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Water is a vital resource for natural ecosystems and human life, and assuring a high quality of water and protecting
it from chemical contamination is a major societal goal in the European Union. The Water Framework Directive
(WFD) and its daughter directives are the major body of legislation for the protection and sustainable use of Euro-
pean freshwater resources. The practical implementation of the WFD with regard to chemical pollution has faced
some challenges. In support of the upcomingWFD review in 2019 the research project SOLUTIONS and the Europe-
an monitoring network NORMAN has analyzed these challenges, evaluated the state-of-the-art of the science and
suggested possible solutions. We give 10 recommendations to improve monitoring and to strengthen comprehen-
sive prioritization, to foster consistent assessment and to support solution-orientedmanagement of surface waters.
The integration of effect-based tools, the application of passive sampling for bioaccumulative chemicals and an in-
tegrated strategy for prioritization of contaminants, accounting for knowledge gaps, are seen as important ap-
proaches to advance monitoring. Including all relevant chemical contaminants in more holistic “chemical status”
assessment, using effect-based trigger values to address priority mixtures of chemicals, to better consider historical
burdens accumulated in sediments and to usemodels tofill data gaps are recommended for a consistent assessment
of contamination. Solution-oriented management should apply a tiered approach in investigative monitoring to
identify toxicity drivers, strengthen consistent legislative frameworks and apply solutions-oriented approaches
that explore risk reduction scenarios before and along with risk assessment.

© 2016 Published by Elsevier B.V.
1. Introduction Nevertheless, despite significant achievements, toxic pollution still poses
Water is a vital resource for natural ecosystems and human life, and
therefore, as stated by the European Union (EU) Water Framework Di-
rective, a “heritage which must be protected, defended and treated as
such” (European Union, 2000). Especially freshwater is limited in quan-
tity and in quality, and currently under a variety of increasing pressures;
for example, climate change, overexploitation and contamination from
point and diffuse sources, including agriculture, industry and house-
holds. Ensuring a high quality of water and a high level of protection
from chemical contamination is fully in line with the major societal
goals presented by the 7th Environmental Action Plan of the EU “Living
well within the limits of our planet” (European Union, 2013a). Consis-
tent with this, the earth's capacity to assimilate chemical pollution has
been proposed as one of the nine planetary or regional boundaries in re-
lation to which anthropogenic impact needs to be reduced if unaccept-
able global or regional change is to be avoided (Rockström et al., 2009a;
Rockström et al., 2009b; Steffen et al., 2015).

Threats to clean water (and other environmental compartments)
have resulted in a number of regulations around the globe aiming
to reduce the production and use of the most hazardous chemicals.
a substantial risk to almost half of the water bodies recently monitored
in Europe (Malaj et al., 2014). Such risk assessment results are corroborat-
ed by diagnostic eco-epidemiological impact studies, in which changes in
biodiversity associate with mixture exposures (Posthuma et al., 2016;
Posthuma et al., 2016), but, due to lack of knowledge, current regulation
of environmental quality is mostly based on a limited number of single
chemicals. Consequently, and in agreement with the concepts of ecologi-
cal, energy, carbon, andwater footprints (Fang et al., 2014), the concept of
a chemical footprint has been advanced to enable exploration of mixture
threats for water systems. The chemical footprint has been defined as “a
quantitative measure describing the environmental space needed to di-
lute net chemical pollution – commonly by amixture – due to human ac-
tivities to a level below a specified boundary condition” (Zijp et al., 2014).
It is, however, very challenging to identify and quantify boundaries for
chemical pollution either at local or global scales (Diamond et al., 2015)
given the very large number of chemicals present in the environment,
the wide-ranging sensitivity of natural species, and the vulnerability of
ecosystems (Posthuma et al., 2014).

At present, man-made products containing N100,000 chemicals are
registered in the EU, where 30,000 to 70,000 are in daily use (Loos et
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al., 2009) (from a chemical universe of about 1060 unique compounds of
molecular weight below 500 Da (Dobson, 2004)). A large (but un-
known) fraction of those can be expected to find their way into the en-
vironment and water systems together with considerable numbers of
environmental transformation products and manufacture by-products
occurring in complexmixtures. It has recently been shown by the Euro-
pean Union's Joint Research Centre that Environmental Quality Stan-
dard (EQS) values are not sufficiently protective against mixture
effects (Carvalho et al., 2014). The authors of this study identify “an ur-
gent need to revise tools and paradigms used to assess the safety of
chemicals” and stress the need for a mixture-oriented approach to set-
ting water quality standards.

Safeguarding a non-toxic environment (European Union, 2013a)
and protecting biodiversity and vital ecosystem functions and services
(Reyjol et al., 2014) by minimizing exposure to mixtures of toxic sub-
stances and thus chemical footprints therefore remains a key challenge
for European water policy including the Water Framework Directive
(European Union, 2000) (WFD). This challenge translates into numer-
ous requests to researchers from decision-makers and practitioners in
the European Union, international river basin commissions, environ-
mental and chemical agencies and water and wastewater utilities and
their associations for information to support appropriate action. Specific
challenges at the European scale include the identification, assessment
and management of the most risky compounds and mixtures and the
prediction of trends in compounds expected due to societal-change pro-
cesses, such as increased population size and ageing. At the local scale,
site-specific mixtures of unknown but complex composition, in some
cases cause notable problems for the integrity of ecosystems, and for
the production of drinking water, challenging water managers to iden-
tify and handle the risk drivers. The needs addressed by stakeholders
thus range from methods for the proper diagnosis of current threats
(e.g., the request for scientifically-sound and cost-efficient monitoring
tools) to methods for the identification and prediction of future threats
via modeling. Responses to meet these challenges should represent ap-
proaches supporting risk assessment at different scales, especially tak-
ing into account chemical mixture effects, scenarios for the prediction
of upcoming risks, and the evaluation of abatement options, as well as
encouraging enhanced consistency among different regulations.

The Water Framework Directive (European Union, 2000) and its
daughter directives, the 2008/105/EC Environmental Quality Standards
Directive (EQSD; EuropeanUnion, 2008b), amended by the 2013/39/EU
Directive, which contains the latest amendment of the list of priority
substances (PS; European Union, 2013b), and the Groundwater Direc-
tive 2006/118/EC (GWD; European Union, 2006) amended by Directive
2014/80/EU (European Union, 2014a) are themain pieces of legislation
for the protection and sustainable use of European freshwater re-
sources. In addition, chemical-oriented regulations are in place to eval-
uate potential threats from man-made chemicals, so as to limit or stop
emissions of the most hazardous ones. The water legislation has trig-
gered extensive monitoring activities in all European Member States
and, among other achievements, prescribes and supports the establish-
ment of River Basin Management Plans for all EU river basins, which
should lead to meeting the goals of good chemical- and ecological sta-
tus. The WFD follows the receptor-oriented management principle
and focuses on an assessment of biological, hydro-morphological,
chemical and physico-chemical quality elements in all European river
basins, acknowledging that ecological and human health impacts are
multiple-stress responses. The WFD encompasses a holistic ‘response’
principle of “Good Ecological Status” assessment complemented by sep-
arate assessment of the Chemical Status. The latter is based on selected
PS considered as EU-wide relevant contaminants for which compliance
with Environmental Quality Standards (EQS) needs to be checked and
ensured by all Member States. Discharges, emissions, and losses of pri-
ority substances should be progressively reduced and, in case of selected
Priority Hazardous Substances phased out completely (EuropeanUnion,
2013b) within 20 years. In addition to that, a watch list mechanism has
recently been established (Article 8b of the EQS Directive 2008/105/EC)
(European Union, 2013b) for pollutants, including emerging pollutants,
for which the available monitoring information today is considered in-
sufficient. The 1st EU Watch List was published in 2015 (European
Union, 2015a), in order to collect high quality monitoring data at Euro-
pean Union-wide level to support future chemical prioritization initia-
tives (European Union, 2013b). Currently, the operation of a voluntary
Watch List for emerging pollutants in groundwater is under discussion
between EuropeanUnionMember States and the Commission, in accor-
dance with revised Groundwater Directive.

The practical implementation of theWFDwith regard to pollution by
(toxic) chemicals has faced several challenges; however, at the same
time it has also stimulated international collaborative initiatives and
new research activities in the search for more effective and cost-effi-
cient tools. The Common Implementation Strategy (CIS) (European
Union, 2003a; European Union, 2015b) for the WFD was agreed upon
by theWater Directors of the EUMember States in 2001 as a framework
to address the challenges posed by the directive in a co-operativeway at
the EU level. In the scientific field, novel research activities led to
funding of the large EU Collaborative Project SOLUTIONS (Brack et al.,
2015) and to the various activities of the Europeanmonitoring network
NORMAN (www.norman-network.net). The mission of those research
efforts is to improve the evidence base for policy making and in partic-
ular, the identification, assessment and prioritization of emerging pol-
lutants (Von der Ohe et al., 2011), with direct practical outcomes, such
as the identification of River Basin Specific Pollutants (RBSPs), such as
for Slovakia (Slobodnik et al., 2012) or the national watch list in France
(Botta et al., 2012).

SOLUTIONS and NORMAN have identified several present-day chal-
lenges for monitoring, prioritizing, assessing, and managing risks posed
by chemicals, which are presented herewith targeting the upcoming
WFD review in 2019 (European Union, 2015b). These challenges are
suggested to be addressed during the WFD review and updating pro-
cesses. In this context, the aims of this paper are:

1. To analyze current challenges in water quality management in Eu-
rope, focusing on risks and impacts of chemicals and their mixtures;

2. To evaluate the state-of-the-art of the science and practices relevant
to those challenges;

3. To suggest possible solutions to those challenges; and
4. To contribute to the regulatory reviewprocesses that are in place im-

proving our water quality assessment and management approaches.

The present paper consists of ten chapters on problems and recom-
mendations bundled in three overarching sections. This set is notmeant
to be exhaustive and various other subjects require attention. However,
this approach represents the top-ten recommendations as discussed
and agreed upon at two workshops at the General Assemblies of the
NORMAN network and the FP7 Collaborative Project SOLUTIONS
(Brack et al., 2015).

