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Avant propos

Avant propos

Suite a la catastrophe de '’Amoco Cadiz en 1978plerernement francais a institué les plans
POLMAR (POLution MARIitime). Ces plans POLMAR (fardgaactuellement partie des plans
ORSEC, décret n° 2005-1157) constituent des pldimen/ention en cas de pollutions
accidentelles des milieux marins. lls permettemh&bilisation et la coordination des moyens
de luttes au niveau national. Les deux principtéebniques de luttes en mer décrites dans
ces plans POLMAR sont (i) la récupération mécanidaela nappe de pétrole et (ii) la
dispersion chimique de celle-ci par I'applicatiom dispersants (produits a base tensiactive).
Cette derniere méthode permet le transfert depaade pétrole de la surface vers la colonne
d’eau, sous forme de gouttelettes d’hydrocarbubgssi, la dispersion chimique évite un
échouage de la nappe sur le littoral mais augmnteatsitoirement le risque d’exposition des
écosystemes aquatiques cétiers aux hydrocarbufesd&valuer I'impact environnemental
de cette technique de lutte en milieu cotier et,lpade contribuer a sa réglementation, le
projet DISCOBIOL (DISpersant et techniques de kita milieu COtier : effets BIOLogique
et apports a la réglementation) a été mis en paegrojet, d’'une durée de 3 ans, a répondu a
une offre de lI'agence nationale de la recherche RAMans le cadre du PRogramme
ECOtechnologies et Développement Durable (PRECOBPDa impliqué les partenaires
suivants : I'Université de Bretagne Occidentale JBle Centre de Documentation et de
Recherche sur les pollutions accidentelles des é@adre), ’Agence Nationale de Sécurité
Sanitaire (Anses), L'Université de La Rochelle (L& les groupes pétroliers Total et
Innospech.

Ce projet se divisait en trois phases principales :

(i) La premiere phase consistait en une caract@nrsae la toxicité d'une nappe de pétrole
dispersée dans la colonne d’eau.

(i) La deuxiéme phase permettait de transposempriablématique dans son contexte
environnemental notamment en évaluant la toxicitéhal nappe de pétrole dispersée en
interaction avec le sédiment.

(i) La troisieme phase de ce projet consistaitl@rcréation d’'un réseau d’experts sur la
thématique des dispersants en zone cétiére. Aug dee résultats obtenus dans les deux
premieres phases, ce groupe de travail avait potirde réglementer l'utilisation des
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Avant propos

dispersants en zones cotiéres mais également ddhésen les politiques d'utilisation des
dispersants a I'échelle européenne.

Cette thése de doctorat, effectuée dans le cadree dtonvention tripartite entre le Cedre,
I'Université de La Rochelle et le Conseil Général@harentes Maritimes (CG17), integre la
premiére phase de ce programme de recherche pelisga’pour but d’évaluer la toxicité de
I'application de dispersant sur un organisme pélagides écosystémes aquatiques cotiers, le
mulet (Liza sp).

Ces travaux de recherche ont été financés par 1elCAQ'UMR6250 LIENSs et 'ANR
PRECODD DISCOBIOL.

Les résultats de ces travaux de Doctorat ont faljdt d’articles scientifiques et de
communications scientifiques présentées dans deg&® nationaux et internationaux sous

forme de conférences et d’affiches:

Articles scientifiques

Liver antioxidant and plasmatic immune responseguirenile golden grey mulletL{za
aurata) exposed to dispersed crude @il.Milinkovitch , A. Ndiaye, W. Sanchez,
S. Le Floch, H. Thomas-GuyoRublié dans Aquatic Toxicology (if: 3,1)

Acute lethal toxicity and bioaccumulation of polgtig aromatic hydrocarbons following
dispersed oil exposurd.. Milinkovitch , R. Kanan, H. Thomas-Guyo8, Le Floch.Publié
dans Science of the total environment (if: 2,9)

Toxicity of dispersant application: antioxidantpesse in gills of juvenile golden grey mullet
(Liza auratg. T. Milinkovitch , J. Godefroy, H. Thomas-GuyoAccepté avec révision dans
Environmental pollution (if: 3,4) et sous forme ig&

Effect of dispersed crude oil exposure upon theabwic scope in juvenile golden grey
mullet (Liza auratg. T. Milinkovitch , J. Lucas, S. Le Floch, H. Thomas-Guyon, C.
Lefrancois.Soumis dans Ecotoxicology and environnementalyséfe®,2)

Exposure of golden grey mullets to mudflats conteatad with dispersed oil using intertidal

mesocosms. M. Richard, Milinkovitch , M. Prineau, F. Caupos, J. Godefroy, H. Thomas-
Guyon.Soumis dans Environmental Pollution (if: 3,4)
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Présentation orales

Antioxidant responses in gill and liver of golderegmullet Liza auratg following exposure
to chemically dispersed crude oll. Milinkovitch , J. Godefroy, W. Sanchez and H. Thomas-
Guyon.Fish Biology Congres8arcelone, Espagne (2010).

Effects of a chemically dispersed crude oil upaw ¢hrdiovascular physiology, the metabolic
scope and the innate immune function of Juvenilelego grey mullet l(iza Auratg. T.
Milinkovitch, N. Imbert, C. Lefrancoignd H. Thomas-GuyorwWorkshop ANR PRECODD
Discobiol Brest, France (2010).

Discobiol Program: Investigation of Dispersant useCoastal and Estuarine Waters. F-X.
Merlin, S. Le Floch, J. Arzel, M. Théron, G. Clatx, M. Dussauze, C. Quentdl,
Milinkovitch , H. Thomas-Guyon, T. Crowe, P. Lemaire, D. DeselghInterspill
ConferenceMarseille, France (2009)

In vivo effects of bioaccumulated polychlorinated biphe(BCBs) on immune function in
common soleSolea soledLinné). T Milinkovitch , V Loizeau, D Mazurais, E Durieux, ML
Bégout, H Thomas-Guyor©ongrés de I'Union des Océanographes de FraheeRochelle,
France (2009).

Présentation par affiche

Influence of contaminated mudflat with dispersetlam the health of golden grey mullet
(Liza auratg: Preliminary in mesocosm experimetiish Biology CongressBarcelone,
Espagne (2010). M. Richard, Milinkovitch , A. Luna-Acosta, J. Godefroy, F. Caupos, H.
Thomas-Guyon.

Toxicological effects of Dispersed Crude Oil on G Grey Mullet I(iza auratg innate
immune functionSociety of Experimental Biolog§lasgow, UK (2009)T. Milinkovitch , C.
Quentel, W. Sanchez, S. LeFloch, and H. Thomas-@Guyo

Effects of dispersed crude oil upon the cardioviasqhysiology and the metabolic scope of
Juvenile Golden Mulletl(za Auratg. Society of Experimental Biologlasgow, UK (2009).
T. Milinkovitch , C. Le Francois, J. Lucas, H. Thomas Guyon, SldaFand N. Imbert.

Fast start performance in golden grey mulleiza auratg exposed to sub-lethal
concentrations of dispersed o8ociety of Experimental Biologglasgow, UK (2009). C.
Lefrancois, J. Lucag,. Milinkovitch , S. Lefloch.

Bioavailability and Toxicological effects of Two §persant on Juvenile Golden Grey Mullet.
Primo, Bordeaux, France (2009). Milinkovitch , H. Thomas-Guyon, M. Danion, A. Bado-
Nilles, N. Imbert and S. LeFloch.

A New Experimental System to study Toxicologicale€fs of Dispersants and Dispersed Oil

on Fish juvenile SpeciesSociety of Experimental BiologWarseille, France (2008)r.
Milinkovitch , M. Danion, A. Bado-Nilles, H. Thomas-Guyon and_&Floch.
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Le présent manuscrit est organisé suivant le modelee these sur publication, a savoir,

quatre articles constituant les trois principawapitres de la thése et un autre article
méthodologique présenté en annexe. Une introducfémérale, des synthéses pour chaque
chapitre et une discussion générale viendront dmlesa@e manuscrit.
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Introduction générale

Introduction générale

1. Contexte sociétal

1.1. Les catastrophe pétroliéres : « Drill baby, drift »

La demande actuelle croissante en énergie a coabldthent augmenté le flux des transports
maritimes pétroliers ainsi que le développemerprdepections en mer comme le confirme le
slogan tres controversé « Dirill, baby, drill! » gloliticien américain Michael Steele. En effet,
I'énergie pétroliere reste la source d’énergie dwmmie (plus de 40% des énergies
consommeées en 2010). Cette « course a l'or noiemtrainé, depuis les années soixante, de
nombreuxaccidents pétroliers Le premier accident couvert médiatiquement acétéi du
pétrolier Torrey Canyon (1967) qui déversa 123 fabdes de pétrole brut qui souillerent 180
km de cOtes anglaises et francaises. De nombreasastrophes pétrolieres s’en suivirent,
issues a la fois du transport et de la prospectiopétrole. En 1978, 'Amoco Cadiz déversa
220 000 tonnes de pétrole au large des cotes femscd a catastrophe pétroliére de I'Exxon
Valdez (1989) aura certainement été l'une des giaades catastrophes environnementales
du 20™ siécle puisque sur les 180 000 tonnes de pétréleersées en mer, 40 000
s’échouérent sur 1 700 km de cOtes en Alaska. Reest la plateforme Deep Water
Horizon déversa entre 318 et 636 millions de toreepétrole brut dans le golfe du Mexique
atteignant les littoraux de 4 états américains {diane, Mississipi, Alabama, Floride) sur
plusieurs centaines de kilométres de cotes.

Ces catastrophes pétrolieres auront fortement rdatguconscience collective, et par la
mobilisé les pouvoirs publics. En effet, de hombe=uorganisations ont été mises en place
afin de répondre aux risques environnementaux représentésap les catastrophes
pétrolieres: US National Research Council (NRC), InternatloN&ritime Organization
(IMO), International Tanker Owners Pollution Fedema (ITOPF), UK National
Environmental Technology CENtre (NETCEN), AustralidMaritime Safety Authority
(AMSA), CEntre de Documentation et de REcherchdesupollutions accidentelles des eaux

(CEDRE). Ces organisations, outre leurs implicatidans des programmes de recherche et

L to drill (angl): forer
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Introduction générale

développement nationaux et internationaux, dispgodercellules d’intervention capables de
répondre dans les délais les plus rapides aux sEwents de pétrole en mer. Lors de ces
opérations trois principales méthodes sont prééesis la récupération mécanique du pétrole,
la combustion de la nappe de pétrolan(situ burning») et la dispersion de la nappe de

pétrole.

1.2. Méthodes d’intervention lors d’un déversement deopgen mer

Le naufrage du pétrolier Erika lillustre : tesque environnementalest fortement augmenté
lorsque la nappe de pétrole s’échouezene cétiere Si 'on compare aux autres marées
noires, celle de I'Erika est caractérisée par urantjté de fioul déversée en mer relativement
faible (18 000 tonnes) lorsqu’'on I'a compare a tfesi catastrophes pétrolieres (Exxon
Valdez, 180 000). En revanche, lI'importante longude coétes souillées (400 km) par
I’échouage de la nappe de pétrole, et la dégraddies habitats qui en a découlé a entrainé
une veéritablecatastrophe environnementale

En effet, une diminution de I'abondance ou méme disparition compléte d'espéces
intertidales de décapodes, gasteropodes, bivalies isopodes (Le Hir & Hily 2002) a pu
étre observée. Conjointement, I'échouage de laedpppétrole a entrainé la mort de plus de
80 000 oiseaux marins (Cadiou et al. 2004). Le nagef de I'Erika a eu également des
conséguences environnementales a long terme puisgumncentrations en hydrocarbures
polycycliqgues aromatiques étaient encore élevéeg s bivalves filtreurs, 4 ans apres le
naufrage (Laubier et al. 2004).

Ainsi, considérant I'impact environnemental consiécul’échouage de la nappe de pétrole,
trois méthodes d’intervention mises en ceuvre erd@agrie pétroliére ont pour but d’éviter

ce « scénario du pire ».
» Larécupération mécanique
Une des méthodes la plus couramment employée gstdpération mécaniquequi consiste
a confiner la nappe a l'aide de barrages flottants tractésdpa navires avant de la pomper.

Cette technique est généralement retenue lorsquenelitions d’agitation de la surface de

la mer sont appropriées(de 0 a 2 Beaufort) et pour un pétrole relativemeésgqueux, >500

18



Introduction générale

Cst (Merlin 2005). Lorsque les conditions d’agitatida la surface de la mer sont supérieures
a 2 Beaufort le confinement de la nappe devienossjble du fait d’'une dispersion naturelle

de la nappe de pétrole.

» Le «in situburning »

Une méthode alternative a la récupération mécanitpie<in situ burning », permet la
combustion quasi-completede la nappe de pétrole Employée lors des catastrophes du
Torrey Canyon et de I'Exxon Valdez, cette technigegenéanmoins rarement utilisée, sa mise
en ceuvre se heurtant a de nombré&acteurs limitants : (i) la nappe de pétrole doit étre
d’'une épaisseur minimum de 2 mm et d’'une viscdaitde (<500 Cst) pour étre enflammée
(Faiferlick 1997), (ii) les conditions météorologes doivent étre appropriées (moins de 20
nceuds de vent, une houle inférieure & 1 métre) peunettre la combustion de la nappe
(Faiferlick 1997), et (iii) une distance vis-a-wigs habitations est a respecter puisque 1 a 3%
du pétrole brulé forme un nuage composé de dioxjdeote, de dioxyde de souffre, de
monoxyde de carbone, d’hydrocarbures aromatiquégcymiques et d’autres produits de
combustion toxiques (Ferek & Kucklick 1997). De glucomparée a la technique de
récupération mécanique, l'importante toxicité déshits de combustion (Gunderson et al.
1996; Cohen et al. 2001), impose aux cellules efir@ntion de grandes précautions et une
connaissance de la sensibilité des écosystemesoenant. Ainsi cette techniquies

controverséerestepeu souvent employée

» L’application de dispersants

De maniere moins anecdotique, I'application de elispnts sur la nappe de pétrole est une
méthode d’interventiomouramment employég18% des catastrophes pétrolieres mondiales,
Chapman et al. 2007). Cette méthode est compléimeidii la récupération mécanique ; son
efficacité étant optimale pour un état de la meree@ et 4 Beaufort (Merlin 2005). Le
dispersant est un solvant contenant dssrfactants (surface active agentsmolécules a
propriété tensioactive. Le dispersant permet lesfext de la nappe de pétrole de la surface de
la mer vers la colonne d’eau, sous formegdattelettes d’hydrocarbures Judicieusement

appligué, les avantages environnementaux du depersont nombreux. L'utilisation de

2 Cst (centiStoke) : unité de viscosité cinématique
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dispersant permet, en premier lieu, d’éliminerdgpe en surface et par la supprime le risque
de mazoutage des oiseaux et mammiferes marinscpiessa dérive vers la cote, et donc, la
contamination des écosystemes cétiers. De plderd@ation de gouttelettes d’hydrocarbures,
en augmentant le ratio surface/volume, permet denpialiser I'attaque microbienne et par Ia,
la dégradation de ces hydrocarbures (Thiem 1994rdbil et al. 1995; Swannell & Daniel
1999).

Ce phénomeéne de dispersion du pétrole dvdeefices environnementauxjui en découlent
sont essentiellement dus a la composition chimégsedispersants, a leur mode d’action ainsi

gu’a leurs conditions d’utilisation

1.3. Composition chimique, mode d’action et limites iligdtion des

dispersants

» Composition chimique

La composition chimique des dispersants a évolupuideles premiers dispersants
extrémement toxiques utilisés lors de la cataseogihn Torrey Canyon (Mulkins-Phillips &
Stewart 1974). Les dispersant utilisés a I'heurmiagdle sont concernés par le reglement
REACH (Registration, evaluation and authorisatidrecleemicals). Ces dispersants dits « de
troisieme génération » ou « concentrés » sont ceggpdanélange de surfactants dans des
solvants (glycols et/ou éthers de glycol) miscibles a I'ehes surfactants, composeés actifs,
comportent une partie lipophile et une partie hptiile. La balance hydrophile-lipophile
(Becher 1957; Fiocco & Lewis 1999) est fréquemmadilisée pour déterminer la solubilité
des dispersants dans I'eau et dans le pétroledispsrsants les plus efficaces sont ceux dont
la balance hydrophile-lipophile est équilibrée €0 & Lewis 1999). Ainsi, judicieusement
épandus a linterface eau de mer/pétrole, ils @mrant une diminution de la tension de
surface pétrole — eau favorisant ainsi la soludtili; de la phase hydrophobe : ils augmentent
ainsi lastabilité des gouttelettes de pétrole en suspensidans la colonne d’eadimitant

ainsi les processus de coalescence du pétroleiacesu
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» Mode d’action des dispersants

Les différentes étapes du mode d’action des digp&yssur une nappe de pétrole sont
deétaillées erigure 1. Les dispersants (surfactants + solvants) sonérgéement appliqués
sur la nappe de pétrola)(en pluie de fine gouttelettes (0,4 -1 mm, Fio&cbewis 1999), en
respectant un ratio pétrole/dispersant de 1#20Lés solvants vont diffuser dans la nappe de
pétrole pour délivrer les surfactants. Les surfast@euvent alors se positionner a l'interface
pétrole-eau.d) Sur leur partie lipophile, les molécules de aatdints entrent en contact avec
le pétrole et sur leur partie hydrophile avec I'edai mer. ) Des micelles, d'une taille
inférieure a 100 um de diameétre, sont alors formglss sont composées d’'une gouttelette

d’hydrocarbure entourée de molécules de surfactants

a. Application de dispersant sur une nappe de pétrole | b. Diffusion des solvants et libération des surfactants

Surfactant dans une .
goutte de solvant
@ 5]
e e " o
@

- @ = s o 70 e

c. Disposition des surfactants a l'interface pétrole-eau | d. Formation de micelles dispersant-hydrocarbures
Partie lipophile ——4

Partie hydrophile —»

] & & & »
L o & a T

Figure 1. Mode d'action des dispersants, modifié d'apréschi§1995).

Lors de catastrophes en pleine mer (taille de lanc@ d’eau importante), ces micelles seront
rapidement diluées dans toute la colonne d'eau donifuence des courants et les
concentrations en hydrocarbures diminueront rapidenent, limitant ainsi I'impact
environnemental Cette vitesse de dilution a été obserégure 2) au travers des résultats

obtenus par Lewis and Daling (2001).

De part leur mode d’action, I'application des disaats semble donc permettre de transférer

les hydrocarbures dans la colonne d’eau. Cepenbifficacité de cette méthode dépend de
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la nature et du site de la catastrophe pétroliémutes certaines conditions d'utilisation sont

appropriées.

» Limites d'utilisation des dispersants

Lors d’'une catastrophe pétroliere, les équipestetiention devront considérer plusieurs
facteurs avant de tenter une dispersion de la ndpppétrole, notamment Mscosité du

pétrole déversé et lemnditions météorologiquessur le site du déversement.

Direction du vent

—
Site du déversement Distance
v 2.5 km 5 km 0 7.7 km 154.4 km
0 LT
| VUL
| S’
25m +
Profondeur Aprés 2 h Aprés 12 h
50 m

150 km 30.0 km 0 30.0 km 60.0 km

0
U—' '
Concentration en TPH (mg/L)

B 0.01-005 [Ho.05010 [Joi11 [0  [0-50

Figure 2. Vue en section verticale de la dilution d'une reafp pétrole (100 #hdans la colonne
d'eau apres traitement par des dispersants (vedir#s). Observation apres 2 h, 12 h, 24 h et 48 h.
Modifié d’apres Lewis & Daling (2001).

Apres 24 h Aprées 48 h

La viscosité du pétrole est un des premiers fastayprendre en compte puisque elle régit le
phénomene de dispersion. En effégfficacité d’'un dispersant va étre inversement
corrélée a la viscosité du pétrole les polluants visqueux (supérieur a 5000 cStraeres
difficilement dispersés alors que les polluantsnd'wiscosité inférieure a 500 cSt seront
dispersés tres facilement (Merlin 2005). Ainsisladie la catastrophe de I'Erika, la viscosité
importante du pétrole empéchait la dispersion. Dartas d’'un pétrole faiblement visqueux,
la dispersion doit se faire dés les premiers jqost-catastrophe. En effet la viscosité du
pétrole augmente lorsque celui-ci vieillit en m&e phénoméne de vieillissement est

essentiellement di a la perte par volatilisatioofptdégradation des composés légers (Huang

22



Introduction générale

.....

temps appelé « fenétre de dispersibilité » penlidapniel la nappe est dispersible.

Outre leurs effets sur la viscosité du pétrole, ¢emditions météorologiques peuvent

également directement influencer la dispersionadedppe puisqu’unagitation minimum

de la surface de la mer est nécessaireorsque les conditions météorologiques provoquent
une agitation de la mer faible (de 0 a 2 Beauflartjlispersion de la nappe de pétrole est
impossible car le polluant reviendra inévitablema@nia surface de I'eau (un brassage
mécanique de la nappe peut étre effectué artifecreint en utilisant des dispositifs spéciaux :
lances incendies, chaines tractées, etc...). A IFs®jesi les conditions météorologiques sont
supérieures a 7 Beaufort, I'application de disp#rgpi’elle soit par avion, hélicoptére ou

bateau devient imprécise et donc inefficace.

Des conditions météorologiques appropriées semhlent nécessaires a l'application des
dispersants. Ces conditions météorologiques réuieiecision de I'application de dispersant
reste encore sous restriction législative et notantrdans les zones cétieres. En effet, bien
que le bénéfice environnemental de la dispersiomal’nappe de pétrole en haute mer soit
consensuel (Bocard et al. 1987; Lessard & DeMafi@gD2Daling et al. 2002);utilisation

de dispersants sur les eaux littorales reste contverseée.
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1.4. Utilisation des dispersants en milieu coétier: unmoblématique

environnementale

L’épandage de dispersant sur une nappe de pétrol®que la formation d’'un « nuage »
d’hydrocarbures dont la concentration, dans leprEdniers métres de la colonne d’eau, se

situe a des valeurs maximum de 30 a 50 mBigure 3).

Maximum 30 - 50 ppm
1M0m

Figure 3. Schéma de la dilution d'une nappe de pétrole daoslonne
d'eau (ppm=mg/L) apres épandage de dispersantbgbeau, d'aprés
Lewis & Daling (2001).

En pleine mer, la profondeur de la colonne d’eau, et par la en@meéne delilution-
dissémination qui s’y produit, permettent une diminution rapide (24 heures) dtgec
concentration vers des valeurs situées en dessbusgdL (décrit enl.3). Enmilieu cotier,

la faible profondeur de la colonne d’esgéduit ce phénomeéne de dilution-dissémination
augmentant ainsi le potentiel toxique d’'une nappedétrole dispersée.

De plus, il apparait que laiodiversité des écosystemes cétieest trés forte, relativement
aux écosystemes hauturiers (Gray 1997). La disperdiune nappe de pétrole en zone
cétiere, contrairement a la dispersion en zoneunigué, est donc susceptible d’avoir des

conséguences environnementales lourdes.

