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developed as a weighted combination of the most common pressures in European lakes that is validated against
10 national fish-based water quality assessment systems using data from 556 lakes.

Multi-pressure indices showed significantly higher correlations with fish indices than single-pressure indices.
The best-performing index combines eutrophication, hydromorphological alterations and human use intensity
of lakes. For specific lake types also biological pressures may constitute an important additional pressure. The
best-performing index showed a strong correlation with eight national fish-based assessment systems. This
index can be used in lake management for assessing total anthropogenic pressure on lake ecosystems and creates
a benchmark for comparison of fish assessments independent of fish community composition, size structure and

We argue that fish-based multiple-pressure assessment tools should be seen as complementary to single-pres-
sure tools offering the major advantage of integrating direct and indirect effects of multiple pressures over

large scales of space and time.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

More than half of the surface waters in Europe are degraded due to
human activity, i.e., support less than “good” ecological status, and will
need mitigation and/or restoration measures to reach ‘good’ status.
The pressures reported to affect most surface waters are nutrient en-
richment, hydromorphological alterations, invasion of alien species
and chemical pollution (EEA, 2012). These pressures significantly affect
the capacity of ecosystems to provide the services on which humans de-
pend (MEA, 2005). In the years to come, these impacts may be exacer-
bated by climate change which can counteract attempts to restore
water bodies, and prevent them from reaching “good” status
(Jeppesen et al., 2012). Therefore, effective methods are needed to as-
sess, protect and help to restore the ecological integrity of inland and
coastal waters (Birk et al., 2012; Karr, 1991). In addition, these systems
have to be compared and harmonised (i.e. intercalibrated) to ensure
consistency in ecological assessments through time, across ecosystem
types, and across jurisdictional boundaries (Birk et al., 2013; Cao and
Hawkins, 2011; Poikane et al., 2014b).

It has been proven that fish are sensitive indicators of environmental
degradation (Fausch et al., 1990; Karr, 1981). Fish show predictable re-
actions to eutrophication (Blabolil et al., 2016; Jeppesen et al., 2000;
Lyche-Solheim et al., 2013; Mehner et al., 2005), habitat destruction
and fragmentation through hydromorphological modifications (Sutela
et al,, 2011), acidification (Hesthagen et al., 2008; Tammi et al., 2003)
and climate change (Jeppesen et al., 2012).

The first fish-based ecological assessment methods were developed
for US rivers (Karr, 1981) and have later been adopted to lakes
(Whittier, 1999).

In Europe, the development of biological assessment systems has
been stimulated by the implementation of the Water Framework Direc-
tive (WFD; EC, 2000). The WED obliges all member states of the Europe-
an Community to achieve a ‘good’ ecological status of their surface
waters, and stipulates that ‘good’ or ‘not good’ should be measured
with biological assessment systems. In addition, the ‘good’ status
boundaries should be harmonised via ‘intercalibration’ exercise (Birk
et al., 2013; Poikane et al., 2014b).

Therefore, several European countries including Belgium (Breine et
al., 2015), the Czech Republic and France (Blabolil et al., 2016; Launois
et al., 2011), Germany (Ritterbusch and Brdmick, 2015), Lithuania
(Virbickas and Stakénas, 2016) and Sweden (Holmgren et al., 2007)
have developed fish-based tools to assess ecological status. Several
cross-European studies have been carried out to develop common fish
metrics (Argillier et al,, 2013) and intercalibrate (i.e. compare and har-
monise) fish-based assessment systems (Poikane et al., 2015).

However, there are two still unresolved issues: (1) Intercalibration
of fish-based assessment systems (i.e. harmonisation of the results of bi-
ological assessment methods) among the member states; (2) Develop-
ing of pressure-response relationships which is a key for any ecological
assessment tool applied in river basin management (Birk et al., 2012;

Brucet et al., 2013b; Poikane et al.,, 2015). There are several reasons for
these difficulties:

- Member states use very different sampling methods and their com-
bination: multi-mesh gillnets, electrofishing, hydro-acoustics,
trawling, seine netting and fyke nets (e.g., Blabolil et al., 2016;
Breine et al.,, 2015). These differences hinder comparison of assess-
ment systems across boundaries (Benejam et al., 2012; Lepage et
al., 2016). Two approaches have been adopted for intercalibration:
direct comparison of classification outcomes applying each method
to a common dataset and indirect comparison where boundary
values of each assessment method is converted to common biologi-
cal metrics (Birk et al., 2013). Both these approaches have been
proven to be unsuitable for comparisons of fish assessment due to
a variety of sampling gears and protocols, as particular species and
dominant functional groups tend to be gear-specific (Chow-Fraser
et al., 2006);

- Fish communities in lakes are subjected to multiple pressures and,
being at the upper levels of the trophic cascade, integrate effects of
pressures acting at any level below. On the other hand, fish commu-
nities exert a homeostatic effect on lower trophic levels and thus can
contribute to delayed recovery in aquatic ecosystems after anthro-
pogenic pressures have been reduced (Jeppesen et al., 1991). This
means that simple relationships between single pressures and fish-
metrics may be lacking (e.g., Breine et al., 2015).

We hypothesize that because of the broad spectrum and holistic
character of fish sensitivity, the total anthropogenic pressure intensity
would show stronger and more consistent relationships with various
fish metrics throughout an ecoregion than any single pressure index.
A total anthropogenic pressure index could be used for developing pres-
sure-response relationships and for comparing and harmonising fish-
based assessment systems across an ecoregion independent of fish com-
munity composition, size structure and fishing-gear. The principle of in-
tercalibration using a common pressure index is to translate the
incomparable national fish assessment results into a comparable com-
mon index. A similar approach was used to intercalibrate ecological
classification tools in transitional waters of the North East Atlantic
(Lepage et al., 2016).

Therefore, the purpose of this research is to develop a multiple pres-
sure index for lakes in the Central-Baltic ecoregion' which can be used
to characterize the total anthropogenic pressure on lake ecosystems, de-
velop pressure-response relationships and intercalibrate fish-based
assessment tools. Firstly, the fish-based lake assessment systems in dif-
ferent member states are briefly reviewed focusing on the human pres-
sures addressed and metrics included. Next, the construction and

" An ecological region for inland waters in Europe delineated for river basin manage-
ment purposes comprising the Baltic States, Benelux Countries, Poland, Germany, Den-
mark, Czech Republic, Slovakia, Hungary, and part of France and the UK.
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performance of the total anthropogenic pressure index (TAPI) is de-
scribed and the paper is concluded with some thoughts about the use
of fish in the ecological assessment of lakes.

2. Material and methods
2.1. Dataset

Data was collected from 10 countries in the Central-Baltic ecoregion,
comprising in total 556 lakes (Table 1). The dataset included: (1) mor-
phological data: lake area and depth; (2) information on human im-
pacts (see Tables 2 & 3); (3) Ecological Quality Ratio (EQR) values of
the national lake assessment systems based on fish. Information was
compiled using monitoring data of national water agencies, scientific
projects or literature. Lakes were mostly (60%) polymictic and present-
ed a broad range of total phosphorus (TP) and chlorophyll-a (Chl-a)
concentrations. Except the Czech Republic and the Netherlands, which
include mostly heavily modified water bodies, other countries have
low level of shoreline alteration.