2. Approach

Based on the experience of the authors, we evaluated whether there
exist fundamental, strategic and technical challenges regarding the
practical implementation of the WFD. On the basis of this evaluation,
we selected ten key problems that need special consideration in order
to improve monitoring, strengthen comprehensive prioritization, foster
consistent assessment, and support solution-orientedmanagement.We
assessed the identified problems, reflected upon our current status of
knowledge and formulated recommendations accordingly. In the fol-
lowing section, a number of general and specific recommendations
(Table 1) in support of the review process of the WFD are discussed.
Note that the recommendations can be linked, by their cause, their
background science, or their recommended actions. They are not ar-
ranged according to priority.

http://www.norman-network.net


Table 1
Ten problems and recommendations for improving the success of WFD implementation.

No Problem Recommendation

Improve monitoring and strengthen comprehensive prioritization
1 Absence of toxic stress cannot be

monitored on a per-chemical basis
due to large number of chemicals and
mixtures.

Integrate effect-based tools into
monitoring of water quality.

2 Concentrations and EQS for many
hydrophobic chemicals in water are
very low and evaluation of
exceedance in water is hampered by
insufficient analytical procedures and
focus on whole water samples
(although a move to monitoring such
chemicals in biota has been made).

Apply passive sampling for improved
compliance check of hydrophobic,
bioaccumulative chemicals, with EQS
and for temporally representative
monitoring of polar substances.

3 Monitoring and assessment tends to
emphasize well known and regulated
chemicals and to overlook emerging
compounds (although watch-list
monitoring is helping to change the
emphasis).

Use an integrated strategy for
prioritization of chemical
contaminants, taking knowledge gaps
into account.

Foster consistent assessment
4 Different groups of chemicals are

addressed in two independent
assessments (chemical status and
status of River-Basin Specific
Pollutants) hampering integrated
evaluation. The use of only two
quality classes (good and not good)
neglects improvements and hampers
prioritization of effective control
measures.

Consider all relevant chemicals
(priority substances and River Basin
Specific Pollutants) and use a graded
system to assess the chemical status
of water bodies.

5 Effect-based monitoring and
assessment is hampered by a lack of
trigger values.

Define and use effect-based trigger
values to address priority mixtures of
contaminants.

6 Quality goals of WFD are frequently
missed due to historical burdens of
persistent organic pollutants (POPs)
and metals in sediments.

Consider the toxicity and mobility of
historical contaminants accumulated
in sediments.

7 Incoherent and insufficient
monitoring often leads to ignorance
of relevant chemicals and peak
concentrations resulting in
unrecognized risks.

Consider exposure, effect and risk
modeling as a tool to fill gaps in
monitoring data and create incentives
to extend the monitoring basis of
chemical contamination across
Europe.

Support solution-oriented management
8 Strategies to identify causes of

exceedance of effect-based trigger
values and establish cause-effect
relationships are missing.

Use a tiered approach of
solution-oriented investigative
monitoring including effect-directed
analysis to identify toxicity drivers
and abatement options.

9 Chemicals with the potential to affect
water quality are covered by different
regulatory instruments resulting in a
lack of consistency.

Improve links across environmental-,
chemical- and product-specific
legislative frameworks and
harmonize chemical legislation
among Member States

10 There is often a mismatch between
assessment outcomes and their
usefulness for management.

Apply solutions-oriented approaches
that explore risk reduction scenarios
before and along with risk
assessment.
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3. Recommendations

3.1. Improve monitoring and strengthen comprehensive prioritization

The monitoring of ecological and chemical status is the basis for the
management of water quality in European water bodies. Despite sub-
stantial efforts in manyMember States to provide meaningful monitor-
ing data for a comprehensive and harmonized assessment, the current
methodologies still need significant improvement in order to be envi-
ronmentally safe, efficient and scientifically sound. In their report on
the “Ecological and chemical status and pressures in European waters”
the European Environmental Agency (EEA) states: “The chemical
quality of water bodies has improved significantly in the last 30 years,
but the situation as regards the priority substances introduced by the
WFD is not clear. The assessment of chemical status presents a large
proportion of water bodies with unknown status. Monitoring is clearly
insufficient and inadequate inmanyMember States, where not all prior-
ity substances are monitored and the number of water bodies being
monitored is very limited” (Solheim et al., 2012). Thus, significant im-
provement is required, which might include a paradigm shift towards
a more effect-based and solution-oriented monitoring.

3.1.1. Recommendation 1: integrate effect-based tools (EBTs) into
monitoring of water quality

3.1.1.1. Problem. The almost infinite number of stressor-receptor combi-
nations (N100,000 compounds and their mixtures affecting numerous
species in diverse water systems) may appear overwhelming with no
solution in sight, whatever option for a chemical-by-chemical approach
might be used or designed. The scale of the problem requires a novel, al-
ternative perspective. A more holistic approach is required to address
chemical pollution in the environment as a whole, using integrative pa-
rameters to capture and address possible effects.

3.1.1.2. Current status. Effect-based tools (EBTs) such as bioassays and
biomarkers are integrative techniques for response assessment that
allow a diagnosis of the degree of impact by toxic chemicals. EBTs detect
cumulative effects, of general or specific kinds. In general, EBTs are par-
ticularly useful to contribute to bridging the gap between chemical con-
tamination and ecological status, since they can cover a broad range of
exposure histories and toxicity mechanisms in diverse organisms, and
account for the additional risks posed by non-studied compounds and
mixtures. In other words, the combined effects of mixtures of com-
pounds (identified or not) are considered. Bioassays already provide
the regulatory reference to derive environmental quality standards
(EQS; European Union, 2011b) under theWFD and to evaluate Predict-
ed No-Effect Concentrations (PNECs) under the REACH registration and
other legislative chemical authorization processes (European Chemicals
Agency, 2014). They are also applied to assess whole effluents from do-
mestic wastewater treatment plants and different industrial sectors
(Commission, 2007; Gartiser et al., 2009). Some tests are already recom-
mended in the Best Available Techniques (BAT) reference documents
(BREFs) under Industrial Emissions Directive (IED) (e.g. Manufacture
of Organic Fine Chemicals, CommonWasteWater andWaste Gas Treat-
ment/Management Systems in the Chemical Sector). Indeed, bioassays
integration in regulatory water quality monitoring is recommended
(Hecker and Hollert, 2011; Wernersson et al., 2015) and supported by
the fact that many of these methods are published as harmonized stan-
dard protocols, such as OECD guidelines and ISO standards (European
Union, 2014b). In vitro and in vivo bioassays and biomarkers, supported
by associated background documents and assessment criteria, have
been successfully applied over the past few decades in monitoring pro-
grams by OSPAR (Oslo-Paris Commission) and other regional conven-
tions for the marine and estuarine environment (Thain et al., 2008;
Vethaak et al., in press). More recently, the International Council for Ex-
ploration of the Sea (ICES) and OSPAR have developed an integrated in-
dicator framework and methodology for hazardous substances and
their effects, which can provide a suitable approach for assessments of
Good Environmental Status (GES) for Descriptor 8 of theMarine Strate-
gy Framework Directive (MSFD) (European Union, 2008a) across Euro-
pean marine regions. The framework comprises a core set of biological
tests that can be used in an integrated manner together with chemical
contaminant measurements in biota, sediments and water across
OSPAR maritime areas. It further comprises an assessment framework
that integrates contaminant and biological effects monitoring data and
that allows assessments to be made across matrices, sites, and regions
(Vethaak et al., in press).
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In the United States, the CleanWater Act authorizes the use of EBTs
to quantify the occurrence of toxicity as a measure of the presence of
chemicals. Recently, Ekman et al. published an example of the use of
EBTs for monitoring the surface waters of the Great Lakes in North
America as part of restoration initiative for that natural resource
(Ekman et al., 2013).

However, there are still open questions that prevent application of
effect-based tools for monitoring of water bodies. A major issue – for
tests that are not in routine use – is whether sufficient inter-laboratory
reproducibility can be achievedwhen evaluating the effects of represen-
tative aquatic pollutants and chemical mixtures. Particularly, the evalu-
ation of the hazards of emerging contaminants, such as pharmaceuticals
and personal care- and disinfection-by products, is a current priority in
regulatory water quality monitoring (Brack et al., 2012; Loos et al.,
2009).

A recent inter-laboratory study (ILS; Di Paolo et al., 2016) within the
NORMAN network verified that a battery of bioassays, conducted in 11
different laboratories following their own protocols, produces compara-
ble resultswhen applied to the evaluation of blinded samples consisting
of a water extract spiked with emerging pollutants as single chemicals
or mixtures. Moreover, this ILS successfully demonstrated that a battery
of bioassays is able to determine with high consistency and precision
the aquatic toxicity of selected emerging pollutants in water extracts
and identify mechanism-specific effects such as nuclear receptor-medi-
ated responses. Such ILS activities represent an important step towards
the implementation of bioanalytical monitoring tools in water quality
assessment.

3.1.1.3. Recommendation. We recommend to adopt EBT as a key
approach to addressing chemical (mixtures) interactions with aquatic
organisms, thereby overcoming the poorly justified implicit assumption
of ‘not known, not risky’ as happens in the current assessment regime.
There is an urgent need to investigate and define a minimum and a
higher tiered bioassay battery for the evaluation of water samples with-
in theWFD. The applicability of such a battery of bioassays for diagnostic
environmental risk assessmentwas discussedwithin a NORMANExpert
Groupmeeting in 2010 (Hamers et al., 2013). A toxicity profile was de-
fined as a toxicological “fingerprint” of a sample, ranging from a pure
compound to a complex mixture, obtained by testing the sample or its
extract for its activity towards a battery of biological endpoints. The ex-
pert group concluded that toxicity profiling is an effective first tier tool
for screening the integrated hazard of complex environmentalmixtures
with known and unknown toxicologically active constituents. In addi-
tion, toxicity profiles can be used for prioritization of sampling locations,
for identification of hot spots, and - in combination with effect-directed
analysis (EDA) or toxicity identification and evaluation (TIE) ap-
proaches - for establishing cause-effect relationships by identifying
emerging pollutants responsible for the observed toxic potency. Both
in the SOLUTIONS project and in the NORMAN network there are ongo-
ing efforts to define such batteries. In the Netherlands, similar develop-
ments have recently resulted in the proposal for an operational bioassay
test battery, including criteria to interpret the results of the set of bioas-
says (Van der Oost and Suarez Munoz, 2016). However, if this novel ap-
proach is to be implemented, several steps for consensus building need
to tackled, as explained in the following outlook.

