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VORBEMERKUNGEN ZUM AUFBAU DER DISSERTATION

Vorliegende Dissertation besteht im Wesentlichen aus zwei Teilen, einer Einleitung
mit folgender Zusammenfassung und kurzer Diskussion der wesentlichen Methoden
und Ergebnisse aus acht Publikationen. Den zweiten Teil bilden diese acht Publikati-
onen selbst, welche in Englischer Sprache verfasst sind und international als positiv
begutachtet wurden. Diese sind thematisch gereiht und werden in weiterer Folge

mittels Nummern in eckigen Klammern [ ] zitiert.

Sechs Artikel [2, 3, 4, 5, 6 und 8] wurden bereits in den Jahren 2006 und 2007 in SCI
Journalen verdffentlicht. Einer erschien dieses Jahr in einem Konferenzband [7] und

ein weiterer wurde diesen Sommer in einem ,peer review" Journal [1] angenommen.

Der Reihung der Artikel liegt weder der Zeitpunkt der Veroffentlichung noch eine wis-
senschaftliche Gewichtung zugrunde. Vielmehr umspannen sie einen breiten Bogen
von der Grundlagenforschung Uber standardisierte Bewertungsmethoden bis hin zu

Charakteristiken von unterschiedlichen Belastungen an FlieRgewassern.

PRELIMINARY REMARKS ON THE STRUCTURE OF THE THESIS

This PhD thesis consists of two parts: an introductory text with the summary of the
main results and eight articles, which constitute the core of the thesis. To date, seven
articles have been published; one manuscript has been accepted and submitted for

publication.

The summary comprises the key statements of the thesis. Detailed data and informa-
tion are referred to the individual articles. These are cited in the text by means of

numbers in square brackets [ ].






INHALTSVERZEICHNIS

S0 174 7= 57 U T 1
ADSTIACT ...t e e 2
T ] T (] R |
Publikationen im UDErbliCK .............c..oeiuiie oo, B
Zusammenfassung und Diskussion der Publikationen .................ccooii i, 11
T =7 = e Lo
Projekte im INtEIMET ... ... e e e e e e e e e e 17
PUBIKALIONEN ... e e 18

[1] Melcher A. & Schmutz S. (2009): The importance of structural riverine features of
spawning habitat of nase Chondrostoma nasus (L.) and barbel Barbus barbus (L.) in a
pre-Alpine river. River Systems (formerly Large Rivers, Suppl. to Archiv fir Hydrobiolo-
gie), p. n/a (accepted August 18, 2009) .......ceoiiiriiiiiii 20

[2] Beier U., Degerman E., Melcher A., Rogers C. & Wirl6f H. (2007): Processes of
collating a European fisheries database to meet the objectives of the European Union
Water Framework Directive. Fisheries Management and Ecology 14, 407-416 .............. 36

[3] Schmutz S., Melcher A., Frangez C., Haidvogl G., Beier U., Bohmer J., Breine J.,
Simoens |., Caiola N., de Sostoa A., Ferreira M.T., Oliveira J., Grenouillet G., Gof-
faux D., de Leuuw J.J., Noble R.A.A., Roset N. & Verbickas T. (2007): Spatially based
methods to assess the ecological status of riverine fish assemblages in European ecore-
gions. Fisheries Management and Ecology 14, 441452 .......cccciiiiiie it it i, 46

[4] Melcher A., Schmutz S., Haidvogl G. & Moder K. (2007): Spatially based methods
to assess the ecological status of European fish assemblage types. Fisheries Manage-
ment and Ecology 14, 453—463 ..ot 58

[5] Pont D., Hugueny B., Beier U., Goffaux D., Melcher A., Noble R., Rogers C., Ro-
set N. & Schmutz S. (2006): Assessing river biotic condition at a continental scale: a
European approach using functional metrics and fish assemblages. Journal of Applied
ECOIOQY 43, 70-80 ..o eniitiit it e et e e e e e e 70

[6] Degerman E., Beier U., Breine J., Melcher A., Quataert P., Rogers C., Roset N. &
Simoens |. (2007): Classification and assessment of degradation in European running
waters. Fisheries Management and Ecology 14, 417—426 .........cccooeviiiiiiiii i iiiienenn, 82

[7] Schinegger R., A. Melcher, C. Trautwein & S. Schmutz (2009): Detecting pat-
terns and relationships of human pressures in European rivers. International Asso-
ciation of Hydraulic Engineering and Research, 33rd IAHR Congress: Water Engineering
for a Sustainable Environment; 4702 — 4709 ISBN:978-94-90365-0..........ccovvviniiinnnne. 92

[8] Matulla C., Schmutz S., Melcher A., Gerersdorfer T. & Haas P. (2007): Assessing
the impact of a downscaled climate change simulation on the fish fauna in an Inner-
Alpine River. International Journal of Biometeorology, 52, 127-137 .........coccoiiieiiiininnnn. 100

Leb NS aUT ... 112



KURZFASSUNG

Im Jahr 2000 fuhrte die Européische Union (EU) die Wasserrahmenrichtlinie (WRRL)
ein, eines der weltweit modernsten Gesetze zum Thema Wasser, dessen vorrangi-
ges Ziel es ist, bis zum Jahr 2015 den ,guten Okologischen* Zustand von Flie3ge-
wassern zu erreichen. Fische sind als besonders sensibel gegeniiber anthropogenen
Eingriffen (Hydrologie, Morphologie, Kontinuum und Wasserqualitat) bekannt, des-
wegen wurden sie fur die WRRL als mogliche Indikatoren, welche den 6kologischen
Zustand anzeigen konnen, ausgewahlt. Ein wesentliches Ziel dieser Dissertation ist
daher die Entwicklung und Evaluierung einer geeigneten Methode zur Bewertung der

Okologischen Funktionsfahigkeit von Flie3gewassern.

Um den aktuellen Zustand der européischen Fischfauna unter Berlicksichtigung von
verschiedenen Belastungen analysieren zu kdnnen, wurde zunéchst eine Datenbank
mit mehr als 8 200 Probenstellen samt Fisch-, Umwelt- und Belastungsdaten zu-
sammengestellt. Zusatzlich wurden relevante Kriterien definiert, die Art und den Grad
der anthropogenen Belastungen charakterisieren. Zwei unterschiedliche Ansatze zur
Bewertung wurden schlie3lich gewéhlt: die so genannten ,spatially based“ Modelle
(SBM EU) und ein multimetrisches Modell, dem spater weiterentwickelten Europai-
schen Fischindex (EFI, Pont et al. 2007). Ein Vorteil des EFI ist, dass er, obwohl aus
einem Index bestehend, in weiten Bereichen anwendbar ist, was eine Vergleichbar-

keit von Bewertungsergebnissen innerhalb der EU ermdglichen soll.

Multivariate Analyseverfahren von verschiedenen Belastungstypen, samt der neuer-
dings zu berticksichtigenden Klimaerwarmung, auf verschiedenen raumlichen und
zeitlichen Betrachtungsebenen, erlauben die Quantifizierung des Zusammenhanges
von Fisch und Eingriff. Zuklnftige Forschungen sollen vor allem den kumulativen
Einfluss von Belastungen beinhalten. Zusatzlich unterstiitzen Habitatmodellierungen
die Auswahl und Beurteilung von geeigneten RestaurationsmafRhahmen, um, wie von
der WRRL gefordert, den guten 6kologischen Zustand von FlieRgewassern zu errei-

chen.

Diese Arbeit wurde hauptsachlich im Rahmen von FAME (http://fame.boku.ac.at),

einem Projekt des flinften Rahmenprogramms der EU, erstellt.



ABSTRACT

In the year 2000, the most modern water legislation in the world — the Water Frame-
work Directive (WFD) — was launched by the European Union. One of its key objec-
tives is to achieve the “good ecological status” of running waters within the next 15
years. As fish are known to be sensitive to chemical and hydromorphological pres-
sures, in particular continuum interruptions, the WFD consider them as potential indi-
cators for assessing the ecological status of rivers. Therefore, the objectives of this
PhD thesis were to develop and evaluate a standardised fish-based method for as-

sessing the ecological status of European running waters.

In order to analyse the present status of the European fish fauna with regard to typi-
cal chemical and hydromorphological pressures, a database containing information
on more than 8,200 fishing sites was compiled. Relevant criteria characterising an-
thropogenic pressures such as hydrological alterations (flow diversion, hydro-
peaking), impoundment, channelisation, continuum interruptions (lateral, longitudinal)

and water quality changes were defined.

Two different methodologies were used: the so-called spatially based modelling
(SBM EU) and multi-metric modelling, the latter leading to the European Fish Index
(EFI, Pont et al. 2007). Despite being a single index the EFI is applicable to a wide
range of environmental conditions across Europe and is suitable for intercalibration

purposes.

Multivariate analyses of different types of pressures including global warming on dif-
ferent spatial and temporal scales permit a quantification of relationships between
pressures and fish. Future publications should focus on the cumulative impact of
pressures. Additionally, habitat modelling results should be used to support the se-
lection of the most appropriate combination of restoration measures, according to the

WEFD, to achieve good ecological status or potential of running waters.

This thesis was carried out mainly within FAME (http://fame.boku.ac.at), a project

under the fifth R&D Framework Programme of the European Commission.



EINLEITUNG

Die europaischen FlieRgewasser sind vielfaltigen anthropogenen Beeintrachtigungen
ausgesetzt. Wahrend die Gewdassergute in vielen Landern nicht mehr zu den priorita-
ren Problemen z&hlt, weisen die meisten Gewasser hydromorphologische Verande-
rungen auf. Zur Wiederherstellung des ,guten 6kologischen Zustandes* bzw. des
»-guten okologischen Potentials* im Sinne der EU Wasserrahmenrichtlinie (Amtsblatt
der Europdischen Gemeinschaften 2000) sind daher fir diese Gewasser zunachst

geeignete Methoden zur Bewertung des 6kologischen Zustandes zu entwickeln.

Fische spielen aufgrund ihrer besonderen Indikatorfunktion schon seit langem eine
wesentliche Rolle in der Bewertung des 6kologischen Zustandes von FlieBgewas-
sern. Die Bedeutung von Fischen als Indikatoren wurde in den letzten Jahrzehnten
zunehmend erkannt und diskutiert. Fische reagieren auf Veranderungen des Lebens-
raumes, auf Eingriffe in das Gewasserkontinuum und auf die Abtrennung der natirli-
chen Uberflutungsraume. Sie eignen sich damit hervorragend fiir einen integrativen
Bewertungsansatz, der sowohl fiir eine Beurteilung der menschlichen Einflisse als
auch fir die Erfolgskontrolle von Schutz- und Revitalisierungsmalinahmen unerlass-

lich ist.

Wie oben erwahnt sind Fische aus mehreren Grinden ausgezeichnete Indikatoren,
um den okologischen Zustand von Flie3gewéassern anzuzeigen (z.B. Jungwirth et al
2003):

e sie kommen in fast jedem Gewasser vor;

e ihre Lebensweise und die Anspriche an die Lebensraume sind besser be-
kannt als bei anderen Organismen;

e sie zeigen aufgrund ihrer Bindung an unterschiedliche Habitate die Habitat-
qualitat auf verschiedenen raumlichen Ebenen;

e sie zeigen aufgrund von Wanderungen zwischen verschiedenen Habitaten
die Vernetzung im L&ngsverlauf (,Gewasserkontinuum®) sowie jene mit dem
Umland (,laterale Konnektivitat");

e sie decken in der Nahrungspyramide unterschiedliche Ebenen von pflanzen-
fressenden Primarproduzenten bis hin zu Raubfischen ab;

¢ sie sind langlebige Organismen und zeigen Veranderungen und Entwicklun-
gen Uber einen dementsprechend langen Zeitraum an;

e es liegen historische Informationen tber die Verbreitung vor, und



e sie haben sowohl ¢konomischen als auch &sthetischen Wert, und steigern
somit das Bewusstsein flr die Notwendigkeit der Erhaltung und Wiederher-
stellung aquatischer Okosysteme.

Aus einer Vielzahl fallspezifischer Einzeluntersuchungen ist bekannt, dass Fische
sehr gut hydromorphologische und chemische Belastungen anzeigen. Dem steht
jedoch ein deutlicher Mangel an geeigneten, standardisierten Bewertungsmethoden
gegenuber.

Bislang wurden jedoch erst wenige Versuche unternommen, anhand eines grofRen
Datensatzes die Wirkungszusammenhange zwischen anthropogenen Belastungen
und Fischen systematisch zu untersuchen und die daraus abgeleiteten Erkenntnisse

zur Entwicklung von Bewertungsmethoden heranzuziehen.

Publikation [1] G dl Publikation [2]
Lebensraumanspriche rundiagen Datenbank

Bewertung des 6kologischen Zustandes

Charakteristische Belastungen an FlieBgewassern

Publikation [6] Publikation [7] Publikation [8]
Chemisch und Kombinationen von Klimawandel als
Hydromorphologisch Belastungen Belastung

Abbildung 1: Grafisches Konzept aller acht Publikationen unter Berlcksichtigung
ihrer Thematik.

Ziel vorliegender Dissertation ist einerseits die Erarbeitung von Grundlagen fir die
Entwicklung von fischbezogenen Bewertungsmethoden und Restaurationsmafinah-
men und andererseits die Entwicklung von Bewertungsverfahren fur eine flachende-
ckende Bewertung europaischer FlieRgewésser. Dieses Konzept geht davon aus,
dass der Zustand eines Gewassers als graduelle Abweichung von einem unbeein-

trachtigten Referenzzustand definiert wird. Dieses Grundprinzip geht zum einen auf



den von Karr 1981 in den USA entwickelten IBI (Index of Biotic Integrity) und auf das

Osterreichische Konzept zur Bewertung der 6kologischen Funktionsfahigkeit zuriick
(Schmutz et al. 1999 und 2000).

Aufgrund der thematischen Anordnung (Abbildung 1) und des Inhaltes der Publikati-

onen ergeben sich folgende Problemstellungen, die im Rahmen dieser Dissertation

aus Okologischer und statistischer Sicht aufgearbeitet werden:

1.

10.

11.

Wie lassen sich Lebensraumanspriche von Fischen mit Hilfe von uni- und
multivariaten Methoden darstellen? [1]

Kann eine hierarchische Datenbank sowohl Fisch-, Umwelt- als auch Belas-
tungsdaten enthalten? Welche Voraussetzungen sind bei der Datenbanker-
stellung zu beachten? [2]

Eignet sich die deskriptive Statistik um Datenfehler (z.B. Ausrei3er, missing
data) zu identifizieren? [2]

Gibt es charakteristische Fischartenvergesellschaftungen in Europa, und wie
lassen sich diese definieren? [3, 4]

Welche statistischen Verfahren sind geeignet, um Fischartenvergesellschaf-
tungen einerseits flr Okoregionen und anderseits flir einen ganzen Kontinent
zu identifizieren? [3, 4]

Wie kdnnen Fischartenvergesellschaftungen mit Hilfe von Umweltvariablen
(z.B. Seehbhe, Gewasserbreite) fur beliebige Gewasserabschnitte prognosti-
ziert werden? [4]

Lasst sich die natlrliche Variabilitat des Fischvorkommens mit Hilfe von Um-
weltvariablen erklaren? [2, 3, 4, 5]

Welche Metrics (Kennziffern wie die Dichte von Kieslaichern) eignen sich be-
sonders, um den Grad von anthropogenen Eingriffen widerzuspiegeln? [3, 4,
5]

Welche statistischen Verfahren sind geeignet, um standardisierte Bewer-
tungsmethoden fiir Okoregionen und Europa zu entwickeln? [3, 4, 5]

Welche Arten von Belastungen und Belastungsstufen kénnen in européi-
schen Flissen auftreten und wie haufig sind diese? [6, 7]

Gibt es andere zusatzliche Belastungstypen (z.B. Landnutzung oder Klima-
erwarmung), welche bisher bei der Bewertung von Flie3gewassern, zumin-
dest in Europa, kaum berucksichtigt wurden? [8]

Diese Arbeit stellt einen umfassenden Versuch dar, eine von menschlichen Eingriffen

weitgehend beeinflusste Flusslandschaft auf Basis von Fischen zu bewerten, sowie

in weiterer Folge Eingriffe und Belastungen auf Fluss-Okosysteme zu analysieren. In

nachster Zukunft gilt es nunmehr, die gewonnen Erfahrungen zu verfeinern bzw. wei-

terzuentwickeln.



PUBLIKATIONEN IM UBERBLICK

[1] Melcher A. & Schmutz S. (2009): The importance of structural riverine fea-
tures of spawning habitat of nase Chondrostoma nasus (L.) and barbel
Barbus barbus (L.) in a pre-Alpine river. River Systems (formerly Large
Rivers, Suppl. to Archiv fur Hydrobiologie), p. n/a (accepted August 18, 2009)

Thematik: Univariate und multivariate Beschreibung von Laichplatzen der
Fischarten Nase (Chondrostoma nasus, L.) und Barbe (Barbus barbus, L.) als
Grundlage zur Bewertung und Verbesserung von Fischlebensraumen.

This study develops univariate utilisation- and preference indices and analyses multi-
variate microhabitat use of spawning nase Chondrostoma nasus (L.) and barbel Bar-
bus barbus (L.) in the Pielach River, a pre-Alpine tributary to the Danube, Aus-
tria.During the spawning season we daily surveyed species presence, number of
individuals and habitat size. Habitat features, i.e. flow velocity, water depth, shading,
cover, flow protection, type of structure, substrate and embeddedness, were re-
corded at ten spawning grounds used by 1900 spawners within one spawning sea-
son and were compared with available habitat. Nase spawns in fast-flowing water
(1 m/s) that is significantly faster than in the available habitats. In contrast, barbel
constructs redds that differ in water temperature, depth, velocity and cover structure
from those of nase. Multivariate analyses (PCA) showed the importance of shading
and, as a consequence, the occurrence of vegetation along river banks for both fish
species. This study demonstrates that efficient river restoration requires re-
establishing riparian vegetation besides hydromorphological habitat improvements in
order to provide adequate spawning grounds for nase and barbel.

[2] Beier U., Degerman E., Melcher A., Rogers C. & Wirlof H. (2007): Processes of
collating a European fisheries database to meet the objectives of the
European Union Water Framework Directive. Fisheries Management and
Ecology 14, 407-416

Thematik: Entwicklung einer Fisch- und Eingriffsdatenbank auf européischer
Ebene als Grundlage zur Entwicklung von Bewertungsmethoden gemaf
Wasserrahmenrichtlinie.

FIsh Database of European Streams, a common database for the FAME project, was
merged using existing data on electric fishing and environmental data. FIsh Database
of European Stream is a relational database with eight tables. Metrics based on clas-
sification of fish species into guilds were calculated, and provided in separate tables.
Flsh Database of European Stream contained information about 150 freshwater fish
species, from 12 countries, 17 ecoregions, 40 main river regions, 2651 rivers and
8228 sites. Examples of data coverage and use are given. Relationships between
environmental variables were illustrated using principal component analysis, which
resulted in three environmental components — latitude, size and altitude. Environ-
mental component scores were correlated with fish metrics used in the European
Fish Index. Results exemplify how fish guilds reflect gradients in environmental varia-
tion. Benefits and problems concerning standardisation and data availability at the
global level are discussed.



[3] Schmutz S., Melcher A., Frangez C., Haidvogl G., Beier U., Béhmer J., Breine J.,
Simoens |., Caiola N., de Sostoa A., Ferreira M.T., Oliveira J., Grenouillet G.,
Goffaux D., de Leuuw J.J., Noble R.A.A., Roset N. & Verbickas T. (2007):
Spatially based methods to assess the ecological status of riverine fish
assemblages in European ecoregions. Fisheries Management and Ecology
14, 441-452.

Thema: Entwicklung und Vergleich von auf Fischartenvergesellschaftungen
basierenden Bewertungsverfahren fiir unterschiedliche europaische Okoregi-
onen.

The objective was to develop spatially based (type-specific) methods to assess the
ecological status of European rivers according to the EU Water Framewaork Directive.
Some 15 000 samples from about 8000 sites were pre-classified within a five-tiered
classification system based on hydromorphological and physico-chemical pressures.
The pre-classification was used to identify reference conditions and to calibrate the
assessment methods.

Clustering reference sites based on relative species composition resulted in 60 fish
assemblage types within 11 of the ecoregions under study. Discriminant function
analyses (DFAs) were employed to identify environmental parameters characterising
fish assemblage types; altitude, river slope, wetted width, mean air temperature and
distance from source were the principal predictors. These environmental parameters
were used to assign impacted sites with altered fish assemblage composition to the
reference fish assemblage type. Metrics (fish assemblage descriptors) responding to
human pressures were selected based on correlation and DFAs. Assessment meth-
ods were developed for 43 fish assemblage types. Metrics based on individual senti-
nel species were more often used in type-specific methods than metrics related to
reproduction, habitat and feeding. Metrics based on long-distance migrants and po-
tamodromous species were more sensitive to human pressures than overall compo-
sition metrics, e.g. total number of species. Only some of the tested metrics showed
pressure-specific responses, i.e. reacted to one type of pressure but not to others.
Insectivorous, intolerant and lithophilic species exclusively responded (decreased) to
chemical and hydromorphological pressures in 14-19%. Omnivorous species was
the only metric type that showed a consistent reaction (increase) to continuum dis-
ruptions in 25% of the cases. Accuracy of methods based on cross-validation with
pre-classification varied between 47% and 98% (mean 81%) when contrasting cali-
bration data set (class 1 and 2) with degraded sites (class 3, 4 and 5).

[4] Melcher A., Schmutz S., Haidvogl G. & Moder K. (2007): Spatially based meth-
ods to assess the ecological status of European fish assemblage types.
Fisheries Management and Ecology 14, 453-463.

Thema: Identifikation und Beschreibung von Fischartenvergesellschaftungen
in Europa, sowie die Entwicklung und der Vergleich von Bewertungsmetho-
den auf gesamteuropdaischer Ebene.

A spatially based, river type-specific approach was used to develop an ecological
assessment method for European rivers based on existing sampling data. The meth-
odology comprised two main steps: (1) description of a river and fish assemblage
typology based on minimally or slightly impacted sites and (2) analyses of impacted
conditions for each type. Hierarchical cluster analysis of fish species assemblages
identified 15 homogeneous groups in 11 European ecoregions. Discriminant analy-
ses, based on abiotic characteristics, were used to predict fish types at impacted



sites. The latter encompassed both regional (geographic position in Europe) and lo-
cal factors (longitudinal zonation) influencing the distribution of riverine fishes. To
assess ecological status, the responses of more than 400 metrics (species composi-
tion, abundance and age—length structure) to human pressures were tested for each
river type separately. A maximum of 10 metrics per river type was selected using
discriminant analysis. The density of intolerant species and feeding guilds had the
highest capacity to predict the intensity of perturbation.

[5] Pont D., Hugueny B., Beier U., Goffaux D., Melcher A., Noble R., Rogers C., Ro-
set N. & Schmutz S. (2006): Assessing river biotic condition at a conti-
nental scale: a European approach using functional metrics and fish as-
semblages. Journal of Applied Ecology 43, 70-80.

Thema: Entwicklung einer européischen Bewertungsmethode gemal EU
Wasserrahmenrichtlinie fur Fische - dem EFI (European Fish Index).

1. The need for sensitive biological measures of aquatic ecosystem integrity applica-
ble at large spatial scales has been highlighted by the implementation of the Euro-
pean Water Framework Directive. Using fish communities as indicators of habitat
quality in rivers, we developed a multi-metric index to test our capacity to (i) correctly
model a variety of metrics based on assemblage structure and functions, and (ii) dis-
criminate between the effects of natural vs. human-induced environmental variability
at a continental scale.

2. Information was collected for 5252 sites distributed among 1843 European rivers.
Data included variables on fish assemblage structure, local environmental variables,
sampling strategy and a river basin classification based on native fish fauna similari-
ties accounting for regional effects on local assemblage structure. Fifty-eight metrics
reflecting different aspects of fish assemblage structure and function were selected
from the available literature and tested for their potential to indicate habitat degrada-
tion.

3. To quantify possible deviation from a ‘reference condition’ for any given site, we
first established and validated statistical models describing metric responses to natu-
ral environmental variability in the absence of any significant human disturbance. We
considered that the residual distributions of these models described the response
range of each metric, whatever the natural environmental variability. After testing the
sensitivity of these residuals to a gradient of human disturbance, we finally selected
10 metrics that were combined to obtain a European fish assemblage index. We
demonstrated that (i) when considering only minimally disturbed sites the index re-
mains invariant, regardless of environmental variability, and (ii) the index shows a
significant negative linear response to a gradient of human disturbance.

4. Synthesis and applications. In this reference condition modelling approach, by
including a more complete description of environmental variability at both local and
regional scales it was possible to develop a novel fish biotic index transferable be-
tween catchments at the European scale. The use of functional metrics based on
biological attributes of species instead of metrics based on species themselves re-
duced the index sensitivity to the variability of fish fauna across different bio-
geographical areas.



[6] Degerman E., Beier U., Breine J., Melcher A., Quataert P., Rogers C., Roset N. &
Simoens I. (2007): Classification and assessment of degradation in
European running waters. Fisheries Management and Ecology 14, 417—
426.

Thema: Betrachtung von hydromorphologischen und chemischen Beeintrach-
tigungen in europaischen Flissen.

A pan-European, classification of the extent of environmental degradation from
chemical, physical and biological pressures on fish communities as a precursor to
assess the ecological status of running waters based on fish is proposed. Twenty-
four potential pressures acting on fish communities at three different spatial scales
(river basin, segment and site) were identified and class boundaries for high, good,
moderate, poor and bad status, based on existing data and/or expert judgement,
were defined. Four pressures (hydrological regime, morphological conditions, toxic or
acid conditions, nutrients and organic load) were found to describe the majority of
degradation at a specific site and these were combined into a single pressure vari-
able to describe impact at each location. Principal Component Analysis showed that
the four variables were correlated with other physical and chemical variables not in-
cluded in the combined pressure variable. However, biological pressures, e.g. intro-
duction of fish, and longitudinal connectivity were not well correlated, suggesting that
two dimensions of human impact on stream fish were poorly accounted for. Low-
resolution Geographical Information Systems (GIS) data (1 km grid) on land use and
population density correlated well with the four chosen pressures, suggesting it is
possible to use standardised GIS data to aid pre-classification of stream degradation.

[7] Schinegger R., Melcher A., Trautwein C. & S. Schmutz (2009): Detecting pat-
terns and relationships of human pressures in European rivers. Interna-
tional Association of Hydraulic Engineering and Research, 33rd IAHR Con-
gress: Water Engineering for a Sustainable Environment; 4702 — 4709. ISBN:
978-94-90365-0

Thema: Betrachtung und Analyse von unterschiedlichsten anthropogenen
Beeintrachtigungen sowie deren Kombinationen in européaischen Flissen.

Most European rivers are affected by different types of human pressures that may
impair fish populations. We analysed 15 pressure variables of 4 different pressure
groups, i.e. hydrology, morphology, water quality and connectivity to detect spatial
patterns, relationships and interactions between pressures and natural environment
at the European scale. Based on literature, national databases and expert knowledge
important pressures were identified and collected within the EU-project EFI+ in 14
countries at about 10 000 fish-sampling sites in Europe. In 90% of the catchments
analysed fish migration was interrupted by barriers. We used PCA and correlation
analysis to identify key pressures and to eliminate redundant pressures at local and
river segment scale. Thirteen variables were found to describe the majority of human
degradation at a specific site. To aggregate into pressure type specific indices we
first harmonized the variables along a gradient from 1-5, i.e. from nearly undisturbed
to strongly impacted sites. Further, we calculated the mean of values > class 2 only,
to avoid that values <=2 compensate values >2, i.e. to better indicate degradation.
Pressure analysis showed that 24% of sites are affected by single, 22% by double
19% by triple and 12% by four pressure groups. Only 23% of sites are less affected,
i.e. class <=2. In terms of pressure types, analysed sites showed alterations in 55%
for water quality pressures, 40% for hydrology, 37% for morphology and 34% for
connectivity (river segment). In 45% of the cases water quality problems are also



associated with other pressures. The results clearly show that European rivers are
multi-impacted. Therefore, only restoration strategies simultaneously considering all
important types of pressures will guarantee the achievement of the good ecological
status or potential sensu EU Water Framework Directive.

[8] Matulla C., Schmutz S., Melcher A., Gerersdorfer T. & Haas P. (2007):
Assessing the impact of a downscaled climate change simulation on the
fish fauna in an Inner-Alpine River. INT J BIOMETEOROL, 52, 127-137;
ISSN 0020-7128

Thema: Auswirkungen der klimabedingten Erwarmung werden anhand der
Verschiebung von Fischregionen an der Mur (O) erklart.

This study assesses the impact of a changing climate on fish fauna by comparing the
past mean state of fish assemblage to a possible future mean state. It is based on (1)
local scale observations along an Inner-Alpine river called Mur, (2) an IPCC emission
scenario (1S92a), implemented by atmosphere-ocean global circulation model
(AOGCM) ECHAM4/0OPYC3, and (3) a model-chain that links climate research to
hydrobiology. The Mur River is still in a near-natural condition and water temperature
in summer is the most important aquatic ecological constraint for fish distribution. The
methodological strategy is (1) those downscaled air temperature and precipitation
scenarios for the first half of the twenty-first century, (2) to establish a model that
simulates water temperature by means of air temperature and flow rate in order to
generate water temperature scenarios, and (3) to evaluate the impact on fish com-
munities using an ecological model that is driven by water temperature. This meth-
odology links the response of fish fauna to an IPCC emission scenario and is to our
knowledge an unprecedented approach. The downscaled 1S92a scenarios show in-
creased mean air temperatures during the whole year and increased precipitation
totals during summer, but reduced totals for the rest of the annual cycle. These
changes result in scenarios of increased water temperatures, an altered annual cycle
of flow rate, and, in turn, a 70 m displacement in elevation of fish communities to-
wards the river’s head. This would enhance stress on species that rely on low water
temperatures and coerce cyprinid species into advancing against retreating sal-
monids. Hyporhithral river sectors would turn into Epipotamal sectors. Grayling
(Thymallus thymallus) and Danube salmon (Hucho hucho), presently characteristic
for the Mur River, would be superceded by other species. Native brown trout (Salmo
trutta), already now under pressure of competition, may be at risk of losing its habitat
in favour of invaders like the exotic rainbow trout (Oncorhynchus mykiss), which are
better adapted to higher water temperatures. Projected changes in fish communities
suggest an adverse influence on salmonid sport fishing and a loss in its high eco-
nomic value.
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ZUSAMMENFASSUNG UND DISKUSSION DER PUBLIKATIONEN

Ausgangsbasis vorliegender Dissertation ist die Publikation [1], welche grundsatzlich
die Problematik der Quantifizierung von Lebensraumanspriichen behandelt. An we-
niger beeintrachtigten Flissen, wie z.B. der Pielach in Niederdsterreich, kbnnen zum
Teil noch intakte Lebensraume der Fischarten Nase Chondrostoma nasus und Barbe
Barbus barbus, durch abiotische Parameter beschrieben werden. Dabei werden auf
Ebene von Mikrohabitaten Faktoren wie die Wassertiefe, die FlieBgeschwindigkeit
oder die Grolie des Substrates gemessen. Zuséatzlich werden auch Strukturparame-

ter, Beschattung, Sicht- und Strémungsschutz fur Fische erhoben.

Mit Hilfe von Nutzungs- und Pré&ferenzkurven lassen sich Laichhabitate von Nase
und Barbe univariat beschreiben. Multivariate Habitatmodelle (PCA Hauptkomponen-
tenanlyse), welche in der Analyse mehrere unabhangige Einflussgrof3en beriicksich-
tigen, erlauben den Schluss, dass neben einer hydromorphologischen Komponente
auch eine strukturbezogene (Ufervegetation) besteht. Die gewonnenen Erkenntnisse
dienen als Grundlage zur Bewertung und Verbesserung von Fischlebensrdumen. In
Folge soll dadurch auch die 6kologische Funktionsfahigkeit von Flie3gewassern her-

gestellt werden.

Der Begriff der 6kologischen Funktionsfahigkeit wurde bereits im Jahre 1985 im 0s-
terreichischen Wasserrecht (§ 105 (1) lit. M.) verankert und verlangt eine 6kologisch
orientierte ganzheitliche Betrachtungsweise von FlieRgewéassern. Definitionsgemarf
wird die 6kologische Funktionsfahigkeit als die Fahigkeit zur Aufrechterhaltung des
Wirkungsgefliges zwischen dem Gewasser und seinem Umland gegebenen Lebens-
raum und seiner organismischen Besiedelung entsprechend der natirlichen Auspra-

gung des betreffenden Gewéassertyps (OMORM M 6232) gesehen.

Mit dem Inkrafttreten der EU Wasserrahmenrichtlinie (WRRL) im Jahr 2000 wurden
die nationalen Ziele zur Verbesserung der 6kologischen Funktionsfahigkeit auf Euro-
pa ausgeweitet. Die EU-Mitgliedsstaaten missen ihre Gewdésser schitzen und
verbessern, um bis 2015 auf einer 5-stufigen Skala einen ,guten Gewasserzustand”
(Stufe 2) zu erreichen. Als Referenz wird der vom Menschen nicht veranderte Natur-
zustand der Gewasser verwendet (Stufe 1). Die Bewertung erfolgt anhand von biolo-
gischen Indikatorgruppen. Neben dem Phytoplankton, den Makrophyten und dem
Phytobenthos und der benthischen wirbellosen Fauna ist auch die Fischfauna Indika-

tor fir den Gewdasserzustand.
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Zur Realisierung dieser Gewasserbewertung hat sich das von der EU finanzierte
Forschungsprojekt FAME ,Development, Evaluation and Implementation of a Stan-
dardised Fish-based Assessment Method for the Ecological Status of European Ri-
vers. A Contribution to the Water Framework Directive” in den Jahren 2002 bis 2004
zum Ziel gesetzt, eine fischbezogene Bewertungsmethode fiir den 6kologischen Zu-
stand von europaischen Flussen zu entwickeln. Das Projekt baut auf bereits vorhan-
denen Fischdaten aus 16 von insgesamt 25 europaischen ,Okoregionen® auf. Mit
Daten von ca. 17.000 Probestellen aus etwa 5000 FlieRgewassern werden die Refe-
renzzustande und die Abweichungen im Sinne der Wasserrahmenrichtlinie fur unter-
schiedliche Flusstypen modelliert. Im FAME Projektteam waren 23 Partner aus 11

europaischen Landern vertreten.