La prise en compte de ces risques environnementugonc impose dedimites
géographiques a l'utilisation des dispersante cadre |égislatif permet a la fois de garantir
des conditions de dilution des hydrocarbures srifiss pour que les concentrations soient
inoffensives, mais permet également yetection des zones cétieregcologiquement
sensibles. Ces limites sont définies, dans tolerdpe, en fonction de la profondeur d’eau
sur le site et en fonction de I'éloignement parmp@p au littoral. En France il existe quatre

zones d'utilisation des dispersants définies paCéalre : trois zones de libre utilisation,
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applicables a des pollutions d’ampleur croissamtene limite a l'intérieur de laquelle la
dispersion est proscrité-igure 4). Bien que chaque pays européen ait des régletimrga
différentes, il apparait qu'aucune dispersion dadppe de pétrole ne soit possible dans les

zones littorales les plus proches du continent fGtem et al. 2007).

Continent

Zone ou l'utilisation de dispersant
est proscrite

Zone oU 10 tonnes de pétrole
peuvent étre dispersées

Zone ol 100 tonnes de pétrole
peuvent étre dispersées

Zone ol 1000 tonnes de pétrole
peuvent étre dispersées

Figure 4. Limites géographiques d'utilisation des dispeisant zone cotiéres, 4 zones
littorales sont définies : une zone entre 0 et Fresede profondeur ou l'utilisation de
dispersant est proscrite; une zone entre 5 et fesnde profondeur ou la dispersion est
interdite au dessus de 10 tonnes de pétrole dévengézone entre 10 et 15 metres de
profondeur ou la dispersion est interdite au deslgu100 tonnes de pétrole déversé; une
zone au dessus de 15 meétres de profondeur oudlersiisn est interdite au dessus de 1000
tonnes de pétrole déversé. Au dessus de ce totmdgeision de I'utilisation de dispersant
appartient au poste de commandement des pollut@rgimes (PC POLMAR). Figure
modifiée d’aprés Merlin (2005).

Ainsi, contrairement a une dispersion de la nappesdes zones hauturieres, qui ne semble
présenter que des avantages environnementaux t(éécfi.2), la dispersion en zones
cOtieres oppose risques a avantages environnementage qui a conduit a la proscription
de cette méthode dans les zones littorales proahedgye du principe de précaution.
Cependant, conjointement au développement de resvdormules de dispersants
biodégradables (test NF. T. 90-346) et de plus lans efficaces (test NF. T. 90-345), des
études ont montré un bénéfice environnemental ipasit'utilisation de dispersant dans
certaines zones littorales comme la mangrove ([2tulkd. 2000; Baca et al. 2005). De ce fait,
il semble intéressant deconsidérer I'utilisation de cette technique en nhieu cotier. C’est
dans ce cadre que le projet DISCOBIOL (DISpersdanteehniques de luttes en milieu
CoOtiers : effets BIOLogique et apports a la régletation), soutenu par ’TANR PRECODD
(PRogramme ECOtechnologies et Développement Dyradblété élaboré. Ce projet a pour
but de fournir des informations sur I'impact envinemental consécutif a l'utilisation des
dispersants en milieu cotier. Ce projet constitngorealable indispensable a I'utilisation de

dispersant comme stratégie d’intervention en zdtieére. Cette these a été réalisée au sein de
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ce projet et visait a évaluer la toxicité d'une paple pétrole dispersée dans la frange cotiere
la plus proche du littoral (zone rouge fgure 4). Le modele biologique retenu dans cette
these est le muletLiza sp), une espece cétiére considérée comme cible paltentes

pollutions de type anthropique (Bruslé 1981).

2. Contexte scientifique

2.1. Généralités

L’application de dispersants lors du naufrage duédyCanyon en 1967, a été I'origine d’'une
véritable catastrophe environnementale : tous esanx de I'écosystéme ont été impactés
depuis les communautés planctoniques jusqu’awaaisenarins (Smith 1968). La toxicité
induite par ce moyen de lutte fut essentiellememet @ la composition des dispersants utilisés,
dont les solvants contenaient un dérivé du kérof8oethward & Southward 1978; Power
1983; Cotou et al. 2001).

De nombreuses études furent alors conduites afvatlier au mieux la toxicité des
dispersants sur les communauteés littoral tel ga@dhinidés ou les téléostéens (Crapp 1971b,
a; Lonning & Hagstrom 1975a, b; Wilson 1976; Greead/ 1983). Ces études ne prenaient
en compte que la toxicité intrinseque du dispersaast-a-dire la toxicité de la formulation
chimique pure.

La recherche de nouvelles formules chimiques a igele mettre sur le marché des
dispersants significativement moins toxiques (Rexlgt al. 1973), si bien qu’actuellement, un
dispersant n’est utilisable que si sa toxicitéimsque est considérée comme nulle, i.e.
comme dix fois inférieure a celle d’'un toxique déérence (test d’homologation NF 90-349
réalisé pour des durées d’exposition courtes chsznvertébré$alaemonetes variansu
Crangon crangoh

Cependant, bien que les dispersants utilisés aurkheactuelle (dits de «troisieme
génération ») soient considérés comme non toxigliésptoxicité du mélange pétrole-
dispersant a été démontrée chez de nombreusesssmpatiques (Gulec et al. 1997; Long
& Holdway 2002; Otitoloju 2005; Lin et al. 2009; Medonca Duarte et al. 2010).
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Ainsi, au-dela d’'une étude écotoxicologique visandéterminer la toxicité intrinséque des
dispersants, ce travail, s’est focalisé sur laditkide I'application de dispersants en milieu
cOtier, enconsidérant l'interaction pétrole-dispersant

Cette toxicité est essentiellement due a la fownatle gouttelettes de pétrole lors de la
dispersion d’'une nappe (décrit &B8). En plus de la toxicité due a leur présence dans
colonne d’eau, la formation de gouttelettes augmennsidérablement la surface d’échange
pétrole-eau (le ratio surface/volume des gouttetettant supérieur a celui de la nappe). Par la
ce phénomene accélere les processudifflesion des composeés chimiques du pétrole au
sein de la colonne d’eaylLessard & DeMarco 2000). Afin de mieux comprenidréoxicité
d’'une nappe de pétrole dispersée, il semble dopoiitant dans un premier temps de définir

la composition chimique d’un pétrole.

2.2. Composition chimique d’un pétrole

Bien que des composés oxygénes, azotes et sulings,que des traces de métaux lourds -
majoritairement le vanadium et le nickel (Salar Aingd al. 2006) - soient détectés dans le
pétrole, trois familles d’hydrocarbures dominemts hydrocarbures saturés, les composés

polaires et les hydrocarbures aromatiques.

» Les hydrocarbures saturés

lIs peuvent étre divisés en 3 groupes établisesurdtructure chimique :

- les n-alcanessont les composés les plus abondants. lls soméfde chaines linéaires de
groupements méthyles (CH3),

- les alcanes ramifiéssont composés de chaines linéaires branchées almpegnents
méthyles,

- les cycloalcanesont des composés cycliques essentiellement c@sEs cyclopentanes
et des cyclohexanes.

Cette famille d’hydrocarbures ésés abondanteen particulier dans les pétroles bruts |égers
ou elle peut représenter pres de 60 % des hydnaembtotaux. Cependant leur

hydrosolubilité estfaible.
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» Les composés polaires

Les composés polaires représentent la fraction déudes hydrocarbures. Ills sont
essentiellementomposeés de résines et d’asphaltengSes composés sopeu abondants
dans les pétroles bruts |égers mais leur propogigimente dans les pétroles lourds (jusqu’a
25%).

» Les hydrocarbures aromatiques polycycliques (HAP)

Les hydrocarbures aromatiques polycycliques somposés de 1 a 6 cycles aromatiques, les
composeés monocycliques (e.g. benzéne) étant prédotans les pétroles légers. Les HAP
légers sont considérés comme relativemeydrosoluble : par exemple le log Kow du
naphtalénei.e. sont coefficient de partage octanol eau est d€Neff 1979).De ce fait, la
diffusion a l'interface pétrole-eau de mer de cesotnposés légers est importanteéDe plus

les HAP possédent une haute affinité pour les des solides ce qui les rend trés présents
dans les sédiments cotiers (Fowler et al. 1993finE@s composés sonbnsidérés comme
toxiques si bien que 'USEPA (United States Environmeifadtection Agency) a défini une
liste de 16 HAP prioritairesF{gure 5), qu’il est nécessaire de quantifier dans toutmlet
ecotoxicologique. Cette préoccupation est née dudéaleurs propriétés cancérigenes ; c’est
le cas tout particulierement du berglpyréne, du benza]anthracene, du
benzop]fluorantene, de l'indenol[1,2,8;dpyréene et du benzglh,] pérylene (Jaouen-
Madoulet et al. 2000). Cependant bien que de namsbeeétudes aient montre la toxicité des
HAP pour les organismes aquatiques (Ortiz-Delgadd. 007; Almroth et al. 2008; Oliveira
et al. 2008; Nahrgang et al. 2009), des études mmunigu’ils ne sont pas les seuls
déterminants de la toxicité du pétrole (Barronleil@99; Gonzalez-Doncel et al. 2008). Les
études restreintes a I'évaluation de la toxicité AP, ne peuvent donc en aucun cas rendre
compte de la toxicité d’'une nappe de pétrole dsmekinsi des études expérimentales ont été

conduites en considérant la totalité des hydrocasben solution dans la colonne d’eau.
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Naphtaléne Acenaphtene Fluoréne Acénaphtyléne

oo of Cp

Anthracéne Phénanthréne Fluoranthéne

Pyréne Chryséne Benzo[a]Anthracéne
Benzo[b]Fluoranthéne Benzo[k]Fluoranthéne Benzo[a]Pyréne

@ ©
L &5

Dibenzo[a,h]Anthracéne Benzo[g,h,i]Péryléne Indéno[1,2,3,c,d]Pyréne

Figure 5. 16 HAP (hydrocarbures aromatiques polycyliques)
prioritaires dans la liste de I'US EPA (united etat
environnemental protection agency)

2.3. Evaluation de la toxicité d’'un pétrole dispersé

» Toxicité létale d’'une nappe de pétrole dispersée

De nombreuses études expérimentales ont été ceadati travers de mesures des{CL
(Concentration Létale induisant la mort de 50% idds/idus exposés) afin de déterminer la
toxicité, en termes de mortalitéconsécutive a I'application de dispersant (résuaés le
tableau 1).

Ces travaux ont été menés chez de nombreuses sgpesacosystémes cotiers: poissons
téléostéens (Adams et al. 1999; Cohen & Nugegod®;20in et al. 2009), amphipodes
(Gulec et al. 1997), céphalopodes (Long & Holdw8@92), échinodermes (Wells & Keizer
1975) et macro-algues (Thorhaug et al. 1986). ®Bouks approches expérimentales ont
montré une augmentation de la mortalité consécutiVapplication de dispersant, et par la,

ont permis I'établissement d’'un consensus sciguiifiautour de la toxicité conférée par
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'application de dispersants. Cependant ces appsockxpérimentales utilisent une
méthodologie ne prenant pas en compte la compldgita réalité. En effet, I'évaluation de la
toxicité aigué d’'un contaminant au travers d’'unesume de la mortalité nécessite, dans la
plupart des expérimentations, dascentrationset/ou des temps d’expositiGupérieurs a
ceux rencontréesin situ: Lin et al. (2009) montrent que l‘application ddspersants
(utilisés a I'’heure actuelle) n’entraine la mortjaeeniles de saumons royaur{corhynchus
tshawytschpque pour des expositions de 96 h a des conciemsagn hydrocarbures totaux
de 155,93 mg/L alors que les concentrations rengesih situ dans les premiers metres de la
colonne d’'eau ne dépassent que tres rarement 50 (Bickman et al. 1978) et chutent
rapidement en quelques heurEg(re 2).

Les concentrations en hydrocarbures totaux renésmirsitu au sein de la colonne d’eau ne
semblent donc pas induire de mortalité immédiapeiedant les effets sublétaux sont patents.
Ainsi de nombreuses expérimentations ont été ctesluafin de déterminer la toxicité

sublétale d’'un pétrole disperse.

» Effets sublétaux d’'un pétrole dispersé

L’évaluation des effets sublétaux du pétrole dispea été conduite au travers d’approches
expérimentales en comparant la toxicité d’'un pétnobn dispersé a la toxicité issue de
I'interaction pétrole-dispersant. Le corpus d’descscientifiques montre, a différents niveaux
d’intégration biologique, des effets sublétaux dukapplication de dispersants (résumé en
Tableau 1).

Au niveau de l'organisme des modifications de comportement, notamment esme
d’activité spontanée ont été montrées chez le batralien, Macquaria novemaculeata
(Cohen & Nugegoda 2000). Ces résultats sont coafirau travers de deux autres études : (i)
Gulec (1997) a montré une suppression du comportendkenfouissement chez le
gastéropodePolinices conicuset (ii) Epstein et al. (2000) ont montré une alti®n du
comportement de nage chez les larves de deux espgeamrauxHeteroxenia fuscescense
Stylophora pistillata Ces modifications de comportement pourraiene &ues a une
altération de lintégrité fonctionnelle du systémerveux. En effet, Jung et al. (2009)
montrent, chez le poisson de roc®ebastes schengendjue I'exposition au pétrole dispersé
induit une diminution de l'activité¢ de l'acétylchiob-estérase ceérébrale, suggérant une

dégradation des fonctions neurales. Toujours aeawivde I'organisme, Cohen et al. (2001)
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ont constaté que la dispersion du pétrole indug angmentation du métabolisme standard
chez le bar australieM@cquaria novemaculeataCe phénomeéne a déja été observé lors de
contaminations aux métaux lourds cl@acorhynchus mykig®Vilson et al. 1994; Pane et al.
2004) et pourrait étre induit par une augmentadiorcoit métabolique due a la détoxication
(Bains & Kennedy 2004). Ce processus de détoxicatst essentiellement observable au
niveau hépatiqgue (Camus et al. 1998). Ainsi approche au niveau de I'organesemble
donc nécessaire afin de caractériser plus précrgcie® effets sublétaux dus a I'application
de dispersants.

Dans ce but, de nombreuses approches expérimentiiesnt leshiomarqueurs comme
indicateurs de toxicité. Un biomarqueur est, sdrdéfinition de McCarthy & Shugart
(1990), une mesure au niveau moléculaire, biochimiqu cellulaire qui indique (i) que
'organisme a été exposé a des toxiques chimigeegji) I'intensité de la réponse de
I'organisme au contaminant. Par la suite, la notlerbiomarqueurs a évolué et Delafontaine
et al. (2000) définissent deux types de biomarceles biomarqueurs de défense et les
biomarqueurs de dommage.

Les biomarqueurs de défensgermettent de mettre en évidence les réponsesgimoles
d’'un organisme faisant face a une contaminatiomihie.Les biomarqueurs de dommage
traduisent l'altération des fonctions biologiquesigecutives a I'exposition aux polluants. Au
travers de ces « approches biomarqueurs », laalitli® montre que la toxicité d’'un pétrole
dispersé a été évaluée principalement au sein de dejanes cibles des polluants : les
branchies, en tant qu’'organe externe donc en codiect avec les contaminants, et le foie,
en tant qu’organe de bioaccumulation (van der ®bat. 2003).

Au niveau branchial, Cohen et al. (2001) rapporteimtzMacquaria novemaculeataxposeé a
un pétrole dispersé, une augmentation de I'actigbzymatigue CCO (cytochrome C
oxydase), enzyme impliquée dans les processus tibati@me aérobie. Outre cette altération
d’'activité enzymatique, I'application de dispersanir une nappe de pétrole modifie les
échanges ioniques au niveau branchial dbelbossoma macropomu(Mendonca Duarte et
al. 2010) probablement en réponse au déséequildmretique du milieu intérieur (Baklien et
al. 1986; Mendonca Duarte et al. 2010).

Au niveau hépatique, l'utilisation de biomarquedesdéfense a permis de mettre en évidence
une augmentation des processus de biotransformdgi®ydrocarbures suite a la dispersion
d’'une nappe de pétrole. En effet, il a été obseneaugmentation de I'expression protéique
du cytochrome P4501A (Jung et al. 2009) et de sotivie catalytigue EROD
(ethoxyrésurufine-O-dééthylase ; Camus et al. 198&gnon & Holdway 2000 ; Jung et al.
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2009). Conjointement, l'augmentation de l‘activitie la lactate-deshydrogénase (LDH)
indique une acidose hépatique synonyme de domni@gben et al. 2001).

Les études expérimentales précédemment menéesemodtmc que la toxicité d’'une nappe
de pétrole est potentialisée par I'application dgersants. La méthodologie employée dans
'ensemble de ces travaux consistait en la compamaile deux solutions : (i) une solution de
contamination appel@/AF (Water Accomodated Fraction ; Singer et al. 2080julant la
toxicité d’'un pétrole non dispersépmparée a (ii) une solution de contamination appelée
CEWAF (Chemical Enhanced Water Accomodated Fractiongeaiet al., 2001), simulant la
toxicité d’'un pétrole chimiquement dispersé. Briemt, ces 2 solutions de contamination
étaient obtenues en mixant du pétrole (avec ajeutlidpersant pour la CEWAF) dans de
I'eau de mer pendant 18 heures puis en décanttatsmution pendant une période de 1 a 6
heures. Cette période de décantation induit unéndiion drastique de la concentration des
gouttelettes d’hydrocarbures en suspension dacadane d’eau (Singer et al. 2000).

Ainsi, cette méthode expérimentale de contaminatiest pas représentative de la toxicité
induite par I'application de dispersant en zonaetétet ne pourra donc pas étre considérée
dans cette étude. En effet, au sein de nos travplwsieurs arguments imposede
considérer la présence de gouttelettes d’hydrocarbas dans la colonne d’eau :

(i) La présence de gouttelettes de pétrole estrmd@tante dans la toxicité d’'une nappe de
pétrole dispersée (Bobra et al. 1989 ; Brannoh @086).

(ii) De plus, la présence de gouttelettes d’hydrogees dans la colonne d’eau est un facteur
abiotique représentatif des catastrophes pétreliére zone cotiere : les phénomeénes de
turbulence €.g. vagues) peuvent induire une dispersion totaleadeappe de pétrole sous
forme de gouttelettes en suspension dans la coldieae — ceci méme en absence de produit
dispersant comme le montre les catastrophes dur Btamel 1995) et du Sea Empress
(Edwards & White 1999).

Ainsi, afin de déterminer la toxicité d’'une nappe mktrole dispersée enilieu cotier, nous
privilégierons une approche prenant en compte ces phénomenes debiuence et la
présence de gouttelettes d’hydrocarbures qui lstiiassociée. D’aprés nos connaissances,
cette approche expérimentale n’a jusque la jam@iscénsidérée et nécessite donc une

évaluation de la toxicité au travers d’'un largecsygede mesures biologiques.
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3. Approche écotoxicologique expérimentale

L’approche développée au sein de cette étude alpdud’évaluer les effets toxiques d’'une
nappe de pétrole dispersée en milieu cotier chez alganismes exposés. Les modeles
biologiques employés dans cette étude étaienjuttésiles (de 2™ année) deLiza ramada

et Liza aurata (Figure 6), deux espéces de poissons téléostéens mugilidégemnteLiza,
regroupés dans cette thése sous le ternigézdesp.Plusieurs arguments appuient le choix de

ces modeles biologiques :

Figure 6. Mulet doré (iza auratg, téléostéen perciforme de la famille des
mugilidés.

(i) La répartition géographique de ces especessssintiellement cétiere (en Atlantique Nord
et Méditerranéefigure 7), en particulier chez les juvéniles qui n'operpas de migration
vers la haute mer (Gautier & Hussenot 2005). Aicss, espéces sont considérées comme des

organismes cibles des pollutions cétiere@Bruslé 1981), donc adaptés a nos travaux de

recherche.
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(i) Ces especes soméprésentativesdes communautés des écosystemes cotiers car elles
représentent une biomasse animale importante darcbsystemes cotiers d’Atlantique Nord
(e.g. 81 % de la biomasse des téléostéens damselalb Mont Saint-Michel, Laffaille et al.
1998).

(i) Ces deux especes de mugilidés sont considéoisme desespeces clés dans le
fonctionnement des écosystemes cotiersar elles permettent un transport de matiere
organique particulaire important depuis les masaigs vers les eaux cétieres (Laffaille et al.
1998) et sont ainsi nécessaire au maintien d’aytmsulations. De plus, leur statut de
prédateur en fait des acteurs majeurs dans leidmmement des écosystemes (Barbault
1995).

Sur ces modeéle biologiquespis types d’expositionsréalisés au travers d'une approche
expérimentale en laboratoire ont été menés pazailght : (i) unenappe de pétrole
dispersée mécaniquemena permis de simuler la dispersion naturelle dealape en milieu
cOtier turbulent ; (ii) I'addition de dispersantette précédente condition a permis de simuler
la dispersion chimigue d’'une nappe de pétrole en milieu cétier turbuleanfin (iii) une
nappe de pétrole non disperséet non traitée aux dispersants a permis de simaler
confinement de la nappe avant sa récupératiorquerka faible turbulence en milieu cétier le
permet.Deux conditions « contrdle »ont également été établies: une solution d’exjoosit
contenant un dispersant seul (contrdle internadkspersion chimique) et une solution d’eau
de mer non contaminée.

La toxicité d’'un pétrole dispersé étant essentisdiet due a la présence des hydrocbures en
suspension dans la colonne d’eau (décri2d), un dosage des hydrocarbures totauxau
cours de la période de contamination a été effetand les solutions d’exposition. De plus et
plus spécifiquemenyn dosage des HARolubilisés dans I'eau de mer a été réalisé paisqu
(i) ces composeés solubilisés dans la colonne dseatisusceptible de traverser les branchies
-une des voies de contamination majeure des hydnoezs (Thomas & Rice 1981) ; et que
parallelement (ii) ces composés sont considérésrmmn des déterminants de la toxicité

d’une dispersion chimique de pétrole (Andersor.et374).
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Exposition | Incorporation

Evaluation de la mortalité

menée a ['échelle d'un groupe d'individus

Evaluation de la capacité métabolique aérobie
et des performances de nage

menée a l'échelle de l'individu

Approche biomarqueurs sur deux organes cibles
(foie et branchies)

menée a |'échelle de I'organe

APPROCHES EXPERIMENTALES

Figure 8. Approche écototoxicologique menée dans cette thése.
Les effets biologiques, en lien avec [Iexpositiont e
I'incorporation des contaminants, sont mesurésog tniveaux
d’intégration biologique (groupe d’individus, indil, organe).

En parallele a ces dosages chimiques visant aemVeélxposition des organismes aux
contaminants, notre étude visait a évalliacorporation des contaminants dans le milieu
interne ainsi que lesffets biologiquessusceptibles d’étre induits. Cette étude a dommise
de mesurer la toxicité d’une nappe de pétrole désme au sein de ce que Amiard et Amiard-
Triquet (2008) nomment «la triade de I'écotoxigmo» : exposition-incorporation-effets
biologiques. Les effets biologiques ont été obseatéois niveaux d’intégration biologique
(schématisés eRigure 8): (i) au niveau d’'un groupe d’individus via une suee de la Ciy

(concentration létale pour 50 % du groupe d’indig)d couplée a une observation des

phénomenes de bioaccumulation ; (i) au niveauatgdnisme via une mesure de la capacité
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métabolique aérobie et des performances de naljadieidu ; (iii) au niveau de I'organe via

la mesure de biomarqueurs sur deux organes cilddsie et les branchies.

Cette « approche biomarqueurs » a également éliééeasur le coeur puisque lintégrité
fonctionnelle de cet organe est susceptible d'érgradée suite a une pollution de type
hydrocarbures (Claireaux & Davoodi 2010). L’acqtigsi tardive des résultats n'a pas permis

de publication au sein de cette these ; les résidtat exposés dans la discussion.

