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Abstract

With the nationwide introduction of wastewater treatment the overall water quality improved significantly, but chal-
lenges remain, including diffuse pollution, historical sediment contamination and the presence of a multitude

of anthropogenic chemical species. The implementation of several EU directives in the twenty-first century led

to a stronger focus on improving water and sediment quality and the sustainable management of sediments at river
basin scale. Hence, in the last 25 years, not only have the regulatory frameworks significantly changed, but also the
scientific backbone of our products, delivered to Germany's federal ministries, practitioners from the German Water-
ways and Shipping Administration, German federal states and the public. In this respect, approaches such as non-
target screening, multi-element analysis, effect-based methods, novel approaches in microplastic and nanoparticle
analysis and the benefits from the increase in digitalization and automation are key methods and processes to face
future challenges, especially those connected to the global climate crisis.
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Introduction

The authors take the 25th anniversary of German Lan-
guage Branch of the Society of Environmental Toxicol-
ogy and Chemistry (SETAC GLB) as an opportunity to
illustrate their respective disciplines in the Division of
Qualitative Hydrology at the Federal Institute of Hydrol-
ogy during this time and to venture a brief look into the
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future. Today, the division is divided into four depart-
ments for these tasks. Department G1 addresses general
water/sediment quality issues covering waterway man-
agement, transport modelling of inorganic and organic
contaminants and groundwater quality. The aquatic
chemistry department G2 focusses mainly on the devel-
opment of analytical methods for the detection and
quantification of inorganic and organic substances as
well as on investigating their sources and environmen-
tal fate in the aquatic environment. How pollutants and
their mixtures affect the aquatic environment is assessed
in the department ecotoxicology and biochemistry (G3)
and finally, environmental radioactivity and qualitative
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monitoring approaches are addressed by the department
G4. A high proportion of the specialized tasks is carried
out in cross-departmental areas within the division G and
in cooperation with the divisions Ecology (U) and Quan-
titative Hydrology (M). Each of these task areas contains
elements of consultation and assessment, research and
development as well as aquatic data collections, data pro-
vision paths and projections.

Till the 1990s, severe river pollution was observed in
many German river systems and elsewhere in Europe,
mostly due to the history of emissions from chemi-
cal industry as well as a variety of diffuse pollution
sources, e.g., from agriculture or mining. With the EU
Water Framework Directive (WFD) and the EU Marine
Strategy Framework Directive (MSFED), objectives were
defined for surface waters, including marine waters,
and groundwater bodies by the EU member states. The
implementation of these directives in the beginning of
the twenty-first century led to a stronger focus on the
improvement of water and sediment quality and the
overall status of water bodies (good chemical and envi-
ronmental status) and therefore, among others, a sus-
tainable management of sediments at river basin scale,
although sediments are only briefly considered in the
WED. Hence, it was necessary to develop efficient ways
to overcome existing deficiencies and to continue limit-
ing pollution entering water and sediments. As examples,
since the beginning of this progress our division signifi-
cantly participated in the development of trend analysis
and assessment criteria for contaminants in water and
sediment in the International Council of the Exploration
of the Sea (ICES) working groups.

The overall goals of our division are today as in the past
to advise federal ministries responsible for transporta-
tion and, to a steadily growing extent, for the environ-
ment with regard to the variety of national and European
regulations dealing with chemicals potentially entering
aquatic environments and drinking water. Therefore, the
division has developed, in the last 25 years, methodolo-
gies and models to predict, measure and assess water and
sediment quality as well as the accumulation of contami-
nants in aquatic organisms based on the respective cur-
rent state of the art. Using the developed methods and
models, advice and support is delivered to the federal
ministries and the practitioners from the German Water-
ways and Shipping Administration (WSV) as well as to
the German Federal States.

This publication aims to provide a comprehensive over-
view of the broad field of qualitative hydrology from the
authors’ perspectives, covered by the division’s core top-
ics mentioned above, over the past 25 years, while at the
same time using this knowledge of the past to venture a
brief glimpse into the future.
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General water quality issues—playground for scientific
basic principles and practical applications

The implementation of the WFD (Directive 2000/60/EC),
MSFD (Directive 2008/56/EC) and requirements from
adjacent regulated areas (e.g., waste disposal, soil pro-
tection) was a game changer at its time and surely made
water legislation as well as sediment management (with
focus on dredged material assessment) a more complex
task over time.

To better understand the various river systems from the
source to the sea and to support the WSV in Germany in
their operational work, efficient monitoring activities and
in some cases impact forecasts (mostly in coastal areas)
were implemented and conducted considering both
WEFD and MSFD. Based on our respective expertise and
the available scientific knowledge within the last 25 years,
we developed and adapted guidance values for contami-
nants in sediments and dredged materials on the national
level for assessing potential environmental risks during
management and maintenance of rivers.

Looking back, we were able to support the introduc-
tion of new national regulations (e.g., the regulation on
the introduction of a “Substitute Construction Materi-
als Ordinance, on the Revision of the Federal Soil Pro-
tection and Contaminated Sites Regulation” and on the
“Amendment of the Landfill Ordinance and the Commer-
cial Waste Ordinance” (https://www.bgbl.de/), as well as
the “Arrangement for the Handling of Dredged Mate-
rial in German Federal Freshwater Waterways” (https://
izw.baw.de/publikationen/umwelt-handbuch/0/20180
403_HABAB_WSV%202017.pdf) and “Joint Transitional
Arrangements for the Handling of Dredged Material in
German Federal Coastal Waterways” (https://www.bafg.
de/Baggergut/DE/04_Richtlinien/guebag.pdf?__blob=
publicationFile). At the international level, the revision
guidelines of the Oslo and Paris Commission (OSPAR;
www.ospar.org) and the Helsinki Convention (HELCOM:
www.helcom.fi) on how to handle dredged materials in
coastal areas in an environmentally responsible manner
were milestones, to which we contributed.

