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• A Science-Policy Interface activity was led by DG Research & Innovation and Onema.
• The aim was to establish a list of research needs for enhancing WFD implementation.
• For ecological status, 10 research issues were identified.
• The outcomes of SPI are likely to feed into the revision of the WFD.
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The Water Framework Directive (WFD) is now well established as the key management imperative in river
basins across Europe. However, there remain significant concerns with the way WFD is implemented and
there is now a need for water managers and scientists to communicate better in order to find solutions to
these concerns. To address this, a Science-Policy Interface (SPI) activity was launched in 2010 led by
Directorate-General for Research and Innovation and Onema (the French national agency for water and aquatic
ecosystems),which provided an interactive forum to connect scientists andWFDend-users. Onemajor aimof the
SPI activity was to establish a list of the most crucial research and development needs for enhancing WFD
implementation. This paper synthesises the recommendations from this event highlighting 10 priority issues
relating to ecological status. For lakes, temporary streams and transitional and coastal waters, WFD
implementation still suffers from a lack of WFD-compliant bioassessment methods. For rivers, special attention
is required to assess the ecological impacts of hydromorphological alterations on biological communities, notably
those affecting river continuity and riparian covering. Spatial extrapolation tools are needed in order to evaluate
ecological status for water bodies for which no data are available. The need for more functional bioassessment
tools as complements to usual WFD-compliant tools, and to connect clearly good ecological state, biodiversity
and ecosystem services when implementing WFD were also identified as crucial issues.
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1. European context

The European Water Framework Directive (WFD), which was
adopted in 2000, changed theway EuropeanUnion (EU)Member States
(MS) considered water management by putting ecosystem integrity at
the base of management decisions (European Commission, 2000).
Since then, all MS expended considerable time and resources to collect
appropriate biological, environmental and pressure data and to develop
operative tools in order to elaborate river basinmanagement plans (Birk
et al., 2012). As the magnitude and difficulties of this large-scale en-
deavour became evident, both the European community and individual
MS have funded a large number of research projects, particularly in the
areas of ecological assessment and catchment modelling (e.g. Hering
et al., 2013).

TheWFDwaswelcomed bymany for its innovativeness and the rad-
ical shift towardsmeasuring the status of all surfacewaters using a range
of biological communities rather than themore limited aspects of chem-
ical quality or targeted biological components. AWFD-compliant meth-
od necessarily complies with the requirement to include all the
biological parameters listed in the normative definitions (Annex V), re-
lates to reference conditions i.e.pristine conditions and expresses results
as an Ecological Quality Ratio, a relative and comparable measure of
quality. Recent years have been pivotal for ecological assessment of
water quality in Europe (Nõges et al., 2009; Hering et al., 2010). After
several years of scientific and technical work as well as important finan-
cial contributions fromMS, the second round of intercalibration for bio-
logical methods was achieved, greatly improving homogeneity in the
assessment of ecological status throughout Europe (Birk et al., 2013),
for all surface water body categories (rivers, lakes, transitional and
coastal waters). A major step was achieved at the end of 2012 with the
intercalibration of 230 methods from 28 countries (European Commis-
sion, 2013a). Nevertheless, further effort is still required as around 100
methods (30% of the total) are not developed and/or not intercalibrated
(Poikane and van de Bund, personal communication).

A key stage in the implementation of the WFD was therefore
reached, whereby a state-of-the-art evaluation can be undertaken and
the scientific outputs required to move forward in water management
identified. More and more tools are becoming available for integrative
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management of hydrographic basins (Hering et al., 2013). Several re-
cently completed European research projects specifically designed to
support water body/ catchment management: WISER: “Water bodies
in Europe—Integrative Systems to assess Ecological Status and Recovery”
(http://www.wiser.eu/), MIRAGE: “Mediterranean Intermittent River
ManAGEment” (http://www.igb-berlin.de/mirage.html), REFRESH
“Adaptive Strategies to Mitigate the Impacts of Climate Change on
European Freshwater Ecosystems” (http://www.refresh.ucl.ac.uk/), etc.,
as well as the contributions of national scientific programs were impor-
tant to this aim. An efficient strategy for communication and transfer of
knowledge has been established, in order to make water managers
aware of the availability of these tools and how to use them. If this
knowledge and these tools are not taken up, it will constitute an enor-
mous loss of scientific profit for the water community (scientists, man-
agers, end-users, and consumers in a broad sense) as a whole, and will
inevitably cause major delays in WFD implementation. Likewise,
water managers have identified bottlenecks and barriers to implemen-
tation that need to be tackled as a matter of priority.

In this context, a Science-Policy Interface (SPI) activity was launched
in 2010 led by Directorate-General for Research and Innovation and
Onema (the French national agency for water and aquatic ecosystems),
for the period 2010–2012. The Directorate-General for Research and
Innovation's mission is to develop and implement the European re-
search and innovation policy with a view to achieving the goals of
Europe 2020 and the Innovation Union. In this context, the Common
Implementation Strategy (CIS)-SPI activity aimed to support the river
basin management planning process by linking the research needs of
end users with scientific research outputs and promoting partnership
relations between researchers and policy makers. The first ‘water sci-
ence meets policy’ event (SPI event) was held on 30 September 2010
and was attended by 150 participants from 15 MS and Switzerland as
well as Non-Governmental Organisations, stakeholder groups, the
Joint Research Centre, DG Research and Innovation and DG Environ-
ment. The present work represents a summary of the discussion, out-
comes and recommendations from the event by the working group A
(WG A, also called ECOSTAT) of the SPI activity, devoted to ecological
status evaluation, and is intended to identify the way forward for eco-
logical assessment over the next decade. To do so, a state-of-the-art
of the available scientific knowledge for each issue raised during the
SPI activity was achieved, as well as identification of research needs
and means of making progress. This study complements the work of
Hering et al. (2010) which sought to make recommendations for en-
hancing WFD implementation 10 years after its adoption. Three issues
were particularly addressed by Hering et al. (2010): (i) the develop-
ment of assessment methods (including reference conditions, typol-
ogies and intercalibration); (ii) the implementation of assessment
systems in monitoring programmes; and (iii) the consequences for
river basin management plans (such as the design, monitoring and
success of restoration measures). As with Hering et al. (2010), this
contribution will be of particular interest for scientists working in
the field of aquatic ecology and assessment of anthropogenic pres-
sures impacts, as well as for water managers directly concerned by
WFD implementation.

2. Outline of the SPI process

The first SPI event took place on 30th September 2010 in Brussels
(Belgium). During this event, there was a relatively balanced represen-
tation between researchers andWFD end-users (35% of representatives
were from the scientific community and 65% were end-users). End-
users category covered all the three main levels of implementers or de-
cision makers in relation to WFD, from the European level to national
and river basin levels. They represented different points of view but
were all invested in WFD implementation, even if in different ways,
i.e. from general issues to specific local ones such as the definition of res-
toration measures. Research needs were discussed at parallel round
tables. The round table themes were aligned with the CIS groups (eco-
logical status, chemical aspects, groundwater, floods, water scarcity
and droughts, WFD and agriculture, hydromorphology), together with
a number of cross-cutting issues (socio-economics, integrated river
basin management plans/ management and dissemination). In total,
59 research areas (encompassing about 180 specific research issues)
were discussed (the full “Water Science meets Policy” report can be
downloaded at: http://www.onema.fr/IMG/EV/cat1a-13.html).