Die Publikationen [2, 3, 4, 5, 6] entstanden im Rahmen dieses FAME Projektes
(Schmutz et al. 2007).

Eine wesentliche Grundlage zur Bewertung von Gewassern bildet die Entwicklung
einer Datenbank auf europaischer Ebene, wie in der Publikation [2] beschrieben. Die
Fish Database of European Streams (FIDES), enthalt neben Fisch- auch Eingriffsda-
ten sowie ausgewahlte Umweltparameter. Sie besitzt einen hierarchischen Aufbau

und ist in acht Tabellen gegliedert.

Die kleinste Einheit ist dabei eine einzelne Probenstelle. Neben der Anzahl gefange-
ner Fische enthalt sie auch Informationen zur Beprobungsmethode und der Gréi3e
der Probenstelle. Diese Angaben ermdglichen vorher definierte Metrics zu berech-
nen. Die in der WRRL geforderten Metrics zur Bewertung des 6kologischen Zustan-
des beinhalten die Artenzusammensetzung (incl. Ernahrungsgilden, Reproduktions-
gilden und Gilden zur Lebensweise), die Abundanz und den Altersaufbau (Roset et
al. 2007). Basis zur Berechnung von Metrics bildet eine Einstufung aller, zumindest
in FIDES, vorkommender Fischarten und deren Einteilung in Gilden (Noble et al.
2007).

Mittels deskriptiver Statistik und der Hauptkomponentenanlyse (PCA) werden die
Datensatze auf ihre Reprasentativitat Gberprift und die natirliche Variabilitat von
Fischartenvergesellschaftungen erklart. Dadurch konnen Vorteile und Probleme
betreffend der Standardisierung und Datenverfligbarkeit auf internationaler Ebene

diskutiert werden.

Die klare und Ubersichtliche Struktur von FIDES ermdglicht auch ihre Verwendung
auf nationaler Ebene und ebenso flr fischdkologisch orientierte Projekte im Allge-
meinen (z.B. STAR, EFI+, WISER).
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FIDES samt den berechneten Metrics bildet die Basis fiir die folgenden Publikationen
[3, 4, 5, 6]. Wahrend sich die Publikationen [3], [4] und [5] mit der Entwicklung von
Bewertungsmethoden auf Basis der Qualitatskomponente Fisch beschéftigen, ist es
Ziel der Publikation [6], anthropogene Eingriffe an Européischen Flie3gewassern zu

analysieren.

Erste Grundlagen fur die angesprochenen Bewertungsmethoden wurden bereits von
Karr (1981) fur den Index of Biotic Integrity (IBl) zusammengefasst. Dieser beruht (1)
auf einer Beschreibung der Fischartengemeinschaft durch einzelne Metrics, (2) auf
der Reaktion von Fischartengemeinschaften oder eben Metrics fur anthropogene

Eingriffe und (3) einem Expertensystem zur Evaluierung dieser.

In vorliegender Dissertation werden grundsatzlich zwei Arten von Bewertungsmetho-
den unterschieden, namlich die ,spatially based* Methode mit einem Typ-
spezifischen Ansatz (Publikationen [3, 4]) und einem multimetrischen Index (Publika-
tion [5]).

Beiden Arten liegen folgende Uberlegungen zugrunde:

¢ Die Definition von Referenzzustanden (Reference conditions)

Entwicklung einer Gewassertypologie (River typology) basierend auf dem
jeweiligen natirlichen Fischartenvorkommen

e Vorhersage des jeweiligen Gewassertyps mithilfe unabhangiger abioti-
scher Parameter (z.B. Seehthe, Gefalle, Entfernung zur Quelle etc.)

¢ Die Voreinstufung von anthropogenen Belastungen
o Die Zuordnung von Fischarten in einzelne Gilden (Species classification)
e Die Definition und Berechnung von Metrics

e Die Beriicksichtigung von standardisierten Probennahmen (Sampling
standard)

In der Publikation [3] wurden ,spatially based“ Methoden fiir jede Okoregionen ein-
zeln entwickelt. Dabei wurde auf Basis der relativen Haufigkeit einzelner Fischarten
vornehmlich mittels Clusteranlyse Gewassertypen definiert. Es wurden 60 verschie-
dene Fischartengemeinschaften in 11 Okoregionen gefunden und in weiterer Folge
fur jede einzelne dieser Gemeinschaften eine eigene Bewertungsmethode entwickelt.
Trotz des enormen Datenvolumens, welches in FIDES enthalten war, lagen zumeist
zu wenige Datensatze, speziell Referenz- oder Kalibrierungsstellen, vor, um fur alle

Typen standardisierte Methoden zu entwickeln und zu validieren.

Aufgrund dieser Erkenntnisse und der Uberlegung, dass sich einige der 60 oben ge-

nannten Gewassertypen und deren Bewertungsmethoden in verschiedenen Okore-
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gion sehr ahneln wirden, wird die ,spatially based” Methode in der Publikation [4] mit

Hilfe des gesamteuropaischen Datensatzes weiterentwickelt.

Dabei kann im ersten Schritt die Anzahl an relevanten Fischartengemeinschaften von
60 auf 15 reduziert werden. Mit Hilfe der abiotischen Parameter Seehthe, Gefalle,
Entfernung zur Quelle, Lufttemperatur, Gewasserbreite und geographische Lage
konnen diese 15 EFT (European Fish Types) unterschieden werden. Dadurch kann
mit den Koeffizienten von Diskriminanzanalysen, welche in die FAME Software
(http://fame.boku.ac.at/downloads.htm) integriert wurden, bei Kenntnis dieser Para-
meter fur jeden beliebigen Gewasserabschnitt in Europa die Fischartengemeinschaft

vorhergesagt werden.

Auf Basis dieser Typen und nach Auswahl geeigneter signifikanter Metrics wurde
schlussendlich die ,spatially based* Methode fur Europa (SBM EU) entwickelt. Diese
Methode beinhaltet 15 Diskriminanzmodelle (fir jeden EFT separat), um den 6kolo-

gischen Zustand prognostizieren zu kénnen.

Im Gegensatz dazu beruht der eigentliche spatere EFI (European Fish Index, Pont et
al. 2007) auf einer multimetrischen Methode. Diese ist in der Publikation [5] be-
schrieben. Dabei wird in lediglich einem umfassenden Modellansatz, welcher auch
die oben erwahnten abiotischen und biotischen Parameter (natirliche Variabilitat)
beriicksichtigt, mit Hilfe von multiplen Regressionsmodellen und deren Abweichun-
gen vom Referenzzustand (Residuen) der 6kologische Gewésserzustand berechnet.
Insgesamt wurden 58 potentielle Metrics aus mehr als 300 verschiedenen getestet,
wobei lediglich 10 Metrics in der endguiltigen Methode berucksichtigt wurden. Alle
angefuhrten Bewertungsmethoden stof3en vor allem im mediterranen Raum, in aus-
schlie3lich hydromorphologisch belasteten und in sehr grof3en Flissen an die Gren-
zen ihrer Aussagekraft. Alle im Rahmen des FAME Projektes entwickelten Methoden
sind von Quataert et al. (2007) gegenibergestellt und miteinander verglichen wor-

den.

Eine Ubertragbarkeit beider europaweiten Methoden (,spatially based* und ,multi
metrisch®) auf andere rdumliche Betrachtungsebenen ist grundsatzlich méglich, so-
fern genidgend Kalibrations- oder Referenzstellen vorhanden sind. Auf3erdem ist die
Betrachtung und Differenzierung von Gewassertypen (vgl. EFT) fur alle Analysen des
Wirkungsgefliges Fisch — Belastung unerlasslich. Dies haben auch Erfahrungen aus
neueren Projekten wie MIRR (Schmutz et al. 2008) und EFI+ gezeigt. Schliellich
wurden auch im FAME Folgeprojekt EFI+ zur Verbesserung des Europaischen
Fischindex die EFT zur Abgrenzung von Salmonidengewdassern verwendet und de-
ren Prognosemodell im Softwarepaket implementiert (http://efi-

plus.boku.ac.at/software/).
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Diese Software stellt die Basis fur die zukinftige Bewertung von Flissen gemali
WRRL dar und ist frei zugéanglich. Neben ihrer Bedeutung fir die Interkalibrierung im
Rahmen der WRRL (Van de Bund 2004) wird sie in Landern eingesetzt, denen keine
eigens auf nationaler Ebene entwickelte Bewertungsmethode vorliegt. Mit der von
der WRRL vorgesehenen Interkalibrierung soll eine Vergleichbarkeit der Ergebnisse
der in den Mitgliedstaaten zu implementierenden biologischen Bewertungsverfahren
gewahrleistet werden.

Gerade wenn von Grenzen und Mdéglichkeiten von Bewertungsmethoden gesprochen
wird, darf der Aspekt inwieweit diese belastungsspezifisch reagieren nicht vergessen
werden. Die folgenden 3 Publikationen beschaftigen sich speziell mit der Analyse

anthropogener Belastungen.

Die Publikation [6] setzt sich im Rahmen des FAME Projektes mit der Analyse (De-
skriptive Statistik und Faktoranalysen) von hydromorphologischen und chemischen
Beeintrachtigungen in europdischen Flissen auseinander. Eine Fortsetzung dieser
Betrachtungen, vor allem in Hinblick auf Mehrfachbelastungen und mdégliche Kombi-
nationen von Beeintrachtigungen wurde vor allem im Projekt EFI+ vorangetrieben.
Aus diesem Projekt entstammt die Publikation [7]. Der dabei entwickelte Belastungs-
index soll auf Basis hydromorphologischer (incl. Kontinuum) und chemischer Belas-
tungen den Grad der Beeintrachtigung genauer abgrenzen. Dabei dient er als Grund-
lage fur zukunftige Wirkungsmodelle, welche die Reaktion von Fischen auf unter-

schiedliche anthropogene Beeintrachtigungen und deren Grad beschreibt.

Eine zusatzliche Belastung fur Gewéasser und deren Organismen die bisher in Zu-
sammenhang mit Bewertung und Restauration kaum bericksichtigt wurde, ist die
Klimaerwarmung. Die Publikation [8] hat deren Auswirkungen auf die Fischfauna
zum Inhalt. Wie auch jingste Studien (Melcher et al. 2009) und unter anderem auch
das laufende EU Projekt WISER zeigen, wird in Zukunft die Klimaerwéarmung fur die
Bewertung des 0Okologischen Zustandes enorm an Bedeutung gewinnen und eine

besondere Stellung fur weitere zukiinftige Forschungsaufgaben einnehmen missen.

Die Erkenntnisse dieser Arbeit sollen unter anderem auch ermdglichen, dass in Ge-
bieten aul3erhalb Europas, wie z.B. in Afrika, der Zustand von Flie3gewassern be-

wertet und gegebenenfalls verbessert werden kann.
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The importance of structural riverine features in spawning habitat of
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This study develops univariate utilisation- and preference indices and analyses
multivariate microhabitat use of spawning nase Chondrostoma nasus (L.) and barbel
Barbus barbus (L.) in the Pielach River, a pre-Alpine tributary to the Danube, Austria.
During the spawning season we daily surveyed species presence, number of individuals
and habitat size. Habitat features, i.e. flow velocity, water depth, shading, cover, flow
protection, type of structure, substrate and embeddedness, were recorded at ten
spawning grounds used by 1900 spawners within one spawning season and were
compared with available habitat. Nase spawns in fast-flowing water (1 m/s) that is
significantly faster than in the available habitats. In contrast, barbel constructs redds that
differ in water temperature, depth, velocity and cover structure from those of nase.
Multivariate analyses (PCA) showed the importance of shading and, as a consequence,
the occurrence of vegetation along river banks for both fish species. This study
demonstrates that efficient river restoration requires re-establishing riparian vegetation
besides hydromorphological habitat improvements in order to provide adequate

spawning grounds for nase and barbel.
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Introduction

Nase Chondrostoma nasus (L.) and barbel Barbus barbus (L.) are the two dominating
and co-existing cyprinid species in the barbel zone of Austrian rivers. Knowledge of
their spawning habitat requirements in rivers is important to understand their population
biology. Moreover, knowledge of their microhabitat requirements would be valuable
when planning management schemes to mitigate the effects of habitat alteration caused
by channelisation, continuum disruption and impoundments.

A lot of studies on microhabitat use focused on salmonids (e.g. Northcote 1984, Shirvell
1989, Wollebaek et al. 2008, Moir and Pasternack 2009) while the knowledge on
spawning habitat of riverine cyprinids is scarce and only few studies were done in the
Danube catchment (Kekeis et al. 1996, Rakowitz et al. 2008).

Spawning behaviour of nase were studied by field surveys using electrofishing and
radio telemetry in Belgium (Ovidio and Phillipart 2008), Switzerland (Zbinden and
Maier 1996, Huber and Kirchhofer 1998 and 2001) and Czech Republic (e.g. Lelek and
Penaz 1963, Penaz 1996). Spawning habitat preferences of barbel are described
exclusively by Baras (1992, 1994 and 1997) based on studies in Belgium. Nase and
barbel are classified as lithophilic spawners (Balon 1975b), however, there is no
detailed information on the differences of spawning habitats available.

A number of alternative physical habitat models have been developed world wide,
introducing more effective sampling methods and multidimensional hydraulics as well
as more user-friendly software solutions (Parasiewicz and Dunbar, 2001). Significant
effort was also invested in better description of ecological interactions by application of
multivariate-statistical or mechanistic approaches opening the way to optimise the
multi-factorial character of influences on the aquatic biota (Santos and Ferreira 2008,
Wollebaek et al. 2008). In addition, a wider range of numeric and categorical physical
attributes can be used for model construction (e.g. velocity and cover structure)
increasing the understanding of multi-dimensionality of habitat use (Ahmadi-Nedushan
et al. 2006). Since it is expected that aquatic species are stimulated rather by cumulative
effects of many habitat variables than by individual effects methods for quantification of
integrative effects have to be elaborated.

The objectives of this study were to (1) determine the microhabitat utilization and

preferences of nase and barbel, (2) to identify habitat features as basic requirements for
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spawning, and (3) to investigate explanatory power of physical variables to characterise

spawning site microhabitats.
Study area

The study was conducted in the pre-Alpine River Pielach, a medium sized tributary of
the River Danube. The area is situated about 100 km west of Vienna below the village
of Grafendorf in Lower Austria (15°30°38"" E and 48°14°24"" N; WGS 84) (Figure 1).
The distance to the mouth of the Danube into the Black Sea amounts 2034 kilometres.
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Figure 1: Study area located in Lower Austrian pre-Alpine area.

The source of the River Pielach is located at an elevation of about 1000 m above see
level and the river flows 68 km northwards down to the Danube (208 m above see level)
reaching stream order 4. The catchment size is 591 km? and the mean annual
precipitation is 875 mm. Mean annual low flow is equal to 2 m3/s, mean annual flow is
6.5m?3/s and mean annual high flow is about 240 m3/s. Consequently the river is
characterized by flashy flows and a relatively high gradient (>0.3%). In its lower part
the Pielach changes its character from meandering-braided to meandering. Here, it
passes through small villages and agricultural land. The continuum in the Pielach is

disrupted by weirs built for water abstraction and engineering measures, but it is
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possible for fish to enter the first two kilometres from the Danube. Nevertheless the
Pielach has retained some of its natural morphological characteristics such as
meandering sections, side arms, dynamic gravel bars, large woody debris, small
oxbows, inundation areas and floodplain forests (Zitek et al. 2008).

The studied river section is located in the lower Pielach between km 0 and 35 with a
mean slope of 0.15 % (typical of the barbel zone; Huet, 1949) and a width of 15-25 m.
Water temperature and mean flow was monitored continuously at upstream gauging
station (river km 30) and additionally with a thermograph close to the spawning area.
Daily mean spring water temperature (April-June) ranged from 5.5 to 18.5°C. Mean
daily flow varied from 4.7 to 42.6 m3/s.

The fish community was dominated by nase (20 %) and barbel (20 %). Other abundant
species out of 29 were Alburnoides bipunctatus (Bloch), Barbatula barbatula (L.),
Cottus gobio (L.), Gobio gobio (L.), Hucho hucho (L.), Leuciscus cephalus (L.),
Leuciscus leuciscus (L.), Phoxinus phoxinus (L.) and Salmo trutta (L.) (Zitek et al.
2004).

Methods

The studied river section was surveyed daily from March to June until the first spawners
were observed at the spawning sites. The substrate at the spawning redds was checked
for eggs to confirm that spawning had indeed started.

Both nase and barbel spawned in shoals on shallow gravel bars easily to identify from
the river bank. Spawning took place other several days and superimposition of
spawning redds was very common. Therefore, a grid of equally spaced points was laid
over the spawning area (grid size 1 m2). Due to the very clear water and shallow habitats
it was possible to count spawning individual by visual observations (see Figure 2 and
3).The number of measured points approximately equalled the number of observed
spawning fish (nase n=1250, barbel n=610).

Additionally, we sampled representative sites of different morphological characteristics
within the 35 km long study area to describe the available habitat in the River Pielach.
We made point measurements at 71 transects with a distance of 2 m within transects

resulting in 582 points.
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Figure 2: Spawning site full of nase, located in the Pielach River 1.3 km upstream the
mouth into the Danube. Dark spots indicate spawning fish over coarse substrate, on the
left site middle “splashing” nases actively spawning.

Figure 3: Spawning site of barbel, located in the Pielach River 1 km upstream the mouth
into the Danube.
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We measured the following habitat variables: water depth with a scale, flow velocity (v)
at the bottom (5 cm above bottom), in 40 % of water depth and at the water surface
using inductive flow meter (Flo-Mate®), distance from nearest bank, shading (yes, no),
cover (yes, no), cover type (boulder, broken water surface, overhanging riparian
vegetation, submerged vegetation, rip-rap, undercut bank), effective visual cover for the
fish (yes, no), flow protection (yes, no), dominating substrate (pelal, psammal <2, akal
2-20, microlithal 20-63, mesolithal 63-200, macrolithal 200-400, megalithal >400 mm)
and substrate embeddedness (no, means loose and yes, means embedded) estimated by
kicking with the rubber boots against the bottom.

The mean flow velocity (v-mean) was calculated according to the two-point (2P)

method formula (Bretschneider et al. 1993) as follows:

[1] v-mean = 0.31 *-v-40 + 0.634 v-surface

where v-40 is flow velocity at 40 % of water depth and v-surface is flow velocity at the
water surface.

Statistical analyses were conducted with SPSS 15.0®. Categorical variable cover type
was transformed into binary variable and coded as 0 and 1. Ordinal variable substrate
was coded from 1 (pelal) to 7 (megalithal) resulting in a total of 15 variables tested.
Statistical significance levels were set at <=0.05 (““strong significance’”) and <=0.1
(““weak significance’’). Non-normality in data and variation in standard deviations for
many variables dictated the use of nonparametric statistics in comparative tests (Sokal
and Rohlf 1981). Mann Whitney U-Test was used to compare habitat use of fish
species. Correlation matrices (Pearson’s and Spearman correlation coefficient, r) were
used to investigate relations among the measured microhabitat variables. Available
habitat data and utilisation data from spawning habitats were tested separately. An
additional method was used: measures of effect size in ANOVA, which are measures of
the degree of association between and effect (e.g., a main effect, an interaction) and the
dependent variable. They can be thought of as the correlation between an effect and the
dependent variable. If the value of the measure of association is squared it can be
interpreted as the proportion of variance in the dependent variable that is attributable to
each effect. One of the commonly used measures of effect size is Eta squared (n?) for
showing the importance of single variables in discriminating spawning habitats of nase
and barbel (Kirk 1982, Tabachnick and Fidell 1989). Furthermore, principal component
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analyses (PCA) were applied using rotation method, Varimax with Kaiser
Normalisation.

Finally, available habitat, suitability and preference curves were developed for each
microhabitat variable using frequency-of-use graphs (FUG, Raleigh et al. 1986) as
normalized probability density function ranging from 0 to 1.

[2] FUGi = fi / f[max]
where: fj is class frequency and fimaq is maximium class frequency.

For preference curves we used the lvlev index (lvlev 1961):

[3] Preference=U /A
where: U is class frequency of habitat used and A class frequency of habitat available.

Results

Migration of nase into the Pielach started 10 days before spawning. Spawning took
place from 27" to 29" of April. Six spawning grounds were monitored, four below the
first continuum disruption at Spielberg and two smaller ones upstream (Table 1).

Four spawning habitats of barbel were observed 16 days later at 15" and 16™ of May.
Three of them were located downstream Spielberg. Barbels in this area migrated from
the Danube into the River Pielach 14 days before spawning. Both barbel and nase move
to different spawning sites, which have different distances to the main river (Table 1).

Table 1: Number of individuals and size of spawning habitats (sorted by distance to the
Danube River).

Distance to N individuals  Spawning habitat

Site Date Danube [m] observed size [m?]
Nase habitat 1 28.04.1997 400 90 9x7=63
Nase habitat 2 29.04.1997 500 80 75x5.6=42
Barbel habitat 1 15.05.1997 650 150 30 x8 =240
Barbel habitat 2 15.05.1997 950 180 50 x 15 =750
Nase habitat 3 27.04.1997 1200 240 28x3.5=98
Nase habitat 4 27.04.1997 1300 750 30x7=210
Barbel habitat 3 15.05.1997 1500 250 25x 27 =675
Migration barrier Spielberg 1900

Barbel habitat4 16.05.1997 2350 30 20x8=280
Nase habitat 5 27.04.1997 3300 20 25x4 =100
Nase habitat 6 27.04.1997 5000 70 145x6=87
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The shortest migration distance to spawning grounds from the Danube into the Pielach
was 400 meters. Theoretically, it was possible to move about 2 km upstream; at this
point a 3 m high weir prevented further upstream migration. Below this barrier the
largest spawning habitat was observed. Due to the migration from one of the last two
free flowing sections of the Danube in Austria more than 1000 nase and more than 500
barbels entered the Pielach River and spawned in dense shoals.

Three smaller habitats were found within the next 3 km (Table 1). In this part only 30
spawning barbels and 90 spawning nases originating from the population resident in this
river section could be identified.

Before and after spawning fishes occupied deeper habitats (pools) very close

downstream of the spawning sites.

20 45
Barbel d
18 + arbel spawne 40
16 + 1 35
O 141
> + 30
= 12 +
o + 25
S 10
£ + 20
S oo
% Barbel migration 115
2 6 started
a1t - 10
Nase migration
21 started -5
o -+—+—+4+-+-+++—+r—++—++—+—+— -+ttt 0
S S

é@«?’\?@fﬂ/fﬁ’)fﬁb&&,,@,,
X P H P HFFHFHS S S
’\'\’\/\’\'\'\'\«’\"\"\"\"\"\"
S A S A (S~ O O S AU AU~ S A A RS

Figure 4: Daily mean water temperature (grey dots) and discharge (white symbols) and
its relation to start of spawning migration and spawning activity.

The daily mean water temperature was 5.5 °C and the discharge was 12.5 m3/s in the
Pielach River when the first nase entered from the Danube (Figure 4). They spawned 11
to 12 days later. At that time the water temperature increases up to 9.6 to 10.8°C and the
discharge decreased by 2 m3/s.

When barbel started migration the water temperature increased from 10 to 14°C and
discharge decreased from 10.5 to 7.5 m3/s. Two weeks later during spawning period the
water temperature was 16°C with a discharge around 6 md/s.
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The variation in measured microhabitat variables was larger for the available habitat
than for spawning habitat. The water depth was ranging from 4 to 290 cm, with a mean
depth of 57 cm (Table 2). Mean velocity ranged from 0 to 163 cm/s, averaging 36 cm/s
and the median diameter of substrate particles ranged from 2 to 6 cm, whereas up to 55
% loose substrate occurred. At 70 % of all microhabitats there was no cover or shading.
The most dominating cover was overhanging vegetation. All microhabitat variables
differ between available and spawning habitat (Mann Whitney U-Test, p=0.00 for all
variables but broken water surface p=0.038).

Table 2: Mean (SD, median and range in parentheses) values of microhabitat variables
in available habitat (Pielach River) and in nase and barbel spawning grounds. Presence
of embeddedness, flow protection, shading, visual protection and cover structure are
binary variables (1=present, O=absent); the data are the proportions of sites that had a
value of 1. Cover indicates the presence or absence of any cover structure type like
overhanging or submerged vegetation, undercut bank, boulders or broken water surface.
Asterisks indicate statistically significant between available habitat, nase and barbel
spawning sites (p < 0.05).

Available habitat

Used habitat nase

Used habitat barbel

Microhabitat variable (n=582) (n=1250) (n=673)

Water depth [cm] 57 + 44* (4-290) 34+16 (16-83) 37+16 (12-88)
v-bottom [cm/s] 22 + 19* (0-100) 67 £ 14 (20-97) 49+ 15 (16-96)
v-mean [cm/s] 36 + 27* (0-163) 96 + 13 (63-131) 65+ 18 (20-107)
Substrate [cm] 2-6 +19.8* (< 0.2->40) 260 (2-20) 0.2-2+0 (0.2-6)
Embeddedness 0.45 £ 0.50* (0-1) 00 (0-1) 00 (0-0)
Flow-protection 0.07+£0.25 (0-1) 00 (0-0) 00 (0-0)
Shading 0.32 £ 0.47* (0-1) 0.66+0.47 (0-1) 1+0 (1-1)
Visual-protection 0.10+£0.30 (0-1) 00 (0-0) 00 (0-0)
Cover 0.32 £ 0.47* (0-1) 0.66 +0.47 (0-1) 0.75+0.43 (0-1)
Overhanging vegetation 0.22 + 0.42* (0-1) 0.60+0.49 (0-1) 0.75+0.43 (0-1)
Submerged vegetation 0.06 £ 0.24 (0-1) 0+0 (0-0) 00 (0-0)
Undercut bank 0.01 £0.08 (0-1) 00 (0-0) 0+0 (0-0)
Rip rap 0.01 +£0.02 (0-1) 00 (0-0) 00 (0-0)
Boulder 0.01 £ 0.07 (0-1) 00 (0-0) 00 (0-0)
Broken water surface 0.02 + 0.14* (0-1) 0.06+£0.24 (0-1) 00 (0-0)

Correlation between all microhabitat variables and also for the available habitat and the

spawning grounds was tested separately. The highest significant correlation was

between mean and bottom velocity (nase r=0.64, barbel r=0.85, available habitat

r=0.85) and between overhanging riparian vegetation and shading (nase r=0.88,

available habitat r=0.77). The available habitat data showed no further correlations with

r>0.4. There were some negative correlations with r<-0.4 for separate analyses of the

spawning habitats especially for water depth and substrate (barbel r=-0.46), water depth

and cover (nase r=-0.67, barbel r=-0.73), for water depth and shading (nase r=-0.67).
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Figure 5: PCA component plot in rotated space (Varimax with Kaiser Normalisation)
describing relation between microhabitat variables and spawning habitat for nase (left)
and barbel (right). Presence of embeddedness (Embededd), shading (Shading),
overhanging riparian vegetation (Overhanging_veg) cover (Cover_binary) and fish
spawning habitat (Nase_spawning, Barbel_spawning) are binary variables (1=present,
O=absent);constant variables (i.e. undercut banks, are not considered in PCA).

For nase the PCA (Figure 5 left) indicated that principal component 1
(Hydromorphology) explained 42 % of the variance in spawning habitat utilization.
Component 1 mainly consisted of mean and bottom water velocity (0.93 and 0.90),
substrate and embeddedness (0.47 and -0.60) and water depth (-0.45). In addition 21 %
of the variance was explained by principal component 2 (Cover), mainly through cover
(overhanging vegetation) and shading (0.92 and 0.96).

For barbel the PCA (Figure 5 right) indicated that principal component 1 explained 39
% of the variance in spawning habitat utilization. Component 1 mainly consisted of
mean and bottom water velocity (both 0.93), water depth (-0.33) and embeddedness (-
0.48). In addition 17 % of the variance was explained by principal component 2, mainly
through cover (overhanging vegetation) and shading (0.92 and 0.76).

For both the difference in variance explained by principal component 1 and 2 emphases
the importance of flow velocities - to a lesser extend substrate or water depth in
generating variation in spawning habitat utilization. Nevertheless the importance of
vegetation and shading along a river especially for barbel was also clearly
demonstrated.

Additional statistical tests (Mann Whitney U-Test) showed significant differences
between nase and barbel spawning habitat use for all common occurring microhabitat
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variables (p=0.000) (Table 2). Effect size (n?) explained the relative importance of
mean velocity (0.70), substrate size (0.65), bottom velocity (0.54) and shading (0.39).
Dominating available habitat (index > 0.5) can be characterised as: Mean velocity 21 -
50 cm/s (Figure 6), bottom velocity 1 - 30 cm/s; water depth 16 - 60 cm, substrate size
0.2 - 20 cm and about 50 % of the river is not embedded (Figure 7). Most of the river

has no cover structure and only about 30% has shading (Table 2, Figure 7).
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Figure 6: Spawning habitat preference curves of mean velocity for nase (n=1250) and
barbel (n=673) and frequency-of-use index of mean velocity in available habitat
(n=582).

The results showed on the one hand correlations between different microhabitat
variables, but on the other hand significant differences between spawning habitat
utilization of nase and barbel. Therefore, preferences describing nase and barbel
spawning habitats are directly graphically compared (Figure 6 and 7). Habitat
preference curves for mean water velocity indicated that very high mean water
velocities, i.e. nase 100 -110 cm/s, barbel 61 — 100 cm/s, were preferred for spawning
site construction. Nase uses riffles with very low water depth (16 - 30 cm) and barbel
sites a little deeper. Due to the shallow water the bottom velocity is highly correlated
with the mean velocity and preferences are also very high (51 — 60 cm/s for barbel and
81 — 90 cm/s for nase). Nase uses coarser substrate (2 — 6 cm) than barbel and both

prefer loose substrate.

30



I Available habitat —o—Nase preference —e -Barbel preference [ Available habitat —e—Nase preference = - Barbel preference

19 -

Index

, , ) , b ;| ) ; ; 1-15 16-30 31-45 46-60 61-75 76-90 91-105 > 105
Yo W o A b g T Water depth [cm]
V-bottom [cm/s]

B Available habitat No cover

W Nase preference

Overhanging rip. vegetation
F]Barbel preferenece ding rip- veg

0.75
Submerged vegetation

Brocken water surface
0.5

Index

Undercut bank

@ Available habitat
HNase preference

Boulder
0.25

Rip-rap # Barbel preference
0 0 0.25 0.5 0.75 1
<0.2 0.2-2 2-6 6-20 20-40 > 40 Index

Substrate [cm]

Figure 7: Spawning habitat preference curves of bottom velocity, water depth, substrate
size and cover structure for nase (n=1250) and barbel (n=673) and frequency-of-use
description of the available habitat (n=582).

Discussion

In this paper two rheophilic cyprinids nase and barbel were investigated that were once
the dominant species in several mid-sized and larger European rivers (Schiemer and
Waidbacher 1992). Their life-history patterns and habitat requirements make them good
indicators of the ecological quality and the structural properties of river systems
(Keckeis et al. 1996). The increasing hydromorphological pressures in many river
systems were accompanied by a drastic decline in lithophilic cyprinids (e.g. Penaz 1996,
Ovidio 2008). Nase and barbel are therefore indicator species for habitat quality in the
lower rhithral and upper potamal zones of European river systems. Recent European
wide studies showed that both indicator species are very rare nowadays (Melcher et al.
2007). Moreover, in the major part of their distribution area, both nase and barbel were

also affected by persisting water pollution, reduction in food resources, changes in
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hydrological regimes and changes in riverbed morphology at spawning grounds (Penaz
1996).

Although information on spawning behaviour is very limited, some studies have
addressed it for nase (Huber and Kirchhofer 1998, Ovidio and Philippart 2008) and
barbel (Baras 1994, Baras et al. 1994 and 1996, Penaz 1996).

In our study the initiation of migration to spawning sites was linked to an increase of
water temperature (10°C for nase and 16°C for barbel) and a decrease of discharge.
Both species occupy fast flowing habitats (riffles) not very deep with coarse substrate
on the one hand.

This study documented distinct variation in nase and barbel preferences of spawning
habitats. Significant differences between nase and barbel spawning habitat were related
to water velocity, substrate and cover structure, particularly shading. Although both
species are classified as lithophilic spawners their spawning requirements are very
different which has to be considered in defining restoration targets for lowland rivers
inhabited by those species.

Velocity, water depth or temperature and spawning period were comparable to those
reported in previously published studies. Baras and Philipart (1999) describe that barbel
spawning was initiated when mean water daily minimum temperature reached 14.0°C
and at maximum 18.0°C. For nase Rakowitz et al (2008) found that at the spawning area
the highest abundance occurred at 9.5°C. Penaz (1996) also found out, in accordance to
us, that nase spawning sites are located on shallow (10-30 cm) riffles with a rather rapid
current (0.6 — 1.5 m/s). Information on riparian vegetation structures are missing.