3.1.1.4. Outlook. Technical progress on EBTs has been substantial so far,
and based on the activities of the NORMAN network, the Joint Danube
Survey 3, and the SOLUTIONS project, tailor-made batteries of bioassays
with options for higher tiered investigations will be suggested within
the comingmonths. A helpful conceptual basis for composing such bat-
teries is the adverse outcome pathway concept (Ankley et al., 2010)
linking molecular initiating events and key events at molecular/(sub)-
cellular levels to adverse outcomes in organisms and populations.
Many available fast-response EBTs focus on importantmolecular initiat-
ing events (MIEs), key events or can integrate severalMIEs (Altenburger
et al., 2015). Measurable responses of these effect-based tools indicate
potential for effects on higher levels of biological complexity.

For a progressive operational application of EBTs in theWFD,we fur-
ther suggest: 1) For endpoints for which the applicability of standard-
ized bioassays and trigger values has already been demonstrated
(Kase, 2016), in vitro/in vivo bioassays should be integrated in the
WFD as screening tools to identify polluted water bodies (response
above trigger values, see also Recommendation 5). These tools are
(commercially) available and ready to use; 2) for less developed assays
efforts are required for standardization of operating protocols, quality
assurance/quality control procedures and data analysis methods. Re-
searchers and users are working on a consensus on the criteria to
judge the relevance and performance of each test for the different appli-
cation fields; 3) An EU-wide discussion should be organized in order to
reach consensus amongexperts and regulators about a purpose-tailored
battery of bioassays and associated trigger values covering a range of
toxic modes-of-action; 4) Since in the case of bioanalytical screening
methods the result is expressed as Bioanalytical Equivalents (BEQ),
guidance is needed on how to derive and use BEQ in addition to single
substance concentrations resulting from chemical measurements. Ex-
perience with the application of this approach is already available in
the food sector with the publication of Commission Regulation EU No
589/2014 of 2 June 2014 (European Union, 2014c). Here screening
methods (which may comprise bioanalytical methods) are used to se-
lect those samples with levels of polychlorinated dibenzo-p-dioxins
and furans and dioxin-like PCBs that exceed the maximum levels or
the action levels (trigger values). These examples can serve as a model
for implementation of these approaches in environmental monitoring.
5) Guidance for and harmonization of adequate enrichment techniques
for the application of EBTs largely maintaining the original mixture
composition in water such as large volume solid phase extraction
(Brack et al., 2016) is required.

3.1.2. Recommendation 2: apply passive sampling together with monitor-
ing of biota tissues for improved compliance check of hydrophobic,
bioaccumulative substances with EQS and temporally-representative mon-
itoring of polar substances

3.1.2.1. Problem. The evaluation of water EQS exceedance according to
the WFD is typically based on the analysis of whole water samples
and on the assessment of average concentrations in water bodies,
using low frequency (e.g. monthly) spot sampling. However, it shall
be mentioned that for 11 priority substances also EQS for biota are
given (European Union, 2013b) and a move to monitoring these
chemicals in biota has been made. Whole water sample concentrations
of hydrophobic chemicals allow for only limited conclusions on expo-
sure of, and risks to, aquatic organisms and thus hinder understanding
of relationships between contamination and ecological status. More-
over, the large temporal variability in pollutant concentrations compli-
cates the derivation of temporally-representative concentrations for
assessment of the quality of water bodies, when using low frequency
spot sampling.

3.1.2.2. Current status. Monitoring data reported by EU Member States
and used in the prioritization process from 2008 to 2011 often lacked
essential contextual information (i.e. metadata) and 72% of the data
were below the limit of quantification (LOQ) (Heiss and Küster, 2015).
Detection limits for several priority substances do not meet the mini-
mum requirements on measurement uncertainty (b50% at concentra-
tion equal to EQS) and on the LOQ minimum performance criterion
(i.e. LOQ b 1/3 EQS (European Union, 2009a; Loos, 2012)). Water EQS
values of many hydrophobic chemicals, including PBT (persistent,
bioaccumulative and toxic) substances, are often beyond the capability
of current analytical techniques. At the same time, themonitoring of hy-
drophobic substances in “wholewater” samples for EQS compliance has
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been questioned. Although this approach is in line with the precaution-
ary principle for substances that strongly sorb to dissolved and particu-
late organic matter (DOM and POM), it severely hampers conclusions
on effects and risks (Vignati et al., 2009). In agreementwith the equilib-
riumpartitioning theory (Di Toro et al., 1991), it has been demonstrated
that bioaccumulation and toxicity of hydrophobic organic compounds
are related to the freely dissolved concentration and chemical activity
rather than total concentration (Reichenberg and Mayer, 2006). The
natural variation in DOMand POM contentmakes whole water a highly
temporally-variablemixture ofmatrices. Consequently, the PBT fraction
partitioned toDOMandPOMmay lead to highly variable concentrations
of hydrophobic substances in whole water, while the freely dissolved
concentration and associated effects may remain constant (Traina et
al., 1996). For PBT compounds, the EQS directive (European Union,
2013b) recently set EQS values as concentrations in biota. This approach
allows for a better assessment of chemical exposure and associated tox-
icity to aquatic organisms than the analysis of whole water. This is not
only because of higher (and thus better quantifiable) concentrations,
but also because levels measured in organisms reflect the chemical ac-
tivity in the environment in which they live. However, chemical moni-
toring in biota does not allow for a simple calculation of emission
limits for polluters (as was intendedwhen usingwhole water analysis).
Moreover, many new problems have appeared that are associated with
the inherent variability of sampled biota and the fact that absence of a
particular substance in biota does not automatically mean it is absent
in the environment (i.e. metabolized substances). The latter has been
considered in Directive 2013/39/EU for PAHs, which are recommended
for monitoring in crustaceans and molluscs rather than in fish
(European Union, 2013b). Partitioning passive samplingwas developed
three decades ago as an alternative approach to monitor hydrophobic
organic pollutants in water in a time-integrated manner (Huckins et
al., 1993), and is awell-established and cost-efficientmethod for the en-
richment of hydrophobic organic pollutants from water samples that
aids the detection and quantification of these chemicals at trace concen-
trations (Booij et al., 2016; Miège et al., 2015; Vrana et al., 2016).

Another aspect to be improved in the current EQS compliance
checking regime is how representative water concentrations of polar
substances are temporally. Environmental concentrations of polar sub-
stances often vary significantly in time. Rigidly-set low (e.g. monthly)
sampling frequencies are unlikely to be suitable to provide representa-
tive information on pollutant concentrations. Various types and config-
urations of passive samplers exist today for hydrophilic compounds. In
contrast to partitioning passive samplers for hydrophobic chemicals,
passive samplers for polar substances are based on adsorbents. Al-
though the conversion of chemical uptake by adsorption passive sam-
plers to aqueous concentrations is still associated with larger
uncertainty, estimates of time-weighted average substance concentra-
tions via integrative passive sampling will improve temporal represen-
tativeness of monitoring in water bodies with highly variable
concentrations (Miège et al., 2015).
3.1.2.3. Recommendation. We recommend combining biotic (organism
tissues) and abiotic (passive sampling) measurements of hydrophobic
substances for assessing their levels in aquatic environments thereby
reducing the uncertainty in using biota or whole water samples for
water quality assessment. Passive sampling is a powerful tool to com-
plement and in many cases replace monitoring of PBT compounds in
water and biota samples. It will also help to reduce/minimize the num-
ber of organisms to be sampled. Partitioning passive sampling is de-
signed to provide estimates of freely dissolved concentrations (Vrana
et al., 2005)which have been shown to be inmany casesmost appropri-
ate to explain exposure and adverse effects in biota. Moreover, it allows
direct comparison of measured water concentrations with concentra-
tions in diverse compartments (water, sediment, biota), based on the
assessment of chemical activity (Mayer et al., 2003) in those matrices.
The fact that passive sampling is a time-integrating technique in combi-
nation with the application of a samplingmatrix (polymers) with well-
defined and constant properties, makes it possible to achieve a lower in-
herent variability of exposure information compared to traditional grab
sampling of whole water, sediment or biota, and thus is suitable for as-
sessment of pollutant trends in water bodies. This approach will also
help to identify compartments acting as a contaminant source or sink
in the aquatic system (Lohmann et al., 2004) and thus inform manage-
ment about the most effective control measures (e.g. do we need to re-
move contaminated sediments or do we have to address current
wastewater effluents to reduce exposure of aquatic organisms to hydro-
phobic toxicants?). Finally, adsorptive passive sampling is recommend-
ed as it yields data that are more representative of the aqueous
contamination in cases where the variability of a substance concentra-
tion in water is higher than the uncertainty associated with passive
sampling (Poulier et al., 2014). While passive sampling together with
chemical target analysis is readily available, directly linking passive
samplingwith EBTs is under debate since due to compound-specific up-
take rates and partitioning coefficients the mixture in the sampler does
not resemble the mixture in water (Brack et al., 2016).

3.1.2.4. Outlook. Considering the passive sampling of hydrophobic
chemicals as a proxy for accumulation in a hypothetic organismwithout
toxicokinetics, we believe that scientifically sound procedures can be
derived for the conversion of passive samplingmeasurements to quality
assessment criteria (EQS) on the basis of freely dissolved concentra-
tions. If the emphasis is not on water quality but on the quantification
of pollutant emissions or discharges, it should be recognized that trans-
port of hydrophobic chemicals can be dominated by the particulate
phases, not captured by passive sampling. Possible transport of hydro-
phobic chemicals can be assessed by additionally sampling the
suspended matter or estimated by using the suspended matter
concentration.

3.1.3. Recommendation 3: use an integrated strategy for the prioritization
of chemical contaminants, taking knowledge gaps into account

3.1.3.1. Problem. Despite clear indications that the actual chemical stress
in Europeanwater bodies is not adequately characterized by the assess-
ment of the existing PS against EQS values (Moschet et al., 2014) alone,
the prioritization, monitoring, and assessment under theWFD still tend
to emphasize on regulated, well-known substances (Sobek et al., 2016),
while emerging substances are not adequately addressed (Heiss and
Küster, 2015). Given the number of chemicals produced, traded and
used, we consider only a tiny percentage in our risk assessments.
Often, a lack of information, such as sufficient data on the effects of a
compound or on its environmental concentrations, may exclude com-
pounds from current prioritization procedures (Dulio and Slobodnik,
2015). The current processmeans that themajority of compounds is ex-
cluded from the assessment, without any evidence of ‘no harm’. As an
example, during the last review of the list of priority pollutants, about
50% of the candidate substances were discarded because of a lack of
data (Institut National de l'Environnement Industriel et des Risques,
International Office for Water, 2009).