For working group A (ecological status), 16 research issues were
prioritised and discussed. After the first SPI event was completed, a for-
mal consultation of the ECOSTAT working group was undertaken.
ECOSTAT led the intercalibration exercise in relation with the European
Commission’s Joint Research Centre (JRC) in Ispra (Italy), and brings to-
gether stakeholders from every MS (water managers, scientific experts
and representatives of ministries). The SPI process was presented to
ECOSTAT members and comments/identification of additional issues
were invited. This resulted in a consolidated shortlist of 10 priority re-
search issues which was finalised at the beginning of 2012. Some dis-
cussion points on the SPI process were then made at each ECOSTAT
meeting.

From April to June 2012, scientific experts working in different re-
search fields identified were solicited and asked to contribute a state-
of-the-art summary, including knowledge gaps for each research
issue. These elements were compiled into a synthesis document in
late 2012 and transmitted to the Strategic Coordination Group at the
end of 2012, as part of the CIS-SPI progress report for transmission to
the Water Directors group. Discussion among the different working
groups of SPI (chemical aspects, groundwater, etc.) was facilitated dur-
ing the whole process (notably, the ways to validate the different steps
of the process in each group were compared), and the CIS-SPI final ac-
tivity report was then published (European Commission, 2013b;
http://bookshop.europa.eu/en/science-policy-interface-in-support-of-
the-water-framework-directive-pbKI3112744/), bringing together the
information collected from the SPI activity.

3. Top-10 issues

Following the first SPI event and formal consultation with CIS-
ECOSTAT members, the following research issues were identified as of
primary concern for enhancing WFD implementation.

3.1. To overcome knowledge gaps for transitional waters

Transitional waters (i.e. estuaries and lagoons) are usually viewed as
complex ecosystems as they constitute ecotones between freshwater
and saltwater (they therefore exhibit characteristics from these envi-
ronments aswell as specific ones). Moreover, they are of particular con-
cern for management and conservation issues as they usually shelter
very abundant and diversified biological communities (algae, phanero-
gams, invertebrates, fish, birds, etc.). Within this context, we suggest
that the following issues are given consideration in the future to en-
hance ecological status evaluation.

3.1.1. Multi-pressure context
Among transitional waters, estuaries are the water bodies most af-

fected by pressures resulting from activities such as dredging, land rec-
lamation, harbor and industrial development, as well as recreational
and tourism development which have induced major alterations to
the original hydromorphological characteristics (European Environ-
ment Agency, 2012; Fehér et al., 2012). The water quality of these envi-
ronments is also affected by important of pollutants from domestic and
industrial effluents (Borja et al., 2011), and is strongly dependent on the
chemical fluxes coming from the upstream areas of the drainage basins
(Masson et al., 2006). At last, the ecology of estuaries has been subjected
to intense human influence for many years, from intensive commercial
harvesting and aquaculture (Sousa Leitao and Gaspar, 2007). One of the

http://www.wiser.eu/
http://www.igb-berlin.de/mirage.html
http://www.refresh.ucl.ac.uk/
http://www.onema.fr/IMG/EV/cat1a-13.html
http://bookshop.europa.eu/en/science-policy-interface-in-support-of-the-water-framework-directive-pbKI3112744/
http://bookshop.europa.eu/en/science-policy-interface-in-support-of-the-water-framework-directive-pbKI3112744/
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challenges in transitional waters, and given the difficulty of distinguish
between the effects of natural and anthropogenic stressors in these en-
vironments (the so called “Estuarine Quality Paradox”; Elliott and
Quintino, 2007), is therefore to underpin decision making, risk assess-
ment andmanagement of these systems under complexmultiple stress
conditions. Research should enhance the understanding of multiple
stressor interactions (Thrush et al., 2008; Ban et al., 2010). In this con-
text, some biological quality elements (BQEs) may be more sensitive
to some of the pressures than to others (e.g. phytoplankton and
macroalgae to eutrophication; seagrasses and fish to habitat loss or
hydromorphological changes).

3.1.2. Reference conditions
Estuaries are very dynamic water bodies because of their location at

the interface between freshwater and saltwater. They are therefore
prone to considerable physical and chemical variation, notably water
depth and velocity and associated chemical parameters (salinity,
conductivity, etc.). Besides, the transitional waters fish component
comprisesmarine, estuarine and freshwater species, and estuarine phy-
toplankton and nutrients are influenced by catchment run-off and ma-
rine/tidal flushing (Elliott and Whitfield, 2011). Hence, it is difficult to
detect the anthropogenic influence against a background of natural var-
iation in these very dynamic environments (Elliott and Whitfield,
2011). These natural variations involve some difficulties to define refer-
ence conditions, all the more that pristine or minimally disturbed estu-
aries are rare at the European scale. This leaves ‘best professional
judgment’ as the most practical tool for setting reference conditions in
transitional waters (Basset et al., 2013). Stoddard et al. (2006) defined
best professional judgment as judgment based on “experienced aquatic
biologists, with perhaps decades of experience sampling and examining
physical, chemical, and biological attributes across wide ranges of severity
and types of human disturbance” who developed “an empirical under-
standing of condition in the absence of significant human disturbance”. It
has proven to be very useful in assessing the status of areas across
United States and Europe,with a common set of criteria amongdifferent
experts (Borja et al., 2012). Hence, exploring the use of these alternative
options in setting reference conditions should be encouraged.

3.1.3. Estuaries as a part of the river basin management
We know that climate, oceanic, riverine and catchment factors con-

trol a hierarchy of processes and broadly determine the physical and bi-
ological characteristics of estuaries (Hume et al., 2007). Hence, when
taking measures to lessen or remove human pressures, these factors
must be taken into account in order to ensure successful recovery
(Borja et al., 2010). A better knowledge of the environmental and bio-
logical relationships across the river-estuary-coastal continuum is
therefore needed for a better understanding of the response of estuarine
systems to the measures and the recovery processes. Truly integrated
coastal management, where terrestrial and marine managements are
considered together should be a priority for understanding the impacts
and the effects of mitigation strategies (Meiner, 2010).

3.2. To overcome knowledge gaps for lakes

Over the last decade, WFD-compliant assessment methods for lakes
have been developed for most BQEs, supported by major European
projects, e.g. REBECCA and WISER (Lyche-Solheim et al., 2008, 2013).
There are now close to 100 different national assessment methods for
lakes across Europe (Brucet et al., 2013). Despite this indubitable prog-
ress, the following recommendations can be made to enhance WFD
implementation.

3.2.1. Improving indicators
Different BQEs in lake assessment are needed to address different an-

thropogenic pressures (e.g. phytoplankton usually addresses eutrophi-
cation while benthic invertebrates are good indicators of acidification
andmorphological degradation), different habitats (e.g. benthic inverte-
brates and macrophytes are usually used to assess littoral habitat while
phytoplankton is used for pelagic areas), different timescales (e.g.
phytoplankton may react immediately to the modifications of the
environment while macrophytes respond more slowly to the chang-
es in pressures) and different ecosystem services (e.g. harmful algal
blooms are crucial indicators for recreation and provision of drinking
water while condition of alimentary resources is mainly related to
fish). Most methods available to date mainly address eutrophication
(or general degradation), whereas lakes are generally affected by
multiple stressors, climate change including browning of the water,
biological manipulation (e.g. fish management and macrophytes re-
moval) and hydromorphological alterations (European Environment
Agency, 2012). Lake assessment tools should now be developed to
address pressures other than nutrient enrichment and to disentangle
the effects of multi-stressors. Special attention should be paid to
cyanobacterial blooms as they threaten ecosystem services and ulti-
mately human health (Carvalho et al., 2013), as well as to macro-
phytes and macroinvertebrates growing and living in the littoral
areas as they are sensitive to water level fluctuations and alteration
of the littoral habitats (Mjelde et al., 2013).

