services refer to all products obtained from nature:

o Water supply: Rivers serve as primary sources for drinking water but also for irrigation, and
industrial use through surface flows, groundwater recharge as well as in lakes and freshwater
reServoirs.

o Food production: Rivers support fish populations or other (wild-harvested) foods (Khosrovyan,
2024) as well as biomass production in their riparian areas.
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Regulating services are natural processes regulating environmental conditions:

Flood mitigation: Particularly uninfluenced or only slightly influenced rivers absorb and slow
stormwater runoff, also via riparian vegetation and floodplains, reducing downstream flooding.
E.g. studies show intact small rivers can lower flood damage (Sousa et al., 2025).

Water purification: Healthy rivers have a high (self)cleaning ability, pollutants can be broken
down or filtered due to (micro)biological activity, hydraulic and hydrological factors (Bui et al.,
2024).

Sediment regulation: Especially small and medium-sized rivers contribute to stabilizing banks
and reducing erosion, and thus to maintaining downstream channel integrity (Shaad et al., 2022).

Groundwater recharge: Rivers replenish aquifers, securing baseflows during droughts (Datry et
al., 2018).

Climate resilience: Rivers are crucial for moderating local microclimates, wetlands and riparian
forests can even sequester carbon (Sousa et al., 2025).

Supporting services summarize all foundational processes enabling all other services:

Biodiversity hotspots: all rivers (can) provide immensely important habitats for countless
animals and plant species. Small (headwater) rivers in particular host unique and sometimes
even endemic species and provide critical spawning, nursery, and refuge habitats. Meyer et al.
(2007) e.g. exemplified this diversity by identifying over 290 taxa in three unmapped
headwaters.

Trophic support: Small (headwater) rivers supply the food chains in downstream rivers with
organic material (e.g. phyto- and zooplankton) or nutrients.

Ecological connectivity: Rivers serve as wildlife corridors and stepping stones linking terrestrial
and aquatic ecosystems.

Cultural services describe all non-material benefits

Recreation and tourism: Rivers enable recreation and nature experiences like fishing, kayaking,
swimming, and others. Urban river studies highlight their role in mental health and community
well-being (Sousa et al., 2025).

Cultural heritage: Rivers can also serve as sacred sites and for traditional practices (e.g., ritual
bathing, folklore) (Shaad et al., 2022).

Aesthetic and educational value: Rivers serve as living laboratories for environmental education
and citizen science (Sousa et al., 2025).

The importance of the rivers’ ecosystem services is also recognised by the United Nation (UN) in their
Sustainable Development Goal Target 6, particularly in 6.3 to “improve water quality by reducing

pollution, eliminating dumping and minimizing release of hazardous chemicals and materials, halving
the proportion of untreated wastewater and substantially increasing recycling and safe reuse globally”,
as well as in 6.5 to “implement integrated water resources management at all levels, including through

transboundary cooperation as appropriate” and in 6.6 to “protect and restore water-related ecosystems,
including mountains, forests, wetlands, rivers, aquifers and lakes” (UN, 2025).
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1.5.2 Special Conditions in Small and Medium-Sized Rivers

Although fulfilling the same ecosystem services as the large rivers, small and medium-sized rivers
exhibit heightened vulnerability because of their flashy hydrology, their low dilution capacities and
their proximity to diffuse pollution sources.

Due to these initial conditions, in small and medium-sized rivers the following situations or events
occur more often and/or much more pronounced that in larger rivers (Meyer et al., 2021a, 2019b).

Seasonal changes and weather conditions

Heavy rainfalls as well as spring snowmelt create a pronounced runoff situation, causing a sharp
increase in water volume and flow velocity. This leads to erosion of riverbanks, to channel change and
to an increased transport of sediment and woody debris downstream. Further to this, sediment from
the surrounding areas and dissolved terrestrial substances (e.g. nutrients) flush into the river. For
example, in many rivers in autumn, after the growing season has ended and the fields have been
harvested, large quantities of nitrate are washed into the water with the first rains. The nitrogen, which
is bound in the soil during the growing season, is released, oxidised to nitrate and then washed out by
the rain, leading to a pronounced raise of nitrate concentrations in the rivers (Fig. 26a). On the other
hand, summer drought may cause low flow conditions, so with less water diluting them, concentrations
of pollutants increase (Meyer et al., 2019a).

In contrast, during dry periods, discharges from technical facilities such as STPs, which discharge
almost constant amounts of wastewater into the water body, are particularly pronounced due to low
runoff. This effect is illustrated in Fig. 26b. Due to the declining water volume, the relative proportion
of discharges from the STP is steadily increasing and the concentration of discharged ortho-phosphate
(and total phosphorous) continuously rises (Meyer et al., 2019a).

Due to their low water volume, small bodies of water react immediately to temperature influences
from the atmosphere and heat up or cool down faster than larger bodies of water. Additionally, during
low flow conditions in summertime in combination with high air temperatures and intensive solar
radiation water temperatures rise quickly, especially in shallow and slow-moving water. This also
affects the solubility of gases such as oxygen and carbon dioxide in the water: the lower the
temperature, the higher the solubility of gases in water. Temperature effect as well as their impacts
(see below) emerge as seasonal trends but are much more pronounced in spring and summer becoming
visible in short-time daily fluctuations (see below) (Fig. 26¢) (Meyer et al., 2019a).
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Fig. 26: Examples for seasonal changes in small rivers: a) difference of nitrate concentrations during summer
(nitrogen consumption) and wintertime (washout of nitrate) (mean hourly values from 07.10.2018 to 26.03.2019,
Il in Eppelborn; in 2018, the “summer season” with dry and hot weather lasted until the end of November); b)
rise of ortho-phosphate-P and total phosphorous by inputs from a STP during a dry weather period (mean hourly
values from 1. to 13.07.2018, 11l in Eppelborn,); c¢) annual fluctuations of temperature, oxygen and discharge
with rising trends for temperature in spring and summer and for oxygen in autumn and winter (mean hourly
values from 13.04.2018 to 07.04.2019, Theel in Knorscheid) (all: (Meyer et al., 2019a).

47



1. General Part

Diurnal fluctuations

Due to lower water flow and the resulting direct connection to the atmosphere, changes in air and
varying levels of solar radiation temperature throughout the day have a direct impact on the river. In
small rivers, sunlight can often penetrate to the river bottom triggering photosynthesis if there is a
sufficient number of green plants and algae in the water. This results in additional oxygen being
produced during the day (primary production) and additional carbon dioxide being released at night
(respiration). This can be seen from the fact that the temperature and oxygen contents run parallel to
each other throughout the day and not, as in the case of a purely physical effect of solubility, in opposite
directions (Fig. 27a). In small bodies of water, depending on the degree of eutrophication, this can lead
to high oversaturation of the water with oxygen during the day and pronounced undersaturation at
night (Fig. 27b). Carbon dioxide influences the pH value, especially in poorly buffered water: it lowers
the pH value by forming carbonic acid dissolved in water, which releases H* ions. Conversely, the
removal of carbon dioxide leads to an increase in the pH value. Since this also occurs during
photosynthesis, as with oxygen, there is often a diurnal cycle in the pH value with an increase during
the day when green plants and algae remove carbon dioxide from the system, and a decrease overnight
when carbon dioxide is released (Meyer et al., 2019a).
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Fig. 27: Examples for diurnal fluctuations: a) temperature, oxygen and pH showing almost parallel diurnal cycles
and overall trends (blue line for decreasing oxygen trend, red line for increasing temperature trend) (mean hourly
values from 14.04. to 30.04.2018); b) oxygen vs. temperature at three days in summer with oversaturation at day
and undersaturation at night (mean hourly values from 21.08. to 23.08.2018); (both Alsbach in Marpingen)
(Meyer et al., 2019a).
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Event-driven pollution

Spontaneous event-driven pollution also has a very strong impact on small water bodies due to their
low water volume. Such events can occur due to diffuse leaching (e.g. fertilisers from agricultural
land) (Fig. 28a), and run-off from point sources (e.g. CSOs) (Fig. 28b), but also because of discharges
as a result of accidents or even unauthorised disposals. They usually cause an acute deterioration in
water quality and acute stress on the aquatic ecosystem and are often accompanied by very high
hydraulic stress for plants and animals (Benisch et al., 2024; Meyer et al., 2021a, 2019b).
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Fig. 28: Examples for event driven pollution: a) impacts from a CSO: discharges of (diluted) domestic
wastewater leading to concentrations peaks of ammonium (mean hourly values from 22. to 27.12.2020, Erbach
in Homburg) (Meyer et al., 2021b); b) impacts from arable land: erosion events leading to concentration peaks
of particle bound phosphorous (mean hourly values from 13. to 30.11.2024, Mandelbach in Habkirchen) (Meyer
et al., 2024).

Continuous pollution

Continuous inputs of contaminants, such as STPs effluents, or discharges from mine dumps also have
a significantly greater impact on small and medium-sized rivers than on larger ones due to the reduced
dilution potential (Fig. 29). In contrast to event-driven pollution, continuous contamination has a
chronic effect on the aquatic ecosystem. Due to the prolonged stress, individual organisms or even the
species composition can change (EPA, 2004; Kumar et al., 2022).
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Fig. 29: Examples for continuous pollution: a) Diurnal cycles caused by discharges from a STP: six daily peaks
due to the three sequence batch reactors of the STP (mean hourly values from 12. to 15.07.2013, Losheimer Bach
in Losheim) (Meyer et al., 2013b); b) impacts of sulphate from a mine dump (mean hourly values from 01. to
31.01.2023, Trenkelbach in Quierschied) (Oberhausen et al., 2023); ¢) discharges of mine drainage water leading
to high EC, temperature and turbidity as well as to oxygen deficits (mean hourly values from 30.11. to 1.12.2013,
Fischbach in Quierschied) (Meyer et al., 2014).
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Due to these special characteristics of small and medium-sized rivers, real-time monitoring is essential
for assessing the chemical status of these water bodies. Spatiotemporal resolution of grab sampling,
e.g. according to Annex V of the WFD, generally fail to capture the dynamic pollution characteristic
of small and medium-sized rivers (Benisch et al., 2024; Brack et al., 2017; Meyer et al., 2025, 2021a,
2019Db).

When grab samples are taken in periods with intensive diurnal fluctuations, the measurement results
highly depend on the time of day and therefore provide little information about the overall condition
of the water body (Benisch et al., 2024).

Especially in situations caused by extreme rainfall, the results of grab sampling very often do not
represent the chemical status of a river. While some substances (e.g. geogenic salts or substances
continuously introduced from STPs such as phosphate) are diluted by rainwater, the concentrations of
other substances increase directly with the runoff (particle-bound substances such as TOC or total
phosphorus). Easily soluble substances (e.g. nitrate from fertilisers) that are transported via interflow
only reach the water body with a certain time lag to the runoff wave. Data obtained from grab samples
during such situations are therefore not very representative and their interpretation remains difficult
(Meyer et al., 2021a, 2019b).

As spontaneous event-driven pollution occurs unpredictably, it is almost impossible to detect it by
grab sampling. On the other hand, if such an event is detected by chance, it is very difficult to interpret.
In some circumstances, it may be assumed that the measurement or sampling is faulty because the
measured values differ greatly from those of other measurement campaigns, and the results are
discarded.

Continuous discharges (e.g. from STPs) also exhibit fluctuations in composition, concentrations and
discharged water volumes, which inevitably lead to fluctuating levels of the discharged substances on
the receiving side, i.e. in the water body and thus cannot be by grab sampling adequately. However, in
small water bodies, these background levels are greatly overshadowed by weather-induced changes or
event-driven inputs and may no longer be clearly described based on grab sampling. Depending on the
quantity of substances discharged, this background pollution is much more evident in terms of
concentration in a small river than a comparable quantity in a large water body.

Grab sampling of small and medium-sized rivers inevitable leads to:

° misclassification of the (chemical) status: For some parameters, the absolute values (maxima,
e.g., for temperature, or minima, e.g., for oxygen) are decisive for classifying and evaluating the status.
These values will not be recorded by grab sampling (Babitsch and Sundermann, 2020).

° high statistical uncertainty: Grab sampling introduces significant statistical variability and
systematic bias due to the flow-dependent concentration changes or also due to artifacts from sampling
handling (Babitsch and Sundermann, 2020).

° misjudgement of the portion of different impacts on the total chemical status (Meyer et al.,
2021a, 2019b)

° misjudgement of the pollution sources and misunderstanding of the significance of the different
transport pathways (Meyer et al., 2021a, 2019b)

° diagnostic uncertainties: Especially during event-driven contamination events can rarely be
captured by monthly grab sampling, e.g. Cassidy and Jordan (2011) stated an average underestimation
of load of total phosphorous of up to 60% by grab sampling compared to real-time monitoring data
from different events in three small rivers.

° misjudgement of long-term trends due to insufficient data (Babitsch and Sundermann, 2020)
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° ecological misclassification: The above-mentioned misjudgements inevitably lead also to
misclassification of the ecological status. E.g. Benisch et al. (2024) reported, that grab sampling
misclassified dissolved oxygen status in 40% of small rivers by failing to capture nocturnal minima.

Small and medium-sized rivers in particular demand monitoring strategies that reflect their rapid
response to anthropogenic pressures and other external influences. Whenever and wherever it is
possible, episodic "snapshots" must be replaced with continuous water quality trajectories that capture
diurnal, event-driven, and seasonal dynamics. This provides a sophisticated data base for the accurate
assessment of the chemical and thus ecological status of a water body and the relevant trends (Fig. 30).
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Fig. 30: Overview of the added values of utilising high-frequency sensors compared to traditional low frequency
grab sampling for short- and long-term applications (Rozemeijer et al., 2025).

1.5.3 Measures to Improve Rivers Quality and their Overall Significance in Small and
Medium-Sized Catchments

Sophisticated monitoring and appropriate interpretation of the measured values can also help to
estimate the origin and transport routes of pollutants in a body of water more accurately. This is
essential for planning targeted but also cost-effective measures to improve the chemical and ecological
status of water bodies (Meyer et al., 2021a, 2019b).

Similar to emission and immission-related monitoring (see chapter 1.4), measures to improve water
bodies can also be considered from the immission and emission side. The aim of the emission-based
approach is to prevent pollution and to control the pollutant sources of critical substances entering the
environment and thus the water bodies. In addition to infrastructural arrangements (urban) drainage
systems, STPs, etc.) this can be achieved, for example, by banning sales, changing consumer behaviour
or by reducing or eliminating the use of fertilizers and chemical herbicides/pesticides. Additionally,
the retention or degradation of pollutants nutrients and toxic compounds into river systems can be
improved, e.g. by improved wastewater treatment in an industrial STP or retrofitting a municipal STP
with the so-called quaternary treatment to optimise the retention of microplastics and the degradation
of pharmaceuticals and other organic pollutants (EC, 2024).

Emissions-based approaches can take place from a global down to a local scale and tend to improve
the chemical, and thus the ecological status of the rivers. However, improvements also affecting the
morphology of rivers can also be achieved on the immission side, i.e. through measures taken in the
water bodies themselves and their riparian zones. Most of these measures fall under the umbrella term
of restoration (or rehabilitation). These multi-discipline method of river restoration encompasses
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ecological, physical, spatial, and management measures aimed at restoring the natural state and
functioning of river systems. These efforts support multiple benefits including biodiversity
conservation, enhanced recreational opportunities, improved flood management, and sustainable
landscape development (Corday, 2024). Feio et al. (2021) state that “the largest percentage of
rehabilitation works (worldwide) have aimed to recover water quality, facilitate fish migration, or
restore flows or riparian vegetation. In fewer cases, rehabilitation has targeted channel naturalization
or wetland ecosystem functioning and flooding cycles. Thus, the overall aim is to maintain or re-
establish the rivers’ ES (see chapter 1.5.1).

Basically, two different method groups of restoration activities can be distinguished: the processed
based restoration (PBR) and the form-based restoration (FBR). While form-based methods (e.g., in-
stream structures) often provide immediate structural and habitat changes (e.g., stable channel form,
habitat features), the focus of process-based methods is to re-establish natural processes (e.g., sediment
transport, floodplain connectivity nutrient cycling) is a long-term resilience by reinstating natural
processes (Corday, 2024). Measures for PBR include e.g. sediment transport restoration for re-
establishing natural sediment dynamics and improving channel morphology, flow regime management
for maintaining channel processes and supporting aquatic life and barrier removal (dams, weirs) for
re-connecting river subsets and enabling fish migration (ECRR, 2025). FBR Methods are e.g. channel
reconfiguration by installing wooden or rock structures installed at the bank toe to create varied flow
conditions and habitat diversity, or by building shaped structures (boulders/logs) to reduce bank
erosion and improve aquatic habitat, bank stabilization to prevent erosion, floodplain modifications,
riparian vegetation restoration (native species along banks), etc. (ECRR, 2025; Feio et al., 2021).

These measures shall lead to an overall improvement in the aquatic ecosystem. The combination of
morphological-physical and biological improvements can also support the retention and improved
degradation of pollutants in the water, as the self-cleaning capacity of the water is increased.

Many of these measures are very space-intensive, which means that they are more likely to be
implemented in small and medium-sized rivers and upper cat catchments, as these areas tend to have
a lower population density. Improving these water bodies, with all the associated benefits, also brings
relief and improvements to the lower reaches of rivers and larger watercourses. Ultimately, this also
has a positive effect on the seas into which the affected rivers flow. This is particularly true if it is
possible to reduce pollutant loads from the respective catchment areas, i.e. if the measures contribute
to improving the chemical status of the water bodies (Carvalho et al., 2019).

1.5.4 Situation in Saarland

Saarland is the smallest Federal State in Germany (apart from the city-states) located in the southwest.
The Saarland’s landscape is classified as low mountain range. In low-mountain regions the
topographical conditions and the associated relief energy lead to the formation of many small rivers
with steeper slopes and thus, high flow velocities and turbulence. These steep gradients also cause
high sediment transport capacity. The rivers show a strong variability between peak and base flows
(flash floods during storms and reduced dry-season flow). They are vulnerable to weather and climate
changes as well as to human impacts and to land use changes (e.g., deforestation, urbanization). These
water bodies play a critical role in downstream water (Meyer et al., 2019b).

The rivers relevant for management in Saarland have a total length of approx. 1030 km and cover
1 % of the total surface (MUKMAV, 2021). All rivers except three (Saar, Blies and Nied) belong to
the category of small and medium-sized water bodies. According to LAWA (2021) these rivers are
categorised as river types 5, 5.1, 6,7, 9, 9.1 (silicate or carbonate, coarse or fine material-rich) and 19
(small lowland watercourses in river and stream valleys).
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All these rivers suffer from various pressures such as:

° discharges of domestic wastewater: Saarland has the second highest population density in
Germany (excluding the city-states) (386 habitants per km?) and 136 municipal STPs (EVS, 2025).

° discharges from CSOs: In Saarland, sealed surfaces account for more than 20% of the total area
Saarland thus has one of the highest proportions of settlement and transport areas among the German
federal states (Hoffmann, 2021). Further to this, in Saarland, approx. 2900 CSOs endanger water
quality

° discharge of industrial wastewater and cooling water

° agricultural runoff from arable land, which covers 40 % of the total surface
° mine drainage water (in total 19 Mio. m? per year) (RAG, 2014)

° extraction for irrigation and cooling water.

The above figures exclude illegal discharges or those resulting from accidents. Additionally, rivers in
the western part of Saarland are strongly influenced by similar stressors from the French part of their
catchments. Thus, for management purposes, international co-operation is required.

