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Résumeé

Présentation et cadre du document

&H SURMHW GT{+DELOLWDWLRQ j 'LULJHU GHVY 5 HFKHUFKHYV -
HW SUDWLTXHV DX[TXHOV OYfpFRWR[LFRORJLH HVW FRQIUR
naturels soumis aux pressions anthropiques. Le docueserdrganisé en trois partiege

curriculum vitae du candidaPértiel), la présentation de ses activités de recherche passées et

en cours Rartiell) et la description détaillée de son projet de recheré&tatig¢ 11l). Cette
GHUQLqUH SDODWRUHGGGWHNWXINSBEWY FKRLVLY GH OD GLVFLSC
HQVXLWH OHVY DSSURFKHV TXH OH FDQGLGDW SURSRVH GH
défis sur un horizon de cing a six ans.

Activités de recherche (Partie Il)

&RPPH SRXU EHDXFRXS GHV FROOQqJXHV PI{D\DQW SOXV RX P
GY+'5 FRQVWLWXH XQ PRPHQW G Y p-étenXd3wdtive Qlelsa WoprB VS H F \
carriere pour en identifier les fils conducteurs et proposer un progral@mecherche structuré

et cohérent pour les années a venir. Ainsi, la presque totalité de mes recherches passées et en
cours peuvent étneliéesj OTpWXGH GX GHYHQLU GH OD ELRGLVSRQL!
des éléments traces métalliques (ET8§ns les milieux aquatiques continentaux. Cette
FRKpUHQFH DX QLYHDX GH JUDQGV D[HV GH UHFKHUFKH C(
problématiques trés différentes (voir le tableau 1). A ce propos, je me suis interrogé sur les
possibles risques de disp&rfR Q GDQV PHV FHQWU Hat dGnf s M/ polgsiitéV FLH Q V
de retombées négatives en terme de qualité pour mes recherches. Au final, je préfere considérer

la diversité de mes activités comme un effort pour atteindre une vision la plus possible
LQWHUGLVFLSOLQDLUH GH OYpFRWR[LFRORJLH;tleXe®GHV VFL
étant conscierdu faitque,dansOD PHLOOHXUH G HNivE&aSRWKQNVKIMI MXTIRQ W
SHWLW ERXW GX FKHPLQ Quhht¥ [©DF DQWW p GELH/ FPLHBVO UGIP Kl HW B K
UHPHWY j OfpYDOXDWLRQ GH PHV DUWLFOHYV HW GH PHV &
SpULRGLTXH GH PHV DFWLYLWpV SDU OH &156 &THVW WRX
certaines de mes affirmations dansviewpointpublié en 2007 dans la revue Environmental

Science & Technology semblent étre toujours valables plus de 10 ans apré2a(tieil,
VHFWLRQ /I H UHVWH GH FHWWH VHFWLRQ u$FWLYLWpPV GH
principalessw) OHVTXHOOHYVY M{DL WUDYDLOOpPp MXVTXTLFL

Evaluation de la qualité des sédimentes sédiments constituent a la fois des sites
GIDFFXPXODWLRQ HW GH SRWHQWLHOOHYV VRXUFHV VHFRQ
PILQWpUHVVDQW j OD TXDOLWp GHV VpGLPHQWY GDQV OD |
appris les technigfd V. HW OHV SUHPLqQUHV FRQQDLVVDQFHY QpFHVVD
(70 GDQV OfHQYLURQQHPHQW /HV UpVXOWDWY GH PHV UHF
les plus impactées par les activités anthropigques au long de la riviere P6 ainsi gsesdan
DIIOXHQWYV HW GYpWXGLHU OHV HIIHWV GH FUXHV VXU OD F
(Partie 11, section 2.2). Des recherches similaires ont ensuite pu étre effectuées dans le Delta du
Danube (Roumanie/Ukraine) en montrant que les ETkbugés dans cette importante zone

X



humide proviendraient principalement des sources anthropiques situées en amont du Delta
(Partie 11, section 2.3). Ces études ont aussi démontré que les teneurs en Cr et Ni dans les
sédiments peuvent étre fortement influse par la présence de roches mafiques et
ultramafiques (naturellement riches en ces éléments) dans les bassins versants des fleuves
étudiés. Il est donc nécessaire de prendre en considération ces facteurs géologiques pour éviter
des conclusions erronéeXd QW j OD TXDOLWp GH OHXUV VpGLPHQWYV
GHV DQDO\WHV FKLPLTXHV FRPPH RXWLOV SRXU OfpYDOXD
contamination de sédiments doit se faire en prenant en considération les limitations pratiques
HW FRQFHSWXHOOHY GH FH W\SH GYDSSURFKHYV 3DUWLH ,,

Biodisponibilité et effets des contaminants dans le compartiment sédimebé&sranalyses
FKLPLTXHV FRQVWLWXDQW OD EDVH GHV pWXGHV VXU OD T)>
des zones majoritairement impactées par des activités anthropigues, mais ne fournissent que
SHX GILQIRUPDWLRQ VXU OHV ULVTXHY HQYLURQQHPHQWD X
une fraction des contaminants présents dans les sédiments pegirirdgec le biote. La
connaissance de cette fraction, dit®@disponible est indispensable pour appréhender la
SRVVLELOLWp HW OTDPSOHXU GHV pYHQWXHOV HIIHWV Qpll
HW GHV FRPPXQDXWpV EH QWaKftattidm biodigfigniblp @tXdesvdifet) G H
biologiques y étant associés peut se faire en laboratoire (Partie Il, sections 3.1 et 3.2) ou
GLUHFWHPHQW VXU OH WHUUDLQ 3DUWLH ,, VHFWLRQ

des recherches qR QW PRQWUp OYLPSRUWDQFH GTXQH FDUDFWpUL
des contaminants dans les systemes expérimentaux ytgisdésut pour des outils relativement
complexes du type microcosmes (Partie Il, section 3.1). De plus, une série de pofEtsor

presque six ans dans un systeme aquatique impacté par des rejets de tannage du cuir aura permis
GH GpPRQWUHU TXH OHV WHVWV VWDQGDUGLVpV GH ELRD
SHXYHQW QpJOLJHU OD SUpVHQF H a@GdoRt&indntg Bup /telrkainy RL H V
(Partie Il, section 3.3).

Travaux sur le mercuré.e mercure posséede trois caractéristiques uniques parmi les ETM dont
OHV F\FOHV ELRJpRFKLPLTXHV RQW pWp PRGLILpV SDU OfCL
bioaccumiation, ii) une forte tendance a la bioamplification au long de chaines trophiques, et

LLL OYH[LVWHQFH GH IRUPHV YRODWLOHY TXL HQ SHUPHWWV
distances. Ces caractéristiques en font une substance prioritairesd@ege ubiquiste au sens

GH OD UpJOHPHQWDWLRQ HXURSpHQQH 'LUHFWLYH (8
élément en participant aux travaux de la Commission Internationale pour la Protection des Eaux
Italo-Suisses. Mes recherches ont permisldefier quelques aspects géochronologiques de la
contamination mercurielle dans plusieurs lacsalpths en Italie du nordinsi que de proposer

des mécanismes controlant la distribution spatiale du mercure dans les sédiments du Lac Majeur
(Italie/SuisV H 3DUWLH ,, VHFWLRQ "{DXWUHV WUDYDX][ |
SpJLRQDOH GH OT(QYLURQQHPHQW GX 3LHGPRQ-@GuUsigWDOLH
2VVROD DXURQW GpPRQWUp TXTYXQH SDUWLH GX PHUFXUH
pouvait étre remobilisée dans les chaines trophiques suite a sa bioaccumulation dans les
RUJDQLVPHVY EHQWKLTXHY 3DUWLH ,, VHFWLRQ $X F
OfRFFDVLRQ GH PILQWpPUHVVHU DX[ GLVFXYILdRQUMI®LpHYV |

Xl



environnementale pour le mercure au niveau national (ltalie) et international (Partie II, section

(QWUH HW MTDL DLQVL FRQWULEXp j OTDQLPDWI
de la SETAC (Society of Environmental Toglogy and Chemistry) pour défendre la validité
scientifiqgue de la nouvelle norme de qualité environnementale basée sur la mesure du mercure
dans les matrices biologiques.

Répartition des éléments traces métalliglesdevenir environnemental, la biodisplailité et

les effets écotoxiques des ETM dépendent fortement de leur spéciation (sans oublier
OfLPSRUWDQFH GH OfpFRORJLH GHV RUJDQL YBrHvoj¢ei W G D X
derecherche a I&artie Illdu document De facon simplifié, le termespéciationindique la

totalité des formes chimiques et physiques dans lesquelles un ETM, mais la définition est
DSSOLFDEOH j GIDXWUHYVY VXEVWDQFHV SHXW VH UHWURXY
le motrépartition définit la distributiondes ETM entre la matiere en suspension (MES), les
colloides et la solution proprement dite (ou solution vraie). La distinction entre ces trois phases
HVW RSpUDWLRQQHOOH HW D IDLW OYfREMHW GHV QRPEUHX"
entre MES vs. colloides + solution vraie par filtration a 0,45 um est regardée comme une
RSpUDWLRQ GH URXWLQH QH SUpVHQWDQW SDV GH GLIILFXC
de filtration de 0,45 um a des raisons purement historiques et peut @memesougstimation

de la fraction colloidale de certains ETM (Partie Il, section 5.1). De plus, pour un méme seuil

de filtration, les porosités des différents dispositifs varient et certains filtres peuvent retenir des
particules beaucoup plus petitear prapport au seuil nominal (Partie I, section 5.1). En
UHYDQFKH M{DL SX FRQVWDWHU TXH GLIIpUHQWYV GLVSRVL
certaines conditions des résultats similaires quant a la distribution de plusieurs ETM entre les
cOOORWGHV HW OD VROXWLRQ YUDLH /fXWLOLVDWLRQ GHV
OfpWXGH GH OD UpSDUWLWLRQ GX PHUFXUH HW GX PpWK
sédiments complete mes contributions méthodologiques sur ledsujiet répartition. Les
WHFKQLTXHYVY GI{XOWUDILOWUDWLRQ SUpVHQWDQW GH QRPE
avec des résultats satisfaisant, des modéles simples pour estimer les concentrations dans la
solution vraie a partir des concentragdiitrées (Partie Il, section 5.3).

Mes autres recherches surle sogt SRUWp VXU OTpWXGH GH OD UpSDUW
PLOLHX[ DTXDWLTXHV FRQWUDVWpV DILQ GILGHQWLILHU OF
distribution parmi la MES, les colloides et la solution vraie. Ainsi, les éléments dits terrigénes
(par exenple Al et Ti) sont principalement associés aux particules (MES et colloides) avec des
FRQFHQWUDWLRQV H[WUrPHPHQW IDLEOHY GDQV OD VROXW
des espéces anioniques dans les eaux naturelles (As, Sb et U) se retrmoipatgment dans
la solution vraie alors que la répartition des éléments divalents (Cu, Co, Zn, Pb) et du Cr varie
selon les systémes étudiés. La validité de ces observations est bien évidemment limitée aux
JRQHV GYpWXGHV 3DUW Lude plus\4approtandir @ permis d&@éierpiver les
mécanismes contrélant le comportement des ETM a la confluence entre la riviere P6 et un
affluent pollué: la riviere Lambro (Partie Il, section 5.2). Lors du mélange de deux masses
Gf{HDX LO HVWLHQHHGHWWIRPHW OD IUDFWLRQ GH FKDF>
concentUDWLRQ GIXQ W (Jue Fersadiuny RoteX §u@ltliesvadlCuls, la comparaison
des teneurs des ETM en amont de la confluencdD)dhDO GH OD FRQIOXHQFH HW
S H U P Higvtifierfles mécanismes pouvant affecter la répartition des EmtMamment
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OTIDGVRUSWLRQ GHV pOpPHQWY HQ VROXWLRQ YUDLH VXU C
OTDJUpIJDWLRQ FRDIJXODWLRQ GHVY FROORwWGHYV RX XQH FRP

EtuGHV VSpFLILTXHV VXU OH GHY HI@$ rdchieithed Sy e RAMORE L Wp G
discutées dans une section a part a cause de particularités de cet élément. Dans les eaux de
VXUIDFHV OH &U VH UHWURXYH SULQFULSM@IHPIE QN),GDQV Gl
présentant un comportement environnemental, une biodisponibilité et une écotoxicité trés
différents. Trés brievement, le Cr(VI) forme des especes chimiques anioniques (chromates)
D\DQW XQH IRUWH PREL O L WquvebDfaZzNen@ it ipép&triet RS @SLElIHIEW HW
a cause de leur analogie structurelle avec les ions sulfates. En revanche, le Cr(lll) tend plut6t a
IRUPHU GHV HVSgFHV FKLPLTXHVY FDWLRQLTXHV TXL V{DGVI
plus, les mécanisHY GIDFTXLVLWLRQ FHOOXODLUH GX &U ,,, VRC
GITRI\GDWLRQ HVW QRUPDOHPHQW UpSXWp FRPPH pWDQW ¢
biote. Sur la période 2000 MIDL FRQWULEXp j SOXVLHXUV p8WXGHV G
aguatiques impactés parsdejets de tanneriesune activité qui utilise des grandes quantités
de Cr(lll) pour traiter les peaux avant leur utilisation. Des études dans les eaux de ces systemes
aguatiques ont permis de quantifier la distribution d{ilCentre colloides et vraie solution,
PDLV DXVVL GH GpWHFWHU OD SUpVHQFH GX &U 9, GDQV Ol
FRQILUPp OD SUpVHQFH GX &U 9, DXVVL GDQV OHV HDX[ LQ
oxydation du Cr(lllJau niveau de sédiments. Selon un modéle conceptuel développé a partir de
OfHQVHPEOH GHV UpVXOWDWY OH &U ,,, HVW UDSLGHPHQ\
par un mécanisme de pompage colloidal alors que le Cr(VI), y inclus sa fraction flamée
oxydation du Cr(lIl) dans les sédiments, peut étre transporté sur de longues distances (Partie I,
section 6.1). Comme mentionné plus en haut dans le Babelisponibilité et effets des
contaminants dans le compartiment sédimentaies investigatias sur la bioaccumulation du
&U j SDUWLU GHV GLIIpUHQWY YRLHYV GIH[SRVLWLRQ RQW p

$ SDUWLU GH OYDQQpH MYIDL FRPPHQFp j PIL®OWpPUHVYV
vis des organismes modeles de labordioir SULQFLSDOHPHQW GHV DOJXHV C
mieux évaluer ses risques potentiels dans les différentes situations de terrain. Ces recherches
ont généreé des résultats innovants en rupture avec le consensus qui considere le Cr(VIl) comme
étant beaucoup XV pFRWR[LTXH TXH OH &U ,,, (Q SDUWLFXOLHU
Cr(ll) aux milieux standardisés utilisés en écotoxicologique (ajout initial sous forme des sels
solubles de type chlorure ou nitrate de Cr) génére rapidement des hydrox@i@s)dqui se
caractérisent par une faible solubilité. Leur présence provoque donc une diminution trés rapide
et tres marquée de taneur en Cr par rapport a la quantié@alement ajoutée au milieu
ecotoxicologique. Par exemple, une diminution dEIRQFHQWUDWLRQ ILOWUpH GfY
24 h et supérieer | HQ K GXUpH VWDQGDUG GfXQ WHVW DYHF ¢
REVHUYpH GDQV XQ PLOLHX SRXU OHV DOJXHV GYfHDX GRXF
chimiquesdu CretpeuvenW H YpULILHU GDQV QTLPSRUWMNPH&h@®OH PDW
6 et 9; ce qui est normalement le cas pour les milieux utilisés en écotoxicologie. En conclusion,
LO HVW WUQqV S UdRIEtB BO Er(IM X¥idasIGMRUJDQLVPHYV GYfHDX GF
fortement sougstimée.

Des recherches plus récentes effectuées a partir de 2012 (date de mon recrutement au CNRS)
RQW PRQWUpP TXH XQH IRLV DMRXWp GDQV XQ PLOLHX VWD
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ionique disparait dans 5 heures pour laidagplace a des formes nanoparticulaires dont le
potentiel écotoxique reste a vérifier. Des expériences de bioaccumulation du Cr(lll) et du

&U 9, DYHF O D@hiaxytomddasgertHardtont aussi démontré que les deux

formes redox se distribuent dacon trés similaire parmi les composantes cellulgires

confirmant que le potentiel écotoxicologique du Cr(lll) ne doit pas étre négligé. A partir de ces
UpVXOWDWY MIDL GRQF SHQEfiH[IRWHLSEIUREFE\N DSHUPRHHMW
aux C(IIl) et au Cr(VI) dont les résultats préliminaires sont discutés dans la Partie Il (section

6.3) HW OHVY DSSOLFDWLRQV j YHQLU GDQV OH SURMHW GTf+'5

Projet de recherche

Cadre conceptuehfin de réconcilier les procédures startiaées de laboratoire avec la réalité

GX WHUUDLQ LO HVW DYDQW WRXW QpFHVVDLUH GH FRQQTL
limites de ces mémes procédures. Pour ce faire, la distinctiorfiabiliéé et pertinencepeut

constituer un cadre conceptuel trés utile fighilit¢ GHV UpVXOWDWYVY GIXQ WHVW
correspond a leurs valeurs intrinseques en terme de justesse, précision et reproductibilité. A
OYRSSP&mNenCe QGLTXH OH GHJU ps G&MeS g6ultddDEUNS EivapiorG
VSpFLILTXH WHOOH TXIXQH pYDOXDWLRQ GX ULVTXH VXU
standardisées sont généralement concues pour assurer un maximum de fiabilit¢é mais
OYDSSUpFLDWLRQ GH OHX UilisaHite¥etduQisb@esl UHYLHQW j OHXUYV
Ce focus sur la fiabilité est tres utile pour classer les (nouvelles) substances en fonction de leur
SRWHQWLHO pFRWR[LTXH HW GH OHXUV PRGHV GYDFWLRQ
reprotoxicité). Ces informatonsSHUPHWWHQW DLQVL GYLGHQWLILHU
GDQJHUHXVHYVY GRQW OYfYXWLOLVDWLRQ GRLW rWUH UpJOHPFE
des substances avec des propriétés indésirables (conception bénigne de produits). En revanche,
les proFpGXUHV VWDQGDUGLVpHYVY SHXYHQW VIDYpUHU QRQ S
substances autorisées sur la bases des études en laboratoire lors de leur utilisation volontaire
(herbicides, pesticides) ou introduction accidentelle (résidus médicamentans
OfHQYLURQQHPHQW &HV OLPLWDWLRQV GH OD SHUWLQHQ
FHUWDLQHYV K\SRWKqVHV TXL HQ DFFRPSDJQHQW OH GpYHC
GIH[HPSOH

a) la réponse des organismes a une substancdJastpF LSDOHPHQW FRQWU{OpH S
travers la voie aqueuse,

b) la composition des milieux standardisés utilisés en laboratoire garantit un maximum de
ELRGLVSRQLELOLWpP GH -#HrE Yu QrEdditats\Voibtanug pidovporerff Hnéw
maige de sécurité par rapport aux situations de terrain),

F OD VHQVLELOLW p-a6¥X\Q RIXIDH WK/ WDRDQFH HW SURSRU
GYIH[SRVLWLRQ

&HV W\SHV GTK\SRWKgqVHV QH VRQW SDV IRUFpPHQW YD
OYDVVIPIAOXWHRVXEVWDQFH SHXW DYRLU OLHX SULQFLSDC(
concentration montrer des fluctuations plus ou moins marquées dans le temps. Les tests
standardisés ignorent aussi de nombreux facteurs, typiques des conditions de terram, pouv
UDGLFDOHPHQW PRGLILHU OD VHQVLELOLWIp pzS§excg desJIJDQLYV
PpODQJHYVY GH VXEVWDQFHY OHV IOXFWXDWLRQV GH WHPSp
la compétition intraet interspécifique ou encore la préseH GH SDUDVLWHY SRXU Q!
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quelqguesxQV $ SDUWLU GH FHVY FRQVLGpUDWLRQV MIDL GRQF
standardisés en termes de pertinence et, le cas échéant de fiabilité, afin de: podeaitifier

des problématiquegénérales pour mieux réconcilier les tests standardisés avec la réalité de
terrain et ii) proposer des questionnements scientifiques pouvant apporter des éléments de
réponse a ces problématiques.

Problématiques générales retenues pour le développemenbjétiscientifiqueEn partant du

cadre conceptuel préesenteG HVV XV M{DL UHWHQX VL[ JUDQGV SUREOQpI
GDYDQWDJH GITpWXGHV SRXU DXJPHQWHU OD SHUWLQHQF
compromettre la fiabilité L O T &tPp @dsRconnaissances sur la biodisponibilité de
substances dans les milieux standardisés utilisés en laboratoire, ii) la mesure de concentrations
accumulées par les organismes exposgsX EVWDQFHYV LLL OfYpWXGH GHV F
substances, iv OfpWXGH GH OYLPSRUWDQFH GH GLIIpUHQWHYV Y
PDWULFHV Y OYLPSRUWDQFH GX IDFWHXU WHPSVY HQ UHOL
entre effets de substances et changements climatiques globaux. Pour chaque pydblEdéad M DL
HVVD\p GH SUpVHQWHU XQ pWDW GH OTDUW VXFFLQFW GDQ
ILQ GH OD PrPH VHFWLRQ M{DL LQFOXV GHV UpIOH[LRQV W
la science et leurs conséquences potentiellés RQ SURJUDPPH GH UHFKHUFKFE
PRW pGpULYHY SRXU LQGLTXHU OHV SUHVVLRQV DX[TXHOC(
augmenter constamment leur productivité (articles, rapports, communications de tous types,
engagement avec les pouva@ublics et le secteur industriel) ainsi que leurs capacités
GIHQWUHSUHQHXUV VFLHQWLILTXHY DFTXLVLWLRQ GH IRQ
promotion de son champl/infrastructure de recherche aupres de financeurs). Ces considérations
nereletYHQW SDV VWULFWHPHQW GH PRQ FKDPS GLVFLSOLQDLL
WRXWH OHXU SODFH GDQV XQ SURMHW GT+'5 (Q HIIHW XQH
sera amenée a encadrer directement des doctorant-e-s et devransmetire non seulement

du savoirfaire mais aussi du savedtre scientifique pour leur permettre de poursuivre avec
VXFFqgV OHXUV FDUULqQUHV DFDGpPLTXHV RX GDQV GYD
particulierement, ces nouvelles recrues doivent appeendEconnaitre et combattre les dérives
GDQV OHXU GRPDLQH GH UHFKHUFKH DILQ GH SUpVHUYHU
progres scientifique.

Questionnements scientifiques et approches de recherche

La derniere partie de ce document (Parte VHFWLRQ VH FRPSRVH GTXQH V\
uns des défis conceptuels et pratiques devant étre considérés pour réconcilier les pratiques
ecotoxicologiques standardisées avec la complexité des situations réelles. Il est avant tout
nécessaire de ®®SUHQGUH TXH pUpFRQFLOLHU SURFpGXUHYV
HQYLURQQHPHQWDOY QH UHYLHQW SDV j uH[WUDSROHU G
VLWXDWLRQV GH WHUUDLQY (Q tWHUW D D@ HYW UDIB\RHD /YW UR (
optimaledes connaissances disponibles (obtenues en conditions contrdlées de laboratoire) pour
OfpYDOXDWLRQ HW O D skitudtiris Rp@cifigded) EIN meXadestidnhe\doGchbas

la validité des hypothéses sgasentes aux tests standardisés nisBepSRVH GIHQ DPpOLF
pertinence en y apportant en amont des modifications diment justifiées et documentées. Au
EHVRLQ OfH[WUD Stier@id péutRoQiefid EHilkser Dad/ & procHes plus complexes
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HW QRQ VWDQGDU G LV p HNMatigrQentiéHpYoDdd b ¢S IstanOdbdised pdt rR&sme
HQYLURQQHPHQWDOY TXL FRQVWLWXH OfREMHFWLI GH FH'
est souhaitable, a la résolution des limites conceptuelles et pratiques des procédures en question.
Cettediscussion introductive est suivie par la présentation de cing questions scientifiques
TXH MIDL UHWHQXHV SRXU PRQ SURMHW 3RXU FKDTXH T
JpQpUDOHV VXLYLHV GTXQH YLVLRQ SHUVR@@éh@2Gudlav XU OH
littérature scientifique) et des propositions concretes de recherche. Dans ce résumé, je me
limiterai a une bréve description des activités de recherche proposées, en demandant aux
lecteurs et aux lectrices de bien vouloir se référer au ¢exéaglais pour le cadre scientifique
GH FKDTXH TXHVWLRQ /HV TXHVWLRQQHPHQWYVY TXH MH
substances, mais les recherches envisagées en pratique sont axées sur les ETM qui constituent
mes contaminants modeéles dans la pluges cas.
Question 1. Choix ds PpWULTXHV SRXU OD PHVXUHVUBKHes HIITHWV
REMHFWLIV SULPDLUHYVY GH OYpFRWR[LFRORJLH FR@VLVWH
réponse entre une substance et un parameétre biologique. Treststesazoncentrations
GIfH[SRVLWLRQ VRQW PHVXUpHV HQ WHUPHYV GH FRQFHQWUL
PRUWDOLWpPp RX FURLVVDQFH GH OYfRUJDQLVPH RX GH OD
FXOWXUHYVY GYDOJXHV SDU s R SeHemedDWQ& fraztion KiBVa GH
concentration totale, dite biodisponible, contribuera toutefois aux réponses biologiques
observées. Sua base des recherches précédentésH SURSRVH GIDSSURIRQGLU
caractérisation détaillée de la s@dimin des ETM dans les milieux écotoxicologiques utilisés
en laboratoire4 XDQW DX[ PpWULTXHV GH UpSRQVH MH SHQVH WRX
GH OYHIILFDFLWp SKRWRV\QWKpWLTXH SR X-8viBddd dgue&sS SUpKH
GIKDGRXFH )LQDOHPHQW MIfHVSqUH DXVVL SRXYRLU pOD
modéeles biologiques autres que les algyms exemple le crusta@@aphnia magnaHW OLQVHFW
Chironomus riparius
Question 2. Aspects temporels des tests écotoxicologicgre relation aux situations
réelles.La plupart de tests standardisés préconise la mesure des réponses biologiques aprés un
WHPSV GYH[SRVLWLRQ IL[H QRUPDOHPHQW pWDEOL SDU X
approche néglige complétement la var@di Wp GH OD GXUpH sfiddfi@R¥ L WLRQ
terrain; avec plusieurs conséquences quant a la pertinence des résultats obtenus. Un organisme
SRXUUDLW HQ HIIHW WROpUHU XQH FRQFHQWUDWLRQ GI
FRUUHVSRQGDQW j OD GXUpH GX WHVW VWDQGDUGLVp PD
tempHx VXU OH WHUUDLQ 3OXVLHXUV H[SRVLWLRQV UpSpWpHYV
exposition continue en laboratoire pourraient aussi délctandes réponses biologiques non
prévisibles sur la base des tests standardisées. En pratique, je compte me servir de microplaques
pTXLSpHVY DYHF GHVY PHPEUDQHYV ILOWUDQWHY W\SH 0XOWL
DSSUpKHQGHU OfLR%BUWLPEAVHVEX IOFWW RWR[LFLWWPs GX &U
GHV DOJXHV GYfHDX GRXFH &HV GLVSRVLWLIV SHUPHWWHC
GIH[SRVLWLRQ HW GRQF GTHQYLVDJHU GH VFpQRuUnerRVY WUQ\
substane.
Question 3. Ecotoxicité de mélange®ans la plupart de cas, les tests standardisés
HIDPLQHQW OHV HIIHWV ELRORJL Un¢Biwat® X&3 dloignee& dewaD Q F H
réalité ou les organismes sont exposés a des mélanges tres complexd&sd&\sD QFHY DLQVL
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GIDXWUHV IDFWHXUV GH VWUHVV $YsHRE @ I THRPE M LGHH F/XH
HQYLVDIJHDEOH GYfHQ pWXGLHU WRXWHY OHV FRPELQDLVRQ
réflexion surdes ETM qui possédent plusieura8 GfR[\GDWLRQ SRXYDQW rwu
VLPXOWDQpPpPHQW G D QavexefmplérysericRaQtinbifeH&), BElEnium et chrome.
Comme déja discuté dans la présentation de mes activités de recherche, les deux états
GYR[\GDWLRQ GX &U RRpWP BOHPRAHQWHOMMWIRRQQHPHQW &U ,,
caractéristiques tres différentes en termes de biodisponibilité et écotoxicité. Afin de pouvoir
pWXGLHU OHV HIIHWV GHV PpODQJHV GH FHV GHX[ IRUPH
isotopiqguement eighies en°°Cr(lll) et *&U 9, /IXWLOLVDWLRQ GTXQH DS.
permet de quantifier, par une simple analyse-M3¥, la concentration de chaque état
GITRI\GDWLRQ WDQW GDQV OH PLOLHX GYH[SRVLWLRQ WDQ\
SachDQW TXH OH &U 9, HW UDSLGHPHQW UpGXLW HQ &U ,,,
SURSRVpH HVW OD VHXOH SHUPHWWDQW FH W\SH GY{DQDO\\
GHX[ pWDWV GYR[\GDWLRQ GDQV OH PL®&dlahcSquide&RYV LW LR (
étre suivi avec des analyses par couplage chromatographie ioniqgdSCP

Question 4. (1T HWV GH PDWULFHV HN c¥rRobsitidn GrfiplifieRied WL R Q
matrices utilisées lors de tests standardisés modifie la biodisponilalidrdaminants par
UDSSRUW DX[ PDWULFHYVY QDWXUHOOHY 'H SOXV OfYDEVHQF
en suspension, colloides organiques et inorganiques) dans les milieux de laboratoire ne permet
SDV GIDSSUpFLHU OYLPSR W DA SRV WALLR P BHG, Wl ¥ VWWRID. Q
HIHPSOH GHV RUJDQLVPHV ILOWUHXUV RX GpWULWLYRUH)
guestion 3 peut aussi étre utilisée pour améliorer la compréhension des réles des voies aqueuse
HW WURSKLT Xdlat®bq\Cr @df Dds loXjanismes modeles comaphnia magna

ou Chironomus ripariusEn pratique, ces organismes pourront étre exposés a des algues (
magng ou a des sédiment§ (riparius) préalablement contaminés avec du Cr(lll) et, en méme

temps, a oe phase aqueuse dopées avec du Cr(VI). Ce scénario peut étre considéré comme
UpDOLVWH GDQV EHDXFRXS GH VLWXDWLRQV (Q HIIHW OH
VIDGVRUEHU VXU OHV SDUWLFXOHV HQYLd¢RE® @ tel®H QWD OH \
supérieurs a 8,5) alors que le Cr(lll) estlaRUPH SUpGRPLQD @4/diggni®felsQWpU L
RX DGVRUEpH VXU OHV SDUWLFX@dididalé§ BuM RiKek &teus KDV H V
VWDQGDUGLVpPpV SHXW DXVVL SHUP HaxéNdds GafpHQtukelSS UR F K +
GRQF GI{DSSUpKHQGHU DYHF SOXV GH SHUWLQHQFH OD ELR
Question 5. Ecotoxicologie, changement climatique et continuum teree. $ OTKHXUH
DFWXHOOH MH QYDL SDV HQ@é¢ Rtherche prEORIS@te GuidstiGnU R M H \
TRXWHIRLY LO QYfHVW SDV UpDOLVWH GH QpJOLJHU OHV SR’
VXU OYfpFRWR[LFLWp GHV VXEVWDQFHV QL OD YDULDELOL\
continuum terremer. AttrH G{H[HPSOH GHV VpFKHUHVVHV SURORQJpt
une dilution moins efficace des rejets de station de traitement des eaux ceségps peut

augmenter les concentrations des certaines substances dans les eaux naturelles avec des
possibles RQVPTXHQFHV DX QLYHDX pFRWR[LFRORJLTXH (Q UHC
collaboré avec des ingénieurs chimistes qui développent des matériaux innovants pour la
dégradation des molécules récalcitrantes. Ce type de travaux présentent un intérét
PFRWR[LFRORJLTXH FDU OfHIITOXHQW SXULILp GH OD PROpF>
ecotoxique suite a la formation des produits de dégradation toxiques et non identifies. Compte
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tenu de la demande croissante a laquelle la ressource hydsigseumise, je réfléchis sur la
possibilité de poursuivre des collaborations autour de ces thématiques.

En plus de la discussion des cing questions mentionnélessis, la partie Il du document
contient aussi des recommandations pratiques sur lesgisipouvant étre appliquées afin de
VH SURWpJHU FRQWUH OHV GpULYHYV VFLHQWLILTXHY OH SC
FRQQDLVVDQFHY HQ pFRWR[LFRORJLH GH OD PHLOOHXUH ILC
en premier lieu (et pewdtre exclusivementyamoPrPH PDLV M{HVSqQUH TXTHOOH
des discussions sur des aspects trés présents dans notre quotidien de scientifiques mais souvent
tres peu ou pas du tout discutés entre collegues ou, encore moins, avec nos étudiant-e-s.
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Executive summary

The present HDR project deals with the challenges that fundamental and applied ecotoxicology
facesto protectnatural environments againxitential damage arising from thse of chemicals
in our everyday livesBeing basedn myresearch experiencengoing projects and current
thoughts for future endeavouithe project mainly focuses on knowledge gaps related to the
environmental behaviour and ecotoxicity of trace elemertswvever, the discussion is
organizedaround general issues and scientific questions that bear relevance also to other types
of chemicals. Only the content of the propoSadentific Research Proje¢Part 11l of the
document) is summarized below.
To begin with, lhe strength and weaknessestaindardized procedures are examined using a
reliability vs. relevance framework. Reliability indicates the intrinsic quality of experimental
data (.e., precision, accuracy, reproducibilityyhile relevance considetwow fit-for-purpose
are suchdatawhen assessing specific concerns in spedfigironmentakettings Using this
framework, | discuss why standardized semte used, what they actually can (and cannot)
assessand how their limitationsan (and do)actually drive progressn ecotoxicologich
researchFollowing these generalonsiderationsl then examine few broad issues in some
depth: the correct quantification of exposure to chemicalspthertance of chemical mixtures,
the presence of toxicignodifying factorsand different routes & exposurethe inclusion of
temporal issues in ecotoxicology aswme links betweeecotoxicological resear@ndclimate
changeA personal view onhe risks of biasn ecotoxicologicafesearch (and on its possible
causes) is also provided. With regard to bias, | am particularly concerned witliheow
functioning of the modern research industry anddtai$ on quantitative indicators may push
bona fidescientists to indulge in questidrla research practices without even realizing it.
The last part of the documepitesents five broarksearch question® which | would like to
bring some contribution in my future projects:
- the choice of the most appropriate metrics of exposure andssspo
- abetter consideration (or rather a rediscovery) of the importance of temporal aspects in
ecotoxicity testing,
- thestudyof a specialtype of chemicamixture, notably the combination of different
redox states of the sartraceelement,
- testing theapplicability of laboratory results in the reabrld (i.e. , matrix effects) and
the importance of difi@nt routes of exposure féilter- and deposifeeders,
- andexploring some ofhe links between ecotoxicology, climate change @notection
of theriver-to-sea continuum
The sections related to questions one to four inchatgkground considerations, a personal
(hopefully sufficientlydocumented) view on ésubject,and plans or proposals for future
researchactivities. Question five is discussed iterms of its overarching importance in
determiningfuture priorities in ecotoxicology. In addition to this haaence topics, | have
includeda few practical proposals teelp me in stayingn the lookout fopossible bias imy
researctand inrelation to my mentoring activities.
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the currentand past LIEC boardf-directors for their support to my activity and for their
everyday commitment in the difficult tasks of managing research (and researchers); with
specificmentions td_aure Giambérini for her tireless determination in moving us fadwa
Pascale Baudand Fabien Thomaer their support and enthusiaswhile serving during

the first 5 years of LIECand JeanFrangois Férardor his invaluable help during my
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Dr. Inge Werner, Dr. Rodolphe ®ih, Prof. Catherine Mouneyrac, Dr. Jérébme Rose, Dr.
JeanLuc Loizeau, Dr. Eric Meux, and Dr. Villieras Frédéric,
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discussions of ideas and opinions,
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me determination in the difficult exercise of pursusegentific rigour,

JeanFrancois Masfaraud for his scientific and personal consideration,
Sylvie Cotelle for her engagement in favour of environmental responsibility in research,

Eric Battaglia for always finding time to discuss common projects desigiteumerous
obligations,

Philippe UsseglidPolatera for his help and advice in the DANUBHB8 project,

Marie-Noélle Pons for her energy and pragmatism in properly finalizing complex research
endeavours,

my master and PhD students (also outside LIES)surviving me and my shifting
management styles and schedules, in particular Imad Aharchaou for teaching me how to
mentor and to Pauline Louis for her patience in discussing feedbacks,

WKH RWKHU PHPEHUVPRI PAKQH RI@GH WH I BtiED@NHglez&atid /D H
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extraordinaUH Y DW WKH 8Q L Yddshafinghis bBundieésQlel¥ &f science,
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- the colleagues at the CNIRSA in Brugherio and VerbaniBallanza for sharing passion
and knowledge during our projects on sdine lakes, in particular Piero Guilizzoni,
Andrea lami, Aldo Marchetto, Stefano Polesello, Sara Valsecchi and Angela Boggero,
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1. Personal information
Davide Anselmo Luigi VIGNATI

Professional address: Laboratoire Interdisciplinairdes Environnements Continentaux
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Campus Bridoux, UFR SciFA
8 rue du Général Delestraint
57070 Metz, France
Tel. +33 3 72 74 89 56
Fax. +33372 7489 74
E-mail: davidanselmo.vigati(atjuniv-lorraine.fr

2. Working experience

01/02/2012present Researcher
Université de Lorraine, CNRS, LIEC UMR7360, Metz (France)

01/04/200881/01/2012 Researcher
National Research Council of ItaWvater Research Institute
(CNR-IRSA), Brugherio (MB) ltaly

01/01/200081/03/2008 Doctoral and postloctoral fellow
University of Geneva, Institut fA. Foref, Versoix (Switzerland)

30/09/199681/12/1999 Junior researcher
National Research Council of ltabyVater Research Institute
(CNR-IRSA), Brugherio(MB), Italy

3. Education

2003 Doctorat és Science (PhD), University of Geneva, Switzerland
1998 Italian state exam for professional biologists

1996 Master in Biology, Universita degli Studi di Milano, Italy

1989 Diploma, Scientific High School Galileo Galilei, Legnano, Italy

I Currently Department FA. Forel for Environmental and Aquatic Sciences, University of Geneva, Geneva
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4. Teaching and administration activities

Teaching

Having always occupied research positions, my teaching duties have mainly consisted in
contributions to specific subjects within larger modyfaaster level and continuous learning),
block courses tailored to specific audiences at PhD student level, or participation in summer
schools (master level).

2017®ngoing Yearly contribution of 6 hours to the modievenir et effets de polluants dans
les matrices aiteau/sedimenidJniversité de Lorraine, UE8S06

20136ngoing Contribution to the continuous learning coufdeV WHVWYV G{pFRWR[LFLYV
GH OfpYDOXDW Umv@rsizeHl® Laravel, ¥adixed by Dr. S. Cotelle, LIEC

2019 Block course of 12 h, Universitiegli StudiGHOO Y, QVXEULD &RPIRaceWDO\ ¢
element speciation and its implications for environmental behaviour and ecotoxicological
effects

20102017 Scientific communication and writing for PhD studemkck course (25 hours).
Universita degliStudi di Milano, Italy

20042016 Teaching (lectures, practical work, leading discussions) during summer schools in
coastal and transitional environments for the students of the University of Geneva (several
editions in Venicezltaly, Faro +Portuga) Uzlina +Romania, Fmorskoie +Ukraine)

Administration

- Co-creation and corganisation of an internal group for celebrating the 50 years of
ecotoxicology (with VASSEUR Paulet Emeritus Professor, LIEC; MASHRAUD Jean
Francois £ Maitre de Conférence, LIEC; MINGUEZ Laetitia CNRS researcher, LIEC;
FLAYAC Justine *Assistant engineer, LIEC; VICENH Anne =*freelancer in scientific
communication}https://www.echosciencegandest.fr/dossiersdcotoxicologiefete-ses50-ang

- Moderator of the LIEC internal project group S@iflaterContinuum (Continuum Setau)

- Co-correspondent of INEE for international activities

- Co-organizer of weekly internal seminars at LIEC (currenthhoid due to health restriction
measures due to Covi® pandemic)

- Member of LIEC internal steering groups on communication and international activities

- 20122017 Memler of LIEC scientificcommittee

-2012R2017Co-FKDLU RI WKH JURXS p(FRG\QDPLFV DQG HFRWRJLF
(about 20 person/equivalent in research time)

-20122016 Co-chair of an interest group on mercury contamination for the SETAC (Society
of Environmental ©xicology and Chemistry) including organization of dedicated congress
sessions, workshops and &sjal science symposium in 2015




5. Research activities

5.1. Bibliometry (as of 3DApril 2021)

Total number of peereviewed publications in Web of Science journals: 53
h-index: 18 (Web of Science)

Total number of citations: 995 (Web of Science)

Publications in other journals: 10

Books: 2 (as ceditor)

Reports and book chapters: 11

Invited seminars and talks: 15

Platform presentatioret international congresses: 41
Poster presentations at international congresses: 63

5.2. Research projects

2021presentBioavailability and ecotoxicity of redox sensitive elements to biota: a stable
isotopeapproach (BRexIst). CNRS EC2CO initiative.

Project leader

2017present. Ecotoxicology of Rare Earth Elements in Aquatic Systems (ANR ECOTREE;
[https://anr.fr/ProjeANR-16-CE340019).
Work- package co- OHDGHU 32ULJLQ DQG HFRWR[LFRORJ\ RI 5((°

2019®present. Programme PON RI (Programma Operativo Nazionale Ricerca) 2014/2020:
Advanced photocatalytic processes using polymer functionalized nanocomposites activated by
solar radiation for the removal of emgeng contaminants from wastewaters in view of their
reuse (industrial doctorate program in cooperation with the University of Salerno, Italy).
Reference person for LIEC

2016+ SUHSDUDWRU\ SKDVH IRU WKH 3, QWHUQD&ERQDO &H
6\WVWHPV~ + ' $-P8 Bwi Blanubiuspp.eu{www.danubiusri.eu).
Reference person for Université de Lorraine and CNRS

20152017. Action on Ni and associatel@ments, subproject: Impact Environnemental sur les
ecosystemes aquatiquesApproche écotoxicologique. (ANR Labex Ressources 21;
[https://ressources21.urlerraine.fr).

Participant

20152017 Action on Rare Earth Elements. Subproject: Predicting and understanding REE
effects at the sediment water interface. (ANR Labex Ressourgbgd{/ressources21.urjv

lorraine.fr).

Participant

2016. Development of a ndethal indicator (fish scales) for monitoring metallic contamination
in biological matrices (DECAMET). (OTELozx Observatoire Terre et Environnement
Lorraine).

Proje ctleader



20152016. Excellence projectsaction 86. Understaimuy Cr biological fate in freshwater
bivalves using isotopicallgnriched solutions. (ANR Labex Ressources 21,
[https://ressources21.uni@rraine.fr).

Project leader

2014. Excellence projectsaction 67. Uptake and intracellular distribution of Cr(lll) in
freshwater algae. (ANR Labex Ressourceth#bs://ressources21.unigrraine.fry.
Project leader

20122013. INSOKINTOX: Insoluble elenental species in algal culture medium: a kinetic
approach to their formation and ecotoxicological relevance. (Project ECZBIRS, INSU).
Project leader

2009. Partitioning of total mercury and methylmercury between colloids and true solution in
agueousmatrices. Bilateral exchange project funded by SNF (Swiss National Science
Foundation) and CNR (National Research Council, Italy).

Projectco - leader

20082012: Investigation on DDT and dangerous substances in the ecosystem of Lake
Maggiore. (Programs ahe CIPAIS 2 International Commission for the Protection of Italian

Swiss Watergywww.cipais.ord.

RUN SDFNDJH OHDGHU 30HUFXU\ DQG WUDFH HOHPHQWYV FR

20072010.Mobility and bioavailability of metals inontinental waters; an integrated approach
+Part 4: narrowing the laboratory vs. field gépNF, Swiss National Science Foundation).
Project co - proponent

2006. Mobilité et biodisponibilité de métaux dans les eaux continentales: études détaillées sur

le mercure. Accepted request for a contribution to the purchase of an AFS mercury analyzer to
HBRFLpWpPp $FDGpPLTXH GH *HQqYHY DQG M)RQGDWLRQ 6FKPL
Project leader

20012007 .Mobility and bioavailability of metals in continental waters; an integrated approach
tParts 1, 2, 3(SNF, Swiss National Science Foundation).
Participant



6. Mentoring activities

6.1. PhD theses and Phddmmittees

NAVARRA Wanda (ongoing)Combined processes of adsorption and dajat activated
photocatalysis for the removal of contaminants of emerging concern in wastewater in view of
their reuse. Universita degli Studi di Salerno (ltaly); LIEC acts as a partner for providing
ecotoxicologgal training to the PhD candidate.

Director: CAROTENUTO Maurizio; Tutor LIEC: VIGNATI Davide A.L.

Contribution to mentoring: 20%

LOUIS Pauline (2021). Origin, behaviour and fate of rare earth elements in wastewater
treatment plants and associated rgogi environments. Université de Lorraif@ance.

Director: PONS MarieNoélle; Codirector: VIGNATI Davide A.L.

Contribution to mentoring: 50%

AHARCHAOU Imad (2017). Ecotoxicity of trivalent elements: early markers, trophic transfer
and importance of in&able species. Univergitde LorraineFrance.

Director: VIGNATI Davide A.L.; Cedirector: BATTAGLIA Eric.

Contribution to mentoring: 50% (Thesis DirecttD YHF GLVSHQVH Gf+'5

PONTI Benedetta (2012). Ecotoxicological assessment of freshwater envirendXéhPhD
Course in Environmental Sciences, Universiegli StudiG Hi@&fia Como(ltaly)
Direction: Prof. BETTINETTI Roberta

Contribution to mentoring: 10%

KOTTELAT Régis (2008). Physieohemical characterization of flethrough microcosms and
their use in the study of route of exposure for Cd and Cr(lIDaphnia magnaUniversity of
Geneva, Switzerland.

Director: Prof. DOMINIK Janusz; Gdirector: Dr. FERRARI Benoit J.D.

Contribution to mentoring: 25%

Thesis committees
BURGA Karen (2012)Développement et validation de microbiotests en phase solide pour
OTpYDOXDWLRQ pFRWR[LFRORJLTXH GHandep GLPHQWYV 8QLYH!

6.2. Master students
6.2.1. Master 2 (or equivalent if outside France)

AMBIAUD Antonin (2021). Bioavailability ad ecotoxicity of Cr(lll) and Cr(VI) mixtures \Hs
avis of the freshwater green alBaphidocelis subcapitaténiversité de Lorraine, France.
Director: VIGNATI Davide A.L.

LODATO llaria (2019). Assessment of the toxicity of Cr(lll) and Cr(VI) using theeeg alga
Raphidocelis subcapitaténiversita degli Studi di Salerno, Italy.
Director: BALDANTONI Daniela; Tutor at LIEC: VIGNATI Davide A.L.

FUMAGALLI Sonia (2010). Analysis of mercury content in fish products and media
communication on the risks veenefits of fish consumption. University of Insubria Como,
Italy.

Director: PASQUARE Federico A.; Gdirector: VIGNATI Davide A.L.