Due to climate change, the management of dredged
material has changed fundamentally in the last decade,
inter alia. In the past the overall process focused on sin-
gle cases and the respective challenges, and often only a
single maintenance option, like dredging of sediments
and their relocation in adjacent waterbodies or disposal
on land, was given for harbours and waterways. Dur-
ing the last 5 years the adaptive management of dredged
materials was introduced (Fig. 1).

To enable fact-based decision processes, actual concen-
trations of well-known micropollutants, new emerging
contaminants and nutrients are monitored adaptively to
assess the impact of anthropogenic inputs on sediment
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Fig. 1 Change of sediment management strategies in the past 5 years

quality and subsequently the surface water and ground-
water quality. The monitoring data (also acquired during
extreme hydrological situations, i.e. low flows or floods)
were and are also used to validate numeric models which
calculate the transport and the dispersion of individual
pollutants in the river system (e.g., [1]). By implementing
an increasing number of natural processes in these mod-
els within the last 25 years the prediction of water quality,
also by interpolation between monitoring points in space
and time, became more common and is today an indis-
pensable tool in our daily work.

In terms of groundwater quality, the new emerging
compounds lead to even more challenging requirements
on sampling and analytical methods as concentrations
in groundwater are usually significantly lower in com-
parison to sediment and surface water. Nonetheless, local
authorities and water suppliers more frequently claim an
increasing number of these new emerging substances to
be part of monitoring schemes accompanying construc-
tions along the federal waterways, which makes quality
assurance measurements an even more crucial aspect.

With an improved system understanding on con-
taminants it was possible to support the design and
implementation of international integrated sediment
management plans in different river basins (e.g., [2]).
From these plans, comprehensive management activities
were successfully derived within the last decades (e.g., [3]
or [4]). The activities of the European Sediment Network
(SedNet) within the last 20 years helped additionally to
raise awareness on the European level for the urgent need
to better integrate sediments and suspended particulate
matter (SPM) as key factors in our rivers in terms of the
overall system health, of erosion and with this as a poten-
tial carrier of contaminants, sedimentation processes and
the ecoresponsible management [5]. A milestone was
reached with the introduction of sediment and SPM in
the progress report of the Working Group ECOSTAT on
the European level [6]. Managing of several million tons
of dredged material each year by the WSV to ensure safe
navigation has to fulfil a multitude of legal requirements
and societal demands. In this respect the contamina-
tion of dredging material needs to be determined and
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assessed prior to relocation/disposal in order to prevent
adverse effects on the aquatic organisms.

Costs, resource demands and time consumption for
these investigations increased over time. However, the
whole process is nowadays largely standardized accord-
ing to quality criteria demands. The effort for the dredged
material assessment can be minimized step by step
solely with the help of IT management systems (e.g., by
using form management systems for the administration
of projects and business rule management systems for
the assessment, Fig. 2). A management milestone was
the introduction of the laboratory management system
for the WSV [7] which provides functions for the pro-
ject management, for the server-side processing of the
dredged material assessment and for the reporting.

Improved data management and provision systems
form the basis to expand our knowledge and experi-
ence in our consulting duties. We further develop envi-
ronmental information systems (e.g., web services) for
research purposes and continue to make environmental
quality data available to the public in accordance with
the Environmental Information Act in Germany (https://
www.umweltbundesamt.de/en/access-to-environmental-
information).

In the future, further simplifications and an increase in
efficiency appear possible in the course of further digi-
talization of processes. For this purpose, it will continue
to be necessary to maintain close cooperation between
authorities, researchers and users.

Occurrence, fate and origin of contaminants in rivers

and streams—from the investigation of selected

pollutants to multi-element analysis, non-target screening
and particle analysis

A major focus of the BfG is on the analysis of trace ele-
ments, trace organic compounds (TrOCs) and anthro-
pogenic particles as well as the investigation of the

identify demand for
investigation
(planning phase)
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environmental fate of pollutants including sorption,
speciation of metals and metalloids, transformation of
TrOCs and the leaching from construction materials
applied in waterways.

The analysis of trace elements in water, SPM, soil and
sediment samples has been subjected to a strong instru-
mental change within the last two decades. In particular,
analytical methods for the determination of single ele-
ments have been replaced by high-resolution mass spec-
trometric multi-element analyses using triple quadrupole
inductively coupled plasma-mass spectrometry (ICP-MS)
[8, 9]. At the same time, the research focus in the field
of elemental analysis changed and is still changing from
the traditional metals analysed (e.g., Cd, Pb or Zn) and
arsenic to speciation and fractionation-based research
questions. To a growing extent, trace elements are inves-
tigated using coupled separation systems and mass spec-
trometric detection techniques [10-12], for example, to
investigate elemental chemical species in metal-based
antifouling biocides [13]. Other examples of elements
that found their way on the lists of analytes of interests
within the last 25 years are the rare earth- and the plati-
num group elements [14] and more recently the technol-
ogy-critical elements defined by the EU [15]. An element
which continuously was and is a focal point of scientific
and societal discussion is Hg. Especially its biogeochemi-
cal cycle including methylmercury is still from superior
environmental interest. The reason at the moment is
often the continued exceedance of the EU environmental
quality standard for mercury in biota samples of almost
all German (and elsewhere) surface waters, despite
decreasing anthropogenic Hg releases into aquatic sys-
tems. The cause is assumed to be the bioaccumulation
of mercury, mostly originating from industrial legacy
sources, via the food chains of aquatic organisms, which
is facilitated by the microbial methylation of mercury in
the water column and sediments [16].
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Also, the gas chromatography with mass spectrometry
(GC-MS) and with liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis used for the quan-
tification of TrOCs experienced considerable changes,
especially regarding sensitivity and the spectrum and
number of analytes. Until the early 2000s the analysis of
TrOCs was mainly focused on more apolar and mainly
particle-associated pollutants (e.g., PCBs, PAHs, HCHs,
HCBs, chlorophenols) using GC coupled to electron-cap-
ture or mass spectrometric detection. While the presence
of many of these compounds was mainly related to for-
mer applications and releases from contaminated sites,
recent and ubiquitous emissions of so-called emerging
contaminants experienced an increasing awareness. This
was also fostered by the developments in the field of LC—
MS/MS offering new possibilities for the analysis of polar
TrOCs such as the majority of pharmaceuticals and bioc-
ides. In the beginning of the twenty-first century special-
ized LC-MS/MS methods for analysis of single groups
(e.g., iodinated X-ray contrast media, acidic pharmaceu-
ticals, antibiotics, psychoactive drugs) in environmental
water samples were commonly based on high-volume
solid phase extraction (SPE, up to 1 L, e.g., [17-19]).
However, due to the continuously improving sensitiv-
ity in LC-MS/MS, the trend shifted towards the use of
direct injection methods as for example that developed at
the BfG by Hermes et al. which is still applied to analyse
more than 150 TrOCs in groundwater, surface water and
wastewater [20]. On the other hand, there is still a lack
of analytical methods to monitor very small and polar
TrOCs (e.g., [21, 22]) leading to the development of spe-
cialized LC-MS/MS methods based on hydrophilic inter-
action chromatography (HILIC, e.g., [23]) or coupling of
ion-chromatography with mass spectrometry (e.g., [24]).
During the last years also supercritical fluid chroma-
tography (SFC), using supercritical CO, and an organic
modifier on a polar stationary phase, was implemented
for the development of sensitive multi-residue SFC-MS
methods covering a broad polarity spectrum within one
chromatographic run (e.g., [25]).

