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Zusammenfassung

1. Promotionsthema

Biologische Erfolgskontrolle des Ausbaus der Klaranlage Langwiese an der Schussen:
Histologische Diagnostik undBiotransformationsleistung bei Forellen, Dobeln und
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Zusammenfassung

3. Einleitung

3.1 Hintergrund der Arbeit

Die QualitdtunsererGewasser isauf Grund eines steigenden Umweltbewusstsginden

letzten Jahrzehnten immer mehr in den Fokus wvaolitiPund Bevolkerung gerickt. @rch

die Installation von Klaranlagekonnte die Gewassergite zunehmend verbessert werden
wodurch beispiaweisein den 1970er Jahrerder in BadenWdurttembergund Teilender
Schweiz und Osterreich gelegene Bodensee vor der Eutrophierung geegtten konnte
Hauptursachéir die Nahrstoffanreicherung im Bodensear ein hoher Eintrag von Phosphat
durch DUnganittelausschwemmungen und kommunale Abwasselche mitFakalien und
Phosphate aus Waschmitteln belastet waren.

Jedochwerden kontinuierlichmmer neuechemische Stoffe entwickeltie ihren Weg in die
Gewasser findenZu diesen Stoffen gehdren Arzneitel und Pestizide, aber auch
Zusatzstoffe, wie SuRstoffe und Weichmacher. Bitrag dieser Substanzen erfolgt zum
einen Uber diffuse Quellemie Abschwemmung von Boden in landwirtschaftlichen Gebieten
(Kanzari et al2015 Vymazalu nd B S e z i), mmevafch @beérIPBnktquellemie zum
BeispielKlaranlagenund Regeniberlaufbeck¢Bueno et al. 203,2Herzog et al. 2019.iu et

al. 2019. Die Eliminierungsraten fur diese neuen Stoffgiieren stark, so werden manche
beinahe vollstdndig, andere hingegen nur in geringem MalRe aus dem Abwasser entfernt
(Eggen et al. 2024.uo et al. 2014Vieno und Sillanpaa 20}4

Durch die Einfihrung der Europaischen Wasserrahmenrichtlinie (WRRL) am 23. Oktober
2000 solte bis Ende R15 eine gute Gewasserqualitat erreicht und erhalten werden. Zudem
sollte die Einleitung gefahrlicheBtoffe in Gewasser schrittweise verringert weraestir die
Mitgliedstaaten unter anderem die besten verfiigbaren Technologien fir die Behandlung von
kommunalem Abwasseeinsetzensollten (EU 200Q. Zunachst sollten die Lander eine
umfassende Bestandsaufnahme der Belastungsfaktoren vornehmen und diese
Gewasserdefizite durch geeignete Monitovieilgahrenbestdigen. Diese Defizite sollten dann

mit Hilfe von MalRnahmenprogrammen im Rahmen von Bewirtschaftungspléanen beseitigt
werden. Wie oben erwdahnt, sollten diese MalRhahmen und die damit einhergehende
Verbesserung der Gewasserqualitat bis Ende 2015 beendgédeah sieht die WRRL eine
begrindete Verlangerungsmaoglichkeit um zweimal sechs Jahre vor. Der Stand in Baden
Wirttembergstellt sich folgendermalf3en dar: i Bestandsaufnahnm& abgeschlossel()

die Entwire der Bewirtschaftungsplane und Maflnahmeg@mmesind verfasst worden,

(3) die Entwurfe sindm Dezember 2015 in Krafjetreten Diese Umsetzung lief als erster

Bewirtschaftungszyklus ab. Zwei weitere Bewirtschaftungszyklen (von 2016 bis 2021 bzw.
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von 2022 bis 2027) sind vorgesehen. In dieseriefywerden die Bewirtschaftungsplane und
Maflinahmenprogrammaufend erganzt und eventuell neu erarbeitet und angepasst.

Viele Klaranlagen verfiigen bereits tber eine dritte Reinigungsdbeispielsweisesinen
Flockungsfilter,wodurchviele Stoffedem Waser besserentzogen werden kénnen als im
zweistufigen Reinigungsverfahre(Ma et al. 200h Allerdings sind, wie oben bereits
erwahnt, die Eliminierungsraten fur neuere Stoffe oft ungentigend. Daher werden neue,
sogenannte vierte Reinigungsstufen, in Betracht gezogen. Darunter versteht man Verfahren
wie Ozonierung, Umkehrosmose, die Bestrahlumg ultraviolettem Licht oder das File

durch granulierte oder pulverisiertektdvkohle (GabetGiraud et al. 2010 In den meisten
Klaranlagen wird die Ozonbehandlung in Kombination mit verschiedenen Sandfiltern
und/oder Aktivkohle favorisiert(Margot et al. 2018 In diversen Studen konnte
nachgewiesen werden, dass durch diese zusatzlichen Reinigungsstufen die Eliminierungsraten
von Stoffen wie Komplexbildner Hormone& und synthetische hormonell@
Verhitungsmittel, Pestizide oder Arzneimittah erhoht werden konnte@Altmann et al.

2014 Coors et al. 20Q4Furuichi et al. 2006 Gulkowska et al. 20Q08Hey et al. 2014
Hollender et al. 20Qalova et al. 2013 ar o g o v § ; Mailleraet al. 2025 Mdrgbtaet

al. 2013 Snyder et al. 20Q7Ternes et al. 2003 Problematisch bei der Ozonierung ist das
Entstehen von Transformamsprodukten(Lajeunesse et al. 2013argot et al. 2013,
weshalb eine nachgeschaltete Filterungn Beispiel in Forneines Sandfiltes, erforderlich

ist (Magdeburg et al. 20}4

Das Projekt, im Rahmen dessen die vorliegende Arbeit erstellt whedgert auf einer
Literaturstudie vonTriebskorn und Hetzenauer (2012per Mikroverunreinigungen in den
Bodenseezuflissen Argen, Schussen und Seefelder Aaehdarin beschriebenéohe
Belastung an der Schussen und deplanteErweiterung der an der Schussen gelegenen
Klaranlage (KA) Langwiese mit einer Akkohlestufe fuhrten zu derldee die aus dem
Ausbau resultierenden Verdnderungender Schussen begleitend zu untersuctwenJahr

2009 wurdenerste Beprobungeman Schussen und Argesurchgefuhrtund 2010 fiel der
Startschuss fur da¥erbundpojekt SchussenAktiv. Dies waauch der Beginn erster
Kooperationen mit anderen Institutiongdefordert wurde SchussenAktiv voltinisterium

fur Umwelt, Klima undEnergiewirtschaft BadeWurttembergsowied er St i ft ung ANa
Umwel t i der L awidtembdrgZweiJalBeaspaeenwurde das Projakt neue
Kooperationspartner und Untersuchungsmethoeleveitert Auch der Projektname erhielt
einen Zusatz Aus SchussenAktiv wurde SchussenAglis Das Ziel dieses

weiterentwickelten Projektes war, esei Klaranlagen (Langwiese, Eriskirch und Merklingen)
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und zwei Regenuberlaufbecken (Ravensburg und Tettnang) hinsichtlich der Effektivitat ihrer
bereits  bestehenden Reinigungsleistung zu Uberprién beziehungsweise die
Reinigungsleistung zusatzlicher Reinigung&aferenzu testa. Der Schwerpunkt lag hierbei

auf dem grol3technischen Ausbau der KA Langwidssi Ravensburgmit einer
PulveraktivkohlestufeSchussenAktiplus wurde vom Bundesministerium fir Bildung und
Forschung (BMBF)i m Rah men der FRisikamanagemeDn \oom mezien A
Schadstoffen und Krankheitserregern im Wasserkreislauf (RiSKWa)s o wi e vom
Umweltministerium, dededele & Partner GmbHier Okonsult GbRder StadtRavensburg,

dem Abwasserzweckverbandariatal und dem Abwasserverbandnteres Schussental
finanziell gefordert und unterstutzt.

Fur die Uberprufung der Effizienz dieses Ausbaus wualdeneuartige Herangehensweise
eine Kombination aus chemischer Analytik, Wirkpotentialtests und Effektjestahlt Eine
solche Kombinationverschiedaer Methodenwurde in friheren Studien nur bedingt
umgesetzt. Einige Studien beschrénkten sich lediglich auf die chemische Analyse von
Oberflachenwsser und AbwasserprobefHeeb et al. 2012Nam et al. 2014 Um Einflisse

auf die Reproduktionsistung von Fischen zu ermitteliiihrten Griffin und Harrahy (2014)
Wirkpotentialtestamit Abwasserprobenurch und verglichen simit tatsachlichen Effekten
nach Kafigexpositionen im Gewassed ar o go Vv 8 e t unteasuchten (0krOgéné b )
Wirkpotentiale in Abwasserproben umdrsuchten Parallelen zahemischen Analytik dieser
Proben zu ziehenUmfassende Untersuchungen unter Zuhilfenahme von chegnisch
Analytik, Wirkpotentiat und Effekttestwurden beispielsweiseszon Zounkova et al. (2014)
hinsichtlich toxischer und endokriner Effekimter Verwendung zellbasierter Reportergen
Assays und-reilandexpositionen mit der Zwergdeckelschnecke durchgefdlagdeburg et

al. (2014)kombiniertenEffekte in Fischen mibakteriellen Wirkptentialtest undchemischer
Analytik, um genotoxische Wirkungen herauszufilteie Anwendbarkeit und den Nutzen
dieses Untersuchungsansatzesstehendaus chemischer Analytik, Wirkpotentialund
Effekttest habenTriebskorn et al. (2003pereits in ihrer Studie Uber Embryotoxizitat und
endokrine Disruption gezeigt. Der Grundgedanke dieses kombinierten Ansaiges
vorhandene endokrine und toxiscWérkpotentiale in Abwasser Oberflachenwasseund
Salimenproben zu bestimmen und mit den entsprechenden Effekten in Fischen zu
vergleichen. Mit Hilfe der chemischen Analytik kénnen die hierfir verantwortlichen
Substanzen identifiziert werden. Ein wichtiger Vortigser methodischen Kombinatiast,

dass Wirkpotentiat und Effekttests die Wirkungen von Stoffen, die unter der
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Bestimmungsgrenze der chemischen Analytik liegen, sowie von Mischungstoxizitaten,
abbilden kdnnen.

Zur Untersuchung endokriner und toxischer Wirkpotentiale und Eftekteen verschigene
Biomarker und Biotests herangezogen werdstarkert 2007. Innerhalb der Biomarker
unterscheidet mamwischenExpositionsmarkemund Effektmarker Bei ersteren kanman
Ruckschliisse auf die Exposition und die zu verursachende Substanz ziehen, letztere sind
unspezifisch undassen keine eindeutigen Aussagen uber die jeweiligen Ausl6g&ilns

und Hogberg 2011 Die im Rahmen dieser Arbeit durchgefiihrten Untersuchungen kénne
beiden Gruppen zugeordnet werden.

Zu den Expositionsmarkern zahlt ditivitat des Enzyms CYP1Al, welche ilBROD-
Assay gemessenwird. Auf Grund ihrer koplanaren Struktur kdnnen iakin-&hnliche
Substanzenndandere strukturell ahnliche Verbindungeamden ARRezeptobinden(Whyte

et al. 2000, wodurchdie Aktivitat des Enzyms, welches zur Cytochr@db0Familie gehort
(Hilscherova et al. 20Q2erhohtwird. Die Enzyme dieser Familie spielen eine wichtige Rolle
bei der Detoxifikation xenobiotisch&toffe, wie etwa polychlorierteBiphenyle (PCBspder
polyzyklische aromatischeKohlenwasserstoffe (PAKgAndersson und Foérlin 1992réns
2015 Sanderson et al. 1998Vhyte et al. 2000 In Fischen, die irunbelastetemWasser
gehalten werdensind de CYP1AEnzyne oft nicht nachweisbar, jedoch erhoht sich die
Aktivitat nach Exposition gegenibden genannten Substanz@&tegeman und Lech 1991
Diese erhdhte Aktivitéist eine katalytische Messung, welche im Rahmesn ERODBAssays
erfolgt (Behnisch et al. 20QMWhyte et al. 2000 Andere Stoff&kdnneneinen Enfluss auf die
EROD-Aktivitat nehmen so etwa Arzneimittel, OstrogenS§chwermetalleoder Substanzen

wie ThiabendazolCarbaryl, Nikotin oder Koffein(Aix et al. 1994 Andersson et al. 2007
George und Young 198&oasduff et al. 199650ksayr et al. 1994ba et al. 1998Laville et

al. 2004 Ledirac et al. 1997RodriguezAriza et al. 1994 Dieser Umstand h@doch keinen
Einflussdarauf, dass diBestimmung deEROD-Induktionals Expositionsmarkeangesehen
wird (Whyte et al. 2000

Als Effektmarker dienen Organeelchehistologisch auf Veranderungen oder Schaden h
untersucht werden, da die VerdnderungenGewebe durch verschiedene Stoffe verursacht
werden konnen.Die Leber ist das zentrale Organ des Metabolismus und spielt eine
entscheidende Rolle bei der Biotransformation und Exkretion xenobiotischer Stoffe
(Braunbeck 1998Kdhler 1990. Sie istsomit verantwortlich fur die Detoxifikation und daher
ein Zielorgan fur verschiedene Schadstoffe wie PCBs, Pestizide und Schwer\iBztale

und Anadon 1996 Veranderungen, die in der Leber auftreten kénnen, reichen von
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verkleinerten Zellemit einem reduzierten Glykogengehalt Uber dilatierte Blutkapillaren und
Interzellularen, Vakuolisierungen, Cloudy Swellignschwellen der Zelleund wolkiges
Aussehemmit eingelagerten GranylaMakrophagenaggregationen und Entzirggumbis hin

zu Nekrosen. Verschiedene Stoffe konnten als Ausléser solcher Verschlechterungen
identifiziert werden. Darunter befinden sich Arzneimittel wie Diclofenac, Carbamazepin,
Metoprolol und ClofibrinsauréTriebskorn et al. 20Q7 SchwermetalléAhmed et al. 2013
Mishra und Mohanty 20Q8oder perfluorierte Tensidé€Giari et al. 201k Viele Studien
wiesendie Symptome auch generell bei Fischen laelasteterGewassermach(Bucher und

Hofer 1993 Johnsen et al. 199&chmidtPosthaus et al. 200%chwaiger 2001Schwaiger et

al. 1997 Triebskorn et al. 2002Triebskorn et al. 1997 ohne die Ursachen genauer
definieren zu kdnnen Neben der Leber spielt auch die Nienaeewichtige Rolle beim
Metabolismus und der Exkretion vieler SubstanZ&ernhofer et al. 200). Typische
Schadbilder sind dilatierte  Tubuli, ein reduziertes hamatopoetisches Gewebe,
Vakuolisierungen und hyalintropfige Proteinspeicherungen, Makrophagen, eine Schrumpfung
des Glomeruluswodurch der Bowman'sche Raum erweitert winthd Nekrosen. Diese
Veranderungen traten nach Expositionen gegenuber Arzneinm(iBether und Hofer 1993
Schwaiger et al. 2004Triebskorn et al. 20Q4Triebskorn et al. 20Q7und Schwermetallen
(Mishra und Mohanty 20Q&uf, aber auch bei Fischen éwsasteterFlissen(Gernhofer et

al. 2001 Schwaiger 2001Schwaiger et al. 1997Auch de Kieme, welche standig in Kontakt

mit dem umgebenden Wasser und den darin enthaltenen Stofferbetatat,die Fahigkeit
verschiedene Substzen zu metabolisieren umd exkretieren(Olson 2002 In den Kiemen
kénnen Schadstoffe Hypertrophi@ und Hyperplasie von Pflaster und Chloridzellen
verursachenwelchezu einer Fusion der Sekundarlamellen fihrénren Somit entsteht ein
TradeOff zwischen Sauerstoffaufnahme und der Aufnahme schadigender Substanzen.
Weiterhin kdnnen eine erhdhte Anzahl an Schleimaglipithel Lifting, Aneurismen und
Nekrosen auftreten. Auch hier sind die Hauptverursacher Arzneir(ltelher und Hofer
1993 Pratapund Wendelaar Bonga 199%chwaiger 2001 Triebskorn et al. 20Q7und
SchwermetalldAhmed et al. 201,3Evans 1987 Griffitt et al. 2007 Martinez et al. 2004
Mazon et al. 2002Mishra und Mohanty 20Q8Pelgrom et al. 1995Tao et al. 2000
Triebskorn et al. 20Q8varanasi undMarkey 1978 sowie belastete€GewassefGernhofer et

al. 2001 SchmidtPosthaus et al. 200Bchmidt et al. 1999Schwaiger et al. 1997Alle
aufgezahlten Organe haben die Fahigkeit, sich von Schadigungen zu ¢@ereindfer et al.
200)). Verschiedenste Studien haben gezeigt, dassdsgcchben beschriebenen Fischorgane

sehr gut fir die Beurteilungvon Gewasserbelastuag anhand histopathologischer
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Untersuchungeeignen(Camargo und Martinez 200Gernhéfer et al. 2005chwaiger et al.
1997).

Neben der Beurteillh der Schadstoffbelastung kann die Untersuchung ausgewahlter
Fischorgane aucAussagerzum Reifezustand der FisckemdéglichenDies kann zum einen
anhand de&onadosomatiscindndexes erfolgen, welchalsVergleichsgroRelas Verhaltnis
zwischen Gonadengewicht und dem gesamten Korpergewietergibt(Wagle 201%. Der
Reifezustandlasst sich zum anderen abeuch Uber die histologische Betrachtuner d
Gonadenermitteln. Beide Methoden sind abhéngig von der Laichzeit der T{EreQuinn
1989.

In den Projekten SchussenAktiv und Schussenpkis wurden weitere Biotests und
Biomarker eingesetzt, welche von verschiedenen Kooperationspartnern oder Kollegen der
Universitat Tubingen durchgefihrt und in den in dieser Arbeit enthaltBodfikationen
vertffentlicht wurden. Darunter fallen verschiedemelakrine und toxische Wirkpotential

und Effekttests: (1) rezeptorbasierter Reporteiyesayund auf Zellproliferation basierender
E-Screen (Wirkpotentialtests fur endokrine Wirkungen), (2) Reproduktionstest mit der
Zwergdeckelschnecke Potamopyrgus antiptarum (Wirkpotentialtest fir endokrine
Wirkungen), (3) VitellogenirAssay (Effekttest fur endokrine Wirkungen)(4) SOS
Chromotest (Wirkpotentialtest fiir genotoxische Wirkungen), (5) Mikrokerntest (Effekttest fur
genotoxische Wirkungen), (6) Embryotest mdem Zebrabarbling Danio rerio
(Wirkpotentialtest fur entwicklungstoxische Wirkungen), (7) Embryotest FRuotellen
(Effekttest fur entwicklungstoxische Wirkungen), (8) StresspreAaialyséHsp70Protein
(Effekttest fur proteotoxische Wirkungen), (9) GlgemAnalyse (Effekttest fur
gewebéoxische Wirkungen).

Um mit Hilfe desGesundheitszustaadon Fischenwelcher Thema dieser Arbeit iginen
Eindruck Uber die 6kotoxikologischgituation von Gewasserou erhaltenbestehen zwei
Moglichkeiten: 1) das passive Monitoring und 2) das aktive Monitoring. Unter passivem
Monitoring versteht man das Entnehmen einheimischer Fische direkt aus dem Gewasser,
beim aktiven Monitoring werden Fische gegentber éatsprechenden Gegserexponiert,

etwa in Bypassinlagen oder in Kéafigen, die in das Gewasser eingelassen w@daret et

al. 2009. Beide Metloden haben ihre Veund Nachteile.

Die Vorteile beim passiven Monitoringsind der fehlende Halterungsstresewie die
Untersuchungeinheimische Fische, die bereits ihr ganzes Lebam Untersuchungsort
verbracht habenwas einerLangzeitexpositionentspricht Darin besteht jedoch auch ein

Nachteil, da die Vorgeschichte der gefangenen Tmmht bekannt istund sich ein
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Ruckschluss auf einzelne Faktorelurch das Erfassen aller Stressoremin{ Beispiel
Temperatur, Wasserstand, Schadstoffe) schwgggjaltet Zudemkann die Verteilung des
Alters und des Geschlechteserhalb der nativen Fischpopulationsghr variabesein was

sich ineing zu geringa Anzahl an Tieren flir eine statistische Auswertangern kanrDie
Probenahmen im Freiland sind zudem witterungsabhéngig und wiederholte Befischungen
konnen zu einer Verminderung des naturlichen Fischbestandes beitragen.

Dahingegen bietet daaktive Monitoring die Mdglichkejt eine ausreichende Anzahl an
Fischen gleichen Alters und, falls gewlnscht, eines bestimmten Geschlechtes einzusetzen.
Zudem konnendie Dauer der Exposition selbst bestimmt wtlid Halterungsbdingungen
standardisiertwerden Auch sind dirch den Aufwuchger Tierein einer Fischzuchter
Lebenslatiund der Gesundheitszustand bekannt. Jedoch handelt es sich meist um Tiere, die
nicht oder nur selten natirlicherweise im Gewasser vorkomriéeiterhin kann ein
Halterungsstress entstehen der einen Einfluss auf die Ergebnisse mancher
Untersuchungsparameter haben kahimzu kommt, dassdnvestition und Wartungmit
hoheren Kosten und einem hoheren Aufwand verbusdeh zudem muss zum Beispiel fur

eine BypassStation ein geeigneter Stantigefunden werden.

Die @kologische Relevanist beim passiven Monitorinhéher wahrend beim aktiven
Monitoring eher ein Ursach¢/irkungsZusammenhang erarbeiteerden kann. Umgekehrt

ist Letzteresim passiven Monitoring schwer zerzielen wahrend das aike Monitoring

wiederumnur eine geringe 6kologische Relevanz besitzt.

3.2 Durchgefuhrte Studien

Durch cen kombinierten Einsatz varhemischer AnalytikWirkpotentialtests und Effekttests
wurde in der vorliegenden Arbeit ein umfassendes Bild der Belastungssituation der Schussen,
einem Bodenseezufluss, vor und nach dem Ausbau der gréf3ten dort angesiedelten Klaranlage
(Langwiese) mit einePulveraktivkohlestufeintersucht. Vor dem Einbadesselberwerfligte

die Klaranlage bereits tber eine dritte Reinigungsstufe in Form eines Flockungsfilters.

Fur diese Untersuchung wurdem Gesamtprojektan drei Stellen an der Schussen (zwei
Stellen ober und eine untdralb der KA Langwiese) und einer Stelle an der Argen (ein
weiterer Bodenseezufluss der durch seine vergleichsweise geringe Belastualg
Referenzgewassedientg Oberflachenwsser, Sediment undir die vorlegende Arbeit
relevant, Fische (Do6bel und Schider) entnommenZudem wurdenUntersuchungen mit
Abwasserprobenler KA Langwiesedurchgefiihrt Neben der Entnahme der Fische an den

oben genannten Probestellen (passives Monitoeniglgte ein aktives MonitoringHierbei
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wurden Regenbogenforellen 8chwmmkafigen direkt in der Schussen oband unterhalb

des Ablaufs der KA Langwiese exponiert.Des Weiteren wurden Bach und
Regenbogenforellen in zwei Bypa&slagen,je eine an Schussen und Argen, gehalten. Es
wurden verschiedeneMethoden angeandt um toxische (lioxin-ahnliche Toxizitét,
Genotoxizitat, EmbryotoxizitatGewebéoxizitdt und Proteotoxizitat) und endokrine (anti
/6strogene und anfandrogeneyVirkungennachzuweisenDabei konnten verschiedene, unter
Verwendung der Abwassetr, Oberflachenwasserund Sedimemroben durchgefihrte,
Wirkpotentialtests mit entsprechenden Effekttests in Fischen kombiniert wérd&ahmen
chemischanaltischer Untersuchungewurden zudemdie Abwasser, Oberflachenwasser
Sedimert und Fisclproben hinsichtlich 168 verschiedener Substanzen, wie etwa
Arzneimitteln, Sbwermetallen, Flammschutzmittel Pestiziden, endokrinwirksamen
Substanzemind vielen weiteren getestet Physikochemische und limnochemische Parameter
wie Wasser und Lufttemperatur, pHVert, Leitfahigkeit, Sauerstoffgehalt und
Sauerstoffsattigung, Karboratind Gesamthéarte sowie die Konzentrationen von Chlorid,
Nitrit,  Nitrat, Ammonium und orthd’hosphat wurden vor Ort in den
Oberflachenwasserproben der Freilandstellen gemeBsese Vidzahl an Untersuchungen
wurde mit Hilfediverse Kooperationspartner umgesetgtir die vorliegende Arbeit relevant
sind der ERODAssay fur dioxin-dhnliche Wirkungen, die Histopathologie fur
gewebéoxische Wirkungen sowie die Histologie der Gonade undGemadosomatische
Index fur endokrine Wirkungemiese Untersuchungen sollen mégliche Effekte bei Fischen
herausstellen.

Die Freilandprobenahmen erfolgten vor déwmsbau der KA Langwiese von 20 bis 2012
jeweils von Mai bis Oktober (drei bis viernmado Jahr). Nach dem Ausbau der Klaranlaige (
September 2013) wurden 2014 im Mai und Juli Proben enthommen. Die Expositionen der
Forellen im Rahmen des aktiven Monitorings fanden im Winter 2012/2013 vor dem Ausbau
und im Winter 2013/2014 nach dem Ausbau statt

Neben deser Begleitstudie zumAusbau der KA Langwiese wurde in einer zweiten
Klaranlage (KA Eriskirch), welche ebenfalils die Schusserinleitetund mit eing dritten
Reinigungsstufe Rlockungsfilte) ausgestattet isteine Modellanlage mit Ozoniergn
Sandfilter und granulierter Aktivkohlefilterung untersuctdm die Auswirkungen des
Abwassers unterschiedlicher Reinigungsstufen auf Regenbogenforellen zu untersuchen,
wurden hierfiir zwei Durchflussaquarien installieBtabei erhielt das erste Beckehwasser

des reguléaren Klaranlagenablaufs nach Flockungsfilter und das zweite Becken das Abwasser

nach der Modellanlage. Es wurden im Laufe dieser Studie zwei Expesitiont
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Regenbogenforelledurchgefihrt, welche im Winter 2012/2013 und im Winter 2018420
stattfandenWahrend der Freilandprobenahmen wurdereiag Probestelle an der Schussen,
etwa 40 m unterhalb der KA Eriskirc@perflachenwasser und Sedimermrobenentnommen
durch welche die Belastung des Gewassers durch den regularen Klarankagenedstimmt
werden konnteEine Fischentnahme erfolgte nicliia nicht mit Sicherheit ausgeschlossen
werden konnte, dass die Fische aus dem Bodensee in die Schugssvanderivaren Mit
den Abwasser Oberflachenwsset, Sediment und Fischproben wurde die gleichen
Untersuchungen durchgefiihdie auchfir die Betrachtung der KA Langwiesangewandt

wurden

3.3 Zielsetzung
Ziel dieser Studie war es, die Effektivitat zusatzlicher Reinigungsstufen hinsichtlich der
Elimination von toxisch und endokriwirksamenSubstanzersowie den entsprechenden

Effektenzu untersuchen. Dabei waren folgende Punkte wichtig:

1 Konnte mit Hilfe der chemischen Analytik eine Reduzierung toxischer und endokriner
Substanzen in Abwasser, Oberflachenwasser, Sediment und Fisathgewiesen
werden?

1 Konnten die toxischen und endokrinenVirkpotentiale von Abwasser,
Oberflachenwasser und Sediment vermindert werden?

Konnten die toxischen und endokrinen Effekte in Fischen vermindert werden?
Konnten Ubereinstimmungen zwischeéwirkpotentiat und Effekttest gefunden
werden?

1 Konnte die chemische Analytik die Ergebnisse Wirkpotentiat und Effekttest
untermauern?

1 Konnte eine Verbesserung hinsichtlich der Belastungssituation festgestellt werden?

4. Material und Methoden

4.1 Gewasser

In der vorliegenden Arbeit die im Rahmen der Projekte SchussenAktiv und
SchussenAktiplus angefertigt wurde erfolgte die Untersuchung vomwei verschiedeme
Gewassear. Die Schussen, als recht stark belastetes Gewasser, wufd&rund einer
maoglichen Vebesserungder Gewasserqualitadurch einen Klaranlagenausbaewahls
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wahrend die Argemurch ihre geringer8elastung als Referenzgewésser didnitgebskorn

und Hetzenauer 20).2

4.1.1 Die Schussen

Der Ursprung der Schussen liegt in der NaheBad Schussenrieid einer Hohe vorb77 m

0. NN undsiemundet nach einer Strecke vamd 60km und einem Hohenverlust vad82m

bei Eriskirchin den Bodense@ . UBW 2008) Die Schussen zahlt zum Gewassertyp 3, den
AJungmor hneéed?2chlepenvorl andesH ( LAWORte2 00 3)
Bodenseezuflussler ausschlieBlicldurch BadeANlrttemberg flieRtDas Einzugsgebiet der
Schussen umfasst 815 km2 und gilt bei einer Einwohnerzahl voa@Menschen und einer
Siedlungsflache von 11 % als dicht besie@aitBW 2008) Die Niederschlagam Gebiet der
Schussen betrager0® bis 1200 mm/Jahr, was zu einenittleren Abfluss von 15 m3/s

fuhrt, und somit zu einer geringen Verdinnung von Klarank@geasser Zwanzig
Klaranlagen liegen im Einzugsgebiet der Schussen, welche Abwasser von tber 99 % der
Einwohner reinigen.Hinzu kommen 118 Regenuberlaufbeckdas Abwasser umfasst
hauptséchlich hausliche Abegger. Bei Mochenwangepefandsich eine Papierfabrikgie

zum Endedes Jahre2015 geschlossen wurd@nsonstersind dieMengen an industriellen
Abwaéssen gering Direkt an die Schussen sind fuKfaranlagen ageschlossenDurch die

hohe Anzahl an Kl&ranlageneinleitungen und die grof3e Einwohnerzahl im Einzugsgebiet

weist die Schussen eine starke Belastung durch Spurenstofted iV 2008)

4.1.2 Die Argen

Die Argenist zu Beginnin die Obere undlie Untere Argeraufgeteilt Nahe Oberstaufen bei

790 m U. NNverbinden sich die Bache Schwarzenbach, Moosmuhlbadder Seelesgraben

zur OberenArgen, welche eine FlieRstrecke von 28 km aufwedisir die Untere Argen
flieBen die Bache Stixnerbach und B&lach nahe Missen bei 850 m 0. NN zusammen. Die
Untere Argen umfasst eine Flie3strecke von 55 Rei. Goppertsweilebildet sich aus der
Unteren und der Oberen Argen die Vereinigte Argen. Nach einer Lange von 23,4 km mundet
sie bei Langenargen in einer HHtion 400 m 4. NN in den Bodensé&ge Argen gehort, wie

die Schussen, zum Gewéassertypdd ungmor @2nenb2che des Al penvor
Die Niederschlagsmenge i651 km2 groRen Einzugshietder Argen betragt 800 bis 1800
mm/Jahr Dadurch erreicht didrgen einenmittleren Abfluss vonl8,8 m¥s, welcher somit

trotz kleineren Einzugsgebietioppeltso grof3ist als der Abfluss delSchusser{RP 2005)

Durch die hohe Abflussrate kommt es zu einer starkeren Verdundesgingeleiteta
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Abwasses, was zueiner geringeren Belastung mit Spurenstoffen beitragt. Zudem weist die
Argen im Vergleich zur Schusseweniger Klaranlageneinleitungen und eine geriager
Einwohnerzahl im Einzugsgebiet auim badenwurttembergischerGebiet liegen an der
Argen neun Klaranlagenund 45 Regenuberlaufbecken (personliche Mitteilung von Frau
Raddatz, LUBW)

4.2 Testorganismen

4.2.1 Dobel

Der Dobel [euciscus cephalus Linnaeus 1758 gehort zur Familie der Cyprinidae
(Karpfenfische)und zeichnet sich durch seine grof3en dodkel gerédnderten Schuppen aus
(Abbildung 1). Sein Verbreitungsgebiet umfasst ganz Europa mit Ausnahme von Schottland,
Irland und Teilen Skandinaviens. Zudem findet man ihn in Russland, Armenien, Georgien,
der Turkei und dem Iran. Vorzugsweise halt eh sit stark stromenden Bachen und Flissen

in Oberflachennahe auf. Dobel erreichen eine Grol3e vé&s030n ein Gewicht von maximal

5 kg und sie kbnnen bis zu 20 Jahalt werden. Die Laichzeit ist von April bis Juni, dabei
legen Weibchen bis zu 150 000 Eier. Als Jungfisch ernadhrt sich der Débel von Larven,
Nymphen, Pflanzen und Anflugnahrung. Adulte Débel sind Rauber und ernéhren sich von
kleinen Fischen, Amphibien un&/irmern, jedoch gehdren auch beispielsweise Friichte zur
Nahrung dieser Allesfresser.

\\\\\\\\\\

el

Abbildung 1. Dobell(euciscus cephalyisAbbildung: Peter Rey.
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4.2.2 Schneider

Ebenfalls zur Familie der Cyprinidae gehért der Schneidilru(noides bipunctatysBloch
1782).Charakteristisch und auch namensgebend sind die zwei gepunkteten Reihen, die seine
Seitenlinie saumen und an eine Schneidernaht erinnern (Abbildung 2). Schneider findet man
in Ost und Mitteleuropa bis einschlie3lich demdrdlichen Teil der Trkei. In Nordeuropa
sudlich der Alpen und der Pyrenden sowie in Skandinavien, Danemark und Grol3britannien
kommt er nicht vor. Er lebt in Bodenn&he und bendtigt einen hohen Sauerstoffgehalt, daher
bevorzugt er klare und schnell flieRende Gewésser. Dierlsgpanne des Schneiders betragt
nur etwa 24 Jahre.Seine Gro3e liegt bei 42 cm und das Gewicht bei etwa 40 g. Die
Weibchen dieser kleinen Fischart konnen wahrend der Laichzeit von Mai bis Juni ungefahr
200 Eier ablegen. Die Nahrung des Schneiders Bladkton, bodenlebende Wirbellose und
Anflugnahrung.

Abbildung 2 SchneideAlburnoides bipunctatysAbbildung: Peter Rey.

4.2.3 Bachforelle

Zu einer anderen Fischfamilie, den Salmoniflzechsfische) gehort dieBachforelle Galmo
trutta f. fario, Linnaeus 1758 Zu erkennen ist sie an den roten Flecken mit einem hellen
Rand, die an ihrem Bauch zu finden s{Adbildung 3). Sowohl in fast ganz Europa als auch

in anderen Landern, wie Afghanistan, Iran, Libanon, Kanada, Argentinien, ChileuSdid
Odafrika sowie den USA, tritt diese Art auf. Sie fehlt in Noerdund Zentralasien,
Griechenland sowie auf Sizilien, Sardinien und Korsika. Die Bachforelle besiedelt kihle,
klare, schnell flieBende und sauerstoffreiche Gewdasser und ist ein Uberaus stardorttre
Fisch. Im Durchschnitt wiegt die Bachforelle 2800 g misst eine Lange von 286 cmund

kann bis zu 18 Jahre alt werddachforellen laichen von Oktober bis Januar mit etwa 1000
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1500 Eiern pro Weibchen. lhre Nahrung umfasst Insektenlarven und aduée Formen

sowieFlohkrebsaind kleine Fische.

Abbildung 3. BachforelleSalmo truttaf. fario). Abbildung: Peter Rey.

4.2.4 Regenbogenforelle

Die Regenbogenforell@Oncorhynchusmykiss Walbaum 1792 gehdrt wie die Bachforelle

zur Familie derSalmonidae. Im Gegensatz zur Bachforelle besitzt die Regenbogenforelle nur
schwarze Punkte (Abbildung 4). Sie stammt urspriinglich aus Nordamnjed&ah findet man

sie inzwischen auf allen Kontinenten, mit Ausnahme der Antarktis. Die Verbreitung erfolgte
auf Grund ihrer hervorragenden Zuchteigenschaften. Regenbogenforellen favgrisieren

die Bachforelle Gewéasser mit niedrigen Wassertemperaturen und einem hohen
Sauerstoffgehalt. Allerdings kdnnen sie kurzzeitig auch Temperaturen bis 27 °C vertragen.
Anders als die Bachforelle ist die Regenbogenforelle jedoch nicht standorttreu. Bei einem
maximalen Alter von 11 Jahren wird die Regenbogenforelle im Durchschri® 85 grol

und 1 kg schwer. Die Laichzeit geht von November bis Mai, wobei die Weibche?5500

Eier ablegen. Regenbogenforellen erndhren sich von Insekiehkrebsen Wirmern
Schnecken,kleinen Amphibien und FischerLaut Paragraph 8 Absatz 1 Satz 3 der
Landesfischereiverordnun@.FischVO 1998 ist das Aussetzen von Regenbogenforellen in
die Zuflisse des Bodens@bersees verboten. Schussen und Anggmden beide in den
Obersee
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Abbildung 4. Regenbogenforell®tcorhynchusnykis3. Abbildung: Peter Rey.

4.3 Untersuchungsgebiet

Diese Studieumfasste die beiden Bodenseezuflisse Schussen und Argen (Abbildiimg 5
Koordinaten siehe Tabelle).1Die in der Arbeit untersuchteKlaranlagenLangwiese und
Eriskirchleitenihr Abwasseiin die Schussemin. Die KA Langwiese (Abbildung)ebefindet

sich in der Nahe von Ravebsrg, wahrend die KA Eriskirch bei Eriskirch an der
Schussenminduriggt.

An der Schussewurden Untersuchungen arer Probestellerdurchgefuhrt Probestelle Ost

bei Weilenau, oberhalb des Regeniberlaufbeckens Mariatal, wahrend Probestelle 1 etwa
100m weiter unterhalb dieses Regeniberlaufbeckens Beide Probestellebefinden sich
jedoch oberhalb der KA Langwiese. Bereits 15 km unterltldb KA Langwiese bei
Oberbaumgartenliegt Probestelle 3 Probestelle 6 ist bei Eriskirch nahe der
Schussenmindung, etwa 40 m unterhalb der KA Eriskirch. An der Unteren Argen bei
Rehmen, befindet sich die Probestelle 4. DieArgen diente in dieser Studieals
Referenzgewasser.

Zusétzlich zu den Freilandstellen wurden an Schussen und Amgfensuchungen aBypass
Systema durchgefiihrt Die BypassStation an der Schussen liegt 10 km unterhalb der KA
Langwiese und die Bypasitation an der Argen befindet siah der Vereinigten Arge kurz
unterhalbdes Zusammenflusssvon Unterer und Oberer Argen
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nigte Ar9en
. . Bypass

Abbildung 5. Lage der Klaranlagen Langwiese und Eriskirch, der beiden B$patisren an Schussen und

Verel

Bodensee M . wm

Argen und deFreilandprobestellen. Abbildung: Rita Triebskdleicht abgeéndert)

Tabellel. Koordinaten deKlaranlagen Langwiese und Eriskirch, der beiden By&tatioren an Schussen und

Argen und deFreilandprobestellen.

Standort Koordinaten

KA Langwiese N47°44'53.22", E9°3385.49"
KA Eriskirch N47°37'11.7", E9°31'55.5"
Probestelle 0 N47°45'31.7", E9°35'21.3"
Probestelle 1 N47°45'27.8", E9°35'25.1"
Probestelle 3 N47°39'16.09", E9°353.35"
Probestelle 4 N47°44'20.46", E9°582.78"
Probestelle 6 N47°37'04.7, E9°31'50.7"
SchusseiBypass N47°40'44.00", E9°324.77"
ArgenBypass N47°3911.21", E9°4430.80"
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Abbildung 6 Klaranlage Langwiese, AZW Mariatal.

4.4 Passives Monitoring

Von Mai bis Oktober(20102012 und 2014)fanden die Probenaten im Freiland statt
(Tabelle 3. Schneider und Ddbel wurden hier mittels Elektrobefischung gefangen. Des
Weiteren wurden Sedimentind Oberflachenwasserproberentnommen An Probestelle 6
(nahe der Schussenmiindung unterhalb Eriskinaifdenkeine Fische gefangen, weil nicht

eindeutig zuzardnen ist, ob die Fische aus der Schussen oder dem Bodensee stammen.

Tabelle 2 Probenahmen im Rahmen des passiven Monitorikfys: Klaranlage

Vor dem Ausbau der KA Langwiese | 2010 Juni, August un@ktober
2011 Mai, Juli, September und Oktober
2012 Mai, Juli und Oktober

Nach dem Ausbau der KA Langwiese 2014 Mai und Juli
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4.5 Aktives Monitoring
Ein aktives Monitoring fand in den beiden aufeinanderfolgenden Wiirg@t2/2013 und
2013/2014 statt (Tabel®.

Tabelle3. Expositionen im Rahmen des aktiven Monitoringa.= Klaranlage.

Winter Laborkontrolle 15. November 2012 70 Tage Haltung
2012/2013 | (Negativkontrolle) bis
24. Januar 2013
Positivkontrolle fur 9. bzw. 25.April 2013 3 bzw. 5 Tage
dioxin-ahnliche Effekte | bis Exposition
12.bzw. 30.April 2013
Exposition in Kéafigen 15. November 2012 63 Tage Expositior]
(KA Langwiesg bis
17. Januar 2013
Exposition in 15. November 2012 91 Tage Expositior
Bypéassen bis
14.Februar 2013
Expositionin Aquarien | 6. Februar 2013 43 Tage Expositior|
(KA Eriskirch) bis
21. Marz 2013
Winter Kontrolle vom Zichter | 29. Januar 2014 0 Tage Haltung
2013/2014 | (Negativkontrolle)

Positivkontrolle fir

dioxin-ahnlicheEffekte

29. Januar 2014
bis
1. Februar 2014

3 Tage Exposition

Exposition in Kafigen
(KA Langwiesg

2. Dezember 2013
bis
4. Februar 2014

64 Tage Expositior

Exposition in

Bypassen

2. Dezember 2013
bis
12. Méarz 2014

100 Tage

Exposition

Expositionin Aquarien
(KA Eriskirch)

2. Dezember 2013
bis
13. Februar 2013

73 Tage Expositior]
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Die KA Langwiese gehort zum Abwasserzweckverband (AZV) Marid&alvensburgSie
reinigt Abwasser entsprecherd000 Einwohnergleichwente (EGW). Diese Klaranlage
verfugteim Winter 2012/2013 bereits Uber einen Flockungsf{i&andfilter) welcher als eine
dritte Reinigungsstufe in der Abwasserbehandlung angesehen wird. Seit September 2013
besitzt die KA Langwiesalsvierte ReinigungsstufeinePulveraktivkohlestufe

In die Schussen wurden zwExpositionskfige eingebrachtin denenvor und nach Ausbau
der KlaranlageRegenbognforellenfiir 63 bzw. 64 Tagexponiert wurdenym den Abfluss
der Klaranlage bewerten zu koénnen (Abbildung Auf Grund der &ahnlich langen
Expositiongeitraumewaren diebeiden Expositionemergleichbar Der erste Kafig wurde ca.
200 m oberhalb deKlaranlageneinleitersler KA Langwiesein den Fluss eindwacht
(Koordinaten: N47°44'51.2", E9°34'16.6")und der zweite auf HOhe des Ablaufs
(Koordinaten:N47°44'45.3", E9°34'11.0"Wichtig beider Ausbringung desweiten Kafig
war, dass eine ausreichenBauerstoffersorgung deForellengewahrleistet werden konnte.
Daher wurde der Kafig nicht direkt im Ablauf platziesbndern so, daster Klaranlagen

Ablauf zur Halfte mit reinem Flusswasser durchmischt wurde.

Abbildung 7 Kéafigexposition an der KA Langwiese

In den beiden Bypassen an der Schussen und der Argen wurden Badh
Regenbogenforellen fir 9QWVinter 2012/2013und 100 Tage(Winter 2013/2014kxponiert
(Abbildung 8 um die Effektivitat der neuen Reinigungsstufe zu beurtellendie Schussen
Station unterhalb der KA Langwiese liegt, kdnnen diese Ergebfiissie Effektivitat der
neuen Aktiviohlestufeherangezogen werden. Die Statemder Argerdienie dazu, jahrliche

und jahreszeitlich bedingt&chwankungen herauszufiltern. In den Byp&gstemen wurden
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jeweils funf Aquarien mit je 250 L Volumen installiert. Aus den Flissen wurde Wasser mit

einer Durchflussgeschwindigkeit von 0,4 L/s durch die Aquarien geleitet und dann zurtck in

die Gewasser gefuhrt.

Abbildung 8. Exposition in den Bypa&ystemenFota Anja Henneberg.

Zum Abwasserverband (AV) Unteres Schussental gehort die KA Eriskirch, wibetasser

in der GroéRenordnung vo#h0000 EGW reinigt Diese Klaranlage ist ebenfalls mit einem
Flockungsfilter ausgestattet. In einer Modellanlage wurde die Effektivitat von iedecen
Reinigungsmodellen der vierten Stufe untersucht. Diese vierte Stufe setzte sich zusammen aus
einer Ozonierung, einem granulédren Aktivkohlefilter und einem Sandfilter. Dabei wurde in
die Schussen weiterhin nur der reguléare Ablauf nach Flockunggtiite Reinigungsstufe)
eingeleitet, nichjedochder Ablauf nach der Modellanlage.

Zwei Aquarien wurden in der KA Eriskirch aufgebaut, wobei eines Abitvasser vom
regularen Ablauf und das andere mit dem Ablauf der Modellanigegpeist wurde
(Abbildung 9). Im ersten Jah(Winter 20122013) betrug die Expositionszeit der dort
gehaltenen Regenbogenforellen 43 Tage. Im Jahr ddvsirdter 20132014) wurde die
Expositionsaduer auf 73 Tage erhoht, da die ErgebnisseerstenJahr nicht eindeutig
ausgeprégwaren und durch eine langere ExpositionszegutlichereErgebnisseerwartet
wurden Die Zusammensetzung des Abwassers der Modellantagiehes das Aquarium
speiste, variierte bei beiden Expositionen etwas. Im Winter 2012/2013 bestand der Zufluss
zum Aquarium zu gleichen Teilen aus behandeltem Abwasser mit: (1) Ozon + Sandfilter +
Aktivkohle und (2) Ozon + Aktivkohle. Im Winter 2013/201#hg@egen bestand der Zufluss
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zu gleichen Teilen aus behandeltem Abwasser mit: (1) Ozon + Sandfilter, (2) Ozon +
Aktivkohle und (3) Aktivkohle.

Abbildung 9 Exposition in Aquarien in der KA Eriskirch.

Zusatzlich zu denexponierten Forellen in derverschedenen Testsystemen wurden
Kontrolltiere untersuchtim Winter 2012/2013 wurden die Forellen fiir die Negativkontrolle
70 Tage im Labom Aquarien mit gefiltertem Leitungswasdai ahnlichen Temperatuand
Tag/NachtVerhaltnissen wie draufRen gehalterdhnwend sie im Winter ®1.3/2014 direkt
beim Ziuchter beprobt wurden. Um die Induzierbarkeit dioxin-ahnlicher Toxizitat bei
Forellen festzustellen, wurdetie Tiere der Positivkontrollen Labor gegeniiber D,mg/L
Betanaphthofmon ( BNF) g e | methytsulfoixich (DNASOX fiir 3bzw. 5 Tage
exponiert.

Bei allenin diesenVersuclenverwendeterBach und Regenbogenforellersowohldenender
Expositionen als auctienender Kontrollen, handelte es sich urjahrige Tiere, welche alle
zwei Tage mit PelletfuttedtesZichtes gefuttert wurden.

4.6 Limnologische Untersuchung

Verschedene limnochemische und physikemische Parameter wurden wahrend de
Freilandpobenahmen é&oben. Diese beinhalteten die Luftund Wassertemperatur, den
Sauerstoffgehalt und die Sauerstoffsattigung, die Leitfahigkeit, deweit, die Carbonat

und Gesamtharte sowie die Konzentrationen von Nitrit, Nitrat, Ammonium, Chlorid und
ortho-Phosphat. Arden BypassSystemen wurden zusatzlich Datenlogger installiert, welche
den Sauerstoffgehalt, die Leitfahigkeit, die Wassertemperatur und die Durchflussrate

aufzeichneten.
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4.7 Histdogische Untersichung

Nach Betdubung mitMS-222 (Tricain/Ethyl-3-Aminobenzo&Methansulfonat Sigma
Aldrich, St. Louis, USA)wurden dieFische seziert. Alle Organe wurden direkt vor Ort
entnommen und sofort in % Glutardialdehydgelostin 0,1 M Cacodylatpuffer (pH 7,6)
fixiert. Nach einer Woche bei € wurden die Proben i€acodylatpuffer gewaschen und
Kieme und Niere in einem 1:2 Gemisch aus 98 %iger Ameisensaure und 70 %igem Ethanol
entkalkt. Danach wurden alle Proben mit 70 %igem Alkohol gewaschen und in
Einbettkassetten (Leicas Wetzlar  Deutschland) dberfihrt, welche in den
Gewebeinfiltrationsautomate(Modell TP 1020 Leica Wetzlar, Deutschlany eingefullt
wurden. Dort erfolgte mit Hilfe einer aufsteigenden Alkoholreihe zunachst die Entwasserung
der Proben und danach die Einbettung in Histowachs. Mittels eines 3$chiktetoms
(Modell SM 2000 R, LeicaWetzlar Deutschlangwurden 3 pum dicke Schnittengefertigt,
welche mit HamatoxylinEosin und AlcianblatPAS (periodic acid schiff) gefarbturden

Die Leber, die Kieme und die Niere wurden hinsichtlidleranderungen des
Gewebezustams untersucht. Die Gonaden dienten der Bestimmung des Geschlechtes und
des Reifezustandefie Auswertung von Leber, Kieme und Niere erfolgte qualitativ und
semiquantitativ.Die semiquantitative Auswertungvurde nach Triebskorn et al. (P8) in

funf Klassendurchgefiihrt. Dabei stand Klasse 1 fur den Kontrollzustand, Klasse 2 fir eine
leichte Reaktion, Klasse 3 fiir eine Reaktion, Klasse 4 fiir eine beginnende Destruktion und
Klasse 5 fir eine DestruktioBeispieleder verschiedenen Organénd in den Abbildungen

10 bis 18 gegeberDie Gonaden wurden nadNagel et al. (2004)n drei Reifestadien
eingeteilt. Stadium 1 stand fieinen jungenReifezustand wahrend Stadium 3 einen
fortgeschrittenemReifezustand représentiertdbbildungen19 und 20)
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Abbildung 12 Lebermit nekrotischem Gewel{gchwarz umrahmtDestruktionszustand.
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Abbildung 13 Niere mit intakten Tubuli und kompaktem hamatopoetischem Gewebe, Kontrollzustand.

Abbildung 14 Niere mit Vakuolisierungen (Pfeil) und hyalintropfiger Degeneration in den Tibciiwarz
umrahmt) Reaktionszustand.

Abbildung 15 Niere mit nekrotischen TubulPfeile), Destruktionszustand.
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Abbildung 1. Kiememit zerstdrten Sekundarlamell@afeile), Destruktionszustand.
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(sp)

Abbildung 20 Weibliche Gonadeit pravitellogener(p), vitellogenen (v) und reifen)Oozyten

4.8 Berechnung des Gonadosomatischen Indexes

Der Gonadosomatische Index (GSI) ist eine BestimmungsgroRe fur die sexuelle Reife der
Fische. Anders als bei der histologischen BestimmungGieradenreife wird hierbaiie
KorpergroReder Fische mit einbezogen. Vor der Entnaloee Organewerden die Fische
gewogen, um das Gesamtgewicht zu bestimmen. Danach werden beide Gonaden komplett
entnommen und ebenfalls gewogen. Die Berechnung erfolgie Keng et al. (2008)mit

Hilfe folgender Formel:

GSI = (Gonadengewicht*100) / Gesamtgewicht
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4.9 Bestimmung der ERODAKktivitat

Die vor Ort entnommenen Leberproben wurden zun&chst in eiskaltem Kaliumchlorid
(0,15M) gespult und danach inigsigem Stickstoff gefroren. Im Labor wurden die Proben
homogenisiert und bei 9000 RCF und 4 °C fur 20 Minuten zentrifygiert den
postmitochondrialen SBberstand zu erhalten. Dieser hat sich in mehreren Stigliesen
Nachweis der Aktivitdt des Enzmys CYP1Als geeignet erwiesdMunkittrick et al. 1993
O'Hare et al. 1995 Der Uberstand wurde be80 °C bis zur weiteren Bearbeitung gelagert.
Die Ermittlung der EROBAKktivitat erfolgte nach Anleitung des CYP1A1l ERARtivitats-

Kits von IKZUS ENVIRONMENT® (Ikzus Environment, Alessandria, Italien), jedoch wurde
die fluorometrische Messung auf eine-\Bll-Platte adaptiert, das heil3t, dass weniger
Probenmaterial als fur eine Messung in einer Kivette verwendet wurde. Um eine
Vergleichbarkeitder Proben zu gewitleisten, wurde auf jeder Platte ein Resor8tandard
aufgetragen. Die Bestimmung des Proteingehaltes erfolgte Bractiord (1976) Aus den
erhaltenen Daten wurde die Aktivitat nach der Anleitung des Kits errechnet. Die Exposition
der Tiere fur die Positivkontrolle erfolgte gegeniiber Bétghthoflavon (BNF). Die
Konzentration betrug 0,1 mg/L fir 3is 5 Tage. Auf Grund seiner schlechten
Wasserloslichkeit wurde das BNF in Dimethylsulfoxid (DMSQO) gel6st, welches in einer

Konzentrativawlayg von 0, 1la

4.10 Statistische Analyse

Fur die statistische Analyse wurdks ProgrammJMP 10.0 (SAS Systems, Cary, USA)
verwendet.Die Normalverteilung der Daten wurde mit dem D”AgostPearsorOmnibus

Test (n>8) oder dem ShapiWwilk W-Test (n<8) getestet. Um zu bestimmen, ob eine
Varianzhomogenitat  vorliegt, wurde der Leven€est durchgefihrt. Waren
Normalverteilung und Varianzhomogenitat gegeben, wurden eine ANOVA mit einem Post
Hoc TukeyKramer HSDTest oder ein-Test verwendet. Lag fur parametrische Daten keine
Varianzhomogenitat vor, kam eine WeleBNOVA zur Anwendung. Statistische
Unterschiede bei nichgarametrischen Daten wurden mit Hilfe des WilcoX@sts und einer
anschlieBenden sequentiellen Bonferidoirektur oder einem Ste€lwassTest ermittelt.

Mit dem Spearman’s RHRbest konnten Korrelationen ausfindig gemacht werdaienn
notig, wurden die Daten wurzeltransformiert. Schlussendlich erfolgte eine Korrektur des

Alpha-Levels fir multiples Testen.
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4.11 Zusatzlich erfolgte Untersuchungen im Rahmeder vorliegendenArbeit

Im folgenden Abschnitt werden weitere Methoderigefuht, die von Kooperationspartnern
sowieKollegen und Abschlusskandidaten der Universitat Tubingen durchgefihrt wiiéen.
DatendieserUntersuchungen sind Bestandteil der in dieser Arbeit aufgefiihrten Publikationen
und dienen der Interpretation deDaten und der Bewertung derusatzlichen
Reinigungsstufen. Im Rahmen der Projekte SchussenAktiv und Schuss@hfsktivrden

noch weitere Methoden durchgefiihiie in diesemAbschnitt aufgefiihrten Methoden
wurden jedoch auf die beschriebenen Untersuchungder in Kapitel 3 bis 6 dargelegten
Publikationenbeschrankt da diese fur die Interpretation der Ergebnisse der vorliegenden
Arbeit relevant sindDie in Kapitel 1 und 2 im Rahmen der Projektvorstellung vorgestellten

weiterenUntersuchungen werden nicht n&her erlautert.

4.11.1 Chemische Analytik

Das Technologiezentrum Wasser (TZW) in Karlsruhe testete Proben von Oberflachenwasser,
Klaranlagenablauf, Sediment und Fischuf 168 verschiedene Substanzen wie
Flammschutzmittel, pgthlorierte  Biphenyle (PCB), polyzylkische aromatische
Kohlenwasserstoffe (PAK), Medikante, SuRstoffe, Komplexbildneoder endokrin
wirksameSubstanzen. Die Universitat Stuttgart analysierte Forellenproben hinsichtlich PCB
und Methyltriclosan. Die Analys erfolgten mit Hilfe verschiedener gaschromatographischer

und flissigchromatographischer Messmethoden.

4.11.2 Testzum Nachweis hormoneller Aktivitaten

E-Screen Virkpotentialtest fur 6strogene Aktivitét)

Dieser Test basiert auf der Proliferation menschlicher Brustkrebszellen bei Anwesenheit von
Ostrogenaktiven Substanz@édrner et al. 1999Soto et al. 1996 Hierflr wurden die Zellen

in 96-Well-Platten gegenuiber Oberflachenwasser und Klaranlagenablaufen exponiert. Nach
funf Tagen erfolgte eine Farburder Zellenmit Sulforhodamin B und die Messungsde
Proteingehalts auf Grund der Zellproliferationt Hilfe eines Photometeréwus diesem Wert
wurde auf die Ostrogenaktivitat der Probe geschlossebiese Aktivitat reprasentiert die

Summe aller 6strogekat i ven Subst anzbstadidbasRefggennn auf 176D

ReportergermAssay Virkpotentialtest flr antiéstrogene und anfandrogene Aktivitat)
Menschliche HeL&ellen wurdenverwendetum 6strogene und antiostrogaiNeakpotentiale

in Sediment und Klaranlagenabldufen zu ermitt@ls EPA 201). Hierbei erfolgte der
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Vergleich g-Esgaalial ¢hbwe der Hemmung i n e rEstrddibtmduzierten
Antwort. Fur androgene und antiandrogenéd/irkpotentiale kamen menschliche
Brustkrebszellen (MDAb2) zur Anwendung (Wilson et al. 2002 Nach Ende der

Inkubationszeit wurde die Intensitat der Lumineszenz gemessen.

Reproduktionstest mit Potamopyrgus antipodarWwirkpotentialtest furbstrogene Aktivitat)
Sedimentproben von Schussen und Argen sowie Klaranlagenablaufe wurden hinsichtlich ihrer
Ostrogenen Aktivitat getest@DECD 2010 Schmitt et al. 2006 Nach einer Expositionszeit

von 28 Tagen wurden die weiblichen Zwergdeckelschnecken betdubt und ihre Eenays

dem Brutsack entnommebhagen mehr Embryonen im Vergleich zur Kontrolter, war dies

ein Hinweis auf eine 6strogene Wirkung der Probe, weniger Embrydeetetenauf eine

toxische Wirkundhin.

VitellogeninAssay (Effekttest fur dstrogene Aktivitat)

Junge Bachforellen, die aus dem Embryotest fur entwicklungstoxische Effekte stammen
(sehe4.11.3, wurden mit MS222 betaubt und der vordef@rperteil (bis zur Brustflosse) in
fliussigem Stickstoff gefrorerkir diese Tests wurde eine weitere Exposition an den Bypass
Stationen im Winter 2011/2012 herangezqgembei ein quantitativesKit (Vitellogenin
(rainbow trout) ELISA Kit,Biosense Laboratorie®ergen, Norwegemnit einem Antikorper
gegen Vitellogenin verwendeturde der auf Regenbogenforellen spezifiziert ist. Dieses hat
sich fir die Bestimmung von Vitellogenin in Bachforellen als brauchbar erwieseiinter
2012/2013 wurde ein semiquantitatives ELISAKit (Vitellogenin (salmoniyl Semi
Quantitative ELISA Kit, Bosense LaboratoriesBergen, Norwegenyerwendet, welches

allgemein auf Salmoniden abgestimmt ist.