3.1.3.2. Current status. The present EQS Directive does not require the
generation of any new data to feed into the prioritization process,
apart from the data gathered through thewatch list mechanism, but re-
lies on the availability of data provided voluntarily by third parties
(Heiss and Küster, 2015). Although the watch list mechanism now al-
lows for a promising new procedure to identify and confirm relevant
substances at the EU level, this procedure may be too slow and is not
sufficiently integrated into a global prioritization scheme. Recently,
the strengths and challenges of different prioritization strategies for
emerging pollutants in Europe have been discussed in detail (Brack,
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2015; Dulio and Slobodnik, 2015; Faust and Backhaus, 2015; Heiss and
Küster, 2015). One of the most advanced prioritization schemes may
be the categorization/prioritization approach suggested and demon-
strated by the NORMAN network (Fig. 1, Dulio and von der Ohe, 2013).

It is based on data on the occurrence of chemicals and on predicted
no-effect concentrations (PNECs derived from experimental data,
QSAR or read-across predictions), and classifies chemicals into 6 catego-
ries depending on the information available, before starting the ranking
exercise (Dulio and Slobodnik, 2015). These categories define the need
for action, including: (1) priority regular monitoring; (2) watch list
monitoring; (3) extension of the (eco)toxicological data set; (4) im-
provement of analytical methods; (5) extension of both monitoring
and (eco)toxicological data and, finally; (6) classification of compounds
as non-priority for regular monitoring due to estimated low risks. In
many cases (eco)toxicological data are missing (Cat. 3 and 5). New da-
tabases such as the on-line ToxCAST dashboard (https://actor.epa.gov/
dashboard/#Chemicals) may help to address this problem, allowing ac-
cess to all the very recent results published for at least 9076 chemicals
already tested under about 1192 biological assays (with all the QA/QC
background and EC50 results). This strategy is currently used to screen,
prioritize and review the US EPA Chemical Contaminant Lists before
selecting the ones that have to be regulated. An example of a similar pri-
oritizationmethod has been implemented in Canadawith its Chemicals
Management Plan (CMP) (Government of Canada, 2014). The CMP was
created to prioritize substances on the Canadian Domestic Substances
List (DSL) published in 2006. In this prioritization study 4300 chemicals
were designated subject to a risk assessment – these are referred to as
‘existing substances’. Approximately 500 of these have been assessed
as persistent, bioaccumulative and toxic. Any substance not on the DSL
is designated as a “new substance” and its import and manufacture
are prohibited in Canadawithout prior notification; about 450 new sub-
stances notifications are received annually. Under the CMP, resources
have been dedicated to research andmonitoring, including biomonitor-
ing, to provide essential information about the level of exposure to these
Fig. 1. Categorization/prioritization scheme suggested by
chemicals and their effects on human health and the environment.
These data provide the basis for developing public health and environ-
mental health policies and interventions, as well as for measuring the
efficacy of control measures (Government of Canada, 2014).

3.1.3.3. Recommendation. A key objective for the prioritization of sub-
stances and for monitoring programs should be to minimize the risk
of overlooking chemicals that might pose significant threats to ecosys-
tems and environmental health. This may be achieved by prioritization
of individual chemicals on a broader basis compared to currently used
schemes. One of the main advantages of the NORMAN prioritization
method is that it accounts for substances which otherwise would be ex-
cluded due to lack of data. The missing information on emerging sub-
stances that are prioritized in this way can then be tackled
systematically as part of an integrated action-based prioritization pro-
cess. It is well recognized that it is not possible to measure all chemical
compounds present in the environment one-by-one. For this reason, ex-
tensive and Europe-wide coordinated efforts by national and regional
authorities on non-target chemical screening is needed to extend the
range of chemicals known to be present in the aquatic environment
and thus build an information basis for prioritization based on environ-
mental occurrence of compounds. New analytical tools are available
today. For example, the complementary use of GC-QTOF MS and LC-
QTOF MS allows a comprehensive screening of compounds of very dif-
ferent polarity and volatility (Hernández et al., 2015) and is a powerful
approach for water analysis at present.

3.1.3.4. Outlook. Enhanced efforts will be required to integrate suspect
and non-target screening approaches into the prioritization process
and to establish open access databases and multivariate analysis of en-
vironmentally detected chemical patterns and toxicity profiles. Prioriti-
zation results based on environmentally-observed concentrations may
further be enhanced by modeling, and verification (and vice versa).
The integrated prioritization process will support the identification of
NORMAN network (Dulio and von der Ohe, 2013).

https://actor.epa.gov/dashboard/#Chemicals
https://actor.epa.gov/dashboard/#Chemicals
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frequently occurring chemicals and (e.g. source-related) mixtures that
are to be considered. Altogether, a systematic link between the identifi-
cation of emerging substances and a continuous prioritization process
has to be organized. In this way the effort could focus on those com-
pounds of current highest concern for human- and ecological impacts,
and define measures to effectively reduce net chemical impacts.

3.2. Foster consistent assessment. The implementation of WFD triggered
Europe-wide monitoring activity and yielded of an enormous amount
of data of different quality. Recommendations on how to further im-
prove data quality have beenmade above. Consistent, integrated and ef-
ficient assessment of these data is crucial to understand the degree to
which chemical contaminants are responsible for the deterioration of
aquatic ecosystems and to support solutions for efficient abatement.
This may require the implementation of novel assessment approaches
(e.g. for integrated assessment of chemical and effect-basedmonitoring
data).

3.2.1. Recommendation 4: consider all relevant chemicals (PS and RBSP)
and use a graded system to assess the chemical status of water bodies

3.2.1.1. Problem. So far, chemical pollution is addressed in two separate
status assessments that do not have a clear relationship to each other:
chemical status covers a few selected chemicals of Europe-wide concern
(i.e. priority substances), while the so-called River Basin Specific Pollut-
ants (RBSP) are considered as part of the ecological status. The current
procedure makes an integrated assessment of chemical contamination
difficult if not impossible.

3.2.1.2. Current status. Although it is recognized that the intention be-
hind the WFD priority substances is to define a list of substances for
which EU-wide measures should be applied by all Member States to re-
duce and/or phase-out their emissions in the aquatic environment, this
limited list of substances seems arbitrary to describe the ‘chemical sta-
tus’ – generally perceived as an integrative measure of chemical pollu-
tion – and inadequate for decision-making as the ‘chemical status’ and
the ‘ecological status’ are dealt with by theWFD as two separate assess-
ments (von der Ohe et al., 2009). A common assessment and sound
interpretation of the data is further hampered by the fact that the sam-
pling sites and periods used for the monitoring of chemical and biolog-
ical quality elements are often not the same (Malaj et al., 2014).
Moreover, the ecological status is described in five status classes (i.e.
high, good, moderate, poor and bad), while the chemical status distin-
guishes only between two classes (i.e. water bodies achieving a
“good” status andwater bodies “failing to achieve good” status). Finally,
the ecological status ismainly described in terms of general degradation
with no information about the causes of the observed deterioration.
Such metrics integrate effects from very different stressors, such as
chemical pollution, hydromorphological degradation, eutrophication,
and others. Thismakes it very difficult forwatermanagers to specifically
address relevant stress factors such as chemical contamination in their
selection of risk mitigation measures. In other words, the diagnosis of
the real impact of chemicalmixtures is not organized in a single concep-
tual framework, in which clear associations could be identified between
emission sources and net effects for all chemicals and their mixtures.

3.2.1.3. Recommendation. We recommend making both PS and RBSPs
subject to a “chemical status” assessment. This will also account for cu-
mulative effects and enable chemical pollution to be presented in one
single sum parameter, and help to pinpoint those compounds that con-
tributemost to the overall risk. In a first tier, the sumof theMEC/EQS ra-
tios (Measured Environmental Concentrations/Environmental Quality
Standards, a summation risk quotient, RQMEC/EQS) of all chemicals can
be used to distinguish among sites potentially impacted by chemicals
and those thatmost likely are not (Backhaus and Faust, 2012), providing
a full rank order when applied to a large set of studied sites. If this
RQMEC/EQS is above 1, then more sophisticated mixture toxicity models
could be used to quantify overall ecotoxic pressure and expected local
impacts in terms of predicted species loss, and to pinpoint the chemicals
or the group of chemicals (considering their modes of action and tar-
gets) responsible for the identified risk (De Zwart and Posthuma,
2005; Posthuma and de Zwart, 2012; Posthuma et al., 2016). SOLU-
TIONS is providing a substantial basis to underpin, understand and
apply these approaches, based on validated models (Altenburger et al.,
2015; Brack et al., 2015). Moreover, we recommend a shift away from
the current “good status/poor status” evaluation approach to a graded
system for the evaluation of chemical status, considering the degree of
exceedance of a given mixture risk threshold (e.g. RQ N 10; RQ N 100,
etc.) or the quantitative value of the mixture toxic pressure proxy. In
the former case, the risk of chemical pollution could thus be represented
in five classes, by applying the same concept used for representation of
the ecological status. The RQ equal to 1 could be defined as the border
between good (i.e. below 1) and moderate (above 1) status. Anchoring
the RQ or, in the case of single substances, the EQS value, at the border
between good andmoderate status allows the less thanmoderate status
(i.e. poor and bad) and the better than good status (i.e. high) to be de-
fined simply as exceedances or undercut ratios, using for example,
order of magnitude steps to define expectedmagnitude-of-impact clas-
ses. This approach fits well with the observed temporal health status of
aquatic communities (Schäfer et al., 2011; Von der Ohe et al., 2011),
when considering that chemical concentrations in ambient media usu-
ally cover several orders of magnitude (Busch et al., 2016).

