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• Large number of aquatic biological as-
sessment methods (423) used in EU
member states

• Not allmajor pressures are addressed by
biological assessment systems.

• Eutrophication is best-covered (370
methods) with pressure-response well
documented.

• Lack of assessment systems addressing
hydromorphological alterations and
toxic contamination

• The capacity of assessment systems to
diagnose the cause of degradation is
limited.
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The European Union has embarked on a policy which aims to achieve good ecological status in all surface waters
(i.e. rivers, lakes, transitional and coastal waters). In theory, ecological status assessmentmethods should address
the effects of all relevant human pressures. In this study, we analyze the degree to which methods European
countries use to assess ecological status tackle various pressures affecting European waters.
Nutrient pollution is by far the best-covered pressure for all four water categories. Out of total of 423 assessment
methods, 370 assess eutrophication and pressure-specific relationships have beendemonstrated for 212 of these.
“General degradation” is addressed by 238 methods, mostly validated by relationships to combined pressure
indices.
Othermajor pressures have received significantly less effort: hydromorphological degradation is assessed by 160
methods and pressure-specific relationships have been demonstrated for just 40 of these. Hydromorphological
pressures are addressed (at least by one BQE) only by 25% countries for coastal waters and 70–80% for lakes
and transitional waters. Specific diagnostic tools (i.e. single-pressure relationships) for hydromorphology have
only been developed by a few countries: only 20% countries have suchmethods for lakes, coastal and transitional
waters and less than half for rivers. Toxic contamination is addressed by 90methods; however, pressure-specific
relationships have been demonstrated for just eight of these. Only two countries have demonstrated pressure-
specific acidification methods for rivers, and three for lakes.
water framework directive.
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In summary,methods currently in usemostly address eutrophication and/or general degradation, but there is not
much evidence that they reliably pick up the effects of other significant pressures such as hydromorphology or
toxic contamination. Therefore, we recommend that countries re-examine: (1) those pressures which affect dif-
ferent water categories in the country; (2) relevant assessment methods to tackle those pressures; (3) whether
pressure-response relationships have been developed for each of these.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In Europe, the United States, Australia and China, assessment of eco-
logical status (= ecological integrity, ecosystem health) has become a
benchmark for both scientific and management purposes (Borja et al.,
2008; Karr and Chu, 2000; Xu et al., 2014). In many studies, ecological
assessment outcomes are considered as a basis for objective compari-
sons among countries and over time (EEA [European Environment
Agency], 2018; Grizzetti et al., 2017). However, the reality is more nu-
anced, as ecological status depends on how assessmentmethods are de-
signed and used (Langhans et al., 2014; Probst and Lynam, 2016). The
essential steps include field sampling and processing, calculation of bio-
logical metrics, their combination into final assessment and classifica-
tion: all these can be done in countless different ways (Birk et al.,
2012). Moreover, ecological assessment can be built as “pressure-spe-
cific” (targeting a single human pressure) or “multi-pressure” (address-
ing a range of pressures) (Hering et al., 2006).

For instance, pressure-specific methods have been developed in
Europe for acidification (lakes: McFarland et al., 2010; rivers: Juggins
et al., 2016), hydromorphological degradation (lakes: Urbanič, 2014;
rivers: Lorenz et al., 2004), eutrophication (lakes: Carvalho et al.,
2013; rivers: Kelly et al., 2008; coastal waters: Vollenweider et al.,
1998), organic pollution (rivers: Brabec et al., 2004; coastal waters:
Word, 1980) and toxic pollution (rivers: Archaimbault et al., 2010).

However, most of the assessment methods address multiple pres-
sures (e.g., lakes: Poikane et al., 2017; rivers: Mondy et al., 2012; coastal
and transitional: Borja et al., 2015, 2019). In some cases, the meaning of
“a range of pressures” has been disentangled, e.g. for lakes: eutrophica-
tion and hydromorphological alterations (several benthic invertebrate
assessment methods; Poikane et al., 2016); for rivers: nutrients, organic
and toxic pollution and habitat degradation (French benthic invertebrate
assessment method; Mondy et al., 2012); for transitional waters: nutri-
ents, organic matter, hazardous substances and fishing pressure (Polish
fish-based assessment system; Smoliński and Całkiewicz, 2015); for
coastal waters: nutrients, organic matter, hydromorphological alter-
ations and hazardous substances (POMI index for Posidonia oceanica
seagrass; Romero et al., 2007). However, many methods address “gen-
eral degradation” and it is not always clear which pressures are included
and which management measures are needed to improve the ecological
status (Carvalho et al., 2019; Lemm et al., 2019).