POLA Annalisa (2011). Mercury contamination in the abiotic and biotic components of Lake
Maggiore and comparison with otheudalpine lake.8 QLYHUVLW\ GHJOL 6WXGL
(Italy). University of Insubria Como, Italy.

Director: BETTINETTI Roberta; Calirector:VIGNATI Davide A.L.

MARCHESE Gabriele (2010). Mercury contamination in Lake Maggiore: present situation,
temporal evolution and comparison with other subalpine lakes. Universita degli Studi di
Milano, Italy.

Director: TREMOLADA Paolo; Calirector: VIGNATI Davide A.L.

RADCHENKO Inna (2008). The imptance of colloidal P forms arttieir bioavailability in

aquatic ecosstems. Collaboration XQGHG E\ pt%RXUVH /RPEDUG 1T EHWZ
of GenevgSwitzerland and the CNRSMAR (Venice, Italy)

Director: DOMINIK Janusz; Cedirectors: ZONTA Robertand VIGNATI Davide A.L.

BRIGHI Alice (2008). Université de Genéve and GNSMAR (Venice, Italy).Importance of

sediments and pomsaters as secondary sources of phosphorus to the water column in the
Venice lagoonCollaboration XQGHG E\ p%RXUVH /RPEDUG ty§f EHWZHF
GenevaSwitzerland and the CNRSMAR (Venice, Italy).

Director: DOMINIK Janusz; Cedirectors: ZONTA Robertand VIGNATI Davide A.L.

SIMO Placede (2006). Metal bioaccumulation@lyironomusspp. Exposed to sediments from
the Vidy Bay: relationshipwith survival and growth. University of Geneva, Switzerland.
Director:DOMINIK Janusz; Cadirectors: FERRARI Benoit.D. and VIGNATI Davide A.L.

BEYE Mamadou Lamine (2005). Toxicity and bioavailability of chromium to the alga
Pseudokirchneriella subcapita in standard and enriched ISO medium. University of Geneva,
Switzerland.

Director:DOMINIK Janusz; Cadirectors: FERRARI Benoit.D. and VIGNATI Davide A.L.

6.2.2. Master 1

SIMONIN Cécile (2014). Genotoxicity of chromium to freshwater algae. Unigéedst
Lorraine, France.

Director: COTELLES.; Caoadirector: VIGNATI Davide A.L.

<21 %pUHQJqUH (FRWR[LFLWp HW ELRGLVSRQLELOLWp
douce Pseudokirchneriella subcapitgtaUniversie de Lorraine, France
Director: BATTAGLIA E.; Codirector: VIGNATI Davide A.L.

ARAB Mohammed (2014). Chromium ecotoxicity to the green dbgaudokirchneriella
subcapitataUniversi€ de Lorraine, France
Director: VIGNATI Davide A.L; Co-director: MASFARAUD JeanFrancois

AIT-BENAMARA Nassim (2014). Chromium ecotoxicity to a freshwater green alga:
optimization of an experimental protocol based on ftogometry.Universi#é de Lorraine,
France

Director: VIGNATI DavideA.L. Co-director:BATTAGLIA Eric



ADA-FOUDA Rufine (2014). Study athromium genotoxicity to the alg@seudokirchneriella
subcapitataUniversie de Lorraine, France
Director: VIGNATI DavideA.L. Co-director: COTELLE Sylvie

6.3. Postdoctoral researcherand others

MARTIN Loic (20182020). Study of Rare Earth Elements behaviour.

Postdoctoral researcher at LIST (Luxembourg), supported by the project ANR Ecotree.
Co-mentoring with HISSLERChristophe, researcher at LIST (Luxembourg Institute of
Technology)

ROMEROFREIRE Ana (20162017). Chemistry and ecotoxicity of Rare Earth Elements.
Postdoctoral researcher at LIEC, supported by LabexR21.
Co-mentoring with GIAMBERINI Laure

GONZALEZ Veronica (20122014). Ecotoxicity of Rare Earth Elements.
Postdoctoral researcheat LIEC supported by LabexR21.
Co-mentoring withGIAMBERINI Laure and LEYVAL Corinne

ACANFORA Floriana (Feb 2018ul 2017). Ecotoxicity of chromium to freshwater algae.
Erasmus postiegree mobility.



7. Collaborations with visiting scientists 2

VALSECCHI Sara, researcher, Natal Research Council of Italvater Research Institute
(CNR-IRSA), Brugherio (MB), Italy.

Subiject of the visit: Spiking procedures for sediment toxicity and bioaccumulation tests
Peiod: July 2016

LIBRALATO *LRYDQQL DVVRFLDWHG SURIHVVRUWtaQLYHUVLW]| &
Subject of the visit: Ecotoxicity of narioon to freshwater algae
Period: Maydune 2015

LOFRANO Giusy, researcher, Universita degli Studi di Salernajdfis (SA), Italy.
Subiject of the visit: Use of naraerovalent iron for chromium toxicity reduction
Period: Maydune 2015

LIBRALATO Giovanni, associated profess@ QLYHUVLW | &DY )RWEFDUL 9HQH]L
Subiject of the visit: Toxicity ofianezeravalent iron to freshwater algae
Period: June 2014

LIBRALATO Giovanni, associated profess@ QLYHUVLWj &DY ) RWFEDUL 9HQH]L
Subject of the visit: Toxicity of various fresh and aged silver nanoparticle suspensions to
Pseudokirkneriellsubcapitata Korshikov).

Period: June 2013

SZALINSKA van OVERDIJK Ewa, professor, Cracow University of Technology, Cracow,
Poland.

Subiject of the visit: Chromium bioavailability to aquatic organisms.

Period: August 2013

SANTIAGO MORALES Javier, PhD studg Universidad de Alcala, Madrid, Spain.
Subject of the visit: Ecotoxicological assessment of, Ti@hoparticles in aquatic ecosystems.
Period: JunetAugust 2012

2This includes the definition of the scientific program for the visit and direct cooperation during the visit
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8. Scientific visits to foreign institutions

SeptembeR020 SeptembeR021. Associatetesearcher, National Research Council of Italy
Water Research Institute (CNRSA), VerbaniaPallanza branch. Research program:
Geochronology and behaviour of mercury in-slgine lakes.

328" June 2019. Invited researcher arghdhirg (block course) at the doctoral level
8QLYHUVLWj] GHJOL (Bovhg,@alyGHOOT,QVXEULD

14" January4™ February 2017. Sheterm scientific mobility, COST action 1205 (ENTER
Engineered Nanomaterials from Wastewater Treatment and Stormwater to Rivers).

Project: Understanding the dynamics of Cr nanopatrticles dissolution and formation in aqueous
freshwatematrices. University of Agricultural Sciences (Uppsala, Sweden).

12 29th April 2016. Shorterm scientific mobility, COST action 1205 (ENTEEngineered
Nanomaterials from Wastewater Treatment a&lormwater to Rivers). Project
Characterization and hazbassessment of effluents treated by photocatalytic processes using
ZnO nanoparticlesUniversita degli Studi di Salerno (ltaly).
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9. Invited seminars and talks

Vignati D.A.L. Physicechemical and biological processes ameéractions with contaminants.
&RXUVH RQ p(YDOXDWLRQ RI HFRWR[LFRORJLFDO VHGLPHQ
Centre, Bern, 145" November 2019. (In French and in German)

Vignati D.A.L. Biotabased environmental quality standards for mercarg challenge

for river-sea system research and management. EUSDR (European Strategy for the Danube
Region), Synergies and collaboration opportunities in advanced research fseavgystems.
Bucharest, '§ October, 2019.

Vignati D.A.L. Trace elemerdpeciation and its implications for environmental behaviour and
HFRWR[LFRORJLFDO HIIHFWV 8QLYHUVLW@EHIM2 6WXGL GH

Vignati D.A.L., Masson G. DECAMETxt 'pYHORSSHPHQW GTXQ LQGLFDWHXU
(écailles @ poisson) pour le suivi de la contamination métallique dans les matrices biologiques.
Séminaire de I'Observatoire Terre et environnement de Lorr&fhéuly 2018, Nancy, France.

Vignati D.A.L. The principles of sound ecotoxicology in the regulatoontext for trace
elements,$ 0D U FK 8QLYHUVLWj GHJOL 6WXGL GHOOT,QVXEUL

Battaglia E., Vignati D.A.L. Ecotoxicity of a (slightly) neglected toxicant: trivalent chromium
,Q JUHQFK 6FLHQWLILF VHPLQDU RIQ QHNPWHQUY DG\HR LR H U DI
Vandoeuvrdés-Nancy, France, 8 July 2013. (Présentation conjdijaimt presentation)

Vignati D.A.L., Battaglia E. Effects of Cr on algae and daphnids (in Fret®#télier Nickel
Ressource 221 March 2013, Nancy, FranceRr@sentation conjointgoint presentation).

Vignati D.A.L., MontargésPelletier E., Rotureau E., Parant M., Férasf.,JBattaglia E., Sohm

B., CosstlLeguille C. Ecotoxicity of trivalent elements: appreciating the role of insoluble
species. Réseau Lank, 1 Workshop. Axis 4: Metals, PAHs and nanoparticles. Centre de
Recherche Publi¢Gabriel Lippmann, Belvaux, Luxembourd" Bebruary 2013.

Vignati D.A.L. Balancing pragmatism and realism in environmental sciences. Programme of
re-training and requdlcation of Iragi experts in the field of biochemistry and technology for
peaceful application. 29July 2010, Milan, Italy.

Ferrari B., Vignati D. Environmental realism and relevance of bioaccumulation and
ecotoxicological tests. Symposium) URQWLHWNWH L5 HVHDUFKY FHOHEUDWLQ.
Institut F-A. Forel. 17" September 2010, Geneva, Switzerland. (Joint presentation).

Vignati D.A.L. Potential risks from sedimehbhbund elements during dredging works: an
example from the Danube Delta. Maiiis 8QLYHUVLWDLUH HQ 6FLHQFHV G
(University of Geneva, Switzerland).2May 2010, Geneva, Switzerland.

Vignati D.A.L. Mercurycontamination in Lake Maggior@ synthesis of the activities of the
International Commission for the ProtectioinSwiss WDOLDQ :DWHUV :RUNVKRS F
PDQDJHPHQW KHDOWK DQG HFRORJLF D'MaFcK 20O0OM0@zaHY IRU
Italy. (in Italian).
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Vignati D.A.L. The expert in environmental sciences between pragmatism and environmental

reaiVP 'RFWRUDO 6FKRRO LQ (QYLURQPHQWDOM6JahudrQ FHV R
2010, Como, ltaly.

Vignati D.A.L., Berlinksy M. The importance of environmental reaslism i 2&ntury

ecological monitoring and risk assessment. Internationaléfe FRQIHUHQFH RQ p7KH
QDYLIJDWLRQ DQG HQYLURQPHQWDO VHFXULW\ LQ DrWUDQV|
26" June 2008, Odessa, Ukraine.

Dominik J., Vignati D. Microelements and forms of phosphorus in sediments of the Ukrainian
partol WKH 'DQXEH '"HOWD ,QWHUQDWLRQDO VHPLQDU u$QDO
of the first stage of DWNC+DanubeBlack Seax UHVW R U D W L R&' ADR 200Y, |

Odessa, Ukraine.
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10. Other activities and responsibilities
HISHUW UHSRUW RQ WKH HFRWR[LFLW\ RI WULYDOHQW «

201622019. Preparation of the DANUBIURBI Science and Innovation Agenda (contributor).
[https://danubiugp.eu/results/

20122016. Cechair of the SETAC (Society of Environmental Toxicology and Chemistry)
mercury group

2014. Guest editor of a special series of papers on Hg in Environmental Toxicology and
Chemistry. Editoribcontribution:Environmental Toxicology and Chemis88, no. 6 (2014):
11994201

3DUWLFLSDQW E\ LQYLWDWLRQ RQO\ LQ WKH ZRUNVS
capacity building and excellence in river systems (basin, delta and seh8. W#&ch 2014.
Bucharest, Romania

20112014. Cechair of scientific sessions at the annual SETAC Europe congresses in Milan,
Italy (2011); Berlin, Germany (2012); Glasgow, United Kingdom (2013); and Basel,
Switzerland (2014)

2012 and 2014. Gohair of scienfic sessions at annual SETAC North America congress in
Long Beach, CA, USA (2012) and Vancouver, BC, Canada (2014)

2013. CoRUJDQL]J]HU RI WKH ,QWHUQDWLRQDO :RUNVK®S uoDQ]|
FHQWXU\ EULGJLQJ VRctolieRel3DKuGarBoo@lapa]

2013. Café des Sciences.-@admateur. Pollution cachées: alimentation a risque? Metz, 21
May

2012. CeRUJDQL]JHU RI WKH p1($5 ,QWHUQDWLRQDO VXPPHU \
Odessaregior' DQXEH 'H O W DOdé&ssalhRd \@Kavp (Ukraine), 08" September

4XDOLILHG WR WKH p)RQFWLRQV GH SURIHVVHXU GHV 8

2010. CORUJDQL]JHU RI WKH ZRUNVKRS pOHUFXU\ UHJXODWRU\
the 2 FHQW X U\T ZR U Nital@d). Oy, 16 March

2008 to 2012. Participation in the annual workshop of CIPAIS (Commissione Internazionale
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Part Il Past research activities



1. Sketching a coherent picture of twenty years of research

My past and currentesearchfocuses orthe environmentabehaviouy bioavailability and
biological effects otrace elements (continental aquatic system®lthough race elements
occur naturally in the environment, their biogeochemical cycles haea disrupted by
anthropogenic activitiesat various times during human histofffheir concentrations are
thereforeenriched above naturldvels in practically all ecosystems, including in remote areas
(Hong et al., 1998Schwikowski et al., 2004Whethe concentratiorenrichmentsranslate into
increasecnvironmental riskactuallydepends on rgenumber of environmentabiological

and ecologicafactors. Understanding thaterplay and the joint outcomef these factors
requires

- a continuum of investigationsranging from smalkcale shortterm laboratory

experiments to longerm field observations

- modeling toolsto reconstrucipas) drivers of environmental change aegploring

possiblefuture scenarios, and

- an interdisciplinary approadb extrapolatéaboratory results teeatfield situationsor,

converselyto intempret phenomenological observatioimsnatural environmentaithin
coherentheoretical frameworks.
Starting fromthese bases$ have strived tadoptan integrative and issudriven approaciio
researchwhile harmonising my owprioritieswith the scientific policies ahehostinstitutions
and theprojectbasedunctioningof the scientific enterprise.

A broadsummary of my previous activities is presented below accorditigetalifferent
topicsthat | have approached during my cardeable J). All of them contributd to my current
scientificvision and, henceto the development dhe HDR projectdescribed in parthreeof
this document5 DWKHU WKDQ pGLYVS H of xekdiQHfidls FHé Ravigty Df tqpds P E H U
illustrated in Table Xestifiesa constant effort to enlarg® Q Kdjentific vision to different
environmental compartmentsodel orgarims,contaminants, techniquasddisciplines.

With the benefit of hindsight, | armuch pleased to notice a cardeng, substantia
coherence with the concemsposed irthe Y L H Z S Rab@atétonyto-field extrapolation in

aquatic sciencef{Vignati et al., 200 boldly staing that Narrowing laboratory -versus-

field gaps appears to be a conceptual rather than amethodological challenge = This
strong statemerdgpparentlyretairs all its validity considering thain their recent editorial on

the emergence of microplastics as global pollutBusga and Elliott (2019vrote 36 Z1‘SY Z 1

many of the tools at our disposal, but we are particularly poor at using this ". Such

statements do nbbwever implythat all the necessarymédhGV DQG WHFKQLTXHV WR
environmental problems are already availalde glready existeanore than 10 years ago).
Ratherthey invite ugo consider a different way ptanning andloing researchn his analysis

of the 2019 Global Sustainable Development Report (available at:
https://www.uved.fr/fiche/ressourceftapportmondialsurle-developpementlurablegsdr

de2019analsq starting from 22m05sRrof. JeanPaulMoatti (President of the IROnNstitut
de Recherche pour le Développeméiranceat the time of recordirjgstresseshatachieving
the goals of sustainable development requires to embrace a scientific appedashigsue
driven rather than disciplirériven. In this approachthe continued development of the
fundamental scienaemains a key facton building sustainable societiddowever,individual
disciplines(including human and social sciencesjist bemobilised as needeo tackle the
systemicenvironmental challenges that originate from oustifees and consumption patterns
{EEA, 2019. Reconciling laboratorpased studies to field observasamill be one important
conceptual and practical stepviardsuchan ambitious objective

Starting from the general cadsrations outlined above, | have reventhemain topics and
resultsof my past research (Tablg &ndtried to assesgheir current validityin terms of
approaches, conclusions, and recommendatitisough thetopics listed in Tabld apply to
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manychemicals most of the discussionill focus on issues linked to contamination by trace
elementsin agreement with my specific experti§gn the other hand, | have strived to avoid
bias in the selection dfie citedreferencesndhaveacknowledgd studies supportingothmy
own results or alternative hypotheses.

Table 1. Positioning of the major topics of my previous and ongoing research within broader research
areas.

Researclares Specific esearch topic(s) Activity period
Sediment quality evaluation and
bioavailability of sediment bound
contaminants

Use of sedimentary archives as { Geochronology of Hg
tool for longterm monitoring and| contamination and Hg risk 2008 +2015
risk assessment assessment

Trace metal partitioning in
contrasting aquatic environments
(including methodological
studies)

Elemental peciation in

Chemical issues in contaminant | ecotoxicological mediancluding

Assessment dhe extent and

effects ofsediment contaminatiorf T0° ~0"90INg

Environmental behaviour of trace
elements and its potential
implications for ecotoxicity

2000 *ongoing

2005 *ongoing

ecotoxicology its implicatons for hazard/risk
assessment
Contaminant bioaccumulation Chromium internalization and 2014 +ongoing

distribution inside organisms

2. Sediment qua lity evaluation

2.1 Overview

During the 1990sbed sedimentsecamencreasingly recognized as a major sialkd potential

secondary sourcéor several contaminants of conceirmportantconceptual developmesin

the use of sediments fenvironmental quality assessmeatuallygained momentum during
thoseyears including:

- the sediment qualityRIAD approachbased on the simultaneous antgrated collection
of chemical, ecotoxicolagal and ecological information for assessing sediment quality
(Canfield et al., 1994Chapman, 1990 eslie et al., 1999

- the AcidVolatile Sulfide (AVS)approach postulating that AVSontrol trace element
toxicity to benthic organismgDi Toro et al., 199p,

- the definition of Sediment Quality GuidelinéSQG)as benchmark valudsr triggering
further assessment of sediment quaditgpecific locationgLong et al., 1998MacDonald|

| etal., 200p.

These approaches\ebeenprogressivelyrefined,integrated or constructively criticied to

better accourfor trace element bioavailabiliffFairbrother et al., 20Q{kcCarty and MacKayj,

[1993|Simpson and Batley, 200)(a
For many contaminants, sediments integrate inputs from the overlying ceéiern over

periods of weeks tmonths and can therefore providenuchmore representative snapshot of

HHQYLURQPHQWDO TXDOLW\Y WalyS8=QFufthethoFeRautidler®aStRe) GLQJ Z

contaminantsrepresent agreate risk to sedimentlwellersthat can derive much of tine

contaminant burdefrom theingestion of contaminated sedimelmdeed, he assumption that

a waterbased quality criteon for agiven substances protective of benthic biota is being
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increasingly challenged and curréniropearegislation leaves room foegulatoryapproaches
EDVHG RQ FRQWDPLQD §dinvefs ER,QEAQWUDWLRQV LQ
Althoughsediment qualit assessment isseful toidentify theriver stretches most impacted
by anthropogenicontaminants (or other stressom®sultsmust beinterpreted by giving due
consideration to basin geology, river hydrology and morphology, and knowledge of present and
past existing human pressurésis alsoimportantto remember that chemical measurements
alone will hardly ever providéefinite hints on the actual contaminant bioavailability
particular, caution is mandatory wheamparing measured contaminant concentrations with
SQG Concentratios below SQG may be assumed teeflect limited risk (from chemical
contamination)butconcentratioa aboveSQGdo not necessarily imply the presence of a risk
linkedto a given chemicdlAllen Burton, 201Y. Furthermore, individual SQ@o not consider
the possible interactions among contaminants, althoughagips to integrataixture effects
of a few chemicalge.g., selectetrace elements, PAH, PCBs and a few organic pesticides)
have been proposg¢dong et al., 200p Despite theelimitations, SGQremain useful to identify
critical areagequiringspecific researchfforts in terms of risk assessmgas illustrated in the
two following case studies.

2.2. Assessment of sediment quality in the river Po basin (Northern Italy)
The river Po is the largest Italian river (basin area over 70,06) &md flows west to east
across one of the most populated and industrialized areas of Italy. During the 1990s, three major
scientific projects werearried outo assess the sediment qualitythe main riveibed aul its
tributaries. The first project waoordinated by the Italian Water Research Institute (IRSA
CNR, Italy)andincluded two major campaigns (September 1996 and March 1988 iiver
Po mainchannelunder stable low flow conditiondhe second project was led by the Institut
F.-A. Forel (IFAF, University of Geneva, Switzerlantijrrently Department FA. Forel for
Environmental and Aquatic Sciences) and took place in September 1994 (during high flow
conditions) and October 1996 (thg normal flow conditions) again in the river Po main
channel The third projectalso led by IFAF-collected samples in 24 tributaries along the course
of the river Poin October 1996 and April 1997 was involved in the data elaboration and
interpretaion for all projects; which allowed me to cresgamine the different findings and
contribute to characterizather exhaustively the statesg#dimers in the River Po hsinat the
time of sampling

All studies were planned with a general knowledge of the human pressures existing in the
river basin{IRSA, 1993. While confirmingthat the cities of Turin and Milan were major
sources of contamingnto the riverPq the results also highlighted the presenceddfuse
sources of trace elements, PCBs, and DDTRerlower course of the riven the case of trace
elementsthe geological pediarities of the river P@atchmentconsisting in the msence of
mafic and ultramafic rocks specific areagAmorosi et al., 200R turned out to be an important
point for the corred interpretation ofthe resultsin terms of sediment qualityMafic and
ultramaficrocks have naturally high Cr and Ni content in their crystalline lastidbat such
high concentratiomare usually accompanied by little bioavailability of éseelements An
uncritical comparison of measured concentrations tighcorresponding SQGsgould have
led to conclude that Cr and Ni palsa potential threat to biota in the whaatchment of the
river Po; including those stretches situated close to its springs @pstream of know
anthropogenic sources of contaminatidfter properly considering thavalable information,
it was possible ta@onclude that the high levels of Cr and Niriner Posedimentamostly
originatedfrom natural sourcesnd contributednly marginally to sediment toxicitfCamussd
[et al., 200P These conclusion agreedith the subsequenecotoxicological evaluations
performed bjVigano et al. (2003)
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Comparison of elemental content in bed sedini@mtl suspended particulate mattauring
low and high flowconditions(Vignati et al., 200Bfurther highlighted that floods leave behind
sedimets with coarser grain size and a lower degree of contamindtmmexample the
fraction of leachable vs. total Pb and Zn (taken as representative of elements subject to
anthropogenic impactyvas lower during floods tharunder normal flow conditionThese
observationsnay bear relevarce when evaluating the risks of legacy contaminants that can be
remobilized from floodplains during extreme hifibw events.

The study ofediment contamination in the major tributafiégnati et al., 2008showed
thatonly a minor number of them could clearly be identified as sourcgslioted particulate
materialto the main rier bed. Otherwise stated, especially in the lower stretches of the river
Po, diffuse sources from the basin appeared as the dnaar of sediment contamination,
althougha few; local critical situatiorwere foundfor some tributaries.

2.3. Assessmemf sediment quality in the Danube river Delta (Romania/Ukraine)
The Danube river is one of the major European water courses. Its Delta is an important
biosphere reserve under the Ramsar Convention, but also a major waterwaygomgea
vessels and an economically important area for Batimania andJkraine. The Danub Delta
comprises three majdoranches (Chid, Sulina and Sfantu Gheorghdahe Chilia branch
forming a large secondary delta before entering the BlackTBesstate of the Danubizver is
regularly monitored by the International Commission for the Protection of the Danube River
(ICPDR). Interesting additional research on sediment contamination and ecotoxicity in
Ukrainian estuaries, including the Danube Delta, has also beenhmabls{Burgess et la|
(2009)andBurgess et al. (201lHowever, the synthesis | realized thanks to the Network for
Environmental Assessment and RemediaffdBAR, a program coordinated dyet University
of Geneva between 1997 and 2pbffers the most complete and detailed snapshot of trace
element contamination in the whole Danube Delta for the period 2004 along witha
comparison with earlier data from 199997 (Vignati et al., 2013p

In that work, & evaluation of sediment qualityasperformedusing the PEE) (Probable
Effect Concentration Quotier@pproachLong et al., 2008

A7

A&
Allgs 2'%

2'%F 3 L
oF 3 3

where [Me] is the concentration of thig element measured & givensample,PEG is the
corresponding PEC valg®acDonald et al., 20Q0andn is the total number aflementgaken

into consideration and for whictEE values areavailable While PEGQs remain empirically
based, they are superior to comparison among measured concentrations and PEC for individual
elements because theyry to account for possiblanixture effects of sedimertbound
contaminants Two critical PEGQs valuesequal to 0.25 and 0.3dave been proposed for
evaluatingthe potential risk associad with sediment contaminatighong et al., 2006 The
formervalueidentifies situations wherecotoxicological response from benthic organisms
laboratory toxicity testss likely to exceeda threshold 020 % whencompared with control
organisms The lattervalue identifies sites where reduction in the abundancesspkcific
taxonomic groups and of thetal abundance of benthic organisms are likelydour. As in the

case of the river Po, Cr and Ni concentrations in Daldi&a sedimentsouldoriginate from

the weatheng of rocks naturally rich in these elements. Without consideration of this
peculiarity sediments in the Danube Delta would be considered as posing a serious risk to
benthic organisms at most locatidfsg. 1).
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Figure 1. Values of PEC quotients (PEC-Qs) for sediment samples collected in different parts of the
Danube Delta and calculated with (black triangles) or without (white squares) Cr and Ni concentrations.
Horizontal dashed lines correspond to the PEC-Q criteria of 0.25 (expected ecotoxicity in laboratory
standard tests) and 0.34 (expected reduction in abundances of indigenous benthic organisms). See text
for more details (source: Vignati et al., 2013b).

In this specific casd,was even able to estimate the fraction of Cr and Nirmatgg from
the presence of Cr aridi bearing rockdocatedin the Danubecatchment byising empirical
relationshis between concentrations of @s. TiO2 and Nivs. FeOs (Vignati et al., 2013p
Overall, at the time of sample collectiomost of trace elements inputs to sediments of the
Danube Deltaseemed taoriginate from upstream sources, with only a limited numbér
contamination hespots possibly affected by local activitidfe extensive spatial cover of the
study allowed tqut forwardsome management recommendations that could not be made on
the basis of pragus studies. In particulamonitoring sedimentontaminatiorat the mouth of
the Sulina and Sfantu Gheorgh&ncresshould be enough to obtairreiable picture of the
overall sediment quality ibothbranches. On the other harlde complex morphologgf the
secondary Chilia Delta requires a larger monitoring networlafoappropriate evaluation of
its sediment quality

24. Thesedimenguality guidelineapproach inrisk assessment frameworks

The analysis ofontaminant levels isedimens provides useful indications as to theesence

of anthropogenic inputsf contaminants ito a givenwater body Following the develoment

of the TRIAD approach (sesection2.1), the need for benchmaskaluesagainst which to
evaluate the measured contamin@oncentration became apparent aodsensudasedSQGs

were proposed for selected trace elements, total PCBs, PAHs, and a few organochlorine
pesticides (MacDonald et al., 2000 Ideally, comparing measured concentration and
benchmark valueasllowsto draw conclusioas to the potential risks of sediment contariora

The PECQ approact{section2.3) tookthis rationalea step @irtherby recognizing the need to
consider the combined effects of-cocurring contaminantsHowever the number of
contaminantgapable ofccumulang in sedimend is much larger thathose for which SQGs

are available and identifying the precise contaminant(s) responsible for adverse
ecotoxicological effects is not at all straightforwafthe existence of different sets of SQGs
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derived for different purposes (e.g., environmental ptimtess. dispoal or reuse of dredged
materia) can potentially lead to variable assessment outcdfuethermoremy contributions
to sediment quality evaluation theriver Po and the Danube Dekbaowed that some SQGs
values may simply be inappropriate for applicatioan@as with peculiageological settings

All this consideredexceedance 3QGs (preferably awidered collectively with theEG
Q approach should simply serve as a firger to trigger more detailed evaluat®of the
bioavailability of sedimenbound contaminants andhence,their possike contribution to
sediment ecotoxicityln a work in the Gulf of Gdansk (Baltic SefBettinetti et al. (2009)
showed thaassessingontaminant bioaccumulation bgnthic communitiesould bringuseful
complementary information as to the actual exposure of benthic orgamssitaations of
moderate contaminationA similar rationale underlies risk assessmenframeworks that
examine the use contaminant concentratiancumulated by benthic organismsaabetter
indicator ofpotential environmental riskdowever,the applicability of such an approactay
befurther complicated by the need to consider the distribution of the contaminant burden among
pools of differenbioavailability at both the organism and cellular lefRdinbow, 200p

[All en Burton (201 qyirged for reewed cautiomganst the use of SQGs as a stahohe tool
for making decisiors about remedial action or other polioptionsand proposed to adopt
improved approachdsr SQG derivationAmong the caveats against an uncritical useQGs,
|Allen Burton (2017)includesthe consideration of background levels of trace elementshand
temporalvariability and spatial patchinesd contaminants distributionResearch needs to go
beyondthe current limitatiors of SQGs arediverse but remind usto better considethe
ecological context in which a risk assessment study (with or without associated management
options) is being catucted

As a personal contributicio the importance of a proper conceptual use of SQGs or similar
benchmark valued would like to caution against usirexclusively chemical approaches to
make inferences aboutontaminant bioavailabilityand potentialecotoxicobgical risks.
Examples of suclapproachegAtibu et al., 201fBhuiyan et al., 201dinclude (but are not
limited to):

a) The geochemical indefgeq): 10g2(C,)/1.5(Gy)

b) The concentration factoCf): Cn/Cp

& 0
c) The sedimenenrichmentactor GER: 5'( L %

2x|'

where: C; = content olanelement in the sample
Cp= content ofanelement in world mean river bed sediment / suspended matter
Al; = content of Al in sample
Alp = content of Al in world mean river bed sediment / suspended matter

Elemental content in world mean rivieed sediments or suspended matter are obtained from
literature sourcesuch aglurekian and Wedepohl (196d)|Salomons and Foérstner (1984)
Normalisation to aluminium contec&n bentroduced to compensate for differenaeparticle
grain size(higher Al concentrationorresponds to laigher clay content antencea finer grain
size) and should provideetter estimates of trace megarichmentompared with theimple
Toncentrationfactor £ CF". The mathematical formulatiofor SE- calculationscan vary
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slightly anddifferent elementge.g., Al, Sc, Ti)}can be chosen for normalizatidn any case,

as seenfor SQGs, such approaches can at best indicate that a given aitesisenriched in a
given element.However, theydo not provide any indication about its bioavailability and
potential foradverse effects oresident biota or risklinked to its environmental mobility.
Several sediment characteristics may modutatetaminant bioavailabilityat a given site
(Campana et al., 20J[Simpson and Batley, 200yandnon-chemical stressoich asltered
saliment balance or habitat destructicembe the main drivers of adverse ecological effects
(Burton and Johnston, 20fLl@onclusions drawn on the basis gf,| CF, SEF or other similar
approaches should therefore not be used as alfscadionmaking tool to trigger management
actions.

Additional caution is requiredhot to draw wrong conclusiorgboutthe actual level of
elementakbnrichmentin a given sedimenSuch errors are very easily madeengeochemical
contamination indeas areused without considering the actual purpose for which they were
originally created. For example, the SEBfas proposed biKemp et al. (1976)o evaluate
temporalenrichmentof trace element isedimentoresfrom the Great Laurentian Lakels
such circumstances, ¢ould bereasonably assurdeéhat no major changes in the geological
background levebf trace elementsccurred atthe samplinglocation during the time span
covered by a given cord-urthermore, normalization to a geogenic element such as Al
(considered unaffected by anthropogenic activities), accounted for possible temporal changes
in sediment graksize and compason; both ofwhich can modify background elemental
concentrations. All thee assumptiosarealmost certainlyiolatedwhenthe SEF (orany other
geochemical indexs applied across sitée evaluate thepatial enrichmenof trace elements
alongthe course of largeriver or over extended areafn such circumstances, geological
differences between the sediment in the studied area and the material used to establish the
reference valudor the reference siteFDQ DUWLILFLDOO\ LQFUHDVH WKH |
Calcuation of SEF usingaverage element concentrations foZ R mé&acriveffped sediments
(Salomons and Farstner, 198%erestimated the potential contamination in river Po sediments;
even at sites whiclvere free of contaminationmhena local reference sites was used (Table 2).
Thesedifferencesin the calculated SEF valssimply reflectthe naturally higheraluminium
(Al) and trace elememwbntent of river Po sediments compdd G ZLWK pZRUOG DYHUDJI
least at the time of samplirand at the sites taken into consideration

Table 2. Calculation of Sediment Enrichment Factors (SEF) for sediments collected at three sites in the
river Po (ltaly) using world average (WA) concentrations for bed sediments {Salomons and Férstner, |
or concentrations measured at a local reference sites (RS) upstream of known anthropogenic
influence. All concentrations (Conc) are in mg kg dry weight. Data for the river Po are from
al. (2003) .

Al Cd Pb Ni
Conc | Conc SEF SEF|Conc SEF SEF|Conc SEF SEF
(WA) (RS) (WA) (RS) (WA) (RS)
WA 72,000| 0.17  --- 19 52

RS |102,726] 051 -- -~ | 43 - - | 133 - -
SiteA | 86,795| 064 21 04| 39 0.7 <0.1| 133 11 01
SiteB | 88,595 1.51 6.2 23| 72 2.1 085 99 06 <0.1
SiteC | 85,314| 1.02 41 13| 50 1.2 0.34] 102 0.7 <01

Such ssuesbecomeparticularly relevantwhen using geochemical indexes to evaluate
sediment quality in (prospective) mining arelassuch settingsXVLQJ pZRUOG DYHUDJH
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to calculate geochemical indexes must be done with extreme cantionght to be associated
with some measures bfoavailability or biological endpoint&Vhile an uncritical use of SEF
may overestimateenrichment factors, high elemental concentration due to the presence of
geological peculiaritieshould not besystematicky dismissed as riskee either In terms of
ecotoxicology, the origin of the contamination is immaterabeit management and
remediation option will clearly diffebetween situations of documented anthropogenic impact
and those of linked to naturaddtors. Some aspects related to thesedogre discussed in
section 3

3. Bioavailability and effects of sediment bound contaminan ts

Measurements ofotal contaminant concentrations in sedinseahd where available,
compaison with the correspondingQGs can identify areas potentially affected by
anthropogenic activitiesHowever, such measurements not allow a precise assessment of
the risk posed by those contaminantgdsidentbiota becausenly a fraction of thetotal
contaminantconcentrationthe secalled bioavailable fractionyill be able to interact with
organisms anelicit biological response®etermining tke bioavailable fraction of sediment
bound contaminants remains a challenge for the scientific community and | will further discuss
it in the context for my HDR pregt. In all cases when information on contaminant
bioavailability is missing or insufficiengcotoxicological evaluation of sediment quality offers
the opportunity to understarifdincreasedcontaminantoncentrationsnay be associated with
adverse biological effects.

Ecotoxicologicaltools for assessingediment qualityare diverse and inclugamong the
others, observations ofphysiological and/orbehavioural effest in resident biota €.g.,
biomarkers of exposure and effects), laboratory ecotoxicity tessing micre and mesocosm
approachesnd in situ ecotoxicity testing. Taken in isolatipeach ofthese approachds
unlikely to provide a definite answer as to the actual environmental risk linked to the presence
of contaminated sediments. On the other haheir combined results carovide different
lines of evidenceto pinpointone ormore contaminafs) as the likely cause of the observed
biological effectsindeed, as observed [tyang (2011) ecotoxicology requisean integration
between the study of contaminant environmental behaviour, exposure and bioaccumulation,
and ecotoxicological respons@/hile | cannot yet claim to have performed a study fully
integrating these three aspects, previous work allowed mmke some contributions to this
research field.

The results presented below are part of collaborative research efforts in which lehasdnv
duringmy postdoctoral years at the A. ForelInstitute University of Geneva, Switzerland,;
currentlyDepartment FA. Forel for Environmental and Aquatic Sciencasd while being on
duty at the Water Research Institute of the Italian Nations¢&eh Council (IRSACNR) from
2008 to 2012More recent work, performed at my current institution, is also discussed in the
present section because it represents a conceptual and practical continuation of these earlier
efforts (Table 1)Thesemore recentesultswere alsaobtained thanks to collective work and
credit will be given as necessary in the following subsections.

3.1.Assessingibavailability of sedimenboundcontaminants in the laboratory
Sedimemndwelling aquatic organismsaccumulate contaminants via multiple pathways
includingaqueous uptake vtaegills or dermal routes aridgegion of contaminated sediments
or preys. The Dynamic Multipattvay Bioaccumulation Mode{(DYMBAM) representsan
interestingapproach to determine the rel@iimportance of different rowef exposuregor
contaminant bioaccumulatidbhuoma and Rainbow, 2095
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Bioaccumulation tests witthe oligochaetéumbriculus varigatus{(Camusso et al., 2012
showed thathe predominant route of exposure naiyer amongtrace element€Experiments
wereperformed using field collected sedimeatsd he dietary uptake rout@as shown to be
predominant folAs, Cd, Cu, Znwhile Ni wasaccumulated mainly from pore water and Pb
from a combination of pore watexgosure and sediment ingestion. These findswuggoort the
repeatectallsto better considedietary exposure pathways when assesiapioavailability
and effects of sedimeioundcontaminant$Allen Burton, 201} Simpson and Batley, 200)7a
To further complicate mattersubsequent work showed that simple manipulations such as
sediment homogenisation before startingplatory experiments could change the quantity of
elements accumulated liye midgeChironomus ripariugFerrari et al., 201¢ In particular,
accumulation of Cr and Cu was increased in laboratory exposnditions(i.e., after sediment
mixing) compared witharvae ofC. ripariuscagedn the field (see sectiagh3for more details).
While the biological traits of.. variegatusand C. riparius differ, both works showed that
simple homogenization dield collected material befor&@boratory test, which is usually
recommended in standardized proceduran altecontaminant bioavailabilityith respect to
field conditions

The impatance of characterizing the geochemical behaviour of contaminants in laboratory
exposure systems was specifically investigatgidga flow-throughmicrocosmdeveloped by
Dr. BenoitFerrariand Regis Kottelat (Kottelat et al., 2010 The microcosmsonsisted of
layer of unontaminated reference sediments covered by filtered natural @@tgénuously
spiked with Cd, Cr(lll), Cu and P{-ig. 2).Both sediments and filtered watesere collected
from LakeGenevaThis technically complex deviagas shown to possessveral advantages
in creatingwell-characterize@xposure conditions for ecotoxicity testwgh both pelagic and
benthic organismsin particular, asteady state partitioningf trace elementdetween the
colloidal and truly dissolved phasesperationally defined as 3kBh2um and < 3kDa
respectivelywas rapidly ahieved and maintainddr the entire experiment durati¢gabout 1
month) Elemental concentrations in pore waigrgV) collected athree different depths within
the sediments (@.5cm 0.5A.cm, 1#.5cm) decreased by less than a factor of two (five for Pb)
between the beginning and the end of the experiment [Ewel of variability in PW
concentrations could be considered as very émmpared with conventional (at that time)
spiking proceduref_ee et al., 2004Simpson, 200¢ Finally, elemental concentrations in the
surface sediment layer increased inradmtable way during the experimene. the (total)
exposure concentratisrcould be modelledat any time without the need to interrupt an
experiment or to perturb tlexperimentasystemBecauseetting ugflow-throughmicrocosms
is time and labour intensive, the use of such mediamplexity tools will be justifiable only
in hightier assessments to validate results obtained with simpler medthd@$ore starting
expensive remedial operations. Overall, we concluded that detaibededge of contaminant
dynamics in microcosm systems before ecotoxicological investigations can be very helpful for
a better extrapolation of laboratory findings to field situations. Indeed, characterizing
contaminant behaviour in laboratory experimérgattings does not eliminate potential
artefacts, but allows to better interpreting ecotoxicological results and avoiding wrong
conclusions about their actual environmental relevance.

[This space if left blank intentionally]
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Figure 2. 6 FKHPDWLF GLDJUDP RI WKH PLFUR F es¥d®hy Kotelat & AIW201Q.A RSHUDWL
peristaltic pump (Pump 1) prepares the five dilutions of spiked metals (C1 £& LQ WKH 3SGLOXWLRQ EF
by mixing the stock of Lake Geneva water and the concentrated pollutant solution (Conc. poll.). The

VDPH SXPS WUDQVIHUVY WKH 3GLOXWLRQV" LQWR WKH 3LQWHUPHGLDWH |
continuously feeds the different microcosms (from 1 to 7 depending on the dilution). Excess water is

eliminated by an overflow and collected for proper disposal.

In simpler experimental settings, sediments are usually spikkbdthe contaminant(s) of
interestand left to equilibrate for a fixed time before starting ecotoxicological investigations.
|Simpson_and Batley (2007lmputiored about the importancef verifying tha the adopted
spiking procedure results stable exposureoncentrations ithe various matrices (overlying
waters, sediment and pore waters) from which organisms can accumulated contaminants.
Standard pcedureqOCDE, 200712010 acknowledge that equilibration time after spiking is
sedimentand chemicabpecificand can take up to five weelksowever, the same procedures
recommend equilibratioperiods between 48h and 7 days; essentially to avoid excessive
degradation of the test substancéhi@ case of organic compounds.

During a research visftom Dr. Sara ValsecchCNR-IRSA, Italy) in 205, we examined
the behaviour of Co, Ni and Cr(ligpiked intosynthetic sediments with variable content of
organic carbon, Fe and Mn. This experiment was carriethdbe framework of LabexR21
subproject |lfttp://ressources21.unlerraine.fry on ultramafic environments under the
coordinationof Prof. Laure Giambérini and with significant contributiofiem Dr. Laetitia
Minguez (chargée de rechercla¢LIEC) andDr. Ana RomereFreire (mstdoctoral fellow at
LIEC at that timé. Total concentrgons of Co, Ni and Cr measured in sediméiht$4, 35 and
70 days after spikinggreed well with expected values and did not shawtemporal trends
or differencesDV D I XQFWLRQ RICWEK &hdui Gonterd. QMthelpther hand, water
parameters evolved differently depending on sediment compo$tement concentrations in
overlying wates initially fluctuated and achieved stable values after 14 to 70 days of
equilibration depending onthe element and on the sediment characteristics. Concentrations in
pore waters initially showed decreasing treadd stabilized onlgfter 40 days of equilibration.

In practice, the incubation times suggested byQRBE/OECD norms forsediment toxicity
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testing with L. variegatus{(OCDE, 200 and C. riparius do not appear
appropriate if stable exposure cdrahs have to benaintainedver the entire duration of such
experimentsOnce again, the purpose is not to decry standard prafibésh actually make
some provisioa for checking exposure concentrationisiit to underline the importance of
characterimg laboratory exposure systertts the best possible exterthis chemical step
appears invaluableto interpret the subsequent ecotoxicological results, including
bioaccumulation measurements, iredable and environmentally relevamay.

3.2 Assessingffects of sedimettound contaminants in the laboratory
The evaluation ofsedimentecotoxicity in several tributaries of the river B®e section 2)2
identifiedthose sites where the presence of the analysed contaminants could be responsible for
the observed effec{¥ignati et al., 2008h | would consider th results of this study as reliable,
but of moderate relevaneecording to the definitions provided|dMoermond et al. (201&nd
|[Roth and Ciffroy (2016}seepart Ill, section1.2 for more detailon reliability and releance
in ecotoxicology. Theseexperiments were performddilowing acceptedand scientifically
valid proceduresbut the effects of sedimefiitound contaminants were assessed by exposing
organisms to sediment organic extra@sch an approagboorly mimics real environmental
conditions and neglesthe possibility of dietary uptake in real field situations. Furthermore,
no quantification of contaminastvas performedn the extract. Despite his selfcriticism, |
still consider theseesultsas capable gfroviding some indications astioetributaries with the
greatest ecotoxicological potentaithe time of samplingFurthermore, his perfectible past
experiencehas beenuseful to plan more relevant studies in which | took pareaentyears
specifcally acollaborative researdio assesthe possible effesbf trace element pbilization
in a prospectivenining areafor lanthanidegRomereFreire et al., 2018

In this research, funded by the LabexR21 mtofettp://ressources21.unrlerraine.fr) and
coordinatedby Prof. Laure Giambérini, ediment aliquots were extracted usingaqueous
ecotoxicological mediaof variable composition. The extractgere then tested following
standardizeghroceduresand assayed for threcontentof lanthanides and other trace elements
(RomeraFreire et al., 2018 The conceptual strength of trapproach ighat all lanthanide
weresimultaneously extractadto the test solutionaccording to their partitioning behaviour
between fielecollected sediments and the chosen aqueous pesriTest organismsvere
therefore exposed to a cocktail of lanthanides that sintyetesiblerealfield scenaris much
better thanexperiments testing the effects of one or few lanthaniGesizalez et al., 2014
[Herrmann et al., 2036Becausesch approach reproduces the relative environmental mobility
of the different lanthanidest also has improved relevanceompared withtests using
ODQWKDQ L G Hinikfuré$(ITXi lePaR, QL) These strengthare accompanied by some
pitfalls, thoughln ecotoxicologicatests using fluorescence or absorbance measurements as an
endpoint, the simple presence of sediment particles can cause false positives abhd must
carefully consideredn result interpretation{fRomereFreire et al., 2018 Elements (or
compounds)other than lanthanidesre also extracted fromthe sedimens into the aqueous
matrix andcan contribute to the observed effedts test organismsAs it appeared early in
ecotoxicology, a major part of the contaminants responsible for observable biological effects is
often difficult to identify when working with natural matricsamusso et al., 20{)Blendriks]|
In such casesesearch combining the use of natural matrices miite controlled
experiments can help in bettetentifying the role of target contaminants in causing the
observed effectdndeed previous knowledge of effect concentrations of selected lanthanides
(Ce, Gd and Lu) in standardized conditi¢gGenzalez et al., 20}%llowed a better appreciation
of thar possible contribution to the overall ecotoxicological effectthesediment extracts.

In anotherstudy, a battery of three standard testith benthicorganismgL. variegatusC.
riparius and Tubifex tubifexwas usedo show thathe current European environmental water
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quality standard for pentachlorophenol (PCP) nist protective of benthic organisms
accumulatinghe bulk of their contaminant burdera sediment ingestion rather thaptake
from the agueougphase The assumption that water exposure is protective of other routes of
exposure idftenembedded in many Europeanvironmental quality stand#s EQS), evenif

the debatés openas to its validityAllen Burton, 201Y. Starting from the water based EQS of
0.4 pg/L for PCR we appliedthe equilibrium partitioning approaclised by European
Commission(EC, 2005p andestimate at 119ng g* d.w. the corresponding EQS f®CP in
sedimentsThis theoretical value exceette quality standard of 380 g g* calculated on the
basis of experimental results and highligtiis pdential for possibleshortcomingsn the EU
legislation On the othehand PCP monitoring in sediment is not regularly performed in Europe
andthe environmental significance of the results remains to be eval(Bethetti et al.]

[2019.