3.2.1.4. Outlook. Expanding on the idea of developing and using quanti-
tative, comprehensive metrics for mixture risks, we propose that the
ecological status analysis might also be improved by inclusion of stress-
or-specific metrics which are currently under development. Past appli-
cations of the SPEAR index (von der Ohe and Goedkoop, 2013) have
shown to be promising, though other studies have questioned the
stressor-specificity and its domain of application needs further scrutiny
(i.e. independence from stream types and sizes). Overall, weight-of-ev-
idence approaches that consider all site-specific information may be re-
quired to get to a realistic evaluation of the contribution of various
stressors present, e.g. chemical and hydro-morphological degradation,
after a less than good status has been determined using a general met-
rics. The introduction of a “Trophic and Hydro-morphological Status” in
five classes, similar to the ecological status, might take account of the
contribution of other major drivers of deterioration in a multiple
stressed environment. The EU project MARS (Hering et al., 2015) is cur-
rently improving such indicators. Thesewill enable integration of differ-
ent stressors into a consistent classification system for assessing the
status of aquatic systems in multiple-stressed environment that can
be applied across different European water bodies. This approach is
well in line with the findings of so-called Eco-epidemiological analyses
of surface waters, in which monitoring data are used to diagnose mag-
nitudes of ecological impacts as well as probable local causes. Applica-
tion of such methods also provides quantitative insights into the
relevance of causes of impacts (de Zwart et al., 2006; Kapo et al.,
2014). Recently, the State of California in the U.S. adopted a framework
for assessing sediment quality data combining benthic communitymet-
rics, sediment toxicity data, and empirical sediment quality guidelines
to categorize coastal sediments into categories ranging from unimpacted
to clearly impacted (Bay and Weisberg, 2012).

3.2.2. Recommendation 5: define and use effect-based trigger values to ad-
dress priority mixtures of contaminants

3.2.2.1. Problem. The increasing awareness that chemicals cannot be
tackled only as individual compounds but have to be assessed as com-
ponents of mixtures of typically tens of thousands of known and
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unknown substances, has triggered the development of EBTs, whichwe
recommend to implement (see Recommendation 2). Thanks to the use
of EBTs it is possible to address complex mixtures of only partially
known and unknown composition, but in order to allow the implemen-
tation of biological-effect tests in the regulatory framework it is crucial
to define common criteria for the interpretation of the results of these
tests, i.e. effect-based trigger values for mode-of-action- (MoA)-specific
and source-related priority mixtures as requested by the European
Union (European Union, 2012a).

3.2.2.2. Current status. Effect-based trigger values can be used to aid the
interpretation of effect-based monitoring data in combination with
chemical measurement data and to differentiate between more or less
polluted samples and tolerable and intolerable risks. They can be used
as a tool to rank water bodies with regard to distance-to-target WFD
‘good status’. Numerical values for non-specific cytotoxicity (Tang et
al., 2013), oxidative stress response (Escher et al., 2013), photosynthesis
inhibition (Tang and Escher, 2014), and a number of endocrine end-
points (Escher et al., 2015) were derived for Australian recycled water
and the principles that guided the establishment of these values could
also apply to the European situation. Advanced operational proposals
are available for several MoAs, including endocrine disruption and pho-
tosynthesis inhibition (Kienle et al., 2015). Promising approaches have
been outlined for drinking water contaminants, which might be
adapted to surface water (Brand et al., 2013; Escher et al., 2015).

3.2.2.3. Recommendation. The most straightforward way of defining ef-
fect-based trigger values for specifically-acting toxicants is the transla-
tion of available EQS for individual chemicals (with the same MoA)
into bioanalytical equivalent concentrations (BEQs)measuredwith bio-
assays (Escher et al., 2015) in line with an approach regulating dioxin-
like compounds in food commodities (European Union, 2014c). Further
research efforts are required to develop effect-based trigger values also
for apical endpoints.

3.2.2.4. Outlook. Exploring future options of implementing EBTs with
their trigger values, it is to be expected first that MoA-specific priority
mixtures of chemicals can be addressed by specific in vitro assays (e.g.
estrogenicity), which means that they provide a more comprehensive
information basis for regulatory bodies to evaluate a chemical pressure.
Current results of a recent European estrogenmonitoringproject initiat-
ed in 2014 as a result of activities of theWFD CIS sub-group on Chemical
Monitoring and Emerging Pollutants (CMEP) and closely linked to the
‘Chemicals’ Working Group of DG Environment (Kase, 2016) indicate
for receptor-mediated estrogenicity that the application of an effect-
based trigger value of 0.4 ng/L (corresponding to the EQS value pro-
posed by the Commission for 17β-estradiol) allow sites polluted by
wastewater to be distinguished from non-polluted sites. These findings
are in agreement with recently published results on effect-based
screening of endocrine active pharmaceuticals (Kunz et al., 2015) and
other receptor-activating substances. For surface- and wastewater
assessments the trigger value approach is a useful tool to differentiate
between more and less polluted samples.

For source-related priority mixtures of predominantly non-specifi-
cally acting chemicals, integrative (non-specific) bioassays are the
only currently available approach to monitor contamination in an
(eco)toxicologically relevant way. They are valuable tools to obtain an
integrated measure of the toxic burden of complex mixtures of
chemicals associated with wastewater, particularly if only a minor frac-
tion of the biological response can be explained by chemicals analyzed
in the sample (Neale et al., 2015). This approach may involve bench-
marks (Escher et al., 2014) and trigger values (Escher et al., 2013) for
in vitro assays (e.g. for cytotoxicity or oxidative stress) as well as for in
vivo assays for apical endpoints (e.g. algae, daphnia and fish embryos)
related to WFD Biological Quality Elements (BQEs). Triggers that
effectively utilize critical effect sizes for adult fish health and benthic
community structure are part of Canadian monitoring programs
below mining and pulp mill discharges (Munkittrick et al., 2009) and
have been designed to address the effects of point source discharges
of complex mixtures.

3.2.3. Recommendation 6: consider the toxicity and mobility of chemicals
accumulated in sediments

3.2.3.1. Problem. Although, currently, contaminated sediments prevent
achievement of the quality goals of the WFD (exceeding biota-EQS) to
reach a “good chemical status” because of a number of legacy sub-
stances such as mercury, PCDD/Fs and dioxin-like PCBs (Förstner et al.,
2016), there are still no scientifically sound and legally binding quality
standards for sediments available that consider bioavailability as a key
to risk assessment.

3.2.3.2. Current status. So far, legally binding Europe-wide EQS values
exist only for the «surface water» and «biota» matrices. While the Mem-
ber States are obliged to perform trend monitoring for those priority
substances that tend to accumulate in sediment and/or biota, they
may decide at their own discretion whether to include river basin-
specific sediment EQS values in their River BasinManagement Plans. Al-
though allMember Statesmust takemeasures to ensure that concentra-
tions of priority substances in sediment and/or biota do not significantly
increase (European Union, 2013b), there are no harmonized European-
wide quality goals for the «sediment» matrix. Due to the great complex-
ity of the interrelationship between concentrations in water, sediment
and biota, defining meaningful common sediment EQS values is chal-
lenging. Quantitative Europe-wide correlations between EQS values
for biota and EQS values for sediments are currently thought by many
stakeholders to be impossible as a result of the great differences in,
e.g., biogeochemistry, particle size distribution, and transport frequency
of sediments in different catchment areas (WFDNavigation Task Group,
2011). A recent cooperation project between the German Federal Insti-
tute of Hydrology and RWTH Aachen University (DioRAMA; Eichbaum
et al., 2013) has identified the rapidly desorbing or bioavailable fraction
of sediment-borne dioxin-like contaminants as the central determinant
of biological effects in exposed fish. These assessments have been per-
formed thanks to the generation of novel experimental datasets
(Brinkmann et al., 2015; Eichbaumet al., 2016), using advanced compu-
tational models (Brinkmann et al., 2014).

In addition to the risks of contaminated sediments under average
flow conditions, re-suspension of highly contaminated sediments may
be a key driver for apparent toxicity in aquatic systems and sediment
stability has been identified as an important and emerging factor that
needs to be considered in the implementation of the WFD. For several
European river basins, includingNeckar, Rhine and Elbe, highly contam-
inated old sediments can be described as “potential chemical time
bombs” (Stachel et al., 2005; Stigliani, 1988; Stigliani, 1991). The fre-
quency of re-suspension of sediments and the intensity of flood events
such as the flood on the River Elbe in 2002 are expected to increase in
the future because of climate change.

3.2.3.3. Recommendation. In light of thesefindings andwith regard to the
increasingly promising experiences with passive sampling procedures
in determining the freely dissolved fraction of hydrophobic contami-
nants in sediments (Ghosh et al., 2014; Mayer et al., 2014), we recom-
mend to consider establishing EQS for sediments based on the freely
dissolved fraction, that can be determined using passive sampling, rath-
er than total concentrations (see Recommendation 2). Because the free-
ly dissolved fraction integrates all mentioned confounding factors that
have impeded derivation of Europe-wide EQS values for sediment so
far, this approach would greatly facilitate common quality goals for all
Member States. In addition, unlike for passive sampling of water,
where the sampling rates are chemical-specific, with passive sampling
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of sediments the ratios of chemicals in the passive sampling extract re-
main unchanged relative to the whole sediment (Jahnke et al., 2016).
This allows the application of passive sampling for sediments not only
for chemical analysis but also for EBTs. For determining the risk of sed-
iment contamination (1) standardized protocols to assess the impact of
re-suspended sediments on biota are required (Förstner et al., 2016)
and (2) sediments' stability to erosion should be acknowledged as an
important parameter. We recommend that this aspect should receive
particular attention when balancing the partially conflicting quality
goals of the WFD, the European Floods Directive, and the Marine Strat-
egy Framework Directive (since marine systems can be considered the
ultimate recipients of historically contaminated sediments).

3.2.3.4. Outlook. Recently, it became evident that in addition to classical
POPs and metals, more polar chemicals may play an important role in
risks from contaminated sediments. These chemicals include polar
polyaromatic compounds (Lübcke-von Varel et al., 2012; Lübcke-von
Varel et al., 2011) as well as surfactants, pharmaceuticals and personal
care products (Smital et al., 2013). Monitoring approaches and trigger
values are therefore also required for these chemicals in sediments as
a direct source of exposure for benthic organisms. The development of
reliable approaches for the determination of freely dissolved concentra-
tions of these compounds in sediment pore water is a future challenge
in sediment risk assessment. In the U.S., the Superfund Program
(which regulates and remediates contaminated sites) is developing a
set of interstitial water remedial goals (IWRGs) based on passive sam-
pling-generated freely dissolved concentrations andwater-only toxicity
values to allow for the management of contaminated sediment sites
based on interstitial water concentrations (i.e., freely dissolved) and
not total concentrations of contaminants (Burkhard et al., 2015).