Some of the pressure–impact relationships established to develop
the national BQE methods are not yet sufficiently robust, and often
defined using small datasets. Moreover, the large diversity of methods
and strategies used (Brucet et al., 2013) and the large number of nation-
al lake types (i.e. 673) where the majority is not clearly linked to the
common intercalibration types, restricts comparability of class bound-
aries as well as performance of methods in different situations. Thus,
better and more harmonised metrics for all BQEs must be developed
allowing more robust pressure–impact relationships to be defined.
This is vitally important in the context of revising the current nutrient
standards and to ensure that these are correctly linked to the
intercalibrated good/moderate class boundaries, as nutrient standards
are the benchmark used to plan the programmes of measures.

Management practices for fish have not been fully considered in the
development of bioassessmentmethods based on fish communities, de-
spite the possibility that this could be a major source of bias and/or var-
iability in the pressures–impacts models (Argillier et al., 2002). It is
necessary to distinguish the impacts of these activities from those of
other human pressures on fish-based indicators to improve the predic-
tive power of the indices for both natural lakes and reservoirs.

3.2.2. Revisiting European lake typology
There is an urgent need to harmonise lake typologies across Europe,

to ensure more comparable reference conditions and to establish envi-
ronmental target values. The difficulty of achieving ‘type-specific’ as-
sessment in some cases was already emphasised by Hering et al.
(2010) in their critical review of the WFD. A first step in this process
could be to identify a small number of broad lake types across Europe
to allow grouping of existing national types, while a second step could
be to harmonise the ranges of themost commonly factors used to estab-
lish the typologies (e.g. alkalinity, colour, mean depth, altitude, surface
area).

3.2.3. Ecological assessment methods in the Eastern Continental and
Mediterranean regions

There have been additional difficultieswith the development and in-
tercalibration of ecological assessment methods for the Eastern Conti-
nental and Mediterranean lakes, notably naturally eutrophic lakes in
the continental lowlands (Borics et al., 2013). As a result, the nutrient
content of these lakes, even in a relatively natural state, can be high
(TP N100 μg L−1) but no significant relationshipsmaybe foundbetween
phosphorus, chlorophyll, and macrophyte coverage (Krasznai et al.,
2010). As well as different targets, these lakes may require different
management measures as a large enough reduction of nutrient loading
to result in an expected response may not be feasible within a realistic
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time scale (Borics et al., 2013). Identifying functionally-different lake
types and setting eutrophication targets for these lakes is an important
area that requires further research.

3.3. To analyse the links between ecotoxicology and bioassessment tools

The implementation of several European new regulations (e.g.WFD,
REACH) still requires important efforts to develop ecotoxicological risk
and biological assessment tools for water bodies. Ecotoxicological Risk
Assessment (ERA) is primarily a predictive discipline that attempts to
predict the future consequences of water or sediment contamination
by chemicals from agriculture, industry, or any other uses. On the
other hand, bioassessment in aWFD contextmainly focuses on patterns
and processes that occurred in the past or are occurring in the present,
which resulted in the current ecological status of the water bodies.
However, there are predictive approaches in bioassessment as well as
retrospective methods in ERA where these two research-and-practice
disciplines merge (Verberk et al., 2013). An international consensus
now supports the need to move from a fundamentally toxicology-
based to a more ecology-based risk assessment of chemicals (Artigas
et al., 2012). In this context, the following recommendations can be
made.

3.3.1. Pushing forward the development of trait-based bioassessment tools
Biological traits are well defined, measurable properties of organ-

isms that strongly influence organismal performance, and constitute
the causal mechanisms underlying the relationships between the spe-
cies and their environment. As a result, trait-based approaches have
clear potential in environmental diagnoses and prognoses (Dolédec
and Statzner, 2008; Mondy et al., 2012), notably by (i) providingmech-
anistic understanding allowing cause–effect relationships between
stressors and biological impairments to be inferred; (ii) enabling the
evaluation and prediction of anthropogenic impacts at large spatial
and temporal scales, and (iii) establishing links between community or-
ganisation and ecosystem goods and services. Biological traits (e.g. life-
forms and cell-sizes for diatoms, relative abundance of invertebrates
from “plurivoltine” species or species with “aquatic passive dispersal”
or using “ovoviviparity” as reproduction technique) offer the potential
to resolve the effects of multiple stressors (Mondy and Usseglio-
Polatera, 2013), given the diversity and specificity of trait responses
(e.g. Schäfer et al., 2011). However, they have been rarely included in
WFD compliant methods, except feeding habits or guilds based on
food preferences for invertebrates and fish (e.g. Böhmer et al., 2004),
or longevity, age structure and reproductive or migration behaviour
for fish (e.g. Pont et al., 2006). Besides, multi-metric tools facilitate the
diagnosis of the most probable causes of degradation at a given site or
water body, and therefore relevant selection of appropriate restoration
measures (Hering et al., 2010). For instance, if a biological metric sensi-
tive to toxics is impacted on a given water body, it can be assessed with
the knowledge of pressures likely to explain failure of the environmen-
tal targets in mind, and restoration measures selected accordingly.
Multi-metric tools based on biological traits are therefore a promising
research avenue for the ecological evaluation of water bodies in a
multi-pressure context.

3.3.2. Reconnecting chemical and ecological evaluations. There is a discon-
nection between the evaluation of ecological status on the onehand and
chemical status on the other hand. Chemical status does not provide
water managers with a straightforward means to efficiently reduce
the discharges of harmful substances. This is especially true regarding
sediment contamination, for which BQEs such as macroinvertebrates
which are directly in contact with the sediment would be useful. The
reason for this disconnection is that the procedure for chemical status
evaluation is often based on an ERA which cannot be compared with
the observed values of ecological indices calculated on the basis of
data gathered from field surveys. Thus, one drawback in the WFD as it
stands is the difficulty with defining relevant environmental quality
standards for chemical substances that are truly related to the ecological
assessment results. To overcome this, a potential approach could be to
compare the reaction of both biological indicators and biomarkers
with a common set of toxics at different levels, from large-scale statisti-
cal data analyses to in situ comparative studies and mesocosm experi-
ments. This would provide important fundamental and applied
knowledge that could facilitate the diagnosis of water status.

The ecological vulnerability of ecosystems may be viewed as the
combination of potential exposure risk, trait-based sensitivity and re-
covery capacity, and be predicted using auto-ecological information
on internal metabolism, regulation capacity, toxicological sensitivity of
individuals and traits (De Lange et al., 2010). The development of inte-
grated methods enabling the assessment of ecosystem vulnerability
and resilience to toxic substances, and increasing understanding on
ways to reduce vulnerability is challenging, but offers considerable po-
tential for surface water management. Within this context, it is impor-
tant to consider life-history theory issues and associated specific traits
(fecundity, egg size, triglyceride contents, etc.), which determine both
resource allocation and energy pathways in a dynamic evolutionary
context, as these govern individual fitness and, ultimately, demographic
issues (see Stearns, 1992). It would be also important to consider
the concept of Pollution Induced Community Tolerance (the PICT
approach), taking into account the potential replacement of sensitive
species by more tolerant ones (especially in photoautotrophic commu-
nities) following chronic contamination for providing ecologically rele-
vant predictions of toxic effects in the environment (e.g. Blanck, 2002).