3.3 Assessingpioavailability and effects of contaminants in the field

Important note: full credit for the technical developments of the in situ exposure devices used in this
research goes to Dr. Benoit J.D. Ferrari (Ferrari et al., 2014). Work described in this section was carried
out from 2002 £2008 under the direction of Prof. Janusz Dominik and in strict cooperation with Dr. Ferrari
at the F.-A Forel Institute (currently Department F.-A. Forel for Environmental and Aquatic Sciences,
University of Geneva). Dr. Ferrari is currently director of the Swiss Centre for Applied Ecotoxicology
(Ecotox Centre). My contribution to this research effort has been in term of investigation, formal analysis
and writing of manuscript drafts (see CRediT roles at https://casrai.org/credit/).

All the work described in this sectiomas carried out in the Dunajec river/Czorsztyn reservoir
system (southern Poland) where chedmased, artisanal leather tanning is an important
economic activityfPawlikowski et al., 20065zalinska et al., 20)0Leather tanning uses large
qguantities of Cr(lll), usually as basichromium sulphate Cr(OH)(S®, to increase the
durability of leather and to confer other desirable characteristics such as softness and thermal
stability to treated hidefDixit et al., 201%Lofrano et al., 201)8 Although the composition of
tannery wastewater is very compl@ixit et al., 201%, the work to which | contributed was
specifically dedicated to understanditig biovailability andpossibleeffects of chromium to
benthic organisms.

Initial field investigationssimply compared the totathromiumcontentin sediments and
indigenouschironomids assenfdges collected from various sitestimee Dunajec/Czorsztyn
system. @Gromium accumulation by chironomids was inversely proportional to Cr sediment
contentat sampling locations without or with low impact from tannery activitidsle the two
variablesdid not show any simple relationshap the most contaminated si{&zalinska et all,
[2009. These contaminatedsites named Waksmund and Maniowyhad contrasting
characteristics and were retaineddetailed investigations. The site of Waksmund was located
in a lotic environment and directly impacted by the discharge of a small artisanal tannery, while
Maniowy was representative of a shallow#{5m) lenthic environment locally influenced by a
small ceek receiving the effluent of a wastewater treatment plant. Tanneries were also present
in the region of Maniowy, but not all of them discharged their waste to the treatment plant.

Work carried out at thewo sitesincluded:

a) Quantification of Cr bioaccudiation inindigenous chironomids,
b) Estimation of the bioavailable fraction of sedin¥eound Cr using a biomimetic approach

(Box 1),

c) Characterization of Cr speciatiomithin sediments and at the sedim&dter interface
usingDGT/DET probesandcatalytic alsorptive stripping/oltammetry(Bobrowski et al.]

[_2013,

d) In situexposure of laboratosseared specimen @hironomus ripariusalong with onsite
controls
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e) Study of Cr bioaccumulation b§. ripariusin laboratory conditions using standardized
procedures.
In situ conditions refer to the use of a customized exposure device alltoviuglaboratory
reared chironomids direct comact withunperturbed natural sediments in the field. For on site
controlexposuresglean sand wagoured into widemouth plastic bottles. These bottles were
thentransferrednto the fieldand placealose to then situ exposure devices. &l cases,le
exposure chambers had lateral opesiogvered with a 150 um mesh screenallow for
exchange of water and suspended particles. katmicaldetails can be found|ierrari et & |
(2014) The most important results of these research efforts have been recently published
(Ferrari et al., 201|9Vignati et al., 201pand are briefly summarized the present section
Other studies dealing with the partitioning and environmental behaviour of Cr in the water
colum will be presented in part Il, section 6 of the present document

SSSSSS353333335353333333335333355>>

Box 1.Biomimetic extraction

The term biomimetic extraction refers to approaches that mimic the digestive
processesin order to estimate the amount of sediment-bound contaminants that can
be releasedfrom the ingested material during transit along an ~>+S —’ ogyut. Gitie
approach builds on the theoretical considerations of|Penry and Jumars (198'ﬂ)who
described S—'—S 08 ab chemical reactors A continuous flux of reactants (e.g.,
ingested sediments containing required nutrients and unwanted associated
contaminants) enters the reactor and is counterbalanced by the output of egested
material containing residual reactants and reaction products. In the case of human
beings, standardized approaches exist for e.g.estimating the potential for assuming
trace elements via ingestion of soiIs{HameI et al., 1999|Koch et al., 2013.

Using specimen of the large marine polychaete Arenicola marina|Mayer et al. (1996]
determined the quantity of sediment -bound contaminants that could be desorbed
from sediments put in contact with «‘Z 1 ~>—digedtive fluids . The dimensions of A.
marina (about 1 m length) allowed the recovery of gut juices directly from their
digestive tracts after sacrifice of individuals a nd excision of the digestive tubes.
Subsequent studies showed that extraction of sediments with synthetic bovine
seroalbumine (BSA) yielded results equivalent to those obtained using gut fluids from
live animals {Chen and Mayer, 1999. Because extraction is believed to be the limiting
step in gastrointestinal uptake of nutrients and contaminants (Weston and Mayer, |
, the percentage of a sedimentbound contaminant mobilized by BSA can be
assumed to represer the fraction of the total sediment concentration that will be

available for assimilation .
<LLLLLLLLLLL L L L L L L L Ll el

Paired collection of field sediment and indigenous chironomid assemblages at Waksmund
and Maniowy revealed an appreciable @egof heterogeneity in the total Cr content of
sediments andonfirmed thegeneral lack of correlation betweéstal Cr concentrations in
sedimentvs. chironomids. This was not surprising considering the patchy nature of sediment
contamination at the sarmy sites and the occurrence of -@ntaminatedmicroscopic
fragments of leather ithe sedimerst (Pawlikowski et al., 2006 Chironomids from the
moderately contaminated site of Maniowy accumulated more Cr than those/tiromost
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contaminate®aksmundsite suggesting that Cr bioavailabifitvas lower at the latter sited.
at the sitamostdirectly influenced by tannery dischar@yddowever, the biomimetic extraction
with BSA (see box lgstimated a similar percentageCr (about 0.1% othetotal) as beig
available for potential assimilatidoy biotaat both sites. According to these results, differences
in Cr bioaccumulation by indigenous chironomids cothérefore not be explained by
differences in the bioavailability of sedimdmund Cr. Concentratns of filterable Cr
measured in porewaters, Cr concentrations measured by DGT/DET and Cr(VI) levels were also
systematically higher at Waksmund than at Maniowy; contrary to what wasvetsi
chironomids. Manyfactors not directly examined during ourefd campaignsould have
contributed tothe observed discrepancies between Cr levels in sedimentin indigenous
chironomids;e.g. horizontal and vertical heterogeneity of sediment Cr content, temporal
variability of Cr concentrations in poreand overying waters, differences in species
composition between the two sites. However, we surmised that chironomids actually
accumulated a significant part of their Cr body burden by ingesting suspended matter freshly
deposited at the sedimentter interface. Tis hypothesis was validated syudyingchromium
accumulation in specimen of laboratagaredChironomus ripariususingin situ exposures
and standardized laboratdsioaccumulation tests

Three exposurecenarioswere setup to identify the contribution of different exposure
pathways to Cr accumulatidry chironomids:
a) laboratory exposure using fietwbllected sediment (plus clean sand as a control),
b) on-site exposure in chambers containing clean artificial daudwith freeexchange with

the overlying water column, and
c) in situexposure to field sediment using th&\8SS apparatug-errari et al., 2014
The onsite chambers serdeas controls for than situ exposures, while the laboratory
experiments were performed to evaluate how well a standardized bioaccumulation test could
reproduce a situation in the field using the same species of invert@iratanique design of
the SWISS apparatus allowedor feeding of the chironomidsduring in situ and onsite
exposurs, thus eliminating the possible confounding influences of food availability.
Laboratory exposure alsallowed to establishg the possible ecotoxicological effects of
sediments onto the exposed orgarss

Laboratory results essentially conformed to the expected outcome with controls showing
negligible Cr accumulation compared with fieddllected sediments. Chromium accumulation
by organisms exposed to fietwllected sediments in the laboratory washie same order of
magnitudg(77+5 pg g') as accumulation by organisms exposesitu (128+33 pg ¢; n=3 in
both cases, errors beirexpressed asne standard deviationglbeit the difference was
statistically significant (Tukey HDS test on kgnsformed data, p < 0.05). On the other hand,
control chironomids exposed on site (i.e., growing on clean sand, but being exposed to ambient
water and suspended particlasgumiated101+21 pg ¢ (n=3) of Cr, a valuecomparable to
chironomids exposeth situ via all possible exposure routes. AccumulatadnCr from the
Tetramin®food added to all exposure conditions could clearly be neglecigthe very low
levels of Crin laboratory controlsagreed withthe low Cr contentreportedfor Tetramir®
(Habashy, 2006 Negligible Cr accumulation in laboratory controlraimomids also indicate
that the clean sand used as a growing substratum did not contribute appreciably to Cr burdens.
Furthermore, calculati@nusing biodynamic modelling(seedetails in Ferrari et al., 2019)
showed that Cr accumulation by chironomidsaseaain situ could not be accounted for by Cr
uptake via pore water asia sediment ingestion. In the enishigestion offreshly deposited
suspended particulate mategspeared as a highly plausilddditional exposure route under
field condition. This hypothesis is supptad by experimental dgtacompaible with
chironomidsfecology(McLachlan, 197}Stief and de Beer, 20p@&nd confirmed byother
recentexperiments using customizedn situemergence platforrfFerrari and Faburé, 201L7

44



Survival of chironomids during bioaccumulation tests was almost complete for laboratory
controls (19.6 £ 0.7 individuals, n = X@8plicate exposurgsslightly reduced for laboratory
exposure to fieletollected sediments (18.1 + 2.2 individuals, n = 12) ansitencantrols (16.3

+ 3.7, n = 12) and clearly affected for situ exposures (9.8 £ 2.7 individuals, n = 11).
Chironomids exposeinh situand onsite controlsalso showd reduced growth compared with
laboratorycontrolsand laboratory exposed chironomiBsta éaboration by Dr. Benoit Ferrari
estimated aritical body burden (CBR) of 77 pg @r* d.w. for effects on growtiThe proposed
CBR value is in reasonable agreement whthresults gMéndezFernandez et al. (201@ho
calculateda CBR of 34 pg Cg! tissue d.w. for the oligochaefubifex tubifexexposed to
natural sediments spiked with hexavalent Cr a8rfO;. On the other hanfNorwood et al)
(2007)estimated at 7.9 pggd.w. the lethal body concentration leading to 25% mortality in
specimen oHyalella aztecaexposedfor 4 weeksto agueous solutions spiked with Cr(VI)
Considering that Cr(VI) is rapidly convertedarCr(lll) inside living cell§Zhitkovich, 2009,

a comparison of CBR values remains meaningful despite the possible differences in Cr
speiation in the exposure matriAlthough sediments impacted by tannery wastiers
receive many other contaminants along witf{kit et al., 2019, the CBRapproacldeserve
further study as a tool to assess the risk of Cr contamination irfiglelalsituations.
Furthermore, chironomids may withstand pollution levels capable of killing more sensitive
organismswithout apparent harrfBervoets et al., 2036

3.4. A critique of my previous research on the bioavailability and effects of seemend
contaminants
In retrospectie,| am pleased to note thiie work described ithe previous sudectiors agrees
very well with a conceptual frameworlor laboratoryto-field extrapolationdescribedin
[Vignati et al. (2007)This frameworkpostulaesthat a combinatio of field and laboratory work
(supported by adequate theoretical knowledge and testable working hypotheses) constitutes a
optimd approach to develop the necessary knowledge to understand and protect our
environment (Fig. 3)It would be inappropriate talaim that | have systematically and
successfullyymplemened this whole approach over the pa$t ylears.However,l am quite
satisfiedwith my research evolvinfjom the use osimpleand more or lesstandardized tests
(Vignati et al., 2008pto approaches trying to understand the importance of differensmiute
exposure or the actual contribution of the contammahtinterest to the observed effects
(Bettinetti et al., 2018Ferrari et al., 2019RomercFreire et al., 2018Vignati et al., 201p
Efforts to reconcile chemical results (e.gse of the biomimetic extraction) with observed
bioaccumulation in living organisnae also worth mentioningrerrari et al., 201®Vignati, |
[2004|Vignati et al., 201 Chemical extraction proceires starting fromTessier et al. back in
1979, provide useful indications on the relative mobility of trace elements dased with
sedimentsHowever,their resuls in terms of bioavailabilitand potentiabcotoxicityrequire
validation by measurements in Wbagical matrices or by correlation with observed
ecotoxicological effectéseepart IlI).

The specific study of Cr accumulation by benthic organisms in aquatic systems contaminated
by tannery discharges (secti8r®) dlowed to directly investigatthe uptake of this element in
environmental settings where it is expected to occur mainly in its tri,
[2017[Rosales et al., 201.7The experimental finding&errari et al., 201®/ignati et al., 201p
partly questions the conclusions of previous research on Cr(lll) dlahility and ecotoxicity.

[Berry et al. (2004andBesser et al. (200kpncluded that Cr(lll) is poorly bioavailable and of
little ecotoxicological concern based on study performed using formulated sediments spiked
with soluble Cr(lll) saltsiBecker et al. (2006)eached similar conclusions when studying
contaminated sediments in areas impacted by chromium ore processing resCO&R.

These contrasting results make perfect sense when considering the difficulties linked with
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spiking aqueous and sedimentary matrices with trivalent Cr (Kottelat et al., 2010 and my
unpublished results briefly described in sect8of). Furthermore, Cr speciation in sediments
impacted by COPR is likely extremely different from the Cr species in satirnmapacted by
discharges from tanning activities. In the latter case, organic Cr forms may{\@éish and
|O'Halloran, 199k Such Cr species likely have higher bioavailability than the Cr oxyhydroxides
that are formed when spiking aqueous or solid matrices with Cr(II§ salthe mineral Cr
forms accompanying COPR discharges. All this research has contributed to the reflection
leading to the scientific questions developetheHDR scientificproject(part III).

Figure 3. Schematic representation of a possible conceptual strategy for better reconciling laboratory
and field investigations (modified from Vignati et al. 2007).

Equally appreciable is theitical interpretation of results frostandardized tests foster
further reflection orbasicassumptios of contaminant bioavailabilityThe needo paymore
attention to dietary exposuire (sediment) risk assessméwas been repeatediyressedAllen
Burtoni 201}|DeForest and Meyer, 20L& herecentcollaborativework on PCHBettinetti et
al., 2018 supports this recommendatiby showing that the watdrased EQS for PCP may
fail to protect sensitive benthic organisire importantly, these resulgsiestion the accepted
paradigm that watelbased EQS are conservative for other exposure rantk€all for more
DWWHQWLRQ WR #&iWrbhmeRa) Webahiau® Br@ Whe ®cology of the resident
organismsThe validity of such recommendations is fertincreased considering tHa®S or
consensudased guidelines may be underprotect@getotheir ability to preservehealthy
community structures under WFD requiremesrvoets et al., 201/an Ael et al., 201p

From a pragmatic point of view, the objective of risk assessment is not to bring all
ecosystems back to a pristine state (althoughntiaig remain andeal ultimate goal), but to
ensure that impacts are kept within a rantiggt does notffect ecosystem structure and
functioning (Meybeck, 200R The detailed characterization of exposure concentisfion
different uptake routes, a clear understanding of the tempspaicts ofaboratory exposure
scenarios and a combination of laboratory and field approaepessent valid strategyo
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reconcile standard procedures and environmental realism for improved environmental
protection (Fig. 3)In this sense, the conclusiofiem my previouswork in this research field
seem, until nowmo conceptually stand the test of time, albeit some specific investigations might
have become of limited eneinmental relevance in view of the lagefentific developments.

4. Geochronology of Hg contamination in sud -alpine lakes and implications for

risk assessment
Mercury is a very toxic metal that biomagnifies along food veefziposesserious risks to top
predators and to humans, mainly via consumption of contamipa¢sd,fish and sea food
Evers and Sunderland, 20Q19The tendency of Hg to biomagnify derives from the
transformation of Hg into organic mercury fornmsainly methylmercuryzMMHGQ), while the
existence of Hg gaseous forms enhances-thsigince transport and makes Hg a contaminant
of global concerfMason, 201R Mercury is included in thEuropearist of priority dangerous
substances of Directiv2013/39EC and a global treatiigMinamataConvention on Mercufy
has been into force since October 261 &strict and, where possible, eliminate its dsspite
thepast and currerdfforts to curb Hg emissions, legacy mercury (i.e., mercury eniittedhe
environment from various activities in the pasi)l remains a problem in several European
countries and worldwid€EEA, 2018{Evers and Sunderland, 2019

From 2008 to 2012, | was involved in the activities of CIPAIS (ltalian acronym for
International Commission for the Protection of Italian Swiss Waters) on the contamination of
Lake Maggiore (Italy/Switzerland) by DI3T Hg and other contaminants. Specifically, | have
been the principal investigator for all aspects regarding pollution by Hg and other trace elements
(only mercury will be discussed in the present documéatyo took part in a working group
coordinatedby lItalian regionalwater authorities to manage Hg pollution in Lake Maggiore,
studied Hg contamination in others salgine lakes in Northern Italy and-chaired an interest
group on Haunder the auspices 8ETACfrom 2010 to 201¢Bank et al., 2014

4.1.Geochronology of Hg pollution in Lake Magge and other su@lpine lakes
Lake Maggiore idocated south of the Alps along the border between Italy and Switzerland.
The lake habeen affected by anthropogehig inputssince ancient timedsecause of artisanal
and, during the 10 century, industriabcale gold mining irsome parts ofts catchment
However,the major contribution télg contaminatiorhas originated froma chloralkaly plant
that hasbeen in operatiofor most of the 20 centuryin the catchment of the river Toce, the
second most important tributary of the Laj@amiani and Thomas, 19J{Guilizzoni et al. |
[2019. Sampling of sediment cores from various part.aite Maggiorehas allowed a rather
clear reconstruction of the geochronology of Hg contamination and of its spatial extent. The
work presented in this section has benefited from inputs by several colleagu@NFORSA
(Brugherioand Pallanza branches

By examininga core of about 110 cm collected in the area most directly tegbdxy Hg
discharges, weoncludel that: 1) no geogenic anomalies leading to high background Hg levels
exist in this part of the lake, 2) the presence of -goiing activities in theatchmenincreased
Hg levels in lake sedimenbetween 1550 and 1850 AR@Gnd 3)maximumHg contamination
(with increases> 200fold above background level®ccurred in the 1920s and 1940s
correspondence with the peak activities of the ealkaly plant{Vignati and Guilizzoni, 201j1
Other cores from the southern part of tleke showed similar temporal variation of Hg levels,
albeit with lower concentratiosuggesting that Hg inputs weetransported to this part of the
Lake by the predominant water circulatiphmbrosetti et al., 202 Analysis of selected
samples by MultiCollector ICRMS (in collaboration withProf. Chris Metcalfe andProf.
Holger Hintelmann at the Trent University, Ontario, Canaalap supported this hypothesis,
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althoughfurther research would be needed to reconstruct the exact transport mechanisms of Hg
in Lake Maggiore These findinggetained however a certain policglevancebecause they
showed that Hg contamination exteddeyond the priority area that Italian authorithesd
identified for monitoring and, possibly, remediation programs.

In addition to tlesebasinspecific effots, | built a cooperative network to get infoation
on the chronology of Hg contamination in other-slpine lakes. While Lake Maggiore has a
known history of industrialhderived Hg contamination, this is not the case for other lakes in
the same region. Observations for different lakes showedHtpatatural background levels
were similar (0.099.1 mg kg' dry weight) in all the examined water bodies. On the other hand,
marked differences existed as to the levels of current contamination and, when multiple cores
were available, between different {sapf the same water body. These observations are also
policy relevant because Hg is considered as a Ubiquitous Persistent Bioaccumulative Toxic
substanc€UPBTs)under Directive EU 2013/39. For such substances, EU legislation stipulates
that, when repontig the chemical status ofaater body according to the WFD provisions, data
for UPBTs can be presented separately so that improvements in quality obtained for other
substances are not obscured. The rationale is that the global origin of UPBTs makes it
impossible for a single Member State to control Hg sources that can be located outside its own
territory. While this is a sensible approach, my sedimentological data show that local situation
can be independent from global Hg sources and that due consideragbconstantly be given
to potentially unknowrspecific situatios requiring sitespecific interventions

4.2.Risk assessment and regulatory aspects
As for other elementghe actual risks linked to Hg contaminatidepencbn its bioavailability
to organisms rather than on its total concentratiedimentary (or aqueousiatrices. In the
case of Hg, things are further complicated by the bacteradigiated reactions leading to the
formation of the highly bioavailableethylmercury that easilgntersand biomagnifie along
food chais. The current EU legislation (Directive 2013/39EC) has recognitese
peculiarities and proposédy concentrations for regulatory purpsse be directly monitored
in biota. At present, theenvironmental quality standard (EQS) for mercury is 2kgd wet
weight of fish without further specification neither for the species non for specific tisEbes
use of other matrices (i.e., organisms other than fish or abiotic matrices) is iplpraliciwed
provided that the Member States show that an equivalent level of protection is achieved.

Monitoring of Hg concentrations in the zebra musBek{ssena polymorphaand in three
species of fish is padf the CIPAIS progrann Lake Maggiore As to the period 2002012
during which | took part in this program, monitoring of mussels collectezigat different
locations in Lake Maggiore showed that mussels living in the zone more directly impacted by
pastHg discharges accumulated higher Hgydls than elsewhere. In the case of fish, we
consistently observed that the accumulated levels were higher than the proposed EQS of 20 ug
kglin all the three monitored species (landlocked shadllosa fallaxlacustris whitefish 2
Coregonus lavaretuand the common roacA Rutilus rutilug. These monitoring results can
be found in the annu@IPAISrepors DYDLODEOH RQ WKH &SWRRVRIpMMAGRQTYV ZH
and have been used to get a general-tenm overview oHg contamination in the lakgota
(Guzzella et al., 2038 Thanks to voluntary efforts with fellow colleagues, | @salysedg
concentration in specimen of landlocked shad collected in othaalsun® lakes and observed
that the proposed EQS was systematically exceeded even in lakes without any history of
industrial Hg contamination. Mercury contamination actually remains a primary cause of
regulatory norcompliance in EU watdEEA, 201§.

Considering the management problems arising from such situation, it may be worth
discussing if the present Hg EQS is overprotective (and thus meedion) or if the state of
EU water bodies is actually highly compromised with respect to Hg contamination. The current
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EQS was initially proposed using a deterministic approach, i.e., by dividing the Non Observable
Effect Concentration for oral toxigi obtained from a single critical stuly a safety factoof
10 Nonetheless,calculations based on a probabilistic approftCA, 2019
resulted in similar numerical valuyesuggesting that there are no scientific grounds to dismiss
the current EQS as erroneous. This does retaut that the EQS might be too conservative
with respect to background Hg levels in fish inhabiting European water heidigs and Louch
(2014)moddled the likely Hg levels in fish before the beginning of marked human influence
in North American freshwater environments. The modelled median Hg concentrations ranged
from 7 to 47 ug kg wet weightin fish fillet, but the corresponding"sand 99" percentile
concentrations ranged from 1 to 554 ugtk@n the other hanfepew et al. (20123howed
that levels of 40 ug k§Hg can have adverse effect the reproduction ofome fish species.
In summary, the approach of assessing mercury regulatory complisingélg concentration
in fish tissue is scientifically sound, but examination of further evidence is required to
understand the reasons of such widespreadcoompliance(Vignati et al., 2013a The
apparent ability of fish species to cope with high Hg body burdens without apparent adverse
effects may be linked to the interactions between Hg and Se in living tissues. Selenium can
strongly complex Hg and prevent its interaction with biologicajets(Ralsbn et al., 200§
so that it may be important to consider theocgurrence of Hg and Se when evaluating
mercuryrelated environmental and health rigRslston et al., 2035This approach is however
far from being met with a full consensus by the scientific commuf@sgrson et al., 2030

It is also important to note that the EU EQS of 20 ggvet weight(w.w.) is meanfor the
protection of fiskeating birds (and mammals) and hencéast in my opinion, it is not directly
comparable with standards for the protection of human health. Aquatic birds and mammals feed
almost exclusively on fish; which is not the case for the general human population. In agreement
with these observationsegulation 1881/2006 fixes a maximum Hg level of 0.5 or 1 my kg
w.w. in fish for human consumption; the level of 1 mg'kgw. being applicable to certain
species listed in the same regulation. The existence of multiple environmental quality standards
applicable for different purposes complicates appropriate risk communication to the general
public. For examplgRasquaré et al. (2018howed thatwo major Italian newspapers supported
different views as to the possible risks of excessive Hg intake from fish consumption. It appears
that more cooperation among scientists, public health nutritionists diihd#eis necessary to
help consumers to make the best choices to maximize the benefits of fish consumption while
reducing the risk from consuming Hgntaminatedpecies

4.3.A critique of my previous research on4gated issues

My contribution to this field has been either of regional interest (sedtignor dealing with
policy-related aspes{sectiord.2). In such context, | remember with particular satisfaction the
numerous meetings at the regional environmental agency eofVérbaneCusicOssola

province (Piedmont, Italy)The agency personneias in charge of managing the monitoring

and, if applicable, remediation activities in relation to Hg and DDT contamination in Lake
Maggiore.As already mentioned, encury and DDT comtmination in Lake Maggiore mostly
originated from industrial activities located ap@ority national site in the basin of the river

Toce, a major tributary of Lakiglaggiore Thanks to the results and approaches described in
sections 4.1 and 4.2, my callgues andadvised importanthanges in the monitoring program
performed by theenvironmentalconsultant hired by the company owning tinelustrial
LQVWDOODWLRQ RQ WKH SULRULW\ VLWH ,Q SDUWLFXODU
naturally high levels of Hg in Lake Maggiore sediments and of Hg pollution being of concern

only in a limited zone of the Lake. We alsoggested tthe regional environmental agency to

ask that Hg and DDT bioaccumulation testsin addition to ecotoxicity testshould be
SHUIRUPHG E\ WKH FRPSDQ\YfV FRQVXOWDQW ,QGHHG LQ W
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the chronic effects of Hg and DDT are often linked to their possible remobilisation from
sediments by benthic organisms and subsequent biomagnificatidietary uptakeather tian
to direct ecotoxicity to benthic organisnBur suggestion was accepted and the OREA
was given the responsibility to verify the results obtained by the consultant.

| am equally pleased to note that my being in favouretie of a biothased EQ$Vignati]
[et al., 2013hhas stood the test of time. Back a decahle, Eurogan Directive 2008/105
allowed Member States to use an EQS based on total filterable Hg concentrati@terior
to opt for a biotebased EQS. Discussisto make the biotdased criterion the default approach
soon followed andirective 2013/3%®ventually confirmed this specific approach. At present,
a consensus has developed as to the choitehads themost appropriate matrix for a bieta
based monitoring of Hg contaminati@ithough additional work remains necessary with regard
to fish species selection and tissue choice, in particular wholevdidllet (Fliedner et al.
[2018. Similarly, plans are being developed for monitoring mercury in fish (and wildlife) at a
global scale in application of the Minamata convention on meriewgrs and Sunderlang,
[2019. On the other hand, | regret that several results have not yet been made public-via peer
reviewed article or open access databases. The refuitélg bioaccumulation tests have
eventuallybeenpublished ina special issue ohpplied Science(Vignati et al., 202pand |
hope to organize the results about Hg geochronology in the different lakes in a scientific
publication over the course of 202D21.

5. Partitioning of trace elements and its implications for elemental  behaviour,
bioavailability and ecotoxicity
Environmental behavig, bioavailabilityandecdoxicity of trace elementstrongly depend on
their speciationj.e., the full range of chemicahd physicaforms in which a elementexisis
in the environmentThis simple definition is appropriate to describe my past activaibgijt
more inclusive and refined definitionssieciatiorarefar from trivial (Templeton et al., 20900
and subject tariticisms and need faevision{Lespes et al., 2038Mly specific interestin this
researchfield included, andstill includes, the study of metal partitioning betwedhe
particulate, colloidal and truly dissolved phas¢he distribution of elements between the
sedimentsolid matrix and associatecpore waters, and the speciation @f in natural and
synthetic matricesT his lasttopic will be dealt withseparatelyn section6.

The distinction amongarticulate, colloids and true solutionaperationaland error prone
(Horowitz, 2013[Town and Filella, 200Q but provides aconceptualapproachto better
understandhe environmental fatand ecotoxicologyf trace elemets in the environment.
Particulatebound éements will tend to accumulaia sediments, while the truly dissolved
fraction will be transportedver long distances alongith the moving water masse§he
behaviar of the colloidal fraction will varglepending othe actual environmental conditions.
The mechanisms of colloidal pumpinfGustafsson and Gschnd, 1997 [Honeyman andl
|[Santschi, 198ecanremove colloidallybound contaminants from the water columrdstom
sedimentsOn the other hand, in the absence of coagulation and flocculation, cozwtésn
associated with colloids will move along with the trdigsolved fraction.

5.1.Methodological contributionsotthe study of partitioning

The study oklementapartitioning isgenerallybased on fractionation ohw water samples by
techniques such as filtration or centrifugation. Filtration is commonly regarded as a routine
proceduren both scientific and regulatory contexHowever, filter performance varies greatly
(Horowitz, 2013 and references therein) and the risk of filinagotefacts should be
systematically chedd prior to large monitoring programsr when comparing data sets
obtained by different institutiongiltration at 0.45um is by far the most widespread approach

50



following the early work giGoldberg et al. (1952However, according {down ard Filella|

(2002) filtration at 0.45umprovides no useful informatiado understand behawioand fate of

trace elements. Personallywwbuld suggesamore elaboratand milderform of this statement

in thatfiltration at 0.45umalonedoes not providell the necessary informaticdio understand

the behaviar and fate of trace elementsnvironmental particles actually form a continuum
from small colloids to large suspended particulate matter (SPM) and any fractionation based on
the use of filters or otr techniques will bde factooperationallndeed, particle size is not the

only criterion to distinguish between particulate and colloidal matter. Large organic aggregates
of very low density €.g, marine snow) would be classified as suspenuticulatematter
according to their size. However, such aggregates would not settle solely under the action of
gravity, which makes them eligible to be classified as colloidal matg&astafsson anf
|Gschwend, 1997 Given the natural complexity of the partisize continuummethodological
contributionsareconstantlyneededo advance our understanding of filtration and ultrafiltration
artefacts along witpossible way to minimize them.

With regard to filtration, | showed that the use of 0.45um membrane filters in research or
monitoring programscan overlookthe existence of significant pools of trace elements
associated with coarse colloids (operationally defined as particles betw&eand.4..2 um)
(Vignati and Dominik, 200B Another study compared the performance of membriteesfi
and filtration cartridges to shothatvery differentdevicescan fractionatevater samples in a
similar way except for some elements of geogenic origirfaniighly turbid waterqVignati|
This information is important considering that the use of filtration cartridges
(which should b less artactprone due to their large filtration surface) is not always
logistically possible.A similar comparison between smalland largescale ultrafiltration
systemshowed that thegrovidedsimilar results with regard to elementrgioning between
colloids and true solutiofKottelat et al., 2008 Suchresults araisefulconsidering that large
scale systems can be used when working sutifiace waters, for which sample availability is
usually not limiting,but not forsediment pore watems other situationsvhere sampleolume
can beverysmall

Smaltscale ultrafiltration was successfully applied to the study of Hg and methylmercury
(MMHg) partitioning in overlying and interstitial sediment waters. This study constituted an
important methodological applicati given that sediments are a privileged site for Hg
accumulation and methylation. Accurate partitioning of Hg and MMHg between colloids and
true solution could be obtained from sample volumes as low as §Goédron et al., 2036
By applying the methodology to contrasting aquatic systereshowed that Hg and MMHg
distribution between the truly dissolved and colloidal fractioosld be moddied from the
corresponding filterable concentrations (see se&i8h

In the PhD thesis of Régis Kottelatvitnich | contributel about one quarter of the tutoring,
we alsomade direct use amallscale ultrafiltration testudy the distribution of trace elements
in laboratory microcosms. The characterization of element balrawiomicrocosms is of
critical importance to ensure an adequate interpretation of the biologsgainses observed
with such experimental seps. We showed that the partitioning between colloids and true
solution of selected elements (Cd, Cr(lll), Cu, Pb) rapidly reached a steadi stedevater
column of the microcosmgKottelat et al., 2010 This is a highly desirable feature for the
further study of elementakcdoxicity to pelagic organisms considering that element
complexation by colloids can markedly alterithgioavailability and effect§Koukal et al. |
[2003.

Finally, | alsodevoted some attention to continuous flow centrifugation (C&@chnique
that allowsto recoverarger amounts of suspended particulate matter (SPM) reggbect to
filtration or laboratorycentrifugation. 8spended particulate mattisran important carrreof
trace elements and can represeriute of exposureotmetals fore.g, filter feeders{Weltens]
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[et al., 200Por surface deposit feeddferrari and Faburé, 20}{Ferrari et al., 2019 The SPM
compartment is currently not considered in the regulatory context, but it will likely receive
attention as our understanding of contaminant accumulation following SPM ingestion increases
(Schubert et al., 2012 The efficiency of CFC to recover SPM having been previously
demonstrate@Burrus et al., 198§%antiago et al., 19901 focussed on the possibility of using

the CFC effluent (i.e., water without SPM but still containing colloids) for the determination of
colloidal and truly dissolvedlementafractions Characterization of trace element contamd
partitioning in the CFC effluent would allow direct comparison with results for the SPM
retained in the centrifuge and also provide an integrated signal on element partitioning in the
water phase. However, our results showed that the CFC efiivssinsuitable for further
characterization of elemaipartitioning. While passing through the CFC system, a fraction of
SPM wasbrokeninto smaller, colloidakized patrticles, thus artificially increasing the metal
content of the effluent. We therefore cuted that CFC should be used only for recovery of
SPM and that characterization of colloidal + truly dissolved element concentration must be
accomplished using other technigBessé et al., 2006

5.2.Partitioning in specific and contrasting aquatic systems

Despite the methodological limitatisrassociatedwvith fractionationof water samples by
filtration and dtrafiltration, the use of both techniques ¢eatp to better understand and predict

the biogeochemistry of trace elemeatsi other contaminants my early career,was charged

with the analysis oflata collected during a major flood event in the river Po and clarified the
importance of high flows for trace metal loads in this baEire available datalso showed

that for certain elementthe partition coefficients between suspehgdarticulate matter (SPM)

and the corresponding filterable fraction (less than 0.45 pum) became constant at SPM
concentrationsabove 500 mg L!. These observations do not conform to tharticle
concentration effect.e., the tendency of partition coefats to decrease with increasing SPM
concentrationBenoit and Rozan, 19%¥9Indeed, for very high flow conditions, the particle
population transported by river waters is likely dominated by mataigihating from surface

soil runoff, thus creating an exceptional situation as to the distribution of trace elements
between the particulate and the filterable fraction. These results have been published in Italian
journals and presented as case studiggng the works of the Network for Environmental
Monitoring and Assessmefamusso etla 1999|2001 Vignati et al., 2005a

By examiningthe partitioning of trace elements in a range of contrasting agsygtemsl
managed to determine general tendencies in their environmental heh&lighly particle
reactive elements such as Al, Ti, and Pb ¢elid associate witPMand colloids, withtheir
truly dissolved concentratigroften being below the analytical detection limit®f ICP-MS.
Divalent elements (Co, Cu, Zn) showed variable distribuéiorong SPM, colloids and true
solution, depending on environmental variables such as pH, condyci@nt oxygen
saturationElements such as As, Sb anduduld apparently occur anionic species angere
found mainly in the truly dissolved phasall theseobservationsare validfor the range of
aquatic systems that were studieédt do nd necessarilyhave universal validityFor this
reason, the same results were examined also irst@flemental partition coefficients to
evaluate if they could provide more generally valid findings.

As explained in chapter 7 of my PhD thefignati, 2004, the added valuef gartition
coefficients with respect to th&@mple examination of elementoncentrations in different
fractionsis that partition coefficients provide an indication of the relative affinity of trace
elements for a givefmaction The Ky expresses the affinity of an element for SPM with respect
to the total filterable phase (i.e., colloids + trueusioh):
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where [Me]spwm is the concentration of the element (contaminant) in the particulate phase
expressed in mg kg and [Me}r is the concentration in the total filterable phase in mglh

practice an elementvith a Ky of 10° will have 100,000 times more affinity for SPM than for

the total filterable phaséNote however theameelementwill occur mainly in the filterable

phase at low SPM concentrations#Img L?) typical of e.g.oligotrophic lakesbut for more

than 90% in associations with the particulate phase at SPM concentrations between 10 and 100
mg L which are often found inivers.

Ideally, thevalue of thepartition coefficientKq shouldreflect the outcome ahe various
processes regulating the adsorption of an elemenio an given solid phase.
Adsorption/desorption processes are controlled by several environmental variables (pH, ionic
strength, temperature, composition of the sorbing phases); which explains the wiitthin
betweenrsystemsvariability of partition coefficiets. On the other hand, the existence of the
particle concentration effect (see above) is unexpected becayshalkd not vary with SPM
concentrations when all other environmental variables are held constant. One possible
explanation for the phenomenas the presence of colloigsvhich constitute an additional
phase for te adsorption of trace elements and wheosacentration tends to increase
nonlinealy with that of SPM{Gustafsson and Gschwend, 1R9This increase in the colloidal
mass will be unaccounted for in the #ormula (where colloidsire considered as part of the
filterable phase) and may provoke the observed decreasgvallkes as a function of SPM.
Explicit consideration of the colloidal material as an additional binding phase for trace element
was therefore explored as a meansliminate the particle concentration effefenoit and

Rozan, 199p in formulas:

L
0. 5 . 0
-0.G8 L A7,

The K° expresses the affinity of a given element for the total available solids (SPM + Colloids)
with respect to the truly dissolved phase, with [Mepeing the concentration of the
contaminant in the truly dissolved phase in myg [Me]coi the concentrationis the colloidal
phase (in mg k§), SPM andColl the concentration of suspended particutasgter and colloids

in mg LY. The K coefficient was successfully used to account for the particle concentration
effect infour riverswith different backgroud chemistries and degree of anthropogenic pressure
in the same regio(Benoit and Rozan, 199Application of the same approatdhcontrasting
aguatic environmeastin different countrieduring my own researcthowed that thability of

the Ky° to eliminate the particle concentration effaets actually metal and sgsh dependent.
These results daot detract from the conceptual validity of thg®Kbut point to additional
research needs understand the factors controlling elemental partitionimtifiarentreal field
conditions(Tang et al., 2002 Further theoretical basis and discussion of these issues can be
found inmy PhD thesis.

Examining the distribimn of traceelements between SPM, colloids and true solutiso
proved a valuable tool to clarify the importance of different mechanisms in controlling
elemental behaviour during the mixing of two different water masses. Samples were collected
at two stes in the River P¢see sectioR2.2), upstream and downstream of its confluence with
the River Lambro, one of its most polluted tribtits (at leastat the time of sampig; July
2001). One sample was also collected infieer Lambro itselfustupstream of its confluence
with theRiver Pa Because the Lambro waters had a higloeductivity than those of theiver
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Po, it wa possible to estimathe fraction of Lambro waters in the mixing zone using sodium
(Na) as a conservative trad®ettine et al., 1996

1646k 0= %u0ek 0= % uso
“A0adak -
AEER 02 R0208 0= %o

Where: Xiambrois the fraction of Lambro waters in the mixing zone
Sitel indicates waters samples in the river Po upstream of the confluence with the
River Lambro
Site 2indicates waters samples in the river Po downstream of the confluence with the
River Lambra
[Na'] is the measured concentration of filterable sodium.

For the specific field campaign and associated measurerf\igisati et al., 2005 the

calculated values foXLambro Was 0.17. Assumingconservative behavim, the trace element
concentrations (Conc) at site cduld therefore be estimated by rearranging equéaten
equation for Xamoroas follows

WKE%b WKIAB10:R A0a04E YKLIBSF (202044

Significant differences between measured and calculated concentriiioage 2 would
indicate non conservative behaviour in tieenbro-Pomixing zone.

Major elements preferentially transported in the truly dissolved phas&i@; &) and trace
elements showing minor association with colloids (As, Mo, Sb, U and V) showed conservative
behaviour in the mixing zone; i.e., the experimentally measured concentrations in the truly
dissolved and colloidal phases agreed within calcularoors withexpected concentrations
The other elements considered in the study (Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Ti and Zn)
behavednon-conservativelyand knowledge of their partitioning between colloids and true
solution allowed to speculaédout tke possiblemechanismsontrollingtheir behaviour in the
mixing zone{Vignati et al., 2005¢
- Adsorption of truly dissolved elements onto SPM; i.e., only the truly ldsdo

concentrations behaved noonservatively,

- Aggregation/coagulation of colloids; i.e. only colloidal concentregti behaved nen
conservatively,

- A combination of both mechanisms described abogeboth truly dissolved and colloidal
concentrationbehavedon-conservatively

Overall, the results obtained from this studynfirmed that colloidal pumping coutntribute

to the removal of trace elements from the water phase (true solution + colloids) to SPM and

ultimately tothe sediment companent, which had been previously identified as a sink for

Lambroborn contaminantafter its confluence with the riveofCamusso et al., 20{)¥ignati |

[et al.,2003.

The same study alsshowedthat colloidbound contaminants couldduce the average
number of offsprings irthe rotifer Brachionus calyciflorugexposed for 48h to the colloidal
fractions of samples from the three sif®%gnati et al., 2005c These results showed that
colloids isolated from natural aquatic system contributed to the toxic burden ifddting
organisms which cautions againsthe tendency to consider toxicity mainly as the result of
exposure to truly dissolved contaminants. However, the role of natural colloids in controlling
ecotoxicity can be sitepecific (Gueguen et al., 2004nd, where relevant, still calls for a
specific study.
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As a logical ramification of thseresearchefforts | have examined the importance of
partitioning in relation to theegulatorymonitoring of contaminants in surface waters. In the
current regulatory context, monitoring of priority trace elements (Cd, Ni, PB retg)ires the
analysis ofsamplesdfiltered at 0.45um No mention is made, oconsideratiorgiven, tothe
presencef colloids, the potential arfigcts of filtration, or the possible contribution of SPM as
a route of exposure to contaminants. Neglecting the importance of partitioning &hidaS no
scientific foundationwith regard to the environmental behaviour and bidakdity of
contaminants (Figd). On the other hangbolicy makers clearly need tmalance the available
scientific knowledgewith practical constraints, including ecanical aspectgFig. 4). In this
sense, historical reasons (i.e., regulation of chemigcas been traditionally focsesl on the
water phase) and unsolved methodological challenges (i.e., how to define a shared methodology
for SPM collection and analysis) may well explain the current state of European legislation for
monitoring priority trace elementilonetheless,sadetaiéd in the conclusions
(2009) neglecting partitioning haseveral potential pitfalls for environmental security (i.e.,
accumulation and toxicity of elements via SPM ingestion are not considered) and environmental
management (potential underestimation of current contamination following filtration artefacts
or unnonitored accumulation of SPound elements into bed sediments).

Figure 4. Importance of contaminant partitioning in relation to contaminant behaviour and its implications
for regulatory chemical monitoring strategies. Full arrows indicate well-established or well-considered
issues. Dotted arrows indicate areas where more research or better consideration in the regulatory
context are needed (based on the original drawing from the author as published in Vignati et al., 2009).

3 Note that the most recent legislation (Directive 2013/39 EU) stipulates that Hg monitoring must be carried out
in biological matrices. Monitoring in the water phase is still acceptable, in principle, provided that the Member
State shows that it offers theame degree of protectiofRersonally, | support Hg monitoring in biota (section 4).
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These above ewmiderations granted the following recommendatidns.the short term,
standardized protocol for filtration must receive more attention by regulatory bodies. Factors
usually considered as trivial in routine application (e.g., volume of filtered wated gpee
filtration, type of filter) can markedly affethie actual metal fraction that passes through filter
pores for subsequent analyticalantification Such factorshouldbe explicitly mentioned in
field and laboratory protocols to ensure lelegn comparability of results and compilation of
meaningful temporal trend#lall et al., 1998Horowitz et al., 199@Horowitz et al., 199 In

the medium, long term, the filtration technical problems are likely to be less retes/aai
techniques wilhopefullyallow for moreaccurate determination of the bioavailable fraction of
a given element. At presgt filterableelementconcentratias are considered as representative
of thar bioavailable fractionExcept for Hg, it is assumed that protecting organisms from water
borne exposure will protect them also frexposures viather routes. However, SPM bound
elements can contribute to acauation (Ferrari et al., 2019Weltens et al., 20Q0and will
increasingly require attentiorybegulatorsLuckily, filtration arefacts have only a minor effect
on the fractionof trace elements bound to SPM ahé major challengavill be to exactly
determinehow much of the SPNboundconcentratiorwill be bioavailable during the passage
through the digestive tract dhe organisms(see sectiorB8.3). Interestingly, theopposite
situation exists forpriority organic microcontaminants for which concentrations must be
determined in raw wat sampleqVignati et al., 200p For these substances, the regulatory
provisions may result in poorly reproducible results considering that nteasured
concentrations may change depending on the extraction protquuisedato the raw water
sampleqAdemollo et al., 201R In particular, the extraction efficiency of a specific substance
using a given protocol can vary depending on SPM eatnations in the water sample and
according to the substances to be measufadhermore, the various agencies will not be
pushed to codict information on the actuglartitioning of such contaminant&hich would
facilitate the acquisition ofnew knowledge on their environmental behaviour and
bioavailability via different exposure routes.

5.3.Modelling partitioning between colloids and true solution
Determination of element partitioningtlaeen colloids and true solution using tangential flow
ultrafiltration is arather timeconsuming processMembrane preparatiofacid and base
cleaning), blak verification systempre-conditioning and sample fractionation may easily take
a full day of work for one operator in the laboratory, thus limiting experimental output and
increasingcosts Because ultrafiltration requires raw watéosbe preliminarilyfiltered, |
examined whether the truly dissolved fraction of an element could be lesdsy the
corresponding filterable ones; the colloidal fraction being te®nable to calculatiohy
difference.Nowadays, commercially available centrifugal ultradition units(e.g., Amicon®
Ultra-15 Centrifugal Filter Unitshave shortened the time needed for separating true solution
and colloids from several hours to tens of minutkesyvever, modelling possibilities retain their
interest considering the comparatiy high cost (above 10 EUR per unit) of such singke
devices

By combining my original data with previously published ones, | develop simple linear
models effectively allowing the prediction of the truly dissoleedcentration®f Cd, Cu, Ni
and Zn from the correspondirtgtal filterable oneqVignati et al., 2005p The agreement
between measured and modelled truly dissolvetteatrations was within a factor of 1.5 for
78% of the data poiain the case of Cd (n=65), 82% for Cu (n=133), 83 for Ni (n=93), and
87% for Zn (n=64).Interestingly, differences inthe nominal cubff sizes of filters and
ultrafilters among studieslid not seem to have any influence on the validity of the linear
relationshig. This observation probably follows from the actual filterafit being usually
different from the nominal onegShe et al., 2048Vignati et al., 200p Analogous linear
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regression models for total and trivalentoc@uld be obtained for two aquatic systems impacted
by tannery wastewaters with contrasting characteriffiominik et al., 200). The slope of the
two models were very similar (0.336 for total Cr an833. for trivalent Cr), in linavith our
findings that colloidal Ccould comprisesalmostexclusively Cr(Ill){(Bobrowski et al., 2004
Other studies also confirmdte validity of this approach to model truly dissolved Hg and
MMHg concentrations in the water column andsediment pore waters from varioaguatic
systemqGuédron et al., 2036

5.4. A critique of my previous research on environmental behaviour and availability of trace
elements
The sections frorb.1 t05.3 essentiallpresentediogeochememical resultd discussed their
possiblecontribution to the understanding of trace element behaviour in continental surface
waters. It is however interestingo examinethe possible implications of partitioning with
respect to trace element bioavailability to aquatic organi3ims.details of this strategy are
described in chapter 9 of my PhD theRisgnati, 2004. Variations in master environmental
parameters thatffect eemental partitioning (see Fid) will also affect, directly or indirectly,
their bioavailability. For example, alecrease in pH will modify the net surface charge of
envirormental particles andause trace element desorptioto the truly disstved phasethus
potentially ncreagg elementabioavailability. However freshly desorbed trace elements will
distribute among the ligands present in the truly dissolved phase and the net ecotoxicological
outcome will be determined by the combinatiorse¥eral processes.