Our results show the essential role of cover structure in physical habitat studies.
Especially vegetation along a river shoreline and resulting shadow is a very important
for spawning sites of barbel and nase. In channelised rivers the flow often is increased
and the water is shallower compared to natural rivers which might create potential
spawning habitats for nase and barbel. However, the lack of riparian vegetation and
shading as well as strong embeddedness of the substrate disqualifies channelised rivers
as suitable spawning habitats. Furthermore, defining minimum flow requirements in
barbel zone should include besides traditional parameters (Hauer et al. 2007 and 2008),
i.e. flow velocity, water depth and substrate, additional essential parameters, i.e. shading
(riparian vegetation) and embeddedness, as demonstrated in our study. This places the
minimum flow issues as a component of overall hydromorphological river restoration

and broadens the applicability of physical habitat models (e.g. Oliveira et al 2004). As
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most European rivers are affected by both morphological and hydrological pressures
(Schinegger et al. 2009) river restoration strategies have to strive for an integrated
approach covering both hydromorphological and additional essential habitat attributes.
Further studies and more sophisticated analytic tools are necessary for quantification of
biological consequences of multi-impacted environments (Le Pichon et al. 2006a,
Souchon et al. 2008).
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Abstract FlIsh Database of European Streams, a common database for the FAME project, was merged using
existing data on electric fishing and environmental data. FIsh Database of European Stream is a relational
database with eight tables. Metrics based on classification of fish species into guilds were calculated, and provided
in separate tables. FIsh Database of European Stream contained information about 150 freshwater fish species,
from 12 countries, 17 ecoregions, 40 main river regions, 2651 rivers and 8228 sites. Examples of data coverage and
use are given. Relationships between environmental variables were illustrated using principal component analysis,
which resulted in three environmental components — latitude, size and altitude. Environmental component scores
were correlated with fish metrics used in the European Fish Index. Results exemplify how fish guilds reflect
gradients in environmental variation. Benefits and problems concerning standardisation and data availability at
the global level are discussed.
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Introduction

The European Union Water Framework Directive
(WFD; 2000/60/EEC) requires Member States to
assess the ecological status of rivers, lakes and
transitional waters using ecological criteria, including
fish. To meet these needs, a standard methodology
that provides an unbiased means of quantifying
ecological status and a measure of response to human

pressures is required across the Member States. Fish
community data are known to be a good indicator of
ecological health (Karr & Chu 1999) and are
routinely monitored by many jurisdictions. Unfortu-
nately, in Europe these data are collected by a
multitude of agencies and institutions using diverse
array of gears and methodologies (Cowx & Lamarque
1990), often with differing objectives and accuracy.
The methodologies vary between river type and
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topography, as well as available resources. Conse-
quently, to develop a pan-European methodology for
assessment of the ecological status of surface water
bodies using fish as the biological criteria, requires a
strategic approach to data collection, collation and
management.

This paper describes the rational for, contents of and
standardisation procedures to develop a pan-European
database (named FIDES — FIsh Database of European
Streams) for fisheries that supported the FAME
project (http://fame.boku.ac.at). There are few other
cases where common databases have been put together
to serve as a basis for developing a method for
assessment of ecological status. One European exam-
ple, containing biological as well as environmental
data, is the AQEM database with focus on stream
benthic invertebrates (AQEM 2002; Hering, Moog,
Sandin & Verdonschot 2004). Consequently, this
represents an opportunity to highlight the pitfalls and
procedures for establishing such a comprehensive
database. Examples of the coverage of the biological
data over large geographical scales are given, as well as
how these data may be used.

Data requirements

To develop a European Fish Index for running waters
requires a common source of data for analyses and
evaluation. The data needed include standardised
measures of fish density, environmental information,
quantification of different human impacts with respect
to fish and information on historical occurrences of
fish species. After consultation with participating
agencies and institutions, fisheries data collected dur-
ing routine monitoring surveys supplemented by
research programmes are the best available. In partic-
ular, data collected during electric fishing surveys
seemed the most consistent because they were collected
under a common platform, which has since become a
European standard (CEN 2003). Electric fishing is a
commonly used sampling method because fish are
usually released alive after species have been identified
and biometric measurements taken. Such non-destruc-
tive sampling methods are rare in the field of aquatic
biology. Furthermore, the sample acquired can be
semi-quantitative or quantitative depending on effort
(Cowx 1995). Thus, not only species and length (age)
composition, but also population density, may be
quantified, and at comparatively low cost. The draw-
backs are mainly a limitation to approximately 2 m
depth as well as potential safety problems, because of
the hazardous combination of water and electricity
(Cowx & Lamarque 1990).

Although standard operating procedures exist for
electric fishing (CEN 2003), the method can vary
depending on objective, type of water and required
precision in population abundance. For example,
different sampling strategies, typically single run rela-
tive abundance vs successive removal absolute meth-
ods, are used to determine fish abundance and fishing
is carried out wading upstream or from a boat or a
combination of both (see Cowx 1995 for summary).
Therefore, it was essential that the FIDES database
contained methodological information such as date,
geographical location, details of the fishing method,
sampling strategy and sampled site characteristics. The
problem of fishing intensity was resolved by only using
data from the first run in successive removal surveys so
it was comparable with single run data, as there exists a
strong relationship between single run and multiple
run estimates of fish abundance (Jones & Stockwell
1995). This approach was used to compare between
stream types and methodologies. If less than 10
individuals were caught in the first run, the sampling
was not included in the modelling data set (Pont,
Hugueny and Rogers 2007). The area of sampling also
needed to be standardised. The CEN standard states
that when the aim of the sampling is explicitly to
sample the whole fish community, electric fishing must
be conducted over stream lengths of at least 10-20
times the stream width (Angermeier & Karr 1986;
CEN 2003). The threshold for inclusion of data was a
minimum of 100 m? sampled area (Pont, Hugueny &
Rogers 2007).

Geography, climate and other environmental and
biotic factors determine the occurrence and abundance
of fish species. Physical and chemical conditions, e.g.
conductivity (nutrients), depth, substrate and flow,
also affect fish populations and probability of capture
(Bohlin, Hamrin, Heggberget, Rasmussen and Saltveit
1989; Cowx 1990). Therefore, a comprehensive set of
data with 209 parameters, such as geographical loca-
tion, altitude, catchment area and other permanent
features, was required (Fig. 1). The final choice of
environmental variables was based on common prac-
tice, consistency in availability and studies combining
biological and environmental data (e.g. Karr 1981;
Oberdorff, Pont, Hugueny & Chessel 2001; Oberdorff,
Pont, Hugueny & Porcher 2002; CEN 2003), as well as
on the AQEM protocol (AQEM 2002).

Database structure, input procedures and quality
assurance

A relational database (Hernandez 2003) was set up as a
collection of eight tables with relations between key
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Table Site
Site_code

Latitude

Longitude

Country_abbreviation
Eco_region_no
Subecoregion
River_type
Main_river_region
River_name
Site_name
National_map_codel
National_map_code2

Size_of_catchment_class

Size_of_catchment
Width_flooded_area
Mean_discharge_class
Flow_regime

Altitude

Geological_typology
Geological_formation
Mean_air_temperature
Mean_Jan_temperature
Mean_Jul_temperature
Gradient_slope
Huet_zonation
Other_zonation
Stream_order
Lakes_upstream
Distance_to_lake
Distance_from_source
Distance_to_mouth_class
Distance_to_mouth
Water_source_type

Historical_data
Site_code
Period_start
Period_end
Period_string
Species
Status_scale_class
Abundance_class

Table Reporter
Reporter_code

Responsible_person
Company_University
Institute_Agency
Street_POB
City
State_Province
Postal_code
Country
Email

Table Fishing_occasion Table Catch Table Length
Site_code Site_code Site_code
Latitude Latitude Latitude
Longitude Longitude Longitude
Date Date Date
Reporter_code Species Species

Numdate
Sampling_strategy
Method

Day_Night
Number_of_runs
Runs_separated
Water_temperature
Conductivity_class
Conductivity
Locality_length
Locality_width
Fished_area
Wetted_width
Average_depth
Maximum_depth_class
Dominating_substrate
Stop_nets_used
No_of_anodes
Type_of_anode
Size_of_anode
Type_of_current
Voltage_used
Wattage_used

(1) Land_use_river
Urbanisation_river
Connectivity_river
Land_use_segment

Runl_number_all
Runl_number_0_plus
Run2_number_all
Run2_number_0_plus

Type_of_data
Length_type
Length

Urbanisation_segment Run3_number_all Table Length_class

Riparian_zone_segment Run3_number_0_plus Site_code
Connectivity_segment Run4_number_all Latitude
Connectivity_multiscale Run4_number_0_plus Longitude

Floodplain_lateral_movements_segment
Sediment_load_segment
Hydrological_regime_site
Natural_flow_pattern_site
Natural_flow_quantity_site

Total_number_all Date
Total_number_0_plus Species
Total_biomass Type_of_data
Biomass_estimate Length_type
Total_abundance Length_class_min
Upstream_dam_site
Morphological_condition_site
Salinity_site
Toxic_acidification_site
Nutrients_organic_input_site
Introduction_of_fish_site
Impact_of_stocking_site
Exploitation_site
Fauna_impact_site
Flora_impact_site

Abundance_estimate
Estimated_efficiency

Length_class_max
Number

Table Taxa_and_guilds
Species
(Guild classification
16 variables)
(Sentinel species
14 variables)
(Native or alien per

Fides_occure
Tolerance
Habitat_feeding
Habitat_rheo
Reproduction

Mesh_size Weed_cutting_site Feeding Main River Regions
(2) Reference_site Status_ecoregional Migration 40 variables)
Calibration_dataset Status_European_spatial Longevity

Modelling_dataset

Fish_type_ecoregional

Status_modelling
Local_IBI_method
Local_IBI_score
Local_status_classification

Figure 1. Variables included in FIsh Database of European Streams. Variables at the top of each table written with grey background (names
centred) were key variables in the relation database. Variables written in boldface are mandatory variables, the others optional. Variables written in
italics were categorical variables with pre-defined categories. In the Fishing occasion table, the variables within box (1) are human impact variables,
and within box (2) derived variables, or related information preceding analyses.

variables (Fig. 1). In total, 209 variables were included.
Quality assurance was essential to fulfil quality
requirements and was achieved by providing an empty
database with all input tables. Furthermore, metadata
were provided to describe variables, together with a
manual to aid data input. This input database was
made using Microsoft® Access 2000 and comprised
several automated quality control tools. These
included, for example, checking for missing mandatory
variables, checking correct longitude and latitude, total
number of each species caught matches total catch and
inaccuracies in length of individual fish. The main
principles for data quality controls were to prohibit
double entries, to ensure traceability in connection to
site, time and species, as well as correct any easily
recognised errors. Quality control measures were
updated frequently, as unforeseen errors occurred
during data delivery.

National data contacts were nominated to deliver
data that fulfilled the project requirements, and were
representative of the variation within each country.
The national data contacts were responsible for the
quality control of the national data, as a complete

systematic screening of FIDES was not possible
because of time constraints and these persons should
better understand the idiosyncrasies of the data. Data
were collected from one or several sources in the
country. For example, Germany collected national
data from 11 different federal states, while Sweden
collected data from one national register (Swedish
Electrofishing RegiSter — SERS). Data were again
quality controlled using procedures specific to each
country, as well as the control tools, before the
national data set was merged into FIDES. The
database manager controlled 51 versions of national
data (mean n = 4 per country), until all national data
sets met sufficient quality requirements to be merged
into FIDES, set up as a relational database imple-
mented on a Microsoft® SQL Server 2000 database
management system.

To facilitate data management and sharing, a series
of input and export queries were developed using Data
Transformation Services (DTS). These utilities allow
import and export between different data sources and
the capability to provide refined data back to the
donor countries.

© 2007 The Authors. Journal compilation © 2007 Blackwell Publishing Ltd
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Summary statistics available in FIDES

Electric fishing sampling methodology

Fishing was carried out by wading on 71% of
occasions and by boat on 29%. Boat fishing was not
performed in Greece, Spain and Sweden. Generally
deeper, wider waters with low gradient were fished
using a boat. All fish sampling was performed during
the day, except on nine occasions (0.1%). The maxi-
mum likelihood method (Zippin 1958) is commonly
used to quantify fish abundance. If a single pass (run)
is carried out, the sample may be regarded as semi-
quantitative but this approach allows comparisons
among streams and methodologies. Only one fishing
pass was undertaken on 52% of occasions, two passes
on 24% and three or more passes on 24% of fishing
occasions. Boat fishing typically applied single passes
on 62% of occasions while wading used single (48%)
and multiple runs almost equally. Alternating current
(AC) was used on 7% of occasions, direct current (DC)
on 75% and pulsed DC on 18%. The use of AC was
restricted to boat fishing and DC was the most
commonly used when wading (84% of occasions).
The most common anodes used when wading, were
ring (86%) or rectangular (13%) design. These designs
were the main alternatives used during boat electric
fishing (ring — 62% and rectangular — 28% of
occasions); boom or other types of anodes were only
used on 10% of boat fishing occasions. Stop or block
nets upstream or downstream of the fished location
were only used in 17% of occasions. Stop nets were
used up to an average wetted width of 100 m, but
generally nets were used in small rivers (median wetted
width 7.5 m). The mesh size of the landing net ranged
from 1 to 15 mm, and was 4-6 mm in 58% of all
fishing occasions.

Although it is recommended (CEN 2003) that the
stream length sampled should be at least 20 times the
wetted width, this was only the case for 40% of
sampling occasions. The reason for the recommenda-
tion is to ensure that the sample should be represen-
tative with regard to the number of species, species
composition and capture of sufficient individuals. It
was generally the wider and deeper sites (mean width
7.6 m and depth 1.0 m) where shorter lengths of river
were sampled.

Metrics data

According to the WFD, three major categories of data
need to be examined to determine ecological status:
species composition (including metrics related to tro-

phic composition, reproduction and lifestyle), fish
abundance and age-length structure. These were
included in FAME assessment methodologies (see
Pont et al. 2007; Melcher, Schmutz, Haidvogl and
Moder 2007) using specific metrics based on fish
population/community structure and abundance. The
metrics selected are described by Noble, Cowx, Goff-
aux and Kestemont (2007) and Roset, Grenouillet,
Goffaux, Pont and Kestemont (2007), of which several
are derived in the FIDES database (Table 1).

Only data from first run electric fishing were used to
develop the European Fish Index (Pont et al. 2007) to
allow comparisons between single-run sampling with
multiple-run sampling. However, in some cases only
total estimated biomass (kg ha™') was provided, so
the biomass for the first run was determined based on
the assumption that the ratio between total abun-
dance (total number all) and abundance first run
(runl_number_all) was the same as for total biomass
(total_biomass) and biomass in the first run (first run
biomass).

Differentiation between alien, native and all species
was made per main river region in different versions of
the Taxa and Guilds table (Fig. 1, Noble, Cowx,
Goffaux & Kestemont 2007). Guild classification was
checked, harmonised with the species table in FIDES
and reformatted to fit the format of the Taxa and
Guilds table of FIDES. Each guild category (tolerance,
habitat, migration, etc.) represents a variable and
species are now classified within each category (toler-
ant, intolerant, etc.; Table 1).

Metrics comparing historical and present occurrence
of native fish species were added and could be used for
sites/fishing occasions where full sets of historical data
(=information about total species composition) were
provided. (The variable ‘number of historical species’
was added to the metric table only for calculating
historical metrics. This was made for 22% of the sites,
most of them in Austria, France and Belgium.). For
historical metrics, the percentage of historical species
in each guild was computed. One additional historical
metric, comparison of historical and actual occurrence
of diadromous species as defined by presence within a
river basin, was added. The classification table of 45
sentinel species, i.e. key species, was also completed
and integrated into the Taxa and Guilds table (Fig. 1).

A software routine was developed and included the
following steps: (1) general check of data consistency
(main river regions, guilds, fish species names and
sentinel species, species occurrence in catch); (2)
calculation of the biomass of the first run; (3) selection
of native and alien species at each site; (4) calculation
of the metrics table for all sites; (5) calculation of the

© 2007 The Authors. Journal compilation © 2007 Blackwell Publishing Ltd
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metrics table for native species only; and (6) calcula-
tion of the metrics table for sentinel species. These
summary statistics were made available as three tables
for search and download within the web application;
table Metrics_all, Metrics_native and Metrics_sentinel.

In general, mandatory variables were completed, but
often the information had to be simplified into
categories, or was based on operator expertise.
Optional variables were more precise, but often only
available for certain countries and/or a limited pro-
portion of sites. Control and use of the data further
showed that many environmental variables still con-
tained at least a few errors, and some variables
contained relatively high percentages of errors for
certain countries. For example, nearly 5% of sites had
errors in geographical coordinates because of data
entry errors or confusion between different coordinate
systems; these errors were concentrated in three or four
countries.

Representativeness of FIDES in Europe

FIsh Database of European Streams contains infor-
mation from 12 countries, 17 ecoregions, 40 main river
regions, 2651 rivers and 8228 sites (Tables 2 and 3).
The locations of sites were concentrated in the central
western part of Europe, partly because of the distri-
bution of FAME partners but also intensity of
sampling programmes within countries. The 12 coun-

tries covered 72% of the area (2.9 million km?) and
77% of the population of the EU-25 Member States.
Nine of 18 ICES sea areas (ICES 2004) and eight out
of Europe’s 16 largest rivers were represented within
FIDES (Table 4). Large rivers that drain into the
Black Sea, Sea of Azov, White Sea, Barents Sea or
Caspian Sea are not present in the FIDES database.
FIsh Database of European Streams also does not
include data for streams or rivers that drain into the
Greenland Sea, Norwegian Sea, Inland Sea of the West
Coast of Scotland, Bay of Biscay and Sea of Marmara.

A total of 150 species, out of 301 potential species
occurring in European rivers (Noble et al. 2007), were
recorded. The highest species richness was in the River
Danube with 67 species, while only 12 species were
recorded for the Douro on the Iberian Peninsula
(Table 3). The mean number of caught taxa for all sites
was 5.3 (SD: 3.7). The mean number at each site
was correlated with the total number of species in the
main river region (Spearman’s p = 0.341, P = 0.016,
n = 40). The most frequently occurring fish species
was brown trout, Salmo trutta L., occurring at 47% of
the sites. Although considered endangered at the
European scale (Dekker 2003), European eel was
frequently encountered at the investigated sites
(33%). Mean abundance (individuals per hectare) for
the sentinel species ranged between 73 for pike, Esox
lucius L., and 2143 for Eurasian minnow, Phoxinus
phoxinus (L.).

Table 2. Data included in FIsh Database of European Stream, for partner countries

Table site

Table fishing occasion

Table catch Table length/length class

Mean percent

valid cases Mean percent
for variables valid cases for
used in variables used in

development

development of

Number of
recorded catches

Percent sites
with multiple

Percent fishing
occasions with

Number  of European  Number European fishing (species at provided
Country of cases Fish Index of cases Fish Index occasions fishing occasions) length data
Austria 1053 100 1395 100 15 7595 99
Belgium Flanders 1042 100 1684 100 41 7769 39
Belgium Wallonia 120 100 158 100 12 1485 100
Germany 1854 62 2300 42 12 12 980 68
Spain 294 100 356 100 21 747 57
France 815 100 1584 100 48 12 420 0
Greece 56 100 83 100 23 200 73
Lithuania 253 100 355 100 23 2863 25
The Netherlands 662 100 976 88 26 5619 0
Poland 154 100 154 100 0 967 73
Portugal 232 100 232 95 0 997 0
Sweden 623 97 3765 100 80 10 888 93
United Kingdom 1070 100 2141 99 27 14 030 58
Total 8228 91 15183 90 15 78 560 59
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Table 3. Number of rivers, sites, mean, SD and total number of fish species in FIsh Database of European Streams by main river region, and
representation of sites per main river region within Illies’ ecoregions

Mean Total
Number Number number number Illie’s ecoregion representation for
Main river region of rivers  of sites  of species SD  of species sites occurring in main river region
Douro 29 51 3.8 L5 12 Iberian Peninsula
Guadiana 13 19 6.0 2.0 17 Iberian Peninsula
North-East Atlantic Ocean 42 77 3.2 2.0 20 Iberian Peninsula
Tagus 69 85 5.1 2.6 22 Iberian Peninsula
Ebro 14 88 1.8 1.6 15 Iberian Peninsula; Pyrenees
Mediterranean Sea, 92 206 2.2 1.6 22 Iberian Peninsula; Pyrenees
Western Basin
Aegean Sea 7 11 2.7 1.8 15 Helenic Western Balkan
Ionian Sea 29 45 2.0 1.7 22 Helenic Western Balkan
Garonne 72 97 6.0 4.3 41 Pyrenees; Western Plains; Western Highlands
North Atlantic Ocean 66 81 7.9 3.4 40 Pyrenees; Western Plains; Western Highlands
Mediterranean Sea, 73 110 4.7 3.3 22 Pyrenees; Western Plains; Western Highlands; Alps; Italy
Western Basin, North
Pyrenees
Rhone 67 93 6.2 6.1 42 Western Plains; Western Highlands; Alps
Loire 102 112 9.2 4.7 42 Western Plains; Western Highlands
Meuse 159 553 6.7 4.3 50 Western Plains; Western Highlands
Seine 62 92 9.5 4.0 38 Western Plains; Western Highlands
English Channel 62 82 6.1 3.1 33 Western Plains
(Ecoregion Western Plains)
North Sea 309 1090 3.8 3.8 48 Western Plains; Central Plains
Rhine 294 1663 52 33 52 Western Highlands; Alps; Central Highlands;
Central Plains
Danube 338 1141 4.9 3.8 67 Alps; Central Highlands; Hungarian Lowlands;
Dinaric Western Balkan
Elbe 35 160 7.3 3.9 40 Central Highlands; Central Plains
Odra 19 104 7.5 4.1 37 Central Highlands; Central Plains
Wisla 6 32 7.8 5.7 34 The Carpathians; Eastern Plains
Weser 19 215 5.0 2.8 38 Central Plains
Skagerrak 45 80 2.8 1.7 29 Central Plains; Fenno-Scandian Shield
Kattegat Sound 46 97 2.8 1.4 30 Central Plains
Baltic Sea 236 550 33 2.6 49 Central Plains; Baltic Province; Fenno-Scandian
Shield; Borealic Uplands
Gulf of Riga 4 13 5.8 32 23 Baltic Province
Nemunas 85 211 8.1 3.3 37 Baltic Province
Anglian Coast 39 304 6.6 2.3 40 Great Britain
Bristol Channel 8 16 6.1 2.8 16 Great Britain
English Channel 30 133 4.8 29 26 Great Britain
(Ecoregion Great Britain)
Great Ouse 3 19 8.7 2.2 20 Great Britain
Irish Sea 103 178 3.5 1.5 15 Great Britain
Medway 4 11 5.5 2.3 17 Great Britain
Mersey 9 48 4.2 2.0 17 Great Britain
Severn 33 118 5.8 2.8 26 Great Britain
Tees 1 26 6.7 3.1 16 Great Britain
Thames 24 97 8.0 2.8 24 Great Britain
Trent 20 75 6.2 3.2 26 Great Britain
Yorkshire Ouse 7 45 6.9 3.5 24 Great Britain
Total number (40 main 2651 8228 5.3 3.7 150 17

river regions)

Main river regions were defined as river catchments larger than 25 000 km?, or as marine regions where several rivers confluence into the sea.
Mean and SD represent 8228 fishing occasions at sites. If the fishing occasion at the site was used as calibration data for the European Fish
Index (Pont et al. 2007) that fishing occasion was used, otherwise one fishing occasion was randomly selected for each site.
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Table 4. Principal component analysis results (rotated loadings,
based on Spearman rank correlation matrix) of environmental
variables using one fishing occasion at each site (n = 6104) from
FIsh Database of European Streams

Table 5. Spearman rank correlation coefficients of fish metrics and
principal component scores from FIsh Database of European
Streams based on environmental variables, using one fishing occa-
sion at each site (n = 6104)

PC1 PC2 PC3 PC1 PC2 PC3
‘Latitude’ ‘Size’ ‘Altitude’ ‘Latitude’ ‘Size’ ‘Altitude’
Mean air temperature -0.90 Intolerant species (relative number) 0.41 0.61
Latitude 0.81 Tolerant species (relative number) -0.25 -0.54
Longitude 0.77 Benthic species (number of) 0.24 -0.24
Distance from source 0.90 Rheophilic species (number of) 0.20 0.23
Size of catchment class 0.81 Lithophilic density (relative ind. ha™") 0.30 0.67
Wetted width 0.78 Phytophilic density (ind. ha™") -0.30
Altitude 0.88 Insectivore density (ind. ha™") 0.58
Gradient slope 0.66 Omnivore density (ind. ha™") -0.21 -0.39
Conductivity class —-0.64 Long migrating species (number) -0.33
Potamodromous species (number) 0.47
Initial eigenvalues 2.6 2.2 1.4
Percent of variance explained 29.3 24.0 15.4 Only coefficients > 0.2 are shown.
Cumulative percent 29.3 53.3 68.7
Extraction method: principal component analysis
Rotation method: varimax with Kaiser normalisation (four iterations)
If fishing occasions had been used as calibration data for the Euro- 100
pean Fish Index (Pont ef al. 2007) that fishing occasion was used, $
otherwise one fishing occasion was randomly selected for each site.
Only loadings >0.5 are shown. 807 +
£, Pt
General relationships between environment and fish % +
community © ¢
g 40 ©
FIsh Database of European Streams covers a wide 2 $o
geographic and climatic range within Europe
(Table 3). The variables mean air temperature, lati- 20 @ o
tude, longitude, gradient (CEN 2003), distance from L o ¢ ¢
source, size of catchment class (Oberdorff, Pont, o
Hugueny & Chessel 2002), wetted width, altitude 0 T T T T T T T T
—50 —100 —200 —300 —400 ~500 —600 —700 >700

(Oberdorff er al. 2002; CEN 2003) and conductivity
class (Hornung & Reynolds 1995) were simplified using
principal component analysis (PCA). The PCA of
selected environmental variable revealed three main
gradients throughout Europe; PCA axis 1 indicated
that both latitude, longitude and air temperature
separated sites, followed by variables that measure
stream size (PCA2) and then altitude/slope, which was
weakly inversely correlated with conductivity
(Table 4). These main environmental factors were each
correlated with the fish fauna guilds (Table 5). In the
north, intolerant, rheophilic and lithophilic species
were more common, and intolerant as well as omniv-
orous species were less predominant. In large rivers,
benthic, rheophilic and potamodromous species were
common. At higher altitudes, intolerant, lithophilic
and insectivorous species were more common, resem-
bling the situation in northern rivers, while tolerant,

Altitude (m)

Figure 2. Mean relative densities (%) of the fish feeding guilds
insectivores (@) and omnivores (O) £95% CI plotted against altitude
class of fishing site in FIsh Database of European Streams, representing
8228 fishing occasions at sites. If the fishing occasion at the site was used
as calibration data for the European Fish Index (Pont et al. 2007) that
fishing occasion was used, otherwise one fishing occasion was randomly
selected for each site.

benthic, phytophilic, omnivorous and long migrating
species were less common (Table 5). There was a
strong and consistent pattern between the percentage
insectivores and omnivores with altitude class (Fig. 2).
Similarly, rheophilic species were less common in
larger, lowland rivers. In contrast, benthic species were
more common in larger streams, while limnophilic
species seem less affected by stream size (Fig. 3).
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Figure 3. Mean relative densities (%) of the fish habitat guilds limn-
ophilic species (white circles), benthic (black circles) and rheophilic
(triangles) +95% CI plotted against size of catchment class of fishing
site in FIsh Database of European Streams, representing 8228 fishing
occasions at sites. If the fishing occasion at the site was used as cali-
bration data for the European Fish Index (Pont et al. 2007) that fishing
occasion was used, otherwise one fishing occasion was randomly
selected for each site.

Discussion

FIsh Database of European Streams has a wide
geographic and environmental representation within
Europe and contains quantitative data on a consider-
able number of fish species as well as human pressures
(Degerman, Beier, Breine, Melcher, Quataert, Rogers,
Roset and Simoens 2007). This information has been
used to develop the European Fish Index (Pont et al.
2007). It is a potential source of information for many
other purposes including testing fundamental ecolog-
ical theories as well as applied research concerning
environmental protection and management of re-
sources. For example, the database contains detailed
information on methods and sampling strategies that
could be used to evaluate costs and benefits for
monitoring programmes, or aid a future revision of
electric fishing standards (CEN 2003). The data also
have applications in large-scale phylogeographical,
ecological and conservation studies. On a European
scale, the distribution of threatened and endangered
species can be linked to potential damaging impacts
between rivers and regions.

There are several other advantages in merging data
gathered locally. First, the data have cost time, money
as well as effort to collect, and to make full use of such
a resource makes sense with research income becoming
increasingly difficult to obtain. Secondly, analyses that

EUROPEAN INLAND FISHERIES DATABASE

are more complex are possible on such a large data set
with such a wide geographical coverage, thus extending
knowledge on meta-population problems.

An important conclusion from the derived relation-
ships between environmental variables on one hand,
and their respective correlations with fish guilds on the
other, is that the fish guilds reflect the gradients in
environmental variation (Figs 2 and 3). Using guilds
instead of species, and also relating biological and
environmental gradients strengthened the approach of
the European Fish Index (Pont et al. 2007). Further-
more, the overview of environmental data shows that
there was no geographical or climatic bias in the two
main environmental factors — river size and altitude.

Developing FIDES provided the impetus for stan-
dardisation of concepts, methods and variables to be
used across the EU. This process forces parties to
evaluate priorities and agree on definitions, and raises
crucial questions that need answering before contin-
uing. The construction of a database develops a
feedback process between researchers, end-users and
managers, as authorities who provide the data most
often have to implement the findings of the research.
Finally, the process of standardisation provides a
higher level mechanism for quality assurance and
quality control, thus making each national database
more valuable.

The development of technology and international
co-operation provide the opportunity for large and
open access databases, but there are problems in
achieving this vision. Strong traditions and circum-
stances prevent openness towards data sharing. Biol-
ogists tend to work in a market where governmental
funding finances research and professional positions.
Private consultants are a threat to universities and
governmental institutes, as commercial businesses
would benefit greatly from open data sources, and
mean even more competition for funding. It is,
therefore, understandable that scientists who produce
data are often unwilling to share it. Furthermore, to
make knowledge available of the occurrence of
sensitive species involves a certain risk of, for
example, uncontrolled exploitation. Consequently,
mechanisms are needed to standardise and make data
available at the global level if science and the
environment are to benefit from the utility of data-
bases.
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Abstract The objective was to develop spatially based (type-specific) methods to assess the ecological status of
European rivers according to the EU Water Framework Directive. Some 15 000 samples from about 8000 sites
were pre-classified within a five-tiered classification system based on hydromorphological and physico-chemical
pressures. The pre-classification was used to identify reference conditions and to calibrate the assessment methods.
Clustering reference sites based on relative species composition resulted in 60 fish assemblage types within 11 of the
ecoregions under study. Discriminant function analyses (DFAs) were employed to identify environmental
parameters characterising fish assemblage types; altitude, river slope, wetted width, mean air temperature and
distance from source were the principal predictors. These environmental parameters were used to assign impacted
sites with altered fish assemblage composition to the reference fish assemblage type. Metrics (fish assemblage
descriptors) responding to human pressures were selected based on correlation and DFAs. Assessment methods
were developed for 43 fish assemblage types. Metrics based on individual sentinel species were more often used in
type-specific methods than metrics related to reproduction, habitat and feeding. Metrics based on long-distance
migrants and potamodromous species were more sensitive to human pressures than overall composition metrics,
e.g. total number of species. Only some of the tested metrics showed pressure-specific responses, i.e. reacted to one
type of pressure but not to others. Insectivorous, intolerant and lithophilic species exclusively responded
(decreased) to chemical and hydromorphological pressures in 14-19%. Omnivorous species was the only metric
type that showed a consistent reaction (increase) to continuum disruptions in 25% of the cases. Accuracy of
methods based on cross-validation with pre-classification varied between 47% and 98% (mean 81%) when
contrasting calibration data set (class 1 and 2) with degraded sites (class 3, 4 and 5).

KEYWORDS: ecological status assessment, fish, index of biotic integrity, methods, Water Framework Directive.
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Introduction

The development of fish-based methods to assess
human-induced impacts on aquatic ecosystems has
been strongly influenced by the index of biotic integrity
(IBI; Karr 1981). IBIs are based on the assumption
that within a given entity the variability of fish
communities is low enough to be able to distinguish
between natural and human-induced variability.
Although IBIs have been developed worldwide (Roset,
Grenouillet, Goffaux, Pont & Kestemont 2007),
appropriate delineation of regions or river types is a
major issue in developing regional IBIs (Strange 1998)
because of large-scale natural variability in fish com-
munities. IBIs developed in North America account
for natural variability by regionalisation and metric
adjustments to longitudinal gradients (e.g. Hughes,
Howlin & Kaufmann 2004).

The spatially based approach is the underlying
methodological principle of the European Union’s
Water Framework Directive (WFD; 2000/60/EEC) for
assessing the ecological status of running waters. The
concept is that rivers can be classified into units (e.g.
river segments) with homogenous characteristics. The
WFD offers two options: System A and System B;

both use only abiotic criteria for river typology.
However, as the hypothesis is that the less the biotic
heterogeneity within identified types the higher the
accuracy of the employed IBI (Fausch, Lyons, Karr &
Angermeier 1990; Smogor & Angermeier 1998, 2001),
biotic typologies should be used. In principle, two
spatial dimensions structure fish assemblages at the
large scale: (1) the zoogeographic pattern reflecting
mainly climatic gradients across the continental scale
and (2) the longitudinal pattern within each river at the
catchment scale caused by changes in environmental
parameters along the river course (Beier, Degerman,
Melcher, Rogers & Wirlof 2007). Ecoregions are
supposed to provide a spatial framework for ecosystem
assessment at the large scale (Omernik 1987, 1995).
Illies (1967) introduced a European classification
system, dividing the continent into 25 ecoregions.
Although Illies’ ecoregion system is the only widely
used classification, and has been adopted by the WFD,
it has never been evaluated for its ability to discrim-
inate among fish communities at a continental scale
(Reyjol, Hugueny, Pont, Bianco, Beier, Caiola, Casals,
Cowx, Economou, Ferreira, Haidvogl, Noble, de
Sostoa, Vigneron & Verbickas 2007). The longitudinal
zonation of rivers with a sequence of distinct fish
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communities was developed more than a century ago
(Fritsch 1872). Several key parameters, e.g. slope/
width ratio (Huet 1949), have been used to explain
longitudinal fish community patterns in specific
regions, but no attempt has been made to analyse
longitudinal patterns at the ecoregion and continental
scale. In the WFD, the classification of surface water
bodies is based on the assumption that an abiotic
river typology is adequate to stratify fish communi-
ties, but no efforts to validate this assumption at a
European scale have been undertaken.

According to the IBI concept, assessment of
ecological status is based on the comparison between
observed and expected values of a set of defined
metrics (fish assemblage descriptors) (Noble, Cowx,
Goffaux & Kestemont 2007) combined into a single
index (Karr 1981). Expected conditions can be
defined in different ways (Hughes 1995), one is to
use best available (least-disturbed) conditions result-
ing in unequal thresholds for less and more impacted
fish assemblage types. However, the WFD requires
standardised reference conditions showing no, or
only minor, anthropogenic alterations. Therefore,
most of the existing methods are not compliant with
the WFD.