In almost all the rivers in Saarland, several of these stressors affect water quality and the aquatic
ecosystem (MUKMAYV, 2021). As the water bodies are small and medium-sized rivers with little
dilution capacity, they are severely affected by those various pressures. For these reasons, monitoring
using real-time measurement technologies is highly worthwhile. Based on the specific input patterns
of the data obtained by this measurement technologies, valid conclusions can be drawn about the origin
of the pollution, their respective relative proportion of the total pollution and the transport routes.

In the following section selected results from small and medium-sized rivers in the Saarland region
are presented that have been published in three peer-reviewed publications.
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2. Results and Discussion

2.1 Real-Time Monitoring of Water Quality to Identify Pollution Pathways in Small and
Middle Scale Rivers

Extended Abstract

Increasingly stringent quality standards for surface waters pose new challenges for water policy and
river basin management, particularly in the catchments of small and medium-sized rivers. These are
characterised by pronounced temporal and spatial variability driven by hydrological dynamics, seasonal
patterns, and diverse anthropogenic pressures. In such environments, precise identification of pollution
sources and transport pathways is essential for the effective planning, implementation, and evaluation
of mitigation measures. Conventional grab sampling strategies frequently fail to capture the highly
dynamic and non-linear behaviour of water quality parameters of these rivers, resulting in significant
information gaps. High-resolution real-time monitoring has therefore been repeatedly called for as a
more appropriate approach to characterise riverine processes and pollution impacts.

This study presents a comprehensive real-time monitoring approach based on mobile measuring stations
that integrate commercially available in situ sensors and wet chemical analysers. The system enables
automated, high-frequency measurements (5 — 10 minutes intervals) of a wide range of physicochemical
parameters, including oxygen, temperature, pH, EC, turbidity, nitrate, ammonium, total phosphorous,
ortho-phosphate, and TOC. By combining continuous concentration data with discharge data, the
approach allows for detailed analysis of both concentrations and loads, facilitating the identification of
point and diffuse pollution sources as well as their dominant transport pathways.

The mobile stations have been deployed at 35 monitoring sites across 25 heterogeneous small and
medium-sized rivers in Saarland, Germany — a region characterised by high population density, intensive
agriculture, and industrial activity. The catchments is subject of substantial environmental pressure from
discharges from STPs, CSOs, industrial plants, urban runoff and diffuse agricultural inputs. Despite the
diversity of catchment characteristics, real-time monitoring consistently provided fundamental insights
into the processes that influence chemical and ecological river status.

The results demonstrate that diffuse pollution, particularly from agricultural areas, can be reliably
identified through characteristic parameter responses during rainfall events. Surface runoff events are
marked by sharp increases in turbidity and total phosphorus concentrations, with particle-bound
phosphorus constituting the dominant fraction, while ortho-phosphate often remains constant or
becomes diluted. In contrast, nitrate transport via interflow produces delayed concentration maxima
relative to discharge peaks, reflecting subsurface lateral transport processes. Such time-lagged responses
would be difficult or impossible to detect using conventional sampling programmes.

Point source pollution was also clearly identifiable through real-time data. During dry weather
conditions, diurnal concentration patterns of total phosphorous, ortho-phosphate, and ammonium
revealed continuous inputs from STPs, including distinct signatures related to sequencing batch reactor
(SBR) operation. Load calculations during low-flow periods further allowed quantification of constant
baseline emissions attributable to technical installations. In addition, short-term and episodic pollution
events from CSOs were detected with high confidence, including sudden increases in ammonium and
TOC followed by delayed but prolonged oxygen depletion. The data further revealed CSO malfunctions
during dry weather periods, which caused severe and persistent pollution in small rivers—events that
would likely have gone unnoticed without continuous monitoring.
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Beyond individual parameters, the combined interpretation of multiple parameters and their correlations
proved essential for understanding pollution pathways. Strong correlations between total phosphorus
and ortho-phosphate during dry weather conditions indicated dominance of dissolved phosphorus from
point sources, whereas weak correlations during storm events reflected the influence of particle-bound
phosphorus transported by erosion. Similarly, significant correlations between total phosphorus and
TOC during rainfall events demonstrated shared transport via surface runoff. These multi-parameter
analyses enabled the development of site- and catchment-specific “fingerprints” describing dominant
pollution sources, pathways, and processes.

Load-based analyses provided additional critical insights. High-frequency data allowed accurate
estimation of nutrient loads, revealing that a substantial proportion of annual pollutant transport occurs
during a limited number of high-flow events. Comparisons between upstream and downstream stations
further enabled attribution of loads to specific sub-catchments, thereby supporting targeted management
measures. Such findings underline the limitations of surrogate parameters and trigger-based monitoring
strategies, which risk missing both critical events and chronic low-flow impacts.

Overall, the study demonstrates that real-time monitoring using combined sensor and wet chemical
analyser systems provides an exceptionally detailed and reliable representation of river water quality
dynamics. While the approach entails high investment, operational, and maintenance costs and requires
skilled personnel, its benefits for integrated catchment management are substantial. The generated data
support regulatory authorities, water managers, and stakeholders in identifying pollution sources,
evaluating compliance with environmental objectives, and designing effective mitigation strategies.
Moreover, the findings contribute to the ongoing discussion on revising assessment frameworks under
the EU Water Framework Directive, which currently rely largely on annual median values and may
inadequately reflect ecological risks in dynamic river systems.

In conclusion, although the application of such complex monitoring systems is necessarily limited to
selected investigations, real-time high-resolution monitoring represents a powerful and indispensable
tool for advancing water quality assessment and management in small and medium-sized catchments.

These results have been published in Science of the Total Environment.

Angelika M. Meyer, Christina Klein, Elisabeth Fiinfrocken, Ralf Kautenburger, Horst P. Beck (2019)
Sci. Total Environ., 651 (2019) 2323-2333.

https://doi.org/10.1016/].scitotenv.2018.10.069

Copyright (2019) Elsevier.
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Table 4: Author contribution roles for the publication "Real-time monitoring of water quality to identify pollution
pathways in small and middle scale rivers" in form of the CRediT standard.

Contributor roles Author(s)

Conceptualisation Angelika Meyer, Christina Klein, Ralf Kautenburger, Horst P. Beck
Methodology Angelika Meyer, Christina Klein

Formal analysis Angelika Meyer, Christina Klein

Writing — original draft Angelika Meyer

Writing — review and editing  Ralf Kautenburger, Horst P. Beck
Visualisation Elisabeth Fiinfrocken

Data curation Elisabeth Funfrocken

57



Science of the Total Environment 651 (2019) 2323-2333

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science of the Total Environment

Science o
Total Environment

Real-time monitoring of water quality to identify pollution pathways in L))

small and middle scale rivers>

Check for
updates

Angelika M. Meyer **, Christina Klein °, Elisabeth Fiinfrocken ?, Ralf Kautenburger ¢, Horst P. Beck

2 Institute of Inorganic and Analytical Chemistry, Saarland University, Saarbriicken, Germany

b Hessian Agency for Nature Conservation, Environment and Geology, Water Quality Department, Wiesbaden, Germany
€ Institute of Inorganic Solid State Chemistry - WASTe-Elemental analysis group, Saarland University, Saarbriicken, Germany

HIGHLIGHTS

GRAPHICAL ABSTRACT

Real-time monitoring provides a perfect
representation of the catchment pro-
cesses.

Impacts from point sources and from
diffuse sources can be distinguished.
Pollutions sources and transport path-
ways can be identified.

Not only during rainfalls but also during
dry periods crucial insights can be
gained.

dischagems]  wmrainfall [s]
—NH N L]
TRP (mo1)

—TPmg1)

ARTICLE INFO ABSTRACT

Article history:

Received 3 August 2018

Received in revised form 14 September 2018
Accepted 5 October 2018

Available online 11 October 2018

The quality standards for surface waters increase steadily bearing new challenges for water policy. Precise knowl-
edge of the sources and transport pathway of various impacts in a catchment area is of particular importance for
any management activities. Online measurements with high temporal resolution are particularly suited for this
purpose especially in small and middle scale catchments. In this paper we present an approach applying mobile

measuring stations in which commercial available sensors and wet chemical analysers are combined in a new set

Editor: Damia Barcelo

to enable real-time monitoring of various parameters. The resulting data and the interpretation of their relation-

ships allow the identification of diverse pollution situations in a river.

Keywords:

Diffuse and point sources
Mobile station

Online measurement
Pollution

Sensor

Wet chemical analyser

In this paper some examples of impacts from diffuse and point sources are given to illustrate the high information
density obtained through the use of this system.

© 2018 Elsevier B.V. All rights reserved.

% Part 1: On the meaning of real time data and their interpretation for surface water
management.
* Corresponding author at: Institute of Inorganic and Analytical Chemistry, Campus
Dudweiler, Am Markt Zeile 5, 66125 Saarbriicken, Germany.
E-mail address: a.meyer@mx.uni-saarland.de (A.M. Meyer).

https://doi.org/10.1016/j.scitotenv.2018.10.069
0048-9697/© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Rivers in general are subject to high dynamics undergoing changes
in time and space. Apart from natural diurnal and seasonal variations
(Wade etal., 2012; Worrall et al., 2015) they are influenced by changing
discharge regimes and very often by different kinds of pollution im-
pacts. Mostly such pollutions are the more harmful to the ecological
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and chemical status the smaller the river is. Moreover, it must be kept in
mind that the sum of the pollutants coming from small effluents ac-
counts for most of the pollution in big streams.

In Europe, the status of small and middle scale rivers was put into
focus as a consequence of the demands of the EU-Water Framework
Directive (WFD) (European Commission, 2000). In order to assess dif-
ferent impacts on a river - and thus its status - it is very useful to evalu-
ate different pollution sources and transport pathways in a combined
approach (Behmel et al., 2016; Bieroza and Heathwaite, 2016; Leone
et al., 2008; Outram et al., 2014). Pollutant sources and pathways
must be identified precisely to enable a sophisticated planning and pur-
poseful realisation of measures to improve the chemical and ecological
status of surface water bodies. Due to the high dynamics of small rivers
and the non-linear behaviour in time and space mentioned above grab
sampling programmes very often fail to provide the necessary informa-
tion density.

This paper emphasises the importance of real-time monitoring
with an extended data set from online measurements for identifica-
tion of pollution sources and pathways in small and middle scale riv-
ers. Real-time monitoring by the help of automated measurements
with high temporal resolution providing data with a frequency of a
few minutes enables high resolution monitoring (HRM) which has
often been called for (Blaen et al., 2016). Due to the high time reso-
lution of such online measurements harmful impacts and their ef-
fects become apparent immediately and distinctively especially in
smaller catchments and in rivers with particularly extreme hydrol-
ogy. These measurements depict the real quality status of a river
and enable to detect both short-term events as well as long-term
changes. Moreover, they allow for distinction of different pollution
pathways and sources.

Up to now, numerous kinds of real-time monitoring systems have
been realised. Most of them were designed for special issues such as
e.g. the estimation of nutrient fluxes (Jordan et al., 2007; Mellander
etal., 2012; Shore et al., 2017), assessment of the ecological river sta-
tus (Desmet et al.,2011; Bowes et al., 2016; Bowes et al., 2012) or de-
tection of domestic wastewater impacts (Boénne et al., 2014; Even
et al., 2007; Weyrauch et al., 2010). The majority of these studies is
based on the use of in-situ sensors (Glasgow et al., 2004; Jiang
et al., 2009; O'Flynn et al., 2010; Ungureanu et al., 2010). However,
more elaborated devices like wet chemical analysers are rarely
used due to high investment and maintenance costs. These kinds of
analysers are e.g. applied to determine the fluxes of total phosphorus
(TP) (Bieroza and Heathwaite, 2015; Bowes et al., 2003; Cassidy and
Jordan, 2011; Lloyd et al., 2016; Ockenden et al., 2016; Outram et al.,
2014) mostly in rural catchments. Nevertheless, ammonium (NHy-
N) and total organic carbon (TOC) also bear significant relevance to
the chemical and the ecological status of the rivers as well as to the
identification of transport pathways.

Thus, the scientific novelty of the presented approach consists of the
measuring and the interpretation of an extended data set we focus not
only on one kind of pollution but try to characterise and classify the
whole spectrum of pollution sources.

In Saarland (Germany) mobile measuring stations equipped with
both, sensors and wet chemical analysers have been operated since
many years. In this context, specific parameter combinations in
high time resolution turned out to be a very useful tool for the iden-
tification and the quantification of impacts in small and middle scale
rivers.

The purpose of this paper is to present the potential of real-time
monitoring for water quality assessment. In order to illustrate this ap-
proach in a first overview examples of impacts from point sources and
from diffuse (or non-point) sources are presented and the correlation
between concentrations and loads of different parameters are demon-
strated. A second part to be published will deal with a thorough statisti-
cal multivariate analysis of the data sets acquired in such measuring
campaigns.
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2. Materials and methods
2.1. Study area-

Saarland is the smallest German Federal State (apart from the so
called city-states) located at the French and Luxembourgian border in
the West (see Fig.1). Because of its situation in a low mountain range
area there are numerous small and middle scale rivers. Saarland has a
very high population density (387 people per km?), and the region is
characterised by intensive agricultural and industrial activities which
generally create a high environmental pressure. So a number of conflict-
ing interests exist regarding the usage of surface waters concerning dif-
ferent aspects such as drinking water supply, wastewater impacts,
agricultural irrigation, transport, fishery, recreation, tourism and many
more.

During the last years numerous small and middle scale rivers were
investigated by means of the presented system. Though all these rivers
differ regarding catchment conditions and anthropogenic pressure real-
time monitoring could always give fundamental insights into crucial
processes affecting the chemical status as well as the ecological
situation.

2.2. Conception and functioning of the mobile measuring system

When planning and performing a measuring station numerous as-
pects must be considered depending on monitoring objectives, financial
resources and availability of skilled personnel (Jornet-Martinez et al.,
2017). So designing and choosing the appropriate equipment always re-
quires an intensive planning phase. In our case technical innovation was
not the issue. On the contrary we especially searched for commercial
and well-established, robust and reliable measuring devices whose reli-
ability has long been proven by their operation in the surveillance of
technical plants and which have been designed for a long service life
in accurate continuous operation.

As mentioned above, wet chemical analysers for TP/TRP detection
and electrochemical sensors for water temperature, dissolved oxygen
(0,), pH value and conductivity as well as optical UV-spectroscopy for
the detection of nitrate (NOs-N) and/or dissolved organic carbon
(DOC) were also utilised in numerous studies. However, other nutrients
like NH4-N or TOC were rarely measured online in the context of river
monitoring. There still exist different methods for online measurements
of these parameters. NH4-N (as well as nitrate and TRP for instance) can
also be determined using lon-Sensitive Electrodes (ISE). But these elec-
trodes are sensitive to temperature changes and subject to ion interfer-
ences and drifting, so they lack practicality for this special purpose
(Boénne et al., 2014; de Marco et al., 2007; Khalid et al., 2016; Wade
et al., 2012). Measurements of TOC, however, are often replaced by op-
tical methods (e.g. SAC (Spectral Absorption Coefficient) at 254 nm
wavelength). These techniques also turned out to be less suitable for
river monitoring because of the interferences of the optical sensors
caused by high turbidity rates. TOC is mostly bound to particles and
thus concentrations rise especially during storm events with high tur-
bidity, so these concentration maxima can hardly be detected unbiased.
To counteract these negative aspects, we implemented wet chemical
analysers for the determination of NH4-N and TOC in the stations.
These analysers were proven to be very robust and reliable but, of
course, they are very intensive in cost and maintenance.

Our mobile measuring stations were developed as mobile trailers
(length: 6.1 m, width: 2.1 m, height: 2.8 m). These trailers can be
installed on-site nearby the river. A pump submerged into the river
transports the water via a tube into a sample basin (with a capacity of
app. 200 L) within the station from where the overflow is drained
back into the river by an outlet on the opposite side (see Fig. 2). To
avoid algae growth and a warming of the water in summertime the
tube from the pump to the station is of bright but non-transparent ma-
terial and it is kept as short as possible. The integrity of the sample
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Fig. 1. study area: situation of Saarland in Germany and measuring sites (the numbers refer to the sites described in chapter 3).

transported is proven (see chapter 2.3). Measuring devices for O,, tem-
perature, pH value, conductivity, turbidity and nitrate (NOs-N) - in fact
total oxidised nitrogen (NO, 3-N, which includes NOs—N and nitrite
(NO,—N, which is mostly negligible) - are immerged into this basin.
In addition, three wet chemical analysers (self-calibrating online-
photometers) are installed in the station to measure the concentrations
of NH,4-N, TOC and phosphorus measured as both TP (unfiltered and
acidic hydrolysed) and total reactive phosphorous (TRP, unfiltered and
un-hydrolysed). For the determination of NH4-N, the water is drawn
through a filter (0.45 um PFT membrane). Before the measurement of
TOC and TP/TRP the sample passes an ultrasonic homogenisation unit.
The waste produced by the wet chemical analysers is stored in plastic
canisters and disposed in accordance with the actual guidelines at the
university's laboratory.

The system enables the automated analysis of the actual water qual-
ity with a frequency of one measurement each 5 to 10 min. The collected

ESE]

“ auto sampler

data
logger
control

unit

Fig. 2. Scheme of a measuring station with sensors in the sample basin (left side) and wet
chemical analysers for NH4-N, TOC, TRP and TP.

homogeniser

turbidity

data are stored in a data logger from where they are transferred in a
chosen time sequence to a central computer via GSM and stored in a
database.

All analysers and sensors are from Hach GmbH (Berlin, Germany),
the data logging and transferring system is from Ott Hydromet GmbH
(Kempten, Germany). Fig. 2 shows a scheme of a measuring station,
Table 1 gives an overview of the measuring ranges and methods used.

The stations are air-conditioned to counteract unwanted tempera-
ture effects on the measurements (Bieroza and Heathwaite, 2016). Up
to now we have run three large stations and two smaller ones (without
wet chemical analysers), one of them with a solar power supply (Khalid
et al,, 2016). The stations are very flexible considering territorial as well
as methodological aspects and can easily be adapted to different re-
quirements and applied to various investigation issues. The rivers
which are to be monitored as well as the measuring sites and time pe-
riods are decided on in intensive discussion with the Ministry of Envi-
ronment and Consumer Protection of Saarland State and the agencies
in charge. Any site chosen has to be accessible by car. For operation of
the station a power supply (1 x 400 V or 2 x 220 V) is required.
Depending on investigation issues and significance of the water body
one measuring period will last between 6 months and 1.5 years (see
Conclusions).

2.3. Maintenance and quality assurance

Quality assurance (QA) is essential for any kind of analytical analysis.
In the case of online measurements it is of crucial importance that all de-
vices run reliably without a high calibration frequency or are self-
calibrating because fouling processes, instrumental drifts and changing
environmental conditions endanger the quality of the data collected
(Jornet-Martinez et al., 2017).