Explicit consideration of the presence of colloidsfiltered waters can also assist in
reconciling laboratory ecotoxicological results with the potential for ecotoxicological effects in
natural waters. Because colloids are not presenstandardized ecotoxicological media,
laboratoryderived effect concentrations are, in principle, more comparable with truly dissolved
than filterablelevels measured in natural watef®he modelling possibilities desiged in
section5.3 are therefore interesting to obtain such kind of information in the absence of
experimental measurements. However, the effect of colloids on elemental ecotoxicity, though
often protective, depends on the composition of the colloids themd&lvakal et al., 2008
|[Koukal et al., 200)and colloidallybound contaminants may be available to fifegders via
ingestion These considerations are of interest considering thatEthiepeanregulatory
framework ismoving towardenvironmental quality standarbdased on callated bioavailable
fractions using empiricalipased, simplified biotic ligand model togMerrington et al., 2016
|Peters et al., 20)8These models estimate the bioavailable concentration of an element starting
from its filterable (< 0.45 pm) caentration and the values of pH pliXOC and Ca
concentratiosin the corresponding aqueous sample. Apart from the possible limitations of the
biotic ligand modelDuval and Rotureau, 20[i#Mebane et al., 2030approacheseglecting
contaminanpartitioning can bottoverlook ecotoxidaty linked to the ingestion of colloidaly
bound contaminant®r overestimate the actual concentration of available elements by
considering the total filterable concentrations instead of the trsdpl¥ed ones. That said, such
bioavailabilitybased approaels to environmental regulatiorsre a huge improvaent
compared with fixedralue environmental quality standardd remains to be ascertainéa
what extent aetter consideration of elemental partitionnguld improve their predictive
abilities.

This critique would be incomplete without questioning the actual capabilitifératfion
and ultrafiltrationto provide thebiogeochemicainformation that is expected from theBoth
techniques are operationally defined asdefact proneg(see section®.1 and 5.2) and a
distinctionbetween partickand colloidsbased on nominal (ultra)filter pesgzes neglects the
much more complex nature of thdifference between the twgustafsson and Gschwend,
[1997). However, the operational distinctiamongparticulate colloids and true solutiohas
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helped(andcanstill help) in understanding contaminant transport and behaviour in continental,
estuarine and marine settin®enoit et al., 1994Honeyman and Santschi, 198gillward, |
(1995 [Powell et al., 1994Turner and Millward, 2002 The presence of colloids can also
facilitate the transport of otherwise poorly mobile radionuclides in groundwater aquifers
(Kersting et al., 1999 Finally, significant fractions of the scalled technologically critical
elementdNassar et al., 2035an occur in the colloidgphasd . XOD NV O] D QJewhich X
beas consguences for correctly understanding their increasingly disrupted biogeochemical
cycles. As anticipated in sectiob.3, centrifugal ultrafiltration devices capable of rapidly
separating colloids from true solutions are now commercially avadaiolthere is litle reason

to limit research ompartitioning tothe simple separation gfarticulate and filterable fractien
Personally, | would however invite to be critical about the use of such devices which, contrary
to other ultrafiltration apparatusgéottelat et al., 2008 do not allow tacheck for the preseac

of ultrafiltration artefacts and can suffer from sorptive logg@eman et al., 2013 On the

other hand,esults from a yet unpublished contributidmartin et al., submitted) suggest that
centrifugal ultrafiltration unites can provide useful information on the partitioning of rare earth
elements in natural waters, although further methodological studies are needpite these
limitations, filtration/ultrafiltration procedures offer logistical advantages compared vaite m
complex techniquesuch as Flow Field Flow Fractionatitmtrely on norportable,complex
laboratory instrumeation Indeed, colloid characterization is constantly facpagential
artefacts arising from rapid changes that take place in the colloidal size distribution after
sampling{Chen and Buffle, 1996¢b| [Filella_and Buffle, 199B In conclusion, the study of
contaminant partitioning to understand elemental behawbiliremainsa worthy scientific
objective.

On the otherhand,| am less certain about the relevandepartitioning in relation to
contaminant bioavailabilityFrom an ecotoxicological point of view, partitioning is just one of
the many facets of speciation controlling elemental bioavailaliitgn if a perfect separation
between e.g., colloids and true solution could be achieved, the bioavailable conténadtiant
in the latter will still vary depending on master environmental parameters and composition of
the aqueous matrix. Furthermore, the bioavailability of particle bound contaminants will depend
on the ecology of the exposed organisms andthe compsition of colloidal particles
Discussing all the techniques and theoretical frameworks necessary to understand contaminant
bioavailability goes beyond the purpose of this short critique and reference can be mgde to
[Mason (2013) Furthermore, there are intrinsic limitations in trying to understand
bioavailability solely based on the study of contaminant behaumoenvironmental matrices
outsideliving organismsin the end, biological effects usually require an interaction between
the contaminant arebmebiological target. The Critical Body Residue approfidbCarty and
[MacKay, 1998Meador et al., 20l)(postulates that contaminant effeat® better understood
on the basis of the concentrations actually accumulated inside living organisms rather than (a
fraction of) concentrations measured outside organisms. The approach works reasonably well
for chemicals that act by narcosis, but theatitin is more complicated for trace elements some
of which can be essential or can be accumulated in biologically inactive forms inside an
organisms(Rainbow, 200p Searching for the most appropriate metric to express the
ecotoxicity of a contaminant is actually one of the research questions of this HDR project and
it will be further discussed in part three of the present document.

[This space if left blank interanally]
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6. Environmental behavio ur of chromium and its ecotoxicity to freshwater

organisms
In surface water environments, chromium occurs in two main redox forms with contrasting
environmental behaviour and different toxiqi&orny et al., 201§Viti et al., 2014. Chromium
(V1) is highly mobile in the environment, easily crosses biological membranes, and is a known
carcinogenic and mutagenichumansChromium (ll) is particle-reactiveandthus less mobile
in the environment because it tends to bind to suspended particulate matter (and colloids) and
accumulate in bed sediments. Chromium (I11) is also considered less toxic to aquatic organisms,
the main environmental risk being considetteel possible oxidation of sedimemund Cr(lll)
to Cr(VI) in the presence of Mn oxides at the sedinvestter interfce.

From 2000 to 2008, | devoted substantial efforts to cooperative projects dealing with the
study of Cr behaviour, bioavailability andaoxicity in aquatic systems impacted taynery
wastewaters. The tanning process uses large quantities of trivalent Cr that may be discharged
to the environment along with other chemicidixit et al., 201%Lofrano et al., 201J8 Most
of the work was performed in the Dunajec river/Czorsztyn reservoir system (southern Poland).
My interest inCr ecotoxicity to freshwater organismstuallytook off in 2004asa side project
for some mastestudentsandeventuallyserved as the foundation of a large part of my activity
upon joining the CNRST hese activities have been fundgda EC2CO projedtom the CNRS
contributions from LabexR21 and overheads obtainech projects on other research topics
and collaboration®ther contributions to this research fiblased on thase ofin situexposure
devices have been described in sect@B.

6.1.Environmental behavig of chromium
The peculiarities of € geochemistry introducedditional challenges in the study of its
partitioning between colloids and true solution (see secdhjponin particular, the actual
concentrations of both Cr(lIl) and Cr(VI) must be quantified in the total filterable, colloidal and
truly dissolved fractions of a water sample to correctly understand the environmental behaviour
and fate of this elemenBy combiningtangential flow ultrafiltration and catalytic adsorptive
strippingvoltammetry we showed thatbout two thirds o€r(lll) wereassociated with colloids
of variable molecular weightvhile Cr(VI) was detectablenly in the truly dissolved phase
(Bobrowski et al., 2004 These observations are in agreement with theoretical knowledge on
the behaviar of Cr(lll) and Cr(VI), butthe detailed study of Cr speciation allowed to develop
a conceptual model of Cr behamioin aquatic systesimpacted by tannery discharges
(Dominik et al., 200¥. It appears that Cr(lll) is rapidly removed from the water column to the
sediment compartment via colloidal pumgi{Honeyman ad Santschi, 1999 while Cr(VI)
remains in the water column and can be transported over longer dist@hcesium(lll)
showed a similar behaviour flow-through laboratory nesrocosmgFig. 2) whereit reached a
steadystate distribution among colloidand true solution and showed a thohependent
accumulation in the sediment compartmigttelat et al., 2010 The accumulation of Cr(1ll)
into the sedimentary compartment highlighted two critical areas for understanding Cr fate and
risk in the presere of tannery discharges: the bioavailability of sedintenind Cr and the
likelihood of Cr(lll) oxidation to Cr(VIhwithin sediments and at the sedima&rater interface.
My contributionsto the former issue are describedéction3 of this part othedocument, but
| did not go beyond exploratory studies with regard to the latter

[Bobrowski et al. (2012gxperimentallyconfirmed the presence of Cr(VI) in interstitial
watersextracted from a sedimeotre collected close to wastewater discharges from tanneries.
The main bjective of this study was to develop a suitable methospezifically quantify
Cr(VI) in the presence of high concentrasaf dissolved organic carbon and total Cr (up to
260 mg L* and 450 g I, respectively) Apart from method validation, the maximu@n(V1)
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concentration was obsad at 1.5 cm below the sedimewmter interface suggesting the
possibility of a diffusional transport of Cr(VI) from sediments interstitial water to river water.
The Cr(VI) levels never exceede®% of the total Cr concentration measured in interstitial
waters but the results confirmed the potential for some remobilizafi@r from contaminated
sediment The combined use of Diffusive Gradient in Thin films (DGT) and Diffusive
Equilibration in Thin films (DET)n another study alsadicatel that the concentration of ionic
trivalent Crwasless than 1% of the total Cr concentrat{dgnati et al., 2019 in interstitial
watess. These dataollectivelysuggests that, in sediment interstitial waters, most of Cr occurs
under corplexed, possibly colloidal, forms whose bioavailability to sedimeaiwelling
organisms remains to be assess$aaally, hydrological conditionsvere also shown to affect
the mobility and distribution of Cr(lll). In particular, Cr(lll) accumulated in river sediments
close to tannery dischargegas periodically remobilized during higflow conditions and
transportedo otherwiseuncontaminated aregSzalinska et al., 2010

The chromium concentrations measured in water and sedimenth&dwanajec/Czorsztyn
systemswvere often close t@r abovevalues likely to causadverse effects iliving organisms.
In another study carried out in Moroc¢iioukal et al., 2004 we actually observed acute
toxicity of filtered waters collected in a river impacted by tannery discharges and containing up
to 214 pg L of total Cr. In these sample§r was mainlyin the form of Cr(lll) asshown by
|Pereira De Abreu (200pHowever, the samgamplesontained substantial amounts of Cu (up
to 40 ug 1), Zn (up to 130 pg 1), and Ni (up to 10 pug £), had low oxygen contents (some
being anoxic at the time of sampling) and high conductivity. To understand the actual
contribution of trivalent chromium to the observecbtoxicological effectsit was therefore
necessary to start studying Cr(licdoxicity and bioavailabilityin controlled laboratory
conditions (see the conceptual strategy described in figure 3).

6.2.Chromium ecotoxicity taquaticfreshwater orgarsms

The study ofthe ecotoxicity of an elemenin (standardized)aboratory settingsaims at
establishing a relationship between exposure concentsatind (a range of) biological
responsesA precise knowledge dheactual exposure concentratiaashereforea prerequisite

to any meaningful interpretation of ecotoxicological effettthe case of chromiuraptaining
such knowledge must address two major challenessimultaneousccurrencejn natural
waters of both Cr(VI) and Cr(lll) and the complex chemistry of trivalent chromitirat can
markedly modify exposure concentratiomger the typical duration of ecotoxicological tests.
In this sectionl will focus on the latter aspe¢he simultaneous assessment of Cr(VI) and
Cr(lll) ecdoxicity beingan objectiveof my HDR project.

At circumneutral pHa typical situationin manyecdoxicological test medijatrivalent Cr
rapidly undergoes hydrolysis and faspoorly solubleCr hydroxideqRai et al., 198p Starting
from these theoretical considerations, | showed that Cr concentratidast medim the
standard test meuiin ISO 8692 hereinafter ISO mediurffiSO, 2013, for freshwater algae
amended with Cr(l) decreaseth a time and concentratiodependent manngYignati et al. |
[2008a|Vignati et al., 201 Othervise stated, testing of trivalent chromium should be carried
out following protocols for sparingly &tble substanceBSO, 2008. Thisrecommendatiois
notastrivial at it may seem upon a first readi@ghromium(lll) , like all othertest substances,
is usually added to the test medium in the form of solableride, nitrate or sulphatalts
which means thanhsolubleCr(lll) chemical species are formed direatiythetestmedium(in
a time and concentraticdependent mannerThese findings have far reaching consequences
because, except f@hapman et al. (1980he studies currently considered in risk assessment
documents on trivalent d completely neglect the phenomentmall such cases,
the actualecaoxicity of Cr(lll) has beergrosslyunderestimated anchost likely requiresa
complete reassessmerjfAharchaou et al201g|Vignati et al., 201
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However, the composition of a standard laboratory test medium is not fully representative
of a natural water. In particular, standard mextando not contain dissolved organic carbon
thatis ubiquitousin natural waters and has a strong complexing capacity for trace elements
(Mason, 2018Pourret et al., 2007By comparing theecdoxicity of Cr(lll) and Cr(VI) in a
modified culture medium containing dissolved organic cafben filtered Lake Geneva water
mixed with ISO medium)l was nonetheless able to confirm that Cr(¢idncentrations were
not stable even in the presence of orgaaiban. In addition to this, Cr(lll) wasore toxic
than Cr(VI) to the model freshwater alga subcapitatan both standard and modified ISO
medium(Vignati et al., 201

Other experiences with the crustac&apniamagnaconfirmed that medium composition
had a strong influence on @t) behaviar in laboratory agueous matrices and, hewcdts
ecotoxicity(Ponti et al., 2014 In well-buffered media (alkalinity 4.9 meq?), total filterable
Cr concentrations (added as trivalent Cr) decreased to O'rogdr 48h i.e. the duratiof an
acute testvith D. magna In such instances, the absence of acute ecotoxicological effects may
well reflect an absence of actual exposure to the toxicant during most of test rather than a low
ecotoxicity of Cr(lll). In poorly buffered media (alkaiiy 0.8 meq L), the addition of Cr(lll)
loweredthe pH of the test mediurthus preventing or slowing down the formation of insoluble
Cr hydroxides.In these circumstanceprecisely characterizin@r speciation by analytical
measurement or modelling can be extremely helfdulcomparing different studies and
extrapolatinglaboratory resultso real field situations. Oné&saturecommon to all these
examplesvasthe importance of kinetics in detemmg the actual exposure concentration and
the associated ecotoxicological effects. A significant effort to better characterize Cr(lll)
speciation in ecotoxicological media, specifically in E8® medium for freshwater algae, was
carried out during the Phthesis of M. ImadiharchaouAharchaou, 201)7

Considering the foreseeable complexity of the necgsamalytical measurements, the
relative ecotoxicity of Cr(lll) and Cr(VI) to the green alBasubcapitatawerefirst studied
using a standardized microplate test perfatraecording to théSO 8692norm (Wang et al.]
[2019andthe ECso were estimated for both Cr redox forriifiese experiments confirmed that
Cr(lll) was more ecotoxic than Cr(VI) in the specific experimental condit{ansculture,
operator or material effect compared with previous study performed in another laboratory)
Furthercharacterization of Gthemical behaviowvas then performed using medium aliquots
amended with Cr(lll) or Cr(VIusing Erlenmeyer flasks. Tdtand total filterable (0.45 and
0.22 um) concentrations remained stable in medium aliquots amended with Cr(VI), but
filterable concentrations decreased by®1® % in 6 to 8 hours in medium aliquots amended
with Cr(Ill). The simultaneous determination afth total and total filterable Cr concentrations
was necessary to verify that the observed concentration decrease was not due to adsorptive
ORVVHV RQWR YHVVHOVY ZDOOV -bEaXivg périiRlesViK tHe BXpd8uteD O IR U
medium initially spked with soluble Cr(lll) salts.

A second series of experiments showed that no redox interconversion b&wii¢rand
Cr(VI) did not occur neither in the absence nor in the presence of algae, which guarantees that
the higher ecotoxicity of Cr(lll) is eeal observation and not an artefact due to the oxidation of
Cr(lll) to Cr(VI) during exposure. Howeveanalyses of medium aliquots spiked with Cr(lll)
using IC-ICP-MS (lon Chromatography Inductively Coupled Plasma Mass Spectrometry)
revealed that the chges in Cr(lll) speciation were extremely rapid, with free ionic Cr(lll)
concentration dropping below analytical detection limit in about 5 hours; i.e., less than one tenth
of the test duration (72 hours). The disappearance of ionic Cr(lll) was accompgniieel
formation d other chemical species (Fi§a) whose exact ecotoxicological effects remain
unknown.

Other measurements usiNgnoparticle Tracking Analysis (NTA), Single Particle Counting
(SPC) ard singleparticle ICRMS confirmedthat Crcontaining particlesvereformed within

61



minutes after spiking of the exposuredium with trivalent Cr (Fighb). Overall, the results
from such detailed study allowed to defining three possible scenarios for the ecotoxicity of
Cr(lll) to freshwaer algaglAharchaou et al., 20)8
a) Cr(lll) effects at 72 hours (the duration of a standardized algal test) are controlled by an
initial shorttime (pulse)exposure to ionic trivalent Cr,
b) The residuatoncentration ofonic Cr(Ill), less than 1 pg t, is enough to cause the
observed growth inhibition after 72 hours of exposure,
c) Chemical species other than ionic Cr(lll) contribute to the observed ecotoxicological
effects.
Understanding such issues and, more in généra kinetics of chemical speciation and
ecotoxicological responses is part of the specific research questions of my HDR project.

Figure 5. Panel A: Chromatograms of the temporal evolution of ionic Cr(lll) concentrations and other Cr
species in ISO medium initially amended with 60 pg L of Cr(lll). Panel B: Number and size of
nanoparticles formed after 24 hour of incubation in ISO medium initially amended with 60 pg L-* of Cr(lll).

6.3.Chromium bioaccumulation in freshwatggaeand mussels
Section6.2 sketched a quick picture on the possible difficuitieaterpreting the results of Cr
ecotoxicity on the basis of exposure concentrations measutiedtestmedum, especially in
the case of trivalent COther fundamental questiodsal with the uptake and behaviour of Cr
accumulation in living organisms, notably whether Cr(lll) and Cr(VI) have similar fate inside
cells and comparable biochemical effects in tissues

In surface waters, Cr(VI) usually occurs as anionic chrospeies which easignter cells
because dfhdr structural similaritywith the essentiagulphatdons(Gorny et al., 201jpViti et |
[al., 2014. How Cr(lll) cationic or neutral species interact withlés less clear, albeit iron
transport mechanisms may be involM@kyersmann and Hartwig, 2008iti et al., 2014.
However, Cr(VI) is a very strong oxidant and is quickly reduced to Cr(lll) in intracellular
environmentqZhitkovich, 200%. Otherwise stated, only Cr(lll) is expected to occur within
cells. Starting from these observations, cellCbfamydomonas reihardtivere exposed to
Cr(VI) or Cr(lll) to investigate differences in their uptake kinetics and in their intracellular
distribution. Theseexperimentsequired the use of radiolabelled Cr salts ede performed
in collaborationwith Prof. Claude FortinINRS, Québec, Canada) during a scientific visit of
Dr. Imad Aharchaoat the INRSand with the financial help of LabexR21.

Thecorresponding resul§@harchaou et al., in preparatioshowed a linear uptake of both
Cr(lll) and Cr(VI) over 60 minutes as well as an absence of Cr efflux. Uptake rates generally
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increased with concentratioexposuregange 16 A0° M, approx. 0.05500ug L) and, in the
case of Cr(lll), also as a function of pH, which sugg#s¢ possibility of competition for
cellular uptake between ti@r* and H ions Chromium(VI) exhibited higher uptake rates than
Cr(lll) for low exposureconcentrations (1 and 10 nM), while the opposite alaservedor
algae exposed to levels d® uM. On the other hand, cellular uptake rates for the two redox
forms were similar in cells exposed to 100nM or 1(a@prox. 550 pg L'Y), which covers the
rangeof several natural environmer{tdcClain and Maher, @L6|Saputro et al., 2034

Chromium accumulation in cells @f. reinhardtiiexposed to 100nM of Cr(lll) or Cr(Vfpr
1 h and 72 h showed some differences in terms of total accumulated elemental burdens and
intracellular distribution. However, accumulation in the metaisitive fractions (cellular
organelles and heaenaturablg@roteins)after 72 hours was remarkably similar for both redox
forms (Aharchaa et al., 201). Furthermore, Size Exclusion Chromatography-1a8 (SEC
ICP-MS) showed that intracellular Cr bound to the same biomolecules irrespective of the redox
form initially added to the exposure medium. These observatioas agh thenypothesis that
Cr(lll) is the main oxidation state of this elementthe intracellular environmerdue to
reduction of Cr(VI) byreaction withcytoplasmic organic molecules such as cysteine and
glutathiong{Valko et al., 200k Overall Cr(lll) and Cr(VI) seem tdhave a similar intracellular
fatein C. reinhardtii confirming the need fanore comparative studies on the bioavailability
and effects of both redox forms.

The main limitation ofcomparative studies on the behaviour of Cr(VI) and Cr{glifhat
they cannotaccount forneithertheir simultaneous occurrence in natural watess their
possible combined effect§hese challenges can be elegantly addressed by considering that Cr
has fourstable isotopes°Cr (naturalabundancet.31%), >2Cr (83.76%), >3Cr (9.55 %), and
*ICr (2.38 %).Isotope fractionation is often used in geemistryto understand the behaviour
of Cr during weathering or other environmental procesg#s et al., 201) In an
ecotoxicological context, it is however the possibility to create isotopically enriched, speciated
Cr solutions thabears the most exciting opportuniti€alutions containing more than 95% of
S0Cr(lll) or >3Cr(VI) are actually commercially availablé is therefore possible to expose
organisms t&°Cr(lll) and >°Cr(VI) and then follow théiological fateof both isotpesat the
same time. Although Cr(VI) will be reduced to Cr(lll) following cellular uptake, it will still be
possible to distinguish the two isotopes by a simple analysis byM&PThe technical
feasibility of this approach with the freshwater musSetbicula flumineahas already been
verified (Aharchaou, 201)7and its development will be presented in 2R scientificproject
(part 11l of the present document)

6.4.A critique of my past work on chromium ecotoxicity and bioavailability

Most of my research orhromium behaviour andbiological effectshas challengedhe
paradigm r(VI1) is much morgeco)toxic that Cr(lll)fthat bears a strong consensus in the
scientific communityConsidering the results presented in sections 6.2 andh&3gsufficient
grounds to considesuch statementas an oversimplified representation af much more
complexsituation.

Back in2005 we unexpectedly observed that Cr(lll) nitrate was more toxic than potassium
dichromate to the green alga subcapitataThefirst observationsvere initially treatedas the
resultof some experimental errog,g, mistakes indilution or weighing while preparing the
Cr(ll1) solutions.Following further tsting, we were however forced admit that Cr(lll) was
indeedmore ecotoxic than Cr(Vin our experimental condition¥he subsequent attempts to
understand Cr behaviour in th®O 8692 medium forfreshwateralgae alerted us about the
complexity of Cr(lll) chemistry and prompted us to examine the temporal stability of Cr
concentrations in medium aliquots amended with trivalent Cr. The task was not complex, but it
required a pairtaking cleaning of all the material, including microplates and pipet tips, to
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ensure that results would stand scrufnoyn the scientific communityy et, our first submission
on the topic(circa April 2007) faced upfront rejectiorirom the editor of Envonmental
Toxicology and Chemistrgn the ground thajwe all knowthat exposure concentrations must
EH TXDQWLILHG WR UHOLDEO\ LQWHUSU H pvoblgr{ thatkaX WFR P H
subsequently recognized fas from solvedHarris et al., 2014 A smilar struggle took place
when publishing the results of ecotoxicological experiences showing the possible shortcomings
of the paradigmr(VI) is more toxic than Cr(IIIf]While such difficultiesarea normal aspect
of the scientificenterprise, | cannot but wonder whether cognitive bias played any role in the
difficulties we facedo get those first results published. Fast forward 15 years, other researchers
have questioned the putatively low ecotoxicity of Cr(lll) andhagesuccestilly published
our resultsHavethey beenworth the time, effortsand money, anddo they justify further
commitment tahis researchopic?

JURP D IXQGDPHQWDO SRLQW R YL Hestiolg kMdsoQhe£btly LV p\F
studies on Cr(lllecotoxicitysimply do not provide reliable results (my own reviasicle in
preparation) and the accumulation of experimental evidence on Cr(lll) being of potential
ecotoxicological concern cannot be questicaegllonge{Chow et al., 201ffDazy et al., 200
do Nascimento et al., 20{l8asseChavez et al., 201Bperanza et al., 200)Thomyson et al.|
2002. There isclearlyenough available evidence to invite the scientific community to wholly
reconsidethehazard assessment of Cr(WBH.Cr(lll). It remains however open to dehaiad
| ask suchquestion myselfjf Cr(lll) actually poses a risk in real environmental settings.
Recently published resul{§errari et al., 202{%ignati et al., 201Psuggest such possibility,
but more research is needmuthis specific aspect

For the timebeing, | am satisfied with these research efforts having contributed to adopt
similar approaches for other trace elements, notably lanthanides, ainesécal properties
also causthe formation of insoluble, (nano)particulate species in standardizexeobbgical
media{(Gonzalez et al., 20]{6onzalez et al., 2015As a general concluding caveb&m not
against doubting the actudd I I HFW LY HQH VYV RdonsBtindiis s @xRréntely fletailed
characterization of exposure conditions in ecotoxicological test medigh one or two
exceptions, | still stand behind the results that | have so far published. On the other hand, |
wonder how much sense it makes to take a lot of trouble to follow the behaviour of a
contaminant in a standardized medium with limited enviremta relevance and at
concentrations that are usually much higher (sometimes bysosfienagnitude) than the
corresponding environmental ones. | am asking theseigugsh the most serendipitous
manner Indeedpnly acritical evaluatiorof laboratoryresultsagainstealtfield conditions will
allow us to reach the correct balance between environmental protection from chemical
contamination and rationale use natural resources. This HDR project is a personal attempt to
contribute to the collective effathat will be required to achieve this overarching objective.

[This space if left blank intentionally]
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Part Il xScientific research project



1. Context

1.1. Preamble

The primary focus of (eco)toxicology is the study of the harmful effects of chemicals, or more

in general stressors, across levels of biological organization ranging from genes to ecosystems
and across different spatial and temporal scffes den Brink, 2008Walker et al., 1996

This is not equivalent to advocate a zero concentration policy for all xenobiotics or background

like levels for naturally occurring, although both can serve as ultimate idegdtdar
&RQVLGHUDWLRQV OLQNHG WR FKHPLFDOVY ELRDYDLODELO
resilience of ecosystems also come into play. The practical objective of ecotoxicology is
WKHUHIRUH WR KHOS LQ NHHSLQJ Fiéhtdtiénd hat, §f eddetiedD V. EH C
would disrupt individual health, population viability or community/ecosystem functioning (Fig.

6). Some authors suggest to use the word contaminant for substances that are enriched above
background levels and pollutants fembstances that cause an adverse effect on biota. The
considerations in the introduction |@falker et al. (1996are however grounded enough to
discourage such use. Lack of consensus also exists in relation to the appropriate terminology

for metals and metalloidgPourret and Bollinger, 20181 will therefore stick to the generic
termschemicalor substancend use the terstressorsvhen referring to norghemical factors

that can modulate biological responses to chemicals or cauberhgelves adverse effects on

biota.

With the exception of critically endangered species, ecotoxicology focusses on avoiding
undesirable impacts of chemicals and stressors at the population, community and ecosystem
levels rather than on ensuring the sualiof each individual within a given population (Fig. 6).

This approach is illustrated by, e.g., the sustainable management of fish stocks, where a healthy,
stable, or increasing, population must be maintained to ensure that individuals from the same
popuation can be caught (i.e., killed) for human consumption. These considerations are
extremely important considering that chemicals have become an essential part of our everyday
lives and we constantly strive to achieve maximum benefits from their usemihilmizing
the potential associated riEEEA, 2019. However, as stated §Batley et al., 200Fin relation
to the development of sediment quality guidelines:
‘Z1—77+1+"1SeeZe®lS—e1-S—S«Z1l>’®e"els>"-1E'Z-"ES
societal and legal mandates that do not provide the luxury of delaying decision
—S7"—el17—e'e1SeelE"—™eZ e’ Zw1S>7215Z0 Y Ze
As a consequence, ecotoxicologicdblgsed regulatory frameworks continuously evolve
following new scientific and methodological developments; including the correction of errors
or simplifying assumptions.

Quanitfying risks necessitates an adequate knowledge of hazard and exposure characteristic
of each substance or family of substarigsrbrother et al., 2007Hazard is usually assessed
using standardized laboratory tests to rank the intrinsic ecotoxicological potential of substances
under the samepatrolled conditions. Exposure assessment requires not only knowledge of the
concentration of the chemical of interest in the appropriate environmental matrix, but also of
its inputs (including duration and periodicity), speciation and environmental lbef@ennon]|
let al, 2013[Schwarzenbach et al., 2dp&ang, 201} Thoroughly understanding exposure is
not only a key factor in reaborld risk assessment, but also in the correct interpretation of
responses observed during standardized ecotoxicological stimtiesd, establishing a clear
concentratiorresponse relationship can be particularly challenging when dealing with
sparingly soluble substanc@S0, 2008, volatile substancefBettinetti et al., 2013 trace
elements forming insolublgpecies in test medi&antore et al., 201®Vilson et al., 201}
nanomaterialgHandy et al., 201)2r microplastic§Borja and Elliott, 201p even in controlled
and welldefined laboratory ¢engs.
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Figure 6. Conceptual relationship between stressors (chemicals or other factors) vs. individual health
status or possible impacts at other levels of biological organization including subcellular (e.g.,
biomarkers), individual or community/ecosystem-level responses. CES, Critically Endangered Species.
(Created by the author based on Walker et al., 1996 and Meybeck, 2003).

Despite significant research efforts, it is estimated that hazard and exposure are extensively
characteded for only 500 of the approx. 100,000 chemicals currently on the market, with
information being classified disnited or poorfor over 75% of thenfEEA, 2019. Furthermore,
even determining the actual risks of weltlaracterized chemicals often remains challenging.
Several factors (e.g., physical habitat degradation, altered temperature or pH ranges,
competition or predation) can modify biological responseséonicals in reafield conditions
compared with controlled and simplified laboratssttings(Liess et al., 20%¢Posthuma et
[al., 2018. Extrapolating biological responses obtained at low level of biological organization
to the population, community and ecosystem levels, that the ultimate target of
environmental protection measures, also presents inherent chal{Schesizenbach et all,
[2004|Van den Brink, 200@Van Straalen, 2003

Overall, the European Union is not on track to meet its 2020 policy objectives to minimize
the release and effects of hazardous chaision the environment and human health, nor to
achieve good environmental status for all continental and marine Wafefs 2018/2019.

The 2030 outlook is also negative mainly because of the substantial lack of information for
many chemicals that are released into the environment and the overall projected increase in the
use of chemicaldEEA, 2019. |Malaj et al. (2014)showed that the acute and chronic
ecotoxicological risks in EU waters increase with data availability; suggesting that current
knowledge may underestimate the chemical risks in EU waters. According to the report on the
state and outlook of the Europeawieonment (page 249, section 10.4.1), it usually takes from

7 to 9 years for a substance to be evaluated for potential restriction measures under the REACH
legislation, so that a lot of unmonitored exposure may occur for a long time before any
corrective ation is undertaker{EEA, 2019. The monograph u/DWH Groiy &amyQ V
ZDUQ confirms that unwanted damage often occurs is such situatfons
unregulated risks agven wherregulationof dangerous chemicalsy e.g., substitutiomns not
endorsed rapidly enoudfGabbert et al., 2014

The overarching challenges of managing chemicals at the European or global level are linked
to our consumption patterns and lifestyle and outside the scope of the present HDR project. On
the other hand, chaoal management strategies will likely remain grounded in standardized
ecotoxicological tests to assess the intrinsic hazard properties of (new) chemicals. Such
knowledge is essential to avoid environmental releases of new substances without sufficient
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hazard information (preventive regulation) and to confidently extrapolate laboratory results to
real field conditions whea.g.a substance is considered as a substitute for another one subject
to regulatory restrictions (phasing out). It is therefore useful to understand the limitations and
purposes of standardized ecotoxicological procedures in order to effectively managalshemic

In the remainder of thi€ontextsection, | will first discuss the reasons that justify the need
for a certain degree of standardization in ecotoxicology (section 1.2) and then examine some of
the issues associated with properly characterizing expassponse relationships (sections 1.3
and 1.4). Sections 1.5 to 1.7 will deal with some of the complexities that are encountered when
moving from the laboratory scale to real situations; namely the simultaneous exposure to
multiple substances (section5}),. the relative importance of different routes of exposure
(section 1.6) and the ecotoxicology of climate change (section 1.7). Finally, section 1.8 will
examine how the current scientific context may contribute to scientific bias and, among the
others, 6 maintaining the laboratorys. field gap in ecotoxicologyThis context section is
howevernot meantto provide a thorough staté-the-art abouteach issue, but rather to
summarize the different factors that should be kept in mind wlhaming and pedrming
ecotoxicological research.

1.2.Reliability vs. relevancehe dual nature of ecotoxicology
Ecotoxicology is both a fundamental discipline with its own, evolving, and sometimes poorly
defined code of practicqé\gerstrand et al., 201 gerstrand et al., 203Jand an applied
discipline with a key role in the risk assessment of chem{&asbrother et al., 2007 An
ecotoxicological investigtion can therefore have different objectives, including (Fig. 7):
a) understandinthe effecs of chemical®n living organismat the (sub)cellular, tissue, organ
or individual level(toxicologyoriented),
b) understandingthe interactions betweerthemicals and organisms under variable
environmental conditions (elogy orientedand riskassessment oriented
c) providing supportfor decisionmaking to preventunwanted damage from chemicals
(hazard and riskassessment oriented), and,
d) understanding how responseschemicals at the organism level can be extrapolated to
higher levels of biological organization (ecology, hazart riskassessment oriented).
It is important to note that support to decisimaking can consist in using the information to
derive (le@lly binding) environmental quality criteria or to actually perform risk assessment in
relation to an existing real situatigolomon et al., 200§b
As any other scientific discipline, ecotoxicology pries research practices toward
PD[LPXP pGDWD UHOLDELOLW\Y ZKHUH UHOLDELOLW\ GH
independent of the possible contexts for their application anfRasle and Ciffroy, 2016 On
the other hand, the use of ecotoxicological data for risk assessment and management is equally
FRQFHUQHG ZLWK pGDWD U-{depenhdeDt@irdHchnsidels Rikwhay exdhQaw H [ W
given set of data is suitable for a specific, applied purg@s¢h and Ciffroy, 2016 When
unravelling the mechanisnmsy which a substanceaffects aspecific biochemical pathway,
considering how laboratory conditions compare with real field situafiansdata relevance)
may beof lessconcernthan in cases when ecotoxicological results are called upon to inform
the decision of risk assessors and manaf@osinon et al. (201®)efinerisk as the combination
of hazard and exposure withzard assessmerunsisting in:

3 «the determination of the toxicological effects, including the analysis of adverse
effects at different exposure concentrations”,
and exposure assessmeamnt
3 «the determination or prediction of the extent, frequency and duration at which
biota are being exposed to a chemical in nature
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Figure 7. Schematic overview of the increasing complexity of an ecotoxicological investigation in relation

WR VFLHQWLILF IXQGDPHQWDO DQG DSSOLHG REMHFWLYHV DQG WR
management adds levels of complexity (i.e., social awareness and acceptability; economic
considerations) beyond environmental disciplines related to ecotoxicology. RA, Risk Assessment.

In the context of hazard and risk assessment, ecotoxicology therefore integrates the three
research fields of chemical enviroental fate, organisms exposure to chemicals and
toxicological responses of organisnfé/ang, 201]. Risk management adds two more
dimensions to this framework: striking the balance between the benefits and the costs of a given
intervention{Forbes and Calow, 200l D QG DSSUHFLDWLQJ WKH MRLQW RXWH
DQ HIITHFWY DQG pu(BurkéttreRaD,\2 RitreQ sueh\bfoad scope and decidedly
interdisciplinary nature, it is no wonder that the ecotoxicological community is constantly
striving to reconcile the highly reliable knowledge it generates using standardized procedures
in the laboratory with the more complex and variable environmental settings it desires to protect
(Attanasio, 201

In his historical overview on the development of ecotoxicoltgrard (201fyeports 13
different definitions of ecotoxicology provided by various authors between 1971 and 2008. All
WKH SURSRVHG GHILQLWLRQV FRQWDLQ WKH ZRUG pHIIHFW
ecotoxicology, while only six of them contain the word or the nQtidRlI pnIDWHY RI VXEVWL
any case, none of them states, explicitly or implicitly, that ecotoxicological research must rely
exclusively on laboratory standardized tests. Indeed, the ecotoxicological community presently
uses a variety of tools that amuch more comprehensive and diversified than standardized
laboratory testgBurton Jr et al., 20]Crane et al., 2007 errari and Faburé, 20[Ferrari ef
[al., 2014[Rosen et al., 2032However, much of the hazard and risk assessment framework
ultimately relies, at least in part, on laboratory (standardized) tests to derive acceptable exposure
values to chemicals or to screen new chemicals for unwanted effects. It is theefessary
to clearly understand and agree on why standardized tests are used and what they can and cannot
tell about the hazard and exposure associated with different chemicals or combinations thereof.
Apart from the quest for scientific progress, knagvihe strength and the limitations of the
available tools prevents parties with vested interests to exploit current limitations in the
scientific stateof-the-art to downplay uncomfortable findings in regulatory or public debates.

69



1.2.1.  Why are standard tests used?
The first acute ecotoxicity tests can be traced back to the second half df tenfigry and the
first standardized method for testing the ecotoxicity of industrial wastes and chemicals to
freshwater fishes was published in 144®ffman et al., 1998. While standard tests are now
routinely used to assess and rank the hazard of chemicals, it is noteworthy that some of them
were initially developé for different purposes. In particular, the original purpose of the US
EPA Algal Assay Procedure published in 1971 arose from the need to deve®E EZ ™ eSceZ 1
standardized algal g>~ ¢‘1+Z00*006S0we1 Sl e "¢l —1 E " —>(YISERANL 27>~ ™
[1977). On the other hand, more recent standardized test procedures with freshwater algae
explicitly mention theassessment of the chronic toxicity of (mixture of) substances contained
in effluents and receiving waters as a part of their sfi@®, 2012{OCDE, 201} The OECD
JXLGHOLQH IRU WHVWLQJ FKHPLFDOV FOHDUO\ VWDWHYV
effect of a substance on the growth of freshwater miciodly DQG RU F\DQREDFWHUL
ecotoxicological testing of complex effluents seems to have preceded its use for assessing the
effect of individual substances or known mixtures thefeafffman et al., 1996 which is not
at all surprising considering the efforts, timelapsources required to develop and validate a
standardized tes{€otelle et al., 201De Cooman et al., 20J|Persoone et al., 20pFrom a
more general perspective, the need for ecotoxicological testing became prominent from the
1960s onwards when society realil that technological fixes would not have been able to
completely compensate the environmental pressures linked to human acfatigenser]
(1995 [Meybeck, 200fVasseur et al., 2020Thus, the development of ecotOX|coIogy and of
the associated regulatory context (Flgs 6 and 7) ultimately follows from the collective failure
of the human society to achieve a scenaf zeradischarge for chemicals.

Despite their limitations (see sectibr2.2 for a more detailed discussion), standardized tests
are instrumentdbr theMutual Acceptance of Data (MAD) on the possible effects of chemicals
on selectednodel organismsGiven the challenges linked with the foreseeable increase in the
use of chemicalfEEA, 2019 UNEP, 2019, MAD is necessary to establish a shared knowledge
basis among scientists, stakeholdenegulates and the general public to implement
scientifically sound and soceconomically acceptable environmental policiegVith the
mutually accepted procedures (MAPS) of standardized tegisrimens can be replicated and
data comparednd acceptedcross lhoratories worldwideGood laboratory practices (GLPSs)
are probably the most developed example of MAPs. Adherence to GLPs is regarded as
particularly important by industries and stakeholders that need to protect themselves against
potential liability issus. Indeed, GLPs have been the basis to judge the reliability of
ecotoxicological studies for risk assessment for a long(ttnmisch et al., 199, It is however
increasingly accepted that ecotoxicological studies not following GLPs can be perfectly suitable
for hazard/riskassessment purposes if thegyide enough information about test organisms,
methods and experimental procedufdsermond et al., 2036In the end, standardized tests
provide industry, stakeholders and regulators with a ldsskared, trusted data to rank the
hazard of chemicals, albeit for a limited number of them.

Standardized tests can be based on wbganisms responses.q, algal growth inhibition
test 2 [OCDE (2011)2 , acute and chronic tests with the crustad@aphnia magna?
(2012) 2 or the midgeChironomus riparius2 [OCDE (2004) or on methods to identify
whether a given chemical exhibits one or more specific mode/mechanism of action of particular
concern such as carcinogetyc reprotoxicity or estrogenic effed®CDE, 201§. Knowledge
about the apical effects and mode of action of a chemical can then be combirlatbwiddge

4dZ + WSZ}E EE}V }ueoC 838 5Z 3§ 5Z & GEu Z }S5}AE] }o}PC[ A+ (JE*3 1}
term was actually jointly developed by R. Truhaut add.Jbuany. See Férard (2013) and Vasseur et al. (2020)
for a revised history about these pioneers of ecotoxicology.
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on its physicechemical properties to estimate its most likely environmental fate and potential
risks from accidental or deliberate release into the environment. Standardized tests usually
allow to define exposures.response relationships (Figs. 6 anda@ll the corresponding data
(ideally from several tests using different organisms and endpoints) can then be used to derive
environmental quality standards (EQS) or guidelines according to established profEGules
[2019. Such standards and the procedure for their derivation can be revised or updated as new
data are generated, more sophisticated andfusedly tools becomevailable,e.g, the
simplified biotic ligand model tool§Peters et al., 20).1sitespecific studies in areas of
potential concer performedChen et al., 2016 or the advancement of scientific knowledge
makes some of their characteristics obsolete or too ndoowssedReiley, 2007|Warne ef

[al., 2014. Standardized tests are also attractive in that they can be modified or adapted to better
mimic environmental situationg.g, by test using (uncontaminated) fieddllected matrices

instead of fully synttHWLF RQHV 7KH XVH RI pPRGLILHGY VWDQGDUG
and, to a certain extent, increases the relevance of these methods. However, environmental
matrices usually contain multiple chemicals and identifying those contributing to theeibse
adverse effects is still a lorsganding challenge in ecotoxicoloffyscher et al., 202®{endriks|

let al., 1994{Schwarzenbach et al., 2Q0&ompared with standard laboratory matrices, the
composition of natural water and sediments is also more complex and heterogeneous, possibly
providing multiple route of exposure to chemicals. Mixture effects and issues related to route
of exposure will beliscussed in section 1.6.

1.2.2.  What can standardized tests assess?

Standardized tests provide reliable information as to the possible range of biglegpcaises

to contaminants, but leave on the concerned parties the burden to evaluate whe#fézcsch

will result in impacts(immediate or delayed, acute or chronic) in real world situationan
ecological sensempactsreferto the presence afome kind of adverse effect on population
abundance, distribution or dynamiaylord et al., 2016 Thus,responsegand notimpact9
measured in standardizeskts €.g, decreased growth and reproduction, changes in the levels
of biomarkers or modifications in the patterns of gene exprésaierenvironmentally relevant

only if they can be interpreted in an ecological con{&aylord et al., 2013Godbold and
|Calosi, 2018Russell et al., 2032Such considations are most useful considering that results
from standardized tests are used to establish environmental quality standards (oricziteria;
proactive use) or for risk assessment and management purpeseseffospective use)
Solomon et al., 200§bProactively testing new chemicals allows to rank them according to
their hazard potential and, ideally, to completely avoid the use of the most problematic ones.
On the other hand, standardized testa@lmannot provide definite information about the actual
risks associated with chemicals already circulating in the environment. In real field conditions,
the biological effects of a chemical are modulated by the likelihood, extent and duration of
exposurethe environmental behaviour and fate of the chemical and the presence of multiple
stressors and confounding fact@se section$.3 to 1.7); none of which is accounted for by
standardized testd-urthermore, the assumptions behind standardized tedtsbe&dbme
embedded in the numerical criteria derived from their results. Such assumptions collectively
define the conceptual possibilities of the standardized tests and provide a framework of validity
for the corresponding results (Table 3).

[This sp&zeif left blank intentionally]
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Table 3. Overview of some conceptual assumptions underlying standardized test procedures along with
possible field-relevant issues neglected under such assumptions. The list is not exhaustive and not all
assumptions apply across different tests. For example, sediment toxicity tests can account for multiple

route of exposures.

Assumptions

UntestedPossible alternatives
(non-exhaustive list)

Examples

Toxicity from aqueou:
exposure controls th
RUJDQLVPVY U

Exposure occurring via multiple routes
GHSHQGLQJ RQ WKH FKHPL
organism$ ecology

Dietary uptakefrom preys
or via sediment ingestion

Direct toxic effed are
the primary ecologica
and regulatory concern

Biomagnification along trophichains is the
main issue

Mercury biomagnification
anduse ofbiotabased EQS

Simplified test matrice

Chemical speciation of the chemical lowe
exposure concentrations resulting in
underestimation of toxicity (if such phenomel
not accounted for)

Formation of insoluble
chemical species of meta
in standardized test medie

maximize chemica
bioavailability and
provide conservative
criteria

Test media provide
optimal growth

conditions so that the
observed responses Cci
be attributed solely tc
exposured the chemical

The configuration of standardized test forc
unrealistic maximum exposure to chemicals
preventing émporaland spatial variability in
their concentrations and not allowing

organisms to adopt behavioural respange
reduce their exposure

Discontinuous exposusg
patchy contamination ir
sediments

Effects on mode
organisms are
representative  of th
potential ones at highe
levels of biological
organization

(populations, community
ecosystems)

Predatoiprey interactions cannot heredicted
from standardized singlerganism tests
sensitive functional endpoints may be misse

Production of fine
particulate  matter by

gammarids{Andrei et al.