4.11.3 Testzum Nachweis toxischer Hekte

Reportergemssay Virkpotentialtest furdioxin-ahnliche Toxizitat)

Fur die Bestimmungioxin-ahnlicherWirkpotentiale wurden Hepatokarzinezellen, welche
mit einem Luziferas&en transfiziert wurdenverwendet. Dieses Luziferasken der
sogenannten H4lHiic-Zellen steht unter Kontrolle des Arylhydrocarb@ezeptors (AhR)
(Garrison et al. 1996Hilscherova et al. 2002 In 96Well-Platten wurden die Zellen
gegenuber Proben von Oberflachenwasser, Sediment lanankagenablauf exponiert. Nach

der Exposition wurde die Intensitat der AaBh&ngigen Lumineszenz gemessen.
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SOSChromotest\(Virkpotentialtest flr Genotoxizitét)

Der SOSChromotest ist ein auf Bakterien basierender Test. Hierfur k&semerichia coH
Bakterien zur Anwendun{Quillardet et al. 1982White et al. 199% Diese wurden in einer
96-Well-Platte gegentber Proben von Oberflachenwasser, Sediment und Klaranlagenablauf
exponiet. Dabei wurde die Aktivitait der Bef@alaktosidase gemessen, einem
Reporterenzymwelches zusammen mit dem DNReparatursystem induziert wirdudem

wurde die Aktivitat der alkalischen Phosphatase gemessen, einem Marker fur Cytotoxizitat.

Die Hemmung der alkalischen Phosphatase wurde in Relation zur Negativkontrolle gesetzt.

Mikrokerntest (Effekttest fir Genotoxizitat)

Der Gehalt an Mikrokernen irythrozyten wurde mit Hilfe von Blutproben ermittelt. Dafur
wurde denbetaubtenFischenvor Ort Blut entnommen welchesauf einem Objekttrager
ausgestrichen unéth Methanol fixiert wurde Diese Objekttrager wurden im Labor mit
GiemsalLdsung gefarbt und unter dem Mikroskop ausgewertet. Pro Objekttrager wurden
2000 Erythrozyten ausgezahlt.

Embryotest mit Danio rerio//irkpotentialtest fur Entwicklungstoxizitat)

Im Labor wurden Eier voZebrabarblinge{Danio rerio) gegentber Oberflachenwasser in
Verbindungmit Sediment von Schussen und Argen oder gegeniber den Klaranlagenablaufen
in Petrischale exponiert. Die Dauer des Tedbetrug 96 h. Dabei wurden die Endpunkte
Fehlbildung, Mortalitat, Pigmentierung, Entwicklung der Augen udds Gehirns,
Herzschlagratend Schlupferfolg festgehalten.

Embryotest mit Forellen (Effekttest fur Entwicklungstoxizitét)

Die Durchfuhrung des Embryotests mit Eiern von Baehd Regenbogenforellen erfolgte
nach Luckenbach et al. (2001pPie Expositionverlief in den BypassStationen. Zuséatzlich
wurde eine Kontrolle im LabagehaltenFir vergleichlare Ergebnisse wurde die Temperatur
in den Beckender BypassStationen sowie der Laborkontrollauf 7+1°C eingestellt
Endpunkte waren Koagulation der Eier, Mortalitat, Fehlbildung, Herzschlagrate,
Schlupferfolg und das Aufschwimmen der Jungfische. Une edwentuell vorhandene

Hintergrundmortalitat auszuschlief}evurde die Fertilisationsrabestimmt.
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StressproteirAnalyse (Effekttest flr Proteotoxizitat)

Getestet wurden Gewebeproben von Leber, Kieme, Niere und Gonade, welche vor Ort in
flissigem Stickstoff gefroren wurden. Die Bestimmung des Proteingehalts erfolgte nach
Bradford (1976)und die eigentliche Stressprotéhmalyse nachKohler et al. (2001)Nach

einer SDSPAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresid) einem
WesternBlot erfolgten die Inkubation der erhaltenen Nitrozellulegembranen gegenuber
einem erstenund einem zweiten Antikorpersowie die Farbung und densitometrische

Auswertung derselbigen.

GlykogenAnalyse (Effekttest filbeweb&oxizitéat)

Homogenisierte Leberproben werd auf ihren Gehalt an Glykogdmn getestet. Eine auf
enzymatischer Hydrolyse des Ghdens durch Amyloglucosidase basierende Methode wurde
fur die Quantifizierung angeamdt (Parrou und Francois 1997Nach der photometrischen
Messung der Proben wurde der Glykogengehalt mittelsr eBtandardkurve aus reiner
Glukose berechnet.

5. Ergebnisse und Diskussion

5.1Kapitel 1: Triebskorn R, Amler A, Blaha L, Gallert C, Giebner S, Glude H, Henneberg A,
Hess S, Hetzenauer H, Jedele K, Jurlgl,RKneipp S, Kbhler FR, Krais S, Kuch B, Lange

C, Loffler H, Maier D, Metzger J, Muller M, Oehlmann J, Osterauer R, Peschke K, Raizner J,
Rey P, Rault M, Richter D, Sacher F, Scheurer M, Schn&®dep J, Seifan M, Spieth M,
Vogel HJ, Weyhmiuller M, Winter J, Wurm K (2013) SchussenAgiir& reduction ©
micropollutants and of potentially pathogenic bacteria for further water quality improvement
of the river Schussen, a tributary of Lake Constance, Gerntamyironmental Sciences
Europe25: 2

In diesem Kapitel werden der Aufbau des Projektes SchussenANtirg sowie das
Vorlauferprojekt SchussenAktivovgestellt. Das Hauptziel des ProjektSchussenAktiplus
umfasstedie Analyseder Effektivitdtzusatzliche und/oder neueReinigungssysteme oder
stufen fir Abwasser hgichtlich der Entfernung von Schadstaffeind Bakterien und einer
damit einhergehenden Reduzierundjeser im Oberflachenwasser. Die Schussen, ein
Bodenseezufluss, diente auf Grund ihres didmevolkerten Einzugsgebietes als
Untersuchungsgewasser, wahrende dArgen, ebenfalls ein Bodenseezufluss, als

Referenzgewdasser fungierte. Fur die Untersuchuwngden verschiedene Testsysteme
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ausgewah|tdie einzeln beschrieben waen: Die Klaranlage (KA) Langwieseti®ine grol3e
Klaranlage mit 17000 Einwdnergleichwerten (EGW). Diese vde wahrend des Projektes
mit einer AktivkohlestufgPulveraktivkohle) ausgestattet. Eine mittlere Klaagel ist die KA
Eriskirch mit 4@00 EGW. Die Installation einer Modellanlage mit Ozonierung, granulierter
Aktivkohle urd einem Sandfilter wde in Relation zum bisherigen Klaranlagenablauf
gesetzt. Beide Klaranlagebefinden sich an der Schussebie KA Merklingen liegt
aul3erhalb dieses Gebietes und dieals Beispiel fur eine kleine Klanéage mit nur 200
EGW. Hier wude eine Ozonierungsstufe zusammen mit einem bereits bestehenden
Langsamsandter = kombiniert. Des Weiteren wden zwei  verschiedene
Regeniiberlaufbecken (RUB) untersucht. Das RUB Mariatal bei Ravensbietj eiten
Lamellenseparator, um die Abscheidung Jeeststoffen aus dem Wasszu verbessern.
SchlieBlich wude der bereits bestehende und mit einem RUB verbundene
Retentionsbodenfilter Tettnang auf seine Effektivitat hinsichtlich der Abwasserreinigung
Uberpruft.

Neben diesen funf Testsystemen erfolgte bhstallation von BypasSystemen an der
Schussemndder Argen. In diesen Bypagsilagen wurden jeweils funf Aquarien aufgebaut,
durch die Wasser mit einer Flie3geschwindigkeit von 0,4 L/s aus den Flissen geleitet wurde.
Jeweils zwei der funf Aquarigtonntenauf 8 °C geheizt werden. Diese Anlagen teedem
aktiven Monitoring mit 3Jjahrigen Forellen und ihren Eiern bzw. den spater geschlipften
Jungfischen sowie mit Gammariden.

Fur die Durchfihrung eines passiven Monitoringsrden vier Freilandstellen awler
Schussen und eine an der Argen genutzt, walimrflaichenwasser und Sedimentproben
sowieD6bel, Schnigler und Gammariden entnommenraken.

Eine chemische Analyse von Abwassddberflachenwasser, Sediment und Fischproben
hinsichtlich derAnwesenheit von Uber 150 verschiedenen Substanzen wie Arzneimitteln,
Schwermetallen, SuRstoffen und vielen weitesetite Aufschluss Ubr die Belastung geben.
Zudem wuden verschiedenemnochemische und physikhemische Parameterfasst.

In AbwasserOberflachenwasser und Sedimentrde das Vorhandensein von Fékalbakterien
(Escherichia col und intestinalen Enterokokk untersucht Zuséatzlich waden Abwasser

und Oberflachenwsserproben nach antibiotikaresistenten Stdmmen von Staphylokokken,
Enterokoken undE. coli hin getestet

Diese Untersuchungenunden mitin vitro und in vivo Tests kombinieftum zum einen das

Wirkpotential von AbwasserQberflachenwsser und Sedimenund zum anderen die
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tatsachlichen Effekte in Fischen und GammaritestzustellenDabei warden verschiedene
Methoderzur Ermittlung toxischeund endokrineWirkungenherangezogen.

Genotoxische Wirkpotentiale wrden mittels dem umuAssay oder dem Ames
FluktuationstesgemessenDie entsprechenden Effelkdtenntenmit Hilfe des Mikrokerntests
unter Verwendung voRischblutuntersucht werderir proteotoxische Effekte erfoigeine
Analyse des Stressproteingehaltes von Fischorganen und Gammariden. Der Reportergen
Assay mit RatterHepatomZellen wnd ein hefebasierter Bioasségnden dioxin-ahnliche
Wirkpotentiale, wahrend der ERGBssay diese Effekte in Leberproben von Fischen
herausstelée Phytotoxizitat warde durch einen Wachstumsinhibitionstest m@mna minor
ermittelt. Hirnproben von Fischewurden aufdie Hemmung der Acetylcholinesteralsim
untersuchtum neurotoxische Schadigungen nachzuweis@nanderungen im Gewebe und
cytotoxische Wirkungen wden mit VertebrateZelllinien sowie in histopathologischen
Untersuchungen von verschiedenen Fiscimd Gammaridengeweben naher betrachtet.
Entwicklungstoxische Wirkpotentiale und Effekte konnten durch Embryotests mit
Zebraarblingen und Forellen sowie einem Rsuktionstest mit_umbriculus variegatus
herausgearbeitet werden. Durch die Betrachtung des Fadbenthoskonnte schlief3lich

eine Aussage Uber die Integritat der Lebensgemeinschaften getroffen werden.
OstrogeneWirkpotentiale warden mit Hilfe von verschiedenen humanen Brustkrebszellen
und HelaZelllinien ermittelt. Fir androgene und aatidrogene btersuchungerstanden
Brustkarzinomzien zur Verfligung. Weiterhin wden hefebasierte Bioassays verwendet,
um ostrogene, antistrogene, androgene und aawidrogenaVNirkpotentiale herauszustellen.

Mit dem Reproduktionstest miPotamopyrgus antipodarunkonnten in vivo 6strogene
Wirkpotentiale aufgedeckt werden. Um die entsprechenden Effekte in Fischen
herauszustellen wurde der Gehalt an Vitellogenin, einemVorlauferEidotterprotein
gemessen, welches lediglich von reifen Weibchen, jedoch nicht von Mannchen oder juvenilen
Fischen gebildet wird. Durch die histologische Untersuchung der Gonaden und der
Bestimmung des Gonadosomatischen Inddeoesitenweitere endokrine Effekteuggedeckt
werden. Schlie3lich wden Gammariden hinsichtlich Geschlechterverhaltnis, Reifestatus,
Fekunditat (Fruchtbarkeit) und dem Zustand der Gonade untersucht.

Die ermittelten Daten wurden schlussendlich statistisch analysiert und auf Grund ihrer
jeweiligen Rekvanz bewertetum die bedeutendsten Variablen aus diesem Datensatz
herauszuarbeiten. Um die erhaltenen Ergebnisse sowie das Projekt einer breitdickkéit
bekannt zu machenvurden verschiedene Strategien verfolgt, wie etwa das Erstellen einer

eigeren Homepage und diverdaformationsflyer.

33



Zusammenfassung

Die in dieser Studie erfolgte umfassende Projektvorstellung ist eine Grundlage fur das
Verstandnis des Projektes sowie die daraus resultierenden Vero6ffentlichungen, welche sich
auf einzelne Teile des Projektezighen.

Fur die vorliegende Arbeit relevasind die Bearbeitungamtlicher histologischd?robenaus

dem Freiland sowie der im Rahmen des aktiven Monitorings erhaltenen Gonaden, die
Berechnung de&onadosomatischen Indexaesd die Bearbeitung der Probenit Hilfe des
EROD-Assays

5.2 Kapitel 2: Triebskorn R, Blaha L, Engesser B, Giude H, Henneberg A, Hetzenauer H,
Kohler HR, Krais S, Kuch B, Maier D, Oehlmann J, Peschke K, Rault M, Rey P, Richter D,
Sacher F, Suchail S, Thellmann P, WeyherilM, Wurm K, Vogel HJ (2013)
SchussenAktiv - Eine Modellstudie zur Effizienz der Reduktion der Gehalte an
anthropogenen Spurenstoffen durch Aktivkohle in Klaranlagen: Expositiamsl
Effektmonitoring vor Inbetriebnahme der Adsorptionsstufe auf der Klaranlage Laegiass
AZV Mariatal, Ravensburg. Korrespoenkz Wasserwirtschaft 8: 4286

Der Untersuchungsansatz sowie die Ergebnisse des Projektes Schussemiktivhalt
dieserStudie Ziel von SchussenAktiwar urspringlich, di&ffizienz derAufristung deiKA
Langwiese mit eine Aktivkohlestufeals vierter Reinigungsstufeu untersuchen. Diesmllte

die hohe Anzahl an Spurenstoffen im Gewasser Schi¥sebskorn und Hetzenauer 2012

in welches die KA Langwiese ihr gereinigtes Abwasser einleitet, verringern. Jedoch kam es
zu Verzogerungen im Ausbau. Daher wurden im Rahmen von SchussenAktivckedigl
Ergebnisse voder AufristunglerKlaranlage mit derAktivkohlestufeerhoben.

Beschrieben werden in dieseKapitel die Ergebnise ausUntersuchungen flisowohl
toxische als auch endokrin&irkungen Diese wurden durch die chemische Analyse von
Oberflacnenwasser, Abwasser, Sediment und Fischen erganzt, um fir die erhaltenen
Ergebnisse mogliche verantwortlich zeichnende Stoffe zu bestimmen. Die Datenerhebung
bezog sich dabei auf die Probestelle 3 unterhalb der KA Langwiese, die Probestelle 4 an der
Argen (Referenzgewasseguf die beiden BypasSysteme an Schussen und Argen sowie das
Abwasser der KA Langwiese.

Generell konte durch die chemische Analytigezeigt werden, dass der Gehalt an
Spurenstoffen in Oberflachenwasser, Abwasser, Sediment und Fisclioben aus der
Schussemoherwar als in Proben aus der Argen. Jedoch war dissammensetzung der

Spurenstoffmischungn den beiden Flissen durchaus unterschiedlich. Ein Eintrag Uber die
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KA Langwiese konnte fur einige Stoffe(beispielsweise Carbamazepin, N,N
Dimethylsulfamid,Sucralose, Benzotriazot)jachgewiesenverden. Die Konzentrationen im
Gewasser waren auf Grund der Verdinnungsvorgange grundsatzlich niedriger als im
Abwasser. Als bedenklich wurde die Konzentration von Diclofenac (Swimmitgel) im
Oberflachengewasser angesehen. Besonders kritisclam@er Schussenals auch an der
Argen die Konzentratioran Schwerratallen in Fischgeweben, welcimeeinigen Félla sogar

die Umweltqualitditsnorm (UQN) dberschritt. Substanzen wie P&EBpolychlorierte
Biphenyle), DDX (ein Metabolit vonDDT [Dichlordiphenyltrichlorethan]), PBDEs
(polybromierte Diphenylether) und Methyltriclosan (Metabolit von Triclosan) wurden in
Fischen in mittleren bis hoheren Konzentrationen vorgefundi®n.Vergleich zu den
toxischen Substanze wurde der Gehalt an endokemVerbindungen in Fischen aus Schussen
und Argen als gering eingestuft.

Mit Hilfe der durchgefiihrtenn vitro Wirkpotentialtestskonntendstrogene Aktivitaten im
Ablauf der KA Langwiese sowie im Oberflachenwasser der Schussen gefunden werden. Im
Sediment der Schussen lagen sowohl dstrogene als audstagene Aktivitaten vor. In der
Argen konnten ostrogen&/irkpotentiale nur mit Hilfedesin vivo Wirkpotentialtess, eirem
Reproduktionstest mit der Zwergdeckelschnekéamopyrgus antipodarumnmachgewiesen
werden. Auf Effektebene konnte bei juvenilen Forellen, die im Bypass an der Schussen
gehalten wurden, das Eidotterprotein Vitellogenachgewiesenverden, welches nur von
adulten Weibchen dpddet wird, und durch 6strogemirksameSubstanzen auch von jungen
Fischen oder Mannchen gebildet werden kann. Weiterhin war die Zahl weiblicher Schneider
und Gammariden an der Schussen erhoht. &utind eines signifikant niedrigeren
Gonadosomatischen Indexes bei Dobeln beider Geschlechter und einer verzbgerten
Gonadenreife bei weiblichen Doébeln kann auf dasrh#gndensein von anfistrogen
wirksamenaber auch toxischvirksamenSubstanzenn der Schasengeschlossen werden.

Auf toxisch wirksame Substanzereisen ebenfalls die histologischen Ergebnisse als auch ein
reduzierter Glykogengehalt hiDie mittels Reportergedssay ermittelten genotoxischen
Wirkpotentiale in der Schussdwonntenals Effektein den Fischen, genauer gesagt als eine
erhohte Anzahl an Mikrokernen in Blutzellen, bestatigt werden.

Diese Studie legt dar, dass in der SchussenAusbau der KA Langwiese toxisehund
hormonele Substanzen vortgen, die durch Wirkpotentialtests i®berflachenwasser,
Abwasser und Sediment sowie durch Effekttests in Fischen andr@riden nachgewiesen
werden kanten. Weiterhin konnte herausgearbeitet werden, dass die Belasturder

Schusseimdher war als an der Argen
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Bedeutend flur die vorliegend&rbeit sind die in dieser Studie erarbeiteten Ergebrusse
histologischen Bearbeitung der Fischgewebeaus dem Freilandzur Bestimmung des
Reifezustandes défischgnaden aus Expositionen im Rahmen alktssen Monitorings, zur
BerechnunglesGonadosomasichen Indexesowie zur Untersuchung deProbenanhand des
EROD-Assas.

5.3 Kapitel 3: Henneberg A, Bender K, Blaha L, Giebner S, Kuch B, Kohld®,HVaier D,
Oehlmann J, Richter D, Scheurer M, Sch@ehimann U, Sieratowicz A, Ziebart S,
Triebskorn R (2014) Areén vitro methods for the detection of endocrine potentials in the
aquatic envionment predictive fom vivo effects?Outcomes of the projects SchussenAktiv
and SchussenAkiplusin the Lake Constance argaermanyPLoS ONE 9(6): e98307

In diesemKapitel werden Ergebnisse amndokinen Aspekten der Projekte SchussenAktiv
und SchussenAktiglus vorgestellf die vor dem Ausbau der KA Langwiese mit einer
Aktivkohlestufeerarbeitet wurderDafur erfolgte die Bestimmungndokrine Wirkpotentiale

in Abwasseproben sowieOberflachenwasser und Sedimemtroben der Freilandstellen
(Schusenober undunterhalb der KA Langwiesend Argen) undderentsprechendeEffekte

in Bachforellen aus den BypaSystemensowie Schneidern und Ddbelaus der Schussen
unterhalb der Klaranlage und der Argeieiterhin wurde eine chemische Analyses/on
Abwasseproben undvon Oberflachenwsser und Sedimemtrobenaller Freilandstellen auf
Substanzerin durchgefiihrt die fur die erhaltenen Ergebnisse bden Wirkpotentiat und
Effekttests verantwortlich sein kdnnen.

Die Analysen von AbwasserOberflachewasser und Sedimentproben zeigten, dass die
Belastung durch hormonaktive Substanzen sowohl im Abwasser der KA Langwiese als auch
an Schussen und Argen gering ist. Dieses Ergebnis unterscheidet sich von friheren Studien,
bei denen eine starkere Belastudgrch endokrine Disruptoremachgewiesenwurde
(Triebskorn und Hetzenauer 2012

OstrogeneWirkpotentiale, die mit dem Screen gemessen wurden, zeigten die hochsten
Werte im Abwasser der KA Langwiese gefolgt von terdenProbestelleran der Schussen
unterhalb der KlaranlageAn der Argen sowie den Schusdemilandstellen oberhalb der
Klaranlage varen die Werte vergleichsweise niedrig. Einige Abwasserproben und
Oberflachenwsserproben deiSchussen unterhalb der Klaranlaggesen eine starke
cytotoxischeWirkung auf, welchedie Ergebnisse des-&creens beeintrachtigten und daher

nicht verwendet weeh konnten. Durch den Reporterggssay konnten nur geringe
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Ostrogene und antistrogene Aktivitdten in Abwasserprobegemessenwerden antk
androgeneAktivitaten wurden nicht festgestelltDie Sedimengroben aus der Schussen
unterhalb der KA Langwiese zeigten starkere dstrogenepsintigene und anéindrogene
Wirkpotentiale als diejenigen der Probestelle an der Argen. Beziiglich de©sintigenitat
tratensaisonale Schwankungenf, wobei dieWirkpotentiale m Frihjahr eher gering waren,
wahrend sie im Herbst hoher lagen. Den gleicdasonaleriffekt konnterHilscherova et al.
(2010)beobachten. Vergleicht man die beiden verwendétekpotentialtests, EScreen und
ReportergerAssay, so waren die gemessenen 0strogenen Aktivitatem leScreen
grundsatzlich héher. Dies konnten au@ktendorf und Westendorf (2001) ihrer Studie
zeigen. Problematisch ist das gleichigeit Vorhandensein von 0Ostrogenen und -anti
Ostrogenen Substanzen, die sich gegensbgignflussenkdnnten und so id eigentliche
Wirkung maskieren. Der Reproduktionstest rRibtamopyrgus antipodaruraeigte keine
Abweichung von der Negativkontrolle in dé&nzahl der Embryonen bei Schnecken, die
gegenubeAbwasser der KA Langwiese exponiert wurdeimgegen konntendd Schnecken,
die auf den Sedimenten der FreilandstetienSchussen unterhalb der KA Langwiese und der
Argen gehalten wurden, signifikant mehr Embryonen in der Bruttasche gefunden werden,
wobei sich die Ergebnissaller Probestellen im gleichen Rahmen befanden. Gesteigerte
Reproduktionsleistungen konnten auf xdistrogene Stoffe wie Bisphenol A, Oktylphenol
und Ethinylestradiolzurtickgefuhrt werde(Duft et al. 200Y. Jedoch ist bei der Interpretation
zu beachten, dass die KonzentratiigkungsKurve meist einem biphasischérerlauf
folgt (Jobling et al. 2003 Sieratowicz et al. 2031 Hierbei erfolgt bei geringen
Stoffkonzentrationen zunachst eine Stimulierung der Reproduktionsrate. Bei hoheren
Konzentrationen tritt ein toxischer Effekt ein und die Anzahl an Embrysngt. Daher
deutet eine gesteigerte 2ahl an Embryonen bei Sedimpribenaus der Schussemterhalb

der KA Langwiese undaus der Argenauf eine Stérung der Reproduktion hin. Bei den
Ergebnissen mit Abwasserproben koénnte ein toxischer Effekt durch digenh
Konzentrationen an endokriwirksamen Stoffen eingetreten sein oder es ibdén sich
reproduktionstoxisclwirksameSubstanzen im Abwasser.

Hinsichtlich endokriner Effekte konnten im Winter 2011/2012 hohere Gehadte
Vitellogenin, welches in juvenilen Bachforellen gemessen wundefFischen aus dem
SchusseiBypass im Vergleich zum ArgeBypass und der Negativkontrolle gefunden
werden. Im Winter 2012/2013 traten im Marz erhohte Vitellogémivel bei juvenilen
Bachfaellen beider BypasAnlagen (Schussen und Argen) im Vergleich zur

Negativkontrolle auf, wahrend im April hingegen alle Werte im Bereich der Negativkontrolle
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lagen. Ostrogedaktive Substanzen in Schussen und Argen konnten fir die erhdhten
VitellogeninLevd verantwortlich sein, wobei die Konzentrationen zu variieren scheinen. In
friheren Studien konnten bereits Zusammenhénge zwischen Vitelldgdoktion und
Klaranlagenablaufen dargelegt werd@perregaard et al. 200®urdom et al. 19945talter et

al. 201Q Vajda et al. 2008 Die hstologische Untersuchung der Gonaden ergeb b
weiblichen Dobeln aus der Argen im Sommer und HezlrdfortgeschrittenersReifestadium

im Vergleich zu Tieren aus der Schussen. Weibliche Schneider zeigten im Sommer geringe
Unterschiedezwischen Schussemnd Argen im Herbst jedoch ein fortgeschritteneres
Reifestadium bei Weibchen aus der Schussen. Diese Gegenséatze bei Dobeln und Schneidern
konnten auf eine unterschiedliche Sewisat der Arten auf Ostrogen oder afistrogen
wirksameSubstanzen im Gewasser zuriickzufiihren sein. HdNessegmperaturekénnen
ebenfalls zu einem fortgeschritteneren Reifestadiiimen (Economou et al. 1995tenseth
20049. Das Wasser defSchussenwar warmer alsdas derArgen jedoch trat nur bei
Schneidern aus der Sgdsen ein fortgeschritteneres Reifestadium auf, daher kann der Faktor
Temperatur hier ausgeschlossen werden. Bei mannlichen Dobeln und Schneidern gab es
hinsichtlich des Reifestadiunkgine Unterschiede zwischen Schussen und Argen, wobei die
Tiere im Sommegenerellein fortgeschritteneres Reifestadium aufwiesen als im Herbst, was
auf die Laichzeit von April/Mai bis Juni zuriickzufuhren (Bless 1996 Ko¢ et al. 2007
Tuerkmen et al. 1999Die Bestimmung des Gonadosomatischen Indexes (GSI) bei Dobeln
der Sommerprobenahmezeigte keine Unterschiede zwischen Schussen und Argen. Im
Herbst war der GSI jedoch bei Weibchen und Mannchen aus der Argen signifikant hoher im
Vergleich zu Tieren aus der Schussen. Verschiedene Ostrogenistesgene und androgene
Stoffe konnten dieEntwicklung der Gonaden verzdgerader DoObel aus der Schussen
investieren auf Grund eines generell schlechten Gesundheitsstatus weniger Endege
GonadenwachstunBereits friihereStudienzeigten dassin Fischen aubelasteterGebieten

ein reduzierte Gonadenwachstum auftréddams et al. 1999Andersson et al. 1988
Munkittrick et al. 1992 und Fische unterhalb von Klaranlagen einen niedrigeren GSI
aufwiesen im Vagleich zu denen von oberhgBernet 2003Kobler et al. 2001

In dieser Studi&onntegezeigtwerden, dass chemisamalytischendokrineSubstanzeawar

nicht in Effektkonzentrationen nagéwiesen werden konnten, aber dass sowohl
Wirkpotential als auch Effekttests auf das Vorhandensein von endokrinen Disruptoren in der
Schussenals auch in deArgen, hinweisen.Jedoch scheint die Belastung an beiden Flissen
eher niedrig zu sein, wenman beisglsweise die Effekte in Fischen betrachtEine

Aktivitdt von Vitellogenin etwa konnte nur in einigen Fallen nachgewiesen werden und
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unterschied sich nint signifikant von der KontrolleAllerdings war es maéglich, durctiie
Kombination von verschiedenen Untersuchungsmethoden, ugifangreichesBild der
Belastungssituatiowiederzugeben

Die in diesem Kapitel erarbeiteten Ergebnisse z@onadosomatischenndlex und zur

Bestimmung des Reifezustandkr Gonadesind Teil der vorliegenden Arbeit.

5.4 Kapitel 4: Maier D, Blaha L, Giesy JP, Henneberg A, KdhleRHKuch B, Osterauer R,
Peschke K, Richter D, 8eurer M, Triebskorn R2015) Biological plausibility as a tool to
associate analytical data for micropollutants and effect potentials in wastewater, surface

water, and sediments with effects in fish&é&ster Research 72: 12144

In diese Studiesind Ergebnisse enthalten, dangt verschiedeneUntersuchungsmethodem
toxischen Wirkungenerzielt wurden Hierbei wurde einWirkpotentialtest mit einem
entsprechenden Effekttest kombinierZusatzlich erfolgte eine chemische Analyse
hinsichtlich toxisch wirksamer Substanzemeschieben sind Ergebnisse zu: 1)
limnologischen Untersuchungamder SchusseuanterhalbderKA Langwieseund derArgen

2) Daten zurchemischa Analytik von Oberflachenwasser und Sedimemrobenvon der
Schussen unterhalb der KA Langwiese und der Argem Abwasseproben der KA
Langwiese sowie samtliche Fischproben 3) Daten zu Wirkpotentialtests mit den
Oberflachenwasser,  Sediment und  Abwasserproben 4) Ergebnisse  von
Effektuntersuchungean Fischen (Didel aus der Schussen unterhalb der KA Langaviesd
der Argen Regenbogenforellen der Kgéxposition an der KA Langwiesd3ach und
Regenbogenforellen der beiden Byp&satione. Alle Untersuchungen fanden vor dem
Ausbau der KA Langwiese mit einBulveiktivkohlestufestatt.

Die Ergebnisse ddimnologischen Untersuchungenachten deutlichdassdie Argen eine
bessere Gewdasserqualitat im Vergleich zur Schumskvies Die Gehale an Ammonium und
ortho-Phosphat lagen an der Schussen Uber den Grenzwerten, wahrend an der Argen nur
Ammonium in zu lbhen Konzentrationeworlag Die DatenLogger der beiden Bypass
Systeme bestatigten das Vorhandensein von gentgend Sauerstoff und eine geringe
Wassertemperatur, welche wichtige Voraussetzungedasidberleben vorfForellenin dem
Gewassedarstellen.

Geneell wurde in der Schussen, verglichen mit der Arglemch die chemische Anall eine
groRereAnzahl anSubstanzemachgewiesenAus der Gruppe der Arzneimittel konnten hohe

Konzentrationen von Carbamazepin, Diclofenac und Sulfamethoxazol im Abwas3éA der
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Langwiese gemessen werden. Diese Substanzen traten auch im Oberflachenwasser von
Schussen und Argen auf, wobei die Konzentrationen in der Schussen hoher waren. Das
Fungizid Carbendazim konnte in vergleichsweise geringen Konzentrationen in Abwasser
Oberflachenwasseprobender Schussen gefunden werden und lagoiberflachenvasser der
Argen unter der Bestimmungsgrenze (BG). In Sedimemten Schusserunterhalb der
Klaranlage und der Argenurden nur die Schwermetalle Nickel und ZimkchgewieserDie
Konzentrationen fur Nickel waren an beiden Flissen gleich, jedoch war bei Zink die
Konzentration an der Schussen doppelt so lat&an der Argen. In Débeln aus Schussen und
Argen konnten Kupfer, Zink und Cadmium in &hnlichen Konzentrationen gemessden.
Polychlorierte Biphenyle (PCB) konnten in Dobeln aus der Argen in etwas geringerer und
polybromierte Diphenylether (PBDE) in sehr viel geringerer Konzentration als in Ddbeln aus
der Schussenachgewiesemwerden. Jedoch lagen bei PBDE die Werte F@athen ausler
Schusserals auchvon denen ausder Argen Uber der Umweltqualitdtsnorm (UQKD,0085

Ho/kg NassgewichtfEU 2013. In Forellen aus dem SchaesiBypass war die Konzentration

an Methyltriclosan signifikant hoher als in Tieren aus dem ABgmass. Bei
Regenbogenforellen, die in Kafigen oberhalb desAaufs Langwiese exponiert wurden,
tratenhdhere PCBNerte als unterhalb desbklaufs auf. Die hochsten Konzentrationen lagen
jedoch bei Tieren der Negativkontrolle vor. PBDEs wurden nur in Forellen aus Kafigen
unterhalb der KA Langwieseachgewiesen

Dioxin-ahnliche Wirkpotentiale konnten mit dem Reporterg&ssay in Sedimenten an
Schussen und Argegemessenverden, mit signifikant hoheren Werten an der Schussen im
Vergleich zur Argen. Im Abwasser der KA Langwiese wurden nur schwagtigotentiale
nachgewiesenDioxin-ahnliche Substanzen sind hydrophobe Verbindungen, welche dazu
neigen, sich im Sediment anzusiedé¢htilscherova et al. 20Q00Mit Hilfe des ERODAssays
konntendioxin-ahnliche Toxizitaten in Forellen ermittelt werden. Regenbogenforellen aus
Kafigen unterhalb der KA Langwiese zeigten hohere ERQfvitaten als Tiere von
oberhalb. Dies ist gegensatzlich zu den Ergebnissen der chemischen Analytik. 4ruighch
Regenbogenforellen aus dem SchusBgpass konnten starkere ERAktivitaten als in

denen aus dem ArgeBypass gemessen werden. Die Werte fur PCBs waren jedoch bei Tieren
aus der Argen hoher als bei Forellen aus der Schussen. Andere Substanzen wie polyzyklische
aromatische Kohlenwasserstoffe (PAKs) konnten fur die fehlenden Zusammenhange
zwischen chemischer Analytik und Effekttest verantwortlich sein.EDgebnisse dedioxin-
ahnlichenWirkpotentiale spiegelten sichallerdingsin den Ergebnissen des ER&{3says

wider. Eine Bindung an den ARezeptor und damit die Induktion des CYP1BAdzyms
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welches beim EROfAssay gemessen wird, erfolgt durch koplanare PCBs. Die von der
chemischen Analytik erfassten P&®ngenere waren alle bis auf eins nicht koplanar. Des
Weiteren ist bekannt, dass die Arzneimittel Carbamazepin, Diclofenac und Sulfareethoxa
welche in hohen Konzentrationen im Abwasser und der Schussen gemessen wurden, die
EROD-Aktivitat reduzieren konne(Laville et al. 2003

Genotoxisch&Virkpotentiale, ermittelt mit dem SGShromotest, zeigten schwache Werte in
Sedimenten der Schussen und keine Effekte in denen der Argen. In Abwasserproben konnten
hohe genotoxisch&irkpotentiale gemessen werden. Bei Débeln aus der Schussen wurden
mit dem Mikrokerntest signifikant mehr Mikrokerne in Erythrozyten gezahlt als in Dobeln
aus der Argen. Die Werte lagen sowohl bei der Schussen als auch bei der Argen in hdheren
Bereichen als in anderen Studien Uber umweltbelastete Probegkekemzilli et al. 2008

Pavlica et al. 201L Eine Abhéngigkeit vom Alter konnte ausgeschlossen werden. Die
Konzentrationen von genotoxisaelirksamenSubstanzen wie Megttriclosan(Abbauprodukt

von Triclosan)und Carbendazim waren hoher in Proben aus der Schussen im Vergleich zur
Argen. Die starke Persistenz von Methyltriclosan und Carbendé@aimer et al. 2003
Cuppen et al. 20Q0und die dadurch bedingte chronische Exposijtihren zu einer immer
starker ansteigenden Anzahl an MikrolamrBinelli et al. (2009konnten bei Zebramuscheln

einen zek und konzentrationsabhéngigen Anstieg der Mikrokernzahl nach Exposition
gegenuber Triclosan beobachten.

EmbryotoxischeWirkpotentiale wurden mit dem ZebraflsEmbryotest DarT naciNagel

(2002) mit Hilfe von Oberflachenwasser, Sediment und Abwasserproben ertt@lt. Die

mittlere Herzschlagrate lag bei Fischen, die gegenBbeben aus der Schussexponiert
wurden, im gleichen Rahmen wie déischen, die gegeniiber Proben aus der Argen exponiert
oder in Kontrollwasser gehalten wurdeledoch zeigte die hdhere ri&ilitat der Resultate

einen punktuellen Einfluss der KA Langwiese. Auch beziglich Entwicklungsstérungen und
Schlupfrate waren die Ergebnisse von Schussen und Argen ahnlich. Generell waren die
embryotoxischenWirkpotentiale inOberflachenwsser und Sedimentproben von Schussen

und Argen geringBezuglich der Effekte in Fischen waredHerzschlagrate von Bachnd
Regenbogenforellen, die in den beiden Bygagstemen schlipften, signifikant hoher in
Tieren aus dem SchussBgpass verglichermit denen aus dem ArgdBypass. Da die
Herzschlagrate temperaturabhéngig ist und das Wasser der Schussen kélter als das der Argen
oder der Kontrolle war, ware davon auszugehen, dass die Herzschlagrate in Tieren aus der
Schussen geringer ist als Tieren ais der Argen oder der Kontrolle. Da dies nicht der Fall

war, kann von einem erhdhten Metabolismus auf Grund von Schadstoffen in der Schussen
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ausgegangen werderDiese Schadstoffe flhrten dazu, dass Biotransformationsprozesse
verstarkt abliefenlm Gegensat dazuhabenSt asi I nai t & und géfimgeré aus K i
Herzschlagrategemessenjedoch erfolgte hier die Exposition gegeniiber Abwassas auf

einen pathologischekinfluss hindeuten kénnteDa bei der Exposition der Forellen im
SchusseiBypasseine Verdunnungles Abwasserdgurch das Gewasser erfolgte, kann hier

eine erhohte Herzschlagrate als erster Schritt einer Stoffwechselantwort gewertet werden. Die
Mortalitat war bei Regenbogenforellen aus Schussen und Argen gleich, wohindjegen
Mortalitatsratebei Bachforellen ausedt Schussen hoher lag. Die embryotoxischen Effekte
deuten daher auf eine hohere Belastung an der Schussen hin. Als Ausloser fir einen
reduzierten Schlupferfolg oder eine erhéhte Mortalitat bei Embryonen der Regenbogenforelle
konnten in einer Studievdfia z | aus ki en& un MetaBe iderstifiziernweridend ( 1 9 ¢
Auch Carbamazepin und Diclofenac kénnen einen Einfluss h#e#o et al. 2012Galus et

al. 2013. Alle diese Substanzen wurden durch die chemische Analyse von
Oberfl&chenvasser, Abwasser uredimennachgewiesen

Die Kombination von chemischer Analytik, Wirkpotentialstests und Effekttests zeigte eine
toxische Belastung der Schussaherauchder Argen.Dabei war die Argeedochweniger

stark belastet als die Schussbre einzelnenNirkpotentialtests spiegeh die in den Fischen
gefundenen Effekte zumeist sehr gut wider, was zeigt, dass eine Batterie an verschiedenen
Biomarkern und Biotests einesehr gutenEinblick in den Zustad eines Gewassers
gewahrleistet.

Als relevanter Aspekt der vorliegenden Arbeit wurden in diesem Kapitel die Ergebnisse des

EROD-Assays dargelegt.

5.5 Kapitel 5: Maier D, Benisek M, Blaha LDondero FGiesy JP, Kéhler HR, Richter D,
Scheurer M, Triebska R (ingereicht beiEcotoxicology and Environmental Safgty
Reduction of dioxirlike toxicity in effluents by additional wastewater treatment and related
effects in fish

DiesesKapitel befasst sich mit dekrgebnissa hinsichtlichder Reduktiordioxin-ahnlicher
Wirkungen Die in Kapitel 4 vorgestellten Ergebnisse vor dem Ausbau der KA Langmiése
einer Pulveraktivkohlestuferurden hier mit den Ergebnissen nat#m Ausbau verglichen.
Zudem wurden die Ergebnisse der Modellanlage in Eriskirch, heeltber Ozonierung,

Aktivkohle und Sandfilter verfugt, mit einbezogen.
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Die chemische Analyse umfass@berflachenwasser und Sedimentproben der Schussen
unterhalbder KA Langwiese der Argen und derSchussenmiindungdbwasserproben der
KlaranlagenLangwiese und Eriskirch sowie Fischproben aus den Expositionsverstdesen
aktiven Monitorings Dioxin-ahnliche Substanzen wie polychlorierte Biphenyle (PCBs) und
polyzyklische aromatische Kohlenwasserstoffe (PAKs) binden an den Arylhydroearbon
Rezeptor (AR) und fuhren zu einer erhbhten ER@Rtivitat. PCBs konntenn Fischennur

im Winter 2012/2013 nachgewiesen werdenmit den hdchsten Konzentrationen in
Kontrolltieren und Forellen der Kafigexposition oberhalb der KA LangwiBsds wurden

in Sedimentervon Schussen und Argegemessemmit niedrigeren Konzentratiemin 2012

und 2013 verglichen mit 2014. Bei den Arzneimitteln, die Auswirkungen auf die EROD
Aktivitat haben koénnen, konnte Diclofenam Forellen nur im Winter 2012/2013
nachgewiesen werdgfische augler Kafigexposition unterhalloler KA Langwiese und aus
der Aquarienexposition gegenuberdem regularen Ablauf der KA Eriskirch)
Oberflachenwasserprobender Schussenmiindungeigten zwischen den Jahren keine
Unterschiede bezuglich der Konzentrationean Diclofenac, Carbamazepin und
Sulfamethoxazol. Arder Schussen unterhalb der KA Langwiese und an der Argeen
2014 die Konzentrationen aller drei Arzneimittel geringer als die Jahre davor, obwohl die
Argen von dem Klaranlagenausbau nicht betroffear.wEbenso zeigte der Einsatz
zusatzlicher Reinigungsstufen an beiden Klaranlagen geringere Konzentrationen dieser
Arzneimittel im Abwasser.

Dioxin-ahnlicheWirkpotentiale inOberflachenasserproben konnten mit dem Reportergen
Assay lediglich im Sommer 20linterhalb der KA Langwiesend an der Argergemessen
werden. In Sedimenten d8&chussenmindunigaten2014 geringer&Virkpotentiale als 2012
und 2013auf, wahrendunterhalb der Klaranige und an der Argedie Werte in allen drei
Jahren etwa im gleichen Bereitdgen Bei den Abwasserproben der KA Eriskirerfolgte
eine Redution dioxin-ahnliche Toxizitdt durch die zuséatzliche Reinigung in der
ModellanlageDastoxischeWirkpotential wa dabeiimmer unter der Nachweisgrenze, sobald
Aktivkohle involviert war, sei es allein oder iWerbindung mit Ozon oder Ozon und
Sandfilter. Bei reiner Ozonung testnochdioxin-ahnliche Toxizitéen auf und selbst bei der
Kombination mit einem Sandfilter lag in der Halfte der Proben nochseilcbeToxizitat vor.

Vor dem Ausbau der KA Langwiese konnten im Abwasser nach Flockungsiithein-
ahnliche Wirkpotentiale gemessen werden, welche nach dem usbau mit einer

Aktivkohlestufeunter der Bestimmungsgrenze lagen.
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Durch die zusatzlichen Reinigungsstufen der Modellanlage der KA Eriskirch waren die in
Regenbogenforellen nachgewieseexin-ahnlichen Effekte geringer. Ebenso konnte nach
dem Ausbau derKA Langwiese in Regenbogenforellen aus Kafigen unterhalb des
Klaranlagenablaufs eine geringere ERA@Ktivitdt gemessen werden, wahrend sie in Fischen
oberhalb des Auslaufs gleich blieb. Dieses Ergebnis spiegelte sich auch deutlich in weiblichen
Bachforelen und in Regenbogenforellen beider Geschlechter aus dem SecBypsess
wider. Bei mannlichen Bachforelldningegenwurde nach dem Ausbau eine hdhere Aktivitat
des Enzyms CYP1A1l nachgewieselie jedoch nicht signifikant verschieden zum Vorjahr
war und sth im Rahmen der Negativkontrolle bewegte

Beide Klaranlagen waren zu Beginn der Studie bereits mit einer dritten Reinigungsstufe
ausgestattetiedochkonntenEffekte, die aufdioxin-ahnlich wirksame Stoffe zurtickgehen,
sowohl im Abwasser als auch in Forellen nachgewiesen wekdder et al. (R03) fanden
ebenfalls eine hthere ER@Ektivitat in Fischen die unterhalb einer Klaranlage mit dritter
Reinigungsstufe lebten im Vergleich zu den Tieren oberhalb dieser Klaramagemer
Studie vonMa et al. (2005) in der eine Modellanlage verwendeturde, konnte iee
Reduzierunglioxin-ahnlicher Substanzen und den daraus resultierenden geringeren Effekten
beim ERODAssay durch eine dritte Reinigungsstufe nachgewiesen werden. Ergebnisse
bezlglich einer vierten Reinigungsstufe sind sparlith.et al. (205) untersuchten ebenfalls

die zusatzliche Reinigung mitiner vierten Stufeeiner Ozonierung. Jedoch waren die
Ergebnisse nicht eindeutig, da sowohl geringere als auch hohere -BR@@aten nach
Ozonbehandlung gemessen wurden. Aiich Abwasser der KA Eriskirchtraten nach
Ozonbehandlungweiterhin dioxin-ahnliche Wirkpotentiale auf. Ozonierung kann zu
unbekannten Transformationsprodukten fuhflesjeunesse et al. 2018argot et al. 2018
welche durch die chemischd@nalytik nicht erfasst werdenaber einen Einfluss auf die
Ergebnisse deReportergenund desEROD-Assays haberkdnren.

Zwolf PCB-Kongenere sind auf Gruntrer Struktur fahig, an den ARezeptor zu binden um

eine ERODAKktivitat auszuléser{Cirillo et al. 2013. In dieser Studierfolgte im Rahmen der
chemischen Analytik eine Analysder Proben nurhinsichtlich einem dioxin-ahnlichen
Kongener, die anden untersuchten Kongenere gehorten zu dechtdioxin-ahnlichen
Kongenera. Jedoch korrelieren die Konzentrationen der nabbxin-ahnlichen PCBs in
Sedimenten und Fischen sehr gut mit den Konzentratidioaim-ahnliche PCBs(Babut et

al. 2009.

Die Ergebnissalerchemischen Analysen bezlglich PCisvie PAKs konnten nicht mit den
Ergebnissen deWirkpotentiat und Effekttests in Einklang gebracht werdeilerdings
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traten sowohl beim Reportergeals auch beim EROssayvergleichbareErgebnisse auf.
Laville et al. (2004¥anden heraus, dass Arzneimittel einen Einfluss auf die ERKiDitat
haben konnenin weiteren Studien konnteei verschiedene andera Substanze ebenfalls
ein Einfluss auf die Aktivitdt des Enzyms CYP1Al nachgewiesen werden, darunter
Thiabendazol, Carbaryl, Nikotin, Koffein oder Schwermetéilex et al. 1994 George und
Young 1986 Goasduff et al. 199650ksayr et al. 1994ba et al. 1998Ledirac et al. 1997
RodriguezAriza et al. 1994 Weiterhin kann eie Induktion des Enzyms CYP1A1 auch uber
andere Signalwege als Uber denRézeptor erfolgefDelescluse et al. 2000
Generellwurde in diesem Kapitekeine Redution der dioxin-ahnlichen Toxizitasowohlim
Abwasser als auch in Fischen nach Behandlung mit Ozon und/oder Aktiviauiiigewiesen
Somit haben sichdiese zusatzlichen Reinigungsethodenals geeigneterwiesen dioxin-
ahnliche Verbindungen herauszufiltern

Die in dieser Studiedargelegten Ergebnisse dEROD-Assays sind Teil der vorliegenden
Arbeit.

5.6 Kapitel 6: Maier D, Henneberg A, Kohler4R, Rault M, Richter D, Scheurer M, Suchail
S, Triebskorn Rin Vorbereituny Does wastewatdreatment plant upgrading with activated

carbon result in an improvement of fish health in the connected river?

In diesen Kapitel sind Ergebnisseeum Gesundheitszustand von Fisclaangestelltwelcher

mit Hilfe verschiedener biochemischer und zellularer Biomavierund nach dem Ausbau

der KA Langwieseermittelt wurde Dies beinhaltet aucklie Resultate der genotoxischen
Effekte in Fischen nach dem Ausbawelche mit den unter Kapitel 4 verd6ffentlichten
Resultata vor dem Ausbau verglichemerden Als ergdnzende Datesind Ergebnisse zu den
limnochemischen und chemisemalytischen Untersuchungenthalten

Die limnologischen Wertélir Schussen und Argen lagen alle im Bereich der Guteklaldse |
(UBA 2003. Nur derNitratgehaltuberstieg zu allen Probenahmezeitpunkten und an allen
Stellen der Schussen den Wert fer di e G¢gtek
Forellen in den BypasSystemen und in den Kafigen waren die Voraussetzungen bezuglich
Sauerstoffgkalt und Temperatur ausreichend gewahrleistet.

Eine Reduktion der Konzentrationen an Diclofenac, Carbamazepin und Metoprolol konnte
nach dem Ausbau der KA Langwiese derenAblauf sowie inOberflachenwasserproben
unterhalb der KA Langwiese (hier mit Ausnahme von Metoprolol) nachgewiesen werden. An

der Argen traten 2014 ebenfalls reduzierte Konzentrationen dieser Arzneimittel auf, wahrend
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oberhalb der KA Langwiese die Konzentrationen hdhgen Diclofenac wurde vor dem
Ausbau in Regenbogenforellen aus Kafigen unterhalb des Klaranlagenanskshgswiesen

nicht jedoch nach dem AusbaBRerfluoroctansulfona{PFOS) war nach dem Ausbau im
Klaranlagenablauf, inOberflachenasserproben aller Freilandstellamd in fast allen
Sedimentproben reduziert. Jedoch lag der Wert fur Oberflichenwasser unterhalb der KA
Langwiese immer noch Uuber der Umweltqualitditsnorm (0,65 ng/(EU 2013.
Perfluoroctansauré?FOA) wurde in AbwasseQberflachenwsser und Sediment hingegen
nicht reduziert oder trat sogar in héheren Konzentrationen auf. Die Konzentrationen an PFOS
in Fischproben waren 2014 generell niedriger als in demredallavor, sowohl bei
FreilandtierenrausSchussen und Argen als auch bei Forellen aus den Kafigexpositionen und
beiden BypasSystemen. Fur PFOA traten 2014 erhdhte Konzentrationen in D6beln und
Schneidern aus der Schussen unterhalb der Klaranlage uackllef beider BypasSysteme

auf. Bei den Freilandtieren lag der Wert sogar Uber der Umweltqualitatsnorm fur Biota
(9,1 pg/kg Nassgewicht(EU 2013. Eine Reduktion an PFOA konnte in Dobebus der
Schusseroberhalb der Klaranlage uraisder Argen, sowie in Regenbogenforellen aus der
Kafigexposition nachgewiesen werden. Die Konzentration an Schwermetallen war nach dem
Ausbau unterhalb der Klaranlage @berflachenwasser und Sedimentproben sowie im
Klaranlagenablauf reduziert, abmuchoberhalb der Klaranlage und an der Argen. Unterhalb
der KA Langwiese zeigten Dobel und Schneider geringere Gehalte an Schwermetallen nach
dem Ausbau, ebenso wie Forellaaus dem SchussdBypass. Diese Reduktion trat
gleichermalReei Fischen aus der Argen, dem Arg@ypass undler Schusseaberhalb der

KA Langwiese auf.

Nach dem Ausbau der KA Langwiese konnte eine starke Verbesserung der Fischgesundheit
von Dobeln und Schwdern aus der Schussen unterhalb der Klaranlagmwie
Regenbogenforellen aus Kafigen unterhalbKléranlageund dem SchussdBypassanhand

der Gewebeintegritaterzeichnetwerden. Jedoch kam es auohFischen aus der Schussen
oberhalb der KA Langwiesend ausder Argen zu Verbesserungen, die aber nicht so stark
ausgepragt waremlsin den von der KA Langwiese beeinflussten Tiefldnterhalb der KA
Langwiese konnted» Dobeln nach dem Ausbau eine signifikante Verbesserung der Leber im
Vergleich zu den ahren 2010 bis 2012 ausgemacht werden. Ebenso trat bei Schneidern
unterhalb der Klaranlageine signifikante Verbesserung in der Niere auf. Fur die weiteren
Organe der beiden Spezies konnten dieselben Tendenzen festgehalten werden. Die Kiemen
von Regenbogdorellen aus Kéafigen unterhalb der KA Langwiese zeigten einen signifikant

besseren Zustand nach dem Ausbau der KA Langwiese im Vergleich zu vor dem Ausbau. Flr
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die Leber konnte keine Verédnderung vermerkt werden. Regenbogenforellen aus dem
SchusseiBypasswiesennach dem Ausbau einen signifikant besseren Gesundheitszustand der
Leber im Vergleich zuFischen vorvor dem Ausbau under Argen auf. Nach dem Ausbau

der KA Langwiese konntein Tieren, die aus der Schussen gefischt wurden oder dort
exponiert waren verschiedene qualitative Verbesserungen in den untersuchten Organen
nachgewiesewerden. Die Leberproben @sen grol3ere und hellere Zell@ait einem hdheren
Gehalt angespeichertem Glykogesuf. Es traten weniger oft Vakuolisierungand Cloudy
Swelling der Zellen auf. Auch di&nzahlan Entziindungen urdie Menge arBindegewebe

im Lebergewebe war reduziert. Nekrosen kamen nur noch selten oder gar nicht mehr vor. In
der Niere zeigten die Tubuli weniger Dilatationen ihres Lumens und das hameacipeeti
Gewebe war dichter und weniger stamduziert Vakuolisierungen oder hyalintropfige
Proteinspeicherungen in den Tubuli wareermindert ebenso wie die Anzahl der
Makrophagen. Der Bowman'sche Raum der Glomeruli waniger oft erweitert und
Nekrosentraten seltener oder gar nicht mehr auf. Bei den Kiemen konnte eine geringere
Hyperplasie und Hypertrophie bei Pflastend Chloridzellen beobachtet werden, was sich
ebenfallsin einer geringeren Fusieratezeigte. DieAnzahlder Schleimzellen waverringert.
Epithel Lifting und Makrophagenaggregationen traten nur noch vereinzelt auf, ebenso wie
Aneurismen. Nekrosen waren sehr selten bis gar nicht mehr zu finden. Diese Verbesserungen
traten, wie oben bereits erwahatichin Tierenaus der Schussamberh#b der KA Langwiese
oderaus derArgen auf. Jedoch waren die Veranderungen nicht so stark ausgegeagt

Tieren aus der Schussen unterhalb der Klaranlage. Verschiedene Subktampesn als
Ursacheder oben beschriebenen SymptomeFrage Unter den Azneimitteln stehen vor
allem Diclofenac, Carbamazepin, Metoprolol und Clofibrinsadure im F(Bwsher und Hofer

1993 Pratap und Wendela&onga 1993Schwaiger et al. 200&chwaiger 200 1Triebskorn

et al. 2004 Triebskorn et al. 2007 Weiterhin sind Schwermetalle fir derartige
Veranderungen im Gewebe verantwort/i@dbenso wiePFOA (Ahmed et al. 201.3Evans

1987 Giari et al. 2015Griffitt et al. 2007 Martinez et al. 2004Mazon et al. 2002Mishra

und Mohanty 2008Pelgrom et al. 1995ao et al. 2000Triebskorn etal. 2008 Varanasi und
Markey 1978. Generell konnteftVeranderungern den Organen von Fischen rhglasteten
Flissenin Verbindung gebracht werdgiBucher und Hofer 1993Gernhofer et al. 2001
Johnsen et al. 199&chmidtPosthaus et al. 2006chmidt et al. 199%chramm et al. 1998
Schwaiger 20G1Schwaiger et al. 1997 riebskorn et al. 200Zriebskorn et al. 1997Durch

den Ausbau der KA Langwiese mit einer Aktivkohlefilterung hat sich die Gesamtbelastung an
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Schadstoffen reduziert, was sich in einer verminderten Schadigung der Organe
widerspiegelte.

Der GlykogenGehalt in der Leber von Dobeln war 2014 in Tieaeis der Schussamberhalb

der KA Langwieséhdher als im Jahr 2012. Dagegen lag der Gehalt bei Dainédmhalb der
Klaranlage undausder Argenniedriger als in den Jahren 2011 und 20&AZnn man den
Gehalt an Glykogen von Tieren aus der Schussen relativ zu dem Gehalt von Tieren aus der
Argen auftragt, so zeigen Fische aus 8ehussen vor dem Ausbau weniger Glykogen als
solche aus deArgen, wahrend nach dem Ausbau an allen Probestedie®6beh ausder
Schussen mehr Glykogervorhanden war, als bei Dobeln ausder Argen. Bei
Regenbogenforellen aus den Kafigen unterhalb der KA Langwiese konnte nach dem Ausbau
mehr Glykogen im Vergleich zden Tieren oberhallder Klaranlagenachgewiesemverden,
wahrend vor dem Ausban diesen FischewenigerGlykogenals bei Fischeroberhalbder
Klaranlagevorhanden warRegenbogenforellen aus dem Schudgpass enthielten nach

dem Ausbau mehr Glykogen als vor dem AuslizelasteteFllisse fuhrten in vers@denen
Studien zu verringerten Glykogenresery8ohwaiger et al. 1997 riebskorn et al. 1997nd
Schwermetalle, Diclofenac und Metoprolol konnten mit einem reduzierten Glykogenigehal
Verbindung gebracht werdddaved und Usmani 201%riebskorn et al. 20Q4Triebskorn et

al. 2007. Der Gehalt an Setermetallen und Arzneimitteln iAbwasserder KA Langwiese

im Oberflachenwasseund in Fischen unterhalb der Klaranlagear nach demAusbau
reduziert, was den steigenden Glykogeehalt erklaren wirde. Ein Einfluss der Temperatur
(Hilton 1982 Yang et al. 201p konnte sowohl beim aktiven als auch beim passiven
Monitoring ausgeschlossen werden, jedoch nicht der Einfluss eines unterschiedlichen
FresverhaltengHung et al. 1998bei den Freilandfischen.

Bezuglich der Stressprotefnalyse traten bei Dobeln und Schneidern fir alle Organe
(Leber, Kieme und Niere) und alle Freilandprobestellen an Schussen und Argen keine
Unterschiedewischen vor und nach dem Ausbau der KA Langwieseliat deckt sich mit

einer Studie vorMayon et al. (2006)die ebenfalls keine Unterschiede im Hs{i&¥el von
Ddébeln verschiedener Probestellen mit unterschiedlichen \fargzhngsgradermessen
konnten. Jedoch zeigte sich ein starker jahrlicher Effekt, der bereits in einer Studie von
Kohler et al. (2001aufgezeigt wurdeNach dem Ausbakonnte ei Regenbogenforellen aus
Kafigen unterhalb der KA Langwiese in der Leber ein signifikgetingerer Hsp7®Wert
gemessen werden im Vergleich zu daachenoberhalb undzu Kontrolltieren Die Kiemen

der Forellenaus Kafigenvon oberhalb und unterhalb der KA Langwiese wiesen geringere

Hsp708Level auf verglichen mit der Kontrolle. Die HspYQerte der Lebern von
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Regenbogenforellen aus den Bypassen zeigten keine Unterschiede. Vergleicht man die
Resultate der Stressprotédmalyse mit denen der Histopathologie, missten eigentlich
deutlichere Effekte in der Stressantwort im Freiland sowie bei deonsimen zu sehen

sein. Einfluss auf den HspA®vel hat unter anderem PFOS, welches in einer Studie mit
Atlantischen Lachsen zu héheren HsyiFéhalten fuhrtéKravel et al. 2008 Dieser Stoff lag

nach dem Ausau in geringeren Konzentrationen im Abwasser und in den voKl@emlage
beeinflusstenSedimentenund Fischenvor. Ebenso konnten in den Fischen nach Ausbau
geringere Konzentrationen der Arzneimittel Diclofenac und Metoprolol gemessen werden.
Dies zeigt, dass generell proteotoxische Stoffe als Einflussgrof3e aufsp@@liével hier

nicht vorrangig verantwortlich sind, sondern, wie oben erwahnt, ein jahrlicher Einfluss in
dieser Studie von gro3erer Bedeutung fiir die Stressantwort war.