In Europe, the main legislation to achieve good ecological status in
surface waters through management of human-derived pressures is
the Water Framework Directive (WFD; European Commission, 2000).
To fulfil the requirements of this, EU member states have to develop bi-
ological assessment methods using a range of Biological Quality Ele-
ments (BQEs) (i.e. phytoplankton, benthic flora, benthic invertebrates,
and fish fauna) and regulatory thresholds have to be compared and har-
monized among countries (Poikane et al., 2014). Surface waters are af-
fected by multiple pressures, which can interact in additive, synergistic
or antagonisticways (Schinegger et al., 2012). Their impactmight be ex-
acerbated (or in some cases mitigated) by climate change (Paerl et al.,
2019). In addition, new pressures are emerging (e.g. microplastic pollu-
tion, pharmaceuticals, light and noise, freshwater salinization; Reid
et al., 2019). Therefore, general assessment methods have a crucial
role in informing and guiding water policy practices. However, more
frequently, these do not discriminate between different types of pres-
sure, so diagnostic tools are needed to identify the cause(s) of ecological
status degradation and to guide the choice of relevant management
measures (Baattrup-Pedersen et al., 2019). Such tools should be
pressure-specific, with demonstrated pressure-response relationships
(e.g., eutrophication: Carvalho et al., 2013; Poikane et al., 2019; acidifi-
cation: McFarland et al., 2010; hydromorphological alteration:
Urbanič, 2014). In some cases, pressure-specific modules or metrics
have been developed within multi-pressure methods (Baattrup-
Pedersen et al., 2019; Böhmer et al., 2004), forming a system capable
of distinguishing between different impacts on the ecological status;
however, such examples are rare.

Pressure-response relationships link ecological status to pressures,
which allows management targets to be set and restoration measures
to be devised (Hering et al., 2006; Karr and Chu, 2000). Historically,
these relationships have been studied under the DPSIR (Drivers-
Pressures-State-Impacts-Responses) framework (Patrício et al., 2016).
In recent times, this framework has been extended by adding human
Activities, Welfare (as a proxy of the benefits from ecosystem services)
andMeasures, to complete the DAPSI(W)R(M) framework (Elliott et al.,
2017). Based on this extended framework, the concept followed in this
study integrates theWFDperspective to show the links between drivers
and activities that can result in pressures to the environment (Fig. 1).
The pressures can change the state of the aquatic environment (both
in abiotic and biotic elements of the WFD), resulting in impacts of
those elements, which must be assessed using different methods (Birk
et al., 2012). The WFD requires the need to link the pressures and im-
pacts when assessing the ecological status to allow for devising an ade-
quate management response. This response is built on harmonized
targets of good ecological status (intercalibrated and published by EC,
2018) and formalized in national programs of measures that each EU
member state must develop to reduce/remove pressures and achieve
good ecological status (Fig. 1).

Developing pressure-response relationships is, for many reasons,
not an easy task and has been tackled in many different ways, as sum-
marized in in the following:

• In many cases, pressure-specific relationships have been validated
against relevant pressure indicators, for instance, nutrients for eutro-
phication (Lyche Solheim et al., 2013), organic matter content in the
sediment for organic enrichment (Subida et al., 2012), pH for acidifi-
cation (Poikane et al., 2016) and specific metrics/indices for
hydromorphological pressures (Lorenz et al., 2004).

• For multi-pressure methods, the relationship to pressures has been
demonstrated mainly with combined pressure indices (Harrison and
Kelly, 2013; Poikane et al., 2016, 2017), multiple regressions or
more complex statistical procedures (Breine et al., 2015; Mondy
et al., 2012).

• In many other cases, relationships have been validated only against
catchment land use (Kuhar et al., 2011; Pinedo et al., 2015), or have
not been validated at all (e.g., Padisak et al., 2006).

The absence of a link between assessment and management is con-
sidered as a major flaw of the WFD implementation process, hindering
achievement of good ecological status (Carvalho et al., 2019). In addi-
tion, concerns have been raised that not all pressures are addressed ad-
equately by the assessment methods currently in use (Carvalho et al.,
2019; Lyche Solheim et al., 2013; Reyjol et al., 2014). So far, the primary
focus has been on developing assessment methods for all BQEs

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. Conceptual scheme of the links between drivers, activities and pressures to ecosystem structure, functioning, and the related impacts assessment, under the Water Framework
Directive (based on Solimini et al., 2009; Elliott et al., 2017; Anzaldua et al., 2018; EEA [European Environment Agency], 2018).
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prescribed in theWFD. However, it is equally important that all relevant
major pressures can be diagnosed in order to guide the choice of man-
agementmeasures. Developingmethods for all BQEs does not necessar-
ilymean that all relevantmajor pressures are addressed. For example, in
lakes not only phytoplankton, macrophytes and phytobenthos (Kelly
et al., 2016), but also benthic invertebrates and fish (Lyche Solheim
et al., 2013; Poikane et al., 2016) are used to assess eutrophication,
whilst acidification and hydromorphological pressures in lakes are
largely ignored (Poikane et al., 2020). The lack of specific assessment
methods might not be important for pressures having similar and
closely related effects (e.g. nutrient and organic pollution); however, it
is possible that pressures such as acidification and toxic pollution
might be missed by methods designed to assess eutrophication.