3.2.4. Recommendation 7: consider exposure, effect and risk modeling as a
tool to fill gaps in monitoring data and create incentives to extend themon-
itoring basis of chemical contamination across Europe

3.2.4.1. Problem.Although theWFD intended to alignmonitoring and as-
sessment of freshwater resources on a European scale, one can observe
a lack of consistency with respect to number and quality of monitoring
data provided by current sampling efforts. Fewer compounds moni-
tored and less frequent monitoring efforts often result in underestima-
tion of risks (Malaj et al., 2014) and diagnosed ecological impact
(Posthuma et al., 2016). Moreover, the low frequency of monitoring
may miss exposure variability altogether, especially when e.g. the
peak concentrations after the use of plant protection products are
overlooked due to wrong sampling times. These kinds of problems
still are a bottleneck for prioritization and assessment (Heiss and
Küster, 2015). Prioritization, assessment and management require a
clear basis for diagnosing impact magnitudes and causes, as well as for
predicting the efficacy of management plans.

3.2.4.2. Current status. Malaj et al. (2014) evaluated the Waterbase
dataset of the European Environmental Agency and reported great dif-
ferences among various Member States with respect to the intensity
and density of monitoring. The authors identified a set of chemicals
that pose acute risks at different European monitoring sites and found
a clear correlation: the higher the number of these chemicalsmonitored
in a river basin the higher the resulting estimated risk (based on exceed-
ance of the respective threshold values). This might dis-incentivize
comprehensive monitoring efforts and give a false impression of com-
pliance with water quality standards. Protective water quality monitor-
ing urgently needs a reversal of these counter-productive incentives.

As an option to support and supplement high quality monitoring,
advanced spatial explicit emission, fate and transport modeling are be-
coming increasingly important tools (Lindim et al., 2016b). They be-
come especially powerful when coupled to hydrological modeling
(Hrachowitz et al., 2016). As shown for PFOS and PFOA in the Danube
River catchment and Europe wide, it is possible to predict pollutants
concentrations with high spatial and temporal resolution (Lindim et
al., 2015; Lindim et al., 2016a) but they require careful parameterization
to achieve high accuracy. Newapproaches for estimating environmental
partitioning (Endo and Goss, 2014) are facilitating the prediction of the
fate and transport of a wider range of organic chemicals including polar
and ionic organic substances. Remaining challenges in fate and trans-
port modeling, which are both being addressed within the SOLUTIONS
project, are the estimation of spatially and temporally-resolved envi-
ronmental emission rates of chemicals (Breivik et al., 2012) and the es-
timation of realistic environmental transformation rates (Boethling et
al., 2009). Once proven reliable throughmodel evaluation, thesemodels
can be used to predict seasonal variability and peak concentrations and
they allow the analysis of hypothetical emissions scenarios for studying
the effect of mitigation measures. Fate and transport models may also
be used to study pollutants with intermittent or cyclic releases, for ex-
ample, pesticides, which are not covered by typical sampling designs
(Mottes et al., 2014). Within the SOLUTIONS project, scientists are
attempting to model larger numbers of REACH- and other chemicals
in all European river basins in order to predictwhich chemicalsmay cre-
ate problems, where, when and why (Brack et al., 2015). The modeling
of predicted environmental concentrations in European water systems
– including their spatio-temporal variability – can be followed by eval-
uating the local mixture exposure levels with the toxic pressure proxy.
The whole approach may thus include effect modeling, which thereby
integrates (as appropriate) emission quantification, chemical fate and
population and ecosystem-level models (De Laender et al., 2015;
Focks et al., 2014a; Focks et al., 2014b; Schuwirth and Reichert, 2013)
and empirical modeling of sensitivity (Rico and Van den Brink, 2015).
It offers scope for a priority ranking of sites of interest (with expectedly
large impacts), and of themost relevant compounds at given sites, while
these predicted results can be validated by diagnostic approaches to-
wards studying ecological impacts of mixtures at the same scales
(Posthuma et al., 2016).

3.2.4.3. Recommendation. In cases where Member States are not able to
fulfill their legal obligations for monitoring or in cases where more
than the pollutants generally agreed upon are expected to be of
relevancemonitoring should be supported and enforcedwithmodeling.
If monitoring data are lacking it should be made an obligation to
preliminary use modeled data for chemical occurrence. Water quality
assessment could thus proceed based on reasonable worst case concen-
trations for chemicals giving the incentive to fill data gaps with
enhanced monitoring efforts. Risk modeling should include the predic-
tion of joint effects of similarly and dissimilarly acting chemicals, based
on the concepts of concentration addition (Altenburger et al., 2000) and
independent action (Faust et al., 2003), applied tomeasured or predict-
ed per-chemical concentrations.

3.2.4.4. Outlook.Using effectmodeling approaches, predicted local expo-
sures to single compounds or mixtures of chemicals can be translated
into quantitative estimates of toxic effects on individuals, populations
and communities, and so build quantitative relationships between the
chemicals and the ecological status. Producing these and other model-
ing data provides the insights needed for full spatial and temporal cov-
erage, which even the best monitoring data fail to achieve. In fact,
measured andmodeled data could best be used to obtain a comprehen-
sive overview of both the spatio-temporal variability of exposures and
impacts, while their comparison would imply a cross-validation option
(models verified by data vice versa). This would help to provide incen-
tives to expand modeled data by monitoring data wherever predicted
impact problems emerge. Further, exposure and impact modeling, in-
creasingly cross-validated with measured concentrations or impacts,
will also facilitate the prediction of future exposures and impacts.
A key challenge for spatially and temporally resolved modeling of
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chemicals is the availability of accurate environmental emission rates.
To estimate these, up-to-date and accurate information on quantities
in commerce (production and imports) aswell as a detailed breakdown
on chemical function are critically needed in Europe for developing ac-
curate emission estimates. This requires a maximum in transparency
and could follow the approach by the Nordic countries providing expo-
sure-related information for substances in preparations in the SPIN da-
tabase including quantity and risk indices (KEMI Swedish Chemical
Agency, 2014). Scenarios on climate change, demographic change, ur-
banization, health care development, food production, technological de-
velopments etc. can be translated to expectations on chemical
emissions and included intomodeling as an earlywarning for upcoming
risks. Trend analysis of pharmaceutical concentrations in surface waters
(Ter Laak et al., 2009), demographic projections of future pharmaceuti-
cal consumption (van der Aa et al., 2011), and changes in disease pat-
terns and pharmaceutical use in response to climate change (Redshaw
et al., 2013) together with river basin transport and fate models
(Lindim et al., 2016b) may be used, for example, to estimate future
pharmaceutical loads in river water. Modeling can help exploring
which types of chemicals pose the highest threats, andwhichmolecular
structures and characteristics should be avoided.Modeling can also sup-
port ‘benign by design’ chemicals, thereby putting safe design upfront in
the process of developing and using chemicals (Eissen et al., 2002).

3.3. Support solution-oriented assessment

Improved monitoring and data evaluations will help to significantly
advance available data sets and to understand contamination and corre-
sponding risks. However, solution-focused assessmentwill be the key to
translate these findings into efficient management. This may require
improved investigative monitoring to identify toxicity drivers, better
consistency across environmental-, chemical- and product-specific leg-
islative frameworks, and an exploration of risk reduction scenarios be-
fore and along with risk assessment.

3.3.1. Recommendation 8: use a tiered approach of solution-oriented inves-
tigative monitoring including effect-directed analysis to identify toxicity
drivers and abatement options

3.3.1.1. Problem. Including effect-based tools and trigger values in mon-
itoring schemes will help to bridge the gap between chemical contami-
nation and ecological status, and will provide indications on toxic
chemicals as a probable cause of deterioration. This may help reduce ef-
forts for chemical monitoring, but where effect-based trigger values are
exceeded, solution-focused procedures are required to identify the
drivers of themeasured effects in order to initiate effectivemanagement
activities. This is part of the investigative monitoring required by WFD
in cases, for example, “where the reason for any exceedance of environ-
mental objectives is unknown” (European Union, 2003a). However, a
consistent strategy on how to establish cause-effect relationships is
missing.