Die Anzahl an Mikrokernenni Débelnaus der Schussamterhalb der KA Langwiesear

nach Ausbau signifikangeringerals vor dem Ausbau. Jedoch trat dieser Effekt anch
Fischen voroberhalb der KA Langwiese adfiere aus deArgen zeigte 2014 eine nur leicht
erhohte Anzahl an Mikrokernen im Vergleich zu 2012. Auch bei Regenbogeefocir
Kafigexposition traten im Winter 2013/2014 signifikant weniger Mikrokerne in Fisalien
Kafigen unterhalb des Klaranlagenablaufs auf, aber ebenso in TaaieKafigenoberhalb
derKlaranlageund der Kontrolle Fir Regenbogenforellen aus dem Scangs/pass wurden

nach Ausbau mehr Mikrokerne gefunden als davor, wahrend sich der Weffisebienaus

der Argen im gleichen Bereich bewegte. In Studien korititeNickel und Arsen eine
genotoxische Wirkung nachgewiesen wer@€omar et al. 2013Palermo et al. 2035Wie

bereits erwadhntvurden Schwermetalle nach Ausbau in reduzierter MeagbagewieserEin
Einfluss des Alters ist auszuschliel3en, da die exponierten Regenbogenforellen alle gleich alt
waren und bei den Doébeln die durchgefihrten Korrelationsanalysen keinen Einfluss des
Alters auf die Menge an Mikrokernen aufzeigten.

Die hier dargestelltetuntersuchungemsprechen flrine Verbesserung der Fischgesundheit
nach Ausbau der KA Langwiese mit einer Aktivkdilee wobei die Starke des Effekts je
nach Methode variierte. Ein Vergleich mit der chemischen Analytik von Abwasser
OberflachenwasserSediment und Fischproben hat gezeigt, dass verschiedene Stoffe, die flr
die genannten Effekte verantwortlich sein kdnnen, nach dem Ausbau in geringeren
Konzentrationen gemessen wurden. Dadurch konnte eine Verbindung gezogen werden
zwischen chemischer Anaik und aufgetretenen Effekten in Fischen.

Fur die vorliegende Arbeit wichtig sind die in diesem Kapitel aufgefiihrten Ergebnisse zur

Histopathologie der Proben aus dem Freiland.
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6. Zusammenfassungund Schlussfolgerung

In der vorliegenden Arbeit konnten Erkenntnisse gewonnen werden (betie
Belastungssituationen an de8chussen vor Ausbau der KA Langwiese und dem
Referenzgewassehrgen, sowie Uber die Effektivitdtzusatzlicher Reinigungsstufedies

betraf zum einen den Ausbau der KA Langwiese mit eineivRétlestufe, als auch die
Untersuchungeander Modellanlage der KA Eriskirch.

Mit Hilfe der chemischen Analytik konnten verschiedene Substanzen in Abwasser,
Oberflachenwasser, Sediment und Fischdatektiert werden. Allerdings war die
Leistungsfahigkeit der angewandten Methoden begrenzt, sodass Stoffe, die in ihrer
Konzentration unter der Bestimmungsgretagen nicht erfassivurden Weiterhin war es
zeitlich und kostenbedingt notwendig, aus dem breiten Spektrum an Stoffen nur auf eine
gewisse Auswahl an Substanzen hin zu testen. Nicht zu unterschatebanisbtder Effekt

von Mischungstoxizitén

Aus diesen Gruindewurden zusatzlich zur chemisen Analytik verschiedenia vitro undin

vivo Testmethoden herangezogeBabei erfolgte zum einen eine Untersuchung von
Abwasset, Oberflachenwasserund Sedimentproben bezuglich ihré&/irkpotentials,
verschiedene toxische und endokrine Wirkungen ausznilélierbei zeigte sich bei einigen
MethodenGrenzen beziiglich dédachweisschwellen. Es kam weiterhin zu Uberlagerungen
toxische und endokrine Effekte, die sich beim EScreen mit humanen Brustkrebszellen und
beim Reproduktionstest mitPotamopyrgus aigodarum abzeichneten Um weitere
Erkenntnisse Uber die Belastungssituation zu erhalten, wurden daher die tatsachlich
aufgetretenen Effekte in Fischen betrachtet. Bei einigen dieser Effekttests stellte sich die
Interpretation der Ergebnisse als eher schigideraus, jedoch zeichneten sich bei den
meisten Untersuchungen deutliche Resultate ab.

Vor Ausbau der KA Langwiese stellte sich heraus, dass in der Schussen emdidgame
Substanzen grundsatzlich eine eher untergeordnete Rolle spielen, wéhrend die Belastung mit
toxischwirksamenSubstanzemls hoch einzustufen warDasselbe galt fur die Argen, wobei

die Belastung generell geringer war als die der SchusBemch die zuséatche
Aktivkohlestufe sollte eineReduktion oder sogar Eliminierundjeser Substanzen erreicht
werden. Ebenso zeigten sich beim regularen Ablauf der KA Eriskirckindénliche
Wirkpotentiale und Effekte, die durch die Behandlung des Abwassers mit Odéoden
Aktivkohle vermindertwerden sollten.

Die chemische Analytik konntsowohl beim Abwasser der KA Langwiese nach Ausbau mit

einer Aktivkohlestufe als auch beim Ablauf der Modellanlage der KA Eriskette
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Reduzierungvon toxischenSubstanzen inAbwasser, Oberflachenwasser, Sediment und
FischennachweisenAuch de toxischenWirkpotentiale von Abwasser, Oberflachenwasser
und Sediment wurden vermindert, ebenso wie die toxischen Effekte in FidDhéei
spiegelten sich id Resultate deWirkpotentialtests in deneder Effekttests wider, wobei
diese Ergebnisse nicht immer von der clsetmen Analytik gestitzt werden konnten.

Da sich die vorliegende Arbeit auf die Untersuchung von Fischen konzentriertpast e
zusammenfassende Auswerturig@r Ergebnisse bezuglich deEffekte bei Fischenin
Abbildung 21 dargestelltDabei wurde nicht nur eine Erfolgskontrolle der KA Langwiese
vorgenommen, sondern die Ergebnisse der Modellanlage der KA Eriskirch mit einbezogen.
Hierfir wurdendie einzelnen Ergebnigsniteinander verglichemind fur jede Testmethode
mit Hilfe der unten aufgefihrten Formeln Wert berechnet (Tabelle).4Bei Resultaten
beziglich des Ausbaus der KA Langwiese wurden die Daten 2014 mit den
entsprechenden Resultatans den Vorjahren vglichen gum Beispieldie ERODAKktivitat

in Regenbogenforellen aus Kafigen unterhalb der KA Langwras@/inter 2012/2013nit
denen im Winter 2013/2014kur die Daten aus den Expositionen an der KA Eriskirch im
Winter 2012/2013 und im Winter 2013/2014 nafe jeweils zwischen regularem Ablawufer
Klaranlageund Ablauf der Modellanlagein Vergleich gezogenda hier die Exposition
gegenuber Abwasser beider Ablayfegular und Modellanlagejleichzeitig durchgefihrt
werden konnte.

Je nachdem, ob eine (sighdnte) Verbesserung, (signifikante) Verschlechterung oder keine

Anderung auftrat, wurden Punkte vergeben:

2 Punkte:  signifikante Verbesserung

1 Punkt: leichte Verbesserung

0 Punkte:  keine Veranderung

-1 Punkt: leichte Verschlechterung

-2 Punkte: signifikante Verschlechterung

Um eine Gewichtung zu erhalten, wurde die Punktzahl in folgende Formel eingesetzt:

Vergebene Punkte / Anzahl Versuchsansatze = Endergebnis

Kursiv geschriebene Methodéam Tabelle 4wurden von Kooperationspartnern oder kgkn

der Univerdiat Tuibingen durchgefihrt. Es vden die Veranderungeaturch die zusatzlichen
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Reinigungsstufe an den Klaranlagen Langwies und Eriskirch den Ergebnissen der
Referenzstellen(oberhalb KA Langwiese, Argen und regularer Ablauf KA Eriskirch)
gegenubergestellt. Je gro3er eine Zahl ist, desto staekatie Verbesserung. Bei negativen

Zahlen trat eine Verschlechterung ein.

Tabelle 4 BerechneteErgebnise fur die Effekte in FischenVeranderungen sind ein Vergleich zwischen den
Ergebnissen voA010 bis 2013 und 2014.

Untersuchte Effekte Durchgefihrte Veranderung Veréanderung
Methode durch zusétzliche an den
Reinigungsstufe Referenzstellen
Dioxin-ahnliche EROD-Assay 0,75 -0,38
Toxizitat
Genotoxizitat Mikrokerntest 1,20 0,85
Gewebeoxizitat Histopathologie 0,92 0,75
GlykogerAnalyse 1,6 -0,29
Proteotoxizitat Stressprotein 0,14 -0,23
Analyse

In Abbildung 21 wird ersichtlich, dass die Effekte in den Fischdurch die zusatzliche
Behandlung des Abwasseder beiden Klaranfgen reduziert wurden, abedassebenfalls
Verbesserungen afen Referenzstelleauftraten Jedoch waren die Veranderungen oberhalb
der KA Langwiese, an der Argen und im regularen Ablauf der KA Eriskirch nicht so

gravierend wie die, die durch die Behandlumity Ozon und Aktivkohle erzielt wurden.

E Zusatzliche Reinigungsstufe OReferenzstellen
2 -
1,5 -
2
2 1
g
v 0,5
o
O T T T T T ﬂ_‘ 1
-0,5 -
EROD-  Mikrokern- Histopatho- Glykogen- Stressprotein-
Assay test logie Analyse Analyse

Abbildung 21.Bewertung der Ergebnisse
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Die in dieser Studie angewandten Methodartoxischen Wirkungehaben sich gro3tenteils

als geeignet erwiesen die aufgetretenen Veranderungen durch zusatzliche
Abwasserbehandlungedarzustellen Bei einigen konnten die Verbesserungen, dignit
einhergingen, deutlicher gesehen werden als bei anddesloch zeigte sich durch die
Kombination von chemischer Analytik, Wirkpotentialtestsxd Effektestseine eindeutige
Richtung zu mer Verringerung der Belastungn der Schussemach Ausbau der KA
Langwiesebeziehungsweiseiner geringeren Belastumigs Ablaufs der Modellanlage an der

KA Eriskirch. Die Reduzierungnbetrafen diegGewebtoxizitat, die dioxin-ahnlicheToxizitéat

und die Genotoxizitat (Abbildung 22). Bei der Proteotoxizitat waren die Ergebnisse nicht
eindeutig. Hier kam es teilweise zu einer Reduzierung, wahrend es in anderen Féllen zu

keiner Anderung durctiie zusatzliche Reinigundes Abwassersam.
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Abbildung 22 Graphische Zusammenfassung der Ergebmiss&orliegenden Arbeit

Zusammenfassend lasst sich sagen, dass die zu Beginn aufgefuhrten Arbeitspunkte zum
Grol3teil bejaht werden konnterkEinzig der Zusammenhang zwischen den Resultdegn

chemischen Analytik und den Ergebnissen \&rkpotential und Effekttests warwie oben
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bereits erwahnt, nicht immer gegebé&ne vorliegendeArbeit hat gezeigt, dass der Einsatz
von Ozon und Aktivkohle bei der Behandlung von Abwasser zu héheremEimngaten
von toxischerSubstanzennd einer Verminderung der damit einhergehenden Effékie
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Kapitel 1

Abstract

The project focuses on the efficiency of combined technologies to reduce the release of
micropollutants andbacteria into surface waters via sewage treatment plants of different size
and via stormwater overflow basins of different types. As a model river in a highly populated
catchment area, the river Schussen and, as a control, the river Argen, two trilofitaalks
Constance, Southern Germany, are under investigation in this project. The efficiency of the
different cleaning technologies is monitored by a wide range of exposure and effect analyses
ncluding chemical and microbiological techniques as well asceftudies ranging from

molecules to communities.

Background

According to the European Water Framewor k D
status of surface waterso has to be achieve
release of mimpollutants and pathogens into surface waters via wastewater treatment plants
(WWTPs) has come into the focus of scientists as well as of politicians. Concomitantly,
sever al research projects, as e.g. ttbgg EU p
Mi cropol | A -tgrmd Jactivibes of | NODRMAN network (http://www.norman
network.net/) have investigated the efficiency of different technologies in WWTPs, as e.g.
ozonation or charcoal filters, to lower concentrations of micropollutants in sumMaiess.

The efficiency and practical suitability of these technologies and their respective advantages

and disadvantages were assessed for example by Beier and colleagues [3]. Stalter and co
workers [4] and Schrank and colleagues [5] critically discussteation of toxic metabolites

by ozonation and recommend always to combine ozonation with any type of filter, e.g. sand
filter. As a major advantage of ozonation Abegglenand and colleagues [2] and Margot and
colleagues [6] stress its efficiency to redpaghogens in addition to micropollutants.

In contrast to WWTPs, less attention has been paid up to now to storm water overflow
basins (SOBs) as important sources for the release of micropollutants and bacteria into surface
waters [7]. In two studies, Braer and colleagues [8] showed the efficiency of retention soil
filters for the reduction of particular and dissolved material as well as for ammonia, and
Waldhoff and ceworkers [9] found bacteria to be reduced by up to 90%.

Up to now, an integrative ap@oh to address simultaneously WWTP and SOBs,
micropollutants and pathogens and combinations of different cleaning technologies to reduce
their release into surface waters has not been realized so far which makes the project

SchussenAktiplus highly innovaive with this respect. A further outstanding advantage of
76



Kapitel 1

this project is, in addition, that the efficiency of the applied technologies is not only checked
by means of chemical and microbiological analyses but, in parallel, by a wide range of
ecotoxicologcal and ecological effect studies ranging from the molecular to the community
level. Based on this holistic approach it will be possible to establish causal relationships
between exposure data, results from laboratory tests indicating toxic or endoteniafs)
and effect data in feral animals by means of plausibility chains as outlined by Triebskorn and
colleagues [10] .

As a model for a densely populated catchment area, the catchment area of the river
Schussen, one major tributary of Lake Constarseinder investigation in this project. In
total, 20 WWTPs and more than 100 SOBs are connected to this river. Recently, Triebskorn
& Hetzenauer [11] reported on relatively high micropollutant burdens of the Schussen river
compared to two other tributarie$ lake Constance, the Argen and the Seefelder Aach. Lake
Constance itself is one of the most important drinking water reservoirs in Germany and
furthermore serves as a popular recreation site and intensely used natural bathing freshwater.
Consequently, miimizing the risk for man and the environment resulting from micropollutant
and pathogen discharges into this ecosystem is of great public interest especially with respect

to the precautionary principle.

Aim of the project

The project aims at providing scientifically sound concept for an extended sewage and
rainwater treatment in densely populated river catchment areas in view to reduce
micropollutants and sanitarily relevant pathogens (including antibiesistant bacteria) in
surface waters. By a cdrmation of chemical and microbiological analyses and effect
oriented biological studies which reflect consequences of the applied technologies for biota in
the rivers from the molecular to the community level, the effectiveness of the applied
technologieswill be assessed. In addition, the optimization of test assays that characterize
exposure and biological effect is envisaged. Extrapolation of data on micropollutant and
pathogen reduction to the entire catchment area of the river Schussen will reseltanios
whose potential for implementation will be critically assessed by a comprehensive cost

benefit analyses.

77



Kapitel 1

Key activities

Prior and after application of different sewage and rainwater treatment technologies
(including e.g. combinations of ozdi@n with sand and charcoal filters) the release of
micropollutants and bacteria (including antibietesistant bacteria) is investigated in five
different test systems (three WWTPs of different size and two SOBS). In parallel, the resulting
reduction oftoxic and endocrine potentials in effluents of the test systems, in stream water of
the receiving water course, and its sediments are quantified at five different field sites at the
Schussen river as well as at one control site at the river Argen. Inoaddite putative
decrease of harmful effects in freshwater species are recorded by various biatogital

and in vivo tests. Concomitantly, real effects of the innovative cleaning technologies are
traced in the ecosystem by effect analyses in diffeiredigenous fish species and benthic

invertebrates that serve as their feed (Figure 1).
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Figure 1: Summary of the project concept WWTP: wastewater treatment plant; SOB: stormwater overflow

basin.
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In parallel to the scientific progress, results amidrmation on their implications will be
actively disseminated among the public and selectively communicated to stakeholders and
policy makers.

Work packages (WPs)

WP 1a: Technological improvement of wastewater treatment plants and storm water

overflow kasins

Jedele & Partner GmbH, Stuttgarttakes over the technical implementation of new
technology, maintenance, servicing, and optimization at the following five test systems (three
WWTPs and two SOBS).

Test system 1

WWTP Langwiese, Association for Sewabeatment (AZV) Mariatal.

The WWTP Langwiese of the AZV Mariatal is the model for a large WWTP with about
170,000 population equivalents (PE). It will be equipped with an active charcoal filter on a
large scale. The installation will be finished in spri@l3. Powdered activated carbon will

be added to the main flow after the biological treatment and before the contact filter.

Test system 2

WWTP Eriskirch, Association for Sewage Treatment (AV) Unteres Schussental.

With about 40,000 PE, test system 2 ismadel for a mediursized WWTP. Here, a
combination of ozonation, sand filter, and granulated activated carbon filter has been realized

on a semindustrial scale, i.e. in a partial flow of the effluent.

Test system 3
WWTP Merklingen, community dlerklingen.
In test system 3, our model for a small WWTP (2400 PE) ozonation has been combined with

an existing slow sand filter on a largeale.

Test system 4
Storm water overflow basin Mariatal, town of Ravensburg.
Using this test system will allow iegtigation on a senrmdustrial scale whether the

separation and retention of solids can be improved by the installation of a lamella separator.
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Test system 5
Storm water overflow basin connected to a retention soil filter Tettnang, town of Tettnang. In
this already existing test system the efficiency of rainwater treatment with final purification

by a retention soll filter is investigated.

WP 1b: Bypass systems

At the Schussen river downstream the WWTP Langwiese and, as a control, at the river Argen,
two flow-through bypass systems have been establishe®B)My Achberg for active
monitoring purposes. These mesocosms consist of five 250 L aquaria each flown through by
0.4 L/s of stream water. In each of the two systems, two aquaria can be heated ugrto 8°C.
these semiield test systems, embryo tests with trout and exposure experiments with adult

trout and gammarids are performed.

WP2: Chemical analyses
The Water Technology Center, Karlsruhe (TZW$ analyzing micropollutants and heavy
metals in wastewate surface water, sediments, and fish tissue samples. Furthermore,
hydrochemical water parameters are regularly recorded. Micropollutants like e.g.
pharmaceuticals are analyzed by gas or liquid chromatography coupled to mass spectrometry.
By combining appopriate extraction and enrichment techniques during samplegatenent,
a high selectivity and sensitivity is achieved. The analytical techniques used for solid samples
are similar to those used for water samples but require a sample preparationdieat!gff
removes ceextracted matrix compounds. The analysis of fish tissue samples and sediments
focus on more nepolar compounds (e.g. polycyclic aromatic hydrocarbons) which are more
likely to accumulate in these compartments.

A total of > 150 micropdlitants will be analyzed in more than 75 water samples and
120 sediment and tissue samples. Additionally, some pharmaceuticals and the artificial
sweetener acesulfame have been defined as indicator compounds with a constant discharge in
recipient waters. @ control the upgrading measures with sufficiently high resolution in time

these indicator compounds will be measured in 65 additional wastewater samples.

WP3: Microbiological analyses
The Institute for Lake Research, Langenargen (ISFjetermines concertions of fecal
bacteria E. coli [EC] and intestinal enterococci [IE]) in water samples of the five tests

systems as well as in surface water and sediments of the five field sites. In order to obtain
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directly colonies for further isolation, agar plate hwets were preferred over MPN
procedures with liquid media for determining concentrations of fecal bacteria. For EC
guantification appropriately diluted samples are plated on ECD agar (Merck) [12]. In
agreement with criteria applied in ISO EN 9588 colones with glucuronidase and indole
reaction aree counted as EC. Concentrations of IE are determined according to ISO £EN 7899
2 by counting colonies with positive esculin reaction of isolates grown on SBastey

agar. Because river sediments were shoovbe potentially important intermediate storage
sites of fecal bacteria, that can be mobilized aftesuspension at increasing water discharge
[13] , special attention is given to this aspect by testing growth, survival, and mobilization of
fecal bacten after resuspension of selected isolates. Finally, it is attempted to estimate the
effect of climate changes on the loads of fecal bacteria in the field by means of simple climate
scenario models.

Antibiotic resistance is one of the most serious hehltgats of the 21 century. For
this reason, the spread of resistant microorganisms into the environment should be restricted.
The contribution of thénstitute of Biology for Engineers and Biotechnology of Wastewater,

KIT Karlsruhe is to isolate, to identify and to determine the percentage of strains resistant to
antibiotics in species of staphylococci, enterococci, Bndoli that are introduced into the
aqueous environment by dischar ge edyfvhethepur i f i
advanced treatment technologies of municipal wastewater could reduce the risk of
dissemination of microorganisms, especially of antibicggistant bacteria.

Distinct selective media like mannitol salt agar and Chap8tane agar are used to
isolate staphylococci from sewage, treated sewage, and surface waters. The isolated cultures
are identified at the species level by the use of physiological tests in MiciStzguin®
microtiter plates. Antibiotic susceptibility to oxacillin, ciprofloxacierythromycin, and
clindamycin is tested by the Kirkdgauer method according to DIN 58940 [14]. The presence
of the mecAgene in methicillin/oxacillirresistant staphylococci, especially $1 aureus
(MRSA: methicillinresistantStaphylococcus aureluss revealed by PCR and agaregel
electrophoresis. In cooperation with ISF Langenargen, isolated fecal indicator organisms are
identified and antibiotic susceptibility agairistactam antibiotics (ESBL: extendegectrum
[¢-lactamase), ciprofloxacin, and sutfathoxazol/trimethoprim are tested wihcoliisolates.
Antibiotic susceptibility against vancomycin (VRE: vancomymsistant enterococci) and
ampicillin tested with enterococisolates are used to describe the resistance pattern of
environmental spees. Additionally, the presence of the respective antibraststance genes

(blarewm, blactx-w andvanA-E, vanQ is examined.
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WP 4: Effect analyses
To assestoxic and endocrine potentialsn water samples from the five test systems as well
as in surfacevater and sediments of the five field sites, several laboratory tests are applied.

These include several types iof vitro assays (e.g. reporter gene assays using yeast
and vertebrate cell lines), but alsovivo laboratory tests, as e.g. the Early LBéagetest
with the zebrafistDanio rerio or the growth inhibition tests withumbriculus variegatusr
Lemna minorThe reporter gene bioassays are based on genetically modified cell lines, which
have been stably transfected with specific reporter gemngs fjrefly luciferase). Reporter
genes are induced and translated in the presence of specifically acting compounds (e.g.
estrogens, androgens etc.), and the enzymatic activity of the reporter protein is easily
determined (e.g. measuring bioluminescentlg detection of antagonistic activity requires a
background concentration of the agonistic reference substance and, hence, antagonistic
activity in the sample leads to a reduced expression and activity of the reporter enzyme (i.e.
decrease in luminescem®r color change). This battery of bioassays therefore provides a
comprehensive overview of the overall toxicity of the test samples (e.g. surface water,
effluent or sediment).

Toxic and endocrine effectsin contrast, are investigatéa vivo either in €ral fish
(chub[Leuciscus cephaluskpirlin [Alburnoides bipunctatus])and gammarids directly taken
from the field, or in animals (troufSalmo trutta f. fario, Oncorhynchus mykiasp
gammarids) exposed to the river water in the ftovough bypass stems under senfield
conditions.

Tests indicating either toxic or endocrine potentials and effects are summarized in
Table 1.
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Table 1:Summary of bio-assays and biotests used in SchussenAlkilus.

Indication level Test

Toxic potentials umu-test, Ames tes(genotoxicity)
in vitro reporter gene assays (vertebrate cells, yeasts) controlled by Ah
receptor (dioxin-like toxicity)
GH3, RTL-W21-cell culture (cytotoxicity)
ELS-tests with zebrafish(developmental toxicity)
Growth inhibition testwith Lumbriculus variegatugdevelopmental toxicity)

Growth inhibition test with Lemna minoiphytotoxicity)

Toxic effects Early life stage tests with trout(developmental toxicity)
Acetylcholinesterase inhibitionin the fish brain (neurotoxicity)
Cytochrome P4501A1 (EROD)in fish liver and gills (dioxidike toxicity)

Histopathology of fish liver, gills, and kidney and gammarid tissues
(cytotoxicity, fish and invertebrate health)

Stress protein Hsp 7([proteotoxicity)
Micronucleus testin fish blood cells (genotoxicity)

Macrozoobenthos community(community integrity)

Endocrine potentialsE-Screen(estrogenicity)
Reporter gene assaym vitro (estrogenicity, androgenicity, anti
androgenicity)

Reproduction testwith the snailPotamopyrgus variegatygstrogenicity)

Endocrine effects  Vitellogenin in juvenile and male trout (estrogenicity)
Gonad histologyof fish and gammarids
Gonadosomatic index (GSI)n fish (estrogenicity, androgenicity)

Sex ratio and fecundity in gammarids(estrogenicity, androgenicity)

Toxic potential and effects

Genotoxicity

Possible genotoxic effects of concentrated samples are determined hjnitlezsity of
Frankfurt/Main with bacterial tests like themu test and Ames fluctuation bioassay using
Salmonella typhimuriurfil5] [16]. Theumu assay is a soalled indicator test due to the fact
that it detects primary DNA damage. In contrast, the Ames rsicspension bioassay

measures base substitution and fahift mutagenesisin addition, the University of
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Tuebingeninvestigates genotoxicitiy vivo by means of the micronucleus test in erythrocytes
of fish.

Proteotoxicity

At the University of Tuebingen stress proteins are under investigation in fish tssared
gammarids sampled at the Schussen and the Argen at four field sites or exposed in the bypass
systems as a biomarker of toxic effect related to proteotoxicity [17]. To quantify levels of the
70kD stress protein family (Hsp70), a quantitative immunitiblgp procedure using SD&el
electrophoresis and monoclonal antibodies in reference to total protein and an internal Hsp70
standard [18] is used. Hsp70 levels are determined in liver, kidney, gills, and gonads of two
indigenous fish species, chub and lapiras well as in trout exposed in the bypass systems.

Dioxin-like toxicity

By RECETOX, Brno, dioxin-like toxicity in vitro is investigated using a rat hepatoma cell
line HA4IIE.luc, which determines dioxiike action (generated by e.g. PCBs, dioxins,
polycyclic aromatic hydrocarbons etc.) by measuring luciferase activity under the control of
the arylhydrocarbon receptor (AHR19] . In parallel, at théJniversity of Frankfurt/Main
agonistic activity at the amflydrocarbon receptor is examined with a ydmsed bioassay
[20]. In vivo, AhR-mediated effects are in the focus of CYPIA1 measurements in liver and gill
samples of lsub and trout. The EROD activity, which is photometrically determined at the
University of Tuebingen according to [21] reflects the cytochrome P450IA1
biotransformation activity in these respective organs.

Phytotoxicity

As anin vivo toxicity test indicating phytotoxicity in samples of the five test systems, river
surface water, and sediments, tbeiversity of Frankfurt makes use of theemna minor
growth inhibition test according to OECD [22].

Neurotoxicity

With respect to impactfaeural function, one enzyme group of interest are cholinesterases
including acetylcholinesterases (ACHE). Fish brain exhibits ACHE activity involved in the

deactivation of acetylcholin at nerve endings, preventing continuous neuronal firing, which is
esential for normal functioning of sensory and neuromuscular systems. Many

organophosphate and carbamate pesticides are reported to be effective ACHE inhibitors [23].
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Activity measurements of ACHE are carried out spectrophotometrically on fish brain extracts
at the University of Avignon according to [24] in cooperation with the University of

Tuebingen.

Cytotoxicity / tissue impairment

To evaluate the degree in reducing specific toxicity by the new wastewater treatment
technologies, two cytotoxicity assaysing vertebrate cell lines (a rat pituitary and a rainbow
trout liver cell line) are applied by tHeniversity of Frankfurt/Main. These cell lines were
chosen because of their high sensitivity and ecological relevdanceivo, cytotoxicity
reflected byimpaired tissue integrity is studied at tbaiversity of Tuebingenin feral fish

(chub and spirlin) and gammarids, as well as in trout and gammarids exposed to the river
water in the bypassystems at the Schussen and Argen. In fish, the health staliverpf
kidney, and gills and, in gammarids, the integrity of the hepatopancreas is described and semi
quantitatively assessed by means of a-§waled classification protocol [25], [26]. In
addition, the degree of parasitic infestation is determineidhnaind gammarids.

Developmental toxicity

In order to reveal negative impacts on the development of fish and invertebrates, at the
University of Tuebingenearly life stage (ELS) tests with brown tro&a{mo trutta f. farip

and zebrafish@§anio rerio) are conducted. Tests with tout are performed according to [27] in
the two bypassystems at the river Schussen (downstream the WWTP Langwiese) and, as a
reference, at the river Argen. Aquaria in the laboratory serve as negative controls. Shortly
after fertlization, trout eggs get exposed to the three systems for continuous exposure. At
least every second day eggs (or rather the developing embryos inside the chorion) are
examined and coagulation/mortality, heart rate, hatching, swim up, and malformations are
recorded. Similar endpoints of toxicity are investigated in the laboratory tests with the
zebrafish according to [28]. In order to show possible impact on the development of sediment
dwelling invertebrates, the reproduction test with the blackwlanmbriaulus variegatusas

been implemented into the effdzised test battery. This test is conducted at/theersity of
Frankfurt/Main according to OECD [29].

Community integrity
By the Water Ecology Laboratory Starzachthe integrity of the macrozoobenthos

communities of Schussen and Argen are monitored and assessed with thbabitdti
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sampling method according to the EU Water Framework Directive [30]. Particular attention is
paid to species residing in the sediment (e.g. oligochaetes, midge larvae)xeagtto

sensitive species, as e.g. gammarids.

Endocrine potentials and effects

RECETOX Brnodetermines estrogenic potentials with the human breast carcinoma cell line
MVLN [31], stably transfected with a luciferase reporter gene under the control of the
edrogen receptor. Androgenic and aatidrogenic potentials are investigated using reporter
gene assays with the breast carcinoma cell line MDAKB [32]. At Uiméversity of
Frankfurt/Main potentials for estrogenicity, argistrogenicity, androgenicity, andnti
androgenicity are detected with yebsised bioassays [20].

At the University of Stuttgart estrogenic potentials are determined by th&cieen
assay, which is based on the proliferation of human breast carcinoma cells7jMCEnhe
presence of egigen active substances in the samples. The estrogenic activity determined by
the EScreen reflects a sum parameter over all hormonal active substances present in the
samples that is expressed in concentration units of the reference substaastrddiol(17b-
estradiol equivalent concentration, EEQ). The determination limit of the test for surface
waters ranges in the order of < 0.1 ng/L EEQ. The applisdréen assay was developed by
Soto and colleagues [33], optimized by Korner anavookers [34], and moéled by Schultis
[35]. To determine the estrogenic activity in stream water, acidulated water samples are solid
phase extracted prior to the test for their endocrine potemtigiso.

As anin vivo laboratory test for the detection of endocrine potentials, the reproduction
test with the New Zealand mudsnddotamopyrgus antipodaruns carried out at the
University of Frankfurt/Main according to OECD [36]. In these parthenogenetically
reproducing snbs, offspring numbers (prior and after development of a visible shell) as well
as mortality are determined after exposure to samples from the five test systems and to surface
water and sediment samples of the five field sites.

To detect endocrine effecis feral fish, at thdJniversity of Tuebingenthe egg yolk
precursor protein vitellogenin is analyzed in bypasgosed trout. Furthermore, gonads of
feral fish are examined in respect to impairment of tissue integrity, presence of
hermaphroditic ovaries rotestes, the gonaekomatic index (GSI), and maturity. Since
vitellogenin typically is produced by breeding females only, the detection of this protein in
male or juvenile fish indicates the presence of estrogenically active chemicals in the

environment 37] [38]. After exposure in the bypasgstems for about 140 days, blood
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samples of male fish or whole body homogenates of juveniles get analyzed with a vitellogenin
ELISA test kit (Biosense; product number: V010044085). As a positive control, fish are
exposed to 20 ng/L 1Fethinylestradiol (EB; as a negative control they are kept in
conditioned tap water. The gonad integrity as well as the maturity stages of ovaries and testes
are diagnosed microscopically, and the gomrsmimatic index (GSI) in trouand chub is
determined according to [39].

In order to address possible endocrine effects also in invertebrates, gammarid
populations from the four field sites are under investigation with respect to sex ratio, maturity,
fecundity, and gonad integrity dieUniversity of TuebingeniIn gammarids, these endpoints
have been proven sensitive endodrmedulated reactions [40]. To determine the fecundity,
breeding females are caught from the streams, eggs and juveniles in the marsupium are
counted, and the fendity index is calculated. In addition, ovaries are fixed for histology and

sections are examined microscopically to determine the maturity status of the gametes.

WP 5: Data analysis
In addition to methods of conventional correlation analysis (lineatlinear regression,
ANOVA, tests of significance), an information theory approach introduced to the biological
discipline by Burnham & Anderson [41] [42] is used by tbeiversity of Tuebingento
identify the relative importance of exposure data on recoefiedts in biota. Its goal is to
select the best explanatory variable from a large set of potential factors. In this approach,
variable selection takes into account multiple competing hypotheses and allows inferences
through the whole set of potential nadsl, thus takes into account the fact that no single
model (i.e., variable composition) can perfectly reflect nature. The model selection approach
is based on Akaikedés I nformation Criterion
estimation of iformation loss when a model is used to approximate the truth [43]. Using this
approach, it is possible to estimate the relative precision of several models created from the
same data set. Therefore, models can be ranked according to their data fit sindlall
factors and interactions can be estimated and predicted by model averaging.

Calculations concerning the extrapolation of data on micropollutant and pathogen
reduction to the entire catchment area will be conductediduele & Partner GmbH,

StuttgartandUniversity of Tuebingen.
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WP 6: Coordination and communication
The entire project is coordinated by tbaiversity of Tuebingersupported by th&egional
Commission Tuebingenin cooperation with the University of Tuebing@konsult Stuttgart
is respasible for the identification of target groups and communication channels suitable for
the publication of the project, connections to local press and information media and the
organization of information events for stakeholders and the public. Major dintiseo
communication are (1) raising the awareness in the public for water protection and problems
related to micropollutants and pathogen release into surface waters, (2) investigation of the
readiness of the public to accept additional dues for this par@amd (3) dissemination of the
project’s aims and results to the scientific community, stakeholders and the public.

Together with theJniversity of TuebingerandHydra Konstanz Okonsult Stuttgart
has already realized the homepage of the project (wwussehaktivplus.de) and an
information flyer which can be downloaded from the project homepage. In close cooperation
with the Steinbeis Transfer Center Ead¥est Cooperation a connection of
SchussenAktiglusto the Danube strategy will be realized.
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Kapitel 2: SchussenAktiv- Eine Modellstudie zur Effizienz der Reduktion
der Gehalte an anthropogenen Spurenstoffen durch Aktivkohle in
Klaranlagen: Expositions- und Effektmonitoring vor Inbetriebnahme der
Adsorptionsstufe auf der Klaranlage Langwiese des AZV Mariatal,

Ravensburg
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(Tubingen), Michael Weyhmiuiller (Achberg), Karl Wurm (Starzach), Hanggel (TUbingen

Publiziert in:Korrespondenz Wasserwirtsché2013)8: 427436

1 Einleitung
Der Eintrag von Spurenstoffen in Oberflachengewasser ist in den letzten Jahren verstarkt ins
Zentrum des Interesses von Wissenschaft, Politik und Offentlichkeit geriickt [1]. Die geplante
Erweiterung der Liste prioritarer Substanzen gemafR Wasserrahmeamecttht dieses
Interesse in jungster Zeit deutlich verstarkt. Einhergehend mit dem steigenden offentlichen
Interesse und dem Wissenszuwachs zur Thematik "Spurenstoffe” hat das Land Baden
Wirttemberg im Jahre 2009 im Rahmen seines Konjunkturprogrammsldsssech die
Nachristung einiger Klaranlagen im Einzugsgebiet des Bodensees mit Aktivkohlefiltern zu
fordern, um den Eintrag von Spurenstoffen in die Gewésser zu mindern. Im Vordergrund
stand hierbei am Bodensee aus Vorsorgegrinden das Schutzgut Trinkwislsser
Aktivkohlefiltern ausgestattet werden bzw. wurden innerhalb dieses Programms im
Bodensedinzugsgebiet die Anlagen Esparsingen (Zweckverband Stockacher Aach),
EmmingenLiptingen, Kressbrorthangenargen sowie Langwiese (AZV Mariatal,
Ravensburg).

Im Fokus des Projektes SchussenAktiv, das den Erfolg der weiteren
Abwasserbehandlung mit Aktivkohle auf Expositionad Wirkebene Uberprifen soll, stand
die Klaranlage Langwiese des AZV Mariatal, Ravensburg. Diese ist das gré@®ieerd im

nordlichen BodenseEinzugsgebiet. Es ist schon heute niitee Sandfiltration ausgestattet
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und reinigt eine Abwasserfracht von 170.000 EinwotWerten (ca. 80.000 Einwohner). Das
gereinigte Abwasser wird in die Schussen abgeschlagen, in 8en nger Klaranlage
Langwiese noch 17 weitere mittlere und kleine Anlagen sowie zahlreiche
Regenulberlaufbecken einleiten. In der Schussen wird eine relativ groRe Anzahl an
Spurenstoffen in z.T. recht hohen Konzentrationen nachgewiesen [2]. Dies liegtiesrems
der dichten Besiedelung des 815 %krgroRen Schussedfinzugsgebiets und daraus
resultierenden hohen Eintragsmengen, andererseits aber auch an einer vergleichsweise
geringen Verdunnung des eingeleiteten Abwassers aufgrund relativ niedriger Abfli@dse (
9-13 m¥/s), die mit den relativ geringen Niederschlagsmengen im nordwestlichen
Bodenseegebiet zusammenhangen. Die Argen, die im Projekt als wenig belastetes
Vergleichsgewdasser herangezogen wird, hat beispielsweise einen mittleren Abfluss28n 22
m®/s bei einem Einzugsgebiet von 652 m

Das Ziel des Projektes SchussenAktiv war es, die Auswirkungen des Ausbaus der
Klaranlage Langwiese mit einer Aktivkohlestufe zu dokumentieren. Da sich die Fertigstellung
der AktivkohleAnlage in Langwiese allerdings reé@gert hat und erst im Sommer 2013 in
Betrieb gehen wird, stand im Rahmen des Projektes zunachst die Erfassung des
Okotoxikologischen Zustands der Schussen vor dem Ausbau der Klaranlage (KA) im Fokus.
Die weiteren Untersuchungen werden von 208024 im Ramen des vom
Bundesministerium fir Bildung und Forschung (BMBF) geférderten Projektverbundes
"SchussenAktiplus' [3] weitergefuhrt. In diesem Projekt wird die Effizienz weiterfihrender
Abwassertechniken zur Eliminierung von Spurenstoffen zusatzlich an wederen
Klaranlagen sowie an zwei Regenwasserbehandlungssystemen untersucht.

Innovativ am Forschungsansatz von SchussenAktiv ist die kombinierte Betrachtung

(1) der Exposition mittels chemischer Analytik durch den Nachweis von Spurenstoffen im
Klaranlagenablauf und im Oberflachenwasser sowie im Sediment und in Biota,

(2) der Uberpriifung von in Umweltmatrices (Klaranlagenablaufe, Oberflachenwasser oder
Sediment) vorhandenen toxischen und endokrinen Wirkpotentialen in Labortests und

(3) der tatsachliche Effekte in Biota aus dem Freiland bzw. solchen Organismen, die aktiv

im Freiland in BypasS&ystemen exponiert wurden.

Diese Kombination erlaubt eine komplementdre und umfassende Bewertung der
Belastungssituation. Wahrend die chemische Analytik stafipehe Fragestellungen nach
Préasenz oder Verbleib von Chemikalien in Umweltmatriceenbworteten kann, stofl3t sie
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Grenzen, sobald das gesamte Spektrum an vorhandenen chemischen Belastungsfaktoren
erfasst werden soll. Grund hierfir ist, dass die Auswahzu analysierenden Stoffe a priori

die Anzahl potentiell im Gewasser nachweisbarer Chemikalien bestimmt bzw. einschrankt.
Zudem ist der chemische Charakter vor allem von Metaboliten und Transformationsprodukten
anthropogen eingetragener Substanzere sie beispielsweise bei der Ozonierung von
Abwasser entstehen kdnnen, derzeit vielfach noch unbekannt, so dass diese Stoffe analytisch
(noch) nicht greifbar sind. Problematisch kann auch sein, dass Stoffe in so niedrigen
Konzentrationen vorliegen, dassedNachweisgrenzen unterschritten werden. Dies ist vor
allem in komplizierteren Matrices, wie Sedimenten oder Biota, der Fall. Wirkpoteumticl
Effektanalysen haben den Vorteil, dass sie Uber ein je nach Testsystem mehr oder weniger
grol3es und spezifischeSpektrum an Belastungsfaktoren integrieren. Die Potentialanalytik
vermittelt hierbei ein Bild vom Belastungszustand der Umweltprobe zum Zeitpunkt der
Probenahme im Sinne einer Momentaufnahme. Wirkungen bei Freilandorganismen oder bei
Organismen, die aktiim Freiland exponiert werden, Ubermitteln komplementéar hierzu
Informationen zum Belastungszustand der jeweiligen Probestelle bis zum Zeitpunkt der
Beprobung im Sinne einer Langzeitaufnahme. Da alle Methoden auf zeitgleich entnommene
Umweltproben angeweetl wurden, konnen im Rahmen von SchussenAktiv
Querverbindungen zwischen den Ergebnissen geknlpft und Plausibilitatsketten erstellt

werden.

2 Methodik

Von 2009 bis 2011 wurden zu neun Zeitpunkten von der KA Langwiesaviéddhproben

vom KA-Ablauf sowie zdgleich Wasserproben, Sedimente, Fische und Flohkrebse an
mehreren Probestellen an der Schussen und an der Argen (als Referenzgewasser) entnommen.
Die Proben wurden fur chemische Analysen von Spurenstoffen, Wirkpotentialanalysen und
Wirkuntersuchungen getri. Zeitgleich wurden alle Probestellen limnochemisch
charakterisiert. Die Spurenstoffanalytik fand am DV@wthnologiezentrum Wasser in
Karlsruhe statt, limnochemische Untersuchungen wurden von der Universitat Tubingen
durchgefuhrt. Dobe(Leuciscus cemlus) und SchneidefAlburnoides bipunctatusjiurden

vom Seenforschungsinstitut Langenargen durch Elektrobefischung aus den Gewdassern
entnommen. In vom Bachwasser durchflossenen Aquarien (Bgyassme) an der Schussen
unterhalb der Klaranlage Langwiesaage an der Argen bei Wangen (als Referenzgewasser)
wurden Bach und Regenbogenforellen sowie Flohkrebse aktiv exponiert und Embryotests

mit Regen und Bachforelleneiern durchgeftihrt. Die vorliegende Publikation enthalt Daten zu
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den Klaranlagenablaufen smavzu den Proben, die unterhalb der Klaranlage Langwiese bei

Ravensburg und an der Argen gewonnen wurden. Die fir Wirkpoteatidl Wirkanalytik

eingesetzten Methoden sowie die bearbeitenden

Institutiosiad in Tabelle 1

zusammengefasst. Weiterfihreriddéormationen zur Methodik und zum Aufbau der Bypass

Systeme sind [3] zu entnehmen. Die Lage der Probestellen sowkiypassSysteme sind
auf Abbildungl dargestellt.

Tabelle 1: Durchgefiihrte Untersuchungen im Rahmen von SchussenAktiv

Gentoxizitat Gentoxizitat

T umu-Test (Recetox Brno) Mikrokerntest (Universitat Tubingen)

o Dioxin-a&hnliche Toxizitat Dioxin-ahnliche Toxizitat

X ReportergerAssays (Recetox Brno) Cyp-1A-1-Biotranformation/ EROD

I (Universitat Tubingen)

S Entwicklungstoxizitat Entwicklungstoxizitat

C ELS-Test Zebrabarbling (Universitat ELS-Test Forellen (Universitat Tubingen)

H Tubingen)

E Gewebetoxizitat
Histopathologie (Universitat Tabingen)
Proteotoxizitat
Stressproteine (Universitat Tubingen)
Neurotoxizitat
Acetylcholinesterase (Universitat Avignon
Integritat Lebensgemeinschatft
Makrozoobenthos (GOL Starzach)

E (Anti) -Ostrogenitat Ostrogenitat

N E-Screen, Reportergehssay mit Vitellogenin (Universitat Tubingen)

D menschlichen Zellen (MVLN, HeLa9903)

O (Recetox Brno)

K Reproduktionstests mit der

R Zwergdeckelschneckeotamopyrgus

| antipodarunfUniversitat Frankfurt)

N Ostrogenitat-Androgenitat

E Gonadenhistologie und gonadosomatisch

Index Fische, Geschlechterverhaltnis und
Fekunditat Gammariden (Universitat
Tubingen)
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Ravensburg

KA Langwiese

Amtzell

Meckenbeuren

Bypass Gunzenhaus

Friedrichshafen Tettnang

Bypass Pflegelberg
PS 3 @

Neukirch
Eriskirch
a KA Eriskirch
Bodensee

Langenargen
9 9 Kressbronn

2km

Abbildung 1: Lage der Probestellen, fir die Ergebnisse beschrieben werden, und der Byp#dssteme an
Schussen und Argen.

3 Zusammenfassung und Diskussion der Resultate

Das Projekt SchussenAktiv hatte zum Ziel, den 6kotoxikologischen Zustand der Schussen im
Vergleich zur Argen vor Ausbau der Klaranlage (KA) Langwiese zu beschreiben. Hierzu
wurden im KAAblauf, im Oberflachenwasser (OFW) und in Sedimenten der Schussen
untehalb der KA (im Vergleich zur Argen) sowie in Biota chemische Analysen auf
verschiedene Stoffgruppen durchgefihrt. Im Rahmen von Labortests wurden toxische und
hormonelle Potentiale im Ablauf der KA und im OFW bzw. Sediment der Schussen (im
Vergleich zur Argen) bewertet. Parallel hierzu wurden reale endokrine und toxische
Wirkungen bei Freilandtieren oder bei Tieren, die aktiv im Freiland exponiert wurden,
untersucht.
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3.1 Chemische Analysen

Die chemischen Analysen zeigen ein differenziertes Bild Befastungssituation des
Oberflachenwassers der Schussen unterhalb der KA Langwiese mit Spurenstoffen im
Vergleich zur Argen. Im Ablauf der KA wurden von 75 untersuchten Spurenstoffen 29
Verbindungen in Konzentrationen tber der Nachweisgrenze gefunderbarfi&®henwasser

der Schussen traten davon 21 @libildung?2).

W untersucht nachgewiesen (>NWG)

KA-Ablauf Sediment Fisch

Abbildung 2: Anzahl untersuchter und maximal nachgewiesener Substanzen im Ablauf der KA
Langwiese, im Oberflachenwasser (OFW) und Sediment der Schussen unterhalb der KA Langwiese sowie

in unterhalb der KA Langwiese gefangenen Fischen (Débel und Schneider).

Der SpurenstoffCocktail" war zu den verschiedenen Probenahmezeitpunkten sowohl
gualitativ als auch quantitativ unterschiedlich zusammengesetzt. In der Schussen waren
insgesamt deutlic mehr Substanzen als in der Argen nachzuweisen (Argen: 12 Stoffe), und
diese traten in den meisten Fallen auch in deutlich hoheren Konzentrationen auf als an der
Argen (Abbldung 3).
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Abbildung 3 ad: Konzentrationen ausgewdhlter Substanzen (Maximalwerte) im Ablauf der KA

Langwiese, im Oberflachenwasser der Schussen unterhalb der KA (P3) und in der Argen (P4).
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Allerdings waren auch vereinzelt Substanzen in Oberflachenwasser (OFW) bzw. ial&ota

der Argen in hoheren Konzentrationen vorhanden als in der Schussen (z. B. das
Phytotstrogenb-Sitosterol oder die Schwermetalle Arsen und Cadmium), was vor dem
Hintergrund der deutlich starkeren Verdinnung von Abwasser in der Argen aufgrund héherer
Abfluisse umso bedeutender ist.

Fur mehrere Stoffe (z.B. Carbamazepin, MNDMhethylsulfamid, Sucralose,
Benzotriazol) konnte der Eintrag Uber die KA Langwiese als bestimmend fur die
Konzentration im Vorfluter festgemacht werden. Ublicherweise lagen die Keatienen im
OFW um den Faktor -20 niedriger als im KAAblauf, was etwa dem Verhaltnis von
gereinigter Abwassermenge zur Wasserfihrung der Schussen entspricht. Stoffe, die im KA
Ablauf in geringen Konzentrationen (z. B-te¥t-Octylphenol: 61 ng/L; Bispheh A: 24
ng/L) nachgewiesen wurden, lagen aufgrund des Verdinnungseffekts im OFW meist in
Konzentrationen unterhalb der Nachweisgrenze vor. Andere Spurenstoffe, wie z. B.
Diclofenac, Ethanolamin oder Coffein waren oberhalb der Klaranlage bereits in
verglechbaren oder sogar etwas hoheren Konzentrationen als flussabwarts vorhanden.
Hierflr verantwortlich kénnen Eintrage bzw. Eintragsspitzen aus Klaranlagen oberhalb der
KA Langwiese sein. Vor dem Hintergrund der vorgeschlagenen Erweiterung der Liste
prioritarer Stoffe der Europaischen Wasserrahmenrichtlinie (WRRL) sowie der zu
erwartenden  Umweltqualitatsnormen (UQN) wirden sich  fuir Diclofenac im
Oberflachenwasser der Schussen Grenzlberschreitungen ergeben.

In Fischen konnten 22 von 82 untersuchten Spurenstaféehgewiesen werden
(Abbildung 2). Alle im Projekt erhobenen Daten zu Spurenstoffgehalten in Fischen sind auf
das Trockengewicht (TG) bezogen. Es ist davon auszugehen, dass die Messwerte flr
persistente Stoffe bezogen auf das TG (berechnet flr Brachsatem Bodensee) ungefahr
um den Faktor 8 hoher liegen als diejenigen bezogen auf das Frischgewicht (FG)
(Hetzenauer, pers. Mitt.). Untersucht wurden von Doébeln primar Leberproben und
Muskulatur (Filet), in einigen Fallen auch Gonaden, Darm und Galksiflkeit, bei deren
Entnahme die Gallenblase punktiert wurde. Von Schneidern wurde jeweils ein Poeftaus 3
Fischenin toto analysiert.

Die Ergebnisse der Metallanalysen sind in idilng 4 zusammengefasst. Auffallig
ist, dass die Fische aus der Schussen nur fur Zink und Kupfer hohere Werte zeigen als die
Fische aus der Argen, in denen sehr hohe Gehalte an Arsen, Cadmium und Quecksilber
nachgewiesen wurden. Mit max. 750 pug/kg TG (DobeluSskn) bzw. 910 pg/kg TG (Ddbel
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Argen) liegen die Werte fur Quecksilber in Fischen aus Schussen und Argen deutlich Gber der
fur dieses Schwermetall existierenden UQN fur Biota der WRRL von 20 pg/kg.

Metalle: Fische Schussen P3 (uh KA) und Argen (P4)
450
390

400

350
o 300
o 250 -
W 200 - 170
E

150 875 —

100 - 0.9 qu _ EDObel Argen P4

50 - D ol 35 B Dobel Schussen P3 (uh KA)

0 - ' Schneider Argen P4
Cd ( dargest Zn Hg(dargest As .
x100) x100) Schneider Schussen P3 (uh KA)

Abbildung 4: Metallgehalte (Maximalwerte) in Fischenaus der Schussen unterhalb der K Langwiese
(P3) und Argen (P4).

Sowohl die Zink, als auch die Kupferkonzentrationen in den Fischen aus der Schussen sind
als sehr hoch einzustufen und liegen um den Fakidr Aoher als Werte, die flur D6bel aus
der Mnu Ruen&nien (wenig dicht besiedeltes Gebiet) auch unterhalb von Klaranlagen
gemessen wurden [4]. Bachforellen, die in einem ebenfalls stark Abweessaflussten
Gewasser, der Koérsch bei Stuttgart exponiert waren, akkumulierten nur ein Drittel an
Cadmiumund Zink. Die Kupferkonzentrationen in Débeln aus der Schussen sind mehy als 30
fach hoher als entsprechende Werte aus Forellen aus der Kérsch [5].

Die Konzentrationen ausgewahlter persistenteoff&tin Fischproben sind in
Abbildung 5 zusammengefassber PCB-Gehalt (Summe 6 Indikaté*CB) im Filet der
untersuchten Ddobelproben liegt im Bereich der Werte, die fur Dobel aus verschiedenen

tschechischen Gewassern bestimmt wurden [6].
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Persistente Verbindungen: Fische Schussen P3 (uh KA) und Argen (P4)
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Abbildung 5: Konzentrationen von persistenten Verbindungen in Fischen (Maximalwerte) aus der
Schussen unterhalb der Klaranlage Langwiese (P3) der Argen (P4).

Geht man davon aus, dass die Werte bezogen auf das Frischgewicht ungefahr um den Faktor
3-4 niedriger liegn als diejenigen bezogen auf das Trockengewicht, liegen die Werte flr
Dobel und Barbe aus der Schussen zwar noch unterhalb, allerdings auch fir das Filet bereits
im Bereich des von der EU formulierten Hochstwerts von 125 ng/g FG [7]. Werte fur Fische
ausrelativ unbelasteten Gewassern bewegen sich laut Kuch (pers. Mitt.) im BereickLQon 5
pno/kg FG. Die Messwerte fur alle im Projekt untersuchten Fischarten liegen hier deutlich
hoher, wobei das Filet einer zusatzlich untersuchten BéBaebus barbus)mit einer
Konzentration von ca. 100 pug/kg FG am starksten belastet ist.

Durchschnittswerte fur eine Belastung von FischenDiiX liegen laut Kuch (pers.
Mitt.) in der GrofRenordnung von ca. 5 bis 10 ng/g FG. Die Konzentrationen in Schneidern
und Dobeln aus deSchussen sind demnach als moderat, diejenigen in der Barbe als eher
hoch zu bewerten. Allerdings liegen alle Konzentrationen fir Fische aus der Schussen weit
unterhalb der H6chstwerte, die in DObeln aus tschechischen Gewassern gemessen wurden [6].
Die Messwerte furmMethyltriclosan einem Metaboliten des Antibakterizids Tricloshegen
im Bereich der aus der Umweltprobenbank fir Bras@dramis brama)aus deutschen
FlieRgewassern zu entnehmenden Werte [8]. Sie sind deutlich geringer als die Maximalwerte,
die von [9] fur Karpfen ermittelt wurden (596 pg/kg FG). Triclosan selbst verursacht sowohl
cancerogene (Lebertumore), gentoxische als auch end@kfeiee [10], [11].
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Polybromierte Diphenylether (PBDE) wurden ebenfalls in den hochsten
Konzentrationen in Geweben einer Barbe nachgewiesen. Allerdings liegen auch die PBDE
Konzentrationen fur D6bel und Schneider weit Uber der von der EU vorgesehemem (ext
niedrigen) UQN fur Biota von 0,0085 pg/g FG [12]. Die Messwerte fur Dobel liegen im
mittleren Bereich der von [13] erhobenen Werte fur DObel aus der Elbe. Die Messwerte fur
PBDE in Gammariden, die unterhalb der KA Langwiese entnommen wurden, liegen in
GroRRenordnung der Werte fur Fische an dieser Probeddeligliche Unterschiede zwischen
Fischen und Gammariden findet man in der Verteilung der akkumulierten RBBgenere:
Wahrend bei Fischen BD&E/ mehr als 90 % der GesaBIDE ausmacht, dominiebei
Gammariden aus der Schussen die wesentlich hydrophobere Verbindurg0BDEb dies
mit Kongenerspezifischer Aufnahme bzw. Akkumulation bei den beiden Arten
zusammenhangt, ist derzeit nicht bekannt.

Die meisten der untersuchtendokrin wirksamen Vbmdungerkonnten nicht in den
Geweben der untersuchten Fische nachgewiesen werden. In hohen Konzentrationen trat
all erdings d a s-Sitoftdro), t i Sehit geoirggenn Konbentrationertert
Octylphenol in Fischen aus Schussen und Argen auf. Dienhohe s s w eSitasteroling r b
Fischen aus der Argen lassen sich in Zusammenhang mit den im Oberflachenwasser
nachgewiesenen hohen Konzentrationen dieser Verbindung bringen (s.o0.). Da das 6strogene
Potential dieses Phytodstrogens allerdings im Vergleictsynthetischen oder natirlichen
Hormonen um den Faktor 4@eringer ist [14], sind von dieser Substanz ausgehende

hormonelle Potentiale in Schussen und Argen als eher gering einzuschatzen.

3.2Hormonelle und toxische Wirkpotentiale und reale Wirkungen

Ein Ziel des Projektes war es, die Relevanz der Ergebnisse aus Wirkpotentialtests im Labor
fur tatsachliche Wirkungen in Organismen aus dem Freiland (oder solchen, die dort aktiv
exponiert wurden) zu Uberprifen. Auf Plausibilitdt beruhende Zusamngmhanit
moglicherweise fur die Effekte verantwortlichen, im Rahmen des Projektes in den
untersuchten Umweltmatrices nachgewiesenen Chemikalien wurden hergestellt.

Hormonelle Potentiale, fir welche Chemikalienkonzentrationen sogar unterhalb der
chemischandytischen Nachweisgrenzen sowie Summeneffekte verantwortlich sein kdnnen,
wurden im Rahmen von SchussenAktiv mmtvitro- und in vivo-Testsystemen untersucht.

Mit dem EScreenTest, der auf der durch endokrin wirksame Chemikalien induzierten
vermehrten Téung menschlicher Brustkrebszellen (MCF basiert, wurde so z.B. eine
ostrogene Gesamtaktivitat von max. 4,6 ng/L Ostrogenaquivalente (EEQ)iAbkaf bzw.
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max. 1,7 ng/L (EEQ) im Oberflachenwasser der Schussen ermittelt. Im Sediment der
Schussen wurdemit Reportergenassays, welche die transformierte Mammakarzinomzelllinie
(MVLN) und die Zelllinie HeLa9903 nutzen, geringe dstrogene und-éstiogene Potentiale
ermittelt (Abbildung 6). Vor dem Hintergrund, dass hormonelle Effekte durch
Chemikalienkonzetrationen im unteren NanograrBereich ausgeldst werden kénnen, tragt
die biologische Wirkpotentialanalytik, wie sie beispielsweise ve8cEenTest oder den im
Projekt eingesetzten Reportergenassays geleistet wird, dazu bei, in einem
Konzentrationsbereh Vorsorge treffen zu kénnen, der mit instrumenteller Analytik (noch)

nicht erfasst werden kann.