Here, we argue that (1) all major pressures present in a particular
country should be addressed by assessmentmethods and (2) diagnostic
tools (e.g. single-pressure relationships) should be developed for at
least one BQE for each of these pressures to provide an informed choice
of management measure(s). Despite the importance of these issues, no
overview or analysis has been conducted to date, which pressures are
addressed or missing by biological assessment methods in Europe and



1 27 EU member states with the addition of Norway (which implements the WFD ac-
cording to the European Economic Area agreement) and the United Kingdom (which left
the EU during the course of this study)

Table 1
Categorization of pressure-impact relationships.

Category Pressure-impact relationship Interpretation

A Relationship to single pressure Pressure-specific relationship Evidence provided
B Relationship to pressure index (two or more pressures) Multi-pressure relationship
C Relationship to intercalibration common metric (responding to two and more pressures)
D Not sufficiently demonstrated

R b 0.3
Not demonstrated No evidence provided
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whether pressure-specific relationships are available for management
planning.

In this study, we first investigated which pressures are assessed by
ecological assessment methods currently in use in EU member states,
and then explored whether or not pressure-response relationships
have been demonstrated. Further, we assess the extent to which
existing pressures might remain undetected/undiagnosed by biological
assessment methods and provide recommendations for future
developments.

2. Material and methods

2.1. Data

The data used for this exercise were collated within the official
reporting procedure of the WFD intercalibration exercise (Poikane
et al., 2014). For each national assessment method, the following infor-
mation has been reported: (1) detailed description ofmethod, including
sampling, data processing, metrics and boundary setting procedure;
(2) pressures addressed; (3) pressure-response relationships, including
the strength of the relationships (correlation coefficients or coefficients
of determination, alongwith statistical significance p); and (4) scientific
and technical literature supporting the method. The information has
been collated in a database, including all methods reported in EC,
(2018) along with a few intercalibrated subsequently (until April
2019). Data gaps have been filled by consulting scientific and technical
references supporting assessment methods. All methods are listed in
Supplementary Data Tables S1-S4.

2.2. Pressure categories

The main pressures reported to be assessed by countries include:
(1) eutrophication; (2) organic pollution; (3) acidification;
(4) hydromorphological alteration; (5) toxic pollution; (6) aquatic inva-
sive species; and (7) “general degradation”. Many different types of
hydromorphological alteration have been reported, including connec-
tivity loss, habitat destruction, water level fluctuations, riparian habitat
alterations, impoundments and hydropeaking; all these alterations
have been included in the “hydromorphology” group for the sake of
simplicity. Similarly, different types of toxic contaminants (e.g., heavy
metals, organochlorine pesticides) have been combined in a single
“toxic pollution” category. Finally, the pressure reported as “land use
changes” (which is actually a driver according to the DPSIR) has been
merged with “general degradation”.

2.3. Categories of pressure-impact relationships

Information on pressure-impact relationships was categorized as
follows (Table 1):

(A) Relationship to single pressure (regression against a proxy for
pressure; e.g. phosphorus or nitrogen concentration for eutro-
phication; biochemical oxygen demand (BOD) and sediment or-
ganic content for organic pollution; pH for acidification; a
morphological index for hydromorphological alterations, etc.).

(B) Relationship to abiotic multi-pressure index combining two or
more pressures – such indices have been widely used for assess-
ment methods in rivers (Logez and Pont, 2011), lakes (Poikane
et al., 2017), coastal (Korpinen et al., 2012), and transitional wa-
ters (Lepage et al., 2016).

(C) Relationship to biological common metrics used for intercalibra-
tion (Intercalibration Common Metric; ICM) responding to two
or more pressures. Such indices were especially widely used for
lakes and rivers: lake benthic invertebrates (Poikane et al.,
2016), river benthic invertebrates (Erba et al., 2009), river fish
(Segurado et al., 2014), river and lake phytobenthos (Kelly
et al., 2014).

(D) Relationship not sufficiently demonstrated (no regression or
only weak regressions, i.e. R b 0.3; Cohen, 2013).

The level of proof is, therefore, a country'sc own demonstration of a
significant statistical association with one or more pressures. Readers
should be aware that the absence of evidence for relationships with
other variables may reflect study design (i.e. omission of potential
stressors from a dataset) rather than conclusive evidence of the absence
of an effect.For interpretation,methodswere grouped into three catego-
ries: pressure-specific relationships (Category A), multi-pressure rela-
tionships (Categories B and C) and not demonstrated (Category D).

Data on the strength of reported pressure-response relationships
was collated (expressed as coefficients of determination (r2); correla-
tion coefficients were converted into r2). Only significant (p b .05) rela-
tionships with r2 N 0.1 were included in the analysis. Statistical analyses
of reported threshold values were performed using R 3.5.3 (R Core
Team, 2019). The significance of different criteria setting methods was
tested by Kruskal-Wallis Rank Sum Test and post-hoc Dunn's Test
(Dinno, 2015). Effects were considered statistically significant at p b .05.