For this purpose we have chosen wet chemical analysers providing
an auto-cleaning facility and self-calibrating function. Once a day all
tubes in the analysers are cleaned automatically with an appropriate
cleaning solution. After that a two point calibration is carried out using
certified standards from Hach GmbH. As soon as these results exceed
the defined acceptable limits, the analyser turns into an error status.
This information then appears in the transferred data.
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Table 1

Parameters, measuring ranges and methods applied in the stations and references for the measuring methods.
Parameter Meas. range Method Reference
Temperature 0-50°C
Oxygen dissolved (0;) 0,05-20 mg/L Optical (luminescence) SO 17289:2014
pH value 2-14 Electrochemical 1SO 10523:2008
Conductivity 0-4000 pS/cm Conductometric 1SO 7888:1985
Turbidity 0-100 FNU Nephelometric (two channel 90° scattered light) SO 7027-1:2016
Nitrate (NO3-N/NO;3-N) 0.1-100 mg/L UV absorption
Ammonium (NH4-N) 0.02-2 mg/Lor  Colorimetrical (indophenol blue method after filtration at 0.45 um) 1SO 11732:2005

0.1-20 mg/L
Total phosphorus (TP) and total ~ 0.02-5 mg/L Colorimetrical (phosphomolybdenum blue complexation after ultrasonic pre-treatment and I1SO 6878:2004
reactive phosphorus (TRP) (only for TP) digestion with acid persulfate at 140 °C)

Total organic carbon (TOC) 0.1-100 mg/L Combustion reaction: removing the inorganic carbon by acidifying, oxidation of organic carbon by 1SO 1484:1997

high-temperature digestion to carbon dioxide (CO,) and detection of CO, by infrared

The sensors for nitrate and turbidity are equipped with an auto-
mated wiper system to prevent soiling and biofouling of the measuring
devices. When cleaned once a week the other sensors without wipers
also turned out to be robust against drifts caused by biofilm growth.

Additionally, an adequate maintenance routine has to be established
to guarantee the full function of the whole system. So once a week (in
periods of extreme weather conditions also more often) the pump and
all measuring devices are controlled, cleaned, maintained and cali-
brated, and the reagents in the analysers replaced if necessary. To en-
sure the quality of the monitoring data a sample from the river and
one from the basin are measured using a portable multi meter for tem-
perature, O,, pH and conductivity and the results are compared to the
data measured by the online devices. Furthermore, control samples
are taken from the river and from the sample basin and analysed imme-
diately for NOs-N, NH4-N, NO,-N and TRP in the stations by use of so
called cuvette tests with pre-dosed reagents in photometric evaluation.
TOC and TP are to be analysed in the home lab, where additionally total
N and TIC are determined as well. Malfunctions like drifts or offsets of
the measuring devices can thereby be detected immediately and elimi-
nated in time in most of the cases. During the last 5 years the maximum
deviation between the online data and the control analysis were as fol-
lows (subsumed for all measuring devices in the different stations for
each parameter): temperature: +3%, O, +-9%, pH value: 8%, conduc-
tivity: £7%, turbidity: £5%, NO3-N: £10%, NH4-N: £11%, TP: £11%,
TRP: +10%, TOC: £11%.

Every six months a full maintenance of the sensors and analysers is
carried out by the service of the suppliers. Repeated checks of the trans-
ferred data also help to promptly identify malfunctions. Thereby regard-
ing short time intervals serve to detect e.g. shutdown and calibration
errors whereas longer time intervals are useful to discover instrumental
drifts. The inspection of the development of different parameters in
time will also help the skilled personnel to ensure the plausibility of
the measured values with the help of typical correlations.

24. Evaluation and interpretation of the online data

All gathered data are controlled daily in order to recognise any kind
of technical problem or system failures as soon as possible. When eval-
uating the data special focus is to be placed on eliminating all outliers
and negative values caused by malfunctions or during maintenance
phases. Apart from that possible drifts must be identified and the corre-
sponding data must be rejected. Data missing due to such corrections
are never replaced. The evaluated 5-min values are then aggregated to
hourly mean values to both reduce the instrumental noise of the data
and to be able to compare it to the hourly values of discharge, precipita-
tion, air temperature etc. furnished by the Agency for Environmental
Protection and Customers Safety of Saarland State. For further plausibil-
ity control the data is then examined again in view of the corresponding
data of water quantity and climatic events.

However, it is a matter of considerable importance for the interpre-
tation of the online data to gather all information available about the
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catchment. For this purpose we collect grab samples every two months
at certain sites along the longitude of the river and from several impor-
tant effluents. Apart from that, climatic data and river discharge data as
well as knowledge of geological and hydrogeological characteristics of
the catchment are imperative for data interpretation, especially for
assessing natural phenomena and geological backgrounds. Further-
more, land use, domestic and industrial wastewater impacts, data of
other monitoring programmes (e.g. by the state office or by local
water companies) should be taken into consideration, too.

Thus regarding different parameter combinations and their relation-
ship over various time periods and considering the mentioned addi-
tional data allows us to draw conclusions about the pollution's sources
and intensity.

The following chapter is to highlight a few examples of the phenom-
ena observed during the last years.

3. Results and discussion
3.1. Diffuse pollution

One of the most important demands of the WFD is the so called
“combined approach for point and diffuse sources” set out in Article
10 (European Commission, 2000). According to this article all EU-
Member States are requested to ensure the control of all discharges
emitted in the rivers based on best available techniques. This claim
can often not be realised by simple grab sampling.

According to the European Environment Agency (EEA, 2017) “agri-
culture is a key source of diffuse pollution” and its control can only be
realised by help of continuous measurements on a high frequency. In
agricultural catchments NO3-N, TOC and P are the relevant parameters
which can actually be detected online. The knowledge of quantity and
pathways of the diffuse impacts of these three substances will also
point to other potential contaminants like for pesticides (Cruzeiro
et al., 2016).

3.1.1. Impacts via surface runoff

Diffuse pollution triggered by rainfalls on agricultural areas is very
often dominated by erosion effects leading also to increasing turbidity
values. Different substances such as P brought out in synthetic and nat-
ural fertilisers are bound to these turbidity causing particles which are
transported via surface runoff. Depending on the soil characteristics
the portion of P being dissolved or adsorbed on particles can differ.

Fig. 3 shows an example of several consecutive erosion events at the
river Blies in Reinheim in the Saarland (Ne 1 in Fig. 1) in spring season.
One can see that with every increase of turbidity (filled grey line) the
concentration of TP (dark green line) rises accordingly. Thus particle
bound P (dotted red line) (which is calculated as the difference between
dissolved TRP and TP) makes up most of the TP amount. The course of
the TRP line (light-green) shows that the first flush contains much
more particle bound P (TRP is even diluted), and it clearly indicates
that this turbidity event is due to a run-off from soil where fertilisers
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Fig. 3. Increase of turbidity and impacts of particle bonded P caused by surface runoff (erosion) in river Blies (Reinheim) (May 28th - June 9th 2009) (5-min-values).

has been brought out before May. It should be mentioned that the qual-
ity standard for TP is 0.1 mg/L in Germany for this type of surface water
body.

In most cases such phenomena occur during the autumn season
after harvesting. In numerous agricultural catchments we could define
such TP-impacts during stormflow events as the most important source
for P pressures. Shore et al. (2017) pointed out that even in rural catch-
ment despite of the concentrations the TRP loads transported during
stormflow events accounts for a major proportion of the annual TRP.

3.1.2. Diffuse pollution - impacts via interflow

In most agricultural catchments diffuse sources are the main impact
sources for NO3-N. When surplus NOs-N from fertilisers applied on the
fields is dissolved in rain water and the water then infiltrates the near
stream unsaturated soil zone, dissolved NO3-N can laterally transported
through the soil before it again exfiltrates into the surface water. This
transportation process (interflow) results in a time lag between the

A mmriver discharge station 2 [m3/s]
river discharge station 1 [m3/s]
mm rainfall [mm/h]

NO,-N station 1 [mg/L]
—NQ,-N station 2 [mg/L]

NO,-N [mg/L]

o - ik

T P

maximum of river discharge and the maximum of NOs-N concentration.
Fig. 4 illustrates an example of several interflow events in the agricul-
tural catchment of the river Seffersbach in the Saarland. In this catch-
ment two measuring stations were installed: one in the upstream area
of the river (station 1 in Bachem) and the other one close to the
mouth into the river Saar (station 2 in Merzig) (Ne 2a and Ne 2b in
Fig. 1). In both stations basic concentrations of NOs-N were about
3.5 mg/L, and they were diluted during rainfalls. With decreasing river
discharge the NO3-N contents in the upstream area of the river (yellow
line) immediately returned to the background level, whereas NO5-N
contents in the downstream area (red line) reached very high maxi-
mum values. There are obvious time lags between the river discharge
maxima and the concentration maxima at station 2 caused by the inter-
flow transport of NO3-N in the area between the stations. We have
found many similar events in other measuring campaigns, depending
on the catchment properties. These events always occurred during fall
or early winter also illustrating the process of bacterial oxidation of

r3.5

[y/ww] jjeyures ‘[s/cw] ebieyosip sl

Novermber 11th - 26th 2016

Fig. 4. Dilution of NO3-N concentration, impacts of NOs-N via interflow and river discharges in two measuring stations at river Seffersbach (Bachem - station 1, Merzig - station

2) (November 11th - 26th 2016) (hourly mean values).
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nitrogen containing organic matter when it is exposed to air after har-
vesting or ploughing. Nitrogen transport via interflow is also described
by many other authors (Ferrant et al.,, 2013; Rode et al., 2009).

3.2. Point source pollution

Continuous measurements also serve to identify point source pollu-
tion. Short time events can reliably be detected by them, but medium
term observations can also help to identify different impacts and their
pathways.

3.2.1. Point source pollution - impacts from wastewater treatment plants
(WWTPs)

Impacts coming from technical plants such as waste water treat-
ment plants (WWTPs) or industrial pollution can be observed during
dry weather times. On one hand river discharges are small so dilution
rates of pollution are reduced in these periods. On the other hand,
these phenomena are then not covered by rainfall-driven impacts.

In Fig. 5 concentrations of TRP and TP are shown during a dry
weather period with stagnating discharge into the river Losheimer
Bach in Nunkirchen (Ne 3 in Fig. 1). In this period the concentrations
of both TRP (red line) and TP (grey line) change periodically within
one day. Having a closer look at these concentration changes one can
see 6 maxima and minima occurring each day at the same time. This
is clearly not a matter of noise since the accuracy of the instrument is
better by at least one dimension. So periodic changes obviously are
caused by discharges from a technical plant which - in this case - is a
WWTP working with 3 sequence batch reactors (SBR) each of them
discharging twice a day. Additionally, the long term results of the
groundwater samplings carried out by the authorities in this catchment
area were considered. As the groundwater contents of TP and TRP were
almost negligible it can be concluded that this basic P-contamination of
app. 1.5 mg/LTRP and 0.2 mg/L TP is emitted by the treatment plant into
this catchment.

3.2.2. Point source pollution - impacts from CSOs

One of the most pressing problems in many urban or settlement
areas are incidents caused by combined sewer overflows (CSOs). During
rainfalls these impacts can occur very suddenly when surface flows ex-
ceed the capacities of channels and treatment plants. Even though these
events normally only last a few hours, they cause harmful pollution

impacts and hydraulic stress. Since grab sampling is unsuitable to detect
and especially to qualify such incidents, numerous strategies have been
tested by using different aspects of continuous measurements (Boénne
et al., 2014, Even et al.,, 2007; Khalid et al., 2016).

The effects of CSO's impacts are shown in Fig. 6 giving an example of
two events in the river Bist in Wadgassen (Ne 4 in Fig. 1). During the first
incident NH4-N concentrations (yellow line) increases up to 1.97 mg/L
and TOC concentrations (black dotted line) to 14.6 mg/L. Since the de-
composition of these organic substances flushed into the river requires
a large amount of O, this leads to a 56 h lasting depression in dissolved
0, (<7 mg/L) (blue line) in the river. The smaller events do not affect the
0O, content so much.

It must be kept in mind that any O, depressions caused by CSO im-
pacts can often not be detected immediately after the event and close
to the site of input. It has to be taken into account that the metabolic
0, consuming processes takes some time, so the effects of the impacts
will become evident only at a certain distance from the impact point.
Hence, additional studies are planned to be able to describe the correla-
tion of the impact's distance to the intensity of the O, depression in a
small river.

Such online measurements can thereby help to detect impact dura-
tion, discharge frequency and loads of each CSO. Similar observations
are also reported by Fu and Butler (2012) and Boénne et al. (2014).

Very often discharges from CSOs could be also detected during low
water periods apart from impacts from CSOs caused by storm water
events. These phenomena can be attributed to malfunctions of the
CSOs when - mostly after a flash - throttles are blocked by flotsam or
garbage. The channel thus cannot be closed and when a bypass from
the channel to the river comes into being a part of the wastewater dis-
charges into the river almost continuously. Above all such technical
problems create devastating situations in a small river as shown in
Fig. 7 where the online-measurements of NH4-N, TP and TRP are plotted
in such a critical situation lasting one month in summertime in the river
Saubach in Lebach (Ne 5 in Fig. 1). At the beginning the diurnal cycles
with two peaks which are characteristic for wastewater (Wade et al.,
2012) can be recognised in the NH4-N (yellow line) and the TRP concen-
tration curves (light green line). Then the nutrient's concentrations rise
according to the declining water level so that the maxima of the NH4-N
concentrations exceed the detection range of the instrument (see also
Table 1). On July 7th the damage was repaired and concentrations im-
mediately returned to basic levels.
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Fig. 5. Diurnal concentration changes of TP and TRP and river discharges during a dry weather period in river Losheimer Bach (Nunkirchen). (July 11th - 15th 2013) (hourly mean values).
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Fig. 6. Rising concentrations of NH4-N and TOC and reduction of O, caused by impacts from a CSO in the river Bist (Wadgassen) (November 1st - 15th 2012) (hourly mean values).

This demonstrates clearly that it is of particular importance not to
miss the dry weather periods if an assessment of all pollution factors
at a measuring site is required. Any reduction of the measuring fre-
quency, e.g. by applying a trigger parameter like precipitation or dis-
charge, will inevitably lead to a serious loss of information (Blaen
etal., 2016).

3.3. Parameter correlations

As shown above it is essential for the interpretation of continuous
measurements to consider various combinations of different parame-
ters at the same time in order to identify sources and pathways of pol-
lution (Angulo et al., 2012). Such an approach should be applied for
short term events as well as for mid-term or even long term periods. Es-
pecially a closer look at the correlation between different parameters
can help to better understand the situation in the river.

water level [cm]
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—TP [mg/L]
—TRP [mg/L]

2.0

N
o
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5

To explain this approach two different time segments at one mea-
suring site at river Bickenalb in Peppenkum (Ne 6 in Fig. 1) are compared
in the following. The first data set was recorded during a dry weather
period (October 8th to November 8th 2017, see Fig. 8a) with very low
water discharge rates. Considering the concentrations of TP and TRP
three different aspects can be brought out. On one hand, there is almost
virtually no difference between the two P fractions meaning that the P
consists mainly in dissolved TRP (light green line) which is characteris-
tic for pollution from domestic wastewater (see also Fig. 5 and Wade
et al., 2012) and which becomes apparent especially during low flow
situations (Ockenden et al., 2016). On the other hand, an increasing
trend of rising concentrations can be observed while the water dis-
charge is declining. This means that neither TP (dark green line) nor
TRP is added by rain water input during this period. There is a continu-
ous discharge all the time, and the concentration increase because the
amount of water decreases to take up the load. Furthermore, after a
small phase of decline every rain event causes a dilution of both TP

June 10th - July 10th 2010

Fig. 7. Rising concentrations of NH,4-N, TP and TRP caused by a malfunction of a CSO in the river Saubach (Lebach) during a dry weather period (June 10th - July 10th 2010) (hourly mean

values).
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Fig. 8. Time courses and correlations between different parameters: a) time course of TP and TRP during dry weather times; b) correlation between TP and TRP during dry weather times;
¢) time course of TP and TRP during rainy weather; d) correlations of TP and TRP during rainy weather; e) time course of TP and TOC during rainy weather; f) correlation between TP and
TOC during rainy weather; all registered at the river Bickenalb (Peppenkum) (October 8th - November 8th (8a and 8b) or November 19th - December 3rd 2017 (8c-8f)) (5-min-values).

and TRP, concentrations then return to basic level. These three phenom-
ena give unambiguous proof for the pollution coming neither from
groundwater (basic flow) nor from erosion (surface runoff) but surely
from some technical plant, and this is authenticated by the diurnal
cycle of the values.

The parallel progress of the TP and TRP concentration is reflected
in a significant correlation (Pearson's correlation coefficient R? =
0.9389) between the two P fractions as shown in the scatter plots
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(see Fig. 8b) for which we used regression analysis by least squares.
In contrast the concentration curves drift very much apart during
rainy days a few weeks later (November 19th to December 3rd
2017, see Fig. 8c). At that time, water discharge was >5 times higher
than before and impacts from the WWTP were strongly diluted, so
the basic P-concentrations were very low. During this time period
some impacts via surface runoff occurred leading to large concentra-
tion differences between TP and TRP and thus to a very weak
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correlation factor (R? = 0.0036) (Fig. 8d). Similar observations could
also be made by Lloyd et al. (2016).

On comparing the TP with the TOC concentrations (grey line) a very
similar development of concentration can again be observed (see
Fig. 8e). TOC can - among other pathways - get into a river by erosion
of organic material (partly bound to particles and partly dissolved) via
surface runoff. The significant correlation factor of 0.8772 between TP
and TOC (see Fig. 8f) proves that these substances are transported via
the same pathway.

Similar observations for TP and TRP could be made in different stud-
ies (Viviano et al., 2014) although without detection of the TOC con-
tents. Bowes et al. (2003), Jordan et al. (2007) and other authors
highlighted that in rural catchments the better part of the annual TP
load is mainly transported by a few single events. Lloyd et al. (2016)
call them “key transport events”.

3.4. Water discharge and loads

Supplementary information can also be collected from the loads of
the nutrients and their short time changes. The loads of different sub-
stances, i.e. the total amount of transported matter, can be calculated
from their concentrations and the total water discharges. They give
very important clues to the sources and the pathways of pollution,
and this is especially important for planning and implementation of
purposeful measures to be carried out in the catchment to improve its
ecological status. Many studies revealed the importance of real-time
monitoring for the assessment of pollutant loads in small catchments.

It was pointed out by Cassidy and Jordan (2011) that - especially in
small agricultural catchments - a false load estimation of TP can only
be avoided by help of sub-hourly determination. In Fig. 9 the loads of
NOs-N of two different stations - one at the river Theel in Lebach (sta-
tion 2, blue line) (Ne 7 in Fig. 1) and a second one at its effluent river
[ll in Eppelborn (station 1, dotted red line) (Ne 8 in Fig. 1) - are plotted
for one summer season. Comparing the loads, thus the total amount of
NOs-N which was transported in both rivers, it can clearly be seen
that the large majority of the NOs-N in fact comes from the catchment
of the smaller river Ill and is transported later on through the river
Theel.

So any measures to reduce NOs-N pollution in the river Theel should
be carried out in the catchment of river Ill. Nevertheless, during high
water situations a certain amount of NOs3-N is also washed out in the
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catchment of the river Theel as can be seen at the beginning of the mea-
suring campaign in March.

But also regarding the loads during low discharges can give valuable
hints to understand pollutant sources and pathways. For instance, com-
paring the constantly increasing concentrations of TP and TRP during
the decreasing discharge illustrated in Fig. 8a above with their loads
(not given here) we see that the latter remain at a constant level. It
can thereby be concluded that these loads represent the basic amounts
emitted by the WWTP.

4. Conclusions

To this day the mobile measuring stations presented in this paper
have been operated at 35 sites all over the Saarland monitoring 25 het-
erogeneous small and middle scale rivers. Though all these rivers differ
very much regarding catchment conditions and anthropogenic pressure
the real-time monitoring could always bring out fundamental insights
and understanding of crucial processes affecting the chemical status as
well as the ecological situation in each river.

The real-time measurements provide a perfect representation of the
variation of both concentrations and loads and thus give a clear picture
of the situation at all times. Due to the combination of sensors and wet
chemical analysers a large number of different parameters can be de-
tected reliably. A detailed study of these data together with their diverse
correlations over various time scales allows us to draw very general
conclusions, both catchment- and site-specific ones. The final goal of
such studies is to characterise a catchment by a sort of fingerprint and
to explain parameter changes and correlations in a coherent model.
Thereby the entire number of impacts, their sources and emission path-
ways into the river as well as the geological background and other nat-
ural characteristics can be identified and described.