3.4. To overcome difficulties in assessing ecological status in
temporary streams

Temporary streams comprise half the global river network and this
proportion is predicted to increase due to global change (Carlisle et al.,
2010). The recurrent cessation of water flow of temporary rivers influ-
ences biotic communities as well as nutrient and organic matter pro-
cessing (Larned et al., 2010). Several studies have focused on the
highly adapted biological communities that live in these streams
(reviewed in Lake, 2011). However, until now they have not been
fully integrated into water regulations because most water managers
apply perennial river management principles when making decisions
related to temporary streams. Based on this, we recommend the follow-
ing issues are given further consideration.

3.4.1. Developing specific bioassessment methods
The definition of six aquatic states (hyperrheic (floods), eurheic

(continuous flow with riffles), oligorheic (connected pools), arheic-
(disconnected pools), hyporheic (no surface water, alluvium saturated)
and edaphic (alluvium not saturated)) by Gallart et al. (2012)
summarised the set of aquatic mesohabitats which occurs on a given
stream reach at a particular moment depending on the hydrological
conditions. In this context, while a myriad of methods are available to
establish the ecological status of permanent streams (Birk et al., 2012),
no methods are defined for ephemeral streams and very few for inter-
mittent streams. In certain cases, the samemethodologies used for per-
manent streams could be of use, notably when the stream has been in a
eurheic or oligorheic state for a sufficiently long period (García-Roger
et al., 2011). For other cases there is an urgent need to develop robust
and specific bioassessment tools, as well as to incorporate expert
knowledge in the diagnosis (European Environment Agency, 2012).
The work conducted within the collaborative EU-funded project Medi-
terranean Intermittent River ManAGEment (MIRAGE) has addressed
most of the difficulties associated with ecological status evaluation in
temporary streams and has used diverse approaches to solve them.
These approaches have been brought together in the so-called
MIRAGE Toolbox (Prat et al., 2014). Other promising approaches
would consider hyporheic communities in the bioassessment tools
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developed for this type of streams (notably phytobenthos and inverte-
brates) as it is well-known that these organismsmay survive in the sub-
stratum even during long dry events, as well as the use of molecular
methods (Biomonitoring 2.0; Baird andHajibabei, 2012). Given the par-
ticularly high natural variability of temporary streams, it is of particular
importance to ensure biological data are adequately collected and reli-
able information about pressures is available before making any devel-
opment, whatever the method being favoured.

3.4.2. Optimizing ecological assessment relevance
The innate variability that characterises temporary streams provides

challenges for the assessment of their ecological status because refer-
ence conditions may vary between seasons, dry and wet periods, and
after hydrological events in the same river type (Munné and Prat,
2011; Prat et al., 2014). Ecological status assessment in temporary
streams requires preliminary analysis of the hydrological regime (per-
manent, intermittent with pools, intermittent dry and ephemeral) as
well as knowledge of the aquatic state of the stream at least three
months before sampling (Gallart et al., 2012). Once this analysis has
been done, the sampling calendar is crucial as temporary streams
should be sampled during the flowing phase but at least one month
after the spring floods. In this case the standard ecological assessment
methods for permanent streams may be used. Under other circum-
stances (e.g. floods or droughts), the aquatic organisms are subjected
to pressures and comparisons with ecological status in permanent
streams are less reliable. It is important therefore to determinewhether
or not the intermittence of a given stream is natural or not, as subse-
quent interpretations and recommendations would differ from one
case to another one. In this context, the hydrological status concept
has been introduced (Cazemier et al., 2011) allowing reconstruction of
the natural hydrological regime of temporary streams and predictions
about changes in the future using rainfall-runoff parameters. Another
key issue is the requirement for improved knowledge of ecological sta-
tus during the arheic (only isolated pools) or dry states and there are
currently methods in development for both cases (Steward et al.,
2011). In this context, the use of functional measures has some promise
but in all three cases we are still far from implementation and more re-
search is needed.

3.4.3. Defining a temporary stream typology for Europe
The presence of temporary streams in the hydrographical network

of drainage basins is a characteristic shared by numerous MS across
Europe, not only in Mediterranean areas. Even if temporary rivers are
very frequent and abundant in Southern Europe (e.g. in SE Spain even
some large catchments N50 km length are intermittent or ephemeral),
there are alsomany temporary streams in non-Mediterraneanormoun-
tain areas across Europe. For instance, it has been shown by Datry et al.
(2011) that the density of temporary streams in the Mediterranean
areas of France (a dry climatic zone) is comparable with Brittany (a cli-
matic zone with high levels of precipitations). Within this context, it
would be very useful to map the temporary streams at the European
scale and to propose a European typology for this type of streams (The
RM5 river type envisaged in the intercalibration exercise is a mixture
of river types and was not intercalibrated for such reason; Feio et al.,
2014). This would greatly facilitate the definition of reference condi-
tions for temporary streams and subsequently ecological status
thresholds.

3.5. To take into account uncertainties in ecological evaluation

The importance to deal with uncertainties was already pointed out
by Hering et al. (2010) in their review of the difficulties met when
implementing WFD. Uncertainties in ecological state assessment may
have many sources. As an illustration, guidance 13 of the Common Im-
plementation Strategy for the WFD listed several potential sources of
variation for a given water body (European Commission, 2005): daily
and seasonal patterns, longer temporal trends e.g. climate warming,
variationwith sampling location, bias from equipment, etc. These differ-
ent types of variation can be clustered into three different categories, i.e.
natural temporal variability, natural spatial variability and human bias.
The following ways to deal with these sources of variability could
be explored.

3.5.1. Improving skills
The best way to limit human bias is to improve skills in applying

both the sampling protocols and evaluation tools. This can be achieved
by standardizing methods, both at the European level (i.e. European
Committee for Standardization) and at national levels (national
standardisation committees), and by producing best practice docu-
ments for several key steps, from selection of sampling sites to protocol
application and taxonomic determination (in laboratories or directly
onto the field depending on the BQE). Once the protocols have been
standardised, training people in the application of field or laboratory
protocols as well as quality assurance procedures are crucial to enhance
confidence in ecological evaluations.

3.5.2. Developing “stable” bioassessment tools
Once protocols have been standardised, people adequately trained

and quality assurance procedures adopted, it is clearly needed that
water managers rely on “stable” bioassessment tools, i.e. tools which
take into account the natural variability of communities and do not as-
sign bad status for wrong reasons. Typically for rivers, a high flow
event can drastically affect communities but be considered as natural
as long as it is fits the natural hydrological cycle observed at the (sub-
)basin scale (i.e. the so-called “Natural flow regime”, Poff et al., 1997).
It should therefore not result in a water body being declassified for
bad reasons (some species might be favoured by high flow events
while other might collapsed). These natural abiotic events (e.g. high
flow events, “hot” years) are likely to have direct and indirect effects,
the latter by creating conditions which modify biotic interactions,
whichmay in turn affect population dynamics and ultimately ecological
quality class. It is therefore important that bioassessment tools integrate
natural variability in their development (e.g. Marzin et al., 2014), so that
water managers can rely confidently on the ecological status evaluation
being performed. In this context, it is also becoming increasingly impor-
tant to consider uncertainties associated with global warming and their
influence in the shift of reference conditions (Logez and Pont, 2013).