3. Results

3.1. Overview of biological assessment methods and pressures assessed

In total, 423 methods from 29 countries1 were included in this anal-
ysis: 141 for rivers, 107 for lakes, 109 for coastal waters and 66 for tran-
sitional waters. Methods for benthic flora were most numerous (n =
173methods), owing to the fact that countries have developed separate
methods for macrophytes and phytobenthos (inland waters, n = 96)
and angiosperms and macroalgae (coastal and transitional waters,
n = 77). The next most common BQE was benthic invertebrates (n =
113), followed by phytoplankton (n=78) and fish (n=59), as phyto-
plankton is not used for river assessment (except very large rivers) and
fish are not used for coastal waters.

Most of themethods address eutrophication (n=370) and “general
degradation” (n=244), pressures less addressed are hydromorphology
(n = 160), organic pollution (n = 157), toxic pollution (n = 95) and
acidification (n= 34) (Fig. 2). Few methods address only one pressure
for rivers (n= 9), usually eutrophication or acidification, while most of
themethods address two or more pressures (n=132 for rivers). How-
ever, for other water categories the number of pressure-specific



a) b)

c)

Fig. 2. Overview of aquatic assessment methods for the Water Framework Directive (WFD); a) water categories; b) biological quality elements (BQE); c) pressures assessed and
relationships demonstrated. EUTRO: eutrophication; HYMO: hydromorphology; ORG POLL: organic pollution; TOX: toxicity; ACID: acidification; GEN DEGR: general degradation.
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methods is higher (n=42 for lakes, n=44 for coastal watersal, n=23
for transitional waters) and forms a significant part (35–40%) of all
methods.

Pressure-response relationships are demonstrated in around 80%
of cases (although only 29% have pressure-specific relationships);
eutrophication is most commonly addressed by pressure-specific re-
lationships (57%), followed by organic pollution (27%) and
hydromorphology (26%).

3.2. Pressure-response relationships demonstrated by water category

The situation varies considerably between the differentwater catego-
ries. Fig. 3 shows the number of assessment methods addressing the
main pressures for the different water categories, shown as the number
ofmethodswith pressure-specific/multi-pressure/no relationships dem-
onstrated. For lakes, most methods address eutrophication (n = 99),
with significantly fewer methods addressing hydromorphological alter-
ation (n = 39) and “general degradation” (n = 46). Response to eutro-
phication is demonstrated for 96% of methods, including 77% with
pressure-specific relationships; however, for several benthic inverte-
brates and fish methods and a few phytoplankton methods only multi-
pressure relationships using combined indices were demonstrated. Re-
sponse to hydromorphological alterations is demonstrated for 62%
methods, including 49% with multi-pressure relationships but only five
methods (13%) with pressure-specific relationships. Response to acidifi-
cation is demonstrated in 55% methods, always with pressure-specific
relationships.

For rivers, the three main pressures addressed are eutrophication
(n=114methods), organic pollution (n=101) and “general degrada-
tion” (n = 94), with fewer methods targeting hydromorphology (n =
74) and acidification (n=25). Pressure–specific relationships are dem-
onstrated for eutrophication (n = 62), while most other methods are
demonstrated with multi-pressure indices.

For coastal waters, most of the methods address eutrophication
(n = 101), “general degradation” (n = 59) and toxic pollution
(n = 44); pressures less often addressed are organic pollution
(n = 28), hydromorphology (n = 15) and invasive species (n =
4). Relationships with pressures are demonstrated for around 85%
of the methods, with eutrophication (49%, mostly phytoplankton
methods) and hydromorphology (12%, mostly angiosperms)
being the pressures with the most pressure-specific relationships
demonstrated.

In the case of transitional waters, all pressures are mostly addressed
by all methods, generally via multi-pressure indices. Eutrophication
(49%) and hydromorphology (35%) are the pressures most often dem-
onstrated with pressure-specific relationships.

In conclusion, eutrophication is well covered and well demon-
strated, while other pressures are less well or not covered and
demonstrated mainly with multi-pressure relationships (except
acidification where all methods are demonstrated with pressure-
specific relationships).

3.3. Strength of pressure-response relationships

The explained variance (r2) spanned a wide range (b0.10–0.96),
which is not surprising given the range in pressures, BQEs and datasets.
The mean coefficient of determination was 0.45, and the median was
0.47. More than a half of r2 wewere in the range 0.20–0.50 (Fig. 4a).
STtrength of pressure-response relationships differed significantly be-
tween water categories (Fig. 4b), pressures (Fig. 4c) and BQEs
(Fig. 4d). Stronger relationships were reported for coastal and transi-
tional waters (median r2 = 0.58 and r2 = 0.60, respectively) than for
lakes (median r2 = 0.42) and rivers (median r2 = 0.33). The strongest
relationshipswere recordedwith acidification (median r2=0.62) how-
ever the number of methods is low (n = 6). The relationships with
multi-pressure indices (median r2 = 0.54) were stronger than with
the single pressures of eutrophication and organic pollution (median
r2 =0.39 and 0.35, respectively). The strongest pressure-response rela-
tionships were demonstrated usingmacroalgae and angiosperms (r2 =
0.59) and phytoplankton (r2 = 0.50), and the weakest pressure-
response relationships were demonstrated using macrophytes and
phytobenthos (r2 = 0.35).