It has often been mentioned that surrogate parameters and grab
sampling could be used to reduce time, effort and costs. However,
grab sampling mostly misses crucial events and use of surrogate param-
eters is somehow misleading, e.g. turbidity for TP or SAC for TOC. Only a
combined inspection of several parameters in time can bring out the
duration, the intensity and the origin of most pollution impacts. Fur-
thermore, online monitoring data can give precious hints on the
representability of grab sample results as they point out the influences
of time, season, hydrologic conditions etc. on the measured data.

Such “complex systems can provide multiple and accurate data and
can do real time continuous monitoring”, but “they need highly skilled

March 26th - October 21st 2010

Fig. 9. Comparison of NO3-N loads in the river Theel (station 2) and in its effluent river Ill (station 1) (March 26th- October 21st 2010) (hourly mean values).
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personnel and expensive instruments and a high maintenance” (Jornet-
Martinez et al., 2017). Beyond that, the spatial flexibility is of course lim-
ited due to infrastructural demands. As a consequence, the time for a
measuring campaign will not only vary depending on season and
weather changes but also on the operating expense.

Nevertheless it has to be underlined that the real-time monitoring of
water quality presented here turned out to be a very useful tool to pro-
vide relevant information for all stakeholders involved in integrated
catchment management and for planning and implementation of pur-
poseful measures as well as for their evaluation. Thus the results can
support all authorities in controlling the implementation of the WFD
and other demands of water management, especially in small and mid-
dle scale catchments. Several authors (Blaen et al., 2016; Halliday et al.,
2015; Wade et al., 2012), however, have highlighted the meaning of
real-time monitoring for classifying the chemical status of rivers as de-
fined in general in the WED. It was proposed to consult real-time mon-
itoring as a better means to revise the limits of the WFD which are still
based on annual median values. So an improvement of the strategies of
the WFD may also be part of the justification of the higher efforts and
costs of such an approach.

Furthermore, the investigation results also provide arguments for
the responsible parties and other stakeholders (operators of WWTP or
industrial plants, agricultural associations, water suppliers, etc.) to gen-
erally discuss thresholds and quality standards of different parameters
and to reduce the emissions of certain WTTPs or industrial plants and
also to implement new regulations to intensify the so called good agri-
cultural practice or to plan specific measures such as restoring projects.

In summary, the herein presented real time monitoring system pro-
vides extremely valuable data of a catchment. However, high costs of
material, consumption and maintenance limit its use to very selected
investigations.
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2. Results and Discussion

2.2 Detecting Pollutant Sources and Pathways: High-Frequency Automated Online
Monitoring in a Small Rural French/German Transborder Catchment

Extended Abstract

Small and medium-sized rivers are characterised by pronounced spatial and temporal variability of
nutrient and pollutant inputs, which makes comprehensive assessment of water quality particularly
challenging. This limitation is exacerbated in transboundary catchments, where differing national
monitoring strategies, regulatory frameworks, and environmental quality standards (EQS) may lead to
inconsistent assessments and management priorities. In the context of the EU Water Framework
Directive (WFD), reliable identification of dominant stressors and their origins is, however, essential
for the design of cost-effective measures to improve ecological status. This study demonstrates how
high-frequency, multi-parameter online monitoring can be used to disentangle diffuse and point-source
pollution, quantify loads, and identify spatial heterogeneities in a small transboundary river catchment.

The presented research was conducted in the rural Bickenalb catchment (79 km?), which spans north-
eastern France (Grand Est region) and south-western Germany (Saarland and Rhineland-Palatinate).
Land use is dominated by intensive agriculture and low population density. In the catchment, two
contrasting wastewater management approaches have been realised: in the French subcatchment, there
is one centralised STP with CSOs, whereas in the German part there are several decentralised small-
scale STWs. Previous River Basin Management Plans classified the ecological status of river Bickenalb
as moderate to poor, with persistent deficits in nutrient concentrations and oxygen balance.

To capture the high variability of inputs, two mobile online water quality monitoring stations were
installed at strategically selected locations: one near the French—German border (Peppenkum) to record
inputs from the French subcatchment, and one further downstream (Hornbach) integrating nearly the
entire catchment. Parameters were recorded synchronously at sub-hourly to minute-scale resolution over
several months and included total phosphorus, ortho-phosphate, ammonium, nitrate, TOC (total organic
carbon), temperature, dissolved oxygen, pH, turbidity, and electrical conductivity. Additional stand-
alone oxygen sensors were deployed along the river, and automatic samplers were used to assess
effluents from decentralised STWs in the German subcatchment.

Data analysis followed a holistic approach, evaluating not only individual concentration time series but
also parameter relationships and concentration—discharge (C—Q) dynamics during both storm events and
low-flow conditions. Particular emphasis was placed on analysing parameter pairs such as total
phosphorus/ortho-phosphate, TOC/particle-bound phosphorus, ammonium/ortho-phosphate, and
oxygen/temperature, as these relationships provide diagnostic information on pollution sources and in-
stream processes that cannot be derived from single parameter data sets.

High-frequency monitoring revealed that diffuse agricultural sources dominate nutrient and carbon
inputs during storm events. Particle-bound phosphorus and TOC exhibited strong correlations with
discharge and turbidity, indicating erosion-driven transport from arable land, particularly during late
autumn and winter due to harvested fields. In contrast, nitrate showed delayed concentration peaks
relative to discharge maxima, consistent with interflow-driven transport through soils. This time lag,
ranging from several hours upstream to more than a day downstream, highlights that nitrate loads cannot
be reliably captured by low-frequency or flow-proportional sampling alone.

Superimposed on diffuse inputs, pronounced point-source signals from urban wastewater were detected,
especially in the French subcatchment. CSO events were characterised by abrupt increases in
ammonium, ortho-phosphate, and TOC concentrations, often accompanied by marked oxygen depletion.
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2. Results and Discussion

Ammonium proved to be a particularly sensitive tracer for identifying CSO discharges and
distinguishing them from agricultural runoff during rainfall events. During low-flow conditions, parallel
total phosphorous and ortho-phosphate dynamics with a high proportion of dissolved phosphorus
(>90%) clearly indicated continuous inputs from the French STW. Diurnal cycles in total phosphorous
and ortho-phosphate, and ammonium further corroborated the influence of the STW.

Assessment of the oxygen regime showed that despite generally favourable morphological conditions,
the river frequently exhibited oxygen undersaturation, especially upstream near the border. High-
resolution oxygen/temperature and oxygen/pH relationships revealed strong diurnal fluctuations linked
to photosynthesis, indicating eutrophication driven by elevated nutrient loads. Events of organic and
ammonium-rich inputs caused additional oxygen consumption, occasionally leading to prolonged
suboptimal conditions for aquatic biota.

Calculation of nutrient loads based on continuous time series demonstrated that the majority of
phosphorus, nitrogen, and TOC loads were already present at the border-crossing point, confirming that
dominant inputs originate in the French subcatchment. During the comparable monitoring period,
approximately two-thirds of the total nutrient loads measured downstream could be attributed to
upstream sources. Storm events accounted for the majority of transported loads, particularly for particle-
bound phosphorus, TOC, and nitrate. By contrast, targeted sampling of decentralised STWs in the
German subcatchment showed negligible contributions, underscoring the effectiveness of decentralised
wastewater treatment in this rural context.

Comparison with German environmental quality standards (EQS) revealed frequent exceedances for
total phosphorus, ortho-phosphate, ammonium, and derived ammonia concentrations, particularly at the
upstream site. Oxygen deficits also occurred repeatedly. The application of differing national EQS
would, however, lead to divergent assessments of ecological status on either side of the border,
illustrating a key challenge for transboundary river basin management.

Overall, this study demonstrates that high-frequency, multi-parameter online monitoring is
indispensable for understanding pollutant sources, transport pathways, and in-stream processes in small
rivers. Analysing parameter relationships and load dynamics provides critical insights beyond those
obtainable from conventional low-frequency sampling. While the operational costs of mobile
monitoring stations limit their deployment to selected sites, their use is particularly justified in small,
vulnerable catchments and in transboundary settings. The findings provide a robust scientific basis for
prioritising mitigation measures and highlight the urgent need for cross-border harmonisation of
monitoring strategies, parameters, and EQS to effectively implement the objectives of the EU Water
Framework Directive.
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ARTICLE INFO ABSTRACT

Keywords:

Real-time water quality assessment
High-frequency time series
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Transborder catchment

Point source pollution

Diffuse source pollution

Great temporal and spatial variability of inputs make comprehensive monitoring in small and middle sized rivers
difficult. In this study, relevant inputs in a small river were recorded with suitable online monitoring equipment
coupled in mobile water quality monitoring stations, the study area being a transborder catchment with French
and German (Saarland federal state) subcatchments. In addition to a pronounced spatial variability necessitating
a denser net of measuring points this catchment has also to be assessed in the light of different national regu-
lations. To identify individual pollution sources and weigh their relative importance, relevant parameters were
recorded over a representative monitoring period of several months: phosphorus (P) as total phosphorus (TP) and
total reactive P phosphorus (TRP), nitrate (NO3-N), ammonium (NH4-N), total organic carbon (TOC), temper-
ature, oxygen (O»), pH, turbidity, and electrical conductivity (EC). The recorded data were subjected to adapted
interpretation together with other catchment-related factors. In order to retrieve maximum information from the
online data sets the relationships among certain parameter pairs were also analysed for both storm events and
low flow periods.

Comparison of loads at the different monitoring sites could reliably verify the majority of nutrient inputs
originating in the French subcatchment. Additional sampling of output channels from sewage treatment works
(STWs) in the Saarland subcatchment revealed that inputs from several decentralised STWs do not result in
significant loads, as opposed to inputs from one STW in France. Our holistic approach provides a basis for
adopting cost-effective measures to reduce loads in small river catchments as well as cross-border harmonisation
of environmental policies.

1. Introduction

In the context of complying with a great number of applicable legal
provisions to secure good water quality, in particular the EU’s Water
Framework Directive (WFD) (European Commission, 2000), it is of
fundamental importance to detect the causes and the origins of the main
stressors in water bodies. Although in many cases the general problems
are already known, there is still a lack of high-frequency monitoring data
for many catchments that hinders definitive utilisable conclusions. This
applies in particular to small and medium-sized rivers, which are typi-
cally characterised by very high spatial and temporal input variability
(Abbott et al., 2017). In many cases, where temporal resolution of
sampling is insufficient, the origin of stressors can usually only be

* Corresponding author.
E-mail address: a.meyer@mx.uni-saarland.de (A.M. Meyer).

https://doi.org/10.1016/j.jenvman.2021.112619

estimated by modelling (Crockford et al., 2017; Daniels et al., 2018).
The notorious discrepancy between interpolated and recorded data has
however already been pointed out by different authors (e.g. Liu et al.,
2018).

Many authors have therefore engaged in collecting high-frequency
data sets with autosamplers, online sensors and bank side analysers.
Most studies focus on characterising certain input pathways such as
fluxes in rural watersheds (Kralisch et al., 2003; Drolc et al., 2007; Ribbe
et al., 2008; Ferrant et al., 2013; Crockford et al., 2017; Bieroza et al.,
2018). In many cases, however, only single parameters or parameter
sets, such as P (Campbell et al., 2015; Chen et al., 2015) or nitrogen (N)
(Ribbe et al., 2008; Chen et al., 2012), or only transport mechanisms
during storm events are investigated (Chen et al., 2012; Lloyd et al.,
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2016; Paule-Mercado et al., 2018).

Rivers in most catchments are subject to multiple stressors consisting
of within-river and anthropogenic pressures (Grizzetti et al., 2017;
Elosegi et al., 2017). Type and quantity of pressures depend on countless
human activities and natural conditions in the respective catchment
(Comber et al., 2019). Due to the multidimensional pollution from both
point and diffuse (or nonpoint) source inputs, it is important to detect
those input sources responsible for the most damage to the aquatic
ecosystem.

Many authors emphasise that monitoring should more relate to
within-river dynamics, and they point to the benefits of online moni-
toring with automated sample collection and analysis equipment for
assessing catchment system functions and vulnerability of the respective
aquatic ecosystem (Bieroza and Heathwaite, 2015; Halliday et al., 2015;
Rinaldi et al., 2017). Another problem is that, specifically in small
catchments, the results from random low-frequency sampling strongly
depend on the time when the samples are taken (time of day, day of the
week, season) (Harmel et al., 2009; Crockford et al., 2017; Comber et al.,
2019).

In addition, concentrations of transported substances may vary
steeply at the same site, due to the complex processes influenced by
concentration-flow relationships (Martin et al., 1992; Harmel et al.,
2010; Ferrant et al., 2013; Gao et al., 2014; Lloyd et al., 2016; Kozak
et al.,, 2019). Consequently, also loads should not be assessed from
random sampling but recorded as continuous time series (Metadier and
Bertrand-Krajewski, 2012; Ockenden et al., 2017). Numerous authors
have established concentration-flow relationships (C-Q curves) for
various parameters. These allow — even for large data sets — a description
of the processes responsible for storing, remobilisation and transport in
the catchment (Bieroza et al., 2018). This applies to correlation func-
tions (e.g. in Jarvie et al., 2006; Herndon et al., 2015; Moatar et al.,
2017) as well as to the interpretation of hysteresis loops (Chen et al.,
2012, 2015; Ferrant et al., 2013; Bieroza and Heathwaite, 2015; Bowes
et al., 2015; Lloyd et al., 2016).

All these aspects show that properly adapted monitoring is indis-
pensable — in particular with respect to the purpose of implementing
cost-effective measures to achieve a higher water quality status. This
specifically applies with respect to implementing relevant legal pro-
visions. However, such regulations are rarely based on extensive real-
time monitoring campaigns and they are unfortunately different to
divergent when comparing national legislations.

In a previous article (Meyer et al., 2018) we have described the
instrumental methods incorporated in our measuring stations in which
relevant parameters reliably measurable in a sub-hourly time series
were synchronously monitored. While P and/or NO3-N concentrations
are already widely monitored, NH4~N and TOC concentrations are
commonly not. However, NH4-N concentration monitoring can be
essential for detecting domestic effluent inputs. We discussed this in
several case studies and demonstrated how a careful evaluation of
extensive data sets helps to characterize specific types of events in dry or
stormy weather situations. We could show that analyses do not only aim
at describing singular events but also at identifying all stressor sources
and pathways as well as their effects, e.g. on the O, budget, and thus
allow to draw a comprehensive picture of the total water pollution.

In the present article, we venture to show how simultaneous real-
time monitoring at different locations allows mapping of subcatch-
ment heterogeneities using the example of a small watercourse crossing
rural areas both in France (Grand Est Region) and Germany (federal
states of Saarland and Rhineland-Palatinate, with only the Saarland
portion being investigated) with mobile monitoring stations. In the case
of rivers crossing national borders this may also mirror differences in
legislations pertaining to the classification of the ecologic status and to
measures to be taken to improve this status.
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2. Materials and methods
2.1. Study area

The River Bickenalb rises in Lorraine (north-east France) and crosses,
after about 9 km of flow, the German border (federal states of Saarland
and Rhineland-Palatinate). Flow distance totals about 20 km, the
catchment covering a total of 79 km?, with a 28.6 km? portion belonging
to France and a 34.3 km? portion to Saarland (Fig. 1).

The catchment is dominated by lower and middle shell limestone and
is exclusively rural. Intensive agriculture is practised on both French and
German sides, with only a few villages (population density 70 p km~2).
Arable land covers 42% of the catchment, 40% is covered by pastures
and grassland, 14% by forests, and only 4% are residential areas.

A sewage treatment work (STW) with a 4250 population equivalent
(PE) and two Combined Sewer Overflows (CSO) are operated in Erching
in the French sub-catchment near the national border. By contrast,
wastewater disposal in Germany (Saarland) is decentralised: there are 8
small municipal STWs with between 70 and 650 PE designed as venti-
lated ponds or constructed wetlands.

On both the German and the French side, the ecological status of the
River Bickenalb was classified as ‘moderate’ in the 1st River Basin
Management Plan (RBMP) in 2009 due to morphological and biological
deficits as well as to chemical loads and deficits in the O, budget. Until
the 2nd RBMP was launched in 2015, previously planned measures to
achieve improved ecological status in Germany (Saarland) were imple-
mented. However, the same deficits were still detected thereafter, so
that the status had to be derated to ‘unsatisfactory’ in Germany and to
‘very bad’ in France.

Further information of the catchment can also be found in Fig. S-1a
and S-1b.

2.2. Monitoring system

Several mobile online water quality monitoring stations have already
been in use for years on behalf of the Saarland Federal State Government
to comprehensively map water pollution and to identify the origin of
pressures in the examined water bodies.

Two of these mobile monitoring stations were installed at

Bickenalb catchment

France

Fig. 1. Study area — Map of the River Bickenalb catchment, showing Peppen-
kum (PK) and Hornbach (HB) monitoring sites, additional O, Monitoring Points
(1-3) and STWs in the catchment (red dots). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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representative sites for a certain period of time. A detailed description of
the monitoring stations’ layout, instruments and workflow is given in
Meyer et al. (2018), so only a brief overview will be presented here. A
submersible pump continuously pumps river water into the monitoring
station’s sample tank; a separate pipe system redirects the overflow from
the sample tank into the river. Sensors for monitoring O, temperature,
pH, EC, turbidity and oxidised nitrogen — NO3-N with traces of nitrite
(NO2-N) - are installed in the sample tank. In addition, three wet
chemical analysers (self-calibrating online photometers) monitor con-
centrations of NH4—N, TOC and P, measured as both TP (unfiltered and
acidic hydrolysed) and TRP (unfiltered and un-hydrolysed). NH4-N
concentration is measured after filtering the water through a 0.45 pm
PTFE membrane. TOC and TP/TRP is measured after the water has
passed an ultrasonic homogenisation unit (Fig. S-2).

This setup allows — depending on the method - very short measuring
intervals of between a few seconds and ten (NH4-N, TP/TRP) to twenty
(TOC) minutes.

Further information on monitored parameters, methods, limits of
detection, on monitoring station maintenance and quality management,
as well as on online data evaluation and interpretation is also given in
Meyer et al. (2018).

To continuously monitor water quality in the River Bickenalb one
online monitoring station was installed in the river’s headwaters in
Peppenkum near the French border to record the situation in the French
part and another one was installed in Hornbach near the Saarland border
with Rhineland-Palatinate, which should show additional inputs from
the Saarland part (Fig. 1).

The Peppenkum monitoring station (R374654 H5442744) was in
operation from October 4, 2017 to June 27, 2018 and recorded all
French inputs from the 28.6 km? catchment. The Hornbach station
(R377649 H5451211) was in operation from October 20, 2017 to March
26, 2018, and also recorded the inputs from the Saarland subcatchment
(70 km?, approximately 90% of the total River Bickenalb catchment). In
addition to the two mobile online monitoring stations, three stand-alone
HOBO U26-001 sensors were deployed for temperature and O, moni-
toring at Monitoring Points 1, 2 and 3 (Fig. 1). O, concentrations were
measured using the luminescent dissolved Oy (LDO) method. The sen-
sors are equipped with an antifouling cap and battery operated, hence
self-sufficient.

Furthermore, a battery-powered automatic sampler was deployed in
the Saarland subcatchment at the small tributaries of the River Bick-
enalb below the STWs’ discharge points (red dots in Fig. 1). The sampler
was timed to collect mixed samples, i.e. a volume of 100 ml was taken in
hourly intervals and 8 consecutive samples mixed in one bottle, result-
ing in 3 mixed samples per day. The samples were subsequently labo-
ratory analysed for nutrients.