Information on pressures is necessary to distinguish
between reference and impacted sites and for calibrat-
ing or scoring of metrics. However, compared with
other aspects of IBI development, less emphasis has
been dedicated to quantifying precisely the level of
degradation.

Spatially based assessment methods (SBM) were
developed for the WFD based on data from ecore-
gion | (Iberian Peninsula), 2 (Pyrenees) 4 (Alps) 8 &
13 (Western Highlands & Western Plains), 9 (Central
Highlands), 14 (Central Plains), 15 (Baltic Province),
18 (Great Britain) 20 & 22 (Borealic Upland &
Fenno-Scandinavian Shield). Detailed descriptions of
ecoregional SBM developments are found in project
reports (http://fame.boku.ac.at) and in examples
presented in this volume on ecoregion 1 (Ferreira
et al. 2007), ecoregions 8 & 13 (Grenouillet et al.
2007), ecoregion 15 (Virbickas & Kesminas 2007)
and ecoregion 18 (Noble, Cowx & Starkie 2007). The
objective of this paper was to summarise and to
compare methodologies and results in these 11
ecoregions (Fig. 1) with respect to: (1) standardised
identification and characterisation of fish assemblage
types; (2) abiotic characteristics which discriminate
among fish assemblage types; (3) metrics response to
human pressures; (4) metrics aggregation and status
classification; and (5) accuracy of assessment
methods.

SPATIALLY BASED METHODS

Figure 1. Illies’ (1967) ecoregions. Ecoregions analysed in this paper
are in bold.

Methods

All data were extracted from an extensive database
(FIDES; Beier et al. 2007). For the spatially based
approach, data from 14 789 fishing occasions at 7977
sites collected in 11 ecoregions and 11 countries were
available. Fisheries data were based on single-pass
electric fishing methodology only (Beier et al. 2007).
Species were classified as alien or native (Noble et al.
2007).

Pre-classifications of sites based on potential pres-
sures (Degerman, Beier, Breine, Melcher, Quataert,
Rogers, Roset & Simoens 2007) were used to select
unimpacted or weakly impacted sites for fish assem-
blage typology development and to calibrate the
developed assessment methods against a five-tiered
pressure gradient. The five classes of pressure status
were defined following the normative classification of
biological quality elements of the WFD: a pressure
level that is supposed to result in minor impact on fish
is equivalent to class 1, slight = class 2, moder-
ate = class 3, strong = class 4 and severe = class 5.

Fish-based river typologies (i.e. fish assemblage
types) for ecoregions were developed by cluster anal-
yses and other techniques (see results) using only

© 2007 The Authors. Journal compilation © 2007 Blackwell Publishing Ltd

48

443



444

S. SCHMUTZ ET AL.

unimpacted or weakly impacted sites. To allocate new
(impacted) monitoring sites to fish assemblage types
(hereafter fish types) several environmental descriptors
(Beier et al. 2007) were tested for their power to
discriminate among fish types using stepwise discrimi-
nant analysis (SPSS 12.0%). Discriminant function
analysis (DFA) generates functions with linear combi-
nations of variables that maximises the probability of
correctly assigning observations to their pre-deter-
mined groups. DFA can also be used to classify new
observations into one of the groups (Quinn & Keough
2002). DFA has been used for the same and similar
purposes in RIVPACS (Moss 2000), a system devel-
oped for invertebrates in the UK, and for predictive
fish models (Joy & Death 2002).

More than 400 potential metrics (Noble et al. 2007)
were analysed for their capacity to respond to human
pressures. Candidate metrics, e.g. metrics with clear
dose-response relationship, were tested for redun-
dancy. Pressure-specific response of metrics was tested
as follows. A metric was classified as pressure specific if
it responded (Spearman’s r > ]0.6]) within a fish type
to one type of pressure only, i.e. chemical (mean of
nutrients/organic input and toxics/acidification/O,),
physical (mean of morphology and hydrology) or
connectivity but not to another pressure type. Differ-
ent options to aggregate final metrics and to set class
boundaries among ecological status classes were eval-
uated (e.g. box plots and multivariate statistics). Error
of spatially based methods was assessed by cross-
validation between pre-classification of pressures and
ecological status classification. Accuracy differences
were tested among ecoregions and fish zones by ANOvVA

using the robust Welch-statistic for heterogeneous
variance (SPSS 12.0%). Huet’s classification (Huet
1949) was used to analyse differences along the
longitudinal zonation.

Results

Data available for the analyses were originally col-
lected for different purposes (e.g. fish species inven-
tory, impact assessment studies and conservation
monitoring; Beier et al. 2007). Hence, available fish
data were unevenly distributed across Europe and
countries and covered mainly western (Northern
Portugal, France, England, Belgium and the Nether-
lands) and central Europe (Austria) (Beier et al. 2007;
Reyjol et al. 2007).

Reference conditions and pressure status

Five core pressure variables (morphology, hydrology,
nutrients/organic input, toxics/acidification/O, and
connectivity) were combined to a mean global pressure
index and used to select weakly impacted sites in all
ecoregions. Other pressure variables (land use, urban-
isation, riparian zone, sediment load, upstream dam,
salinity, impact of stocking and introduction of fish)
were added to account for regional peculiarities, where
data were available (Table 1). In general, weakly
impacted sites (calibration sites) encompass only
pressure status classes 1 and 2 (minor and slight
impact expected). However, because of the low number
of non-impacted sites in ecoregions 1, 14, 15 and 18
some pressure variables also included sites with

Table 1. Pressure variables used to distinguish between calibration and impacted data set in different ecoregions (for definition of pressure

variables see Degerman et al. 2007)

Western Borealic

Highlands & Central Central Baltic Great Upland &
Human Iberian Pyrenees  Alps Western Highlands  Plains  Province Britain Fenno-Scandian
pressures Peninsula 1 2 4 Plains 8 & 13 9 14 15 18 Shield 20 & 22
Morphology X X X X X X X X X
Hydrology X X X X X X X X X
Toxics/acidification/O, X X X X X X X X X
Nutrients/organic input X X X X X X X X X
Connectivity_segment X X X X X X X
Land_use X
Urbanisation X
Riparian_zone X
Sediment_load X
Upstream_dam X
Salinity X
Impact_of_stocking X
Introduction_of_fish X
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pressure status class 3, resulting in a contribution of
moderately impacted sites of 28, 54, 26 and 39 percent
in these four ecoregions. In total, 1920 calibration sites
were separated from 4554 ‘impacted sites’, encompass-
ing 2200 rivers and 102 fish species.

Fish types

Ecoregions 20 and 22 as well as 8 and 13 were
combined as preliminary analyses did not reveal
significant differences in fish-type patterns based on
cluster analyses. As a rule, relative abundance (catch
data of the first run) and hierarchical cluster analyses
(Ward’s method) were used to group calibration
samples with similar species composition except in
ER2 and ERS8/13 (absolute abundance), ER18 (abso-
lute abundance standardised per species) and ER 20/22
(expert judgement process) (Table 2). In total, 60 fish
types were identified ranging from two (Pyrenees) to
eight types per ecoregion (median: 6.6 types per
ecoregion). Eight types were added based on historical
data or expert judgement but are not included in
further analyses. Following Huet’s classification, the
highest proportion of types (31 types) corresponded to
the trout, 13 to the grayling, 14 to the barbel and two
to the bream zone. The mean number of fish species
per type and sample ranged from 0.9 to 17.2 (median 5)
with the lowest values in the trout region (0.9-5.9).

SPATIALLY BASED METHODS

Salmo trutta fario L. was the dominating species in 20
types followed by Phoxinus phoxinus (L.) (10 types),
Rutilus rutilus (L.) and Salmo salar L. (four types
each). When only the five most abundant species per
fish type were considered, the total diversity comprised
only 47 species.

Discriminating fish types

In general, DFAs were used to identify environmental
descriptors predicting fish types and assigning de-
graded sites to fish types. In ecoregion 20/22, an expert
decision system was employed (Table 2). Correct
assignment of sites to fish types using environmental
descriptors ranged from 18% (ER 14) to 100% (ER 1).
Between 2 and 6 environmental descriptors (median 5)
were used to discriminate fish types. Altitude, river
slope, wetted width, mean air temperature (annual
and/or July) and distance from source were the
prevailing environmental descriptors.

Metrics response

In all ecoregions, the mean of the five human pressure
variables was used as an index for human pressure.
Spearman’s rank correlation (nine ecoregions) and
discriminant analysis (four ecoregions) were the
primary methods to analyse metrics response to human

Table 2. Methods used for spatially based assessment method development

Western Borealic
Highlands & Central  Central  Baltic Great Upland &
Iberian Pyrenees Alps Western Plains Highlands Plains Province Britain Fenno-Scandian

Method Peninsula 1 2 4 8& 13 9 14 15 18 Shield 20 & 22
Fish types

Cluster analyses X X X X X X X -

Expert judgement - - - - - - - X
Discrimination between types

Discriminant analyses X X X X X X X -
Selection of metrics

Spearman rank correlation X X X X X X X -
Test of metrics redundancy

Spearman rank correlation X X X X - X X -
Class boundaries

Discriminant analyses - - X X - - X -

Box plots X X - - X X - -

Mann-Whitney U-test X - - - - - - -

Kruskal-Wallis - X - - - - - -
Metrics combination

Discriminant analyses - - X X - - X -

Multimetric index X X - X X X - -
Method validation

Independent data set - - - - - - X -
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pressures (Table 1). For a more detailed description of
how discriminant analysis was used for ecological
status allocation see Melcher, Schmutz, Haidvogl &
Moder (2007).

Only responsive metrics (Spearman’s rank correla-
tion P < 0.05 or r > |0.4]) were selected for further
analyses. Redundancy among metrics was tested by
Spearman’s rank correlation and metrics with
r > 10.80] were excluded. In ecoregions 1, 2 and 14,
each metric was scored from 1 to 5 by plotting metric
values against mean pressure (box plots). The final
index was calculated as the average metric score. In
ecoregion 9, metrics were normalised from 0 to 1 and
the average of the metrics was scored by box plots
(index vs mean pressure). Scores and class boundaries
were set either for each single metric (ecoregions 9, 14
and 15) or by discriminant analysis (ecoregions 4, 8/13,
15 and 18), as it was done for metrics selection using
the pre-classification of pressures for calibration
(Table 1).

Spatially based methods were developed for 43 fish
types in eight ecoregions (total number of samples:
10 120). The number of available samples per fish type
ranged from 16 to 1120 (median 235). For the
remaining fish types (n=16) the number of samples
or their distribution along pressure gradient was not
adequate for method development. All fish types in ER
20/22 were omitted because of lack of sufficient
impacted sites. The Swedish database used for this
approach covered only small streams that are less
likely to be impacted.

In total, 130 different metrics (of 451 metrics tested)
were selected with a median of 9.2 metrics per fish type,
with percentage of insectivorous individuals, percent-

age of lithophilic individuals and percentage of litho-
philic species selected most often. The 10 most often
used metrics represent about one-third of selected
metrics. All of the 10 most often used metrics represent
relative measurements (nine of 10) or presence/absence
information (Fig. 2).

Similar metrics, based on grouping metrics into
different types (i.e. functional metrics and sentinel
metrics) and variants (i.e. same units) were used for all
fish zones, i.e. trout, grayling and barbel zone (in the
bream region only two fish types were identified).
Metrics based on individual sentinel species were most
commonly selected followed by metrics related to
reproduction, habitat and feeding. About one-third of
all sentinel metrics were based on S. trutta fario.
Metrics based on long-distance migrants and pota-
modromous species were more important than overall
composition metrics (e.g. total number of species)
(Table 3). With respect to metric variants, density
metrics (ind ha™" and % ind ha™') were used as often
as all other metrics such as number of species, biomass
or 0+ fish (Table 4).

Only some of the tested metrics showed pressure-
specific response, i.e. reacted to one type of pressure
but not to another. Insectivorous, intolerant and
lithophilic metrics exclusively responded (decreased)
to chemical and hydromorphological pressures in only
14-39% of the cases. However, in some cases, these
metrics showed no or an opposite response (increase)
to connectivity disruptions. Only omnivorous species
(metrics) showed a consistent reaction (increase) to
disruptions of the continuum, in 25% of the cases
(Table 95).

%
15 20 25 30 35 40 45 50

Density of insectivorous (%)

Density of lithophilic (%)

Lithophilic species (%)

Density of omnivorous (%)

Density of long distance migrants (%)
Presence of 0+ brown trout

Density of tolerant (%)

Biomass of lithophilic (%)

Biomass of tolerant (%)

Density of limnophilic (%)

Figure 2. Ten metrics most often used within 43 fish type-specific methods of eight ecoregions (calculated as the percentage of use within the 43 fish

types, (%) represent relative measurements).
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Table 3. Relative importance of metric types (% of all metrics used)
in different fish zones

Total Trout Grayling Barbel Bream

Number of types 44 31 13 14 2

Sentinel 234 18.4 21.2 31.8 5.0
Reproduction 17.6 17.1 18.2 15.6 35.0
Habitat 15.1 17.7 21.2 10.4 10.0
Feeding 14.9 15.2 16.7 12.3 25.0
Tolerance 10.1 7.6 7.6 12.3 20.0
Migration 7.3 6.3 12.1 6.5 5.0
Overall composition 6.0 9.5 1.5 5.2 0.0
Longevity 2.8 32 0.0 39 0.0
Historical metrics 1.5 38 0.0 0.0 0.0
0+ 1.3 1.3 1.5 1.3 0.0

Sentinel: based on individual sentinel species; overall composition:
species diversity, native species, exotic species, etc.; historical metrics:
based on absence/presence of historically documented species;
0+ : occurrence, number or relative number of YOY individuals of
sentinel species; for further details on metrics definition see Noble
et al. (2007).

Table 4. Relative importance of metric variations (% of all metrics
used) in different fish zones

Total Trout Grayling Barbel Bream

No. of fish types 44 31 13 14 2

% density 31.2 20.9 45.5 32.0 60.0
Density 20.4 17.7 15.2 28.1 0.0
% species 16.9 20.9 13.6 13.7 20.0
Biomass 9.6 9.5 10.6 10.5 0.0
No. of species 9.6 16.5 6.1 5.2 0.0
% biomass 6.8 6.3 3.0 7.2 20.0
Presence 0+ 4.0 5.7 4.5 2.6 0.0
% presence 0+ 1.5 2.5 1.5 0.7 0.0

% density/% biomass: relative density/biomass; density/biomass:
number of individuals per hectare; % species: proportion of species
compared with all species; (%) presence 0+ : (%) number of sentinel
species with YOY fish; all metrics are based on single-pass electric
fishing samples; for further details on metrics definition see Noble
et al. (2007).

Method accuracy

Accuracy of methods based on cross-validation with
pre-classification varied between 47% and 98% (mean
81%) when contrasting calibration data set (class 1
and 2) with degraded sites (classes 3, 4 and 5).
Method accuracy was different among ecoregions
(Welch test = 7.914, d.f. = 7, P = 0.002) but homo-
geneous across fish zones (Welch test = 0.018,
df. =3, P =0996). The lowest accuracy was
achieved in the Alps ecoregion (58%), and the highest
in Western Highlands/Western Plains (87%). Mean
type I error in classification, i.e. a site is classified by

SPATIALLY BASED METHODS

Table 5. Pressure-specific response of functional metrics calculated
as exclusive response (Spearman’s r; > [0.6]) to one of the pressure
groups (in percent); — indicates a decrease; + an increase of the
metrics (only metrics that show pressure-specific response in at least
25% of the 43 methods in one category are shown; sentinel species
metrics are not considered)

Pressure
Hydro-

morpho-
Chemical logical Connectivity
Metric - + - + - +
Insectivorous 39 0 20 0 0 9
Intolerant 39 0 16 0 14 5
Lithophilic 25 0 14 0 0 2
Rheophilic 27 0 9 0 0 0
Omnivorous 0 7 0 7 0 25

the method as impacted, although the pre-classifica-
tion indicated no severe pressures, was 8.9% (range 0—
47%) and similar to type II error, i.e. a site is
classified by the method as unimpacted although the
pre-classification indicates severe pressures, ranging
from 0% to 33% (mean 10.2 %). Sample size had a
significant, but marginal, influence on the method
accuracy (1> = 0.13, F = 7.4, P < 0.01). Methods
were validated by independent data sets in only two
ecoregions (Table 2).

Discussion

This paper represents one of the first attempts to
develop data-driven assessment methods for running
waters at the European scale. Based on a large
European database (FIDES), sampling sites were pre-
classified according to human pressures to distinguish
between calibration and impacted sites. Calibration
sites were used to develop fish typologies of running
waters within 11 ecoregions. Environmental descrip-
tors were identified for discriminating among fish
types and for allocating impacted sites to fish types.
Type-specific metrics responding to pressures were
used to discriminate between ecological status classes
allowing the allocation of new sites to ecological
status classes (Fig. 3).

Fish types

The data covered a wide range of different ecoregions
and rivers types representative of western, central and
northern Europe. However, there was a paucity of data
for Mediterranean and eastern countries.
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FIDES
database

A

Human pressure pre-classification:
setting criteria for calibration (ecological class 1 and 2)
and strongly impacted sites (ecological class 3-5)

/ \

’ Calibration sites ‘ ’

v

Fish types

\

Discrimination
between fish types by
environmental
descriptors

1 }

Allocation of impacted sites to fish types by
environmental descriptors

|

Discrimination between
ecological status classes by
type-specific metrics responding
to pressures

|

Allocation of sites to
ecological status classes

Impacted sites

Figure 3. Flow chart for the development of spatially based assess-
ment methods.

One of the major challenges of this pan-European
approach was the standardised selection of reference
sites according to the WFD criteria. Strictly following
the WFD criteria resulted in a lack of reference sites
in some ecoregions (ecoregions 1, 14, 15 and 18) and
sites with pressure status 3 had to be included for the
development of the fish types. Such an approach
seems not to violate the WFD rules as calibration
data were only used for fish type identification but
not for discriminating among the different levels of
deterioration within the final assessment methods.
However, there still remains the question of how
much deterioration at calibration sites affects fish
typology.

Most IBIs were developed for specific regions or
countries. Within-region variability of reference sites
has received little attention. In the proposed approach,
reference sites were clustered using relative species
composition into fish types and two to eight distinct
fish types were identified in each of the ecoregions. As

the level of discrimination among groups within cluster
analyses is arbitrary and relies on expert judgement,
other thresholds would have resulted in different
groupings. However, there is a trade-off between
defining groups as small and hence homogeneous as
possible and the availability of data. As data avail-
ability varied among ecoregions and some types by
nature are scarce the criteria for defining thresholds in
the examination of the cluster dendograms also
differed among ecoregions. It was assumed that these
differences did not affect the accuracy of assessment
methods developed as Melcher et al. (2007) showed
more broadly defined fish assemblage types produced
reliable results.

The spatio-temporal pattern of fish communities is a
result of a plethora of factors acting across several
scales. Both top-down factors, e.g. zoogeography,
geomorphology, and bottom-up factors, e.g. habitat
availability and competition, are known to determine
the structure of fish assemblages. Smogor & Anger-
meier (1998) used physiographical regions for delin-
eating IBI regions to account for upland and lowland
river section differences. To account for within-region
variability, Fausch, Karr & Yant (1984) suggested
using stream order or catchment area. Some authors
have tested stream-size dependence of IBI scores or
metrics (e.g. Mundahl & Simon 1998) or adjusted
metrics to watershed size (e.g. Hughes ef al. 2004).
However, in most IBI developments no adjustments
have been made (Smogor & Angermeier 1998). The
DFAs showed that not only stream size (wetted width),
but also altitude, slope, mean air temperature and
distance from source have effects on species composi-
tion, parameters that correlate only partly with stream
size. A median number of five environmental descrip-
tors were used to discriminate among fish types. Most
identified environmental parameters structuring fish
assemblages describe the longitudinal gradient of
streams and rivers.

In the USA, separate IBIs have been developed for
cold (e.g. Hughes et al. 2004) and warm water streams
(e.g. Karr 1981). The present results, however, show
that fish communities not only differ considerably both
among biogeographical regions and among cold and
warm waters but also within cold and warm waters as a
result of the longitudinal zonation. For example, in the
Alps ecoregion, six different fish types were found for
cold water streams (trout and grayling fish zone)
showing different proportions of brown trout or even
dominance of cyprinids (Leuciscus souffia Risso).
However, developing a high number of spatially
homogeneous units accounting mainly for longitudinal
gradients resulted in a deficit of number of sites left per
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individual fish type preventing IBI development in
some of the types.

The diversity of fish fauna in European rivers is low
compared with North America. The mean expectation
of number of fish species based on the database was
four, showing an increase from the trout to bream
zones. Forty-seven species accounted for the five most
abundant species expected at a given site in all the
fish types identified. Although Mediterranean rivers are
under-represented in the database, about one-quarter
of all species are endemic to the Mediterranean region
underlining the distinctness of southern European
fish fauna and by comparison, the homogeneous fish
communities in western, central and northern Europe.

Human pressure pre-classification

Hydromorphological alterations, water pollution and
continuum disruptions combined into a mean pressure
index, functioned as a calibration index for metric
selection and class boundary setting. Unlike other IBI
developments, a five-tiered pre-classification system
was used. This had several advantages: (1) identifica-
tion of fish types where insufficient numbers of
reference sites or impacted sites with different levels
of degradation were available — these could be elim-
inated before proceeding with IBI development; (2)
pre-classification was used to distinguish between
reference and impacted sites and to calibrate the fish-
based index; and (3) comparing IBI scores with
pressure pre-classification enabled cross-validation of
the methods developed.

Metrics

Although more than 400 metrics were tested, few were
eventually employed. The most commonly selected
metrics were percentage of insectivorous individuals,
percentage of lithophilous individuals and percentage
of lithophilous species. Insectivorous (alternately
invertivorous; Oberdorff, Pont, Hugueny & Chessel
2001; Belpaire, Smolders, Vanden Auweele, Ercken,
Breine, Van Thuyne & Ollevier 2000; Breine, Simoens,
Goethals, Quataert, Ercken, Van Liefferinghe & Belp-
aire 2004) and lithophilous (Oberdorff & Hughes 1992)
were used in other European IBIs.

Grouping metrics into metric types and exploring
their relative importance showed that sentinel species
were the predominant type of metric used in the 43
methods (Table 3). The spatially based approach
minimised natural variability within fish types. This
favoured the selection of species-specific (sentinel)
metrics over other metrics, as the clustering of fish

SPATIALLY BASED METHODS

types was based on relative species composition.
Species were classified as sentinel species if they were
typical of the distinct fish communities (e.g. fish zones),
sensitive to human disturbances and sufficiently abun-
dant and well distributed under undisturbed conditions
(Noble et al. 2007). About one-third of all sentinel
metrics were based on brown trout, indicating that in
species poor fish types sentinel species metrics were
more important than functional metrics (Hughes et al.
2004).

In addition to species-specific metrics, functional
metrics referring to reproduction, habitat and feeding
were used in all types and fish zones. Newly introduced
metrics such as long-distance migrants and potamodr-
omous species were less often used, but are more
frequently employed (7.1%) than metrics such as total
number of species (6.1%) that were used in earlier IBIs
(Karr 1981). This might arise because species diversity
can react to human pressures both in terms of a
decrease (e.g. loss of intolerant species) and an increase
(e.g. additional tolerant species). An increase of species
number was observed, for example, in impounded
rivers (Martinez, Chart, Trammell, Wullschleger &
Bergersen 1994). Historical metrics (e.g. % of original
species) were rarely used because few countries (Aus-
tria, Germany and the Netherlands) provided full data
sets. However, historical metrics are the only option to
develop assessment methods in regions and fish types,
e.g. ecoregions 14 and large rivers, where appropriate
reference sites are no longer available (de Leeuw,
Buijse, Haidvogl, Lapinska, Noble, Repecka, Virbic-
kas, Wisniewolski & Wolter 2007).

With respect to metric variants, density metrics
(ind ha™' and % ind ha™") were used as often as all
other metric variants combined, i.e. number of species,
biomass and 0+ fish. This confirms the general trend
in IBI developments that at least semi-quantitative
information on fish communities is necessary to detect
human impacts. Biomass and 0+ data were supplied
by only a few countries; therefore, those metrics were
under-represented in the database, but proved to be
effective where data were available (e.g. ecoregion Alps
and fish-type hyporhithral, see Melcher et al. 2007).

Only some of the tested metrics showed pressure-
specific response, i.e. reacted to one type of pressure
but not to another. Insectivorous, intolerant and
lithophilic species decreased exclusively to chemical
and hydromorphological pressures in 9-39% of the
cases. However, in some cases, those species show no
or an opposite response (increase) to connectivity
disruptions. Omnivore metrics were the only ones that
showed a consistent reaction (increase) to continuum
disruptions in 25% of the cases.
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After identifying impacted sites, the next step of
water management is to identify appropriate restora-
tion measures. For that, the index or individual
metrics should be able to infer which type of
restoration measures would be appropriate. More
detailed investigations on pressure-specific response of
fish are necessary to fulfil this management require-
ment.

Multivariate analyses

Discriminant function analyses were used to develop
assessment methods elsewhere. Wright, Armitage,
Furse & Moss (1984) used DFA to predict reference
conditions based on environmental parameters and
Joy & Death (2002) used DFA to find discriminant
functions of landscape variables to best differentiate
among IBI classes. However, no method appears to
have used DFA for metric selection (stepwise proce-
dure) and class assignment, i.c. index computation.
The advantage of this approach is that metric
combinations are selected that have the highest
probability of explaining biological responses to
human pressures. Metrics are weighted in the discri-
minant function according to their individual contri-
bution to the overall pressure-index relationship. In
all IBIs developed so far, each metric receives equal
weight by summing or averaging individual metric
scores. However, the sensitivity of metrics may differ
considerably depending on the type of metric. For
example, the principle of the Multi Level Fish-based
Assessment method (MuLFA; Schmutz, Kaufmann,
Vogel, Jungwirth & Muhar 2000) is based on the
assumption that metrics derived from higher biolog-
ical organisational level (e.g. species occurrence) might
react only to high doses, while metrics of lower levels
(e.g. population age structure) are sensitive to lower
doses of human pressures. Using stepwise procedures
of multivariate statistics might solve this problem in
selecting the most influential metrics. However, care is
needed because there are several potential pitfalls
(Quinn & Keough 2002). Stepwise procedures are
dependent on defining thresholds (e.g. significance
level <0.10) for selecting variables to be included in
the model, but these are always arbitrary. Different
stepwise techniques can produce very different final
models even from the same data, impeding meaning-
ful interpretation. In addition, the problem of collin-
earity among predictors in general increases with the
number of variables. Therefore, uni-variate testing,
pre-selection of candidate metrics and elimination of
redundant metrics before applying DFA, as carried
out in the proposed approach, is recommended.

Automated fitting of all subsets (i.e. potential variable
combinations) would be an alternative to stepwise
procedures and is becoming more feasible with
increasing computer power (Melcher et al. 2007).

Method accuracy

Accuracy of methods based on cross-validation with
pre-classification varied between 47% and 98% (mean
81%) when contrasting calibration data set with
degraded sites. Method accuracy did not vary among
fish zones indicating consistency along the river con-
tinuum although human pressures tended to increase
in an upstream—downstream continuum. Reduced
availability of reference sites in lowland rivers did
not hamper the development of robust methods for the
barbel zone. However, only two fish types were
assigned to the bream zone indicating a lack of
available data in those fish types. The same method
accuracy in fish types was achieved with low and high
species diversity demonstrating that by selecting ade-
quate metrics low species diversity does not undermine
the development of IBIs.

Method accuracy varied considerably among ecore-
gions. Lowest accuracy was achieved in the ecoregion
Alps. More than 90% of Alpine data were from
Austria where rivers are generally only impacted by
physical pressures but rarely by chemical pressures
(BMLFUW 2002). Averaging physical and chemical
pressures — as for the global pressure index of the pre-
classification — leads to an underestimation of human
pressure for Austrian rivers. Consequently, the mis-
match between the pre-classification and the observed
fish status is higher. Alternative approaches for defin-
ing a global pressure index for rivers impacted by a
single pressure should be developed in future.

Based on a large data set, a consistent procedure for
developing type-specific assessment methods could be
applied to eight European ecoregions. However, split-
ting the database into 60 fish types impeded the method
development or lowered accuracy in some of the types
because of an insufficient number of remaining samples
and hampered method validation with independent
data. To overcome limitations of the spatially based
approach at the ecoregional level merging fish types
across ecoregions is proposed (Melcher et al. 2007).
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Abstract A spatially based, river type-specific approach was used to develop an ecological assessment method for
European rivers based on existing sampling data. The methodology comprised two main steps: (1) description of a
river and fish assemblage typology based on minimally or slightly impacted sites and (2) analyses of impacted
conditions for each type. Hierarchical cluster analysis of fish species assemblages identified 15 homogeneous
groups in 11 European ecoregions. Discriminant analyses, based on abiotic characteristics, were used to predict
fish types at impacted sites. The latter encompassed both regional (geographic position in Europe) and local
factors (longitudinal zonation) influencing the distribution of riverine fishes. To assess ecological status, the
responses of more than 400 metrics (species composition, abundance and age—length structure) to human pressures
were tested for each river type separately. A maximum of 10 metrics per river type was selected using discriminant
analysis. The density of intolerant species and feeding guilds had the highest capacity to predict the intensity of

perturbation.

KEYWORDS:

ecological status, Europe, metrics, modelling, rivers, Water Framework Directive.

Introduction

The spatially based approach is one option for
assessing the ecological status of running waters to
meet obligations under the European Union, Water
Framework Directive (WFD, European Union 2000).
The method classifies rivers into units with homoge-
nous abiotic and biotic characteristics. Multimetric
approaches such as the index of biotic integrity (IBI;
Karr 1981) generally use an ecoregion or bioregion
approach, and are thus limited to specific regions.
However, Schmutz, Cowx, Haidvogl & Pont (2007a)
and Schmutz, Melcher, Frangez, Haidvogl, Beier,
Bohmer, Breine, Simoens, Caiola, de Sostoa, Ferreira,
Oliveira, Grenouillet, Goffaux, de Leeuw, Noble,
Roset & Virbickas (2007b) demonstrated that spatially
based assessment methods can be developed in Euro-
pean ecoregions for specific fish assemblage types

representing river segments with homogeneous fish
assemblages. Ecoregions are supposed to provide a
spatial framework for ecosystems on a large scale
(Omernik & Bailey 1997) and Illies (1978) introduced a
European classification system, based on 25 ecore-
gions. This system has not been evaluated for its ability
to discriminate between fish assemblages at the conti-
nental scale, and no attempt has been made to analyse
longitudinal patterns across ecoregions at the conti-
nental scale. As a result of the biogeographic situation
in Europe, some assemblage types, e.g. brown trout,
Salmo trutta L., dominated communities, can be found
throughout Europe. This evidence is supported by the
concept of fish zones (Huet 1949), which explains
natural variability of fish communities along the
longitudinal gradient of running waters.

Under the WFD, the spatially based classification
of surface water bodies assumes that an abiotic river
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typology will stratify fish communities sufficiently to
distinguish between natural and anthropogenic vari-
ability. However, no efforts have been made to Data from 11 European ecoregions (12 countries)
validate this assumption at the European scale. At  covering 1844 rivers and 5252 sites were compiled in
the ecoregional level, the spatially based approach the Fish Database of European Streams (FIDES;
resulted in a high number of assemblage types Beier, Degerman, Melcher & Rogers 2007) (Table 1).
limiting the practical applicability of this methodol- Data included all major river types, including the
ogy (Schmutz et al. 2007a, b). The potential similarity Danube, Ebro, Elbe, Garonne, Meuse, Rhine, Seine,
between the assemblage types identified across Europe Thames, Weser and Wisla rivers.
(Reyjol, Hugueny, Pont, Bianco, Beier, Caiola, Fish Database of European Streams includes a
Casals, Cowx, Economou, Ferreira, Haidvogl, Noble, number of sites with multiple fishing occasions. All
De Sostoa, Vigneron & Virbickas 2007) suggests that sites were sampled using electric fishing during low
ecoregional fish types could be merged, thereby flow periods. About 65% of sites were sampled by
reducing the number of assessment methods necessary ~ wading. In larger rivers (river depth >0.7 m),
to monitor European rivers. sampling was carried out from boats. To standardise
The objectives of this study were to: (1) classify the sampling effort, only the first run in any
homogenous fish assemblage types at the European sampling was considered. For sites where the three
level; (2) compare identified fish assemblage types run removal method was applied (2275 sites), the
with environmental characteristics; and (3) develop mean percentage of the total number of species
assessment methods for each identified fish assem- caught during the first passage was 91.9% and the
blage type. mean percentage of total abundance was 63.2% (SD

Methods

Table 1. Cross-table of abiotic WFD system A types and their occurrence within ecoregions, including the number of EFTs within each WFD
type (WFD type coding: altitude (m): (1) <200, (2) 200-800, (3) > 800; geological type: (1) calcareous, (2) siliceous, (3) organic; catchment size
(km?): (1) 10-100, (2) 100-1000, (3) 100010 000, (4) > 10 000); see also Methods

Ecoregion
@) ®) ) (13) (14) (15) (18) (20) (22) Fenno-
WFD_type Iberian 2) 4) Western Central ~ Western Central Baltic Grat  Borealic Scandian
(coded) Peninsula Pyrenees Alps Highlands Highlands  Plains Plains  Province Britain Uplands Shield
1.1.1 1 3 2 4 1 2 4
1.1.2 1 3 5 2 2 3
1.1.3 2 2 3 2 1 1
1.14 1 2 1
1.2.1 3 3 2 5 3 2 4 3
1.2.2 2 1 2 2 4 3 2 4 2
1.2.3 1 1 2 1 3 2 1 2 1
1.24 2 1 2 2 1
2.1.1 1 1 2 3 5 3 2 1
2.1.2 2 4 4 5 4 1
2.1.3 3 1 5 1 1
2.1.4 2
221 3 2 2 3 5 3 3 2 3 2
222 2 2 3 4 4 2 3 1 1
223 1 2 2 1 1 1 2 2
224 1 1 2
3.1.1 2 1 1
3.1.2 1
3.2.1 1 1 1 2 1 1
3.2.2 1 1 1
3.2.3 2
324 1
Number of WFD 10 9 12 18 14 15 12 7 8 5 8
types per
ecoregion
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13.1). To avoid biases, only one randomly selected
fishing occasion per site was used. The selected
data set corresponds to the data used for developing
the European Fish Index (EFI; Pont, Hugueny,
Roset & Rogers 2007; Pont, Hugueny, Beier, Goff-
aux, Melcher, Noble, Rogers, Roset & Schmutz
20006).