3.5.3. Developing “probabilistic” tools
The final output of WFD biological assessment is a ‘quality class’

(from high to bad) for each individual BQE.Within this context, and be-
cause of the different sources of uncertainty in ecological evaluation, it is
now very important to provide water managers with tools providing
probabilities for the different status classes rather than single ‘simplistic’
assignments. For instance, for a water body the outcome of a tool
providing the probabilities (from high to bad) of: 30–50–10–10–0%
would be very different from another water body where the same tool
gives probabilities of: 20–30–20–20–10%. In both cases the water
bodywould be classified in good status, butwhile in thefirst case the di-
agnosis (80% chance of at least good status)will be very reliable, the sec-
ond provides only a 50–50% chance to be either in at least good status or
less than good status. The use of probabilistic tools for one (Marzin et al.,
2014) or, ideally, all BQEs of a given water body (Marzin et al., 2012)
provides a promising approach as it would give much more confidence
to water managers when designing their programmes of measures,
therefore limiting some of the drawbacks associated by the one-out,
all-out principle (Hering et al., 2010).

3.6. To develop models for the spatial extrapolation of ecological status

During the past 10 years, most of theWFD oriented research has fo-
cused on the development of bioassessment tools for the different BQEs



338 Y. Reyjol et al. / Science of the Total Environment 497–498 (2014) 332–344
using data from national monitoring networks. However, a large num-
ber of water bodies are not directly monitored across Europe. Within
this context, it is of crucial importance to develop efficient extrapolation
methods which enable a diagnosis to be made without directly mea-
sured biological and chemical data, for all water body type categories.
The following approaches can be recommended.
3.6.1. Developing models relating biota to pressures at different
spatial scales

There is a clear lack of predictive tools linking pressures to ecological
status at large or regional scales. Recently developed tools offer both sci-
entists and water managers a means to do this. For instance, Donohue
et al. (2006) showed that urbanisation, arable farming and extent of pas-
turelands are the main factors affecting ecological status of streams in
Ireland, and that the probability of a river site achieving good status can
be predicted using simple models requiring widely available landcover
data or chemical data. In Denmark, Kristensen et al. (2012) developed
models capable of predicting the presence of different stream fish based
on land use data at different scales, showing that the presence of assem-
blages can be predicted with high accuracy. In France, Villeneuve (2010)
developedmodels predicting the ecological status of rivers based on bio-
logical indices calculated using macroinvertebrates, phytobenthos and
fish data using variables related to land use, hydromorphological features
and physico-chemical conditions. These examples illustrate the types of
predictivemodels that should be pushed forward as they could be partic-
ularly useful for implementing risk assessment procedures and identify
water bodies likely to fail environmental objectives (Article 4 and
annex II 1.5 of the WFD).
3.6.2. Integrating expert judgment in diagnosis tools
Another approach to assess the ecological status of non-surveyed

water bodies involves using expert judgment in the diagnosis
(European Environment Agency, 2012). Models may provide water
managers with objective predicted data/outputs for a given sampling
site or water body, but these results may be very variable in terms of
usefulness depending on the resolution of data used to build the
model (the “calibration” dataset). For example, some models may pro-
vide insights for nutrient contents or degree of river chenalisation, but
if they were developed using data collected at large spatial scale (i.e. at
catchment scale or even national scale) or with relatively low resolu-
tion, they may be inappropriate for delivering appropriate information
at the local scale where diagnosis needs to bemade. Taking into account
expert judgment could reduce this bias, by directly injecting knowledge
on local context/pressure in the diagnosis parallel to model outputs.
However, this option may lead to a heterogeneous assessment across
MS as practices may differ among water managers, so that specifying
the way expertise applies should be addressed through normative doc-
uments or technical European guidances. Bayesian modelling, which
enables to directly inject expertise in the model outputs, would also
be a promising research avenue (Marzin et al., 2014).
3.6.3. Improving (sub)basin-scale nutrient models
Physico-chemical data are oftenmeasured at themonitoring network

site level. Yet, physico-chemical parameters, aswell as hydromorphology,
must be considered in the WFD as supporting elements governing the
development of the biological communities. In this context, models capa-
ble of simulating physico-chemical variables at the river basin scale (no-
tably nutrients) based on basin-specific hydrological features as well as
land use and population density, are now required (e.g. INCA model;
Whitehead et al., 2002, MONERIS model; Behrendt et al., 2003). This is
a prerequisite for implementation of real basin-integrated approaches
in the MS, greatly facilitating comparisons from one country to another.
Furthermore, these models should be reliably linked to the biological el-
ements of status, to generate efficient programmes of measures.
3.7. To better understand hydromorphological impacts

River hydrology and habitats have been substantially altered during
the last century, while eutrophication, toxic substances and emerging
stressors contribute to the complex set of pressures affecting our rivers.
The benefits ofwastewater treatment have been thoroughly documented
over the last 30 years. In contrast, the response to hydromorphological
restoration was shown to be more complex and less predictable
(Vaughan et al., 2009). Thus, there is a great need to better understand
andpredict the costs and benefits of future river hydromorphological res-
toration projects (Buijse et al., 2005; Lake et al., 2007), as there is a lack of
knowledge in several key areas including: (i) the characterisation of
hydromorphological status focuses on patterns not processes; (ii) data
collected represent small spatial scales, with larger spatial scales or long
term impacts are often neglected; and (iii) the way hydromorphological
change affects BQE and ecological functioning is inadequately under-
stood. The Heavily Modified Water Bodies (HMWB), which represent a
significant proportion ofwater bodies across Europe, are particularly con-
cerned by these issues (European Environment Agency, 2012). For
HMWB, a 'good ecological potential'must be reached in the same way as
good ecological status for natural water bodies, but only few member
states actually do have approaches to achieve it. Based on these concerns,
the following recommendations can be made.

3.7.1. Restoring continuity: sediment transport, water flows and
fish migration

There is a need to understand more thoroughly the processes and
dynamics of sediment transport, hydraulic connectivity and flow re-
gimes within river systems (Gurnell, 2014). The use of demonstration
projects to improve or restore sediment transport would provide the
framework to improve existing knowledge. This should be fully evaluat-
ed and shared amongMS. There is also a need to assess the impacts and
effectiveness of the removal of in-stream structures in terms of fish
migration, especially in large rivers (e.g. for sturgeon, eels and salmon
smolts), which remain poorly studied. While the ecohydraulics of fish
passes for large migratory fish and salmonids are well known, these re-
main unclear for smaller species (Santos et al., 2012). Rivers present a
multitude of small obstacles and the effect of these on the ecohydraulics
ofmigration upstream remains poorly assessed for every kind of species
(salmonids and non-salmonids). Moreover, most migratory species are
strongly threatened at the European scale, and restoring continuity
therefore constitutes an urgent and imperative need to keep these spe-
cies from becoming extinct.