3.1. Toxicité létale aigué et phénomene de bioaccunmiatdes HAP
consécutifs a l'application de dispersant chez ge®niles de mulets porcs

(Liza ramada)

L’évaluation de laoxicité létale aigué est effectuée en écotoxicologie, par lardétation

de la mortalité au sein d’'un groupe d’organismgsosgs a des concentrations croissantes de
toxique. La mesure la plus couramment employéedsidéfinir la toxicité d’un contaminant
est laCL 5 (concentration létale a 50% des organismes tesd&shpombreuses études, chez
de nombreuses espéces, ont été menées afin dmithétela Clso consécutive a I'interaction
pétrole-dispersant (cité énd). Ce corpus d'articles scientifiques permet alasiomparaison
des méthodes de contamination précédemment emplayée celle utilisée dans notre étude
qui refléte plus spécifiquement la dispersion d’'mag@pe en milieu cétier. La détermination
d’'une toxicité aigué peut étre interprétée commeédiotive du potentiel d’'un toxique a
affecter une population. Cependant le caractér@rarpntal de cette méthode impose une
certaine prudence quant a une telle extrapolabenplus, la toxicité aigué ne rend compte
que des effets a court terme d’un contaminant.

Ainsi, afin de compléter les résultats obtenus e@mes de toxicité aigué, des mesures de
bioconcentration de 21 HAP(dont les 16 HAP considérés comme prioritairelju#s EPA)

ont été obtenues dans les muscles de I'organisesevéleurs de bioconcentration permettent
de renseigner sur une toxicité a plus long termesé@cutive a lI'application de dispersant
(Ramachandran et al. 2004a). Cependant, malgréockage dans les compartiments intra-
ou extracellulaire, I'incorporation des HAP ne smdtiira pas automatiquement par un effet
néfaste pour I'organisme -les processus de détxicdiotransformant ces contaminants-.
De plus, 'ensemble de cette étude a été condnitgikksant des concentrations supérieures a

celle observén situ lors de catastrophes pétrolieres (50 mg/L, da@ermack 1977). Ces
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deux limites imposent donc, dans la suite de nasatrx, (i) d’évaluer, au niveau de
I'organisme, les effets biologiques consécutifsapplication de dispersant, et ce, (ii) en
utilisant des concentrations en hydrocarburesue&esn situ lors de catastrophe pétroliéres.
Pour ce faire, I'altération de la capacité métapaiaérobie et des performances de nage a été
évaluée chez le mulet doré juvénile exposé a desendrations sublétales de pétrole dispersé,
concentrations représentatives de celles obsenvéits.

3.2. Effets sublétaux d’'une nappe de pétrole dispersekes performances de
nage et la capacité métabolique aérobie chez demjles de mulets dorés (Liza

aurata)

La puissance énergétiqued’'un organisme correspond a la quantité d’énepgegluite par
unité de temps. Elle peut étre diviséetmis compartiments (Figure 9) : (i) La puissance
énergétique de maintenanc@ermettant le maintient des activités « obliga®is, telles que
la ventilation, 'osmorégulation, etc.; (i)La puissance énergétique de routine
correspondant au maintien des activités de routilles que la nage et la digestion. Ces
activités dépendent du niveau d’effort fourni ganimal (Brett 1971) ; (iii)Le surplus de
puissance énergétigue qui selon les phases de développement de [aniestl
préférentiellement alloué a la croissance somat{phase larvaire et juvénile) ou gonadique
(phase adulte).

Fry (1971) définit la capacité métabolique aérotenme la différence entre la puissance
énergétique totale et la puissance énergétiqueaileenance. Conceptuellemelat,capacité
métabolique représente donc une quantité d’énergie globalevgrduétre allouée aux
activités dites « non obligatoires » ou discrétiormires pour I'animal (croissance,
reproduction, nage, digestion etc. [Efgure 9). Ainsi Claireaux et Lefrancois (2007) estiment
gue la capacité métabolique aérobie peut étre @éréss comme un indicateur de la fitness de

I'animal, c'est-a-dire commn indicateur de sa capacité a survivre et se repduire.
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Abondance, concentration,
distribution de la ressource,
température, oxygene, ...

Figure 9. Subdivisions de la puissance énergétique en tcoimpartiments: la puissance
énergétique de maintenance allouée aux activitégadhires, la puissance énergétique de routine et
le surplus de puissance énergétique alloués auyitéstnon obligatoires ou discrétionnaires,
modifié d’apres Lefrancgois (2001).

En pratique, la capacité métabolique aérobie seulealpar la différence entre le taux
métabolique aérobie maximal, représentant la pogesénergétique totale de I'organisme, et
son taux métabolique de maintenance, représerdgmiissance énergétique de maintenance.
Au sein de notre étude, le taux métabolique aérabaximal a été mesuré par la
consommation d’oxygene du poisson a sa vitesseage maximale ; le taux métabolique de
maintenance correspond a la consommation d’oxygknéanimal au reposLa capacité
métaboliquea ainsi pu étre calculéeles performances de nagévitesse de nage maximale)
du poisson évaluées. Au cours de cette expérimentats niveaux d’exposition aux HAP ont
été évalués en mesurant les concentrations ndéwbolites biliaires de 3 HAP (le
naphtaléne, le pyrene et le bergpjrene). Cette méthode a été choisie car elle geda
s’affranchir de la disparition par métabolisationtra-tissulaire des HAPs et révéle ainsi
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I'incorporation des HAPs méme lorsque les concétra d’exposition sont faibles (Beyer et
al. 2010).

De nombreux auteurs ont montré une altération deafmcité metabolique aérobie et des
performances de nage due a la présence de contamihakl & Farrell 1993; Wilson et al.
1994; Pane et al. 2004). Par exemple, Wood etl8Bgq) montrent une diminution du taux
métabolique actif contribuant a une diminution de dapacité métaboligue et des
performances de nage chez la truite arc en €akljorynchus mykigslorsque celle-ci est
exposée au didecyldimethylammonium (DDAC). Cettigration a été mise en lien avec
I'altération morphologique branchiale, susceptilde diminuer I'approvisionnement en
oxygene, mais pourrait également étre due a unéndiion des performances cardiaques
(McKenzie et al. 2007).

Les performances de nage et de la capacité meéjabolkérobie représentent donc des
biomarqueurs pertinents et appropriés a notre étadels permettent d’évaluer I'effet des
contaminants au niveau de I'organisme et égalemheprédire un impact sur les processus de
croissance et de reproduction de I'animal donc saurfitness. Cependant cette approche
intégrative ne permet pas de déterminer les ciblésctées par les contaminants. Afin
d’évaluer au mieux I'impact d’'une nappe de pétohépersé chez le mulet doré, une approche
multimarqueur a été effectuée seux organes cibles des contaminants: le foie etsle

branchies
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3.3. Effets sublétaux d’'une nappe de pétrole disperssués au travers d’'une
approche multimarqueur au niveau de l'organe, ctes juvéniles de mulets

dorés (Liza aurata)

Dans cette étude, les effets sublétaux au nivealodgne ont été évalués au travers du
stress oxydant de la réponse antioxydante et des processus de détation mis en place
au nivealbranchial et hépatique

Le stress oxydant implique la production d’esp&éestives de I'oxygéeneRgactive oxygen
species ROS) et est synonyme de dommages (Halliwell &&idge 1999).

Bien qu'il puisse représenter un biomarqueur nogéciigue des effets néfastes des
xénobiotiques (van der Oost et al. 2003), I'impiiea spécifigue des HAP dans I'induction
de stress oxydant a été démontrée dans différétides cheZarassius auratugSun et al.
2006),Liza aurata(Oliveira et al. 2008) et che&golea senegaleng®liva et al. 2010).

HAP = @

@
Pl — — \)))) — | EROD
ARN cyp1A1 @)

Composés = ROS
électrophiles (O°2)

Figure 10.Mécanismes cellulaires amenant a la production@8 Reactive Oxygen Spedieans la
phase 1 de biotransformation des HAP. 1. Fixates [dAP sur le récepteur AhRrlyl hydrocarbons
receptod ; 2. Translocation du récepteur AhR dans le nagtalinison a I'ADN ; 3. Transcription de
'ARN cyplAl; 4. Traduction de I'enzyme EROD quatalyse la transformation des HAP en
composés hydrosolubles éléctrophiles et espécetives de I'oxygéne (ROSReactive oxygen
speciek

Les mécanismes cellulaires qui lient exposition &P et stress oxydant sont désormais
connus et décrits ici érigure 10. Lors de l'incorporation des HAP dans le milieteime, la
premiere réponse de défense de I'organisme auxgra$l est la biotransformation de phase 1.
Cette biotransformation est initiée par la liaisgpécifique d’'un HAP sur un récepteur
cytoplasmique aryl hydrocarbure (AhR). Le récept®hR s’associe ensuite avec la protéine
ARNT (Aryl hydrocarbon receptor nuclear translocatayui le transporte a l'intérieur du
noyau de la cellule. Ce complexe se lie alors asépience spécifique de 'ADN : le XRE

(xenobiotic regulatory eleméntCette fixation entraine une augmentation desteption des
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ARN messager du cyplAl (cytochrome P450 1Al) codamite autre pour I'enzyme
EROD (éthoxyrésorufin®-dééthylase). L'enzyme monoxygénaseROD permet la
biotransformation des HAP en composés hydrosolublass composés hydrosolubles
peuvent étreélectrophiles et donc directement inter-agir avec certaines amaotécules
comme I'ADN (Livingstone 2001) ou entrainer faoduction de ROS et notamment
d’oxygene singulet (Q) (Adler et al. 1999).

Les composés électrophiles pourront éoejugués avec le glutathiofGSH), dans la phase
2 de biotransformationF{gure 11), par l'intermédiaire de laglutathion-S-transférase
(GST), une enzyme cytosolique. Ces métabolitemsadors excrétés (phase 3) de la cellule

puis de I'organisme entre autre par voie biliaire.

@TH \ GS

T s
— —_ @5 —————— Phase 3: excrétion
; GST - -

électrophiles _ _
glutathion conjugués

Figure 11. Conjugaison des composés électrophiles au glotatipar I'enzyme GST
(Glutathion-S-transférase).

Les ROS, quant a eux, seront éliminés pamgésanismes de défense antioxydan{Eigure

12) qui mettent en jeu 'enzyme superoxyde dismu(@eD) catalysant la transformation
d’oxygéne singulet en peroxyde d’hydrogene@}). Le peroxyde d’hydrogéne est ensuite
transformé en oxygene et eau par l'intermédiairéadmtalaseGAT) ou par l'intermédiaire
de la glutathion peroxidas&Px) qui permet la réduction du,B, par le glutathion réduit
(GSH).
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ROS SOD CAT
(002) H202

H,0+0,

GSH GPx

H,0+0,
Figure 12. Systémes de défense antioxydants (SOD : super eoxyd
dismutase ; CAT : catalase ; GPx : glutathion pgiase) mis en place dans

la transformation des ROS (reactive oxygen spec@s)molécule non
réactive (HO et Q).

Lors d’'une contamination aux HAP késéquilibre entre la production de ROS et leur
neutralisation par les systemes antioxydants coores austress oxydant

Ce désequilibre peut étre da (i) soit a une intubides défenses antioxydantes par les HAP
ou (ii) soit a une production de ROS trop imporgmbur étre éliminée par les mécanismes de
défense antioxydantd-igure 13). Ce déséquilibre en faveur de la production deSR@ut
entrainer deslommagesnotamment au niveau deseembranes cellulairespuisque les ROS
alterent la structure des lipides membranaires $#dim& Di Giulio 1991). Ce phénomene de

dégradation est appdipoperoxydation ou peroxydation lipidique.

ROS
HAPs { vs Exces de ROS
\ Défenses antioxydantes ]

ROS ++ %
HAPs { Vs Excés de ROS Peroxydation lipidique

Défenses antioxydantes

Figure 13. Représentation schématique de l'induction par |8% Hiu phénomene de peroxydation
lipidique.

Au sein de ce travail, I'étude qurocessus de détoxicationimpliquant les enzymeSROD
et GST ainsi que le substr&&SH et lesmétabolites biliaires a été menée afin de mieux

comprendre la réponse de I'organisme a l'entréeco@saminants. Les taux de glutathion
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(GSH) seront tout particulierement observés au aniveranchial et hépatique, car leur
diminution au travers des processus de détoxicatioété corrélée a la mortalité chez
Onchorynchus mykig&errari et al. 2007).

L’étude du stress oxydant a été évaluée au tralepgomarqueurs de défensejue sont les
enzymes antioxydantes SOD, CAT, GPg&t au travers dbiomarqueur de dommagequ’est

la lipoperoxidation. Au niveau de l'organe, I'étude de ces biomargsigarmet de révéler de
maniere précoce les effets d’une nappe de pétispeiée exercant sa toxicité via un stress

oxydant (van der Oost et al. 2003).
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Chapitre 1 - Toxicité létale aigué et phénoménéidaccumulation des HAP

Effects of dispersed oil exposure on the bioaccumation of
polycyclic aromatic hydrocarbons and the mortalityof juvenile

Lizaramada

Thomas Milinkovitch, Rami Kanan, Hélene Thomas-Gugiéphane Le Floch
Abstract

Dispersing an oil slick is considered to be an aife response to offshore oil spills.
However, in nearshore areas, dispersant applicagoma controversial countermeasure:
environmental benefits are counteracted by theciiyxdf dispersant use. In our study, the
actual toxicity of the dispersant response techmiguthe nearshore areas was evaluated
through an experimental approach using juvehifE ramada Fish were contaminated via
the water column (i) by chemically dispersed oimwating dispersant application, (ii) by
dispersant, as an internal control of chemical elisipn, (iii) by mechanically dispersed oil,
simulating onlythe effect of natural mixing processes, withoupdrsant application, and (iv)
by the water soluble fraction of oil, simulatingetkoxicity of an oil slick before recovery.
Bioconcentrations of polycyclic aromatic hydrocatbdPAH) and mortality were evaluated,
and related to both total petroleum hydrocarbonH)rénd polycyclic aromatic hydrocarbon
(PAH) concentrations in seawater.

Fish exposed to chemically dispersed oil showet hdtigher bioconcentration of PAH and a
higher mortality than fish exposed to either thetewasoluble fraction of oil or the
mechanically dispersed oil. These results sugdest(t) dispersion is a more toxic response
technigue than containment and recovery of theslik; (ii) in turbulent mixing areas,
dispersant application increases the environmargklfor aquatic organisms living in the
water column. Even if the experimental aspectshief $tudy compel us to be cautious with
our conclusions, responders could consider thesaltseto establish a framework for

dispersant use in nearshore areas.

Keywords: dispersant, chemically dispersed oil, toxicity, lyegclic aromatic

hydrocarbons, bioaccumulation, nearshore areas.
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1. Introduction

In the last decades, increasing demand for petroiciads has led to an increase in oil
pollution in the sea. Many sources oil pollutionycls as industrial wastewater, tanker
accidents, and oil leaks from drilling operationsecéntly Deepwater Horizon) still
contaminate the marine ecosystem. Even if oil sgtb not represent the major source of
pollution (one third of the petroleum hydrocarbdhat enter the aquatic environment each
year, UNEP/IOC/IAEA, 1992), the consequences ofspills on local flora and fauna are
disastrous (Dauvin 1998; Claireaux et al. 2004;i@aét al. 2004). Secondary to mechanical
containment and recovery of the oil slick, chemidmpersants can be used to reduce the
environmental and economic impact of an oil sglhemical dispersants are composed of
surface active agents (surfactants), which cordaionic and nonionic molecules that confer
hydrophilic and hydrophobic properties, enablingido interfacial tension between oil and
water. This chemical process facilitates the foromabdf small, mixed oil-surfactant micelles,
dispersed into the water column (Canevari 1978)usThthe application of chemical
dispersants shows many advantages, by accelerdilimipn of the oil slick (Lessard &
Demarco 2000) and consequently accelerating biadegjon of oil compounds (Thiem 1994;
Churchill, 1995). However, in nearshore areas, #uwantages of dispersant use are
counteracted by its toxicity: the low dilution potal of the oil slick in shallow water may
expose ecologically sensitive ecosystems to retesamcentrations of petroleum. Therefore,
in nearshore areas, the long-term net environmdreakfits of dispersant application are
counteracted by acute toxicity. A net environmebgtefit analysis (NEBA, as conducted by
Baca et al. 2005, on a mangrove ecosystem), whatisiders both the advantages and
toxicity of dispersant use, is required in orderesiablish a comprehensive framework for
dispersant use policies for nearshore areas.

In an attempt to do so, past studies have evaluhtdicute toxicity of single dispersants
(Perkins et al. 1973; Thompson & Wu 1981; Law 1988ams et al. 1999; George-Ares &
Clark 2000). More recent studies have taken intesteration the toxicity of the petroleum-
dispersant interaction (Epstein et al. 2000; LondH&ldway 2002; Lin et al. 2009) using
chemical enhanced water accommodated fractions (@EWSinger et al. 2000) as
contamination solutions. These exposure solutiomsnat take into account most of the

particulate oil formed during the dispersion ofaarslick.
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However, the dispersion of oil provokes the presenf oil droplets, which have been
suggested to be a determinant of toxicity (Ramadteanet al. 2004a and Brannon et al.
2006), and does so even more in nearshore arease whtural dispersion (e.g. waves) can
send the whole oil slick from the surface into wWeter column (as described during the Braer
oil spill by Lunel 1995). Thus, in order to simwdaactual exposure to dispersed olil in
nearshore areas, an experimental approach was nddsigrhis approach, similar to
Milinkovitch et al. (2011a), considers the preseateil droplets in the water column.
Experiments were conducted on juvenile, thin-lipmgdy mullets I(iza ramadd, because
this teleost fish species is present in the Attanegarshore areas during its early life stage
(Gautier & Hussenot 2005), and is consequently idensd to be a target organism of
anthropogenic contaminants (Bruslé 1981). Moreovkis species is a key species of
ecosystems since it plays a significant role in tjflebal energy budgets of coastal
environments, by transporting particulate organatter from the salt marsh to the marine
coastal waters (Lafaille et al. 1998). Four expesuanditions were tested on these organisms:
(i) chemically dispersed oil solutions, simulatiting application of dispersant when turbulent
mixing processes (necessary for this response itpad)nare present; (ii) single dispersant
solutions as internal controls of chemically diseer oil solutions; (iii) a mechanically
dispersed oil solution, simulating the natural dispon of an oil slick due to mixing
processes, but without dispersant application; &wvater soluble fraction of oil solution,
simulating an undispersed oil slick before recoyeviten the absence of turbulent mixing
processes permits this response technique. Mertals observed upon increasing exposure
concentrations, yielding information on acute tayicfollowing dispersant application.
Moreover, the concentration of 21 polycyclic aroimatydrocarbons (PAH) was measured in
both the sea water and fish muscles, since (i) BAdonsidered to be a primary determinant
of petroleum toxicity for aquatic organisms (Anderset al. 1974) and (ii) their
bioaccumulation in organisms is enhanced by digmerapplication (Wolfe et al. 2001;
Ramachandran et al. 2004b; Mielbrecht et al. 2005).
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From Blackman et al., 1977

Figure 14. One tank of the experimental system (composed efvevtanks) devised to
maintain a mixture of oil-dispersant droplets thgbbout the water column.
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2. Materials and methods

2.1. Materials and experimental organisms

2.1.1. Experimental system

The experimental systenfrigure 14) used in this study was adapted from Blackman et al.
(1978), and is composed of 12 experimental tankgs)ucovered by a lid. Each tank is a 22 L
cylinder fitted with a removable central column (T in diameter), that houses a stainless
steel shaft and a three-bladed propeller. The @keoytinder has two sets of two apertures,
located at the top and the bottom. The aperturesavered with a plastic mesh screen to
exclude test animals from the propeller housinge pfopeller (30 x 25 mm) is rotated (1000
rounds per minute) to produce a small vortex witkine central cylinder, drawing the
exposure solutions in through the upper apertundseapelling them through the lower ones.
Even if residual oil is observed in the experimestastem following exposure, the system is
devised to maintain a mixture of oil-dispersantplets throughout the water column. The
system is a static water system, stored in a tesmymer controlled room (19 °C).

Physicochemical parameters were measured durinuseargs (able 1).

Table 1. Fish weight (Values represent mean + standard emean; n = 10 per treatment) and
physicochemicals parameters measured during orgasposure (Values represent mean + standard error
mean of 6 tanks measurement at T =0 h and at4'.2

Parameters MD CD1 CD2 WSF D1 D2
Temperature (°C) 19.1+0.1 188+0.1 186+0.2 19.1+0.1 182 18.6+0.2
pH 7.96 +0.037.92+0.047.90+0.038.00+£0.017.98+0.027.93+£0.02

Dissolved oxygen (% ASP5.2+0.8 92.1+0.6 946+1.1 952+0.8 93B& 96.8+0.6
Salinity (%o) 351+01 352+01 352+01 351+01 350k 352+0.1

Fish weight (g) 174+£0.11160+£0.121.65+0.091.71£0.121.78 +0.111.87 £+ 0.14
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2.1.2. Chemicals

A Brut Arabian Light (BAL) oil was selected for thstudy and the composition of the oil was
evaluated by CEDRE (CEntre de Documentation de &ebke et d'Expérimentations sur les
pollutions accidentelles des eaux), a laboratorgfel according to ISO 9001 and ISO
14001. The oil was found to contain 54% saturatgttdtarbons, 36% aromatic
hydrocarbons, and 10% polar compounds. Concentgatb21 PAH (including the 16

priority PAH listed by US-EPA) in the Brut Arabidmght oil are presented in Table 2.

Before performing the exposure studies, the oil waathered by bubbling air through the
petroleum in 3 Mtanks, for 8 days in open air, at a temperaturk2ab 16 °C. This aeration
protocol results in a 7 % petroleum weight losssTborresponds to the petroleum weight
loss occurring in 12 h on a 1 mm oil slick releaaedea (personnal communication, S. Le
Floch). Using this weathered oil, our study simesad 12 h period of petroleum ageing, i.e.
the time it might take for responders to apply drspnt. The composition of the weathered
test oil was 54% saturated hydrocarbons, 34% arorgdirocarbons and 12% polar
compounds and its APl (American Petroleum Instjtgtavity was 33. Concentrations of 21
PAH (including the 16 US-EPA PAH) are presented in

Table 2.

Two formulations of dispersants (1 and 2), manuiigct by Total Fluides and Innospech,
were selected. Both were evaluated by CEDRE ande wiremed effective enough
(determined using the method, NF.T.90-345) for msenarine environments, non-toxic at
concentrations recommended by the manufactureerfdeted using a standard toxicity test:
method NF.T.90-349), and biodegradable. Dispersardaad 2 are composed of surfactants
(surface active agents) and solvents. Becausedteeythird generation” dispersants, these
surfactants are blends of anionic and non-ionicesygFiocco & Lewis 1999). The
manufacturers state that the chemical compountein surfactants which represent a health
risk are non-ionic surfactants (24 %) and anionidastants (between 12 and 24%) for
dispersant 1; and saturated hydrocarbons withsa ff@int higher than 60 °C for dispersant 2.
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Table 2. Concentration of 21 PAH (alkylated and parentghia Brut Arabian Light (BAL) and in the
weathered Brut Arabian Light. The 21 PAH repregbet 16 US-EPA PAH and five supplementary
PAH (benzob]thiophene, biphenyl, dibenzothiophene, beslmjrene, perylene). n.d. = not detected.