Data for interpretation purposes (flow data, climate data, ground-
water quality data) were provided by the Saarland Agency of Environ-
mental Protection.

3. Results and discussion
3.1. Inputs from diffuse sources

In particular, diffuse source pollution via both erosion and interflow
is extremely difficult to detect without recording high-frequency data
sets (e.g. Moatar et al., 2017). This will be illustrated in the following
examples from the study area, as there is a vast array of inputs from
agricultural sources as could be expected from the intensive agriculture
in the Bickenalb catchment.

As illustrated by the example from 19 November to 3 December for
the near-border Peppenkum monitoring station, TP and TRP concen-
trations resulting from such inputs often do not parallel (Fig. 2): Despite
TP levels increasing, TRP levels stagnate or even decrease, so that the
portion of particle-bound phosphorus (PP) — being TP minus dissolved
TRP - increases (see also Bowes et al., 2015). This P fraction mainly
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Fig. 2. Hourly average TRP, TP, PP and TOC concentrations, river discharge
(Peppenkum monitoring station) and rainfall (Assweiler weather station) from
19 November to December 3, 2017.

originates from applied fertilisers, as P accumulates on soil particles and
is transported into the river by erosion in rainfall events. Similar ob-
servations have been made by other authors (e.g. Chen et al., 2015).
However, remobilisation of soluble reactive phosphorus (SRP) as
described by Jarvie et al. (2006) could not be observed in this catch-
ment. In general, remobilised P can hardly be differentiated from recent
P inputs, even with high-frequency monitoring. To differentiate P inputs
from erosion and those from CSOs, which also occur in storm events,
additional NH4—N monitoring is of crucial importance.

In addition to PP, erosion also releases dissolved and particulate
carbonaceous substances into the river, such as carbon (C) from natural
and synthetic fertilisers, from humic and fulvic acids and plant residues,
all recorded as TOC. PP and TOC concentration curves in rural catch-
ments therefore are often very similar (Meyer et al., 2018). For the time
period shown in Fig. 2, a very strong correlation (given as Pearson’s
Correlation Coefficient R? = 0.924) suggests that PP and TOC result from
the same input sources. In addition to river discharge, erosion processes
naturally also increase turbidity, so that close correlations between all
erosion-triggered parameters (river discharge, turbidity, PP, TP and
TOC) could be mapped at all storm events, which is also mostly typical
for rural catchments. By contrast, no correlation between TP and TRP
(R? < 0.01) could be observed for the corresponding discharge event.
These observations could be made at both monitoring stations at the
near-border Peppenkum site and at the Hornbach site further
downstream.

The impact of agricultural diffuse sources is also obvious in NO3-N
concentrations. In contrast to PP and TOC inputs, a very different
transport mechanism for NOs-N shows up in many rural locations:
NOs-N inputs from interflow could be recorded at both monitoring sites.
The interflow as lateral part of the subsurface runoff transports dissolved
NO3-N through the soil so that it enters the river with a certain time
lapse. Therefore, in a given event, the recorded NO3-N concentration
may increase several or many hours after the discharge maximum. At
Peppenkum, for example, this time lapse was between 8 and 15 h
(Fig. 3a) and at Hornbach it was between 12 and 41 h (Fig. 3b). Often,
with river discharge increasing, NO3s-N is even diluted temporarily.
Similar correlations were observed by other authors in rural watersheds
(e.g. Kralisch et al., 2003; Ferrant et al., 2013; Wang et al., 2015; Bieroza
et al., 2018). NO3-N concentrations recorded at the Peppenkum site
show sharp peaks (Fig. 3a) following rainfall maxima, so it can be
assumed that the related inputs occur in the monitoring station’s vi-
cinity. In Hornbach, NO3-N concentrations recorded are as high as up-
stream or even higher and decrease over a longer time period (Fig. 3b).
The differing concentration gradients can be explained by the Hornbach
station being sited much further downstream, i.e. a much larger part of
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Fig. 3. Hourly NO3-N means with peaks resulting from interflow inputs: a)
Peppenkum monitoring station from 4 to October 11, 2017; b) Hornbach
monitoring station from 1 to November 22, 2017.

the catchment is covered there. The NO3-N peak is wider, as there are
several NO3-N input points with varying flow times to the monitoring
site. This is already a sure indication of NOs-N inputs from agricultural
sources also in the Saarland subcatchment.

It should be expressly underlined that NOs-N from interflow cannot,
or not properly, be recorded by flow-controlled automatic sampling, as
sampling frequency decreases with river discharge so that the actual
NO3-N peak is not captured. However, many authors observed NO3-N
inputs originating mainly from baseflow in other catchments (e.g.
Moraetis et al., 2010; Gao et al., 2014; Bowes et al., 2015).

TOC and PP erosion as well as NO3-N leaching from agricultural
sources in the Bickenalb catchment occur mainly in late autumn and
winter, when the fields are harvested and the absence of crops accel-
erates erosion. Hardly any such leaching processes were recorded over
the following months, as NO3-N is usually diluted with increasing water
levels. Similar seasonal fluctuations in NO3-N and P leaching have also
been reported by other authors for comparable climatic zones (e.g.
Rozemeijer et al., 2010; Saadat et al., 2018). Bowes et al. (2015) for
example, detected an anticlockwise pattern in the hysteresis loops of the
NO3-N concentration-flow relationship during rainfall events from
November to January, which is typical for interflow inputs.

We could, however, not observe NH4-N inputs in this context,
whereas e.g. Wang et al. (2015) found that the NH4-N proportion in
both mineral and organic fertilisers rapidly decreases after application,
while the NOs-N proportion increases. Notable P inputs via interflow or
groundwater can be excluded, as the Bickenalb catchment is geologi-
cally dominated by lime, so P applied in fertilisers is easily bound as
calcium phosphate and hence becomes insoluble (see also 3.1).
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3.2. CSO inputs

Inputs from municipal CSOs pose major risks to aquatic ecosystems
not only in densely populated areas. They were repeatedly recorded
during rainfall events even in the sparsely populated Bickenalb catch-
ment and are usually characterised by steep increases of dissolved TRP,
TOC and, in particular, NH4-N concentrations, which were observed at
both monitoring sites. The examples in Fig. 4a and b shows that NH4-N
concentration in Peppenkum on 22 October increased from levels below
detection limit (0.02 mg L™1) to almost 1.2 mg L™}, and to 1.3 mg L™}
shortly afterwards. NH4-N levels recorded in Hornbach a few hours later
even exceeded the measurement range of 2 mg L™L. Such steep increases
in NH4-N levels from CSO inputs pose a high ecological risk particularly
to small rivers, the more so as the hydraulic stress on the ecosystem is
accompanied by heavy organic pollution causing serious O, depressions.

CSO inputs are another example illustrating how pressures, espe-
cially on small rivers, tend to be underestimated if monitoring is only
done by random sampling. Over the monitoring periods shown in Fig. 4
the average NH4-N concentration at Peppenkum was 0.167 =+ 0.247 mg
L1, whereas the maximum amounted to 1.33 mg L' at Hornbach,
average NH4—N concentration was 0.141 + 0.231 mg L7}, the maximum
even exceeding 2 mg L™! NH4-N. Due to the rapid changes in concen-
tration, such representative data can hardly be produced by manual
sampling.

At Peppenkum site, in total 19 CSO input events and 12 erosion input
events with widely varying intensities were recorded over the moni-
toring period from October 4, 2017 to June 27, 2018, with some events
occasionally overlapping. At Hornbach, 13 CSO input events and 6
erosion input events were recorded over the shorter monitoring period
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from October 20, 2017 to March 26, 2018.

3.3. Influences of the STWs

Some specific weather conditions are well suited for observing
imputs from diffuse sources or CSOs as described above. In contrast,
inputs from municipal or industrial STWs can be better recorded during
low flows. At the beginning of the monitoring period in early October (as
also in summer 2018) low flow conditions prevailed, so that inputs from
the Erching STW in France, located about 2 km upstream Peppenkum
monitoring site, were clearly detectable.

At extremely low flows (Fig. 5a and b), TP and TRP concentrations
were exactly parallel, the difference between the two being very small,
so P inputs consisted almost completely of dissolved TRP (average TRP
proportion > 92%). This ratio is an indicator for wastewater inputs from
municipal STWs. As shown in Fig. 5a below, a strong correlation be-
tween the two P fractions is evident for the time period from 10 to
October 21, 2017 (R = 0.939).

P concentrations tend to increase with decreasing river discharge,
hence the P load is relatively constant. On 11 October, rainfall resulted
in additional inputs from CSOs, causing P concentrations to steeply in-
crease. Between such low flows the phenomena described above became
immediately manifest again. The exactly correlating time curves and the
sharpness of the peaks are clear indications that these inputs occurred in
the monitoring station’s immediate vicinity, so that the Erching STW is
likely the major source.

Halliday et al. (2015) also observed two-peak regular diurnal dy-
namics of TP concentrations with daily TP concentration changes of
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Fig. 5. Effects of STW effluent inputs at Peppenkum: a) diurnal fluctuations
and daily increase of TRP and TP concentrations from 10 to October 21, 2017;
b) TRP/TP diurnal cycles and corresponding NH4—N concentrations from 2 to
February 11, 2018.
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0.18 mg P L1 in low flow studies. Bowes et al. (2015) recorded an in-
crease of TRP concentrations from 0.2 to almost 0.7 mg L™ in compa-
rable weather conditions. Both studies attribute these inputs to STWs.
Jarvie et al. (2006) point out that even in rural areas, where the main
portion of P loads often originates from diffuse sources, P from point
sources pose a high risk for the aquatic ecosystem — particularly during
periods of ecological sensitivity such as low flows in summer and spring
time.

Fig. 5b shows, in addition to TP/TRP diurnal cycles, also those of
NH4-N featuring the double peaks typical for inputs from a smaller STW,
which is a result of more household wastewater being discharged in the
morning and evening. For example, NH4—N concentration increased to
0.467 mg L' at 19:00 h on 9 February and dropped to 0.255 mg L™ at
21:00 h, returning to 0.324 mg L™! at 3:00 h on the following day
(Fig. 5b).

Due to a faster nitrification, baseline NH4-N concentrations are
much higher in winter than in summer. In Peppenkum the average
NH4-N concentrations measured at air temperatures below 10 °C were
0.109 mg L%, and 0.057 mg L™! above 10 °C. However, this also
highlights the negative impact of inputs from the STWs and CSOs on
water quality at the Peppenkum monitoring site. By contrast, at the
Hornbach monitoring site, NH4—N concentrations were under detection
limit during low flows.

Increasing water temperature and pH move the NH3/NHy4 equilib-
rium towards fish-toxic ammonia (non-ionised NH3-N). The pH in the
River Bickenalb is relatively high due to the geological conditions and
therefore implicates a particularly high risk of NH3-N forming. Espe-
cially, this applies when there is an additional pH shift due to photo-
synthesis. While at Hornbach monitoring site high NH3-N
concentrations are reached only temporarily, the EQS of 2 pg L7}
required by the German Surface Waters Ordinance (OGewV 2016) is
exceeded fairly frequently and also for longer periods of time at Pep-
penkum. Values in excess of the EQS limit shown in Fig. 6, for example,
were measured over approximately 15 h on 14 Ma y.

NHs-N concentrations at Peppenkum exceeded the EQS limit for
over 900 h (20%) with a maximum of at almost 60 pg L~ 'within the
monitoring period, at Hornbach for a total of 190 h (7%) over the shorter
monitoring period there.

3.3.1. Sampling the small STWs in Germany

In 2006 to 2008, eight SWTs were built in the Saarland part of the
Bickenalb catchment, mostly designed as ventilated pond or constructed
wetland. To assess the influence of these STWs on water quality, an
automatic sampler was installed for 1 week at each STW outlet channel
and programmed to take hourly samples, which were merged to 3 mixed
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Fig. 6. NH3-N concentrations in relation to monitored NH4-N, water temper-
ature and pH at Peppenkum monitoring station, and to NH3-N EQS as stated in
OGewV 2016 (9-May 20, 2018).
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samples per day. Comparison of the samples showed very similar results
at any time of day for all monitored STWs. It can be assumed that there
are no significant negative effects on water quality from STW inputs at
the monitoring sites. In this catchment it turned out to be more effective
to spatially distribute these discharges because River Bickenalb and its
tributaries are not abundant in water causing limitation in dilution
effects.

3.4. Oz budget

In addition to the online monitoring stations, three stand-alone onset
O3 sensors recorded water temperature and O concentrations for a few
months (Fig. 1: Monitoring points MP 1-3). Fig. 7 shows the O curves
for each monitoring point. For the comparable period, average O,
concentrations were: 10.1 + 0.3 mg L 'at MP 1;10.3 + 0.9 mg L tat
MP 2; 9.8 + 1.1 mg L™! at MP 3; 10.3 + 0,8 mg L™! at Hornbach
monitoring station. While other authors (e.g. Wang et al., 2019)
observed significant longitudinal changes in O; levels, in the case of the
River Bickenalb only marginal differences between Oy levels were
recorded at MP 1 to 3 and Hornbach station. Monitoring at Peppenkum
showed mainly similar results — from late November to early February,
however, repeated periods of significantly lower Oy levels were
observed. The O, deficits at near-border Peppenkum station correlate
with the events described above, involving inputs from surface runoff
originating in the French subcatchment. Inputs of organic substances,
particularly TOC and NH4-N, lead to O, consumption (see e.g. Wang
et al., 2019). O, levels recorded from 10 to December 14, 2017, for
example, remained permanently below those otherwise recorded, the
average concentration in this period reaching only 9.5 mg L7}, in
contrast to approx. 11 mg L™} at all other monitoring points.

However, recorded O, concentrations remained below the physical
saturation point at normal pressure (1013 hPa). This can be visualised
by plotting high-resolution O, data against temperature as shown in
Fig. 8a and b. O concentrations were above saturation point throughout
the day only occasionally during the spring weeks, when Oy was pro-
duced from photosynthesis by algae and foliage water plants (see also
Figs. S3 and S4). At Peppenkum these supersaturations occurred some-
what earlier than at Hornbach.

Similar observations were made in grab samples taken by French
surveillance authorities at the Erching monitoring point during the years
2010 and 2013 to 2016.
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The time of day has a significant impact on readings, especially in
phases of increased photosynthetic activity, as O, concentrations are
subject to dramatic diurnal changes. Recorded O, levels shown in Fig. 8a
range from a supersaturation level of 125% (20 April at 15:00 h) to an
undersaturation level of 64% (21 April at 6:00 h) recorded at Peppen-
kum. At Hornbach they range from a supersaturation level of 120% (25
March at 15:00 h) to an undersaturation level of 82% (26 March at 6:00
h) (Fig. 8b). It must be concluded that the O, content is inadequate, even
despite the River Bickenalb’s favourable morphological structure over
large parts of its watercourse.

Photosynthesis also influenced pH recorded at both monitoring sites
(Fig. 9) as pH too is influenced by photosynthesis, the light reaction
increasing pH as a result of O production.

This relationship has also been described by e.g. Moraetis et al.
(2010), Halliday et al. (2015). Closer analysis of O level and temper-
ature curves shows that O, levels peak only slightly later than temper-
ature. If the fluctuations in Oy levels were influenced exclusively by
physical conditions, such as e.g. temperature, the amplitudes of both
parameters would have to be reciprocal.

The correlation of O, and temperature curves and the strong daily
fluctuations in pH however suggest that O, concentration and pH in this
period were mainly influenced by photosynthesis and indicate eutro-
phication. Normally, rivers’ trophic status tends naturally to be higher
downstream due to accumulating nutrients. In the case of the River
Bickenalb, however, the observed trophic status was higher upstream
(Peppenkum monitoring site) than downstream (Hornbach site), which
indicates higher eutrophication status near the German-French border.

3.5. Assessment with respect to applicable EQS

As mentioned in the introductory paragraphs we aim at recording the
spatial variations in subcatchments as well as the effect of diverging
national approaches. For Germany, standard limit values of relevant
parameters for aquatic ecosystems are set forth in the OGewV 2016. The
stipulated standards are criteria for the ranking of monitored aquatic
ecosystems as ‘good’ with respect to their ecological status and potential
(see table S-4).

Peppenkum site: Over the monitoring period, NO3-N concentrations
exceeded EQS (11.3 mg L) only in a few samples. NH4-N concentra-
tions exceeded EQS (0.1 mg L™1) in approximately 30% of all samples.
TOC concentrations exceeded EQS (7 mg L™1) in approximately 8% of all
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samples. Excess rates of TRP and TP are exceptional: TRP concentrations
exceeded EQS in more than 70% of all samples, and TP concentrations
were excessive in approximately 80% of all samples. Calculated NH3-N
levels exceeded EQS (2 pg LY in almost 20% of all samples. Water
temperatures and pH remained within approved limits. O, levels
remained below EQS (7 mg L™}) in approximately 10% of all samples.

Hornbach site: Over the monitoring period from October 20, 2017 to
March 26, 2018, TP concentrations exceeded EQS in 46% of all samples,
TP concentrations in 66% of all samples. NH4-N concentrations excee-
ded EQS in almost 15%, TOC concentrations in 16%, and NH3-N con-
centrations in 7% of all samples. NO3-N levels remained below EQS, and
pH also remained within specified limits. Oy levels dropped below EQS
in a few samples despite the monitoring in the winter half year. More-
over, recorded values do not reflect pessimal conditions for water tem-
peratures and O levels, as the monitoring was not made in summer.

Comparing the EQS excess rates compared to German standards (for
O4: deficit rates) of recorded values at Peppenkum and Hornbach within
the comparable monitoring period shows that at the Peppenkum
monitoring site, the EQS for NH4-N, NH3-N and TP are significantly
more frequently exceeded, and O, EQS more frequently undershot than
at Hornbach site, whereas TOC levels exceeded EQS more often down-
stream than upstream (Fig. S-5).

In contrast, the EQS required in France are not as stringent as in
Germany (an overview of the relevant EQS in France and Germany is
given in table S-6). This leads to some inconsistency in assessing water
quality status on both sides of the border and thus also in planning of
measures.

3.6. Comparison of calculated loads

High-frequency sampling also allows exact mapping of transported
nutrient loads via nutrient-concentration times discharge on a detailed
time-scale. Particularly in small catchments such an analysis is indis-
pensable for an adequate determination of loads and their attribution to
certain input sources (Johnes, 2007; Harmel et al., 2009; Crockford
et al.,, 2017). For example, Ferrant et al. (2013) found that even a
monitoring frequency of >3 h can produce significant errors in the
analysis of NO3-N loads. Atmospheric N and P depositions are consid-
ered to be negligible, as described e.g. by Halliday et al. (2015).

Comparison of total loads at both monitoring sites shows that
nutrient pollution is already present upstream at Peppenkum, hence
originating from the French subcatchment. Only in times of heavy
rainfall pollutants are mobilised and transported into the river also in
the Saarland subcatchment. The amount of these inputs varies in rela-
tion to intensity, duration and spatial distribution of precipitation
(Fig. 10). In the time period shown, the maximum load at Peppenkum
site was 47 kg h™! TP and 145 kg h~! NO3-N and at Hornbach site was
77 kg h™! TP and 214 kg h™! NO3-N.

For all recorded pollutants it is obvious that the major portion of
loads is already present in the river when it crosses the border from
France to Germany (loads recorded at Peppenkum station) (Fig. S-7);
while only another third of the loads originates from the Saarland part of
the catchment (difference between loads at Hornbach and Peppenkum).
As most of the NH4—N is nitrified on the transport, assessment of NH4—N
is difficult.