Fig. 4.Range of determination coefficients (r2) from pressure-response relationships (a) all water categories, pressures, BQEs combined; (b) per water category; (c) per pressure assessed,
(c) per BQE. Different letters indicate groups that are statistically different (p ≤ .05).

a) lakes b) rivers

c) coastal waters d) transitional waters

Fig. 3. Number of national assessment methods for lakes, rivers, coastal and transitional waters addressing different pressures, with pressure-specific / multi-pressure / no relationships
demonstrated. EUTR: eutrophication; HYMO: hydromorphology; ORG POLL: organic pollution; TOX: toxicity; ACID: acidification; GEN DEGR: general degradation. ICM: Intercalibration
common metric.
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3.4. BQEs used for different pressures

In lakes, primary producers are usedmostly to detect eutrophication
pressure, which is also assessed by benthic invertebrates and fish
(Fig. 5). In contrast, other pressures (such as hydromorphology and
acidification) are assessed only by benthic invertebrates and fish. Simi-
larly, for rivers, primary producers are used for assessing eutrophica-
tion, with macrophytes also used to detect “general degradation” and
phytobenthos to detect organic pollution (Fig. 5).

In coastal waters, most BQEs show relationshipswith eutrophication
and general degradation. Hydromorphological pressure is addressed
mainly by angiosperms, and toxic pollution by benthic invertebrates
and macroalgae (Fig. 5).

In transitional waters, eutrophication is also addressed by all BQEs
but mainly with phytoplankton, benthic invertebrates and fish. Surpris-
ingly, there are fewer pressure-response relationships for macroalgae
assessment methods compared to benthic invertebrate and fish
methods. Hydromorphological pressure is addressed not only by angio-
sperms, but also by fish and benthic invertebrates (Fig. 5).

3.5. Pressures addressed by country

The range of pressures addressed differs between countries, as some,
but not all countries have developed methods addressing / diagnosing
all major pressures. For rivers and lakes, all countries have methods to
detect eutrophication (most of them for four to five BQEs), which hold
demonstrated pressure-specific relationships (most for three to five
BQEs) (Fig. 6). In contrast, few countries have the capability to unequiv-
ocally detect hydromorphological alterations. Most countries report
that their assessment methods can detect hydromorphological alter-
ations in lakes and rivers but, in most cases, relationships are demon-
strated via multi-pressure indices. Half of all countries for rivers and
80% of countries for lakes have not demonstrated pressure-specific rela-
tionships for hydromorphological alterations (Fig. 6).
a) lakes 

c) coastal waters 

Fig. 5. Sensitivity of BQEmethods for different pressures for lakes, rivers, coastal and transitional
ORG POLL: organic pollution; TOX: toxicity; ACID: acidification; GEN DEGR: general degradatio
Toxic pollution is addressed by half of all countries for rivers but only
by four countries for lakes. However, pressure-specific relationships for
toxic pollution have not beendeveloped. For acidification, only two (riv-
ers) and three (lakes) countries demonstrated pressure-specific rela-
tionships (Fig. 6).

All countries have methods for eutrophication in coastal and transi-
tional waters (most addressed by three to four BQEs) and have demon-
strated pressure-specific relationships in most cases (mostly for two
BQEs in coastal and one in transitional waters) (Fig. 6). "General degra-
dation" and toxic pollution are also addressed by most country's
methods, with hydromorphology being the pressure least often ad-
dressed in coastal waters, and organic pollution being the pressure
least often addressed in transitional waters. Only a few countries have
demonstrated pressure-response relationships for hydromorphological
alterations and toxic pollution.

4. Discussion

4.1. Pressures addressed by the assessment methods

4.1.1. Eutrophication and organic pollution
Eutrophication is the pressure best covered for all fourwater catego-

ries (Figs. 2 and 3). For N70% of the countries these pressures are ad-
dressed by three BQEs or more (Kelly et al., 2016). Pressure-specific
evidence for eutrophication is well demonstrated for all water catego-
ries (Fig. 3).