Molecular weight

Concentration in BAL

Concentration in

weathered BAL
(g/mol) (ug/g of petroleum) (ug/g of petroleum)
Naphtalene 128.2 222 211
C1-Naphtalene 143.2 955 854
C2-Naphtalene 158.2 2099 1819
C3-Naphtalene 173.2 2084 1796
C4-Naphtalene 188.2 1480 1317
Benzop]thiophene 134.2 5 5
C1-benzap]thiophene 149.2 63 22
C2-benzap]thiophene 164.2 298 292
C3-benzap]thiophene 179.2 681 1030
C4-benzop]thiophene 209.2 606 537
Acenaphtylene 152.2 30 25
Biphenyl 154.2 15 14
Acenaphtene 154.2 4 3
Fluorene 166.2 45 39
C1-Fluorenes 181.2 132 116
C2-Fluorenes 196.2 269 230
C3-Fluorenes 211.2 304 261
Phenanthrene 178.2 112 95
Anthracene 178.2 112 95
C1-phenanthrenes/anthracenes 193.2 396 335
C2-phenanthrenes/anthracenes 208.2 603 498
C3-phenanthrenes/anthracenes 223.2 493 416
C4-phenanthrenes/anthracenes 238.2 318 273
Dibenzothiophene 184.3 373 330
C1l-dibenzothiophenes 199.3 1115 987
C2-dibenzothiophenes 214.3 2021 1759
C3-dibenzothiophenes 229.3 1764 1546
C4-dibenzothiophenes 2443 1040 936
Fluoranthene 202.3 7 6
Pyrene 202.3 11 9
C1l-fluoranthenes/pyrenes 217.3 62 51
C2-fluoranthenes/pyrenes 232.3 137 119
C3-fluoranthenes/pyrenes 247.3 222 191
Benzop]anthracene 228.3 19 16
Chrysene 228.3 18 15
Cl-chrysenes 243.3 37 29
C2-chrysenes 258.3 57 45
C3-chrysenes 273.3 84 88
Benzop+K]fluoranthene 252.3 3 3
BenzoE]pyrene 252.3 2 2
BenzoR]pyrene 252.3 11 9
Perylene 252.3 3 7
Benzof,h,)perylene 276.3 2 2
Indeno(,2,3-cdpyrene 276.3 n.d. n.d.
Dibenz@,h)anthracene 278.4 n.d. 1
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2.1.3. Experimental organisms

Juvenile, thin-lipped grey mulletd.i¢a ramada were caught in Daoulas Bay (France) and
acclimatised for 1 month in 300 L flow-through tant85 + 0.5 %0, 19 + 0.2 °C, with 12 h
light:12 h dark photoperiods) prior to the bioassdyuring acclimatisation, no mortality was
observed and mullets were fed daily with fish fo@¢eosupra AL2 from Le Gouessant
aquaculture). The fish were not fed 48 h priorhte bioassays, and throughout the exposure

period. For each exposure condition, ten fish wegghed prior to the exposuréable 1).

2.2. Exposure methods

2.2.1. Preparation of exposure media

Stock solutions were prepared in 22 L glass beakdrstock solutions were stirred for 24 h
as described below. A Water Soluble Fraction ofWEF) stock solution was prepared as the
Water Accommodated Fraction (WAF) recommended byYOSGRERF, with the exception
that the WAF preparation used in this study did mate a lid on the glass beaker in order to
simulate the evaporation of light compounds whiadtups during oil slick confinement.
Practically, 95 g of BAL (Brut Arabian Light) oil a weighed and gently spread out over 20
L seawater to simulate an oil slick. Then, the goluwas stirred using a magnetic agitator
(RCT basic IKA) using the low energy method (notermng) for a 24 h period. Only the
liquid phase of the WSF of oil was used in the sgbent exposure studies. Chemically
dispersed oil (CD1 and CD2) stock solutions, usiigpersant 1 and 2, were prepared using
20 L of seawater, 95 g BAL oil slick, and 5 g ofspiersants 1 and 2 (following the
manufacturers’ recommended application petrolewspatisant ratio of 20:1). Dispersant (D1
and D2) stock solutions were prepared using 20 lse#water and 5 g of dispersant. A
mechanically dispersed oil stock solution (MD) vpaspared using 20 L of seawater and 95 g
BAL oil slick. CD1, CD2, D1, D2 and MD stock solatis were each stirred for 24 h using a
propeller mixer (RW 16 Basic IKA), fitted with theame propeller as used in the
experimental system. The propeller mixer speed seasigher than during exposure (1400
rounds per minute instead of 1000 rounds per mjnaterder to avoid the formation of an oll

slick for the MD stock solution.
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2.2.2. Exposure conditions

Following the 24 h period of exposure media preji@maeach stock solution was diluted in
seawater, which was previously placed in the erpantal system tanks (described?id.1).

On the basis of one dilution per tank, 6 dilutioi®ach stock solution were made: 0%, 2.4%,
12%, 18%, 24%, and 40%. The final volume of eadhtidn was 16 L. Two exposure

conditions were tested simultaneously: CD1 andfbligwed by CD2 and D2, and then WSF
of oil and MD, chronologically. Each group of 10ganisms was exposed to one stock
solution dilution (16 L) for 24 h in one experimahtank. At the end of the 24 h exposure
period, the animals in each tank were gently temsfl to a 22 L glass tank with clean
seawater flow-through for 24 h, as recommended lagkBnan et al. (1978). After 24 h, each
tank was inspected and dead animals were counteitnads were considered to be dead
when no gill movement was visible and no resporsea tcaudal pinch was observed.
Surviving fish were euthanised using Eugenol (#&tmethoxyphenol). The whole axial

muscle of each fish was removed and stored at -Z6fCater assessment of polycyclic

aromatic hydrocarbon (PAH) concentrations.

2.3. Chemical analysis

2.3.1. Total petroleum hydrocarbon (TPH) seawater conaéotrs

The TPH concentration, which is the sum of disstltagdrocarbon concentrations plus the
amount of oil droplets, was measured for all expgsuedia in each tank, at T = 0 h, and at
the end of fish exposure (T = 24 h), using the nefahree replicated measurements for each
time point. Each sample was removed using a Teftaaw, linked to a pipette filler (VWR),
and stored in a 60 mL tinted glass bottle (VWR)e Heawater samples were extracted with
10 mL of Pestipur-quality dichloromethane (Carld&Reactifs, SDS). After separation of
the organic and aqueous phases, the seawater wasteda two additional times with the
same volume of dichloromethane (2 x 10 mL). The lwoed extracts were dried on
anhydrous sulphate and then analysed using a UVctrepbotometer (UV-Vis
spectrophotometer, Unicam) at 390 nm, as deschidelisey & Oudot (1976). The detection
limit of this method is dependent on the precisiminthe spectrophotometer (CEDRE
property), and results are not reliable for con@ditns under 1 mg/L
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2.3.2. Polycyclic aromatic hydrocarbon (PAH) seawater emications

PAH concentrations were assessed in each tank=ad T and following fish exposure (T =
24 h), using the mean of two replicated measuresnienteach time point. After sampling, a
24 h settling phase was used to separate oil deopied particulate matter from the seawater.
Then, 150 uL of a solution of 5 perdeuterated mdkestandards (Naphthaleng @&iphenyl
dio, Phenanthrene,;gl Chrysene @, and Benzo[a]pyrene;glat concentrations of 210, 110,
210, 40 and 40 pg/mL, respectively in acetonitdigma-Aldrich, France) were diluted in 10
mL of absolute methanol (Sigma-Aldrich, France)] #éms volume of methanol was added to
the liquid phase of the samples. PAH were extraftech the seawater using the stir bar
sorptive extraction technique (SBSE, stir bar cbatgh PDMS, Gerstel), and analysed by
thermal desorption coupled to a capillary gas clatography—mass spectrometer (GC-MS).
An HP7890 series Il (Hewlett Packard, Palo Alto,,@ASA) GC was used, coupled with an
HP5979 mass selective detector (MSD, Electronicalctip/OeV, voltage: 2 000 V). Twenty-
one PAH (alkylated and parents), including the 1&HPlisted by the US-EPA and 5
additional PAH (benzdthiophene, biphenyl, dibenzothiophene, berjmjrene, perylene),
were quantified according to published proceduRssy(et al. 2005). Based on the detection

limits of this method, accurate results at con@itns of 1ng/L were possible.

2.3.3. polycyclic aromatic hydrocarbon (PAH) concentratonn fish muscles and
bioaccumulation factor (BAF)

The concentrations of 21 PAH (alkylated and padantshe fish muscles were assessed. The
21 PAH represent the 16 US-EPA PAH and 5 suppleangrPAH (benzdjjthiophene,
biphenyl, dibenzothiophene, benglplyrene, perylene). PAH concentrations in the fish
muscles were determined by GC-MS, using a procechodified from Baumard et al.
(1997). Fish samples were pooled according to exposreatment (one pool per tank).
Although most pools contained some fish which suadithe exposure experiments, pools
were not analysed for exposures to 40 % stockisolitbecause there were no surviving fish
following CD1 and CD2 exposure.. The mean weightheffish in the pools was 6.1 + 0.7 g.
Prior to extraction, 150 pL of a solution of 5 pemterated internal standards (Naphthalene d
Biphenyl do, Phenanthrene;g Chrysene g, and Benzo[a]pyrene;glat concentrations of

210, 110, 210, 40 and 40 pg/mL, respectively, iat@dtrile Sigma-Aldrich, France) and
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50 mL of an ethanolic solution of potassium hyddexi2 mol C*, Fisher Chemicals) were
added to fish muscles in 250 mL flasks and placgd3fh in a drying cupboard at 60 °C.
After alkaline digestion, 20 mL of demineralisedtgravas added and samples were extracted
with 2 x 20 mL of pentane (Carlo Erba Reactifs, $DBhe resulting extract was then
concentrated using a Turbo Vap 500 concentratom@ty Hopkinton, MA, USA, at 880
mbar and 50 °C) to 1 mL, purified on a silica colu(d g of silica, hydrocarbons were eluted
with 50 mL of pentane/dichloromethane 80/20) andcentrated to 200 pL for analysis.
Aromatic compounds were analysed by GC-MS, witlagproximate quantification limit of
5 ng.kg* of dry weight. PAH levels were quantified relatiteethe 5 perdeuterated internal
standards introduced at the beginning of the sanmukparation procedure (one per
aromaticity class).

Moreover, as described in Baussant et al. (2009%joaccumulation factor (BAF) was
calculated using the ratio of the total PAH concatidn in fish muscles divided by the total

PAH concentration in seawat&.3.2).

2.4. Statistical analysis

All correlations were tested using Spearman’s ¢ation test (XL Stat 5.2) and the statistical
significance of the results was ascertainedaat 0.05. Differences between exposure
conditions (CD1, CD2, MD, D1, D2, WSF) concernimgwater PAH concentrations, muscle
PAH concentrations, and bioaccumulation factorsewaraluated using the Quade test. For
the Quade test procedure, exposure conditions defieed as treatment and % of stock
solutions defined as blocks. Values obtained fatheaxposure conditions at several % of
stock solutions were considered as repeated measnte. The Quade test was carried out
using R statistical software and the statistioghicance of the results was ascertained at
0.05.
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3. Results

For all exposure conditions, physicochemical patamewere stable and no difference was
observed between theagble 1).

3.1. Total petroleum hydrocarbon (TPH) seawater concamins and fish

mortality (Erreur ! Source du renvoi introuvablendiTable 4)

No mortality was observed and the TPH concentratias zero for 0% stock solutions of all

exposure media. Spearman’s test revealed a coorela@tween TPH concentration (the mean
of measurements at T = 0 h and at T = 24 h) angé¢neent dilution of stock solutions for

CD1 and CD2 exposure (P < 0.05), but no correlatims found for MD exposure (P =

0.137). Because only soluble compounds are prasaiMSF of oil exposure media, the low

TPH concentrations contained in this exposure medannot be detected using

spectrophotometry.

No mortality was observed following WSF of oil amD exposure. For D1 exposure, 10 %
mortality and 30 % mortality was observed for 18 a#0 % stock solution exposures,
respectively. Approximately the same pattern waseoled for D2 exposure: 10% mortality
and 20 % mortality was observed for 12 and 40 %kssolution exposures, respectively.

For CD1 exposure, no mortality was observed foltmyvexposure to 0% and 2.4 % of the
stock solution. Following exposure to 12, 18 and24f the stock solution, 30 % mortality

was observed. Thus, no mortality increase was wbddollowing exposure between 12 and
24 % of the CD1 stock solution, whereas our resstiisw increased TPH concentrations.
Following exposure to 40 % of the stock solutio®) 26 mortality was observed.

For CD2 exposure, 0 % mortality was observed falhgnexposure between 0 and 18 % of
the stock solution. 10% mortality was observedoiwlhg exposure to 24 % of the stock
solution and 100 % mortality was observed followmgosure to 40 % of the CD2 stock

solution.
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Table 3. Mortality and Total petroleum hydrocarbon (TPH) centration (values represent the
concentration at Jly+To4 ) measured for each % of stock solution, for MD ¢hamically dispersed
oil), CD1 (chemically dispersed oil using dispetsdr), CD2 (chemically dispersed oil using
dispersant 2). n.d. = not detected.

MD CD1 CD2
% of stock [TPH] Mortality [TPH] Mortality [TPH] Mortality
solution (mg/L) (%) (mg/L) (%) (mg/L) (%)
0 n. d. 0 n. d. 0 n. d. 0
2.4 67-15 0 55-35 0 111-64 0
12 281-228 0 491-398 30 616-548 0
18 173-158 0 873-605 30 777-625 0
24 383-340 0 1223-1096 30 1203-1055 10
40 374-122 0 1606-1457 100 1641-1438 100

Mortality was not observed and TPH concentratios wader the method detection limit (n/a)
for 0% stock solution of all exposure media. Thee@man test revealed a correlation
between TPH concentration and the percentage ok swlution for CD1 and CD2 exposure
(P < 0.05) but no correlation was found for MD esp@ (P = 0.137). Only soluble

compounds are present in WSF exposure media sthihédw concentrations were under the

method detection limit.

Table 4. Mortality and contaminant concentration (TPH for FV&xposure and Dispersant nominal
concentration for D1 and D2 exposure). n.d. = mbécted.

WSF D1 D2
% of stock [TPH] Mortality [Disp] Mortality [Disp] Mortality
solution (mg/L) (%) (mg/L) (%) (mg/L) (%)
0 n.d. 0 0 0 0 0
2.4 n.d. 0 6 0 6 0
12 n.d. 0 30 0 30 10
18 n.d. 0 45 10 45
24 n.d. 0 60 0 60
40 n.d. 0 100 30 100 20
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3.2. Polycyclic aromatic hydrocarbon (PAH) seawater cemication

No polycyclic aromatic hydrocarbons (PAH) were detd for 0% of the stock solutions for
all exposure media.

A correlation between the sum of the concentratiohshe 21 PAH Figure 15 and the
percent dilution of the stock solution was found@D1, CD2 and WSF of oil exposures (P <
0.05), but not for MD exposure (P = 0.100). The safrthe concentrations of the 21 PAH in
seawater revealed significant differences betweemposure conditions. First, PAH
concentrations were significantly higher followingD2 exposure than CD1 exposure.
Moreover, our results reveal that exposure to cbelhyi dispersed oil solutions (CD1 and
CD2) is associated with higher concentrations oHRBan mechanically dispersed oil media.
Finally, PAH concentrations following WSF of oil gasure were significantly lower than

PAH concentrations measured following other exp@soanditions (MD, CD1, CD2).
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Figure 15. Concentration of the sum of 21 PAH (alkylated armdepts) in sea water during CD1
(Chemically Dispersed oil using dispersant 1), Q@2kemically Dispersed oil using dispersant 2),
MD (Mechanically Dispersed oil) and WSF (Water $dduFraction of oil). Values represent means
of two measurements (at T = 0 h and at T = 24 hg 1 PAHs represent the 16 US-EPA PAHs and
five supplementary PAHs (benihjthiophene, biphenyl, dibenzothiophene, beslmjrene,
perylene). To determine whether the curves diffesighificantly, Quade test was conducted.
Different letters above curves indicates that csii#fered significantly (P<0.05).
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3.3. Polycyclic aromatic hydrocarbon (PAH) concentrasoim fish muscles

and bioaccumulation factor (BAF)

Polycyclic aromatic hydrocarbon (PAH) muscles caricion [able § were measured to be
zero following exposure to 0% of the stock solusidor all exposure media.

Correlations were found between PAH concentrationssh muscles and the percent stock
solution dilution used for MD, WSF, CD1 and CD2 £F0.05). PAH concentrations were
significantly higher in chemically dispersed oilC and CD2) than in either mechanically
dispersed oil (MD) or WSF of oil. Even though th&HPconcentrations appeared to be much
higher following mechanically dispersed oil expastinan WSF of oil exposure, statistical
analysis did not reveal any significant differeiffevalue = 0.115).

No correlation was observed between BAF and thegmérstock solution dilution, for all
exposure medial@ble 6). BAF was found to be significantly higher follavg exposure to
chemically dispersed crude oil (CD1 and CD2) thaBRAbf oil exposure. Although BAF
levels appeared to be higher following MD expoghean following WSF of oil exposure, no
significant difference was found (P = 0.064). Ngngiicant difference was found between
MD and CD1 exposure (P = 0.265). The same is ttiddand CD2 exposure (P = 0.701).
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Table 5. Concentration of the sum of 21 PAH (alkylated aradepts) in fish

muscles (ug/g) for CD1 (Chemically Dispersed oilngsdispersant 1), CD2
(Chemically Dispersed oil using dispersant 2), MiDe¢hanically Dispersed oil)
and WSF (Water Soluble Fraction of oil) exposurBespecting Quade test
procedure, values obtained for each exposure donglitat several % of stock
solution are considered as repeated measures.cédtedi significant differences
(P<0.05) of concentrations ([sum of 21 PAH]) betweexposure conditions.
n.d.=not detected

% of stock

solution MD CD1 CD2 WSF
0 n.d n. d. n.d n.d
24 2.27 6.30 5.70 0.08
12 3.34 10.23 8.13 0.09
18 4.24 11.43 17.00 0.14
24 9.80 12.10 11.25 0.12

* *

Table 6. Bioaccumulation factor (BAF = [total PAH] in fishuscle / [total PAH]
in sea water) for CD1 (Chemically Dispersed oil ngsidispersant 1), CD2
(Chemically Dispersed oil using dispersant 2), Me¢hanically Dispersed oil)
and WSF (Water Soluble Fraction of oil) exposurBespecting Quade test
procedure, values obtained for each exposure conslitat several % of stock
solution are considered as repeated measures.caiedi significant differences
(P<0.05) of BAF between exposure conditions. n.gotcalculated.

% of stock
solution MD CD1 CD2 WSF
0 n. c. n. c. n. c. n. c.
24 33.1 75.1 61.4 16.1
12 42.5 98.4 66.7 16.5
18 58.2 99.3 141.4 20.6
24 126.9 98.1 59.2 12.1
40 n.c n.c n.c n.c
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4. Discussion

The aim of this study was to evaluate the toxiditye to dispersant application in nearshore
areas as an oil spill response technique. Usingxaerimental approach, this study took into
account the turbulent mixing processes inheremtei@rshore waters, and also accounted for
the presence of oil droplets resulting from oitlsldispersion. Four exposure conditions were
tested: (i) chemically dispersed oil solutions, @iaming the application of dispersant when
turbulent mixing processes permit this responskniece; (ii) dispersant alone (D1 and D2)
in seawater, as internal controls of chemicallypdised oil solutions; (iii) a mechanically
dispersed oil solution, simulating the natural dispon of an oil slick due to mixing processes
but without dispersant application; (iv) a waterudte fraction of oil, simulating an
undispersed and untreated oil slick before recowengn calm weather conditions permit this
response technique.

For 0% dilutions of the stock solution of all trewnts, mortality did not occur and
contaminants were not detected in seawater ortigsines. These results, coupled with the
stability of physicochemical parameters (T °C, mltsolved oxygen, salinity) validate the

experimental procedure used in this study.

4.1. Mortality, total petroleum hydrocarbon (TPH), analycyclic aromatic

hydrocarbon (PAH) concentrations in seawater

The TPH concentration decrease observed in thdydietween T=0h and T =24 h, is in

agreement with field operation measurements, afthothe drastic decrease observed in
literature (Cormack 1977; Lessard & Demarco 200@}% wlighter less in our experiment.

Although the experimental system used for this stattempts to simulate natural dispersion
at nearshore areas, we admit that the evolutidrPéf concentration depends on the turbulent
mixing energy of the experimental system.

Correlations between the percentage stock soluised for exposure and total petroleum
hydrocarbon concentrations (mean of measuremeiitsdih and at T = 24 h) were observed
following CD1 and CD2 exposures, whereas no cdicglawas found following MD

exposure. Indeed, following CD1 and CD2 exposuféd;l concentrations increase linearly
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as a function of the percentage stock solution fisedxposure, whereas TPH concentrations
for MD exposure did not increase between 12% ofstioek solution and 40% of the stock
solution. Extrapolated to oil spill response teciueis, this result shows that, for a given sea
energy (in this study, the experimental system gyera threshold water column
concentration cannot be exceeded if the oil slelkdispersed mechanically, whereas this
threshold can be exceeded if the oil slick is dispé chemically.

In parallel, an oil slick was observed followingpesure to 12, 18, 24, and 40% MD stock
solution dilutions, whereas no oil slick was obgerfollowing CD1 and CD2 exposures.
Thus we can hypothesise that, following MD exposurereasing the petroleum quantity led
to an increase in oil slick thickness instead ofmmnease in water column TPH concentration.
The formation of an oil slick during mechanical mhssion, but not during chemical
dispersion is in agreement with the mode of act@dnchemical dispersants and with
observations made at oil spill sites. Lewis & Dglif2001) gave a complete explanation of
this phenomenon: when turbulent mixing energy permatural dispersion of the oil slick, oil
droplets are large (from 0.4 to several mm in di@meand rise quickly back to the sea
surface, where they coalesce and reform the aik.slin contrast, chemical dispersant
application mediates the formation of smaller obmets (10 to 50 um), which have a low
rise velocity and are disseminated, for instancevater currents, before they can reform an
oil slick.

Regarding to fish mortality, chemically dispersedwould be more toxic than an untreated
and undispersed olil slick (WSF). Indeed, no mdstakas found for WSF of oil exposure
whereas 100 % fish mortality was observed followexgosure to 40% dilutions of CD1 and
CD2 exposures. Moreover, mortality due to chemdtigspersion of oil (CD1 and CD2) was
observed at lower concentrations: at 12 % of thd Gck solution and at 24 % of the CD2
stock solution. Note that mortality did not incredsetween 12 % and 24 % of the CD2 stock
solution, whereas actual TPH concentrations ine@a3his phenomenon is likely due to
contamination resistance variability between fisbhr example, it is possible that some fish
exposed to 24 % of the CD2 stock solution were mesestant to hydrocarbon contamination
than other fish exposed to 12 % of the CD2 stodutimm. This would result in the same
mortality percentage for both groups of fish, euvérthe exposure concentrations were
different. In total, these results are in agreenvatit many studies (Long & Holdway 2002;
Pollino & Holdway 2002; Lin et al. 2009) and sugess it was previously proposed by
Cohen & Nugegoda (2000), that when meteorologicaldidions permit it, recovery and
containment of the oil slick should be conductettsiit is a less toxic response technique
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than the application of chemical dispersants. Sirty)] chemically dispersed oil seems to be
more toxic than mechanically dispersed oil, becaussmortality was observed after fish were
exposed to this condition. This finding suggestat,tiwvhen the oil slick is under natural
mixing processes, the application of chemical dispa increases the toxicity of the
petroleum, probably by increasing the amount ddltpetroleum hydrocarbons in the water
column (as described above). Moreover, our studylt® suggest that the toxicity of
dispersants (D1 and D2) seems to be too low tdeertajor determinant of CD1 and CD2
exposure toxicity. This result is in accordancehw@titoluju (2005), who showed that the
toxicity of dispersant application is not due tepmlrsant toxicity alone, but rather to the
synergistic toxicity of dispersant and petroleum.