Lake depth has a significant impact on lake response to pressures
(Mehner et al., 2005) therefore lakes were classified into polymictic,
stratified and deep stratified according to Ritterbusch et al. (2014). Be-
fore analysis, a thorough data screening was performed. Lakes judged
incomparable were excluded from the analysis (e.g., saline lakes, rapidly
flushed lakes). Also, very small lakes (area < 0.5 km?) were excluded
from the final analyses as species richness and diversity is strongly relat-
ed to surface area of lakes, with critical threshold reported between 0.36
and 0.6 km? (Brucet et al., 2013a; Eckmann, 1995). Still, for France and
Belgium the analysis was repeated including all lakes, as excluding
small lakes left these countries with very small datasets.

2.2. Construction of the pressure index

Our approach followed well-accepted principles for the develop-
ment of common metrics (e.g., Breine et al., 2015; Hering et al., 2006,
2010; Lepage et al., 2016).

The pressure index construction consisted of 5 steps:

1. Identifying and selecting pressures affecting lake fish community.
Seven critical broad-spectrum pressures impacting fish community were
identified including eutrophication, acidification, hydromorphological
pressures, chemical pollution and contamination, fishing and stocking,
non-native species, and direct lake use (Table 2).

2. Selecting metrics with available data for each pressure.
Each pressure was characterized by several indicators or proxies
(Table 2). These could describe both the cause and effect, for

Table 1
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instance, TP (cause) and Chl-a (effect), shoreline alterations (cause)
and habitat loss (effect).

3. Scoring of metrics.
Pressure variables were assessed on a ranked scale from 5 (no or neg-
ligible impact) to 1 (extreme impact) according to the severity of the
disturbance (Table 3). A complete list of the scoring criteria can be
found in Tables S2 and S3, Supporting information.
For eutrophication metrics type-specific thresholds were used for
polymictic, stratified and deep stratified lakes (Ritterbusch et al.,
2014). For quantitative eutrophication metrics (spring TP, summer
TP, Chl-a) five alternative settings of class boundaries were applied
based on outputs from different studies (Carlson, 1977; LAWA, 2014;
Poikane et al., 2010; Poikane et al., 2014a; Vollenweider and Kerekes,
1982). These criteria are provided in Annex 1, Supporting information.

4. Calculation of different versions of the TAPI index by selecting different
combinations of pressures and metrics, and modifying the weight for
eutrophication pressure (Table S4, Supporting information).
All TAPIs were calculated as EQR values between 0 (high pressure) and
1 (low pressure) according to the formula described in Hering et al.
(2006):

TAPIX = (scorex— miny)/( maxx— Mmin),
where:

scorey, = metric result;

max, = upper anchor (maximum possible score);
miny = lower anchor (minimum possible score).

5. Evaluation of the performance of different versions of the TAPI index.
The basic criterion for selecting best-performing TAPI versions was a
sufficiently strong correlation (Pearson R > 0.6; P < 0.05) of the TAPI
with all EQR's generated by fish-based assessment methods evaluat-
ed in this study (Hering et al., 2006).

2.3. Statistical methods

Statistical analyses were performed using the R software package (R
Core Team 2016).

A linear mixed effects model as implemented in library Ime4 (Bates
et al., 2015) was used to analyze the effect of pressures (fixed effect) on
strength of relationships using countries and TAPIs as crossed random
effects to account for possible correlations as each country and each

Dataset used in the TAPI construction. BE: Belgium; CZ: Czech Republic; DE: Germany; DK: Denmark; EE: Estonia; FR: France; LT: Lithuania; NL: the Netherlands; PL: Poland; UK: United
Kingdom. Poland participated with two datasets and methods: PL1: method LFI+, PL2: method LFI-CEN.

MS Number of lakes Annual mean Mean Shore alteration® (mean)
TP (ug L™1) Chl-a (ug L™1)
Total Poly? Strat® Strat deep? Range Median Range Median
BE 44 44 - - 15-1780 180 3-471 22 43
cz 23 4 10 9 9-403 48 3-72 22 3.6
DE 95 51 30 14 13-508 40 2-288 9 41
DK 107 86 21 - 11-1091 89 2-203 36 4.8
EE 48 32 16 - 12-131 30 2-121 10 4.1
FR 23 12 6 5 7-213 20 1-142 6 4.5
LT 90 39 37 14 7-150 29 2-92 8 5.0
NL 28 23 5 - 15-443 80 3-106 24 2.7
PL1 32 13 10 9 4-200 43 4-69 18 4.0
PL2 59 21 16 22 12-466 50 1-122 13 3.9
UK 7 7 - - 7-140 90 26-175 50 4.9
Tot 556 332 151 73 44 17 4.4

2 Polymictic, stratified, stratified deep - lake typology according to Ritterbusch et al. (2014).

b Evaluation of shore alteration in scale from 1 (completely altered) to 5 (no alterations), see Table 3.
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Anthropogenic
pressure/indicators

Description of indicator

Eutrophication

Total phosphorus (spring)

Total phosphorus (summer)

Chlorophyll-a (summer)

Land use intensity

Trophic state class using TP

Trophic state class using trophic
index

Trophic state change

Acidification
Acidification level

Hydromorphological pressures
Shoreline modification

Fragmentation
Loss of habitats
Water level regulation

Lake use

Lake use intensity

Population density in the vicinity
of the lake

Chemical pollution and contamination
Chemical pollution

Visible pollution

Litter

Biological effects of pollution

Fishing and stocking
Fish removal
Stocking of native species

Non-native species
Alien fish species number

Alien fish abundance
Non-fish aliens

Mean value for March-April or while water body is not stratified
Mean epilimnetic value for June-September (monthly sampling)

Percentage of non-natural land use in catchment
Trophic classification based on total phosphorus
Trophic classification based on index of eutrophication

The difference of the mean TP concentration between reference and current conditions

Assesses the level of human-induced acidification

Percentage of anthropogenic alterations of shore structure (beaches, footbridges, marinas, erosion

control structures etc.). The data are estimated with aerial photographs, e.g. Google Earth

Estimates the impact of human barriers on fish species migrating from/to the lake.

Availability of habitats in undisturbed conditions is estimated and compared to the present number of habitats
Compares the present water level/fluctuations with the pristine situation

Human-use intensity including shipping, boating, bathing etc.
Refers to a ‘catchment area’ of human use, i.e. the range in which people come to the lake for recreation

As defined by the criteria of the EC directive for environmental quality standards (2008/105/EC) Annex |
Assessment of the visible impairments of the fish community by urban discharge, industrial discharge and others
Estimates the amount of litter at the shoreline - a proxy for both pollution and lake use intensity

Estimates the intensity of effects of pollution on biota (not only fish). Examples are shifts in sex ratio,

lack of reproduction, reduced growth, infections or diseases.