Anti-Ostrogene Potentiale Sediment

900
800

700
600
500
B Schussen P3
400
300 - Argen P4
200
100 - —
0 1 T T T T T T
PNC PND PNE PNF PNG PNH PNI

Abbildung 6: Anti-6strogene Potentiale im Sediment der Schussen (unterhalb Klaranlage Langwiese) und

1/1c25 (g/ml)

der Argen zu 7 Probenahmezeitpunkten (PNEPNI).

Durch die in vivo durchgefihrten Reproduktionstests mit der Zwergdeckelschnecke
Potamopyrgus antipodarumurden nicht nur, wie mit den Reportergenassays, in Sedimenten
aus der Schussen, sondern auch in solchen aus der Argen sehr starke Gstrogenéhnliche
Potentiale nachgewiesen. Dieser Unterschied ist mdglicherweise durch eine sehr viel héhere
Sensitivitat der imn vivo-Testeingesetzten Testorganismen im Vergleich zu dem iwitro-

Test verwendeten Lellinien zu erklaren.

Um die Indizienkette von der P@nz potentiell hormonell wirksamer Substanzen tber
endokrine Potentiale bis hin zu tatsachlichen Wirkungen bei Freilandorganismen verlangern
zu konnen, wurden Wirkuntersuchungen an Fischen (Ddébel, Schneider und Forellen) und
Flohkrebsen durchgefuhrt, dientweder aus dem Freiland entnommen oder in Bypass

Systemen aktiv dem Wasser von Schussen oder Argen gegeniber exponiert wurden. Die
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Induktion der Bildung von Vitellogenin in Jungforellen und die hohere Anzahl an weiblichen
Schneidern und Gammariden in d&hussen unterhalb der KA Langwiese lassen vermuten,
dass sich an dieser Probenahmestelle dstrogene Einflisse bei Freilandorganismen bereits
moderat manifestiert haben. Allerdings sprechen die verzogerte Gonadenreife bei weiblichen
Do6beln und der signifint niedrige gonadosomatische Index bei mannlichen und weiblichen
Dobeln fur zusatzliche antiéstrogene und / oder toxische Einflisse. Um Giftstoffe zu
metabolisieren bzw. diese zu entgiften, setzen Organismen groRe Teile ihrer
Stoffwechselenergie ein. Die€nergie steht in der Folge fur Orgamer Kérperwachstum

nicht zur Verfugung, so dass z.B. Fortpflanzungsorgane kleiner bleiben (sog. energetischer
trade-off). Vor diesem Hintergrund ist das signifikant geringere Gonadengewicht bei Ddbeln
aus der Schuss zu erklaren. Die Ergebnisse der bmmiischen Glykogennachweise
(Abbildung 7) sowie die histologisch sichtbaren Veranderungemer Leber der Fische
(Abbildung 8) unterstitzen diese Hypothese des energetischen-difadela die Fische aus

der Schussesignifikant weniger Glykogen (Speicherkohlenhydrat) in der Leber speichern als

Fische aus der Argen.

600

500 -

400 -

300 -

ug GluKose /g Leber

200 -

100 +

o_j

Schussen Argen

Abbildung 7: Glykogengehalt in der Leber von Ddbeln aus der Schussen (PS3, unterhalb der Klaranlage
Langwiese) und der Argen (PS4).
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Abbildung 8: Leber eines Dobels (a) aus der Argen mit Glykogenspeicher (helle Areale) und (b) aus der

Schussen mit stark reduziertem Glykogen und deutlich erweiterten InterzellularrAumen.

Bekannt ist allerdings auch, dass tolerante Individuen aus Riopela, die dauerhaft und

Uber viele Generationen hinweg unter Schadstoffeinfluss leben, bei geringerer Korpergrolie
und in geringerem Alter als ublich bereits reproduzieren kdonnen, was als mikroevolutive
Anpassung gedeutet wird [15].

Aus der Gruppe der vofi0] und [16] als potentiell endokrin wirksam eingestuften
Chemikalien wurden im Rahmen des ProjektegeriOctylphenol, Bisphenol A,
polybromierte Diphenylether-8itosterol, Methyltriclosan, PCB, Quecksilber, Cadmium und
DDX-Verbindungen in mindestenseinem der untersuchten Umweltkompartimente
nachgewiesen. Im Rahmen des Nachfolgeprojektes wurden zudem das Hormon Estron tber
der Nachweisgrenze im KAblauf und im Oberflachenwasser der Schussen unterhalb der
KA sowie deutliche PFKonzentrationen in F&hen aus der Schussen nachgewiesen. Die

Konzentrationen der sehr stark wirksamen 06strogenen Verbindungestra@iol bzw.
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17alphaEthinylestradiol (EE2) lagen sowohl in den Oberflachenwasserproben als auch in den
Ablaufproben der KA unterhalb der Nachwesgze.

Dass in der Schussen ein Zusammenspiel von endokrinen und toxischen Einflissen
von Bedeutung ist, ist aufgrund der Ergebnisse dieses Projektes sehr wahrscheinlich.
Gewebetoxische Effekte konnen z.B. durch die nachgewiesenen Arzneimittel Diclofienac o
Carbamazepin hervorgerufen werden [17] [18]. Nach [19] und [20] kdnnten als Ursache fur
neurotoxische Effekte Quecksilber, Arsen, Kupfer, Cadmium, oder DDX in Frage kommen,
fur gentoxische bzw. cancerogene Wirkungen konnten laut [21] Nickel, Arsendeder
Metabolit von DMS, das cancerogene NDMANitrosodimethylamin), nach [22], [23] und
[24] auch TCPP und Methyltriclosan sowie nach [25] Carbendazim verantwortlich sein.
Genotoxische Potentiale, die mittels Reportergenassays in der Schussen nachgewiese
wurden, lassen sich dementsprechend einerseits mit der Prasenz dieser Substanzen in
Verbindung bringen, andererseits wurden aber auch in Fischen aus der Schussen bzw. in
solchen, die aktivdem Wasser der Schussen gegenuber exponiert waren, genottirigehe E
nachgewiesen. In den Blutzellen von Débeln war die Anzahl an Mikrokernen, die DNA
Schadigungen anzeigen, deutlich erhoht.

Inwiefern sich auf Individualebene festgestellte Reaktionen bzw. Schadigungen bei
Freilandfischen auf der Ebene der Fischpapohen widerspiegeln, wurde im Rahmen von
SchussenAktiv nicht untersucht. Allerdings liegen von anderer Seite fur den Wasserkorper
zwischen Mariatal (oberhalb KA Langwiese) und Mariabrunn Daten zur Bewertung des
Okologischen Zustands des Gewassers auBdsis des fischbasierten Bewertungssystems fur
FlieRgewasser (FIBS) vor. Die Stelle "Brugg" oberhalb von Meckenbeuren reprasentiert in
diesem Wasserkorper eine Probestelle unterhalb der KA Langwiese. Der Giltezustand dieser
Probestelle wurde nach FIBS dimafiig" eingestuft, wobei einer der Grinde hierfur die
starke Dominanz des Schneiders in diesem Teilabschnitt des Wasserkorpe& b Qter
Fische) war (Dussling, pers. Mitteilung 23. Juli 2012). Ob dieser Befund aus einer eventuellen
vergleichsweise Heen Toleranz des Schneiders gegenltber chemischen Belastungen unterhalb
der KA Langwiese resultiert, ware weitergehend zu untersuchen. Bei den histologischen
Untersuchungen und Stressproteinanalysen im Rahmen von Schussesmidis sich der
Schneider insgsamt als weniger empfindlich als der Débel, die Bachforelle oder die
Regenbogenforelle.

Die Untersuchung des Makrozoobenthon entlang der Schussen verdeutlicht den
Einfluss der Klaranlage Langwiese auf der Ebene der Lebensgemeinschaft. Die geringere
Artenzahl und Individuendichte unterhalb der KA Langwiese und hierbei vor allem der

109



Kapitel 2

sensitiven Artengruppen weist allerdings darauf hin, dass andere Stoffe als die zuvor
genannten auf das System negativ einwirken kénnen.

In Tabelle2 und 3 werden abschliel3enée chemisckanalytischen Daten und die
Ergebnisse der Wirktests zusammenfassend bewertet. Beide Tabellen gemeinsam
verdeutlichen, dass sowohl auf der Expositiaais auch auf der Effektseite ein komplexes
Zusammenspiel zahlreicher EinflussgroRen dieagehgssymptomatik an Schussen und

Argen beschreibt, wobei die Dichte der Einflussgréf3en an der Schussen deutlich hoher ist.

Tabelle 2: Zusammenfassende Bewertung der Relevanz der nachgewiesenen Stoffgruppen im Ablauf der

KA Langwiese, im Oberflachenwaser und in Biota aus Schussen und Argen.

Stoffgruppe KA-Ablauf P 3 Schussen (uh KA)  Fische Schussen | Gammariden Schussen P 4 (Argen) Fische Argen Relevante Stoffe

Arzneimittel Diclofenac, Carbamazepin, Sulfamethoxazol

Phytohormone B-Sitosterol

PSM Wasser: C: im, DMS, Mecoprop; Biota: DDX
SiiRstoffe [Acesulfam, Sucralose

Metall [

Biozide Methyttriclosan

Alkylphenole (Oktylphenol

Komplexbildner EDTA, DPTA

Flammschutzmittel Wasser: Tris(2-chlorpropyl)phosphat; Biota: PBDE
PCB PCB;

Bewertung:

_in hohen Konzentrationen nachgewiesen

regelmagig in mittleren Konzentrationen nachgewiesen
in geringen Konzentrationen nachgewiesen
nicht nachgewiesen
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Tabelle 3: Zusammenfassung der Resultate der durchgefiihrten Tests bzw. Untersuchungen vor dem
Hintergrund, welche Endpunkte adressiert wurden (toxische/endokrine Potentiale/ Wirkungen) und wie

stark die Effekte ausfielen.

Ablauf KA Langwiese P 3 (Schussen) / Bypass Gunzenhaus P 4 (Argen) / Bypass Pflegelber

ANALYSEMETHODE Potentiale |Wirkungen|Potentiale |Wirkungen|Potentiale [Wirkungen|Potentiale |Wirkungen|Potentiale [Wirkungen|Potentiale |Wirkungen
1

E-Screen

0/1
0/1

Reporter Anti-Androgenitét 0/1

2
1
1
i
Reproduktionstests mit Schnecken -
Vitellogenin 2 0
Reifezustand, Geschlechterverhaltnis, GSI Fische 0
2
.
i
2
|
2
1

Reportergenassays Ostrogenitat

Reporter Anti-Ostrogenitat

N (o |k [N

Fertilitat, Geschlechterverhaltnis Gammarus

Reportergenassays dioxinahnl. Potentiale 1 2

Reporter ische Potentiale 1 2

Mikrokerntests Fische

Acetylcholinesterase

Stressproteinanalysen

N [k N e

e Fische

Embryotest Zebrabéarbling Labor 1 1

Embryotest Forellen Bypass

Parasitiertung, Stessproteine Gammariden

Makrozoobenthos

Bewertung

0 kein Effekt
1 schwacher Effekt
mittlerer Effekt

starker Effekt

4 Fazit und Ausblick

Als Ergebnis des Projektes SchussenAktiv lasst sich festhalten, dass es durch den
kombinierten Einsatz verschiedener Methoden, die sowohl die Expositdsisauch die
Effektseite abdecken, mdglich war, zwar nicht im Sinne von Kausalitat, wohl aber auf der
Basis einer Evidenzkette, die auf Plausibilitatskriterien beruht [26], Zusammenhange
zwischen (1) der Prasenz von Spurenstoffen in Umweltkompartimenten, (2) toxischen und
hormonellen Potentialen, (3) toxischen und endokrinen Effekten bei exponiertens@rgan

sowie (4) dem Zustand der Lebensgemeinschaft in der Schussen herzustellen. So konnte z.B.
die Prasenz potentiell gentoxischer Chemikalien in den untersuchten Umweltmatrices mit
dem positiven Nachweis gentoxischer Potentiale sowie dem Auftreten gehexEffekte in
Blutzellen der untersuchten Fische in Verbindung gebracht werden. Die grof3e Variabilitat im
Nachweis 0Ostrogenartig wirkender Chemikalien spiegelte sich auch in der Variabilitdt der
nachgewiesenen ostrogenen Wirkpotentiale und WirkungeRisehen und Fischnahrtieren

in der Schussen. Die reduzierte Anzahl sensitiver Taxa unterhalb der untersuchten Klaranlage

an der Schussen spricht daftir, dass sich negative Effekte bereits auf biozénotischer Ebene
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manifestiert haben. Ein Zusammenspiel $oker und hormoneller Einflisse auf die
Organismen in der Schussen ist hierbei aufgrund der erzielten Resultate wahrscheinlich. Far
die als Referenzgewasser ausgewahlte Argen konnte gezeigt werden, dass die untersuchte
Probenahmestelle zwar insgesamt alksutich weniger belastet gelten kann als die
Probenahmestellen an der Schussen, dass aber auch hier Bedarf besteht, bestimmte
Expositionen (z.B.b-Sitosterol, Cadmium, Arsen, Quecksilber, Zink) und Effekte (z.B.
Acetylcholinesterasehemmung bei Fischenlgietie Abundanz von Gammariden) genauer zu
betrachten um ggf. ihre Ursachen zu eruieren.

Fur die Fortfihrung des Projektes tber weitere drei Jahre hinweg konnten Foérdermittel
vom Bundesministerium fir Bildung und Forschung (BMBF) eingeworben werden. Die
Fragestellung von SchussenAktiv ist hierbei in ein erweitertes Forschungsfeld integriert und
wird unter dem Namen "SchussenAktivs' bis Ende 2014 fortgefiihrt. Inhalte und Ziel
dieses Projektes sind bei [3] beschrieben. Da mit der Fertigstellung des Awdsdraus
Klaranlage Langwiese voraussichtlich bis Frihsommer 2013 gerechnet werden kann, wird der
Zustand der Schussen noch ein Jahr lang vor dem Ausbau der Klaranlage und danach fur zwei

Jahre nach dem Ausbau untersucht werden konnen.
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Abstract

Many studies about endocrine pollution in the aquatic environment reveal changes in the
reproduction system of biota. We analysed endocrine activities in two rivers in Southern
Germany using three approaches: (1) chemical analyses, (2o bioassaysand (3 in vivo
investigations in fish and snails. Chemical analyses were based on gas chromatography
coupled with mass spectrometry. Hor vitro analyses of endocrine potentials in water,
sediment, and waste water samples, we used s@den assay (hwan breast cancer cells
MCF-7) andreporter gene assaysufman cell line HeL®903 and MDAKkb2). In addition,

we performed reproduction tests witle freshwater mudsndfotamopyrgus antipodaruto
analyse water and sediment samples. We exposed juveowa Irout Salmo truttaf. fario)

to water downstream of a wastewater outfall (Schussen River) or to water from a reference
site (Argen River) to investigate the vitellogenin production. Furthermore,févad fish
species, chuflLeuciscus cephalyignd sjrlin (Alburnoides bipunctatyswere caught in both

rivers to determine their gonadal maturity and the gonadosomatic index.
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Chemical analyses provided only little information about endocrine active substances,
whereas thén vitro assays revealed endo@ipotentials in most of the samples. In addition
to endocrine potentials, we also observed toxic potentialsci@&en/ reproduction test) in
waste water samples, which could interfere with and camouflage endocrine effects. The
results of ourin vivo testswere mostly in line with the results of the vitro assays and
revealed a consistent reproductdisrupting (reproduction tests) and an occasional endocrine
action (vitellogenin levels) in both investigated rivers, with more pronounced effects for the
Schussen river (e.g. a lower gonadosomatic index). We were able to show that biotogical
vitro assays for endocrine potentials in natural stream water reasonably reflect reproduction

and endocrine disruption observed in snails and-egfabsed fish, respavely.

Introduction
Endocrine disruptors (EDs) are substances which can affect the endocrine system by imitating
or repressing bodyds own hor mones. Chemical s
group and the number of chemicals known to caeisdocrine effects in organisms is
constantly increasing. This group includes for example synthetic estrogens, bioflavonoids,
organochlorine pesticides, dioxins, furans, phenols, alkylphenols, polychlorinated biphenyls,
phthalates, and brominated flame rdtmts. Also, naturally produced steroid hormones like
17b-estradiol (E2), estrone (E1), or testosterone, as well as phytohormones have the potential
to affect endocrine systems in other organisms. However, natural endactireschemicals
are often lespersistent than synthetic EDH.

Recently, a growinqrumber of scientists, in particular toxicologists and ecologists,
have pointed out the hazardous effects that different endesxctne chemicals may have on
the environment and animal and human hel@ihFor example, many EDs are suspected to
contribute to the development of breast cancer in women and prostate and testicular cancers in
men, to reduce male fertyf and to interact with the immune systg®)4]. Disruptions of
endocrine functions also occur in wildlife. Reduced fertility, abnormal development of
embryos, feminization, and demascutation are reported for birds, reptiles, mammals, and
fish, while defeminization and masculinization are reported for gastropods (summarized in
[5]). A number of distinct characteristics make EDs especially problematic. First, the wide
range of effects caused by EDs makes it difficult to identify all hazardous effects. Second, low
exposwe levels are sufficient to cause serious consequences. For example, 17
ethinylestradiol (EE2) is considered to be a very potent estrogen for fish; its lowest observed

effect concentration for vitellogenesis in rainbow trout is 0.1 ri@|L Therefore, already
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concentrations of estrogens and their mimics that are currently observed in freshwaters may
impact the sustainability of wild fish populatiofs7], even though direct evidea to relate
endocrine disruption to wildlife population decline is rg8®]. Third, many EDs are highly
persistent, which often leads to leteym exposure. Once released into the environment, EDs
may affect biota over many years, and it is difficult to assess theggerm effects with
regards to the whole ecological community. Fourth, mixtures of EDs can interact, and thus
either enhance or counteract the action of single substances. Studies on mixture toxicity offer
increasing evidence that joint effects canusaghen all mixture components are below levels

at which individual chemicals cause observable effd€41].

A main source for ED chemicals is the discharge of waste water treatment plants
(WWTPSs) into recipient waters. River pollution through waste water is especially relevant in
areas with industry, high human population density, and/or intensive agriculbai@y, Tnost
waste water is treated in developed countries, but often endocrine disrupting chemicals cannot
be completely removed by routine waste water treatment, and additional techniques to
improve waste water purification are necessd$]. Even in highly developed countries
untreated waste water may be dumped into rivers when the capacity of WWTPs and
stormwater werflow basins is exceeded during heavy rain evigijs

Given the evident relevance of EDs and the importance of WWTPs for their discharge
into the environment, the present study assesses the effects of WWTPs on the water quality of
two tributaries of Lake Constance, the Schussen and Argen rivers, rasofpaghe
ASchussenAkti vo puod pi 8¢ g s$ s e thdsils projactsfekaming ste
the current ecological state in Schussen and Argen rivers. different types and sizes of
WWTPs at the Schussen are technically improved, these prajdtseen evaluatehe effects
of improved waste water treatmeiid]. The present study reports the results on the water
guality before the technical improvement of the examined WWTPs and consists of three main
parts: chemical analyses of endocrawtive substances, a setiofvitro bioassays, anih vivo
tests. These tests are employed to investigate estrogeniestiogienic, and aréindrogenic
potentials and effects (and their temporal variability and trends) in the Schussen and Argen
rivers and were jointly applied in view tdueidate the predictive value of chemical analyses
or biologicalin vitro assays for organistevel endocrine effects in fieldxposed biota.

Using chemical analyses, we focused on the identification of endeastive
substances in surface waters and sedimé&rvious chemical analyseletected up to 82
micropollutants, including EDs, in tributaries of Lake Constance. Fhu¢y of these

substances were found at ecotoxicologically relevant concentrations, for which effects on
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mortality, development, health, and reproduction of aquatic organisms cannot be excluded
[15]. During the whole project we will analyse more than 150 micropollutants in waste water,
surface water, sediments, and tissue sanjfs

Importantl, chemical analyses alone often provide very little information on the
biological effects and do not take into account interactions among individual chemicals in
mixtures. Therefore, we applied various bioassays to provide complementary information on
biological potencies Specifically, we usen vitro reporter gene assays detecting estrogen
receptor (ER) or androgen receptor (AR) activation, and cell proliferation assays like the E
screen. These assays seem to be promising with respect to their mechatisa, relative
simplicity, and potential high throughppit6-18]. Several field studies have demonstrates
diagnostic potential of bioassays, including studies with contaminated water and sediment
sampleg§19-25].

However, sometimes results froim vitro assays are imprecise estimates for effects
observedin vivo (see, e.g[26]). For example, in a study on zebrafifA, the relative
estrogenic potency of EE2 that was observed was about 25 times more potenvathan
could be expected based on thevitro results. Therefore, we complement aquritro assays
by usingin vivotests with mudsnails and fish. For investigations of native water and sediment
samples in the laboratory assessing reproduction disrupting potentials, we useshtivater
mudsnailPotamopyrgus antipodarymwhich has been shwvn to be a sensitive test organism
responding to reproduction disrupting chemicals, including estrogens and their mimics. Such
effectscan be assessed by quantifying embryo numbers in the brood [@3{icAs a second
in vivotest for assessing endocrine effects, we evaluated expression of the egg yolk precursor
protein vitellogenin (vtg) in juvenile rown trout. Normally, only female fish produce
vitellogenin, which is estrogedependent. Howevers&ogenic xenobiotics can also act on
the hepatic receptors to induce synthesis of vitellogenin in males and juvi2flles
Therefore, vitellogenin levels in male and juvenile trout can be used as a biomarker of
exposure to estrogen active substances in the envirof&2882].

In addition, we examed feral fish (chub and spirlin) to determine their gonadal
development and to assess if there are indications for endocrine disorders in the feral fish

population.
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Figure 1. Model of the study designThis figure gives an overview of the study design and all performed

analyses. Based on their results, we arranged the tests according to their evidence for endocrine disruption.

In contrast to large parts of extant literature, in this study we combimadical analyses
with in vitro assays anth vivotests (Figurel). Thus, it was our aim to obtain a more precise
and complete evaluation of endocrine activitiehatSchussen and Argen rivers; in particular
to investigate whether symptoms of endocrinsruption in fieldliving individuals are
reflected by signals frorm vitro laboratory assays or by the results derived from a detailed

chemical monitoring programme.

Material and Methods

1 Study sites, bypass systems and exposure experiments

As a model region for a densely populated area, we investigated the Schussen river, a major
tributary of Lake Constance. A total of 20 WWTPs and more than 100 stormwater overflow
basins are connected to the Schudddh Sampling site ® was upstream from one of the
major waste water treatment plants (WWTP Langwiese) and a stormwater overflow basin,

and site S was located downstream from the stormwater overflow basinydstiream from
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the WWTP Langwiese. Site & was several kilometres downstream from the WWTP
Langwiese, and 8 was situated nearby the river mouth area at Lake Constance. Since a
literature review by Triebskorn and Hetzenaliés] showed less pollution at the Argen river,

a reference sampling site, called Svas examined there. The location and sampling sites are

shown inFigure 2.

Ravensburg

Amtzell
Meckenbeuren

Bypass Gunzenhaus

Friedrichshafen

Tettnang

Bypass Pflegelberg
oS 3 ®
Neukirch

Eriskirch

Lake Constance

Eararoen Kressbronn

2km

Figure 2. Location of the sampling sites and bypass systems at the Schussen and Argen rivers in Southwest
Germany. Waste water treatment plant (WWTP) Langwiese and Eriskirch, as well as the storm wafvover
basin (SOB) at the Schussebeographic coordinates: & N47° 45' 29.40", E9° 35' 21.78", 15 N47° 45’
19.22", E9° 35' 25.35", 3= N47° 39' 16.09", E9° 31' 53.35",65 N47° 37' 4.73", E9° 31' 50.33%5 N47° 44'
20.46", E9° 53' 42.78", bypass Gunzenhaus= N47° 40' 44.00", E9° 32' 24.77", and bypass PflelydbeRp'
11.21", E9° 44' 30.80".

We collected water and sediment samples from all sampling sites. In addition, we analysed
waste water (WW) from the WWTP Langwiese, which is one of the largest WWTP in the
catchment area of the Schussen river (170,0@@lpton equivalents). This WWTP has been
upgraded with an active charcoal filter in autumn 20L8blel shows all the sampling

campaigns that we conducted from 2009 to 2013 (named from A to N).
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Table 1. Dates of the sampling campaigns.

Code |[A |B |C D E |F G |H J K L M N

Month | July | Oct. | June | Aug. | Oct. | May | July | Sept. | Oct. | May | July | Sept. | May

Year |2009 2010 2011 2012 2013

Two feral fish species, chufheuciscus cephalyisnd spirlin(Alburnoides bipunctatyswere

caught at sampling sites33Schussen) and4(Argen) using electrofishing. In addition, we

built bypass systems at both rivers, one downstream WWTP Langwiese at the Schussen and
one at the Argen to simulate sefigld conditions (sed-igure 2 forthe locations). These
flow-throughsystems were situated near the rivers, and river water was continuously passed
through 250 L aquaria by a pump. At both bypass systems, we installed a sediment trap to
guarantee similar concentrations of suspended femticTechnical supervision of water
temperature, oxygen content, conductivity, and ftbvough volume was carried out every 10
minutes, and failures were immediately reported by a short medsagese seriield test
systems, we performed exposure expents with brown trou{Salmo truttaf. fario). The

bypass systems allowed us to keep fish under controlled conditions that were close to their
natural conditions (for a detailed description of the bypass systemg 4peAs a negative
control, we kept fish in 250 L aquaria under laboratory conditions in climate chambers at the
University of Tubingen. Details for the exposure conditions of fish and catching procedure are
describedn 4.1. and 4.2.

Ethic statement

This study was carried out in strict accordance with German legislation (animal experiment
permit nos. ZO 1/09 and ZP 1/12, field sampling permit AZ 35/9183,8District
Magistracy of the State of Bad&urttemberg).

2 Chemical analysis of endocrinective compounds

We analysed effluent samples from the WWTP Langwiese, surface water, and sediment

samples from all sampling sites at different times (see Table 2).
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Table 2. Chemical aalysis of water and sedimensamples.

2010 2011 2012
WWTP (Langwiese) |C,D,E |F,G,H,J |K,L
SiteS 0 C K, L, M
SiteS 1 C K, L, M
SiteS 3 C F K, LM
SiteS 4 C F K, L, M

Immediately after extracting, 1 L of surface water sample and 0.2 L of WWTP effluent were
preconcentrated by solid phase extraction (SPE) with a polymeric sorbent (Strata X,
Phenomenex, Aschaffenburg, Germany) using an automated enrichment system (Autotrace,
ThermoScientific). 4-nonylphenol and X¥+methyltestosterone were added as surrogate
standards prior the extraction process. We us@dndnylphenol as a standard because
literature did not describe its occurrence in agueous environmental samples. The eluted
samples were completely dried and derivatised by addingnethykn-tri-
methylsilyttrifluoracetamid (MSTFA) + trimethyliodosilane (TMJS) reagent. The analytical
method is based on gas chromatography separation coupled to mass spectrometry detection
(GC 1 MS, Agilent). Measurements were carried out in the laboratories of the Water
Technobgy Center Karlsruhe (TZW, Karlsruhe, Germany). The procedures for sample
preparation and analysis are based on DIN EN ISO 1&8%&bruary 2007).

Sediment samples were also analysed by GC/MS. The sediment sanplesefe
fortified with surrogate stardds and extracted twice with 10 ml of acetone/cyclohexane
(2:10) in an ultrasonic bath for 15 minutes. Subsequently, the samples were centrifuged and
the extracts were combined. The extracts were blown down to dryness and derivatised by
adding MSTFA + TM$ reagent. Separation of the analytes was achieved by-&bFsil MS
column (30 m x 0.25 mm, 0.25 um) purchased from Restek (Fuldabriick, Germany). Transfer
line temperature was 290°C. Temperature programme started with 120°C with holding time
of 1 min wa then ramped to 180°C with 15°C/min with no hold and then further ramped to
290°C with 5°C/min and 10 min hold. For the analysis a gas chromatograph 6890 coupled to

a mass spectrometer 5973 (both Agilent Technologies, Waldbronn, Germany) were used.
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3 Detection of endocrine potential$ in vitro and in vivo

3.1 in vitro- E-screen assay

With the Escreen assay, we analysed effluent samples from the WWTP (Langwiese) and
surface water samples from all sampling sites. The assay is based on the enhanced
proliferation of human breast cancer cells (MOFin the presence of estrogen active
subgances in the samples. The cell proliferation assay was developed by Sot§l&t, al.
optimized by Kdrner et al.18,33], and modified by Schultis (2005, unpublished data). To
determine the estrogenic activity, the acidifigdd 2.57 3) water samples (1) were solid

phase extracted (Ciddartridges, Varian Mega Bond Elut, 1 g). After drying the cartridges
overnight by lyophilization and elution with methanolx(8 mL), dimethylsulfoxid (DMSO,

50puL) was added as a keeperpdevent loss of volatile substances. The MCEells were

stored humidified (37°C, 5 % CO2) in Dulbecco's modified Eagle’s medium (DMEM) with
fetal bovine serum and phenol red as buffer tracer (culture medium) and passed weekly. To
accomplish the £screemassay the cells were trypsinized and the culture medium was replaced
by phenol red free DMEM with charcoal dextran treated fetal bovine serum (experimental
medium). The cell suspension (jdb, approx. 2300 cells/well) was plated into-@@ll plates
(Sarstét, Newton, USA) and stored in the incubator for 24 h. For assaying the samples,
dilution series were prepared (9 concentrations per sample) and added to the cells (8 wells per
concentration). For providing a positive control (standard-desgonse curvdhe cells were
exposed to a dilution series of fk@stradiol (2.5-14mol/L 7 2.5-10610 mol/L). Neat
experimental medium served as negative control (8 wells per plate).-$tred&h assay was
terminated after a fivelay incubation time by removing theedium, washing the cells with
phosphate buffered saline buffer and fixing them with trichloroacetic acid. After incubation
(30 min; 4°C) the trichloroacetic acid was removed by washing the plates under a gentle
stream of cold water. After drying the platas 40°C the cell protein was stained with
sulforhodamin B. After incubation (Iiin) the dye was washed off with aqueous acetic acid

(1 %) and the plates were dried again at 40°C. The cell attaching dye was resuspended with
tris-buffer and incubated (20 im 4°C). The extinction was measured at B89 using a
microtiter plate reader (MRX, Dynatech laboratories, Virginia, USA). Analysis of the dose
response curve was performed using the software Table Curve 2D (Jandel, San Rafael, CA).
The resulting estrogec activity reflects a sum parameter over all estrogen active substances
present in the samples and is expressed in concentration units of the reference substance E2
(17b-estradiol equivalent concentration, EEQ). The assessment of cytotoxicity in cells

exposed to the investigated samples is important, because a high toxicity can overlay the
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estrogenic response. For example, if a water sample is both highly cytotoxic and estrogenic,

the exposed cells should be triggered to proliferate but will not be @ble $o because the
cytotoxicity represses the cell proliferatio
responseo from the test. Cytotoxicity was i |
concentrated samples. The EC50 TOX vakiéhe concentration of the examined sample in

which 50% of the cells are able to grow. For illustration, we calculated the reciprocal values

of the EC50 TOX values; high 1/EC50 TOX values represent a high cytotoxicity in the

sample.

3.2in vitro - Cellular reporter gene assays for estrogens and androgens
With the reporter gene assays, we analysed effluent samples from the WWTP Langwiese and
sediment samples from the sampling siteks (Schussen) and4&(Argen). For effluentsone
litre of each sample wadtered through a glass fiber filter using vacuum and extracted by
SPE with SDB Waters Oasis (500 mg; columns were activated by 6 ml of methanol and
equilibrated by 8nL of distilled water, maximum backpressure wa8 kPa, and the flow
rate did not exad 10 mL/min). After SPE, the columns were dried, eluted with 6 mL
methanol (no backpressure used), and concentrated by a nitrogen stream to final volumes
which corresponded to 12@0nes concentrated effluents. Sediment samples from the
Schussen (8) and the Argen (S4) were dried by freezdrying (Christ lyophilization
instrument), sieved through anim sieve, and 1§ were extracted for & in 150mL
dichloromethane (automatic extractor Blchi Systei®ilB). Extracts were concentrated by a
nitrogen strea to the last drop and then dissolved in methanol. All extracts were stored at
80°C until testing.

To determine estrogenicity and antiestrogenicity, the human cell line-8f#& was
used according to the slightly modified protocol of US EP34]. Cells were grown in
DMEM-F12 without phenol red (Sigma Aldrich, USA), containing 10% fetal calf serum, at
5% CQ and 37°C. Once the cells reached about 80% confluence, they were trypsinized and
seeded into a sterile 9%ell plate at density 2000 cells/well. For experiments, cells were
grown in medium containing fetal calf serum treated with dextoaied charcoajwhich
strongly reduces concentrations of natural steroids in the serum). AftertRd cells were
exposed to the dilution series of the tested samples (6 different concentrations of each sample
were tested), to the reference estrogen E2 (dilutionss&ri®00pM E2) for the calibration,
and to the blank and solvent controls (0.5% v/v methanol). To test for antiestrogenicity, the

samples were ecexposed simultaneously with 33 pM E2, and the inhibitions einBdced
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responses were recorded. We used IC182,780 (¥17b-[9-[(4,4,5,5,5
Pentafluoropentyl)sulfinyllnonyl]estrd,3,5(10jtriene 3,1 7diol) as positive control. After

the exposure, intensity of the luminescence was measured using Promega Steady Glo Kit
(Promega, Mannheim, Germany). Effects on agdn receptor (AR) were evaluated with
MDA-kb2 human breast cancer cell lif&5]. Exposures were conducted in LeibowitZh
medium supplemented with 5% (v/v) stripped FCS &C3Without added C® For testing
antiandrogenicity, cells were seeded into-v@8l plates (15,000 cells/well) in medium
supplemented with @M dehydrotestosterone (DHT) and exposed to a dilution series of
extracts. After 2s exposure, lysis buffer wasa@etl and luminescence measured after 30 min
using 10QuL of substrate for luciferase according to Wilson ef28]. In all experiments, the
solvent (methanol or DMSO) concentration did not exceed 0.5% v/v. Exposures were
conducted for 24 at 37°C.

3.3in vivo - Reproduction in Potamopyrgus antipodarum

Potamopyrgus antipodarufGRAY 1843), the mudsnail, originatéom New Zealand. It

can be found on soft sediments of standing or slowly flowing water bodies as well as in
estuarine areas on t hBg.Ewaagesah mpukationssandistaimodt i e s
entirely of female snails reproducing parthenogenetically. In Europe, male snails are found
only very rarely[37,38] and were neer observed in our own laboratory culture. Although
reproduction occurs throughout the year, the maximum offspring production occurs in spring
and early summer, while the minimum is from autumn to early w[3@r P. antipodarum
performs a very distinct kind of brood care, termed ovovivipd®y. The eggs develop in the
anteior part of the oviduct, which is transformed into a brood pouch. After removing the shell
of the snail, embryos can be accurately seen through the epithelia. By opening the brood
pouch and subsequently removing the embryos and counting them, the réproduccess

of each female is easy to determine.

Mudsnails for the testing of Schussen and Argen samples were taken from the
laboratory culture of the Department Aquatic Ecotoxicology at Goethe University Frankfurt
am Main, Germany. Tests were conductedoading to the Standard Operating Procedure
(SOP Part Ill: Reproduction test using sediment expod4ry) and an OECD guideline
proposal[42]. We measured mortality and the number of embryos in the brood pouch after 28
days of exposure.

Sediments from the two field sites3Sand $4, and from the effluent of WWTP

Langwiese were analysed. Samples from the field sites, stored fr@a823€C) until the start of
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testing, were obtained in seven independent sampling campaigns (C, D and E 2010, F, G, H
and J 2011).

Samples were thawed at room temperature before testing antuadi sediments
were mixed with a stainless steel spatula. An aliquot of 100 g sediment (wet weight) was
transferred into the test vesseld_(§crewcap borosilicate glass). WW samples were thawed
and 800 mL transferred intoL1lscrewcap borosilicate giss vessels. For the negative control
(C) and the positive control (PC) an artificial sediment consisting of 95% quartz sand (grain
size 50200 um) and 5% dried and firggounded beech leavesagus sylvaticawas used per
replicate. For the PC, tretificial sediment was spiked with a nominal concentration of 30
ug/kg of 17-ethinylestradiol (EE2) in order to verify the estrogemsitivity of the test
organisms. All sediment and WW samples were tested with two replicates, while four
replicates wereaised for control groups (C and PC). All sediment samples, including C and
PC, were covered with 800 mL of fully reconstituted water according to OE@D Test
vessels were aerated vidasteur pipette. Twenty adult snails with a shell height of 3.5 to 4.3
mm were used for each replicate vessel (static systemdiggktrhythm of 16:&, 16 £ 1°C,
pH8.0 + 0.5, oxygen content ¥B8g/L, oxygen saturation >80% and conductivity 770 £
100uS/cm). Only the WW samples were characterized by a slightly higher conductivity (797
1166 uS/cm). Water parameters were checked for each replicate at the beginning and end of
the experiment and once a week during the experiment. Animals were fed threa timels
with fine-grounded TetraPhyil (0.2 mg dry weight per snail). After 28 days, all surviving
snails were removed from the sediment and narcotized (2.5% magnesium chloride
hexahydrate). The shell and aperture height were measured. The embryos wesstveal
from the pouch and counted, whereby shelled and unshelled embryos were distinguished.

4 Detection of endocrine effects in vivo

4.1 Vitellogenin detection in brown trout

Juvenile brown troutalmo trutta f. farip were used as test animals for the active exposure
experiments in 2011 and 2012. Freshly fertilized brown trout eggs were bought from a
hatchery (2011: Stork, Bad Saulgau, Germany and 2012: Schindler, Alpirsbach, Germany)
and exposure started 4 hours afegtilization in three different treatments (laboratory, bypass
station at the Schussen and at the Argen). In each bypass station, 300 eggs were exposed in an
aquarium with a constant flethrough rate of 12 I/min of water from the streams. As
laboratorycontrol, 300 eggs were held in an aquarium at 8°C in filtered tap water with a filter

(Co.: JBL 1500e). A third of the water volume was exchanged once per week and, after the
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eying of the embryos, the light/dark photoperiod simulated field conditionsr A&tching
juvenile trout were fed by food for fry (Co.: BioMar, Biomar Inicio plus) and exposure
continued till sampling (2011/12 exposure time: 99 days post fertilisation; 2012/13 exposure
time: 111 days and 124 days post fertilisation). For vitellogamalyses, larvae from each
treatment were killed with an overdose M32 (tricaine mesylate, Sigr#ddrich, St. Louis,

USA), and the region between head and pectoral fin from each individual was placed in
Eppendorf tubes, sndpzen, and stored a80°C.

All the following steps were undertaken on ice. Homogenates of juvenile trout were
prepared by adding homogenization bufferti(des the sample weight; PBS + 2 TIU
Aprotinin, C. Roth, Germany), mixing with a plastic pestle, centrifuging (10 min, 4°@0200
x g (Eppendorf 5810R))31] and storing the supernatants-8)°C. As recommended by the
provider of the test kit, a minimum of 1:20 dilution was used. Each sample was tested in
duplicate. In 2012/2013, the semuiantitative ELISA test kitwhich is recommended for
vitellogenin analyses of salmonides, was used (Biosense Laboratories AS, Bergen, Norway;
V01002402: Sermgquantitative vitellogenin Salmonid (Salmoniformes) biomarker ELISA
kit). The enzyme activity (absorbance) which is measurdtie assay is proportional to the
concentration of vitellogenin in the sample (Automated Microplate Reader Elx 8006¢gRBio
Instruments, INC., Winooski, Vermont, USA). Purified vitellogenin from Atlantic salmon
(Salmo salay was used as a positive casltwithin every assay run as recommended by
Biosense.

In 2011/12, we used a quantitative kit with a rainbow tspécific antibody against
vitellogenin (Biosense Laboratories AS, Bergen, Norway; V01004402: rainbow trout
(Oncorhynchus mykiss) vitellogenin ELISA kit). As a ftest to check the crossaction
between rainbow trout antibody and brown trout vitellogenin, we analysed juvenile brown
trout which we exposed for 16 days either to 40 ng/L EE2 or to clean water. Results of control
fish showed O ng/L vitellogenin and EE2 exposed brown trout showed 2285 tig/L
vitellogenin (each treatment: n=6). This test showed that we are able to detect brown trout

vitellogenin by using the rainbow trout specific antibody (rainbow trout Kit).

4.2 Maturity stage and gonadosomatic index (GSI) of feral fish

In the fidd, at sites 8 (downstream from WWTP Langwiese, Schussen) ahd/Agen) two
feral fish species, chubLéuciscus cephalyisand spirlin Alburnoides bipunctatys were
caught by electrofishing (for caught fish numbers see in the result sectionyvdfisikilled

with an overdose of M222 (ricaine mesylateSigmaAldrich, St. Louis, USA, weighed,
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and measured lengthwise. The gonads were removed, weighed, and a small part of the middle
part of the gonad was fixed in 2% glutaraldehyde in 0.1 M caaodgld for histological
analyses. After embedding the fixed parts of the gonads in paraffin and cutting them in 3 um
slices, the slices were stained using two different methods (hematewglin staining and
alcianbluePAS staining). Per fish 6 slices ihree cell layers were evaluated by light

microscopy and classified in 3 maturity stages according to Nage[48al.

Female gonads:

Stage 1: Only oogonia or 90 to 100% previtellogenic or early perinucleolar oocytes
present, < 10% vitellogenic oocytes or yolk vesicle stadia

Stage 2: > 10% vitellogent oocytes or yolk vesicle stadia present, < 50% mature

oocytes with yolk and/or lipid

Stage 3: > 50% mature oocytes with yolk and/or lipid present

Male gonads:

Stage 1: > 80% spermatogonia, no spermatozoa present

Stage 2: < 30% spermatozoa, residiglermatogonia, spermatocytes, and spermatids
present.

Stage 3: > 30% spermatozoa, residual spermatocytes, and spermatids present.

All statements refer to percentages of areas in the histological sections. The gonadosomatic

index (GSI) was calculated acdarg to Kang et all44]:

GSI=(weight of gonadd.00)/ total weic

5 Statisticalanalyses

5.1in vitro tests

The samples applied to thes€reen assay were quantified via the d@sponse curve of the
reference substance THAstradiol (E2) and the curve of a dilution series of a sample extract.
The estrogenic activity of the samplesmzalculated as the ratio of the EGHElues of 1B-
estradiol (E2; positive control) and the dilution curve:

17b - estradiol equivalent concentratifn EF® EE, o/ &G
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The limit of detection (LOQ) was defined as £©f the sample extract curve in comparison
to the standard curve of EPhe LOQs depended on the individual concentration factor being
used for the samples and were in the range of 0.01in@/L ng/L.

All samples analysed in the cellular reporter gene assays were tested in at least five
different concentrations against eaehdpoint. Each treatment was performed in three
replicates. The luminescence values measured in the estrogenicity and androgenicity assays
were expressed as percentages of the maximum effect by subtracting the solvent control
response and relating the wab to the maximal response of standard ligandndE@r
estrogenicity or DHT (dehydrotestosteropg)for androgencity). Maximum induction values
as well as the shape of the curve differed among samples, thus equal efficacy or parallelism of
the doseresponse curves could not be assuni#sl. Final EEQ values (tBetaestadiol
equivalents) or DHIequivalents were based on relating the amount of model ligand (E2 or
DHT) causing 25% of the E2x response (Ef) to the amount of sample causing the same
response (determined from regression analysis). The EC values weretedlbylaonlinear
logarithmic regression of dosesponse curve of calibration standard and samples in Graph
Pad Prism (GraphPad Software, San Diego, USA). Assays enabled detecting estrogenic
activity higher than 0.5 ng EEQ/L of effluent or 6 ng EEQ/kgetfisient. Antiestrogenicity
and antiandrogenicity were expressed as the sample concentration that caused 25% inhibition
of luminescence (I¢, g/ml) in the presence of competing ligand E2 (for antiestrogenicity) or
DHT (antiandrogenicity). The IC values wedetermined on the basis of the linear regression

models. The reciprocal value of ¥is presented as 1/E§bf the studied sample.

5.2in vivo tests
The statistical analysis of data of the reproduction test Ritantipodarumwas performed
using Prisrfi, version 4.03 software (GraphPad Software, San Diego, CA, USA). Normally
distributed data (D'AgostinBearson test) with equal variances (Bartlett test) were tested with
a oneway ANOVA with Dunnett's post test for significant differences to the negatin&ol
(K). In all other cases, the nonparametric Kruskalllis with Dunn's post test was used.
Mortalities, expressed as quantal data, were analysed using Fisher's exact test.

Statistical analyses, which addressed the resultg ofivo tests with fik, were
performed with JMP 10.0 (SAS Systems, USA). Data were tested for normality using the
ShapireWilk W-test. If data were normally distributed theest was conducted, otherwise the

Wilcoxon test or StedDwasstest was used.
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Results and discussion

1 Chemical analysis

A total of more than 150 micropollutants, including endocengve chemicals, were
analysed in more than 75 water and sediment samples. The following substances were always
below their detection limits:-so-nonylphenol, isenonylpheaoldiethoxylat (detection limits:

25 ng/L) and all analysed polybrominated diphenyl ethers (BDE-138,-153,-154,-183,-

209, -28, -47, -66, -85, and-99; detection limits: 1@g/L). Highly potent steroid hormones

like 170-ethinylestradiol and ¥¥estadiol were not detected (detection limitsng/L). Our
detection limits are high, and due to the fact that EE2 is biologically active in concentrations
of 1 ng/L[46], biological effects of EE2 could h@resent although EE2 was not detected by

our chemical analyses. In few samples, estrone was detectable but only in low concentrations
upto 0.8 ng/L at S.

The phytohormone -Bitosterol was detectable in 5 out of 7 WW samples (max.
990ng/L), in 1 out of2 water samples of S 3 (3G@/L) and in 2 out of 2 water samples of S
4 (max. 1.2ug/L). 4-tert-Octylphenol (in 3 out of 7) and bisphenol A (in 4 out of 7) were
measurable in low concentrations in WW samples (detection limig/l5. In the past,
octylphenol occurred in surface water of the Schussen in concentrations up tqudJ098
[15], which were close to the suggested target value of 0,1 pg/L for endocrine disrupting
chemicald47].

Sediment samples were analysed from campaigns C and F, and only low
concentrations of-8Bitosterol were found at all examined sampling sitesDp, p,p-DDD,
p,p-DDE and p,pDDT were not detectable in any sediment samples (detection limit of 2
pg/kg dry weight). Analysed sediment samples of campaigns K, L and M showed a temporary
occurrence of BDER209 (max. 0.2 pg/kg) and diloutyl) phthalate (DBP)nax. 66 pg/kg) at
sampling sites at the Schussen. Concentrations of perfluorooctanesulfonate (PFOS) and
perfluorobutanoate (PFBA) were detectable only in few samples with concentrations up to
3.26 ug/kg.

In summary, the chemical analyses showed only fedwerine active substances in all
investigated compartments. The phytohormositdsterol was found in pg/L concentrations,
but compared with synthetic or natural hormones, it is considered to be less potent by a factor
10* [48]. This indicates that the risk of causing endocrine effects in animals living in the
Schussen and Argen seems to be low. The fact that femlyhighly potent endocrine

disrupting chemicals were found was unexpected (especially for waste water samples),
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because other studies (summarizeflli]) showed that there are detectable endocrine active

substances, especially in the Schussen river.

2 Endocrine effect potentials

2.1 Escreen assay

Figures 3 andl show means of EEQ and toxicity from all samples of the campaigns in 2010
(sampling C, D, E), 2011 (F, G, H, J), 2012 (K, L, M), and 2013 (N).

| s1 | s3 | ss

Schussen

Figure 3. E-screen assay (estrogenic activity)Results of the Ecreen assay expressed inbZétradiol
equivalents (EEQ) in ng/L; means and standard deviation. Only data of samples which showed a low
cytotoxicity (seeFigure 4) were used. WW (Waste water of WWTP Langwiese) n94nsb, S1 n=4, S3 n=7,

S6 n=6 and 8 n=11).
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1/EC50 TOX

51 | ss | se

Schussen

Figure 4. E-screen assaycytotoxicity). Results of the Bcreen assay regarding the cytotoxicity of the analysed
samples. Expressed in 1/&gdox (concentration in which 50% of the cells are able to grow) units; means and
standard deviation. WW (Waste water of WWTP Langwiese) 8€0n=5, S1 n=4, S3 n=11, 5 n=11 and &

n=11.

The highest estrogenic activity was measured in the WW samples with a mean of 3.1 ng/L
EEQ. At the sampling sites downstream from the WWTB é8d S5), EEQs of about 0.8

ng/L were detected. The lowesgtrogenic activity was measured at the Arged)(®ith 0.04

ng/L EEQ. Variability of the estrogenicity caused by seasonal or ¢nggéred effects
assume to the average EEQs. Despite of these variations the results clearly showed a higher
pollution ofthe river Schussen. The results of the cytotoxicity tests correlated with the results
of the Escreen assay. Highest toxicities were observed in the WW samples and we had to
exclude 5 of 9 samples in thesEreen because the high cytotoxic activity compsed the
sensitivity of the Escreen assay. Similarly, samples & & out of 11) and 6 (6 out of 11)
showed high cytotoxicity and were also excluded. In contrast, sample§,d85 and $4

had no evidence of cytotoxicity. Therefore, the estrogeaiwity at Argen (S}) and at two
sampling sites at the Schussen0(&nd Sl) could be assessed as low, whereas the WW
clearly showed the highest observed estrogenic effects. The sampling sites downstream from
the WWTP (S3 and S6) were charged less thiestrogenic compounds compared to the WW.
Due to an overlay of hormone action by cytotoxic effects, it is likely that the estrogenic
potential in our samples from WW, S3 and S6 was actually higher than what our results

suggest. Previous studies have fugstrogenic activities in upper ranges as the one we
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measured with the-Bcreen assay: for WW samplesl(6 ng/L EEQ in23,49]) and for rivers
(4 ng/L EEQ in[49]). The EEQ values determined bysEreen in Schussen sanwplare

clearly indicative of expected significant field effects as it was recently propb8kdThe

mean value of 3.1 ng EEQ/L is above thesdeeerspecific Estrogenic Limits (ELS)
suggested (higher than 2 ng EEQ 30)).

2.2 Reporter gene assays

Estrogenicity: In the effluent samplstudied, no or only low estrogenicity was detected (one
sample in campaign D with 0.88 ng/L of E2 equivalents, see Table 3)rtheless, the value
determined with this reporter gene assay may indicate effects in vivo as it is within the range
(or above) the Estrogenic Limits recently suggested . A number of research studies provide
information on the estrogenicity of contaminatdtluents and waters. These include a recent
EU-wide study of 75 WWTP effluen{$1], which has demonstrated that 27 of the analysed
WW samples showstrogenic activity above the detection limit of 0.5 ng/L EEQ and that, in
positive samples, estrogenicity varies from 0.53 to 17.9 ng/L EEQ.

Table 3. Summary results of mammalian cell reporter gene assays.

SEDIMENT SAMPLES
2010 2011
C D E F G H J
Estrogenicity - [EEQ - pg E2 equivalent/g dw]
SiteS 3 18,0 | 40,8 | 54,5| n.e. | n.e. | n.e. 49,7
SiteS 4 14,08| 6,13 | n.e. | ne. | n.e.| n.e. n.e.
Antiestrogenicity index [g/ml]*
SiteS 3 511 - 645 | 602 | 437 | 840 719
SiteS 4 408 - n.e.| 412 | 210 | 485 198
Antiandrogenicity index [g/ml] 1
SiteS 3 199 | ne. [ ne.| 82| 6,6 | 251 | 51,0
SiteS 4 4,4 ne. | ne.| 85| 84 | 195 | 13,3
EFFLUENTS (WWTP, Langwiese)
2010 2011
C D E F G H J
Estrogenicity [EEQ - ng/L] ne.| 0,878| ne. | ne. | ne.| n.e. n.e.
Antiestrogenicity index [1/IC25] ne.| ne. | ne.| ne. | ne | ne. 0,4
Antiandrogenicity [1/1C25] ne. | ne. | ne. | ne | ne | ne. n.e.
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n.e. = no effect up to the highest tested concentration, i.e. 0.5 g sediment dw/ml or equivalent of 12x
concentrated water

- = no samples analysed

For sediment samples, the HelLa bioassay shows a low estrogenic potential, referring to
absolute values. However, the trend between localities is clmaich weaker effects were
apparent at 8 (Argen; only 2 positive samples, maxim 14 pg/g EEQ) in comparison to

S 3 (Schussen; maximum up to 55 pg/g EEQ), compare Table 3. Comparable estimates for
sediment samples for other studies are relatively rare. For Czech sediments, median values
measured using MVLN cells were around 100 @#g) (with maxima around 500 pg/f0]

and 4.7- 22 pg/g[52]. In various European sediments (ESP, DE, CZ) values abet®¥5

pa/g EEQ[53], in rivers in France up to 268430 pg/g EEQ54] and in four Italian rivers (7

sites) values between 15.680.300 pg/g EEQ55 were reported. In comparison with the
absolute values of these studies, our data are witkiratige or lower.

Antiestrogenicity: In effluent samplessimilar to estrogenicity we recorded weak
antiestrogenic effects: only a single sample shows a measurable effect (campaign J
antiestrogenic index 0.4 [g/mi]. With respect to sediments, astiogenic effects were
observed in several samples. Similar to estrogenicity, more pronounced effects were detected
in the Schussen river B maxima up to 840 of the antiestrogenicity index [g/Anlin
comparison to the Argen river @5 maxima up to 48 [g/ml]}). Antiestrogenicity showed
seasonal dynamics with lower levels in spring and higher ones in autumn (Table 3).
Previously, seasonal dynamics were reported in antiestrogenicity as well, with values in
sediments ranging from 383 [g/mI! during spring to 250- 1000 [g/mI}* during autumn
[20]. There are only few studies assessing antiestrogenicity in sediments: in Italian and
Tunisian sediments no antiestrogenic effects were found, whereas in 3 riversafr
agricultural area in Nebraska (USA) a strong inhibition ofifiticed effects was reported
[54,56].

Antiandrogenicity: Foeffluents, none of the samples showed antiandrogenicity up to
the highest equivalent concentration that was tested (i-m&2 concentrated). To our
knowledge, only few studies investigated antiandrogenicity of surface waters or effluents, and
the values reportepreviously were highly variable. Previous works reported 438 ug/L of
antiandrogen flutamide equivalents (FIUEQ) for a river in 1{&ly] and in Chinese surface
water antiandrogenicity ranged from 20 to 935 ug/L FIiiEg). Statistical modelling of the
30 WWTPs from UK waters predicted antiestrogenicity in FIUEQ values rangl@® Qug/L
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(with median and average of 10 and 20 ug/L, respectively) indicating teaticil cocktails
of both estrogens and antiandrogens may contribute to the wild fish feminiZgjon

In sediments (see TabB, several samples always showed strongeraaairogenic
effects & S3 at the Schussen compared td & the Argen. No antindrogenic effects were
observed during two campaigns (D and E). In general, higher effects were obsen&d at S
Nevertheless, all values were lower in comparison to contaminated river sedgtueli¢si
before[20]. Because the LOEC for fish is ®51 pg/L FIUEq as summarized by Runnalls et
al. [60], we rarely expect antiandrogenic effects of the tested water inAfiglandrogenicity
of sediment samples was also determined in previous studies, but the reported effects cannot
be directly compared due to the use of different expressions/units: in sediments from the
Czech Republic, antiandrogenicity was observed but quantified [61,62]; in Italian
sediments a maximum inhibition ef20% of dehydrotestosterone was repofi@8], and in

French sediments 1:132.5 pg/g flutamide equivalents were measuygeyl.

2.3 Comparison ofin vitro assays

Effluents of the WWTP Langwiese showed a higher estrogenic activity in-tveeEn (four
samples with mean 3.1 ng/L EEQ; &ig 3) than in the reporter gene assay (estrogenicity
detected only in one sample: 0.88 ng/L of EH@ble 3). Therefore, the fivday proliferation
E-screen test seems to be more sensitive for the estrogenic assessment in comparison with the
24-h gene activation assays. Due to the high cytotoxicity observed in effluent3, ah& 5

in the Escreen, we contend that the real agtroc pollution is higher than 3.1 ng/L for
effluents of the WWTP Langwiese (similarly for sampling site3 &d $5). We used the
reporter gene assay to analyse sediment samples, but not for surface water. Similar to the
water sample results (measuredthvihe Escreen), sediments from the Schusser8;(S
maximum 55 pg/g EEQ) showed higher estrogenic activities than those from the Aeggen (S
maximum 14 pg/g EEQ).

When comparing our results for sediment and water samples, it was obvious that the
sediment amples showed a higher estrogenic activity than the water samples. Note that
measurements of surface water (bgdfeen) and sediment samples (by reporter gene assay)
are not directly comparable due to different endpoints (growth vs gene transactivatiai) a
as origin of the cell lines used (M&Fvs HeLa9903[17,34]). Previous work stwed that the
reporter gene assay with HGELN cells (which are derived from the HelLa cells used in the
present study) may be less sensitive than Hsergen (with MCF/ cells) when indicidual

compounds are considerd@4]. However, interpretation of tests with complex mixture
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samples (as performed in the present study with effluents, waters and sediments) may be more
complicated depending on the actual contpws of the studied samples. For example,
simultaneous presence of both estrogens and antiestrogens may induce different responses
(both estrogenic and antiestrogenic, depending on the concentration ranges and ratios). In the
present study, high antiesfyenicity was detected in studied sediments being systematically
higher at the S3 site in Schussen river. These results suggest that estrogenicity could be
underestimated, and might be even higher than measured by the reporter gene assay. This is in
line with results of Peck et 165, who have suggested that riverine sediments are a major
sink and a potential source of persistent estrogenic contaminants. A study at the Upper
Danube River in Southern Germany with vitro assays also showed that endocrine
disrupting potentials were elevated in selected sediments and confirmed an accumulation of
endocrine active substances in sedimgds

To summarize, ouin vitro assays showed apparent endocrine disruptive potentials at
the Schussen and Argen. These potentials varied over time, and wereromaegnped at the
Schussen. The presence of cytotoxic and antiestrogenic potentials implies that direct

estrogenic potentials at the Schussen might be underestimated.

2.4 Reproduction inPotamopyrgus antipodarum

In order to assess the relevance of inoviiioassays for the in vivo situation, we investigated
reproduction in the mudsnail Potamopyrgus antipodarum. The overall mortality during the
tests was quite low with a mean value of 5.8% and 9.5% for the negative and positive control,
respectively. Althagh the mortality was nominally higher in the WWTP effluent samples
(mean: 22.4%) and in sediments from the two field sit€3,a8d $4 (15.2% and 13.7%,
respectively), this increase was neither statistically significant when merging the values from
all sampling campaigns nor for the single sampling campaigns (Fisher's exact test, p > 0.05).
As the number of embryos in the brood poucl? oéntipodarumis positively correlated with

shell height, all test animals were taken from a defined size class @3%rum shell height)

at the start of the experiment. At the end of the experiment, differences in shell height
between the treatment groups were very low (maximum difference of mean shell height:
4.01% between negative control and sediment from S 3 iugW®P10) and not statistically
significant (ANOVA, p> 0.05). The average number of embryos in the brood pouch of
females in the negative control group was 8.92, while females in the positive control group
had a mean of 14.4 embryos in the brood pouchs fidpresents a highly significamicrease

of 74.5% (p < 0.01, Figurs).
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Figure 5. Reproduction test with the mudsnail. Means andstandard deviatiorof the reproduction test with
Potamopyrgus antipodaruriotal embryo number per female in negative (C) and positive controls (PC), in effluent
water from the waste water treatment plant Langwiese (STP effluent) and in the two field sediments from sampling
sites S 3 at the Schussen river and S 4 at the Angen(station 3 and station 4) over the seven sampling campaigns.
Asterisks indicate significant differences vs. C (@vey ANOVA with Dunnett’s multiple comparison test; p < 0.01).