3.7.2. Linking geomorphology, habitats and biology
There is an urgent need to gather scientific evidence illustrating how

geomorphology supports biota, and to improve the understanding of
the links between morphology, habitats and biology. It is important to
examine closely the geomorphological functioning of systems beyond
a simple description of the geomorphological conditions. Many of the
existing tools only give a description of condition rather than an under-
standing of functioning. There is a crucial need to understand the
hydromorphological and biological responses to new modifications of
water environment and future environmental change. Examples of
such recent and upcoming modifications encompass modern interven-
tions for flood protection (e.g. ‘room for the rivers’), land use changes af-
fecting sediment budgets in streams and rivers (e.g. reforestation of
mountain regions resulting from depopulation) and rehabilitationmea-
sures to regain dynamic processes (e.g. dam removal, remeandering
and naturalizing riparian zones). Again, demonstration projects provide
an excellent way to fully understand these links (Verdonschot et al.,
2013).

3.7.3. Terrestrial and aquatic interface and catchment management
There is a need to understand the linkage between the terrestrial

catchment and the aquatic ecosystems, including the impact of different
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land management practices on the water environment, which could
give insights into the restoration of the different parts of a catchment
(e.g. the headwaters, floodplains and riparian corridors). Some water
bodies may depend upon the chemical or ecological, as well as
hydromorphological status of other water bodies situated upstream
(and possibly downstream, e.g. regressive erosion). There is a need to
fully understand the three dimensions of connectivity of river systems
(i.e. upstream–downstream connectivity, floodplain connectivity and
links to groundwater) to better inform WFD assessments and select
mitigation measures.

3.7.4. Rehabilitation in degraded ecosystems
In heavily degraded andmulti-stressed systems, there is a need for a

specific restoration approach, a ‘reasonable’ objective being more an
‘ecological improvement’ rather than a ‘complete restoration’ of the
water body (e.g. in systems exhibiting heavy flow regulation due to sev-
eral dams) (Buijse et al., 2002; 2005). In particular, there is a research
gap in our technical understanding of how to rehabilitate very large riv-
ers, especially heavily incised river systems. This has relevance to the
definition of 'good ecological potential' for HMWB as the different prac-
tices across MS need to be compared and discussed.

3.8. To develop functional assessment tools

Many bioassessment tools based on metrics reflecting community
attributes (taxonomical composition, traits occurrence, etc.) have been
developed under the WFD (Birk et al., 2012). These methods generally
reveal organism stress along gradients of environmental quality and de-
viation from reference conditions. Even if these tools are widely
recognised as useful in a management context, they only partially high-
light specific changes in ecosystem functioning and processes, even if
some promisingmultimetric tools have sometimes been developed tak-
ing into account biological traits related to functions (e.g. reproductive
strategies, feeding, migratory capacities; Dolédec and Statzner, 2008;
Mondy et al., 2012). However, when trying to restore ecosystem integ-
rity, understanding the mechanisms that drive ecosystem functioning
and stability/resilience can certainly help to identify the specific pres-
sures responsible for the observed patterns. Here we suggest different
ways to evaluate and quantify ecosystem functioning.

3.8.1. Focusing on ecological fluxes and trophic networks
One of the most conventional ways to assess ecosystem functioning

is to focus on trophic networks and fluxes of matter and energy through
the system. These fluxes are generally characterised by the levels of pri-
mary and secondary production, the efficiency of matter and energy
transfers from one trophic level to another, and the biomass of the or-
ganisms belonging to the different trophic levels. For instance, the car-
bon flux can be characterised by the Lindeman efficiency α, which is
the ratio of total metabolic energy fluxes at trophic level 1 to those at
level 0 (Lindeman, 1942). The α ratio is generally calculated between
the biomass of adjacent trophic levels. Amore sophisticatedway to pro-
ceed is to analyse global photosynthesis and metabolism of the ecosys-
tem via the evaluation of gross and net primary production, ecosystem
respiration, and CH4 efflux (Yvon-Durocher et al., 2010). These variables
are known to be sensitive to anthropogenic pressures and particularly
to organic pollution and global warming (Young and Collier, 2009;
Yvon-Durocher et al., 2011), showing potential as functional indicators.
During the last 10 years, there has been a growing interest in using sta-
ble isotope analysis to characterise the general structure of trophic net-
works as it may provide insights regarding ecosystem stability and
resilience (Arreguín-Sánchez, 2014). Ecological stoichiometry ap-
proach,which considers how the balance of energy and elements affects
and is affected by organisms in the environment, has also been identi-
fied as a promising research avenue (e.g. grazer–periphyton interac-
tions, consumer-driven nutrient recycling, multi-element nutrient
spiraling in streams; Frost et al., 2005). At last, the rate of leaf litter
decomposition, as it reflects processes acting at a very small spatial
and temporal scales (i.e.microbial activity), may bring very early warn-
ing signals of increasing anthropogenic pressures (Gessner and Chauvet,
2002).
3.8.2. Integrating size as a functional metric
Size is a key biological characteristic in ecology, and is required as

a normative condition in WFD (i.e. for fish-based bioassessment
tools). Many ecological properties are governed by body size or
body mass, from individuals (e.g. fecundity) to populations (e.g.
population growth rate) and communities (e.g. inter-specific com-
petition). Consequently, size structures have been used to evaluate
ecosystem functioning (San Martin, 2005), and may be particularly
useful for situations with low taxonomic richness (e.g. fish in some
Alpine rivers). Evaluation using size may be based on the relation-
ship between size classes and normalised abundances, with the
slope of the linear relationship being considered to account for the
efficiency of biomass transfer across the different trophic levels,
while the intercept is believed to give an idea of the total abundance
of organisms (San Martin, 2005). With increasing productivity, the
determination coefficient usually tends to decrease (indicating that
the system is far from a stable state) as well as the slope, and con-
versely for the intercept. Methods based on allometric relationships
(i.e. changes in organisms in relation to proportional changes in body
size) and size analysis also provide an interesting framework to assess
ecosystem functioning, as they offer opportunities to estimate the eco-
logical impacts of various anthropogenic drivers (Basset et al., 2012).
The conjunction of allometric approaches and size structure analyses of-
fers a potentialway to develop functional bioassessment tools related to
ecosystem resilience and stability.
3.8.3. Going deeper into thermodynamic concepts
Another way to assess ecosystem functioning which has been given

some consideration recently is the use of thermodynamic concepts. Eco-
systems can be considered as open and dissipative systems as defined
by Prigogine (1969). As a consequence, there is a conceptual framework
where thermodynamics and ecology are linked. Most of the research
has focused on entropy (Margalef, 1996) and more recently on exergy
(Jørgensen, 1992). For instance, it has been shown that the eco-exergy
tends to decrease with increasing chemical pollution (Xu et al., 1999,
2011). However, if approaches based on thermodynamic principles
are attractive, they suffer from a complicated theoretical background
and from the difficulty to associate a decrease in eco-exergy to a specific
pollution or disturbance. Nevertheless, it is important to develop these
research approaches as physical and biological systems are intrinsically
connected and thermodynamic concepts can be related to restoration
efforts and programmes of measures.
3.9. To clarify the links between global change and ecosystem functioning

Unprecedented global changes resulting from societal use of natural
resources will profoundly impact on aquatic ecosystems over the next
century with major consequences for ecosystem structure and function
(Sala et al., 2000). Climate change, water resource requirements, land
use change, connectivity losses, alterations in global circulation of nitro-
gen and carbon, breaching of biogeographical barriers and biotic ex-
changes will result in major stress affecting biodiversity (including
freshwater, estuarine and marine components) and ecological status
at a global scale, despite policy-driven efforts to minimise these. These
changes are likely to affect the implementation of the WFD quality as-
sessments (Wilby et al., 2006; Hering et al., 2010) and themaintenance
of good status. To tackle this issue, the following key research areas
should be investigated in the near future.
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3.9.1. Clarifying the nature and combination of effects from global
stressors interactions