With respect to seawater concentrations of the 2 Pompounds tested, our results show
that PAH concentrations were significantly highelidwing CD1 and CD2 exposures than
WSF of oil exposure. This result is in line withetinode of action of chemical dispersants,
which increase the total surface area for the aming of PAH from oil to water by
increasing the number of droplets and decreasieg #®ize. Mechanical dispersion also
increases the number of droplets in the water cojuand, logically, based on our results, this
phenomenon led to an increase in PAH concentraficmsparing WSF of oil exposure and
MD exposure).

Our study results demonstrate that PAH concentrataoe higher in chemically dispersed oll
than in mechanically dispersed oil. This resultldalso be due to an increase in surface area
available for PAH partitioning, since part of thetleum is taking part in an oil slick
(instead of droplets) in mechanically dispersed oil

Moreover, our results indicate that, through congoar of both chemical dispersants (CD1
and CD2), dispersant 2 induces higher PAH conceoi in seawater than dispersant 1.
However, TPH concentrations in the water colummdbseem to be different between both
dispersed oil solutions. It is therefore possildehypothesise that dispersant 1 retards the
PAH partitioning from oil droplets to water.

In our study, the sum of 21 PAH concentrationseavgater were never higher than 308 pg/L
(following exposure to 40 % of the CD2 stock saun)i In a study by Maria et al. (2002),
conducted orAnguilla anguilla the exposure period was 9 times longer (216 &) th our
study, and the concentration of bergpjrene -considered to be the most toxic of the 21
PAH (Eisler 1987)- was measured to be 2 times mi¢gd&0 pg/L) than the sum of 21 PAH
concentrations measured in our study. Neverthelesthis last study, mortality was not

observed. Comparison of these two studies sugdgiestsin our study, PAH concentration
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was not sufficient to induce mortality. Thus, PAHe not the only determinant of acute
toxicity. In fact, acute toxicity could be due tther petroleum compounds (such as saturated
hydrocarbons), or the presence of oil droplets r{Bom et al. 2006). Therefore, as stated in
the introduction of this article, the presenceaték petroleum hydrocarbons and/or droplets in
the water column seems to be very important foluateon of the toxicity of chemically
dispersed oil.

4.2. Bioaccumulation factor (BAF), PAH concentrationdish muscles

PAH compounds are considered to be mutagenic arginogenic (Ohe et al. 2004) and,
consequently, their bioaccumulation is relevant antkresting because it provides
information about long-term toxicity (Ramachandedral. 2004a). In the present study, PAH
bioconcentrations were measured following a 24rioden clean seawater. There is evidence
that biological detoxification processes (suchhesihduction of EROD activity described in
Camus et al. 1998) can be induced during this dettowever, because the detoxification
period was the same for all fish, comparison ofultesbetween exposure conditions is
reliable.

In a comparison of chemically dispersed oil andwlager soluble fraction of oil, our results
show that dispersion of the oil slick led to anrease in PAH concentrations in seawater
(previously discussed in section 4.1. above). Meeeo our results show that PAH
bioaccumulation (via BAF calculation) is higherléating CD1 and CD2 exposure conditions
than WSF of oil exposure conditions. This phenomeoould be due to other contaminants
(such as saturated hydrocarbons or the chemicpémbiant), which can induced functional
morphology alterations in the gills (as describadRosety-Rodriguez et al. 2002). This
alteration would have induced a decrease of trected permeability of gills and by the way
an increase of PAH bioaccumulation.

Taken together, these results show that dispergaplication increases PAH partitioning
from oil to water, and moreover, increases PAH tooanulation (at the seawater—organism
interface). As a result, PAH concentrations werentbto be higher in the muscles of fish
exposed to chemically dispersed oil than in thealessof fish exposed to the water soluble
fraction of oil. These results are in agreementhwitany studies that have revealed an
increase in PAH uptake due to dispersant applicafiolfe et al. 2001; Mielbrecht et al.
2005).
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Similarly, PAH concentration measurements in seamakere found to be higher following
MD exposure than WSF of oil exposure. Moreover,s¢haesults show that PAH
bioaccumulation seems to be higher following MD @&sqyre than WSF of oil exposure (P =
0.064). Together, these results suggest that megcatispersion seems to increase PAH
partitioning from oil to water, and, in additionncrease PAH bioaccumulation (at the
seawater—organism interface). As a result, PAH eotmations seem to be higher in the
muscles of fish exposed to mechanically dispersedMD) than in the muscles of fish
exposed to the water soluble fraction of oil (Pueat 0.115).

By comparing chemically and mechanically dispersadie oil, we have shown that PAH
concentrations in seawater were higher followingroitally dispersed oil exposure (either
CD1 or CD2) than following MD exposure. PAH bioacuauation (BAF) was not different
following these two exposures whereas PAH concgotra were significantly higher in the
muscles of fish exposed to chemically dispersedhah in the muscles of fish exposed to
mechanically dispersed oil. These results suggeat, tfollowing chemical dispersant
application, PAH partitioning from oil to water the main factor inducing the observed

increase in PAH bioconcentrations.

5. Conclusion

By comparing chemically dispersed oil exposure aater soluble fraction of oil exposure,
our results demonstrate that chemical dispersioomdge toxic than an untreated and
undispersed oil slick, both in terms of acute tayi¢i.e. mortality observations) and chronic
toxicity (increased PAH bioconcentration in fish soles). The higher toxicity found for
chemically dispersed oil solutions is probably doethe presence of oil droplets and the
resulting increase in the concentration of PAHha water column. Based on these results,
responders should consider the increased toxiciytd chemical dispersion before using this
response technique. For instance, when an oil i is ecologically sensitive, oil
dispersion, by applying dispersants and inducingnmgiprocesses (e.g. using a boat propeller
as recommended in Merlin 2005), would not be appaitg In this case, oil slick containment
and recovery should be considered if technicalifees and meteorological conditions permit.
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Our comparison of chemically and mechanically dispé oil exposure effects has yielded
information on dispersant application toxicity whiembulent mixing processes are present in
nearshore areas. Under these conditions, oil slarkainment and recovery is impossible,
because of natural dispersion of the slick. Ouultesshow that dispersant application
increases both fish mortality and PAH bioconcerdrat (by increasing the amount of
dissolved PAH in the water column). These resulggsst that, when the oil slick is under
natural mixing processes, such as waves, the apiplc of dispersant increases the
environmental risk for aquatic organisms livingte water column.

However, these results were obtained at an expetahegiven mixing energy and
concentrations used were significantly higher thlamse normally encountered during oil
spills (Cormack 1977; Lunel 1995). These limitaiai our study compel us to be cautious in
our conclusion. Nevertheless, responders mustitdkeaccount these results and also need
more information on potentially sublethal effedts better evaluate the long-term toxicity of
dispersant application. Because of this, our stagart of an on-going project (DISCOBIOL
project: DISpersant and response techniques fors@Dareas; BlOLogical assessment and
contributions to the regulation). Considering biité toxicity of dispersant application and its
advantages, this project aims to obtain informatibout the ecological effects of dispersant

application in nearshore areas.
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Synthese du Chapitre 1

Cette étude constitue un préliminaire nécessairgeaude ce travail de these. En effet, notre
approche expérimentale permet a la fois de mesatexicité aigué— au travers de mesure
de CL50- due a I'application de dispersant sur nagpe de pétrole, mais permet également
d’informer sur la toxicité a plus long terme, aaviers des mesures de bioaccumulation. Plus
précisément, la mesure des composés chimiquesnpsésdans la colonne d’eau et dans les
muscles de poissons permet de renseigner, surplesessus de solubilisation et
d’incorporation des HAP responsable, en partie, de la toxicité chronique aliapplication
des dispersants.

Dans cette étudérois conditions expérimentalessimulent trois scenarii possibles lors d’'une
catastrophe pétroliere : (ilp dispersion mécaniquede la nappe de pétrole simule la
dispersion naturelle d’'une nappe de pétrole nome&aen milieu cotier turbulent ; (iija
dispersion chimique d’'une nappe de pétrole simule une nappe de pétralge aux
dispersants en milieu cétier turbulent ; (ia)fraction soluble des hydrocarburesssue d’un
pétrole non traité aux dispersants simule le cenfiant d’'une nappe avant sa récupération.
Deux conditions controlesont également été établies: dispersant seul eni@oldans I'eau

de mer (contréle interne d’une dispersion chimigetegau de mer non contaminée.

La comparaison des résultats des£éntre une nappe de pétrole non traitée et la digpe
chimique de celle ci montre que I'application depdirsant augmente la toxicité |étale aigué
du pétrole. La bioconcentration des HAP est égattraagmentée puisque leur diffusion a
I'interface pétrole-eau ainsi qu’a l'interface eangianisme est potentialisée par I'application
de dispersant. Ces résultats suggerent que loFsqaed’agitation de la mer est faible et que
les moyens techniques permettent un confinementnet récupération de la nappe, la
dispersion chimique de la nappe de pétrole -palicgion de dispersant et induction
artificielle de phénoméne turbulents (e.g. utiizatd’hélice de bateau)- ne doit pas étre
envisagée.

La comparaison des résultats entre une nappe delegpéhimiqguement et mécaniquement
dispersée montre que I'application de dispersantmdieu cotier turbulent entraine une
augmentation de la mortalité. De plus, I'applicatibe dispersant augmente le transfert des
HAP au sein de la colonne d'eau. Ce phénomene esgiaplement responsable de
'augmentation de la bioconcentration des HAP da&es chairs de poissons. Cette
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augmentation de la bioconcentration n’est régie pae le phénomene de diffusion a
l'interface pétrole-eau, l'incorporation des HAP [{iterface eau-organisme) n’étant pas
potentialisée par I'application de dispersant eéspnce de phénomeénes de turbulence. Ces
résultats suggerent, aari milieu cétier turbulent, I'application de dispersant augmente la
toxicité létale du pétrole et les phénomenes de liccumulation.

Cependant, les conditions expérimentales de cettie @nposent d’étre extrémement prudent
qguant a nos extrapolations. En effet, afin d’obtenie évaluation en termes de mortalité, cette
étude a été réalisée a des concentrations bien ¢lexsees que celles rencontrées
habituellement lors de catastrophes pétroliereserhble donc nécessaire dans un deuxieme
temps d’évaluer les effets biologiques de l'appiaad’un dispersant au travers d’'une étude
expérimentale reflétant les concentrations retresu® situ lors de catastrophes pétroliéres.
Pour ce faire, une approche expérimentale visadétarminer les effets sublétaux d’'une
nappe de pétrole au niveau de I'organisme a étélajgpée et est présentée dans le chapitre

suivant.
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Chapitre 2 - Effets sublétaux d’'une nappe de pétdidpersée sur les performances de nage
et la capacité métabolique aérobie

Effect of dispersed crude oil exposure upon the maolic scope in

juvenile golden grey mullet Liza aurata)

Thomas Milinkovitch, Julie Lucas, Stéphane Le Floch

Hélene Thomas-Guyon, Christel Lefrancois

Abstract

Dispersant application is used as a response tpohitdo minimize the environmental risk of
an oil spill. However, in nearshore area this ceumheasure is controversial. Through an
experimental approach in juvenile golden grey niylléza auratg, this study evaluated the
toxicity of dispersant use. Five exposure condgiamre tested: (i) a chemically dispersed oil
simulating dispersant application; (ii) a singlsgirsant as an internal control of chemically
dispersed oil; (iii) a mechanically dispersed oarhglating natural dispersion of oil; (iv) a
water soluble fraction of oil simulating an undisgel and untreated oil slick and (v) an
uncontaminated sea water as a control exposureitmondFor each of these exposure
conditions, contamination level of polycyclic aramahydrocarbons (PAH) was evaluated
through the measurement of relative concentratibbilcary metabolites. Toxicity, at the
organism level, was evaluated measuring the aeroietabolic scope and the critical
swimming speed of exposed fish. PAH biliary met@bslrevealed that exposure of fish to
PAH was increased if the oil was dispersed, whateechanically or chemically. However,
aerobic metabolic scope and critical swimming spéiednot reveal significant difference
between the exposure conditions. These resultseesutjgat further studies must be conducted
in order to evaluate dispersant use toxicity inrsieare area: studies focused at the organ

level or studies evaluating the long term effedtdispersant application could be of interest.

Key words: Dispersant toxicity, Aerobic metabolic scope, iCalt swimming speed, biliary

metabolites, nearshore area, golden grey mullet.
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1. Introduction

Since the last decades, oil spills are a commonrosece: Amoco Cadiz in 1978, Erika in
1999, Prestige in 2002 and recently Deepwater dorpatform (2010). Nowadays, recovery
and dispersion are the two mains techniques usedletm up an oil spill. Recovery, and
associated containment of the oil slick, are operavhen the oil is viscous type, water
temperature low, and sea surface flat. On the dthed, dispersant application is operated if
the oil is light, water temperature high, and tea sough enough to permit dispersion of the
oil slick (Chapman et al. 2007). Dispersants usedsarfactants (surface active agents) with a
chemical affinity for both oil and water, enablitggmix the petroleum into the water column
in small mixed oil-surfactant micelles (i.e. withdeameter lower than 100 um) as described
by Canevari (1978). By diluting the oil slick inettwater column, dispersants prevent the
arrival of the petroleum slick on ecological sensitnearshore habitats and limit the risk of
contamination in sea surface-occupying organismg. (seabirds, marine mammals).
Moreover, by increasing the surface to volume ratfothe oil, dispersion of the slick
accelerates bacteria degradation of hydrocarborehfT et al. 1994; Churchill et al. 1995;
Swannell & Daniel 1999).

In spite of these advantages, dispersant sprayaylra considered as a countermeasure in
nearshore area. Indeed, because of a limited ahlygotential of the oil in shallow waters, use
of dispersant may induce high concentrations ofgbsim in the water column and thereby
raises the toxicity for aquatic organisms. Thusprder to give a framework to dispersant use
policies in nearshore area, it is necessary touat@lthe toxicity of its application. In past
studies, toxicity of dispersant spraying techniguas determined by evaluating mortality of
organisms exposed to a single dispersant solugan Perkins et al. 1973 [Bolea solep
Later, studies measured toxicity of chemically erdeal water accommodated fraction, taking
into consideration the toxicity of the interactitmetween dispersant and petroleum. For
instance, Lin et al. (2009) and Jung et al. (200@&luated respectively lsgin juvenile
Onchorhyncus tshawytsclaend biomarkers responses (acetylcholine estematbe ibrain and
ethoxyresorufin O-de-ethylase in the liver) 8ebastes schlegelMost of these studies
considered the toxicity of the chemically enhaneseder accommodated fraction (CEWAF,
described in Singer et al. 2000), a contaminatiotut®n which does not take into

74



Chapitre 2 - Effets sublétaux d’'une nappe de pétdidpersée sur les performances de nage
et la capacité métabolique aérobie

consideration the presence of a majority of thelmbplets formed during the dispersion of an
oil slick. However,in situ, dispersant application provokes the formatiorpaiticulate oil
(oil-dispersant droplets) which is a phenomenorti@darly enhanced in nearshore area
because of the mechanical agitation due to natanehg process (e.g. waves). In addition,
oil droplets have been suggested as a determiriahsmersed oil toxicity by Brannon et al.
(2006). Therefore, the present study takes in dengtion the relevant presence of these
droplets in the water column in order to assessdtteal toxicity of dispersant use in
nearshore area. Through an experimental approagbknije of golden grey mulletd.i¢a
aurata), a near shore teleost species, were exposed t©h@mically Dispersed oil (CD)
simulating dispersant application; (ii) single Desgant (D) as an internal control of CD; (iii)
Mechanically Dispersed oil (MD) simulating natuiikpersion of oil; (iv) Water Soluble
Fraction of oil (WSF) simulating an undispersed andtreated oil slick and (v)
uncontaminated sea water as a Control exposuretmn(C).

For each condition, the level of exposure was eatallithrough the concentration in seawater
of total petroleum hydrocarbons (TPH) and throuiglé ¢oncentration of the 16 Polycyclic
Aromatic Hydrocarbons (PAH) priority pollutants ted by US EPA. In parallel, the
concentration in the gallbladder of three biliargtabolites was estimated in order to give
information of PAH bioavailability. At the whole ganism level, the contamination-related
impairments were evaluated by assessing the fisbbideMetabolic Scope (AMS, Fry 1947).
AMS is the difference between Active Metabolic R&AIR) and Standard Metabolic Rate
(SMR), i.e. the maximal metabolic rate of an organism in ahlyicactive state minus its
metabolic rate when at rest, respectively. Thus,SABktimates an instantaneous rate of
metabolism in the organism to cope with energy-dedimey activities (e.g. locomotion,
digestion, feeding). Environmental factors (e.gperature, dissolved oxygen, pollutants) are
known to modulate AMS. For instance,30lea soleatemperature together with oxygen is a
determinant of metabolic scope (Lefrancois & Claire 2003). Specifically to petroleum
hydrocarbons exposure, Davoodi & Claireaux (200@hlighted a 30% decrease of AMS in
Solea solea Reduction of AMS illustrates a diminished abilitp cope with energy
demanding activities, which is likely to result & prioritization of internal energy flow
towards short term survival activities at the deént of somatic and/or gonadic growth
(Claireaux & Lefrancois 2007; Del Toro-Silva et 2008; Chabot & Claireaux 2008). As a
consequence, AMS is claimed to be a relevant padxfftness for an animal coping with

changing environmental factors such as temperatoxggen availability and pollutant
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exposure (Claireaux & Lefrangois 2007) and was emgd in this study in order to evaluate
the environmental risk of dispersant applicationmbpiza auratapopulation.

2. Material and Methods

2.1. Experimental organisms

Sixty juveniles golden grey mulletki¢a auratg provided by Commercio Pesca Novellame
(Srl, Chioggia, Italy) were used. Prior to the exypp@ studies, fish were acclimatized for at
least 3 weeks in 300-I flow-through tanks with tb#owing physico-chemicals parameters:
dissolved oxygen: 91 + 2% air saturation ; salinB$ = 1 %o; temperature: 15 + 0.1 °C
(means % standard error means). During this petia;, were fed daily with commercial food
(Neosupra AL3 from Le Gouessant aquaculture). At é@md of the acclimation period,
average length of fish was 147.70 £ 0.49 mm and thesrage weight was 34.39 + 0.50 g

(mean % standard error of the mean).

2.2. Pollutants

2.2.1. Oll

An Arabian Crude Oil was selected for this studpniposition was evaluated by Cedre
(CEntre of Documentation, Research and Experimentatn accidental water pollution,

Brest, France), a laboratory certified accordingS® 9001 and ISO 14001. The oil was
found to contain 54% saturated hydrocarbons, 368matic hydrocarbons and 10% polar
compounds. To simulate the natural behaviour of dfeafter its release at sea (i.e.
evaporation of light compounds), the oil was expentally evaporated under atmospheric
conditions. The resulting chemical composition bt toil was thereby 54% saturated
hydrocarbons, 34% aromatic hydrocarbons and 12%r polmpounds and its APl (American
petroleum institute) gravity was 33.
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2.2.2. Dispersants

Because of its efficiency, a formulation manufaeturby Total Fluides was selected.
Dispersant is composed of surfactants (blend afraciand non ionic types) and solvents. It
is a third generation dispersant (concentrated astaht) deemed-effective enough
(preliminary determined by Cedre, using the metHdH.T.90-345), non-toxic at the
concentration recommended by the manufactureripiredry determined by Cedre assessing
standard toxicity test: method NF.T.90-349) andibgradable.

2.3. Contamination protocol

The experimental system was previously describédilimkovitch et al. (2011a). Briefly it is
made of five cylindrical tanks (diameter=1.1 m;gie+0.4 m). Each tank comprised a funnel
connected to a Johnson L450 water puikigyre 16) which permits to maintain mixture of
oil-dispersant droplets throughout the water coluiiime experimental system was set up in a

temperature controlled room (15 £ 0.1 °C).
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Figure 16. The experimental system constituted of a funnel
(a) linked to a water pump (b) in a 300-1 sea tank.
indicates the direction of seawater and/or contant

through the experimental system.

Five exposure conditions were tested. Prior to gmappn of exposure conditions, all tanks
were filled with 300-I uncontaminated seawater pfed by Oceanopolis (Brest, France).
Control exposure condition was made up using oayvater. The chemically dispersed (CD)

oil exposure medium was made by pouring 20 g afopmim and 1 g of dispersant into the
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funnel of the experimental system. The disperskmea(D), as a positive control of CD, was
made by pouring 1 g of dispersant into the funiiéle mechanically dispersed (MD) oil
exposure medium was made by pouring 20 g of petolmto this funnel. For the medium
containing the water-soluble fraction (WSF), in iéidd to the funnel and the pump, which
were only kept to maintain the same experimentatitmns as for other treatments, a 20 g
oil slick was contained using a plastic circle pldon the surface of the seawater. The oll
slick remained at the surface without mixing ane tish were thereby only exposed to the
soluble fraction of the oil.

A total of 5 experimental tanks were used for tlie &€xposure conditions. For each exposure
condition, 6 replicates of exposure were succelso@nducted. Two fish were exposed per
replicate so that 12 fish were exposed to eachheffive conditions. For each replicate,
exposure lasted 48 h. Between consecutive expoaxpsrimental tanks were cleaned using
dichloromethane (Carlo Erba Reactifs, SDS, Frange)2 hours phase of evaporation was
then conducted and tanks were finally heavily wdshath freshwater. The absence of
dichloromethane trace was ensured conducting achesmatography-mass spectrometry.
Fish were starved for 48 h prior to bioassays &noughout the exposure period in order to
avoid bile evacuation from the gallblader. Physiemuicals parameters were measured at the
beginning and at the end of the contamination peand are reported ihable 7. No fish
died and physicochemicals parameters (oxygen, gdpérature) remained stable during the

exposure Table 7).

Table 7. Physicochemical Parameters Monitored over the
Experimental Period. Values are the mean of sik taplicates
(+ standard error mean).

Temperature (°C) Oxygen (% AS) pH
C 14.39 £ 0.15 99.64+14 8.05+x0.01
CD 14.49 £ 0.13 99.47+1.6 7.98 £0.p2
MD 14.68 £ 0.11 100.71+£1.95 8.03+0.03
WSF 1457 £0.13 98.13+3.2 8.02£0.03
D 14.46 £ 0.12 99.55+1.5 8.03 £ 0.02
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2.4. Total petroleum hydrocarbon (TPH) and polycyclic ommatic
hydrocarbon (PAH) concentrations.