(Chronic) responses ar
caused by continuou
exposure to chemicals

Patterns of exposure depend on the chemici
interest and its uses and can vary followi
changes in environmental conditions

Daily variation in e.qg,
wastewater discharge:
contamination spikes

related to flood events

Resistance to chemicals
the main  paramete
controlling responses an
impacts

Responses and impacts have a resilie
component;i.e,, the ability of organisms an
populations to recover from a temporary ssr
or to progressively adapt to it

Acclimation or genetic
adaptation following
chronic  exposure  tc

chemicals

Considering the limitations of standardized tests has already led to major regulatory
advances for some priority chemicals at the EU level. Specifically, the European Union now
adopts biotébased standards for Hg, PAH, brominated diphenylethers, hexdntrhaene,
hexachlorobutadiene, dioxin and diodtike compounds (Directive 2013/39/EC), thus
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explicitly accounting for their environmental behaviour and the risk of secondary poisoning of
top predators following their biomagnification along trophic chalités approach is a major
change compared with the traditional use of whteed criteria. Analogous conclusions on
how addressing the limitation of standard methods can improve environmental quality criteria
for Se, ammonia and tributyltin can be foundSater (2018) Along with such regulatory
successtories, understanding the actual contribution of dietary exposure to the ecotoxicity of
chemicals remains an active field of reseagCampana et al., 201i&roteau et al., 2017
|[Weltens et al., 20Q0and it is to be hoped that further regulatory improvements will be
implemented as more information becomes available

The temporal scales of standard tests also deserve attention because, even in the case of
chronic tests, they may not be able to detect acclimation/adaptation responses that can make
organisms more toleratd a given chemicgFischer et al., 201fPostma and Davids, 1995
Laboratory organisms exposed to a chemical for the first time may show a higher level of
response compared with analogous ones that have been exposelgtbaduévels of a stressor
over several generatiofBossuyt and Janssen (20[3ted the tolerance to copper of different
cultures of the crustaceddaphnia magnaafter 18 months of acclimation. Those authors
observed that Gacclimated daphnids were significantly more tolerant to copper during acute
exposure test, but differences between acclimated and non acclimated organisms were not
significant in chronic tests. O¢hwise stated, acclimation can occur in the laboratory, but may
be of little consequence in risk assessment terms because risk assessment is based,
preferentially, on chronic exposure data (provided that they are available).

Indirect effects are also an jportant aspect that cannot be properly assessed using
standardized ecotoxicological tests. Standard procedures focus on direct effects of a stressor on
a specific model organism, but do not consider the role of the organism, or more precisely its
populatia, in the field[Fleeger et al. (2008kviewed 150 papers on indirect toxicant effects
and reported that contaminantiuced changes in trophic interactions were observed in 60%
of the studies. In the most frequent situation, a predator was more sensitive than its prey to a
given contaminanso that the prey population increased. Howg@ements et al. (198P)
reported that sublethal Gxposure made preys less efficient at avoiding predators, resulting in
population decline of the prey.

Standard ecotoxicological tests usually provide optimal growing conditions to model
organisms, so that observed effects can be univocally ascribeddonfaninant of interest.

In this sense, exposed organisms can divert all excess energy to the defence against the added
contaminant and are likely more resistant to that contaminant than they will be in the field.
Otherwise stated, laboratory tests maglenestimate the hazard and risk of a stressor compared
with natural conditions. On the other hand, during laboratory exposures in confined
environments, organisms cannot resort to responses such as avoidance of contaminated
matrices (including contaminatédod presented to organisms in some tests) that allow them

to simply not to be where the contaminant is.

This short overview of some conceptual assumption of standardized tests confirms that they
can perform well to define the hazard of a stressor, bst briintegrated with other tools and
disciplines to correctly assess the actual risks of the same stressor in Aatareling to

IMebane et al. (2019) Adherence to GLP [good laborabory practidesoes not therefore
mean that a study is well-designed. It only means that a study is well-documented,
guality assured, and that the study design protocol was expressly followed. But if the
eZetleZe’'s—1 Soe— ¢1S™M™M™," ™ Se7e¢ 1> 7udyfySestionsSthes 1>« "> 7 (
Zoel e"E2-2—eZ2e1 S—e1>Z™57e72@E «sZ1>Z@2e201 ’'ecll i€ Zcoe7est
therefore necessaty strike a balance between the reliability of standardized procedures and
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the need for relevance in fundamental ecotoxicological stadiesell as in hazard and risk
assessmenf few considerations in this sense are presented in the next subsection.

1.2.3.  Current frameworks to ensure reliability and relevance

The importance of increasing the environmental realism (i.e., the relevdrstendardized
ecotoxicological experimentation is now clearly recognized. Recommendations in this sense
include conceptual and theoretical frameworks to assist appropriate test choices and
experimental desigfBednarska et al., 20{[Blarris et al., 2014as well as detailed lists of
reporting criterigo evaluate the reliability and relevance of ecotoxicologicaiasud view of

their use for risk assessmdAigerstrand et al., 201/Binet et al., 201BlIsigonis et al., 201|5
[Moermond et al., 2036 Webbased tools have also been developed for the purpose
(www.scirap.or. Reporting of metadata accompanying the effect concentration for the
chemical of interest is indeed invaluable to assess if a given set of data may be considered
relevant for datgooor situations and also to allow the development of broadly applicable
modelling tools.

The strengths and weaknesses of eleven frameworks to assess and improve reliability and
relevance of ecotoxicological studies have been review@btyand Ciffroy (2016)Overall,
it appears that, in environmental (and human) risk assessment, there is no substitute for
producing data from carefully planned, reliable and relevant studies in the first place. Indeed,
all the frameworks to assess reliability and relevancemigtgive risk assessor the possibility
to evaluate the quality of existing data, but also provide scientists with guidance on how to
maximize the reliability and relevance of their experiments in order to make thenelesant
in risk assessment (shduihat be the purpose, or one of the purposes, of a specific research).
The increasing attention to data reliability and relevance reflects the conceptual challenges,
methodological difficulties and knowledge gaps of the three components of ecotoxicelogy a
defined bywarg (2011) environmental fate, exposure and toxicological response which are
briefly discussed in sectiods3and1.4.

Thanks to the emergence of nano(eco)toxicology, it has become clear that even trivial
aspects such as the time elapsed betweengpanation of a solution/suspension of a chemical
or the type of labware used in a test can strongly affect the final response of the test organism
(Malysheva et al., 2018grensen and Baun, 2Q1%&nsuring reliability may thus require a
PXFK FORVHU DWWHQWLRQ WR UHSRUWLQJ HYHQ VLPSOH
research, so that cresemparisons can be as accurate as possible and differences in the
outcome between apparently simigandies can be understood and accounted for. Other points
requiring more attention in the futufRoth and Ciffroy, 201pinclude the wider adoption of
frameworks for simultaneously evaluating collections of studies on a certain chemical and
improved delimitation of reliability vs. relevance criteria.

While supporting all the possible measures to ensure that standardized ecotoxicological
testing achieves the highest possible levels of reliability and relevance, it is important to
remember that the biological responses observed in such tests will therdlte eséablish
criteria for the protection of ecosystem structure and functioning in thetéomg As such,
extrapolation and associated uncertainties will probably remain unavoidable. Much will also
depend on the conceptual framework in which the restifteliable and relevant) ecotoxicity
tests are interpreted and used. If a pollupoevention principle approach is adopted, the most
conservative tests will be given the highest consideration during risk assessment. On the other
hand, adopting Ecologal threshold or Recovery principles may tolerate higher concentrations
of a given chemical (or group of chemicals) in the environment provided that their effects are
transient and/or do not affect ecosystem structure and functi¢iviimgbeck, 200§Solomon|
[et al., 2008b (see also Fig. 6). The selection of one conceptual approach over the other will
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also depend on societal and economic issues that go beyond reconciling standard procedures
and realisms in ecotoxicological research (Figs. 1 and 2).

1.2.4.  How criticisms dr ives the development of ecotoxicology

Discussions on the limitations and potential pitfaflstandardizedcotoxicologicaprocedures

are not new as exemplified leyg, the critique of algal toxicity tests [danssen and Heijerigk
(2003)or by earlier concerns on the actual usefulness of sucl& . Much of the

past and current criticisms actually scientifically grounded and remains a powerful dtiver
develop more relevant approaches and toofandamental and applied ecotoXiegy. At the

same time, the societal relevance of ecotoxicological research will very likely increase
considering that our reliance on chemicals will continue to rise in the future (see section 1.1)
and that deteriorating trends dominate the 2030 outldothea EU level as to chemical
emissions, impacts and riskEEA, 2019. While continuously improving ecotoxicological
research, are isthereforerequired not to convey to netotoxicologiss, decision makers,
stakeholders arthegenerapublic the idea thattandard tests are uselefswved orconpletely
irrelevantfor environmental protection.

Most of the criticisms to standardized tests can be addressed by recognizing their actual aims
and scopes along with a careful consideration of the experimental and methodological factors
that can affect theest outcomgJanssen and Heijerick, 2q0d@anakul et al., 201ljOlkova et]

[al., 2018. Standardized tests aim at providing reliable, repeatable (refers tdaimbratory
variability) and reproducible (refers to irtaboratory variability) information for hazard
assessmerdf different substances to derive generally applicable and conservative EQS or to
assess environmental samples for ecotoxic effects. A standardized procedure therefore provides
guidance on several methodological aspects that could potentially affectjmeson survival

and sensitivity and the overall reliability of the test it$Ed¢ Cooman et al., 20]|Persoone gt

[al., 2009. On the other hand, a standardized procedure does not address the inherent limitations
of a test with rgard to its relevance which is by definition contdependent and is
accompanied by several specific research needs (Table 3).

While ecotoxicological data of inadequate quality exist in the scientific rfe@mis et al.]

[2014, reaching consensus and takimgion on complex environmental issues is a complex and
time consuming procesfEEA, 2013. However, the recenevolution of the European
regulatory frameworkonfirms that policy can be receptive to new ways of looking at the risk
assessment of chemicals, which constitutes a powerful driver for the advancement of
ecotoxicological research. Directive 2013/39 on priority and prianty hazardous substances
contains legally enforceable EQS expressed in terms of bioavailable concentrations for two
trace elements (Ni and Pb) or established for environmental matrices other than water, i.e. biota.
In practice, the directive introduces dwmajor scientific tenets into legislation: the
consideration that EQS based on total elemental concentration neglect bioavailability issues
(possibly leading to inappropriate decisimraking as to the management of these chemicals)
and the recognition thavaterbased EQS may be inadequate when the main environmental
concerns arise from dietary intake and biomagnification rather than direct effects (Table 3).

In a broader context, Directive 2000/60/EC (thecalbed Water Framework Directive:

WFD) (EC, 2@0) hasoverturnedhe way in which we manage the environment by putting the
priority on the structural and, increasingly, functional integrity of ecosystems as the ultimate
objective of European environmental poliéythough achieving good ecological &ta goes

beyond managing chemicals, majeientific advances in ecotoxicology, monitoring and
hazard/risk assessment have actually been driven by the challenges associated withgutting
WFD principlesinto practice{Wernersson et al., 20L.5Reaching the ultimate WFD objective

of good ecological and chemical stafor all European waters will continue to provide impetus

to address unsolved issues such as the presence of many potentially ecotoxic substances that
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still go unmonitoredEEA, 2019, the development of data for the ecotoxicity of emerging
pollutants or the representativeness of model laboratorgiesp@s surrogates for natural
biological communities. In parallel, the periodical revision process of priority (and hazardous)
substances in EU legislation will continue to identify substances that may be, or may become,
of high concern due to (possiblg)despread use and documented hazards; thus contributing to

the societal relevance of ecotoxicold@omez Cortes et al., 20R0

Table 4. Overview of possible criticisms as to the lack of relevance of standardized ecotoxicological
tests along with suggestions for future research and possible solutions.

Criticisms

Caveats against an
excessivelydirect
interpretation

Research needs and possibl
solutions

Unrealistic exposure
concentrations

¥ Concentration is only one factc % Determine contaminant behaviol

7

7

3

Ya

in determning the response ¢
organisms

Total concentration is no
representative dhebioavailable
fraction

Marked, often rapid, decreases
the added contaminar
concentration can occur over te
duration due tce.g, hydrolysis
or volatilisation

High concentrations includ
safety margins to account fc
subtler or long term effects nc

directly assessed by th
standardized test (EEA, 2013,
30)

The test can still serve to rank ti
hazard of different chemical
when searching for alternative
to chemicals with restriction:
(future bans) or to evaluate tt
suitability of a chemical for

7

7

Y

and spgciation in the standar
medium

Verify if mode of actions/mechanisr
of action are the same at differe
concentration levels

Modify test matrix to increase it
environmental relevare

Verify if ECso or EG are within the
concentration range observed in t
environment

devebping benigrby-design
products

Unrealistic exposure % Standardized matrices ensu % Standardized norms allow fc
data reliability and flexibility for site-specific evaluation

matrices

&7

3

intercomparability for hazarc
assessment purposes. This he
in prioritization ofsubstages in
environmental regulation

Results from a standardize
ecotoxicological test are onl

Ya

purposes or for substances, other tl
nanoparticles/nanomaterials,  wi
poor water solubility{ISO, 2004

Presence of organic complexes
natural wates may increase
bioavailability (i.e. laboratory test

one component of risk are not necessarily consative)
assessment  processes & ¥ Speciation model®r trace element:
frameworks can help to account for differenct

Testing of natural samples fc
ecotoxicity is a routine task, bt
remains of limited use in th
absace of a clear identificatiot
of the chemicls causing the
observed effects

3

acrossmatrices

Generallyvalid models ¢.g, BLM)?
can be developed to account for t
main  toxicitymodifying factors
related to matrix composition

aBiotic ligand model
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Table 4. Continued

Non consideration of
mixtureeffects

EZ

EZ

3

Contaminants may share
similar mode ofaction or a clas:
of contaminant may be drivin
HFKHPLF®QAMRY L
environment
Difficult/impossible to recreate
complex realworld mixtures in
the laboratory, anyway
Standard exist only for a limite:
number of substances

There are betweer0,000 and
100,000 chemicals on the mark
with 6000 representing 99% ¢
the total volume (SOER 202(
Global chemical outlook)

3

Y

Y

3

Examine pressures at a given locati
(or at a basin scale) and try
establishpriority components of the
relevant mixtures

Cortinue to improve the dialogu
between monitoring agensieand
ecotoxicological research to defir
priority mixtures

Perform EDA or TIE® procedures as
needed

Integrate traditional ecotoxicologic:
approaches with effect directed
analysis to develop good
ecotoxicological statuguidelines for
EU watergqsee Fig. 8)

Temporal and spatia
variability
unaccounted for

7

7

The severest respses may be
driven by short, pulséke
exposures to peak concentratio
rather than by coiued
exposure to approximatel
constant concentrations
Avoidance responsasay occur
for mobile organisms
Heterogeneity in contaminatio
(especially in sediment and soil
can prwoide clean micrehabitats
even inpolluted environments

Y

Y

Y

7
7

Pay more attention to the kineti
aspecs of ecotoxiological response:
Reconsider metrics such as thesg&
(effect time) thathave fallen out of
use with no actual scientific reason
Develop approaches to simulitee-

variable exposugeand assestheir

effects compared with continuot
exposue to the same average
concentration

Usein situvalidation when relevant
Use modelling tools

Ecologically
irrelevant routes of
exposure

All routes may be relevd in a
life-cycle perspective

An irrelevant route for the adul
stage may be controllin
ecotoxigty during organism
development

7

¥
¥

Respect tb ecology of the tes
organisms

Use micro/mesocosm approaches
In risk assessment, privilege data t
are both reliable and relevant

Use of
unrepresentative
species

7

Some response mechanis are
conserved across species
Some species can be tested
representative conditions  (i.t
temperate species in tropic
conditions) even if they aredm
different areas/regions

Test species tend to be resist:
(to handling stress for example
so that their responses malert
againstpossibleseverer dects
on more sensitive species

Y

Ya

Ya

Develop/adapt tests to species
relevant in local, regional or specifi
climate contexts

Consider the possibilgés of trait
based ecotoxicology

Use multiple lire of evidence to mak:
decisions

Importan@ of non Ya
chemical stressors

and biological
interactions
(smothering,

predation,

parasitism)

None, but these issues a
outside the auent scope of RA
for chemicals

3
3

Y

Y

Further research is needed
Confirm laboratory esults within
sit/on-site experiments

Evaluate the importance of tr
different factorsn the field

Consider ecotoxicology and niate
change interactions

aEffect Direct Analysis, Toxicity Identification Evaluation
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Table 4. Continued

% None, this issue is normall

outside the scope of sardized

ecotoxicological tests

Tests to estimat

bioaccumulation are available

¥ Substances can be classified
potentially bioaccumuaitive
based on their properties

Contaminant
bioaccumulation and
handlingby
organisms is not
considerede.g, high
total
bioaccumulation with
no effect due to
storage in nontoxic
forms)

E

Integrate bioaccumulatiol
measurements to effe
measurements when reéat

Use techniques to study tt
intracellular  distribution of &
chemical orits distribution among
organs

Consider that effects may originate
the cellular surface withd the need
for internalization

In vitro tests neglect ¥ In vitro tests provide importan

7

Further develop our understanding

the repair information with regard tc the mechanisms of aoti/mode of
P i intrinsically undesirable action of chemicals to achieve a mc
mechanisms that a properties such a mechanistiedriven management c

chemicals

For a legacy substance (or for
chemical already in use), absence
in vivo effects may indicate low
bioavailability or degradation an
hence a low regulatory ity

carcinogenicity, mutagenicity
and reprotoxicity

¥ Avoiding chemicals with
intrinsically undesirable
properties is key for systemi
ameliorations such as benigy-
desiqh products and circula
economy

¥ A single chemical is part of i
complex exposome an
HVRPHWKLQJQIURHPI
have been documented fi
mixtures of chemical with the
same mode of action

whole organisms car
activate in response
to a chemical and
overestimate the
hazard/risk

As documented in volume 2 of the EEA refaate lessons from early warnif§EA, 2013,
only a combination of observation and solid evidence from (eco)toxicological research will
allow appropriate management of environmental probldn this sense, standardized tests can
be combined with monitoring activities (and | include EDA under the definition of monitoring)
to provide the best knowledge as to the hazards associated with substances known to occur in
the environmen{Koschorreck et al., 2035In the end, issudriven research will invariably
reconcile standard laboratory procedures with environmental reality provided that fundamental
research will continue to develop more refined tools with the specific objective to improve our
ability to assess risks in reaiorld settings.

1.2.5. A personal view on the current context

Although the time from discovery to application can be long, conclusions from
(eco)toxicological research invariably have strong impacts on economic and social aspects of
our lives; as exemplifetby the phasing out of leaded petrol starting from 1970s, the entry into
force of the Minamata Convention on mercury2@l17 or the development of REACH
legislation.With so much at stake, ecotoxicologists can easily find themselves between Scylla
and Clarybdis; most times being no Ulysses. On the one hand, economic actors and (part of)
the general public may become suspicioutheflux of informationcontinuouslyuncovering
possible new environmental and health threats. On the other hand, envirdredeotacy
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groups anditizensy JU R X SféaRirRaMrpdstant risks do not receive enough attention (both

in terms of extent of the response and swiftness of the resgoersm)se of vested intergst

from powerful lobbying groupsEcotoxicology must threfore contribute to properly manage

real environmental issues, help to identdise positivesaind minimizefalse negativesFalse
positives refer to situations where regulation is introduced, but turns out to be unnecessary at a
later stage; while falseegatives represent cases of unrecognized and unregulated real risks
(EEA, 2013. Most interestingly, out of 88 putatively false positives examined iaQh8 EEA

report, only 4 were real false positives.

Indeed, esults from standardized ecotoxicity tests are deemed conservative with respect to
natural watersi.e. they quantify the hazard potential of a chemical in (laboratory) conditions
that areexpeced to maximize its bioavailahiyi. Under such assumptions, risk management
based on EQS derived using standardized testimizes the likelihood of false negatives
while accepting a possible incredardalse positiveslt is however important not to fall inthe
misconceptiomf considering=QSand, much more so, other non regulatbiydingguidelines
as a pass/fail thresho{dllen Burton, 2017 or the presence/absence of&al in laboratory
tests as definite proxy for the actualsk in the field Comparison of laboratorgerived EQS
or other criteria with field data can support the hypothesis that compliance with such values
offer an appropriate degree of protectioriricsitu populations or communitiCrane et al)
[2007h[lwasaki and Ormerod, 20L2However,sensitve endpoints or speci@say beoutside
the scope oftandard testAndrei et al., 201jgand assumptions such considenvate-based
criteria protective for sedimentingesting berthic organisms may turn out to be invalid
(Bettinetti et al., 2018 Consequently, ecotmological paradigms also need to be evaluated
and, if necessary, reconsidered depending on protection objectives, availability of new
knowledge and the need for cestective approaches in environmental managerfinaick ef]
lal., 2017[Merrington et al., 2014 In the long run, standardized ®atay eventually become a
sort of certified ecotoxicological reference material for ecotoxicology to ensure that effects
observed in more complex experimental settings are not due to fluctuations in the sensitivity of
model organisms following modified tesonditions.

As already mentioned, it is particularly important to remember that only a fraction of the
substances currently in use have been characterized sufficiently well from an ecotoxicological
point of view. In the future, we should probably move toward situsitidrere ecotoxicological
testing of environmental samples becomes an important, if not the primary, criterion to
determine whether a sample (or a water body) can be classified as having an overall good
chemical statusAn ecotoxicological evaluation of cirecal status can be more releveemd
probablymorecosteffective in identifying water bodies under chemical stress rather than the
analysis of a number, no matter how large, (pfiority) selected chemicals. Such
ecotoxicologicallybased water qualitgssessment can find itsapk in a tiered approach (Fig.

8) that partly mirrors the process used in hazard assessment of chemisalshenREACH
regulation by combining wholerganisms test for apical effects ammdvitro tests for the
carcinogenic, mutgenic or reprotoxic (CMR) potential of waters (or other environmental
matrices such as sediments and soils). Suggestions in this sense are embedded in EDA strategies
(Brack et al., 201jfBurgess et al., 20}3but standardizing such framework for regulatory use

will be far from trivial.

An ecotoxicologicallybased framework could in principle assume that an absence of effects
in tier 1 indicates a chemically safe situatine,a regulatory compliance, in the field (Fig. 8).
However, the presence of chemicals in environmental matrices varies in time and space,
meaning that several batch samples will have to be collected to reach reliable conclusions about
the absence of chemicasks. Exclusive reliance on efite laboratory tests could therefore
suffer from the same limitations as chemical monitoring with regard to sampling strategies. At
the opposite, ecotoxicological monitoring remains superior to chemical monitoring iimgpot
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effects linked toe.g. mixtures of priority substances (each occurring at concentrations below
the corresponding probable-effect concentration&PNEC) or unmonitored chemicals (Fig.

8 tiers 2 and 3). Active biomonitoring strategies can compleemotbxicological tests in the
laboratory by providing timéntegrated measurements of the type of effects occurring at a given
site. Overall, an ec¢oxicological evaluation of chemical status will likely be more effective in
screening situations where chieal contamination is the main cause of environmental
impairment from those in which narhemical stressors are the drivers of impact. In the
presence of adverse effeatdier 1, the following tiershould allow to establistausality (Fig.

8). Several mportant caveats must however be mentioned not to sitisgtions of potential
concern

Figure 8. Example of a possible tiered approach for using ecotoxicological tools to evaluate the chemical
status of water bodies. Integrative aspects (right-hand side of the figure) highlight the advantages of
different types of ecotoxicological testing or approaches compared to chemical analyses.

First, there is no ondits-all approach in establishing causalitis pointed out

and Hollert (2006)n relation to sediment quality evaluation, establishing causality will require
investigators to choosmeific lines of evidence depending thre actual chemicals of concern

and protection target$his principle is generally valid.

Secondecotoxicology can be a proxy for good chemical status, but not for good ecological
status.Discrepancies between chemdi@and ecological status should trigger more complex
investigations to ensure that laboratory testing does not miss chemical effeitigFig. 8);

particularly in relation to routes of exposures that are unaccounted for in batch laboratory tests
(see sction 1.6). Several micro and mesocosms tools along with devidessitutesting can

provide useful bridges to better understand how complex and variable environmental situations
DIIHFW RUJDQLVPVY UHVSRQVH Rn&Ed HP 200MKevarie@all HD O VL
[2014.
Third, as it is the case for chemical analysis, issues of sagpiiequency and
representativenessill have to be addressetdhe presence of a given chemical may be linked
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to seasonal discharges from artisanal, industrial or agriatibictivities{Hogan et al., 2013
|Szalinska et al., 2013 Temporal variability in chemical inputs obviously influences the
ecotoxicological potential of a given sample. Random collection and testing of a relatively clean
sample may therefore classify as compliant a water body suffering from severe, but periodic
pollution. On the other hand, the presence of effects in a punctual sample will not allow to
assess the possibility of recovery from toxic effects or the higher resilience of a community
compared to the laboratory model organisms.
Fourth, the choice of thenvironmental matrix to test will be an added criticality an
ecotoxicologydriven regulatory framework for watdrody quality. Saved for the few
chemicals that are regulated in biota, an approach also coming with specific practical challenges
(Fliedner et al., 2018 compliance with EQS fochemicals is often based on the analysis of
bulk or filtered water samples. Selecting bed sediments as a test matrix would provide a more
time-integrated signal for those chemicals that tend to accumulate in this compartment and a
more holistic assessnieof the chemical risks in a given water body. However, quality criteria
for sediments do not yet have regulatory value due to the difficulties in identifying the
bioavailable chemical fraction against fluctuating total background values; especialfctor tr
elements and ubiquitous substan¢€smpana et al., 20[[Bimpson and Batley, 200)a
Furthermore, standardized ecotoxicological tests Wwénthic organisms are skewed towards
species inhabiting firgrained sedimentse(g, chironomids and oligochaetes) that are
irrelevant in the case of fast flowing habitats where hard substrates dominate. Considering this
short and nofexhaustive list ofcaveats when attempting an ecotoxicological evaluation of
chemical status, it is not surprising that regulatory hazard assessment remains largely based on
the routine chemical monitoring of priority substances despite the conceptual superiority of
ecotoxcological approaches. However, regulatory, conceptual and technological developments
in safety testing for new chemicals will almost certainly increase the importance of
ecotoxicological approaches in the routine assessment of chemical risks in théEasure]
lal., 2019|Nel and Malloy, 201j{{Suter, 2018

The almost complete reliance of the current regulatory framework on effect concentrations
derived from fixed exposure times (assumed to represent acute or chronic exposuredlyis equ
noteworthy. As a matter of fact, not enough is known on the lethal exposure times or on the
effect of (repeated) transient exposures for many elements and substances, although the
importance of both issues is being increasingly documented (see 2edtidihile monitoring
of exposure concentration in the field is moving towards the adoption of passive samplers
capable of integrating measuremefdsack et al., 201jMerrington et al., 2014#Posthuma eft
[al., 2018, the temporal dimension otetoxicological effect remains largely unexplored for
many chemicals. It may be sensible to stimulate more research on this temporal aspects of
ecotoxicology by using serstatic exposures or pulkexposure of limited duration to see how
long the effect®f repeated exposurer of a pulse exposurare likely to last and what is their
extent. In general, | would argue that much of the standard test framework is concerned with an
ecotoxicology of resistengee., how much of a chemical an organism can take before being
adversely affected) rather than with @rotoxicology of resilienge.e., up to which level of
exposure organisms can recover from an exposure and how long it will take them to recover.
The ecotoicology of resilience is partly embedded in risk assessment using micro/mesocosms
experiments that can consider latent and indirect effects as well as system réSolanon|
et al., 2008p

Finally, in the current context of systemic environmental challefg&#, 2015, hazard
from chemicalsmust be weighed against oth&tiressors that may be the major drivers of
impacts in the fieldBelletti et al., 202[)Burton and Johston, 201{]Posthuma et al., 201.6
Without specific modifications,tandardizececobxicological tests are not designed to assess
the influence oWarnables linked with land uselimate changand socieeconomic driversit
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is however noteworthy that remediation action focussing on habitat restoration can drastically
fail because of theinsuspected present of a single, previously unidentified chemical from
diffuse sourcdTian et al., 202JL

1.2.6 Rationale for structuring the present research project

As | arguedamong manythers,n aformer viewpoint{Vignati et al., 200}, there is naingle
approach when assessing the relevance of laboratory standard results. Following my past
experience and future research plans, | have selected six issues that can contribute to reconciling
the reliability of $andardized practices with the need for environmental realism in (aquatic)
ecotoxicology: correctly quantifyingxposure to chemicala environmental matrices (section

1.3) or directly in exposed organisms (section 1.4), assessirgfféloe of chemical ixtures

(section 1.5), understandimgatrix effectsand the importance gbutes of exposurésection

1.6), increasing knowledge about the importanceerposure durationin controlling
ecotoxicological responses (discussed in details in section 2.4) and evaluating the relevance of
standard conditions in relation to specifisues linked to climate chan¢gection 1.7). Last but

not least, | will briefly discuss how andhy scientific bias can creep into ecotoxicological
research hindering its advancement or creating knowledge biases (section 1.8). The objective
of each section is to illustrate the overall significance a given issue for ecotoxicological research
and hazarblisk assessment, without any pretention to provide an exhaustive coverage on the
literature for each subject. Specific aspects will be examined more in depth in relation to the
research proposal section.

Section 1.3 to 1.7 define some aspects of the ocoldrgy framework that must be considered
when attempting to reconcile ecotoxicological standard procedures and environmental realism.
Biological availability (defining the fate of chemicals inside organisras;effect or response
assessment) and bioabadility (defining the fraction of a chemical that can effectively interact
with an organismi,e., exposure assessment) are directly related with the primary objectives of
ecotoxicology (Fig. 9). For a given chemical, knowledge of biological availalalitgt
bioavailability, which may be prevented by technical limitations, would be enough to guarantee
the reliability of the results from standardized procedures. On the other hand, understanding the
environmental relevance of the same results must conasidenger set of biological and
environmental factors that collectively control the chemical bioaccessibility and whose study
belongs to several environmentatlated disciplines such as ecology, hydrology, limnology,
population biology and so on (Fig.. All these consideration apply to individual chemicals
that mostly occur as mixtures in oedl environments and collectively define the exposome
(Vermeulen et al., 2020Wild, 2005 (Fig. 9). Finally, effects of chemicals and chemical
mixtures can be modified by other stressors such as temperature fluctuations, habitat
degradation, interspecific relationship (e.g., competition or predation). Theseheomncal
stressors can both refit natural fluctuations and originate from anthropogenic drivers such as
agriculture, energy production and land use that generate specific pressures including habitat
fragmentation, alteration of sediment transport and introduction of alien specie8)(Hige
study of these nenhemical aspect of environmental stress is covered only marginally by
standardized ecotoxicological procedures and can limit their environmental relevance as
defined in section 1.2.

[This space if left blank intentionally]
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Figure 9. Schematic view of the overarching issues to be considered in reconciling standard procedures
and environmental realism in ecotoxicology.

1.3. Quantifying exposure to chemicals from measurements in environmental matrices

Establishing concentratiortesponse relationships is one of the fundamental tenets of

HFRWR[LFRORJ\ WR HVWDEOLVK WKH pVDIHY FRQFHQWUDW

response relationships allow to estimate Effect Concentration$ &€ define the quantityf

a chemical resulting in a percentage effeain a given biological endpoint. kK@an be

accompanied by confidence intervals and are therefore preferable to unbound mefrics,

NOECs (Non Observable Effect Concentrations), because they can proindeation of the

uncertainty associated with the expected eff¢etx and Landis, 2036 EC can refer to

various biological endpoints ranging from lethality (which is a specific case referred to as lethal

concentratiorx +LCy) to growth and reproductive output or other measures of biological

stress/fitness. According {Suter (2018) benchmark values used for hazard and risk

assessmeniyhich include EG, should:

a) refer to endpoints worthy of protection,

b) define a threshold level in terms of magnitude of effect,

c) have a clear temporal dimension,

d) be accompanied by a specific exposure meteaq,( total or filterable chemical
concentrabnin watel,

e) have weldefined limits of applicability.

For any given chemical, theameexposure metri¢point d of the list) shouldideally be
measurablen both laboratory and field settings, thus facilitating the extrapolation of results
from controlled conditions to real case scenarils.standardized ecotoxicological tests,
concentratior¥esponse curves are usually established in terms of total chemical concentration
in the exposure matrix (e.g., water, sediment or soil depending on tbegsism). However,
chemical exists in a variety of forms (Fig. 10), especially in field conditions, and a wide
consensustipulatesthat only a fraction of their total concentration will contribute to elicit
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adverse effects in test organisms (Fig. 9an8ardized tests do not necessarily put organisms
into contact with all the possible forms in which a chemical occurs in the environment. For
example, standardized aqueous tests are usually limited to testing of soluble forms of a chemical
(Fig. 10), althagh the presence of colloidal particles can markedly modify the ecotoxic
potential ofe.g, trace element@oukal et al., 200@Koukal et al., 200[{Slaveykova et all,

[2003. Nanoecotoxicologyhas markedly increased the attention of ecotolbgists tothe

correct determination of substaneehaviourduring laboratory testsncluding consideration

of apparently trivial issues suchtag choice of plastic materiadsd filtertypes that may affect
RUJDQLVPV Maydhe&R0al/,F201Mitrano et al., 201@Sekine et al., 2035It is
therefore surprising that similar issues do not systematically receive the same scrgsty

used to establish the hazard (and risk) of trace elemé&wots example, compliance with
environmental quality standard for trace elements is based on field measurements of the
corresponding filterable concentrations. The potential pitfalls of filtratiotraoe element
analysis are numerous and wiefiown (Hall et al., 200PHorowitz, 2013[Horowitz et al.)

[1992(Vignati et al., 200 but remain unheeded in most studies.

Establishing safe leveds of chemicalsin sedimentary (and soil) matrices bringbout
additional complexity because thfe presence afultiple routes of exposur@.g., interstitial
waters, overlying waters and particles in the case of sediments; sectjorantl6the
heterogeneoushemicalcomposition of thesolid matrix. In the case of trace elemeimtsnoxic
sedimentsthe Acid Volatile Sulphides (AVS) framewoftr aquatic sedimentsostulates that
only the elemental fraction occurring in the interstitial waters would contribusediment
ecotoxcity toward benthic organismgBatley et al., 2006 The Equilibrium Partitioning
Approach(EgP) provides asimilar, butmore general framework for athemicals and solid
matrices. The EqP approach assuthes sediment (soils) actually act as a complexing@ha
in equilibrium (or steadygtate) withthe interstitial water that contains the ecotoxicologically
active fraction of a chemic#Batley et al., 200p These theoretical frameworks resulted in an
extensive evaluation on the possible use of interstitial water for ecotabestigg instead of
bulk sedimentgCarr and Nipper, 2003The EqP approach was actually used at the European
level to estimate guideline values of priority chensdal sediments ag can be seen in the
substancelata sheets for priorityhemicals Data sheets can be found on the p{BIRCABC]|
interfacd 2 log in required? and oneexample for Hgzan be founfiherd A thorough critique
of the AVS andeqP approaches can be founceig,|Batley et al. (2003)What is of interest
in the context of the presat projectis that dismissing solid matrices as a potential source of
biologically active contaminants is neither scientifically nor conceptually just{fietegal
[Calvo et al., 201Peijnenburg and Jager, 2003

Several on-predatory benthic organisms (or terrestrial invertebrates) rely on ingesting
particulate material to meet their energetic and nutritional needs. Their digestistssare
therefore chemical reactors whose role is to desorb nutrients from the ingeste{Psoligh
[and Jumars, 19871t has been demonstrated that toxic substances can also be desorbed from
sediments during this process (see box Pant Il, section 3). This desorption of chemicals
from ingested solids implies that dietary exposure can contribute significantly to the chemical
body burden of an organisf@asadeMartinez et al., 201Q[Croteau et al., 2018Vang et al.]
[1997[Weston and Mayer, 1998rom an ecotoxicologicabpspective, it is therefore necessary
to identify the bioavailable fraction of a chemical that is bourehieronmental particles.e.,
suspendegarticulate matter, bed sediments or soils (colloids having some peculiar properties
that require different approaches$his can be done by resorting to the use of weak and mild
reagents that are supposed to provide a better indication of the mobiltijoardilability of a
given chemical. Sequential extraction procedures for trace elements are a popular example of
such an approacfQuevauviller et a] 1997 |Tessier et al., 19§9but remain operationally
basedcannotdentify the actual chemical spec@®sent in the solid matrend should be used
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with an understanding of their scogred limitationgdBacon and Davison, 20{)Rersten, 200p
The kinetic aspects of bioaccumulation linked to the feeding strategy of each organisms also
remain unaccounted fovhen using these approactisse sectioi.6).

1.3.1. Quantifying exposure to trace elements: the importance of

speciation

Simply put speciation comprises all the physit@mical forms of an element that can be
encountered in a given environme@agnon and Vigneault, 20{1Bespes et al., 2016
although much more formal and complex definitions are posgieléaiva Magalhies et 4l.,
[2019. Metal speciation includes the existence of different chemical forms in the true solution
and in association with environmental particles as well as their distribution amongrdiffere
environmental compartments (Fig. 10). Ilmportancein controlling elemental fate and
bioavailability is well establisheflGagnon and Vigneault, 20{lBlason, 201Band theoretical
frameworks such as the free ion activity model (FIAM) and the biotic ligand model (BLM)
provide practical possibilities to link speciation with metal bioavailability, especially in
aqueous matricegCampbell and Fortin, 2013 While the term speciation is most often
encountered with reference to trace elements (and | will stick tal&ss of chemicals in this
section), concepts such as the distribution among compartments and the presence of different
chemical forms in solution or in environmental particles are in principle applicable to any
substance. Speciation is therefore a kestoiafor assessing the ecotoxicity of chemicals
because it controls their bioavailability and, along with other biological and environmental
factors, bioaccessibility (Fig. 9).

This subsection will specifically focus on trace element speciation in aqueauEes
because of both my research interests and of the increasing regulatory consideration that
speciation is receiving in setting EQS for these chemicals. Current consensus in ecotoxicity
testing requires that E@alues are determined on the basiamdlytically measured chemical
concentrations in the exposure matfktarris et al., 2014Moermond et al., 2036 The
analytical verification step is important to ensure that actual exposure concentrations agree with
expected ones and may alert the experimenter about contaminatibengsr concentration
changes linked to elemental speciation during the tests. In this sense, studies relying on
measurements of total exposure concentrations can still be informative about elemental
ecotoxicity (Blinova et al., 201f4Galdiero et al., 2019 Howe\er, explicit consideration of
speciation in ecotoxicity testing offers a superior approach to account for factors modifying
bioavailability and hence ecotoxicity (Fig. 9). Because only a fraction of the total elemental
concentration will be bioavailabletsi measurement (or estimation) during ecotoxicological
testing will facilitate the extrapolation of laboratory results to field situation or provide a basis
to understand the differences among different sty@eszalezt al., 2014

[This space if left blank intentionally]
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Figure 10. General overview of the distribution of different forms of a chemical (a.k.a. speciation) across

environmental compartments, selected dynamic processes among compartments and the
FRUUHVSRQGLQJ HFRWRI[LFRORJLFDO DSSURD F KikbMo e dsiibubdoy FKHPLF
among compartments. Compartments are not drawn to scale and arrow thickness is not proportional to

the relative importance of the corresponding process. The list of possible chemical species and carrier

phases is not exhaustive.

In standardized ecotoxicological media that do not contain colloidal or particulate matter,
the bioavailable fraction usually includes free ionic species and, possibly, other species such as
AgClo, Ag thiosulphate or Al hydroxidg€rémazy et al., 2018&ortin and Campbell, 2001
|[Santore et al., 2018In an ideal situation, analytical tools would be available to accurately
guantity the chemical species interacting with livamganisms and establish the corresponding
concentratiorresponseselationshipsSome analytical techniqueach as DGTsay be good
proxies of the bioavailable elemental fraction, but do not necessarily measure a unique
elemental speciefSlaveykova et al., 200#&Zhang and Davison, 20jL5Alternatively, it is
possible to develop models of variable complexity to predict the bioavaii@aigon and
ecotoxicity of elements starting from relatively simply routine measurements (e.qg., filterable
elemental concentration) and a numbigkreown toxicity and bioavailability modifying factors
(TBMF) (Fig. 9). The neglected pitfalls of the membrane filtration technique have been
described by several authqkall et al., 199fHorowitz, 2013 Horowitz et al., 199fVignati |
[et al., 200$and could require consideration in large research programs to avoid the associated
methodological artefacts. The effect of TBMF onto elemental bioavailability have also been
recognised as early as the 1930d hardnesgorrected quality criteria for most metals were
introduced by US EPA already during the 1988dams et al., 2030 At present, the biotic
ligand model (BLM) is the most widely used tool to incorporate TBMF derived from
ecotoxicological research into environmental regulations on trace element ecotoxicity, although
other approaches are in use or under considerfRionet al., 202(]Mebane et al., 2030

The BLM includes chemical, physiological and toxicological components that allow the
prediction of the bioavailable fraction at the site of action or, which is equivalent, of an
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ecotoxicological threshold vads specific for a given exposure matrix with specific
hydrochemistry. It is however important to note that BLM reposes on the assumption of a
chemical equilibrium in the exposure solution and, implicitly, at the biological interface that
constitutes the blogical ligand (Paquin et al., 2002 Addressing these aspects from a
mechanistic point of view requires much more complex conceptual approaches and
mathematical formalisms to understand elementsualycs at the interface between biological
membranes and the exposure matidyval and Rotureau, 20L4The prediction of elemental
complexation by natural organic matter often constitutes another limit of the chemical
speciation calculation performed during BLM applicatifhewn et al., 201 Although much
improvement is needed, it is important to acknowledge that BLM or other bioavailability model
have unquestionably brought progress in hazardreskdassessment of trace elements. In
particular, they allowed EQS to move from a generally fixaldle approach for all waters
(apart from the abovmentioned hardnedsased, empirical corrections) to the explicit
consideration of the effects of severaldyailability and toxicity modifying factors.
Mechanisticallybased or empirical bioavailability model are already available for a rather
limited number of metals, namely: Ag, Al, Cd, Cu, Ni, Pb and[Mebane et al. (2020)
formulated twelve recommendations to develop and apply such models, ranging from attention
to nonequilibrium conditions in ecotoxicological matrices to thkiseence of underappreciated
toxicity modifying factors such as P in tests with algae. My own work on the ecotoxicity of
trivalent Cr shows that speciation in standardized ecotoxicological test medium can rapidly
change and lead to situations in which maalganisms are simultaneously exposed to free
ions, inorganic complexes and-Bearing nanoparticldéharchaou et al., 20]|%ignati et al. |
[2010. Allowing sufficient time for a test system to reach equilibrium can therefore be necessary
in order to correctly characterize the ecotoxicity of elements forming insoluble sfwdisn ]
or in the presence of ligands such as DOC that can require several hours to
equilibrate with the elementf interest(Mebane et al., 20300n the other hand, chemical
discharges into the environment are not necessarily continuous and can show diel variability,
notably due to wastewater treatmgalaint operation, or sudden changes due to extreme
hydrological conditions. Regardless of the chosen approach, relying on measurements of total
concentrations at the beginning of an ecotoxicological test appears insufficient to properly
characterize the @osureresponse relationship between chemicals and test organisms.

1.4. Exposure to chemicals: a view from inside organisms

:KHQ OLYLQJ LQ D JLYHQ HQYLURQPHQW HDFK RUJDQLVP ZI
depending on the several factorstrolling their bioaccessibility and bioavailability (Fig. 9).

Even admitting that these fractions can be precisely known (Fig. 10), their actual measurement
may remain a challenge. Viewing chemical bioaccessibility and bioavailability from the point

of view of the exposed organisms rather than of chemical forms in exposure matrices represents

a conceptual approach that may address some of these difficulties.

As a matter of fact, a chemical will exert an adverse biological effect only after reaching a
critical accumulation threshold at a (specific) biologically active site (Fig. 9). Based on this
hypothesigMcCarty and MacKay (1998Jiscussed the possibility of using a Critical Body
Residue (CBR) approach or a Tissue Residue Approach (TRA) to establish safe concentrations
of chemicals. In practice, safe levels and, where applicable, environmental quality standards are
defined axone@ntrations accumulated by the organism(s) instead of concentrations (or forms)
in environmental matrices (Fid0). Internal concentrations may then be used to derive safe
levels of chemicals in the various environmental compartments; in line with theusexbt

regulatory approachg&scher and Hermens, 204
Sappington et al. (201P@viewed the use of TRA in risk assessment and listed the following

advantagesniegration of exposure pathways, integration of temporal and spatial changes in
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exposure levels, easier development of mixture models for chemicals with similar mode of
action, easier analytical detection of chemicals occurring at very low concentratiwater,

direct consideration of factors related to external bioavailability, and elimination of
confounding factors for different environmental conditions. However, TRA does not
necessarily account for differences in sensitivity among species and itsssuearies
depending on factors such as the chemical properties of a substance and the actual possibility
of establishing relationships between tissue residue and organism reqdSapgeisgton et all,

[201Q. Application of a TRA makes most sense for those chemicals that enter orgawaisrys

via dietary exposure (sectidn6) and/or acting as nonspecific baseline toxicadtsvever, as

it can be evinced from Fig. 9, chemical concentrations measured in aigaleisms remain
surrogates of the true effective dose present at the actual site of action and causing the observed
responséMcCarty et al., 2010

In the case of trace elements, the TRA approach has been successfully applied for Se and
methylmercury2 MeHg (Adams et al., 2010 Indeed, Hg in the Elebislation and Se in the
US legislation are regulated (or can be regulated) on the basis of internalized levels in the most
relevant biological compartments of the food ch@iiC, 2013 [Suter, 2018 However,
generalized application of TRA to other elemastsindered because organisms often resort to
various strategies to control their internal concentration of essential eessential trace
elementg§Meador et al., 200fRainbow, 200p Essential trace elements are required for normal
metabolic processes and can occur at high concentration in critical cellular conmpaaise
nontoxic complexes with proteins or other biomoleculEmazzi et al., 2015 Organisms
maintain a metabolically active pool of such elements and can either excrete their excess
concentrations or store them element in detoxified forms-@ésential elements can also be
stored in detoxified form and excreted subsequently. The possible presence of inactive
elemental forms inside one organism explains why high bioaccumulation does not necessarily
result in ecotoxicity. In practical terms,ighmeans that measuring the accumulated element
concentration in the whole organisms is not necessarily indicative of metabolic exposure to that
elementAdams et al. (201(onclude that, at present, TRA application remains speaies
site-specific; i.e., it suffers from the same limitations as the traditional approaches based on
quality criteria in the other environmental matrices. Howg&dams et al. (201(8lso suggest
research avenues for further general developmitie approach, including the use of kinetic
modelling to determine the uptake and excretion rate of elements.

Kinetics approaches are both interesting and promising for several reasons. First, comparison
of measured accumulation with theoretical kinetic models can provide indications of the main
route of exposure to a given metal for a given organism. For exa@yuieisso et al. (201]2)
showed that the oligochadte@mbriculusvariegatusaccumulated Ni mainly from pore water,

As, Cd, Cu, and Zn via sedimentgastion and Pb via both routes. Second, the use of
DYMBAM (Dynamic Bioaccumulation Models), a typical kinetic approach, can allow the
prediction of element accumulation by different organisms and explain while metal
accumulation varies among organismssdipnilar exposure conditiong.uoma and Rainbow,
[2009. Third, the rate of element uptake, rather than the tissue concentration, may ultimately
determinethe toxicity of an element toward (aquatic) organig@asadeMartinez et al.]
[20104.