The mean embryo number of 8.67 in mudsnails that were exposed for éels io the

WWTP effluent was not statistically significant different from the negative control. In
contrast, the total number of embryos in female snails which have been exposed to the two
field sediments from 8 and $4 was significantly higher than ithe negative control with

mean values of @9 and 17.0, respectively (Figus®. This increase by 104%105% was

even wel |l above the | evel of the positive co
There was no significant difference in embryoners between females from the two field
sediments.

It remains controversial as to whether reproduction in snails is regulated by an
estrogen signalling pathway, homologous to vertebrates. Although there is broad empirical
evidence that an exposure of sagastropods and bivalves to estrogens and their mimics
alters sexual differentiation and reproductive parameters, in some cases even at
environmentallyrelevant concentratiori27,42], the observed effects on embryo numbers in
P. antipodarumcannot univocally be attributed to estrogen signalling. This is because the
endocrine systems of molluscs are insufficiently characteasedthe precise mode(s) of
action of endocrine active chemicals, including estrogens and their mimics are not fully
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understood. However, the significant increase of embryo production observed in the field
sediments S and $4 is a clear indication for peoductive disruption with obvious potential
for population level consequend&s,67,68].

The apical effects of an exposure to endocrine active chemicdds amtipodarum
have been reviewed by Duft et dl27]. Exposure to various Xxerestrogens (BPA,
octylphenol, nonylphenol, EE2) resulted in increasetbryo numbers in the brood pouch of
mudsnails. In the case of BPA, a stimulation of the reproductive output was noted in a
sediment test with an EBeof 5.67 ug/kg and an EGof 0.19 pg/kg after four weeK$9].
Exposure to BPA and EE2 via water was investigated by Jobling[@0glagain resulting in
a stimulated embryo productiowjth significant effects at a concentration of 5 ug BPA/L
(NOEC 1 ug BPA/L) and 25 ng EE2/L (NOEC 5 ng EE2/L), respectively. A reproduction
disrupting effect of EE2 i?. antipodarunmwas confirmed by Sieratowicz et al. with a LOEC
of 50 ng/L and a NOEC 025 ng/L [39]. Most of the observed concentratimsponse
relationships for both compounds, however, were biphasic, with an inverséapéd curve
[39,70]. This is important for the interpretation of results from tests with reproduction
disrupting chemicals or environmental samples VAthantipodarumbecause at very high
concentrations, the stimulation of reproductive pemiance declines, and may even fall back
to the level of the negative control. Corresponding observations have been made in several
other studies with snailf57,69,71-73]. They can be explained by a dominant stimulating
effect of these reproductive disrupting test compounds at low concentrations and a decrease in
embryo production due tbeir general toxicity at higher concentrations.

Therefore, the significantly enhanced embryo numbers in mudsnails exposed to the
field sediments from 8 and $4 indicate the presence of reproductive disrupting compounds.
The effects at both rivers areigher than the effects in the positive control with a
concentration of 30 ug EE2/kg, which indicates severe pollution by reprodulisiegting
compounds in the sediments of both rivers. In contrast, the lack of significant differences in
embryo numberdetween the WWTP effluent and the negative control is not necessarily
evidence for a lack of such compounds in the waste water. In complex environmental
samples, the presence of reproductioxic substances may compensate for the effects of
estrogens andther disruptive compounds on embryo production in a way that stimulating
effects can be completely masked. It is also possible that, at high concentrations of
reproductivedisrupting compounds in waste water, the number of embryos is again reduced
to thenegative control level due to the already discussed biphasic curve of the concentration

effect relationship.
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Galluba & Oehlmanrj24] applied thein vivo reproduction test withP. antipodarum
and the yeast estrogen screen (YES) amaintro assay in parallel for 50 sediments from
smaller rivers and creeks. It was shotihat 54% of the sediments exhibited a promoting
effect on snail reproduction and also showed an estrogenic activity in the YES while 82% of
the samples which were active in the YES caused an increased snail reproduction. Despite this
coincidence, the Speaan correlation between EEQs and embryo number in the snails was
not significant because sediments with the highest EEQs in the YES caused no or little
increase of embryo numbers. The lack of a significant correlation between the two systems
may reflect tle difference by which estrogens are acting in the yeast cells compared to how
they are acting in the snail. Alternatively, it may be an indication that embryo numbers had
returned to control levels at very high exposure to reprodudtsrepting compounds
reflecting the biphasic concentration response of the snails.

Galluba & Oehlmanih24] also discussed the possibility that lower embryo numbers in
the artificial control sediment may reflect saptimal conditions for the development and
reproduction of the snails. However, if embryambers in the tested field sediments are not
compared to the artificial control sediment but to a natural reference sediment with no
measurable estrogenic activity in the YES, an identical number of sediments turned out to
exhibit significantly more embos. This shows that reproductionRn antipodarumnis almost
identical in natural sediments without estrogenic activity and in artificial sediments so that
alternative explanations for enhanced embryo numbers such as the supply of more or better
suited foa can be ruled out.

Previous studies have pointed out that an increase in reproductive output in snails can
have an adverse effect on the populafi6i,69,72]. A stimulation of reproductive output
outside the main reproduction period may result in oviduct malformations as dwpw
Oehlmann et al. foMarisa cornuarietis[73]. Furthermore, the stimulation of reproduction
outside of the breeding season is a waste of
face less favourable environmental caiwgis for survival and growth during these periods
[68]. Further possible consequences are a reduced somatic growth of adults and a decreased

reproductive performance during the actual breeding s¢@dhn
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3 Endocrine effects in fish

3.1 Vitellogenin detection in brown trout
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Figure 6. Vitellogenin in juvenile brown trout. Vitellogenin levels in homogenates of juvenile brown trout 99 days
post fertilization in 2011/2012, means and standard deviation. Analysed by Biosense rainbow trout vitellogenin ELISA
kit. Samples: Neg. control n=6 (1 out of 6 pos. result, bypass Arged (2-out of 10 showed a pos. result), bypass
Schussen n=10 (5 out of 10 showed a pos. result). No significant differencesD{8#&sstest: neg. contrelbypass

Argen p=1,00, neg. contrdbypass Schussen p=0,5787 and, bypass Schusgmss Argen p=8030).

In 2011/2012, juvenile brown trout, which were exposed at the bypass stations for 99 days
after fertilization, showed higher average vitellogenin levels at the Schussen bypass compared
to the Argen bypasand the negative control (Figus& However, the differences were not
significant. We analysed the samples with a kit that is specific for rainbow trout. Auxiliary
tests indicate that the antibody crosacts more weakly with brown trout vitellogenin.
Therefore we exposed juvenile raow and brown trout for 16 days to 40 ng EE2/L. After the
exposure, we measured an average vitellogenin level of 2377 ng/L in the brown trout but
found a higher average vitellogenin level of 279988 ng/L in the rainbow trout (while we
analysed six brown tud samples, we were only able to analyse two rainbow trout samples
because the others showed a strong reaction that exceeded the allowed extinction level of the
assay). Given the difference in the ways the antibody binds with vitellogenin in brown and
rainbow trout, we conjecture that the actual vitellogenin levels in juvenile browm were

higher than shown inigure 6. Estrogen active compounds in the Schussen are likely causes
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for the increased vitellogenin levels. Vitellogenin levels in trout expasdlde Argen were
lower compared to those from the Schussen, but not significantly so (p=0,4030). This might
result from the lower anthropogenic pollution of the Argen rjMés. Trout exposed at the

Argen showed vitellogenin levels comparable to those of the negative control (p=1,00).

0,12

absorbance [490 nm]
Q
[=
53]

0,02 -
0 BRI 1
neg. bypass | bypass neg. bypass | bypass
control Argen |Schussen| control Argen |Schussen
sampling March 2013 sampling April 2013

Figure 7. Semiquantitative vitellogenin detection in juvenile brown trout. Absorbance measured in
homogenates of yenile brown trout 111 days post fertilization and 124 days after fertilization exposed in
2012/2013; means and SD. Each sampling analysed with oneqsantiative vitellogenin salmonid
(Salmoniformes) biomarker ELISA kit (enzyme activity = colour intgnisi proportional to the concentration of
vitellogenin in the sample). Samples March 2013: Neg. control n=5, bypass Schussen n=7, bypass Argen n=6.
Significant differences with Ste@lwasstest: neg. contrelbypass Schussen p=0,0159 and neg. cortygass

Argen p=0,0221; *= p< 0.05 . Samples April 2013: Neg. control n=12, bypass Schussen n=12, bypass Argen
n=12. No significant differences with Std@Wasstest.

In 2012/2013, vitellogenin analyses in 111 -a@ég juvenile brown trout showed rsignificant
differences between trout exposed at the Schussesd@pa at the Argen bypass (Figdre
sampling March 2013). However, the values recorded for the negative control were
significantly lower than those of trout exposed at the bypass stakonghe analyses, we
used the sermuantitative ELISA optimized for salmonids. The crosaction of the
monoclonal antibody, BN, with brown trout vitellogenin is strong and recommended for
vitellogenin analyses with brown troy74]. Given that the negative control showed
significantly lower levels (Steddwasstest neg. controlbypass Schussen p=0,0159 and neg.
control bypass Argen p=0,0221), the vitellogenin production in our juvenile brown trout is

146



Kapitel 3

likely caused by estrogdike substances occurring in the Schussen and Argen. However,
analyses of vitellogeninni juvenile brown trout from a second sampling (124 days of
exposure; sed-igure 7, sampling April 2013) did not show any significant differences
between all three treatments, and the vitellogenin levels were all in the range of the negative
control.

A previous study conducted by Stalter et[8ll], showed a significant increase in the
vitellogenin concentration (nearly 70 ng/mL compared to less than 10 ng/mL in the control) in
yolk-sac rainbow trout which were directly exposed to WWTiRients for 60 days. Other
studies that examined WWTP effluents using sexually immature or male trout also showed a
correlation between vitellogenin levels and WWTP efflu¢6ig5,76]. Another reason for the
increased vitellogenin levels could be an immune response caused by pathogens occurring in
the river watef77]. However, Zhangteal [77] argued that juvenile fish are probably not able
to produce vitellogenin as an immune response. Hence, we conjecture that mainly estrogens
are esponsible for the increased vitellogenin levels.

Overall, the vitellogenin levels we have detected were rather low compared to
previous studies. However, these studies either exposed trout directly to WWTP effluents
[6,32,78] or examined oldeferal trout[76,79,80]. We interpret our results as showing that an
estrogenic pollution might be present in both rivers, but that concentrations apparently have

varied and were able to induce vitellogenin production only in some cases.

3.2 Gonadal maturity and gonadosomatic index of feral fish

Generally, he gonadal matity levels (Figure8) we observed in chub were higher in summer

than in autumn, which is due to the spawning season (April to June). After the spawning
season, the gonadal maturity normally decreases until females generate new eggs and males
build new spermatozoa. Femaleubhcaught at the Argen showed an increased gonadal
maturity comparedo chub from the Schussen (Figu8g potentially reflecting a higher
estrogenicity in the Schussen river or agirogenic effects at the Argen river. We did not

observe any differencais the gonads between male chub caught at the Schussen and Argen.
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Figure 8. Maturity of chub. Distribution of gonadal maturity (stage 1 = immature; stage 2 = intermediate and,
stage 3 = mature) of feral chub0092011. Females: summer Argen n=2, suenrBchussen n=16, autumn
Argen n=7, autumn Schussen n=12. Males: summer Argen n=11, summer Schussen n=21, autumn Argen n=10,

autumn Schussen n=19.
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Figure 9. Maturity of spirlin. Distribution of gonadal maturity (stage 1 = immature; stage 2 = intermexidie
stage 3 = mature) of feral spirlie0092011. Females: summer Argen n=35, summer Schussen n=30, autumn
Argen n=16, autumn Schussen n=7. Males: summer Argen n=19, summer Schussen n=3, autumn Argen n=19,

autumn Schussen n=8.

In female spirlin fromthe Schussen and Argen rivers, differences in the maturigpmdds
were low in summer (Figur®). In autumn, female spirlin caught at the Schussen showed a

higher gonadal maturity than those from the Argen. Similar to the results obtained for male
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chub,we did not observe any differences in the maturity of male gonads beSebessen

and Argen spirlin (Figur®). Because the spawning season for spirlin and chub is from April
to July, it was expected that in autumn no spermatozoa would be detectaldean#us of
males and the maturity would be lowd1-83]. We did not find evidence for endocrine
effects on male maturity in both rivers. Contrary to our results, a study on wild roach living in
rivers receiving high amounts of effluents showed a progression of spermatogenesismrmainly
males, whereas the females appeared to be less affédted

Female chub and spirlin reacted contrary to one another at the Schussen, whereas no
difference between the two species could be observed at the Argire 8thussen, female
chub (Figure8) showed a lower gonadalatarity but female spirlin (Figur®) a higher
gonadal maturity compared to their respective conspecifics from the Argen. One possible
reason for the observed differences is that the two speeaes differently to substances
occurring in the SchusseAlthough the water temperature at the Schussen is slightly higher
than at the Argen in general, this is not a likely explanation for the observed differences.
Higher temperatures could lead toteasggonadal growth and higher gonadal maty&ty86],
and hence, cause a higher gonadal maturity of fish at the Schussen. However, as a higher
maturity was only observed for female spirlin, the temperature is less likely to be the main
cause for the observed effect.

In spirlin we only determined the gonadal maturity because in the field it was
technically not possible to weight small gonads exacthsuimmer, we did not observe any
differences in the GSI values for chub between the Argen and Schussen (results not shown).
In autumn, female and male chub caught at the Argen showed a significantly highba®GSI t
chub from the Schussen (Figur@).
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Figure 10.Gonadosomatic Index (GSl).Gonadosomatic Index of female and male chub caught in autumn
20102012 (sampling campaign E, J, and M)eans and SDFemales: Argen n=5 and Schussen n=10.
Males: Argenn=12 and Schussen n=1A8sterisks indicate significant differences between Schussen and
Argen (*= p< 0.05 and ***= p< 0.001).

Also, female chub from the Schussen showed a distinctly lower GSI than the lowest value
reported for chub by Mert et 487]. This could be the result of substaa@nd stress factors

in the Schussen which hinder the development of the gonads and cause a delayed maturity.
The fact that both sexes show a reduced GSI could be explained either by the simultaneous
presence of antstrogenic, androgenic, and estrogesutbstances or by a general worse
health status of fish at the Schussen compared to fish at the Argen.

This is in line with several studies, which showed a reduced gonad growth in fish
caught at polluted are§88-90]. Investigations in brown trout also showed lower GSI values
and vitellogenin production for trout caught downstream of WA&/Compared to trout caught
upstream of WWTPE91,92]. A study about the interaction betweerbii®nbolone (TB) and
EEZ2 in relevant environmental concentrations observed a decrease of the GSI of male eelpout

after 21 day®f exposure to EE2 alone or in combination with TB compared to cof@@ls

4 Comparisons

Ourin vivotests revealed endocrine potentials/effects at the Schussen as well as at the Argen.
The reproduction tests witR. antipodarumshowed an equal increase in the number of
embryos at both rivers, which were even higher than in the positive control (with a
concentration of 30 ug EE2 /kg). The vitellogenin levels we observed in juvenile brown trout
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also were increased at both riverat® of Jobling et al.70] indicate that both, the natuoé

the response and the relative sensitivities to environmental estrogens, are comparable for
antipodarum and rainbow trout. In concordance with this observation, our results for
mudsnails were gqualitatively in line with those for brown trout. We peréd the tests with

P. antipodarumwith sediments only for 4 weeks, whereas the trout were exposed directly
after their fertilization to the river water for several months. The results were stronger for
mudsnails, despite the fact that exposure time wewehmonger for trout. A potential
explanation for this is that sediments (used for mudsnails) showed high estrogenic and
antiandrogenic activities (as indicated by the reporter gen assay), whereas in the surface
water, which we used for the trout tests)yolow estrogenic activities were detected (as
revealed in the Bcreen). Whilan vitro andin vivo (mudsnails and vitellogenin production)
tests provided qualitatively comparable perceptions of the endatisngtive activity, the
results of the chemat analyses did not reveal the presence of endocrine substances at effect
concentrations, probably because not even the broad range of substances analysed in this
study could represent the plethora of potentially endo@atee compounds which are
supposdly present in the environment. Moreover, mixture effects might be important: even if
individual compounds were not detected, a combination of substances attHawer
detectable levels could cause an effect. The gonadal maturity examinations in ferahdhu
spirlin did not provide clear indications for the presence of endocrine active substances.
Nonetheless, chub dbth sexes caught the Schusseshowed reduced GSI valuesmpared

to those caught at the Argen. A mechanistic interaction of endearihe (androgenic
and/or estrogenic) and toxic compounds, as indicated by tiro assays, could explain the
reduced GSI values at the Schussen river.

When analysing effluents of the WWTP Langwiese, all our tests revealed temporary
endocrine activities. However, chemical analyses revealed only low concentrations of
chemicals like estrone;fitosterol, octylphenol, and bisphenol A, which fluctuated tves.

We conclude that constant presence, but concentrations below the limit of detection, possibly,
a variety of compounds were the reason why our chemical analyses did not succeed in
detecting high numbers of potent endocrine disrupting substancesditioradchemical
analyses only reflect snaghots of pollution (single sample from the field or 24 h sample of
the WWTP effluent) whereas fish were exposed for several weeks (trout) or for their lives
(chub, spirlin). Ourin vitro assays indicated that treggregate estrogenic potential was
relatively low (0.9 to 3 ng/L EEQ), but high cytotoxicity (as indicated by thszriéen) and

the existence of antiestrogenic potentials (as indicated by reporter gene assays) could
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probably lead to an underestimationestrogenic potentials. Notably, mudsnails exposed to
effluents showed no increase in the number of embryos compared to the negative control, but
it is likely that estrogenic activities were masked by toxic substances, as indicated by
increased mortality tas of mudsnails exposed to waste water, however, they were not
significant higher. Our results suggest that the waste water has both estrogenic and toxic

potentials.

Conclusion

Using a biological and chemical monitoring programme at two German rivers, we
investigated whether symptoms of endocrine disruption in feral animals are reflected by
results obtained in biologicah vitro assays and by chemical analyses. In our case, chemical
analyses provided only little information about the occurrence of einéaactive substances.

In contrast, the results of our vitro assays showed endocridesruptive activities for most

of the analysed samples, indicating that the discharge of treated waste water results in
elevated endocrindisruptive potentials. Simitaresults were obtained vivo using mudsnail
reproduction tests and measuring GSI values of feral fish. In contrast, vitellogenin levels of
trout and the maturity of feral fish showed only a slight indication of estrogenic activities.

Our multiple testig approach revealed that thes&een assay reports higher
estrogenic activities compared to the reporter gene assay (for waste water samples), which
suggests that the-&reen assay was more sensitive in our analyses. Furthermore, it showed
thatin vivotests with mudsnails alone would have led to an underestimation of the estrogenic
activity of the waste water samples.

Our results imply that an interpretation of individual test results can be questionable,
because different conclusions could be drawn fthenresults (e.g., as toxic effects might
overlay endocrine effects), and an ever underestimation of the endocrine pollution might
result. We therefore propose a combinatiomofitro andin vivotests supported by advanced
targeted instrumental analyses to assess endocrine pollution in rivers. The individual test
results of the present study provide varying degrees of evidence for enduoedraed
effects in fish that were due to possible iat#ions of vbxic and endocrine impacts (Figuke
Nonetheless, the proposed combination of in vitro and in vivo tests overall strongly supports
the plausibility of endocrine disruption in the test river, which results from chemicals that

were not detectedr detected only in low concentrations by our chemical analyses.

152



Kapitel 3

Acknowledgments

The technical hel p of Martin Stelek and Ma
analyses using mammalian cell reporter gene assays is acknowledged. We thank the fishers,

B. Engesser and colleagues, for excellent work. Many thanks are due to M. Weyhmdtiller for

the maintenance of the bypass systems as well as to the staff from the department of Animal
Physiological Ecology (A. Dietrich, M. Di Lellis, K. Peschke, A. and V. 3cRe Thellmann,

K. Vincze, and especially S. Krais) for help with the field work and sampling. Many thanks

go also to J. R. Kielhofer, University of Arizona for valuable comments on the language of

the manuscript.

References
1. Dickson RB, Eisenfeld AJ (1981) 17 Alpleghinyl estradiol is more potent than estradiol

in receptor interactions with isolated hepatic parenchymal cells. Endocrinology 108:
15111518.

2. Jobling S, Tyler CR (2006) Introduction: the ecological relevanaghedically induced
endocrine disruption in wildlife. Environmental health perspectives 184: 7

3. Kavlock RJ, Ankley GT (1996) A Perspective on the Risk Assessment Process for
Endocrin@Disruptive Effects on Wildlife and Human Health. Risk analysis 713-
739.

4. Sharpe RM, Irvine DS (2004) How strong is the evidence of a link between environmental
chemicals and adverse effects on human reproductive health? BMJ 3286447

5. Colborn T, vom Saal FS, Soto AM (1993) Developmental effects of endaltsingting

chemicals in wildlife and humans. Environmental Health Perspectives 1038378

6. Purdom CE, Hardiman PA, Bye VVJ, Eno NC, Tyler CR, et al. (1994) Estrogenic Effects
of Effluents from Sewage Treatment Works. Chemistry and Ecology 82855

7. Van den Belt K, Berckmans P, Vangenechten C, Verheyen R, Witters H (2004)
Comparative study on the i n vi-dstradiol,i n v

e st r o +etaynyledtradibl and nonylphenol. Aquatic Toxicology 66:-183.

8. Kohler HR, Triebskorn R (2013) Wildlife ecotoxicology of pesticides: can we track effects

to the population level and beyond? Science 341: 7650
153



Kapitel 3

9. Kidd KA, Blanchfield PJ, Mills KH, Palace VP, Evans RE, et al. (2007) Collapse of a fish
population after exposureota synthetic estrogen. Proceedings of the National
Academy of Sciences 104: 888%01.

10. Kortenkamp A (2007) Ten years of mixing cocktails: a review of combination effects of

endocrinedisrupting chemicals. Environmental Health Perspectives 115: 98.

11. Schwarzenbach RP, Escher Bl, Fenner K, Hofstetter TB, Johnson CA, et al. (2006) The

challenge of micropollutants in aquatic systems. Science 313:1W72

12. Bolong N, Ismail A, Salim MR, Matsuura T (2009) A review of the effects of emerging

contaminats in wastewater and options for their remoasalination 239: 22946.

13. Heinz B, Birk S, Liedl R, Geyer T, Straub KL, et(@009) Water quality deterioration at
a karst spring (Gallusquelle, Germany) due to combined sewer overflow: evidence of

baderial and micrepollutant contamination. Environmental Geology 57:-898.

14. Triebskorn R, Amler K, Blaha L, Gallert C, Giebner S, et al. (2013) SchussenAktivplus:
reduction of micropollutants and of potentially pathogenic bacteria for further water
guality improvement of the river Schussen, a tributary of Lake Constance, Germany.

Environmental Sciences Europe 259.1

15. Triebskorn R, Hetzenauer H (2012) Micropollutants in three tributaries of Lake
Constance, Argen, Schussen and Seefelder Aach:ratuite review. Environmental

Sciences Europe 24:24.

16. Janosek J, Hilscherova K, Blaha L, Holoubek | (2006) Environmental xenobiotics and
nuclear receptorsiteractions, effects and in vitro assessmeéakicology In Vitro 20:
18-37.

17. Soto AM, Sonneschein C, Chung KL, Fernandez MF, Olea N, et(B95) The E
SCREEN assay as a tool to identify estrogens: an update on estrogenic environmental

pollutants. Environmental Health Perspectives 103: 123

18. Korner W, Hanf V, Schuller W, Kempter C, Mgéx J, et al. (1999) Development of a
sensitive Escreen assay for quantitative analysis of estrogenic activity in municipal

sewage plant effluents. The Science of the total environment 2228.33

154



Kapitel 3

19. Hilscherova K, Kannan K, Holoubek I, Giesy JP (200BarGcterization of estrogenic
activity of riverine sediments from the Czech Republic. Archives of Environmental
Contamination and Toxicology 43: 1-1%85.

20. Hilscherova K, Dusek L, Sidlova T, Jalova V, Cupr P, et al. (2010) Seasonally and
regionally determined indication potential of bioassays in contaminated river

sediments. Environmental Toxicology and Chemistry 29:52¢

21. Jarosova B, Blaha L, Vrana B, Randak T, Grabic R, et al. (2012) Changes in
concentrations of hydrophilic organic contamitea and of endocrindisrupting
potential downstream of small communities located adjacent to headwaters.

Environment International 45: 221.

22. Houtman CJ, Booij P, Jover E, Pascual del Rio D, Swart K, et al. (2006) Estrogenic and
dioxin-like compoundsn sediment from Zierikzee harbour identified with CALUX
assaydirected fractionation combined with one and two dimensional gas

chromatography analyseéshemosphere 65: 2242052

23. Korner W, Bolz U, SuBmuth W, Hiller G, Schuller W, et(2D00) Input/aitput balance
of estrogenic active compounds in a major municipal sewage plant in Germany.
Chemosphere 40: 1131142.

24. Galluba S, Oehlmann J (2012) Widespread endocrine activity in river sediments in Hesse,
Germany, assessed by a combination of in atrd in vivo bioassays. Journal of Soils
and Sediments 12: 25264.

25. Brander SM, Connon RE, He G, Hobbs JA,
Otoliths: Responses of an Estuarine Fish to Endocrine Disrupting Compounds across
Biological Scales. P&S ONE 8: e74251.

26. Folmar LC, Hemmer M, Denslow ND, Kroll K, Chen J, et al. (2002) A comparison of the
estrogenic potencies of estradiol, ethynylestradiol, diethylstilbestrol, nonylphenol and

methoxychlor in vivo and in vitroAquatic Toxicology 60: 101.10.

27. Duft M, Schmitt C, Bachmann J, Brandelik C, Sch@&himann U, et al(2007)
Prosobranch snails as test organisms for the assessment of endocrine active
chemical$ &an overview and a guideline proposal for a reproduction test with the

freshwatemudsnailPotamopyrgus antipodarunkcotoxicology 16: 169.82.
155



Kapitel 3

28

29.

30

31.

32

33

34.

35

36

. Kime DE, Nash JP, Scott AP (1999) Vitellogenesis as a biomarker of reproductive

disruption by xenobiotics. Aquaculture 177: 33%2.

Ackermann GE, Schwaiger J, Negele RD, Fent K (200&¢cts of longterm

nonylphenol exposure on gonadal development and biomarkers of estrogenicity in

juvenile rainbow trout (Oncorhynchus mykiss). Aquatic Toxicology 60:228

. Tyler CR, van Aerle R, Hutchinson TH, Maddix S, Trip H (1999) An in vigtirng

system for endocrine disruptors in fish early life stages using induction of vitellogenin.

Environmental Toxicology and Chemistry 18: 3347.

Stalter D, Magdeburg A, Weil M, Knacker T, Oehlmann J (2010) Toxication or

detoxication? In vivo toxity assessment of ozonation as advanced wastewater

treatment with the rainbow trout. Water Research 44-4430

. Sumpter JP, Jobling S (1995) Vitellogenesis as a biomarker for estrogenic contamination

of the aquatic environment. Environmental HealthsPectives 103: 173.

. Kérner W, Hanf V, Schuller W, Kempter C (1999) Development and testing of a simple

screening system for estroglke acting environmental chemicals.: University of
TuUbingen and University Women's Hospital Ulm. PUGU 95 004.

Envronmental Protection Agency US (2011) ESTROGEN RECEPTOR

TRANSCRIPTIONAL ACTIVATION (Human CELL LINE T HelLa - 9903).

Standard Evaluation Procedure (SEP). ENDOCRINE DISRUPTOR SCREENING

PROGRAM U.S. Environmental
Septenber 2011.

Protection Agency Washington,

DC 20460,

. Wilson VS, Bobseine K, Lambright CR, Gray LE, Jr. (2002) A novel cell line, \dD2&,

that stably expresses an androgend glucocorticoigesponsive reporter for the

detection of hormone receptor agonists and antagonists. Toxicologicate&xieé:

69-81.

. Jacobsen R, Forbes VE (1997) Clonal variation ighigéory traits and feeding rates in

the gastropodPotamopyrgus antipodarunperformance across a salinity gradient.

Functional Ecology 11: 26R67.

156



Kapitel 3

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wallace C (1979) Notes on the occurrence of males in populatioRstafopyrgus

jenkinsi Journal of Molluscan Studies 45: 3892.

Ponder WF (1988potamopyrgus antipodaruma molluscan coloniser of Europe and
Australia. Journal of Molluscan Sties 54: 274285.

Sieratowicz A, Stange D, Schu@zhlmann U, Oehlmann J (2011) Reproductive toxicity
of bisphenol A and cadmium iRotamopyrgus antipodarunand modulation of
bisphenol A effects by different test temperature. Environmental Pollusi®n2l/66
2774.

Fretter V, Graham A (1994) British prosobranch molluscs. Their functional anatomy and
ecology. Journal of the Marine Biological Association of the United Kingdom 74:
985-985.

Schmitt C, Duft M, Brandelik C, Schul@ehlmann U, Oehlmann J (2008) SOP for
testing of chemicals: Reproduction test with the prosobranch Bos&mopyrgus
antipodarumfor testing endocrine active chemicals. Part Ill: Reproduction test using
sedimentexposure. Goethe University Frankfurt am Main. Department Aquatic

Ecotoxicology

OECD (2010) Detad Review Paper on Mollusc L#&ycle. Organisation for Economic
Co-operation and Development, Paris. (= OECD Series on Testing and Assessment
No. 121).182 pp.

Nagel R, Ludwichowski #J, Oetken M, Schmidt J, Jackson P, et{2004) Ringtest zur
Validierung der Prufrichtlinie Fish Lif€ycle Test mit dem Zebrabéarbling (Danio
rerio): Forschungs und Entwicklungsvorhaben des Umweltbundesamtes -; F+E
Vorhaben 200 67 411.

Kang IJ, Yokota H, Oshima Y, Tsuruda Y, Shimasaki Y, e(28l08) The effects of
methyltestosterone on the sexual development and reproduction of adult medaka
(Oryzias latipes). Aquatic Toxicology 87: -3b.

Villeneuve DL, Blankeship AL, Giesy JP (2000) Derivation and application of relative
potency estimates based on in vitro bioassay results. Environmental toxicology and
chemistry 19: 2832843.

157



Kapitel 3

46. Thorpe KL, Cummings RI, Hutchinson TH, Scholze M, Brighty G, et al. (2003}i\rela
Potencies and Combination Effects of Steroidal Estrogens in EmsWironmental
Science & Technology 37: 11412149,

47. Brauch HJ (2011) Organische Spurenstoffe in Gewassern. Vorkommen und Bewertung.
Gwf-Wasser/Abwasser 12: 120@211.

48. Korner W, Blz U, Triebskorn R, Schwaiger J, NegeldRet al.(2001) Steroid analysis
and xenosteroid potentials in two small streams in southwest Germany. Journal of

Aquatic Ecosystem Stress and Recovery 8:22%.

49. Bicchi C, Schiliro T, Pignata C, Fea E, Genal C, et al. (2009) Analysis of environmental
endocrine disrupting chemicals using thesdteen method and stir bar sorptive
extraction in wastewater treatment plant effluents. The Science of the total
environment 407: 1842851.

50. Jar og o vG@esyBP, HiB¢h&dva K (R014) What level of estrogenic activity
determined by in vitro assays in municipal waste waters can be considered as safe?

Environment International 64: 98)9.

51. Loos R, Carvalho R, Anténio DC, Comero S, Locoro G, et al. (ZBd3yide monitoring
survey on emerging polar organic contaminants in wastewater treatment plant
effluents. Water Research 47: 646437 .

52. Vondr 8l ek J, Machal a M, Mi nksovs§ K, Bl §F
sediments contaminated predoamitly with polyaromatic hydrocarbons by chemical
and in vitro bioassay techniques. Environmental Toxicology and Chemistry 20: 1499
1506.

53. Schmitt C, Balaam J, Leonards P, Brix R, Streck G, et al. (2010) Characterizing field
sediments from three Europeawver basins with special emphasis on endocrine effects
T A recommendation for Potamopyrgus antipodarum as test organism. Chemosphere
80: 1319.

54. Kinani S, Bouchonnet S, Creusot N, Bourcier S, Balaguer P, et al. (2010) Bioanalytical
characterisation ofmultiple endocrine and dioxirlike activities in sediments from

reference and impacted small rivdgsivironmental Pollution 158: 783.

158



Kapitel 3

55. Vigano L, Benfenati E, Cauwenberge Av, Eidem JK, Erratico C, ef(28008)
Estrogenicity profile and estrogeniormapounds determined in river sediments by
chemical analysis, ELISA and yeast assays. Chemosphere 7310898

56. Sellin Jeffries MK, Conoan NH, Cox MB, Sangster JL, Balsiger HA, et al. (2011) The
antiestrogenic activity of sediments from agriculturaliptense watersheds:

Assessment using in vivo and in vitro assays. Aquatic Toxicology 1051989

57. Urbatzka R, van Cauwenberge A, Maggioni S, Vigano L, Mandich A, et al. (2007)
Androgenic and antiandrogenic activities in water and sediment samptethigaiver
Lambro, Italy, detected by yeast androgen screen and chemical analyses.
Chemosphere 67: 108M87.

58. Zhao JL, Ying GG, Yang B, Liu S, Zhou LJ, et al. (2011) Screening of multiple hormonal
activities in surface water and sediment from the IPRaer system, South China,
using effectdirected in vitro bioassays. Environmental Toxicology and Chemistry 30:
22082215.

59. Jobling S, Burn RW, Thorpe K, Williams R, Tyler C (2009) Statistical modeling suggests
that antiandrogens in effluents fromvastewater treatment works contribute to
widespread sexual disruption in fish living in English rivers. Environ Health Perspect
117: 797802.

60. Runnalls TJ, Margiott€asaluci L, Kugathas S, Sumpter JP (2010) Pharmaceuticals in the
Aquatic Environment:Steroids and AntSteroids as High Priorities for Research.

Human and Ecological Risk Assessment: An International Journal 16:1B3B3

61. Mazurov§ E, HGtBOpBerkov§ -RKTriebkdrd R,eev a8 H
(2010) Chronic toxicity of containated sediments on reproduction and
histopathology of the crustacegBammarus fossarunand relationship with the
chemical contamination and in vitro effects. Journal of Soils and Sediments 10: 423
433.

62. Mazurova E, Hilscherova K, Triebskorn R, KohléR , Mar g8l ek B, et
Endocrine regulation of the reproduction in crustaceans: Identification of potential

targets for toxicants and environmental contaminants. Biologia 631339

159



Kapitel 3

63

64

65

66

67.

68

69

70

. Louiz I, Kinani S, Gouze ME, Be#ttia M, Menif D, et al. (B08) Monitoring of dioxin
like, estrogenic and amréindrogenic activities in sediments of the Bizerta lagoon
(Tunisia) by means of in vitro cetlased bioassays: Contribution of low
concentrations of polynuclear aromatic hydrocarbons (PAHSs). The Scietieetotal
environment 402: 31829.

. Gutendorf B, Westendorf J (2001) Comparison of an array of in vitro assays for the
assessment of the estrogenic potential of natural and synthetic estrogens,

phytoestrogens and xenoestrogens. Toxicology 168979

. Peck M, Gibson RW, Kortenkamp A, Hill EM (2004) Sediments are major sinks of
steroidal estrogens in two United Kingdom rivers. Environmental Toxicology and
Chemistry 23: 94952,

. Grund S, Higley E, Schénenberger R, SuteF,Msiesy J, et al. (201Ihe endocrine
disrupting potential of sediments from the Upper Danube River (Germany) as revealed
by in vitro bioassays and chemical analysis. Environmental Science and Pollution
Research 18: 44660.

Schmitt C, Oetken M, Dittberner O, Wagner M, Oeim J (2008) Endocrine
modulation and toxic effects of two commonly used UV screens on the aquatic
invertebrate®otamopyrgus antipodarum and Lumbriculus variegakrsvironmental
Pollution 152: 322329.

. Giesy JP, Pierens SL, Snyder EM, Miitishardso S, Kramer VJ, et al. (2000) Effects
of 4z onylphenol on fecundity and biomarkers of estrogenicity in fathead minnows

(Pimephales promelasEnvironmental Toxicology and Chemistry 19: 1368/7.

. Duft M, SchulteOehlmann U, Weltje L, Tillmann M, Oehima J (2003) Stimulated
embryo production as a parameter of estrogenic exposure via sediments in the

freshwater mudsnalPotamopyrgus antipodarumhquatic Toxicology 64: 43449.

. Jobling S, Casey D, Rodgéssay T, Oehlmann J, Schuli@ehimann U, et al(2004)
Comparative responses of molluscs and fish to environmental estrogens and an

estrogenic effluent. Aquatic Toxicology 66: 2022.

160



Kapitel 3

71

72

73

74

75

76

77.

78

79

. Oehlmann J, Schult@ehlmann U, Bachmann J, Oetken M, Lutz I, et al. (2006) Bisphenol
A induces superfeminizatiom the ramshorn snail Marisa cornuarietis (Gastropoda:
Prosobranchia) at environmentally relevant concentrations. Environ Health Perspect
114 Suppl 1: 12-233.

. Weltje L, vom Saal FS, Oehlmann J (2005) Reproductive stimulation by low doses of
xenoestrogns contrasts with the view of hormesis as an adaptive response. Human &

Experimental Toxicology 24: 43437.

. Oehlmann J, Schuiteehimann U, Tillmann M, Markert B (2000) Effects of endocrine
disruptors on prosobranch snails (Mollusca: Gastropodahenlaboratory. Part I

Bisphenol A and octylphenol as xeaetrogens. Ecotoxicology 9: 3897.

. Nilsen BM, Berg K, Arukwe A, Goksgyr A (1998) Monoclonal and polyclonal antibodies
against fish vitellogenin for use in pollution monitoring. Marine Enwmental
Research 46: 15857.

. Vajda AM, Barber LB, Gray JL, Lopez EM, Woodling JD, et al. (2008) Reproductive
Disruption in Fish Downstream from an Estrogenic Wastewater Effluent.
Environmental Science & Technology 42: 348¥14.

. Bjerregaard P, Haes PR, Larsen KJ, Erratico C, Korsgaard B, et al. (2008) Vitellogenin
as a biomarker for estrogenic effects in brown tr8atmo trutta laboratory and field
investigations. Environmental Toxicology and Chemistry 27: 23896.

Zhang S, Wang S, Li HLi L (2011) Vitellogenin, a multivalent sensor and an
antimicrobial effector. The International Journal of Biochemistry & Cell Biology 43:
303-305.

. Harries JE, Sheahan DA, Jobling S, Matthiessen P, Neall P, et al. (1997) Estrogenic
activity in five Unted Kingdom rivers detected by measurement of vitellogenesis in

caged male trout. Environmental Toxicology and Chemistry 165824

. Bjerregaard LB, Madsen AH, Korsgaard B, Bjerregaard P (2006) Gonad histology and
vitellogenin concentrations in browtrout (Salmo trutta) from Danish streams

impacted by sewage effluent. Ecotoxicology 15:-323.

161



Kapitel 3

80. Burki R, Vermeirssen EL, Kérner O, Joris C, Burkh&itdtm P, et al. (2006) Assessment
of estrogenic exposure in brown troufaimo truttd in a Swiss midind river:
integrated analysis of passive samplers, wild and caged fish, and vitellogenin mRNA
and protein. Environmental toxicology and chemistry 25: 22096.

81. Bless R (1996) Reproduction and habitat preference of the threatened spirlin (Alburnoides
bipunctatus Bloch) and soufie (Leuciscus souffia Risso) under laboratory conditions
(Teleostei: Cyprinidae). In: Kirchhofer A, Hefti D, editors. Conservation of
Endangered Freshwater Fish in Europe: Birkhduser Basel. pf25349

82. Turkmen M, Haliloglu HErdogan O, Yildirim A (1999) The growth and reproduction
characteristics of chub Leuciscus cephalus orientalis (Nordmann, 1840) living in the

River Aras. Turkish Journal of Zoology 23: 3364.

8 3. Ko - HT, Erdo~dan Z, Ti n k c iandMeprodiictive e r T
characteristics of chub, Leuciscus cephal

(Balikesir), Turkey. Journal of Applied Ichthyology 23:-29.

84. Jobling S, Beresford N, Nolan M, Rodg@&may T, Brighty GC, et al. (2002) Altered
sexwal maturation and gamete production in wild roach (Rutilus rutilus) living in

rivers that receive treated sewage effluents. Biology of Reproduction 6@8472

85. Economou AN, Daoulas C, Psarras T (1991) Growth and morphological development of
chub, Leutscus cephalus (L.), during the first year of life. Journal of Fish Biology 39:
393408.

86. Stenseth NC (2004) Marine ecosystems and climate variation : the North Atlantic ; a

comparative perspective. Oxford [u.a.]: Univ. Press.

87. Mert R, Bulut S, SolakK (2011) Some biological properties of the Squalius cephalus
(L.1758) population inhabiting Apa Dam Lake in Konya (Turkey). Afyon Kocatepe
University Journal of Science 6 (2)1P.

88. Andersson T, Forlin L, Hardig J, Larsson A (1988) Physiological ibishces in Fish
Living in Coastal Water Polluted with Bleached Kraft Pulp Mill Effluents. Canadian

Journal of Fisheries and Aquatic Sciences 45: 163235.

162



Kapitel 3

89. Adams SM, Bevelhimer MS, Greeley MS, Levine DA, Teh SJ (1999) Ecological risk
assessment in &arge riverreservoir: 6. Bioindicators of fish population health.
Environmental Toxicology and Chemistry 18: 6240.

90. Munkittrick KR, McMaster ME, Portt CB, Kraak GJVD, Smith IR, et al. (1992) Changes
in Maturity, Plasma Sex Steroid Levels, Hepatix®ttFunction Oxygenase Activity,
and the Presence of External Lesions in Lake Whitefish (Coregonus clupeaformis)
Exposed to Bleached Kraft Mill Effluen€anadian Journal of Fisheries and Aquatic
Sciences 49: 1560569.

91. Kobler B, Lovas R, Stadelmann P2004) Okologische und fischbiologische
Untersuchungen der Ron oberhalb und unterhalb der Klaranlagen Rain und Hochdorf
(Kanton Luzern): Schlussbericht 199002.

92. Bernet D (2003) Biomonitoring in Fliessgewadssern des Kantons Bern: Synthesebericht.
Teilprojekt Fischnetz Nr. 99/16-37.

93. VelasceSantamaria YM, Bjerregaard P, Korsgaard B (2010) Gonadal alterations in male
eelpout (Zoarces viviparus) exposed to ethinylestradiol and trenbolone separately or in

combinationMarine Environmental Research,&upplement 1. S6369.

163



Kapitel 4: Biological plausibility as a tool to associate analytical data for
micropollutants and effect potentials in wastewater, surface water, and

sediments with effects inishes

DianaMaier®, Ludek Blah& John P. Giesy"®f Anja Henneber) HeinzR. Kohlef, Bertram Kuch,
Raphaela OsteraifgKatharina PeschkeDoreen Richtéy Marco Scheurér Rita Triebskor!

Publiziert in:Water Research (2015) 72: 1244

2Animal Physiological Ecology, University of Tlbingen, KonrAdenauesStral3e 20, EY2072 Tubingen, Germany

bMasaryk University, Faculty of Science, RECETOX, Kamenice 5, 62500 Brno, Czech Republic

‘Department of Biomedical Veterinary Sciences and Toxicology Gautigersity of Saskatchewan, Saskatoon, Saskatchewan, Canada
dDepartment of Biology & Chemistrg n State Key Laboratory in Marine Pollutio@ity University of Hong Kong, Kowloon, Hong Kong,
SAR, China

eSchool of Biological Sciences, University of Hokgng, Hong Kong, SAR, China

State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing,
Peopl eds Republic of China

9Estate Water Management, University of Stuttgart, Bandtale70989 Stuttgdr Germany

"DVGW Water Technology Center, Karlsruher StraRe 826D39 Karlsruhe, Germany

iSteinbeis Transfe€enter for Ecotoxicology and Ecophysiology, BlumenstraRe & 108 Rottenburg, Germany

*corresponding authodiana.maier@umriuebingen.dephone: +49 7071/7573557

Abstract

Discharge of substances like pesticides, pharmaceuticals, flame retardants, and chelating
agents in surface waters has increased over the last decades due to the rising numbers of
chemicals used bfjiumans and because many WWTPs do not eliminate these substances
entirely. The study, results of which are presented here, focused on associations of (1)
concentrations of micropollutants in wastewater treatment plant (WWTP) effluents, surface
waters, sednents, and tissues of fishes; (2) results of laboratory biotests indicating potentials
for effects in these samples and (3) effects either in feral drauriccus cephaljigrom two

German rivers (Schussen, Argen) or in brown tr@alro truttaf. fario) and rainbow trout
(Oncorhynchus mykisexposed in bypass systems to streamwater of these rivers or in cages
directly in the rivers. The Schussen and Argen Rivers flow into Lake Constance. The
Schussen River is polluted by a great number of chemical$ée Wie Argen River is less
influenced by micropollutants. Pesticides, chelating agents, flame retardants, pharmaceuticals,
heavy metals, polychlorinated biphenyl®OBs), and polybrominated diphenyl ethers
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(PBDESs) were detected effluents of a WWTP dis@rging to the Schussen as well as in
surface water, and/or fishes from downstream of the WWTP. Results obtained by biotests
conducted in the laboratory (genotoxicity, diockike toxicity, and embryotoxicity) were

linked to effects in feral fish collectad the vicinity of the WWTP or in fishes exposed in

cages or at the bypass systems downstream of the WWTP. ilaxieffect potentials
detected by reporter gene assays were associated with activation of CYP1Al enzymes in
fishes which are inducible by dim-like chemicals. Abundances of several PCBs in tissues of
fishes from cages and bypass systems were not associated with these effects but other factors
can influence EROD activity. Genotoxic potentials obtainedhbyitro tests were associated

with thepresence of micronuclei in erythrocytes of chub from the river. Chemicals potentially
responsible for effects on DNA were identified. Embryotoxic effects on zebrddahid

rerio), investigated in the laboratory, were associated with embryotoxic efiiectiout
exposed in streamwater bypass systems at the two rivers. In general, responses at all levels of
organization were more pronounced in samples from the Schussen than in those from the
Argen. These results are consistent with the magnitudes of ddegnoltution in these two
streams. Plausibility chains to establish causality between exposures and effects and to

predict effects in biota in the river from studies in the laboratory are discussed.

Keywords: dioxinlike toxicity, genotoxicity, embryotagity, fish health, biotests, biomarkers

1. Introduction

Pollution of surface waters is caused not only by diffuse sources such as agricultafél run
(Parris 201}, but also via wastewater treatment plants (WWTPs) and stormwater overflow
basins (SOBs[Batt et al. 2006Becker ¢ al. 2008 Bueno et al. 201ZReemtsma et al. 20D6

This discharge of substances like pesticides, pharmaceuticals, flame retardants, and chelating
agents in surface waters has increageer the last decades due to the rising numbers of
chemicals used by humans and since many WWTPs do not eliminate these substances entirely
(Fobbe et al. 20Q6Gartiser 1999Honnen et al. 20Q1Kratz et al. 200D This i true for
micropollutants known to act as endocrine disrup{Bisxall et al. 2012Coors et al. 2003

Coors et al. 2004 but also for chemicals with other mode of actions as e.g. carbamazepine or
diclofenac(Ternes 1998Tixier et al. 2003 Several possibilities for enhancing efficierafy
eliminating pollutants from wastewater have been developed. Among these are treatments
with powdered or granular activated carbon, ozonation, ultraviolet light, and reverse osmosis

(GabetGiraud et al. 20100 For WWTPs, powdered or granular activated carbon and/or
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ozonation in combination with different types of sand filters are currently the most common
advanced wastewater treatment technolo@egot et al. 2018

Several inestigations on the capacity of activated carbon filters and ozonation to
remove residues revealed these techniques to eliminate micropollutants such as chelating
agents, pharmaceuticals, pesticides, hormones or synthetic hormonal contraceptives more
effecively than traditional wastewater treatméhiollender et al. 20Q9Margot et al. 2013
Snyder et al. 20Q7Ternes et al. 2003 Overall rates of elimination vary due to adsorption
characteristics or, respectively, the ozone reactivity of the micropollufietiender et al.

2009 Margot et al. 2013Ternes et al. 2003 Besides the limitationsgsed by pollutant’s
physicochemical properties, other limitations occur when applying additional treatment steps.

Competition of micropollutants with organic matter for sites on activated carbon to
which to adsorb, leads to the need of an increased arabantivated carbon in the presence
of organic mattefMargot et al. 2018 Furthermore, after some time of use, activated carbon
is known to be depleted, which results in a reduced capacity to adsorb micropollutants
(Matilainen et al. 2006 Depleted activated carbon can be treated as a wasiacamerated
(Margot et al. 201Bor regenerated and used ag@itaroto-Valer et al. 2006Matilainen et al.

2006.

Efficiencies of new techniques to reduce micropollutants in the environment are
widely accepted. However, little is known about the positive effects for ecosystems related to
the largescale implementatioof improved treatments.

Numerous studies were conducted to assess water quality in general and the quality of
treated wastewater in particulddeeb et al. (2012ronducted chemical analyses of river
water and WWTP effluent samples wheréésm et al. (2014%olely performed chemical
analyses of WWTP influent and effluent samplesar o g o v 8§ measueed estrogefi® 1 4 )
activity in effluent samples using vitro bioassays. In view to approach ecological aspects,
Griffin and Harrahy (2014¢onducted fish reproduction assays on effluent samples in the
laboratory and the field, the latter with fish caged apd downstream of a WWTP.
Furthermore, they tested for acute and chronic toxicity using fish larvae exposédrentd
concentrations of effluent samples. In additislagdeburg et al. (2014ssessed raw WWTP
samples and WWTP samples after treatment with activated carbon, ozonation, and sand
filtration from a pilot scale WWTP using laboratory lasts for genotoxicity, and combined
them with chemical analyses. A combination of chemical analysem afittio bioassays was
also used byounkova et al. (2014yvho additionally integratednain situ exposure assay

with Potamopyrgus antipodarurm their study on sediment and water estrogenicity and

166



Kapitel 4

toxicity. The combination of chemical analyses, laboratory biotests, and field effects in a test
battery had already been establishedlbgbskorn et al. (2003)ho have focused on both,
embryotoxicity and endocrine disruption.

It is now common sense that data obtained from chemical analytics, from laboratory
biotests, and from field experiments or surveys are mandatorily to be combined in order to
relate ecologically relevant effects and underlying exposure. This is the more prastma
laboratory biotests and corresponding biomarkers have been established for different modes
of chemical action such as dioxXike toxicity, genotoxicity, and embryotoxicity. So, our
approach was to apply corresponding laboratory assays and beynstwklies in order to
evaluate their indicative potentials in the toxicity assessment of WWTP effluent.

At the WWTP Langwiese (AZV Mariatal), which was assessed in this study, the
effluent is discharged into the Schussen River, which flows into Lake Constance. This WWTP
has recently been upgraded on a large scale with an activated carbon filter. As agitieerequ
for evaluation of the success of this upgrade to reduce adverse effects in receiving waters, the
ecotoxicological situation prior to upgrading the WWTP was studied. To check for natural
variability of biological responses, data were also obtained flass polluted tributary of
Lake Constance, the Argen River.

Results presented here are part of the projects SchussenAktiv and Schuspérsiktiv
for which details of experimental designs have been previously described in detail
(Triebskorn et al. 2013driebskorn et al. 2013b

In the presenstudy, biomarkers were measured in feral chub from the Schussen and
Argen Rivers as well as in trouts which were exposed in cages either dpwnstream the
WWTP Langwiese or in bypasystems of the two rivers. Combination of both, biotests and
biomarlers, and linkages between them and to concentrations of chemicals led to a
comprehensive overview of the ecological situafjean der Oost et al. 20D3Therefore, a
battery of biotests and biomarkers was applied in this study.

Relevant effect potentials in rivers influenced by wastewater are: estrogenic effects,
dioxin-like effects, genotoxieffects, and embryotoxic effects. These effects can be caused by
pharmaceuticals, pesticides, metals, PCBs and others originating from the treated wastewater.
The present paper explicitly focusses on-eadocrinebased toxicity.

Potentials for dioxirlike effects were determined by @m vitro reporter gene assay.
Modulations of the arylhydrocarbon receptor (AhR) by chemicals, commonly simplified by
the ter-mi Wai ekfpvCctsod, underly adverse healt

including neurotoxicity, carcinogenesis, immunotoxicity or reproduction toxiSithecter et
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al. 200§. The AhRdependent reporter gene assay used in the present study has previously
been used and calibrated for analyses of Altive compoundgHilscherova et al. 2002
Janogek )Corresdonding2dibxiike effects were measured in livers of fishes by
use of the EROD assay which is a common test for the exposure tbiAthiRg chemicals
(Whyte et al. 2000

The SOS chromotest for genotoxic effect potentials was developeHidby et al.
(1987) This colorimetric test detects genotoxicity indirectly by the activity of mutation
triggered DNA repair mechanisms, visualized by the activation of adaddatosidase
transgene. As a corresponding effeased test in fish, quantification of micronuslas used
as an indicator of genotoxic effecfdl-Sabti and Metcalfe 1998Bolognesi and Hayashi
2011D).

Embryotoxic effect potentials and effects were determined by use of embryo tests with
the zebrafish embryos (DarT) under laboratory conditi@i® 2003 Nagel 2002 OECD
19921 and, respectively, trout in the field. The DarT @dso be used for testing sediments
after modifications according tdollert et al. (2003)

In our study we addressed two hypotheses: Do biotests reflect the effests? Do

chemical analyses correlate with results from biotestsrawvigdo effects?

2. Materials and methods

2.1 Ethical statements

This research was conducted in strict accordance with German laws regulating use of live
animals in experiments and approvaud permitted by the animal welfare authority of the
Regional Council Tibingen (Regierungspréasidium Tubingen). Permit numbers for animal
experiments concerning brown tro@almo truttaf. fario) and rainbow trout@ncorhynchus
mykis$ are ZO 1/09 and ZP/12. For field samplings of chubduciscus cephallishe permit
number is AZ 35/9185.82. All investigations were performed after anaesthetization with
MS-222 (tricaine mesylate), and all efforts were made to minimize suffering. Cell lines used

are spedied in materials and methods.
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2.2 Locations
Figure 1 depicts the locations where samples were taken. Descriptions of the sampling sites
are given in Table 1.

Ravensburg

® WWTP Langwiese

Amtzell
Meckenbeuren

Bypass Gunzenhaus

Friedrichshafen Tettnang

Bypass Pflegelberg.
Neukirch

Eriskirch

Lake Constance

Kressbronn

2km

Figure 1. WWTP, sampling sites, and bypass systenf33: Schussen Oberbaumgarten, S4jen Oberau.

Table 1. Sampling sites.

Location Description Coordinates
WWTP Langwiese, connected to the Schussen | N47° 44' 53.22", E9° 34' 35.49"
Ravensburg River, a tributary to Lake

Constance
Site at the WWTP upstream of thevastewater | N47°44'51.2", E9°34'16.6"
Langwiese, Ravensburg outfall of the WWTP

Langwiese
Site at the WWTP downstream of the N47°44'45.3", E9°34'11.0"

Langwiese, Ravensburg wastewater outfall of the
WWTP Langwiese

Gunzenhaus located at the Schussen Riv( N47° 40' 44.00", EQ® 32' 24.77"
downstream of th&V WTP

Langwiese
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Pflegelberg located at the Argen River aj N47° 39' 11.21", E9° 44' 30.80"
a reference

Field site 3 located at the Schussen Riv( N47° 39' 16.09", E9° 31' 53.35"
downstream of the WWTP
Langwiese

Fieldsite 4 located at the Argen River, | N47° 44' 20.46", E9Q° 53' 42.78"

used as reference site

Feral chub were caught at field sites S3 and S4. Rainbow trout and brown trout were actively
exposed at the two setfeld bypass systems in fletihrough aquariaconnected to the
streams. At both field locations, stream water was pumped through five 250 L aquaria at a
velocity of 0.4 L/s. Two of these aquaria could be heated to 7 °C. In addition, control systems
were established in laboratory climate chambers. r@agixperiments were conducted
upstream and downstream of the WWTP Langwiese. The distance between the sites amounts
to 200 m. Location S4 on the Argen River was used as reference site since field sites upstream
of the WWTP Langwiese were shown not to bdadle as control sites due to discharges
from other WWTPs. Samples from the field for chemical analysis, for the investigation of
effect potentials and effects were collected as follows: July and October 2009, June, August,
and October 2010, May, July, @ember, and October 2011, and May, July, and October
2012. Exposures at the sefidld bypass systems and in the climate chambers were
conducted from December until May in the winter seasons 2010/2011, 2011/2012, and
2012/2013. Samplings (for chemical s and investigation of effects) were conducted as
follows: March, April, May, July, August, and November 2011, February, March, April, and
May 2012, and January, February, March, and April 2013.

2.3 Origin of fishes for effect potential studies and &ct analyses
To determine the potential of constituents of surface waters, sewage effluents, and sediments,
to cause embryotoxicity, eggs of zebrafifhafio rerio; WIK strain) were used. Eggs were
obtained from the zebrafish hatchery at the Animal Physiological Ecology, University of
Tubingen.

In bypass systems and in the laboratory,-pe&rold brown trout $almo truttaf.
fario) and rainbow trout@ncorhynchus nkyss of both sexes were exposed. Fresh fertilized
eggs of these two species, and the developing hatchlings were maintained in culture. Fish and
eggs were obtained from two fish farn®&drk, Bad Saulgau, Germany, in 2010 and 2011 and
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Lohmihle, AlpirsbachGermany, in 2012t field locations, feral chublLeuciscus cephallis

were caught by electrofishing. Immediately after anesthesia with tricaine mesyla@2gy1S
SigmaAldrich, St. Louis, USA), and determination of length and weight, all fish were
disseted and samples of liver, gonads, muscle, and blood were conserved according to the

requirements for the respective analyses.

2.4 Limnological analyses

In parallel to collection of fish, the following physioemical and limnochemical
parameters wemmeasured at each sampling site: water and air temperature, pH, conductivity,
oxygen content and saturation, concentrations of chloride, nitrite, nitrate, ammoniurm, ortho
phosphate, carbonate hardness, and total hardness. The different samplings wergedmmar

as isummer O i f t he air temperature exceede
summari zed as fAautumno. I n the bypass systen

flow rate, conductivity, water temperature, and oxygen content.

2.5 Chemicalanalyses

Concentrations of 168 micropollutants in surface water, WWTP effluent, sediment, filet, liver,
gonad, intestine, and bile of chub, filet of trout, and in entire trout were analyzed by the
DVGW Water Technology Center (TZW), Karlsruhe. Solid skempvere freezéried in the

freeze drying system ALPHA-4 LSC (Co. CHRIST, Osterode, Germany) and homogenized.
Water, biota and sediment samples were spiked with internal standards prior to extraction. For
water samples solid phase extraction (SPE) quidiliquid-extraction were used for pre
concentration. Solid samples were extracted with an appropriate organic solvent and a clean
up of the extracts was performed prior to injection. Various gas chromatographic and liquid
chromatographic measurement haats were used (GEIS, GGMS/MS, GGNPD, HPLG

DAD, and HPLGMS/MS). The micropollutants and the respective analytical methods are
summarized (Tabl®1l) and further described (Document S1) in the supplementary
information.