Since about the 2010s, non-target screening (NTS),
based on LC coupled to high-resolution mass spec-
trometry (HRMS), has found its way into environmen-
tal analysis in order to tackle also the high number of
unknown TrOCs, i.e. not included in our target meth-
ods. In the beginning, a validated LC-HRMS analysis
method was established (e.g., [26]), functioning as a basis
for continuing water and sediment analysis. Nowadays, a
daily monitoring approach of Rhine water in Koblenz is
already established since 2014. Today, the development
and research need in NTS is not solely within the instru-
mental field, but to a high and still growing extent within
the field of data-processing and workflows to make full
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use of the large datasets [27, 28]. This is required, mostly
to obtain a high time resolution overview on chemical
contamination and to gain insights into specific, possibly
unknown, emissions from upstream sources. Therefore,
the developments at BfG within the last years focused
especially on workflows and methodologies for high-
throughput automated processing [29, 30] and statistical
analysis studies utilizing time series [31], spatial distri-
butions [32] or specific chemical properties [33]. Based
on these workflows NTS has found applications not only
in regional monitoring projects supporting the Federal
States, but was also established as an essential tool to
investigate the environmental sustainability of construc-
tion materials in hydraulic engineering (see below) as
well as to determine the efficiencies of processes such as
the success of management tools applied in rivers or the
removal of organic contaminants in wastewater treat-
ment plants. In order to make N'TS data accessible for
users in governmental laboratories and agencies, recently
a system for digital archiving, harmonizing and linking
pre-processed N'TS data from different laboratories as
well as a frontend web-application (NTSPortal, Fig. 3)
was created. This tool allows for the interactive searching,
displaying of maps (spatial distributions) and time series
of the detection of pollutants in rivers across Germany.

Taken together and as mentioned before it is important
to emphasize that the current research is continuing in
both the analytical and the data science area, including
introducing new chromatographic methods to widen
the scope of accessible chemicals and the aggregation of
datasets and digital archiving to enable data mining.

In addition to soluble contaminants also particulates
are of emerging concerns. After decades on studies on
colloids in the environment (e.g., [34]), engineered nan-
oparticles (ENPs) gained a huge public and scientific
awareness approximately within the first decade of the
new century as a potential new class of emerging par-
ticulate contaminants, e.g., [35, 36]. Taking the number
of publications on ENPs (search: analytical chemistry
and environmental sciences) in the Web of Science' " as
an indicator, rising numbers until 2015 are visible reach-
ing a plateau with about 1500 publications per year by
2020. In contrast to many other emerging contaminants
the wastewater treatment was found to alter the particle
surfaces and to remove a substantial amount of the ENPs
from the wastewater (e.g., [37] or [38]). A particle type
that preserves its functionality, that causes after its aging
highly significant ecotoxicological effects and which, at
the same time, is emitted in high amounts, is luckily at
present, to the best of the authors knowledge, still not
visible. After the peak funding within the ENPs field,
scientists often shifted to the following new hot topic,
micro- and nanoplastics in the environment.
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across Germany

Microplastics (MPs) are ubiquitously distributed in the
environment. Here, properties of the materials as well as
environmental and anthropogenic factors lead to heter-
ogenous distributions of MPs [39]. For a better under-
standing of those factors including sources and pathways
of environmental MPs, comprehensive and comparable
data on the abundance are still needed. Studies show that
riverine systems are not only pathways for plastics enter-
ing the sea, but also act as (temporary) sinks. Therefore,
rivers are of particular interest in microplastic research
(e.g., [40, 41]). Studies show that barrages hinder sedi-
ment and thus MPs to be transported further down-
stream and that rivers may act as a sink for plastics [42,
43].