Assesses the ecological effects of selective fish removal by commercial fisheries and/or angling.
Assesses the ecological effects of selective fish input by commercial fisheries and/or angling

The number of fish species present that would be absent in undisturbed conditions (both true aliens, i.e. non-native
in the corresponding region and translocated species, i.e. native in the region but not native in the water body)
Percentage of weight of non-native fish

Assesses the ecological impact of non-fish aliens

TAPI had multiple observations. Tukey HSD tests as implemented in li-
brary multcomp (Hothorn et al., 2008) were used as post hoc test to
compare pressure groups with each other if linear mixed effects
model showed significant effect of pressure group.

3. Results
3.1. Member state fish-based lake assessment systems

Nearly all member states in the Central-Baltic region have developed
fish-based lake assessment systems (Table 4). The randomized multi-
mesh gillnet sampling (CEN, 2005) was the most common sampling

method, however, not used in all member states. All member states
have addressed eutrophication as a major human pressure in the region.

Table 3

In many cases, additional pressures such as hydromorphological pres-
sures and human use intensity were tested.

All assessment systems are based on reference condition approach
where natural variability is taken into account using typology frame-
works. Therefore, all member states have developed lake type-specific
reference values; these described the value of an index to be expected
under ‘undisturbed conditions’. The most common approaches, mostly
used in a combination, include historical data, expert judgement and
near-natural sites, only few use modelling or palaeolimnological data.
Reference conditions correspond to the WFD normative definition of
‘high’ status where ‘species composition and abundance is consistent
with undisturbed conditions’.

All indices distinguished between five classes of biological quality.
Various approaches were adopted to define ecological boundaries,

Scoring criteria for TAPI metrics (for other metrics see Tables S2 and S3, Supporting information). P - polymictic lakes, S - stratified lakes, D - deep stratified lakes with max depth > 30 m.

TAPI metric 5 points least disturbed 4 points minor impact

3 points major impact 2 points strong impact 1 point extreme impact

Eutrophication

Chl-a (ug L™ 1) <11 (P) 11-21 (P)
<6 (D, S) 6-10 (D, S)

TP spring <32 (P) 32-45 (P)

TP summer (ug L™1) <25 (D, S) 25-32 (D, S)

Hydromorphological

alterations and lake use
Shore modification <10% 11-30%
Habitat loss Natural/increased All habitats

Lake use intensity Low (bath, boat, sail) -

Intense (motorboat, ships, dive) -

21-52 (P) 52-215 (P) >215 (P)
10-26 (D, S) 26-104 (D, S) >104 (D, S)
45-100 (P) 100-200 (P) >200 (P)
32-45 (D, ) 45-100 (D, S) >100 (D, S)

31-50% 51-70% >70%

1-3 habitats missing 4-6 habitats missing >6 habitats missing

Very intense
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Table 4

Fish-based lake assessment systems, country abbreviations see Table 1. NPUE - number per unit effort; WPUE - weight per unit effort; %N percentage of total number; %W percentage of
total weight; SpN - species number. t - increase along impact gradient; | - decrease along impact gradient.

MS Fishing gear Metrics included in the assessment system

Reference

BE  Fyke nets, electrofishing

%N invertivorous individuals |,%N omnivorous individualst, %N specialized spawners |, SpN of piscivorous

Breine et al. (2015)

species ], W benthivorous speciest, tolerance value |

CZ Multi-mesh gillnets (electrofishing,
hydroacoustics)?

DE  Multi-mesh gillnets
(electrofishing)

species |

obligatory species |
DK  Multi-mesh gillnets
(electrofishing)
EE  Multi-mesh gillnets (mini-fyke
nets, commercial gillnets)
FR  Multi-mesh gillnets
LT  Multi-mesh gillnets

index |

NL Trawling, seine netting,
electrofishing
PL1 Fisheries statistics: seine, gillnet,
fyke nets
PL2 Multi-mesh gillnets
bream1

NPUE 1, WPUE 1, %N ruffe t, %W breamt, %W perch |, %W rudd |, W Salmonidae |, SpN of 0+ of six common

WPUE 1, %N bream, %N ruffe t, W bream1, W perch |, %W pikepercht, W ruffet, ¥W white breamt, W
benthic net speciest, %W benthivorous species t, median individual weight of bream/perch/roach, SpN

NPUE 1, %W bream + roacht, ¥W piscivorous individuals |, average individual weight |

NPUE 1, WPUE 1, %N omnivorous individuals 1

%N perch |, W non-native and trans-located species 1, W white bream, ¥W benthivorous species 1, W
perch and stenothermic |, average individual weight roach |, SpN obligatory species |

%W bream1t, W (perch + roach)/eurytopic|, ¥W low oxygen tolerant|*, ¥W phytophilic species |

Blabolil et al. (2016)

Ritterbusch and
Bramick (2015)

Sendergaard et al.
(2013)

NPUE 1, %N perch |, %W non-piscivorous individuals 1, % gillnet panels that caught fish |, Simpson diversity

Argillier et al. (2013)
Virbickas and
Stakénas (2016)
Altenburg et al.
(2012)

%W large bream |, W small breamt, %W crucian carpt, W perch |, W pike |, ¥W large roach |, ¥W
pikepercht, W tench |, %W white breamt, %W large bream in total bream |, W large roach in total roach|
%W bleak1, %W breamt, W perch |, %W pikepercht, W roacht, W rudd |, %W ruffe t, W tench |,%W white

2 In brackets - the sampling gear used for sampling but not for calculation of metrics.

ranging from simple division of the EQR scale to more ecologically based
approaches as shifts in fish communities i.e. change from dominance of
phytophilic to eurytopic species related to disappearance of habitat for
spawning and of juvenile phytophilic fish.

Ten fish-based lake assessment methods were included in the study,
comprising 45 metrics in total (see Table 4, also Table S1, Supporting in-
formation). Composition metrics were most widely-used in lake assess-
ment (53%) followed by functional metrics (21%). Also abundance and
age structure metrics were used (10%), while richness and sensitivity
metrics were rarely used. The most frequently used composition met-
rics includes share of European perch Perca fluviatilis, decreasing along
degradation gradient (used by 7 systems) and common bream Abramis
brama (6), white bream Blicca bjoerkna, roach Rutilus rutilus, ruffe
Gymnocephalus cernua (4) and pike-perch Sander lucioperca (3) increas-
ing along degradation gradient. Similarly, increase of share of
benthivorous (3) and omnivorous fish (2) were the most frequently
used functional metrics, and increase of Number per unit effort
(NPUE) and Weight per unit effort (WPUE) - abundance metrics. The
synthesis gives a coherent picture on shifts in fish communities in

response to human pressures despite the different metrics used by the
member states (Table 4).

3.2. TAPI development and selection of best-performing models

Nearly all TAPI versions correlated significantly to the majority of na-
tional lake fish indices of the member states, except for Belgium and
France (Table S5, Supporting information). Multi-pressure TAPI
indices showed significantly stronger correlations (Tukey's multiple
comparison tests, P<0.0001) (Ryean = 0.67-0.70) in comparison to sin-
gle-pressure (eutrophication) indices (Ryean = 0.61).