3.3.1.2. Current status. Effect-directed analysis (EDA) as a combination of
biotesting, sequential fractionation and subsequent analytical identifi-
cation of toxicants in active fractions has been successfully applied as
a tool for the identification of drivers of toxicity in complex environ-
mental mixtures including water, sediment and even biota. Several re-
view papers (Brack, 2003; Hewitt and Marvin, 2005) and a recently
published in-depth overview (Brack et al., 2016) provide valuable guid-
ance for use in practice and a compilation of interesting case studies.
EDA has been shown to be very helpful in establishing cause-effect rela-
tionships at specific sites of concern where significant adverse effects
have been observed. Thus, the approach has already been suggested as
a relevant tool for toxicant identification after effect-based monitoring
in the context of WFD implementation (Wernersson et al., 2015).
However, although automation and integration of biotesting, fraction-
ation and analysis in EDA may significantly enhance the throughput of
this methodology (Zwart et al., 2015), the approach is still time-con-
suming. Thus, recently, virtual EDA has been discussed as an alternative
approach applying multivariate statistics rather than fractionation for
reduction of complexity of complex mixtures and identifying chemical
signals correlating with observed effects (Eide et al., 2004; Hug et al.,
2015). Both approaches may complement each other as tools for the
identification and confirmation of candidate toxicants. However, a con-
ceptual integration into existingmonitoring and assessment schemes is
still lacking.
3.3.1.3. Recommendation.We recommenda tiered approach for themost
efficient assessment and selection of abatement options involving toxi-
cant identification where necessary (Fig. 1). In Tier 1 we suggest
performing a simple assessment of whether exceedance of effect-
based trigger values can be explained by the fraction of treated and un-
treatedmunicipal wastewater in awater body. If that is the case, at least
in smaller water bodies, direct abatement by upgrading wastewater
treatment might be an option without further in-depth analysis of
drivers of toxicity. In cases where observed BEQbio exceed the expecta-
tions based on wastewater fractions a specific source of toxicity may be
assumed and drivers should be identified. The fraction of wastewater in
awater body can be identified bymarker compounds such as carbamaz-
epine (untreated and treated wastewater) and caffeine (untreated
wastewater). In vitro bioassay-based benchmarks for micropollutants
in wastewater have been documented for Australia (Escher et al.,
2014). Such benchmarks forwastewater andwastewater-impacted sur-
face waters are still missing for Europe but can be derived from correla-
tions between fractions of wastewater in a water body and measurable
BEQbio. Tier 2 investigations are required if (1) justification of abatement
demands more information, (2) exceedance of benchmarks based on
the fraction of wastewater suggest specific sources of toxicity or (3)
many pollution sources contribute to the overall load typically of larger
waterbodies. In cases where the fraction of wastewater does not corre-
late with the BEQbio agricultural land-use and the use of pesticides for
plant protection but also industrial productionmay be drivers of toxicity
(Malaj et al., 2014; Hug et al., 2015). In Tier 2, effect-based screening
will be combined with more in depth chemical target and non-target
screening that allows formass balances between biologically and chem-
ically derived BEQs (Neale et al., 2015) supplemented by multivariate
approaches to identify chemical signals co-varying with effects (Hug
et al., 2015). These approaches help identify individual or groups of
drivers of effects and their contribution tomixture effects and thus iden-
tify sources and suggest abatement measures. Such an approach has
been applied in Canada to determine the causes of endocrine disruption
in fish downstreamof pulp and paper facilities, the sources of these sub-
stances in the papermaking process (Hewitt et al., 2008) and mill oper-
ating conditions to reduce these effects (Martel et al., 2011). Tier 3 is
required for those sites where major effects cannot be explained by
identified and quantified chemicals and thus no targeted measures are
possible. It may also help as a confirmation step for Tier 2 to further sub-
stantiate abatement options. As a tier 3 approach we recommend EDA
(Brack, 2003) as a powerful tool to identify such drivers of toxicity in
different matrices. This site-specific approach may address water, sedi-
ment or biota extracts and is based on a combination of biotesting, se-
quential reduction of complexity by fractionation and extensive target
and non-target analysis of toxic fractions (Brack, 2003). EDA is the ulti-
mate tool to establish cause-effect relationships between (groups of) in-
dividual chemicals and measurable effects in biotests. A similar tiered
approach is proposed in the U.S. to assess contaminated sediments
(Burgess et al., 2012). This approach combines monitoring (e.g., whole
sediment concentrations, bioaccumulation, passive sampling), equilib-
rium partitioning modeling, and effects measures (toxicity, benthic
community status) to assess the magnitude of contaminant impacts
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and evaluate abatement options. Like the approach presented in Fig. 2,
the U.S. EPA contaminated sediments approach may culminate with
a toxicant identification step (i.e., toxicity identification evaluation -
TIE).

3.3.1.4. Outlook.Rapid development of automated EDA systemsbased on
multi-endpoint, high throughput and low volume biotesting (Dix,
2009) together with efficient micro- to nanofractionation (Booij et al.,
2014; Kool et al., 2011) and automated workflows for non-target anal-
ysis of active fractions involving innovative software tools for in silico
MS fragmentation, chromatographic retention prediction and estimates
on toxicity (Brack et al., 2016) will make this tool increasingly applica-
ble in monitoring of specific toxicity such as neurotoxicity, nuclear re-
ceptor-mediated effects, photosynthesis inhibition etc. Non-specific
effects onwhole organisms or cell lines are often caused by the complex
mixture rather than by individual chemicals (or simplemixtures thereof
that can be isolated). In these cases the overall contamination, loads,
rather than individual toxicants, will need to be reduced.

3.3.2. Recommendation 9: improve links across environment-, chemical-
and product-specific regulations and harmonize chemical legislation
among Member States to improve abatement efficacy

3.3.2.1. Problem. Chemicals with the potential to affect water quality are
covered by a large number of regulations in the EU, but there are signif-
icant inconsistencies between the various regulatory frameworks, par-
ticularly in procedures for updating their lists of chemicals, collection
and availability of information on e.g. sources, occurrence and effects,
implementation and compliancy checks, and their individual focus on
a small subset of all (N100,000) chemicals currently used. As a result,
there are significant gaps in coverage of the full range of chemicals,
and the goals of the WFD are difficult to achieve.

3.3.2.2. Current status. The WFD is receptor-oriented and represents a
regulatory framework for the protection and restoration of the aquatic
Fig. 2.Recommended tiered approach for enhanced investigativemonitoring. Terms are defined
specific fraction of wastewater, BEQChem: BEQ derived from chemical analysis.
environment including groundwater bodies. It is based on a retrospec-
tive risk assessment by monitoring of toxic chemicals in European
water resources and has a strong focus on aquatic ecosystems but states
also that drinking water should be able to be produced with a reduced
level of purification treatment required. Thus, a strong interconnection
between WFD and Drinking Water Directive (DWD, European Union,
1998) is required. Article 7 WFD states that drinking water should be
able to be produced with a reduced level of purification treatment re-
quired. However, drinking water concerns are inadequately reflected
by current prioritization of chemicalswithin theWFD. TheDWDdefines
chemical parameters for some compounds, such as pesticides and their
transformation products (0,1 μg/L), which are not included in theWFD.

There are several sector- or product-specific directives and regula-
tions focusing on the control of specific substances (Plant Protection
Products Regulation (European Union, 2009b; European Union,
2011a), and Biocidal Products Regulation (European Union, 2012c),
EMEA Guidelines for risk assessment of veterinary and human pharma-
ceuticals (European Union, 2010c; European Medicines Agency, 2006;
European Medicines Agency, 2008) which are based on a prospective
risk assessment. REACH is the main policy framework for prospective
chemical risk assessment and thus for regulation of industrial chemicals.
In addition to these regulatory instruments the presence of selected
chemicals in products (Directive on waste electrical and electronic
equipment, WEEE (European Union, 1998; European Union, 2012b)
and Directive on the restriction of the use of hazardous substances in
electrical and electronical equipment, RoHS (European Union, 2003b)
is regulated. Lastly, emission-oriented regulations focus on emissions
to the environment, such as the Industrial Emissions Directive (IED;
European Union, 2010b), Sewage Sludge Directive (SSD; European
Union, 1986), but with very limited coverage of chemical contaminants.
In addition to the variety in purpose and form of regulatory control of
chemicals in Europe, chemicals that are an integral part of imported ar-
ticles cannot be subject to authorization under REACH and therefore
cannot be addressed by source-related management if prioritized
under WFD. Here other restrictions need to be applied.
as: BEQBIO: biologically derived BEQs, BEQBio,exp.: BEQBio expected frombenchmarking for a
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Lists of Priority (PS) and Priority Hazardous Substances (PHS) are
established under the WFD. For the latter, the WFD requires the cessa-
tion or phasing-out of discharges, emissions, and losses. However, es-
sential sources of emissions of PHS fall outside the domain governed
by water legislation. Major sources of e.g. PFOS and 4-nonylphenol are
production processes, theuse of these substances, release fromproducts
and, for nonylphenol, formation as a degradation product. With regard
to commercially used chemicals the substances regulated as PHS by
theWFD are also restricted or identified as substances of very high con-
cern (SVHC) under REACH. However, identification as SVHC does not in
itself mean any use restrictions. The restrictions in REACH are in many
cases limited to a particular use, which means that all other uses are
allowed (Molander et al., 2012). Overall, it can be concluded that struc-
tural links between water legislation and complementary source-relat-
ed regulations are missing.

In addition to PS and PHS the WFD requires monitoring of RBSPs.
EQS values for RBSPs are not established at the European level but set
by the individual Member States. This may lead to serious disagree-
ments about the quality status of a water body when a river crosses
the border even if the concentrations do not change. A recent study
found differences in applied EQS values for RBSPs of several orders of
magnitude, suggesting different protection levels across Europe
(Carvalho et al., 2016). The same discrepancy exists for groundwater
threshold values derived in different countries (Scheidleder, 2012).

3.3.2.3. Recommendations. For an increased efficiency ofWFD implemen-
tation, drinking water relevance of chemicals should be considered in
prioritization and monitoring. It could be helpful in this respect that
provisional drinking water quality standards - as described in TGD 27
(European Union, 2011b) - are in fact derived within the process of pri-
oritization, striving for a reduced level of drinking water treatment ac-
cording to art. 7 WFD. Also, a coupling of legal requirements in the
DWD to theWFD could contribute to a more coherent implementation
of EU policy. Compounds identified as PS and PHS in theWFD, RBSPs or
groundwater contaminants should also be evaluated in relation to cov-
erage by other regulations and, if necessary, included in the correspond-
ing priority lists for implementation of restriction measures via specific
cross-compliance mechanisms (in those regulations). As a first step in
the direction of harmonization and better alignment regulatory instru-
ments and in the interest of closing gaps and loop holes, risk assessment
and prioritization procedures employed in different instruments should
be evaluated and compared. We recommend that a common safety
threshold for European waters (e.g. PNEC.freshwater) for all RBSPs should
be derived according to common principles that can be applied in all
chemical legislation and by all Member States to assess the risks in a
consistent way. To derive these values, all reliable and relevant
ecotoxicity data should be reviewed and assessed, including both stud-
ies run under “Good Laboratory Practice” conditions submitted by in-
dustry as well as appropriate and well-documented literature studies.
In order to ensure the quality of ecotoxicity studies applied for risk as-
sessment, the CRED (Criteria for Reporting and Evaluating Ecotoxicity
Data) method has been published. This applies explicit criteria to evalu-
ate the quality (reliability and relevance) of a study in a more harmo-
nized and transparent way (Moermond et al., 2016). In this context,
post-authorization monitoring could offer assurance that the use of au-
thorized active ingredients is indeed not posing unacceptable risks to
the environment. Similarly, better harmonization and transparency of
the establishment of groundwater threshold values is recommended
to achieve better comparability of the results.

To increase emission control from point sources, better coherence
between WFD and the IED should be explored. Currently, the IED sets
limitations only to large installations and defines technologies to be im-
plemented for air and water emission treatment in the Best Available
Techniques (BAT) reference documents (BREFs). In the recently ap-
proved BREF for chemical industry (European Union Joint Research
Centre, 2014) the conclusions include BAT recommendations on
pretreatment of waste water to remove toxic and non-biodegradable
compounds which can inhibit the regular water treatment or are insuf-
ficiently abated. A first step of policy harmonization would be further
evaluation of whether the technologies described in the BREFs are effi-
cient for reducing emissions of PS, PHS, RBSPs and groundwater
contaminants.