In an international context, regional action plans on
marine litter have been initiated by, e.g., HELCOM ini-
tiative [44]. Moreover, technical ISO committee 61 with
the subcommittee 14 is working on a suggestion for
standardization of analytical methods [45]. During the
last 7 years these synthetic polymers (MPs 5 mm down
to 1 pm and nanoplastics<1 pum), received increasing

attention as emerging particulate contaminants. For
determination of bulk concentrations of the polymers,
several methods were created in the last decade [46, 47]
and the BfG developed a pyrolysis GC—MS method [48].
The method is based on indirect determination of the
polymers by analysis of decomposition products formed
during thermal degradation. Special research focus lay
on matrix effects during pyrolysis and their influence on
quantification results [49, 50] and on the capabilities of
SPM samplers to sample MPs [51]. The analytical method
allows for quantification of polyethylene (PE), polypro-
pylene (PP) and polystyrene (PS) in complex environ-
mental samples such as particular matter, sediment and
soil. Since pyrolysis products of polyvinylchloride (PVC)
are very unspecific, a separate combustion ion-chroma-
tography method using hydrogen chloride as marker was
developed [52]. The abundance and properties of MPs
(e.g., size) imply interactions with a wide range of biologi-
cal species. Feeding studies show that the interaction is
material- (e.g., size, shape, polymer) and biological spe-
cies- (e.g., feeding type, development) specific [53, 54].
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The same holds true for the ecotoxicity of microplastic.
Multiple properties of MPs have the potential to nega-
tively affect biota (e.g., particulate and chemical factors),
however, the outcome of an exposure to microplastic
depends on the specific material and the biological spe-
cies [43, 54]. As such, generally valid statements con-
cerning the toxicity of MPs are difficult to derive, this
particularly when complex environmental scenarios (e.g.,
aging) as well as the methodological challenges of parti-
cle testing are considered [55]. Overall, the BfG actively
participates in the research needed in order to better
understand the abundance, fate and effects of environ-
mental MPs.

In addition to the development of analytical methods
and monitoring of water contaminants, the environmen-
tal fate of trace elements and TrOCs was one key research
topic during the last 25 years. In the 2000s research was
mainly focused on assessing the sorption and primary
degradation of TrOCs such as pharmaceuticals and hor-
mones in lab experiments (e.g., [17]) and field studies
(e.g., [56]). More and more the speciation and fractiona-
tion of metals and metalloids as well as the identification
of transformation products (TPs) and the elucidation of
whole transformation pathways became a major issue.
First studies used a combination of mass spectrometric
(GC-MS and LC-MS) and nuclear magnetic resonance
spectroscopy (NMR) analyses for successful identifica-
tion of TPs from TrOCs (e.g., [57]). A crucial step was
the increasing availability of HRMS systems in the late
2000’s which pushed TP identification and consider-
ably improved our current mechanistic understanding
of TrOC transformation (e.g., [58—60]). Moreover, nowa-
days relationships between the degradation potential, the
environmental/operation conditions as well as microbial
community composition and their functional potential
are more and more addressed by combining chemical
analysis with rapidly developing bioanalytical methods
(omics approaches, e.g., [61-63]). This also includes the
research on enzymes involved in TrOC degradation, for
example, the use of cell-free biodegradation experiments
with enzyme lysates shed light on the enzymatic activi-
ties likely involved in the biotransformation of TrOCs
[64, 65]. Just recently enzyme fractionation of lysates and
shot-gun proteomics was successfully applied to unravel
the enzymatic transformation of the artificial sweetener
acesulfame [66].

Another topic, which gained increasing attention dur-
ing the last decades is the investigation of the release of
TrOCs from construction materials and the involved
(eco-) toxicological effects [67—-70]. With an initial focus
set on the potential release of metals and metalloids from
armor stones [71-73] in view of maximum release limits
provided for the German Technical Terms of Delivery for
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Armor Stones (2003 and 2022, https://izw.baw.de/publi
kationen/tr-w/0/Technische_Lieferbedingungen Wasse
rbausteine_ TLW_2022.pdf), research was successively
extended to other construction materials. In collabora-
tion with other federal authorities responsible for traffic
infrastructure within the “BMDV Network of Experts”
(Federal Waterways Engineering and Research Institute
(BAW), the Federal Highway Research Institute (BASt),
the German Centre for Rail Traffic Research (DZSF) and
the Federal Maritime and Hydrographic Agency (BSH))
these comprise concrete, corrosion protection and geo-
textiles [74—76]. Especially due to the nature of the latter
two, analytical techniques have been extended to TrOCs
including non-target approaches in order to assess the
release of potentially harmful substances from these
materials [77].

Regarding the spectrum of contaminants as well as
the sensitivity of the analytical methods a big step for-
ward was made during the last 25 years. However, one
lesson learned is that the analytical window still needs
to be broadened especially with respect to very polar
and ionic compounds. Moreover, we have to realize that
data science including artificial intelligence approaches
will be the next crucial step in exploiting the potential of
advanced chemical analysis (e.g., anomaly analysis, stand-
ard-free quantification as well as chemical identification
of unknown compounds and particles) and in predicting
the environmental fate of contaminants. Advanced data
science approaches will also be one of the keys for pro-
viding missing links between the chemical burden and
the effects on organisms, populations and whole ecosys-
tems (cf. next chapter) which is still a main obstacle for
prioritization of chemical stressors and targeted meas-
ures for an effective protection of aquatic ecosystems.

From compounds to effects
Biological methods are key to capture, assess and under-
stand harmful effects of pollutants. Thus, ecotoxico-
logical methods are essential tools to complement data
from chemical analysis. At the BfG such methods are
well established for the quality assessment of dredged
material (HABAB, https://izw.baw.de/publikationen/
umwelt-handbuch/0/2201_2_5_habab_text.pdf)  based
on national and international standards. During the last
25 years the BfG has continuously contributed to the fur-
ther development and standardization of methods and
approaches to assess water and sediment quality based
on effect data [78, 79]. The following sections focus on
a number of developments in this research area at the
interfaces between science, environmental management
and regulation.