In addition, concentrations ofiethyl-triclosan and some PCB in tissues of trout were
analyzed at the University of StuttgaRrior to analysis samples were freeziied and
homogenized. GC/M@nalysis was performed and quantification was done by use of isotope
dilution methods. Furthenformation are given in the supplementary information (Document
S1).
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2.6 Dioxin-like toxicity

2.6.1 Dioxinlike effect potentials

2.6.1.1 Preparation of samples

Dioxin-like effect potentials were determined using reporter gene assay. Preparation of
sampes was accomplished as describedbyr 0 g o v 8 .éne literlof each 2athdledo)
water was vacuurfiltered through a glass fibefilter (2 um, diameter 47 mm, Fisher
scientific, Pardubice, Czech Republic) and extracted by solid phase extraction using activated
and equilibrated cartridges (SDB Waters Oasis, 6mL, 500 mg). Maximal pressure was
controlled to obtain a flow rate of leskan 10 mL/min. After samples had been passed
through the columns, they were dried for 10 min under a constant flow of nitrogen, and then
eluted by 6 mL of methanol without use of pressure since the use of methanol was found most
suitable according to vidlation studies (unpublished). Finally, eluates were evaporated by a
nitrogen stream to the last drop and diluted to final volumes which corresponded to 1200
times concentrated waters. This aliquot was selected as a maximal concentration shown to be
mostly norncytotoxic in previous studie€)l ar o g o v 8§ ).eéSedimants.were ahudlly
homogenized in a stainless steel container, freeze dried, and stet8d°&t overnight. Two

hours before lyophilization they were moved-89 °C and subsequently freeze dried, sieved

by 2 mm sieve, and Soxhiektracted by dichlmmethane (150 mL, 1 hour). Extracts were
concentrated to approximately 5 mL, transferred into 10 mL glass vials, concentrated by
nitrogen stream to the last drop anddresolved in methanol. Water and sediment extracts

were stored frozen until testing.

2.6.1.2 Test design

Dioxin-like potencies were determined by use of the H4UIE rat hepatecarcinoma cells
stably transfected with the luciferase gene under control of the arylhydrocarbon receptor
(AhR) (Garrison et al. 1996Hilscherova et al. 2002 Cells were grown in DMEM12
medium (Sigma Aldrich, St. Louis, USA) which contained 10% fetdlssaum at 5% C@at

37 °C. Once the cells reached about 80% confluence they were trypsinized and seeded into a
sterile 96well plate at a density of 15000 cells per well. After 24 h, the cells were exposed to
dilution series of the test samples, to thi&bcation of 2,3,7,8etrachloredibenzep-dioxin,

TCDD, blank and solvent controls (0.5% v/v methanol). Exposures to serially diluted extracts
were conducted in three replicates for 24 h at 37 °C. After exposure, intensity of the AhR
dependent luminescemcwas measured using the Promega Steady Glo Kit (Promega,

Mannheim, Germany). Dioxilike potentials were determined using the egffeective
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approach, and the results were expressed as dioxin equivalents (TEQbio). Assay enabled
detecting dioxidike activity in sediments higher than 0.6 pg/g (or 0.0006 ng/g) TEQbio
(limit of detection, LOD),LOD for water samples is 0.05 ng TEQHtio(Villeneuve et al.

2000.

2.6.2 Dioxinlike effects on fishes

Dioxin-like effects were determined by EROD assay according to the manual of the CYP1A1
EROD activity kit from IKZUS ENVIRONMENT (Ikzus Environment, Alessandria, Italy),
also used byinelli et al. (D05), and adjusted to a 98ell plate. Liver tissue was frozen in
liquid nitrogen and homogenized. The haganate was centrifuged at 9.000 RCF at 4 °C for
20 min to obtain the S9 supernatant which was then stor&0 &C till further processing.
Protein content was determined accordin@tadford (1976)and the activity of the enzyme
CYP1Al was measured by fluorometry. A resorufin standard was measured in parallel to
ensure the comparability of the saewl Activity was calculated according to the manual of
the test kit. As a positive control, betaphthoflavone (BNF) in a concentration of 0.1 mg/L
dissolved in dimethyl sulfoxide (DMSO) was used. The concentration of DMSO in the

aguaria amounted to O0.1la.

2.7 Genotoxicity

2.7.1 Genotoxic effect potentials

2.7.1.1 Preparation of samples

Genotoxic effect potentials were determined using SOS chromotest. Preparation of samples
was done as described for diotike potentials (see 2.6.1).

2.7.2.2 Test design

The bacteridb a s e d genot ox icchirtoymoaesay @wSO&g the b
Escherichia coliPQ 37 was used for assessment of genotoxic effect potgiQiailtardet et

al. 1982 White et al. 1996 Development of the bacterial cell dnhas been previously
described byQuillardet et al. (1982)The test was performed in a-@&ll microplate format

without metabolic activation. After 2 h of incubation with test samples, the activity of beta
galactosidase was measured using a chromogenic subsirthienitrophenytbetaD-
galactopyranoside. At the same time, activity of alkaline phosphataseker of
viability/cytotoxicity) was assessed usimgnitrophenyl phosphate chromogenic substrate.

Cytotoxic effects were quantified as a percentage of inhibition of the alkaline phosphatase in
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comparison with the negative control. The concentrationsieg more than 50% inhibition
were excluded from genotoxicity evaluations. The SOS induction factor (IF) was then
calculated for each tested concentration, and the minimal genotoxic concentration (MGC
concentration, at which the IF was significandigvated in comparison with controls) was

determined.

2.7.2 Genotoxic effects in fish

For micronucleus assay, fresh fish blood smears were prepared by spreading aliquots with a
cover slip and, subsequently, fixed in methanol. Samples were staine@iemtisa, and 2000
erythrocytes per slide were evaluated with respect to the presence of micronuclei in a Zeiss
axiostar plus microscope at a magnification of 1000x. A single slide per individual was

evaluated.

2.8 Embryotoxicity

2.8.1 Embryotoxic effect pmtials

Embryotoxic effect potentials were determined by the zebrafish embryo toxicity test. Male
and female of the zebrafish breeding stda&r{io rerio, strain: WIK, ZFIN ID: ZDBGENO-
01053212, for origin of test fish see above) were kept togethe6ihdr 240 L aquaria under

the following conditions: temperature: 26+1 °C; pH:T1B5conductivity: 30400uS/cm;
light/dark cycle: 12h/12h. Whenever fertilized eggs were required, spawning traps covered
with stainless steel mesh were placed on the botfotiheoaquaria in the evening, and eggs
were collected the following morning. Spawning and fertilization were initiated by
illumination of the aquaria in the morning, and terminated 1 h later by removal of the
spawning boxes. Eggs were collected and disteidh to glass Petri dishes containing sediment
and water from the Schussen River and the Argen River or effluent samples from the WWTP
Langwiese. Reconstituted wat@ECD 1992a served as the overall control. The assay was
conducted with five Petri dishes containing five eggs each per treatment (thus a total of 25
eggs per treatment and control group). During the test (duration: 96 h), different lethal and
sublethal endpoints wernvestigated: mortality, heart rate, pigmentation, development of the
eyes and the brain, malformations, and hatching rate. Throughout the exposure fertilized eggs
were kept at 26 °C in a climate chamber and removed only for the short time intervals used
for monitoring the development of embryos from blastula to early life stages at the defined

time points using a Zeiss Stemi 2000stereomicroscope at magnifications from 10x to 50x.
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2.8.2 Embryotoxic effects in fish

Embryotests with brown trout and maiow trout were performed accordingltockenbach et

al. (2001) Both species were kept in the two bypagstems and in the laboratory (using
aguaria with filtered tap water as negative controls) since a comparison of brown trout with
rainbow trout is not applicable due to their different growth (Btesdat et al. 1997and the
suggestion of differergusceptibility(Hedrick et al. 1999 Each of the three treatment setups
consisted of two aquaria (250 L) and six siessels per aquarium in which fish eggs were
exposed. In each siewessel, 50 eggs were exposed leading to a total number of 300 eggs per
aquarium. In order to exclude the influence of differences in temperature at the three sites,
which are known to influence the development of trout é@ganguren and Brafia 2003n

both of the two aquaria at each site water temperature was adjusted to 7+1 °C using a
continuous flow heater {BEWT6, electric capacity 6 kW, Co. Infinity, Prague, Czech
Republic). Also water velocity, the oxygen content, and the sediment chargkepérexual

at both bypass systems. Trout eggs were obtained two hours after fertilization and transported
to the test systems. Every second day, eggs were examined and coagulation of eggs and
mortality, malformations, heart rate, hatching success, and awiaf the juvenile fish were
recorded. To examine background mortality of eggs, rate of fertilization was determined in
the laboratory. For that purpose, two hundred eggs were held at 7£1 °C in glass Petri dishes in
reconstituted watefOECD 1992au nt i | t he e mberyyeodsd eeygegds; wieN oen

unfertilized.

2.9 Statistical analyses

JMP 10.0 (SAS Systems, Cary, USA) was used for all statistical analyses. Tests for normal
distribution of data were conducted with the Shapifitk W -test or the D" Agostin®earson
Omnibus test. If necessary, data were root tansfd. For homogeneity of variance the
Levene'stest was conducted. If normality and homogeneity of variance were confirmed,
ANOVA with subsequent pogtoc multiple comparisons Tukd$ramer HSD test or atest

for two comparisons was used to compare mdamsparametric data lacking homogeneity of
variance, a WelcANOVA was conducted. For ngparametric data the Wilcoxemest
followed by Holm’s sequential Bonferroni procedure or the Sdeelsstest was used to
detect significant differences between theatment groups versus the conti@brrelations

were tested using Spearman's rho test.
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3. Results and discussion

3.1 Limnological analyses

Currently, new water quality criteria are in progress to be defined by the German Working
Group of the Federgbtates on Water Issues (LAWA), which was inaugurated in 1998. In
2000, the European Water Framework Directive (WFD) was implemented into European
legislation. The definition of priority substances and their environmental quality standards
however is a comuous process.

In general, the data for the investigated water parameters indicated a better water
quality at the Argen than at the Schussen River (see supplementary information, Table S2).
According to the water quality criteria of LAWA, for most paraenstthe water quality of the
Argen River could be classified as class | (very gq@tBA 2003.The Schussen River was
classified as classll (very good to good) or Il (goodUBA 2003. For ammonia nitrogen
(NH4-N), the Schusen River exceeded the value of 40 pgBMJV 2011 and for
orthophosphate phosphor (RB), the concentration at both, Schussen and Argen Rivers, was
greater than 20 pg/(BMJV 2011).

Data obtained by the data loggers installed at the two bypass systems rdugalsd
and seasonal variations in water temperature with, in mean, the Argen River having an about
1-2 °C lower temperature than the Schussen River. This was the reason to heat up the water of
the Argen River in the respective bypass system. Oxygen sattuirathe Argen River was in
the range of 100%, and in the Schussen River between 80% and 120%. Both, greater oxygen
content and lower water temperatures, which are important prerequisites for fish (particularly
for trout) health, were given at both irstigated rivers.

3.2 Chemical analyses
In order to establish causdfect relationships between chemical analyses and biological
effect potentials and effects, data are given for chemicals for which dik&jrgenotoxic, or

embryotoxic effects can be expected (for summary see Table 2).
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Table 2. Summary of measured concentrations, cited concentrations, and EQS.

Measured concentrations of surface water, effluent, sediment, and fish, and effect concentrations cited.
Environmental Quality Standards (EQS), if available, or, alternatiygtyposed EQS are given. S: Schussen
River. A: Argen River. Up: upstream of the WWTP Langwiese. Down: downstream of the WWTP Langwiese.
AA: annual average. PCDD: polychlorinated dibempzdioxins. PCDF: polychlorinated dibenzofurans. RCB

DL: dioxin-like polychlorinated biphenyls. TEQ: toxic equivalents according to the World Health Organisation

2005 Toxic Equivalence Factors.

Substance

Measured concentration
(sw: surface water; ef: effluent;
s: sediment)

Measured concentration
(ff: feral fish, t: trout)

Effect concentration in biota
(cited literature)

AA-EQS
(es: established, EU 2013; p:
proposals, Ecotox Centre 2013)

EQS for biota
(b: biota, established, EU 2013)

99, 100, 153, 154)

congener numbers 28, 47,

A: 0.4 pg/kg wm (ff)
S: 1.88 pg/kg wm (t)

Psetta maxima (BDE-47)
(Mhadhbi et al. 2012)

Carbamazepine S: 69 - 150 ng/L (sw) n.i.a. 0.5 pg/l (LOEC) 0.5 pg/L (p)
A: 23 ng/L (sw) Danio rerio
780 - 2200 ng/L (ef) (Galus et al. 2013)
Diclofenac S: 140 ng/L (sw) n.ia. 0.03 pg/L (LOEC) 0.05 pg/L (p)
A: 11 - 12 ng/L (sw) Danio rerio
800 - 2600 ng/L (ef) (Feito et al. 2012)
Sulfamethoxazole S: 56 - 64 ng/L (sw) n.ia. 16 pg/L (LOEC) 0.6 pg/L (p)
A: 17 - 36 ng/L (sw) Carassius auratus
510 ng/L (ef) (Li etal. 2012)
Carbendazim S: 10 ng/L (sw) n.i.a. 70 pg/L (LOEC) 0.34 pg/L (p)
A: below LOD (sw) Daphnia magna
10 - 180 ng/L (ef) (Ferreira et al. 2008)
Methyl-triclosan n.ia. S: 9.6 ng/g dm (t) n.ia. 0.02 pg/L (p)
A 3.7 ng/g dm (t) (for triclosan)
Cadmium n.ia Sand A 0.5 mg/L (LOEC) 0.25 pg/L (es)
0.15 - 1.65 mg/kg dm (ff) Sparus aurata
(Souid et al. 2013)
Copper n.ia S: 60 - 180 mg/kg dm (ff) 20 pg/L (LOEC) n.ia.
A: 37 - 100 mg/kg dm (ff) Oncorhynchus mykiss
(Eyckmans et al. 2011)
Zinc S: 93 - 45 mg/kg dm (s) S: 87 - 170 mg/kg dm (ff) 0.5 mg/L (LOEC) n.i.a
A: 21 - 27 mg/kg dm (s) A: 98 - 180 mg/kg dm (ff) Pagrus major
(Huang et al. 2010)
Nickel Sand A n.i.a. 19.3 mg/L (96h LC50) 4 pg/L (es)
7.8 - 11 mg/kg dm (s) Oncorhynchus mykiss (bioavailable concentration)
(Svecevicius 2010)
PCBs nia S: 2.9 - 48.6 pg/kg wm (ff) n.ia. 0.0065 eg/ kg T
A: 2.9 - 27.7 pglkg wm (ff) (Sum of PCDD+PCDF+ PCB-DL)
S up: 19-24 pg/kg dm (t)
S down: 11-17 pg/kg dm (t)
PBDES (sumof n.ia. S: 6.51 pg/kg wm (ff) 14.13 pg/L (96h LC50) 0.0085 pg/kg wm (b)
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3.2.1 Concentrations in water and effluent samples

The number of detected micropollutants in effluents and surface wateresantiffered
between the riverglriebskorn et al. 2013bIn the effluent of the WWTP Langwiese 29 (of
75 investigated) chemicals were detected at concentrations above the limit of detection.

In general, more micropollutants were present in surface water of the Schussen River
(21 substances) than in the Argen River (12 substances). However, some compounds, for
example arsenic and cadmium, were found in greater concentrations in the Argen River.
Details were described bylriebskorn et al. (2013b) A number of widely used
pharmaceuticals were found in both, effluents and wastewaters.

The antiepileptic and moodtabilizing drg carbamazepine was found at
concentrations of 780 to 2200 ng/L in the effluent (see supplementary information, Figure S1)
and 69 to 150 ng/L in the surface water of the Schussen River where in the Argen River only
23 ng/L were measured (see supplementafigrmation, Figure S2). The LOEC of 0.5 pg/L
(Galus et al. 200)3was based on embryonic mortality or developmental malformations in
Danio rerio. The Swiss Centre for Applied Ecotoxicology (Ecotox Centre) has worked out
proposals for Environmental Quality Standards (EQS) for a variety of substances. The
proposed AA (annual averageRQS of carbamazepine is 0.5 pgfEcotox Centre 20)3and
thus greater than maagd in the Schussen River.

Concentrations of the nesteroidal antinflammatory drug diclofenac ranged from
800 to 2600 ng/L in effluents (see supplementary information, Figure S1). Concentrations in
the Schussen River respectively the Argen River wé@ rdg/L and 11 to 12 ng/L (see
supplementary information, Figure S2). The LOEC, based on lipid peroxidation in zebrafish
exposed to diclofenac was 0.03 pdHeito et al. 201R which is almost 108old less than
concentrations measured in the WWTP effluent and almésiti3ess than concentrations in
the Schussen River during the present study. Thus, concentrations of diclofenac are near the
threshold for effects and could induce effects in fish. Topgsed AAEQS for diclofenac is
0.05 pg/L (Ecotox Centre 20)3and thus about three times lesser than the measured
concentration in the Schussen River.

The antibiotic sulfamethoxazole was shown to affect EROD activities in goldfish
(Carassius auratyqLi et al. 2012. The LOEC was 16 pg/L for the single substance but, in a
mixture with 1.6 pg/L caffeine, the LOEC for sulfamethoxazole was only 8 pg/L. In effluent
samples, up to 510 ng/L sulfamethoakez was measured (see supplementary information,
Figure S1) but concentration for caffeine was below the limit of detection. Concentrations of

56 to 64 ng/L sulfamethoxazole and 48 to 88 ng/L caffeine in the Schussen River and 17 to
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36ng/L sulfamethoxazel and 25 ng/L caffeine in the Argen River were measured (see
supplementary information, Figure S2). Thus, concentrations were less than those studied by
Li et al. (2012)but biota in the field is exposed for a longer duration compared to exposure
times of Li et al. (2012)which were 1, 2, 4, or 7 days. The proposed-BB@S for
sulfamethoxazole is 0j6g/L (Ecotox Cente 2013 thus lesser than measured in our rivers.

The broaespectrum benzimidazole fungicide carbendazim which is also used as
biocide is believed to be genotoxi8arrif et al. 199% It was found in the effluent of the
WWTP Langwiese at conceations from 10 ng/L to 180 ng/L (see supplementary
information, Figure S1). In surface water, concentrations were less than the limit of detection
(10 ng/L) in the Argen River and only 10 ng/L were found in the Schussen River (see
supplementary informatigriFigure S2). Few studies have determined effects of carbendazim
on aquatic organisms, mostly resulting insb®alues based on lethality. The LOEC for
Daphnia magnavas 70 pg/L(Ferreira et al. 2008 The 96h LCso based on lethality dbanio
rerio was > 5.0 mg/L(US EPA 201). For juvenile rainbow troutgncorhynchus mykiys
96-h LCso from 0.1 to > 1.8 mg/L depending on the age of fish and temperature was reported
(USEPA 201). Therefore, effluent samples contained lesser concentrations of carbendazim
than the above mentionédCso-values. The proposed ABQS for carbendazim is 0.34 pg/L
(Ecotox Centre 20)3 much greater than the concentrations that we have measured in this

study.

3.2.2 Sediment concentrations
In sediments concentrations of most of the substances were below the limit of quantification.
Only nickel (Ni) and zinc (Zn) were detected. Concentrations of Ni were similar for both
streams (7.8 to 11.0 mg/kg dm) whereas the concentration of Zn was asvigeeat in
sediment of the Schussen River (39.0 to 45.0 mg/kg dry mass (dm) than those in sediment
from the Argen River (21 to 27 mg/kg dm). These concentrations were moderate relative to
other rivers worldwide. Along the Atlantic coast of seutbstern ain and in the Pearl River
estuary in southern China concentrations of Ni and Zn were 10 to 50 mg Ni/kg and 141 to 649
mg Zn/kg (Morillo et al. 2004 or 33 mg Ni/kg and 115 mg Zn/kg, respectivély et al.
2000, which were generally greater than those observed in this study.

96-hour LGsp values for five fishes range from 19.3 6.2 mg Ni/L with the least
concentration (19.3 mg/L) for rainbow tro{@ v e c e v i |). iLasser rdte8@ &f hatching of
fathead minnow embryos were observed when exposed to 25 pgUdpbinte and Couture

2010. Exposure of early life stages of red sea breRagfus majoy to 0.5 mg Zn/L esulted
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in significantly lesser rates of hatching, while exposure to 0.3 mg Zn/L was (efiiahg et
al. 2010. Both Ni and Zn accumulate in the sediment and can be leached out during rainfall
and flood events. Ni is also believed to be carcinogévalik et al. 2010. For Nickel, an
AA-EQS for inland surface wate of 4 pg/L (bioavailable concentratioffeU 2013 is

recommended.

3.2.3 Concentrations in fishes

3.2.3.1 Concentrations in feral fish

Of the 82 substances studied, 22 were detected in tissues of fer@lehskorn et al.
20130 including cadmium (Cd), copper (Cu), Zn, Ni, mercury (Hg), arsenic (As), salicylic
acid, 4tert-octylphenole, p,p-dichlorodiphenyldichloroethenep,-DDE), polychlorinated
biphenyls (PCBs), and polybrominated diphenyl ethers (PBDES).

Concentrations of Cu in liver were greater in chub from the Schussen River (60 to 180
mg/kg dm), than in chub from the Roma an Murex River (13.1 to /4
also influenced by WWTP effluen{3riebskorn et al. 2008 Concentrations of Zn in chub
from the Schussen River (87 to 170 mg/kg dm) were lesser or in the range of those in chub
from the Murek River (71.1 to 167.9 Og/ g dm)
from the Argen River were similar to thosedhubs from the Schussen (37 to 100 mg Cu/kg
dm and 98 to 180 mg Zn/kg dm). Copper is an essential micronutrient but, greater doses, can
cause adverse effectsapointe et al. 2011 An increased superoxide dismutase activity in
gills of rainbow trout after three days of exposure to 20 pg/L copper was fouBgckynans
et al. (2011)

Effects of accumulation of Cd on indicators of oxidative stress in several tissues of
Sparus auratavere investigated b$ouid et al. (2013)After exposure to 0.5 mg Cd/L for
24 h, concentration in intestine was 0.4 while that in liver was 0.13 mg/kg wet mass (wm).
Concentrations in intestine and liver of chub observed in this study were 0.15 to 1.65 mg/kg
dm, respectively in both the Schussam Argen Rivers. Due to the great water content of
organs of fishes (80 %) the ratio between concentrations expressed on wet and dry mass bases
was approximately fou(Triebskorn et al. 2013b Therdore, data reported b$ouid et al.

(2013) are similar to those observed in this study. Oxidative biomarkers including catalase
activity and glutathione were significantly greater after exposure to 0.5 mg Cd/L for 24 h
compared to the contr¢Souid et al. 201)3 The AAEQS for inland stiace waters for Cd is

0.25 pg/L(EU 2013.
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Concentrations of PCBs in different tissues, such as liver, gonad, or entire fish ranged
from 2.86 to 48.57 pg/kg wet mass (wm) (calculated from dry mass (dm), see above) for the
Schussen River and 2.86 to 27.71 pg/kg wm (calculated from dm, see abothe fogen
River with greatest amounts in PCBs 138 and 153. Muscle tissue of brown trout in the Ticha
Orlice River in Czech Republic contained 10 to 11 pg/kg wm for a control site and 27 to 48
pHg/kg wm for polluted site¢Havelkova et al. 2008 PCBs, at least the coplanar congeners,
are known to increase EROD activity and have a genotoxic effect by raise of the number of
micronuclei (Marabini et al. 2011 The EQS for biota for PCBs (Sum of polychlorinated
dibenzep-dioxins (PCDD), polychlorinated ildenzofurans (PCDF), and dioxiike
polychlorinated biphenyls (PGBL)) is 0.0065 pg/kg TEQEU 2013.

Concentrations of PBDE in tissues of fish from thgekr and Schussen Rivers were
greater than the new Environmental Quality Standard (EQS) of 0.0085 pg/kg wm in biota
(EU 2013 . The EQS for PBDE integrates the sum of the congeners 28, 47, 99, 100, 153, and
154 (EU 2013. Greatest values for chub were 0.40 pug/kg wm for the ArgeerRind 6.51
pHog/kg wm for the Schussen River. All these values were calculated from dry mass (see
above). Toxicity of PBDEs on turboPg¢etta maximgausing the early life stage test was
investigated byMhadhbi et al. (2012)They foundLCso values for BDE47 with 27.35 pg/L
(for embryos, after 48h) and 14 -92@ith8P8L (fo
Og/ L (for embryos, after 48h) and 29.64 eg/L

Generally, feral fish from the Schussen River andAhgen River are subjected to
different pollutants which can accumulate in their tissue and might lead to an impairment of

their state of health.

3.2.3.2. Concentrations in trout exposed in the bypass systems or in cages

Trout samples were analyzed formma substances as mentioned for feral fish, plus
additionally for methyriclosan. In brief, only methytriclosan, PCBs, and PBDEs are
discussed in this section.

Methyl-triclosan is a transformation product of the disinfectant triclosan which is
genotoxic(Binelli et al. 2009. Concentration of methmriclosan was significantly greater in
trout from the Schussen bypass (9.6 ng/g dm mtitybsan) compared to trout from the
Argen bypass (3.7 ng/g dm methgiclosan, p=0.0054) or laboratory control (2.4 ng/g dm
methyktriclosan, p=0.0021, see supplementary information, Figure S3).

Since methykriclosan is a relatively lipophilic substan¢Rudel et al. 2004and

therefore will accumulate in adipose tissue, it is assumed that greater lipid content can lead to
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greater cotent of methyitriclosan in fish. However, the lipid content of fish samples taken at
the two sites mirrored one another, and were greater as in control fish (Schussen: 20.32% +
4.23; Argen: 21.32% = 6.30; control: 14.23% = 3.20). Thus, a correlatiomoéntration of
methyktriclosan with the lipid content could be excluded.

Taking into account the fact that the data presented here were normalized to mg of dry
mass and corresponding data for wet mass (wm) can be expected to be about three to four
timeslesser than values for dry maSgiebskorn et al. 2013bconcentrations obtained for
fish from the Argen and Schussen bypasses were much less than those observed in bream
from the rivers Saar and Ri@ in 2003 Boehmer et al. 2004ut, at least for trout exposed at
the Schussen bypass, in the same range as those obtained for fish from the Elbe River
(Boehmer et al. 2004 Transformation of triclosan to methylclosan is resulting from
sewage treatment in WWTREhen et al. 2011 Analytical survey of fish caught in Swiss
lakes revealed presence of metindlosan only in fish from lakes with discharges from
WWTPs butot in those without WWTP discharges and also not in contro(Bahmer et al.

2003. Genotoxicity, as resaled by micronucleus assay, may, at least partly, result from
methyktriclosan pollution. The proposed ABQS for triclosan is 0.02 pg/{Ecotox Centre
2013.

Concentrations of PCBs 101, 138, and 153 in trout exposed in cages upstream and
downstream of the effluent tfie WWTP Langwiese were greater upstream (21.75 pg/kg, 24
png/kg, and 19.33 pg/kg) compared to their conspecifics downstream (14.25 pg/kg, 17.25
po/kg, and 11.25 pg/kg) (data not shown). Fish from negative control showed great amounts
of above mentioned PGB(45 pg/kg, 20 pg/kg, and 12 pg/kg) and also greater amounts of
PCBs 28, 52, and 118 which were either not found in trout from cage exposure or only
seldomly and at small amounts.

Summarizing the concentrations of the PBDE congeners 28, 47, 99, 10andS%H4
leads to 1.88 pug/kg wm PBDE (calculated from dry mass) in rainbow trout from downstream
of the WWTP Langwiese (cage exposure).

Even though we are aware of the fact that effects of environmental samples that occur
in biotests or in exposed biotaeaalways the result of the combined action of all chemicals
present in the mixture, in the following we focus on distinct modes of actions and discuss
them on the background of present chemicals that may have exerted the respective mode of
actionspecificeffects. This, however, does not mean that we exclude interference with other

chemicals.
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3.3 Dioxin-like toxicity

3.3.1 Dioxinlike effect potentials

Results of reporter gene assay revealed dibikén effect potentials in sediments of both
investigatedield sites with greatest potentials in 2012 (Figure 2). Added up values from 2010
to 2012 revealed significantly greater TEQbio values in samples from the Schussen River
compared to those from the Argen River (data not shown, original data transformeel dfy
square root, Argen and Schussen: n=16st, t=3.37, df=11.86, p=0.0057).

Argen S4 mSchussen S3
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Figure 2. Dioxin-like effect potentials. Measured with H4lIHuc cell line bioassay (expressed as TEQhbio
equivalents of TCDD) in sediments (202012).Mean + SD2010: Argen and Schussen: n=3, 2011: Argen and

Schussen: n=4, 2012: Argen and Schussen: n=4,

In sediments from the Schussen, in which greater activities were determined, a trend became
apparent for 2010 and 2011: Concentrations of TEQbio were leasting sjmd then slowly
increased until autumn. In 2012, this trend was not observed (data not shown). Although
significant potentials for effects were measured, data actually seem to indicate less
contamination by AhRactive compounds in comparison with othpreviously investigated
localities in Europe. For comparisons, values ranging from 2 to 377 ng TEQbio/g of sediment
(dry mass, dm) were observed in the Kimy River, Finl@gvolvék et al. 2007. In seven rivers
in Great Britain concentrations of TEQbio ranged from 1.1 torig/gdm (Hurst et al. 2004
Sediments from the Dutch part of Rhine and Meuse Rivers exhibited TEQbio equivalents of
0.01 to 11.3 ng/g drfHoutman et al. 2004and river sediments from an industrial area in the
Czech Republic had activities up to 15 ng/g dm with large variability among seasoims with
the individual sites studiggHilscherova et al. 2030
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Weak dioxinlike effects (close to the limit of quantification around 0.05 ng TCDD
equivalents per liter) were observed in effluent samples of the WWTP Langwiese during 2010
with a maximum TEQbio of 0.089 ng/L. In 2011, none of the samples showed sigmnifica
dioxin-like toxicity above LOQ whereas in 2012 TEQbio from 0:4247 ng/L were found in
the effluent of the WWTP Langwiese (data not shown). Dibike acting substances are
characterized by binding to the ARRehnisch et al. 2001 Usually, these AhR ligands are
hydrophobic compound@ilscherova et al. 20Q0which tend to accumulate in sedim®
such as some PCBs and some PAHs but also indoles, heterocyclic amines, imidazoles, and
pyridines have been shown to modulate AtBehnisch et al. 2001 The occurrence of
dioxin-like compounds in the aqueous phase has been reported, but their risks remain to be
assessed. In agreement with the present investigation (TEQbio up to 0.09 ng/L), another study
(Hilscherova et al. 20Q0dentified TEQbio activities in Czech rivers ranging from 0.03 to
0.39 ng/L (median 0.1 ng TCDD equivalent per L). Another study compared water samples
taken upstream and downstream of seven WWTPs, six of which showedergreat
concentrations of TEQbio downstream of the effluents than upsi{@&esova et al. 20).2
Two additional studies reported the concentration in a single sample in China to be <0.01 ng
TEQbio/L (Ma et al. 2005 and three samples from France ranging from 37 to 115 ng
TEQDbio/L (Dagnino et al. 2010

3.3.2 Dioxinlike effects on fishes

Results of cage exposure upstream and downstream of the outfall of the WWTP Langwiese
revealed a marginally significant greater EROD activity in-pearold, immature female
rainbow trout held in cages downstream compared to individuals held upstredm in t
Schussen River (p=0.0581, Figue
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Figure 3. EROD activity in female trout. On the left: female rainbow trout kept in cages upstream and
downstream of the WWTP outfall. On the right: female brown trout exposed in bypass syStenpdings

during winter 2012/2013. Negative control: water (tap water), positive control: water containing 0.1 mg/L beta
napht hofl avone (BNF) dissolved in 0.1 & dimethyl sul
5d (for rainbow trout) and 3d (for brown troutages 63d, bypass stations 91d. Mean + SD. Original data were
transformed by use of fourth root. Positive control was excluded from statistical analysis. For rainbow trout:
upstream: n=15, downstream: n=7, neg. control: n=9, pos. control: n=4. ANOV2,: [g£8.47, p=0.0013. Past

hoc TukeyKramer HSD: upstream/downstream: p=0.0581, upstream/neg. control: p=0.0717, downstream/neg.
control: p=0.0009. For brown trout: Argen bypass: n=6, Schussen bypass: n=5, neg. control: n=10, pos. control:
n=4. ANOVA: df=2, F=14.30, p=0.0002. Poeblbc TukeyKramer HSD: Argen bypass/Schussen bypass:
p=0.0269, Argen bypass/neg. control: p=0.0811, Schussen bypass/neg. control: p=0.0001.

A similar trend was observed for egearold, immature male rainbow trout (data not shown)
but this result is not representative as only a few male trout were available (upstream: n=2,
downstream n=4) since most of the fish exposed in the cages were female. Female trout
exposed in the Schussen River downstream of the outfall were significkiiféigent from
negative control (p=0.0009). Positive control confirms inducibility of the enzyme CYP1A1.
Solvent control with DMSO was not necessary since DMSO in concentrations 100fold higher
than used in this study did not reveal any difference in CYRBfonse between untreated
hepatocytes of adult rainbow trout and the same cells treated with DMS@ir test)
(Hegelund et al2004).

Greater concentrations of PCBs were observed in rainbow trout held upstream of the
outfall. This is in contrast to results of the EROD assay. But in fish from negative control,
great amounts of PCB were found but no activity of the enzyme CYP1Al
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Reporter gene assays determined didikia effect potentials in the effluent of the
WWTP Langwiese (in 2012) in a range of 0-4@.47 ng/L TEQbio. Some other compounds
which have not been analytically determined could also contribute to the AhRiamdusiich
as PAHSs or their hydroxylated derivatives, carbazole or diphenylether.

EROD assay revealed further increased didikien effects in oneyearold female
brown trout exposed in either bypass system at the Schussen or the Argen with significantly
greater activity in fish exposed in the Schussen bypass compared to the Argen bypass
(p=0.0269, Figure 3). Trout of the Schussen bypass were also significantly different to
negative control (p=0.0001).

For immature male brown trout as well as for immafareale and male rainbow trout
greater EROD activity in fish from the Schussen bypass was measured compared to the Argen
bypass whereby thevalue was small in some cases and no significant differences occurred.
In all, male and female brown trout and k@ trout, CYP1AL1 activity could be induced by
BNF (positive control), whereas a lesser activity was seen in negative controls.

For exposure period 2012/2013 PCBs (congeners 101 and 153) were only found in
rainbow trout from the Argen bypass. In 2012 R©@Bs were found in sediments and PCBs in
water samples were not measured. According to chemical analysis in 2011, PCBs were found
in trout from the two bypass systems with most often twofold greater values for PCB?7,
PCB28, PCB52, PCB101, and PCB118 in fisbm the Argen bypass compared to
individuals from the Schussen bypass. Amounts for thecoptanar congeners PCB138,
PCB153, and PCB180 were greater in trout from the Schussen bypass, however, summarized
PCB values were greater in trout from the Arggpass. This result does not concur with the
lesser EROD activity in trout from the Argen bypass sampled during winter 2012/2013.

Applicability of the EROD assay for detecting Altdithding compounds has been
approved in numerous studies bef@iegelund et al. 20Q4Vhyte et al. 2000 In the present
study, results of reporter gene assays revealed weak dikipotentials in the effluent of
the WWTP Langwiese in 2010, none in 2011, and great potemti@@12. Sediments from
the Schussen River contained significantly greater dibkenpotentials than sediments from
the Argen River (data not shown). Greatest didikia potentials were found in sediments of
2012 (Figure 2).

For interpretation of theesults, different factors should be considered. As mentioned
above, AhR ligands tend to accumulate in sediments. It is likely that dik&iracting
compounds were bound in greater degrees to sediments from the Schussen River than to those

of the Argen Rver due to differences in sediment composition. Sediments of the Argen were
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sandier and the €Content of the Schussen was much greater. The total organic carbon (TOC)
for the Schussen River was 6.26 + 0.84 mg/L and for the Argen River 2.58 £ 1.17 mg/L, th

it is likely that sediments from the Schussen generally accumulate more micropollutants than
sediments from the Argen. Furthermore, it cannot be excluded that the elution efficiency of
these compounds from sediments of the Argen River was greater.

Only coplanar PCBs are able to bind to the Ah receptor. For measured PCBs, only
congeners 7, 28, and 118 exhibit a coplanar structure and, among them, only PCB 118 is
referred as to exert dioxlike effects(US EPA 2003

Greater amounts of the pharmaceuticals diclofen@arbamazepine, and
sulfamethoxazole were found in effluent samples of the WWTP Langwiese (see
supplementary information, Figure S1). These substances were also detected in water samples
of Schussen and Argen Rivers with concentrations being lesser inrgfen River (see
supplementary information, Figure S2). In trout from cage exposure, diclofenac was found in
three of four pools from cages downstream of the outfall with concentrations from 12.64 to
28.94 pg/kg dm whereas in fish held in cages upstreammeotrations were less than the limit
of quantification (5 pg/kg dm). Concentration of carbamazepine was less than the limit of
guantification (2.5 pug/kg dm) in both groups and sulfamethoxazole was not analyzed.

In vitro studies with rainbow trout hepatocytes revealed a reduced EROD activity in
these cells when they had been exposed to the mentioned pharmacéuticéls et al.

2009). Although considering the applied concentrationshat study(Laville et al. 2004 to

be 3000 to 15000 fold higher compared to the greatest values measured in effluent samples of
the WWTP Langwiese and the further dilution in the Schugdear, a negative impact of

these substances on the measured EROD activity in fish investigated at the Schussen cannot

be excluded.

3.4 Genotoxicity

3.4.1 Genotoxic effect potentials

The results obtained for effluents of the WWTP Langwiese and sediments of the Schussen
River and the Argen River by use of the SOS chromotest revealed weak genotoxic potentials
in sediments. Only two of 14 studied sediment samples (C3: Schussen S3 #0I0nE3:
Schussen S3 in May 2011) significantly induced S€sponse in the bacterial genotoxicity
assay in second greatest concentration tested with 0.3 ng dm/mL (Table 3).
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Table 3. Genotoxic effect potentials.

Genotoxicity measured in effluents tfe WWTP Langwiese and sediments of Argen S4 and Schussen S3
(20102011) with SOS chromotest bacterial assay (values expressed as minimum genotoxic concentration MGC
- the least concentration that caused significant mutagenicity as measured by indus@$repair system).

n.e.- no effect- no genotoxicity until the greatest tested concentration, i.e. 12x concentrated for water, and 0.5 g
sediment dm/mL, respectively.

Effluent samples [MGC - concentration factor]

2010 2011

C D E F G H I
MGC 3X n.e. 6X n.e. 6X 6X 3X
Sediments (MGC- g sediments / mL)

C3 D3 E3 F3 G3 H3 13
MGC 0.3 n.e. n.e. 0.3 n.e. n.e. n.e.

C4 D4 E4 F4 G4 H4 14
MGC n.e. n.e. n.e. n.e. n.e. n.e. n.e.

On the other hand, several effluents repeatedly elicited genotoxicBYG& (minimum
genotoxic concentration the least concentration that caused significant mutagenicity as

measured by induction of SOS repair system) of 3x, 6x or 12x concentrated original samples.

3.4.2 Genotoxic effects in fish
To show genotoxic effectis vivg the micronucleus assay was applied to fish erythrocytes.
Micronuclei contain DNA fragments which occur due to errors in cell division. Numerous
studies revealed the micronucleus assay as a useful biotest to assess genotoxic effects in fish
(De Flora et al. 1993 lorente et al. 2002

Erythrocytes of chub from the Schussen River contained significantly more
micronuclei compared to erythrocytes of chub from the Argen River (Figurevdlups in

caption).
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Argen S4 mSchussen S3

micronuclei per 2000 cells [%)]

Oct 2011 May 2012 Oct 2012

Figure 4. Percent of micronuclei in erythrocytes of chubPercent of micronuclei per 2000 counted cells. Data

of three samplings (October 2011, May 2012, and October 2012). October 2011: Argen: n=11, Schussen: n=8,
original data were transformed by use of square root, \WEMBOVA, F=8.2411, df=1,9.474, p=0.017Blean +

SD. May 2012: Argen: n=3, Schussen: n=fdt, t=3.149, df=5.102, p=0.0247. October 2012: Argen: n=10,
Schussen: n=10;test, t=3.708, df=16.761, p=0.0018.

As, with an increasing age of individuals, amount of micronuclei in erythrocyteaaraase,

length of chub was measured and correlation analysis of the amount of micronuclei vs.
individual length was conducted. Correlation was given only for the Schussen River in May
2012. Hence, fish from the Schussen River at this sampling timeavgtkater body length

(and, thus, presumably a greater age) contained more micronuclei most probably due to a
longer exposure time in the river. But if only the age would have determined the amount of
micronuclei, the same correlation should have beendf@lso in fish from the less polluted
Argen River and the samplings in October 2011 and 2012 at the Schussen River, which was
not the case.

From October 2011 to October 2012, general amount of micronuclei decreased for
chub from the Schussen River as well as for those from the Argen River. In fish from the
Argen, 0.1 to 0.79% micronuclei per 2000 cells were recorded. At the Schussen Riéw, 0.2
1.49% micronuclei in 2000 red blood cells were present. Results for chub ranged from 0.2%
for control sites to almost 0.6% at polluted sites in a studyrerzilli et al. (2008) Amounts
of micronuclei from 0.025% to 0.06% for a control site and 0.02% to 0.175% for polluted
sites at the Balcan River Sava were determineBdylica et al. (2011)Data obtained for the

reference river, Argen, exceeded the values obtained in these studies for control sites and the
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results for the Schussen River were many times over the amounisrohatlei found in the
above mentioned studies.

Concentrations of potential genotoxic substances like méaibidsan (see
supplementary information, Figure S3Binelli et al. 2009 and carbendazim (see
supplementary information, glires S1 and SZparrif et al. 199%in chemical analyses and
our results of genotac effect potentials measured by SOS chromotest bacterial assay (Table
3) concurred with tendency of more micronuclei to be formed at the Schussen River
compared to the Argen River. Great persistence of métisidsan(Balmer et al. 2008and
carbendazin{Cuppen et al. 20QGand, as a consequence thereof, chronic exposure may lead
to further increasing numbers of micronuclei in fish erythrocytes as studies with zebra
mussels exposed to triclosan revealed higher amounts of micronuclei which was

concentratiordependent and timdependen(Binelli et al. 2009.

3.5Embryotoxicity

3.5.1 Embryotoxic effect potentials

To investigate embryotoxic effect potentials of waters, effluents, and sediments, which can
harm biota, thein vivoz e br af i s h e mbMageb 2082swas usdd.aRorT dhe
Schussen River, mean average heart rate was almost identical to fish exposed torthe Arge
River or to control (laboratory) fish, but outliers revealed a potential spotty influence of the
WWTP Langwiese as indicated by the rather large standard deviations of the means for the
Schussen River and the WWTP Langwiese (see supplementary infornkagiore S4).

A relatively large amount of variability was also seen, to a lesser extent, in
developmental deficiencies and hatching rate in the samples from the Schussen and the Argen
River and the WWTP effluent (data not shown). Apparently, exposuzelwafish embryos
to environmental samples exerted pathological damage, likely due to accumulation of
xenobiotics, even during this rather short time period. Effects in embryos exposed to water
and sediment of the Argen River were not that distinct butyspdluences can also be seen
in outliers of the obtained results. In summary, only minor embryotoxic potentials were found

in water and sediment of the Schussen River and the Argen River.
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3.5.2 Embryotoxic effects in fish
Heart rates in rainbowout and brown trout larvae hatched in the heated aquaria of the two
bypass systems during winter 2012/2013 were significantly greater in fish exposed to the

Schussen River than in the respective species from the Argen River (p<0.00015)igure
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Figure 5. Heartbeats of trout exposed to three different treatments measured one week after hatétesults
of exposure during winter 2012/2013, heated aquaria. Mean = SD. Control, Argen, Schussen: n=60.
SteelDwasstest, p<0.0001.

Unfortunately, a direct comparison with heart rates of control embryos of the same species
was not possible because temperature differed too much between field experiments and
laboratory, and it is obvious that a greater temperature results in greaterdiearin
ectotherms. However, although temperature at the Schussen River was 1.5°C (rainbow trout
exposure) respectively 2.6 °C (brown trout exposure) lesser than the respective control
temperature, heart rates were not significantly lesser, as it baulbeen expected. Same is

true for comparison with the Argen River, where average temperature was slightly greater
than at the Schussen River, but yet greater heart rates occurred at the Schussen River.
Observed differences in heart rates therefore egarded indicative for a higher metabolism

rate in fish from the Schussen River, possibly caused by micropollutants leading to increased
biotransformation processes. In contrast, significantly reduced heart ratesdey-aid

rainbow trout larvae directlgxposed to effluents were found®yt asi T nai t 8 and Ka
(2002) likely as a result of pathological impact. Trout larvae in the present study, however,

were exposg to surface water influenced by effluents, and not to the effluent itself.
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Therefore, embryotoxic potentials in the present study can be expected to be lower, leading to
an elevated heart rate as a first step in metabolic response to toxicity.

Mortality of rainbow trout was similar at both bypass systems (about 50%) and much
greater than in the respective controls (6%) (Figure 6).
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[H]
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E
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0
control Argen | Schussen| control Argen |Schussen
bypass bypass bypass | bypass
rainbow trout brown trout

Figure 6. Cumulative mortality of trout post hatch exposed to three different treatmentsTime of exposure:
rainbow trout 52 days, brown trout 59 days after fertilization (winter season 2012/2013, heated aquaria). Mean £
SD. Control, Argen, Schussem=300.

In brown trout, different mortality rates were found for fish exposed at the Argen R&%)
and at the Schussen River (43%) whereas the control was in the same range as for rainbow
trout (5%).

To summarize, results from embryotoxic potential tests did not reflect exactly the
responses obtained in the field. Whereas with zebrafish, tght $emporary embryotoxic
potentials became obvious for S3 at the Schussen River, field studies revealedspeeties
embryotoxicity for both rivers, Schussen and Argen.

Metals were identified as the putative cause of embryotoxicity. It has been shat
even low heavy metal concentrations are sufficient to reduce hatching success and to increase
mortality of rainbow trout embryogk a z | aus ki end an)din &t stwy, | nai t
concentrations of metals like cadmium, copper, nickel, or zinc wesdrewvater samples but
greater in sediment and in samples of feral chub caught in both rivers. This could be a
reasonable explanation for increased mortality rates observed at both, the Schussen and the

Argen bypass. Also, pharmaceuticals like carbamaeepnd diclofenac can affect embryos
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(Feito et al. 2012Galus et al. 2013 Both substances were found in water and effluent

samples (see supplementary information, Figures S1 and S2).

4. Conclusions

Chemical analysis detected a number of substances in effluent, surface water, sediment, and
fish samples which could be associated with effect potentials and effects related tdikiexin
toxicity, genotoxicity, or embryotoxicity. In laboratory experiments, water and sediment
samples were tested for these effect potentials and correlated effectawestigiated in feral

fish and fish actively exposed in cages and bypass systems in the field.

Possible relationships between measured chemicals, effect potentials, and effects in fish are

summarized in Table 4.

Table 4. Possible elationships between masured chemicals, effect potentials, and effects in fish.

Investigated Effect potentials Effects in fish Chemicals plausibly
toxicity responsible for
effects

Dioxin-like toxicity | Higher effect potentials Significantly PCBs
in sediments of the higher EROD Antagonistic:
Schussen River and in| activity in fish held | Diclofenac
WWTP effluents of downstream of the| Carbamazepine
2012 WWTP and from | Sulfamethoxazole

the Schussen Rive

Genotoxicity Weak effect potentials | Significantly more | Methyl-triclosan

in sediment of the micronuclei in fish | Carbendazim

Schussen River and from the Schussen

effect potentials in River
effluents of the WWTP
Langwiese
Embryotoxicity Effect potentials in Effects in fish from| Heavy metals

water of the Schussen | the Schussen Rive| Pharmaceuticals like

River and the effluent | and the Argen Carbamazepine
of the WWTP River Diclofenac
Langwiese
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The H4lleluc reporter gene assay revealed dieldie effect potentials that were significantly
greater in sediments of the Schus&twer than in those of the Argen River and great in
effluent samples of 2012. Dioxiike effects were significantly greater in fish from the
Schussen bypass compared to fish from the Argen bypass and were greater in fish exposed
downstream of the WWTP datl compared to upstream of it. As potential substances which
induce dioxinlike effect potentials and effects, PCBs were detected by chemical analyses.
Great amounts were found in chub from the Schussen River and in trout held upstream of the
WWTP Langwese. The latter does not concur with results of the EROD assay. Only one of
the measured congeners is referred as to be dideinHowever, other substances are known

to induce EROD activity. [Blofenac, carbamazepine, and sulfamethoxazole can have an
influence.

Genotoxic potentials were present in effluent samples of the WWTP Langwiese but
less in sediments of the Schussen River. Results of micronucleus assay revealed significantly
more micronuclei in erythrocytes of chub caught in the Schussen RivétyIMigclosan was
found in trout exposed in the two bypass systems and kept in the laboratory with significantly
greater values in trout from the Schussen bypass compared to the Argen bypass and control.
Carbendazim was found in effluent samples of the TWPWLangwiese and in less
concentration in surface water of the Schussen River. Both substances are known to have
genotoxic potentials.

Embryotoxic potentials and effects were given at both rivers where the Schussen River
was slightly more toxic. Chemicalulstances that can be responsible are heavy metals
(cadmium, copper, nickel, and zinc) and pharmaceuticals (carbamazepine and diclofenac).
Heavy metals were found in great concentrations in fish and in sediments from the Schussen
River. Effluent samples dhe WWTP Langwiese and surface water samples of the Schussen
River were polluted by pharmaceuticals.

The results of this study indicate that the Schussen River as well as the Argen River
(as a reference) are polluted, the latter only to a minor degree.

Generally, the applied methods are well established and approved biotests or
biomarkers. Sensitivity varied among them but due to the application of this test battery a
comprehensive picture of the overall state of the environmental conditions in thebestao
was obtained.

Laboratoryin vivo andin vitro biotests reflected the effects detected in fish. Chemical

data correlated well with the results obtained in laboratory biotests anahwitto effects.
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The present study demonstrated that chemicallyais of compounds present in water,
effluents, sediment, and fish, and the analysis of toxic effect potentials and effects of this
cocktail is important for monitoring and improves the ability to assess the level of pollution.
Relation between the diffent assessment methods is not based on direct causality but on
weight of evidence and plausibility as proposed previouslyfigbskorn et al. (2003and
BurkhardtHolm and Scheurer (200Q7)
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Supplementary information
Document S1. Additional information to chemical analyses.

1.1 Chemical analyses performed by the DVGW Water Technology Center (TZW),
Karlsruhe

Samples for the analyses of pharmaceuticals and some of their metabolites, artificial
sweeteners, and benzotriazoles weregmecentrated by SPE with two different polymeric
sorbens materials (SDB from J.T.Baker, Philipsburg, USA or PPL Bond Elut frolanfgi
Technologies, Santa Clara, USA). However, the extremely polar compounds metformin and
guanylurea were enriched with a cationic exchange sorbens material -}SCaa
Phenomenex, Aschaffenburg, Germany) as described in Scheurer et al. (2009). SRIE the

of perfluorinated compounds a weak anionic exchange material (X%, Phenomenex,
Aschaffenburg, Germany) was used and analyses was performed according to DIN (2011).

The sample pH, the water volume used for@racentration, the elution solvsnand
the established liquid chromatography were optimized for substances of every substance
group (e.g. artificial sweetener s, pesticid
guantified using a 1290 HPLC system (Agilent Technologies, Santa Cl&#ss), coupled to
an API 5500 mass spectrometer (AB Sciex, Framingham, USA).

Trialkylphosphates were enriched with a polymeric sorbens (SDB) and cartridges were
eluted with dichlormethan. GC/MBIS was performed for separation and quantification using
a TRACE GC Ultra gas chromatograph coupled to a TSQ Quantum XLS Ultra mass
spectrometer (both Thermo Fisher Scientific, Waltham, USA).

For the SPE of phthalates spHcked glass SPE cartridges filled with Chromabond
C18 Hydra material (Macherey Nagel, Durenyi@any) were used. Phthalates were analyzed
using an Autosystem XL GC coupled to a Turbo Mass Gold MS (both Perkin Elmer,
Waltham, USA).

Endocrine disrupting chemicals were also-poacentrated by SPE with a polymeric
sorbens material (Stradq Phenomenex, Aschaffenburg, Germany). After elution of the
analytes with acetone the extracts were evaporated to dryness and reconstituted with a
derivatization  mixture (MSTFA  (NnethykN-(trimethylsilyl)  trifluoroacetamide),
trimethylchlorosilane and pyriide). After silylation (80 °C for 45 min) a keeper was added
and the derivatization reagent was removed by nitrogen. The residue was reconstituted in
cyclohexane and measured by a Trace GC TSQ Quantum XLS UltdS2KS (Thermo
Fisher Scientific, Walthant)SA).
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The synthetic chelating agents were quantified 4ityl esters according to DIN
(2004). Samples are evaporated to dryness and reconstituted in hydrochloric acid which is
dried again and reconstituted with abutanol/acetyl chloride mixture. Aftesterification in
a thermo block, the analytes were extracted by liquid/liquid extraction with MTBE. The
concentrated MTBE extract is used for the separation of the synthetic chelating agents by a
gas chromatograph and quantification is achieved by ageitr phosphorous detector (both
Agilent Technologies, Santa Clara, USA).

Pesticides were enriched using 1 g IST Isolute C18 sorbens (Biotage, Uppsala,
Sweden) and analyzed by &S using a 6890 5973 GNIS system (Agilent Technologies,
Santa Clara, USA).

Aliphatic amines were derivatized with fluorenylmethyloxycarbonyl chloride (FMOC)
and preconcentrated using 200 mg LiChrolut EN sorbens material (Merck, Darmstadt,
Germany). Measurements were performed with LC coupled to a fluorescence detector (both

Agilent Technologies, Santa Clara, USA).

1.2 Chemical analyses performed by the University of Stuttgart

After homogenization, samples were Soxfgetracted (12h, 4mexane), and a silica column
(consecutive elution with increasing solvent polarity) was used as theugestep for the
reduced organic extracts (rotavaporation and nitrogen stream/40 °C).S=@éysis was
performed on a HRGC Agilent 6890 directly coupled with a mass selective detector Agilent
5975N in single ion monitoring mode (chromatographic separation Agilerbrd® 30 m x

0.25 mm x 0.25 pm).
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Figure S1. Concentrations of three pharmaceuticals and one pesticide in the effluent of the WWTP
Langwiese.Data of samplings in 2010 and 2011. Mean, n=1, 24 h composite samples.
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Figure S2. Concentrations of threepharmaceuticals and one pesticide in surface water of the Schussen
River and the Argen River. Data of samplings in 2010 and 2011. Mean, n=1, grab samples.
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Figure S3. Concentration of methyitriclosan in trout exposed in bypass system®ata of samplingsluring
winter season 2010/2011. MearSD. Control: n=6, Argen bypass: n=5, Schussen bypass: n=13.D5task,
Schussen bypass/control: p=0.0021, Schussen bypass/Argen bypass: p=0.0045.
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Figure S4. Average heart frequency of zebrafish 48 hours pofrtilization. Data of samplings in 2010 and
2011. Meart SD. Control: n=22, Argen: n=18, Schussen: n=17, WWTP Langwiese: n=15.
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Table S1. Micropollutants and analytical methods for chemicahnalyses.
Values for water samples in pg/L, values $otids in pg/kg. LOQs for water are those for surface water. WWTP
effluents were diluted by factor 5, WWTP influents were diluted by factor 10. Limits of quantification increase

by these factors.

Substance group Substance Analytical method [Water Substance group Substance Analytical method di 1t and Fish
(LOQ) [ug/L] (LOQ) [Hgrkg]

Benzotriazoles benzotriazole LC-MS/MS 0,01|Benzotriazoles benzotriazole LC-MS/MS 15
4-methylbenzotriazole 001 residues terbutalin LCMSIMS 10
5-methylbenzotriazole 0,01|and metabolites )
Synthetic chelating agents NTA (nitrilotriacetate) GC-NPD 0,5 atenolol 5
EDTA (ethylendinitriiotetraacetate) 05! sotalol 15
DTPA (Diethylenetrinitrilopentaacetate) 1 N-formyl-4-aminoantipyrine 5
Pesticides and i atrazine GC-MS 0,02 N-acetyl-4-aminoantipyrine 25
diuron 0,05 pindolol 25
isoproturon 0,05 10
propiconazole 0,1 metoprolol 10
simazine 0,02 clenbuterol S
terbutryn 0,05! 15|
2,4-DP (dichlorprop) 0,05 ifosfamide S|
MCPA 0,05 i 10
MCPP (mecoprop) 0,05 S
N,N-dimethylsuifamide 0,01 betaxolol 25
carbendazim 0,01 bisoprolol 25
Pharmaceutical residues bezafibrate LC-MSIMS 0,01 propranolol 5
and metabolites carbamazepine 001 propyphenazone 5
clofibric acid 0,01 40
diazepam 0,01 ketoprofen 10
diclofenac 0.01 bezafibrate 10
etofibrate 0,01 valsartan S|
fenofibrate 001 fenofibric acid 10
fenofibric acid 0,01 carbamazepine 5
001 10

gentibrozil 0.01 indometacin 2001
ibuprofen 001 irbesartan 5
indometacin 0,01 diazepam 25
ketoprofen 0,01, metronidazole )
naproxen 0,01, i 0
paracetamol 0,01 sulfadiazine 5|
pentoxifyline 0,01 sulfamerazine 15
salicylic acid 0,01 i 5
venlafaxine 001, — 5
atenolol 0,01 dapsone 10
betaxolol 0.01 sulfamethoxazole 40
bisoprolol 0,01 roxythromycin 25
clenbuterol 0,01 tylosin 15
cyclophospharmide 001 virginiamycin 100
dimethylaminophenazone 0,01 dehydrato-erythromycin 10
ifosfamide 0,01 oleandomycin S
metoprolol 0,01 ciprofloxacin 200
phenacetin 0,01 enoxacin 200
phenazone 001 enrofloxacin 25
pindolol 0,01 i 200
propranolol 0,01 ofloxacin 25
propyphenazone 0.01 caffeine 20
salbutamol 0,01 primidon 5|
simvastatin 0,01 10,11-dihydro-10,11 15|
sotalol 0,01 citalopram 25
terbutaline 0,01, clofibric acid 25|
azithromycin 0,01 fenoprofen 200)
clarithromycin 0,01 naproxen 25
dehydrate-erythromycin A 0.01| Artificial sw eeteners acesulfame LC-MSIMS 25
erythromycin A 001 cyclamate 15
oleandomycin 0,01 saccharin 25
roxithromycin 0,01|PAKs anthracene GC-MSIMS 10
spiramycin 0,01 fluoranthene 10
tylosin 0,01 pyrene 10
sulfadiazine 0,01 10
sulfadimidine 0,01 chrysene 10
Sulfamerazine 001 10
sulfamethoxazole 0,01 benzolKlfluoranthene 10
amoxicilin 0,02 10
cloxacilin 0,02 indeno[1,2,3-cd]pyrene 10
dicloxacilin 0,02 dibenz[a 10
virginiamycin 0,02 lene 10]
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nafcillin

LC-MS/MS

o0z]rre perfluorobutanoic acid (PFBA) 1]
oxacilin 0,02 perfluorooctanoic acid (PFOA) 1
penicilin G 0,02 perfluorooctane sulfonate (PFOS) 1
penicilin V 0,02|Endocrine disrupting chericals _[estrone GC-MS/IMS 10)
chioramphenicol 0.01 17-beta-estradiol 10
clindamycin 0,01 mestranol 10
dapsone 0,01 norethisterone 10
Turazoldons 001, 17-alpha-ethinylestradiol 10|
metronidazole 0,01 estriol 10
ronidazole 0.01 2-tert.-octylphenol 20
trimethoprim 0005, 4-iso-nonylphenol 20
chiortetracycline 0,02 iso-nonylphenolmonoethoxylate 50
doxycycline 0,02 iso-nonylphenoldiethoxylate 50
i 0,02|Polybrominated diphenyl ethers | BDE-28 GC-MS 0,5/
oxytetracycline 0,02 BDE-47 05|
tetracycline 0,02 BDE-66 05
ciprofloxacin 0,02 BDE-100 05|
enoxacin 0,02 BDE-99 05|
enrofloxacin 0,02 BDE-85 05|
norfloxacin 0,02 BDE-154 05
ofloxacin 0,02 BDE-153 05
guanylurea 0,05 BDE-138 05|
metformin 0,01 BDE-185 05
amidotrizoic acid 0,01 BDE-209 1
iodipamide 0,01|chiorinated aldrin GCMSIMS 10
iohexol 0,01 lendosulfan (alpha) 10
iomeprol 001 (beta) 10
iopamidol 0,01 cis-heptachlor epoxide 10
iopromide 0,01 |gamma-hexachlorocyclohexane 10
iotalamic acid 0,01 hexachlorobenzene 10
ioxaglic acid 001 10
joxithalamic acid 0,01 isodrin 10
caffeine 0,025/ 0.p-DDT 10
N-acetyl-4-aminoantipyrine 0,01 p.p-DDD 10
N-formyl-4-aminoantipyrine 0,01 p.p-DDE 10
10,11-dihydro-10,11-dihydroxycarbamazepine 0,01 .p-DDT 20
primidone 001 10
Tr triethyl phosphate GC-Ms 0,025 trans-heptachlor epoxide 10
tri-n-butyl phosphate 0,025/ dieldrin 10
tricresyl phosphate (o-, m- and p-isomer) 0,025/ lendrin 10
tripheny! phosphate 0,025 polychlorinated biphenyls (PCBs) |PCB 28 GC-MSIMS 10)
tris-(2-ethylhexyl) phosphate 0,05 PCB 52 10
tris-(2-chloroethyl) phosphate 0,025 PCB 101 10
tris-(2-chioropropy) phosphate 0,025/ PCB 118 10)
2-ethylhexyldiphenyl phosphate 01 PCB 138 10
Aliphatic amines diethylamine LC-DAD 0,05 PCB 153 10
ethanolamine 015
ethylamine 0.1/
morpholine 0,05
methylamine 0,1
hthalates di-(2-ethylhexyl) phthalate 02
di-n-butyl phthalate 02
Perfluorinated Compounds perfluorobutanoic acid (PFBA) LC-MSIMS 0,001
perfluorooctanoic acid (PFOA) 0,001
perfluorooctane sulfonate (PFOS) 0,001
Artificial sw eeteners acesulfame LC-MSIMS 001
001
saccharin 0,01
sucralose 005
Endocrine disrupting chemicals |eStrone GC-MS/IMS 0,0002
17-beta-estradiol 0,0002
mestranol 0,0002
norethisterone 0,0002
17-alpha-ethinylestradiol 0,0002
estriol 0,0002
4-tert.-octylphenol 0,002,
4-iso-nonylphenol 001
iso-nonylphenolmonoethoxylate 001
iso-nonylphenoldiethoxylate 001
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Table S2. Values for limnological parameter.