As expected, phytoplankton and aquaticflora are the BQEsmost sen-
sitive to eutrophication (Lyche Solheim et al., 2013; Zaldívar et al.,
2008). For these BQEs, pressure-response is demonstrated with direct
nutrient-BQE relationships (Carvalho et al., 2013; Kelly et al., 2014;
Poikane et al., 2018) underpinned by a strong conceptual framework
and empirical research. However, benthic invertebrates and fish
methods have also been developed specifically to tackle eutrophication
(benthic invertebrates: Ruse, 2010; fish fauna: Argillier et al., 2013). In
b) rivers

d) transitional waters

waters (as reported bymember states). EUTR: eutrophication;HYMO: hydromorphology;
n.



a) eutrophication b) hydromorphological alterations

c) toxic contamination d) acidification (only lakes and rivers)

Fig. 6.Number of Biological Quality Elements (BQEs) in national classification systems for lakes rivers, coastal (CW) and transitional waters (TW) sensitive for different pressures: (1) as
reported by member states; (2) supported by some evidence (Table 1: Category A + B + C); (3) supported by pressure-specific evidence (Table 1: Category A). Y-axis shows the
percentage of the total number of countries with relevant water bodies.
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contrast to phytoplankton and aquatic flora, most of the benthic inver-
tebrates and fish methods have shown their sensitivity to the pressures
through a multi-pressure index rather than direct nutrient-BQE rela-
tionships (Lepage et al., 2016; Poikane et al., 2017).

Organic pollution is clearly addressed by benthic invertebrates in
rivers, coastal and transitional waters (Borja et al., 2011, 2015). Most
benthic invertebrate assessment methods are based on the percentage
of opportunistic and sensitive species, and the proportion of the differ-
ent species groups is highly correlatedwith the organic enrichment gra-
dient (Borja et al., 2000; Pearson and Rosenberg, 1978; Warwick and
Clarke, 1994). In practice, delimitation of eutrophication and organic
pollution is not straightforward, as factors such as oxygen depletion
may arise both directly from decay of autochthonous primary produc-
tion or indirectly via heterotrophic breakdown of allochthonous inputs.

It is reasonable to expect, nonetheless, that effects of eutrophication
and organic pollution are picked up by the biological assessment
methods, and that biological indicators should guide howmanagement
targets are set (Poikane et al., 2019; Salas Herrero et al., 2019). There is,
however, considerable uncertainty, especially for rivers and in multi-
pressure situations (Phillips et al., 2019).

4.1.2. Hydromorphological pressures

In Europe, hydromorphological alterations are among the most sig-
nificant pressures, affecting around 40% of surface water bodies, with
the highest proportion reported for rivers and transitional waters
(EEA [European Environment Agency], 2018). Hydromorphological
pressures are addressed by at least one BQE in 90% of the countries for
rivers, 75% of the countries for lakes and transitional waters, and in
only 25% of the countries for coastal waters. Fish and benthic inverte-
brates are the BQEs responding most strongly for rivers and lakes
(Lorenz et al., 2004; Urbanič, 2014), while angiosperms and benthic
invertebrates are used in coastal and transitional waters (Orlando-
Bonaca et al., 2012; Recio et al., 2013), and fish in transitional waters
(Lepage et al., 2016).

For rivers and lakes, there is less evidence of a response to
hydromorphological pressures than for eutrophication, as pressure-
specific relationships (at least one BQE) have been developed by only
20% of the countries for lakes and 50% for rivers. Pressure-response re-
lationships are often based on proxy indicators such as land use or
multi-pressure indices (Poikane et al., 2016, 2017; Segurado et al.,
2014). Methods thus rarely respond to hydromorphological pressures
alone, although there are a few exceptions (some countries have spe-
cific modules in their river benthic invertebrates methods designed to
detect hydromorphological alterations: Böhmer et al., 2004) and a few
countries have developed hydromorphology-specific methods for
lakes (Poikane et al., 2016; Urbanič, 2014).

Similarly, only 15–20% of countries have developed pressure-
specific relationships for coastal and transitional waters. Seagrasses
and saltmarsh assessment methods for most North-East Atlantic
countries show a relationship with hydromorphological pressures.
In fact, hydromorphological pressures such as shoreline reinforce-
ment or percentage of dredged area were used as an ICM for
seagrass and saltmarsh intercalibration (Neto et al., 2018, 2019).
In the case of fish, hydromorphological pressure is one of the com-
ponents of indices used to test the response of assessment methods
to pressures (Lepage et al., 2016). Intertidal area lost, realignment
schemes, land claim, gross change in bathymetry and topography
and interference with the hydrographical regime are some of the
hydromorphological pressure indicators included in the common
pressures index used for intercalibration for North-East Atlantic
seagrasses and saltmarshes (Lepage et al., 2016).

In summary, there is not much evidence that the BQE methods cur-
rently in use reliably pick up the effects, as assessment methods have
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limited diagnostic capability: The situation varies between water
bodies:

• Several countries lack methods (not even one for a single BQE) for
assessing hydromorphological pressures: coastal waters (75% of
countries), transitional waters (21%), lakes (26%), rivers (7%);

• Pressure-specific relationships are available only in a few countries,
such relationships aremissing in coastal waters (for 79% of countries),
transitional waters (86%), lakes: (88%) and rivers (52%).

It is therefore important to use hydromorphological assessment
methods alongside the BQEs, as well as develop appropriate specific
hydromorphological ecological assessment methods.