The nature of interactions between global stressors is still mostly
speculative (Kernan et al., 2010). Some global changes may even be
beneficial and compensatory, while in other cases primary global
changes will trigger secondary stresses, as human society adapts. A
major response to the predicted changes in seasonal variability and de-
creases in precipitation in Southern Europe will be water storage in
existing and newly built reservoirs with subsequent alteration of flow
regimes. The success of biotic introductions will vary according to envi-
ronmental conditions and will be related to the degree of human activ-
ity but also to secondary pressures resulting from global change
(Jeppesen et al., 2011). Global changes may trigger a series of stressor
feedbacks and additive, synergistic or antagonistic interactions propa-
gating across ecosystem compartments. Increased understanding of
such dynamic stressor networks is required in order to increase our pre-
dictive capabilities at a global scale (Feld et al., 2011).

3.9.2. Identifying best available conditions and developing indicators for
global pressures

WFD Planning depends on the use of reliable indicators of quality,
measured against reference conditions (Hughes, 1995) and likely to
evolve following global changes. Thus, the decoupling of effects due to
natural temporal variability (e.g. demographic issues related to high
flow events or “hot” years) from those resulting for anthropogenic
changes on a longer time period (e.g. inter-annual trend due to climate
warming) requires urgent attention (Nestler et al., 2010).We should be
able to predict the ways and degree by which reference communities
are affected by global stressors, how these alterations affect the ecolog-
ical assessment of status, and how robust our assessment systems are.
Long-time series of biological change in near-natural ecosystems used
with modelling forecasts are invaluable tools to understand how global
changes interact with natural variability. Developments with palaeo-
limnological methodsmean this approach can now be used to assess al-
ternative recovery targets, notably for lakes (Bennion et al., 2011).

3.9.3. Decoupling global non-biological and biological disturbances
Anthropogenic introduction is themain cause of non-nativefish spe-

cies invasions (Leprieur et al., 2008). Worldwide, barrier removal has
resulted in a general homogenisation of freshwater faunas (Rahel,
2007). We need to understand cause–effect relationships between
alien invasive species and global changes, potential conflicts (for exam-
ple, barrier breaching as opposed to damming) and interactions with
local scale disturbances (Strayer, 2010). In many European bioassess-
ment methods, non-natives are usually included in community metrics
and not considered as aliens likely to degrade ecological status (Birk
et al., 2012), despite Kennard et al. (2005) demonstrated they can be
seen as a reliable ‘first cut’ indicator of river health. We need to under-
stand when biotic exchanges are a primary symptom of global change,
or rather resulting from ecosystem cascading effects. Finally, we need
to allow for the potential for species migration as a result of climate
change, by encouraging habitat protection and connectivity and to un-
derstand and accommodate the difference between benign migration
and real invasions.

3.9.4. Incorporating global change uncertainties into restoration planning
Someglobal changemechanisms remain difficult to forecast, notably

variations in precipitation, runoff and phreatic levels (Johnson and
Weaver, 2009). The impacts will depend on interactions among drivers,
and there is a need to quantify the uncertainties inherent to global
change (Adger, 2006). Ecological assessments result in uncertainties re-
lated to the assessment method, sampling strategy, and seasonal vari-
ability (Johnson et al., 2006). Nonetheless, uncertainty will determine
the comparability band for the intercalibration of quality assessments
(Bennett et al., 2011). Therefore, we need to disentangle uncertainties
resulting from current monitoring approaches and those related to
global change (Lempert et al., 2004), and to investigate the usefulness
of top-down prediction-based assessments for local decision-making
(i.e. large-scale and remotely obtained indicators and patterns, enabling
us to be less dependent from local monitoring data which usually incor-
porate a large ecological noise resulting from sampling and local biolog-
ical variability).

3.10. To reinforce the knowledge on relationships between good ecological
status, biodiversity and ecosystem's services

The concept of ecosystem services (ES) is widely recognised as hav-
ing great potential for examining the interaction between ecosystems
and human well-being (National Research Council, 2005; Cardinale
et al., 2012). Following the Millennium Ecosystem Assessment (MA,
2005) and The Economics of Ecosystems and Biodiversity (TEEB,
2010) report, the ES concept has been taken upmorewidely in environ-
mental planning and in national and international policy obligations (i.e.
the MAES initiative, Maes et al., 2012).

The European Biodiversity Strategy to 2020 is clearly a key driver for
using the ES approach but other key policy areas such as WFD also pro-
vides opportunities. The Blueprint to Safeguard Europe's Water Re-
sources (European Commission, 2012a) describes actions to improve
the implementation of Europe's water policies, including the need for
cross-cutting problem solving. In this context, the integration of an eco-
system services approach (ESA) inWFD implementation is envisaged to
improve the effectiveness of its implementation, as the ESA could help
frame the WFD objective of “good status” under a broader social and
economic context. Additionally, there are strong links between the con-
cept of ES and several aspects of theWFD, namely the economic analysis,
exemptions, concept of water services, pricing and cost-effectiveness of
the programmes of measures.

Based on this, the following recommendations can be made.

3.10.1. Enhancing understanding of ecological processes
Biodiversity is considered a key component of ecosystem structure

which is essential to maintaining basic ecosystem processes and
supporting ecosystem functions. There is a need to develop further re-
search in particular on the links between good ecological status, biodi-
versity and ecosystem functioning, from both preservation and
restoration perspectives. Within this context, developing functional in-
dicators based on fluxes of matters and energy, trophic networks and
taking into account biological metrics related to size and other life-
history traits are promising paths (see issue 8 related to functional as-
sessment tools). It is increasingly obvious that functional ecology is be-
coming a fundamental step between the analysis and understanding of
biodiversity patterns and ESAs, as it is believed to allow more straight-
forward inferences on ecosystems' resilience and stability compared
to classical taxonomical approaches. Research is also needed to provide
knowledge on the impact of multiple drivers on the functional capacity
of aquatic systems (such as biodiversity and tipping points) and on the
impacts on quality and provision of different ES.

3.10.2. Raising water managers awareness
The concept of ES is still relatively new particularly amongst water

policymakers and managers. Simple and concrete guidelines for opera-
tional use by water managers are needed to facilitate the application of
ESA. In the context of the Biodiversity Strategy 2020 implementation,
the MAES (Mapping and Assessment of Ecosystem Services) working
group developed an analytical framework for ecosystem assessments
(Maes et al., 2013). This work sets out a conceptual framework formap-
ping and assessment of ES by linking biodiversity to human well-being.
The framework builds on the important and commonly accepted con-
clusions of the Millenium Ecosystem Assessment (2005) and the TEEB
(2010) but refocuses the debate on biodiversity as pivotal to delivery
of ecosystem services and benefits. The MAES conceptual framework
links ecosystems to socio-economic systems via the flow of ES, and
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through the drivers of change that affect ecosystems either as conse-
quence of using the services or as indirect impacts due to human activ-
ities. In this context, it must be kept in mind that scale issues are
important components when performing an ESA, as any ecosystem as-
sessment should be bounded by spatio-temporal scales that are appro-
priate to the objectives of local policy makers and natural resource
managers. Different types of ecosystem services are valued differently
as the spatial and/or temporal scale of the analysis varies, and the spatial
fit between the geographical extent of the water resource and the terri-
torial scope of its management institutions is frequently mismatched
(Moss, 2012).