Analysing contaminant concentrations in biota is
often applied for the assessment of water quality, e.g., for
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compliance checking according to the WED. In compari-
son to measurements of biota, passive sampling suffers
less from variability and may—in some cases—comple-
ment biota monitoring [80]. Passive sampling devices
contain a sampling phase, usually a polymer that accu-
mulates chemicals when exposed in the environment or
to an environmental sample. Over the last decade, sili-
cone-based passive samplers for quantifying hydrophobic
organic chemicals in water bodies or in bioassays gained
more and more attention, e.g., [81]. Due to the enrich-
ment of target analytes in the sampling polymer, very low
contaminant concentrations are quantified. The calibra-
tion of sampling rates further enables the determination
of averaged concentrations over the exposure time of
the samplers. For example, passive sampling in combi-
nation with sediment monitoring showed that in North
Rhine Westphalia pit waters from coal mines contribute
to contamination of surface waters with PCBs and PCB
surrogates in the direct vicinity of the discharge sites only
[82]. In addition, silicone-based passive samplers were
also used in hazard and risk assessments as well as in the
management of contaminated sediments to address bio-
available concentrations in sediment porewater. When
applied as equilibrium samplers, freely dissolved con-
centrations of organic contaminants in the porewater
of sediments can be measured that are considered to be
responsible for exposure, bioaccumulation, and effects in
aquatic biota [83]. As an example, samples from the river
Elbe tested for PCBs showed a close link between bioac-
cumulation in fish and sediment contamination [84]. At
present, passive samplers are applied—partly in combi-
nation with biota monitoring—to improve risk assess-
ments and the management of dredging activities as well
as of disposal sites in different waterways. EBMs address
adverse effects elicited by mixtures of compounds in the
environment rather than individual substances. In this
sense EBMs are sum parameters that reflect the biological
activity of an environmental sample. The use of in vivo-
bioassays such as the acute test with D. magna or the
growth inhibition test for the green algae have a long his-
tory in Germany for the assessment of dredged material
(cf. HABAB) but is as well implemented in the German
Waste Water Ordinance [85]. Besides the contribution to
standardization efforts on the national and international
level, the BfG (co-)developed sediment contact assays
using in vivo-approaches [86-91] to better understand
the bioavailability of particle-associated contaminants as
a key factor for the assessment of sediment quality. As an
important step towards an implementation of sediment
contact assays for regulatory purposes a number of vali-
dation studies have been performed including the defini-
tion of toxicity threshold values for a number of sediment
contact assays based [92, 93].
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In addition to the use of in vivo-bioassays there are
growing efforts to develop and implement mechanistic
in vitro-bioassays for the assessment of water quality.
First attempts to develop such methods were undertaken
in environmental genotoxicity and mutagenicity and the
regulatory use dates back to the early 1990s [94—100]. At
the beginning of the 2000s, endocrine effects and later on
dioxins like activity mediated effects by the aryl-hydro-
carbon receptor received more attention [79, 101-104].
Such in vitro-bioassays allow for the quantification of the
effect-strength in terms of a biological equivalence con-
centration (BEQ) that expresses the outcome of the bio-
assays as a concentration of a reference compound, e.g.,
as an estradiol equivalence concentration (E2-Eq) [105,
106]. Recently, an ISO-standard for the calculation of
BEQ [107] was successfully published, surely a milestone
in the last 25 years. This development opens the oppor-
tunity to define effect-based trigger (EBT) values that
are used in analogy to the well-established compound-
based environmental quality standards implemented in
the WED. The BfG was involved in a number of studies
leading to proposals for EBT-values for the assessment
of estrogenicity and other adverse effects [108, 109]. In
addition to the use of EBMs for a water quality assess-
ment, in vitro-bioassays are used in combination with a
chromatographic separation of extracted environmental
samples and LC/MS/MS for an effect directed analysis
(EDA) to identify toxic drivers in the environment. As a
consistent next step in the last years, a methodology to
directly couple high performance thin-layer chromatog-
raphy (HPTLC) and in vitro-bioassays were published,
e.g., [101, 110]. Several in vitro-bioassays were success-
fully implemented already to detect, e.g., genotoxicity
[111], inhibition of the photosystem II (PS II) [112], anti-
androgenicity [113] and further yeast-based assays for the
detection of hormonal effects [114]. The latter was used
to identify bisphenol A as an UV-induced degradation
product of epoxy-based anti-corrosion protection [115].

The combination of passive sampling and effect-based
methods (EBMs) is a highly valuable approach to capture
the presence of harmful contaminants in the environ-
ment [116]. A combination of passive sampling using a
Chemcatcher for the enrichment of polar contamina-
tions with the effect-based analysis of inhibitors of the
photosystem II—such as the priority compounds atrazine
and diuron—was used to investigate a small river system
(Fig. 4).

The results show clearly the increasing contamination
of the surface water with inhibitors of the PSII from the
source of the river to its mouth. The obtained effect pro-
files might be used to pinpoint sources of emission using
a sampling with a higher spatial resolution. Since the
detection is effect-based a knowledge about the chemical
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Fig. 4 Occurrence of PSll-inhibitors in surface water (modified from [116]). The surface water of a small river was sampled using Chemcatcher
at different locations (sampling points 1-6) and subsequently analysed by a combination of HPTLC and an on-plate assay using fresh water algae
for the detection of PSIl-inhibition by measuring the quantum yield via imaging pulse-amplitude-modulation (IPAM) [117]

entity causing the effect is not required. Candidate com-
pounds causing the observed effect can be easily falsified
by the application of the respective standard in parallel
to the environmental sample via the chromatographic
behaviour. Signals that cannot be matched by a candidate
compound can be identified by further in-depth effect
directed analysis. In this respect, the BfG aims to develop
a framework for effect directed analysis based on com-
binations of HPLC- and HPTLC-based separation tech-
niques in direct combination with in vitro-bioassays.