Another approach to improve the relationship between chemical accumulation and observed
biological responses relies on experimental protocols for fractionating the total contaminant
body burden into biologically activend inactive fraction(s). The degree of complexity of such
approaches varies markedly. In the simplest cases, washing of the biological material to remove
adsorbed contaminants (withg, EDTA in the case of several trace elements) allows to
quantify the internalized fraction of the contaminant that could reach the biological target
site(s). However, as previously explained, the intracellular environment is a very complex
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matrix where cotaminants can be prevented from interacting with a critical biological target
by a variety of mechanisms. More refined strategies try to identify the subcellular fractions
containing the metabolically active (i.e., potentially ecotoxic) fraction of tla aoctumulated
concentration{Aharchaou et al., 201[Crémazy et al., 2013Gimbert et al., 2016 The
approach candfurther refined by identifying the macromolecules that interact with a given
element contained in one of the metabolically active fract{@marchaou et al., 20}71t
particularly noteworthy that measurement of the elemental pool in the cytosolic fraction
apparently allows a better estimation of the concentration that caaitebée to predators via
trophic transfe{Cardon et al., 202(Dumas and Hare, 20{)Reinfelder and Fisher, 19p1
Combining data from chemical speciation in the exposure matrices with internal
accumulation in biologically active fractions (and better still at the site of action) clearly allows
a better understanding of how concentration resulting in biological efflecamong organisms
with different traits. Studies combing a detailed characterization of external exposure and
internal accumulation are therefore necessary, especially for those elements (or chemicals)
whose effects are not yet successfully modelledguBioV or other conceptual frameworks.
However, establishing environmental quality standards or guidelines in biological matrices
using CBR/TRA does not eliminate the need to know what are the safe concentrations of a
chemical in the environment. Even irethest case of very similar TRA across a large number
of organisms, the concentration in the environment resulting in that TRA will vary across
aguatic ecosystems because of the presence of modifying factors such as those described in
Figs. 9 and 10. In ber words, application of TRA for regulatory purposes can potentially
simplify compliance monitoring by integrating temporal and spatial variability of chemical
contamination in water or sediment into a single measurement in biota. On the other hand, TRA
dRHV QRW FRPSOHWHO\ HOLPLQDWH WKH QHHG IRU D GHW
exposure medium. In cases of regulatory -nompliance, it may indeed by necessary to
estimate the bioavailable environmental concentration of the chemical reguttiegobserved
TRA. Such estimated external concentration can then be used to maintain chemical releases at
a safe level (or as a basis to enforce a ban on that chemical).
The example of Hg under the directive EU 2013/39 is particularly instructivestigregth
of the biotabased EQS is that it provides a scientifically sound way to simplify the routine
monitoring of a priority substance by automatically taking into account (albeit as a black box)
the issues linked to bioaccessibility, bioavailabilibhdgartly biological availability (Fig. 9).
Adoption of a biotebased EQS also offers methodological advantages because it eliminates the
need for the accurate and precise determination of total Hg and MeHg which can be particularly
challenging at the thesub)nM levels typically found in natural environmef@®query et al.|
[2005[Hall et al., 200@ However, the Hg concentration that will resalin exceedance of the
EQS value (20 ug k8 will be strongly dependent on the Hg fraction that is methylated,
because methylmercury is much more bioavailable than inorganic Hg. Unluckily, the degree of
Hg methylation depends on a large number of environmental factors such as pH, trophic states
andmicrobially-mediated process¢sitzgerald et al., 2097Furthermore, compliance with the
biota-basedEQS for Hg remains extremely problematic across EufBfé\, 2019. Whether
this is indicative of widespread Hg contamination in EU waters or of the need to refine the
current EQS is a matter of debgtBerson et al., 202(Vignati et al., 2013 Overall,
understanding exposure to chemicals from the point of view of the organisms is as important
as studying chemical behaviour in the environm@ifang, 201} Both approaches are
thereforenecessary to further increase tegability and rebvance of ecotoxicological data for
both research and regulatory purposes.
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1.5. What is your favourite cocktail?

Ecotoxicological research is often performed on individual chemicals which is partly linked to
the need to regulate some of them (the priority substances) via specific environmental quality
criteria (although some mixtures with a typical compositiore.g, PAH, PCB, TCDD? are
actually regulated using a single standard for the whole mixture). Unddietdatonditions,
VLWXDWLRQV LQ ZKLFK RQH VLQJOH VXEVWDQFH GULYHV WHEK
effects originating from the simultaneoerposure to mixtures of chemicals and, possibly, non
chemical stressors are often the norm. Standardized ecotoxicological tests can identify the
possible overall biological effects of complex mixtures of chemicals (e.qg., toxic effects effluents
or contammated sediments), but without providing information on the actual chemicals
contained in the tested matrix and their contribution to the observed effects. Such information
can be gathered using Toxicity Identification Evaluation (TIE) and Effect Direchedysis

(EDA) to identify the specific (group of) chemicals of conciBrack et al., 201|fBurgess e}

[al., 2013. Nonetheless, a definite evaluatiditioe risk associated with the mixture will still
require knowledge of the corresponding concentratesponse relationships for the chemicals

of concern, implying that: i) all substances of concern contained in the effluent can be identified
and quantifed analytically, and ii) their individual effects in standard conditions are known.
This is often not the case, given that only a fraction of the chemicals on the market is sufficiently
characterized for the corresponding (eco)toxicological propeff@sA, 2019 although
substantial progress is beingde in this sendECHA, 202].

The study of mixture effects can be undertaken with at tbase different purposes: the
mechanistic understanding of the interactions among chemicals, the prognostic risk assessment
of specific mixtures or the diagnostic (retrospective) risk management of mixtures encountered
in real field situationgPosthuma et al., 20P8A series of reviews rendy discussed the state
of-the-art and the future challenges in diagnostic mixture risk assessment and management
(Escher et al., 202@ohnson et al., 202¥ermeulen et al., 202[Zimmerman et al., 2030
Non-target chemical analysis of environmental matrices by-tegblution mass spectrometry
can be used in combination with EDA and TIE to estimate mixture toxicity and apportion the
observed effects between identified and unidentified chen{iéather et al., 2030Depending
on the selected biological response, the fraction of toxicity linked to unidentified chemicals may
be larger than 90%Neale et al., 2017 This inability to identify the actual chemicals causing
toxicity may be surprising at first; considering that back in 1994 (when the number of chemical
in the environment can be reasonably assumed to have been lower), Hendriksaatibi
already reported that a major part of compounds responsible forxicayt@f river Rhine
waters remained unidentifidéiendriks et al., 1994t is therefore important to acknowigel
that, when used in an appropriate framework, the available tools can successfully track a
specific substance responsible for lasgale effects. SpecificallyTian et al. (2021 used
TIE/EDA to successfully demonstrate that a single, highly toxias{ECL pg L) chemical
derived from the wearing of tire rubber is jeopardizing costly habitat restoration efforts to
restore Coho Salmon population in US waters. Although mixture ecotoxicity often deals with
similar situations involving a large (and increasing) numbkmorganic chemicals, their
metabolites and degradation products, exposure to mixtures of naturally occurring trace
elements can also be a matter of concern for human and environmenta{Geitizi, 202§

The most important distinction in mixture assessnemwhether chemicals share a similar
mode of action and whether they show interactive effects or not. The answer to these two
guestions will determine the model approach to be used when interpreting mixture effects
(Table 5). In addition, we should codsr that mixtures can be asynchronous in time and space,
both aspects requiring more attention during laboratory studies. Nowadays it remains
logistically unfeasible to go beyond the study of quaternary mix{igs et al., 201Band the
criteria to chose which mixtures to characterize for their ecotoxicity become therefore
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extremely important. Even accepting that only 5000 chemicals may be of global concern
(Landrigan et al., 2018Vermeulen et al., 2030 a direct assessment of all their possible
combination is obviously impossible. Unluckily, the choice of eladhemical (mixtures) for
ecotoxicological research is not always done based on objective criteria of environmental
UHOHYDQFH EXW FDQ EH JXLGHG E\ QRYHOW\ DQG VFLHQW
for which there is a lack of information Wilusually see a surge in corresponding
ecotoxicological studieglohnson et al., 20¥0although ecotoxicological research is resilient
against such type of bias in the letegm. This phenomenon may however affect the priorities
of funding agencies that are, at least in part, willing to support research perceived as relevant to
answer presing societal expectations.do not mean to imply that concern ovespular
substance is systematically unjustified, but societal expectations can be driven by extra
scientific factors, notably the bandwagon efféi@aughton, 201¢ that should be taken into
account. (Datgoor) substances getting a good memtigerage are indeed more likely to get
funding am popular substancesay end up being overly studied (at least with regard to some
aspects) with the loss of scientific time and resources. For example, the editorial authored by
|Borja_and Elliott (2019)n the Marine Pollution Bulletin argued that papers reporting the
occurrence of microplastics could already be considered uninteresting (from a fundamental
research piot-of-view) given the ubiquitous distribution of such chemicals. At the same time,
more research efforts should be carried out to rapidly characterize the extent and likelihood of
their impacts in natural environments (see Figs. 6 and 7).

Table 5. Possible frameworks to interpret mixture effects of chemicals according to the existence of
interactive effects and knowledge of their mode of actions. Based on|Posthuma et al. (2008)|
Mode of action

Effect Similar Dissimilar
Non interactive  Simple similar action Simple independent action
Model: concentration addition Model: response addition
Interactive Complex similar action Dependent action
Model: empirical Model: empirical

Relatively well-characterized legacy chemicals for which validated models exist are
attractive to scientists because of the possibility to bring more or less incremental contributions
to the current body of knowledge. Thisddaven by a genuine desire to contribute reslea
outputs of the highest possible quality, but partly also by the need to maintain the level of
(sometimes unreasonably high) productivity required by the current research industry (see
section 1.8). As a consequence, research on typical, but less rpopixres and their
components can be slowed down even when it has potentially worldwide impli{@iveszi,|
12020 [Johnson et al., 2020Finally, understanding mixture ecotoxicity often assumes the
availability of solid data for the individual components of the mixtiNgs et al., 201B
Erroneous or insufficiently documented information for a mixture component wiftire
affect the assessments of the mixture itself. In the case of trace elements, improper
characterization of their ecotoxicological potential can often arise from an insufficient
consideration of their speciation during standardized ecotoxicologatalAdarchaou et all,
[2019(|Gonzalez et al., 2034In the context of the present HDR, | will specifically focus on a
representative case of a particular mixture linked to elements that simultaneously occur under
more than one redox state in natural environments (section 2.5)
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1.6. Do you live here®nderstanding the importance of routes of exposure

In the current regulatory context, most testing is carried out using aqueous exposures in media
of known standard composition. For risk assessment purposes, results from these tests are then
extrapolated d aqueous matrices of variable composition. This approach has led to major
advances in the incorporation of important scientific principles into environmental regulations;
notably the development of bioavailabilihased EQS for Ni and Pb in the EU ledisla and

of the corresponding uséniendly tools for their applicatiofPeters et al., 20][Peters et all,
'"HSHQGLQJ RQ DQ RUJDQLyésliré tdldhéncRg in e GeltvoarD L W V
however occur via routes other than the aqueous phase; e.g., ingestion of suspended particles
for filter feeders, bed sediments for benthic organisms in soft substrates, plant debris for
organisms living in headstreamdth rocky substrates and preys. At a larger scale, the transfer

of chemicals from aquatic to terrestrial feaébs via the emergence of aerial insects with an
aquatic larval stage could also be considered as a particular route of e Besiker et al.|
[2018|Tremblay et al., 1998Given the possible developments of this HDR project, the present
section will mainly focus on the role of (suspendsetliment ingestion as an additional source

of exposure to chemicals for filter and deposit feeders. Particle ingestion satisfies the nutritional
requirements of these organisms, but potentially exposes them to sedouedtchemicals

during the same poess. It is therefore necessary to understand when considering
sediment/particulate exposure becomes necessary to guarantee sufficient environmental realism
in ecotoxicological studies and risk assessment evaluations. The following two examples using
Hg ard PCP as model chemicals well illustrate the fundamental and practical importance of
such considerations.

In the EU, Hg is currently regulated using a bib&sed environmental quality standard
(EQS). | have already explained and supported the scientgaririty of this approach when
discussion my past research activities (Part I, section 4). However, a seblamsedtapproach
to Hg monitoring and assessment is also possibl¢siigtance data sheet for mer¢uviich
constitutes the basis for deriving the EQS proposed at the European levels in Directives
2008/105 later superseded by 2013/39, determines a-baged EQS using apecies
sensitivity distribution approach. The watssed EQS is then combined with a partition
coefficient of 18 and an assessment factor of ten to derive a tentative quality standard for
sediments of 670 ug kidry weight. This value appears suffidigrprotective when compared
with the few standard ecotoxicological tests available for benthic organisms exposed4o HgCl
(NOEC range 2930 mg kg d.w.), but is close to potentially toxic levels recently determined
for the oligochaet& ubifex tubifeXECxo = 1.12 mg kgf) and for sensitive benthic taxa in
Northern Spain rivers (threshold value 0.9 mg)kd his information can be found[Méndez]
Fernandez et al. (2019)verall, the tentative EQS for Hg in sediments may provide a gbod 1
tier screening for adverse Hg effects on sediavagesting benthic organisms, but could require
adjustment to protect sensitive species. In any case, | must again stress that the possible direct
toxic effects must not turn the attention away from thadsamulation/biomagnification issue.
Standardized sediment toxicity tests with benthic organism often offer the possibility to assess
Hg accumulation; a practice that should be strongly encouraged to provide two environmentally
relevant outputs with onergjle standardized test.

Thdcase of PCRells a different story. Application of the EqP approach as described above
for Hg provdes an indicative sedimehased EQS of 119 ug PCP per kg of sediment on a dry
weight basigBettinetti et al. (201&ested the ecotoxicity of PCP to three representative benthic
organismsC. riparius L. variegatusandT. tubifey and found that an EQS of 30 pgkmay
be required to protect the most semsitspeciesj.e., the tentative standard derived from
agueous values using the EQP may be underprotective. These examples are not meant to
disqualify the scientific robustness of current risk assessment procedures, but simply to stress
the need for a minimum of experimahwerification of model predictions; especially when
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extrapolating between different environmental media such as the water column and the bed
sediments.

1.6.1. B ioaccessibility as a driving concept in the study of

routes of exposure

For a given chemicathe relative importance of different routes of exposure depends on the
physicachemical properties of the substance itself and on biological parameters including
organism ecology, physiology and life stage (Fig. 11). The ecotoxicological relevance of
biological parameters to reconcile standardization and environmental realism is well
summarized by the concept bfoaccessibility(Dong et al., 201i§Semple et al., 2004
Bioaccessibilitydefines the pool of a chemical thapistentiallyavailable to living organisms.

As stated bySemple et al. (2004) "SEEZee’'<'*'e ¢l Z—E" -™SerZel
bioavailable (hereand)}—~" 1™e70e1 ‘Sel’0e 1™ «7Z —« ThusftHaebioSctessibc e 7
fraction cannot be reached by the organism here and now, but may become bioavailable
following changes in environmental or biological factors (Fig. 9). The bioaccessibility concept
also considers kinetics and dynamic aspectsateahot strictly included in the bioavailability
concept (Fig. 9). Finally, and broadly speaking, bioaccessibility also encompasses the possible
differences in exposure to chemicals among life stages of organisms that have a planktonic
larval stage and aelthic adult stage (e.ddreissena polymorphand many bivalves) or a
benthic larval stage and a terrestrial/aerial adult stage (e.g., chironomids and many aquatic
insects).

Figure 11. Overview of the bioaccessible fractions of a chemical for different types of aquatic organisms.
Full arrows indicate that a given fraction is usually bioaccessible for the type of organism under
consideration. Dotted lines with a question mark indicate that a fraction may be more or less
bioaccessible depending on environmental conditions. SPM (suspended particulate matter) is not
bioaccessible to unicellular organisms. See figure 10 for more details about the chemical heterogeneity
of the different compartments.

In terms of ecotoxicological relevance, bioaccess$ybilicknowledges that, under field
conditions, organisms may be able to reach contaminant pools that are simply not provided
during standardized tests or to escape contaminated sediment patches to avoid exposure to
contaminants. Some bioaccessibility issuestandardized tests can be easily addressed by
considering the ecology of the biological model used in the laboratory, thus avoiding erroneous
experimental setips (Harris et al., 2014 However, understanding bioaccessibility (and
associated bioavailability) in the case of exposure to patimled contaminants remains
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challenging due to the heterogeneous nature of the particles themselves (Fig. 10). Considering
both filter and deposfeeders, bioaccessible pools may originate from the (anoxic) pore waters,
oxic (and subpxic) overlying waters, the water column, a fraction of the total chemical
concentration bound to the oxic and anoxic particulate matrix and, where applicablepimgesti

of prey organism¢Batley et al., 200p(Fig. 11). The relative contribution of each pool to the
chemical uptake by an organisms can also vary following fluctuations in master variables such
as pH and degree of oxygen saturation, hydrological and limnological factor8)(Fig.

1.6.2. Challenges in integrating bioaccessibility issues in

standardized tests

Standardized wholeediment ecotoxicological tests can reproduce only very partially the
complex bioaccessibility pattern typical of reedrld situations. The classicapproach of
spiking artificial sediments with the chemical of interest, albeit viable in terms of mutually
accepted procedures and reliability, does not always correctly reproduce contaminant
distribution between the solid phase and interstitial waters pogsible repercussions on
responses of the exposed organigBisipson et al., 20Q#Vang et al., 2004 The use of natural
sediments instead of artificial ones, albeit attractive, is suitable for specific case studies, but not
for the derivation of guidelines to be adopted at the national or international level. Furthermore,
simple handling procedures su@s homogenization of fieldollected sediments before
splitting into test vessels can render more bioaccessible and bioavailable some chemical pools
that were not necessarily so under the original field condi{iéesari et al., 2014Ferrari ef]

[al., 2019. In the specific case of trace elemettitss may be due to fexygenation of anoxic

pore waters and sediments during sampling and hanflliiljamson and Burgess, 20p3

More generally, in many field situations, relative clean, recent sediments may have topped older
sediments with higher levels of several legacy chemif@lslizzoni et al., 201 Grab
sampling and homogenization before laboratory tests can mix layers with a different degree of
chemicals content and put model laboratory organisms in contact with chemicals tihat are
facto not bioaccessible in the field. The patchy distribution of comtants in contaminated
sediments can also provide zones of suitable living conditions even in areas characterized by
an overall high level of contamination. Such situations strongly contrasts with the typical
experimental setip of laboratory sediment toxig tests where a single spike of contaminant

is added to sediments that undergo stabilization and homogenization before addition of test
organisms. Finally, depending on the relative time scales of contaminant accumulation in
sediments and generation tirn€ organisms, (multigenerational) acclimation and adaptation
can occur in the fieldFiscrer et al., 201B Despite all these complexities, approaches are
available to incorporate bioaccessibility (and bioavailability) issues in the hazard and risk
assessment of sedimdmtund chemicals.

Bioaccessibility issues also apply to some aspects of aqueous (metal) speciation that are not
addressed by the current approaches based on filterable concentrations (section 1.3). For
example, bioaccessible colloidalyund elements may become bioava#atd unicellular
organisms following desorption of chemicals due.g, changes in ionic strength after mixing
of different water masses (Fig. 10 and 11). Changes in ionic strength are not necessarily limited
to estuarine environments, but can be relewaarthe confluence between a majeeriand a
polluted tributary{Vignati et al., 2005cor even downstream effluent discharges. The reverse
process of adsorption of soluble chemicals onto colloids (or partiele®)lviously occur (Fig.

10). In this case, a fraction of the bioavailable chemical pool is transferred to the bioaccessible
pool for a variable time. Colloidal pumpir{gioneyman and Santschi, 19832971) can also
actively transfer elements from the truly dissolved phase to the particulate phase and thence to
sediments, thus modifying the pool of bioaccessible contaminants for both aquatic and benthic
organisms. For pracial purposes, the BLM seems to be able to predict sufficiently well the
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effect of dissolved organic carbon on the bioavailability of trace elerfieetsrs et al., 2031

but it does not explicitly consider the presence of colloidal and soluble pools of chemicals. The
presence of colloids affects the bioaccessibility of chemicals in different ways for different
organisms including un@lular algaglKoukal et al., 200§Slaveykova et al., 200&nd filter
feederqVignati et al., 2005c Overall, properly addressing bioaccessibility in the standardized
laboratory context appears as an important step to increaséstrence of laboratory tools and
reconcile them with real field situations.

Biodynamic modelling approaches (DYMBAM) are a conceptually convenient way to
estimate the contribution of aqueous and dietary routes, addressing some bioaccessibility issues.
This approach usually integrates aqueous routes with exposure via ingestispehded
particulate matter of bottom sediments, but could in principle apply to the ingestion of colloids
provided that they can be isolated and characterized for the relevant parameters. One
mathematical formulation of the DYMBAM is as follows:

o | 3@ H# G Mg,
@ﬁI;OL E
GeEC  GEC

Where,Chiota is the chemical concentrations in biota at steady state (inioyvg); ku is the

uptake rate constant from the aqueous phase (in* ld%); C, is the aqueous filterable
concentration (in pg £), kew andkes are the efflux rate constants of the chemical following
uptake from the aqueous filterable phase and from sediments (or food), respectively (both in d
1: AEis the chemical assimilation &ffency from particlesd.g, sediments; in % of the total
content);IR is the food ingestion rate (in pgty Csis the chemical content in particles (Ug g

1y andg is the growth rate constant (ind Model parameters can be determined by exposing
filter- or deposit feeders to radiolabelled chemicals via both exposure (Bai@siann and
[Fisher, 201JICasadeMartinez et al., 201dpNang and Fisher, 199®%ang et al., 1997 Once

model parameters are known, chemical accumulation by the organisms can be estimated from
the simple measurements of the chemical concentrations in water and sediments. On the other
hand, model parameters are usually organispegific and it is cleathat all the possible
organism¢hemicalcombinatiors cannot be covered using this model. Nonetheless, DYMBAM
provides a theoretical framework to support the importance, or even the predominance, of

dietary exposure to contaminants for particigestingorganismgBaumann and Fisher, 2011
|Croteau et al., 2037

1.7. Where will you be in 2100? Ecotoxicology in the context of climate change

The 2020 World Economic Forum HSRUW FODVVLILHV pFOLPDWH FKDQJ
second gdbal risk in terms of likelihoo&nd as the first one in terms of impacts. Related
environmental global risks such as extreme weather, biodiversity loss, natural disasters and
water crisis onsistently figure among the corresponding top 5 since 2016 or
|[Economic_Forum, 20230 Climate changeelated riskscan have several socieconomical
consequences that falutside thaealmof ecotoxicology However, related phenomena such

as changes ihydrological patternsmore markedemperature extremes, specragyration
(sea)water acidification and altered globaboa cycle can all potentially affette FKHPLFD OV |
environmental fate andecotoxicology According to the B assessment report of the
Intergovernmental Panel on Climate Change (IPCC), the likelihood of changes in climate
systems phenomena is virtually certain £680% likelihood) fore.g, an increase in global

surface air temperature, the number of hot daysait as well as ocean acidificatifBurkett]

Given such trends,rganisms(will) more frequently experiencereviously
unknownenvironments or living conditionChapman, 201|[Woolway et al., 202jlin which

they have to cope witkombinedstress fromnon-chemical and chemical facto(gig. 9).
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Depending on the actual rate of changes, some components of ecosystemsibiaycoedapt
to the ongoing or forthcoming changes over the course of tHec&dtury. However, the
increase in the amplitude of daily fluctuatimm somemaster variables(g, temperature) may
already expose organisms to conditions #natat theimits of their physiological tolerance.

Altered temperature, precipitation and salinity patteals® have important and variable
FRQVHTXHQFHV RQ FKHP L HNogey &t 4 HPRJD MigHRiXdini2@t@es sy H
facilitate the degradation of persistent organic chemicals, but may also release legacy pollutants
such as DDT from mountain glaciers, polar ice caps and permafrost back into the local and
global biogeochemical cycldB8ettinetti et al., 201/§Bettinetti et al., 2008 In the case of
intentionally applied pesticides, higher degradation rates are in principle beneficial, provided
that additonal applications for pest control purposes will not be required and that applied
quantities will be adjusted to avoid excess residues on edible (dogss et al., 200Xi et
[al., 2027). On the other hand, increased degradation of dissolved orgartion at higher
temperatures could make chemicals more bioavailable. Higher temperatures will also shift the
thermodynamic equilibria of chemicals, thus modifying their partitioning and, in fine, their
bioaccessibility and bioavailability (Figs. 9, 10 amdl). The biological outcome of such
physicachemical processes will ultimately depend on the interaction between changing
contaminant behaviour and organispecific metabolic changes at higher temperaiiieang]

[et al.,2029.

Higher salinities linked to increased evaporation, drought and seawater intrusion are also
foreseeable consequences of climate change and may lead to changes in their bioavailability
following salting out{Turner, 200} At the opposite, extreme precipitation and increased
ice/snow melt can could cause salinity to decrease; at least temporally and locally. Changes in
saiQLW\ DOVR LQIOXHQFH WKH VWDELOLW\ RI FROORLGYV DO’
bioaccessibility and bioavailabilit{Filella and Buffle, 1993Koukal et al., 200) The net
RXWFRPH RI WKHVH FRPSHWLQJ SURFHVVaay fateQmaly beU PV R
predicted by evaluating the conservatwgenonconservative behaviour of a chemical along a
salinity (or conductivity) gradierfMillward and Turner, 1998/ignati et al., 2005c However,
the corresponding ecotoxicological outcowiét equally depend on the effects siichsalinity
FKDQJHV RQ RUJDQLVPV stuKhery nrReaigafionDQG UHTXLUH

Ocean acidification is another virtually certain effect of climate ch¢Bgekett et al., 2014
Most interestingly, it appears that continental waters could also experience a certain degree of
acidification{Hasler et al., 203Phillips et al., 201} although its extent will vary depending
on the buffering capacity of the rocks constituting a given catchment. Changes in pH can alter
the speciation and ecotoxicity of chemicals in several ways. In the case of trace elements
occurring as cationic spesie a decrease in pH is expected to cause desorption from
environmental particles (suspended particulate matter and colloids) toward the truly dissolved
phase along with an increase in the concentration of free meta(Nbihsro et al., 2009
|Stockdale et al., 20)6Free metal ions are considered as the most bioavailable chemical species
so that, in principle, water acidification could lead to an increase in toxicity. Once again, the
interplay between elemental speciation in the bulk swiutprocesses at the biological
LQWHUIDFHY DQG WKH SRVVLEOH GLUHFW HIIHFWV RI S+ F
determine the ability of the different species to cope with chemical stressors under a changing
climate.

Increased temperatures wikkcrease oxygen solubility in water, with potential strong effects
on the Fe, Mn and organic carbon cycles during the early diagenetic processes at the-sediment
water interface. Reductions ino@vels may become particularly marked in large reservoirs,
eutrophic water bodies and deep lakes due to high primary productivity or incomplete water
mixing. Dissolution of Fe oxyhydroxides or Mn oxides in anoxic conditions can release trace
elements back into the water column and change their environmental ynflzigwal and
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[Pandey, 2020 The released elements may becomdypaxtailable to biota due to the spatial
redox heterogeneity of the sedimentary environment.

Given all these considerationsicorporating climatehangeissuesinto risk assessment
frameworks for chemicalshould become a mandatory step, especially when management
decisions can have loftgrm (>50 years) consequenceg, dam construction (or removal)
and mining activitieqLandis et al., 2013 With specific regard to the interactions between
climate change and chemicdlsandis et al. (2013jlso highlight the need to develop
approaches that better cahesi the probabilistic nature of both stressors and effects in
environmental risk assessment programs (ER#ndardised ecotoxicological procedures are
just one of the many components of ERA, but they can be framed to answer specific questions
linked to changing risks from chemicals during prolonged droughts or following an increase in
the number and intensitf chemical pulses associated with-affiduring storm events.

During extended drought periods (and assuming constant discharges from point sources),
dissolved chemicals discharged via wastewater treatment plants or industrial effluents may
occur at hiper concentrations for longer periods (Fig. 12). Becausef@@@nany chemicals
decrease with increasing exposure time until a threshold concentration is rfttieer ef]

[al., 1998, prolonged droughts may induce chemical stress to biota even at cotmestra
normally considered as safe under a typical hydrological pattern. Furthermore, droughts are
usually associated with additional stressors due to changes in master variables such as T, pH,
water dissolved oxygen and salinity; all of which are usuadiytkconstant (and at optimal
physiological values) during standard ecotoxicological testing. Calculation procedures for
chemical EQS or benchmarks do include safety factors to account faptioral conditions

in the field compared with standard laborgtexposure. However, such factors may prove
inadequate under the increasingly fluctuating stress conditions that organism will encounter in
the field. Establishing threshold concentrations for chemicals under reasonably probable future
field scenarios thefore requires attention by both scientists and stakeholders.

Figure 12. Bottom panels: relationship between flow and chemical concentrations during drought
periods (left) or a flood pulse (right). Top panels: corresponding possible changes in ECx values under
the two hydrological conditions (see text for more details).

Extreme precipitation eventsan also markedly increase the concentration of several
chemicals in water and so{i§amusso et al., 199Bloyes et al., 20Q9thus resulting in a higher
number of contamination pulses linked to +affi from conaminated land or sites. More
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frequent pulseexposure to chemicals may not allow to biota sufficient time to recover between

two subsequent peadxposures. As reviewed fhyis de Sa Salomao et al. (20p8imulating

pulse exposures is already a reality in ecotoxicology and may be a useful tool in evaluating
chemical risks under fluctuating chemical levels (Fig. 12). Chemical behaviour during floods

is however less clear cut than during droughts (Fig.ah2) includes dilution of dissolved
chemicals originating from point sources, linear or exponential increase of phdicie

chemicals, or again complex patterns for chemicals with mixed so{Desss andZobrist,|
. Furthermore, changes in contaminant partitioning and, consequently, bioavailability
during the rapidly changing hydrological conditions typical of floods can be chespieeific

and may require cadgy-base studies

As it is often the cge in reconciling laboratory and field results, understanding the changes

LQ FKHPLFDOVY HIIHFWYV GXULQJ IORRG ZLOO UHTXLUH D F
work (Vignati et al., 200y, Standardized tests may not necessarily be the most relevant tool to
evaluate the cohined effects of several temporally and spatially fluctuating variables.
However, once the most likely exposure scenarios are identified, solid ecotoxicological data for
chemicals of known or foreseeable concern can be generated and the chemicals ranked
according to the associated potential risks. Identifying the most problematic stressors under a
FHUWDLQ FOLPDWH VFHQDULR DOVR KHOSV LQ SULRULWLVI
assessment (section 1.5).

1.8. Reliable and relevameicotoxicological research in the current scientific context

3W LV QRW XQFRPPRQ IRU KRQHVW LQGLYLGXDOV WR V.
PHPRULHV RI LQFRQYHQL H[B®¥hopD2020 V) .

According to the Official Journal of the French Republic, the delivery of a HDR diploma
recognizes the high scitic level of the candidate, the originality of his/her research activity
in asufficiently broadscientific domainandhis/her ability to develop an independent research
strategy and to effectively tutor junior researchgkerdté du 23 novembre 19B8These
qualifying attributesassume that the HDR candidate personally foll@hargwith colleagues
and teachsto students and junior scientists ata@ type ofresearclethics thahas become
increasingly under threaApart from serious cases of research misconduct (see for example the
blog Retraction Watch, www.retractionwatch.com), the use of questionable research practices
such as omitting varides from statistical analysis or switching statistical methods to reach a
predefined threshold of significance seems to be on thqFiaser etlg 201§. It is telling
that qualitative omments from respondents to tipgestionnaireof|Fraser et al. (2018yere
unanimousn pointing out how the current research industry is leading scienirstreasingly
succumb to the use of these practices.

In the present documeritdefine theresearch industry as the present functionin§oténce
in terms ofits expectations foregular, innovative, higihmpact scientific output and constant
(successful) applicationfor additional research funding. Important collateral tasks such as
engagement with stakeholders and the general public, research management meetings, tutoring
and sience vulgarisation also add to an ever increasing list of expextasirial scientific
productsto be included inperiodic individual and institutioal evaluation.It is not at all
inappropriate to includéhe obtainmentof an HDR diplomaamongthe exgctedresearch
SURGXFWVY RI LQGLY LA K&icwidDaDl&vel, ha/NDR \dexevihinBs@kio can
officially direct a PhD thesis and, officially or unofficially, be eligible for career advancements.
At the institutional level, the total numbefr HDR-holders determines for example the number
of PhD scholarships that a laboratory can receive from the Ministry of Research and Education
each yean would be pleasetb invite the interested members of the present cot@enio write
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aboutour opinicnsontheactual strength and weakneseéthisde factomandatorycareer step
for French researchers

Back tothe rising incidence of questionable practjdess obviouslyrejoicing to see that
cases of seriousisconduct ditated by pure selhteres remaincomparativelyare. However,
the continuous piling up of different responsibilities takes more and more time away from the
core task of the researcher: testing hypotheses to develop or correct (existing) theories capable
of exdaining natural andocial phenomenaScientist with teaching duties pay an additional
tribute to the research industry in that they are paid to teach, but are evaluated (mainly) on the
basis of their research outplitis therefore no wonder thabmepeople may be tempted
take shortcuts to fulfil their quota of industrial research production, especially when their career
or scientific survivabre at stakee(g, tenuretrackreview or renewal o the umpteentr?
temporary contra@re approaching fgstOn the other ha, it is equally important to recognize
that honest mistakes do occur, especially when people are under pressure to deliver products as
quickly as possible for the aboweentioned reasons. In such cases, the best thing is simply to
admit errors and openbjiscuss the|causes and consequenc®s the other handpparently
innocentor widely acceptedesearch practices caiso contribute tocreate an unhealthy
research climate laboratories or cause bias in researdspAcial issue on laboratory health
published by Nature in 2018 illustrates that criticism of the productivégtras embedded in
the research industry (and alas ever increasingly in institutional culture) and an objective and
honest appraisal of our own shortcomings as humans are both necessary to avoid conscious and
unconscious bias.

Practices such as salamicglig (.e., publishing a complex research in a series of least
publishable units) or-aking are examples of scientific misconduct linked to the perverse
functioning of the research industry; in particular its expectations in terms of both quantity and
perceived quality ite., journal impact factors) of overall productivity. Welcome to plblish
or perishmantra with its upgraded versions considering output frequéhdyliéh frequently
or Perish and/or perceived impact (factofPyblish frequently irhigh impact journal or
Perish. In a chapter of her humorous yet disenchdntedography on the malfunctioning Jof
[the scientific_enterprigeElodie SabirTeyssier proposes a more radical way to desdhis
UDFH WR ZKR pVHO RUSbish RiUPErishF LN F 6DesRsi@r specifically
describes how the proliferation of predatory journals is swamping readers with poor quality
articles and, above all, allowing scientists and institutions tapukate their metrics. Mario
%LDJLROL VSRNH DERXW WKH pu,PSDFW RU 3HULVKY FXOWXL
allegedly evaluate scientific quality is bound to be ab§Béahioli, 2019. Why people keep
inventing new indicators instead of finding waygytd rid of them remains a difficult question
to answer, though, and alternatives are not necessarily easy (Griggdning, 201B

Moving a stap farthelSmaldino and McElreath (2018)arn almut the natural selection of
bad science that is being fuelled by the abmentioned productivity mantras. Because most
of the scientific endeavour is evaluated using productivity indexes, those who produce more
eventually get to have more of everythimgluding (under)graduate students and jutusis,
valuable and increasinghare commoditieswho will adopt similar strategies for their own
survival. (And who are we, tenure middler advancedareer fellows to blame them?).
Following all these considations, my personal conclusion after more than 20 years in research
LYV WKDW WKLV SURGXFWLYLW\ PDQWUDV DUH XOWLPDWH
HSRQ\PRXV HVVD\ RI +DUU\ )Brankfixt, XQ0OWang 2aMcGaxtiiy @tvaK L W |
(2020) I define bullshit as a statement (or a series of statements) that cannot be checked for its
grounds into reality and whose sole purpose is to advance séhfepdn DJHQGD DQG RU Wi
VRPHRQHYYYVY LQWHUHVWY $W WKH WLPH RI ZULWLQJ HDUO\
research landscape for the next 10 years is the perfect example on how a purely ideological
positions (approximately: Science wilinction better on a per project basis carried out by
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temporary staff) is being pushed forward without any evidence to ground this assumption and
even less to confirm its potential benefits.

| am not actually objecting to requirements for a projectetoviitten and evaluated before
granting money to a research team. Projects structure ideas, verify their feasibility, identify
potential bottlenecks (thus providing contingency plans) and allow a certain degree of financial
and temporal planning. Howevehere is absolutely no proof that making the survival of
researchers and research units conditional to funding acquired via projects will result in better
science. Chances are that it will not even result in a better productivity. The idea that (French)
researchers are underperforming (read: taking advantage of their quality of state servant) is not
only offensive; it is patently wrong.

The analysis ¢€ourtiow et al. (2019)s formal and | reproduce it heverbatim

- The French research system exhibits, at first order, an optimal productivity given
the funding granted by the government ;

- There is no reason to claim it performs poorly and thus needsto be reformed.
The direct implication of these two observations is thbinly way to increagbe performance
of the (French) research system is to mmaire money intgublic researchNot takingclues
about thisand pusing through aragendahat t&es exactly the opposite path is, simply and
SODLQO\ SXW WR SDYH WKH ZD\ WR D py%XOOVKLW RU 3HUL
guided by the need to comply with specific indicatisCarthy et al. (202(propose a 4tep
strategy for dealing with workplace (and institutional)ll§hit: the C.R.A.P. framework
(Comprehend, Recognize, Act, Prevent). | daresay the acronym also hints to therapord
which, according to the Oxford English dictionary, is coarse slangdiesenser rubbish A
working group on how to use the C.R.A.Rarhework to improve research politics, policy and
administration would be most useful. In the meanwhile, those shaping science policies would
do society (and their) best interest by heeding Benjamin Franklin advice:
3An investment in knowledge pays the best interest”
H7KH :D\ WR :HDOWK
Think about it, folks higher up.

Other important shortcomings of the current research system are, at least in my opinion,
much less depressing because originate from a lack of culture again scientific bigsirwhich
turn, is rooted in how our own brains are primed for-getfeptiorfNuzzo (2015used the term
cognitive fallaciego define four seldeception strategies:

- hypothesis myopia (focussing exclusively on evidence in favour on one hypothesis and

ignoring other explanations),

- the Texas sharpshooter (a metaphor foapking based on the fable of the person who

drew a target around bullet holes left in a wall after shooting),

- asymmetric attention (closely scrutinizing unexpected resuWtsile ungitically

accepting expected ones as being reliable)

- and justso storytelling (finding a coherent story to explain findings even when there is

no real story behind the findings).

Other practical advice to avoid bias or reduce its impact consist inrdgBets of criteria to
assess the reliability of scientific findings and hence the scientific integrity of the associated
publications{Grey et al., 202(Moermond et al., 2018 utherland et al., 2013 : K D WdV
important, howevers that addressingognitive fallaciescalls for authors and pes to slow

down and take time to assess the actual significance (no statisticahghedended) of their
findings; in open contrast with the functioning principles of the research industry that puts a
premium on speed and the associated quantitativeatods.

Discussing such netechnical issues in a HDR project is surely unusual and may seem out
of purpose. Furthermore, | am clearly venturing far outside my research realm, which exposes
me to the very risk of building a biased opinion on subjectw/oich my knowledge of the
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literature is superficial at most. Nonetheless, the functioning of the research industry has a huge
impact on the way | organize and conduct my work; including the scientific quality of my
publications and, most importantly, thaentific quality of the publications of those whom |

will hopefully directly mentor in the future. At this point of my career, it may be tempting to
take for granted such sedkills related to avoiding bias when performing research and
interpreting resu$. The many comments and blogs about this subject in top journals just prove
that one is probably never good enough at this, though. The efforts of universities to include
VXFK UWVFLHQWLILF FXOWXUHY DVSHFWV LQ MMuKeantsdndXUULF
academics are therefore to be commended. Nonetheless, scientists from my generation received
little or no training on such issues during their graduate studies, but must also strive to keep up
with them. All these reasons prompted me inclunleesreflections on how to handle my own
selfbias in the practical part of my project (section 2.8).

[This space if left blank intentionally]
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2. Detailed r esearch proposal
2.1.A synthesis of conceptual and practichallenges in reconciling standard procedures and

environmental realism
Reconciling standargroceduresvith environmental realism is conceptually different from
laboratoryto-field extrapolation of ecotoxicological knowledge in the regulatory context
athough the two are obviouslyelated The former aims at verifying the scientific
underpinnings of standardized procedures against environmental realisms, gathering new
knowledge to correct wrong assumptions and developing more relgvaoédures or
appro&hes without compromising data reliability. The latter is more concerned with how to
use available knowledgérom standardized test$) obtain reasonably accurate predictions of
risks in real field situations. In both cases, it is important to cleafinel what questisare
being askedand to what extent the available tools can provide adequate artewipse
guestionBroad questions suchd&s KDW ZLOO EH WKH HFRV\VWHP HYROXWL
WKH FXUUHQW DQG IRUHVHH D E Ondedx@pdlissecies iRtd se@etaFarziU H V V X
more directly answerable onesd, what chemicals are introduced into the ecosystem by each
presure, what is the expected effect of each chemical). All considered, reconciling standard
proceduresife., data reliability) with environmental realisme(, data relevance) is@mplex
issuecutting acrosshe conceptual, regulatory, management anchadetiogical frameworks
of fundamental and applied ecotoxicological research (BE&g.

7KH ERRN pu([WUDSRODWLRQ 3UDFWLFH IRU (FRWRJ[LFR
& KHP L KS»orvoh et al., 2008dists six necessary aspects to reconcile reliability and
relevance in ecotoxicology: inatrix and media extrapolation, ii) (Quantitative) Structure
Activity Relationship and extrapolation, iii) extrapolation across levels of biological
organization, iv) mixture extrapolation, v) temporal extrapolation, and vi) spatial extrapolation.
The impatance of these practices does not seem to have decreased over time (at least
conceptually) as confirmedhter alia, by the review frorlLuis de S& Samao et al. (2020)
However, the relevance of each practice will depend on the specific conceptual framework of
any given investigation. The conceptual framework, also referred to as problem definition in
environmental risk assessment, will define theresponding management and regulatory
frameworks which, in turn, will drive the development and application of the necessary tools
framework (Fig 13). The relative importance of reliability and relevance can vary depending
on the specific objectives of tlmvestigation.

6LPSOH FRQFHSWXDO IUDPHZRUNV VXFK DV p,V VXEVWDQ|
which apply when searching for substitutes of priority dangerous substances, are more
concerned with reliability to generate data to accurately rankdbtoxicity of substances A
and B (Fig. 13 A,B). Despite their simplicity, such questions are vital for the sound management
of chemicals, because they ensure that a minimum set of reliable data is generated and
|substances needing further risk assessment are idejjEi@dA, 202Q. More conceptually
complex guestions will plot farther along the relevance axis; usually accepting some decrease
in the associated reliability (i.e., an increased uncertainty) (Fig. 13 A). Nonetfiaéesst al]
(2021)successfully answered a very complex question (e.g., why Coho salmon population fail
to respond positively to massive habitat restoration efforts) by using EDA/TIE by progressively
collecting the necessary information along the relevance/reliabilityrzamh. It is therefore
possible to enter any framework (Fig. 13) at the most appropriate point and fill the gaps in
knowledge until reliable and relevant conclusions can be ach{@atchs, 2008Munkittrick |
land McCarty, 1996

For example, the regulation of new chemicals begins with data generation (Fig. 13 B) to
establishing reliable, but often scarcely relevant, acute environmental quality criteria (Fig. 13
C) and moves toward more inclusive and complex approaches whebdseseriteria support
the need for further investigations. At the opposite, overarching legislations or agreements such
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as the Water Framework Directiv@VFD, Marine Strategy Framework DirectiveMSFD or

the United Nations millennium development godis/e for as much relevance as possible by
moving well beyond the regulation of individual chemicals and ensure thetdamg
conservation of functional socecosystems. It is however noteworthy that even such
overarching frameworks ultimately need relalriteria for their enforcement. Thus, the
evaluation of chemical status under the WFD relies on the daughter directive 2013/39/EU and
associated standards. Overall, ecotoxicologists already possess a big set of tools covering
different levels of reliality and relevance (Fig. 13 D), although this does not eliminate the
need for new methodological developments or improvement of existing apprBeliksd ]

let al., 202¢]Escher et al., 202[Larras et al., 2018Major et al., 2020 When using any tool,

the most strategic issue in reconciling standard procedures with environmental realism is
probably to be as wary as possible about type Il eftcaadis et al., 2013 Type Il error

occur when the correct procedures are used to answer the wrong fundamental or applied
scientific questions.

Type 1l errors can be particularly frequent in retrospective risk assessment following
ecosystem degradation or repeated exceedance of quality guidelines or standards. | have
personally participated in a working group involvingutegors, stakeholders, consultants and
researcher to assess the possible risks associated with legacy Hg contamination in Lake
Maggiore (Italy/Switzerland) (see also Part Il, section 4). The investigation should have
focussed from the beginning on issuashsas the potential remobilization into the food chain
of the legacy Hg contained in bed sedimeragy, [Vignati et al. (2020Q) Instead, the
VWDNHKROGHUYVY FRQVXOWDQW LQYHVWHG D FRQVLGHUDEC
elutriates of hundreds of sediment samples collected at water depths > 150 m. Guoritamin
other than Hg could have been present (notably, DDTs, PCBs and-tinexaompounds) and
toxicity testing may have been justified on a somewhat smaller scale. However, neglecting the
key questions of bioaccumulation and biomagnification in relatdtig was clearly a type I
error because the simple absence of direct toxic effects would not have been enough to dismiss
bioaccumulation/biomagnification issues that are the most important in managinggriong
mercury contamination. The error was mucbrenregrettable considering that, at the time of
the investigation, the European Union had already recognized the need to embraekasbibta
environmental quality standard for Hg

[This space if left blank intentionally]
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Figure 13. Examples of the possible positioning of selected conceptual (A), management (B), regulatory (C) and tool (D) frameworks along reliability and
relevance axis in ecotoxicology. RA, risk assessment; EDA, Effect Directed Analysis; TIE, Toxicity Identification Evaluation; SDG, Sustainable Development
Goals; UN, United Nations.
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Figure 13 (continued). EQC, Environmental Quality Criteria; SQG, Sediment Quality Guidelines; WFD, Water Framework Directive; MSFD, Marine Strategy
Framework Directive; GLP, Good Laboratory Practices; OECD, Organization for Economic Co-operation and Development; ISO, International Organization for
Standardization; ASTM, American Society for Testing Material (now ASTM International).
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In the same veipAll en Burton (20174%howed that exclusive reliance on Sediment Quality
Guidelines as a decision tool for taking remedial actions of contaminated sediments was likely
to result in costly mismanagement strategies. Type Il errors may also occur in dasdigener
for new chemicals. This was notably the case for some early ecotoxicological studies on the
effects of nanoparticles and nanomaterials that overlooked the pleysodcal peculiarities
of such substances. Such studies were likely examplemaffdeerrors partly dictated by the
present functioning of research (Part lll, section 1.8), but nonetheless produced data of both
doubtful reliability and scarce relevan{ieetersen et al., 20jLl4Paraphrasing the warning of
[Stout (1993pbout inappropriatelgonstructed monitoring prograngpe |l errors mayeduce
WHFKQLFDOO\ FRUUHFW HFRWR[LFRORJLFDO VWXGLHV WR
collection”

The examples listed in Tables 3 and 4 show that the practical challenges of reconciling
standard procedures widgnvironmental realismyhich include avoiding type Il errors, are
multiple and diverse. Several of those challenges may apply simultaneously, highlighting the
interdisciplinary nature of relevant ecotoxicological research. The outstanding diversity of the
available ecotoxicologicabols and approaches can be appreciated by consulting the entries of
the Encyclopaedia of Aquatic Ecotoxicoloffyérard and Blaise, 200L.3The 104 entries of the
Encyclopaedia span sevkereesearch fields, including chemistry, biochemistry, ecology,
immunology parasitologyand many moreAt first, it may seem surprising to observe that only
a minor part of the available ecotoxicological knowledge is being use to establish the legal
framework for protecting the environment against unwanted effecthemicals However,
many approaches have not yet reached the degree of reliability that is needed to be explicitly
considered in the development of environmental quality criteria {8i§). On the other hand,
all the approaches can contribute to increase data releaadcenust be consideradhen
searching for answers twoad conceptual questions and management need48AgB,C).