This paper follows the principles of the spatially
based methods (SBM) also described by Schmutz
et al. (2007a, b). Predictive models were developed
using biological and physico-chemical data collected
at a number of non-impacted or minimally impacted
sites, generally referred to as ‘calibration sites’. Based
on a five-tiered pre-classification of physical and
chemical pressures (Degerman, Beier, Breine, Mel-
cher, Quataert, Rogers, Roset & Simoens 2007), a set
of 1455 minimally (class 1) or slightly impacted sites
(class 2) was defined as the calibration data set and
3797 sites as impacted sites (classes 3, 4 and 5). The
sum of the four human pressure variables, i.e.
modification of morphology, hydrology, presence of
toxic substances or acidification and nutrient loading,
was computed. The total human pressure variable
ranged from 4 to 20. This variable was re-scaled into
five pressure classes; class 1: value of 4 (no pressure);
class 2: values ranging from 5 to 8 (only slight
pressure); class 3: 9 to 12 (moderate pressure); class 4:
13 to 16 (heavy pressure), class 5: 16 to 20 (very
heavy pressure).

The principles of the SBM on European level can be
summarised into four steps.

Step1: classification of calibration sites

As a prerequisite for describing reference conditions, a
European fish assemblage typology was developed
using calibration data only. The SBM approach at the
ecoregion level revealed 60 fish assemblage types
within the 11 ecoregions analysed (Schmutz et al.
2007a, b). These 60 fish assemblage types were
clustered again using relative abundance to merge
similar types across the ecoregions. Alien species were
excluded in this step, whereas rarely occurring species
were retained. A hierarchical cluster analysis, Ward’s
method (Jobson 1992), was applied using chi-squared
distance as the similarity measure. The threshold for
identifying distinct fish assemblages, called European
fish assemblage type (EFT) was set by eye in the cluster
dendrogram. The premises were: (1) to reduce the
number of fish assemblages detected within individual
ecoregions and (2) to have the full spectrum of
fish associations along the longitudinal gradient
represented.

Step 2: linking fish types with environmental
variables

Seven variables were used to describe environmental
characteristics of sites:

ALT Altitude (m)

DFS Distance from source (km)

TEM Mean annual air temperature (°C)
LON Longitude (WGS 84 decimal)
WID Wetted width (m)

SLO Slope (%,)

LAT Latitude (WGS 84 decimal)

These variables were chosen because they describe
both the regional position in the hydrographic network
of European rivers and the organisation of sites along
the longitudinal continuum of rivers. Autocorrelation
for calibration data between the environmental vari-
ables was negligible (DFS and WID, Pearson’s coef-
ficient r = 0.57; TEM and ALT, r = —0.36; TEM and
WID, r = —-0.23; for all other combinations r was
below 0.17).

All variables except TEM, LAT and LON were log-
transformed [In(x + 1)]. Discriminant function analy-
sis was used to predict EFT membership based on
listed physiographic characteristics and to assign
impacted sites to the respective EFT. The procedure
generated a set of discriminant functions derived from
combinations of the predictor variables providing the
best discrimination between the groups. The functions
were generated from a sample of cases for which group
membership was known; they can then be applied to
new cases with measurements for the predictor vari-
ables but unknown group membership. Discriminant
function analysis explored the environmental distance
of each test site from the centroid of each EFT in
multivariate space and predicted the fish assemblage
expected on the basis of a combination of environ-
mental predictors at a test site. Critical values of Wilk’s
Lambda were used to determine variable entry or
removal (F = 3.84 and 2.71) at each step of the
analysis respectively.

Step 3: selecting metrics

The spectrum of the 372 tested metrics comprised
overall metrics and specific guild-based metrics (Noble,
Cowx, Goffaux & Kestemont 2007). Five functional
metrics groups were considered: tolerance, feeding,
reproduction, habitat and migration (Hughes & Obe-
rdorff 1999; Oberdorff, Pont, Hugueny & Chessel
2001). Tolerant and intolerant groups reflect species
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sensitivity to any common impact related to altered
habitat structure and water pollution (Noble et al.
2007). Loss of intolerant species is a response to
degradation, whereas the number of tolerant species
will tend to increase with disturbance (Pont et al.
2006). Additionally, 45 ‘sentinel species’ metrics
(sentinel or dominant) were tested including presence/
absence density and percent of 0+ fish (Table 2).

Values for each metric per site and date were
computed (Beier et al. 2007). Metrics were calculated
systematically using both native and alien species, after
having verified that metrics calculated exclusively on
native species were always highly correlated (> > 0.95)
with the corresponding metric calculated for all species.
All metrics were log-transformed [In(x + 1)], except
relative frequencies [arcsinVx] (Fiedler 2003). Metrics
were pre-selected by eliminating metrics with insignif-
icant pressure response using Spearman’s rank
correlation (P < 0.05).

An important task in discriminating groups is
finding a set of metrics that leads to optimal differen-
tiation and keeps the number of variables low to avoid
over fitting. Stepwise discriminant function analysis
was performed for each of the EFT to select metrics
best discriminating between the five pressure levels.

Table 2. Overview of used metrics and their abbreviations

Thereby, the selection of variables was based on the
significant F-test from an analysis of covariance.
Variables already chosen, acted as covariates and the
new variable was used as the dependent one. When
selecting variables for entry, only one variable could be
entered into the model at each step. The selection
process does not take into account the relationships
between variables that have not yet been selected.
Thus, some important variables could be excluded in
the process. Following this kind of procedure does not
guarantee the selection of those variables with the
lowest classification error or the lowest possible
number of variables at a given error. One way to
optimise metrics selection is to test all possible com-
binations of metrics. For this purpose, a SQL macro
was developed.

Step 4: assessing new sites

A discriminant function analysis was generated for
each EFT from a sample of cases for which group
membership to a pressure status group was known.
The minimum number of sites per class of pressure and
EFT was set to 10. Pressure classes of EFT with lower
numbers were excluded. After allocating new sites to

Guild

Functional metric group

Number of
species (n.sp)

Relative number
of species (perc.sp)

Total density
(ind/ha) (n.ha)

Relative density (%)
(perc.nha)

Overall composition
Tolerance (Tol)

Habitat (Hab)

Reproduction (Re)
Longevity (Lon)

Feeding (Fe)

Migration (Mi)

All (all)
Intolerant (intol)
Tolerant (tol)
Water Column (wc)
Benthic (b)
Rheophilic (rh)
Limnophilic (li)
Eurytopic (eury)
Lithophilic (lith)
Phytophilic (phyt)
Long lived (1l)
Short lived (sl)
Piscivorous (pisc)

Insectivorous/Invertivorous

(insev)
Omnivorous (omni)
Long distance (long)

Potamodrom (potad)

n.sp.all
n.sp.intol
n.sp.tol
n.sp.Hab.wc
n.sp.Hab.b
n.sp.Hab.rh
n.sp.Hab.li
n.sp.Hab.eury
n.sp.Re.lith
n.sp.Re.phyt
n.sp.Lon.ll
n.sp.Lon.sl
n.sp.Fe.pisc
n.sp.Fe.insev

n.sp.Fe.omni
n.sp.Mi.long
n.sp.Mi.potad

perc.sp.intol
perc.sp.tol
perc.sp.Hab.wc
perc.sp.Hab.b
perc.sp.Hab.rh
perc.sp.Hab.li
perc.sp.Hab.eury
perc.sp.Re.lith
perc.sp.Re.phyt
perc.sp.Lon.ll
perc.sp.Lon.sl
perc.sp.Fe.pisc
perc.sp.Fe.insev

perc.sp.Fe.omni
perc.sp.Mi.long
perc.sp.Mi.potad

n.ha.all
n.ha.intol
n.ha.tol
n.ha.Hab.wc
n.ha.Hab.b
n.ha.Hab.rh
n.ha.Hab.li
n.ha.Hab.eury
n.ha.Re.lith
n.ha.Re.phyt
n.ha.Lon.ll
n.ha.Lon.sl
n.ha.Fe.pisc
n.ha.Fe.insev

n.ha.Fe.omni
n.ha.Mi.long
n.ha.Mi.potad

perc.nha.intol
perc.nha.tol
perc.nha.Hab.wc
perc.nha.Hab.b
perc.nha.Hab.rh
perc.nha.Hab.li
perc.nha.Hab.eury
perc.nha.Re.lith
perc.nha.Re.phyt
perc.nha.Lon.1l
perc.nha.Lon.sl
perc.nha.Fe.pisc
perc.nha.Fe.insev

perc.nha.Fe.omni
perc.nha.Mi.long
perc.nha.Mi.potad

45 sentinel
species (e.g.)

Esox lucius L. (Eso.luc)

Salmo trutta fario L. (Sal.far)

Cottus gobio L. (Cot.gob)

Leuciscus leuciscus (L.)
(Leu.leu)

Barbatula barbatula (L.)
(Bar.bab)

n.ha.Eso.luc
n.ha.Sal.far
n.ha.Cot.gob
n.ha.Leu.leu

n.ha.Bar.bab

Three versions were calculated, one for native, one for alien and one for all species (see Noble et al. 2007).
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their predicted EFT on the basis of physiographic
characteristics (step 2), discriminant functions (step 3)
were applied to the new sites to predict their ecological
status. All statistical analyses, except stepwise
discriminant function analysis (SAS software), were
performed using SPSS 12.0.

Validation

Models were cross-validated by comparing observed vs
predicted pressure status (Joy & Death 2002). Addi-
tionally, the whole data set was randomly split into
two parts, one used for model development (training
data, 75%) and the other for model validation (test
data, 25%) using the posterior cross-validation error
rate (Fielding & Bell 1997; Hawkins, Norris, Hogue &
Feminella 2000; Joy & Death 2002). The discriminant
function analysis models developed with training data
were applied to test data. Mean percentage of well-
classified sites between training and test data were
compared using a f-test. Normal distribution was
tested with the Kolmogorov—Smirnov test.

Comparing EFT with abiotic WFD typology,
system A

European Union member states are obliged to use
either system A or system B of the WFD to identify
distinct river types based on physiographic character-
istics (WFD, Annex 1). In system A, classification
variables and boundaries are pre-defined; system B is
composed of compulsory and optional variables. In
this study, the relation between the fish-based typology
(EFT) and the pre-defined system A typology was
analysed. System A typology is a hierarchical classifi-
cation of running waters first assigning rivers to 25
ecoregions according to Illies (1978) and then using
physiographic variables to group river segments within
ecoregions. Physiographic variables, class limits and
used codes were: altitude (m) [(1) <200, (2) 200-800,
(3) >800]; geological type [(1) calcareous, (2) siliceous,
(3) organic]; catchment size (km?;) [(1) 10-100, (2) 100—
1000, (3) 1000-10 000, (4) > 10 000].

Results

The full data set contained 106 fish species and
1 038 126 individuals. The calibration data set
included 66 species and 373 435 individuals. The most
common species occurring per sampling site was Salmo
trutta fario L., followed by Phoxinus phoxinus (L.) and
Rutilus rutilus (L.). Rutilus rutilus represented the most
abundant species in the whole calibration data set

(13.8%) followed by Gobio gobio (L.), Barbatula
barbatula (L.), P. phoxinus and S. trutta fario (8.3%).
On average, 5.3 fish species occurred per sampling site.

European fish assemblage types (EFT)

The 60 fish assemblage types identified at the ecore-
gional level were merged into 15 EFT (Fig. 1). The
dendrogram first split the data into two clusters; cluster
A (types 1-3) represents headwater assemblages with
low species richness and cluster B is characterised by
more diverse fish communities (see Table 3 for their
relative native species composition). Types 1 to 4 are
streams dominated by S. trutta fario and varying in the
amount of accompanying species. Types 5 and 6
represent downstream river sections with lower gradi-
ent dominated by P. phoxinus (Fig. 2). Type 5 differs
from type 6 mainly by its higher proportion of Anquilla
anquilla (L.). Thymallus thymallus (L.) is mainly found
in types 7 and 9, but with the latter from northern
Europe. Types 8, 11 and 12 are dominated by
anadromous or potamodromous salmonids, i.e. Salmo
salar L., Salmo trutta lacustris L., Salmo trutta trutta
L. Types 10 and 13 represent southern fish assem-
blages, with the latter characterised by Mediterranean
endemics. Types 14 and 15 are lowland rivers domi-
nated by Gasterosteus aculeatus L. and R. rutilus.
Types 7,9, 10, 11 and 14 were represented only in one
ecoregion. Others like types 6 or 15 are dispersed over
five ecoregions. Types 9 and 11 (n = 7 and 9) were
excluded from further analyses because of low number
of sites.

Linking EFT with abiotic variables

All seven environmental variables (i.e. ALT, SLO,
TEM, WID, DFS, LAT and LON) were selected by
the analysis. The eigenvalues calculated by the discri-
minant function analysis reflect the model variance

(@) (b)

C

1 2 3 4 5 6

[] -

7 91011 8 12 1314 15

Figure 1. Dendrogram (simplified) depicting cluster analyses of 15
European fish types (EFTs) using relative percentage of occurrence.
Horizontal dashed line shows arbitrary division line for defining clusters
A and B.
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Table 3. The 15 European fish types (EFT), mean number of native fish species and mean relative species composition (%); only species

occurring >2% are listed (species >12% are in bold)

European fish types (EFT)

Fish species

Number of sites 157 365 553 229
Mean number of species per sample 1 2 4 4

5 6 7 8 9 10 11 12 13 14 15
1130

832 69 84 7 8l 9 148 67 432
5 8 4 4 3 4 1 3 212 9

Salmo trutta fario L. 94 81 43 37
Cottus gobio L. 14 38 5
Phoxinus phoxinus (L.) 7 17
Barbatula barbatula (L.) 3 13
Anguilla anguilla (L.) 3

Leuciscus souffia Risso 12
Thymallus thymallus (L.)

Salmo salar L. 2

Cottus poecilopus Heckel 2

Leuciscus carolitertii Doadrio

Chondrostoma polylepis Steindachner

Rutilus arcasii (Steindachner)

Barbus bocagei Steindachner

Salmo trutta lacustris L.

Salmo trutta trutta L.

Barbus meridionalis Risso

Leuciscus cephalus (L.) 4
Barbus haasi Mertens

Gasterosteus aculeatus L.

Alburnoides bipunctatus (Bloch)

Rutilus rutilus (L.)

Alburnus alburnus (L.)

Gobio gobio (L.) 6
Perca fluviatilis L.

Lota lota (L.)

Leuciscus leuciscus (L.)

Esox lucius L.

Barbus barbus (L.)

11 5 45 7 25 14 9 4 3
19 12 4 13 17

21 31 9 7 15 3 2
14 13 3
16 3 9

45 11 18

36
23
14
10
100 6 2
40

[OSIRV RN N S
(=)}

~
D W AN

explained. The relative contribution of each function
to the overall model was 49.9% for the first function,
21.4% for the second, 15.6% for the third and 9.3%
for the fourth accounting for 96.1% of the variance
(Table 4). The largest absolute correlation between
discriminant functions and abiotic variables existed for
ALT and SLO (function 1), LON and TEM (function
2) and LAT and DFS (function 3, Table 5).
Cross-validation, ratio between observed and
expected type, revealed that 69.9% of the sites were
correctly assigned to their predetermined fish type
(Fig. 3). The 75% quartile ranged from 60% to 100%.

Comparing EFT and WFD typology, system A

Applying system A of the WFD to the data set resulted
in 118 different types (Table 5). The minimum number
of abiotic types within a single ecoregion was 5 and the
maximum 18 types. This is compared with 15 EFTs,

ranging from one to five EFTs within single WFD
types.

Selecting metrics and assessing the ecological
status

In total, 115 metrics from 372 potential metrics showed
significant (P < 0.05, Spearman’s rank correlation)
responses to pressure. Finally, 44 different metrics
were selected in the 13 discriminant function analysis
models. The number of metrics per EFT varied from 3
to 10. ‘Density of intolerant species’ was the most
common metric across all models and was used in
seven of 13 EFTs. Four other metrics, i.e. ‘density of
omnivorous species’, ‘number of insectivorous species’,
‘number of omnivorous species’ and ‘percentage of
long distance migratory species’ were used in four
EFTs. About 43% of the metrics were specific to
individual EFTs.
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Figure 2. Mean and 95% confidence intervals (CI) for abiotic descriptors of the European fish types: (a) altitude; (b) annual air temperature;
(c) wetted width; (d), distance from source; (¢) slope and (f) assignment of European fish types to ecoregions.

Table 4. Eigenvalues, variance and canonical correlation of discri-
minant function analysis used for EFTs

% of Cumulative Canonical
Function ~ Eigenvalue  variance % correlation
1 1.96 49.87 49.87 0.81
2 0.84 21.39 71.26 0.68
3 0.61 15.58 86.84 0.62
4 0.37 9.30 96.14 0.52
5 0.09 2.27 98.42 0.29
6 0.06 1.43 99.84 0.23
7 0.01 0.16 100.00 0.08

The most frequently selected functional groups were
insectivorous and omnivorous species (used nine times)
followed by intolerant species (eight times) (Table 6).
Feeding and habitat guilds were used most often.
Metrics responded in most cases in one direction only,
i.e. consistently either increased or decreased in all
EFTs. However, metrics referring to migration, lon-

Table 5. Factor structure matrix of the seven significant discrimi-
nant functions used to predict EFT membership based on environ-
mental variables (largest absolute correlation between each variable
and any discriminant function in bold)

Function

Descriptor 1 2 3 4 5 6 7

ALT -0.716 0.186 —0.003 —0.198 0.494 0.386 —0.146
SLO -0.675 -0.196 —0.405 0.280 —0.222 0.251 0.389
LON -0.097 0.871 -0.179 0.405 0.151 -0.112 —0.031
TEM 0.119 -0.686 0.647 0.237 —0.074 —0.136 —0.125
LAT 0.418 0.404 -0.687 0.102 0.049 0.348 0.238
DFS 0.256 0.371 0.571 -0.284 -0.202 0.156 0.570
WID 0.190 0.375 0.451 -0.278 —0.620 0.395 0.050

gevity, piscivorous species and sentinel species (S. trutta

fario) both increased and decreased with disturbance

(Table 6).
The proportion of correctly classified sites (cross-
validation of observed against predicted), when
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Figure 3. Box-plots of predicted probability of being a specific EFT
(circles — outliers, stars — extreme values).

Table 6. Frequency of metrics used per guild category and func-
tional metric group

Frequency Functional Frequency
per guild metric per metric
Guild category group group Response
Feeding 21 insev 9 -1
omni 9 1
pisc 3 1(2), -1
(14, 15)
Habitat 16 b 2 -1
eury 2 1
li 3 1
rh 4 -1
wce 5 1
Migration 13 long 7 1 (4, 15), -1
(1, 5, 8, 14)
potad 6 1(2,38), -1
(3,7, 15)
Tolerance 10 intol 8 -1
tol 2 1
Sentinel 10 Eso.luc 3 1
species Sal.far 2 1(8), —1(5)
Cot.gob 2 -1
Leu.leu 2 1
Bar.bab 1 1
Longevity 8 11 4 1(1,3), -1
(10, 13)
sl 4 14,5), -1
(7, 15)
Reproduction 7 phyt 5 1
lith 2 -1
Overall 2 all 2 -1

composition

Response (—1 = negative, | = positive; in brackets EFT number) of
guilds and functional metric groups used for the assessment methods
(For metric abbreviations see Table 2).

100+

95
92 gg 94 91

Percentage of sites (%)

"1 2 3 4 5 6 7 8 10 12 13 14 15
European fisch assemblage types (EFT)

Figure 4. Percentage of well-classified and mis-classified sites accord-
ing to the predicted ecological status (impacted or unimpacted). O
unimpacted sites misclassified as impacted, B correctly classified,
Il impacted sites misclassified as unimpacted.

comparing impacted (pressure class >2) vs unimpact-
ed sites (pressure class 1 or 2), was on average 84.5%
(75-95%) of all sites (training and test data) (Fig 4). A
two-class system was used because there were not data
for all five pressure classes and for each EFT available.
For independent validation, the comparison between
cross-validations showed no significant difference
(t = —0.517, P = 0.610) between the level of correctly
classified sites in the training (83.8%) and test data set
(85.3%).

Differences between observed and predicted pressure
status varied among 12 countries (chi-squared test,
P < 0.001). The percentage of well-predicted sites
ranged from 97.8 (Belgium-Flanders), 94.8 (the Neth-
erlands), 90.8 (Belgium-Wallonia), 90.5 (Sweden), 85.8
(Austria), 83.5 (Austria), 83.5 (France), 81.4 (UK),
80.9 (Lithuania), 76.1 (Portugal), 75.0 (Spain), 71.9
(Poland) to 67.8 (Germany).

Discussion

This study developed a fish-based river typology and
fish-based assessment methods for the ecological status
of fish assemblage types at the European scale. The
typology developed for each ecoregion (Schmutz et al.
2007a, b) was used to determine the fish assemblages at
the continental scale. The number of types was reduced
from 60 ecoregional types to 15 EFTs. A model was
also developed that uses environmental characteristics
to predict fish assemblage types for new sites. Most of
the variation in physiographical variables of EFT was
accounted for by upstream—downstream gradients
(width, slope and distance from source and altitude).
These gradients reflect an increase in fish species
richness with increasing catchment size. Headwaters
appeared to be similar across Europe and dominated
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by salmonid species regardless of geographical position
in Europe. The large-scale geographical pattern in fish
assemblage shows that most of the EFTs are spread
across Europe, only four EFTs were restricted to single
ecoregions, ¢.g. EFTs with Mediterranean endemics
occur only in southern Europe. Only two lowland fish
assemblages (EFT 14 and 15) were identified, indicat-
ing a lack of reference sites of lowland rivers in the
data set. Fish assemblage types dominated by large
rheophilic cyprinids (Chondrostoma sp., Barbus sp.)
forming the classical barbel fish zone (Thienemann
1925) are missing in the database. Lowland rivers
are under high pressure throughout Europe and
hence reference sites are very scarce. The same is true
for very large rivers (Fig. 2). In addition, the east—west
gradient in species richness across Europe (Banarescu
1989; Reyjol et al. 2007) is not reflected in the EFTs.
More data from lowland and large rivers, in particular
from Eastern ecoregions, are necessary to fill these
gaps.

Seven environmental descriptors were selected by
discriminant function analysis to predict EFTs. Func-
tion 1 mainly described longitudinal aspects (ALT,
SLO), function 2 focused on regional descriptors
(TEM, LON), functions 3 and 5 combined both spatial
dimensions (DFS, LAT and WID). Joy & Death
(2002) tested various environmental variables to dis-
criminate among fish assemblages and found that
altitude and distance from sea were the most important
factors associated with fish community structure, while
local scale variables were less important. Also other
studies (e.g. Jowett & Richardson 1996) showed that
catchment-scale variables were the most important
driving fish assemblage structures. Pont, Hugueny &
Oberdorff (2005) found three environmental descrip-
tors at the local scale (river slope, river width and
upstream drainage area) and three at regional scale
(mean annual air temperature, mean annual air
temperature range and basin unit) predicted the
occurrence of fish species.

In this study, about 70% of the sites were assigned
correctly to their pre-determined fish types; this level of
precision was similarly reported in the literature for
fish (Joy & Death 2002) and macroinvertebrates
(Turak, Flack, Norris, Simpson & Waddell 1999).

A total of 118 WFD types were classified using the
WEFD system A and FIDES data set, of which 36%
were similar between WFD types and EFTs. However,
in 64% of cases, there were up to five EFTs within
individual WFD types. This shows that although the
WFD system A employs many more types it does not
differentiate fish assemblages adequately along the
longitudinal gradient.

Fish-based assessment method

The concept of spatially based assessment methods is
to test metrics response for each identified EFT
(Schmutz, Kaufmann, Vogel, Jungwirth & Muhar
2000). This study showed that the number and type
of 44 selected metrics differed among EFTs. The
number of metrics ranged from three to 10 metrics.
For SBM at ecoregion level, 130 metrics were used and
per type a median number of 9.2 metrics was selected
(Schmutz et al. 2007a, b). At the European scale, the
EFI employs 10 metrics (Pont ez al. 2007) compared
with seven metrics in a similar index developed for
France (Oberdorff, Pont, Hugueny & Porcher 2002).

The proposed standardised procedure provided the
opportunity to examine the relative importance of two
metric types, i.e. functional guilds (e.g. habitat and
reproduction) and sentinel species (e.g. 0+ ). All but six
models (EFT 2, 3, 5, 6, 8, 12) incorporated both
functional guilds and sentinel species. Only five senti-
nel species were selected. Cottus gobio L., a species
supposedly very sensitive to human perturbation
(Alabaster & Lloyd 1982), decreased with human
pressure. Salmo trutta fario increased or decreased
depending on the EFT. Esox [lucius L., Leuciscus
leuciscus (L.) and B. barbatula increased with human
pressures. This shows that the reaction of metrics to
human pressures may vary and depends on the specific
EFTs it was selected for.

The abundance of intolerant species was the most
important metric. Intolerance was defined as sensitivity
to eutrophication, acidification and habitat degrada-
tion (Noble et al. 2007). This also indicates that water
pollution is still a major problem in European running
waters and that fish are sensitive to this kind of human
pressure. Other frequently selected metrics refer to
feeding and habitat requirements, while metrics
describing overall composition had very poor discrim-
inative capacity.

Metrics referring to migration (long migration and
potamodromous) and longevity (long living and short
living) showed no clear pattern when compared among
EFTs, i.c. increased or decreased with human pressures.
The inconsistent reaction of migratory species may be
because the human pressure index used did not include
dams and weirs. Short-lived species such as P. phoxinus
or B. barbatula might indicate human pressure by either
a decrease in EFTs where they are dominant (EFT 4, 5
and 6) or an increase in EFTs where they are less
abundant but replace dominant species.

A source of bias is the pressure pre-classification
because it was partly based on expert judgement, in
particular the quantification of physical pressures
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(morphological and hydrological). The accuracy of
these classifications was probably not always sufficient
and not fully standardised among countries (Deger-
man et al. 2007). To define a general human pressure
index, the values of four human pressure variables
were summed and rescored into five discrete pressure
classes. The level of resolution is hence defined by the
five classes, i.e. there are no between-class or finer
gradients in the pressure classification.

In developing fish indices, the responses to the pre-
classification of human pressures were optimised using
discriminant function analyses. The problem of over
fitting the models was overcome by limiting the
number of metrics selected per model. An independent
validation showed no difference between the training
and test data sets. The models were consistent under
varying environmental conditions, i.e. there was no
difference in misclassification between headwater and
lowland assemblages or salmonid and cyprinid rivers
but there were differences among different countries.

In conclusion, a fish-based river typology and
standardised indices of biotic integrity at the Europe
scale were developed in accordance with the WFD. It is
worth noting that besides the EFI (Pont et al. 2006),
this study calibrated fish indices by a pre-classification
approach at European scale. This tool provides the
basis for a standardised ecological assessment of
European rivers.

One main output, the EFT classification, is part of the
EFI software that can be downloaded from http://
fame.boku.ac.at/. The assessment method developed
helped to validate the EFI with other methods (Schmutz
et al.2007a, b). At present, the approach applies only to
rivers belonging to the 13 EFTs defined in the present
work. To extend the geographic range of the method
and to include new fish assemblage types, additional
data have to be collected and the analyses repeated.
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Appendix

Annex 1: Final list of selected 44 fish metrics for each
European fish assemblage type (EFT) used for the
assessment methods, listed due to their frequency of
occurrence (metric abbreviation see Table 1).

EFT

Metrics selected 1 23 456 7 8 10 12 13 14 15

n.ha.intol X X X X X x X
n.sp.Fe.insev X X X X
perc.sp.Mi.long X X X X

n.ha.Fe.omni X X X X
n.sp.Fe.omni X X X X
n.ha.Eso.luc X X X
n.ha.Fe.insev X X X

perc.sp.Lon.1l X X X
n.ha.Re.phyt X X X

n.ha. Fe.pisc X X X
n.ha.Mi.potad X X X
n.ha.Hab.b X X
n.ha.Cot.gob X X
perc.sp.Fe.insev X X
n.ha.Leu.leu X X

n.sp.Hab.li X X

n.sp.Re.lith X X

n.ha.Mi.long X X
n.sp.Mi.potad X
n.sp.Hab.rh X X
n.ha.Sal.far X X

perc.sp.Lon.sl X X

n.sp.Hab.wc X X
perc.sp.Hab.wc X X

density.sp.all X

n.sp.all X

n.ha.Bar.bar X

n.sp.Hab.eury X
perc.sp.Hab.eury X

n.sp.intol X
perc.sp.Hab.li X

n.sp.Lon.ll X

n.sp.Mi.long X

perc.sp.Fe.omni X

n.sp.Re.phyt X
perc.sp.Re.phyt X

perc.nha.Mi.potad X

n.ha.Hab.rh X
perc.sp.Hab.rh X
n.ha.Lon.sl X
n.sp.Lon.sl X

n.ha.tol X

perc.sp.tol X

n.ha.Hab.wc X

X
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Summary

1. The need for sensitive biological measures of aquatic ecosystem integrity applicable
at large spatial scales has been highlighted by the implementation of the European Water
Framework Directive. Using fish communities as indicators of habitat quality in rivers,
we developed a multi-metric index to test our capacity to (i) correctly model a variety of
metrics based on assemblage structure and functions, and (ii) discriminate between the
effects of natural vs. human-induced environmental variability at a continental scale.

2. Information was collected for 5252 sites distributed among 1843 European rivers.
Data included variables on fish assemblage structure, local environmental variables,
sampling strategy and a river basin classification based on native fish fauna similarities
accounting for regional effects on local assemblage structure. Fifty-eight metrics reflecting
different aspects of fish assemblage structure and function were selected from the available
literature and tested for their potential to indicate habitat degradation.

3. To quantify possible deviation from a ‘reference condition’ for any given site, we first
established and validated statistical models describing metric responses to natural envir-
onmental variability in the absence of any significant human disturbance. We considered that
the residual distributions of these models described the response range of each metric, whatever
the natural environmental variability. After testing the sensitivity of these residuals to a
gradient of human disturbance, we finally selected 10 metrics that were combined to obtain
a European fish assemblage index. We demonstrated that (i) when considering only minimally
disturbed sites the index remains invariant, regardless of environmental variability, and (ii) the
index shows a significant negative linear response to a gradient of human disturbance.

4. Synthesis and applications. In this reference condition modelling approach, by includ-
ing a more complete description of environmental variability at both local and regional
scales it was possible to develop a novel fish biotic index transferable between catch-
ments at the European scale. The use of functional metrics based on biological attributes
of species instead of metrics based on species themselves reduced the index sensitivity to the
variability of fish fauna across different biogeographical areas.

Key-words: biotic river integrity, community structure, European fish fauna, habitat
disturbance, modelling, Water Framework Directive
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Introduction

Fish populations and communities are sensitive
indicators of habitat quality in rivers because they react
significantly to almost all kinds of anthropogenic
disturbances, including eutrophication, acidification,
chemical pollution, flow regulation, physical habitat
alteration and fragmentation (reviewed by Ormerod
2003). This sensitivity to the relative health of their
aquatic environments and the surrounding watersheds
is the basis for using biological monitoring of fishes to
assess environmental degradation (Fausch et al. 1990).
Over the last 30 years, a variety of fish-based biotic
indices have been widely used to assess river quality,
and the use of biologically based multimetric indices,
inspired by the index of biotic integrity (IBI) (Karr
1981; Karr et al. 1986), has grown rapidly (Simon
1999). The main characteristic of these tools is that
they employ a series of metrics based on assemblage
structure and function that are integrated into a
numerical index scaled to reflect the ecological health
of the assemblage. Another characteristic is that they
use the ‘reference condition approach’ (Bailey et al.
1998), comparing an ecosystem exposed to a potential
stress with a reference system unexposed to such a
stress (Hughes et al. 1998).

The accuracy of these biological assessments
depends primarily on the sensitivity of these tools to
natural environmental variation as opposed to human-
induced disturbances of river biota. To reduce or
remove the confounding effects of natural environmental
variability, most authors have validated indices over a
restricted range of geographical and environmental sit-
uations: particular states (Roth ez al. 1998; Schleiger
2000), ecoregions and drainage areas (McCormick
et al. 2001; Smogor & Angermeier 2001; Emery et al.
2003; Mebane, Maret & Hughes 2003), river sizes
(Angermeier & Schlosser 1987; Simon & Emery 1995),
water thermal regimes (Leonard & Orth 1986; Hughes,
Howlin & Kaufmann 2004) and levels of fish diversity
(Harris & Silveira 1999). Most authors also account
for between-site natural variability by standardizing
metrics in relation to river size. Angermeier, Smogor &
Stauffer (2000) consider that multimetric indices per-
form best when coupled with a regional framework so
that the metrics reflect region-specific attributes of
natural biotic communities. Hughes, Whittier & Larsen
(1990) called for a necessary compromise between the
extremes of uniform nation-wide criteria and unique
criteria for each waterbody. However, regardless of the
approach, our capacity to distinguish between natural
and human-induced variation of biological conditions
at both local and regional scales remains a crucial point
(Hughes et al. 1998).

The new European Union (EU) water policy, the
Water Framework Directive (WFD), states that all
European rivers should be assessed via a reference con-
dition approach using bioassessment tools based on
four biotic elements, including fish (EU 2000). These

71

biological assessment tools must also indicate which
functional characteristics of the biota are altered, in order
to increase the probability of success of ecological river
rehabilitation schemes (Pretty et al. 2003; Giller 2005;
Palmer ez al. 2005).