Fine sediments are often hotspots of chemical pol-
lution and meiobenthic organisms are usually more
dominant in these sediments than macroinverte-
brates. In addition, meiobenthic organisms are exclu-
sively endobenthic and are thus more consistently
exposed to sediment-bound pollutants. However,
there is a lack of meiobenthos-based assessment tools
(e.g., indices) to detect pollution-induced changes in
these communities, which would help to assess sedi-
ment quality. Moreover, there is a general deficit of
pollution-sensitive indices for assessments in the
aquatic environment, including metrics as defined by
the WED [118]. Besides contributing to the develop-
ment of a sediment-contact assay with Caenorhabditis
elegans [86, 119] and evaluating the derivation of sedi-
ment quality guidelines based on nematodes, it was
thus an important step forward in the last decades to
initiate and take part in several projects for the devel-
opment and validation of the NemaSPEAR[%]-index
[120, 121]. This made it possible to consider one of the
most abundant and species-rich meiobenthic taxa, the
nematodes, to support risk assessment of pollutants

in sediments by covering all major lines of evidence
according to the sediment quality triad approach. An
important task of the BfG is the assessment and man-
agement of sediments and dredged material and these
lines of evidence allow for identifying and prioritizing
management options and can be used to investigate
cause—effect relationships in a multiple stressor sce-
nario. The importance of the latter has been recently
addressed in a CIS technical document of the Euro-
pean Union concerning integrated sediment manage-
ment in the context of the WFD [122].

The general applicability of the NemaSPEAR[%]-index
and its ability to complement metrics based on macroin-
vertebrates in environmental assessments by more spe-
cifically reflecting sediment pollution has been assessed
(e.g., [123-127]. Furthermore, it was important to sup-
port first steps towards DNA-based molecular charac-
terization of nematodes (barcoding and metabarcoding),
in particular to enable the application of the index inde-
pendent of morpho-taxonomic expertise. As an example,
in the 4 year project NESTOR (2016-2020), sequence
databases were expanded (especially for relevant Nema-
SPEAR[%] species) and methods were optimized and
already successfully applied to natural samples for quality
assessments using the NemaSPEAR[%]-index (e.g., [128—
130]. It was shown that the DNA-based calculation of
the index is also possible with semi-quantitative data (i.e.
relative biomass-related abundances). In order to further
improve the application of the NemaSPEAR[%]-index,
new sequencing techniques (esp. long-read sequenc-
ing and PCR-free techniques) need to be evaluated to
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achieve a better taxonomic resolution and to facilitate
quantitative species analysis.

A consequent next step to us is to develop frameworks
which complement targeted chemical analytics of envi-
ronmental samples with ecotoxicological effect progno-
ses. To achieve this, effect data from various databases,
e.g., Toxcast [131, 132], ECOTOX [133] or ChEMBL
[134] are integrated and consistent high-content effect
profiles of chemicals are inferred using machine-learning
methods. Additionally, refined mixture models are devel-
oped in order to enable the inference of overall effect
profiles of chemical mixtures, measured in environmen-
tal samples. High-content effect profiles can be assessed
for their potential in identifying and prioritizing hazard-
ous substances in complex environmental mixtures, thus
adding value to state-of-the-art chemical monitoring
approaches at the BfG and elsewhere.

Closing the loop—from analyses, via data communication
to data provision
Continuous monitoring of the aquatic environment for
radioactive substances has been taking place by the BfG
across Germany since 1958 [135-138]. The monitoring
programs are based on the German Radiation Protection
Act (StrlSchG) which was updated in 2017, the General
Administrative Regulation on the Integrated Measuring
and Information System for Monitoring Radioactivity in
the Environment (AVV-IMIS, last updated in 2006 and
currently in revision) and associated ordinances, regula-
tions and guidelines. In the AVV-IMIS, the mandatory
specifications for determining the specific activities or
activity concentrations of radionuclides in environmen-
tal samples are specified. Connected to this, the inter-
national and national emergency plans required by the
EU and the StrlSchG are being revised at the moment.
The aim is to record (long-term) changes in radioactivity
within federal waterways and to estimate possible effects
on humans and the environment on the basis of the sur-
veys. Looking at the last 25 years a very significant and
long-lasting political impact was caused by the nuclear
power plant disaster 2011 in Fukushima [139, 140] which
fostered also the nuclear phaseout in Germany, even
though no radioactive anomalies were monitored within
the BfG monitoring and measuring network. Today, the
monitoring network consists of 67 stations (supported by
the WSV, the German Meteorological Service (DWD),
the Federal Institute for Geosciences and Natural
Resources (BGR) and some federal state offices), which
include radiological warning stations, monthly sam-
plers (river water and SPM) and precipitation collectors
(Fig. 5) as well as two radiochemical laboratories.

In general, the monitoring systems for environmental
radioactivity have undergone less pronounced changes
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than other areas in environmental analytics. Nonetheless,
the concepts and operating systems for radioactive emer-
gencies were constantly improved (e.g., [141]). However,
for more than 25 years the basic concept for monitor-
ing environmental radioactivity on federal waterways in
Germany is based on two independently operating sys-
tems [135, 136]: in the monitoring stations for radioactive
nuclides, the total gamma activity concentration of river
water is online measured continuously with a scintillation
detector (Nal) which is positioned within a lead-shielded
flow-through cell. To avoid rising background levels from
the deposition of SPM over time a self-designed meas-
uring cell with an automatic rinsing function was devel-
oped. This provides an overall picture of the gamma
activity from 40 stations in the German federal water-
ways, from where the data are retrieved online at 10-min
intervals at the recently inaugurated control centre for
environmental radioactivity in Koblenz. Supported by the
innovations connected to the keyword “industry 4.0’ the
control room and the associated processes allow us the
integration of an almost infinite number of parameters.
Together with ongoing material and process standardiza-
tion, it is possible today to manage and maintain nation-
wide monitoring networks far better than 25 years ago.

In parallel, river water, SPM and sediment samples are
regularly collected, brought to the laboratories for envi-
ronmental radioactivity in Koblenz, and analysed for nat-
ural and artificial radionuclides. The laboratory methods
which are used in this monitoring program are standard-
ized by published procedure manuals [142], but improve-
ments of existing methods and the development of new
methods are constantly taking place. In addition to the
evaluation of new radioactive tracers in the water cycle
such as S-35 [143], new opportunities for complementary
radionuclide analyses are provided by triple quadrupole
plasma mass spectrometry (ICP-QQQ-MS) which ena-
bles the detection of several relevant radionuclides (e.g.,
Sr-90) due to its efficient removal of interferences and
the analysis in mass-shift mode after a reaction cell (e.g.,
[144-147]). Such approaches also offer new applications
for environmental nuclear forensics [148] including in
aquatic environments [149-152].