4. Synthesis and recommendations

The outcomes of this SPI activity are timely in that they can feed into
the revision of theWFD (which is likely to occur in 2019) and highlight
themain issues which need to be addressed during futuremanagement
cycles (Fig. 1). Some urgent concerns were already identified, in partic-
ular the need to evaluate uncertainties and to better quantify the good
ecological potential of HMWB (Hering et al., 2010). In this context, the
European Commission working group ECOSTAT has recently launched
an activity focused on the evaluation of good ecological potential, the
objective of which is to compare and harmonise the various approaches
to the evaluation of HMWB which currently co-exist at the European
scale. ECOSTAT also plans to prioritise uncertainty in classification, as
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downstream of hydrographical basins or because they constitute closed
or semi-closed environmental systems in the case of lakes) and are af-
fected by intense hydromorphological alterations (bank alteration by
channelisation and/or urbanisation, impoundments, etc.). In this con-
text, specific assessment tools are needed to disentangle the effects of
the different pressures acting, and to help water managers prioritizing
programmes of measures. This constitutes a major scientific challenge
as the effects of these pressures are often difficult to differentiate,
and although classical statistical methodologies such as variation
partitioning may be useful (Marzin et al., 2012), innovative statistical
and experimental approaches may be pushed forward (e.g. Mondy
and Usseglio-Polatera, 2013). Developing 'hybrid' Bayesian tools com-
bining classical statistical modelling and expert judgment based on
water managers' knowledge offers a useful approach to this aim. Future
integrative tools will also have to be developed as part of an integrated
management framework and take into account the fluxes of nutrients
(N, P) at the hydrographical basin scale, rather than observed concen-
trations at an individual site at a given time, increasing the value of
the tools for water managers. The outputs of the ongoing MARS
European research project (Managing Aquatic ecosystems and water
Resources under multiple Stress; http://www.mars-project.eu) are ex-
pected to be useful for these purposes (Hering et al., 2014).

During the last 10 years and parallel with WFD implementation,
‘ecosystem functioning’ has become a priority research avenue (e.g.
Naeem et al., 2009). In this context, the development of trait-based
multi-metric tools constitutes a promising research area. These tools
consider the functional attributes of the flora/fauna, and are specifically
designed to assess multi-pressure conditions (Dolédec and Statzner,
2008;Mondy et al., 2012). Theywill allow ecological status to be related
more easily to ecosystem functioning and not only to biological commu-
nity structures which has often been the case to date, despite the WFD
explicitly mentioning both terms (see page 6, definition 21 of the direc-
tive: “Ecological status is an expression of the quality of the structure and
functioning of aquatic ecosystems associated with surface waters”). Inte-
grating size as a functional metric in future bioassessment tools may
be a useful first step in this way (SanMartin, 2005), especially as it is al-
ready required by theWFD for fish, but seldom put into practice. In par-
allel with trait-based approaches, it is now increasingly recognised that
ecosystem functioning, stability and resilience in the face of external
pressures can notably be assessed through the study of trophic net-
works (Arreguín-Sánchez, 2014). Thismay give birth to a second gener-
ation of bioassessment tools likely to provide information about
ecosystem functioning as a whole (and not BQE by BQE), with a more
integrated perspective, complementing classical taxonomical tools cur-
rently used and already intercalibrated. It may be difficult to prescribe
these kinds of second generation tools on a regulatory basis in the forth-
coming revision of the directive, but MS should be encouraged to use
them. Functional indicators such as leaf litter decomposition rate
(Gessner and Chauvet, 2002) may also been pushed forward as they
may help detecting early signals of anthropogenic degradation, or, con-
versely, restoration following measures.

Most bioassessment tools developed to date by MS enable water
managers to focus on general degradation or organic pollution (e.g.
tools based onmacroinvertebrates in streams and rivers) or nutrient is-
sues (e.g. tools based on phytoplankton in lakes). Regardless of the
water body category under study, more emphasis on the study of the
impacts of hydromorphological alterations (bank degradation, density
of riparian areas, alteration of natural continuity both in its lateral and
longitudinal dimensions, etc.) is urgently needed. In particular, special
attention should be paid by all MS to the alteration of longitudinal con-
tinuity by the succession of weirs and dams along river courses, as it is
acknowledged that these have significant impacts on natural hydrolog-
ical and thermal regimes, cause deficit of coarse sediments in down-
stream areas, and participate to the decline of migratory species
already at great risk of extinction at the European scale. An important
limit of theWFD as it stands is that a river water bodymay be classified
in good ecological status even if the populations of migratory species
historically present in the water body have been drastically impacted.
The lateral connectivity of fluvial systems, which are usually multi-
impacted and whose ecological functioning is known to be complex
(Buijse et al., 2005) should also be taken into account in future, particu-
larly as the intercalibration exercise for very large rivers currently being
carried focuses only on main channel. Contamination by toxic sub-
stances is another pressure category which now urgently needs to be
addressed as it is now acknowledged that all aquatic systems are con-
taminated to some degree at the continental scale (Malaj et al., 2014).
The development of related tools will clearly necessitate greater collab-
orative work as this constitutes the boundary between ecological and
chemical status evaluation in the sense of WFD, and ecologists and
ecotoxicologists remain unintegrated (Artigas et al., 2012). The require-
ment to collect robust data regarding sediment contamination by toxic
substances, for all water body categories, is a crucial element to support
this aim. This is a major challenge as these substances are often present
at very low concentrations, but are likely to interact in an additive way.
In this context, the SOLUTIONS project (http://www.solutions-project.
eu/) aims to deliver a conceptual framework to support the evidence-
based development of environmental policies with regard to water
quality, and will develop the tools for the identification, prioritisation
and assessment of those water contaminants that may pose a risk to
ecosystems and human health (Brack et al., 2014).

Of equal importance in termsof river basinmanagement is the adop-
tion of the Ecosystem Services Approach (ESA). This provides a unique
opportunity to bring together scientists working across different disci-
plines together (e.g. ecologists and economists), and provides a very
practical and useful common language that can be used independently
by politicians, scientists, water managers and citizens, in a sustainable
development perspective. In this context, the new research framework
for Europe (Horizon 2020—The Framework Programme for Research
and Innovation) clearly places emphasis on the necessity to protect bio-
diversity and ecosystem services, from a global change perspective
(European Commission, 2012b). To date, ESA is not clearly used by
water managers when designing their programmes of measures, even
if some examples do exist (seeWallis et al., 2012 for details). This is es-
pecially relevant for wetlands, which are only marginally taken into ac-
count in theWFDdespite theirmajor importance in purifyingwater and
for biodiversity conservation. More generally, it is important that water
managers become able to identify all the main ecosystem services pro-
vided by aquatic environments at the basin, sub-basin and water body
scales, as this will encourage and facilitate dialogue and compromises
among end-users and allow a more integrated management of re-
sources, with both ecological and economical perspectives (Wallis
et al., 2012). This offers the opportunity to overcome one of the key bar-
riers to implementation of the WFD and thus also merits special atten-
tion in the upcoming revision of the directive.
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