Eutrophication indices showed moderately strong correlation with
national fish based assessment results in all countries, with the excep-
tion of Belgium (only six lakes with area > 50 ha). Including
hydromorphology and direct lake-use significantly improved the TAPI
performance for most member states (especially for Denmark, but not
France). More complex models involving more pressures did not show
significantly better performance (Fig. 1, Table 6).

0.91 a b b b
» 0.81
c
2
2 0.7 -
§° . .
o
: |
§ 091
5
[
= 0.5
O
o
0.4
Eutro Eutro-il-Hymo Eutro+Hymo+ Eutro+Hymn+
Bio Bio+Pollution

Includes pressures

Fig. 1. Box-plots of correlation coefficients between fish-based lake assessment and TAPI indices including different pressures. The box represents interquartile range, the horizontal line -
the median R, the middle point - the mean R. a and b show similar groups according to Tukey's multiple comparison tests (P < 0.0001). Eutro - eutrophication, Hymo - hydromorphological
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The best-performing TAPI index in terms of correlation strength
(Rmean = 0.724, P <0.001) consisted of mean scores of two pressure
modules: (1) eutrophication module, (2) hydromorphological and
lake-use module (Table 6). The final TAPI showed highly significant cor-
relation with eight assessment systems with R ranging from 0.63-0.84
(P <0.001). Linear regressions are shown in Fig. 2.

For Belgium, this analysis did not reveal any significant relationship,
mostly due to the small number of lakes with an area > 50 ha (n = 9).
For all lakes of Belgium (median lake area: 10 ha; interquartile range:
3-34 ha), incorporation of biological pressures into the TAPI indices im-
proved the models' performance, comparing with versions with only
eutrophication or eutrophication and hydromorphological pressures in-
cluded. The best-performing TAPI for Belgium consisted of mean scores
of three pressure modules: (1) eutrophication, (2) hydromorphological
and lake-use, and (3) biological pressures (Table 5).

The French system showed no or very weak relationship with multi-
pressure TAPI indices. However, it showed moderately strong correla-
tions with TAPI indices which included only eutrophication metrics
(R = 0.72 for lakes > 50 ha, P < 0.001, R = 0.46 for all lakes, P < 0.05).

4. Discussion

Recent research has shown that the deterioration of fish communi-
ties is often caused by interwoven multiple pressures such as eutrophi-
cation, habitat loss, chemical pollution, fisheries, and climate change
(Jeppesen et al., 2012). Impacts of these pressures are often synergisti-
cally or antagonistically interrelated (Folt et al.,, 1999), expressed at dif-
ferent spatial and temporal scales and characterized by various lag
periods. This makes the identification of a single, or even dominant fac-
tor responsible for the change difficult. Therefore, construction of single
pressure-response relationships has failed in many cases, necessitating
the development of multiple pressure models (e.g., Breine et al,, 2015).

In the present paper we develop a total anthropogenic pressure
index (TAPI) as a weighted combination of most common pressures in
European lakes that is validated against 10 national fish based water
quality assessment systems. This index can be used in lake management
for assessing total anthropogenic pressure on lake ecosystems and
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creates a benchmark to overcome serious comparability issues between
national assessment systems caused by methodological differences.

4.1. Response to multiple pressures

In line with a recent review (N&ges et al., 2016) our study showed
that fish performed better as an indicator of multiple rather than single
pressures. We found that the explanatory power of fish based assess-
ment systems increased from 37% to 52% when hydromorphological
alterations and direct lake-use were included in addition to eutrophica-
tion metrics. However, further adding of pressures did not increase the
explanatory power of the models (except for Belgium, where the lake
sample consists of small artificial lakes).

This can be explained by high mobility and complex life history of
fish which exposes different life stages to conditions pertaining in vari-
ous lake zones. Unlike phytoplankton or phytobenthos, fish do not re-
spond to nutrient enrichment directly. Exceptions might be ammonia
nitrogen which at high pH turns into toxic unionized ammonia that
may cause fish-kills (Camargo and Alonso, 2006) or nitrate enrichment
which can reduce the severity of an ectoparasitic fish infection
(Smallbone et al., 2016). Fish, however, do respond to eutrophication
induced changes such as modified food availability and changes in hab-
itat quality - hypolimnetic oxygen depletion, increased turbidity, and
loss of submerged plants. Also hydromorphological alteration and direct
lake-use destroy or modify habitat complexity, resulting in various det-
rimental effects on fish community: (i) breeding of fish species that
spawn in shallow littoral waters is disturbed by habitat degradation;
(ii) fish production and species richness decrease with habitat degrada-
tion, most likely due to the loss of submerged macrophytes and woody
debris that provide shelter against predation and wave-action, and offer
high abundance and diversity of prey organisms (Lewin et al., 2014;
Mehner et al., 2005).

Therefore, fish community composition reflects habitat and food
availability and the effect of diverse pressures in the lake as a whole -
this is an added value of fish as a biological indicator, compared to mac-
roinvertebrates, macrophytes and phytoplankton. Similar metric re-
sponses to multiple pressures were also found in European rivers
(Schinegger et al., 2013).
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Fig. 2. Linear egressions between Member States fish classification method Ecological Quality Ratio (EQR) and the best performing TAPI index including eutrophication,

hydromorphological alterations and direct lake-use. Country abbreviations see Table 1.
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Table 5

Selection of best-performing TAPI index (analysis including lakes > 50 ha). Indexes after Rmean show similar groups according to Tukey's multiple comparison tests (P < 0.0001). The best

performing model marked in bold.

Pressure(-s) Rinean Of all models in the Rmean Of the best-performing model in the Number of Notes
pressure group pressure group systems
Eutro 0.61 (A) 0.610 9 Significantly lower performance comparing to
0.670 8 multi-pressure models
Eutro + Hymo 0.67 (B) 0.724 8 Simplest model with best performance
Eutro + Hymo + Bio 0.69 (B) 0.721 8 More complex models do not show improvement
Eutro + Hymo + Bio + 0.70 (B) 0.710 8 of performance

Pollution

4.2. Pressures included in TAPI

The best performing TAPI version included eutrophication,
hydromorphological alterations and direct lake-use intensity. The re-
vealed importance of eutrophication is not surprising as (1) nutrient en-
richment is still the predominant pressure responsible for the degraded
ecological status of lakes in Europe (EEA, 2012); (2) most assessment
systems explicitly address eutrophication by including taxonomic and/
or functional metrics based on their acknowledged sensitivity to the ef-
fects of eutrophication.

Large numbers of studies on European lake fish assemblages have
reported shifts in relative abundance of roach, bream, perch, ruffe and
other taxa along the eutrophication gradient (e.g., Mehner et al., 2005;
Tammi et al., 2003). The share of perch, bream, white bream, roach
and ruffe were the most frequently used metrics in the fish-based as-
sessment systems, followed by overall abundance (number or weight
per unit effort), abundance or number of predatory fish species, per-
centage of catch by weight of benthic and benthivorous species, and av-
erage or median individual weight of fish (each present in at least 3
methods). All these metrics have been identified as indicators of nutri-
ent enrichment (Appelberg et al., 2000; Breine et al., 2015, and
Virbickas and Stakénas, 2016).