For the distinction of loads transported at baseflow and at storm
events, the median of the flow was defined as threshold value. Conse-
quently, storm events are defined as situations in which flow exceeds the
median calculated for the entire monitoring period at the respective
monitoring site (Moatar et al., 2017).

The majority of nutrient inputs occur in storm events, when flow
exceeds the median. At Peppenkum, 77% of the total NH4-N load was
transported during rainfall runoff events and 84% at Hornbach; NH4-N
inputs can be attributed almost exclusively to CSOs. Only 53% of the
total-TRP loads, but 71% of the TP loads were recorded during rainfall
events at Peppenkum, and 70% and 88%, respectively, at Hornbach.
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Fig. 10. Loads at Peppenkum (PK; red lines) and Hornbach (HB; blue lines)
monitoring sites from November 19, 2017 to January 6, 2018: a) TP loads; b)
NO3-N loads. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

This highlights the importance of PP transportation by erosion in the
whole catchment. Most of the TOC and NO3-N loads too are transported
at storm events (TOC: 85% at Peppenkum, 82% at Hornbach; NOs-N
80% at both sites). Relocation of NO3-N is by contrast harder to assess.
In the event of interflow NO3-N transport and the associated time lag
between flow and concentration maxima, the flow median criterion does
not cover the entire load curve.

The origin of P loads can also be estimated by dint of the flow median
criterion. As impacts of P via interflow and groundwater as well as from
industries are negligible in the catchment, nevertheless sedimentation
and remobilisation processes cannot be taken into account. During
baseflow and low flow periods (flow below median), the portion of P
transported can be referred to the SWTs outputs. At storm events (flow
above median) TRP enters the river via CSOs while PP is transported by
erosion carrying P from fertilisers For the Bickenalb catchment we can
assume that the biggest part of the P impacts is caused by erosion. Apart
from that, in the French subcatchment one third of the P load stems from
the Erching STW (Fig. 11).

However, estimating the origin of N loads is much more complex and
cannot be categorised without considering e.g. STW emissions and
groundwater concentrations.

4. Conclusions
This article describes how multiple stressors in a small river can be
comprehensively mapped with high-frequency monitoring of electro-

chemical parameters and nutrient concentrations in a holistic approach.
Therefore the recorded parameters were analysed in their entirety and
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Fig. 11. Origin of the TP loads in the French and Saarland subcatchments in
relation to total loads — Peppenkum and Hornbach monitoring sites from
October 20, 2017 to March 26, 2018.

evaluated under various criteria, including correlations with each other
and concentration-flow relationships not only for storm events but also
for low flow periods. The high temporal resolution of the data also al-
lows highly accurate calculation of loads.

The study area of the Bickenalb catchment is rural, with low popu-
lation density and dominated by agriculture, and consequently suffers
from pollution from multiple agricultural sources at both monitoring
sites.

It could however be verified that particularly the upper reaches at
the French-German border are also polluted by urban wastewater from
France. To distinguish such CSO inputs from the diffuse agricultural
sources at storm events, NH4—N monitoring is indispensable. Long-term
high-frequency monitoring also allows identifying interflow NOs-N in-
puts from fertilisers unambiguously and in their entirety.

The comparison of loads at both monitoring sites can reliably verify
that the majority of nutrient inputs originate in the French part of the
Bickenalb catchment.

Sampling of STW output channels in the Saarland subcatchment
revealed that total inputs from these decentralised STWs are negligible.
This reflects the benefits from decentralised wastewater treatment as
opposed to centralised solutions as implemented in the French part of
the catchment.

However, due to the high costs incurred in operating mobile water
quality monitoring stations and the considerable resources necessary for
maintenance and processing, such stations can only be operated at few,
carefully selected monitoring points. Operating such monitoring systems
makes sense in particular at smaller rivers which usually incur a higher
risk of ecological damage.

The situation described is also a striking example of the problems
facing authorities in charge of transboundary river basin management.
Different approaches to monitoring and assessment of water quality
adopted by Member States result in differing priorities and hence
differing measures implemented in cross-border catchments. Conse-
quently, cross-border harmonisation is vital, not only as to the definition
of good water quality and ecological state and potential, yet also as to
monitored parameters and applicable EQS (see also Arle et al., 2016).

The findings of this study are discussed jointly by the authorities
from both the Saarland and the French Grand Est region to develop
measures to improve the water quality in the River Bickenalb.
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Supplementary Information
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Fig. S-1a. Map of the French subcatchment showing
land cover and localisation of the SWT, of the CSO
and of the measuring station.
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Fig. S-2. Scheme of a measuring station with sensors in the sample
basin (left side) for Oz, pH, temperature and EC (above) as well as
for NOx-N and turbidity (below) and wet chemical analysers for
NH, -N (above), TOC, TRP and TP with the homogeniser (below).
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Fig. S-1b. Map of the Saarland subcatchment showing land cover
and localisation of the SWTs, of the direct dischargers, of the two
online measuring stations and of the three O, sensors.
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Fig. S-3. Influence of photosynthesis on Oz concentrations: example
of almost parallel daily temperature and O cycles compared to the
theoretical O, saturation at normal pressure (1013 hPa).
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2. Results and Discussion

Table 5-4.

Average, minimum and maximum hourly means by parameter as recorded at Peppenkum (4
Cctober 2017 to 27 June 2018) and Hombach (20 October 2017 to 26 March 2018); EQS of
OGew 2016; N = number of recorded hourly means.

Peppenkum unit Average Minimum | Maximum | BQS M
MO-M [mg L] 35 1.2 186 11.3 5771
MO.-H [mg L™ 0.05 n.02 0.41 0.05 34
MHz-H [mg L] 0.09 BOL =2 0.1 4994
THi [mg L™] 36 0949 116 3 32
TRP [mg L™ 021 0.01 1.3 0.07 5833
TP [mg L™ 0.27 0.08 1.7 0.1 5933
TOC [mg L™ 54 19 =25 T 5734
MNHz-M [ng L] 15 BOL 585 ped 45375
pH 79 T4 8.4 7-8.5 5875
0, [mg L] 9.4 55 143 =7 5542
temperature [*C] 91 0.30 18.1 =20 5867
EC [UScm™] | 679 259 940 5933
Harnizach unit Avera | Minimo | Maximu | EQS M

ge m m
MO3-1 [mg L™ 44 21 6.7 11.3 3676
MO2-H [mg L™ 002 001 0.05 0.05 20
MH4-M [mg L™ 005 ; BDL 20 oA 2808
THi [mgLl™ |38 1.8 6.4 3 20
TRP [mg L™ @011 0.01 0.54 0.07 3393
= [mgLl™ 016 | 005 23 oA 3507
TOC [mgLl™ 54 15 252 7 3245
MH3-H [pg L™ 070 oM 221 2 2827
pH 748 L 8.4 -85 3655
o2 [mgL™ 107 &0 145 =7 3875
temperature | [*C] 5.9 1.1 114 =20 3579
EC [0S em ] | 675 252 &78 3579

3

W Peppenkum ®Hornbach

~
o

3

g

]

Recordedvalues exceeding (O,: undershooting) EQS [%]

0, | NHeN  TRP TP TOC | NHeN

Fig. S-5. Recorded values exceeding EQS (for O2: undershooting EQS) in % of total
readings for monitored parameters (hourly means) at Peppenkum and Hornbach
from 20 October 2017 to 24 March 2018.
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Results and Discussion

Table S-6.

Environmental quality standards in France (SEQ-Eau: Indice d’aptitude: 60*) and

Germany (river type 5.1)

unit France Germany |

NOz-N [mg L™ 11.3 11.3
NO.-N [mg L™ 0.08 0.03
NH,-N [mg L™ 0.38 0.1
TRP [mg L™ 0.17 0.07
TP [mg L™ 0.2 0.1
TOC /DOC [mg L™ 7 7
NH-N [hg L] nn. 2

pH 6-9 6.5-85
0, [mg L™] 6 8
temperature | [°C] 21.5 20

* Arrété du 25 janvier 2010 relatif aux méthodes et critéres d'évaluation de bon ['état
écologique, de bon I'état chimique et du potentiel écologique des eaux de surface
pris en application des articles R. 212-10, R. 212-11 et R. 212-18 du code de

I'environnement

M Saarland subcatchment ® French subcatchment
both subcatchments TP load TRP load
62,2 km? total: 6,66 t total: 2,27 t
TOC load NO;-N load NH,-N load
total: 209 t total: 112 t total: 1,88t

Fig. S-7. Surface portions and loads of TP, TRP, TOC, NO;-N and NH,-N in the
French and Saarland subcatchments in relation to total loads - Peppenkum and
Hornbach monitoring sites from 20 October 2017 to 26 March 2018.
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2. Results and Discussion

2.3 In Situ Real-Time Monitoring of Ammonium, Potassium, Chloride and Nitrate in
Small and Medium-Sized Rivers Using Ion-Selective-Electrodes — a Case Study of
Feasibility

Extended Abstract

Small and medium-sized rivers with flashy hydrology are particularly vulnerable to anthropogenic and
climatic stressors, including wastewater discharges, CSOs, agricultural runoff, road salting, and
prolonged dry periods. Due to their limited dilution capacity and rapid response to external inputs, these
river systems often experience abrupt and short-lived changes in water quality that are difficult to
capture using conventional monitoring approaches based on manual grab sampling. High-frequency, in
situ, real-time monitoring is therefore essential to identify pollution sources, understand transport
pathways, and provide a sound basis for the planning of efficient and cost-effective measures to improve
the chemical and ecological status of rivers.

Ion-selective electrodes (ISEs) represent a potentially attractive technology for high-frequency river
monitoring. They are comparatively low in cost, compact, energy self-sufficient, and capable of
measuring of multiple ions simultaneously without the need for reagents or sample pretreatment. While
ISEs are well established in laboratory applications and have been successfully applied in wastewater
systems and larger rivers, their long-term applicability in small and medium-sized rivers remains
insufficiently explored. This is mainly due to the specific challenges posed by low analyte
concentrations, strong and rapid temperature fluctuations, varying ratios of target to interfering ions, and
sensor drift caused by membrane ageing and biofouling.

In this study, the suitability of ISE for in situ, real-time monitoring of ammonium, nitrate, potassium,
and chloride in small rivers was systematically investigated under real field conditions. ISE systems
from three different manufacturers were deployed over a five-month period (August 2022 to January
2023) at a monitoring station on the Bickenalb River (Saarland, Germany), a small rural river with a
catchment area of 79 km? dominated by agricultural land use. The sensors were operated at five-minute
intervals in a flow-through basin continuously supplied with untreated river water.

The ISE measurements were validated against established reference methods. Real-time ammonium
data were obtained from a photometric analyser and a gas-sensitive analyser, nitrate data from an optical
UV probe, and all four target ions were additionally analysed in grab samples using ion chromatography
and photometric cuvette tests. The evaluation focused on key challenges relevant for small river
applications: low concentration levels, temperature sensitivity, interference from non-target ions
(particularly potassium interference with ammonium and chloride interference with nitrate), calibration
stability, long-term drift, and sensor lifetime.

Overall, good agreement between ISE data and reference measurements was observed for nitrate and
chloride across most of the monitoring period. For these ions, ISEs proved sufficiently robust for long-
term deployment and reliable event detection, even under dynamic hydrological conditions. Potassium
measurements were generally comparable to ion chromatography results, but several sensors showed
drift after approximately five months of operation, indicating limitations in sensor lifetime in low-
concentration matrices.

Ammonium measurements posed the greatest challenge. Typical background concentrations in the river
were often below 0.1 mg L', close to or below the detection limits of several ISE systems. As a result,
the absolute ammonium concentrations derived from ISEs frequently deviated from those obtained by
reference analysers, and some probes were unable to reliably quantify low background levels.
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2. Results and Discussion

Nevertheless, pronounced ammonium input events, such as those associated with CSOs, were
consistently detected by all ISE systems, demonstrating their suitability for qualitative event monitoring.

Temperature effects emerged as the most critical limitation for quantitative ISE application in highly
dynamic small rivers. Despite built-in temperature compensation, strong diurnal and event-driven
temperature fluctuations caused systematic oscillations and offsets in ISE output signals, particularly
for cations at low concentrations. Interference from non-target ions was generally of secondary
importance, although overcompensation for potassium interference in ammonium measurements was
observed for some sensor types. In contrast, compensation for chloride interference in nitrate
measurements proved to be largely adequate.

Contrary to expectations, no significant biofouling-induced drift was observed during the deployment
period, likely due to regular maintenance and relatively short exposure times. However, membrane
ageing and signal drift became apparent after several months, especially for ammonium and potassium
sensors, limiting their effective lifetime under the given conditions.

In conclusion, ISEs show considerable potential as cost-effective tools for high-frequency river
monitoring, particularly for event detection and source identification of nitrate, chloride, potassium, and
ammonium. However, their current performance is insufficient for reliable quantitative assessment of
low ammonium concentrations or regulatory compliance monitoring in small rivers. Further
development is urgently needed, especially with regard to improved temperature compensation
strategies and optimised interference correction algorithms. Advances in membrane materials and signal
processing are expected to significantly enhance the robustness and accuracy of ISEs, enabling their
broader application in comprehensive and economically feasible river monitoring networks.

These results have been published in Environmental Science - Advances:

Angelika M. Meyer, Elisa Oliveri, Ralf Kautenburger, Christina Hein, Guido Kickelbick, Horst P. Beck
(2025)

Environ. Sci.: Adv., 4 (2025) 1238
https://doi.org/10.1039/d5va00021a

Copyright (2025) Royal Society of Chemistry.
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2. Results and Discussion

Table 6: Author contribution roles for the publication "In situ real-time monitoring of ammonium, potassium,
chloride and nitrate in small and medium-sized rivers using ion-selective electrodes — a case study of feasibility"
in form of the CRediT standard.

Contributor roles Author(s)

Conceptualisation Angelika Meyer, Elisa Oliveri, Ralf Kautenburger
Methodology Angelika Meyer

Validation Angelika Meyer

Formal analysis Angelika Meyer

Investigation Angelika Meyer, Elisa Oliveri

Writing — original draft Angelika Meyer

Writing — review and editing  Christina Hein, Ralf Kautenburger, Guido Kickelbick, Horst P. Beck
Visualisation Angelika Meyer

Data curation Angelika Meyer,

Supervision Ralf Kautenburger

Project administration Guido Kickelbick

Resources Guido Kickelbick

Funding acquisition Horst P. Beck
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— a case study of feasibilityy

Angelika M. Meyer,@* Elisa Oliveri, Ralf Kautenburger, Christina Hein,
Guido Kickelbick @ and Horst P. Beck ®

Real-time measurements are particularly important for monitoring especially small and medium-sized
highly dynamic rivers. Their results are indispensable for planning (cost)efficient measures to improve the
chemical and ecological quality of the rivers. It is therefore expedient to be able to use cost-effective,
reliable equipment. In theory, ion-selective electrodes (ISEs) are excellently suited for this purpose due to
their cost-effectiveness, their high spatial flexibility and their self-sufficient energy supply for the
simultaneous recording of different parameters. In practice, however, malfunctions occur caused by
temperature changes, interferences of non-target ions or long-term-drifts. This study investigated the
applicability of ISEs for in situ real-time measurement of ammonium (NH4*), potassium (K*), chloride
(CLl7) and nitrate (NOs™) in small rivers. ISEs from three different manufacturers were deployed for five
months in a river monitoring station. The measured data were compared with real-time data gained
from an on-line photometer, a gas-sensitive analyser and an optical UV probe as well as with grab
samples analysed using ion chromatography (IC). Special attention was given to the challenges posed by
low concentrations, temperature fluctuations, concentration changes of the analytes, and interfering
ions, as well as to the long-term stability and the lifetime of the ISEs. For ClI™ and NOs~ good
agreements with the comparative measurements were found, and it could be shown that the ISEs are
well suited for event detection of all four observed parameters. Temperature compensation is the main
challenge that complicates application in highly dynamic rivers. Therefore, further optimisation is
rsc.li/esadvances urgently needed for reliable quantitative analysis, which is part of future work.
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Accepted 27th May 2025

DOI: 10.1039/d5va00021a

Environmental significance

A precise understanding of the processes taking place in water bodies is an important prerequisite for successful management measures. Since it is more
feasible to implement effective measures in the upper regions of the water systems than downstream to improve chemical water quality and ecological status of
the rivers, the monitoring of smaller rivers has increasingly become the focus of attention in recent years. To plan such measures, the kind and the sources of
pollution and their transport pathways must be known. To this end real-time measurements in smaller rivers are indispensable. However, it is very important to
have inexpensive, robust and reliable measuring devices for installation in the field. This study takes a critical look at ion-sensitive probes for in situ use in small
and medium-size rivers. We report on advantages and drawbacks and on technical issues which may bias their performance.

1 Introduction periods hinder the dilution of pollutants in water bodies. This is
particularly true for small rivers (catchment area 10 to 100 km?)
Rivers worldwide are exposed to manifold stressors. Inputs and medium-sized rivers (catchment area 100 to 1000 km?)*
from wastewater treatment plants, combined sewer overflows with flashy hydrology, as these respond more directly to both
(CS0s), road runoff and a wide variety of industrial and agri- weather influences and human impacts than larger water
cultural discharges impair water quality and endanger aquatic ~ bodies.
ecosystems. Water withdrawals and the increase of dry weather River monitoring is, at present, typically done by manual
sampling.” This carries the risk of samples being contaminated
during the sampling process itself or during transport. Critical
situations, such as anthropogenic inputs, have a particularly
1 Electronic ~ supplementary information (ESI) available. See DOI: large impact on small and medium-sized rivers and are difficult
https://doi.org/10.1039/d5va00021a to record. Moreover, weather-related influences may lead to
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sudden and excessive changes in water temperature, oxygen
budget, salt content, or other parameters. High frequency
monitoring is of vital importance for capturing environmental
fluctuations, as it allows the identification of pollution sources,
their transport pathways and the assessment of corresponding
environmental impacts. Only high frequency monitoring data
provide a valid basis for planning efficient and cost-effective
measures to improve the chemical and ecological status of
a river.*® This is true especially for land consuming measures
which are usually easier to implement in smaller upstream
catchments than in the downstream catchment.

For high frequency monitoring some, in particular physico-
chemical, parameters such as oxygen, temperature, pH or
electrical conductivity (eC) can be recorded in situ, at low cost
and with little maintenance effort. Optical sensors also allow in
situ real-time measurements of NO; ™, dissolved organic matter
(DOC), turbidity and chlorophyll. More complex approaches for
measuring sum parameters have also been described for in situ
application.”® Other parameters relevant for source detection,
such as NH," or phosphorous, are often realised by elaborated,
cost-intensive measured methods, such as wet chemistry ana-
lysers.»>'* This makes real-time monitoring of rivers rather
complex, in particular with regard to the required infrastruc-
ture.">** In situ ion-selective electrodes (ISEs), in contrast, offer
a cost-effective, flexible alternative providing a high spatial and
temporal resolution. While ISEs are widely recognised for
laboratory applications in fields such as medicine, pharmacy
and industry,”*"® they have also been adapted for environ-
mental monitoring, including handheld devices for single
measurements.’””'® Their use for online measurements in
wastewater systems,'** and larger rivers,'>*® has been docu-
mented. ISEs offer distinct advantages as they can be installed
in situ, are unaffected by turbidity and colour of the water, and,
unlike analysers, do not require sample pre-treatment nor
reagents. They are usually miniaturised, energy self-sufficient
(powered by batteries or solar energy), and most of them even
enable direct remote data transmission.**>*”

Due to membrane ageing, reversible and irreversible
biofouling the sensor accuracy is affected. Additionally,
membrane bleeding in low concentration matrices influences
the membrane quality. Both effects can lead to a decrease in
signal stability and can cause the response time to slow
dOwn'Z,3,5,16725,27,29,32734

In addition, the ISE accuracy is affected by temperature
changes and interferences from other ions present in the matrix
as well as from its total ion concentration (total ionic strength).
These effects pose a particular challenge in small and medium-
sized rivers. The concentrations in the rivers are lower than in
conventional ISE applications such as wastewater systems.
Abrupt changes in water temperature and concentration ratios
of analytes to interfering ions are also possible, unlike in larger
rivers. These increased demands on the measurement tech-
nology could be the reason why hardly any applications for
intensive long-term real-time monitoring with ISEs in small
rivers have been described so far.