Dataof all samplings from 2009 to 2012. Mean + SD. Samplings with air temperature higher than 15°C were set

| ower

as Asummer 6. Samplings with air temperature

Argen Schussen

S4 S3

summer autumn summer autumn
water temperature [°C] 15.30+£2.18 9.13+0.55 17.59+1.60 10.20+£0.72
air temperature [°C] 20.73+3.41 8.57+2.72 22.34+3.17 10.43+1.73
oxygen content [mg/l] 10.30+£0.56 10.93+2.58 9.13+£1.05 10.85+0.38
oxygen saturation [%0] 108.49+5.25 100.90+25.01 |99.44+10.87 102.10+3.85
conductivity [uS/cm] 477.29+16.11 |497.00+18.52 [635.63+35.84 |656.00+29.29
pH-value 8.42+0.22 8.31+0.09 8.36+0.21 8.27+0.13
nitrate-N [mg/l] 1.21+0.32 1.10+0.28 3.90+0.58 3.75+£0.57
nitrite-N [ug/1] 9.12+2.48 4.86+2.11 19.00+9.58 34.35+54.24
ammonium-N [ug/I] 16.67+£18.75 23.34+20.58 28.20+17.61 106.98+163.12
chloride [mg/I] 20.36+11.46 11.67+0.58 30.63+6.55 30.75+6.95
ortho-phosphate-P [ug/l] 54.95+27.04 124.97+147.90 (138.96+101.25 (83.95+77.53
carbonate hardness [°dH] 16.57+1.90 16.33+1.53 18.88+1.36 17.25+0.96
total hardness [°dH] 18.57+3.31 20.33+4.16 20.75+2.38 22.00+2.58
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Abstract

Efficiency of advanced wastewater treatment technologies to reduce micropollutants which
mediate dioxidike toxicity was investigated. Technologies compared included ozonation,
powdered activated carbon and granular activated carbon. In addition to ahanalyses in
samples of effluents, surface waters, sediments, and fish, (1) ilexipotencies were
measured in paired samples of effluents, surface waters, and sediments by useuitr@n
biotest (reporter gene assay) and (2) didike effectswere investigated in exposed fish by

use ofin vivo activity of the mixeefunction, monooxygenase enzyme, ethoxyresor@in
deethylase (EROD) in liver. All advanced technologies studied, based on degradation or
adsorption, significantly reduced dioxike potencies in samples and resulted in lesser
EROD activity in livers of fish. Results @ vitro andin vivo biological responses were not

clearly related to quantification of targeted analytes by use of instrumental analyses.
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Abbreviations

AA-EQS: annual average environmental quality standard; AhR: aryl hydrocarbon receptor;
BNF: betanaphthoflavone; dm: dry mass; DMSO: dimethyl sulfoxide;,EE 1 7 U
ethinylestradiol; EQS: environmental quality standard; EROD: ethoxyres@tdigethylase;

LOQ: limit of quantification; PAHs: polycyclic aromatic hydrocarbons; PCAs:
polychlorinated anisols; PCANs: polychlorinated anthracenes; PCBs: polychlorinated
biphenyls; PCDDs: polychlorinated dibenzodioxins; PCDFs: polychlorinated dibenzofurans;
PCFLs: polychlorinated fluorenes; PCNs: polychlorinated naphthalenes; PCDTs:
polychlorinated diphenylthienes; PE: population equivalent; POPs: persistent organic
pollutants; TEQ: toxic equivalents; TCDD: 2,3,#&drachlorodibenzp-dioxin; wm: wet
mass; WWTP: wastewater treatment plant.

1 Introduction
Polychlorinated dibenzp-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are
well-known chlorinated organic o mp o u n d s i(kfileddi)o xS ooame congener s
which affect metabolic pathways modulated by binding of ligands to the aryl hydrocarbon
receptor (AhR). Along with some namtho-substituted, congeners of polychlorinated
biphenyls (PCBs)Lee et al., 2013 which are dioxidike compounds, & classified as
persistent organic pollutants (PORP8JHO, 201Q. Exposure to these compounds can lead to
hepatotoxic, embryotoxic, teratogenic, immunotoxic, dermal toxic, lethal, and carcinogenic
effects(Hilscherova et al., 2000

Besides PCDDS, PCDFs, and PCBs, a range of other substances, due to their structure,
size and conformation are able to bind to the ABlenison and Nagy, 20QForrest et al.,
2014 Murray et al., 201% These include chlorinated azobenzenes and azoxybenzenes,
several polycyclic aromatic hydrocarbons (PAHEge et al., 201pand polychlorinated
naphthalenes (PCNéBlankenship et al., 200 illeneuve et al., 2000b Furthermore, some
chemicals also seem to have the potential to bind to the receptor althought iappraved.
Among these are polybrominated and chiimmmoanalogs of the previously listed
substances, alkylatezhlorinated dioxins and furans, chlorinated dibenzothiophenes,
chlorinated xanthenes and xanthones, polychlorinated diphenylthienes (PCGDis)ls
(PCASs), anthracenes (PCAN), and fluorenes (PQELgsy et al., 1994 In addition, ligands
that bnd with lesser affinities to the AhR, such as indoles, tryptof®aived products,
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oxidized carotinoids, heterocyclic amines, and pesticides or drugs like imidazoles and
pyridines have also been reportétiigcherova et al. (2000)

Dioxin-like effects are mediated by binding of ligands to the cytoplasmic AhR, which,
due to translocation to the nucleus of the cell, acts as a transcription factor for genes encoding
for proteins as e.g. CYP1Al as one representative of the cytochred®® Family
(Hilscherova et al., 2000Enzymes of the CYP1A family are responsible for detoxification of
xenobiotic chemicals such as PAHs and PCBwsdersson and Forlin, 1993anderson et al.,

1996 Whyte et al., 2000 In unexposedigh, CYP1A is often not detectable but activities
increase after exposure to, for example, PABt&eg@man and Lech, 1991EROD assay
measures activity of CYP1A1l on a catalytic le(#hyte et al., 2000

Due to lipophilicity of these substees, while their concentrations in surface waters
are relatively small, they accumulate in sediments and biota, especially in fatty tissues of
fishes (WHO, 201Q. They reach the environment by &Bakurai et al., 1998 by runoff
from agricultural fields treated with agrochemic@asunaga et al., 20Qlor by wastewater
treatment plants (WWTP¢Moon et al., 2008

At the end of the 1980s, the German Federal Government started to implement
measures to reduce discharges of dioxin and dilikéen compounds by implementation of
threshold values for exhaust gases of municipal waste incinerators and agriculturally used
sludge, and by bans for use of scavengers and production of pentachlorophenol (PCP), PCBs,
and some polybrominated flame retardgStshulz, 1993

In the project SchussenAkplus, efficiencies of additional wastewater treatment
stages for reduction of dioxiike potency were investigated in two wastewater treatment
plants discharging to the Schussen River,aomtributary of Lake Constance in southern
Germany. At the first WWTP (Eriskirch), a smatiale system of advanced treatment
including ozonation, sand filtration, and granular activated carbon was employed. In autumn
2013, the second WWTP (Langwiesefigh had been investigated previously, was upgraded
by use of powdered activated carbon. Currently, ozonation and activated carbon, which are
the most common advanced treatments at WWMRsgot et al., 2013 have been shown to
significantly reduce concentrations of substances like pharmaceuticals, pesticides, chelating
agents, hormones, or synthetic hormonal contraceptives more efficiently than traditional
treatmats (Coors et al., 20Q4~uruichi et al., 2006Gulkowska et al., 20Q8Hollender et al.,

2009 Jélova et al.,, 2033 ar o go v 8§ pMarga kt.al,, 2023%ryderet al., 20Q7
Ternes etla 2003.
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Here comparisons were made among approaches to determine whether additional
wastewater treatment can reduce diele potencies of effluents. Concentrations of known
dioxin-like chemicals in waswater effluents and surface waters, sediments, and fish were
measured. Integrated concentrations of all didikie potencies including netarget
compounds that might be in mixtures were measured by useinf\no, transactivation,
reporter gene a8y based on rat hepatarcinoma cells (H4lIHuc). This assay has proven
to be suitable for analyses of AkdRtive compoundéEichbaum et al., 203Hilscherova et
al.,, 2010J ano g e k plarssanlet a)., 2QDEfferts in fish were analyzed by EROD
assay which measures activity of the enzyme CYP1A1 and is commonly used as a biomarker
of exposure to dioxuike substance@Vhyte et al., 2000

The present study tested the following hypotheses: Dills@npotency is lesser in
samples from: 1) thenodel system at the Eriskirch WWTP compared to the effluent of
unenhanced treatment at this WWTP; 2) water upstream of the Langwiese WWTP compared
to that in water downstream prior to the upgrade of this WWTP; 3) water downstream of the
Langwiese WWTP afteupgrading compared to samples from downstream prior to upgrade
of this WWTP; 4) the reference river Argen compared to those from the Schussen River
downstream the WWTP Langwiese prior to upgrade of the Langwiese WWTP and 5) water
from the Schussen Rivelownstream of the Langwiese WWTP after upgrade of this WWTP
compared to water from the Schussen River prior to this upgrade.

2 Materials and Methods

2.1 Ethical statements

Studies were conducted in strict accordance with German laws regulating useaofriads.
Permission was given by the animal welfare authority of the Regional Council Tubingen
(Regierungsprasidium TubingenPermit numbers: ZO 1/09 and ZP 1/12 for brown trout
(Salmo truttdf. fario) and rainbow trout@ncorhynchus mykissFish were aaesthetized with

MS-222 (tricaine mesylate). Cell lines were specified in materials and methods.
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2.2 Location and description of WWTPs, semfield bypass systems, and field sites
Locations of the two WWTPs, Eriskirch and Langwiese, and the bypass systems and field
sites at the Schussen and the Argen Rivers are shown in Figure 1.

Ravensburg

® WWTP Langwiese

Meckenbeuren

Bypass Gunzenhaus

Friedrichshafen Tettnang

Bypass Pflegelberg
®S3 )
Neukirch

Eriskirch

Lake Constance

B 2rgen Kressbronn

2km

Figure 1. Locatiors of Eriskirch and LangwieseWWTPs, bypass systemsand field sitesat the Schussen
and the Argen Rivers. S3: field site 3 at the Schussen River, S4.: field site 4 at the Argen River, S6: field site 6
at the Schussen River.

The Eriskirch WWTP serves 40,000 population equivalents (PEs). At this mediath
WWTP, a model nstallation was installed to test treatment with ozonation, granulated
activated carbon and sand filters. Effluent from the model installation is not released into the
Schussen River. Two aquaria for fish exposure were installed at the Eriskirch WWTP
(coodinates: N47°37'11.7", E9°31'55.5"). One aquarium was supplied with water from the
regular final effluent after sand filter/flocculation while a second aquarium was supplied with
water from the model installation employing advanced technologies.

The Langviese WWTP has 170,000 PEs and in September 2013 was upgraded to

include powdered activated carbon filtration. At the Langwiese WWTP (coordinates: N47°
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44' 53.22", E9° 34' 35.49"), fish were exposed in cages located in the Schussen River. One
cage was plaad 200 m upstream of the effluent of the Langwiese WWTP (coordinates:
N47°44'51.2", E9°34'16.6") and a second cage was placed next to the effluent (coordinates:
N47°44'45.3", E9°34'11.0") to ensure a mixture between effluent and river water and to
guarante sufficient oxygen supply.

At the Argen and Schussen Rivers, flthwough bypass systems were installed
(coordinates: N47° 39' 11.21", E9° 44' 30.80" for Argen bypass, N47° 40' 44.00", E9° 32'
24.77" for Schussen bypass). The Argen River served asramegeriver, since it was shown
to be less influenced by micropollutar{ieriebskorn and Hetzenauer, 201Zhe Schussen
bypass was installed 10 km downstream of the Langwiese WWTP. Water from these rivers
was pumped through five 250 L aquaria at a velocity of 0.4 L/s.

Samples ofvater and sediment were taken from three field sites. Site 3 (coordinates:
N47° 39' 16.09", E9° 31' 53.35") was located at the Schussen River near Oberbaumgarten, 15
km downstream of the Langwiese WWTP and 5 km downstream of the Schussen bypass. Site
6 (coordinates: N47°37'04.7, E9°31'50.7") was also located at the Schussen River near
Eriskirch close to the estuary and 40 m downstream of the Eriskirch WWTP. Site 4
(coordinates: N47° 44' 20.46", E9° 53' 42.78") was located at the Argen River (near Rehmen)
and 11 km upstream of the Argen bypass.

2.3 Fishes

For all exposures and controls, eyear old brown trout and rainbow trouglmo truttaf.
fario and Oncorhynchus mykisgjom the fish farm Lohmuhle, Alpirsbach, Germany, were
used. Fish were fed two times per week with pellet feed from the hatchery.

2.4 Experimental designs

All exposure experiments were conducted during winter 2012/2013 and 2013/2014. Durations

of the respective exposures are given (Table 1).
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Table 1. Durations of exposures. bt=brown trout, rt= rainbow trout

Type of exposure Year of exposure |Duration of exposure
Negative control 2012/2013 70 d (bt+rt)
2013/2014 0d (bt+rt)
Positive control 2012/2013 3d (bt) 5d (rt)
2013/2014 3d (bt+rt)
Exposure in aquaria at WWTP Eriskirch 2012/2013 43d (rt)
2013/2014 73d (rt)
Exposure in cages at WWTP Langwiese 2012/2013 63d (rt)
2013/2014 64d (rt)
Exposure in bypass systems 2012/2013 91d (bt+rt)
2013/2014 100d (bt+rt)

To determine efficiency of removal by the model installation at the Eriskirch WWTP, fish
were exposed in two aquaria operating in parallel: one received water of the regular effluent
of the WWTP while the second aquarium received the combined effluentffefent
treatments in the model system. During winter 2012/2013, effluent of the model system was
composed in equal parts water released from three different treatment strains operating in
parallel: (1) ozonation + sand filter + activated carbon and Z@pation + activated carbon.
During winter 2013/2014, effluent consisted of equal portions of water released from
treatment by (1) ozonation + sand filter, (2) ozonation + activated carbon, and (3) activated
carbon.

In order to evaluate efficiency of theew activated carbon filter at the Langwiese
WWTP, the following experimental approaches were chosen: (1) exposure in cages directly in
the Schussen River upstream and downstream of the effluent and (2) exposure in bypass
systems at the Schussen and thgefirRiver.

As a positive control for the EROD assay fish were exposed to 0.1 mg/L beta
naphthoflavone (BNF) dissolved in dimethyl sulfoxide (DMSO, final concentration in
exposures 0.1a) for 3 to 5 days at 7 AC in
100fold greater than used in this study did not induce a CYP1A activity in hepatocytes of
adult rainbow troutif vitro) DMSO control was droppedHegelund et al., 2004As negative
controls, fish were kept in climate chambers in the laboratory during winter 2012/2013 and
were directly dissected at the hatchery during winter 2013/2014.

Physicechemical parameters were measuredndusampling by use of measuring
probes (GHM, Regenstauf, Germany; WTW, Weilheim, Germany) or test kits (Merck,
Darmstadt, Germany; Macherdlagel, Diren, Germany): oxygen content and saturation,
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conductivity, pH, water and air temperature, carbonate nieasj total hardness, and
concentrations of ammonium, chloride, nitrate, nitrite, and eptimsphate (P£). Velocity
flow rate, conductivity, water temperature, and oxygen content were measured continuously

at bypass systems during exposure by data lsgger

2.5 Collection of samples

2.5.1 Samples for EROD assay

All fishes were anesthetized on site with tricaine mesylate-2RES SigmaAldrich, St.

Louis, USA), weighted, and measured. Liver samples were dissected and immediately frozen
in liquid nitrogen 6r CYP1A1 analysis. After dissection and extraction of liver, gonad, brain,
part of kidney and gill, residual fish were frozen in dry ice for chemical analysis.

2.5.2 Samples for chemical analysis and reporter gene assay
Samples of effluent, surface wateand sediment were taken for chemical analysis and
biotests for dioxidike toxicity.

At the Eriskirch WWTP, samples were taken after preliminary clarifier and secondary
clarifier (Supplementary 1). For regular effluent, samples after flocculation\ittee taken.

Water for model installation was derived to this system after secondary clarifier. Samples
taken here were after activated carbon, ozone, ozone + sand filter, ozone + activated carbon,
and ozone + sand filter + activated carbon.

Prior to upgade of the Langwiese WWTP (Supplementary 2), effluent samples of this
WWTP were taken after preliminary clarifier and flocculation filter (2 different samples), and
after upgrade samples were taken additionally after secondary clarifier and activated carb
(4 different samples).

Samples of water and sediment to be used for chemical analysis and biotests were
taken from sites 3, 4, and 6 (Figure 1) from May until OctgbBenneberg et al., 201Maier
et al., 201% Field sites were used as follows: (1) site 3 for results about the Langwiese
WWTP and the Schussen bypass, (2) site 6 for results about the Eriskirch WWTP (regular
effluent), and (3) sitd for results about the Argen bypass.

2.6 Chemical analysis
Identification and quantification of 168 micropollutants in surface water, effluents, sediment,
and fish were made by DVGW Water Technology Center (TZW), Karlsruhe by means of

several gashromatographic and liquid chromatographic methods, which were coupled to
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several types of mass spectrometers for detection of analytes. Detailed descriptions of the
methods have been given previousMa(er et al. (2015)Chemicals with importance for
interpretation of effeebased analyses are shown in Supplemeitary

2.7 Reporter gene assay for dioxitike potencies

Samples were prepared as described layr 0 g o v 8 e Wateadampleg etk Yatuum
filtered and extracted by solid phase ext@eextraction solvent methanol. Sediment
samples were homogenized, freelzeed, and Soxhleg¢xtracted using dichloromethane as a
solvent. Extracts of water and sediment were frozen until usage, when samples were
transferred into final solvent DMSO.

H4IIE-luc, rat hepatecarcinoma cells stably transfected with the luciferase gene under
control of the arylhydrocarbon receptor (AhR) were used for {€&srison et b, 1996
Hilscherova et al., 2002 Cel Il s were cultured in Dulbecc
DMEM (PAA, Pasching, Austria) with 10% fetal calf serum in incubator with 5% CO2 at 37
°C and afte that seeded into 9&ell plates (15 000 cells per well). Exposures to test samples
were conducted in three replicates for 24 h. Intensity of -ABfendent luminescence was
determined by Promega Steady Glo Kit (Promega, Mannheim, GermBiggin-like
potencies were determined by use of the exftéctive approach andhe results were
expressed as dioxlike equivalents (TEQbio) with respect to standa®]3,7,8
tetrachlorodibenzp-dioxin (TCDD). Concentrations of TEQbio were calculated from the
doseresponse curve model fitted to the Hill function, based on the comparison of EC25 of
standard TCDD to EC25 of sampl€¥illeneuve et al.,, 2000a All calculations were
performed in GraphPad Priss0.

2.8 EROD assay for dioxinlike effects

Determination of CYP1A1l activity was conducted as described in tmeiahaf CYP1A1l

EROD activity kit from IKZUS ENVIRONMENT (lkzus Environment, Alessandria, Italy)

and is an ethoxyresorufi@-deethylasaeaction (conversion of ethoxyresorufin to fluorescent
resorufin). Test was modified for determination inv@éll-plates. Assay was conducted by

use of postitochondrial S9 supernatant. For this, samples of liver were homogenized and
centrifuged for 20 min at 9,000 RCF and 4 °C. For positive control at least 5 fatl 5

diluted S9 was added. For negative control and test samples at least 20 ul of undiluted S9 was
applied. If kinetic did not follow linear regression amount of sample wasasede Protein

content was determined according Boadford (1976) Addition of a resorufin standard
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ensured comparability of samples. Results were expressed as pmol resorufin formed/min/mg

protein.

2.9 Statistical analysis

Statistical analysis was performday use of JMP 10.0 (SAS Systems, Cary, USA).
PearsorD"Agostino omnibus test or ShapiWilk test were used for testing on normal
distribution of data. Homogeneity of variance was tested by Lewtes.sFor parametric
data, ANOVA with subsequent pelsbc multiple comparisons Tukd{ramer HSD or ttest

was used. If homogeneity of variance was neérg in parametric data, Welch ANOVA was
used. Wilcoxon signed rank test followed by Holm’s sequential Bonferroni was conducted for
nonparametric data. If necessary data were root transformed. -Aple was finally

corrected for multiple testing as datts were used several times.

3 Results

Some data for dioxHlike potency related to the effluent of the Langwiese WWTP prior to
upgrade (winter 2012/2013) have previously been publisheldgr et al. (2015)Here,

these data will be compared to results obtained after upgrade of the WWTP (winter
2013/214).

3.1 Chemical analysis

Results of chemical analysis are summarized in Supplementary 4, 5 and 6.

3.1.1 Polychlorinated biphenyls (PCBs)
Generally, the sum of concentrations of indicator PCBs consist of congeners 28, 52, 101, 138,
153, and 180. In thki study, chemical analysis for PCB180 was not conducted but for
PCB118. Therefore, two sums of PCB are given: 1) sum of the five analyzed indicator PCBs
and 2) sum of indicator PCBs plus PCB 118. PCBs were not quantified in river water or
effluents and carentrations of PCBs in sediments were less than the LOQ of 5 pg/kg, dm.

In fish, PCBs were only found during winter 2012/2013 (Figure 2). Concentrations of
PCBs were greatest in samples of whole control fish (overall fish) with a sum of 2.9x10
pg/kg dm br indicator PCBs and 3.0x4g/kg, dm including PCB118.
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Figure 2. Concentrations of six PCBs in samples of whole rainbowtrout. Absent bars represent
conceltrations less than the LOQ of 5 pg/kg, dResults in pg/kg drymass (d and from two exposure
periods Control samples2012/2013: 2 poolper 7 fish, 2013/2014: 2 poolger 4 fish. a) Concentrations of
rainbow trout from aquariaat the Eriskirch WWTP; regularegular effluent; model=effluent of model
installation 2012/2013regular: 4poolsper3 to 4fish, model: 4poolsper?2 to3; 2013/2014: 2 poolper4 fish.
b) Concentrations of rainbow trout from cage exposure in the Schiiisen at the Langwiese WWTP;
up=upstream of the WWH; down=downstream of the WWTR012/2013: 4 poolper 5 fish, 2013/2014: 2
poolsper4 fish.

Most concentrations were less than the LOQ of 5 pug/kg, dm for whole rainbow trout from the
Eriskirch WWTP. Concentrations of sum of PCBs was 1.5xi@/kg, dm for fish from
regular effluent ach 1.1x10 pg/kg, dm for fish from effluent of the model installation for

advanced treatment.
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In whole rainbow trout exposed in cages upstream of the Langwiese WWTP the
concentration of sum of PCBs was 6.4x1@/kg, dm and 7.2x¥0ug/kg, dm including
PCB118, and in those exposed downstream 4.8xiflkg, dm (PCB118 was not detected
downstream).

The same controls as those mentioned in Figure 2 were used for rainbow trout from
bypass systems at the Argen and Schussen Rivers. Furthermore, concentratid®s werRC
detected only in rainbow trout from the Argen bypass during 2012/2013 with a concentration
of 25 ug/kg, dm for the sum of indicator PCBs. PCBs were not detected in brown trout except
in control fish in 2012/2013. The concentration of the sum wasi® ug/kg, dm for
indicator PCBs.

3.1.2 Polycyclic aromatic hydrocarbons (PAHS)
Water and effluent samples were not tested for PAHs and samples of trout were tested on
PAHSs but all concentrations were less than the LOQ (5 pg/kg, dm).

Concentrations in sediments (Figure 3) from the Schussen River at site 6 (40 m
downstream of the Eriskirch WWTP) and site 3 (15 km downstream of the Langwiese

WWTP) tended to have greater concentrations in 2014 compared to previous years.
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Figure 3. Concentrations ofelevenPAHSs in sediment.Absent bars represent concentratilass than th& OQ
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River 40 m downstream of the EriskircWWTP at sampling site 6. b) Concentraticaisthe Schussen Rivéb
km downstream of the LangwieS8WTP at sampling site 3¢) Concentrations at the Argen River at sitaly.
Sum of PAHs at Sites 6, 3 and 4.

Concentrations ofhe sum of PAHs were 6.6xAQug/kg, dm (2012 to 2013) and 9.9¥10
ug/kg, dm (2014) for site 6 and 6.2¥10g/kg, dm (2012) and 1.1x3Qug/kg, dm (2014) for

site 3. In sediments of site 4 at the Argen River, most concentrations of PAHs in 2012 were
less tha the LOQ of 5 ug/kg, dm which resulted in a concentration of sum of PAHs of
5.5x10¢ pg/kg, dm for 2012 to 2013. In 2014 sum was greater with 123x3/&g, dm.

3.1.3 Pharmaceuticals

Concentrations of all pharmaceuticals were less than the LOQ (diclofénag/kg, dm,
carbamazepine: 2.5 pg/kg, dm, sulfamethoxazole: 20 pg/kg, dm) in all sediments tested.
Concentrations of carbamazepine and sulfamethoxazole in trout were less than the LOQ
(carbamazepine: 2.5 pg/kg, dm, sulfamethoxazole: 20 pg/kg, dm)of@ielc was only
detected during winter 2012/2013 in rainbow trout from aquaria with regular effluent from the
Eriskirch WWTP (1.4x10to 2.4x13 pg/kg, dm) and in rainbow trout exposed in cages
downstream of the Langwiese WWTP (1.3kx16 2.9x10 pg/kg, dn). In all other cases,
concentrations of diclofenac were less than the LOQ of 5 pg/kg, dm.

In water samples from field site 6 downstream of the Eriskirch WWTP (7 samplings
from 2012 to 2014), concentrations of diclofenac ranged from 3'7tdl@.4x1G ngl,
carbamazepine ranged from 2.1%16 1.0x16 ng/L, and sulfamethoxazole from 1.4%10
6.9x103 ng/L. There were no differences among years. At site 3 downstream of the Langwiese
WWTP concentrations of diclofenac in surface water ranged from 6-@a103x1F ng/L,
prior to the upgrade (5 samplings from 2012 to 2013) and from 4.9aB9x10 ng/L after
the upgrade (2 samplings in 2014). Concentrations of carbamazepine ranged fronmht8.1x10
7.4x10 ng/L prior to the upgrade and 2.7X1@ 3.9x13 nglL after the upgrade.
Concentrations of sulfamethoxazole ranged from 2.45d.6.6x10 ng/L prior to the upgrade
and 1.4x18to 1.5x10 ng/L after the upgrade. At site 4 at the Argen River, concentrations in
water samples from 2012 to 2013 were 1.2x%®01.9x13 ng/L for diclofenac and 1.8x1@o
2.5x10 ng/L for sulfamethoxazole. Concentrations of carbamazepine were often less than
LOQ (5 ng/L) or between 1.2xi@nd 1.4x16ng/L. In 2014, all pharmaceuticals in samples
of water from site 4 were legisan the LOQ except in one sampling which contained 11x10

ng/L diclofenac.
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Samples of effluentl@ samplings from 2012 to 2014) from regular effluent of the
Eriskirch WWTP contained .8x1C to 23x1C ng/L diclofenac, 2x1¢ to 11x1CG ng/L
carbamazepie, and $x10 to 2.9x1¢ ng/L sulfamethoxazole. Concentrations of these
pharmaceuticals in the effluent of the model installation were generally less than the LOQ of
25 ng/L. If concentrations could be measured their range was fiaxad to 3.1x1F nglL
for diclofenac, ®x10' to 2.8x1¢ ng/L for carbamazepine, and7%10" to 21x1C ng/L for
sulfamethoxazoleEffluent samples of the Langwiese WWTP prior to upgrade (4 samplings
from 2012 to 2013) contained 7.3¥1® 1.2x1G ng/L diclofenac and after gpade (6
samplings in 2014) 7.5x1@0o 8.6x1G ng/L. Carbamazepine was measured in concentrations
from 3.9x16 to 6.3x1G ng/L prior to upgrade and after upgrade concentrations were less than
LOQ (25 ng/L) or ranged from 5.4x1@ 2.1x1G ng/L. Results for sulfamethoxazole were
1.8x1F to 4.1x1G ng/L prior to upgrade and after upgrade 6.9xtt02.5x13 ng/L or less
than LOQ (25 ng/L).

3.2 H4lIE-luc reporter gene assay

3.2.1 Water

In all water samples of site 6 downstream of Eniskirch WWTP dioxinlike potencies were
less than the LOQ of 0.05 ng TCDD equivalents/L (FEQDownstream of the Langwiese
WWTP at site 3 only in May 2012 (0.06 TE&) and July 2012 (0.18 TE£fQ were some
dioxin-like potencies detected. During alther samplings (October 2012, May 2013, July
2013, November 2013, May 2014, and July 2014) concentrations of dilkipotencies
were less than LOQ. At site 4 on the Argen River, all didikia potentials were less than
LOQ except in July 2012 when tkencentration was 0.085 Tk

3.2.2 Effluents
For the normal operating units of the Eriskirch WWTP, there was a decrease in concentration
of TEQuio between the preliminary and secondary clarifiers, but in half the samples an

increase between the seconddarifier and flocculation filter occured (Table 2).
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Table 2 Concentrations of TEQmic (ng/L) in effluent at various stages of treatment in the Eriskirch
WWTP and the Langwiese WWTP.Results in TEQbio [ng TCDD equivalents/L]. n.a.= not availahlete

that for results of flocculation filter of Langwiese WWTP after upgrade water was running through activated
carbon before.

Effluent of the Eriskirch WWTP

Step Type of effluent October 2012 May 2013 November 2013 May 2014
Preliminary clarifier - <0.5 0.52 0.6 <0.5
Secondary clarifier - 0.121 0.184 0.25 0.1
Flocculation filter regular effluent 0.235 0.181 0.15 0.13
Activated carbon model installation n.a. n.a. <0.05 <0.05
Ozone n.a. 0.052 n.a. 0.051
Ozone + sand filter <0.05 0.09 0.1 <0.05
Ozone + activated carbon <0.05 <0.05 <0.05 <0.05
Ozone + sand filter + activated carbon <0.05 <0.05 n.a. n.a.
Effluent of the Langwiese WWTP

Prior to upgrade After upgrade
Step May 2012 July 2012 July 2013 May 2014 July 2014
Preliminary clarifier <0.5 0.76 0.32 0.2 0.15
Secondary clarifier n.a. n.a. n.a. <0.05 0.08
Activated carbon n.a. n.a. n.a. <0.05 <0.05
Flocculation filter 0.42 0.47 0.062 <0.05 <0.05

Treatment of the effluent with activated carbon, ozone, and sand filter (model installation) led
to a greater reduction inoncentrations of TEE compared to that of the regular effluent,
often to concentrations less than the LOQ. Thus, while use of this combination of enhanced
treatment technologies resulted in a major reduction in concentrations afi,, TE@nly
ozonationwas used there was still a detectable concentration of 0.051 and 0.052 ng
TEQuio/L). Application of a combination of ozonation and sand filtration resulted in two cases
to concentrations of TE§) that were less than the LOQ, but in two cases measurable
concentrations of TE (0.09 and 0.1 ng/L) remained. When activated carbon was included
in the treatment process, concentrations of gi&i@ all effluent samples were less than the
LOQ.

Concentrations of TE£ in samples of effluent of the Langwiese W/ Tevealed
elimination of dioxinlike potencies by normal treatment even before the upgrade to newer
technologies (Table 2). After the upgrade with activated carbon concentrations ef TEQ
were less than LOQ (0.05 ng TCDD equivalents/L).

3.2.3 Sediments

Concentrations of TE£Q in sediments collected from site 6 were greater than those in
sediments from sites 3 or 4 (Figure 4) and concentrations of,d&@®ing 2014 were in most
cases less (site 6: 0.82 to 0.99 ng Ti&EQ dm site 3: 0.12 to 0.94 ng Tk, dm, site 4:

0.19 to 0.47 ng TEE/g, dm) compared to the respective concentrations in 2012 (site 6: 0.61
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to 3.15 ng TEQJ./g, dm, site 3: 0.58 to 1.15 ng Tk, dm, site 4: 0.3 to 1.7 ng Tk&g,

dmyor 2013 (site 6: 1.59 to 2.89 ng TE&Y, dn, site 3: 0.15 to 0.87 ng TkQJg, dm, site 4:

0.05 to 0.17 ng TEg/g, dm). In May, concentrations of TE@at sites 3 and 6 were
generally less than those in July. At site 4 this trend was reversed. In 2014, reduction of

concentrations of TE§ wasnot observed at site 3.
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OJuly 2013 @ May 2014 mJuly 2014
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Figure 4. Concentrations of TEQuio (ng/g, dm) in sediments.Results in ng TCDD equivalents/g dm (dry
mass) Site 6. at the Schussen Rivdd m downstream of the EriskirdWWTP; site 3: at the Schussen Rivs
km downstream athe Langwies@®VWTP; site 4: at the Argen River.

3.3 EROD assay

3.3.1 Eriskirch WWTP

During winter 2012/2013, EROD activity in liver of female rainbow trout was significantly
greater in fish from regular effluent compared to that of fish exposeffluent of the model
installation (p=0.0084) or to negative controls (p<0.0001), whereas during winter 2013/2014
differences were not so obvious (Figure 5). For male rainbow trout, similar trends were
observed with significantly greater EROD activity iaer of fish from the model effluent

compared to those from the negative control (p=0.0071).
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Figure 5. EROD activity (pmol/min/mg) in liver of rainbow trout. Negative control: water (tapater),

positive control: water containing 0.1 mg/L betea p ht hof | avone (BNF) dissol ved
(DMSO). a) Female rainbow trofrbom aquaria at the Eriskirch WWTRIean + SD Logarithmic scalePositive

control was exalded from statigtal analysis. 2012/2013: regular effl.: n=7, mod. effl.: n=8, neg. contr.: n=9,
pos. contr.: n=4; 2013/2014: regular effl.: n=5, mod. effl.; n=4, neg. contr.: n=6, pos. contr.: n=3. ANOVA: df=2,
F=14.09, p=0.0001. Poebbc TukeyKramer HSD: reg. effl./modeffl.: p=0.0084, reg. effl./neg. contr.:
p<0.0001.b) Male rainbow troufrom aquaria at the Eriskirch WWTRIean + SD.Logarithmic scalePositive

control was exealded from statistical analysis. 2012/2013: regular effl.: n=6, mod. effl.: n=3, neg.: coritr

pos. contr.: n=6; 2013/2014: regular effl.: n=6, mod. effl.: n=9, neg. contr.: n=13, pos. contr.: n=8. Welch
ANOVA: df=2,11.62, F=4.59, p=0.0339. Pdstic TukeyKramer HSD: reg. effl./neg. contr.: p=0.007]. c
Female rainbow troutaged at the Lawgese WWTPR Mean = SD.Logarithmic scalePositive control was
excluded from statistical analysis. Prior to upgrade: upstream: n=15, downstream: n=7, neg. contr.: n=9, pos.
contr.: n=4; after upgrade: upstream: n=9, downstream: n=12, neg. contr.: n=&mias.n=3. ANOVA: df=2,

F=8.47, p=0.0013. Pos$ioc TukeyKramer HSD: downstream/neg. contr.. p=0.008p.Male rainbow trout

caged at the Langwiese WWTMean + SD.Logarithmic scalePositive control was exatled from statistical
analysis. Prior to upgde: upstream: n=2, downstream: n=4, neg. contr.: n=1, pos. contr.: n=6; after upgrade:
upstream: n=11, downstream: n=9, neg. contr.: n=13, pos. contr.Wik®xon: upstream/neg. contr.: Z=3.19,

p=0.0014; downstream/neg. contr.: Z=3.50, p=0.0005.

3.32 Fish caged at Langwiese WWTP

Prior to the upgrade of the Langwiese WWTP, greater EROD activity was observed in livers
of female and male rainbow trout exposed downstream of the WWTP compared to both (1)
fish exposed upstream of the WWTP in the same year and (2) trout exposed downstream of
the WWP after the upgrade of the WWTP (Figure 5). Prior to upgrading, EROD activity was
significantly greater in livers of female trout exposed downstream compared to negative
control (p=0.0009). After upgrading the WWTP by installation of advanced technologies,
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significantly lesser EROD activity was observed in livers of male control fish compared to

those held in cages upstream (p=0.0014) and downstream (p=0.0005).

3.3.3 Langwiese WWTP: Bypass exposure
EROD activities in livers of rainbow trout from the Scbers bypass were slightly lesser after
the upgrade compared to that prior to upgrading the Langwiese WWTP. EROD activities in
fish exposed at the Argen bypass remained in the same range during both study years.
Similar trends in EROD activities weobserved for male and female trout exposed to
WWTP effluents as well as in female brown trout exposed at the Schussen bypass where a
more distinct reduction in EROD activity could be measured after upgrade of the WWTP
compared to rainbow trout from Schusskypass. At the Argen bypass EROD activities
remained also in the same range in both years. Female trout from negative control during
winter 2013/2014 exhibited EROD activities which were significantly (p=0.0077) greater
compared to those in livers of ttoexposed at the Argen bypass, from the Schussen bypass
(p=0.0011), and from negative control during winter 2012/2013 (p=0.003). Prior to upgrade,
activity was significantly greater in female brown trout from the Schussen bypass compared
to negative conti from the same year (p=0.0001). In male brown trout, greater EROD
activity could be measured during winter 2013/2014 (after upgrade of the WWTP) for both
bypass systems and controls with significant differences between winter 2012/2013 and
winter 2013/2Q4 in trout from the Argen bypass (p=0.0131) and from the negative control
(p=0.002).

4 Discussion

Additional treatment of wastewater like ozone or activated carbon are known to remove
substances like pharmaceuticals, pesticides, chelating agents, hsrrande hormonal
contraceptivegHollender et al., 20Q9Vargot et al., 201.3Snyder et al., 20Q7Ternes et al.,
2003. But are these advanced treatment stages able to reduce concentrations dikdioxin
acting substances, which are hydrophobic and generally more refractory substances
(Hilscherowa et al., 2000 This study assessed effectiveness of new treatment stages on
reduction of dioxindlike compounds and their effectsimvitro andin vivo.

Use of a quaternary level of treatment showed a reduction of EROD activity in trout
from the two WWTPs and from bypass systems. The regular effluent of the WWTP Eriskirch
and the effluent of the WWTP Langwiese prior to upgrade with activated carbon were already
equipped with a tertiary level of treatment, a flocculation filter. This tertiary ldvetatment
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substantially reduced dioxiike potencies as confirmed in the present study by results of
reporter gene assay. Exposure of japanese medaka to effluent of a WWTP with only a
secondary treatment stage led to increased EROD activity in podtontdrical fractions after
exposure to 5 to 20% effluent concentration and decreased after exposure to greater
concentrations of effluent, which indicated breakdown of enzymatic funcf{Maset al.,

20050. In studies with gudgeons living upnd downrstream of a WWTP in Switzerland,
greater EROD activities were found limer microsomal samples of fish living downstream
compared to upstream of the WWTP equipped with tertiary treatfiralher et al., 2008 But

EROD values in gudgeons downstream of the effluent were 6 times lesser compared to
control fish of this study. Reduction of EROD activity in rat hepatoma cells was given after
use of tertiary treatménn a pilot plant compared to results of secondary cleaning gtéae

et al.,, 2005a Studies about impact on dioxiilke substances and EROD activity after
exposure to wastewater treated with quaternary treatment, such as ozonation or activated
carbon are scarce. Thbave mentioned pilot plant was equipped with ozonation, but results
were not clear as they found decreased EROD activities as well as increased activities after
wastewater treatment with ozofida et al., 2005a

Differences in EROD activity in rainbow trout from exposat the Eriskirch WWTP
during winter 2012/2013 and 2013/2014 could be due to generally less sensitive rainbow trout
in winter 2013/2014 as exposure duration was longer but EROD activities were lesser.
However, this cannot be confirmed as positive contithi betanaphthoflavone was the same
in both years. But water quality of the model installation differed as one third of the water in
winter 2013/2014 was not treated with ozone whereas in winter 2012/2013 all of the water
was treated with ozone. Ozormti can lead to unknown bioactive transformation products
(Lajeunesse et al., 2013argot et al., 2018 which could eventually induce CYP1A
activities in exposed fish. Therefore, greater EROD activity in fish from the rafftiednt in
winter 2012/2013 could be due to treatment of the whole wastewater with ozone. But EROD
activity was also lesser in trout from exposure to the regular effluent so -dilexitoxicity
was maybe generally lesser in winter 2013/2014.

Reduction 8§EROD activity in rainbow from the Schussen bypass after upgrade of the
WWTP Langwiese was not that obvious compared to rainbow trout from the caging
experiments as EROD activity prior to upgrade was slight. Greater distance from the
Langwiese WWTP woultbe a possible explanation for weaker effects as there is a dilution of

dioxin-like substances in river water. As enzyme activity in fish from the Argen bypass
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remained the same prior to and after upgrade, it is likely that reductions in EROD activities at
the Schussen bypass are likely due to the upgrade with activated carbon.

Various responses between rainbow trout and brown trout from bypass systems could
be due to species specific differences. Different studies reported that brown trout proved to be
more sensitive compared to rainbow tr@Btckering et al., 198 chmidt et al., 199%nd in
other studies rainbow trout were more sensitidedrick et al., 1999Marr et al., D95 to
stressors like parasites or other pollutants. Gesplecific differences in EROD activity
between 2yearold female and male turbot during spawning season were fourdubyve
and Goksgyr (1997EROD actwity is also known to depend on size, age, and reproductive
status(Whyte et al., 2000but all fish used in this study were from the same laychnd of
the same age and sexual maturity. All trout were one year old and not sexually mature.
Therefore, influences of these parameters could be ruled out.

The postmitochondrial S9 fraction used in this study was demonstrated to be useful in
different studies but total EROD activity is expected to b&33.5fold less in S9 than in the
microsomal fraction(Munkittrick et al., 1993 O'Hare et al., 1995 EROD activity in
microsomal fraction of liver samples of rainbow trout from two different fish farms were
measured byY)uesaddsarcia et al. (2015Results ranged between 22 and 85 pmol/min/mg
protein in fish from a refence farm with clean water and between 131 and 387 pmol/min/mg
protein in fish from a farm receiving river water underlying low anthropogenic pressure.
Results (numerical values of activities) of EROD determined in negative controls in the
present studyra in the same range as results reporteQbgsadaGarcia et al. (2015pr fish
from the unpolluted fish farm. Similarly, EROD in liver of fish exposed in aquaria or cages at
the two WWTPs and at the bypass systems are also in the same range as in those from the
second fish farm which was slightly burder{@liesadaGarcia et al., 20)5

Among other chemicals PCBs induce EROD activity. In this study concentrations of
PCB congeners 28, 52, 101, 118, 138, and 153 were quantified. Normally, six indicator PCBs
(PCB 28, 52, 101, 138, 153, and 180) are used. These represent half of-theximslike
PCBs in the environmerfPiersanti et al., 20320nly 12 PCBs are eplanar, which are nen
ortho- or moneortho-substituted congeners which are diclike PCBs because they are able
to bind to the AhR and induce EROD activity. These include congeideBl7126, 169, 105,

114, 118, 123, 156, 157, 167, and X8%illo et al., 2013. In this study, concentration of
only one dioxinlike PCB, namelyPCB118 was quantified, but concentrations of-dmxin-

like indicator PCBs correlate well with concentrations of didka PCBs in fish and
sedimentgBabut et al., 2009 Piersanti et al. (2012) measured a sum of indicator PCBs of 4.1
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ng/g wet mass (wm) in wild brown trout from Marche & in Central Italy. Our data of
chemical analysis were expressed as pg/kg dry mass (dm) and concurrent values for wet mass
(wm) are expected to be three to four times lesser (Triebskorn et al., 2013). Therefore, sum of
PCBs obtained by Piersanti et #20(2) is in the same range as for trout from the WWTP
Eriskirch and the Argen bypass but much lower as for trouts from cages or control. It must be
noted, that our sum consists of only five indicator PCBs as PCB180 was not included in our
chemical analysisBut Piersanti et al. (2012) used adult wild brown trout which spent their
whole life in this river whereas trout from this study were exposed for only a short period.
Squadrone et al. (2015) determined concentrations of the six indicator PCBs in lmotyn tr
barbel, and eel from the River Roya, Northern Italy, and found mean values of 40 ng/g wm,
24.5 ng/g wm, and 131.5 ng/g wm respectively. These values are greater as those measured in
trout from the WWTP Eriskirch, from cage exposure at the WWTP Larsgwiand from

bypass systems. Control fish in this study were greater as values in brown trout and barbels
from the River Roya. Influence of PCBs on EROD activities is uncertain as concentrations of
PCBs did not correlate with result of EROD assay. Fuithesstigations are required.

PAHs might contribute to Adheceptormediated potencies. Comparison with other
studies is, as for PCBs, difficult due to different examinations. In this study, chemical
analyses tested for eleven PAHs. The concentration ob$iAHSs in sediments of site 6 can
be explained by PAHSs in the regular effluent from Eriskirch WWTP into the Schussen River.
EROD activity was also greater in fish held in aquaria with water from the regular effluent.
These two facts suggest that PAHgha regular effluent might have been responsible for the
observed EROD activity in livers of fish. But for site 3 at the Schussen River and site 4 at the
Argen River there was no correlation between concentrations of PAHs and EROD activity.
PAHs could be educed by additional treatment at the WWTP Langwiese and enter the
Schussen River near site 3 via other entry pathwinguillard et al. (2006)ested sediments
of the Detroit River for 16 PAHs where all of our eleven PAHs were dscluSum of PAHS
on the Canadian site was in the range of our results with values from 226 to 1202 ng/g dm
but, as mentioned above, sum of PAHs in the studyrotiillard et al. (2006¢ontained five
more PAHs as determined in thisudy. Sediments of the Bizerte Lagoon in Tunisia were
tested for 14 PAHs which included ten of our determined PAHs and sum ranged from 16.9 to
394.1 ng/g dn{Barhoumi et al., 2004 Results from the Argen River were in the same range.

Ozonation, which was used in the model effluent of the WWTP Eriskirch, could also
affect EROD activity in liver of rainbow trout. Omation can lead to formation of

unidentified transformation producf{tajeunesse et al., 201®largot et al., 2018 which
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were not quantified in the instrumental analyses, but could contribute to potencies to induce
EROD activity. In this study treatment with ozone was combined with either a sand filter,
activated carbon, or both. In the first year, all of the water whiclatjuaria received was
treated with ozone whereas in the second year onlsthimds were treated with ozone which
could explain greater EROD activities in rainbow trout from aquaria with model effluent
during winter 2012/2013. However, activity of CYP1Alrehg winter 2012/2013 was also
greater in rainbow trout exposed to regular effluent so influence of transformation byproducts
remain uncertain.

The lack of correlations between concentrations of targeted AhR ligands and EROD
activity might be due to theresence of unquantified AhR ligands. Some pharmaceuticals can
also have an influence on EROD activity. Reduction in concentrations of pharmaceuticals by
ozone and activated carbon observed in this study was consistent with previous results
observed in artber study(Reungoat et al., 20).1Decreased EROD activities were found in
primary rainbow trout hepatocytes after 24 h of exposure to diclofenac, carbamazepine, and
sulfamethoxazoléLaville et al., 2004 Concentrations of diclofenac in regulariedint of the
Eriskirch WWTP in 2012/2013 were in the same range as those observed prefliavily
et al., 2004 Concentrations of carbamazepine and sulfamethoxazole were 2 to 5 times lesser
in regular effluent othe Eriskirch WWTP compared to concentrationtafille et al. (2004)
but our traut were exposed for a much longer period. Whembathold, male goldfish
(Carassius auratyswere exposed to 80 ug sulfamethoxazole/L, EROD activity was greater
after 1, 2, or 7 d but less after 4 d. Greater concentrations of sulfamethoxazole aled nesult
decreased EROD activiti€ki et al., 2013. The concentration of sulfamethoxazole used by
Li et al. (2012)were 275 times greater than the greatest concentrations observed in regular
effluent of the Eriskirch WWTHh 2012/2013. But since in the study the results of which are
reported here rainbow and brown trout were exposed for longer periods than those in previous
studies it cannot be excluded that pharmaceuticals might have influenced EROD activity in
rainbow amwl brown trout exposed to water without additional wastewater treatment.

Estrogens have also been reported to affect EROD activity in liver of fishes. Lesser
EROD activities were found in threspined sticklebackGasterosteus aculeafusxposed to
5 50 or2 0 0 n g-éthinylestiadiol (ER for 21 d with significant reduced induction
compared to control at greatest concentrafamdersson et al., 200.7Concentrations of EE
were less than the LOQ in samples of water, effluent, sediment, and fish, biimeng

exposure as well as other estrodigr actingcompounds cannot be neglected.
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Other substances observed in wastewater effluents, including thiabendazole, carbaryl,
nicotine, or caffeine have been reported to induce-dbpendent gene expressi@x et al.,
1994 Goasduff et al., 1996ba et al., 1998Ledirac et al., 1997 Even metals, including iron
or cadmium have been found to have an influence on EROD adiivd@grge and Young,
1986 Goksgyr et al., 1994RodriguezAriza et al., 1994 In addition, expression of CYP1Al
can also upregulated due to crtalk with other sgnaling pathways under control of the AhR
(Delescluse et al., 2000 For these reasons the use of the repgeee, transactivation assay
was more appropriate to give an overall estimate of the total poterlog afixture of AhR
ligands, identified and unidentified as well as any antagonistic or synergistic interactions
among the individual ligand&ichbaum et al., 2014 arsson et al., 2014.ee et al., 20183

The used reporter gene assay has no known inhibitors, induction of luciferase activity
can oty occur through the AhR, is faster and less susceptible to interfer@Belsisch et
al., 200). Absent reduction of dioxHike potentials in sediments of site 3 after wgugr of
the WWTP Langwiese could be due to the distance of site 3 to the WWTP so that other
factors can have an influence on dickke potentials in sediments or degradation runs
slowly as dioxinlike acting substances are hydrophobic compounds whichtdeaxctumulate
in sedimentgHilscherova et al., 2000AhR-potentials determined in sediments in this study
are less than those reported for other studies. In the Rhine arse FRezers, 0.01 to 11.3 ng
TEQuio/g, dm were measuregHoutman et al.2004 and in Czech rivers concentrations as
great as 15 ng TEfJg, dm have been reporte(Hilscherova et al., 2030 Lesser
concentrations of TCDEquivalents have been recently reported in studies from Asia. For
exampé sediments from Yangtze river estuary contained from 0.05 to 0.3 ngoE@m
(Liu et al., 2014 (derived with fish RTEW1 cell line) or oitcontaminated sediments at
Pohang Area, South Korea, taimed TCDDequivalents (derived with H4llkic cells)
ranged from negligible to 0.8 ng Tk&dg, dm(Hong et al., 2014 Although accumulating in
sediments, concentrations of TR vere also detected in water samples in this study as well
as in other studies.

Concentrations of TE£Q in Czech rivers were found to be from 0.03 t@0ng
TEQuiod/L (determined with EROD assay using H4IIE ce(ld)lscherova et al., 20QGvhich
is in the range of results observed in this study. In the Yangtze and Jialeg RivChina
concentrations ranging from 0.9 to 13.3X18y TEQis/L were recently reporte(Cui et al.,
2009. AhR potencies in regular effluents without treatment at both WWTPs were less than
those from three WWTPs in France where concentrations ranged from 37 tg TE&¥v/L

(Dagnino et al., 2000 After additional treatments, concentrations of TE® effluents were
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less than the LOQ. Activated carbon was the most effective treatment for removal gf TEQ
as TEQi, were still measurable after treatment with ozone. Thghtmndicate that dioxin
like substances were not eliminated completely by ozone or ozonation led to formation of
transformation products that might be AhR agon(Sts et al.2014). Results of reporter gene
assays for effluents of the two WWTPs corresponded with results of the EROD measured in
liver of fish exposed in aquaria at the Eriskirch WWTP and in cages at the Langwiese
WWTP. This result indicates lesser concentratioof TEQi, after additional advanced
treatment of wastewater. Comparable lesser concentrations oficTl&Ye recently been
observed during a paBuropean studylLoos et al., 201Rwhere 21 of 25 WWTP effluents
tested exceeded traetection limit (0.10 ng/l). However, maximum detected TiEQere
less than 0.44 ng/l with a median of 0.15 ng/l T&EQ

In the present study quantification of individual chemicals by instrumental analysis did
not explain effects determined with biologl systems including e.g. reporter gene assays (
vitro dioxin-like effect potentials in samples of water, effluent, and sediment) or EROD assay
(dioxin-like effects in fishin vivo). It is not known whether this is due to the presence of
unidentified AlR-active substances or possibly interactions among compounds. But the latter
is less likely because it is generally found that organic chemicals that are not AhR ligands
generally reduce the activity or apparent concentration of AhR lig&adglerson and Giesy,
1998 Sanderson et al., 1994t is more likely that there are unidentified AhR compounds
presentHilscherova et al., 200Khim et al., 2001aKhim et al., 2001} These conclusions
support current efforts towards broader use of effased assays in complex monitoring or

environmental technologgriented studiegEscher etal.,, 2014 ar ogov § )et al ., 2

5 Conclusions

Both thein vivo assay of EROD activity in liver and the vitro reporter gene assay revealed
reductions in dioxidike potencies due to additional advanced treatment. Both assays
correlated well with each other. Neith&r vitro nor in vivo results were correlated with
concentrations of Ahfigands quantified by use of instrumental analyses, which was likely
due to the presence of unidentified AhR ligands. However, influences by pharmaceuticals
could not be discounted and require further research. The hypothesestedshitally
concentrations of dioxHike potencies would be less in: 1) the model system at the Eriskirch
WWTP compared to the effluent of unenhanced treatment at this WWTP; 2) water upstream
of the Langwiese WWTP compared to that in water downstre&n tprthe upgrade of this
WWTP; 3) water downstream of the Langwiese WWTP after upgrading compared to samples
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from downstream prior to upgrade of this WWTP; 4) the reference river Argen compared to
those from the Schussen River downstream the WWTP Lasgwvggor to upgrade of the
Langwiese WWTP and, finally, 5) water from the Schussen River downstream of the
Langwiese WWTP after upgrade of this WWTP compared to water from the Schussen River
prior to this upgrade. In summary, it can be stated that treatsherastewater with additional
treatment processes like ozonation and activated carbon leads to decreasedikdioxin
potencies in effluents and thus to a decreased release in connected receiving waters which

leads to decreased dioxike effects in fish

Acknowledgment

The project SchussenAkplusi s connected to the BMBF actic
management ( NaWwaM) o and Il ntegrated I n t he
sustainable devel opment FONAO wi tThheMiaistrg ont r a
for Environment, Nature Conservation and Transport Balé@rttemberg( UV M) , and ¢t
foundANabnre and Environment i BadWirtdmbergRe gi 0|
(LBBW) funded the pr d¢ Eeddral MirdstryufersEdutatidandi v a n c
Research (BMBF) within the funding measure |
and Pat hogens i n the Water Cycleo fdluRi SKWa)
Cofoundation was given by the Ministry of Environment BaWdirttemberg with the

funding number 02WRS1281A. Further financial contributors of the project were Jedele &
Partner GmbH, Okonsult GbR, the city of Ravensburg, the AZV Mariatal, the AV Unteres
Schussental, the University Association Tubingen, the Christoph Sonntag foundation and the
Ministry of Education of the Czech Republic projects LO1214 and LM2011028. The Canada
Research Chair program, a Visiting Distinguished Professorship in the Department of Biology

and Chemistry and State Key Laboratory in Marine Pollution, City Universigoofy Kong,

the 2012 "High Level Foreign Experts" (#GDW20123200120) program, funded by the State
Administration of Foreign Experts Affairs, the P.R. ChinaNanjing University and the

Einstein Professor Program of the Chinese Academy of Sciences supported John P. Giesy.

Aut hors acknowledge Brigitte Engesser and co

Langenarg-én) ,Vo#lahs Lot har He ichsaell (W R h niglbl
(Bi ol ogiebg¢ro Weyhmegl | er ), Andr eas Dieteric
Stefani e Krais, Carla Lorenz, Kat harina Pes
Schei |, Si mon Schwar z, Paul HhiggeldgicamBcalogy, Kr i s

242



Kapitel 5

University of Tebi-magreknegr, s afnar attHeiort hsu p pcoor t

| aboratory.

References

Aix, L., et al., 1994. Thiabendazole Is an Inducer of Cytochrome P4501A1 in Cultured Rabbit
HepatocytesBiochem. Biophys. Res. Commu202 14831489.

Andersson, C., et al., 2007. Effects ofUigthynylestradiol on EROD activity, spiggin and
vitellogenin in threespined stickleback (Gasterosteus aculeatglat. Toxicol 83
33-42.