2.4.1. Total petroleum hydrocarbon (TPH) seawater conaénfrs.

TPH concentrations were measured for the 6 replcat each exposure conditions. For each
replicate, three samples were analyzed at the bigr{T = O h) and three at the end of fish
exposure (T = 48 h). The mean of the three sampdssconsidered representative of the TPH
concentration at each time point. Extraction of gies was conducted with 10 ml of pestipur-
guality dichloromethane (Carlo Erba Reactifs, SB&nce) which induced separation of the
organic and aqueous phases. Then, water was edragbd additional times with the same
volume of dichloromethane (2 x 10 ml). The extrastye dried using anhydrous sulphate
and then treated using a UV spectrophotometer (iB/syectrophotometer, Unicam, USA)
at 390 nm as described by Fusey & Oudot (1976)oAting to Cedre and taking into account
the precision of the spectrophotometer (Cedre ptgpeesults obtained with this method are

not reliable under 1mg/L.

2.4.2. Polycyclic aromatic hydrocarbon (PAH) seawater emi@ations

Two replicates were analyzed at the beginning (fix@nd at the end of fish exposure (T=48
h) for each replicate. Sixteen PAH (alkylated aradlepts), listed by US-EPA as priority
pollutants, were quantified according to the metlledcribed by Roy et al. (2005). After
sampling, a 24-hours settling phase to separatdroplets and particulate matter from the
seawater, was conducted. Then, 150 pL of a solatidive perdeuterated internal standards
(Naphthalene g Biphenyl do, Phenanthrene g Chrysene @, and Benzo[a]pyrene gl at
concentrations of 210, 110, 210, 40 and 40 pg/naspectively, in acetonitrile Sigma-
Aldrich, France) were diluted in 10 ml of absolmethanol (Sigma-Aldrich, France) and this
volume of methanol was added to the liquid phassamfhples. Using the stir bar sorptive
extraction technique (SBSE — Stir bar coated wilbMS, Gerstel, USA) and thermal
desorption coupled to capillary gas chromatograplags spectrometry (GC-MS), PAH were
extracted from the seawater and treated. The GCandB7890 series Il (Hewlett Packard,
Palo Alto, CA, USA) coupled with a HP5979 mass cele (MS) detector (Electronic
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Impact: 70eV, voltage: 2 000 V). According to pshliprocedure of Roy et al. (2005),
detection limit for each PAH was 1 ng/L.

2.5. Evaluation of aerobic metabolic scope and critisaimming speed

2.5.1. Equipment

Two identical swimming tunnels (Loligo ApS., Danakjawere simultaneously employed to
control the swimming speed of two fish of each estpe replicates and, at the same time, to
measure their oxygen consumption. Swimming tunaedsadapted from those used in Vagner
et al (2008), except the reduced size (75 | instdadl50 1). Each swimming tunnels was
composed of a swimming respirometer (11 I) and feebtank. The swimming respirometer
was made of a chamber (40 x 10 x 10 cm) whereigihevias placed to be experimented. The
water flow was generated by a motor fitted wittigeé bladed-propeller. Some deflectors and
a plastic honeycomb promoted rectilinear flow witiiform profile of velocity (vertical and
horizontal). A peristaltic pump promoted a continsavater flow from the respirometer to an
oxygen probe placed in a chamber measure. Thiseoxggpbe was connected to an oxymeter
which was interfaced to a computer via a RS232. podata acquisition program (Oxyview)
permitted to record oxygen saturation every teroses. The buffer tank, where temperature
and oxygen were controlled using a thermoregulatmd an air pump respectively, was
connected to the swimming respirometer via a flpgimp which allowed exchange of water
between both compartments. This water flow peraiitte renew the oxygen between

consecutive measurements and also to maintain tatope in the swimming respirometer.
2.5.2. Experimental protocol

At the end of the 48 h contamination period, fisktrevgently caught and fork length (L) was
measured before the animal was introduced in themswng respirometer where it recovered
during one night prior to the swim challenge. Dgrithe recovery period, water flow was
maintained at a low swimming speed of 0.5'L.¥hen the experiment started, water flow
was increased by steps of 1.5tfom 0.5 to 3.5 L, and by steps of 0.75 C:dor further

increase. Step duration was 20 min. The fish wasidered fatigued if it did not manage to
swim against the current but fell against the gtidhe rear of the swimming chamber. Then,
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the experiment stopped and the speed was decren6esiL.s". Fish was allowed to recover
during a couple of hours before it was removed frhra swimming respirometer and
euthanized with eugenol. Gallbladder was removedP@H biliary metabolites anaysis.
Length, mass, width, height were measured. Thexyjen consumption (i.e. the microbial
oxygen consumption) was measured to be furthertiddsd to the measured oxygen

consumption of fish.
2.5.3. Calculations

2.5.3.10xygen consumption (M£)
The measured oxygen consumption Hs)is expressed in mg®g™.h* and calculated

using the following formula :
Moz(measj_—A[Oz].V. M meas-l. At-l

where A[O,] in mgQ,.I? is the variation of oxygen concentration during theasurement
period (At in hours), V (L) is the volume of the respironreteinus the volume of the fish,
Mmeas(KQ) is the fish mass.

Since an allometric relation exists between oxygemsumption and body mass, MQas)iS

corrected using the following formula:
IV|0200r= M OZmeas(M measl\/I cor_l) A

where MQcor (MgOo.kg™.h?) is the oxygen consumption related to a 0.1 kgo{Mish,
MO2meas(MgOs.kgt.h?) is the oxygen consumption calculated for the pigra whose the
mass is Meas(kg) and A is the allometric constant describing tklation between oxygen
consumption and body mass. In the case of thisystwd used A=0.8 as in Vagner et al.
(2008).
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2.5.3.2Critical swimming speed (Ucrit)

The critical swimming spedsd expressed in Lsand calculated using Brett formula (1964):

Ucrit: Ut +t1.t_l. Ul

where U (L.s%) is the highest velocity maintained for an ensmgmming step,:t(min) is the
amount of time spent at the fatigue velocity, tr{nis the prescribed swimming period (20

min) and U is the increment velocity (0.75 or 1.5 t)s

2.5.3.3Standard metabolic rate (SMR), active metabolie (&MR) and aerobic metabolic
scope (AMS)

As expected, oxygen consumption increased expaigntrith swimming speed (Brett 1964)
so that SMR can be described by the following aquat

MO,= SMR exf}"

where SMR is the intercept with the y-axis (i.e. M@hen U=0 L.8), b is a constant, U is the
swimming speed and Mgs the oxygen consumption (mg@&™.kg™).

AMR is evaluated as the maximum oxygen consumptieasured during the swimming test.

Finally, AMS is the difference between AMR and SMR;;, SMR, AMR and AMS were
assessed for each individual.

2.6. Fixed wavelength fluorescence analysis

Four pL of bile extracted from the gallbladderfish were diluted in 996 uL of absolute
ethanol (VWR International) in quartz cuvettes.deéhwavelength fluorescence (FF) was then
measured on a spectrofluorimeter (SAFAS FlIx-Xenitpnaco). Excitation:emission
wavelength pairs 290:335, 341:383, 380:430 werel@yefd to detect naphthalene-derived
metabolites, pyrene-derived metabolites and befagplene-derived metabolites, respectively

(Aas et al. 2000). The FF values are expressedbésaay units of fluorescence and give an
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estimation of the relative concentration of metabslbetween the five different exposure
conditions (C, CD, MD, WSF, D).

2.7. Statistical analysis

The statistical analysis was carried out usingiSied software. Homoscedasticity (using
Barlett test) and normality (using Kolmogorov-Snaifintest) of data were demonstrated for
SMR, AMR, AMS and the fixed wavelength fluorescendéerefore, for each of these
variables, a one way analysis of variance (one-Md®VA) was performed in order to test
for significant difference due to exposure condiso For critical swimming speed,
homoscedasticity and normality were not respectextefore a Kruskal-Wallis test was
conducted. When necessary a Tukey post-hoc test omaducted to detect significant
differences between exposure conditions. PattefnBPH and PAH concentrations were
analysed using a one-way repeated measure ANOV#pled to a HSD Tuckey post hoc
test) with time as a within factor and exposureditbon as a between factor; concentration
measurements at the beginning and at the end oéxpesure were considered as repeated
measure. Results were considered significantherbfit if R4,<0.05. Results were expressed

as means = standard error means.
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3. Results

3.1. Total
hydrocarbon (PAH) concentration$dble 8)

petroleum hydrocarbon (TPH) and polycyclic ormatic

Table 8. TPH and concentration of the sum of 16 parentsadindated US-EPA PAH
(ZPAH) in the five exposure conditions at the begign{T=0 h) and at the end of the
exposure (T=48 h) for C (Control), CD (Chemicallispersed oil), MD (Mechanically
Dispersed oil), WSF (Water Soluble Fraction of @hd D (Dispersant). For each
contaminant measurements (TPH and PAH), differettérds in the same row indicate
significant difference of concentration between Th=and T = 48 h (p<0.05); different
symbols in the same column indicate significantedégnce of concentration between
exposure conditions (p<0.05). Values are the méasixotank replicates (+ standard
error mean). n.d. means non detected PAH or TPHboars.

[TPH}r=on [TPH]r=48n [ZPAH]r=o0n [EPAH]7=48n
(mg/L) (mg/L) (ng/L) (ng/Ll)

C n.d. n.d. n.d. n.d.
CD 44.0+3.06* | 382+28* [ 60.1+9.3* | 156+3.3"
MD 29.2+568* | 142+3.P" | 36.9+6.3* 1.8 £0.4"7

WSF n.d. n.d. 3.3+0% 0.5+0.1%7

D n.d. n.d. n.d. n.d.

Both TPH and PAH were not detected in C and D exyogonditions. TPH were not
detected in WSF exposure conditions while PAH vektected.

At T=0h, even if TPH concentration tended to behkigin CD than in MD exposure, results
did not differ significantly. At T=48 h, TPH condeation remained stable in CD while it
significantly decreased in MD exposure. Conseqyeiatl T=48 h, TPH concentration was
significantly lower in mechanically dispersed @lion than in chemically dispersed oil.

At T=0 h, the concentration of PAH (sum of the 6D and MD exposure conditions were
significantly higher than in WSF. At T=48 h, PAHm@ntration significantly decreased in
CD and MD exposure, while no significant decreases wbserved in WSF. Even if not
statistically different, concentration of PAH (at48 h) is higher in MD and CD than in
WSF.
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Concerning the 16 US-EPA PAH¢ble 9), whatever the exposure conditions, naphthalene
(alkylated and parents) concentration represergsntiajor proportion of dissolved PAH.
While concentration of two and three ring compoufiitem naphthalene to fluoranthene)
tended to represent the higher proportion of PAstalved in seawater, heavier PAH (four
rings and more) showed low concentrations. Reggrdariation over time, two and three
ring compounds concentration tended to decreasengduhe exposure contrary to the

concentration of heavier PAH.

3.2. Fixed wavelength fluorescence analy&igg(re 17)

Fixed wavelength fluorescence analysis did notakaeay significant differences of relative
concentration of naphthalene derived metabolitesvd®En exposure conditions. On the
contrary, a significant increase of relative conrcaion of pyrene derived metabolites was
observed following both MD and CD exposure (whempared to C, D and WSF). The same

pattern was obtained for benafgyrene derived metabolites.
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Figure 17. Fixed wavelength fluorescence (FF) of bile reflegtbiliary PAH
metabolites levels after 48 h exposure to Cont®)| Chemically Dispersed oll
(CD), Mechanically Dispersed oil solution (MD), VatSoluble Fraction (WSF)
and Dispersant (D) solution: (a) FF 290:335 (napletie derived type of
metabolites); (b) FF 341:383 (benajpyrene type of metabolites); (c) FF
380:430 (pyrene derived type of metabolites). Lewetpressed as fluorescence
intensity. Values represent mean + standard emet( per treatment). Different
letters above bars indicate a significant diffeegrvehere P < 0.05.
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Table 9. Concentration of 16 parents and alkylated (C1-,C2,C4-) US-EPA PAH in sea water during CD
(Chemically Dispersed oil), MD (Mechanically Disped oil) and WSF (Water Soluble Fraction of oil)
exposures. Values are the mean of six tank repbcg@t standard error mean). n.d. means non detéded
compounds.

(pa%cgntjsse_lﬁggllfy?;e d) Concentration (ng/L) at T=0h and T=48h
T=0h T=48 h
CD MD WSF CD MD WSF
Naphthalene 526 + 149 676 + 191 301 )2 469+431+16| 48+6
C1-Naphthalene 5798 + 10644 4451 + 1363 1040 {26544 + 698|150 + 37111 + 17
C2-Naphthalene 21948 + 4808 12553 + 31&B3 + 167| 3641 + 1725167 + 35/ 105 + 15
C3-Naphthalene 23828 + 4195 12398 + 24307 + 181 4276 + 1204156 +26| 55+7
C4-Naphthalene 4294 + 6072 4654 + 2441 171 £[55 315180 |312+48 23+4
Acénaphtylene 8+8 9+7 1+0 27+2| 1+0 n.d.
Acénaphtene 33+3 32+3 30 46+3| 1+0 n.d.
Fluorene 283 + 22 202 +12 6+2 121+21 2+1 n.d.
C1-Fluorene 370+ 39 206 + 31 9+3 169+2210+3 2+0
C2-Fluorene 224 + 27 128 + 19 7+2 168 + 1329 +7 2+1
C3-Fluorene 629 2710 21 60+8| 29+4 1+0
Phenanthrene 600 + 29 343 + 41 18+H4 477 £665+1 5+2
Anthracene 153 + 82 47 £ 42 2+1 141+£56 2+0 2+1
C1-Phenanthrenes/Anthracéne 868 + 45 456 + 85 16 +5 591+ 122 12+6 5+1
C2-Phenanthrenes/Anthracgne 472 £ 41 274 £ 52 22+9 530 +37108+22| 4+1
C3-Phenanthrenes/Anthracene 183 + 25 104 £ 24 12+8 241 £33107+15 3+1
C4-Phenanthrenes/Anthracgne 4+ 3 n.d. 33 3x4 n.d. 1+1
Fluoranthene 4+1 10+8 4+2 28+1| 2+1 1+0
Pyrene 101 15+9 6+3 31+1| 6=+1 1+0
C1-Fluoranthenes/Pyrenes 17 +5 9+2 n.d 26+£413+2 n.d.
C2-Fluoranthenes/Pyreneq 29+8 15+4 12+£(10 +48 | 263 n.d.
C3-Fluoranthenes/Pyreneq 27+8 22+15% 22 £]17 +82 | 193 1+1
BenzoR]anthracene 30 37 +28 3+2 130+3810+7 2+2
Chrysene 64 +7 72 +£31 11+£5 225+44 407 7+4
Benzop+k]fluoranthene 3315 48 + 37 15+6 474 + 17P7 £75| 51 +47
Benzop]pyrene 32+13 17+11 20 = 10 225+8087+61| 12+11
Benzof,h,)perylene 91+£25 46 + 24 37 £ 11 231 £ 3p123 £65 18 +10
Indeno(,2,3-cdpyrene 71+16 29+8 41 + 172 86 £320105+71 22 +11
Dibenzog,hanthracene 105+ 24 46 + 16 56 £ 1J7 132 +4349+91| 33 +17
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3.3. Aerobic metabolic scope (AMS) and critical swimnspged (Ucrit).

For all conditions of exposure, the increasing swing speed of the fish induced an
exponential increase in oxygen demand (resultsshotvn). This exponential increase in
oxygen consumption was followed by a plateau asfifefatigued. Concerning SMR and

AMR (Figure 18), no significant difference was found between exye conditions.
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Figure 18. Standard metabolic rate (SMR), Active metabolice ré@MR) and Aerobic
metabolic scope (AMS) of golden grey mullets exploeControl (C), Chemically Dispersed
oil (CD), Mechanically Dispersed oil (MD), Water I18ble Fraction (WSF) and Dispersant
(D) solution. Results are expressed as mean valggndard error mean.
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Figure 19. Critical swimming speed (Ucrit) of golden grey tet¢ exposed to Control (C),
Chemically Dispersed oil solution (CD), Mechanigabispersed oil solution (MD), Water
Soluble Fraction (WSF) and Dispersant (D) solutiRasults are expressed as mean values +
standard error mean.
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Due to high AMR values, AMS tended to be higheiCiantrol exposure condition than in
contaminants exposure condition even if no sigaiftc difference was found between
conditions. U (Figure 19) showed the same pattern as AMS; even df; t¢nded to be

higher in C exposure condition than in contaminaxgosure, no significant difference was

found between the conditions.

4. Discussion

The aim of this study was to investigate the tdyiof dispersant use in nearshore area. Our
experimental approach aimed at evaluating the itgxaf dispersant application on an oil
slick under mixing process since turbulent eneggpresent in nearshore areas (e.g. waves)
and an abiotic condition required for dispersat (Merlin 2005).

The experimental system was previously used inhemagtudy (Milinkovitch et al. 2011a)

and described as suitable to conduct this expetimen

4.1. Total petroleum hydrocarbons concentration (TPHA\HPconcentration

and relative concentration of biliary metabolites

Concentrations of TPHT@ble 8) in both CD and MD exposure have the same order of
magnitude than the concentrations measured orpiilsites or field studies. For instance,
Cormack (1977) measured concentration of 18 mgAom30 cm of the water column after
chemical dispersion and Spooner (1970) measureddD of naturally dispersed oil after an
oil spill in Tarut Bay (Saudi Arabia).

In the present study, TPH concentration was fouguifecantly lower in MD than in CD at
the end of the exposure period. This phenomenon pvabably due to the observed
petroleum adherence to the experimental systemdaticular to the funnel) which occurred
for MD exposure and not during CD exposure. Thiduotion of petroleum adherence
following dispersant use has even been describédlthstudy (Baca et al. 2006).

With regards to kinetics of hydrocarbons concerttnaand exposure period, our experimental
approach permitted to expose fish to a possiblaaste Indeed, in most of the oil spills in
offshore area, TPH concentration decreased drigtafter 2-5 hours (Lessard & Demarco
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2000) during which a localized oil slick is dispealsand hydrocarbons are disseminated. On
the contrary in shallow waters of nearshore arealdver dilution potential can reduce the
dissemination speed. Moreover in case of a tankarngling in coastal area, the continuous
release of oil coupled to the turbulent mixing @s& may contribute to maintain the TPH
concentration in the water column. For instanca&naer oil spill, which was under rough sea
conditions (until 10 Beaufort), the dispersion waaintained during more than one week
(Lunel 1995). Our experimental approach permittecexpose fish to a halfway scenario
(between a drastically decrease and a one weekrdisp) in which the concentration was
maintained (for CD exposure) or decreases slovallyNfD exposure) on a 48 h period.

With regards to the sum of PAH concentration, én@igconcentration was observed for MD
exposure and for CD exposure than for WSF expodinie.was probably due to the fact that
oil droplets have a larger surface/volume rationttza oil slick, inducing an enhanced
solubilisation of PAH. Among the PAH, results shidvat mainly naphtalene is solubilized
wich is probably due to the solubility of this cooynd. Indeed naphthalene shows a Kow
(octanol-water partition coefficient) which is 3.0.

During the exposure (48 h), a decrease of PAH atretgon was observed for MD as well as
for CD exposure which may be due to volatilizatphotolysis of the lighter compounds as
described in Huang et al. (2004). Our results econthis hypothesis since the lighter PAH
concentration (from naphthalene to phenanthreneedsed.

Concerning PAH biliary metabolites, concentratidrpgrene and benza]pyrene type were
relatively higher in MD and CD than for other expuos conditions (WSF, D, C) which
suggests a higher exposure to these compounds thbkeoil was dispersed (mechanically
and/or chemically). The similar patterns observed €D and MD exposure suggest that
dispersant application did not increase PAH bidabdity. On the other hand, the
invariability of naphthalene type metabolites begwaell the conditions was probably due to
the high turnover of light PAH which were rapidlyohccumulated (as describedMytilus
edulisin Baussant et al. 2001) and metabolized in #gués so that metabolites may not have

been accumulated in the gallbladder of contaminfséd

4.2. Metabolic scope and critical swimming speed

In accordance with the literature, the increasimgnmsning speed induced an exponential
increase in oxygen demand followed by a plateaarbehe fish started to fatigue. The values
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of AMR and the shape of the curve representing,M®a function of the swimming speed
(data not shown) are similar to those obtained agnér et al. (2008), at 20°C, in a close
species, the flathead grey mullstugil cephalu}.

Concerning aerobic metabolic scope of fish, previstudies showed that aquatic pollutants
can alter it. For instance, Wilson et al. (19949wéd an increase of the standard metabolic
rate in rainbow trout@ncorhynchus mykis$ollowing an exposure to aluminium. This may
be due to the fact that onset of defence mechansuh as the production of metallothionein
(Roméo et al. 1997 in Amiard, 2008), is energeijcabstly. Focussed on hydrocarbons
toxicity, a study of Davoodi & Claireaux (2007) sted that a 5 days exposure to petroleum
decreased the active metabolic rate of the comnots (Solea solepwhile the standard
metabolic rate remained unchanged. This phenomenioid be explained by the impairment
of heart rate and stroke volume which led to distied cardio-respiratory performances (as
described in Claireaux & Davoodi 2010), but alsaly alteration of gill functional integrity
which led to a reduced oxygen diffusion acrossréspiratory epithelium and into the blood
(Claireaux et al. 2004).

In our study, measurements of standard and actietabulic rate did not reveal any
differences between exposure conditions leadingrtaunchanged metabolic scope. Since
aerobic metabolic scope has been shown, througméasurement of daily growth rate, to be
correlated to fitness (Claireaux & Lefrancois 2QaR)s lack of difference may indicate that
the fitness of the fish is not impaired by the esyres of our experiment. Swimming
performance, measured by the critical swimming dpe&s also not altered by contaminants
exposure. This could be interpreted as a consegquehdhe invariability observed for
metabolic scope since authors suggested a coorelagtween these two parameters (Wilson
et al. 1994; Pane et al. 2004)

Precocious exposure biomarkers, such as biliaralmodites revealed significant differences
between exposure conditions, so this lack of effecld be due to the low concentration used
and/or to a too short exposure period. Indeed,audodi & Claireaux (2007) the decrease of
active metabolic rate was observed for a 5 days®xe with a fuel to water ratio which was
76 times fold higher than in our study. Howevergts@experimental conditions should not
have been used in our study since they do not abmdctual organism exposure during
dispersant application in oil spill.

This lack of difference between conditions coulsoabe due to physiological compensatory

effects: the loss of functional integrity of an ang involved in metabolism processes, should
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have been compensated by the plasticity of anadhgan. For instance, alteration of the
functional integrity of gills could have been compated by cardiac plasticity leading to no
impairment on the oxygen providing and consequetotigo alterations of aerobic metabolic
scope. On this basis it would have been interestirajso investigate effects of dispersed oil

on gills and heart following dispersant application

5. Conclusion

Through an experimental approach, this study iregdrnid evaluate the toxicity of dispersant

application. Even if, biliary metabolites revealad increase exposure to PAH following

dispersed oil exposure, no effect was highlightedgarding aerobic metabolic scope nor
critical swimming speed. This lack of effect maylizate that the fitness of the fish is not

impaired. However, at the organism level, physimalgcompensatory mechanisms may have
hidden potential impairment due to dispersed diug, an approach conducted at lower levels
of biological organisation should be of interesbr nstance, evaluating the modulation of

biomarkers in target organs (e.g. liver, gills,feg and heart) would be relevant in order to
highlight a loss of functional integrity.