In the present study we investigate the suitability of ISEs
from three different manufacturers to monitor the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentration of NH,*, NO;~, K" and ClI~ in the small Bickenalb
River (Saarland, Germany). The ISEs were deployed in a river
monitoring station for five months (19.08.2022-03.01.2023)
(Fig. S17). The ISE data collected at a 5 minutes interval were
compared with the values measured from other online
measuring devices (photometric and gas-sensitive analysers for
NH," and an optical UV probe for NO; ") and with laboratory
analyses (IC and cuvette tests) of grab samples (Chapter 2.3.4).

The data measured by the ISEs for the relatively low analyte
concentrations in the river were evaluated focusing on distur-
bances due to temperature fluctuations, dynamic concentration
changes of interfering non-target ions, the calibration intervals,
long-term stability, and lifetime of the ISEs.

2 Materials and methods
2.1 Working principle of ISE measurements

ISEs work on the principle of potentiometric analysis, where the
measurement signal is an electrical potential (V mv~") and is
converted into an ion concentration reading.

According to the Nernst eqn (1), the electrical potential E
depends in a In-linear relationship on the activity «; of the
analyte ion i in the sample solution and is calculated by:

BT 1 a (1)

zF

where E° (mV) is the standard electrode potential, R is the ideal
gas constant (8.314 J mol ' K ), T is the temperature (K), z is
the ionic charge, and F is the Faraday constant (96485C
mol ").3 The ion activity «; is also called effective concentra-
tion. For lower ion concentrations, as they occur in small and
medium-sized rivers, the ion activity can be approximated by
the ion concentration in the sample solution.

As per the Nernst eqn (1), the slope of an E vs. In(«;) plot is
59.2 mV per decade for monovalent cations and —59.2 mV per
decade for monovalent anions at room temperature (25 °C). For
divalent cations, the slope is 24.5 mV per decade and for diva-
lent anions —24.5 mV per decade. According to literature, the
slope indicating ISE sensitivity can deviate from these theoret-
ical values due to effects within the membrane ranging between
54 and 60 mV per decade for monovalent ions such as NH,",
NO;~, K" and Cl~.141617:2629,3036-38 The yalue of E°, however, is
not constant as in simple theory suggests. It depends on the
type and performance of the membrane and can only be
determined through calibration runs. These runs need to be
repeated periodically since E® may furthermore change due to
membrane aging during use.

Further details on the functionality of ISEs can be found in
Cammann.*” Common ISE materials and designs are presented
by Bakker.*®

E(a;) = E° +

2.2 Influencing parameters

2.2.1 Temperature. As can be seen from the Nernst eqn (1)
the temperature has a significant influence on the measured
potential, and consequently on the respective output value.** It
is thus imperative to simultaneously record matrix temperature
and adjust the measured values accordingly. To facilitate this,
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most ISEs include a built-in temperature sensor that provides
data values for the mathematical correction of the output data.
Nevertheless, other parameters are also temperature sensitive,
such as the standard electrode potential (E°), the ion activity
coefficient and the solubility of the complexes of the respective
target ions.*

Temperature dependence of the ISEs is of particular
importance for their application in small and medium-sized
rivers, especially during summer, as water temperature can
fluctuate by several degrees Celsius, potentially reaching an
amplitude of 15 °C within just a few days.

2.2.2 Interfering ions. In addition to the temperature, non-
target ions can also influence the measurement. An ISE is never
completely selective for a single analyte ion. Other ions dis-
solved in the solution may interfere, either due to similar charge
density, similar ion size or due to forming hydrate shells of
similar size. The degree of interference of a non-target with the
target ion can be described as cross-sensitivity. In the Nikolsky—
Eisenmann eqn (2) as extension of the Nernst equation, cross-
sensitivity can be described by introducing a selectivity coeffi-
cient Kj; for each target ion:

E(ai) = EO + fl—;:ln [a; + Z (Kij ajz‘/zl)] (2)

where z; and z; are the ion charges and «; and q; the ion activities
of the analyte ion i and the interfering ions j respectively.*

Eqn (2) describes the sum of all interfering factors affecting
the measured signal. The ISE sensor's ability to distinguish the
ion to be measured (target ion) from interfering (non-target)
ions is described as selectivity. Since selectivity strongly
depends on the structure and material of the membranes and
electrodes used, selectivity coefficients specific to each ISE
system must be established to define the respective ISE's ability
to distinguish between target and non-target ions.*

A comprehensive overview of potentiometric selectivity
coefficients for various ISEs is given by Umezawa et al.*** K" is
the predominant ion for interfering with NH," and CI~
predominant for interfering with NO; ~, respectively, while NH,,*
and NO;~ are of fundamental significance for both river
monitoring and management.® Both K™ and Cl~ prominently
figure in freshwater ecosystems, being naturally present in all
rivers in varying concentrations (natural background).*” Typi-
cally, natural surface waters contain less than 5 mg per L K*. %%
Cl™ contents in saline-free catchments range between 10 to
30 mg L™ (in saline waters over 100 mg L™ ').* Human activities
may result in additional K" and Cl~ inputs. These inputs from
treated and/or untreated wastewater, fertilisers, manure (one of
the main sources of K'), road salt (one of the main sources of
Cl™), waste disposal, water softening or industrial discharges
can cause abrupt rises in K" and Cl™ levels, decreasing with
precipitations.*»**” This is why it is necessary to deal with
possible interferences when deploying ISEs, especially in solu-
tions of unknown composition. Cecconi et al, for example,
report a cross-sensitivity of 1:22 for NH,"/K',*> Winkler et al.
a cross-sensitivity of 1:15 to 1: 30 for NH, /K" and of 1 : 300 for
NO; /Cl".* Papias et al, on the contrary, report a cross-
sensitivity of 1:25 for NH, /K", while considering the cross-
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sensitivity for NO; /Cl™ negligible.”* Some ISE system manu-
facturers answer this problem by incorporating built-in
measurement and compensation of the most figuring inter-
fering non-target ion.

In case of river monitoring, the matrix to be measured
contains a vast number of different substances in different
concentration ranges, and thus for each target ion there may be
some interfering ions. Especially in small and medium-sized
rivers, the concentration ratios of many substances can
change very quickly due to anthropogenic inputs or weather
conditions. Other cations present in the river water such as
calcium (Ca®"), magnesium (Mg>"), sodium (Na*), or anions
such as sulphate (SO,*7) and carbonate (CO;>") play a minor
role as interfering ions due to their differing size or charge.

2.2.3 Drifting. Drifting can endanger the quality of the
measured data, especially in long-term use. It can be caused by
bleeding of the membranes due to the osmotic gradient
between the internal solutions of the ISE and the ambient
sample, especially during long-term measurements in low
concentration matrices.>>'»172%27:29323% 1 the laboratory, this
can be counteracted by adding a so-called (total) ion strength
adjustment buffer ((T)ISAB).**** However, this approach
unnecessary in river monitoring, due to the naturally sufficient
ion concentrations in most river waters. Additionally, drifts can
occur as consequence of the incorporation of different ions into
the membrane material leading to membrane ageing. Revers-
ible und irreversible biofouling and clogging processes also
influence the membrane quality and present a significant
challenge, especially in in situ river monitoring. To counteract
potential biofouling, manufacturers and/or users apply wipers,
ultrasonic treatment, air flushing, or UV light to the
membrane.>'%*

2.2.4 Limits of detection and measuring ranges. A partic-
ular challenge considering the definition of ISEs' limits of
detection (LOD) is that ISEs have a non-linear response close to
the LOD. The LOD also depend on the random signal noise and
the uncertainty of the instrumental parameters (e.g. ionophore
selectivity, membrane stability and reference electrode stability)
used to acquire the calibration data.*® Therefore, all LOD esti-
mates are subject to uncertainties. According to the IUPAC
definition for ISEs, Fayose,™ reports a LOD of 5.3 x 10 ° M
(0.09 mg L") for NH," and 3.1 x 10" °® M (0.2 mg L") for NO,; ™~
as first estimates of the range within which ISEs can be mean-
ingfully used. In literature, the LODs of NH," vary from 8 x
10"°mol L™" (0.144 mg L™"),** via 10> mol L™ (0.18 mg L"),
and 2 x 107> mol L' (0.36 mg L™ ')*® to the highest LOD of
10~* mol L™ (1.80 mg L™ ").>° The LODs of K" are in a similar
molar range and differ between 10> mol L' (0.39 mg L)%
and 10~* mol L ~* (3.9 mg L™").** However, all LODs found for
NO; ™ are lower than the LODs for NH," and K'. They vary
between 4 x 10~® mol L' (0.248 mg L™ %), 10> mol L™*
(0.62 mg L7"),*° and 3 x 107> mol L' (1.86 mg L™ ").** With
regard to the monitoring of NH,", NO;, K" and Cl~ in river
water, the LOD may only pose a problem for NH,", the other
parameters generally occur in concentrations far above the
LODs. Compared to other analysis techniques, ISEs provide an
exceptionally wide measurement range. The measurement
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range varies depending on the selected target ion as well as the
electrode design and material.

ISE measuring ranges vary depending on the pH of the
matrix.*** However, pH limits specified by manufacturers are
suitable for the typical pH range in natural rivers of pH 5 to 9.

2.2.5 Response time. Generally, ISEs have a short response
time which of course makes them ideal for use in real-time
monitoring. The response time also depends on the
membrane material. Mettler Toledo (Columbus, US), for
example, gives a response time of 3 to 5 minutes for crystalline
and glass membranes, and of 5 to 8 minutes for polymer
membranes. There are many different types of ISEs on the
market, including for on-site use and online measurement.

2.3 Specification of the deployed ISE systems, handling and
comparative measurements

2.3.1 Specifications of the deployed ISE systems. For this
case study, two identic AN-ISE probes from Hach (Duesseldorf,
Germany), one K16 probe from Seba (Kaufbeuren, Germany)
and one AquaTROLL 600 multiparameter probe from In Situ
(Fort Collins, USA) were used.

The Hach AN-ISE combination probe for NH;" and NO;~ was
the only probe tested that features automatic and simultaneous
K" and CI” compensation. All four sensors as well as the
reference and the temperature sensor are combined in one
cartridge to making it fully replaceable as a plug-in system. The
filling solution cannot be renewed. If one sensor malfunctions,
the entire cartridge must be replaced.

In addition to the AN-ISE with fixed parameter combination,
the Seba K16 is a plug-in design that can accommodate up to
twelve sensors. For this study, the K16 had been equipped with
sensors for NH,", NO;~, K*, Cl~ and pH, including temperature
sensor. In this system, the NO;™ ISE is not refillable, while the
NH," and the K" ISE can be refilled, but it is not recommended
by the manufacturer.

The In Situ AquaTROLL 600 is a fully customisable multi-
parameter probe for variable sensors having been equipped
with sensors for NH,', ClI” and a sensor for eC, including
temperature. An add-on wiper with a wiping frequency of 5
minutes had also been attached. The AquaTROLL NH," and CI~
sensors each have a dedicated refillable reference allowing
independent measurements. The filling solution (KCl) was
replaced before every calibration.

All deployed systems provide built-in temperature compen-
sation. For further information of all ISEs tested see Table S1.}

2.3.2 ISE preparation and maintenance. Before first use,
the ISEs were submerged in tap water, in conditioning solution
with a specified concentration of the respective analyte, or in
the matrix (as specified by manufacturer) to allow the system to
swell.

During the case study, the ISEs were rinsed once a week with
tap water and then carefully cleaned with a soft cloth. In addi-
tion, the membranes of the Cl- ISEs were polished once
a month according to manufacturer's instructions, since Cl™ is
a solid-state electrode in contrast to the polymer membranes
used for the other ions.
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2.3.3 ISE calibration. Calibration was done in river water to
account for matrix effects. Since the electrode response during
the calibration process is temperature sensitive, calibration was
carried out at the actual temperature of the river water. First,
a 5-L sample of river water was filled into a bucket. If the current
NH," values from the online analysers (photometric and gas-
sensitive) were below 0.5 mg L™, the sample was spiked with
NH,CI. Subsequently, photometric cuvette tests were deployed
to determine the solution's exact NH,', NO;~ and Cl~ concen-
trations. The ISE probes were attached to a magnetic stirrer 10
512 (Fisher Bioblock Scientific, Illkirch, France) in the sample
bucket to generate a flow towards the membranes. It was made
sure that all sensors were always completely submerged in the
solution and the membranes kept free of air bubbles. After 30
minutes for stabilisation, the first point at matrix concentration
was calibrated. Then a combination standard was added to the
solution (5 mg per L NH,", 20 mg per L NO; , 20 mg per L K*
and 40 mg per L Cl"), and the solution was analysed again using
cuvette tests. After another 30 minutes, the second point was
calibrated.

2.3.4 Comparative measuring methods and devices. The
real-time, on-site ISE output data for NH," were compared with
real-time data from an Amtax inter 2 photometric analyser
(indophenol-blue method, measuring range 0.026-2.6 mg per L
NH,", Hach, Duesseldorf, Germany) and an Amtax sc gas-
sensitive measurement unit (measuring range 0.026-6.4 mg
per L NH,", Hach, Duesseldorf, Germany) both supplied by
a Hach Filtrax filtration system with ultra-filtration membranes
0.15 pm installed at the monitoring station. In contrast to the
ISEs, the two Amtax systems detect both NH," and NHj,
whereby the proportion of NH; in river water is usually negli-
gible. The Amtax systems measure at intervals of 10 minutes.

The ISE output data for NO;~ were compared with real-time
data from a Nitratax optical UV probe (measuring range 2-
100 mg per L NO;~, without sample pre-treatment, Hach,
Duesseldorf, Germany) measuring at 5-minutes intervals.

The ISE output data for all four ions were compared with
grab samples, which were analysed in the laboratory using IC
(Eco-IC Metrosep A Supp 17 and Metrosep C6, Metrohm, Her-
isau, Schweiz), with the following measuring ranges: NH,": 0.1-
10 mg L', NO;: 0.25-50 mg L', K*: 0.25-50 mg L ™" and CI :
0.75-150 mg L~'. Additional comparative measurements for
NH,", Cl and NO; were made at the monitoring station using
a photometric cuvette test system (LCK303, LCK304, LCK311,
LCK339 tests) with a DR3900 photometer from Hach (Duessel-
dorf, Germany).

2.3.5 Chemicals used. All solutions required for calibration
were prepared with the following salts in ultrapure water. The
salts ammonium chloride (NH,Cl), potassium nitrate (KNO3)
and potassium chloride (KCI) have a purity >99% and were
supplied by Gruessing (Filsum, Germany). For the photometric
analysis, the cuvette tests LCK303, LCK304, LCK311 and
LCK339 from Hach (Duesseldorf, Germany) were used. For the
gas-sensitive and photometric online ammonium analysis the
reagent kits LCW889 and LCW802 from Hach were used for the
online ammonium analysis. For the IC analysis, NH,CI
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(Honeywell Research Chemicals, purity >98%, Morris Plaines,
USA), oxalic acid dihydrate as well as sodium nitrate and
potassium chloride with a purity >99%, 0.02 M dipicolinic acid,
sulphuric acid (95-97%) and nitric acid (65%) (Merck, Darm-
stadt, Germany) were used.

2.4 Case study: Bickenalb river

The ISE systems described above were deployed in a mobile
monitoring station for a period of five months from 19th August
2022 until 3rd January 2023. Due to supply bottlenecks, the
device could only be used from October 24th.

With this long-term research we wanted to demonstrate the
applicability of ISEs for monitoring small and medium-sized
rivers under real conditions. The probes were placed into
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a flow-through sample basin continuously pumped with
untreated river water. Further details can be found in Fig. S1}
and Meyer et al.'* The station was located in Altheim at river
kilometre 10 (Fig. S2t), in the German-French catchment of the
Bickenalb River, which covers a total area of 79 km? The
catchment is predominantly rural with intensive agriculture on
both French and German sides. Arable land covers 42%,
pastures and grassland 40%, forests 14% and residential areas
make up only 4% of the catchment, with a population density of
less than 70 persons per km?. Further details are described by
Meyer et al.*

Although the sensors were operated in the online monitoring
station, operation as well as maintenance and calibration are
possible without the infrastructure of the station like current
power supply.
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3 Results and discussion
3.1 Case study measuring conditions

The water temperature recorded during the case study from
19th August 2022 until 3rd January 2023 in the Bickenalb River
station ranged from 1.7 to 22.5 °C, pH from 7.51 to 8.83, and eC
from 180 to 907 uS cm ™ '. NH," concentrations as measured by
the gas-sensitive analyser ranged from below detection limit to
6.3 mg L', NO;~ (UV probe) from 2.59 to 50.9 mg L', K* (IC)
from 0.75 to 8.24 mg L " and Cl~ (IC) from 10.5 to 24.8 mg L™ ".

3.2 Validation of ISE data

All data shown are unprocessed raw data — as concentrations
given by the ISEs - as it is impossible to realistically depict rapid
changes in concentrations retrospectively by computer-aided
data processing. In addition, the raw data can directly be
compared with the data from the other measuring devices and
enable to assess the suitability of the probes for a direct realistic
representation of the concentrations in the river.

In order to validate recorded ISE output values, they were
compared with the corresponding NO;~ and NH," data
routinely collected by the validated methods in the monitoring
station. In addition, random samples were analysed for all four
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target ions, using cuvette tests on site and IC in the laboratory.
For a more detailed description see Chapter 2.3.4.

3.2.1 NO; . Plotting the ISE NO; ™~ readings against the real-
time data from the UV probe shows an acceptable correlation
for all three probes and across most of the measurement period
(Fig. 1a—c). Furthermore, grab samples were analysed for NO; ™~
using IC and cuvette tests with both methods showing a good
correlation with the real-time data.

3.2.2 Cl.TheISE Cl readings were validated by analysing
grab samples using IC. Besides IC analysis, cuvette tests were
deployed also, showing a relatively good correlation with the IC
data. As evident from Fig. 1d, the ISE readings for Cl™ generally
align with the values from the random samples. Larger devia-
tions in the measured values are due to calibration problems.

3.2.3 K. The ISE K" readings were also validated through
grab sampling and IC analysis. Fig. 1e shows that the back-
ground concentration values output by AN-ISE 1 and K16 are at
least comparable with the IC results. However, the AN-ISE 2
showed different results initially, undergoing the same treat-
ment and calibration as AN-ISE 1 and K16. All three ISEs
developed a drift in K* (and also for NH,") output values after
20-22 weeks of total operating time. As K16 ISEs for both K" and
NH," could not be replaced due to supply bottlenecks, no more
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data could be recorded. The two AN-ISEs were upgraded with
a new generation of cartridges (Chapter 3.3.4). This resulted in
more reliable data.