One way to attain this goal is to develop a common
assessment method at the European scale using defined
metrics that remain insensitive to natural environmental
variability for all unimpaired sites, and that are mono-
tonically linked to the intensity of human alteration for
impaired sites. The objective of this present study was
to develop a fish-based index applicable to all European
rivers using a methodology already tested at a national
level in France (Oberdorff et al. 2001, 2002). We had
two main questions. (i) Is it possible, at the European
scale, to model correctly a variety of metrics as a func-
tion of natural environmental descriptors defined at
both local and regional scales, in the absence of any
human disturbance? (ii) Are we able to quantify, for
any tested site, its deviation from a reference condition
site having similar natural environmental conditions?

Methods

SITE SELECTION AND PRE-CLASSIFICATION
OF DISTURBANCES

We used data from fish surveys of 12 European countries
conducted by several laboratories and governmental
environmental agencies (1978-2002). These 5252 river
reaches or sites (Fig. 1) cover most of the climatic and
physical conditions that occur in Europe.

All sites had been sampled using electrofishing tech-
niques (DC or PDC (pulsed direct current) waveform)
during low flow periods. When possible (river depth
< 0-7 m), river reaches were sampled by wading (64-9%
of allsites). For most of these sites, the removal method
was applied (87-9%) and stops nets were not used
(88:7%). In large rivers (river depth > 0-7 m) sampling
was from boats (35:1% of all sites), mainly in near-
shore areas. The size of each sampled site was sufficient
to encompass complete sets of characteristic local river
habitat. For 67-7% of all sites, the whole river width was
sampled. In others cases, the whole river section was
only partially sampled (mainly in near-shore areas). In
order to standardize the sampling effort, we only con-
sidered the first passage in all cases. Although our data
are subjected to sampling noise, this sampling effort
was sufficient to describe the fish assemblage. For sites
where the removal method was applied with three
successive passages (2275 sites), the mean percentage
of the total number of species caught during the first
passage was 91-9% (SD 16-3%) and the mean percentage
of total abundance was 63-2% (SD 13-1%). Sampling
effort was summarized by three variables: sampling
technique (TECH; boat or wading), sampling method
(METH; complete, whole river width sampling, or
partial) and fished area (FISH). We only retained one
fishing occasion per site.
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Fig. 1. Map of Europe showing 11 river groups and the 5252 sites. D, Danube; E, Ebro River; MC, Mediterranean rivers from
Catalunya; MF, Mediterranean rivers from France; MN, Meuse-group rivers; NP, north Portugal rivers; NE, northern European
plain rivers; R, Rhone River; SE, south-west Sweden rivers; UK, United Kingdom rivers; WE, west France rivers. Symbols (circles

and pluses) are only used to distinguish between river groups.

For each site, the degree of human-induced altera-
tions was evaluated based on available data, existing
knowledge and expert judgement. Four disturbance
variables were retained and rated as a function of their
deviation from a natural state (from 1, no deviation, to
5, heavily degraded): hydrological disturbances (HYDR;
classes 1-5, from more than 90% to less than 50% of the
mean natural water level and from almost no to strong
deviation from natural duration and intensity of flood-
ing period); morphological conditions (MORPH;
from negligible morphological alteration to complete
channelization with most natural habitats missing);
phosphorous, nitrogen and total organic carbon
(NUTR; from conditions within 150% of background
levels to deviation more than 300% from national back-
grounds levels); and deviation from critical values of, for
example, oxygen and pH (TOX). A total disturbance
assessment (DISTURB) was obtained by summing up
the four disturbance variables (range from 4 to 20).

Among the 5252 sites, 1608 sites were considered as
reference sites (REF) when none of the four dis-
turbance variables were rated over 2. This definition
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ensured sufficient sample sizes for all countries. While not
all reference sites were pristine or totally undisturbed,
the degree of alteration was null or very low. Among
others sites, we distinguished between weakly dis-
turbed (Wl sites; 8 < DISTURB < 13) and heavily dis-
turbed sites (HI sites; DISTURB > 12).

Each metric-specific model and the final index were
validated independently by randomly dividing the
reference data set into three subsets used for model
calibration (REF-CAL, 1000 sites), model validation
(REF-MET, 304 sites) and final index validation (REF-
IND). We also randomly selected among the weakly
disturbed sites two sets for metric selection (WI-MET,
958 sites) and final index validation (WI-IND, 304
sites) and among the heavily disturbed sites one set for
metric selection (HI-MET, 958 sites) and one set for
final index validation (HI-IND, 304 sites).

LOCAL ENVIRONMENTAL VARIABLES

Nine abiotic variables were measured in the field or
from topographical maps, or estimated using GIS at
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each site: altitude (ELE; 0-1950 m), distance from
source (DIS; 0-990 km), basin class (CAT; < 10 km?,
10-99 km?, 100-999 km?, 1000-9999 km?, > 10 000 km?),
reach slope (SLOP; 0-01-199 m km™), wetted width
(WID; 0-5-1600 m), mean annual air temperature
(TEMP; —2—+16 °C), presence/absence of a natural
lake upstream (LAK), geological type (GEO; calcare-
ous, siliceous) and flow regime (FLOW; permanent or
temporary). Four of these explanatory variables (ELE,
SLOP, DIS, WID) and FISH were log-transformed to
reduce the skewness of their distribution.

REGIONAL UNITS

To delineate biologically relevant regional units for
European fish, we first considered the complete fish
fauna lists for each drainage basin unit, which represent
homogeneous entities with regard to long-term dispersal
(Matthews 1998) and explain a significant part of fish
community variability (Pont, Hugueny & Oberdorft 2005).
However, because of the lack of available data for
small basins, we grouped all coastal basins smaller than
25000 km? and draining to a given sea coast (ICES
Fishing Areas, http://www.ices.dk), hypothesizing that
these contiguous basins were in contact during recent
Holocene sea level variations. For our entire study area,
we then compiled data from previous literature to establish
lists of native fish species of 19 large basinsand 17 groups
of contiguous small basins. We examined the similarities
(Jaccard Index) between these 36 fauna lists using the
unweighted arithmetic average clustering method. As a
cut-off value, we chose the similarity level corresponding
to the best compromise between a minimal number of
reference sites per cluster (at least 30) and the largest
number of clusters to increase our description of the spatial
variability of fish faunas at a large scale. This procedure
(Fig. 1) resulted in 11 clusters or river groups (RIVG).

CANDIDATE METRICS

We considered five functional attributes to define the
list of candidate metrics: tolerance, trophic, reproduc-
tion, habitat and migration (Hughes & Oberdorff 1999;
Oberdorff et al. 2001). The 309 fish species caught were
assigned for these attributes, based on previous grey
or published literature and completed by expert
judgement when necessary (see the web site http:/
fame.boku.ac.at/publications.htm, 19 Dec 2005). Given
the scale of the study and the number of speciesinvolved,
natural history cannot be described in a rigorous, quan-
titative way for all the species. Nevertheless, our species
assignments match well (average percent of match of
80%) with those realized recently for nine species attributes
in Romania (Angermeier & Davideanu 2004).

Reproduction

Lithophilic species (LITH) require unsilted mineral
substrate to spawn and their larvae are photophobic
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(Balon 1975). They tend to decrease in response to
human disturbances such as siltation (Berkman &
Rabeni 1987) and channelization (Brookes, Knight &
Shields 1996). Phytophilic species (PHYT) tend to
spawn on vegetation and their larvae are not photo-
phobic. They decrease in response to channelization
but will commonly increase with aquatic vegetation in
relation with eutrophication.

Habitat

The water column (WATE), benthic (BENTH), rhe-
ophilic (RHEO) and limnophilic (LIMN) species
prefer to live and feed in their respective habitat. The
abundance of species assigned to these four habitat
attributes tends to decrease with increasing habitat
alteration (Karr 1981; Oberdorff et al. 2002). RHEO
species may also increase when river channelization
increases flow velocity. Eurytopic species (EURY) are
characterized by tolerance of contrasting flow condi-
tions, and an increase would be indicative of alteration.

Trophic guilds

Obligatorily piscivorous species (PISC; more than 75%
fish in the diet; Lyons et al. 1995; Goldstein & Simon
1999) and insectivorous/invertivorous species (INSE;
more than 75% macro-invertebrates in the diet; Lyons
et al. 1995) will tend to decrease in response to an alter-
ation of their habitat. In contrast, a metric based on
omnivorous species (OMNI; more than 25% plant
material and more than 25% animal material;
Schlosser 1982) will tend to increase in response to dis-
turbance as OMNI are able to adapt their trophic
regime in response to an alteration of river food webs
(Karr 1981).

Tolerance

Tolerant (TOLE) and intolerant (INTO) groups reflect
species sensitivity to any common impact related to
altered flow regime, nutrient regime, habitat structure
and water chemistry (Karr et al. 1986). Loss of intol-
erant species is a response to degradation, whereas the
number of tolerant species will tend to increase with
disturbance.

Migration

Potamodromous species (POTA), which migrate within
the inland waters of a river system (Northcote 1999),
and long-migratory (diadromous) species (LONG),
which migrate across a transition zone between fresh
and marine water, are expected to decrease in response
to the effects induced by dams and water regulation.
The choice of how a metric is expressed is as impor-
tant as the selection of the metric itself (Fausch er al.
1990; Karr & Chu 1999). Each candidate metric was
therefore expressed in four units: number of species
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(Ns), relative number of species (%Ns; number of spe-
cies divided by the total species richness), absolute den-
sities (Ni; in number of individuals ha™) and relative
densities (%Ni). Total species richness (RICH) and
total abundance (DENS) would generally decline with
environmental degradation (Karr 1981). However, an
increase in nutrients (eutrophication) or temperature
can also lead to an increase with disturbance.

We also considered metrics based on non-native
acclimated species, as they can play an important func-
tional role in river ecosystems. Finally, all 309 species
caught were classified into one or several guilds for
which we could calculate 58 candidate metrics.

METRIC MODELLING

For metrics based on abundance data (n = 15),
stepwise multi-linear regression analysis of each metric
[log (x + 1) transformed] on the explanatory variables
was used. The squares of each of the five quantitative
variables (ELE, TEMP, DIS, SLOP, WID) were also
included to allow for non-linear relationships. For
metrics based on the number of species (n = 15), we
used the same procedure but added an explanatory
variable, FISH, as sampling area is well known to influ-
ence species richness (Angermeier & Schlosser 1989).
For metrics based on the relative number of species or
relative abundance (n = 28), we used stepwise logistic
regression analysis. All these analyses were performed
using our calibration reference data set (REF-CAL).
RIVG, TECH, METH, LAK, GEO and FLOW were
entered as dummy variables. Variable selection during
the stepwise procedure was based on the Akaike infor-
mation criteria (Hastie & Pregibon 1993).

Using the independent set of 304 reference sites
(REF-MET), we validated each of the resulting metric-
specific models, expecting that the intercept and the
slope of the regression line of the observed vs. predicted
values would not be significantly different from,
respectively, 0 and 1. In addition, we arbitrarily set a
minimal threshold of the variance explained by the
model (determination coefficient) at 0-30.

The residuals of each of the valid metrics (i.e. the
deviation between the observed and the predicted value
of a metric) measured the range of variation of metrics
after eliminating the effects of environmental variables
and in the absence of any human disturbance. These
residuals were standardized through subtraction and
division by, respectively, the mean and the standard
deviation of the residuals of the reference calibration
data set (REF-CAL), even when computed on other
data sets (REF-MET, WI-MET, HI-MET, REF-IND,
WI-IND, HI-IND).

Most of the metrics are expected to be negatively
linked to the intensity of human perturbation. This
means that the expected value of the residuals for ref-
erence sites is zero and less than zero for impacted sites.
Assuming that standardized residuals are N(0,1) dis-
tributed within reference sites, it is possible to compute
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the probability of observing a residual value lower than
the computed one. The lower this probability, the
higher the probability that a site is impacted. For met-
rics that are expected to be positively linked to human
disturbance, we estimated the probability of observing
values higher than the computed ones. For metrics that
are expected to respond by an increase or a decrease
depending on the type of perturbation, we considered
the probability of observing higher values than the
computed one for positive residuals, or of observing
lower values for negative residuals. Transforming re-
sidual metrics into probabilities as described above is
a way of rendering them comparable. All probability
metrics vary between zero and one, and decrease as
human disturbance increases. The expected distr-
ibution of these probabilities for reference sites is a
uniform distribution with mean = 0-5.

METRIC SELECTION

Metrics were selected after validation with the REF-
MET data set on the grounds of their sensitivity to
human-induced disturbance, and to maximize the
independence among metrics and the diversity of
metric types. First each metric was calculated for the
subsets of weakly (WI-MET) and heavily (HI-MET)
altered sites to test the hypothesis that the mean
probability value of REF-MET was higher than WI-
MET, and that the mean probability value of WI-MET
was higher than HI-MET (unilateral ¢-test). Only met-
rics that fulfilled these two criteria were retained
hereafter.

Then if two metrics were highly correlated (i.e. Pear-
son’s r <0-80 or >-0-80), we retained the metric
based on a functional species attribute not yet selected
or the metric demonstrating the strongest response to a
high level of disturbance.

INDEX CALCULATION AND VALIDATION

For a site, given its fish assemblage, geographical loca-
tion, environmental features and the sampling method
used, applying the models corresponding to each
of the 10 metrics produces 10 residual values (one per
metric) that are subsequently transformed into prob-
abilities. The final index is obtained by summing up
the 10 probabilities and rescaling the final score from
0 to 1 (by dividing it by 10). The index was validated
on three new independent subsets: reference (REF-
IND), weakly disturbed (WI-IND) and highly dis-
turbed (HI-IND) sites. We hypothesized that (i) the
mean value of REF-IND did not differ from 0-5 and
(it) REF-IND mean value > WI-IND mean value > HI-
IND mean value (unilateral 7-test).

Two explicit examples (Table 2) that convert actual
site biological and environmental conditions into
metricscores and a final index score are given. A software
freely available on the web (http://fame.boku.ac.at)
may be used for this purpose.
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Table 1. List of the 29 metrics retained after the first validation procedure of the multiple linear or logistic models. Expected
metric responses to human disturbances: positive response (+), negative response (—), positive or negative response (+/-). R?,
determination coefficients of the regression of observed vs. predicted metric values using the independent reference data set (REF-
MET). Mean metrics values (after standardization and transformation into probabilities; see text for detailed explanations) for
REF-MET and the two data sets of weakly (WI-MET) and highly (HI-MET) disturbed sites. P-values of Student’s z-test

comparing REF-MET to WI-MET, and WI-MET to HI-MET

Expected Mean value Mean value Mean value P-value P-value

Metrics response R (REF-MET) (WI-MET) (HI-MET) (REF-WI) (WI-HI)
Ni-PISC - 0-402 0-459 0-363 0-387 < 0:00001 0-95150
Ni-INSE - 0-353 0-560 0-228 0-066 < 0-00001 < 0-00001
Ni-OMNI + 0-407 0-512 0-417 0-365 < 0:00001 0.00040
Ni-EURY + 0-461 0-465 0-431 0-434 0-04870 0-56920
Ni-LONG - 0-383 0-509 0-293 0-208 < 0-00001 < 0-00001
Ni-LITH - 0-308 0-548 0-258 0-125 < 0:00001 < 0-00001
Ni-PHYT + 0-357 0-530 0-470 0-423 0-00290 0-00310
Ni-TOLE + 0-446 0-516 0-466 0-479 0-00630 0-80870
Ns-PISC - 0-466 0-461 0-391 0-406 0-00020 0-84140
RICH + - 0-608 0-481 0-351 0-339 < 0:00001 0-21240
Ns-OMNI + 0-552 0-517 0-462 0-415 0-00530 0-00170
Ns-BENT - 0-481 0-527 0-338 0-267 < 0:00001 < 0-00001
Ns-EURY + 0-555 0-482 0-480 0-458 0-47120 0-07470
Ns-RHEO - 0-423 0-512 0-243 0-101 < 0-00001 < 0-00001
Ns-WATE - 0-550 0-500 0-417 0-397 0-00010 0-10560
Ns-LONG - 0-353 0-504 0-275 0-212 < 0:00001 < 0:00001
Ns-POTA - 0-439 0-499 0-404 0-308 < 0-00001 < 0-00001
Ns-LITH - 0-398 0-512 0-230 0-070 < 0:00001 < 0-00001
Ns-TOLE + 0-493 0-514 0-470 0-464 0-01980 0-34700
%Ni-EURY + 0-423 0-473 0-537 0-543 0-99940 0-64010
%Ni-RHEO - 0-326 0-529 0-426 0-296 < 0:00001 < 0-00001
%Ni-LONG - 0-376 0-515 0-517 0-541 0-56200 0-99570
%Ni-LITH - 0-402 0-528 0-386 0-244 < 0-00001 < 0-00001
%Ni-TOLE + 0-478 0-519 0-502 0-418 0-20010 < 0:00001
%Ns-INSE - 0-429 0-510 0-325 0-213 < 0:00001 < 0-00001
%Ns-EURY + 0-346 0-457 0-607 0-585 1-00000 0-08360
%Ns-INTO - 0-453 0-519 0-314 0-186 < 0:00001 < 0:00001
%Ns-LITH - 0-389 0-532 0-260 0-097 < 0:00001 < 0-00001
%Ns-TOLE 0-307 0-538 0-325 0-286 < 0-00001 0-00650

LIMN, EURY), PISC and RICH metrics were ex-
Results

Twenty-nine of the 58 metrics were validated (Table 1).
Regressions between observed and predicted values
were highly significant (R? 30-7-60-8%). The intercepts
and the slopes of the corresponding regression lines did
not significantly differ from zero (Student’s -test; P-
values from 0-071 to 0-954) and one (P-values from
0-055 to 0-969), respectively. Residual distributions
were checked graphically to verify that they were sym-
metrical with only a few outliers.

Residuals were calculated and standardized (devi-
ation between the observed and the predicted value;
Table 2) for each metric and for each of the three data
sets REF-CAL, WI-MET and HI-MET. We then
transformed these residuals into probabilities in agree-
ment with our previously defined response hypotheses
(Table 1). Among the remaining metrics, 17 demon-
strated a significant difference between REF-CAL
and WI-MET mean values (P-values from 0-003 to
< 0:000001) and between WI-MET and HI-MET
mean values (P-values from 0-007 to < 0-000001). At
this step, three of the five habitat-types metrics (WATE,
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cluded. As expected, the REF-CAL mean values were
very close to 0-5 (from 0-499 to 0-560) for all the re-
tained metrics. The responses to degradation were
in agreement with our previous hypotheses: OMNI,
TOLE and PHYT metric types increased, while the
seven other metric types decreased. But metric responses
varied in intensity, with the weakest deviation for
metric types demonstrating a positive response to
human disturbance (OMNI, TOLE and PHYT).

Five of the 17 remaining metrics were strongly corre-
lated (Ni-OMNI and Ns-OMNI, Pearson’s coefficient
R = 0-85; Ni-LONG and Ns-LONG, R = 0-89; Ns-
RHEO and Ns-LITH, R =0-97; %Ni-RHEO and %Ni-
LITH, R =0-81; %Ns-INSE and %Ns-INTO, R = 0-89).
We finally retained 10 metrics (for regression coefficients
see web site http://fame.boku.ac.at/publications.htm,
19 Dec 2005): two trophic-based metrics (Ni-INSE,
Ni-OMNI), two reproductive guild-based metrics
(%Ns-LITH, Ni-PHYT), two habitat-based metrics
(Ns-BENT, Ns-RHEO), two migration status-based
metrics (Ns-POTA, Ni-LONG) and two tolerance status-
based metrics (%oNs-INTO, %Ns-TOLE). Three of these
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Table 2. Two examples of calculation of the European fish index value from the 10 retained metrics used in the model (site 1,
undisturbed site with no individual disturbance variable rated over 1; site 2, highly disturbed site with a global disturbance value

(DISTURB)of 14)

. Foreachsite, the list of species caught (within parentheses, number of individuals caught per species at a given

sampling date and the metric set to which the species was assigned) and environmental conditions (see text for acronym
signification) are given. Metrics (see text for acronym signification) are expressed in number of species (Ns), relative number of
species (%Ns; number of species divided by the total species richness), absolute densities (Ni; in number of individuals ha™) and
relative densities (%0Vi). Fish assemblage characteristics are converted into an observed metric. Environmental conditions are
used to compute a theoretical metric value. The observed minus the predicted values are standardized and transformed into
probabilities. In the absence of any disturbance, a value of 0-5 is expected. The index is obtained by summing up the 10 metrics

Site 1 River Leven (UK)
Sampling date 23 August 2002
Fish Anguilla anguilla (1, TOLE, BENT, LONG), Barbatula barbatula (5, BENT, RHEO, LITH), Cottus gobio
assemblage (100, INTO, BENT, RHEO, LITH, INSE), Lampetra planeri (1, INTO, BENT, RHEO, LITH, POTA),
Phoxinus phoxinus (55, RHEO, LITH), Salmo salar (53, INTO, RHEO, LITH, INSE, LONG), Salmo trutta
fario (39, INTO, RHEO, LITH, INSE)
Environmental RIVG (United.Kingdom), CAT (< 100 km?), ELE (45 m), GEO (Siliceous), FLOW (Permanent), LAK
conditions (No), TEMP (85 °C), SLOP (2:75 m km™), DIS (14 km) WID (7-3 m), METH (Whole), TECH (Wading),
FISH (365 m?)
Index value 0-80
Ni- Ni- Ni- Ns- Ns- Ns- Ns- % Ni- % Ns- % Ns-
Metrics INSE*  OMNI* PHYT* BENT* RHEO* LONG* POTA* LITH INTO TOLE
Observed 8-568 0-000 0-000 1-609 1-946 1-099 0-693 0-996 0-570 0-140
Predicted 6-847 2717 0-788 1-092 1-506 0-706 0-227 0-009 0-004 0-002
Probability  0-841 0-896 0-723 0-896 0-889 0-905 0-880 0-727 0-645 0-636
Site 2 Seine River (FR)
Sampling date 19 September 1996

Fish assemblage

Abramis brama (4, TOLE, BENT, OMNI, POTA), Anguilla anguilla (22, TOLE, BENT, LONG), Gobio gobio
(5, INTO, BENT, RHEO, LITH, INSE), Leuciscus cephalus (13, RHEO, LITH, OMNI, POTA), Perca
fuviatilis (6, TOLE), Rutilus rutilus (159, TOLE, OMNI), Sander lucioperca (1), Scardinius erythrophthalmus
(6, PHYT, OMNI)

Environmental RIVG (West.France), CAT( > 10000 km?), ELE (8 m), GEO (Calcareous), FLOW (Permanent), LAK (No),
conditions TEMP 10-5 °C, SLOP (1:0 m km™), DIS (615 km) WID (100 m), METH (Partial), TECH (Boat), FISH
(1440 m?)

Index value 0-16

Ni- Ni- NI- Ns- Ns- Ns- Ns- % Ni- Ns- % Ns-
Metrics INSE OMNI PHYT BENT RHEO LONG POTA LITH INTO TOLE
Observed values 0-000 7-143 3-761 1-386 1-:099 0-693 1-:099 0-060 0-000 0-500
Predicted values 5-481 3:554 0-961 1-929 2-069 1-066 0-894 0-236 0-184 0-261
Probability 0-001 0-048 0-018 0-093 0-004 0-107 0-698 0-189 0-159 0-037

*Metrics expressed in In(x + 1).

metrics responded positively to human disturbance
(Ni-OMNI, Ni-PHYT, %Ns-TOLE).

The metric values and final index score were computed
for the three independent data sets (REF-IND, WI-IND,
HI-IND) (Fig. 2). The mean value of the index (0-513)
in the reference data set did not differ significantly from
0-5(¢t = 1-834, P=0-067). The mean index value (0-343)
in the weakly disturbed sites (WI-IND) was signifi-
cantly lower than that of the reference sites (1 = 16-546,
P < 0-:000001) and significantly higher than that of the
highly disturbed sites (0-235, 7 = 10-36, P < 0000001).

By examining the percentages of well-classified ref-
erence (REF-IND) and disturbed sites (WI-IND and
HI-IND) as a function of each index score value, we
demonstrated that the best cut-off level for assemblage
‘impairment’ was an index value of 0-423, with 81-4%
of the reference and disturbed sites correctly classified.
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Fig. 2. Distribution of the index scores for REF-CAL
(calibration reference sites), REF-IND (independent reference
sites, n = 304), WI-IND (weakly disturbed sites, n = 304) and
HI-IND (highly disturbed sites, n = 304).
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Fig. 3. Distribution of the index score for each of the 10 environmental variables (box-plot graphs) for the two independent

validation data sets (REF-MET and REF-IND, n = 608).

In order to test index independence to natural envi-
ronmental variability, we performed a stepwise linear
regression of the index values on all 10 environmental
descriptors, using the independent reference data set
(REF-IND). None of the descriptors was retained and
the part of the index variability explained by these
descriptors was not significant (R* =0-115, F-test =
1:505, P = 0-064). When considering each of the 10
environmental descriptor separately (Fig. 3), multiple
comparison Tukey’s test showed that the index values
were invariant, whatever the value of the descriptor
tested, except for the two highest elevation classes.

To evaluate the ability of any impacted site to deviate
from a reference condition (i.e. a mean index value of
0-5), we regressed the index values of all independent
sites (REF-IND, WI-IND, HI-IND) on the global
assessment impact variable (IMPACT). The relation-
ship (Fig. 4) was highly significant (R*> = 0-4678, n =
912, P <0-:000001). The standard error was 0-1236
and the residual distribution was normalized (goodness-
of-fit Kolmogorov—Smirnov test, P = 0-6013). Residuals
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Fig. 4. Regression of the fish index values on the total human dis-
turbance index (from four to 19). Mean index values (and their
95% confidence intervals) for each disturbance index class.
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at disturbance level 18 were highly dispersed because of
the presence of an outlier (index value of 0-44) and
because of the low number of sites (seven) at this level.

Discussion

This study demonstrates that at a continental-scale
(Europe) it was possible to develop a multimetric
fish-based index that (i) remained invariant for all
unimpaired sites, whatever the natural environmental
conditions, and (ii) gave a significant negative linear
response to a gradient of physical and chemical human
disturbances (i.e. the index can be used to assess the
human-induced impact on the biotic condition in
rivers). To our knowledge, this is the first time this kind of
index has been successfully developed at such a large
spatial scale. This is particularly noteworthy given the
great variability of fish composition across different
European biogeographical areas. Three features of our
approach may have contributed to this. First, using
functional metrics instead of taxonomic metrics
reduced the sensitivity of the index to the variability in
fish faunas between biogeographical regions. Secondly,
including the main factors known to affect fish assem-
blage structure in the model reduced the influence of
the geographical and upstream—downstream variability
of these variables. And finally, including a biologically
based regionalized variable added spatial flexibility
to our approach.

The advantage of considering functional metrics can
be illustrated by the case of lithophilic species. Among
the 63 lithophilic species included in the LITH metric
type at the European scale, only two species are com-
mon to all 11 hydrological units (brown trout and
rainbow trout). Only 23 species occur in six units while
17 species are only present in one hydrological unit.
Despite this variability in species composition between
river units, LITH consistently decreased in response to
human disturbance across Europe as a whole, demon-
strating that the retained metrics are truly functional
ones.

As demonstrated by our models, functional descrip-
tors of fish communities respond to environmental vari-
ability in several ways. But all the 10 retained metrics
responded significantly to river slope. Sampling methods
also significantly affected eight of the 10 metrics, as
demonstrated previously by Reynolds et al. (2003).

A tenet of our approach is that the variance of the
metrics not accounted for by the environmental vari-
ables included in the models should be in large part the
result of human disturbance. In fact, human distur-
bance only explains about 50% of total index variance,
suggesting that the models may be improved by adding
environmental variables not considered in this study.
The unexplained variance in the index may also re-
sult from imprecision in fish sampling because of the
inescapable differences in fish sampling methods used
between different habitats and countries. Data on
different types of river modifications were not always
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comparable between countries, so we only retained the
four most reliable and complete disturbance variables.
However, others types of disturbance have to be con-
sidered, such as fishing and introduced species, which
can affect biotic interactions.

Moreover, riverine fish assemblages may vary greatly
over time. To check this, the variance in index scores
associated with the temporal variability of fish assem-
blages and/or sampling variability was evaluated by
computing the standard deviation associated with 12
time series (eight to 36 sampling dates) distributed
among four countries (Belgium, France, Lithuania,
Sweden), at sites where there were no perceivable
changes in human disturbance intensity during the
period sampled. A mean of the standard deviations
per site of 0-06 can be compared with the value of
0-169 observed for references sites. As the variance of
the index within reference sites is the result of non-
modelled spatial variability, as well as to sampling noise
and temporal variability, this suggests that sampling noise
accounts for at most 35% of index variability. Hence
the most probable solution to improving the power of
the index would appear to be by improving the model-
ling of its spatial variability (e.g. by considering new
variables or other modelling approaches).

Another predictive approach based on the model-
ling of assemblages within reference sites as a function
of environmental variables, RIVPACS, has recently
been applied to fish assemblages in New Zealand (Joy
& Death 2002). Besides the way assemblages are
modelled (classification vs. regression), the main differ-
ence with our approach is the use of taxonomic rich-
ness instead of several metrics. In a sense our metrics
RICH may be considered a RIVPACS-type descriptor
inserted within a more general, multi-metrics, approach.
As aresult we expect our approach to be more powerful
and more flexible. Despite the fact that we modelled
functional metrics instead of taxonomic metrics and that
we included some important environmental variables,
the spatial variability in metric values has not been fully
accounted for by our models, as exemplified by the
inclusion of the regionalized variable ‘river group’ in
eight of the 10 retained models. The two metrics types
that are insensitive to regional classification of fish
fauna are the omnivorous species (Ni-OMNI) and tol-
erant species (%Ns-TOLE), i.e. metrics comprised of
generalist species able to colonize a wide spectrum of
river environments. Among the 29 characteristically
omnivorous species, 21 of them are common to at least
six of the 11 river groups.

In previous works, most authors consider that
assessment criteria must be region-specific (Anger-
meier, Smogor & Stauffer 2000). Ecologically defined
regions are thereby considered to be relevant entities
even if there is still considerable debate regarding how
they should be defined (Omernik & Bailey 1997; Van
Sickle & Hughes 2000). In our approach, we explicitly
considered this question by including in our models an
environmental variable acting at regional scales (river
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groups), in accordance with current views emphasiz-
ing regional influences on biodiversity (Ricklefs &
Schluter 1993). Our regional classification is generally
in agreement with the classical biogeographical history
of Europe (Banarescu 1992). Fish faunas from the
Netherlands, northern Germany, Poland, Lithuania
and northern Sweden (European North Plain river
group) appear as similar, related to their common re-
colonization after the glacial periods. The Baltic Sea was
oligohaline and did not represent an ecological barrier
to dispersal. The ‘river group’ variable participates
additively in our models, meaning that the models are
qualitatively consistent over Europe. For instance, a
metric that is positively correlated to river slope in a
given region will also be positively correlated with river
slope in other European regions. Hence the models are
partly transferable between regions but some regional
adjustments are needed. Interregional variations may
be linked to variation in taxonomy and phylogenetic
history that in turn affect metric distribution within
faunas, and also to spatial variation in environmental
constraints not included into models but which can
also affect functional characteristics of fish assem-
blages (Smogor & Angermeier 2001). Clearly further
work is needed to identify the factors underlying the
regional component of our models.

This present approach is based on modelling fish
assemblage structure in reference sites. Thus the defi-
nition and quality of the reference data set are key
issues. We collected information from a very large
number of sites distributed among 1843 European
rivers, compiling a database unique in Europe. Although
sites are not evenly distributed, they cover virtually all
the environmental situations a European fish species
can encounter within its area of distribution. However,
natural large flood plain rivers were lacking in our
reference data set, because of their rarity in western
Europe, and the efficiency of our index to assess such
environments needs to be improved in the future. We
did not restrict our selection of reference sites to only
undisturbed sites but also considered sites slightly
impacted. However, the mean index value for undis-
turbed sites is slightly but significantly higher than for
slightly impacted sites (5 < DISTURB < 8) (0-518
against 0-502; ¢-test value = 2-349, P = 0-019), suggest-
ing that distinguishing between these two groups in the
future would increase the power of the index.

In conclusion, the need to define sensitive biological
measures of aquatic ecosystem integrity transferable to
other catchments or regions at continental scales is
now clear, especially in Europe with the implementation
of the WFD. The solution we have used to meet this
goal is to include in our reference condition model-
ling approach a more complete description of abiotic
and biotic environmental variability at both local and
regional scales. This sort of tool has never been devel-
oped before at a continental scale. Using this approach,
our models and the final index are transferable, but
only for sites and rivers belonging to the area consid-
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ered in our previous calibration data set (REF-CAL).
A generalization of our method to an even larger area
is possible but only by collecting new data covering
these new areas and by recalibrating our models. This
methodology could also be improved by including bet-
ter biological knowledge in the definition of the metric
types, improving disturbance assessment and by using
new statistical techniques. Lastly, the principles of our
methodology could be applied to a wide variety of bio-
logical groups.
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Abstract A pan-European, classification of the extent of environmental degradation from chemical, physical and
biological pressures on fish communities as a precursor to assess the ecological status of running waters based on
fish is proposed. Twenty-four potential pressures acting on fish communities at three different spatial scales (river
basin, segment and site) were identified and class boundaries for high, good, moderate, poor and bad status, based
on existing data and/or expert judgement, were defined. Four pressures (hydrological regime, morphological
conditions, toxic or acid conditions, nutrients and organic load) were found to describe the majority of degra-
dation at a specific site and these were combined into a single pressure variable to describe impact at each location.
Principal Component Analysis showed that the four variables were correlated with other physical and chemical
variables not included in the combined pressure variable. However, biological pressures, e.g. introduction of fish,
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Introduction

A crucial requirement for the assessment of ecological
status of aquatic systems, as required under the Euro-
pean Union Water Framework Directive (WFD; 2000/
60/EEC) is identification of reference conditions (Karr
1981). These are the set of conditions expected under
minimal or no anthropogenic disturbance. To develop
an objective assessment system, the impact of different
human activities on ecological status of different water
bodies is required. Although the importance of such a
classification systems is recognised, no robust system
focussing on fish is available on a continental scale.