It is therefore the task the ecotoxicologist to warn stekigns and regulators about the
limitations or, in worsttase scenaripgnadequacyf standard procedures and suggest ways to
correctly assess environmtal risks.

2.2. Project rationale

Given the breadth and complexity of ttediability vs. relevancéramework(Fig. 13), research

to reconcile standard procedures and environmental realism can be carried out in several ways.
This project will specifically focus on possible approachesdmease the relevancesiindard
ecotoxicologicalprocedureswhile preserving their reliabilityRelevance is ofterassessed
retrospectively when using laboratedgrived knowledge during realorld risk
assessment/risk management prograrhss approach may henderstandabland work well

for legacychemicalghat havebeen extensively characterized over the years, although it does
not necessarily eliminate the need to collect more relevant data during the process. However
prospective risk assessmdot new chemicalshould rather start bgsking KRZ pUHOLDEOI
P HW K éa6 bef madeas relevantas possible to reaborld scenarios by considering the
properties (expected environmental behaviour and ecotoxicity) and planned uses of the
chemicals. The same strategy can be used to effectively fill existing knowledge gapg for a
chemical.

Modifications to standard tests are actually acceptable provided that they are properly
justified and described in detail. The norm ISO 14442 expliciigcussespossible
modificatiorsto thestandard:ed protocol for freshwater algtetest: SRRUO\ VROXEOH PDYV
YRODWLOH FRPSRXQGV HISQYIDG\Sidi@ry,[Zeo¢harhphzlBerd bt
(2014) modified the standard test medium fdgae to avoid the formation of insoluble Pb
complexes that could have hindered the interpretation of ecotoxicological data. Such
modifications can solve potentially important methodological problems and improve the
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reliability of the concentrations. reponse data, although they do not necessarily increase the
data environmental relevance.

Criticisms to standardized ecotoxicological tests essentially points to their inadequacy to
properly simulate realistic environmental conditiqiigible 4), even when thir conceptual
limitations are properly taken into account (TableCB) this basis fte use of laboratorglerived
knowledge to assess field situatiaz@ bequestioned and, ultimately, the overall validity of
current risk assessment procedures and emvienital policies doubted updfor example, the
results (and eventually the EQS) obtained from standardized aqueous toxicity tests are usually
considered conservative (third assumption in T8lee., theyare believed to offer sonsert
of intrinsic seurity factorby creatingconditions of maximum chemical bioavailability and
hence minimizing the risk for false negatives hazard/risk assessmeiithere are however
several instances in which this will not be the case including, butnmtgd to (Tables3 and
4):

- Waterborne exposure is not the main exposure route,

- Biomagnification issues rather than (or along with) direct toxic effects are the main

concern,

- Exposure concentrations are not stable during laboratory testing,

- field situations areharacterized by repeated pubsgosures of variable amplitude and

duration as opposed to the continuous exposure scenarios used in the laboratory,

- Toxic effects of chemicals are increased by additional-(i@mical) stressors including

climate change fated issues,

- Standard endpoints miss more sensitive ones in real field situations.

Careful consideration of these and similar shortcomings can be used to identify general research
guestions to directly improve the relevance of data obtained from starethtdsts. With this
purpose in mind, | have identified a few specific research questions for the present HDR project
(Table 6). While not claning that the proposed questions possess absolute novelty, tladly are
pertinent to encourage research in unelisd or not completely understood aspects of
ecotoxicology.Some of the questions in tal8éhave indeed been on the research agenda for
quite a long time. However, thagmainfar from being completely answered their focus
regularly changes théollowing acquisition of new knowledge or ttappearancef new
(classes) of chemicals the ecotoxicological agend®ther questions have arisen more
recently; notably the ecotoxicology of climate change and difficulties connected with bias in
data generatioand reporting. The proposed questions are just a small subset of all those that
are actually needed to reconciling standard procedures with environmental realisms. In this
sense, they simply reflect personal research priorities. On the other hand gteaffiarently

broad to serve as generators for further conceptual and methodological development.

The member of the present HDR committee will easily notice that the depth of my reflexion
is not the same for each one of the questions. This situationatepe the links (or absence of
links) between each question and my previous research and on the ongoing curve of my
interdisciplinary learning. For each question, | provide some general background context
followed by a few personal, and absolutely 1exaustive, considerations on the subject before
discussing perspective research activities to be implemented in future projects.

[This space if left blank intentionally]
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Table 6. Overarching questions in reconciling standard procedures and environmental relevance.

Overarching questions

Possible research
approaches

Practical suggestions
(including gaps)

What is the most approprial
metric to evaluate the effec
of a given substance ¢
stressor?

¥, Exposure metrics:
x Determine the bioavailabli
fractionin test media,
X Use internal contaminan
burdens.

¥ Response metrics:
x Select different types of
response from organisms,
x ldentify early response
related to later individualor
populationlevel responses.

¥ Verify the tempoal stability of
exposure concentrations over te
duration,

% Combine external and interni
exposure metrics,

YaConsider endpoints ith a
GLITHUHQW UHVSRfQ
feasible.

How to reconcile the timin
of laboratory testing witt
that of fieldexposure?

¥ Investigate how temporal
aspects affect the outcome
ecotoxicological tests,

% Monitor field situation of
interest to identify realvold
scenarios to be studied i

controlled conditions

¥ Use different exposure
scenarios (pulses, continuous),
¥ Adjust exposure duration base
on field monitoring information.

How to account fomixture
exposure?

¥, ldentify field-relevant mixtures
of contaminants includingnon
chemicalfactors

Y% Verify  the  environmental
viability of emerging treatmen
optiors for contaminated effluents

¥ Ecotoxicological geology,

¥% Consider simultaneou
exposure of different oox species
of the same element,

¥% Test effluents for potentia
effect linked with unknown toxic,
by-products.

How to account for matri
effects andiptake routes?

¥% Include relevancenhancing
modificatiors into the composition
of standardized test media

¥ Consider organism ecology ar
contaminant properties in choosir
test procedures and experimen
setup.

¥ Add representative colloide
carrier phaseottest media,

¥ Choose a (clean) natunalatrix
as a reference (important in lar
programmes),

¥% Consider dietary exposure fc
filter and deposit feeders.

How to integrate issues suc
as climate change amiver-
to-sea  continuum in
ecotoxicological research?

¥ Examine the differerdrivers of
responsef each situation.

% Test the most relevant drivel
for their effects,

% Include continuum aspeci
(longitudinal, lateral, vertical
temporal and levedf-
organization) in the problen

statement to aid test design.

How to propely report
results and avoid bias?

¥% Contribute to ensure
verifiable, lasting record of rav
data to allow future checkylpeers
and thirdparties,

¥% Embrace procedures such
electronic laboratory workbooks &
per institutional policies.

. % Storeraw data on institutiona

repositories,
¥ Use online tools such as Scira
to guide reporting results ¢

scientific studies,

¥ Be open in admitting alternat
hypotheses

¥ Evaluate alternative
publications modes when possibl
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2.3. Question IWhat is the mostppropriate metric to evaluate the effects of a given substance
or stressor?
2.3.1 Background considerations
Finding reliable relationships between the level of exposure to a chemical (stressor) and one or
more biological response belongs the fundamental objectives of ecotoxicology. Such
relationships require the measurement of two components: the appliedigsaftiie stressor
and the extent of the biological response at each level of exposure to the stressor. In some
standardized experiments, the range of exposure concentrations chosen for a given stressor is
expected to cover the range betweaenresponseand complete inhibitionof the selected
biological endpoint (see section 2.3.2). However, it is also possible to effectively model
biological responses in term of Benchmark concentratiors & statistically significant
deviation from the control respagjswithout the need to attain a 100% response nor to have
monotonic concentratioiesponse patterr{8aillard et al., 202[)Larras et al., 2038 In any
case, an ecotoxicological investigation typically yields a series of paired expes@sponse
metrics each being, ideally, both reliable and relevant (see section 1.2¢l&\ance criterion
may initially be of secondary importance in fundamental investigations concerned with
elucidating mode or mechanisms of actions, but is a key feature for applied ecotoxicology and
chemical (stressor) managemdsee section 2.1)in the latter case, we should be able to
measure the same metric (or reasonably related proxies of the same metric) in both standardized
laboratory settings and in specific reabrld contexts.

It is hardly a surprise that not all combinations of expossreesponse metrics will be
equivalent in terms of reliability and relevance as a@gfim section 1.2Being able to identify
and use reliable and relevant metrics is a key factor to eventualyZ «’ Y Z>1 —7ZS—'—ee 701

environmental metrics {Merrington et al., 2014} ensuring the desired type and level of
environmental protection. For the sake of completeness, it is important to remember that the
term metric can be used to indicate (legally binding) guidelines for toxi¢afame et al.]

[2014, the atual measurements selected in field monitoring programs for comparison with such
guidelines{Merrington et al., 2014and the actual ways of measuring the conceatrand
response variables to derive anxyB€ benchmark values from a (standardized) test. The third
meaning is the most relevant to this part of the present document.

Given the sheer (and growing) number of chemicals, it is unlikely that we will exaide
to establish environmental quality benchmark values for all of them or to measure all of their
concentrations during monitoring operations. In this sense, using an ecotoxicological approach
to evaluate the chemical status of a water body (sectidh dn2l Fig. 8jetainsa considerable
interest for assessing whether exposure to awedd matrix can cause damage to organisms

DQRG HFRVA\WWHPTV IXQFWLRQV %LRPRQLWRULQJ ZLWK 1
complement the ecotoxicological evaluation by showing if they ateally experiencing

effects due to longerm exposures directly in the fiedBevin et al., 2014 On the other hand,

once the potential for effects has been shotwrec¢omes essential to identify their causes and,

if appropriate, to estimate by how much the level of specific chemicals will have to be lowered

to restore the ecosystem to a situation without cherstcass or within a level of stress
compatible with i functioning(see Fig 6)Once again, standardized (or controlled) tests will

be required for this purpose because society is likely to be unwilling to accept the cost of
remediation in the absence of clear causal links between the present of spegiftalshand

the observed biological effects.

Research on nanoparticles has definitely shown the importance of characterizing as best as
possible the actual exposure level of the target biological model to the chemical of interest
Handy et al., 201Petersen et al., 20jL4In the same period, a panel of ecotoxicologists
explicitly wrote to ‘SYZ1<ZE~" =721 ™>"e>7Z0ee’'YZe¢1-">2Z1E" —EZ>—7Z1§
some published ecotoxicology research{Harris etal., 2014 and defined twelve principles
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of Sound Ecotoxicology. It turns out that the way in which exposure concentrations and
biological responses are expressed are critical for their environmental relevance; i.e. to their
amenability to laboratorjo-field extrapolation. Inappropriate choioglsexposure metrics can
therefore make laboratory results both irrelevant and unreliable. Furthermore, all metrics of
exposure currently used in the regulatory context and in much ecotoxicological research are in
reality approximations for the actual cont@tion of the chemical present at the biological
target site (Fig. 9). Developing methods to determine the bioavailable fraction of a chemical
indeed try to identify the fraction of total concentration most closely associated with the
biologically activefraction and, hence, with the observed responses.

Several biological responses can actually be measured in both laboratory and field
conditions; thus fulfilling, in principle, the ideal combination of reliability and relevance.
Biomarker measurements argjood example of responses that can be reliably measured in the
laboratory on individuals exposed to known chemicals as well as in indigenous organisms
exposed to a complex array of stressors. Reconciling them then becomes a (far from trivial)
effort of exactly identifying the contribution of individual stressors to the observed biomarker
expression. The use of in situ ecotoxicity tes§Bgrton andNordstrom, 2004Crane et al.
[2007a|Ferrari et al., 201Malso allowsto bring to the fieldeliable biological endpoint®(g,
grown inhibition and emergence of model organisms) for relevant measurements in specific
realworld situations. Yet, most of the reliable endpoints borrowed fromatiharatory to the
field are measured at relatively low levels of biological organizateog, (biochemical or
individual). Such metrics deal with the health status of the individual rather than with the
impacts of chemicals at the higher levels of orgdimagpopulation, community, ecosystems)
that risk assessors and risk managers want to protect (Figs. 6 and 7). However, new tools are
constantly being developed to improve our ability in linking individual and population level
responsegCharles et al., 201&oulaud et al., 201f.arras et al., 2030

2.3.2. Some personal considerations on selected metrics of

exposure and response

Reliable ecotoxicological experiments should always include an analytical verification of the
actual exposure concentration to derive meaningful concentesggponse relationships
(Harris et al., 2014Moermond et al., 2036 Relevant ecotoxicological experiments should
(ideally) use metrics that provide direct information as to the bioavailadidizioaccessibility

of a chemical and are equally measurable in both laboratory and field settings. Because
HISRVXUH PHWULFV DUH XVXDOO\ H[SUHVVHG DV D IUDFW
matrix, although the quantity of chemical accumulatedhsytest organism can be a valid
alternative(see sectiorl.?), it is important to understand what kind of information can be
provided by the metric of choice (Fig. 14).

When quantifying chemicals in standardized laboratory test media, measurementk of tota
concentrations simply provide a check against random experimental errors, losses via
adsorption to the walls of test vessels, volatilization or degradation of the test substance. This
may be satisfactory in terms of reliability. On the other hand, tatatentrations are poor
proxies for the bioavailable (and bioaccessible) fraction of a chemical (Fig. 9). The use of total
concentrations can overlook other potential problems linked to the properties of certain
chemicals; notably sparingly soluble organlemicals or trace elements forming chemical
species with limited solubilityBlinova et al., 201BRied| and Altenburger, 20f[WWeyman ef
[al., 2013. In the latter case, the formation species with low solubilityg.g, Cr(OH),
G(C)3) results in the presence of colloidaflized particles in the exposure medium
possibly decreasing the bioavailable elemental concentrgitarchaou et al., 20]§EI-Akl |
let al., 2015|Gonzalez et al., 201pWNilson et al., 201) In such instances, using total
concentrations as exposure metrics would underestimate the potential ecotoxicity of a chemical,
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provided that the precipitate does not elicit itself some kind of eaotesponse in analogy
with engineered nanopatrticles.

Filterable or ultrafilterable@ncentrations may be better proxies for the bioavailable fraction
of chemicals, although the potential pitfalls of both techniques must be clearly understood (see
section 13). Further refinement of exposure metrics is possible by measuring (or modelling)
specific chemical forms such as the free (bleringa et al., 20Q4Leguay et al., 20J6or
specific redox statese(g, Cr(VIl) measurements in addition to total Cr determination). In
conclusion, total concentrations can provide a first check as to the presence of methodological
issues, but will need to be integrated by more refined metriespafsure to:

a) correctly interpret biological responses,

b) ensure reliable conclusions from ecotoxicity testing (i.e., consistent results across
laboratories and test media), and

c) provide the necessary level of relevance for comparison with rigbsifieations.
Additional issues linked with temporal variability of exposure concentrations during the tests
will be discussed in section 2.4. Furthermore, for organisms that actively ingest environmental
particles, the contribution of different routes eposure to chemicals will also have to be
considered (section 2.6).

Figure 14. Example of possible metrics for measuring exposure to chemicals in ecotoxicological tests
with aquatic organisms in relation to matrix components (simplified operational representation) and to
the biological relevance of each metric. FF, filter-feeders; DF, deposit feeders.

Direct measurements of chemical accumulation by organisms used in standardized test can
also be adopted as metrics of exposure. The conceptuaktageaf this approach have been
briefly discussed in section 1.4. By analogy with measurements in exposure matrices (Fig. 14),
total accumulated concentrations simply prove that a given chemical has interacted with the
organism, but provide absolutely mtue as to the chemical fraction responsible for any
observed response. It is also worth noting that the more complex the organism, the less relevant
the total accumulated concentration will be in terms of explaining the observed biological
response. Indek the study of chemical bioaccumulation in complex organigngs fish and
mussels) is often done on afmgan basiOn the other hand, total accumulated concentrations
in e.g, whole fish can be useful to estimate chemical transfer to predators ingesting whole
preys; a regulatory relevant issues for substances such as mercury that are regulated via biota
based EQ%$Zuliani et al., 201p

At a finer scale, the biologically active and inert frans of the accumulated chemical (see
section 1.4)can be distinguished using operationallsfided procedureswhich can have
several advantaggSimbert et al. (20149howed that the kinetics of Hg accumulation by larvae
of the midgeChironomus ripariuscould be better understood in terms of the accumulated
cytosolic fractionice., excluding exoskeletons, gut content and cellular debris from the pool of
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accumulated Hgrather than in terms of total Hg concentrations in whole larvae. The use of the
cytosolic fraction also appears more related to the potential for accumulated chemicals to
undergo trophic transfer from.g, marine algae to copepo¢Reinfelder ad Fisher, 1991

This observation suggests that only a fraction of the total accumulate concentration may be
available for assimilation following the ingestion of contaminated preys; a consideration which
may have also have regulatory implications @eeprevious paragraph). In the case algae, a
distinction between adsorbed and absorbed fractions may also allow to better understand the
concentratiorvs. response relationships; although chemicals may be further fractionated into
biologically inert and etive pools inside the cell\harchaou et al., 20][Crémazy et all,
[20138).

The diversity of metrics of exposure is mirrored by the variety of metrics of respdrese.
response metric measurddring standardizedestsshould providesuitableanswes for the
objectives of the investigation. This criteriomay not be automatically fulfilled iapplied
investigation aiming to establish whether a chemical poses a potential threat underlical
conditions.Standardized tests often provide response metrics at the biochemical, cellular and
individual level of organization; while ecotoxicology is concerned with the protection of
populations, communities and functional ecosystems (Fig. 6). The Advatseme Pathway
(AOP) framework provides a conceptual construct to link responses across levels of biological
organization. While establishing all causal linkages across all levels of organization requires
substantial research efforts and often remainssiw®, populations models are being
successfully developed to bridge individual and populdieel responses for representative
specieqBaudrot et al., 201fCoulaud et al., 2035

In general, a biological response can be aspediG ({t is expressed in the same way
regardless of the chemical or stressor causing it), indicative of a certain general mode of action
(e.g, mutagenicity), orspecific to a peculiar (class of) chemicaésg( interaction with a
specific receptor). Wholerganisms effects such as mortality, growth, reproductive output or
time to emergence in the standardized test with the m@igeonomus ripariusare good
exanples of aspecific apical responses. The sensitivity of these apical responses varies among
chemicals, which usually have different mechanism of action at the molecular level, and among
species for a given chemicglys et al., 201P However, these responses can often be scaled
from zero 6 one hundred percent provided that an adequate range of exposure is selected. On
the other hand, behavioural, biochemical and omics responses are (often transient) expressions
of a chain of events possibly leading to effects at the whole organism leeetliag to the
AOP framework. As a consequence, it is usually not possible to scale themA0&0range
and, in relation to unexposed controls, the response of such metrics can be either positive or
negative. These metrics can however provide usefly earning signs of deteriorating
environmental conditions as well as insights into the mode of action of different substances
(Larras et al., 201)8

2.3.3. Perspective research activities

A considerable part of my previous and current research is concerned with improving metrics
of exposure for trace elements potentially forming insoluble chemeadies in standardized
ecotoxicological test media. Past results specifically showed that, for trivalent Cr and
lanthanides, measurements of total elemental concentration at the beginning of an
ecotoxicological tst is simply a quality control procedute ensure that no contamination,
losses or experimental artefabiave occurredsee section 2.3.2)ts use as the sole metric of
exposureshould therefore be considerdmbth unreliable and irrelevant untdtherwise
experimentally demonstratednreliabiity essentially arise from the progressive decrease of
exposure concentration over the test duration, resulting in the underestimation of actual
ecotoxicity when only total initial concentrations are ugRichpson et al., 20Q3Furthermore,
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colloidatsized species (e.g., Cr(O49r Lnz(COs)s, Ln being any element along the lanthanide
series) can occur even in the absence of visible precipitates or concentration decrease. The
presence of such species will go undetected by total concentration measurements. Irrelevance
follows, in turn, from the dferent speciation of elements in standardized test mawges
natural waters. The BLM or other model constructs can practically address such limitations
(Mebane et al., 2030but do not povide a direct measurement of the actual elemental species
eliciting biological responses in laboratory and field settings. Furthermore, the few attempts to
use BLM to explain Cr(Ill) ecotoxicity have so far been unsucceg3tuig et al., 204 while
limitations exist in its application in the case of lanthaniddsarchaou et al., 202@hao and
|Wilkinson, 2015. Refining exposure metrics in standardized tests therefore remains a worthy
scientific objective.

In practical terms, the ideal exposure metric should combine reliability in standardized test
(i.e. limited variability amongést media and across organisms) withrironmental relevance
(i.e., being measurabl@a the field. Specific objectives for my future research include:

a) Enhanced characterization of the truly dissolved elemental fraction in test media,

b) Direct determinatiorof free ionic species (when analytically feasible) for comparison

between laboratory and field settings,

c) Use of tools for integrating exposure information over time.

The pursuit of such objectives is already technically feasible thanks to the commercial
bioavailability of smalvolume ultracentrifugal units (objective a) and diffuse gradients in thin
films, DGTs(objectivec) (Davison and Zhang, 20{[®artin et al., submittedh). DGTs actually
accumulate various chemical species of a given element, but also provide a degree of versatility
WKDW PDNHV WKHP LQWHUHVWLQJ IRU FRPSDULQJ ODERUD!
technically hindered in the case of Cr; for atiionchromatography ICIRIS provides a
suitable techniqudAharchaou et al., 2018Seby et al., 2003 while further analytical
developments are necessary in the case of lanthanides. Most interestingly, DGTs are available
for trivalent and hexavalent Cr species and have been explored for lanti@sdes al., 2019
[Pan et al., 2015ruan et al., 201B Attention to elemental speciation in test media should be
accompanied by a survey of ttemporal evolution of exposure concentratioaerothe test
duration (see section 2.4). Considering that the propgisecific objectives are not limited to
Cr and lanthanides, | hope that they will generate attention to similar issues for other elements
or chemicals.

Another feature of my past and current research is its strong focus on the model freshwater
alga Raphidoelis subcapitata although | participated in studies using the freshwater
crustaceanDaphnia magnathe midge Chironomus ripariusand the molluscCorbicula
fluminea My interest in filter (D. magnaC. flumined and deposifeeders C. riparius) stems
from the desire to better clarify the importance of different routes of exposure to chemicals,
including dietary exposure, for such organisms (see section 2.6). Furthermore, in the case of
daphnids, the presence of colloiddéed species in standard test raethn also contribute to
elicit the observed biological respongsttelat (2008)showed that specimen &. magna
exposed to trivalent Cr accumulated a significant amount afo@taining material in their
digestive tracts; a situation that can reasonably be expected for other elements forming
precipitates in standardized test medielsas lanthanides. Whether such precipitates may elicit
biological responses remains to be ascertained, but confirms the need for an appropriate choice
of exposure metrics during ecotoxicological testing.

Thermodynamic modelling can clearly provide usehdications about the expected
speciation of trace elements in both agueous and heterogeneous media as reviewed by
|Groenenberg and Lofts (201%)he problem with these models is their limited abilitatcount
for the kinetics of the various reactions controlling elemental speciation. Experimental
verification of model predictions is therefore desirable to confirm the applicability of model
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results in a given (laboratory) setting. Good agreement betaeteial measurements (when
possible) and model predictions opens the possibility toward an improved extrapolation of
laboratory results to real field situations. Under the simplifying but often reasonable assumption
that the free element concentrationadocontrol biological effects, ecotoxicological metrics
expressed in terms of free element in the test medium may provide a reliable and more relevant
metric. On the other hand, modelling elemental speciation in natural waters still presents
substantial lballenges, especially in relation to the exact complexing capabilities of natural
organic mattefTown et al., 201p

In conclusion, one major challenge in reconciling standardized studies and environmental
realism originates from the markedly different composition of exposure matrices in laboratory
vs. field conditions. With comparable information on element speciation in both settings, it
should be easier to establish whether any risk from the presence of an element can be expected
under realistic scenarios. More relevant exposure metrics can also ahswescurring
criticisms about standardized tests using chemical concentrations much higher than
corresponding levels in the field (Table 3). Indeed, while using high concentrations in
ODERUDWRU\ VHWWLQJYV LV QRW DGYL Vdkeamned oyKisa RUJD QL
fraction of the contaminant added to the standard test medium. Labosfteld comparison
should indeed be made based on the concentration of such fraction or its best possible proxy.

With regard to metrics of response, | took feW LVKLQJ WULSVY WKDW PDGH PH
possibility to examine the inhibition of photosynthetic activity along with the apical endpoint
(e.g, algal growth factor) that | have used so far. In particular, the inhibition of the activity of
photosysten 1l (PSII) constitutes an interesting and essyneasure metrics of response for a
key functional process in algae and plgedriguez et al., 20Q0{Buresh Kumar et al., 20jL.4
What makes PSII attractive is its potential use as an-eanging metric for more longerm
responses, including growthhibition. Early warning responses are particularly interesting
when studying chemicals whose concentrations (and speciation in the case of trace elements)
vary strongly over the test duration. In such cases, shortening exposure time may improve the
reliability of the associated exposure metric. So far, | observed that PSII inhibition at 24 hours
and algal growth inhibition at 72 hours seem to provide comparakjev@en the exposure
metric is expressed in terms of pg of Cr per cell (Fig. 15). This folloera methodological
constraints that require an initial algal inoculum of1®° cell mL* for reliable measurement
of PSII activity at t = 0 as compared to the standard inoculum d&%2cell mL? for the growth
test at 72h{ISO, 2013. Further research is however necesseogsidering that Cr(lll)
concentration in standard ISO 8692 test medium for algae can already decrease by more than
60% over 24h. Possible areas for future investigations include pH adjustments and the use of
simplified exposure medium to better contro(IQy speciation and to elicit measurable PSII
responses at shorter exposure time.

[This space if left blank intentionally]
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Figure 15. Example of possible correlations between inhibition of algal growth at 72 h and of
photosystem Il (PSII) at 24 h for cultures of Raphidocelis subcapitata exposed to trivalent Cr(lll) in
standardized ISO 8692 test medium. Inhibition of algal growth was calculated from the decrease in cell
number compared with control algae. (Unpublished data from the author).

2.4. Question 2dow to reconcile the timing of laboratory testing with that of field exposure?
2.4.1.  Background considerations
The simpleexistence of acute and chronic standardized tests shows the importance of time
when assessing the responses of organisms to chemicals. It is therefore somewhat surprising to
observe how the bulk of ecotoxicological research has become entangled in tieE@Ge
values established after fixed exposure times, especially in relation to -hapardisk
assessment purposes. The duration of standardized procedures is actually optimized to ensure
that, in the absence of added stressors, the test medium proptaeal survival and growth
conditions for the test organisms throughout the test. Such choices semnedidbgity well,
but come at a cost in terms of relevance.

A first untested assumption of fixgoine test configurations is that the selected emdpo
reflect biological responses caused by continuous exposure to approximately constant
concentrations of a chemical over the whole test duration. However, changes in exposure
concentration over time scales relevant to test duration may be importaatciase of volatile
or easily degradable compounds or for trace element undergoing rapid hydrolysis reactions (see
section 2.3). If exposure concentrations vary with time, biological responses can reflect either
the exposure to the average chemical comagah over the entire test, partly in line with the
standardassumption, or the effect of the initial concentrafpuise before the decrease in
chemical concentration. The behaviour of Cr(lll), whose filterable concentrations in some
standardized test rd@a approach zero over the test duration, is a good practical example of this
kind of conceptual issugéharchaou et al., 2018

An second consideration concerns the possibility that the similar responses czordedre
at the end of the standard test duration following a-tmaariant, reduced performance of the
exposed organisms throughout the test or fan initial period of stasis followed by a comparable
performance of exposed and control organisms. Recordolgdical responses only after a

115



fixed period {.e., at the end of the test) will not allow to distinguish between the two situations.
Let us consider a practical example based on standardized ecotoxicological tests ferglgae (
ISO 8692) that requireesponses to be recorded after 72h of exposure.

If an initial stasis in algal growth duriregg.the first 24 h is followed by a growth phase at
a rate comparable to or higher than negative controls, the potential of the chemical to induce a
shortterm respnse will be overlooked (full growth recovery) or underestimated (partial
recovery) (Fig. 16). On the contrary, growth inhibition may start to appear after a lag phase of
e.g, 24h so that recording responses only at 72h will miss the potential tolefaheeatgae
for exposures up to a few hours. All such situations may be relevant not only for those chemicals
whose concentrations are not stable over the entire test duration, but also for discontinuous
exposures in real field conditions. It is also natetvy that the exponential growth of control
algae over the entire test duration may be the net outcome of more complex growth patterns
requiring a higkresolution measurements to be dete¢fdtbnburger et al., 2008

Figure 16. Theoretical examples showing how assessment of biological responses solely at the end of
a standardized ecotoxicological tests can miss more complex response patterns with potential
environmental relevance and implications for hazard and risk assessment. The selected biological
response (natural logarithm of the biomass) is for a hypothetical exposure of an algal population to a
chemical over 72 h; i.e. the standard duration of algal tests according to norms ISO 8692 (ISO, 2012)
and OECD 201 (OECD, 2011).

A third aspect related to test time is the actual correspondence between temporal exposure
patterns in the standardized test reatworld situations{Boesten et al., 2007Under field
conditions, continuous exposure to constant concentrations is just one possible scenario among
several other options involving intermittent or pulsed expo$ués de Sa Salomio et gl.,
[202Q. Pulsed gposures consist in one or more concentration peaks of a chemical followed by
periods of no exposure or, better, periods in which the chemical is below analytical detection
limits. The latter option may result in undetected exposure if analytical toalsetdget offer
sufficient sensitivity compared with concentration of potential ecotoxicological concern.

116



Intermittent exposures represent periodical fluctuations in the concentration of a chemical that
remains always measurable over the period of intddesker such exposure patterns, organisms
may have time to recover between two subsequent concentration peaks whose amplitude,
incidentally, does not have to be the same. For sipglse exposures, knowing the resilience

of a population to a chemical mag more important than its resistance to the same chemical.
The ability of standardized test of fixed duration and, theoretically, with constant exposure
concentration to predict biological responses in such conditions requires careful verification
under tyical scenarios or even on a cdgecase basis depending on the extension and
ramifications of the associated research program.

2.4.2. Some personal considerations on temporal aspects in
ecotoxicity testing
The link among time, concentration and toxidg axiomatic in ecotoxicology;e. the same
concentration of a chemical will usually elicit a stronger response as exposure time increases
(Walker et al., 1996 From a fundamental point of view, there is therefore little reason to
neglect the temporalmension of ecotoxicity. From a practical point of view, the generalized
use of EG at fixed time of exposure is however easier to understand. ComparinépiEC
different chemicals after a fixed time of exposure allows their ranking in terms of ecotoxic
patency, provided that comparable metrics are used (see section 2.3). H{iBaa&
(2010) caution that such rankings make sense only for individual model species and for
chemicals showing similar patterns of response in time. Ranking of chemicals based on ET
(effect time;i.e., the time necessary for a given concentration to elicHpargen response)
would require the ecotoxic potency of each chemical to be defined by the combination of
concentration and time. Such time dependency of toxicity could however be easily accounted
for by ranking chemicals on-@mensional surfaces rather than &dimensional plots; in
analogy to figure 1 ¢Fox and Billoir (2013)explaining how to incorporate a time component
in speciessensitivity distributions (SSD). In a simpler walgetproduct of concentration and
time (.e., the dose) could also be used to rank chemicalsdim@nsional plots, while better
accounting for the temporal dimension of expostggesponse relationships. However, this
approach requires some assumptiansg satisfied becausieeobservednfluence of exposure
duration on biological responses reflects the overall outcome of toxicokiaeic
toxicodynamic processes

Toxicokinetics describes the distribution and metabolism of chemicals inside the organism
and their elimination from the organism, while toxicodynamics studies the link(s) between
internal concentration (&éhe target receptor) and effe¢fennekes and SanchBayo, 2013.
Most importantly, toxicodynamics determines if a given chemical possesses or not a threshold
concentration that corresponds to a level of exposure below which no biological response will
be elicited no matter how long the exposure time. However, chentlelbind irreversibly
(.e. IRU WLPHV ORQJHU WKDQ WKH RUJDQLVPYYV OLIHVSDQ
threshold concentration or, otherwise stated, have a threshold concentration of zero. Depending
on the reversibility of the chemicadceptor bond and of the corresponding biological
responseg;oncentrationtesponse relationships will have one of the following characteristics:

i. The response is solely concentration dependent. This happens when both binding to the
receptor and thbkiological response are quickly reversible,

i. 7TKH SURGXFW RI WKH FRQFHQWUDWLRQ DQG WLPH LV D |
reflect both the irreversible binding of a chemical to its biological receptor or the presence
of irreversible responsesdter the chemicaleceptor interaction occurred (and even if such
interaction is reversible),

iii. The response to a given concentration of a chemical is reinforced by time. This occurs when
both the binding to the biological receptor and the associated sespomirreversible.
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These characteristicapply only for chemical that act via receptor binding, but not to those
actingby narcosisThese simpleonsiderationdyased on the revielay| Tennekes and Sanchgz
Bayo (2013) provide the theoretical basis to understand the importance of the time factor in
increasing the relevance of standardized tests. Most interestingly, all the different reilasions
can be described usiniget DruckreyKipfmuller equation:

C*t"= constant

The values oh describe the characteristics of the concentratesponse relationship: time
independence far FRPSOLDQFH ZLWK mEK e BiafereeMmentddetdeet | R U

by time forn > 1 (Tennekes and SanchBayo, 2013. Even without a more complex
PDWKHPDWLFDO WUHDWPHQW LW LV FOHDU WKDW FRQVLGF
chemicals is esseatiin reconciling standard procedures with environmental realism.

Other temporal issues are more linked to-feeddl situations in which pulses or intermittent
inputs, notably of herbicides and pesticides, rather than continuous exposures are the norm
(Ashauer et al., 200[Luis de Sa Salomao at., 202(. Understanding pulse exposures is of
interest because it allows not only to establish the resistance of organisms to agpuifsay
strong a pulse an organism can stand for givertidarbefore getting impaired), but also their
resilience iie., how much and how fast they can recover from a pulse). The speed of recovery
also determines the frequency of pulse that an organism or a population can withstand without
being temporarily or @rmanenti{Copin and Chévre (201/5ound that pulse duration, rather
than pulse intensity was the controlling factor inhibiting the grafttvo algal species exposed
to herbicides inhibiting the activity of photosystem Il (PSIl). However, the same authors
acknowledged that the situation may be different for herbicides showing delayed recovery
phasesturthermorglaviale et al. (20113howed that the responses of periphyton communities
to pulses of PSII inhibiting herbicides could vary depending on the chosen response metrics,
although complete recovery was observed in all cases for pulse exposures of 1, 3 or 7h. The
appearance of delayed effects or the absence of recovery followingegppls®ures have also
been reported, thougBeketov and Liess (200@)oserved delayed effects of thiacloprid on
aquatic insects following a 24h pulse expogéshauer et al. (201j§howed that sequential
exposure to pulses of two insecticides (carbaryl and chlorpyrifos) elicited different responses
depending on the exposure sequgAtenso and Camargo (2016bserved that the freshwater
planariarPolycelis felinaesponded differently to ammonia under continu@udiscontinuous
treatments, with the former affeng more severely survival and the latter inducing stronger
behavioural responses. Such variable response patterns confirm the need for further studies on
the temporal aspect of ecotoxicology. Although continuous exposure could result in higher
lethality among test organisms in the laboratory, the sublethal effects of chemical pulses may
be more environmentally relevant in the long run.

2.4.3. Perspective research activities

The study of pulse exposures seems particularly popular for pesticides and herbicides (see
section 2.4.2), in agreement with their discontinuous application and release during
conventional agricultural practices. Pulsed releases of trace elements camrrooay in

relation toe.g.,artisanal tannery activitiggSzalinska et al., 2013r weathering of exposed

mine stockpile§GunkelGrillon et al., 201§iHoqan et al. (2015howed that Mg pulses could

elicit ecotoxicological responses in different freshwater organisms, although to a lesser extent
than ontinuous exposures. At the opposite, neglecting ptégpdsure could underestimate

the risk of Se to aquatic biofloang and Klaine, 2008Overall, there is plenty of scope to

better consider temporal aspects in assessing the ecotoxicology of traeatejesspecially
considering their variable concentration and speciation as a function of numerous
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environmental factors such as river hydrology and hydrochemistry or seasonal cycles in lentic

water bodies.

Understanding temporal effects of chemicals higsaey led to the development of several
models and to strong criticisms of standard ecotoxicological méEams and Landis, 2016
[Jager, 201lITennekes and SanchBayo, 2013. At present, | do not have the necessary level
of proficiency to incorporate meaningful suggestions for the improvement of such models in
my reflexions for future activities. There are however some aspectshydiliaged to my
research that are unquestionably relevant to the temporal aspects of ecotoxicology; notably the
complex behaviour of those elements whose speciation (and concentration) can show marked
variations during standardized ecotoxicological tests.

One strategy to handle such issues would be to let the test system to equilibrate and then
eliminate the insoluble component before tesfdilson et al., 201) or simply engage in
research to develop BLMs applicable for such elemgkttarchaou et al., 202(Crémazy ef
lal., 20134EI-AKl et al., 201%. On the other hand, one may argue that natural system are hardly
ever at equilibrium They may be considered at a biological steady state when chemical
discharges are continuous and the speciation processes in the recipient environmental
compartment are fast compared to the biological responses caused by a chemical. However,
discontinuousor pulsed exposure can lead to dynamic situations in which the time scales of
chemical speciation and biological responses are comparable. Finally, variations in pH,
conductivity and other master variables (all of which usually happen at the confluemeerbe
two rivers, downstream pousburce dischargers or extreme weather events) will cause
dynamic changes that affect elemental speciation and consequently bioavailability and effect
(see section 1.3). In such dynamic scenarios, a few questions becioteesst in reconciling
standard procedures and environmental realism:

i. How long does it take for a given concentration of a chemical to inducepancent
response in model organisms under continuous exposure conditions?

ii. Do repeated pulses of a chenhilegad to increased ecotoxicity compared with continuous
exposure?

iii. How long do the responses induced by a pulsed or continuous exposure last or, otherwise
stated, how fast and how much can an organism recover when the chemical stressor is
removed?

When ugng algae as model organisms, simulating pulsed exposure may be difficult because
the algal suspension will need to be (periodically) separated from the exposure medium to create
the desired pattern of chemical pulg@spin and Chévre (2016sed centrifugation to transfer
cultures ofScenedesmus vacuolatasd Raphidocelis subcapitati clean test medium after
exposures of different duration to two pesticifd&ber et al. (2019used a chemostat to
maintain an algal suspension at steady state and study the possbte effthe pesticide
chlorotoluron under simulated pulse + continuous exposures. Personally, | have thought of
employing commercially available multiscreen microplates to provide some answers to
guestions i above with regard to Cr ecotoxicity to modaigae. Multiscreen microplates
resemble standard 96ell microplates except that the bottom of each well is equipped with a
membrane filter that allows for mediuranewal while retaining algae on the membrane surface
inside each wel[Radetski et al., 1995 These experimental device offer some interesting
possibilities; notably the three scenarios described below usind) @gn example (Fig. 17).

In a first scenario, algae can be exposed to Cr(lll) under-sextnc conditions with daily
renewal of the exposure solutions. In this way, the concentration of ionic Cr(lIl) can be reset to
its initial value at t=24h and t=#h§remember that Cr(lll) rapidly forms Cr(O3y hydrolysis
2 Aharchaou et al., 2018). At each renewal time and at the end of the test (t = 72 h), exposure
solutions can be recovered for analysis of filterable Cr concentration andwaeigiged mean
of concentration exposure can be calculated. This configuration provides hints as to possible
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intermittent exposure scenarios in real field conditions, although it does not account for
differences in Cr speciation between the test medium and natural waterad@itional caveat

is that the Cr(OH)formed in the exposure medium will be (partly) retained on the microplate
filters. It is currently now known if Cr(OH)are ecotoxicologically inert or not. In a second
scenario, Cr(llspiked solutions can be teb age for different times, recovered by filtration

and then used for exposing algae. For sufficiently long aging times, one can assume that the
spiked solution has reached a steady state with regard to Cr speciation in the medium. In
particular, agingdr 72 h followed by filtration before testing would eliminate most of the
insoluble Cr(OHj nanopatrticles, thus providing hints as to role of such particles in causing the
algal responses observed using standard experimental configuration (see abovg]. A th
scenario consists in simulating a pulse exposure by starting a test according to the standard
procedure, removing (and analyse) the exposure solutions at the end of the established pulse
period and then follow algal growth in clean medium to studgtmamics of algal recovery

Similar configurations can be planned for elements other than Cr(lll) or to study the temporal
evolution of toxic mixtures of selected elements (section 2.5).

Figure 17. Characteristics of multiscreen plates equipped with membrane filters at the bottom of each
plate-well and examples of experimental exposure scenarios for algal suspension.

Questions i can obviously be applied to model organisms other than algae, to
communities of primary producers or even using microcosms configurations with several
organisms. Such questions have a fundamental value and, in combination with appropriate
modelling tools, can improve our ability to incorporate time in the ecotoxicalbgiw@luation
of chemicals. Development of standardized approaches to handle temporal aspects of
ecotoxicology could equally improve the outcome of large efforts to classify the hazard and
risks of chemicalse.g. WKH pFKHPLFDO XQLY Héhv iEfen8dalDAQenByl W KH
(ECHA, 202Q. In the case of widely used chemicals (or in the case of new chemicals) it is
indeed not enough to know how much of the chemical can be safely used, but also how long
and how often. In this sense, we should have access to more information on the exposure
regimes occurring in real field situations to identify representative ecotoxicologically relevant
scenarios for irdepth studyfBoesten et al., 2007
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2.5. Question 3. How to account for mixture exposures?
2.5.1. Background considerations
Standardized procedures have been mostly useltbi@cterizehe effect of one chemical at a
time on one organism at a time, which results in several limitations (see table 3). Although more
investigations on multiplespeciesexposed to individual chemicalsre equally required
(Baillard et al., 202 this section will focus on issues related with the study of chemical
mixtures In manyreaklworld situations organisms wilindeed be simultaneously exposed to
several of chemicalsvith changing relative abundances and for variable tirResticides
formulations are a peculiar case of mixtures that can be assessed as such,tbecalosk
formulation rather than the simple active substance will be purposely introduced into the
environment. Intensive research efforts can eventually idemiifyindividual chemical
responsible for effects at the population levels in the f&ldn et al., 202}, but resolving
mixture ecotoxicity beyond the identificationitf modes of actionstill remains elusiv€Eschel]
[et al., D20). Regulation of mixture ecotoxicity may also need improvement as to the
development of ecotoxicologicaiformationfor several individual substanc
land Faust, 2018

The fundamental understanding of mixte®toxicity reposes on a solid knowledge of the
ecotoxicity of individual components; the objective being to establisther combinations of
chemicals induce additive, more than additive or less than additive responses. How to model
the contribution of ach chemical to the overall mixture effect will depend on the mode of action
of individual components and their potential interactions (Table 5). Detailed discussions on the
strength and limitations of the different models to describe mixture effectg danryl ifHeys]
et al. (2016)Kortenkamp enl. (2007)andLasch et al. (2020)The somethingrom nothing
effectfor mixtures ofestrogenic chemicalSilva, 2002)or other substancd€arvalho et al.}
are good examples of the environmental relevance of mixture ecotoxic@agh
studies confirm thatancentration (or dose) addition can be used to predict the effects of
mixtures of several chemicals with similar mechanisms of action when each one individually
occurs at levels considered as safe. From a regulatory perspective, Directive 2013/39 already
uses a componetiased approach to account for mixture effects of dioxins and diérin
compounds or PAH. In componemased approaches, the toxicity of each component of the
mixture is expressed in terms of relative potency referred to the most topoaods. A single
criterion can then be derived for a group of chemicals with similar mechanism of @teiys]
However, legislation does not yet address mixtures of chemicals belonging to
different groupgKortenkamp and Faust, 201 &lespite evidence that mixtures of substances
with different mechamsims of action, each occurring at levels considered as safe, may
collectively elicit adverse biological responsgarvalho et al., 2014Faust et al., 2003
|[Kortenkamp et al., 2007 Challenges liked to temporal issues, matrix issues, routes of
exposure and representativeness of model organisms obviously apply to mixture assessment
and should be the focus of further resedkbdys et al., 201)6

2.5.2. Some personal considerations on mixture exposures

Compared with the plethora of organic chemicals, the number of existoegd¢lements could

seem by far more manageable for mixture assessment. However, using simple combinatorial
calculus, we can easily calculate the number of possible binary mixtures of the 92 natural trace
elements taken in pairg€., the simplest mixtursituations):

{(te  {tdsdre {tds

%{td, L— R S N
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Where, C(92,2) is the number of combinations without repetition of 92 variables taken in pairs;
I'is the factorial symbol and 4186 is the number of theoretical experiments to be carried out.
Such number is both impractical and unrealistic, besides assuming that the bioaccessible,
bioavailable and biologically available fractions of each element cknden precisely (see

Fig. 9).

Because elements occur naturally, all of them would in principlexist in any matrix
according to their planetary abundances. The presence of anthropogenic enrichments with
possible ecotoxicological consequences couldetbee be easily identified and the mixture of
enriched elements selected for investigation. Similar approaches would be applicable to
elemental enrichments linked to natural cauewenzi, 202p|Minguez et al., 201 In
general, the choice of elemental mixtures to be studied must tteebefanade based on their
environmental relevance.€., two or more elements are frequently enriched in situations of
particular environmental, social and economical interest), environmentaicoorence and
enrichment i(e., lanthanides), knowsimilarities in mode of action, or known antagonistic
effects €.g, Sevs.Hg or Cr(VI)). Note however that the study of elemental mixture can be
somehow biased by the availability of detailed information on few individual elerfiyst]

[al., 2013.

2.5.3.  Perspective research activities

Following my longterm efforts to better characterize the ecotoxicity of Cr(VI) and Cr(lll)
towarda few model freshwater organisii#sharchaou et al., 20]|errari et al., 201|fPonti ef|
lal., 2014|Vignati et al., 201{)Vignati et al., 201p | have become concerned with considering
that thesetwo valence states actually constitute a peculiar case of a binary elemental mixture.
The mechanisms by which Cr(lll) enters cells imo& completelyunderstoodaind may include
internalization of hydrophobic complexes, endocytosis eb&aring particles and transport
mechanisms involving transferr{Beyersmann and Hartwig, 200&hromium(lll) can also
affect membrane integrity{Filice et al., 201R On the other handCr(VI) easily crosses
biological membranes thanks its structural analogy with sulphate aniqiti et al., 2014
andgets rapidly reduced to Cr(lll) in the intracellular environn{¥iiti et al., 2014{Zhitkovich,
[2009. Besides generatingxidative stresssuch reductiorreats a situation in which Cr(l1l)

is the dominant redox formccurring in intrackular environmeni(Fig. 18)andavailable for
interactionwith cellular components including DNAn agreement with the predominance of a
single redox state within cellsve have previously shown that Cr hasieilar intracellular
distribution andnteracts with the same biomolecul@s populations of the alg&@. reinhardtii
exposed tr(VI) or Cr(lll) (Aharchaou et al., 2017Considering that both Cr(VI) and Cr(lll)
may be ofecotoxicological concern, understanding the ecotoxicith@if mixtures becomes a
justifiable fundamental and applied scientific objective.