The relevance of hydromorphological alterations and direct lake-use
is more disputable. Indeed, several studies fail to show clear fish re-
sponse to these impacts. For instance, Mehner et al. (2005) demonstrat-
ed that shoreline alterations and human use intensity had a negligible
effect on fish communities. Brucet et al. (2013a) did not find any effect
of hydromorphological pressures on fish diversity in lakes. Neverthe-
less, many studies do confirm these relationships (Breine et al., 2015;
Launois et al,, 2011; Lewin et al,, 2014; Scheuerell and Schindler,
2004; Sutela et al., 2011), ecological rationale for these impacts is
well-established (Ostendorp et al., 2004) and the reasons for not finding
the impacts are mostly linked to insufficient data quality and quantity
(Mehner et al., 2005).

On the other hand, pressures such as acidification, chemical pollu-
tion and contamination, fishing and stocking and the presence of non-
native species were not retained in the final TAPI as adding these pres-
sures did not improve the TAPI's performance (with exception of Bel-
gian small lakes, see further). Firstly, levels of chemical pollution and

Table 6

acidification in the lakes were generally low. Secondly, it is difficult to
conclude whether fishing/stocking pressures and alien species genuine-
ly have a low impact on fish communities, or that the fish metrics used
in member states' systems do not reflect these pressures. In addition, we
suspect some heterogeneity in the assessment of stocking and fishing
intensity and/or impact. In France, for example, fish communities in
lakes are often manipulated (Argillier et al., 2002). However, it is very
difficult to know exactly the management practices in different lakes,
and the fishing intensity upon different species.

4.3. French assessment system — addressing eutrophication only

Nine out of ten existing national fish indices correlated significantly
with the multi-pressure indices. However, the French system showed a
relationship with eutrophication-only indices. A number of reasons can
be suggested as to why this might be so: (1) the French assessment sys-
tem includes only three metrics (NPUE, WPUE, abundance of omnivo-
rous fish) that are mostly related to lake productivity (Argillier et al.,
2013); (2) the French dataset is relatively small (n = 24) and the shore-
line alteration and lake-use are negligible (only one lake with significant
shore modification and one - with significant lake-use intensity). It re-
mains to be seen how well this assessment system is able to account
for other anthropogenic pressures. For this, more data on hydrology,
habitat alterations and fish communities are needed (Argillier et al.,
2013).

4.4. Belgian system - best performing model includes also biological
pressures

Belgian dataset consists of small and strongly degraded lakes with
huge impacts of aliens (Belpaire et al., 2000). Therefore, the best rela-
tionships were achieved when all lakes were analyzed (including also
small lakes) and biological pressures were included in the TAPI index.
This shows that biological pressures, mostly negligible for large lakes,
may be of importance for small degraded lakes. Overall, there is no con-
sensus on the role of alien species - in general, the presence of alien spe-
cies as perceived as a negative factor (Belpaire et al., 2000; Karr, 1981),
while Breine et al. (2015) argue that some of alien fish species are
naturalised (e.g., common carp) whilst others (pike-perch) are

Pressures, metrics and calculation approaches used in TAPI construction (example of calculation in Annex 2, Supporting information), country abbreviations see Table 1.

Pressure module Metrics included

Approach

TAPI-EH
Eutrophication
Hydromorphological pressures and
lake use intensity

TAPI-EHB
Eutrophication

Chl—a, Tpspring' Tpsummer
Shore modification, habitat loss, lake-use
intensity

Chl-a, TPspring, TPsummer, TP-trophic state,
non-native land use

Shore modification, habitat loss, lake-use
intensity

Hydromorphological pressures and
lake use intensity
Biological pressures

Fish removal, fish input, alien fish abundance

Best performing model for CZ, DE, DK, EE, LT, NL,
PL, lakes > 50 ha

Sum of mean scores for each
pressure module Best performing model for BE, lake area

0.6-89 ha
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Comparison of single-pressure assessment tools vs multi-pressure assessment tools — examples.

509

Pressure and pressure indicator

Biological community Advantages

Disadvantages

Single-pressure tools
Eutrophication (TP)

Acidification (pH or ANC)

Phytoplankton (Carvalho et
al,, 2013)

Benthic invertebrates
(McFarland et al., 2010)

Quantifying relationships between specific
pressures and biological response; Setting
robust targets for the management of
freshwaters, e.g., nutrient targets for limiting

Often degraded to a biological proxy of total
phosphorus; Lacking understanding of
multiple pressures interactions

Hydromorphological alterations (water
regulation amplitude)

Macrophytes
(Mjelde et al., 2013)

Multiple-pressure tools

Multiple pressures including eutrophication,
morphological degradation and lake-use
(TAPI)

Fish assessment systems
(this paper)

Integrating direct and indirect impacts of
multiple pressures

Cyanobacteria blooms

Direct derivation of management targets
and restoration measures may be difficult

indicators for good water quality due to their high oxygen demand. De-
pending on the preferred food source and spawning behaviour, either
coexistence or interspecific competition can occur between native and
alien species (Verhelst et al,, 2016). In addition alien species can become
an important food source for many native species (Crane et al., 2015).

Also, there is no agreement how alien species have to be included in
ecological assessment across Europe. This is because not all introduced
fishes become established, and the fraction of those that do often have
little appreciable effects on their new ecosystems, while others
exert significant ecological, evolutionary, and economic impacts
(Cucherousset and Olden, 2011). An experiment of Kornis et al.
(2014) provided evidence that invasive species effects may diminish
at high densities, possibly due to increased intraspecific interactions.
So far, only the Lithuanian system for lakes includes explicit metric re-
lated to non-native species (Virbickas and Stakénas, 2016 ). The majority
of countries do not take alien species explicitly into account, assuming
that significant pressure by alien species will be detected by other
fish-based metrics (e.g., Breine et al., 2015). However, this is not always
the case, as high-impact invasive alien species have been observed in
water bodies classified as high (near-pristine) status (Vandekerkhove
et al., 2013). This calls for a development of common understanding
on the impacts of alien species and their inclusion in the ecological
assessment.

4.5. Role of fish community in ecological assessment

European freshwaters are affected by a complex of pressures,
resulting from discharges from diffuse and point sources, habitat alter-
ation, water abstraction, overfishing and climate change (EEA, 2012).
Defining the biotic integrity may be the best way to assess the total ef-
fects of these pressures on aquatic environments. As Karr (1991) has
stated: “An ideal indicator would be sensitive to all stresses placed on
biological system by human society”. However, the reality is different:
most of the 62 intercalibrated lake assessment methods address single
pressures, largely eutrophication, with only few methods addressing
acidification, hydromorphological alterations, or multiple pressures
(Poikane et al., 2015).