The nuclides measured via environmental monitoring
(e.g., tritium) are also available to the scientific commu-
nity [153] and are used for scientific research, e.g., sur-
face water/groundwater interaction [154], or catchment
travel times [155].

In addition, a new class of nuclides from medical
applications are increasingly found in the environmen-
tal samples [156—158]. These mostly relatively short-
lived nuclides with half-lives (HWZ) of a few days are
used in large quantities for diagnostics and treatment
in nuclear medicine (e.g., cancer therapy) and also enter
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Fig. 5 Monitoring network of the BfG department G4 for environmental radioactivity and qualitative aquatic monitoring

surface waters through excretions of the treated patients
via wastewater treatment plants [159]. While, e.g.,
iodine-131 (HWZ: 8 days) has been measured regularly

in SPM of various German rivers for many years, the
detection of lutetium-177 (HWZ: 6.6 days) has so far
been rarer and limited to a few sites [157].
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Accidental or discharge driven river pollution, not only
with radioactive but with any soluble substance, was and
is a substantial pathway for pollutants into the aquatic
environment. In order to reduce the risk of sustained
damage and create a basis for measures to protect the
public, numerical transport models are used to predict
the arrival time, duration and maximum concentration
of any soluble and less often of particulate contaminants
in flowing waterbodies. Within the large-scale monitor-
ing concept of environmental radioactivity, our respon-
sibility is, among other things, to stand by with effective
models for federal waterways. In the past, Excel-based
forecasts were used for this purpose, but were replaced
by a one-dimensional water quality model [160]. With
these developments it has since been possible to predict
pollutant transport in real-time, considering the respec-
tive river morphology and changing hydrological bound-
ary conditions. In order to calibrate the transport model,
tracer experiments were and are necessary, which pro-
vide solid knowledge about the longitudinal dispersion
coefficient and velocity of river waters within the respec-
tive river section [161, 162]. Within the last 25 years, this
type of field experiments was conducted by making use
of tritium that is routinely emitted from nuclear power
plants and by tracing it along the flow path of the rivers.
However, the shutdown of the German nuclear power
plants is not only a step change in the energy supply of
Germany but delivers also challenges for the transport
modelling approaches. Tritium as a non-sorbing, low
background, conservative tracer is no longer available,
thus crucial information for the development and cali-
bration of the transport models is missing. Next to flu-
orescent tracers, owing their own challenges [163, 164],
the search for alternative tracers, like intended and unin-
tendedly released anthropogenic substances, is one of the
main goals in the last and the coming years. Further, with
increasing scientific knowledge and threats like global
warming, the demand on numerical models is also grow-
ing. Thus, the consideration of soluble and particulate
transport in two or even three dimensions is certainly a
reasonable step, which however, requires the availabil-
ity of a new generation of tracers. Hence, it is foresee-
able that our tracer experiments will undergo significant
changes as before in the working field of metals and met-
alloids in the environment as already mentioned in the
second chapter.

The focus of investigations on metals and metalloids in
surface water systems has shifted over the last few dec-
ades from the determination of total concentrations for
a limited number of metals and metalloids of particular
concern (e.g., As, Pb, Cd, Zn, Cu, Ni) to a much larger
number of elements, some of them only present at (ultra)
trace levels, and the elucidation of their element species
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dynamics under different environmental conditions.
This development and the additional knowledge gain
were triggered by the availability of more sensitive and
versatile analytical instruments such as ICP-QQQ-MS
which are capable of measuring a multitude of major
and trace elements simultaneously over a wide range of
concentrations and reliably by removing interferences
by a collision/reaction cell and the use of two independ-
ent mass filters [165]. A new method for the analysis of
68 elements in river water in a single analytical run was
recently developed at BfG [9] representing an important
step towards multi-element river monitoring and the
possibility of using elemental fingerprints of a multitude
of elements as tracer for natural/anthropogenic sources
and biogeochemical cycling in surface waters. As already
briefly mentioned before, a particular group of trace ele-
ments, which have only recently come into the focus of
attention, are the so-called “technologically critical ele-
ments” with high supply risks and expected increas-
ing demand in industry, but the understanding of their
behaviour and fate in surface waters is often still limited
and their distribution has only been studied in recent
studies (e.g., [166]). Another example of an “emerg-
ing pollutant” is gadolinium, used in medical imaging
and which is, together with other “rare earth elements’,
increasingly allocated to anthropogenic sources in natural
waters (e.g., [167]). The understanding of metal and met-
alloid speciation in surface waters is still another research
frontier in which important progress has been made over
the last few decades. For example, the widespread occur-
rence of Mn(III) complexed to organic ligands in oxygen-
ated waters has been recognized [168], while hyphenated
techniques such as HPLC-ICP-MS offer further insights
into metal speciation in environmental samples (e.g.,
[169]). Analytical advances have also made it possible
to resolve small variations in the stable isotope ratios
of metal and metalloid elements in environmental sam-
ples [170], providing a new tool for source and process
tracing in environmental metal and metalloid cycling,
including for example in contaminated stream environ-
ments (e.g., [171]). Considering all these changes, some
things remained the same for good reasons. Examples are
long-term monitoring programs in catchment manage-
ment and even though the number of parameters grew
significantly with our analytical skills for the monitoring
program of the International Commission for the Pro-
tection of the Rhine (https://iksr.bafg.de), principle aims
and concepts have remained the same for more than
60 years. Hence, working with water quality data from
25 years ago one might think nothing has significantly
changed. Apart from sensor robustness, online meas-
urement of parameters like pH, conductivity, tempera-
ture and oxygen indeed has not fundamentally changed
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at all since the 1990s and some of the original equip-
ment is still capable of providing reliable data at a high
time resolution. Metals and metalloids played and play
an important role, but when looking at the last 25 years
a changed balance between organic and inorganic com-
pounds measured on a regular basis immediately catches
the eye. In 1980, the German part of the Rhine database
(FGG 2023, https://fgg-rhein.bafg.de) provided data for
23 inorganic compounds and two organic ones. In 1999,
this increased to 25 inorganic and 69 organic substances.
In 2023, 300 organic and 30 inorganic substances are
listed in the monitoring program. This is closely con-
nected to the previously mentioned changing analytical
capabilities as well as to changing societal demands (e.g.,
[172]). The focus has shifted from inorganic to organic
substances and today a much higher monitoring reso-
lution in time and space is demanded [173], also to be
better prepared for environmental disasters [9] and the
direct and indirect effects of global warming. Therefore,
within the last 25 years we have broadened our monitor-
ing capabilities, together with analytical capabilities that
have drastically changed. Starting from automation (sam-
ples are taken and analysed automatically [172]), this also
includes multi-mode instruments (more compounds can
be measured in a single instrument [9]) and non-target
screening [33]. Of course, the instruments have to be
maintained, the methods have to be developed and the
costs and benefits of each additional measurement have
to be weighted. Still each year more and more methods
are standardized and handed over to regular monitor-
ing programs and together with the evolvement of data
science, these methods may be a building block to make
us better capable of facing future challenges in our river
systems. At the moment, we lay the basis for the future
monitoring, building a sophisticated and up-to-date
framework for data and knowledge provision for the pub-
lic, the political consulting and the civil security.