The lack of significance could also be due to adbort time of exposure. Indeed, this study
focused on the acute toxicity of oil spill, whereéasiearshore area, the contamination of the
sediment and the consequent retention of heavy iPédttce also a chronic exposure. On this
basis, it would have been important to develop ppr@ach studying chronic toxicity of

organism following an oil spill.
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Synthese du Chapitre 2

Cette étude expose les effets sublétaux de l'aggplic de dispersant sur la capacité
métaboliqgue aérobie du mulet doré, ainsi que ssrm@Eformances de nage. Ces deux
variables sont considérées comme des valeurs puédiale la fitness de I'animal. En effet,
les performances de naggouent un réle fondamental dans le cycle de vie@oisson, au
travers par exemple, des processus d’acquisitiénedgie, comme la recherche alimentaire.
La capacité métabolique aérobiemesure plus intégrative, donne une estimatiofédergie
dont I'animal dispose pour ses activités discrétares, tel que les processus de digestion,
mais aussi tel que la croissance gonadique et spmeat

La modification de ces deux variables biologiquaduirait donc des altérations au niveau de
'organisme susceptibles d’affecter sa fitness. Daette étude, les mémes conditions
expérimentales que précédemment (chapitre 1) érgréployéesnais les concentrations en
hydrocarbures totaux correspondent a celles obseresé in situ lors de catastrophes
pétrolieres.

Bien que I'utilisation d’un biomarqueur précod®,concentration des métabolites biliaires
des HAP,montre une incorporation de ces contaminantpar I'organisme lorsque celui-ci
est exposé a une dispersion mécanique et chimigudadnappe de pétrolgucune
modification de la capacité métabolique aérobie nides performances de nageale
I'individu n'a été mise en évidence. Si I'on se damiquement sur ces deux variables, les
résultats suggérent que la fitness de I'animal emits pas altérée, et ce, pour toutes les
conditions de contamination considérées. Cependasé peut qu'une perte d’intégrité
fonctionnelle a des niveaux d’intégration biologeguférieurs, au niveau de I'organe ou de la
cellule, soit non observable au niveau de I'orgaeis

Ainsi dans le troisieme chapitre de notre étudesnmmnterons de mettre en évidence, au
travers d’'une approche multimarqueur les effetogiques dans deux organes cibles : foie et
branchies. Notre travail se concentrera a |'étude bibmarqueurs de défense et de

biomarqueurs de dommage.

93






CHAPITRE 3 - EFFETS SUBLETAUX D’UNE NAPPE DE
PETROLE DISPERSEE : APPROCHE MULTIMARQUEUR SUR
DEUX ORGANES CIBLES (LE FOIE ET LES BRANCHIES)

95



96



CHAPITRE 3 - f*¥ PARTIE : UNE APPROCHE MULTIMARQUEUR AUX NIVEAUX
HEPATIQUE ET PLASMATIQUE

97



98



Chapitre 3 - 1ére partie : Une approche multimarguaux niveaux hépatique et plasmatique

Liver antioxidant and plasmatic immune responses ifuvenile

golden grey mullet Liza aurata) exposed to dispersed crude oil

Thomas Milinkovitch, Awa Ndiaye, Wilfried Sanchez,

Stéphane Le Floch, Héléene Thomas-Guyon

Abstract

Dispersant application is an oil spill responséhteégue. To evaluate the environmental cost
of this operation in nearshore habitats, the erpemtal approach conducted in this study
exposed juvenile golden grey mulletsz@ auratg for 48 hours to chemically dispersed oil
(simulating,in vivo, dispersant application), to dispersant aloneem water (as an internal
control of chemically dispersed oil), to mechariicdispersed oil (simulatingn vivo, natural
dispersion), to the water-soluble fraction of @infulating,in vivo, an oil slick confinement
response technique) and to sea water alone (cowctndition). Biomarkers such as
fluorescence of biliary polycyclic aromatic hydrdoan (PAH) metabolites, total glutathione
liver content, EROD (7-ethoxy-resorufin-O-deethglasctivity, liver antioxidant enzyme
activity, liver lipid peroxidation and an innate nmine parameter (haemolytic activity of the
alternative complement pathway) were measured ®&esasthe toxicity of dispersant
application. Significant responses of PAH metabsliand total glutathione liver content to
chemically dispersed oil were found, when compdcewvater-soluble fraction of oil. As it
was suggested in other studies, these resultsigighthat priority must be given to oil slick
confinement instead of dispersant application. Hawe since the same patterns of
biomarkers responses were observed for both chéynazad mechanically dispersed oil, the
results also suggest that dispersant applicatiamoisnore toxic than the natural dispersion
occurring in nearshore areas (e.g. waves). Thdtsestithis study must, nevertheless, be
interpreted cautiously since other components @frsiere habitats must be considered to

establish a framework for dispersant use in neaesieas.

Keywords: dispersed crude oil; dispersant; oxidative stress)plement systentiza

aurata nearshore areas.
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1. Introduction

By accelerating the dispersion of oil from the sedace into the water column, the use of
dispersants (surface active agents) offers the@mviental benefits of (i) diluting the oil slick
in the water column (Lessard & DeMarco 2000), r@yucing the threat of oiling shorelines
and (iii) accelerating the bacterial degradatiomibby increasing the available surface of the
oil (Thiem 1994; Churchill et al. 1995). Howevengtuse of dispersant is, at the moment,
subject to certain restrictions depending mainlyweather conditions, oil type, distance to
the shore and/or water depth. For example in Ea@mopdlantic coast the minimum permitted
water depth is 10 m (Chapman et al. 2007). Thigicgsn of minimum water depths was
derived from studies on the dilution of dispersdtl io shallow water and took into
consideration the ecological sensitivity of nearshareas as they are nurseries for many
aquatic species. However, a field study conductedaca et al. (2005) suggests that, in
nearshore tropical ecosystems, dispersant use mgsnthe environmental damages arising
from an oil spill. This Net Environmental Benefiégalysis (NEBA) highlights a positive
environmental role of dispersant use in nearshogasabut it is only applicable to tropical
mangroves. To the best of our knowledge no NEBA éasx been conducted in Atlantic
coastal ecosystems in order to establish the durestrictions for dispersant use and policies
in nearshore areas. To do so, an on-going proSGOBIOL project: DISpersant and
response techniques for COastal areas; BlOLogisaessment and contributions to the
regulation) aims at obtaining informations on tmyisonmental impact of dispersed oil in
nearshore areas.

Including in this project, this study aims at ass&s the toxicity of chemically dispersed oil
at concentration similar to those encountered lagpil sites. To simulate current operational
oil dispersant application, our study uses a tlgedieration dispersant, which is the more
recent formulations and is considered as the tess,tthe more concentrated in tensio-active
and there by the most commonly used at the monwWhile, most experimental studies
assessed the toxicity of the dispersant itself (Aslat al 1999; George-Ares & Clark 2000)
or the dispersed oil water-accommodated fractioah@® & Nugegoda 2000; Mitchell &
Holdway 2000; Ramachandran et al. 2004a; Perkingl. 2005; Jung et al. 2009), our
experimental approach simulates operational oibatisant application, considering the

presence of oil droplets in the water column. Imkleal droplets are suggested to be a
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determinant of toxicity (Brannon et al. 2006) ametsl so even more in nearshore areas, where
natural dispersion (e.g. waves) can replace thdembib slick from the surface in the water
column (as described during the Braer oil spilLioyel 1995).

To reveal the toxicity of this chemically dispersat] several biomarkers were assessed after
exposure of juvenile golden grey mulletsz@ aurata) The choice of the species is due to (i)
its presence in nearshore areas during its eddystages (Gautier & Hussenot 2005) and
consequently its status of pollutants target orgran{Bruslé 1981); and to (ii) its significant
role in the coastal ecosystems, since this fiskispgermits an important particulate organic
matter transport from the salt marsh to the maroeestal waters (Laffaille et al. 1998).

In this context, the use of biomarkers seems apiatep since they are defined as “a
biochemical, cellular, physiological or behaviowatiation that can be measured in tissue or
body fluid samples or at the level of whole orgarssthat provides evidence of exposure to
and/or effects of one or more chemical pollutan®épledge et al. 1995). Hence, these
ecotoxicological tools provide integrative infornaats, linking exposure to pollutants and the
health of the monitored organisms (Sanchez & Por@®9). As a consequence, other
studies evaluate the toxicity to fish of a dispdrseude oil through biomarkers assessment
(Cohen & Nugegoda 2000; Jung et al. 2009; Menddhgarte et al. 2010) and reveal an
increase of toxicity due to dispersant applicatibm.our study, a set of complementary
biomarkers, including EROD (7-ethoxy-resorufin-Cetlg/lase) activity implicated in phase |
biotransformation, total glutathione (GSH), enzyimatntioxidant activities (glutathione
peroxidise, GPx; catalase, CAT; superoxide disn@yt8©D; glutathione-S-transferase, GST)
and lipid peroxidation (LPO) were measured in therl of golden grey mullet. These
biomarkers are known to be sensitive to petroleompounds and in particular to polycyclic
aromatic hydrocarbons (PAH) as described in Paml.e(2005), Oliveira et al. (2008),
Nahrgang et al. (2009) and Hannam et al. (2010Y)eb\er, the physiological links between
the presence of PAH, the production of reactivegexyspecies (ROS) and consequently
enzymatic and non-enzymatic antioxidant response® lalso been described (Stegeman
1987; Livingstone 2001). The haemolytic activity thie alternative complement pathway
(ACH 50), an innate immune parameter that is ingdlin the innate humoral response, was
measured in the plasma of the golden grey mullgtsce it is a known biomarker of
petroleum exposure (Bado-Nilles et al. 2009a). Maiilons of the antioxidant system and
innate immune function will be discussed with regato the 16 PAH USEPA priority
pollutants, the concentration of total petroleundrdogarbons (TPH) in seawater and exposure

biomarkers: pyrene-derived and berapjrene-derived biliary metabolites.
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2. Materials and methods

2.1. Chemicals

An Arabian Crude Oil containing 54% saturated hgdrbons, 36% aromatic hydrocarbons
and 10% polar compounds, was selected for thisystBefore exposure, the oil was
evaporated (in a 1ftank, during 24 hours) under atmospheric conditiand natural UV-
sunlight in order to simulate the natural behaviof@irthe oil after it is released at sea
(evaporation of light compounds and natural phagoa@ation, respectively). The resulting
chemical composition of the oil was 54% saturategdrbicarbons, 34% aromatic
hydrocarbons and 12% polar compounds.

With regards to dispersant, a formulation manufactlby Total Fluides was selected based
on its efficiency. Dispersant was evaluated by CEDECEntre de Documentation de
Recherche et d'Expérimentations sur les pollutex@dentelles des eaux, France) and was
deemed effective enough to be used in the mariviecgrment (preliminary determined using
the method NF.T.90-345), non-toxic at the conceioinarecommended by the manufacturer
(preliminary determined assessing standard toxidiégt: method NF.T.90-349) and

biodegradable. Its chemical formulation was noilatsée for reasons of confidentiality.

2.2. Experimental animals

The experiment was carried out using 50 juvenilelgo grey mulletsl{iza auratg, which
were provided by Commercio Pesca Novellame Srlo@iia, Italy. Their average length was
139.0 £ 0.7 mm (mean = standard error of the meaad)their average weight was 38.25 +
1.22g.

The fish were acclimatized for 3 weeks in 300-lwithrough tanks (dissolved oxygen: 91 +
2%; salinity: 35 + 1%; 15 + 0.1 °C, with a 12 hHigl2 h dark photoperiod in seawater free of
nitrate and nitrite) prior to the exposure stud@sring acclimation, they were fed daily with
fish food (Neosupra AL3 from Le Gouessant aquacejtbut were starved for 48 h prior to
the bioassays and throughout the exposure penaatder to avoid bile evacuation from the

gallbladder.
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2.3. Experimental design
2.3.1. Experimental system

The experimental systentigure 20) was devised to maintain the mixture of oil and
dispersant as a homogenous solution. The mixtuse heanogenized using a funnel (at the
surface of a 300-L seawater tank), which was linteed Johnson L450 water pump (at the
bottom of the tank) in order to homogenize the mtdespite the hydrophobic nature of the
oil. Preliminary tests showed that, after 24 hoafshomogenisation, the total petroleum
hydrocarbon (TPH) concentrations in the water colwo not depend on water column depth,
suggesting the homogenous dispersion of small leetmo droplets throughout the water
column. The system was a static water system stiocka temperature controlled room (15
°C), and thus exposure studies were conducted at D51 °C. Other physico-chemical

parameters were also measured: pH (8.02 £ 0.07dimsdlved oxygen (95 £ 1%) remained

constant throughout the study.

—_______>

D
/

_ Dl
Figure 20. The experimental system constituted of a
funnel (a) linked to a water pump (b) in a 300-ase
tank. (&) indicates the direction of seawater and/or
contaminants through the experimental system.

2.3.2. Exposure conditions and exposure media

Control exposure medium (C) was made up using seaweovided by Oceanopolis, Brest,
France. The chemically dispersed (CD) oil exposueslium was made by pouring 20 g of
petroleum and 1 g of dispersant into the funndhefexperimental system. Dispersant alone
(D) exposure medium, as an internal control of @R&s made by pouring 1 g of dispersant
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into the funnel. The mechanically dispersed (MD)esposure medium was made by pouring
20 g of petroleum into this funnel. For the wateluble fraction of oil (WSF), in addition to
the funnel and the pump which were kept to maintam same level of agitation of the
seawater as for other treatments, a 20 g oil shiak contained using a plastic cylinder (21 cm
diameter) placed on the surface of the seawatem(éelow the surface and 8 cm above). A
plastic mesh was placed at the bottom of the glastinder. The spreading of the oil slick
was not prevented by the plastic cylinder, as tihalick was smaller in diameter than the
plastic cylinder, therefore the experimental apphosimulates the actual spreading behaviour
of oil at sea. During the entire exposure peribe, @il slick remained at the surface without
mixing and the fish were only exposed to the sadtaction of the oil.

None of the fish were exposed for 24 hours, whike $olutions remained homogenous. The
groups of 5 fish were then randomly distributedthie five experimental tanks, each tank
containing an exposure medium (described abovel. fildh were exposed to the different
media for a period of 48 h and the protocol wadicafed so that 10 fish were exposed to
each exposure medium.

At the end of the exposure period, the fish inhetank (each exposure medium) were
euthanized using eugenol (4-allyl-2-methoxyphen®d).collect plasma samples, 0.2 mL of
blood was withdrawn from the caudal vein of eash fand centrifuged (12,000 g, 10 min, 4
°C, Jouan). Plasma samples were stored at —80 K€liver and gallbladder were removed

from each fish and stored at —80 °C prior to analys

2.4. TPH and PAH concentrations

2.4.1. TPH seawater concentrations

The TPH concentration, which is the sum of disssltagdrocarbon concentrations plus the
amount of oil droplets, was measured for all exp@snedia at the beginning (T=0 h) and at
the end of fish exposure (T=48 h), using the mdathree replicated measurements for each
time point. The seawater samples were extractech Vi@ mL of pestipur-quality
dichloromethane (99.8 % pure solvent, Carlo Erbaciis, SDS). After separation of the
organic and aqueous phases, water was extracteddaibonal times with the same volume

of dichloromethane (2 x 10 mL). The combined extagere dried on anhydrous sulphate
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and then analyzed using a UV spectrophotometer i$vspectrophometer, Unicam) at 390
nm, as described by Fusey and Oudot (1976).

2.4.2. Seawater concentrations of PAH

PAH concentrations were assessed at the beginfm@ li) and at the end of fish exposure
(T=48 h), using the mean of three replicated measants for each time point. After
sampling, the first step was a 24-hour settlingspht separate oil droplets and particulate
matter from the seawater. Then, PAH were extrabtech the seawater using the stir bar
sorptive extraction technique (SBSE — Stir bar edavith PDMS, Gerstel), and analyzed
using thermal desorption coupled to capillary gaomatography-mass spectrometry (GC—
MS). The GC was a HP7890 series Il (Hewlett Pagkaado Alto, CA, USA) coupled with a
HP5979 mass selective detector (MSD, Electronicaletip70eV, voltage: 2 000 V). PAH
were quantified according to published proceduiresy/(et al. 2005).

2.5. Biochemical analyses

2.5.1. Fixed wavelength fluorescence analysis

Bile samples were diluted (1:250) in absolute eth@/WR International). Fixed wavelength
fluorescence (FF) was then measured at the exuitatnission wavelength pairs 341:383 and
380:430 nm. FF 341:383 mainly detects pyrene-ddrimetabolites and FF 380:430 mainly
detects benza]pyrene-derived metabolites (Aas et al. 2000). Mearments were performed
in quartz cuvettes on a spectrofluorimeter (SAFAR-Xenius). The FF values were
expressed as arbitrary units of fluorescence amdsignal levels of pure ethanol were

subtracted.

2.5.2. Measurement of oxidative stress biomarkers

Livers were homogenized in ice-cold phosphate buff®0 mM, pH 7.8) containing 20%
glycerol and 0.2 mM phenylmethylsulfonyl fluorides @ serine protease inhibitor. The

homogenates were centrifuged at 10,000 g, 4 °C,1%omin and the postmitochondrial
fractions were used for biochemical assays. Totatepn concentrations were determined
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using the method of Bradford (1976) with bovineuseralbumin (Sigma-Aldrich Chemicals,
France) as a standard. Hepatic biomarkers assapglimg GSH content and activities of
EROD, GST, GPx, SOD and CAT were adapted for useianoplate and, after preliminary
test using several dilutions, adapted for samplidiser of juvenile golden grey mullet.

The EROD activity was measured using the fluorimedssay developed by Flammarion et
al. (1998). To summarize, 10 pL of a 5g proteindiluted sample were added to phosphate
buffer containing 8 UM of 7-ethoxyresorufin and &% of NADPH. Formed resorufin was
quantified by fluorimetric measurement with 530 mwavelength excitation and 590 nm
wavelength emission. Resorufin was used as standadresults were expressed as nmol
resorufin/min/g protein.

The GSH (total glutathione) concentration was mesaswaccording to Vandeputte et al.
(1994). Briefly, 10 pL of TCA-deproteinized samphlere mixed with phosphate buffer
containing 0.3 mM NADPH and 1 mM Ellman reagent.eTlnzymatic reaction was
monitored spectrophotometrically at 405 nm andréseilts were expressed in pumol of GSH/g
of proteins.

The GST activity assay was conducted accordingabiddet al. (1974). Briefly, 10 uL of a
0.75 g proteins/L diluted sample were mixed witmM chloro dinitro benzene and 1 mM
reduced glutathione. The enzymatic reaction wasitoi@a spectrophotometrically at 340 nm
and the results were expressed in U of GST/g deprs.

GPx activity was determined using 15 pL of a 4.prgteins/L diluted sample according to
the method of Paglia and Valentine (1967). Cumemiedperoxide was used as the substrate
and enzymatic activity was assessed at 340 nmrddwts were expressed in U of GPx/g of
proteins.

SOD activity was measured using the assay develbpdeaoletti et al. (1986). Briefly, the
inhibition of NADH (350 uM) oxidation by 20 puL of @.25 g proteins/L diluted sample was
monitored at 340 nm. The results were presentédohSOD/mg of proteins.

CAT activity was monitored using the method pregigudescribed by Babo and Vasseur
(1992). Briefly, 0.08 g proteins/L diluted samplesre mixed (v:v) with 28 mM hydrogen
peroxide. The kinetics of hydrogen peroxide degiadawere assessed at 280 nm and the

results were expressed in U of CAT/mg of proteins.
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2.5.3. Lipid peroxidation (LPO) determination

Lipid peroxidation levels were assessed via makldéhyde (MDA) content determined
using a commercially available MDA assay kit (Oknternational MDA assay kit). The
method was based on the reaction of a chromogeagent, N-methyl-2-phenylindole, with
MDA at 45 °C. The blue product was quantified byaswing absorbance at 586 nm (Gérard-
Monnier et al. 1998).

2.5.4. Determination of the alternative pathway of plastamplement activity

Determination of the alternative pathway of plastomplement activity was carried out by
haemolytic assay with rabbit red blood cells (REBymérieux, France) as described by
Yano (1992) and adapted to microtitration platdasfa samples, diluted to 1/80 in EGTA-
Mg-GVB buffer, were added in increasing amountsimfrl0 to 10QuL per well. The wells
were then filled with EGTA-Mg-GVB buffer to a finablume of 10QuL. Finally, 50uL of a
suspension containing 2% rabbit red blood cellsevaatded to each well. Control values of
0% and 100% haemolysis were obtained usingd06f EGTA-Mg-GVB buffer and 10@.L

of non-decomplemented trout haemolytic serum a0 irb ultra pure water respectively.
Samples were incubated for 1 hour at 20 °C. Theaplates were centrifuged (400 g, 5 min,
4 °C, Jouan). Then, 7pL of supernatant from each well were transferrethwi5 uL of
phosphate buffer saline (Biomérieux, France) intaotker 96-well microplate. The
absorbance (540 nm) was read in a spectrofluorm{&®FAS FIx-Xenius) and the number

of ACH 50 units per mL of plasma was determinedddgrence to 50% haemolysis.

2.6. Statistical analysis

The statistical analysis was carried out using ALK007 software. The assumptions of
normality and homoscedasticity were verified usihg Kolmogorov-Smirnov and Cochran
tests, respectively. Firstly, Student’s t-tests eveonducted, for each variables (fixed
wavelength fluorescence, EROD activity, total gloii@ne concentration, hepatic oxidative
stress biomarkers, lipid peroxidation, haemolytitivaty of alternative complement pathway)
in order to highlight significant differences beewmeboth experimental replicates of each
exposure media. No significant difference was fqumidereby, both replicates were
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considered as one homogenous group of ten indilddAaactorial analysis of variance (one-
way ANOVA) was performed in order to assess theat$f of the several exposure conditions.
This statistical analysis was followed by the Tukegst-hoc test to detect significant
differences between groups. The significance ofrédseilts was ascertained &t0.05. The
results were expressed as means * s.e.m. (stamalarcf the mean) corresponding to groups
of ten fish (n=10).

3. Results

No fish mortality was observed during the experimemMoreover no TPH or PAH was

detected in the control and dispersant exposurdan&tie TPH concentration measured in
the CD (chemically dispersed oil) and MD (mechalhycdispersed oil) groups corresponded
to that encountered under oil spill situations (ftstance, 1 to 100 mg/L of total petroleum
hydrocarbons were measured in coastal waters arShatland during the Braer oil spill, as
reported by Lunel 1995). No oil slick was obserueeither the CD or MD exposure media,
suggesting that the energy in the experimentakgystas sufficient to disperse the oil slick.

These observations validated the experimental dioee

3.1. Total petroleum hydrocarbon (TPH) and polycyclic ormatic

hydrocarbon (PAH) concentration in seawater

The TPH concentrations of oil were higher in meaglih dispersant compared to without, and
the lowest concentration was observed in the WSHgmsoluble fraction of oil) medium, in
which only dissolved compounds were present insievater column. In the CD medium,
the TPH concentrationm@ble 10 was 39 mg/L at the beginning of the exposureqoefi=0

h) and 25 mg/L at the end of the exposure periedt8lh), giving a percentage decrease of 36
%. In the MD medium, the TPH concentration was IfLnat the beginning of the exposure
period (T=0 h) and 9 mg/L at the end of the expesqeriod (T=48 h), giving a percentage
decrease of 29 %. The TPH concentration could aatdtermined in the WSF medium since

it was too low to be detected using spectrophotomet
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According to spectrophotometry as well as gas chtography coupled with mass
spectrometry, petroleum compounds and PAH weradatdcted in the D (Dispersant) or C

(Control) media.