Andersson, T., Forlin, 1. 1992. Regulation of the cytochrome P450 enzyme system in fish.
Aquat. Toxicol 24, 1-19.

Arukwe, A., Goksgyr, A., 1997. Changes in three hepatic cytochrome P450 subfamilies
during a reproductive cycle in turbot (Scophthalmus maximusJLExp. Zool. 277,
313325.

Babut, M., et al., 2009. Correlations between didika and indicators PCBs: Potential
consequences for environmental studies involving fish or sedifgemtron Pollut
157, 3451-3456.

Barhoumi, B., et al., 2014. Polycyclic aromatic hygidons (PAHS) in surface sediments
from the Bizerte Lagoon, Tunisia: levels, sources, and toxicological significance.
Environ. Monit. Assessl86 26532669.

Behnisch, P. A., et al., 2001. Bioanalytical screening methods for dioxins and-kkexin
compounds- a review of bioassay/biomarker technoloBwyviron.Int. 27, 413-439.

Blankenship, A. L., et al., 2000. Relative Potencies of Individual Polychlorinated
Naphthalenes and Halowax Mixtures To Induce Ah Recdytmtiated Responses.
Environ. Sci. Technol34, 31533158.

Bradford, M. M., 1976. A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protadye binding.Anal. Biochem 72,
248254,

Cirillo, T., et al., 2013. Occurrence of NERCBs, DL-PCBs, PCDD/Fs, lead and cadmium in
feed and in rainbow trout (Oncorhynchus mykiss) farmed in Iteyod Addit
ContamA. 31, 276-287.

Coors, A., et al.,, 2004. Assessing the elimination of estrogenic activity in advanced
wastewater treatment with a reporgenebased bioassay. W ater Sci. Technob0
181-188.

243



Kapitel 5

Cui, Z., et al., 2009. Biomonitoring of detoxifying activity as measured by CYP1A1 induction
in Yangtze and Jialing Rivers in Chongqing City in Chthaloxicol. Environ. Health
A. 72 782788.

Dagnino, S., et al., 2010. Estrogenic and AhR activities in dissolved phase and suspended
solids from wastewater treatment plargsi. Total Environ408 26082615.

Delescluse, C., et al., 2000. Is CYP1A1 induction always related to AHR signaling pathway?
Toxicology. 15373-82.

Denison, M. S., Nagy, S. R., 2003. Activation of the aryl hydrocarbon receptor by structurally
diverse exogenous and endogenous chemigailsu. Rev. Pharmacal Toxicol. 43
309-334.

Drouillard, K. G., et al., 2006. A Rivavide Survey of Polychlorinated Biphenyls (PCBs),
Polycylic Aromatic Hydrocarbons (PAHs), and Selected Organochlorine Pesticide
Residues in Sediments of the Detroit R&er999.J. Great Lakes Re82 209-226.

Eichbaim, K., et al., 2014. In vitro bioassays for detecting didikia activity d Application
potentials and limits of detection, a revieSci. Total Environ487, 37-48.

Escher, B. I, et al., 2014. Benchmarking Organic Micropollutants in Wastewater, Riecycle
Water and Drinking Water with In Vitro Bioassaysviron. Sci.Technol 48 1940
1956.

Faller, P., et al., 2003. Stress status of gudgeon (Gobio gobio) from rivers in Switzerland with
and without input of sewage treatment plant effluémtviron. Toxicd. Chem 22
20632072.

Forrest, J., et al., 2014. A comprehensive model for chemical bioavailability and toxicity of
organic chemicals based on first principleont. Mar. Scil.

Furuichi, T., et al., 2006. Occurrence of Estrogenic Compounds in andvakby a Swine
Farm Waste Treatment PlaBnviron. Sci.Technol 40, 7896 7902.

Garrison, P. M., et al., 1996. Speetsecific Recombinant Cell Lines as Bioassay Systems
for the Detection of 2,3,7;8etrachlorodibenzg-dioxin-like ChemicalsToxicol. .

30, 194-203.

George, S. G., Young, P., 1986. The time course of effects of cadmium -and 3
methylcholanthrene on activities of enzymes of xenobiotic metabolism and
metallothionein levels in the plaice, Pleuronectes plat€ssap Biochem Physiol C
Conmp. Pharmacal83 37-44.

Giesy, J. P., et al., 1994. Deformities in birds of the great lakes ré&gi@iron. Sci. Technol
28, 128A-135A.

244



Kapitel 5

Goasduff, T., et al.,, 1996. Induction of liver and kidney CYP1A1/1A2 by caffeine in rat.
Biochem Pharmacal52 19151919.

Goksgayr, A., et al., 1994. Effects of Dietary Iron Concentrations on the Cytochrome P450
System of Atlantic Salmon (Salmo salahan J. Fish Aquat Sci. 51, 315-320.

Gulkowska, A., et al., 2008. Removal of antibiotics from wastewater by setvegtment
facilities in Hong Kong and Shenzhen, Chivéater Res42, 395403.

Hedrick, R. P., et al., 1999. Comparative susceptibility of rainbow trout Oncorhynchus mykiss
and brown trout Salmo trutta to Myxobolus cerebralis, the cause of salmoniahgvhirl
diseaseDis. Aquat Organ 37, 173183.

Hegelund, T., et al., 2004. Effects of the antifungal imidazole ketoconazole on CYP1A and
CYP3A in rainbow trout and killifishEnviron. Toxicol. Chem23 13261334.

Henneberg, A., et al., 2014. Are In Vitro Meds for the Detection of Endocrine Potentials in
the Aquatic Environment Predictive for In Vivo Effects? Outcomes of the Projects
SchussenAktiv and SchussenAktivplus in the Lake Constance Area, Germany. PLoS
ONE. 9 e98307.

Hilscherova, K., et al., 201(Beasonally and regionally determined indication potential of
bioassays in contaminated river sediments. Enviforicol. Chem. 29522-34.

Hilscherovd, K., et al., 2010. Seasonally and regionally determined indication potential of
bioassays in contamireat river sediments. Enviromoxicol. Chem. 29522-534.

Hilscherova, K., et al., 2002. Characterization of Estrogenic Activity of Riverine Sediments
from the Czech Republiérch. Environ. Contam. Toxico43 175185.

Hilscherova, K., et al.,, 2001. Chatarization of dioxidlike activity of sediments from a
Czech River Basin. Enviroifoxicol. Chem. 2027682777.

Hilscherova, K., et al., 2000. Cell bioassays for detection of aryl hydrocarbon (AhR) and
estrogen receptor (ER) in mediated activity in emwnental sample€nviron. Sci.
Pollut. Res7, 159-171.

Hollender, J., et al., 2009. Elimination of organic micropollutants in a municipal wastewater
treatment plant upgraded with a fsltale posbzonation followed by sand filtration.
Environ Sci. Technol. 4378627869.

Hong, S., et al., 2014. Instrumental and bioanalytical measures of -tliaxicompounds and
activities in sediments of the Pohang Area, KoBa. Total Environ47Q 471, 1517
1525.

Houtman, C. J., et al., 2004. Toxicological fiinag of sediments using in vitro bioassays,

with emphasis on endocrine disrupti@mviron. Toxicol. Chem23, 32-40.

245



Kapitel 5

Iba, M. M., et al., 1998. Induction of pulmonary CYP1A1 by nicotine. XenobioticaBZB
843.

Jalova, V., et al.,, 2013. Estrogerandogerr and aryl hydrocarbon receptor mediated
activities in passive and composite samples from municipal waste and surface waters.
Environ. Int 59 372-383.

Janogek, J. ., et al ., 2006. E n v iodrirdenactiens,t a | X
effects ad in vitro assessmernifoxicol. In Vitro. 20, 18-37.

Jarogovsg, B., et al., 2014a. What | evel of
municipal waste waters can be considered as gafe®Pon. Int 64, 98-109.

Jarogovs§g, B . ropeevide sarvey qf esoQehiditp in waktewater treatment plant
effluents: the need for the effdoised monitoringenviron. Sci. Pollut. Redl-13.

Khim, J. S., et al., 2001a. Trace Organic Contaminants in Sediment and Water from Ulsan
Bay and Its Viciniy, Korea.Arch. Environ. Contam. Toxicol0, 141-150.

Khim, J. S., et al., 2001b. In Vitro Bioassay Determination of Dibxke and Estrogenic
Activity in Sediment and Water from Ulsan Bay and Its Vicinity, Kor@ach.
Environ. Contam. Toxicol0, 151-160.

Lajeunesse, A., et al., 2013. Ozone oxidation of antidepressants in wasteWegatment
evaluation and characterization of negpducts by LEQToFMS. ChemCent J. 7,

1-11.

Larsson, M., et al., 2014. ARRediated activities of polycyclic aronatcompound (PAC)
mixtures are predictable by the concept of concentration addgionron. Int 73 94-

103.

Laville, N., et al., 2004. Effects of human pharmaceuticals on cytotoxicity, EROD activity
and ROS production in fish hepatocytes. Toxicolog, 49-55.

Ledirac, N., et al., 1997. Carbaryl InducesCYP1A1Gene Expression in HepG2 and HaCaT
Cells but Is Not a Ligand of the Human Hepatic Ah Recepiaxicol. Appl.
Pharmacall144 177-182.

Lee, K., et al., 2013. Revised relative potency values for PCDDs, PCDFs, amitmsn
substituted PCBs for the optimized HAlEC in vitro bioassayEnviron. Sci. Pollut.

Res 20, 8590-8599.

Lee, S., et al., 2015. Measured and predicted affinitidsimafing and relative potencies to

activate the AhR of PAHs and their alkylated analogues. Chemosphey@312®

246



Kapitel 5

Li, Z., et al.,, 2012. Single and combined effects of selected pharmaceuticals at sublethal
concentrations on multiple biomarkers in Carassiusatus. Ecotoxicology. 2B53
361.

Liu, L., et al., 2014. Evaluation of the Ecotoxicity of Sediments from Yangtze River Estuary
and Contribution of Priority PAHs to Ah Recepidediated Activities. PLoS ONE., 9
e104748.

Loos, R, et al., 2012. EU wideamitoring survey on waste water treatment plant effluents.
European Commission, Joint Research Centre, Institute for Environment and
Sustainability.

Ma, M., et al., 2005a. Assessing the Detoxication Efficiencies of Wastewater Treatment
Processes Using a Bary of Bioassays/BiomarkerArch. Environ. Contam. Toxicol
49, 480-487.

Ma, T., et al., 2005b. Biomarker responses and reproductive toxicity of the effluent from a
Chinese large sewage treatment plant in Japanese medaka (Oryzias latipes).
Chemospherex9, 281-288.

Maier, D., et al., 2015. Biological plausibility as a tool to associate analytical data for
micropollutants and effect potentials in wastewater, surface water, and sediments with
effects in fishesWater Res72 127-144.

Margot, J., et al., @L3. Treatment of micropollutants in municipal wastewater: ozone or
powdered activated carbon? Sbotal Environ. 461462, 480-98.

Marr, J. C. A, et al., 1995. Differences in relative sensitivity of naive and nastalisnated
brown and rainbow trout exged to metals representative of the Clark Fork River,
Montana.Can J. Fish Aquat Sci. 52 20162030.

Masunaga, S., et al., 2001. Identifying Sources and Mass Balance of Dioxin Pollution in Lake
Shinji Basin, JaparkEnviron. Sci. Technol35 19671973.

Moon, H:B., et al., 2008. Wastewater treatment plants (WWTPs) as a source of sediment
contamination by toxic organic pollutants and fecal sterols in a-eeahdsed bay in
Korea. Chemosphere. ,/830-889.

Munkittrick, K. R., et al., 1993. Interlaboratorgomparison and optimization of hepatic
microsomal ethoxyresorufin -@eethylase activity in white sucker (Catostomus
commersoni) exposed to bleached kraft pulp mill efflu&mviron. Toxicol. Chem
12,12731282.

Murray, I. A., et al., 2014. Aryl hydrocaoh receptor ligands in cancer: friend and foe.. Nat
Rev. Cancer. 14801-814.

247



Kapitel 5

O'Hare, D. B., et al., 1995. EROD measurement using post mitochondrial supernatant (PMS)
in roach (Rutilus rutilus L.), a possible biomonitor for PAH contamination in the
freshwater environment. Chemosphere.28Y-264.

Pickering, A. D., et al., 1989. Differences in the sensitivity of brown trout, Salmo trutta L.,
and rainbow trout, Salmo gairdneri Richardson, to physiological doses of cattisol.
Fish Biol 34, 757-768.

Piersanti, A., et al., 2012. PCB concentrations in freshwater wild brown trouts (Salmo trutta
trutta L) from Marche rivers, Central Italigcotoxicol. Environ. Saf84, 355-359.

Quesadd&sarcia, A., et al., 2015. Detection of Effects Caused by Very Low léeve
Contaminants in Riverine Sediments Through a Combination of Chemical Analysis,
In Vitro Bioassays, and Farmed Fish as Sentiedh. Environ. Cotam. Toxicol 68
663677.

Reungoat, J., et al., 2011. Biofiltration of wastewater treatment planemrfliEffective
removal of pharmaceuticals and personal care products and reduction of toxicity.
Water Res45 2751-2762.

RodriguezAriza, A., et al., 1994. Promutagen activation by fish liver as a biomarker of
littoral pollution. Environ Mol. Mutagen 24, 116-123.

Sakurai, T., et al.,, 1998. Origin attribution of polychlorinated dibenztiopins and
dibenzofurans in sediment and soil from a Japanese freshwater lake area through
congenesspecific data analysis. Chemosphere. 22112224,

Sanderson, J., €y, J., Wildlife toxicology, functional response assays. John Wiley & Sons:
New York, 1998, pp. 5273297.

Sanderson, J. T., et al,, 1996. Comparison of Ah Recéfgdrated Luciferase and
EthoxyresorufirO-deethylase Induction in H4lIE Cells: Implicat®for Their Use as
Bioanalytical Tools for the Detection of Polyhalogenated Aromatic Hydrocarbons.
Toxicol. Appl. Pharmacal 137, 316-325.

Schmidt, H., et al., 1999. Active biomonitoring with brown trout and rainbow trout in diluted
sewage plant effluents. Fish Biol 54, 585-596.

Schulz, D., 1993. PCDD/PCDF German policy and measures to protect man and the
environment. Chemosphere., 5D1-507.

Snyder, S. A., et al., 2007. Role of membranes and activated carbon in the removal of
endocrine disruptors drpharmaceuticals. Desalination. 2036-181.

248



Kapitel 5

Stegeman, J. J., Lech, J. J., 1991. Cytochro®&Pmonooxygenase systems in aquatic
species: carcinogen metabolism and biomarkers for carcinogen and pollutant
exposureEnviron Health Perspec80, 101-109.

Su, G., et al., 2014. Photolytic Degradation Products of Two Highly Brominated Flame
Retardants Cause Cytotoxicity and mRNA Expression Alterations in Chicken
Embryonic Hepatocyte&nviron. Sci. Techno8 1203912046.

Ternes, T. A., et al., 200®zonation: a tool for removal of pharmaceuticals, contrast media
and musk fragrances from wastewatéf&er Res37, 19761982.

Triebskorn, R., Hetzenauer, H., 2012. Micropollutants in three tributaries of Lake Constance,
Argen, Schussen and Seefelder Aachterature reviewkEnv. Sci. Eur24, 1-24.

Villeneuve, D. L., et al., 2000a. Derivation and application of relative potency estimates based
on in vitro bioassay result&nviron. Toxicol. Chem19, 28352843.

Villeneuve, D. L., et al., 2000b. Relativ®otencies of Individual Polychlorinated
Naphthalenes to Induce Dioxlnke Responses in Fish and Mammalian In Vitro
BioassaysArch. Environ. Contam. ToxicoB9, 273281.

WHO, 2010. Exposure to dioxins and diofike substances: A major public healtmcern.
Available: http://www.who.int/ipcs/features/dioxins.pdf. Accessed 20 March 2015.

Whyte, J. J., et al., 2000. EthoxyresoruBrdeethylase (EROD) Activity in Fish as a
Biomarker of Chemical Exposur€rit. Rev. Toxicol. 30, 347-570.

Supplementary

influent

arit chamber DZOhE
preliminary clanfier - sa:dﬂlter
hinlogical treatment Euzgvated carhon
sec%’ndmy clanfier “i’ "-L’ "i"
flocoulation filter aguariim 2

—5| ayuarium I

Schussen River

Supplementary 1. Regular treatment and model installation of theEriskirch WWTP.
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Supplementary 2. Treatment at the Langwiese WWTP prior to and after upgrade with activated carbon.

Supplementary 3 Substances for interpretation of EROD activity.

Substance group

Analytical method

Substances tested for

Polychlorinated biphenyls (PCBs)

GC-MS/MS

PCB 28, PCB 52, PCB 101, PCB 118, PCB 138, PCB 153

Polycyclic aromatic hydrocarbons (PAHs) |GC-MS/MS

anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
indeno(123cd)pyrene, dibenz(ah)anthracene, benzo(ghi)perylene

Pharmaceuticals

LC-MS/MS

diclofenac, carbamazepine, sulfamethoxazole

Supplementary 4. Chemical analysis of PCBs.

Substances Regular effluent o] Effiuent of the | Rainbow trout inbow trout of Rainbow trout trout pasfArgen bypass _|Control fish Field site 3 Field ste 4 Field ste 6
WWTP Eriskirch [model installation afjaquarium with  |aquarum with  [WWTP Langwiesqcage upstream of |cage trout |t=rainbow trout trout watel
WWTP Eriskirch ~ |regular effiuent [effiuent of the WwTP L TP L trout |bt=brown trout |bt=brown trout
(WWTP Eriskirch) |model instalation
(WWTP Eriskirch)
[Polychiorinated biphenyls |ng/L ng/L Lg/kg dm 1ig/kg dm ng/L Lg/kg dm Lg/kg dm Lg/kg dm 1g/kg dm Lg/kg dm swng/L swng/L swng/L
(PCBs) sepghkgdm  |sepghkgdm  |seqglkg dm
PCB28 na. na. na. na. sw na. sw na. sw
2012-2013 <LoQ <LOQ <LoQ <LoQ <LoQ <LOQ 45+ 14111 22bt [<LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ <LoQ <LOQ se <LOQ se <LOQ se
PCB52 na. na. na. na. sw na. sw na sw
2012-2013 <LoQ <LOQ 725545 <LoQ <LoQ <LOQ 165 + 7.07 rt; 170 bi|<LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LOQ <Log <LoQ <LoQ <LOQ <Log <LOQ se <LOQ se <LOQ se
PCB101 na. na. na. na. sw na. sw na sw
2012-2013 6.75¢ 3.5 <LoQ 21.75+16.17 14.25+0.5 <LoQ 111t 45+ 4241 28 bt [<LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LoQ <Log <Log <LoQ <Log <Log <LOQ se <LOQ se <LOQ se
PCB118 na. na. na. na sw na sw na sw
20122013 <LoQ <LoQ 12514 <LoQ <LoQ <LOQ 10550711t <LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LOQ <Log <LoQ <LoQ <LOQ <Log <LOQ se <LOQ se <LOQ se
PCB138 na. na na na sw na sw na sw
2012-2013 12,5 +1.00 11.5+0.58 241273 17.25+1.26 <LOQ <LOQ 20 +2.83 1t <LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LoQ <LoQ <Log <LOQ <LOQ <Log <LOQ se <LOQ se <LOQ se
PCBI153 na na na na sw na sw na sw
2012-2013 <LOQ <LOQ 15.75 + 13.82 11.25 +0.96 <LOQ 141t 12+ 1411 <LOQ se <LOQ se <LOQ se
2013-2014 <LoQ <LOQ <Log <Log <LOQ <LoQ <LoQ <LOQ se <LOQ se <LOQ se
Sum of indicator PCBs |n.a. na. na na sw na. sw na. sw
2012-2013 155 115 63.75 42.75 <LOQ 251t 287 1t; 220 bt <LOQ se <LOQ se <LOQ se
2013-2014 <Log <LOQ <Log <Log <LO0Q <LoQ <Log <LOQ se <LOQ se <LOQ se
Sum induding PCB118 |n.a. na. na. na. na. na. na. na. na. sw na. sw na. sw
20122013 72 207.5 1t <LOQ se <LOQ se <LOQ se
2013-2014 na. na <LOQ se <LOQ se <LOQ se
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Supplementary 5. Chemical analysis of PAHSs.

Substances Regular effluent ofEffluent of the | Rainbow trout trout of Rainbow trout trout ypas/Argen bypass _|Control fish Field ste 3 Field ste 4 Field site 6

WWTP Eriskirch [model installation wih  |aquarumwih  [WWTP L upstream of |cage trout trout trout wate|

WWTP Eriskirch  |regular effiuent effiuent of the P L TP L trout ~[bt=brown trout |bt=brown trout
(WWTP Eriskicch) [model installation
(WWTP Eriskirch)

Polycyclc aromatic ng/L ng/L Lg/kg dm Lg/kg dm ng/L Lg/kg dm Lg/kg dm Lg/kg dm 1ig/kg dm Lg/kg dm swnglL swnglL swnglL
hydrocarbons (PAHs) sepgkgdm  |sepgkgdm  |seqgkg dm
|Anthracene n.a. n.a. na. n.a. sw swn.a. swn.a.
2012-2013 <LoQ <LoQ <LOQ <LOQ <LoQ <LOQ <LOQ 12t022se <LOQ se 121033 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <L0Q <LoQ <LOQ 32 se 7.9 se 22 se
Fluoranthene na. na. na. na. sw ha. sw ha. sw
2012-2013 <LoQ <LoQ <LOQ <LoQ <LoQ <LOQ <LOQ 110-150 se 30-36 se 78 0 230 se
2013-2014 <LoQ <LoQ <LO0Q <LO0Q <LOQ <L0Q <LO0Q 260 se 22 se 180 se
Pyrene na na na. na. sw na. sw na. sw
2012-2013 <LoQ <LoQ <LoQ <LoQ <LoQ <L0Q <LOQ 79-130 se 1724 s¢ 56-170 se
2013-2014 <LoQ <LoQ <LOQ <LO0Q <LO0Q <L0Q <L0Q 180 se 14se 140 se
Benz(a)anthracene na. na. na. na. sw na, sw ha. sw
2012-2013 <LoQ <LoQ <LOQ <LOQ <LOQ <LOQ <LOQ 4468 se 13se 30-90 se
2013-2014 <LoQ <LoQ <LO0Q <LOQ <LoQ <LO0Q <LOQ 140 se 1350 120 se
Chrysene n.a. n.a. n. n.a. sw n.a. sw n.a. sw
20122013 <LoQ <LoQ <LOQ <LOQ <LOQ <LOQ <LOQ 47-69 se 1358 30-110 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <LoQ <L0Q <LOQ 130 se 1350 120 se
Benzo(b)fuoranthene  [n.a. na. na. ha. sw ha. sw ha sw
20122013 <LoQ <LoQ <LOQ <LOQ <LOQ <LoQ <LoQ 66-110 se 20 se 48-130 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <LoQ <LoQ <LOQ 87 se 14 se 94 se
Benzo(kjfluoranthene  |n.a. na. na. ha sw ha sw ha sw
20122013 <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ <LoQ 26-38 se <LOQ se 18-58 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <LoQ <LoQ <LOQ 48 se 49 se
Benzo(a)pyrene na. na. na. ha. sw y ha sw
2012-2013 <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ <LOQ 47-80 se 13se 30-100 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <LoQ <LoQ <LOQ 100 se 17 se 100 se
Indeno(123cd)pyrene  |n.a. na. na. ha sw ha sw ha sw
20122013 <LoQ <LoQ <LoQ <LOQ <LoQ <LoQ <LoQ 33.54 se <L0Q se 22-69 se
2013-2014 <LoQ <LoQ <LOQ <LOQ <LoQ <LoQ <LOQ 69 se 12se 75 se
Dbenz(ah)anthracene |n.a. na. n. ha sw ha sw ha sw
20122013 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 11se <L0Q se 1315 se
2013-2014 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ 18 se <L0Q se 10 se
Benzo(gh)perylene na. n.a. na. na. sw na. sw na. sw
20122013 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ 3150 se <L0Q se 21-65 se
2013-2014 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LOQ 61 se 1156 73 se
Sum of PAHs na. na. na.
2012-2013 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 623 se 55,33 se 655,6 se
20132014 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 1125 se 131 se 995 se
Substances Regular effluent ofEffluent of the | Rainbow trout trout of Rainbow trout trout ypasArgen bypass _|Control fish Field ste 3 Field ste 4 Field site 6

WWTP Eriskirch [model installation affaquarium with ~ |aquarium with ~ [WWTP Langwiesqcage upstream of |cage trout trout trout watel

WWTP Eriskirch  |regular effiuent effluent of the WWTP La TP L trout |bt=brown trout [bt=brown trout
(WWTP Eriskicch) [model installation
(WWTP Eriskirch)
Pharmaceuticals ng/L ng/L Lg/kg dm Lg/kg dm ng/L Lg/kg dm Lg/kg dm Lg/kg dm 1ig/kg dm (g/kg dm swnglL swnglL swnglL
sepgkgdm  |sepgkgdm  |seqgkg dm

Diclofenac <LOQ se <LOQ se <LOQ se
2012-2013 860-1800 86-190 13.76-24.42 <LoQ 730-1200 <LOQ 12.64-28.94 <LoQ <LoQ <LOQ 60-130 sw 1219 sw 68-110 sw
2013-2014 50-310 <LoQ <LoQ 75-860 <LoQ <LoQ <LoQ <LoQ <LoQ 49-60 sw 11 sw 37-140 sw
Carbamazepine <LOQ se <LOQ se <LOQ se
2012-2013 530-1100 <LoQ <LoQ 390-630 <LOQ <LoQ <LoQ <LO0Q <LOQ 31-74 sw 12-14 sw 38-70 sw
2013-2014 55-280 <LoQ <LoQ 56-210 <LoQ <LoQ <LoQ <LoQ <LoQ 27-30 sw <LOQ sw 21-100 sw
Suffamethoxazole <LOQ se <LOQ se <LOQ se
2012-2013 85-440 57-190 <LoQ <LoQ 180-410 <LOQ <LoQ <LoQ <LOQ <LOQ 21-56 sw 1825 sw 23-60 sw
2013-2014 150-230 60-210 <LoQ <LoQ 65-250 <LoQ <LoQ <LoQ <LoQ <LoQ 14-15 sw <LOQ sw 14-32 sw
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Abstract

In the present study, thefiefency of a wastewater treatment plant upgraded with a powdered
activated carbon unit for the reduction of micropollutants and the related advantages for fish
health are described. Histopathological investigations in liver, gills, and kidney of fish
revealed an improvement of tissue integrity and biochemical measurements of glycogen
showed rising energy stores in fish liver after additional wastewater treatment was launched.
Also genotoxic effects were less pronounced after the upgrade of the wasteeattaent

plant. Stress protein analysis did not provide clear responses. Effects are interpreted based on

data obtained by chemical analyses. These showed that concentrations of pharmaceuticals like
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diclofenac, carbamazepine, and metoprolol were con$ilyer@duced after the upgrade of the
WWTP in samples of effluent and surface water. Diclofenac and perfluorinated tensides were
also detected in lesser concentrations in fish after the upgrade of the wastewater treatment
plant. Additional treatment witlpowdered activated carbon led to a reduction of toxic
substances in effluent and the receiving body of water and furthermore to an improvement of
fish health.

1. Introduction
Stressors for aquatic organisms are manifold: Besides biotic factors likeetoomp
commensalism, symbiosis, or parasitisfiammondTooke et al., 201;2Nedosyko et al.,
2014 Wasserman and Mostert, 201Winkelmann et al., 20Q4or abiotic parameters like
light, temperature, or oxygen contefBriining et al., 2011 CarmonaCatot et al., 2013
Martinez et al., 2001 anthropogenic influences are of major importance in this context.
These include structural interventions into water courses e.g. by formation of dams or
straightening of naturalvaters(Martignac et al., 20103 but also release of micropollutants
into surface waterévan der Oost et al., 199gither diffusely e.g. after agricultural activities
(Bouraoui and Grizzetti, 20}4or via point sources, as e.g. wastewater treatment plants
(WWTPs)(Eggen et al., 2024

Today it is well known that chemicals, like pharmaceuticals or pesticides, are often not
compktely eliminated by conventional secondary wastewater treat(elt et al., 2011
Kdck-Schulmeyer et al., 20).3Different treatment technologies likwwdered or granular
activated carbon, ozonation, ultraviolet light, and reverse osnarsiknown to have the
capacity to eliminate these substances to a higher ex@ambetGiraud et al., 2010
Powdered or granular activated carbon and/or ozonation in combination with different types
of sand filters are commonly used in WWT@dtmann et al., 2014 Since such additional
wastewater treatment stages are more and more implemented, more knowledge about their
effectiveness and benefits for hunerd environment health has to be gained. In the research
project SchussenAktplus (Triebskorn et al., 2013ave investigated, among others, benefits
of an upgrade of a WWTP with powdered activated carbon (PAC) for fish health in the
connected river Schussen, which is a tributary of Lake Constance. As tools to characterize the
health status of fish @r to and after the upgrade of the WWTP we used histopathological
diagnoses in major metabolic organs, biochemical measurements for glycogen and stress

proteins and counting of micronuclei in red blood cells as measures for genotoxicity.
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By histopathologal diagnoses, cellular reactions and tissue damages are detectable.
As central metabolic organ, liver is important for biotransformation and excretion of
xenobiotic substancé8raunbeck, 1998K6hler, 1990. Therefore, it can be rated as a target
organ for different pollutants like heavy taks, pesticides, and polychlorinated biphenyls
(PCBs) since liver is responsible for detoxificati@rusle and Anadon, 19%6Gills are not
only important for gas exchange but also for dmde balance, excretion of nitrogenous
waste, ad ionic regulation(Evans, 198y They are the first contact site, besides skin, to
water and substances contained therein but they seem to have the possibility for metabolism
and/or excretion ofhiese substancg®lson, 2002 Importance concerning metabolism and
excretion of many substances is also given for kidi@gsrnhofer et al., 20011In the past,
many studies have shown these organs to be suitable for histopathological assessment after
exposure of fishes to pollutan€amargo and Martinez, 200%chwaiger et al., 19971In
addition, it has been shown that these organs are able to ré€Gevehofer et al., 2001

Changes in glycogen storage in liver is a suitable biomarker indicating energetic trade
offs in connection with energy demand for detoxification processes and were reported after
exposure to different stressdidascimento et al2012 Wiseman and Vijayan, 20)11Liver
glycogen is known to serve as energy reserves ir(Tiséng and Hwang, 20D8

Proteotoxic effects can be determined using stress protein analysis by measuring the
amount of heat shock proteins in orgdB®rensen et al., 20Pp3Proteotoxic stress cdre
induced by pHvalue, temperature, seasonal variability, or disease dtaixaksinen et al.,
1998 Smith et al., 1990as well as by chemica(Basu et al., 20Q2Duffy et al., 1999Kdhler
et al., 2001 Sanders et al., 1995

Genotoxic effects can be detected in the micronucleus &séygnesi and Hayashi,
20171). Micronuclei are chromosomal fragments or whole chromosomes that were not
reintegrated after cell division into the nucleus. They remain in the cytoplasm and can be
guantified thergAl-Sabti and Metcalfe, 1995

In this study, analyses were conducted in actively exposed brown$aoid truttaf.
fario) and rainbow trout@ncorhynchus mykissand, in addition, in resident chubeuciscus
cephalu$ and spirlin @Alburnoides bipunctatysboth caught directly by electrofishing in the
Schussen River and, as a reference, in the Argen River. Active monitoring with trout was
conducted in senfield bypass systems of the two rivers and in cages which waoedgl
upstream and downstream of the WWTP at the Schussen River.
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Biomarkers are compared with data from chemical analysis in samples of surface
water, effluent, sediment, and fish with the aim to ascertain relationships between pollution of
the rivers and etermined effects in fishes.

In general, we addressed the following questions:

1) Did concentrations of micropollutants in samples of surface water, effluent, sediment,
and fish drop due to additional treatment of wastewater with PAC?
2) Can adverse effects in fish related to chemicals in water, sediment, and biota?

3) Did additional treatment of wastewater by PAC improve health status of fish?

2. Materials and methods

2.1 Ethical statements

All experiments were carried out in strict aomtance with the German law on animal
experiments. Permission was given by the animal welfare authority of the Regional Council
TlUbingen (Regierungsprasidum Tdbingen), permit numbers for trout are ZO 1/09 and ZP
1/12, and for chub and spirlin AZ 35/9185:82Fishes were anaesthetized with R

(tricaine mesylate), handling and caging stress were minimized.

2.2 Sample locations

Locations where samples were taken (WWTP Langwiese [AZV Mariatal, Ravensburg], the
bypass systems, and the sampling sites attieissen and the Argen River) are shown in
Figure 1.

(1) The WWTP Langwiese is designed for wastewater treatment of 170.000
population equivalents. The additional treatment stage with powdered activated
carbon is in operation since September 2013.

(2) Two semifield bypass systems were installed: One at the Schussen downstream
the WWTP Langwiese and one at the Argen River as a reference site, where
rainbow trout were exposed. Five 250 L aquaria were flown through by river water
at a velocity of 0.4 L/s. In addun, control systems were established in the
laboratory in climate chambers.

(3) Cages for rainbow trout exposure were placedamg downstream of the WWTP
Langwiese with a distance of 200 m between the cages. Trout exposed
downstream of the WWTP received axtare of approximately 50% wastewater
and 50% Schussen water. Cages are described in deYandze et al. (201p

(4) At all field sites, feral spirlin and chub were caught by electrofishing.
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Coordinates of the locations are as follows:

WWTP Langwiese Ravensburg: N47° 44' 53.22", E9° 34' 35.49"

Cage upstreamof the wastewater effluent of the WWTP Langwiese:
N47°44'51.2", E9° 34'16.6"

Cage downstreanof the wastewater effluent of the WWTP Langwiese
N47° 44' 45.3", E9° 34'11.0"

Bypass Gunzenhaus (Schussen bypassjownstream the WWTP Langwiese, Schussen

River: N47° 40' 44.00", E9Q® 32' 24.77"

Bypass Pflegelbeg (Argen bypass) reference, Argen River:
N47° 39'11.21", E9° 44' 30.80"

Field sampling sites

Schussen River:

S0, upstream of a stormwater overflow basin (SOB) and upstream of the WWTP

Langwiese: N47°45'31.7", E9°35'21.3"

S1, downstream dhe SOB and upstream of the WWTP: N47°45'27.8", E9°35'25.1"

S3, downstream of the WWTP: N47° 39' 16.09", E9° 31' 53.35"
Argen River:
S4, at the reference river: N47° 44' 20.46", E9° 53'0 42.78"

Ravensburg

SOB Mariatal = /S 0
®S 1

(]
WWTP Langwiese

SchuSSEn

Amtzell

Meckenbeuren
Wangen

Bypass Gunzenhaus

Friedrichshafen Tettnang

Bypass Pflegelberg
)
Neukirch

Eriskirch

Lake Constance

Kressbronn

256



Kapitel 6

Figure 1. Location of the WWTP Langwiese, the bypass systems, and tfield sampling sites. WWTP:
wastewater treatment plant. SOB: stormwater overflow basin. SO: Schussen River, Weienau, upstream SOB and
WWTP Langwiese. S1: Schussen River, WeiRenau, dogara SOB and upstream WWTP Langwiese. S3:

Schussen River, Oberbaumgarten, downstream WWTP Langwiese. S4: Argen River, Oberau, reference river.

Field samplings were carried out from 2010 to 2012 prior to the upgrade and in 2014 after the

upgrade of the WWP. Time schedules for the samplings are summarized in Table 1.

Table 1. Samplings in the field.

Prior to upgrade After upgrade

2010 2011 2012 2014

29 20 12/13| 09/10| 07 02 27/28| 03 04 |24 06 01
Jun | Aug |Oct | May |Jul Sep [Oct | May |Jul |Oct |May | Jul

Prior to the WWTP upgrade, one bypass exposure and one cage exposure were carried out
during winter 2012/2013. After the upgrade, one bypass exposure and one cage exposure were
carried out during winter 2013/2014. In Table 2 details for all exposure @8 prior to

and after the upgrade of the WWTP are summarized including exposure duration and
exposure typeDuring winter 2012/2013 control was held in climate chambers in the
laboratory. During winter 2013/2014 fish were sampled directly at the hgtcher

Table 2. Exposure times of bypass and cage exposure.

Winter 2012/2013rior toupgrade

Start of exposur¢ End of exposurg Duration of exposur¢ Type of exposure

15 Nov 2012 24 Jan 2013 70d Laboratory control
15 Nov 2012 17 Jan 2013 63d Exposure ircages
15 Nov 2012 14 Feb 2013 91d Exposure in bypass syster

Winter 2013/2014fterupgrade

Start of exposur¢ End of exposur¢ Duration of exposur¢ Type of exposure

29 Jan 2014 0d Control from hatchery
2 Dec 2013 4 Feb 2014 64d Exposure in cages
2 Dec 2013 12 Mar 2014 100d Exposure in bypass syster
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2.3 Origin of fish
Oneyear old rainbow trout @ncorhynchus mykissyvere delivered by the fish farm
Lohmihle, Alpirsbach, Germany. Trout were used for exposures in cages and bypass systems
and were held in laboratory for control in winter 2012/2013. Feral chub and spelinigcus
cephalusandAlburnoides bipunctatysvere caught directly in the rivers at the field sampling
sites by electrofishing.

All fish were anaesthetized with tricaine mesylate {(RE2, SigmaAldrich, St. Louis,
USA) prior to dissection. Length and weight were determined and samples of blood, gonad,
liver, kidney, and gill were preserved as indicated by instruction manuals for the different

research methods.

2.4 Limnological analysis

In parallel to sampling for chemical analyses and biomarker studies, several limnological
parameters were determingdthe field: water and air temperature, pH, conductivity, oxygen
content and saturation, concentrations of nitrite, nitrate, ammonium, chloride, ortho
phosphate, carbonate hardness, and total hardness. Data loggers were installed at the bypass
systems t@nsure continuous measurement of flow rate, conductivity, water temperature, and

oxygen content.

2.5 Chemical analysis

Samples of surface water, effluent, sediment, and fish were analyzed with regard to 168
micropollutants by the DVGW Water Technologegr@er (TZW) in Karlsruhe using different

liquid chromatographic and gas chromatographic measurement methoddSGGGECD,
GC-NPD, HPLGDAD, and HPLCMS/MS). Prior to analysis, solid samples were freeze
dried in the freeze drying system ALPHA41LSC (Co.CHRIST, Osterode am Harz,
Germany) and homogenized. Samples of surface water and effluents were spiked with internal
standards and extracted by seqpidase extraction or liquid/ligudxtraction. Investigated

micropollutants and the respective analytioa&thods were published Maier et al. (201p

2.6 Histopatholaical assessment

For histopathological analyses, samples of liver, kidney, gill, and gonads were fixed in
2% glutardialdehyde dissolved in 0.1 M cacodylic buffer (pH 7.6) directly after anesthesia.
Samples were washed in the same buffer, dehydrated madedy series of ethanol, and

embedded in histowax. Kidneys and gills were decalcified in a 1:2 mixture of 98% formic
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acid and 70% ethanol prior to embedding. Sections of 3 um were cut and stained with

hematoxylireosin and alcianbluBAS (periodic acid Scff). Histopathological diagnosis

was carried out qualitatively and sequantitatively. Semguantitative assessment was
conducted according tériebskorn et al. (20Q8by categorizing symptoms in the respective

organs into five categories (Table 3). In this study, gonads were only used for determination

of sex. Results about maturityages have previously been publishedHsnneberg et al.

(2014,

Table 3. Histopathological fiveclass assessment of the investigated organs.

Liver

Gill

Kidney

Category 1

very bright cytoplasm
for males and young
females (because of
high amount of
glycogen), appearanc
of empty cytoplasm
areas around areas o
basaphilic cytoplasm

for mature females

secondary lamellae
intact, differentiation of
pillar cells and pavemen
cdls possible, chloride
cells at the base of the
secondary lamellae, few

mucous cells

proximal tubules with
basophilic cytoplasm
with basemedian locateg
nucleus, distal tubules
with very bright cyte
plasm and round nuclei
basally located, structure
of glomeruli good, com

pact haematopoetic tisst

Category 2

slightly dilated
capillaries for males,
small centers of
inflammation (partly

around bile canaliculi

<20% epithelial lifting,
slight hypertrophy of
chloride cells and/or
hyperplasia of pavement

cells

few macrophages bet
ween cells, dilated inter

cellular spaces

Category 3

for mature females

cells with very
basophilic cytoplasm;
for males darker cells
(reduction of
glycogen);for both:
nucleus with hyper
trophic nucleoli, dila

ted capillaries and

20-50% epithelial lifting
with inflammablecellu-
lar infiltrations, severe
hypertrophy of chloride
cells and/or hyperplasia
of pavement cells, fusior

of secondary lamellae

numerous macrophages
hyalinedroplet in

proximal tubules, haermg
topoetic tissue reduced,

dilated tubules
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intercellular spaces,

vacuolization of

cytoplasm
Category 4 | <5% necrosis, <20% necrosis <20% necrosis, lots of
numerous centers of macrophages

inflammation, very
dark cells with large
intercellular spaces,

severely dilated

capillaries

Category 5 | >5% necrosis, >20% necrosis >20% necrosis, severe
caryolysis, severe dilatation of tubule
inflammation, lumina

structure of tissue
disbanded

2.7 Determination of liver glycogen
Portions of fish liver were weighed individually and homogedipn ice in 10% (w/v) low
salt buffer containing 10 mM THBICI (pH 7.3) and 10 mM NaCl. 4% trichloroacetic acid
was added to the mixture (v/v) for deproteinization and the solution was centrifuged at 3000 g
for 1 min at 4 °C. After centrifugation, glyceg, which was present in the supernatant, was
precipitated by adding 2 volumes of 95% ethanol. Glycogen was finally pelleted by
centrifugation at 5000g for 5 min at 4 °C. Ethanol was removed and the pellet was dried at
room temperature.

For glycogen quarfication, a method based on enzymatic hydrolysis of glycogen by
amyloglucosidase (EC 3.2.1.3) was used accordirRptoou and Francois (1997The dried
pellet was incubated for2 at 60 AC in 500 gL of 0.2 M soc¢
7Ul of amyloglucosidase. After incubation, the solution was cooled in ice for 5 min and the
amount ofglucose generated from glycogen was determined using the Glucos&'RTU
method adapting to 9@ell microplate format. The reaction medium (0.275 mL final volume)
containing 0.25 mL Glucose RTMand 25 €L of glucose produce
for 20 mn at room temperature, and afterwards, absorbance was determined at 505 nm. The
amount of glucose was calculated from a standard curve (A505=f[glucose]) containing pure
glucose as a standard treated within the same conditions. Because value inclzceoluthie
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of intrinsic glucose, glycogen amount was corrected for the glucose content in samples that
were not incubated with amyloglucosidase. All assays were run in triplicate.
RTU was purchased from bioMérieux SA (Geneva, Suisse), amyloglucosidase and

glucose were from SigmaAldrich (St. Louis, USA).

2.8 Stress protein analysis

After dissection, samples of liver, kidney, gills, and gonads were immediately frozen in liquid
nitrogen and transferred to the laboratory. Stress proteins were determined according to
Kohler et al. (2001 Briefly, total protein concentration in the supernatarttarhogenate was
determined according tBradford (197%. After SDSPAGE and Western blot, nitrocelade
membranes were incubated in solutions containing first (mousehaman hsp70, Fa.
Dianova, Hamburg, Germany) and second antibody (goatmamise IgG Peroxidase
Konjugat, Fa. Dianova, Hamburg, Germanylembranes were stained in 1 mk+
chloro(1)naphthol, 0.015% #,, 30 mM Tris pH 8.5, and 6% methanol. Optical volume of
individual bands was calculated by pixel intensity multiplied by band area using the
densitometric image analysis program E.A.S.Y. Win 32 (Herolab, Wiesloch, Gerrrany).
comparability between different samples, normalization against a standard (fish homogenate)

was carried out.

2.9 Micronucleus assay
Blood samples were transferred to object slides and fixed in methanol. In the laboratory, they
were stained with Grasa solution. The amount of micronuclei was counted in 2000

erythrocytes per slide. Per test organism, one slide was analyzed.

3.0 Statistical analysis

Statistical analysis was carried out usiddMP 10.0 (SAS Systems, Cary, USA).
Histopathological data @re sorted by classes and a likelihood ratio test was conducted. Alpha
levels were corrected by Holm’s sequential Bonferroni. For glycogen content and stress
protein analysis, normal distribution of data was tested using D" AgeR&acsorOmnibus

test. Honogeneity of variance was tested using Levetess For parametric data, théest

for two comparisons or the Tukd§ramertest for multiple comparisons were used. Non
parametric data were tested by the Wilcoxest followed by BonferroAHolm correcton.
Furthermore, for the hsp70 data sets a-wvay-ANOVA was used to examine the influence

of years and sampling sites (as independent variables) and to prove if there is any interaction
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between themSpearman's rho test was used for correlation anallysesly, alpha level was

corrected for multiple testing.

3. Results and discussion

3.1 Limnological analysis

Results of limnological investigations at the field sites are given in Table 4. Generally, the

Argen River has lesser concentrations in nitrate, nitrit, ammonium, chloride, and ortho

phosphate than the Schussen River.

Table 4. Limnological data. Mears £ standard deviation. Results prior 8010 - 2012 and after upgrade

(2014).
Schussen Argen
SO S1 S3 S4
Before After Before After Before After Before After

Water temperature [°C] 15,07 +4,0p 13,70+ 1,98 1517 +4,0p 13,40+1,98 1516+3,7p 14,15+2,6p 13,78+3,18 1325+1,9
Air temperature [°C] 17,96 + 6,98 20,00+ 0,0p 17,17 +8,58 20,00 +0,0p 18,37 + 6,28 20,00 + 0,00 14,60 + 7,82 20,00 + 0,0
Oxygen content [mg/l] 9,95+0,98 10,40+0,2p 9,35+0,3¢ 10,28 +0,79 964+10f 994+0,11 10,20+ 0,52 10,08 +0,3
Oxygen saturation [%] | 102,94 + 7,15 107,45 + 4,88 97,07 + 10,1P 102,60 + 2,88 100,21 + 9,98 101,65 + 2,05 104,70 + 5,66 103,10+ 0,4
Conductivity [uS/cm] 630,33 + 62,91583,00 + 62,20%28,80 * 48,1[1578,00 + 55,15 642,42 + 33,91%6578,50 + 71,42477,83 + 17,6[515,50 + 210,0
pH-value 839+0,28 841+0,11 8,34+008 839+0,18 8,33+0,21L 8,33+0,16 8,38+0,2¢ 8,45+0,1
Nitrate-N [mg/I] 3,33+051 265+0,0f 2,79+0,18 2,60+0,0 3,89+056 3,05+0,21 1,38+0,18 0,80+ 0,0
Nitrite-N [ug/I] 15,87+ 8,18 1950+6,3p 21,28+9,1p 19,00+ 7,0f 16,78+9,88 21,00+84P 8,11+248 11,00+1,4
Ammonium-N [ug/l] 63,80 + 70,48 40,00 + 0,0p 49,27 + 11,88 40,00 + 0,00 28,01 + 18,7/ 40,00 + 0,00 6,48 + 12,4p 20 + 28,2
Chloride [mg/I] 27,00 £ 3,3y 23,00 +2,88 26,00+2,65 2350+354 32,00+6,06 2450+21pP 20,08+ 12,78 9,00 + 4,2
ortho-phosphate-P [ug/1]{101,71 + 97,5[1 80,00 + 42,4B 76,10 + 18,8R 75,00 + 35,36113,45 + 100,95 95,00 + 35,301,28 + 103,07 0,00 + 0,0
Carbonate hardness [°dil] 17,90 + 1,4p 20,00 + 4,24 18,00+ 1,78 1750+ 0,7l 1850+1,501 16,50 +2,1p 16,67 +2,0f 14,50+ 0,7
Total hardness [°dH] | 22,10+27B 1950+21P 2300+1,78 1950+071 2170+22p 1850+35# 1833+35p 1500+14

According toUBA (2003, all data for the two rivers are in the range of qualitysclds At

t he

Schussen

for all sampling periods.

Ri

ver

, v al

ues

for

nit

rate

excee

Agricultural activities and discharges of wastewater treatment plants are known

sources for nitrogen and phosphate reléatsethe Schussen and, to a minor extend, also into

the Argen RiverBuckley and Carney, 201&urt et al., 2004Haggard et al., 2004/0lk et

al., 2009.

Data obtained by data loggers at the two bypass systems revealed similar temperatures
at the Schussen (3 to 6 °C winter 2012/2013 and 2013/2014) and the Argen River (1 to 4 °C

winter 2012/2013, 2 to 6 °C winter 2013/2014). Oxygentent did not differ much between

the years and ranged from 10 to 12 mg/L for the Schussen bypass and 10 and 13 mg/L for

Argen bypass.

To avoid oxygen deficiencies and too high temperature, the cage downstream of the

effluent at the WWTP Langwiese waspéd in the river to receive a mixture of 50% effluent

and 50% Schussen water. At the day of sampling, temperature upstream of the effluent was
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2°C and oxygen content 10 mg/L prior to the upgrade of the WWTP. After upgrade,
temperature was greater with°€ and greater oxygen content was measured (13 mg/L).
Downstream, temperature prior to upgrade of the WWTP was 7 °C and after 9 °C. Oxygen
content was around 8 mg/L in both years.

Thus, the prerequisites concerning temperature and oxygen were sufficieruto
exposure in both bypass systems and caging experimengmdiglownstream of the WWTP
effluent in the Schussen River.

3.2 Chemical analysis
Results presented here address substances which could be responsible for histopathological
alterations andariations in glycogen content, stress protein levels, and genotoxicity.
Concentrations of the pharmaceuticals diclofenac, carbamazepine and metoprolol were
lesser in effluent samples and at site 3 (except for metoprolol) after upgrade of the WWTP
Langwiese (Table 5). A decrease was also measured for site 4 at the Argen River whereas at
sites 0 and 1 concentrations were greater in 2014. Prior to upgrade, diclofenac was found in
rainbow trout exposed in cages downstream of the effluent of the WWIT&ftbu upgrade
concentration was below LOQ (5 pg/kg dry mass [dm]) (Table 6). Generally, concentrations

after upgrade were reduced (Figure 2).
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Figure 2. Concentration of diclofenac prior to and after upgrade of the WWTP Langwieseleft side:
results from samples of effluent and surface water. FF: effluent of the WWTP Langwiese prior to upgrade, FF
PAC: effluent of the WWTP Langwiese after upgrade with powdered activated carbon. S3: field site 3 at the
Schussen River downstream of the WWTP Laiege. Right side: results from rainbow trout exposed in cages
up- and downstream of the WWTP Langwiese. Asterisk highlight concentrations below LOQ (5 pg/kg dry mass
[dm]).
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For diclofenackeito et al. (201Robtained a LOEC of 30 ng/L concerning lipid peroxidation

in Danio rerio. A proposed AAEQS (annual average Environmental Quality Standard) of
50ng/L is recommended by the Swiss Centre for Applied Ecotoxico{ggptox Centre,
2013, an EQS of 0.1 ug/L is proposed by the ERCHER, 201}L Thus, concentrations in

the Schussen River are greater as the by the Ecotox Centre recommended EQS. For
development malformations and embryonic mortalityDanio rerio, Galus et al. (2013
found a LOEC of 500 ng/L for carbamazepine. The proposeeE®S is 500 ng/L, too
(Ecotox Centre, 2033 Therefore, measured concentrations at all sampling sites were far
below this valueTriebskorn et al. (20Q7#ound a LOEC of 1 pg/L for metoprolol in rainbow
trout for liver cytop#hology. Proposed AAQS is 64 pg/L(Ecotox Centre, 20)3thus, more

than 1.000 times greater as measured concentrations in the Schussen River.

Concentrations of perfluorinated surfactants differed after the upgrade of the WWTP
(Table 5 and 6). Perfluorooctanesulfoaid (PFOS) were found after upgrade in decreased
concentrations in effluent samples, in surface water from all field sites, and sediment samples
of sites 0, 3, and 4. In fish samples, concentration PFOS was lesser after upgrade in chub and
spirlin from stes 3 and 4, in rainbow trout from cages apd downstream of the effluent of
the WWTP Langwiese and in rainbow trout from both bypass systems (Schussen and Argen)
(Figure 3). PFOS concentrations increased in control fish used for the exposure after the
upgrade of the WWTP. However, concentrations of PFOS in rainbow trout from cages
downstream of the effluent were more than 3 times lesser after upgrade with activated carbon
compared to prior to upgrade. In feral chub of site 3, concentrations aftergtasl@mwf the
WWTP were reduced by a factor of 1.5 to 6.5.
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Figure 3. Concentration of PFOS in fish prior to and after upgrade of the WWTP LangwieseResults from
a) feral spirlin, b) feralchub andc) exposed rainbow trout. S3: field site 3 at the Schussen River downstream of

265



Kapitel 6

the WWTP Langwiese. S4: field site 4 at the Argen Rilistream WWTP Cages upstream of the WWTP
Langwiese. Downstream WWTP Cages downstream of the WWTP Langwiese. Astsriighlight
concentrations below LO@.5 pg/kg dry mass [dm])

Concentration of perfluorooctanoic acid (PFOA) in water and sediment was not lesser or was
found even in greater concentrations after the upgrade (water samples from site 3, sediment
samples fronsites 1, 3, and 4). For PFOA, a reduction was measured in chub from sites 0 and
4, in rainbow trout from cages upnd downstream of the effluent, and in control fish. An
increase of PFOA was found in chub from site 3, in spirlin from sites 3 and 4} aatha
bypass systems. Thus, an influence of the upgrade of the WWTP on concentrations of PFOA
is not obviousHe et al. (201pinvestigated different fish species from a river and its reservoir
in China. They found levels of PFOS from 0.45 to 15.90 ng/g dm and of PFOA from 0.10 to
5.55 ng/g dm. The reservoir received agricultural, urban, and industrial wastewater. These
resuts are in the same range as measured in this dadyenaars et al. (20LdndXia et al.
(2014 determined a LOEC of 2 mg/L for PFOS. Morphological abnormalities in turbot
embryos and larvadPgetta maximaled to LOECs of 30 pg/L for PFOS and of 3 mg/L for
PFOA (Mhadhbi et al., 2012 EQS for PFOA in biota is 9.1 pug/kg wm (wet mags),
2013. Data for wet mass are expected to be about three to four times lesser than values for
dry masg(Triebskorn et al., 2013bAs a result, for chulgoncentrations of PFOA at site 3
prior to upgrade of the WWTP were 3.5 to 10 times and for spirlin 5 to 12 times greater than
the EQS. After the upgrade of the WWTP, they were still 1.5 to 2 times greater for chub and 4
times greater for spirlin. For PFOfhe AAEQS is 0.65 ng/l{(EU, 2013. Concentrations in
fish of the present study were far below concentrations investigated in the above mentioned
studies,however, they were greater than the-E®S for watermprior to as well as after the
upgrade of the WWTP at site 3.

For heavy metals, a distinct influence of the upgrade of the WWTP in this study can
be seen in effluent samples for copper and nickel, itemsamples of site 3 for arsenic and
zinc and in sediment samples of site 3 for cadmium. Furthermore, in chub and spirlin from
site 3 for arsenic, chromium, and zinc and rainbow trout from the Schussen bypass for zinc.
Decreased values were determinedsamples taken after the upgrade of the WWTP for
arsenic (water samples from sites 3 and 4), cadmium (sediment samples from sites 1, 3, and
4), copper (effluent samples and water samples from site 1), nickel (effluent samples and
water samples from all fidlsites), and for zinc (water samples from sites 1 and 3) (Table 5).
Increased concentrations were found in sediments from site 0 for cadmium and copper and in

sediments from site 4 for copper. After the upgrade of the WWTP, in chub from sites 3 and 4,
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values for arsenic, chromium, and nickel were lesser than after the upgrade of the WWTP
(Table 6). In chub from site 0, concentration of zinc was lesser but that of arsenic was greater.
Arsenic, chromium, and nickel are lesser in spirlin from sites 3 and iaa in spirlin from

site 4. In rainbow trout which were exposed in cages upstream of the effluent, greater
concentrations of arsenic and chromium were found after upgrade. Arsenic was also greater in
rainbow trout from the Schussen bypass and in cofiiol Reductions were seen in trout
from the Argen bypass for arsenic, chromium, and zinc, in trout from the Schussen bypass for
zinc, and in control fish for nickel and zinc. Sediments in Southern China in the Pearl River
estuary contained 115 mg/kg ziaod 33 mg/kg nicke(Li et al., 2000Q. In southwestern

Spain along the Atlantic coast, 141 to 649 mg/kg zinc and 10 to 50 mg/kg nickel were found
(Morillo et al., 2004. Values measured in this study are much lesser. In sediments of the
River Narew in Poland, 25.9 to 175.8 mg/kg dm zinc were found and 5.9 to 40.5 mg/kg dm
lead(Skor bi g o WwThese valug@re 5 the range of this stédynad et al. (2016

found lead (0.1 mg/kg) and chromium (11 mg/kg) in sediments from dam lake of Wadi
Namar in Saudi ArabiaMandal and Ahmed (20)4measured lead (34.89 mg/kg dm) and
chromium (5.57 mg/kg dm) in sediment from Turag River in Bangladesh. Concentrations of
arsenic in sediments of the Pearl River Delta, China were 0.07 to 0.75 mg/kg for As(lll) and
0.25 to 6.D mg/kg for As(V)(Du et al., 201pwhich is in the range of the results of this
study. AAEQS for surface water for nickel is 4 pg/L and fead 1.2 pg/L(EU, 2013.
Svecevi |)detesnmingdz Q8o LC50 of 19 mg/L nickel for rainbow trout. Hatching

rate of sea breanPégrus majoy was reduced after exposure to 0.5 mg/L ZiHoang et al.,

2010. Pugazhvendan et gR013 exposed fish@yprinus carpi9 to lead and found a 120h

LC50 value of 60 mg/LMartinez et al. (2004usedProchilodus lineatusand found a 24h

LC50 value of 126 mg/L and a 94/C50 value of 95 mg/L. For chromium, a 96850

value of 41.75 mg/L was found Wishra and Mohanty2008exposingChanna punctatuto
potassium dichromate.
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Table 5. Chemical analysis of effluent (effl), surface water (sw), and sediment (s&esults from 2012 to

2014.
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Table 6. Chemical analysis of feral chub (ch) and spirlin (sp) from field sites and rainbow trout from

cages, bypass systems and contréesults from 2012 to 2014.
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3.3 Histopathological assessment

In order to assess the health status of fish organs prior taf@ndhe upgrade of the WWTP,

the integrity of liver, gill, and kidney was assessed by means of histopathological analyses.

In a first step, histopathologal symptoms were qualitatively described and summarized in
Appendices A and B. Based on this dgstoon, the number of symptoms which improved,
remained unchanged or worsened after the WWTP upgrade was counted and summarized in
Figures 4 and 5.

In a second step, tissue integrity was squoantitatively assessed basedToiebskorn et al.

(2008.

As an example, differences between control, reaction, and destruction status can be seen in
Figure 4.

Kidney

Control

Reaction

Destruction

Figure 4. Histology of liver, gill, and kidney in control, reaction, and destruction status.Liver: control:

large and bright cells, reaction: smaller and darker cells, inflammatory site, destruction: necrotic cells. Gill:
control: intact secondary lamellae, reaction: epithelial lifting of pavement cells, destruction: necrotic cells and
destroyedsecondary lamellae. Kidney: control: proximal and distal tubules in compact hematopoietic tissue,
reaction: vacuolization in tubules, destruction: destroyed and necrotic tubules.
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