If we take the last 25 years as a point of reference, we
can clearly draw a positive, expectant and anticipatory
picture for the areas addressed in this chapter. All areas
are currently clearly development areas, so that it is to
be expected that significant positive changes will happen
within the next two decades spanning from data collec-
tion (temporal resolution and spatial coverage), via com-
munication and data analysis (connection possibilities
and speed, as well as machine-supported data analysis)
to data provision (prompt free availability of the data
including extended forecast possibilities). However, for
our research objects, the major rivers of Germany, the
outlook for the future is less positive. In particular, the
change due to man-made climate change will already
pose great challenges to those conducting research and
the entire population in the next decades.
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Conclusions

In order to remain able to deliver highest quality services
to the BfG “clients” and deliver the best possible political
consulting our challenges in future will remain the iden-
tification as well as quantification of emerging regional
and global trends and thereby, the detection and elucida-
tion of the huge number of substances discharged into
the aquatic environment. Surely, via several primary and
secondary effects, global warming will cause additional
substantial pressure to our aquatic environments and sig-
nificant conflicts of interest with respect to water utiliza-
tion are already present (e.g., discharge constrains under
low water conditions). The recent development of ana-
lytical multi-methods using mass spectrometry helps us
to assess the occurrence of a multitude of inorganic ele-
ments as well as organic compounds in a variety of envi-
ronmental matrices. However, we are aware that even
multi-methods such as NTS using LC-RP-electrospray—
HR MS are not able to detect “all” organic compounds
discharged into rivers and coastal areas. Especially
extremely polar and highly lipophilic compounds are
hardly covered and thus, there is a need to develop NTS
methods for these extremely polar compounds using,
e.g., SFC and GC-HRMS for lipophilic compounds.

Furthermore, sensitive target methods are needed for
extremely potent compounds such as estrogens or gesta-
gens with no effect concentration values down to the sub
sub-nanogram per litre range. In addition, the detec-
tion and occurrence of particles became recently a very
important environmental topic. Currently the accurate
detection and the fate of ENPs and MPs are a major chal-
lenge. Here a standardization and quality assessment
would still be very crucial, to enable a comparison of
monitoring results.

It is extremely important to link the occurrence date
of chemicals with those obtained from effect studies of
individual substances, mixtures of substances as well
as from environmental samples. There is a need to fur-
ther develop sensitive in vitro and in vivo test systems
and to standardize them. However, it is still a challenge
to explain the ecotoxicological effects measured in the
water phase or in sediments and SPM by the occurrence
of the complex mixture of substances detected in rivers
and streams. To enable this, new approaches including
quantitative structure—activity relationship models and
EDA are very important.

Sediment management needs to consider potential
dredging activities. Thus, it is essential that contamina-
tion hotspots in rivers and coastal areas will continue to
be removed. Furthermore, new emerging contaminants
and innovative biotests indicating a contamination of
sediments and dredging material have to be integrated
into current monitoring and assessments concepts
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allowing for a reliable relocation of dredging material
into rivers or to apply alternative measures.

Finally, it is essential to avoid and to balance the dis-
charge of all kinds of contaminants in the aquatic
environment. Therefore, we need analytical and ecotoxi-
cological methods which are able to accurately quantify
their concentrations and effects in treated and untreated
water as well to determine their removal in processes
such as biological or oxidative wastewater treatment.

In order to successfully face future challenges, also
connected to the global climate crisis, and to assess the
discharge and occurrence of contaminants in aquatic
environments and drinking water, a set of online and
atline methodologies need to be combined in a few
strep-stone monitoring stations. The BfG sees a signifi-
cant potential to increase the data resolution in time and
quantity (where needed). With such a step-stone struc-
ture of few automated stations within a catchment, the
foreseeable benefits can be improved (artificial intelli-
gence supported) highly adaptable forecasting and mod-
elling capabilities as well as holistic catchment substance
balances to better face extreme situations in the future.
This may end in establishing an integrated international
chemical data and prognosis centre enabling the sur-
veillance of inland and coastal waters across borders.
We must keep in mind that intelligent water manage-
ment systems across borders to protect and share water
resources, based on common interests and sharing data
between countries, is a core piece of our future water
diplomacy and will support the stability in Europe and
elsewhere.
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