Unpublished esearch carried out undary supervision showed thabmmercially available
Isotopically Enriched &lutions (IES) carbe successfully used to simultaneously follow the
fate of Cr(lll) and Cr(VI) in both exposure media and model organi{gharchaou, 201)7
The use of IES allows an easy analysis of each redox form by conventioAdISCa least in
the absence of major interconversion reactions between thieder this assumption, model
organisns can be simultaneously exposed to Cr(lll) and Cr(VI) using solutions isotopically
enriched irr°Cr and3Cr(VI). Such solutions are commercially available and can help to answer
two important questions:

i.  What is the combined (mixture) ecotoxicity of Cr(lll) and Cr(VI) to a mantghnisn?
ii.  What is the relative contribution of Cr(lll) and Cr(VI) to the total Cr body burden in the
model organisms and how does this relate to the observed ecotoxicity?

Simultan®us exposurdo both redox forms of Cr is a huge step forward to properly
understandhow this element exerts its effects in real field situatibrdeed Cr(lll) and Cr(VI)
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oftenoccur together in natural environments, albeit in variable proportionst(Sapal., 2014;
McClain and Maher, 2016and both forms can contribute to Cr body burdens in biota
(Semeniuk et al., 2016; Aharchaou et al., 2017) and, eventually, to Cr ecotoxicity in real field
conditions.Complementary research activities in this gem® presented in section 2.6.

Figure 18. Overview of the isotopic approach proposed for studying the effects and bioaccumulation of
Cr(VI) and Cr(lll) mixtures on biota. The extracellular medium is spiked with 5°Cr(lll) and 53Cr(VI). The
latter undergoes reduction to 53Cr(lll) in the intracellular environment. Note that Cr(VI) enter cells via
sulphate transporters, while the uptake routes of Cr(lll) are less understood.

2.6. Question 4How to account for matrix effects angdtake routes?

2.6.1. Background considerations

Standardized laboratory test media have a-de&fined composition, at least at the beginning

of the experiment, to provide optimal growing conditions for the selected model organism. The
controlled medium composition also ensures the necessary reliability tests for regulatory
uses, but is a major traadf in term of environmental realisms. For example, agueous media
for testing with freshwater organisms are hardly representative of natural waters in terms of
major and minor elements content, pHiwstrength, alkalinity and organic carbon content;

all of which markedly influence chemical behaviour in real environment. Investigation of such
matrix-issues{Heijerick et al., 200peventually led to the optimization and regulatory use of
BLM for some trace elments(Peters et al., @1 [Peters et al., 2014 Nonetheless, any
ecotoxicological model reposes on the availability of good quality and arfefact
ecotoxicological data. Obtaining such data for model development and calibration still remains
a challenge for many elemen{Gonzalez et al., 20]#Ponti et al., 2014Song et al., 2014
[Vignati et al., 201Wilson et al., 201}

The second major simplification of aqueous standardized media is the absence of
environmental particles, despite substantial evidence that ingestion of colloids and suspended
particulate matter contribute to contaminant uptake byfittedeposifeedersorganismgsee
section 1.6).Issues of aqueouss. dietary contaminant uptake also apply in the case
standardized wholsediment test@Camusso et al., 20{|Eerrari et al., 201J9where the use of
formulated sediments may miss some sedimentary characteesgcerjanic carbon content,

Fe content) that influence contaminant behaviour and bioavailafflaynpana et al., 2013
[Simpson and Batley, 200)/a
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2.6.2. Personal considerations on matrix effects and uptake
routes
As mentioned in section 2.6.1, one of the most conspicuous differences between aqueous
standardized test media and natural waters is the absence colloids and organic ligands in the
former. The absence of colloidal or truly dissolved organic matter, whi@mnimportant
controlling factor for the bioavailability diace elementgéand other chemicals) under field
conditions(Twiss et al., 200lWorms et al., 2006 has important implications. In some cases,
it does createonditions of maximum element bioavailability during tiestsin line with the
assumption that laboratory tests are conservative (TabftBdugh such situatiomaylead
to overestimate the hazard afchemicglit automatically appés the precautionary principle
andtries to accountor differences in species sensitivity, tiraeales and combined effects
during laboratory to field extrapolatipeeeinter alia]Kostich et al. (2017)However,lack of
organic matter in test medaan favourthe formation of insoluble chemical speciesy( Cr
hydroxidesJanthanidesphosphats and carbonatgsvhose occurrence in reféld conditions
may be limited by the presence of organic ligakis a consequenca, major fractiorof the
element concentration added ttee test medim can quickly transform into poorlgoluble
complexes whose bioavailability is poorly characterifdtiarchaou et al., 2018In the
presence of such complexdke results of standardized tests can underestimatadhel
elemenal ecotoxicity (Gonzalez et al., 20]/Ponti et al., 2014 Vignati et al., 201] At the
opposite, the presence of organic matter can increase the solubilipetsementgMcClain |
land Maher, 2016 making them more mobile in the environment and modifying their
ecotoxicity (Koukal et al., 2008 Twiss et al., 2001l A detailed characterization of the
bioavailable element fraction in standard test mad@natural waters would clearlycfétate
comparison between laboratory results and field monitoring measurements (see section 2.3)
As to multiple routes of exposure, the relative importance of each route will also depend on
the ecology of (model) organisms. For example, the model spEcigparius is a surface
deposit feeder that can actively accumulate contaminants from fresllsieiparticles at the
sedimentwater interfacdFerrari et al., 2019 Other model species suchlasvariegatusbury
head down in sedients and their chemical body burden may be more directly related to
concentration in bulk sedimerfigignati et al., 202p Finally, ingestion of suspended particles
by filter feeders may be an important pathway of contaminants along trophic chains.

2.6.3.  Perspective research activities
Once again, my practical research planscerning the effect of matrix composition and route
of exposures in reconciling standard investigations and environmental realisms are concerned
with improving our understanding of the bioavailability and ecotoxicity of Cr. Specifically, |
would like toinvestigate:
i) how Cr ecotoxicity is affected by the presence of a few standard colloidal phases,
i) to what extent laboratory results in fully standardized media can be extrapolated to
natural situationsand
iii) how ingestion of partickwound Cr can control its accumulation by filter feeders
(e.g.,D. magna and deposit feeders (e.@., riparius).
These perspectivexctivitiesalso exploit the advantages of the isotopical approach described
in section2.5.; atleast forobjectivespyLY] DQG pLLLY
5HVHDUFK RQ DFWLYLW>¥updefl projfedt & Fhe t@EIyHoECL ippabaildbility W
to algae. Standardized test medium will be amended with known amounts of selected colloidal
carrier phases (goethite, aro of colloidal organic carbon, and Mn oxides) to evaluate how
such particles modify algal responses to Cr(VI), Cr(lll) and their mixtures. ldeally, the
concentration of each carrier phase should be similar to those found in representative natural
waters. The occurrence of possible adverse effects of the colloidal on algae and of
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Cr(VD/Cr(lll) redox interconversions in the presence of colloids will be experimentally
verified. For the latter aspect, the use of isotopically enriched solutions will allastitmdish
between Cr(Ill) originally added as such, eCr(l1l), and Cr(Ill) eventually formed following
reduction of Cr(VI) by organic matter or goethite, &@r(lll). Note that the absence of such
interconversions in the standard ISO medium fga@ has already been confir
etal., 201§

$FWLYLW\ pLLYT MRLQWO\ LPSOHPHQWY TXHVWLRQ VHF\
relation to the importance of matreffects on elemental spectati and bioavailability. One of
the conclusions from my previous research is that reconciling standardized test and
environmental relevance for Cr(lll) ecotoxicity requires a much better consideration of its
speciation in ecotoxicological test media to easwmeaningful comparisons with field
situationsln situspeciation should also be characterized to the highest possible level of detail.
Options in this sense can include the use of DGTs, which are also commercially available for
the specific detection of Cr(V{Pan et al., 2015 and of filration/ultrafiltration procedures.
The ecotoxicity of natural matrices can also be directly testedengtlalgae (for filtered and
ultrafiltered waters) and daphnids (for raw, filtered and ultrafiltered waters). Toecoorence
of high level of Ni in mtural ultramafic waters may represent an interesting additional challenge
in relation to mixture ecotoxicity (question 4, section 2.5). At the end of 2019, before the first
Covid-19 outbreak and the following pandemic, we carried out some preliminaryinvtr&
3OXK$Y %WRU VWUHDP DQ XOWUDPDILF HQYLURQPHQW ORFLCL
(Kram et al, 2013. Being naturally enriched in Cr and Ni, ultramafic waters provides suitable
situations to study the bioavailability and ecotoxicological potential of these elements and their
mixture in environmentally realistic conditions.

The use of isotopichl enriched solutions can also help in clarifying the importance of
different routes of exposure for Cr(lll) and Cr(VI), including its trophic transfer &#@malgae
to daphnids or other filter feeders. Because, Cr(lll) is particle reactive and Cigmilyraccurs
in soluble forms(Bobrowski et al., 2004Gorny et al., 2016 it is possible to imagine
experimental set ups where organismssarailtaneously exposed YCr(lIl) -bearing particles
and®3Cr(VI)-enriched solutions. Under the assumption of no redox interconversions between
the two valence state (subject to experimental verification), both isotopes can be quantified in
exposed orgaems after variable time intervals. Such experiments would provide a clear
indication on how much Cr(l1l) and how much Cr(VI) contribute to the total Cr body burden of
filter feeders. Analogous experiments can be conceived for deposit feeders Suctpasus
(Fig. 19).

[This space if left blank intentionally]
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Figure 19. Possible uses of isotopically enriched solutions to distinguish between Cr uptake from the
ingestion of contaminated particles (SPM, suspended particulate matter) or directly from true solutions
in filter- and deposit-feeders.

Other intriguing possibilities arise when considering that intracellular Cr occurs mostly as
Cr(lll) (see section 2.5). Let us consider algae exposedQrlll) and >°Cr(VI), either
individually or as a mixture (and always assuming that no interconversions between the two
occur in the exposure medium). The isotopical approach allows a clear distinction between the
direct accumulation of Cr(lll) from the exposure medium (m/z = 50 in the algalass) and
the accumulation of what was originally present as Cr(VI) in the same medium (m/z =53 in the
algal biomass). Feeding algae with such patterns of Cr accumulation to filter feeders will allow
to investigate how both Cr forms pass from aqueousiceatto primary producers to primary
consumers. In other scenarios, filter feeders could be simultaneously exposed to algae enriched
in ®%Cr(lll) and to solutions spiked wittCr(V1), simulating reaffield situation where Cr(lll)
is taken up by food inggion and Cr(VI) by uptake from solutiqRRoditi and Fisher, 1999
[Wang etal., 1993. On the other hand, | have to acknowledge that Cr(Ill) has been often
considered as an inert tracer of diges]l@nditi and Fisher,999(Wang and Fisher, 1996ut
the issue seems to deserve further sf@divarchaou, 201)7 Furthermore, the proposed isotopic
approach does not eliminate the problems connected with Cr(lIl) hydrolysis and the associated
changes in speciation and exposure concentrations in standard media (see .8¢cEoraly,
colloidal Cr(VI) may also occur in the presenceedj.Fe oxyhydroxides that are capable of
binding anions at pH values high enough to give them a net positive ¢Wéagen and Haack,
[2001). Even with these caveats, the use of speciated stabpéssolutions does offer exciting
opportunities that are surely worth exploring.

2.7.Question 5How to integrate issues such as climahange and riveto-seacontinuumin
ecotoxicology

2.7.1. Afewprel iminary thoughts for the future

The structure of this section differs from the previous ones simply because my vision on such
broad issues is still too limited to propose defensible perspective research activities.
Nonetheless, the synthetic context provided in section 1.7 leaves nbatbaub the need to
incorporate climate changelated issues in future ecotoxicological research. In the same vein,
the overarching challenges toward a healthy environment (as related to European strategies
such as living well within the limits of the plat or the European Green Deal) clearly have a
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systemic character; i.e. they are direct consequences of the presence of humans on the planet
and, above all, of their consumption patterns and associated uses of natural r&dAcks

[2019. Along with globalscale investigations, thever-to-sea continuum therefore represents

an adequate scale to understand and manage the combined impact of several, simultaneous
anthropogenic pressures. The rit@isea continuum is a soeexological concept in which the

societal and economical usesnaftural spaces are superimposed onto the spatial (longitudinal,
ODWHUDO DQG YHUWLFDO DQG WHPSRUDO pQDWXUDO GLPE
details on the importance of rivey-sea continua can be found in the scientific agenda of the

[DanubiusRI projecfor infthis synthesigprepared by the CNRS (in French).

The ecotoxicological challenges in preserving the secadogical integrity of such continua
are easily understood using the DPSIR approach (Driver, Pressure, State Change, Impacts,
Response{Gari et al., 201p TypicalDriversinclude energy production, agriculture, industry,
navigation, and impoundmerg.g, dam construction); each one resulting in several associated
Pressuresuch as habitat fragmentation, alteratibsemiment budgets and inputs of chemicals.
Excessive pressure leadState changehifts from lotic to lentic conditions, modification of
trophic and chemical status) and, eventually, to unwdntedcts habitat losses, impaired fish
migration, accumiation of chemicals in biota, loss of aesthetic values and so on. Appropriate
human Responsesan reverse trends and restore desirable features. Within the DPSIR
framework, climate change represents a global driver superimposed to regional or local ones.
In the same framework, the release of chemicals into the environment is just one of the possible
pressures contributing to the observable impiBuiston and Johnston, 20fL@&lthough a better
global governance of chemicals remains a priqiitang et al., 20231 Along with many other
scientific issues, the conceptual questions discussed in the present HDR therefore bear a certain
significance with egard to both climate change and the rteesea continuum.

Increases in median temperatures and temperature extremes, water acidification, lower
oxygen saturation, increased llww duration (and many other state changes) can all modify
biological respnses to chemical stressors by either impacting the physiological status of biota,
changing the bioaccessibility and bioavailability of chemicals or both. These phenomena and
many others are already occurring and will almost certainly be further amplifiady the 21
century (Burkett et al., 2014 A steep learning curve awaits ecotoxicologists aiming at
evaluating chemical hazard and risks in fluctuating scenarios of different duration and
complexty. In such context, developing a beteptoxicology of resiliendasection 1.2.5) may
help in appropriately handling chemical risk in the long run.

The ecotoxicology of riveto-sea continuum also includes many aspects that | have not
explicitly consicered in the present documerd.d, terrestrial environments, atmospheric
circulation of chemicals, parasitology, immunology). Recognizing the limited scope of this
HDR and to avoid trivial considerations on such complex issues, | will limit myself tefa br
discussion to illustrate how ecotoxicology can be a key discipline in-cutssg challenges
using safe water reuse as an example.

The United Nations World Water Assessment Programme estimates that nearly half of the
world population is already affeed by water scarcity, with a worsening outlook to 2{05g-]

In practice, huge improvements in water recycling and reuse will be necessary to
guarantee safe water for all as well as enough water for all human and natural uses. The
changing river hydrological patterns may lead more frequetatlysituations where the
anthropogenic loads from WWTP undergo only little dilutierg( possible incipient E£g can

be reackd, Fig. 12)or situations where excess rain brings more pulses of untreated sewage,
urban and agricultural ruoff to natural waters. It would therefore be necessary that most
molecules contained in such anthropogenically impacted waters are properly degraded,
although treating diffuse inputs is inherently more complex than handling point sources and
may require other strategies. In particular, effluents from wastewater treatment plants contain
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several recalcitrant chemicals.g, pharmaceuticals, personal care cheats, hormondike
substances) that can contribute to kbegn mixture effects and limit the safeuse of water
for irrigation and drinking purposes. The development of advanced oxidation processes using
photocatalysis is one of the strategies beingeculy explored to tackle this problefinofrano]
let al., 201fLofrano et al., 2018 although some challenges remain to ensure that the sector
will deliver its promised resultd.oeb et al., 2018

What is of interest in the context of the present HDR project is that developing safe
technologies for water reuse implies three distinct steps: the availability ebysdfsign
materials with adequate photocatalytic properties, the development ofermffiaind
economically viable degradation processes, and the production of environmsatally
effluents. While all the three steps are necessary for safe water reuse, ecotoxicology is clearly
most concerned with the third step and, indirectly, with the& bne. The focus of process
optimization has traditionally been the full degradation of the parent compound. However,
increasing evidence shows that the elimination of the target molecule from an effluent does not
necessarily result in the eliminationitsf toxicity because of the possible presence of hazardous
degradation byroducts or of the nanophotocatalytic material added for treatment purposes
(Lofrano et al., 201j8Vignati et al., 202). Ecotoxicology therefore hasm extremely important
role in ensuring that policy development on water reuse will be informed by the best available
science and that polieyelevant research will be carried out timely and effectif@lang

[202]).

2.8.Handling sources of bias

2.8.1. Onthe challenges of FRUUHFWO\ SRVLWLRQLQJ RQHTV UHYV
The present HDR project identifies a few broad scientific questions to reconcile standard
procedures and environmental realism (Table 6) and proposes a number of related research
topics and possible methodological approaches. However, it leaves many relevant issues
uncovered: intraspecific competition, predgpoey interactions, parasitism and
commensalism, variable geographical settings, very short and very long time scales, just to
mention a few. Because the relevance of any given ecotoxicological investigation is-context
dependent (section 1.2), it is vital that all the available informgaod all the information

gaps) are properly considered when evaluating the fifioegsurpose of a specific study. Such
issues has become well recogdisend recommendatisrio properly deal with them already
exist(Agerstrand et al., 201/Moermond et al., 20360n the other hand, we may still need to
develop better frameworks #void bias in data framing and interpretation. How to handle
exceedance d&nvironmental Quality Sindard, or other norregulatory benchmarkprovides

a good example of how bias cauickly and easilycreep ito (reliable and relevant)
ecotoxicological results.

One inherently wrong approach to handle ecotoxicological results, an approach sometimes
usal in news outlet,is to automatically assume that a risk situation is occurring and
management/remedial action is requifeliowing the detection of chemical at a level above
the correspondingnvironmental quality criterion. Considering all the assumgtizehind the
numerical values of EQS and benchmasgh situations simply calibr further research. In
datarich situations, the frequency of the exceedance, its duration, its amplitude and the
presence of other chemicals (possible mixture effectsjressors can groperly evaluated
and integrated with biomonitoring,in( situ) toxicity testing and other approachéy
establishing an appropriatesk assessment framework. In data poor situation, monitoring
programs or modelling efforts can be started to collect more information on the issue.

6 WD WH P HQ WdanQertuK ddibsdaincgsiare detected everywh&é JKW EH XVHIXO
raise awareness a@arpromote more responsibleg(, limited) consumption of chemicals; but
will not assist in establishing priorities for fundamental research on, and environmental
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management of, chemicals. As often reminded in the present document, standardized tests, on
which benchmark values are baspayvide a rather good way &ssess the inherent hazard of

a chemical However,a lot more is required tanderstand if the same chemical, alone or in
mixtures, posea risk in realvorld conditions and, if so, what kind attion is requiredwWhile

many critical situations exist and (chemical) stress is a worldwide cofieefn 2019/UNEP, |

2019, the ecotoxicological literacy must be increasedong the general public and ron
ecotoxicological researchers concerned with the biological implications of environmental
contamination

2.8.2. On some hidden reasons of scientific bias

The advancement of ecotoxicological knowledge and its practical application to the
management of chemicals and other anthropogenic stressors require the availability of reliable
data and an unbiased interpretation of their relevance, implications andications. As |

briefly discussed in section 1.8, the modern research industry can lead some of us to indulge in
guestionable practices, thus creating knowledge biases that can slow down scientific progress
and, left unchecked, result in erroneous risk rganeent decisionfAllen Burton, 201¥ and
possibly public distrust in science.

Because none of us is 100% immune to the pressures of the research industry and its bias
inducing practices, it seems appropriate to conclude this HDR project by acknowledging my
own vulnerability to such pressures and presenting some thoughts on howatdct pny
research from them. Here, | am particularly concerned with the logical fallacies described by
[INuzzo (2015)(see section 1.8) and the potential risks to i) produce biased research and ii)
promote bias among fellow scientists and students f@lcheck pointgpresented below, some
of them being the subject of specialized research, can be considered as a personal commitment
to keep an open eye on issues that are critical to maintain an ethical scientific career and to
teach future ecotoxicologts how to protect themselves against some pitfalls of the scientific
enterprise.

Check point 1 Keep upto-date with scientific prgress | know this seems a no brainer. After

all, it is what we are paid for and also great intellectual fun. Yet, idiailg fight to protect

time for this basic task against a multitude of other obligations generated by research
administration, management meetings, evaluation procedures, scholarly writing to obtain extra
mural funding, teaching and mentoring as well asm¢p mentored (i.e., developing necessary

new skills). The sheer number of articles published every week also adds the challenge to select
those that one may want to read and understand in depth. It becomes all too natural to
progressively narrow readingéeRUWYVY WR D VSHFLILF TXHVWLRQ RI D JLY
FRPSOH[ VFLHQWLILF DUHQD EHLQJ VSHFLDOL]HG LV QHFH
seeing complex environmental problems through adéaerating subdisciplinary filter.

Checkpoint 2. Remain humbland critical about the actual implications of youesearch.
Innovation has become an abused word in the research world. Research agencies, journal
editors and the public seem to be expecting ground breaking discoveries to stem from virtually
any single experiment. It is therefore tempting to overhype (and itialgotasy to overhype)
both the implications of a project proposal and the significance of the associated results.
Disagreee? How about the extearestrial importance of my research on trivalent Cr?
(Trivalent) chromium behaviour and ecotoxicity areiobgly key issues for a safe agriculture
on Mars, where ultramafic regolith (which is Cr and Ni rich) seems to al{diithdnage et al),
2019.

A good way to keep this chegoint in action would be to advertise the 8blaaCha theory
of science according to which discoverin arise by Charge, Challenges or Chétteshland]
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Jr., 2007. While Chance indeed implies stumbling on inaibve unexpected findings
(provided that one has had the time to intellectually train to catch their significance), Charge
and Challenge are based on ldagn efforts of a whole research community. Wanna dance?

Check point 3. Do not think you are on arusade.t happens that some results do not fit into

current theories or go against the current consensus and, yes, | do have my stories on this in
relation to my research on Cr ecotoxicity. So, how do | react when | see a Cr paper that blindly
supports arrent consensus? Do | have the right to jeopardize the paper simply because it does

not consider aspects that | know well? Would my remarks help in improving the paper or
provide a biased opinion on the importance of a marginal issue? Otherwise stateal am
LQQRYDWRU RU D IRVVLO" ,Q KLV P'LFWLRQQDLUH DPRXUHX
6FLHQWLILTXHY &ODXGH $00qJUH PHQWLRQV WKH IROORZ
convinces anybody about new theories, but people die and the youlg\ihip QHZ WKHRULI
{Allégre, 2003. In the meanwhile, keep reading (see check point 1).

Check point 4Do not forget thereal complexity of thbig pictureand the practical challenges

in addressing itNo matter how interdisciplary one thinks of his researohhis vision weall

still seeoverarching scientifissuessomehowfiltered through the lens of thiscipline (or the

few disciplines) we know better. s perfectly normalbut should remember us to remain
objective when interpreting the significance and the ramifications of our latest results. It should
also keep us honest when proposing our ambhres toaddress practical needs answering
project callsThorough documents published by the European Environmental Agency or other
international organization can provide a reality check for positioning our ideas and findings
within crossboundary issue such as ensuring water sufficiency (quantity and quality) in a
changing climate. At the other hand of the spectrum, policy makers, funding agencies and
institutions should also become more germane as to the objectives and expectations of specific
calls o the same issues. Higisk, innovative approaches to systemic challenges come with
no guarantee of results or, otherwise stated, the certainty of obtaining usable results will
decrease the permissible level of innovation within a research project.

Ched point 5.Remember that you cannot do it all right (especially alone) even if it may be
risky and difficult.In this increasingly competitive research world, it is easy to become wary of
GLVFXVVLQJ RQHYV PRVW RULJLQD O sddopdd Qngdmébbdy\elsdr X J K W \
The case of Mr. Jouany and Mr. Truhaut, the two French pioneers of ecotoxicology, is
emblematic(Vasseur et al., 2030and it probably just one example among many others.
Congress presentations featuring complete (and sometiméshedd results may indicate a
creeping climate of mistrust where we fear that outgdte-tested ideas may be stolen from

us. My recent experience in the European project DANUBRJSor the creation of a pan
European research infrastructure on Hsex systemgviww.danubiusri.eu) has helped me to
understand the benefits of large cooperative efforts and of the resilience that it is needed to keep
them on track. All in all, it is always worth to search for help. It is therefore regrettable that
inequality in access to funding andpmrtunities may lead to increased competition instead of
fostering cooperation, in line with similar risks for other societal is§Wsrld Economid]

Forum, 202)

Check point 6Deeply thank colleagues for their bluntest comments and teach yourself to ask
forthem 6WUDQJH RQH LVQITW LW" &RQVLGHU WKH IROORZLQ
science, not on your persorNumber 2: youwill often have an explanation to counter the
comment. Number 3: better to know it now from a colleague than later from a reviewer, a
project evaluator or, worst of all, a tendrack committee.

130



$Shouldit really be or sound likan adhominem commendiscuss itstraight away with your colleagugour
hierarchy and the human resources department; in this order.

Check points 7. Stay ttp-date with theérends (and possiblgitfalls) of the modern research

industry

The modern research industry, with @phasis on quantitative production and evaluation,
pushes the scientific community toward reckless competition and, alas, promotes and
perpetuates suboptimum science and research pragkcesards and Siddhartha, 2017
[Smaldino and McElreath, 20JL6t is therefore up to concerned scientists to stay aware of such
perverse mechanisms, try not to get caught in them and take corrective action when they do.
This kind d concern takes time and commitment (and likely puts the concerned individual at a
competitive disadvantageédwards and Siddhartha (20}afue, in my opinion convincingly

that increasing focus on producttd\ EH\RQG D FHUWDLQ RSWLPXP DFWXDC
VFLHQWLILF SURGXFWLYLW\Y 7KH VDPH DXWKRUV GUDZ D Y
industry fuels unethical behaviour at both individual and institutional levels. Extreme cases of
misconduct such as the submission of scientific articles produced by paper factories (i.e.,
without any actual intervention from researchers) remain, for the moment, a limited
phenomenor{Else and Van Noorde2021). However, quantifying even serious misconduct
including data fabrication and falsification is difficult and the situation may further worsen for
borderline questionable practices including a large range of statistical manipulations of
experimentatlata(Fanelli, 2009 Fraser et al., 2038

Another phenomenon | want to briefly discuss is the increasing concentration of the
scientific citation counts into the hands of a snmalinber of elite scientists. According to
[Nielsen and Andersen (2021he top 1% most cited scientist across 118 disciplines got 21%
of the total global citations in 2015 (up from 14% in 2000). Two contrasting hypotheses are put
forward to explain the phenomenon: i) a worsening situation in which opportunities for new
scientific developments are lost or, ii) a setiproving situation where the excessive number
of scientists on the intellectual market can be reduced without consequences on the scientific
progress. | cannot provide objective evidence to support none ofypathbses. From a
subjective point of view, | do however see a discomforting analogy with the tendency of global
wealth to become progressively concentrated into the hands of 1% of the world population. At
the end of 2019, 1% of the world population he3d444 of the total world wealth, with similar
differences occurring within countri¢Shorrocks et al., 20230If science is a highly stratified
social system, as stated in the incipifiNiélsen and Andersen (202ijcreasing such social
inequalities is unlikely to do any good to the scientific community as a whole. This (untested)
opinion is not meant to advocate a system without any competition; a shstemilt probably
result in a path where scientific productivity is not at its optimum in both terms of quantity and
guality. On the other hand, excessive competition will selsttategist, opportunistic scientists
capable of adapting to rapidly changiscientific fashions and political priorities at the
expenses of those who may be well capable of building their own innovative scientific niche if
allowed the necessary time and resources.

Many less competitive scientist often have short scierddreersi(e., are forced to leave
academia). However, they often make significant contributions to the research priorities of other
scientists without being ever given an opportunity to develop a research agenda of their own.
Although many of them find ber rewarding professional paths, we could wonder why
universities are forced to churn out as much as PhD as possible to maintain their status, ranks
and resource levels, while perfectly knowing that they will be unable to provide even temporary
jobs for nost of those PhD. Embarking in a PhD will provide the concerned individual with a
range of soft skills that are highly useful in the job market as a whole. Nonetheless, a high
QXPEHU RI XQHPSOR\HG 3K' DOVR FUHDWHV D HghwHUYTV PD
qualified individuals whose intellectual capital may be lost to jobs that require less

131



gualifications. Begging the pardon of the committee members and or the école doctorale, the
pressure to increase the number of HDR in laboratories to keep @asegrresource level may

go down the same slippery slope. In particular, it remains to be seen whether the number of
available PhD scholarships will increase quickly enough to allow each HDR to be paired to at
least on PhD student. | refrain from linkinl these potential pitfalls of the modern research
industry to the nej#rench law on researfbr the simple reason that | have not read the law in

full at the time of writing.

Check point 8 Master citation indexes

When a measure becomes a target,
"e1EZS®eZel1e 1<Z21S1e " e1-7S0e7>210 ""¢'S>e el S (

It is probably correct to assume that highiied scientists are those making the highest impact

in their fields. It is equally correct to caution that tegted scientists may be working in smaller
research communities, publishing in outlets other Hzdolarly journals, or in languages other

than English. No matter how you look at them, some bottom questions about citation indexes
remain however unanswered: are high citation counts identifying the best science or the best
scientific competitors? All dter things being equal, is a scientist with 100 publications and an
h-index of 40 more impactful than a scientist with 35 publications andiaaex of 357How

do youaccuratelyweight the contribution of the'hauthor in a list of >10 cauthors? Ad,

above all, how can we make sure that citations are appropriate? Are citation counting the impact
of an idea or are they counting something else?

According tdWerner (2015) citations can have differenugposes: provide context and
background, make reference to previously published methods, credit previous results, propose
improvements. They can also be out of purpose or manipulated in a variety
[2014[Van Noorden and Chawla, 2019n January 2019, | became curious to evaluate who,
and towhat purpose, had been citing one of my papers that | consider sufficiently thought
provoking (i.e., Vignati et al., 2010). The main message of the paper was (or should have been)
WKDW p&U ,,, FDQ EH PRUH WR[LF WKDQ WX ®\T DEWG WWKCHVL V
the paper had 60 citations according to Google scholar. The question is not if the paper is highly
cited (which actually is when you choose the correct index; see below), but rather if the paper
managed to be cited for its main messagespired further research on the topic (including
criticisms and results opposing its conclusions).

Based on my very informal analysis, almost half of the citations turned out to be irrelevant
(i.e., the paper was cited out of purpose in the intradoaif the citing article). Some citation
actually made reference to my paper in support of the hypothesis that Cr(VI) is more toxic than
Cr(lll) (Fig. 20). This may reflects my inability to properly structure the message of the paper
or, more optimisticdy, the good review of the previous literature contained in the paper (credit
to Simon Devin, Professor of ecotoxicology at LIEC for this interpretation). Considering the
number of irrelevant citation | see when reviewing articles before publicatiopetisisnal case
is unlikely to be exceptional and points to the need to better verify the relevance of the cited
literature during the peer review process.

& O D U L YvW.¢h@vate.com KDV UHFHQWO\ GHYHORSHG D QHZ WI
FDSDEOH RI WDNLQJ LQWR DFFRXQW WKH ZHLJKW RI D JLYH
hails it as a new tool foesponsible research evaluatioiiccording to such beamplots, Vignati
et al (2010) ranks in the top 13% most cited paper in the specific field (as | write in April/May
2021); which is not too bad considering my overall scientific significance. On the other hand,
given my simple personal citation analysis for this paper (Fig.tB6je is not necessarily a
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reason to rejoice about my research on Cr being that influential, but | leave the readers to
develop their own conclusions.

Figure 20. Self-appreciation of the citation pattern for Vignati et al. (2010). The total number of citations
was split into sub-categories to verify if reference to the work could be considered as appropriate with
respect to the main messages of the paper (see upper box on the right). General irrelevant, inappropriate
reference in the introductory part of the citing paper (see lower box on the right), General relevant,
appropriate reference in the introductory part of the citing paper, Main message and Criticism/improve,
most impactful citation either supporting the main message or constructively using the limitation of the
paper to justify new research, Chinese language, references in Chinese language (unable to evaluate),
Unable to check, no access could be obtained to the full text.

Check point 9., FDQQRW VWRS WKHP EXWéarningZ RXpiftlv VWRS WU\
thoughts]

Considering what follows, it is important to remind that these thoughts are primarily addressed

to myself and open to discussion. Some statements raflect personal bias due to an
incomplete knowledge of issues that are outside my research field (although they are very
present in my everyday scientific life).

In the modern research arena, it is impossible to be bdiigkit but one can constantly

improve at being bullshivise (see section 1.8 for a definition of bullshit in the content of this
document). Here is a very incomplete list of some tips that should accompany my research years
as a (hopefully) HDR holder:

- When chairing a selection or euation committee, avoid making any decision based on
numerical indicators of any kind. This is a way to reinforce a culture of productivity, not
a culture of scientific excellence.

- When submitting an article, take time to make things easy for the reviewers. Preparing a
good cover letter and abstract to avoid upfront rejection is a service to yourself and the
community. However, actually submitting an advanced draft of a manuscyjuW R puJLY H

LW D WU\ DQG , ZLOO IL[ LW LI WKH UHYLHZHUV DVN IRU
onto bona fidecolleagues. Remember that submitting a paper with shortcomings you

have spotted (but really do not have time to fix now) is a quesi®paactice. And both
DWWLWXGHYV DUH zZzD\V WR UHLQIRUFH RQHYV VFLHQWLI
side of the bullshit/ndoullshit divide.
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- When reviewing an article, take time to make things easy for authors by providing
detailed and constrtice comments. In the absence of specific suggestions, comments

LQ WKH YHLQ p7KH UHVXOWY VHFWLRQ VKRXOG EH UHYL

a cursory review potentially leaves important shortcomings uncorrected, delays scientific
progress \ad is a way to indirectly contribute to the natural selection of bad science
Smaldino and McElreath, 20)L6
- When responding to the reviewer #2 who sent 6 pages of comments packed with practical
suggestions and references (not his own), thinkstih&t has devoted his/her (weshd)
WLPH ZLWK D VLQFHUH GHVLUH WR KHOS LPSURYLQJ
concerns (and resubmitting the same manuscript without correction to another journal)

because of the need to publish it quickly, is a WWR «ZHOO«EHLQJ XQSURIF

besides ungrateful. It may also contribute to increasing the circulation of bad science if
the paper manage to skip through the peerew filter with its shortcomings
uncorrected.

- When acting as editor, take time to make dgieasy for authors and reviewers (and |
know that many editors are scientists devoting time in a service to the community).
&KHFNLQJ FRPSOLDQFH ZLWK MRXUQDO IRUPDWWLQJ JX
importantly a reviewer may indeed suggesttiorten a paper to eliminate redundancies.
On the other hand, screening initial submissions against a word limit is a way for
publishing companies to promote salami slicing, encourage submission of the least
publishable units and get more article proaggsiharges (longife Plan S).

- When discussing where to publish the results with your students, think about the match

EHWZHHQ UHVXOWY DQG WKH MRXUQDOTV WDUJHW DXG

primary basis of impact factor reinforces a cultafevaluation based on scientifically
meaningless numerical indicators that can be tamperedBiibioli, 2019.

This list of checkpoints could continue for much longer and quickly get tedious. | therefore
SUHIHU WR GUDZ D FRXSOH RI pRRUD@Vchahglig RPheD&&ardlv KLV
industry starts with admitting that its function in not optimal and with discussing what needs to
be changed in the interest of science. The second one is that getting unconsciously caught into
guestionable research priaes (shall we call it bullshitting?) may be easier than most of us
think; as opposed to serious misconduct. It is therefore important to keep an open eye on such
practices, practice setforrection when needed and preach the no bull**** path to fellow
colleagues when necessary; none of which if easy and all of which idnseiming. A third
point is that we are becoming aware of the perverse incentives of science industry, but often do
not yet have practical alternatives; as pointed o[fregoning (2018g)n relation to the use of
impact factors by selection committees who are often forced to apply quantitative criteria as per
institutional requirements.

To conclude this politically incorrect portion of text, it is dutiful to admit thamn pretty
much satisfied with the way these career issues are handled at my current institution; especially
at the laboratory level. | am very sympathetic with all those who strive daily to reconcile the
advancement of science with a set of criterianggyto kill it. This does not mean that things do
not need further improvement and my personal checkpoints might somehow contribute to kick
off discussions in this sense.

[This space if left blank intentionally]
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3. Concluding remarks

Considering the grvasiveness of chemicals in our everyday (E&A, 2019|UNEP, 2019,

the ecotoxicological research will continue to play a central role in their effective management
for a long time. The last annuaport on the Integrated Regulatory Strategy of the European
Chemicals Agency has identified nearly 300 chemicals as candidates for regulatory action and
many others in need of more ecotoxicological informafB8HA, 2023. At the same time,

the steady demand for raw materials will continue to sustain the need for additional research on
thebiogeochemistry of several trace elements. The scientific questions proposed in the present
HDR project should therefore retain their pertinence in the medianohlongterm, especially

when it comes to temporal patterns of exposure (Question 2), mixtecesgQuestion 3) and

the importance of different uptake routes (Question 4). These three issues are also necessary to
understand and manage more comprehensive challenges such as the ecotoxicology of climate
change and of rivetio-sea continua (Questids). Finally, improving metrics of exposure and
response (Question 1) is one of the core objectives of fundamental ecotoxicological research.
Given such context, | have reasonable hopes for considering the questions proposed in the
present HDR (Tables 6 ang as appropriate for the development of future research projects.

Each one of the proposed question is actually broad and complex enough to sustain a career
long research on its own. However, only their combination can provide a minimum
understanding othe factors that govern the geochemistry and ecotoxicology of chemicals in
real field conditions. This does not mean that research funding should be directed almost
exclusively toward the solution of known practical, and often pressing, environmental issue
Rather, laboratory results ought to be systematically questioned for their actual relevance in
typical reatworld situations, so that advances in fundamental ecotoxicological knowledge can
be rapidly used to tackle societally relevant problems. Becawgeod 50% of my research
activity at LIEC has revolved around the ecotoxicology of chromium, | plan to start the
implementation of the present HDR project by applying some of the proposed research
guestions to advance current knowledge on the actualdhazdrmisk of this element (Table 7).
However, the proposed questions and the experimental approaches can serve as generators to
address similar problems for other elements and chemicals.

From an ecotoxicological point of view, chromium can be considebbathay mixture of its
two most commonly occurring redox states, namely Cr(lll) and Cr(VI). The study of the
Cr(ll/Cr(VI) mixtures has never, to the best of my knowledge, been attempted so far. This
knowledge gap may partly follow from Cr(lll) having lprbeen considered of scarce
ecotoxicological concerfAharchaou et al., 20][®onti et al., 201} In thejust-funded EC2CO
project BRexIst (Bioavailability and ecotoxicity of redox sensitive elements to biota: a stable
isotope approach)l, propose to use solutions enriched with the speciated stable isotopes
S0Cr (1) and 3Cr(VI) to startinvestigations orhis subject The BRexIst project addresses
guestions Q3 anQla (Table 5) related to exposure metrics in terms of aqueous matrix
concentrations and in terms of accumulated Cr by the freshwatd&abdpgdocelis subcapitata
| hope that this project wiserve as a basis for more comprehensive investigations in the future.

A project using Cr isotopically enriched solutions to study the mechanisms of toxicity and
uptake of Cr(lll) and Cr(VI) mixtures using cell culture obtained from the zebrdiighi¢

rerio) has been subnétd to the ANSES (Agence nationale de sécurité sanitaire de
OYDOLPHQWDWLRQ Gidtrev§ili QhelptbRe @ tedP by Y Mteht WORMANT
(Maitre de Conférence at LIEC) whom | will assist for all the aspects specificaltgadb the

use of stable isotopes.

The stable isotope approach could also be used to understand how uptake from dietary and
dissolved routes contribute to the total Cr body burden of-faied depositeeders such as the
crustacearDaphnia magnaor the midgeChironomus riparius respectively (Table 5, Q4).

While employing stable isotopes to elucidate element uptake by organisms is not unprecedented
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(Croteau et al., 20][Croteau et al., 2007the (future) commercial availability of isotopically
enrichedsolutions for different redox states of the same element could open new possibilities
of investigation. Indeed, several elememg{( As, Fe, Sb, Se) have more than one oxidation
state of ecotoxicological relevanfidason, 2018Schiavon et al., 203 &lthough the approach
may not be viable in the case of As which has only one stable isotope; an unfortunate occurrence
given that the differences in the ecotoxicity of As(lll) and As{W)ang et al., 2015

The binary Cr(ll)/Cr(VI) mixture can be extended to include Ni (Table 5, Q3), thus creating
controlled exposure scenarios most relevant to ultramafic environments where both Cr and Ni
can occur at levels of ecotoxicological concgB&wenzi, 202(]Minguez et al., 2031 A new
cooperation wh the Czech Geological Survey (CGS) will allow easy and regular access to a
representative ultramafic environmdkiram et al., 201Novak et al., 201)7for validation of
laboratory findings using speciation measurements in situ and natural agueous matrices for
ecotoxicological testing (Table 5, Q4). In this vision, questions Qla, Q3 and Q4 can ensure an
appropriate combination of continuity and innovatio my research during the first pd$DR
years. Question Q1b could find its place as a side project in this general program, especially
considering that | have already done some preliminary work on the inhibition of photosynthesis
as a metric of respoesgsection2.3.3).

Table 7. Summary of the scientific questions discussed in the present HDR document along with
possible funding sources and tentative timelines. Some questions (e.g., Qla and Q3) are currently being
implemented and will serve as the basis for related research in the medium-term. In some cases,
additional brainstorming efforts are still necessary to choose the best way to actually implement selected
aspects of a given question.

(& &2 SURMHFW FDOO p(FRVSKgUH FRQWLQHQWDOH HW F{WLqUHY IURF
funded by CNRS; ANSES$JHQFH QDWLRQDOH GH VpFXULWp VDQLWDLUH GH OYD
travail, eLTER, LongTerm Ecosystem Researdh Europe; MRSEI, Montage de Réseaux Scientifique

(XURSPHQV RX ,QWHUQDWLRQDX][ )UHQFGuri$ Astiond6&$ ODULH 6NARGRZVN

Question Q2 can be approached from both a standardized and enviromeedgal
perspective (Table 5). In the first opticexposure times and pulpatterns would be chosen
based on practical constraints (e.g., daily renewal of solutions) or scientific curiosity. For the
second option, information on the temporal changes of ambient chemical levels and speciation
will be recquired. Two master thesis have already confirmed the experimental feasibility of using
multiscreen plates for periodic medium renewal or for testing aged solutions using freshwater
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algae in standardized laboratory conditions. Similarly, a preliminary &i@tdpaign in the
XOWUDPDILF 3O(Kid ¥t &, RQA1PEaB sbhfipmed that DGT for Cr(lll) and Cr(VI

can be successfully deployed to obtain information of Cr speciation Higkebtonditions. A
proposal for two field trips to the same site has just been funded under the umbrella of the
European Research Infrastructure eLTER and | do hope that iseca@m as a basis for an
International Emerging Action (IEA) funded by the CNRS to be submitted for 2023.

More complex questions related to the ecotoxicology of climate change andorsea
continua (Table 5, Q5) are presently at the brainstormages It is however appropriate to
mention both issues because they provide the general framework to addressrngng
ecotoxicitymodifying factors i(e., temperature increase or water acidification related to
climate change) or the changing pressures to which organisms are exposed alongea river
continuum. Furthermore, framing specific ecotoxicological questions in broader frameworks
will help in identfying ecotoxicological issues and situations of general interest. In practice, |
DP FXUUHQWO\ FRQWULEXWLQJ WR WKH GLVfowWwaALRQV RI
FRQWLQXXPY $W WKH WLPH RI ZULWLQJ ZH K iittheGHQWLIL
discussion: i) extreme events (floods and extended droughts) related to climate change as
modifying factors of chronic pressures and ii) contaminardrganisms interactions along the
soil-water continuum. The ecotoxicological problems linkedthe removal of recalcitrant
compounds from the effluents of municipal wastewater treatment plants (see section 2.7) could
constitute another interesting research axis related to Q5. Whether it will be advisable to submit
research proposals to calls bues MRSEI (Montage de Réseaux Scientifigue Européens ou
,QWHUQDWLRQDX[ RU 06 &G&urieDArtibhd) aBol ddpendsZov thb research
priorities of other researchers with whom | am currently working and requires further
discussion.

Finally, the toSLF p+RZ WR KDQGOH VRXUFHV RI ELDV VHFWLR
remainder of my research career and, for this reason, has not been assigned a specific timeline
in table 5. In response to my own criticism to the modern research industry, | kiedde
MRLQ WKH Q [P&0OQorkmbkitd WEIVGn Hcotoxicology and Environmental Chemidiry
This initiative (along with other analogous PCI groups) tries to break away frammoblems
of the current publishing system, notably the lack of transparency of the peer review process
and the need to publish in (higinpact factor, payperview or payperpublish) journals to get
credit for a given piece of work. In the PCI systemy submission will undergo an open and
interactive peereview process and eventually receive a unique digital object identifier (doi).

In this way, an article prprint and the associated data initially uploaded onto open access
repositories (e.g., HAlhttps://hal.archivesouvertes.f) will become a fullycitable item having

undergone a full peaeview as it is the case for journals owned by publishing companies. Due

to career considerations, the authatin a full right to submit the reviewed manuscript, as
MUHFRPPHQGHGY E\ WKH 3&, WR D WUDGLWLRQDO VFLHQWL
mandatory under the PCI rules.

Without being too naive about the changes that this approach maydmiagd, | do hope
that it will attract some attention. Junior researchers will probably have to weigh the pressure
for openaccess publication against the need to comply with recruitment or-teackecriteria
based, among the others, on journal impactors. On the other hand, senior authors having
already achieved a solid scientific reputation may choose such new publication outlets to
publish inspirational review papers and pave the way for further changes in the way we publish
and evaluate our remeh The following quotation of thdextended Epsteikleisenberg
Principle seems an appropriate way to conclude this document and to protect my credibility
against changes and delays in the research schedule proposed in table 5:
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In an R & D (Research anBevelopmerjtorbit, only 2 of the existing 3 parameters can
be defined simultaneously. The parameters are: task, time, and resources (money).
1) If one knows what the task is, and there is a time limit allowed for the completion

of the task, then one canrot guess how much it will cost.

2) If the time and resources are clearly defined, then it is impossible to know what
part of the R & D task will be performed.

3) If you are given a clearly defined R & D goal and a definite amount of money
which has been calculated to be necessary for the completion of the task, one cannot
predict if and when the goal will be reached.

4) If one is lucky enough to be able to accurately define all three parameters, then

what one is dealing with is not in the realm of R & D.

This version of the EpsteiHeisenber principle has been copied from the freely accelsteet pagdof the
School of Mathematical Sciences of the University of Nottingham).
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