Substitution for safer alternatives and development of “Green chem-
istry” are a key activity that needs to be continuously encouraged to pre-
vent accumulation of toxic chemicals in society and the environment.
Today, regulatory or monitoring authorities have limited possibilities
to collect information on uses and emission sources of all chemicals
which have been prioritized according to procedures set up to protect
the aquatic environment, and even less possibility to develop and en-
force regulations outside their own area. To a large extent, though, the
necessary information is currently available in other regulatory frame-
works such as REACH, and should be utilized.

3.3.2.4. Outlook. In linewith these recommendations the EUCommission
is currently performing a fitness check on chemical legislation (exclud-
ing REACH) in the EU under the REFIT process (European Union, 2015c;
European Union, 2016). This process provides opportunities to harmo-
nize chemical legislation and make procedures for prioritization and
risk assessment as well as abatement more efficient. To minimize risks
of negative impacts on humans and the environment, the most strin-
gent restriction in all legislations should be adopted. Specifically for
the WFD, this would entail that chemicals prioritized under the proce-
dures relevant for the aquatic environment should be considered for
identification as SVHC substances or for restrictions under REACH. Fur-
thermore, a joint database system on uses and sources of chemicals
should be developed. With such a joint system, authorities responsible
for different regulatory frameworks on chemicals would be able to co-
operate and develop joint abatement strategies when necessary.

3.3.3. Recommendation 10: apply solutions-oriented approaches that ex-
plore risk reduction scenarios before and along with, rather than after, risk
assessment

3.3.3.1. Problem. Although the strict trigger values defined for ecological
and chemical status are effective as generally agreed upon objectives, it
is clear that incentives for and appraisal of improvement should be ac-
knowledged even if thefinal goals (good ecological and chemical status)
cannot be achieved within the given time frame. Often large gaps exist
between assessment and management, while at the same time tools
for prioritization of abatement options are lacking. The problem of a se-
rious mismatch between assessment outcomes (science-based evalua-
tions) and their usefulness in the context of effective management has
been widely noted (Abt et al., 2010; Finkel, 2011).

3.3.3.2. Current status. The WFD assessments are based on the so-called
one-out-all-out principle that requiresmanaging a less-than-good qual-
ity status if one parameter fails the respective EQS. This has been con-
firmed by the Water Directors, who agreed that progress indicators
are not an alternative to the overall status assessment on the basis of
the on-out all-out principle, but additional useful information (Water
and Marine Directors of the European Union, Candidate and EFTA
Countries, 2013). The one-out-all-out principle logically works out as a
signal that identifies water bodies where the situation is not completely
ideal, but also as a signal that creates a full-warning impression when
one criterion fails, even when the exceedance is small, while the same
conclusion would be drawn in the case of non-compliance with multi-
ple criteria. Further, it may result in non-compliance due to factors
that are beyond the jurisdiction of water managers. Such examples in-
clude the diffuse long-range trans-boundary atmospheric deposition
of mercury and polycyclic aromatic hydrocarbons (PAHs), persistent
and bio-accumulating legacy pollutants or persistent and mobile
chemicals infiltrating groundwater. For those chemicals, local emission



Fig. 3. Main process steps (clockwise) for solution-focused sustainability assessment
according to Zijp et al. (2016) involving ideas by Reichert et al. (2015). A key principle is
continuous improvement via an adaptive management strategy (continuous abatement
efforts identified and implemented, decided upon evaluation of the success of ongoing
abatement). Sustainability metrics are quantitative values to characterize sustainability
(e.g. human health risks, ecosystem risks, costs etc.).
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reductions would help to limit further deterioration but will not help to
reduce environmental levels, as has been shown formercurymonitored
in biota. Goals impossible to achieve have in practice resulted in a lack of
efforts to improvewater quality with respect to chemicals, as long-term
abatement efforts appeared not to result in compliance (Posthumaet al.,
2016). Consequently, a system that requires and rewards gradual im-
provements towards a given environmental quality target might help
to define a best possible status”, or a best possible trajectory to improve
the status, in cases of “less stringent environmental objectives” accord-
ing to Art. 4.5. WFD (European Union, 2000). Further, this approach
would focus efforts on available efficient abatement options rather
than Member States applying for exemption from compliance, thereby
ignoring the worsening problem completely.

3.3.3.3. Recommendations. Research in chemical water quality is current-
ly focused mainly on problem and risk analysis. Relatively little atten-
tion is paid to mitigation opportunities, whereas this is a common
strategy for other environmental problems, such as climate change.
We recommend implementation of a solution-focused paradigm in
water quality assessment and management. In the environment
chemicals are not the only stressors and prioritization of possible miti-
gation optionsmight trigger effective and innovative approaches.More-
over, we propose to apply not only a risk-oriented view – with an
output providing a ‘warning’ – but also a more holistic approach in the
format of a sustainability assessment. That is: an evaluation of a current
situation based onmultiple parameters andmetrics, together with con-
siderations of options for sets of solutions, whereby sustainable, inte-
grated scenarios for solutions are identified and implemented. This
reduces risks while maximizing progress towards sustainable develop-
ment. A focus on sustainable abatement options at an early stage, rather
than assessment of the current status, may support the development of
a consensus among the various relevant social actors, and stimulate co-
herent implementation and cross-sectoral learning. This has been illus-
trated by Reichert et al. (2015) and Zijp et al. (2016), who took the
management of river rehabilitation and the sustainable management
of slightly contaminated sediments, respectively, as examples. Both of
these studies followed structured but slightly different decision-making
processes which are integrated in Fig. 3. The use of a solution-focused
paradigm has supported the definition and implementation of solution
strategies for complex environmental management problems, which
failed when the focus was on risks only (Zijp et al., 2016).

We also suggest the implementation of integrated abatement op-
tions that address several stressors in one measure, or increase the in-
centive to reduce chemical releases. Examples include the installation
of buffer strips along river banks that offer protection from both pesti-
cide pollution and the input of excess nutrients from arable lands. In
this sense, embedding the key threats of chemical mixtures in a wider
context is of utmost importance. Landscapes intensively influence
riverscapes, so that the exploration of abatement options should en-
compass a broad view which includes land use and land management
as major driving forces of stress, and of optional solutions. Sustainable,
multi-effective abatement options would also increase habitat diversity
and hence the biological diversity of both terrestrial and aquatic com-
munities alike. Other options could be found beyond thefield of the nat-
ural sciences, e.g. by the introduction of fees on chemical use in order to
enforce the “polluter pays” principle and to finance broad-scale mea-
sures such as the introduction of additional sewage treatments to re-
move organic pollutants in intensively inhabited areas (see also
Recommendation 8).

3.3.3.4. Outlook. The approach of solution-focused assessments can be
optimized when supported by a so-called ‘mitigation database’. Such a
database, for which the conceptual foundations were laid recently
(Van Wezel et al., submitted) consists of a data model which enables
the storage of all kinds of abatement options and strategies (by kind,
and name), and thereupon the predicted or observed efficacy in reduc-
ing emissions, concentrations or impacts (quantitatively, by compound
group, by abatement technique). It stores and makes available for use
the suite of technical and non-technical options for reducing chemical
threats via the water system. Mitigation options can be defined along
the whole pathway of a chemical's life cycle, whilst accounting for the
characteristics of the water cycle. Early in the chemical's life cycle,
non-technological mitigation options relevant on large spatial scales
dominate, while later in the life cycle technological options relevant at
regional scale dominate (VanWezel et al., submitted). An efficient mit-
igation strategy combines both preventive and curative options, thereby
accounting for abatement costs and trade-offs, i.e., optimizing sustain-
able development of abatement approaches. Such amitigation database
can be coupled to hydrological models on a river basin or global scale
(see previous recommendation). Improvement of environmental quali-
ty by implementation of sets of mitigation options can be expressed in
different, typically non-linearly related, terms of (1) decreased concen-
trations, (2) diminished adverse effects on environmental and human
health (e.g., a chemical footprint), or (3) better possibilities to obtain
water system services. In the case of water treatment, measures could
be given a paramount importance if water bodies support or have the
potential to support protected species, high biodiversity or important
ecosystems services such as drinking water production or recreational
fishery, or if pollution loads have a strong impact on downstream eco-
systems (Coppens et al., 2015). One example may be the spatially
smart abatement of pharmaceuticals in surface waters by prioritizing
the impact of sewage treatment plants on susceptible functions such
as drinking water abstraction and valuable ecosystems (Coppens et al.,
2015).
4. Summary and conclusions

The WFD, as a directive for all European Union Member States, has
successfully safeguarded the protection, restoration, and sustainable
use of EU water resources. The planned revision of theWFD in 2019 of-
fers the opportunity of advancing its conceptual basis (which is now
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almost 20 years old), and bringing the practices forwater quality assess-
ment and management up to date. In the present paper, we have eval-
uated the WFD in practice, and identified various options for
improvement regarding monitoring, setting of priorities, assessments,
and management. Based upon a summary of identified problems, we
have assessed the state-of-the-art in the relation to common practice
and with regard to scientific developments relevant to important im-
provement for the implementation of the WFD. Based on these consid-
erations we have made ten recommendations. We are convinced that
the consideration of these findings will advance WFD implementation,
which is crucial for protecting ecosystems and human health by reduc-
ing the chemical footprints of man-made practices in industry, agricul-
ture and domestically. Globally, the WFD is currently seen as a model
for the implementation of water quality protection, receiving a great
deal of interest from regulators and scientists worldwide. In brief, the
current status of the options for further supporting the improvement
of the WFD can be summarized as a versatile toolbox, whose tools can
be applied to promote safer and more cost-efficient monitoring, assess-
ment and management of European water resources, supported by the
integration of effect-based tools and benchmarks, mixture risk assess-
ment, passive sampling, non-target chemical screening effect-directed
analysis. These efforts provide the scientific underpinnings which
allow for the ultimate achievement of the important goals of the WFD
including more comprehensive prioritization schemes, better Europe-
an-scale fate and risk modeling, improved solutions-focused assess-
ments, and the consistent regulation of water quality and chemical
production. These developments provide a contemporary scientific
and practical basis to support achievement of the aims of the WFD.
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