The broad spectrum of niche diversity among fishes covering differ-
ent trophic levels of the aquatic food-chain from non-predatory
planktivorous and benthivorous species to top predators and different
types of habitats from littoral to benthic and pelagic habitats, makes
fishes very susceptible to multi-pressure situations. We propose that
high sensitivity of fish to a broad spectrum of pressures could provide
both generic tools for detecting complex multiple pressures as well as
more “tailor made” approaches for targeting specific pressure
combinations.

We argue that both single-pressure and multiple-pressure tools
have places in the lake management tool-kit (Table 7). Fish-based mul-
tiple-pressure assessment tools offer the major advantage of integrating
both the direct and indirect effects of multiple pressures over large

scales of space and time should be seen as complementary to other bio-
logical communities (Carvalho et al., 2013; Poikane et al., 2016) and bio-
markers (Colin et al., 2016) for detection of early signs of ecosystem
disturbance.

5. Conclusions

Fish communities react in a holistic way to a broad range of cumula-
tive pressure impacts. Several European countries have developed fish-
based lake assessment tools, however, their comparability is a major
problem due to a variety of sampling gears and methodologies used.
To overcome these issues, we constructed a combined pressure index,
TAPI, which correlated well with changes in fish community structure
thought to reflect anthropogenic degradation. TAPI includes eutrophica-
tion, hydromorphological alterations and lake-use intensity and shows
strong correlation with 8 out of 10 national lake fish indices tested.
Therefore, TAPI provides an estimation of the pressure intensity which
is comparable throughout the wide geographic range of the Central Bal-
tic Intercalibration Group. The TAPI index could represent a useful tool
for assessing environmental quality, as well as for developing pressure
- response relationships and intercalibrating fish-based assessment
tools.

Abbreviations

BE Belgium

Chl-a chlorophyll-a

Ccz Czech Republic

DE Germany

DK Denmark

EE Estonia

EQR Ecological Quality Ratio
FR France

LT Lithuania

NL the Netherlands

NPUE number per unit effort
PL Poland

PL1 method LFI+

PL2 method LFI-CEN

TAPI total anthropogenic pressure index
TP total phosphorus

UK United Kingdom

WEFD Water Framework Directive
WPUE  weight per unit effort
Acknowledgements

The work of D.R. was funded by the German federal countries' pro-
gram of financing ‘Water, Soil and Waste’. ].B. was financial supported
by the Flemish Environment Agency. The Czech participants were



510 S. Poikane et al. / Science of the Total Environment 586 (2017) 502-511

supported by project CEKOPOT (CZ.1.07/2.3.00/20.0204), co-financed
by the European Social Fund and the state budget of the Czech Republic,
and by the Czech Science Foundation (15-01625S). The work of N.J. was
funded by the Dutch Ministry of Infrastructure and the Environment.
The work of T.K. and P.N. was supported by institutional research
funding [UT21-02 of the Estonian Ministry of Education and Research
and by MARS project (Managing Aquatic ecosystems and water Re-
sources under multiple Stress) funded by the European Union under
the 7th Framework Programme, Theme 6 (Environment including Cli-
mate Change), contract no. 603378.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.01.211.

References

Altenburg, W., van der Molen, D.T., Arts, G.H.P., Franken, RJ.M., Higler, LW.G,,
Verdonschot, P.F.M., et al., 2012. Referenties en maatlatten voor natuurlijke
watertypen voor de kaderrichtlijn water 2015-2021. No. 2012-31. STOWA.

Appelberg, M., Bergquist, B.C,, Degerman, E., 2000. Using fish to assess environmental dis-
turbance of Swedish lakes and streams - a preliminary approach. Verhandlungen des
Internationalen Verein Limnologie 27, 311-315.

Argillier, C,, Caussé, S., Gevrey, M., Pédron, S., De Bortoli, ]., Brucet, S., et al., 2013. Develop-
ment of a fish-based index to assess the eutrophication status of European lakes.
Hydrobiologia 704 (1), 193-211.

Argillier, C., Pronier, O., Changeux, T., 2002. Fishery management practices in French lakes.
In: Cowx, L.G. (Ed.), Management and ecology of lake and reservoir fisheries. Black-
well Science, pp. 312-321.

Bates, D., Maechler, M., Bolker, Ben, Walker, S., 2015. Fitting linear mixed-effects models
using Ime4. J. Stat. Softw. 67 (1), 1-48.

Belpaire, C., Smolders, R., Vanden Auweele, L, Ercken, D., Breine, J., Van Thuyne, G,, et al,,
2000. An Index of Biotic Integrity characterizing fish populations and the ecological
quality of Flandrian water bodies. Hydrobiologia 434, 17-33.

Benejam, L., Alcaraz, C,, Benito, ]., Caiola, N., Casals, F., Maceda-Veiga, A, et al., 2012. Fish
catchability and comparison of four electrofishing crews in Mediterranean streams.
Fish. Res. 123, 9-15.

Birk, S., Bonne, W., Borja, A., Brucet, S., Courrat, A., Poikane, S., et al., 2012. Three hundred
ways to assess Europe's surface waters: an almost complete overview of biological
methods to implement the Water Framework Directive. Ecol. Indic. 18, 31-41.

Birk, S., Willby, N.J., Kelly, M.G., Bonne, W., Borja, A., Poikane, S., van de Bund, W., 2013.
Intercalibrating classifications of ecological status: Europe's quest for common man-
agement objectives for aquatic ecosystems. Sci. Total Environ. 454-455, 490-499.

Blabolil, P, Logez, M., Ricard, D., Prchalova, M., Riha, M., Sagouis, A., et al., 2016. An assess-
ment of the ecological potential of Central and Western European reservoirs based on
fish communities. Fish. Res. 173, 80-87.

Breine, J., Van Thuyne, G., De Bruyn, L., 2015. Development of a fish-based index combin-
ing data from different types of fishing gear. A case study of reservoirs in Flanders
(Belgium). Belgian Journal of Zoology 145 (1), 17-39.

Brucet, S., Pédron, S., Mehner, T., Lauridsen, T.L., Argillier, C., Winfield, 1], et al., 2013a. Fish
diversity in European lakes: geographical factors dominate over anthropogenic pres-
sures. Freshw. Biol. 58 (9), 1779-1793.

Brucet, S., Poikane, S., Lyche-Solheim, A., Birk, S., 2013b. Biological assessment of Europe-
an lakes: ecological rationale and human impacts. Freshw. Biol. 58 (6), 1106-1115.

Camargo, J.A., Alonso, A., 2006. Ecological and toxicological effects of inorganic nitrogen
pollution in aquatic ecosystems: a global assessment. Environ. Int. 32, 831-849.

Cao, Y., Hawkins, C.P., 2011. The comparability of bioassessments: a review of conceptual
and methodological issues. J. N. Am. Benthol. Soc. 30 (3), 680-701.

Carlson, R.E., 1977. A trophic state index for lakes. Limnol. Oceanogr. 22, 361-369.

Carvalho, L., Poikane, S., Solheim, A.L., Phillips, G., Borics, G., Catalan, J., et al., 2013.
Strength and uncertainty of phytoplankton metrics for assessing eutrophication im-
pacts in lakes. Hydrobiologia 704 (1), 127-140.