Human interference on streams falls into three
major categories: physical, biological and chemical. A
human activity that has a direct effect is called a
pressure, e.g. construction of a dam or agricultural
development in the watershed. The environmental
effect of the pressure is an impact, e.g. loss of fish
migration pathways or increased eutrophication
(Impress Group 2003). To establish a pre-classification
system there is a need to: (i) list appropriate pressures
acting on fish; (2) identify key pressures; (3) define class
boundaries separating no degradation and severe
deviation for each pressure; (4) quantify each pressure
for each water body; and (5) derive, from the quan-
tified pressures, a single variable describing the degra-
dation of each water body.

The objective of this paper was to identify key
pressures that act on fish community and population
structure, establish class boundaries for the scale of
impact of these pressures on fish, and construct a single
pressure variable. An overview of the spatial scale and
intensity of these human pressures in European rivers
is also provided.

Methods

Relevant pressure variables

A list of potential pressures was compiled from ANNEX
V 1.2.1 of the WFD, the Impress Group (2003)
documentation from the AQEM Consortium (2002)
and the review by Cowx (2002). The compilation took
into account that fish and macroinvertebrates may
react differently to the same pressure (Paller 2001) that
various kind of pressures act in different continental
regions (cf. Barbieri, Economou, Stoumboudi & Eco-
nomidis 2002; Freyhof 2002), and that the same
pressure may have different impacts in different regions
(Whittier & Hughes 1998).

Each potential pressure was reviewed by a panel of
experts representing both governmental and scientific

institutions from 12 European countries. It was con-
cluded that for pressures and impacts to be included,
they should have scientifically proven, potentially
large, negative effects on fish, be relevant on a
continental scale, act in the same direction with respect
to stream degradation on a continental scale, and be
possible to measure and quantify from existing data. It
was also concluded that pressures should be classified
in accordance with the WFD: i.e. high status (1); good
status (2); moderate status (3); poor status (4); and bad
status (5). After final review, 24 pressures were selected
for inclusion (Table 1).

Impacts were assessed at three scales: river basin,
segment and site. The site level was the area sampled
by electric fishing, and averaged 177 m of river length.
The length of the segment was set from catchment size
and was | km for small rivers (catchment size:
<100 km?), 5km for medium-sized rivers (100—
1000 km?) and 10 km for larger rivers. Only physical
impacts and global pressures (land use and urbanisa-
tion) were included at the river basin and segment
scales, i.e. chemical and biological pressures were only
accounted for at the site level (Table 1).

Class boundaries of pressures

Expert judgement, in conjunction with established
criteria, e.g. classification of fish according to their
tolerance to water quality (e.g. oxygen — Alabaster &
Lloyd 1982; pH — Degerman & Lingdell 1993), were
used to define class boundaries for individual pressures
between different levels of degradation (Table 1). For
example, for oxygen the classification was from lowest
measured values: >7mg L™! or oxygen saturation >
90% = class 1; <7 mg L™ or saturation 80-90% =
class 2; <5 mg L™" or saturation 80-90% = class 3;
2-5mg L™" or saturation 70-80% = class 4
<2 mg L™ or saturation <70% = class 5. Deviation
from background levels was used for nutrients (phos-
phorous and nitrogen) and total organic carbon (TOC;
Table 1).

For Geographical Information System (GIS) data,
land use levels were obtained from the Impress
Group (2003) guidance document. Connectivity was
stressed by the WFD within the river continuity or
ecological continuum concepts concerning hydromor-
phological quality. It was primarily included at the
river basin and the segment scales, expressed as man-
made migration barriers within the stream and their
effects on fish migration. In high status (=1) waters,
no artificial barriers occurred or fully functional
bypass facilities or similar devices were present,
allowing all species and sizes to migrate. In waters

© 2007 The Authors. Journal compilation © 2007 Blackwell Publishing Ltd
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Table 1. The 24 human pressure and impact variables, the scale they apply to, abbreviated labels and a short explanation of classification.
Type denotes if the variables describes Physical (P), Biological (B) or Chemical (C) impact or is regarded as a global pressure (GP)

Explanation; short description of classes

Human impact variable Scale Type Label (1 = high, 2 = good, 3 = moderate, 4 = poor, 5 = bad)
Connectivity, multiscale River, P P.con.ms See text
segment
Connectivity, river River P P.con.riv See text
Land use River GP  G.landuriv Extent and impact of agriculture and silviculture; 1 = <10% of catchment
area, 2 = <40% and low impact, 3 = <40% and moderate impact,
= >40% and strong impact, 5 = >40% and severe impact.
Urbanisation River GP G.urb.riv Extent and impact of urban areas; 1 = <1% of catchment area, 2 = <15%
and low impact, 3 = <15% and moderate impact, 4 = >15% and
strong impact, 5 = >15% and severe impact
Connectivity, segment Segment P P.con.seg See text
Land use Segment GP  G.landu.seg Extent and impact of agriculture and silviculture; see above
Urbanisation Segment GP  G.urb.seg Extent and impact of urban areas, see above
Riparian zone Segment P P.ripz.seg Deviation from natural state; 30-50 m perpendicular from shoreline, both
banks; 1 = >90% in natural state, 2 = <90%, 3 = <75%, 4 = <50%,
5 = <25% in natural state
Floodplain lateral Segment P P.lmov.seg  Floodplain with diverse water body types allowing lateral movements of
movements fish; 1 = >90% in natural state, 2 = >50%, 3 = <25%, 4 = 10%,
5 = no floodplain left
Sediment load Segment P P.sload.seg  Deviation from natural sediment load. Expert judgement
Hydrological regime Site P P.hydr Deviation from natural conditions, both flow pattern and quantity (worst
of the two below)
Natural flow pattern Site P P.natflowp  Deviation from natural flow pattern (water level and periodicity); 1 = >90%
of level and duration of flood, 2 = >75%,3 = >50%, 4 = <50%,
5 = <50% and strong deviation from natural
Natural flow quantity Site P P.natflowq  Deviation from natural flow quantity (mean annual discharge, MQ);
1 = >90% of MQ,2 = >30%, 3 = >15% of MQ, 4 = >15%,
5 = <10% of MQ
Upstream dam affects site  Site GP  G.updam Artificial upstream water body that affects temperature regime. Expert
judgement
Morphological condition  Site P P.morph Morphological alteration, e.g. channel form, reduction of habitats, in-stream
features. 1 = negligible alteration, 2 = all habitat types present,
3 = channelised, some habitat types missing, 4 = channelised, most
natural habitat types missing, 5 = canal
Salinity Site C C.sal Salinity, deviation from natural state; 1 = within normal variation,
3 = occasional deviation, 5 = long periods of strong deviation
Toxic or acid effects Site C C.toxic pH, oxygen and toxic compounds. For pH: pH > 6 = class I; a single
pH record of 5.5-6.0 = class 2; single pH of 5.0-5.5 = class 3; frequent
pH < 5.5 = class 4, frequent pH < 5.0 = class 5. For oxygen see text
Nutrients and organic Site C C.nutr Conditions within 150% of established natural background levels = high
input status. Sites with occasional small deviations (within the boundaries of
the next class) = good status. Conditions within 150-300% of national
background = moderate status. Occasional deviations above this = poor
conditions and frequent or permanent deviations above 300% = bad status.
Introduction of fish Site B B.intro New fish species to river basin; 1 = no introduction, 2 = introduction, but
no reproduction and low density, 3 = not reproduction, high density,
4 = reproducing, low density, 5 = reproducing, high density
Impact of fish stocking Site B B.stock Species already present, but otherwise as above (i.e. as B.intro)
Impact of exploitation Site B B.expl Human exploitation, e.g. fishing, at site affecting fauna. Expert judgement
Impact from other fauna  Site B B.fauna Introduced, invasive or rapidly increasing species (not fish). Expert judgement
Impact from flora Site B B.flora Unnatural increase of helophytes and submerged plants. Expert judgement
Weed cutting Site B B.weed 1 = never, 2 = >5 years ago, 3 = within 5 years, 4 = most years,

5 = several times a year
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of good status (=2), passage over an artificial
obstruction was possible for most species in most
years. When migration was possible during certain
years only or for only certain species, the impact was
classified as moderate (=3). Poor status (=4) was
when only single species could pass occasionally, and
bad status when no species could pass (=5). To be
able to assess the additive effects of connectivity at
the river basin and segment scales, a combined
variable, ‘Connectivity at the multi-scale level’, was
calculated as the sum of connectivity on the river
level (three levels) and connectivity on the segment
level (two levels).

Introduction of new fish species to the river basin
was classified on the basis of reproductive success and
population density (Table 1). Most of the biological
impact variables needed to be assessed by expert
judgement as quantitative data were often missing.

Quantification of each pressure at each site and
fishing occasion

Pressures at each site were quantified using environ-
mental data previously gathered during fisheries sur-
veys, data from maps and GIS, water chemistry data
and expert judgement. There was considerable vari-
ability among countries over how data on the 24
pressures were gathered and processed. Data on
hydrological regime, morphological conditions and
the status of the riparian zone were included in most
electric fishing field protocols but needed re-classifica-
tion according to the prescribed boundaries. Geo-
graphical Information System was suggested as a
possible source for eight variables but was used only
for 35% of cases; instead 43% of classifications (all
variables, all countries) were based on expert judge-
ment but this incorporated best available information
(e.g. historical data, local authorities, extrapolation
from nearby sites and maps).

Key pressures and the single impact variable

As a first step in the assessment procedure, it is
necessary to identify the key pressures that influence
fish community structure and functioning. Data were
available for 15 183 fishing occasions (8227 sites), but
complete reporting of all impact variables was only
available for 4067 occasions (870 sites). Thus, the
number of variables that could be used to produce a
joint single pressure variable was limited. Only seven
pressure variables (C.toxic, P.morph, C.nutr., P.con.
riv, P.con.seg, P.con.ms and P.hydr) were available for
>80% of the sites, rising to 15 variables for 60% of

sites (Fig. 1). Connectivity was represented by three
different variables, but because of difficulties in scoring
these variables in some countries, connectivity vari-
ables was found not to produce strong fish metric
responses, thus connectivity was excluded. The com-
bined pressure variable was therefore calculated as the
average of the summed impact (1-5) of four variables
(the core set variables); hydrological regime, morpho-
logical condition, toxic and acid compounds, nutrient
and organic loading. Thus, degradation was accounted
for only at the site scale, while connectivity and
biological pressures were excluded.

Statistical analysis and comparisons with global
GIS data

Principal Component Analysis (PCA) or centred
Principal Component Analysis (cPCA) were used to
evaluate correlations between pressures and scales. In
the graphical presentation of the PCA only the first
two dimensions are presented. The angle between the
variables represents the correlation; a short arrow
means that this particular variable is not well repre-
sented in the first two dimensions and that the
correlation with the other variables was low.

Additional data on human population density
(Landscan 2003) and land use (from Stockholm
Environment Institute) were obtained from 1-km
resolution GIS satellite imagery distributed by
National Ocean and Atmospheric Administration.
These data were included to determine if GIS-derived
data correlate with the pressure variables could serve
to interpret global pressure patterns. To compensate
for possible positioning error, local neighbourhood
values (mean or dominant) of the 1-km resolution
layers were calculated for each site. These variables can
therefore be seen as segment scale descriptors. The
land use classification includes five categories of
dominant land use types: semi-natural, forest, prairie,
crops and urban. Landscan modelled population
estimations were logo-transformed (logX + 1) to
normalise distributions and to improve homogeneity
in the magnitude of their variances in relation to the
other variables.

Results

Correlation between impact variables

Principal Component Analysis analyses were carried
out to assess the contribution and redundancy of the
variables not included against the four core pressure
variables (Figs 2 and 3). The PCAs with the four
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Figure 1. Percentage of sites that were available to multivariate analysis with respect to included variables describing human impact. The intro-
duction of the variables is carried out in an optimal way. (See Table 1 for variable abbreviations.).

-30 -20 -10 0 10 20 30 40
| | | | | | | o
o . e . <
g f Toxic.acidification.site
B.weed -9
o
—
s B.flora
L ©
N
[Te) —~
S o S
5 3
0 2. Lo &
Z
8 | B.stock SI
]
o
- N
=] B.fauna |
Sl .
T B.intro o
T T T T T T ?
-0.10 -0.05 0.0 0.05 0.10 0.15
Comp.1

Figure 2. Principal Component Analysis with five biological variables
and the variable ‘toxic/acidification’ (C.toxic).

biological variables and the variable C.toxic (Fig. 2),
and hydrological regime (Fig. 3) indicate that the non-
biological variables were not well represented. Similar
results were observed with the other two core variables,
with the connectivity variables (Fig. 4), the global
pressures variables and the other physical and chemical
variables. This indicates that the biological variables
span a different dimension than the other impact
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Figure 3. Principal Component Analysis with five biological variables
and the variable ‘hydrological regime’ (P.hydr).

variables. Principal Component Analysis were also
performed with the core set variables and the 19 non-
core set variables, one variable at the time (Fig. 4).
With the exception of P.con.seg (Fig. 4a) and G.up-
dam (impact of upstream dam, Fig. 4c¢), good corre-
lations were found between the non-core variables and
the core set variables. These results indicate that the
core set pressure variables do not account for biolog-
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ical pressures, segment level connectivity and upstream
impact of dams.

Correlation between sites within the river

The WFD states that the biological quality elements
should reflect the whole catchment, thus only rivers
with data from at least two sampling sites were
considered. For these rivers average distance between
the sampling sites (subdivided into three classes: 0-3,
3—6 and > 6 km) and the maximum difference (ranging
from 0 to 4) between each human impact variable were
calculated. Small differences were found between the
individual impact scores for most variables, except for
P.morph (morphological condition; Fig. 5). For this
variable, and to some extent also for P.ripz.seg, there
was a systematic relation with distance class, with the

CLASSIFICATION AND ASSESSMENT OF DEGRADATION

similarity declining with sites further apart. The
variable P.morph differed in almost 60%, and P.ripz.
seg in almost 50% of cases between sites within the
same river, indicating that these variables were more
site-specific than the other variables.

Potential for using low-resolution GIS data

To evaluate if low-resolution GIS data can be used as a
simple way to pre-classify sites for impact, two
additional GIS variables (land use and population
density) were included. As the aim was to retain a large
number of sites for spatial analysis, only pressures
covering connectivity and physical modifications
(P.morph, P.hydr, P.con.seg and P.con.ms), chemical
impacts (C.toxic and C.nutr), and the two GIS
variables of 1 km land use (GP.landuse.gis) and log
of 1-km population (GP.lnpopd.gis) were selected.
This gave a data set comprising 6430 sites. Most of
these variables were partially correlated with each
other, and particularly those measuring similar forms
of pressures. The two connectivity variables (P.con.seg
and P.con.ms) were highly correlated (r = 0.62), as
were the chemical pressures (C.toxic and C.nutr), the
two GIS variables (InGP.popd.gis and GP.landuse.gis)
and the physical modification variables (P.morph and
P.hydr) (Table 2).

The first two axes of the cPCA explained, respec-
tively, 40% and 16% of the variance in the data. The
first axis was positively correlated with all the impact
variables. Significant variable contributions were, in
decreasing order: C.nutr, InGP.popd.gis, P.morph, and
to a lesser extent C.toxic, P.hydr and P.con.seg
(Fig. 6). The second axis was positively correlated
with high population densities and land use pressures
(urban, crops) and negatively with connectivity mod-
ifications. In short, the first axis formed a gradient of
degradation and the second axis differentiated between
more developed areas (urban or agricultural, with high

Table 2. Pearson’s correlation matrix of the relationships between the 8 impact variables of the centred Principal Component Analysis

P.con.seg P.con.ms P.hydr P.morph C.toxic C.nutr InGP.popd.gis GP.landugis
P.con.seg 1.000 0.622 0.313 0.312 0.353 0.364 0.338 0.208
P.con.s 0.622 1.000 0.285 0.158 0.279 0.305 0.109 0.012
P.hydr 0.313 0.285 1.000 0.482 0.209 0.308 0.343 0.209
P.morph 0.312 0.158 0.482 1.000 0.240 0.423 0.542 0.334
C.toxic 0.353 0.279 0.209 0.240 1.000 0.595 0.316 0.222
C.nutr 0.364 0.305 0.308 0.423 0.595 1.000 0.473 0.362
InGP.popd.gis 0.338 0.109 0.343 0.542 0.316 0.473 1.000 0.520
GP.landugis 0.208 0.012 0.209 0.334 0.222 0.362 0.520 1.000

Abbreviations according to text and Table 1
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GPlandugis

Figure 6. Centred Principal Component Analysis of eight human
impact variables (6430 sites) — correlation circle of the first two
Principal Component Analysis axises. Abbreviations according to text
and Table 1.

population densities) and more rural to semi-natural
areas where altered connectivity was more prevalent.

The four pressures that made the greatest contribu-
tions to the first axis of the cPCA were those used to
calibrate the European Fish Index model (Pont,
Hugueny & Rogers 2007), whereas connectivity, which
did not produce strong metric responses and was not
included in the modelling approach, contributed more
to the second axis. Moreover, the GIS variables both
contributed significantly to the first axis, and popula-
tion density in particular was well correlated with both
physical and chemical pressures (r = 0.542 with
P.morph and 0.473 with C.nutr).

Status of European running waters

The status of European running waters was classified
separately for small (catchment size: <1000 km?) and
large rivers (catchment size: > 1000 km?). For physical
degradation, connectivity at the river basin scale was
classified as obstructed (impact class 3-5) in 60% of
sites, but with less obstructions in the larger rivers
(Table 3). However, in the larger rivers lateral move-
ments of fish onto the floodplain were obstructed to a
greater extent than in smaller rivers. Overall, lateral
movements of fish were obstructed at 61% of all sites.

Morphological habitat degradation was frequent, as
unsatisfactory conditions (impact class 3—5) were noted
at 50% of sites, but with generally better conditions in

Table 3. Proportion (%) of sites classified as high-good status
(impact 1-2), of moderate status (impact 3) and poor-bad status
(impact 4-5) with regard to physical pressure and impact variables.
Rivers divided into small (<1000 km? catchments) and large
(> 1000 km?). Abbreviations according to Table 1

Impact classification

Variable Catchment size  1-2 3 4-5 n
Connectivity river Small 345 182 473 5357
(P.con.riv) Large 63.8 17.6 18.6 1259
Lateral movements Small 44.5 11.8 437 2947
(P.Imov.seg) Large 255 32 42.5 1019
Hydrological regime Small 679 17.1 15 5256
(P.hydr) Large 38 38.3 237 1258
Riparian zone Small 36.7 185 448 3758
(P.ripz.seg) Large 184 241 57.5 1085
Morphological Small 551 24 20.9 5708
(P.morph) Large 284 144 572 1325
Sediment load Small 86.3 3.9 9.8 3688
(P.sload.seg) Large 92 6.9 1.1 1050

the smaller rivers (Table 3). Unsatisfactory conditions
with regard to the hydrological regime were present at
38% of sites, with worse conditions in larger rivers.
Riparian vegetation was generally in bad condition in
larger rivers.

Chemical impact in the form of toxic or acidic
compounds affecting fish communities was infrequent
in larger rivers, but unsatisfactory in 27% of smaller
rivers (Table 4). Loading of nutrients or organic
matter was high (impact class 3-5) in 49% of all sites.

Biological impact was reported for only a small
number of rivers, but because these were distributed
widely throughout Europe, some conclusions could be
drawn. No introduction or no naturalisation of intro-
duced species was found in 92.5% of sites and
reproduction of the latter was only found in 4.5% of
sites (Table 5). Although stocking of fish was not very
common, it was thought to have impact on the fish
community to levels beyond good status at 7% of sites.

Table 4. Proportion (%) of sites classified as high-good status
(impact 1-2), of moderate status (impact 3) and poor-bad status
(impact 4-5) with regard to two chemical impact variables at the site
scale

Impact classification

Variable Catchment size 1-2 3 4-5 n

Toxic or acid Small 734 135 13.1 5789
(C.toxic) Large 91.5 5.9 2.6 1326

Nutrients and Small 54.6 19.6 258 5586
organic (C.nutr) Large 348  59.8 54 1320
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Table 5. Proportion (%) of sites classified as high-good status
(impact 1-2), of moderate status (impact 3) and poor-bad status
(impact 4-5) with regard to three biological impact variables at the
site scale. Abbreviations are according to Table 1

Impact classification
Catchment

Variable size 1-2 3 45 n

Small 89.5 4 6.5 1356
Large 97.8 09 13 784
Small 926 33 4.1 1349
Large 93.7 57 06 790
Small 844 9 6.6 1238
Large 543 36.7 9 267

Introduction of fish (B.intro)
Stocking of fish (B.stock)

Exploitation of fish (B.expl)

Exploitation of fish was considered to affect fish fauna
of larger rivers more than small rivers (Table 5).

In general, mountainous or upland areas (Alps,
Pyrenees, French Massif Central, Ardennes, western
UK, Scandinavian mountain range) were characterised
by lower pressure scores, whereas lowland areas were
characterised by comparatively higher impacts. The
most heavily impacted areas appear to correspond to
the most heavily populated and developed areas in
Europe.

Discussion

The basis for classification of human impact is seldom
reported, probably as this process inevitably involves
expert judgement, which might be conceived as
subjective, although it is considered an important tool
in degradation classification (Haunia 2002). Pressures
that were mainly classified from expert judgement were
well correlated with pressures classified from physical
or chemical measurement, or even low-resolution GIS
data. This indicates that a classification process
employing defined variables and fixed class boundaries
using expert judgement is a valid operational method,
even on a continental scale.

Notwithstanding, more objective data are also
required to support the expert judgement. At the river
basin and sub-basin level, GIS data on land use are
important indicators of pressure (Wang et al. 2000).
The additional two GIS variables (land use and
population density) gave good results, despite the low
precision of the data and the way the information was
integrated (ambient value at segment level). Compared
with expert data, these GIS data covers have the
advantage of greater uniformity or homogeneity in the
calculation and the precision of the estimations. This
implies that there would be less bias in standardised
GIS data across Europe than expert evaluations on a

CLASSIFICATION AND ASSESSMENT OF DEGRADATION

country or regional level. Given the relatively simple
manner in which these low-resolution data were
integrated, and the widespread availability of GIS
environmental data today, these results are particularly
promising.

Global, physical and chemical pressures were gen-
erally well correlated, which indicates that the joint
impact variable constructed from four pressure vari-
ables (core set variables) was a good descriptor of these
pressures. Also, expression of these pressures at
different scales was well correlated, indicating that
for most pressures scale is not of crucial importance.
Water quality, hydrological regime and land use could
therefore be quantified at a scale larger than the site
level.

Global pressures were generally well correlated
between sites in the same river; the closer the site, the
higher the similarity. Nevertheless, morphological
alterations and the status of the riparian vegetation
differed considerably between sites, i.e. they were site-
specific and not part of the river continuum as were
hydrological and chemical properties. Because the
assessment of ecological status is based on fish over a
large scale most variables should be evaluated on a
larger scale. It is known that the morphology and the
status of the riparian zone of a chosen site are not
always representative for the whole river or even
segment, as many sites are chosen based on their
accessibility. Often these places are close to a road or
next to a bridge, where the morphology and riparian
zone can be more impacted than the rest of the
segment. It is essential to develop models, preferably
GIS-related, for an objective classification of these
variables on the larger scales.

The biological pressures were excluded from the
calculation of the joint pressure variable because these
pressures were not well correlated with physical and
chemical pressures or population density. This means
that one dimension of human stress on the ecosystem
was not properly covered. The main reason for not
including biological pressures was lack of information
in several countries. It would seem that it is of national
interest to have complete registers of introductions and
stocking of fish and other biota. One way of circum-
venting this problem is to gather historical data, which
are often present for important fish species and
compare the present community with the historical
record.

Connectivity was also left out of the joint pressure
variable because of its low correlation with fish data
and lack of information regarding connectivity for
many sites. Again, gathering of historical distribution
of long-distance migrators may resolve this problem.
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Finally, it appears from the analysis that degra-
dation of European streams is widespread. More
than 49% of sites were in moderate to poor
condition, mainly as a result of disruption to
connectivity (both longitudinal and lateral) and
physical habitat condition and increased nutrient
and organic loading.
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ABSTRACT

Most European rivers are affected by different types of human pressures that may
impair fish populations. We analysed 15 pressure variables of 4 different pressure
groups, i.e. hydrology, morphology, water quality and connectivity to detect spa-
tial patterns, relationships and interactions between pressures and natural envi-
ronment at the European scale. Based on literature, national databases and expert
knowledge important pressures were identified and collected within the EU-
project EFI+ in 14 countries at about 10 000 fish-sampling sites in Europe. In 90%
of the catchments analysed fish migration was interrupted by barriers. We used
PCA and correlation analysis to identify key pressures and to eliminate redundant
pressures at local and river segment scale. Thirteen variables were found to de-
scribe the majority of human degradation at a specific site. To aggregate into pres-
sure type specific indices we first harmonized the variables along a gradient from
1-5, i.e. from nearly undisturbed to strongly impacted sites. Further, we calculated
the mean of values > class 2 only, to avoid that values <=2 compensate values >2,
i.e. to better indicate degradation. Pressure analysis showed that 24% of sites are
affected by single, 22% by double 19% by triple and 12% by four pressure groups.
Only 23% of sites are less affected, i.e. class <=2. In terms of pressure types, ana-
lysed sites showed alterations in 55% for water quality pressures, 40% for hydrol-
ogy, 37% for morphology and 34% for connectivity (river segment). In 45% of the
cases water quality problems are also associated with other pressures. The results
clearly show that European rivers are multi-impacted. Therefore, only restoration
strategies simultaneously considering all important types of pressures will guaran-
tee the achievement of the good ecological status or potential sensu EU Water
Framework Directive.

Key words: multi-impacted rivers, European scale, ecological status, pressure in-
dex

1 INTRODUCTION
A number of human alterations - herein after referred to as pressures - directly

affecting the physico-chemical conditions of running waters, have a strong influ-
ence on fish communities. In European rivers, the most important pressure signifi-
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cantly affecting fish is water pollution (FAME 2004, Degerman et al. 2007). Hy-
drological alterations as impoundment (Reid 2004), water abstraction (Pyrce
2004) and hydropeaking (Flodmark et al. 2004) are known to degrade fish com-
munities. Morphological alterations such as channelisation (Aarts et al. 2004) and
river bed degradation (Raat 2001) also have deleterious effects. Finally, disruption
of both longitudinal (Rieman & Dunham 2000) and lateral (Hughes & Rood 2003)
connectivity significantly impairs fish communities.

Recently, studies in Europe and worldwide emphasize the influence of different
human pressures on rivers and it clearly has been demonstrated that a better under-
standing of the distinct effects of single pressures, multiple pressures and their
interactions is a pre-condition for effective river restoration (Schmutz et al. 2007).
But due to the traditional focus on single case studies, basins, watersheds or eco-
regions, there is a lack of common understanding of pressures across Europe,
though the European Water Framework Directive (WFD, EU 2000) requires a
consistent and comparable “identification of significant anthropogenic pressures
and the assessment of their impacts on water bodies” (ANNEX I, WFD).

In the IES report (European Commission 2006, Institute for Environment and Sus-
tainability) it’s indicated that pressures act simultaneously in most cases and that
managers must define a hierarchy amongst these to identify priority actions. The
few existing studies, examining relationships between pressures are suggesting
strong influences and interactions between two or more kinds of pressures. Ac-
cording to Vinebrooke et al. 2004, pressures rather often have comparative, addi-
tive and multiplicative effects. Despite this, only a few studies have focused on the
importance of that topic, especially in context of the WFD, dealing with pressure
combinations, large datasets or multiple pressures and taking interactions of pres-
sures into consideration.

In this paper we analyse different types of pressures from 15 European countries
and 16 ecoregions. Our primary objectives are (1) to identify various pressure
groups, (2) to detect dominating pressures (chemical—physical pressures vs. hydro-
morphological pressures), (3) to analyse multiple pressures and prevailing pres-
sure combinations and (4) to detect spatial patterns of pressures across Europe.

2 METHODS

Dataset

A database prepared and maintained by the consortium of the EU project EFI+
(http://efi-plus.boku.ac.at/) was used to quantify human pressures for our study.
The EFI+ database is a pan-European database and contains data on fish assem-
blages, environmental characteristics and human pressures in 15 European coun-
tries.

Related to the compulsive “Characterisation of river basins”, (Article 5, WFD), a
lot of different pressure information has been gathered by EU-member countries
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since 2004, which was used for this pressure analysis. In addition, regional and
national monitoring programmes and profound protocol data from field mappings
were available. Qualified pressures for our analysis must be scientifically proven,
must have potentially large negative effects on fish and must be relevant on a con-
tinental scale. We are aware that land use also has strong indirect influences on
rivers, but due to our focus on direct effects of pressures on the river, we only con-
sidered instream variables for pressure analysis. In total, 15 pressure variables out
of the EFI+ database were qualified for our analyses.

Pressure variables

In total, pressure data at 10208 sites in about 4800 rivers and 16 ecoregions (Table
1) were available for our study. As more than 90% of sites showed continuum
disruption at the catchment level, this variable was not used for further analyses.

Table 1: Number of analysed sites per country and ecoregion (NoData represents
sites where ecoregion classification was not available/possible).

Country abbreviation

AT|CH|DE| ES | FI | FR|HU] IT [LT|NL|PL|PT[RO|SE| UK |Total

ATps 371] 163 52 88 674
Borealic uplands 12 61 73
Central highlands 439] 2] 289 14 23 767|
Central plains 440 76] 414 326 1256
Eastern plains 176 72 248
England 1228] 1228

@ Fenno-scandian shield 251 207 458
6 [Hungarian Towlands 63 163 226
B [Tbero-Macaronesian region 2077 922 2999
‘g Ttaly and Corsica 9 5 338 352
w1 [NoData 106] 30 15] 66] 28] 72[94] 38[235] 1] 15[ 11 711]
Pontic province 19 19
Pyrenees 20 18 38
The Carpathiens 2 59 157 218
Western highlands 220 219 439
[VVestern prams 22 1 411 68 502]
Total 873| 500| 781| 2098| 278| 785| 193| 498| 94| 182| 907| 923 263| 605| 1228| 10208

First, we summarized the selected pressure variables in 4 groups, i.e. connectivity
(2 variables), hydrology (5), morphology (5) and water quality (3). Information on
pressure intensity was available in verbal ordinal form, ranging from 2 to 5 mo-
dalities (Table 2). To overcome this inequity, we defined an ordinal ranking
scheme and harmonized all pressure variables along a gradient from 1-5, i.e. from
nearly undisturbed to strongly impacted sites. In the next step, Principle Compo-
nent Analysis (PCA) was used to identify key and redundant pressures. PCA was
done for all pressure variables in one step and then for each pressure group. Fi-
nally, 13 variables remained for further analyses (see Table 2).
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Table 2: Human pressure variables selected for pressure analyses, separated in the
groups hydrology (H), morhphology (M), water quality (W) and connectivity (C).

Pressure variable | Group Code Explanation; short description of classes

Natural flow velocity reduction on site due to
Impoundment H H_imp impoundment; 1 = no (no impoundment), 3 =
weak, 5 = strong

Site affected by hydropeaking; 1 = no (no hy-

Hydropeaking H H_hydrop dropeaking), 3 = partial, 3 = yes

Site affected by water flow alteration/minimum
flow; 1 = no (no water abstraction), 3 = weak to
Water abstraction H H_waterabstr | medium (less than half of the mean annual
flow), 5 = strong (more than half of mean an-
nual flow)

Fish fauna affected by flushing of reservoirs

Reservoir flushing Ho[Hresflush | ostream of site; 1= no, 3 = yes

Seasonal hydrograph modification due to hydro-

Hydrograph modifi- H H_hydromod | logical alteration (water storage for irrigation,

cation hydropower etc.); 1 = no, 3 = yes
Alteration of natural morphological channel
Channelisation* M M_channel plan form; 1= no, 3 = intermediate, 5 = straight-
ened
- Alteration of cross section; 1 = no, 3 = interme-
Cross section M M_crosssec . ~ . .
diate, 5 = technical crossec./U-profile
Instream habitat* M M_instrhab Alteration of instream habitat conditions; 1= no,

3 = intermediate, 5 = high

Artificial embankment; 1 = no (natural shore-
line), 2 = slight (local presence of artificial ma-
Embankment M M_embankm | terial for embankment), 3 = intermediate (con-
tinuous embankment but permeable), 5 = high
(continuous, no permeability)

Presence of dykes for flood protection; 1 = no, 3

Flood protection M M_floodpr = yes
Barriers segment C C_B.s.up Barr_iers on segment level upstream; 1 = no, 3 =
upstream - partial, 3 = yes
Barriers segment Barriers on segment level downstream; 1 = no, 4
C C B s do _ - z
downstream = partial, 4 = yes
Acidification W | W_acid Acifidication; 1 = no, 3 = yes
Artificial eutrophication; 1 = no, 3 = low, 4 =
Eutrophication W | W_eutroph intermediate (occurrence of green algae), 5 =
extreme (oxygen depletion)
Organic pollution W | W_opoll Is organic pollution observed; 1 = no, 3 = weak,

5 = strong

* Variables summed up into M_morhph_instr (Mean of M_channel, M_instrhab, and M_crossec)

To evaluate the status of European rivers in terms of pressure type, 4 pressure type
specific indices (hydrological, morphological, water quality and connectivity)
were aggregated. They were calculated by averaging values > class 2 only, to
avoid that values <=2 compensate values >2, i.e. to better indicate degradation.

Combination of pressures

To focus on the degradation of European rivers related to different types of single/
multiple pressures, we analysed typical combinations of pressures across Europe:
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Water quality pressures only, hydromorphological pressures only and a combina-
tion of the two types (W, HMC, W + HMC). For this analysis, the pressure type
specific indices have been used.

3 RESULTS

Pressure type specific indices

Water quality pressures were detected in 55.9 % of sites (Figure 1), with worst
conditions for sites in the Netherlands and Germany (90% of sites affected by wa-
ter quality pressures). For hydrological pressures, impacts were classified in 40%
of sites with worst conditions for sites in the Netherlands, Germany, France, Italy,
Portugal and UK (about 50% of sites are impacted by hydrological pressures).