4.1.3. Toxic pollution

Few assessment methods are reported to be sensitive to toxic pollu-
tion (either priority substances or river basin specific substances) for
rivers, lakes and coastal waters. For lakes, no pressure-specific relation-
ships have been developed, however, assessment methods for fish in
rivers and transitional waters show relationships to pressure indices,
which include toxic pollution (Lepage et al., 2016; Segurado et al.,
2014).

In coastal waters, specific relationships have been demonstrated be-
tween benthic invertebrate methods and heavy metals concentrations
in sediments only in five countries. Other methods have shown only in-
direct evidence (i.e. relationship with multi-pressure index) of their
sensitivity to toxic substances (Borja et al., 2015). The absence of spe-
cific relationships is likely to be due to the scarce data on toxicants.
For example, countries involved in the North-East Atlantic region inter-
calibration exercise showed direct relationships between their benthic
invertebrate methods and copper, albeit using data provided by just
one country (UK) (Muxika et al., 2019; van Hoey et al., 2019). However,
in a recent meta-analysis with some of the most used transitional and
coastal macroinvertebrate indices (AMBI and M-AMBI), correlations
with several metals and toxic organic compounds, as well as different
pressures, were demonstrated (Borja et al., 2019).

For transitional waters the situation is different: here there is ample
evidence that the AMBI-based benthic invertebrate methods used by
many countries respond to contamination by heavy metals (Borja
et al., 2019). However, only France has shown pressure-specific rela-
tionships between fish assessment methods and heavy metals concen-
trations in mussels (Delpech et al., 2010), whilst Romania has shown a
relationship between their benthic invertebrate method and annual
mean water column concentrations for total heavy metals, total petro-
leum hydrocarbons, polyaromatic hydrocarbons and pesticides
(Todorova et al., 2018).

We therefore conclude that current assessment methods do not re-
liably detect effects of toxic pollution:

• Significant number of countries lack methods (not even for one BQE)
for assessing toxic pollution: coastal and transitional waters: 21%,
lakes: 75%, rivers: 52%.;

• Pressure-specific relationships are available only in a few countries,
such relationships are missing in coastal waters: 79% countries; tran-
sitional waters: 85%; lakes: 100%, and rivers: 97%.

Targeted methods (e.g. effect-based tools) could be developed to
better integrate the effects of different toxicants in biological
assessments.

4.1.4. Acidification

Acidification is a problemmost often reported from rivers and lakes
in Northern Europe, especially Scandinavian countries, UK and Ireland
(Aherne and Curtis, 2003; Posch et al., 2019). However, a recent study
has shown that acidified surface waters may occur particularly in the
following regions (Austnes et al., 2018): the Pyrenees, border regions
of Belgium, Luxembourg, France and Germany, mountainous regions
on the borders of the Czech Republic (see Oulehle et al., 2017),
Germany and Austria (see Vrba et al., 2016), the Tatra Mountains, the
Italian Alps and northern Croatia.

Only three countries have fish and benthic invertebrate methods
targeted to detect the effects of acidification, with strong evidence for
pressure-impact relationships provided for two countries for rivers
and three for lakes. It can therefore be concluded that acidification is
well covered for some countries (Sweden, Norway and UK) whilst
other countries with acidification-prone regions (especially Finland
and Ireland) currently donot have anymethod focused on this pressure.

4.1.5. “General degradation” and “land use”

“General degradation” and “land use” are frequently mentioned as
pressures addressed by BQEs, especially for rivers, coastal and
transitional waters where it is often difficult to establish clear
pressure-impact relationships. There is no common definition of “gen-
eral degradation”, typically single pressures such as nutrients, organic
matter, various hydromorphological alterations, and others are com-
bined into a single pressure index (Borja et al., 2015). However, the
list of pressures included and parameters used vary between regions
and BQEs. For instance, a pressure index for fish-based methods in
lakes of Central Europe includes human lake use (fishing, boating, bath-
ing; Poikane et al., 2017)whilst a pressure index for fish-basedmethods
in Mediterranean rivers includes acidification and toxic pollution
(Segurado et al., 2014). Most of the Baltic countries use the Baltic Sea
Pressure Index, an index developed for the evaluation of the distribution
of pressures in that sea, including a total of seven types of pressure
(Korpinen et al., 2012). In the case of the North-East Atlantic countries,
different pressure indices are used, dependingof the BQE, but always in-
cluding eutrophication parameters, toxicants and hydromorphological
pressures (Borja et al., 2011; Lepage et al., 2016). In the Mediterranean
and Black Seas, most of the assessment methods show relationships
with land use, specifically with the Land Uses Simplified Index (LUSI;
Flo et al., 2019). This index is used as a measure of the total pressure
(urban land use, agriculture, rivers, industries) to assess the relationship
between assessmentmethods (usually, phytoplankton,macroalgae and
macroinvertebrates) and environmental pressures (Camp et al., 2015;
Pinedo et al., 2015; Torras et al., 2016). The problem with this kind of
index is that it is not always clear which pressure is responsible for an
observed response and, consequently, in cases of failure to achieve
good status, it is not clear which pressures should be addressed
(Carvalho et al., 2019; Lemm et al., 2019), although in some cases the
analyses are successful in disentangling the effects of different pressures
in the ecological status in transitional waters fish (Teichert et al., 2016).
On the other hand, such approaches are reasonably successful at detect-
ing a departure from good ecological status and, thus, atminimizing the
risk of a “false negative” due to the absence of an appropriate pressure-
specific metric.