CEN, 2005. Water Quality - Sampling of Fish With Multimesh Gillnets. European Commit-
tee for Standardization, EN 14757, Brussels.

Chow-Fraser, P., Kostuk, K., Seilheimer, T., Weimer, M., MacDougall, T., Theysmeyer, T.,
2006. Effect of wetland quality on sampling bias associated with two fish survey
methods for coastal wetlands of the lower Great Lakes. In: Simon, T.P., Stewart,
P.M. (Eds.), Coastal Wetlands of the Laurentian Great Lakes: Health, Habitat and Indi-
cators. Indiana Biological Survey, Bloomington, Indiana, pp. 239-262.

Colin, N,, Porte, C,, Fernandes, D., Barata, C., Padros, F., Carrasson, M., et al., 2016. Ecological
relevance of biomarkers in monitoring studies of macro-invertebrates and fish in
Mediterranean rivers. Sci. Total Environ. 540, 307-323.

Crane, D.P., Farrell, .M., Einhouse, D.W., Lantry, ].R., Markham, J.L., 2015. Trends in body
condition of native piscivores following invasion of Lakes Erie and Ontario by the
round goby. Freshw. Biol. 60, 111-124.

Cucherousset, J., Olden, J.D., 2011. Ecological impacts of non-native freshwater fishes.
Fisheries 36 (5), 215-230.

Eckmann, R., 1995. Fish species richness in lakes of the northeastern lowlands in Germa-
ny. Ecol. Freshw. Fish 4 (2), 62-69.

EEA, 2012. European Waters — Assessment of Status and Pressures. Office for Official Pub-
lications of the European Union, Luxembourg.

European Commission (EC), 2000. Directive 2000/60/EC of the European Parliament and
of the Council of 23rd October 2000 establishing a framework for Community action
in the field of water policy. Official Journal of the European Communities, L327/1. Eu-
ropean Commission, Brussels.

Fausch, K.D., Lyons, ]., Karr, J.R., Angermeier, P.L., 1990. Fish communities as indicators of
environmental degradation. Am. Fish. Soc. Symp. 8, 123-144.

Folt, C.L, Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and antagonism among
multiple stressors. Limnol. Oceanogr. 44 (3, part 2), 864-877 (1999).

Hering, D., Feld, CK,, Moog, O., Ofenbock, T., 2006. Cook book for the development of a
Multimetric Index for biological condition of aquatic ecosystems: experiences from the Eu-
ropean AQEM and STAR projects and related initiatives. Hydrobiologia 566 (1), 311-324.

Hering, D., Birk, S., Lyche Solheim, A., Moe, J., Carvalho, L., Borja, A, et al., 2010. Deliverable
2.2-2: guidelines for indicator development. http://www.wiser.eu/download/D2.2-2.
pdf (accessed 17 December 2016).

Hesthagen, T., Fiske, P., Skjelkvale, B.L., 2008. Critical limits for acid neutralizing capacity
of brown trout (Salmo trutta) in Norwegian lakes differing in organic carbon concen-
trations. Aquat. Ecol. 42 (2), 307-316.

Holmgren, K., Kinnerback, A., Pakkasmaa, S., Bergquist, B., Beier, U., 2007. Method: assess-
ment criteria for ecological status of fish in Swedish lakes [Bedémningsgrunder for
fiskfaunans status i sjdar] in Swedish. Fiskeriverket Informerar 3, 54.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biom. J. 50 (3), 346-363.

Jeppesen, E., Kristensen, P., Jensen, ].P., Sondergaard, M., Mortensen, E., Lauridsen, T., 1991.
Recovery resilience following a reduction in external phosphorus loading of shallow,
eutrophic Danish lakes: duration, regulating factors and methods for overcoming re-
silience. Mem. Ist. Ital. Idrobiol 48 (1), 127-148.

Jeppesen, E., Jensen, J.P., Sendergaard, M., Lauridsen, T., Landkildehus, F., 2000. Trophic
structure, species richness and biodiversity in Danish lakes: changes along a phos-
phorus gradient. Freshw. Biol. 45, 201-218.

Jeppesen, E., Mehner, T., Winfield, 1J., Kangur, K., Sarvala, J., Gerdeaux, D., et al., 2012. Im-
pacts of climate warming on the long-term dynamics of key fish species in 24 Euro-
pean lakes. Hydrobiologia 694 (1), 1-39.

Karr, J.R,, 1981. Assessment of biotic integrity using fish communities. Fisheries 6 (6),
21-27.

Karr, J.R., 1991. Biological integrity: a long-neglected aspect of water resource manage-
ment. Ecol. Appl. 1 (1), 66-84.

Kornis, M.S., Carlson, J., Lehrer-Brey, G., Vander Zanden, M.J.,, 2014. Experimental evidence
that ecological effects of an invasive fish are reduced at high densities. Oecologia 175
(1), 325-334.

Launois, L., Veslot, ., Irz, P., Argillier, C,, 2011. Development of a fish-based index (FBI) of
biotic integrity for French lakes using the hindcasting approach. Ecol. Indic. 11,
1572-1583.

LAWA, 2014. Trophieklassifikation von Seen: Trophieindex nach LAWA - Handbuch. LBH
Freiberg & IGB Berlin.

Lepage, M., Harrison, T., Breine, J., Cabral, H., Coates, S., Galvan, C,, Garcia, P,, et al., 2016.
An approach to intercalibrate ecological classification tools using fish in transitional
water of the North East Atlantic. Ecol. Indic. 67, 318-327.

Lewin, W.-C,, Mehner, T., Ritterbusch, D., Bramick, U., 2014. The influence of anthropogen-
ic shoreline changes on the littoral abundance of fish species in German lowland
lakes varying in depth as determined by boosted regression trees. Hydrobiologia
724 (1), 293-306.

Lyche-Solheim, A., Feld, C.K, Birk, S., Phillips, G., Carvalho, L., Morabito, G., et al., 2013.
Ecological status assessment of European lakes: a comparison of metrics for phyto-
plankton, macrophytes, benthic invertebrates and fish. Hydrobiologia 704 (1), 57-74.

McFarland, B., Carse, F., Sandin, L., 2010. Littoral macroinvertebrates as indicators of lake
acidification within the UK. Aquat. Conserv. 20, 105-116.

Mehner, T., Diekmann, M., Bramick, U., Lemcke, R., 2005. Composition of fish communities
in German lakes as related to lake morphology, trophic state, shore structure and
human-use intensity. Freshw. Biol. 50 (1), 70-85.

Millenium Ecosystem Assessment, 2005. Ecosystems and Human Well-being. World Re-
sources Institute, Washington, DC.

Mjelde, M., Hellsten, S., Ecke, F., 2013. A water level drawdown index for aquatic macro-
phytes in Nordic lakes. Hydrobiologia 704 (1), 141-151.

Noges, P., Argillier, C., Borja, A., Garmendia, ].M., Hanganu, J., Kodes, V., et al., 2016. Quan-
tified biotic and abiotic responses to multiple stress in freshwater, marine and ground
waters. Sci. Total Environ. 540, 43-52.