Water quality pressures Hydrological pressures
100% 100%
§ 80% § 80% —
% D
= 60% = = 60% = mimim = = sl
g mp g mp
= % H R T O NoP = % FIHH T HH I HH A O NoP
5 5
20% = mizinizisizins =incnisl 20% HHAHHA At e
X X
L e e L S A L e e L ) N
TILOTERELTTEQESE SEFLeTERELEIrEQYS S
Morpholgical pressures Connectivity pressures
100% 100%
§ 80% — = § 80% —
D 7
o 60% =inin =inis =ininis o 60% =inin =inisisinininiE
g o g
= am NN EAEAE EyEpERE O NoP = am N SN O NoP
5 5
20% o il e e N N el e W] 20% sinininininisinininiE
X X
L e L e
TF4LTERELSILERYNE TFLeTERELEITERESE

Figure 1: Results of pressure type specific indices in % of sites per country, P =
impacted by pressure, NoP = no pressure (class <=2).

Morphological habitat degradation was frequent, as unsatisfactory conditions were
noted at 38% of sites with worst conditions for sites in the Netherlands, Austria,
Germany, Switzerland and Hungary (more than 50% of sites are related to impact
class 3-5 for morphological pressures). Connectivity pressures were reported for
only 34% of sites with worst conditions for sites in Austria, Switzerland and
France (more than 50% of sites are impacted by connectivity pressures, Figure 1).

Combination of pressures

In 45% of the cases water quality problems are also associated with other pres-
sures and only 11 % of sites are affected by water quality problems only (Figure
2).
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Figure 2: Proportion of sites affected by (a) water quality pressures only (11 %),
(b) by water quality and hydromorphological pressures (about 45%), (c) by hy-
dromorphological pressures only (21%) and (d) nearly undisturbed sites (about
23%).

Combined pressure analysis showed that patterns and relationships vary throughout
Europe. Combined pressures (W+HMC) are frequent at sites in Austria, Switzerland,
Germany, France, Netherlands and Portugal (more than 50% of sites). Hydromor-
phological pressures without significant water quality pressures can be detected at
47% of Italian sites, only water quality pressures at about 40% of Swedish sites. All
other countries do not show specific patterns of pressure combinations (Figure 3).

Pressur e combinations per country

HILHHHI
1HIUII
/

)

100% -

80% -+

B W+HMC
B HMC
ow

0O NoP

60%

40% -+

% of total sites

20%

0% T T T T T T T T L T T T T
AT CHDE ES FI FRHU IT LT NL PL PT RO SE UK

Figure 3: Pressure combinations per country

For the analysis of pressure combinations in different European ecoregions, the
output was that particular the Alps are affected by hydrological impacts in combi-
nation with morphological degradation. In the Central highlands, almost all sites
are affected by hydro-morphological as well as water quality pressures.

Combined pressure analysis also showed that 24% of sites are affected by only one,
22% by two, 19% by three and 12% by four pressure groups. Only 23% of sites are
not affected, i.e. class <=2. Especially German, Swiss and Dutch sites are affected
by three or four pressure groups (around 40% of sites and more).

4 DISCUSSION

Our intent in analysing pressure variables was to classify river sites by pressure
type specific indices, able to separate highly disturbed sites from slightly disturbed
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sites. This exercise worked well and the pressure type specific indices were able to
detect high frequent combination types as hydro-morphological pressures.

Clear limitations in our study were differences in data quality between countries
and data sources. Especially the level of detail and the categorization of pressures
vary among countries. We tried to overcome this problem by harmonising pres-
sure information into an ordinal ranking scheme, but nevertheless some uncer-
tainty remains. Another problem is that data are not always representative for all
countries and ecoregions because of their spatial unequal distribution (e.g. Roma-
nia and Spain, Figure 1).

Finally, it appears from our analysis that degradation of European streams is wide-
spread. More than 76% of sites were in moderate to poor pressure condition,
mainly as a result of water quality pressures in combination with other pressures.

5 CONCLUSIONS

This study has demonstrated that the different indices allow comparison of pres-
sure status across a large spatial range of countries and river types. Further, the
pressure type specific indices have shown that they can distinguish between im-
pacted and unimpacted sites. However, further efforts must be put in the accuracy
of pressure data and the compilation of common databases. In-depth examination
of relationships among different types of pressures and the linkages to biotic clas-
sifications may help reveal a better understanding of restoration and mitigation
requirements.
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Abstract This study assesses the impact of a changing
climate on fish fauna by comparing the past mean state of
fish assemblage to a possible future mean state. It is based
on (1) local scale observations along an Inner-Alpine river
called Mur, (2) an IPCC emission scenario (IS92a),
implemented by atmosphere-ocean global circulation model
(AOGCM) ECHAM4/0OPYC3, and (3) a model-chain that
links climate research to hydrobiology. The Mur River is
still in a near-natural condition and water temperature in
summer is the most important aquatic ecological constraint
for fish distribution. The methodological strategy is (1) to
use downscaled air temperature and precipitation scenarios
for the first half of the twenty-first century, (2) to establish a
model that simulates water temperature by means of air
temperature and flow rate in order to generate water
temperature scenarios, and (3) to evaluate the impact on
fish communities using an ecological model that is driven
by water temperature. This methodology links the response
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of fish fauna to an IPCC emission scenario and is to our
knowledge an unprecedented approach. The downscaled
IS92a scenarios show increased mean air temperatures
during the whole year and increased precipitation totals
during summer, but reduced totals for the rest of the annual
cycle. These changes result in scenarios of increased water
temperatures, an altered annual cycle of flow rate, and, in
turn, a 70 m displacement in elevation of fish communities
towards the river’s head. This would enhance stress on
species that rely on low water temperatures and coerce
cyprinid species into advancing against retreating salmo-
nids. Hyporhithral river sectors would turn into epipotamal
sectors. Grayling (Thymallus thymallus) and Danube
salmon (Hucho hucho), presently characteristic for the
Mur River, would be superceded by other species. Native
brown trout (Salmo trutta), already now under pressure of
competition, may be at risk of losing its habitat in favour of
invaders like the exotic rainbow trout (Oncorhynchus
mykiss), which are better adapted to higher water temper-
atures. Projected changes in fish communities suggest an
adverse influence on salmonid sport fishing and a loss in its
high economic value.

Keywords Climate change - Fish fauna - Scenarios -
River- European Alps

Introduction

The goal of this study is to contribute to the understanding
of how climate change may alter the structure of freshwater
ecosystems. This is achieved by a chain of empirical
models from climate research to hydrobiology. Thereby
we implicate an emission-scenario in the assessment of the
impact on the fish fauna rather than ad hoc assumptions.
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This appears desirable as it allows us to assign the response
of fish to a particular emission scenario, describing a
specific way of how mankind may evolve.

Fishes occupy the highest trophic levels in riverine
ecosystems—integrating over processes at lower trophic
levels—making them ideal indicators of the state of the
environment. Fishes are homoeothermic, thus processes
structuring fish assemblages are closely linked to water
temperature. One of the most pervasive zoogeographic
patterns is that of ‘cold-water’ versus ‘warm-water’ fish
species, with a sharp sorting of species along altitudinal
gradients. In mountainous regions, this leads to a clear
longitudinal zoning of riverine fish assemblages from the
headwaters to the mouths. In Europe, the concept of fish
zones, i.e. trout, grayling, barbel and bream zones, is a well
established concept used to describe the longitudinal
patterns of fish assemblages (e.g. Thienemann 1925; Huet
1949). This pattern is defined mainly by longitudinal water
temperature increase, restricting salmonids to headwaters
and cyprinids to low reaches. Salmonid species, e.g. brown
trout (Salmo trutta), are cold-water species showing a
limited tolerance against high-water temperatures (Elliott
2000). Therefore, warming of rivers can be assumed to
affect these populations by exceeding temperature prefer-
ences and tolerance limits (Rahel et al. 1996; O’Brien et al.
2000; Reid et al. 2001; Hari et al. 2006). On the other hand
cyprinid species like chub (Leuciscus cephalus) depend on
minimum temperature thresholds for reproduction. Global
warming is expected to shift cold-water species towards the
poles and to higher altitudes (Jackson and Mandrak 2002;
Rahel 2002). Space-for-time substitution, using current bio-
geographic limits to project fish distributions is a method-

Fig. 1 Austria within Europe
and the study region in Austria.
The Mur River and stations are
highlighted: blue pins sites pro-
viding water temperature and
flow rate, green pins air tem-
perature and precipitation re-
cording stations

@ Springer

ology applied by several authors to analyse scenarios of
water temperature increase (e.g. Eaton and Scheller 1996;
Rahel 2002). This approach employs empirical models
describing the spatial patterns of fish species or assem-
blages determined by climatic factors in the past projected
into the future using different climate scenarios (e.g. Flebbe
et al. 2000).

Based on down-scaled transient atmosphere-ocean global
circulation model (AOGCM) simulations (Matulla 2005)
and empirical models, scenarios for water temperature—
consistent with the IPCC IS92a emission scenario—are
derived. A direct link between an IPCC emissions scenario
and the response of aquatic biocoenoses is thereby
established, allowing the assessment of the impact caused
by a potential climatic change onto the Mur River’s fish
assemblages.

Materials and methods
Datasets
Study region: the Mur River

The Mur River shows a clear zonation from trout over
grayling and barbel to the bream zone. It is one of the
longest Austrian rivers, with a total length of 444 km and a
catchment area of about 10,000 km?. Approximately
350 km of its course extends into Austria (Fig. 1). Head-
waters are located at an altitude of approximately 1,890 m.
Even though the Mur River has been affected by several
hydropower plants and is partly embanked, it still repre-
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sents one of the least impacted of the main Austrian rivers
(Muhar et al. 1998). Moreover, data on the actual fish fauna
(number of species, composition, longitudinal zonation), air
temperature, precipitation, water temperature and flow rate
are available, which makes the Mur River a suitable
candidate for this study.

Observation period (1976—-1998)
Observed water temperature and flow rate

Water temperature and flow rate are measured at a riverine
group of stations operated by the Austrian hydrographical
service (HZB-stations; see Fig. 1, Table 1). Digitized data is
available for the period 1976-1998. In addition to the
quality testing done by the HZB we carried out further
plausibility checks by comparing randomly selected specif-
ically high water temperature anomalies at single sites to
measurements at other stations. It was found that they occur
together with reasonably high water temperature values at
the other stations. The climatological water temperature
characteristic throughout the seasonal cycle as derived from
the HZB-data is in agreement with typical sub-alpine
climatic conditions and thus meets expectations.

For flow rate, we compared specifically high measure-
ments at single stations with measurements at downstream
stations and found that they were also pronounced. The
HZB-flow rate averages are in accordance with the
expected typical characteristics of an Inner Alpine river
without glacial influence.

Observed air temperature and precipitation

Monthly mean air temperature and precipitation sums for
1976-1998 are taken from the ALOCLIM dataset (Auer et al.
2001). All station records within ALOCLIM have been
subjected to a homogenising procedure (e.g. Auer et al.

2007). The spatial distribution of ALOCLIM-stations used
in this study is shown in Fig. 1 and listed in Table 1. The
simulation of water temperature at the HZB-stations
requires air temperature and flow rate at the HZB-sites.
Flow rate is measured on-site but air temperature at the
HZB-stations has to be interpolated from the ALOCLIM-
stations. Interpolation is done separately for each month
(January—December) by linear regression. The Mur River is
located within two different climatological regions—the
upper reaches in an Alpine valley and the lower reaches are
located in flat terrain. For this reason, separate regression
models were applied for the upper and lower reaches.
Differences between the models are pronounced during the
cold season and are probably caused by the inversions that
occur in Alpine basins during that time of the year. At
lower reaches, 90-97% of the observed temporal variability
is explained, while at upper reaches values drop to 77-94%.
Haas (2005) presents the approach in detail.

Observed fish distributions

The actual fish fauna of the Mur River consists of more
than 40 species, i.e. close to the 40-50 originally occurring
species (Table 2), and the observed riverine fish assem-
blages are close to what could be expected to occur
naturally (Schmutz et al. 2004). Currently, 37 species are
still reproducing. The lower region, from the Austrian—
Slovenian border up to Graz (Fig. 1), belongs to the barbel
zone, some low parts even extend into the bream zone.
Both rheophilic species including barbel, nase and ide, and
stagnophilic species such as rudd, tench, carp or wels are
widely spread. The middle reaches, from Graz to Bruck,
comprise classical riverine fish species from barbel and
grayling zones. Barbel and nase reproduce successfully, as
do Danube salmon. Grayling dominates at higher altitudes
but also occurs downstream of Graz. Of the 22 historic fish
species, 21 still exist in this river section. The river section

Table 1 Downstream stations (in order) with fish zone and the observed fish zone index (FiZI)

Type* Station lon Latitude Altitude (m a.s.l.) ds® Fish zone FiZ1
HZB St. Michael 13.64 47.09 1,042 37 Epi-/Metarhithral 33
HZB Mortelsdorf 13.70 47.13 1,010 51 Metarhithral 3.8
ALOCLIM Seckau 14.78 47.28 874

ALOCLIM Bruck/Mur 15.27 47.42 489

HZB Frohnleiten 15.33 47.27 415 137 Hyporhithral/Epipotamal 5.5
HZB Graz 15.43 47.08 341 347 Hyporhithral/Epipotamal 5.6
ALOCLIM Deutschlandsberg 15.22 46.83 410

HZB Mureck 15.79 46.71 224 408 Epipotamal 6.0
ALOCLIM Bad Gleichenberg 15.90 46.87 303

2HZB stations are characterized by water temperature [°C], flow rate [m>s ' ], fish zone and calculated FiZI. At ALOCLIM stations, precipitation
and air temperature are available for 1976-1998 and the scenario period (2027-2049)

® Distance from the source (km)
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Table 2 Current occurrence of different fish species and their species-
specific fish index (FIg, ) from river Mur (Flg, is calculated for native
species only, see also Schmutz et al. 2000)

Species name Scientific name Native/exotic ~ Flgp,
Common bream  Abramis brama Native 6.6
Spirlin Alburnoides bipunctatus Native 6.4
Bleak Alburnus alburnus Native 6.5
Asp Aspius aspius Native 6.2
Stone loach Barbatula barbatula Native 5.5
Barbel Barbus barbus Native 6
Prussian carp Carassius auratus Native 6.4
Crucian carp Carassius carassius Native 6.5
Nase Chondrostoma nasus Native 59
Spined loach Cobitis taenia Native 6.3
Bullhead Cottus gobio Native 4
Grass carp Ctenopharyngodon idella  Exotic
Common carp Cyprinus carpio Native 6.5
Northern pike Esox lucius Native 6.2
Ukrainian Eudontomyzon mariae Native 5.1
brook
lamprey
Three-spined Gasterosteus aculeatus Exotic
stickleback
Whitefin Gobio albipinnatus Native 6.5
gudgeon
Gudgeon Gobio gobio Native 6
Danube salmon  Hucho hucho Native 5.7
European brook  Lampetra planeri Native 4.5
lamprey
Pumpkinseed Lepomis gibbosus Exotic
European chub Leuciscus cephalus Native 6
Eurasian dace Leuciscus leuciscus Native 6.3
Soufie Leuciscus souffia Native 5.4
Burbot Lota lota Native 5.6
Rainbow trout Oncorhynchus mykiss Exotic
Eurasian perch Perca fluviatilis Native 6.7
Stone moroko Pseudorasbora parva Exotic
Ten-spined Pungitius pungitius Exotic
stickleback
Bitterling Rhodeus sericeus Native 6.5
Roach Rutilus rutilus Native 6.4
Brown trout Salmo trutta fario Native 3.8
Lake trout Salmo trutta lacustris Native 3.8
Brook trout Salvelinus fontinalis Exotic
Zander Sander lucioperca Native 6.7
Rudd Scardinius Native 6.7
erythrophthalmus
European Thymallus thymallus Native 5
grayling
Tench Tinca tinca Native 6.7
Danube streber Zingel streber Native 6
Zobel Abramis sapa Native 6.6
Balkanian Barbus peloponnesius Native 6.0
barbel
Ide Leuciscus idus Native 6.4
White bream Abramis bjoerkna Native 6.7
Zingel Zingel zingel Native 6.3
@ Springer
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above Bruck belongs to the trout and grayling zone. Brown
trout and grayling are the formative species. The upper limit
of Danube salmon distribution is Murau (Schmutz et al.
2000), which is ~50 km downstream of St. Michael (see
Fig. 1). Further species are nase, barbel, chub, bullhead,
and gudgeon. Today, 13 of the 14 historic fish species
inhabit this part of the river. Above Murau the river is
dominated by brown trout, which is equivalent to upper and
lower trout zone.

Electric fishing data from 1990 to 2000, assembled to a
set of 25 measurements (Fig. 3a), were provided by the
Institute of Hydrobiology and Aquatic Ecosystem Manage-
ment, BOKU, Austria. Data were collected along a river
section of 332 km in length starting 22 km downstream
from the river source. Fish were sampled from a boat with
ten electrodes mounted on a boom in front of the boat
according to the ‘strip-fishing method’ (Schmutz et al.
2001). Each habitat type (e.g. gravel bars, steep banks,
riffle and runs) was sampled representatively. Fished area
per sample ranged from 480 to 35,000 m? (7,500 m* on
average) and the total area fished was about 38 ha. Channel
width and slope of sampled sites varied from 11 to 100 m,
and 1.4 to 12 m/km, respectively. The observed distribution
and the longitudinal arrangement of fish species are
assumed to be representative of the total observation period.

Scenario period (2027-2049)
Downscaled scenarios of air temperature and precipitation

Today, AOGCMs are the proper tool to utilise when
simulating the climate system’s response to an altered
chemical composition of the atmosphere. Plausible, but not
necessarily likely, future pathways of the atmosphere’s
composition are formulated as IPCC emission scenarios
(IPCC 2001). Their impact on the climatic system is
simulated by AOGCMs, which produce output at grids
with a horizontal spacing of typically some hundred
kilometres. Matulla (2005) used a scenario based on the
IPCC IS92a emission scenario, which is implemented by
the ECHAM4/OPY3 climate model (Roeckner et al. 1996),
to generate scenarios of air temperature and precipitation at
the ALOCLIM-stations. The air temperature scenarios are
further interpolated onto the HZB-stations (Haas 2005).

Methods

The generation of water temperature scenarios consistent
with the IS92a emission scenario is briefly outlined. Based
on observed values, we calibrated a model that estimates
water temperature from air temperature and flow rate. From
Matulla (2005) we have scenarios of air temperature and
precipitation that are consistent with 1S92a, but no flow rate
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scenarios are available. Flow rate scenarios were thus
generated from the air temperature and precipitation
scenarios. The scenarios of air temperature and flow rate
are subsequently used to derive water temperature scenar-
ios. Throughout the whole process we employ multiple
linear regression (MLR) models. The applied approach to
model monthly flow rate may be suboptimal for certain
applications but is sufficient to address the needs of this
study. The water temperature—fish assemblage model, used
to assess the response of the aquatic biocoenosis, takes into
account the long-term average of water temperature only.
This fact reduces the demands on the models considerably.

Modelling of water temperature

Water temperature and flow rate are measured at HZB-
stations and air temperature is interpolated onto the
HZB-stations. This allows the calibration of an MLR for
every station and every month in the seasonal cycle:

Wign(t) = agmAtsm(t) + BS,mFrS,Wl (1) + Vsm T Esm (1 (1)

Wt indicates water temperature; At air temperature; and Fr,
flow rate. «, 3, y are the regression coefficients and they
depend on m (month; 1<m<12) and s (station). This setup
permits the water temperature scenario to depend on the
location of the stations. &;,(?) reflects the part of variability
that is not captured by the MLR model and is assumed to be
normally distributed about mean zero. ¢ stands for the year,
which is between 1976 and 1998 for calibration and between
2027 and 2049 for the water temperature scenarios.

Fig. 2 Evaluation of models’

Although reproduction of the temporal evolution is not a
prerequisite for our application (as mentioned above) it is
still an interesting feature of the model and a coarse
assessment is shown in Fig. 2. The performance shows a
seasonal cycle and is quite reasonable in summer. Calibra-
tion utilised the whole datasets.

Estimating flow rate

The modeling of flow rate is a complex task that
generally requires more information than precipitation
and air temperature. Singh (1995), for instance, provides
a comprehensive compilation of hydrological models.
Since our focus is on the long-term mean of water
temperature rather than on a simulation of temporal
evolution, a simple MLR approach, based on precipitation
and air temperature as described by Eq. 1 can be applied.
As in the case of water temperature, we roughly evaluated
the models’ performance when simulating the temporal
run of flow rate (not shown). We considered the amount
of upstream precipitation for each month as well as any
possible accumulated precipitation from previous months
to account for the accumulation of snow or other storage
effects. February—May temperature sums were used as an
approximate indicator for the progress of snowmelt.
During summer, and at medium and lower reaches,
MLR performance appears reasonable. However, the
performance at stations near the river’s head highlights
the necessity of applying hydrological models rather than
regression models, if temporal evolution of flow rate is
required.

MLR performance in modeling w-tmp from a-tmp and discharge
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Fig. 3 a Scatter diagram of fish zone index (FiZI) versus altitude and
the FiZl-altitude regression model used. b Distribution of the residuals

of the FiZl-altitude regression model

2

Modeling the fish fauna

Fish zone index The process of associating fish assemblages
with the longitudinal structure of running waters often
referred to as ‘fish zones’ has a long tradition (Fritsch
1872). Thienemann (1925) distinguished six fish zones,
ranging from the upper brown trout to the ruffe/flunder
zone. Since then, similar schemes, such as as biocoenotic
regions (Illies and Botosaneanu 1963) and the river
continuum concept (Vannote et al. 1980), have been
developed (see Table 3). Huet (1949) made the first
attempts to describe fish-zones using abiotic descriptors
such as slope and river width. Altitude as a surrogate for
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water temperature has been identified as one of the main
environmental parameters structuring fish assemblages
along the longitudinal continuum (Flebbe et al. 2006;
Pont et al. 2006). Usually, climate change models are
developed for a single species, or cold, cool and warm fish
assemblages (e.g. Eaton and Scheller 1996; Keleher and
Rahel 1996). In order to describe the entire fish assemblage
along the river continuum, and for a broader applicability of
statistical analyses, the nominal fish-zones were transferred
by Schmutz et al. (2000) into a numeric index called Fish
Zone Index (FiZl). Table 3 lists all biocoenotic zones from
crenal (index value 1) to potamal (index value 7). Regarding
Austrian rivers, zones 1 (eucrenal) and 2 (hypocrenal) are
most relevant for benthic organisms (Moog and Wimmer
1994), and zones 3 to 7 (epirhithral to metapotamal) for fish.

The species-specific fish index (Flp) expresses the
preference of a species for a fish zone along a river and is
calculated as follows:

(B3xp3+4xXps+5xps+6xps+7xp7)
100

FI,

7

> pi=100

i=3

For each fish species, the five fish-zones (indices 3 to 7)
are multiplied by their frequency of occurrence. Thus, FI,
ranges from 3 (upper trout zone) to 7 (bream zone). The
index of brown trout, for instance, is 3.8, as it prevails in
the rhithral, whereas the index of pikeperch is 6.7 as it
occurs in the potamal (see Table 3). Each fish zone is
defined by its dominating species and typical accompa-
nying species. The FiZI is based on Flg, and describes
the composition of fish species at a given sampling site:
> (Ngp. xFlp)

FiZl = “‘”T

Ngp is the number of individuals belonging to a species

and Ny the number of all caught fish.

FiZI model Water temperature is one of the main factors

influencing fish distribution (e.g. Welcomme 1985; Shuter
and Post 1990). Highest water temperatures occur

Table 3 Concept of biocoenotic regions, fish-zone and FiZI

Biocoenotic region Fish-zone FiZ1 Code
Eucrenal - 1

Hypocrenal - 2

Epirhithral Upper trout zone 3 ER
Metarhithral Lower trout zone 4 MR
Hyporhithral Grayling zone 5 HR
Epipotamal Barbel zone 6 EP
Metapotamal Bream zone 7 MP
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throughout the summer and hence this period is thought to
largely determine the longitudinal distribution of fish
species (Le Cren 1955). For this reason, we consider only
summer in regards to the impact of climate change on fish
fauna. Analyses (not shown) revealed that spatial
correlation between water temperatures averaged over
1976-1998 at the HZB stations and the FiZI as derived
from electric fishing data is highest during the summer.
Averaged water temperature is available at the HZB stations
but not for any individual fish sampling site. Therefore
altitude is used as a surrogate parameter for long-term mean
water temperature and to assign FiZI to the HZB stations.
In order to exhaust all available fishing data, an MLR
with FiZl as the dependent variable and several abiotic
parameters was calibrated. Abiotic parameters known to
influence spatial fish assemblage structure, such as
altitude [m], distance from source [km], slope [%],
size of catchment [km?], and stream order, are included
(Pont et al. 2006). A stepwise linear regression revealed
that the model based on altitude alone was the most
successful in describing the spatial variability of FiZl (x<
0.001, R*=0.82):

FiZI(z) = ayz + B, )

where z stands for altitude. To test Eq. 2, the observations
are randomly split into a calibration sample and a
validation sample of equal size. oy and (3; are calculated
from the calibration period. In the validation period the
modeled FiZI is compared to the observed FiZI (Fig. 3b).
Modeled and observed FiZl agree and the regression
coefficients are highly significant. Hence, Eq. 2 can be
used to assign FiZI to the HZB stations (see Table 1). A
FiZ1 between 3.5 and 4.5 from 1,000 m to 800 m a.s.l.
indicates the trout zone followed by the transitional zone
between trout and grayling (FiZI=4.5) and the grayling
zone (FiZI=5.0). The barbel zone (FiZI=6.0) is located
around 200 m a.s.l. (Fig. 3a).

To assess the effects of the projected water temperature
scenarios (2027-2049) on FiZl, a linear model relating
altitude to averaged water temperature (1976—1998) is used.
Thereby annual variability is evened out and long-term
effects on long-lived species in the Mur River (e.g. Danube
salmon) are accounted for. Temporal averaging is indicated
by a vertical bar above water temperatures in Eq. 3. To set
up the model, FiZI values at the HZB stations calculated via
Eq. 2 are inserted into Eq. 3.

FiZI(Wt) = caWt.(t) + B, (3)

Once water temperature projections (2027-2049) are
derived, their effect on FiZl is calculated by inserting the
corresponding averages into Eq. 3. Based on observed
summer water temperatures, the water temperature—FiZI
models explain 96% of the spatial variability.
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Results

Figure 4a displays the seasonal cycle of observed (1976—
1998) and projected (2027-2049) precipitation, averaged
over the ALOCLIM-stations. For June and July of each
year, projected totals are larger than observed totals, while
projected amounts are below observations for the rest of the
year. Figure 4b compares and contrasts observed and
projected air temperature.

Figure 5a shows the seasonal cycle of flow rate at
Mureck. Mureck is the HZB-station farthest downstream,
so flow rates at Mureck sum up all upstream effects. Similar
to the precipitation scenarios, reductions in the flow rate
scenario dominate, with exceptions in March and July.
While the latter could be explained by increased precipita-

precip. as observed {1976-98) and simulated {2027-48, 1S92a GHG)
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Fig. 4 a Precipitation averaged over the ALOCLIM-stations. b Air
temperature averaged over the HZB-stations. Solid line Observations,
dashed line local scale 1S92a GHG scenario, filled space scenario
minus observations, thus positive values indicate raised values
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Fig. 5 a Flow rate at HZB-station Mureck. b Water temperature
averaged over the HZB-sites. Solid line Observations (1976-1998),
dashed line local scale 1S92a GHG scenario, filled space scenario minus
observations, thus positive values indicate increasing temperatures

tion sums, the first may indicate an earlier melt off, caused
by increased spring temperatures as featured by the
scenarios (see Fig. 4b). On the basis of the applied
scenarios, the maximum flow rate remains in May. The
maximum could have been expected to also advance into
April. To examine that possibility in more detail, we
analyzed daily flow rate measurements at the HZB-station
Graz together with daily air temperature at a station located
within the Mur-valley (Zeltweg).

Between 1976 and 1998 the flow rate maximum in Graz
occurs at an air temperature of 11.3°C in Zeltweg. If air
temperature increases according to the projections shown in
Fig. 5a, the flow rate maximum would advance more than
1 week, which is below the monthly time scale referred to
here and hence the maximum flow rate remaining in May
appears reasonable. However, the point remains that the
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increased flow rate in mid-summer (as opposed to any other
season) has a greater impact on fish fauna because of its
influence on water temperature.

Figure 5b compares projected and observed water
temperature. As for air temperature, increasing water
temperatures are found throughout the whole seasonal
cycle. Water temperature features little change in April,
which coincides with small changes in air temperature, and
pronounced increases in May, August and November. The
latter increases can be explained by increased air temper-
ature and reduced flow rate in May, pronounced increase in
air temperature in August and November together with no
change and pronounced decreases in flow rate, respectively.
The greatest impact on fish fauna is the significant (x<0.05)
increase in water temperature during summer. The amount of
warming increases slightly from the metarhithral down-
stream to the epipotamal/metapotamal zones (not shown).
The increase is most evident in August, which features the
highest average water temperature. Median values at St.
Michael rise from about 9°C to more than 9.7°C, and at
Mureck from about 16°C to more than 17°C (not shown).

The averaged water temperature scenarios are entered
into Eq. 3. Resulting FiZI values at the HZB sites are
significantly different from the observation period (x<
0.05). The mean increase is 0.22 FiZI units (Fig. 6). To test
if changes in FiZI vary with altitude, a regression model
between changing FiZI values (projected minus observed)
and altitude is set up. The results indicate no trend of FiZI
increase along the altitudinal gradient, which appears
noteworthy since changes in water temperature along the
Mur River increase from headwaters down to lower
reaches. The values of FiZI that deviate from the linear

6,0
50—
Fizl
4,0
304
I 1 I I ]
200 400 600 800 1.000
Altitude [m]

Fig. 6 Evolution of FiZI along the altitude for the observation (black
dots, 1976-1998) and projection (circles, 2027-2049) periods
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model within the trout zone (see Fig. 6 at altitudes of about
1,000 m) for both observations and projections may
indicate nonlinearities.

Discussion

This study assesses the impact of an IPCC emission scenario
on the fish fauna in an Inner Alpine river by comparing the
observed fish assemblage to a scenario assemblage that would
be reasoned by changes in water temperature according to the
1S92a emission scenario. This consistent link from an emission
scenario to aquatic biocoenosis is, in our opinion, a novel
aspect of this study. The modelled response behaviour of
aquatic biocoenosis appears more relevant than if it had been
based on ad hoc assumptions regarding water temperature.

The quantification of the change in fish assemblage
along the Mur River is regarded as the main result. Focus is
placed on summer, when high water temperatures represent
the greatest ecological distress for fish fauna (Isaak and
Hubert 2004). Findings highlight the importance of water
temperature, or altitude as its surrogate, in structuring the
distribution of fish species along the river course. This is in
line with Pont et al. (2006), who identified altitude as one
of the most significant environmental descriptors to
discriminate among fish assemblage types and zonation in
Europe. The applied water temperature—FiZI model does
not require complex modeling of flow rate and water
temperature time series as it evaluates the impact on fish
fauna using the long-term averaged water temperature.

The temporal averaged water temperature scenarios
feature a downstream increasing warming. During summer,
the projected warming is about 0.7°C near the riverhead
and somewhat more than 1°C at lower reaches. This
warming seems compatible with Morrison et al. (2002),
who found for the Fraser River (BC, Canada) and a related
emission scenario a mean increase in summer water
temperature of 1.9°C for the period 2070-2099. The
projected change in summer water temperature causes an
increase of the FiZI by 0.22 units. This translates into a
pronounced elevational shift of about 70 m or, underlying a
slope of 2.6 m/km, an upstream transition fish fauna of
about 27 km. In Wyoming (USA) a 2°C projected increase
in mean July air temperature would result in a 29.1%
reduction in the geographic area containing suitable
salmonids (Keleher and Rahel 1996). A scenario doubling
atmospheric carbon dioxide could cause a 50% loss of cold
and cool water fish habitat across the United States (Eaton
and Scheller 1996). Unlike the water temperature scenario,
the increase in FiZI does not depend on altitude. This
indicates that fish species in the trout zone near the
headwaters are more temperature sensitive than fish species
residing at lower reaches.
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According to this scenario, salmonid species are pushed
upstream and the barbel and bream zone is elongated. The
narrow temperature niche of salmonids makes the signifi-
cant community shift plausible. The temperature range of
brown trout between preferred and lethal conditions is only
a few degrees Celsius (Elliott 1994). Therefore brown trout
will avoid critical water temperatures or experience higher
mortality. Graylings would be greatly affected because
habitat factors such as river width or competition with more
temperature-tolerant species like the rainbow trout are
expected to limit its upward shift (Schmutz 1995).
Consequently, this endangered species would face addi-
tional threats that could cause its extinction. Most European
rivers are fragmented by numerous weirs disrupting the
migratory continuum for fish. Therefore the projected
upward shift of fish assemblage is not possible, resulting
in a general impoverishment of the local fish fauna (Rahel
et al. 1996; Hari et al. 2006) unless interventive measures
are taken. Salmonid rivers are some of the most econom-
ically valuable fishing resources in Austrian waters. A
reduction in the extent or quality of salmonid rivers can be
expected to have significant effects on the economy of
freshwater fisheries.

One field for future research is the description of fish
fauna by water temperature. The current use of linear
univariate models to describe fish fauna’s dependence on
water temperature is likely an over simplification enforced
by the limited sample of fish data. Enlargement of the
sample size by including other rivers could help investigate
the relationship between fish fauna and water temperature
in greater depth. Moreover, other factors besides water
temperature that determine the spatial distribution of fish
species should be considered in future studies. This is
specifically necessary when translating findings to other
rivers. Rahel and Nibbelink (1999), for instance, found that
stream size interacts with mean July air temperature and
influences the distribution of brown trout in streams located
in south-eastern Wyoming (USA). In this latter study, the
habitat of the brown trout was associated with areas
featuring mean air temperatures of 19-22°C in July. Within
this thermal zone, the brown trout was more likely to occur
in large streams (>4 m wetted width) than in small streams.

Another issue that should be addressed in future studies
deals with the number of scenarios used to assess the
impact on fish assemblage and ecosystems in general.
Future assessments ought to be based on more than one
emission scenario and more AOGCM realisations and
downscaling strategies. Results carry more weight when
randomisation is applied at every level of uncertainty (e.g.
Huitson 1966).
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