“Land use” can be seen as a proxy for multiple pressures, including
pollution, hydromorphological alterations, and other pressures, such
as recreation. Many methods have relationships with land-use, as
Corine Land Cover data have been readily available (in contrast to
hydromorphological condition and toxic substances), and this approach
was recommended by the Intercalibration Guidance (EC, 2011). How-
ever, the problem here is the same as with pressure indices: in cases
of less than good status the cause of degradation andmanagementmea-
sures are not obvious (it is clear thatwith 100% natural land coverwater
bodies will be in high or good status, and with high urban cover water
bodies will be in less than good status – but what to do next?).

Benthic invertebrate and fish multimetric assessment methods typ-
ically showgood relationshipswith such general pressure indices (Borja
et al., 2011; Lepage et al., 2016). In some cases, a multimetric index is a



10 S. Poikane et al. / Science of the Total Environment 740 (2020) 140075
combination of differentmodules ormetrics specifically designed to de-
tect effects of different pressures (Borja et al., 2015). In this case, the ef-
fects of different pressures can be disentangled using these different
modules (Baattrup-Pedersen et al., 2019; Böhmer et al., 2004). In all
other cases, relationships only provide general answers to pressure
combinations, and hydromorphological and physicochemical
supporting elements have to be used to detect the cause and suggest
restoration measures (see Teichert et al., 2016).

4.2. Strengths and limitations of this study

The strength of this study is the detailed collation of data on biolog-
ical assessment methods and demonstrations of pressure-response re-
lationships for all countries, water categories and BQEs in the EU,
along with Norway, who also implement EU environmental legislation.
In the analysis, the differentiation has been made between single- and
multi-pressure relationships demonstrated by biological assessment
methods. This allowed (1) identification of pressures which might re-
main undetected by biological assessment; (2) evaluation of capacity
of assessment methods to diagnose the cause of degradation.

One limitation for the study is that the database, includes only
methods which are actually used in the ecological assessment which
form part of a formal classification and reporting process. However,
many other methods have been published and many of them could fill
in gaps identified in this study, e.g. acidification in rivers (Juggins
et al., 2016), hydromorphological pressures in lakes (Miler et al., 2013;
Mjelde and Hellsten, 2013), toxic pollution in rivers (Archaimbault
et al., 2010). We also suspect (and in some cases know) that such “off-
piste” approaches are used to inform local decision-making.

A key question that arises, then, is whether the pattern of ecological
status arising from the EU's formal reporting processes would change if
the gaps identified in this paper were filled. Kelly et al. (2016) demon-
strated a decreasing “marginal utility” when several BQEs were used
to assess the samepressure (eutrophication in lakes). Therewere, none-
theless, impacted lakes detected using twoBQEs thatweremissedwhen
only onewas used, so it should not be assumed that countries with only
one assessment method tuned to a particular pressure will not have a
number of “false negatives” among their assessment results. The scale
of this effect will vary between countries and pressures, but should
not be dismissed without further investigation.

5. Conclusions

In this study, we argue that the various pressures affecting European
surface waters can be best managed if addressed properly by biological
assessment methods. In particular, we argue that all major pressures
must be addressed by biological assessment, and that a diagnostic capa-
bility should be available for such pressures. With no appropriate
methods in use, some pressures may go undetected, thus not triggering
restorative actions. Without diagnostic tools for specific pressure, there
can be no informed choice of the management measure(s) needed to
achieve good ecological status.

Our main findings can be summarized as follows:

• A huge number of assessment methods has been developed and
intercalibrated; however, not all pressures have been addressed and
indicators cannot, in most cases, diagnose the cause(s) of ecological
degradation;

• Eutrophication is the pressure best covered by the assessment
methods for all four water categories; pressure-impact relationships
are reported for most BQEs for all water categories;

• In contrast, there is not much evidence that the assessment methods
reliably pick up the effects of hydromorphological alterations, as
only a few methods have clearly documented responses to
hydromorphological degradation;

• Similarly, in themajority of cases, current assessmentmethods are not
capable of reliably diagnosing ecological degradation caused by toxic
pollution.

Therefore, we recommend that countries re-examine: (1) those
pressureswhich affect different water categories in the country; (2) rel-
evant assessment methods to tackle those pressures; (3) whether
pressure-response relationships have been developed for each of
these. Such an overviewwill indicate the problemswith current biolog-
ical assessment methods and guide future research directions.
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