3.2.4 NH,'. AN-ISE and K16 ISE readings for NH," concen-
trations are hard to validate, due to very low concentrations in the
river water, typically below 0.1 mg L', The AN-ISEs are unable to
display or log concentration values below 0.1 mg L™, in contrast
to the photometric analyser and the gas-sensitive analyser with
both a detection limit as low as 0.025 mg L™". The K16 ISE was
able to provide realistic data during certain periods (Fig. S37).
From the beginning of November, however, calibration was no
longer possible because the lifetime of the K16 NH," electrode
had expired (see K data above). As the K16 ISEs for NH," and K"
could not be replaced due to supply bottlenecks, no more data
could be recorded. Only the AquaTROLL ISE, deployed from 24
October 2022, was able to measure lower concentration values.
The AquaTROLL readings compare well with those from the two
real-time analysers (Fig. S47).

3.3 Common challenges of using ISE in small rivers

Apart from their practical the use of ISEs is associated with
several critical challenges. The ISE method is affected by
temperature changes, interferences from other ions present in
the matrix, and the total ionic strength of the solution.
Furthermore, ISEs tend to drift due to biofouling, membrane
bleeding and aging. As these three aspects pose a major chal-
lenge, especially in small rivers, the measured values have been
evaluated with regard to these aspects.

3.3.1 Calibration issues and measuring ranges. During the
first two months of the present study, all sensors were two-point
calibrated once a week according to the manufacturer's
instructions (see Chapter 2.3.3). Sometimes, calibration led to
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data offsets or other incorrect measuring results. Other authors
who have used ISEs in wastewater and river monitoring also
report substantial calibration problems.'®'***%" Therefore, the
calibration intervals were extended. Additional recalibrations
were performed immediately after impacts.

As expected, the measuring ranges proved sufficient, only in
the case of NH," the very low basic contents of less than
0.1 mg L' could not be detected.

3.3.2 Temperature sensitivity. Due to low water levels and
high air temperatures at the beginning of the field study,
extensive day-night fluctuations in the water temperature were
recorded. This is reflected in the mV signals from both AN-ISE
probes (Fig. 2). Since the K16 gives no mV output, no data
from the K16 can be shown in the figure.

This trend is evident in Fig. 2a-d: the anion concentrations
(NO;~ and Cl7) exhibit parallel, the cation concentrations (NH, "
and K") show anti-cyclical behaviour relative to the temperature.
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Less expected, these fluctuations can also be noticed in the ISE
concentration outputs, despite the presence of built-in
temperature compensation. The amplitude of the cation
signals is much greater, most likely due to the lower NH," and
K' concentrations. In the case of NO;~, the amplitudes are less
prominent, since in this period the NO;~ concentration in the
river was decreasing (Fig. 2c).

At the beginning of the measurement series (Fig. 2), two
input events were recorded in close succession, with NH," and
K, and to a lesser extent NO; , being discharged into the water
body. NH," concentration reached maximum values of approx.
5 mg L' (gas-sensitive analyser). This event was also recorded

View Article Online

Environmental Science: Advances

by the ISEs, however, there was an offset in the absolute NH,"
values from all three ISEs due to calibration problems. It must
be pointed out that the mV signals for NH," and K" developed
an increasing trend after this event. Due to rainfall starting at
the beginning of September 2022, the water level increased
while air and water temperatures decreased, with no such
strong temperature fluctuations occurring in the further course
of the measurement series.

As expected, temperature changes are a major problem. After
having finished the field study a fit for temperature-correction
of the output signals of the ISEs could empirically be deter-
mined in the laboratory. The procedure was based on an
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approach of Le Goff et al.** The description of the application of
this compensation to the online data is beyond the scope of this
paper and will be published in a separate manuscript.

3.3.3 Influence of interfering ions. When measuring NH,"
and NO; ™ using ISEs, K" and Cl~ are the most common and
relevant interfering ions. But the concentration ranges in which
these interferences should become relevant vary extensively
(Table S17).

The AN-ISE probes deployed in this case study offer built-in
additional sensors for the detection of the two non-target ions,
which the target ion concentration output values are offset
against. But this feature may also result in overcompensation
and, consequently, incorrect outputs. Fig. 3 gives an example:
the outputs from the AquaTROLL during an input from a CSO
on 21st December accurately match the concentrations
measured by both the photometer and the gas-sensitive probe,
whereas the outputs from the two AN-ISEs for NH," are too low.
Due to higher signal levels for K" and a correspondingly higher
compensation in the AN-ISE 1, the resulting NH," output values
are even lower than from the AN-ISE 2 (Fig. 3a and b).

It should be noted that an interference ratio of 1:27 is
specified for the AquaTROLL, this means that 27 mg per L K*
increases the NH,' values by 1 mg L™'. According to the
manufactures of the AN-ISEs, 20 mg per L K" increase NH,"
values by 1.6 mg L. Hence, the AN-ISEs are somewhat more K*
sensitive than the AquaTROLL.
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On 14th and 15th December, inputs of road salt were detected,
increasing the Cl~ concentration by about 20% (Fig. 4).

However, none of the deployed sensors indicated any
significant increase in NO;~ values. The interference ratio of
NO; ™ to Cl™ is typically lower than NH," to K*, with manufac-
turers' specifications varying (Table S17).

3.3.4 Drifting and lifetime. Due to their flashy hydrology,
small and medium-sized rivers sensitively react to all kinds of
input giving immediate leaps in the concentration of numerous
substances. This makes the interpretation of online data very
complex. Often, it is difficult to distinguish between real events
and incorrect values, in particular with drifts involved. An
example for such an event is given in Fig. 5.

After heavy rainfall on 9th November, the NO;~ concentra-
tion increased over a longer period (Fig. 5a). This was caused by
leaching and transport into the rivers via interflow -
a phenomenon often observed in rural catchments in autumn.
At the same time, ClI~ was diluted by rainfall and then slowly
concentrated again. The same seemed to apply to NH," and K.
Comparison of the K16 readings with the other ISE data and
those from the UV probe and the two NH," analysers shows that
the K16 data realistically represent NO;~ and presumably also
Cl™ concentrations (Fig. 5b and ¢). In contrast, for NH," and K"
the K16 ISE, developed a substantial drift for both after the
described event (Fig. 5d and e). The NH," readings of both K16
and AquaTROLL show an offset to the photometric and the gas-
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Fig. 6 Drift of mV signals: mV signals from AN-ISE 1 and 2 for (a) NH4*, (b) NO3~, (c) K* and (d) Cl™ over the entire measurement period (arrows:

cartridge replacement).
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sensitive methods due to calibration issues (Fig. 5d). The AN-
ISE 2 reading is pinned to its detection limit of 0.1 mg L™".

Raw mV signals will, of course, reveal electrode drifting too,
but they cannot be retrieved from every ISE system. Fig. 6 shows
an example of mV signal drift: it can clearly be seen that the mVv
signals of the two identical AN-ISEs show a continuous drift in
K' readings (Fig. 6¢). The signals from the AN-ISE 2 show an
additional drift in NH,", CI” and NO; ™~ data, despite identical
treatment of both AN-ISE systems. The drift in NH," data
(Fig. 6a) already occurred from the beginning of September, for
Cl” data (Fig. 6d) from mid-October, and for the NO;~ ones
(Fig. 6b) from the end of October. The reason for this could not
be identified, as neither damage nor fouling could be detected.
On 1st November the AN-ISE 2 cartridge was replaced, one week
later the one of AN-ISE 1. According to the manufacturer, the
new cartridges came with optimised NH," and K' sensors,
which is underpinned by the larger mV range after replacing the
cartridges. The new cartridge generation also helped to
decrease the calibration problems with respect to NH," and K"
readings, so that the reliability of the corresponding data
improved significantly. It can be assumed that the NH," and K*
sensors were corrupted by cation concentrations being too low,
as the NH," and K" values from the K16 started drifting at the
same time, moreover, the K16 could no longer be calibrated for
NH," and K. Although the K16's NH, " and K* sensors could not
be replaced during the experimental timeline, the K16
continued to provide valid NO;~ and Cl™ data. Since the K16
and the two AN-ISEs (with the first-generation cartridge) had
been used in another monitoring station for two months prior
to this study, it can be stated that the lifetime of the ISEs tested
for NH, and K" in low concentration matrices is approximately
5 months and even longer for NO;~ and Cl ™.

4 Conclusions

The present study investigates the feasibility of wusing
commercial ISEs for real-time monitoring of NH,", K, NO;~
and Cl” in small and medium-sized, highly dynamic rivers. The
research was conducted over a five-month period, deploying
ISEs from three different manufacturers at a water quality
monitoring station at a small river. Factors such as interfering
ions, temperature fluctuations, and electrode aging were
investigated. During the measurement period, no drifts caused
by biofouling were observed. Following the manufacturer's
recommendation for weekly calibration led to unstable and
incorrect results. Despite this, calibrations after significant
temperature fluctuations or concentration changes showed
positive effects. The device's built-in compensation for inter-
ference ion effects provided valid data for the AquaTROLL. The
AN-ISE 1 and 2 overcompensated for K* interference in the NH,"
measurement, while the compensation for ClI™ in the NO;™
measurements was acceptable across all probes. Overall, the
built-in temperature compensation of all ISEs caused more
problems than the interfering ions. This highlights the need for
optimization with external compensatory algorithms, which are
expected to be published soon. The comparison with other
established online measurements showed that the absolute
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concentration from the ISEs can deviate considerably from the
correct values. Additionally, the NH," detection limits of ISEs
sensors are above river relevant concentrations. Therefore, the
investigated ISEs are not reliable enough to control limit values
or to serve as early warning systems, but they are suitable for
event monitoring in rivers and detecting pollution sources.
Ultimately, ISEs have the potential to make an important
contribution to robust and comprehensive online monitoring
that is also cost-effective. The development of new materials
and, above all, the optimization of compensation algorithms to
counteract temperature and interference would make ISEs even
more suitable for river monitoring.
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2. Results and Discussion

1: Filtrax (filtration system, Hach)

2: Amtax inter 2 (photometer for NH4*, Hach)

3. Amtax sc (gas-sensitive analyser for NH,*, Hach)

4-6: SC1000 (multiparameter controller with display module) with probes
for oxygen, pH, eC (each with integrated temperature measurement,
Hach)

7-10: ISEs tested: An-ISE 1 and 2 (for NH4*, NO, ™, K*, CI” and
temperature, Hach), K16 (for NH,*, NO,~, K*, CI", pH and temperature,
Seba), AquaTROLL (for NH4*, NO; , CI', eC and temperature, In-Situ)
11: Nitratax (optical sensor for NOs, Hach)

12: Solitax (optical sensor for turbidity, Hach)

13: Phosphax sigma (photometer for PO,-P and total Phosphorus, Hach)
14: Bioctector (photometer for TOC and TIC, Hach)

15: Sigmatax (sampling and homogenisation system, Hach)

16,17 Control unit and data logger (Ott Hydrometry, Germany)

Fig. 51 Design and equipment of a mobile measuring station.

Bickenalb catchment

Fig. 52 Schematic illustration of the German-French catchment of the Bickenalb River and location of the measuring station (red dot).
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Fig. S4 Comparison of NH,' concentrations as given by the photometric and the gas-sensitive analyser with AquaTROLL ISE readings; Bickenalb
River, 26.10.2022 - 03.01.2023
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3. Conclusions and Outlook

The dynamics and vulnerability of small and medium-sized rivers require a paradigm shift from
traditional, infrequent monitoring strategies to sophisticated, high-resolution real-time monitoring.

Small and medium-sized rivers, which make up the majority of European waterways, are not simply
smaller versions of larger rivers, but have unique hydrological and chemical characteristics. Due to their
flashy hydrology and low dilution capacity, they are extremely sensitive to a variety of pressures,
including seasonal fluctuations, diurnal cycles and event-related pollution such as CSOs, agricultural
runoff and effluent from STPs. The traditional sampling method required for monitoring and operational
control under the WFD is fundamentally unsuitable for detecting the rapid and significant changes in
concentration that are characteristic of these systems. These diagnostic shortcomings inevitably lead to
erroneous assessments and thus misguided management decisions or incorrect action planning.

In this work, arguments for real-time monitoring are therefore presented not as a luxury, but as a
necessity for accurate water quality assessment and effective integrated water resource management.

This work presents different strategies and technologies for real-time monitoring that have been in use
over many years at numerous different rivers for longer time periods. Thereby, very different measuring
devices were used: complex on-site analysers (e.g. for ammonium via photometry), installed in mobile
measuring stations, as well as in situ sensors (e.g. for temperature, dissolved oxygen, turbidity, nitrate
via UV absorption), some of which are used directly in the water, while others are used in stations. Each
approach has its advantages and disadvantages: in situ sensors offer high temporal resolution and lower
operating costs but are limited to a narrower range of parameters. In contrast, at-site analysers offer
greater analytical flexibility and sensitivity for a broader spectrum of pollutants, but this comes with
higher costs and maintenance requirements and requires a certain infrastructure (pump with supply line,
power supply, sample preparation if necessary).

However, to ensure optimal spatial and temporal monitoring, cost-effective and low-maintenance
technologies are required. In this context, ISEs represent a promising approach and were therefore
examined in particular detail in this work. The advantages of ISEs, including a large measuring range,
fast response times and relatively low costs, face certain challenges, especially in small and medium-
sized rivers. It is therefore necessary to assess whether ISEs are also suitable in practice for prolonged
use under the dynamic and rapidly changing conditions of small rivers. To this end, different ISE
systems were integrated into one of the mobile measuring stations and the real-time data obtained was
compared with that from the other measuring systems (wet chemical analysers for ammonium, optical
probe for nitrate). For chloride and potassium, which are not measured in real-time at the stations,
weekly samples were taken and analysed in the laboratory using ion chromatography. The sub-study
showed that, in contrast to initial assumptions, no interference from other ions was observed for any of
the ISE systems. Rather, the two biggest problems were temperature effects and the limited lifetime of
the ISEs. Despite integrated temperature compensation, diurnal temperature fluctuations, which are
particularly pronounced in small watercourses in summer, led to significant cyclical disturbances in the
concentration output. On the other hand, the limited lifetime of all ISE systems led to signal drift, which
resulted in unreliable data after only about five months and was particularly pronounced for the
ammonium and potassium sensors. This is probably due to the fact that these two ions were present in
very low concentrations in the sample water to be measured. Since the ISEs were placed in the sample
pot inside the measuring station rather than directly in the water, and were also cleaned regularly, gross
contamination and increased biofouling of the membranes, commonly observed during in situ use of
ISEs, can be ruled out.
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Despite these challenges, the conclusion is not that ISEs are unsuitable for small and medium-sized river
monitoring, but that their use requires careful consideration, regular and careful calibration, and an
awareness of their limitations. When used properly, they can provide valuable, continuous data for
nitrate and chloride and, under certain conditions, also for ammonium. This sub-study emphasises that
ISE data must be validated using reference methods (e.g. photometry, ion chromatography) and
interpreted by trained personnel who can distinguish real trends from instrumental deviations.

Overall, this paper demonstrates how extremely efficient and profitable real-time monitoring is,
especially for small and medium-sized rivers. All of the technologies used have proven to be reliable
and robust over the years when maintained and calibrated appropriately (weekly). By combining sensors
and wet chemical analysers, a wide range of different parameters can be reliably recorded. Although all
the rivers investigated over the years differ greatly in terms of catchment conditions and anthropogenic
pressure, real-time monitoring has always been able to provide fundamental insights and an
understanding of the key processes that influence the chemical status and ecological situation in each
river. The gathered data enable the differentiation of various sources of pollution, as well as a clear
determination of the duration of pollution events and an assessment of their impact on the chemical
status and the aquatic ecosystem, for both storm events and low water periods. Furthermore, it has been
shown that accurate calculation of substance loads, which is crucial for the management of the entire
catchment area and the evaluation of the effectiveness of measures, can only be carried out reliably with
continuous concentration and discharge data.

It is also made clear that, for an effective interpretation of real-time data, not only different parameters
must be compared with each other, but they must also be correlated with supplementary data streams
such as discharge and weather data, and they must be linked to further information from the catchment
area such as geogenic background, land use, dischargers, etc. It could be demonstrated that real-time
monitoring is not only indispensable for pure control of limit values, but also for planning measures and
monitoring their success, and for identifying long-term trends. The latter is also of particular importance
in view of the effects of climate change on these very vulnerable water bodies and all their ecosystem
functions.

Furthermore, it has been shown that complex measuring stations can only be operated at a few carefully
selected measuring points due to the high acquisition and operating costs. Therefore, future research
focus must be on developing inexpensive but reliable, robust and durable technologies that are
suitable for in situ use in flowing waters turbulent systems and on low-cost nanotechnology sensors to
realise closing the current spatio-temporal data gaps. Improvements in energy generation through solar
and water-powered energy systems will also have a positive impact on the autonomous, long-term
operation of real-time monitoring systems. Extensive standardisation of data transmission and data
formats would also be desirable in order to ensure interoperability between systems from different
providers, thereby facilitating the combination of different measurement systems.

The findings can be used

e to improve the chemical status assessment in environmental legislation by further developing the
legal assessment framework

e to develop new strategies and technologies for targeted measures and to derive further
recommendations for action to reduce pollutant inputs

e to achieve a sound calibration of water chemistry in computer-aided models and enable realistic
modelling of scenarios, e.g. through changes due to climate change or changes in discharges into or
withdrawals from water bodies (Piniewski et al., 2019).

104



3. Conclusions and Outlook

The protection and renaturation of small and medium-sized rivers, which provide important ecosystem
services (e.g. protection of biodiversity, flood protection, recreation), depends on the ability to
understand these complex and sensitive systems. The work presented here shows that this understanding
cannot be achieved through sporadic snapshot monitoring. The future of river monitoring lies in the
strategic implementation of real-time technologies with high spatial and temporal resolution to ensure
the unique identification of pollution sources and transport pathways, the accurate assessment of
chemical and ecological status, and the effective targeting of remediation measures for preserving and/or
restoring these important water bodies and to preserve and restore their immensely important ecosystem
functions.

With regard to the WFD, it can be said that it is regarded as one of the most successful pieces of EU
legislation in terms of environmental policy issues and has become a global model for the
implementation of water protection (Brack et al., 2017; Carvalho et al., 2019).

As Carvalho et al. (2019) stated, various aspects have emerged that influence the implementation of the
WEFD since its introduction:

e “Increased recognition of the importance of specific pressures, including climate change and
associated flood and drought risks, invasive species and a wide range of emerging pollutants.

e New perspectives on environmental management have been developed, including ecosystem
services, nature-based solutions and adaptive and resilience-based approaches.

e  The UN Sustainable Development Goals have been set, in which many targets are related to water,
or affect waters in positive and negative ways.

e  Other EU policies on biodiversity, renewable energy and flood management have been developed,
influencing how we manage aquatic systems”.

However, the WED has been implemented in the EU Member States with very different strategies and
ambitions, and progress in management measures and improving ecological quality has been much
slower than originally anticipated.

A revision or even redesign of the WFD from 2027 onwards therefore offers an opportunity to build on
the sound conceptual foundations in terms of monitoring, priority setting, assessment and management
(Carvalho et al., 2019).

A key approach here is to promote safer and more cost-effective monitoring, supported by the integration
of passive sampling, screening of non-target chemicals and impact-oriented analysis, among other things
(Brack et al., 2017). The inclusion of real-time data in the assessments pursuant to Annex V and the
financing of dense monitoring networks are just as crucial steps as the establishment of comparable
measurement techniques and data protocols. This is important not only for describing current conditions,
but also for maintaining good status and addressing emerging pressures. This, in turn, requires a long-
term perspective that certainly extends well beyond 2027.

In addition, the regulatory shortcomings of the WFD with regard to the management of transboundary
waters must be remedied. An essential part of this is the harmonisation of EU-wide limit values and
assessment keys.

All these developments provide the scientific and practical basis that will enable the important objectives
of the WFD to be finally achieved across the EU.
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