Ostendorp, W., Schmieder, K., Johnk, K.D., 2004. Assessment of human pressures and their
hydromorphological impacts on lakeshores in Europe. International Journal of
Ecohydrology & Hydrobiology 4 (4), 379-395.

Poikane, S., Alves, M.H., Argillier, C., van den Berg, M., Buzzi, F., Hoehn, E., et al., 2010. De-
fining chlorophyll-a reference conditions in European lakes. Environ. Manag. 45 (6),
1286-1298.

Poikane, S., Portielje, R., Berg, M., Phillips, G., Brucet, S., Carvalho, L., et al., 2014a. Defining
ecologically relevant water quality targets for lakes in Europe. J. Appl. Ecol. 51 (3),
592-602.

Poikane, S., Zampoukas, N., Borja, A., Davies, S.P., van de Bund, W., Birk, S., 2014b. Intercal-
ibration of aquatic ecological assessment methods in the European Union: lessons
learned and way forward. Environ. Sci. Pol. 44, 237-246.

Poikane, S., Birk, S., Bohmer, ]J., Carvalho, L., de Hoyos, C., Gassner, H., et al.,, 2015. A
hitchhiker's guide to European lake ecological assessment and intercalibration. Ecol.
Indic. 52, 533-544.

Poikane, S., Johnson, RK., Sandin, L., Schartau, AKX, Solimini, A.G., Urbani¢, G., et al., 2016.
Benthic macroinvertebrates in lake ecological assessment: a review of methods, in-
tercalibration and practical recommendations. Sci. Total Environ. 543, 123-134.


http://dx.doi.org/10.1016/j.scitotenv.2017.01.211
http://dx.doi.org/10.1016/j.scitotenv.2017.01.211
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0005
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0010
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0015
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf1000
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf1000
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf1000
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0020
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0025
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0025
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0030
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0035
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0040
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0045
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0055
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0060
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0065
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0070
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0075
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0080
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0085
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0085
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0090
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0095
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0100
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0105
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0110
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0110
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0115
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0120
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0125
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0130
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0130
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0135
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0135
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0140
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0140
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0140
http://www.wiser.eu/download/D2.2-2.pdf
http://www.wiser.eu/download/D2.2-2.pdf
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0150
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0155
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0160
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0160
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0165
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0170
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0175
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0180
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0180
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0185
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0190
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0195
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0195
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0195
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0200
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0205
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0210
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0215
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0220
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0220
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0225
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0230
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0230
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0235
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0235
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0240
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0240
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0240
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0245
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0245
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0245
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0250
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0255
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0255
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0255
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0260
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0260
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0260
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0265
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0265
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0265
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0270
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0270

S. Poikane et al. / Science of the Total Environment 586 (2017) 502-511 511

Ritterbusch, D., Bramick, U., 2015. Verfahrensvorschlag zur Bewertung des 6kologischen
Zustandes von Seen anhand der Fische. Schriften des Instituts fiir Binnenfischerei
eV.41: 69.

Ritterbusch, D., Bramick, U., Mehner, T., 2014. A typology for fish-based assessment of the
ecological status of lowland lakes with description of the reference fish communities.
Limnologica 49, 18-25.

Scheuerell, M.D., Schindler, D.E., 2004. Changes in the spatial distribution of fishes in lakes
along a residential development gradient. Ecosystems 7 (1), 98-106.

Schinegger, R., Trautwein, C., Schmutz, S., 2013. Pressure-specific and multiple pressure
response of fish assemblages in European running waters. Limnologica 43 (5),
348-361.

Smallbone, W., Cable, ]., Maceda-Veiga, A., 2016. Chronic nitrate enrichment decreases se-
verity and induces protection against an infectious disease. Environ. Int. 91, 265-270.

Sendergaard, M., Lauridsen, T., Kristensen, E., Battrup-Pedersen, A., Wiberg-Larsen, P.,
Bjerring, R., Friberg, N., 2013. Biologiske indikatorer til vurdering af gkologisk kvalitet
i danske sger og vandlgb. Aarhus Universitet, Aarhus:p. 59. http://www2.dmu.dk/
pub/sr59.pdf.

Sutela, T., Vehanen, T., Rask, M., 2011. Assessment of the ecological status of regulated
lakes: stressor-specific metrics from littoral fish assemblages. Hydrobiologia 675
(1), 55-64.

Tammi, ], Appelberg, M., Beier, U., Hesthagen, T., Lappalainen, A., Rask, M., 2003. Fish sta-
tus survey of Nordic lakes: effects of acidification, eutrophication and stocking activ-
ity on present fish species composition. Ambio 32 (2), 98-105.

Vandekerkhove, ]., Cardoso, A.C., Boon, P.J., 2013. s there a need for a more explicit ac-
counting of invasive alien species under the Water Framework Directive. Manage-
ment of Biological Invasions 4 (1), 25-36.

Verhelst, P., Boets, P., Van Thuyne, G., Verreycken, H., Goethals, P.L.M., Mouton, A.M., 2016.
The distribution of an invasive fish species is highly affected by the presence of native
fish species: evidence based on species distribution modeling. Biol. Invasions 18 (2),
427-444.

Virbickas, T., Stakénas, S., 2016. Composition of fish communities and fish-based method
for assessment of ecological status of lakes in Lithuania. Fish. Res. 173, 70-79.

Vollenweider, R.A., Kerekes, ]J., 1982. Background and summary results of the OECD co-
operative programme on eutrophication. In: Vollenweider, R.A,, Janus, L.J. (Eds.),
The OECD Cooperative Programme on Eutrophication. National Water Research Insti-
tute, Ontario, pp. A1-A59.

Whittier, T.R., 1999. Development of IBI metrics for lakes in southern New England. In:
Simon, T.P. (Ed.), Assessing the Sustainability and Biological Integrity of Water Re-
sources Using Fish Communities. CRC Press, pp. 563-582.


http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0275
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0275
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0275
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0280
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0285
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0285
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0290
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0295
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0295
http://www2.dmu.dk/pub/sr59.pdf
http://www2.dmu.dk/pub/sr59.pdf
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0305
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0305
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0305
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0310
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0310
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0310
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0315
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0320
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0320
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0320
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0325
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0325
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0330
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0335
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0335
http://refhub.elsevier.com/S0048-9697(17)30214-0/rf0335

	Response of fish communities to multiple pressures: Development of a total anthropogenic pressure intensity index
	1. Introduction
	2. Material and methods
	2.1. Dataset
	2.2. Construction of the pressure index
	2.3. Statistical methods

	3. Results
	3.1. Member state fish-based lake assessment systems
	3.2. TAPI development and selection of best-performing models

	4. Discussion
	4.1. Response to multiple pressures
	4.2. Pressures included in TAPI
	4.3. French assessment system – addressing eutrophication only
	4.4. Belgian system – best performing model includes also biological pressures
	4.5. Role of fish community in ecological assessment

	5. Conclusions
	Abbreviations
	Acknowledgements
	Appendix A. Supplementary data
	References