Table 10.Dispersant nominal concentration, TPH and sum opd@nts and alkylated US-EPA PAH
(XPAH) concentration in the five exposure media atlibginning (T=0 h) and at the end of the exposure
(T=48 h) to C (Control), CD (Chemically Dispersat},dMD (Mechanically Dispersed oil), WSF (Water
Soluble Fraction of oil) and D (Dispersant). Valaes expressed as mean * standard error meantof bot
experimental replicates. n.d. = not detected.=nrat assessed.

[TPH]r=o0n [TPH]r=48n [ZPAH]t=0n [ZPAH]t=48n [Dispersant]om.
(mg/L) (mg/L) (ng/L) (ng/L) (mg/L)

C n.d. n.d. n.d. n.d. n.a.

CD 39.1%4.1 25.1+3.1 43.98 £5.5 26.34£2.7 333.

MD 13.15+2.6 9.30+0.2 39.09+£0.6 20.63+0.1 .a.n

WSF n.d. n.d. 5.16 + 0.6 0.47 £0.07 n.a.

D n.d. n.d. n.d. n.d. 3.33

In terms of the sum of 16 parent and alkylated USPPRH (XPAH) concentrations, the CD
medium contained 43.98y/L, at the beginning of the experiment, then 284 after 48
hours, giving a percentage decrease of 40 %. Foy thilbpercentage decrease was 48 %: the
YPAH concentration at T=0 h was 39.0§/L and at T=48 h it was 20.68)/L. WSF values
were lower when compared to both the CD and MD esglwith aXPAH concentration at
T=0 h of 5.16ug/L and at T=48 h of 0.4{{g/L, corresponding to a drastic decrease (91 %).
Regarding the concentration of 16 USEPA PAH (alledaand parents) in seawater during
CD, MD and WSF exposure3dble 11), it appears that two- or three-ring PAH compounds
(specifically, naphthalene alkylated compounds)emgominant when compared to heavier
PAH (> four rings). Regarding the variation over timePAH concentration, it appears that
light PAH such as naphthalene (parent and alky)atedreased during CD, MD and WSF
exposure (with the exception of fluorene for CD @syre) while the concentrations of

heavier PAH remained relatively stable or increggegl. chrysene).
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Table 11.Concentration of 16 US-EPA PAH (alkylated and ptsem sea water during CD (Chemically Dispersed
oil), MD (Mechanically Dispersed oil) and WSF (Watoluble Fraction of oil) exposures. Values arpregsed as
mean + standard error mean of both experimentéiteges. n.d. = not detected.

110

16 US-EPA PAH Molecular Concentration (ng/L) at T=0h and T=48h
(parents and alkylated) weight
(g/mol)
T=0h T=48 h
CD MD WSF CD MD WSF
Naphthalene 128.2 | 2287+78 1842+101  311+1( 335+14 262+6 325
C1-Naphthalene 143.2 |6936+1699 7569+49 087+22| 3244+61 2658153 78422
C2-Naphthalene 158.2 |15579+199 12766223 1668+172 7937+393 639646 95+
C3-Naphthalene 173.2 [11496x385 9957159 1298+1887677+491 6506+47 5911
C4-Naphthalene 188.2 | 4488+£129 4081+21 450+57 3696106 3094+2BB8+12
Acenaphtylene 152.2 27+3 16+3 n.d. n.d. n.d. n.d
Acenaphtene 154.2 n.d. n.d. n.d. n.d. n.d. 1+(
Fluorene 166.2 241+3 196+8 5319 400£298 89+2 1D
C1-Fluorene 181.2 336+5 291+4 70+11 6631480 158+2 441
C2-Fluorene 196.2 316+3 28419 44+7 7341523 18743 3D
C3-Fluorene 211.2 169+2 13017 16+1 329+231 57+31 390
Phenanthrene 178.2| 316+300 522+16 794 160+151 241+1 540
Anthracene 178.2 30 818 2+1 n.d. 616 n.d.
C1-Phenanthrenes/Anthracene193.2 959+32 818+17 66+23 569+18 467+3 540
C2-Phenanthrenes/Anthracene208.2 489+4 390125 34+4 326+2 29589  ndJd.
C3-Phenanthrenes/Anthracene223.2 136+1 8910 8+1 750 68+2 n.d
C4-Phenanthrenes/Anthracgne238.2 3645 2944 n.d. 23+1 1743 n.d
Fluoranthene 202.3 n.d. 242 140 20 1+1 n.d.
Pyrene 202.3 n.d. n.d. n.d. n.d. n.d. n.d
C1-Fluoranthenes/Pyrenes 217.3 n.d. n.d. n.d. n.d. 343 n.d
C2-Fluoranthenes/Pyrene$ 232.3 n.d. 77 n.d. 9+1 545 n.d
C3-Fluoranthenes/Pyrene$ 247.3 n.d. 414 n.d. 3+3 343 n.d
BenzoR]anthracene 228.3 n.d. n.d. n.d. 1+0 n.d. n.d
Chrysene 228.3 818 919 613 2718 1945 1412
Benzop+k]fluoranthene 252.3 3%1 610 50 1046 8+3 9+1
Benzop]pyrene 252.3 310 30 210 5+1 50 4+1
Benzop,h,iperylene 276.3 3445 3+3 3243 4+1 3+1 414
Indenofl,2,3-cdpyrene 276.3 51+31 31+0 3+0 49+0 37+0 40D
Dibenzop,hanthracene 278.4 63+£3 39+£3 251 57+4 45+2 484
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3.2 Fixed wavelength fluorescence analysis of biliaAHPmMetabolites

With regards to the levels of benafgyrene-type metabolites, which were measured by
fluorescence intensity (FF 380:430), CD and MD exes led to significantly higher values,
compared to the values obtained in control fish. (@)e intensity of fluorescence did not
significantly differ between the C, WSF and D grewy fish, even though WSF exposure

seemed to increase the intenskjgUre 213).
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Figure 21. Fixed wavelength fluorescence (FF) of bile reflegtiliary PAH metabolites levels after
48 h exposure to Control solution (C), Chemicallysg@rsed oil solution (CD), Mechanically
Dispersed oil solution (MD), Water Soluble Fractsmlution (WSF) and Dispersant solution (D): (a)
FF 380:430 (benzo[a]pyrene type of metabolites)y HF 341:383 (pyrene derived type of
metabolites). Levels are expressed as fluoresceteesity. Values represent mean + standard error
(n=10 per treatment). Different letters above liadgcate a significant difference, where P < 0.05.

With regards to the levels of pyrene-type metabsliigure 21b), which were measured by
fluorescence intensity (FF 341:383), CD and MD exxe led to significantly higher values
when compared to values obtained in control fish {[®e intensity of fluorescence did not
significantly differ between the C, WSF and D grewy fish, even though WSF exposure
seemed to increase the intensity. The intensitfjuoirescence following CD exposure was
significantly different to that following WSF and Bxposure while it appears that MD

exposure did not induce an increase in fluoresceangared to WSF and D exposure.
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3.3. EROD (7-ethoxy-resorufin-O-deethylase) activity,talo glutathione

content and hepatic oxidative stress biomarkers

EROD demonstrated no significant difference betwidsenexposure condition§ifure 22)
and was characterized by a high intragroup vaitgbthat could reflect differences in

biotransformation processes between organisms.

(=
- 60 a Figure 22. EROD (7-ethoxy-
- 50 - I resorufin-O-deethylase) activity in
52 40 a l Liza aurata after 48 h exposure to
® S a Control solution (C), Chemically
8% 30{ [ a Dispersed  oil  solution  (CD),
ﬁ% 20 - I Mechanically Dispersed oil solution
L = (MD), Water Soluble Fraction (WSF)
dg’ 2 10 - solution and Dispersant solution.
-5

g O

£ C CD MD WSF D

The concentration of GSH (total glutathionEigure 23) significantly decreased after
exposure to CD (45.35 + 8.65) and MD (53.18 = 1)).@mpared to the control group
(130.50 £ 32.64), while no significant differencaswobserved after exposure to WSF (90.51
+ 23.11) or D (108.44 + 22.86). When CD and MD weoenpared with WSF and D, no
significant difference was revealed even thoughGlsH content in the WSF and D groups

seemed higher than in the CD and MD groups.

= 200 - Figure 23.Total glutgthione (GSH)
9 content in liver of Liza aurata after
g_ a 48 h exposure to Control solution
o 1907 T ab (C), Chemically Dispersed oil
3 l ab T solution  (CD),  Mechanically
€ 100 1 B Dispersed oil solution (MD), Water
= b b 1 T Soluble Fraction (WSF) solution
,,I-, 50 1 and Dispersant solution (D). Values
o [ represent mean + standard error
E; - i e (n=10 per treatment). Different
5 0 letters above bars indicate a
Cc CD MD WSF D

significant difference, where P <
0.05.
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No significant difference between exposure condgiovas recorded for antioxidant enzyme
activities (i.e. GST, GPx, SOD and CABidure 24).
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Figure 24.a) Glutathione S-Transferase (GST) activity, b)t@hione Peroxidase (GPXx) activity, c)
Superoxide Dismutase (SOD) activity and d) Cata{@%€T) activity in liver of Liza aurata after 48 h
exposure to Control solution (C), Chemically Digesf oil solution (CD), Mechanically Dispersed oil
solution (MD), Water Soluble Fraction (WSF) solutiand Dispersant solution (D). Values represent
mean * standard error (n=10 per treatment). Differetters above bars indicate a significant
difference, where P < 0.05.
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3.4. Lipid peroxidation (LPO)

As for antioxidant enzymes, LPO demonstrated naiegnt difference between the
exposure conditiongFigure 25) However, LPO was characterized by a high intragro
variability (especially for WSF, CD and MD exposumnedia) that could reflect differences in

sensitivity between organisms.

Figure 25. Lipid peroxidation in

c
2 5 1007 a 2 liver of Liza aurata after 48 h
_g 3 30 a exposure to Control solution (C),
i~ Chemically Dispersed oil solution
e ';, 60 a (CD), Mechanically Dispersed oil
&g a solution (MD), Water Soluble
-9 40- Fraction (WSF) solution and
§.§ Dispersant solution (D). Values
T_I g 20 A represent mean * standard error
Qc (n=10 per treatment). Different
j" 0 letters above bars indicate a
C CD MD WSF D significant difference, where P <
0.05.

3.5. Haemolytic activity of alternative complement paagwWACH 50)

The results are presentedrigure 26. As for antioxidant enzymes, ACH 50 demonstrated n
significant difference between the exposure cood#ti Haemolytic activity appeared to be
lower after CD exposure and higher after MD expesur

Figure 26. aemolytic activity of
alternative complement pathway
(ACH 50) in plasma of Liza aurata

8
—_ 2 . after 48 h exposure to Control
7E' 5 a T solution (C), Chemically Dispersed
S 5 T a T oil solution (CD), Mechanically
o 4 Dispersed oil solution (MD), Water
"I> 3 Soluble Fraction (WSF) solution
%) and Dispersant solution (D). Values
< 2 represent mean = standard error
! (n=10 per treatment). Different
0 letters above bars indicate a
C CD MD WSF D significant difference, where P <

0.05.
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4. Discussion

The aim of this study was to accurately simulateraponal oil dispersant application and to
assess its toxicity. An experimental system praxgdmixing energy (described in section
2.3.1) was necessary for this purpose: to achiéwe dispersion of crude oil through
operational dispersant application, seawater enisrggcessary (Merlin 2005). Readers must
take into account that the results obtained (asdudised below), through this experimental
approach, are available only for a given mixingrgggthe mixing energy induces by the
waterpump). However, extrapolation of results fribra experimental approach to the oil spill
operations is possible. Indeed, meteorological tmmd during the Braer oil spill (Wind
force 7 to 10, Lunel 1995) were the most propitibosdispersed oil, among most of the
meteorological conditions during oil spills. While dispersion of the whole oil was
maintained for more than one week, other oil spilisoffshore areas, exposed an unstable
dispersion of oil slick with a rapid decrease ohoentration in 2-5 hours (Lessard &
DeMarco 2000). Our experimental approach is sithbetween these two opposite scenarios
(decrease of concentration on a 48 hours periedudsed in 4.1) and thus can be considered
as a possible one. Moreover, acccording to CEDREemiations during oil spill response in
nearshore area, 4 tide cycles (48h) are suffidieribtally disperse the oil slick, so that no
petroleum is present after this period. This sutggdsat an exposure of 48 h seems to be
accurate.

The fish were exposed to (i) a chemically dispe@é(simulating dispersant application), (ii)
dispersant alone in sea water (as an internal @owtr chemically dispersed oil), (iii)
mechanically dispersed oil (simulating natural dispon), (iv) water-soluble fraction of oil
(simulating an oil slick confinement response teghe) and to (v) sea water alone (control

condition).

4.1. Total petroleum hydrocarbon (TPH) and polycyclic ommatic

hydrocarbon (PAH) concentrations in seawater

The energy supplied by the experimental systemtivasame for the five exposure media.
However, our results show that the TPH concentmanahe water column was higher in CD
than in MD at T=0 h and T=48 h. This finding and observations, suggest that oil adheres
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more to the experimental system in the MD exposusglium than in the CD exposure
medium. When extrapolated to field operations i shallow water of nearshore areas, the
results show that the application of dispersantslvpromote higher concentrations of TPH
in the water column but would decrease the adheremeubstrates (seagrass beds, sediments
etc...). This result is in accordance with Baca et (2D05) and shows that dispersant
application increases the exposure to TPH for pelagganisms living in the water column
(as golden grey mullets), while decreases the expds TPH for benthic organisms.

Unlikely TPH concentration, the difference of thersof PAH concentrations between CD
and MD exposures is low (slightly higher in CD egpe). The sum of PAH concentration is
relevantly lower in WSF exposure medium than in &1 MD exposures (at T=0 h and T=48
h): as a consequence of dispersion, oil droplets laalarger surface-to-volume ratio than an
oil slick, and this would accelerate the solubiii@a of PAH in seawater. Consideration must
also be given to the fact that the sum of PAH desmd slightly in the CD and MD exposure
media while drastically decreased during the 48rfioof WSF exposure media. The
solubilization and volatilization/photolysis of PA&te two opposing processes that determine
the distribution and the residence time of PAH eéawater (Schwarzenbach et al. 2003). In
this case, it can be hypothesized that the dispexd oil (CD and MD exposure) triggers the
solubilization of PAH from oil droplets into the agater, which relatively compensates for
the volatilization/photolysis of PAH that occurs rithg the exposure. Inversely the
solubilization of PAH from the olil slick to the seater (WSF exposure) was not high enough
to compensate for the loss of PAH due to volatilm@photolysis. Another explanation could
be that PAH loss is due to absorption by goldery grallets as it is suggested in literature for
other organisms (LeFloch et al. 2003; Goanvec.&(48).

With regards to the 16 USEPA PAH (alkylated andepgt the results show that light PAH
(two to three rings) were predominant in the WSB, &d MD exposure media at T=0 h and
T=48 h. This observation is consistent with therentr theory that the aqueous solubility
increases as the molecular weight of PAH decredélles$f 1979). Moreover, with the
exception of fluorene, the concentrations of liB&H decreased during the experiment while
the concentration of heavy PAH remained stable (efdenofl,2,3-cdpyrene and
Dibenzop,hjanthracene inTable 11), a phenomenon probably attributable to the
volatilization/photolysis of light PAH (Schroed&rLane 1988).
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4.2. Fixed wavelength fluorescence analysis of biliaAHPmMetabolites

The fixed wavelenght fluorescence of fish biliaryetabolites has been used as a PAH
exposure biomarker in many studies (Adsl. 2000; Barr&t al. 2001; Insausét al. 2009;
Kopecka-Pilarczyk & Correia 2009).

In our study pyrene-derived fluorescence was sicanitly higher under MD and CD
exposures than under control exposure (C). Howerdy, fluorescence under CD exposure
was significantly higher than WSF and D exposundsch show that the exposure to pyrene
was higher when the oil was chemically disperseaes€ results are consistent with the
alkylated fluoranthenes/pyrenes seawater concerirat T=48 h since this was higher under
CD exposure. However at T=0 h, no pyrene (alkylaiegharent) was detected under CD.
Concerning the benzajpyrene-type metabolites, fluorescence was higheeuCD and MD
exposures than for the other exposure groups (WWSE), indicating a higher bioavailability
of this PAH (and its derived type). Even though thkative fluorescence was higher under
WSF exposure than in other conditions (D and &), dliference was not significant. These
results are consistent with the berapjrene concentrations measured in the seawateg si
the concentration of this PAH was similar for CDdaMD exposures and lower for WSF
exposure (at T=0 h and T=48 h). Berglpjyrene is considered carcinogenic and is a reactiv
oxygen species producer through its role as a Pdi%@d-function oxidase (MFO) inducer
(Lemaire-Gony & Lemaire 1993). This result is of pontance because it reveals the
potentially high toxicity of CD and MD exposures evhcompared to other conditions.

For both metabolite types, the relative fluoreseerswvealed a higher exposure of fish to PAH
under CD exposure (compared to WSF), probably tiegulfrom the higher PAH
concentrations in the seawater. The results aresistent with the literature; indeed
Ramachandran et al. (2004a) showed that oil digpersicreases PAH uptake by fish
exposed to crude oil. Moreover Jung et al. (200@wsed that hydrocarbons metabolites in
bile from fish exposed to crude oil treated witeplirsant were significantly higher compared
with fish exposed to crude oil alone.

To the best of our knowledge no studies have bemmucted in order to allow the
comparison between the toxicity of an oil slickpdissed with turbulent mixing energy and
dispersant (CD) to an oil slick dispersed only witinbulent mixing energy (MD). Even if
benzop]pyrene derived metabolites levels seem to be tidbwer in MD exposure than in
CD exposure, no significant difference was highiggh This is in accordance with the
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benzop]pyrene concentrations in seawater (no differeneevben CD and MD exposure).
However, for pyrene derived metabolites, while gnsicant difference was observed
between CD and WSF, no difference was observeddegtviD and WSF exposure. This
finding is in accordance with the pyrene concemmatin sea water: alkylated

fluoranthenes/pyrenes seawater concentration (48 Ty was higher under CD exposure.

4.3. EROD (7-ethoxy-resorufin-O-deethylase) activity

Since the eighties, EROD activity is commonly udedreveal PAH biotransformation
(Addison & Payne 1986) and thereby a large bodlitefature permits comparison of our
results to other studies. Furthermore, since ERQIvity is involved in phase |
biotransformation of xenobiotics, the modulationtbis biomarker in response to PAH is
more precociously observed than the increase of Biiaty metabolites (described above).
By the way EROD activity measurement gives an mfearganism short term defence against
the xenobiotics.

Ramachandran et al. (2004a) and Jung et al. (28@®)ed an increase of EROD activity
following chemically dispersed oil exposure. Howewveur study did not show an EROD
activity increase while a PAH biliary metabolitexiease was observed following dispersed
crude oil exposure. A reason for this lack of digance could be the low sensitivity to PAH

of EROD activity, when compared to biliary metabssi sensitivity (Camus et al. 1998).

4.4. Total glutathione content

The results obtained for total glutathione contenthe liver of Liza aurata after 48 h
confirmed previous results concerning biliary metdabs contents since a significant
difference was found between dispersed oil expo&tideand MD) and the control condition.
These results are consistent with the literaturecesiAlmroth et al. (2008) showed a
significance decrease in total glutathione in congmwrassgSymphodus melopexposed to
contaminated PAH sites. The total glutathione aatntevhich corresponds to reduced plus
oxidized glutathione (GSH+GSSG), was lower in botimditions (CD and MD), although
GST activity did not change. This finding showstthapletion was not due to glutathione
conjugation (phase Il detoxification) since an @ase in GST should be concomitant with

conjugation. Nevertheless, it is possible that deerease in total glutathione was due to
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inhibition of the GSH synthesis rate by contamisaas suggested in Canesi et al. (1999), in
Wang et al. (2008) and in Zhang et al. (2004) @shwater crabs, mussels and goldfish,
respectively. Another explanation could be thatthe process of detoxification, reduced
glutathione chelated the heavy metals containguketroleum (mainly vanadium and nickel)
so that GS-V or GS-Ni binding complexes are fornf@gs 1999). These complexes cannot
be assessed through biochemical analysis and lootgtd to the observed reduction in total
glutathione content. However, according to low lyeaetals concentration in common crude
oil (e.g. 109.9 mg/L of Vanadium and 71.5 mg/L atkel, Salar Amoli et al. 2006) and the
short exposure period of our experiment, this exgtian seems to be less accurate.

So, although the mechanism is not fully understtloig, study shows that total glutathione is
depleted, suggesting, for CD and MD exposuresdactéon in the first line cellular defence,
since glutathione is involved in several detoxifica reactions. Indeed, conjugation of
glutathione to contaminants can prevent them fromeracting deleteriously with other
cellular components, enabling the organism to coftd the contaminated environment
(Maracine & Segner 1998).

Moreover Ringwood and Conners (2000) showed thatadal depletion of glutathione
induces a decrease in reproductive success inroysten if this study was conducted in
oyster, this finding suggests that a link betwed®s tbtal glutathione pool and the organism
fitness could exist. Since our study demonstrateéemetion of the total glutathione pool in
the liver of juveniles golden grey mullets, it wduhlso be interesting to assess the total

glutathione in the gonads of adult fish.

4.5. Antioxidant enzyme activity and lipid peroxidatitu#O)

Antioxidant enzyme activity has been shown to belufated in response to short teri#8

h) contaminants exposure in different targets osgainfish (Ahmadet al. 2004; Suret al.
2006; Modesto & Martinez 2010) and especially torsherm PAH exposure in the liver of
golden grey mullet (Oliveira et al. 2008). Howevan our study, results concerning
antioxidant enzyme activity showed no significaiftedences between exposure conditions,
suggesting that oxidative stress was absent.

LPO was measured via the malondialdehyde contethieitiver and revealed the targeting of
cell membranes by reactive oxygen species (RO3)s taltering membrane fluidity,
compromising membrane integrity, inactivating meama-bound enzymes and disrupting
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surface receptor molecules. In Ahmad et al. (2084 in Oliveira et al. (2008), a LPO
increase was observed in fish gills after 48 haftamination and in fish livers after 16 h of
contamination, respectively. In our study the higtnagroup variability, when compared to
other studies (Oliveirat al. 2008; Kopecka-Pilarczyk & Correia 2009), undd a lack of
significance, confirming the notion that oxidatisgress was absent. However it should be
stated that, for exposure conditions containinggbeam (CD, MD, WSF) a high intragroup
variability was observed whereas a lower variapitas observed following Control (C) and
single dispersant (D) exposure. This observatiaggests a difference of oxidative stress
between the individuals exposed to conditions ¢oirtg petroleum.

Oliveira et al. (2008) evaluated oxidative stresmg, as in our study, LPO and antioxidant
enzyme activity in the liver ofiza aurataexposed to a PAH (phenanthrene). They found a
significant difference in these biomarkers, but ¢baecentrations of phenanthrene were 50 to

1300 times higher than in our study.

4.6. Haemolytic activity of alternative complement pagwW/ACH 50)

The innate immune function has also been usedlkasnaarker of PAH toxicity (Seeley &
Weeks-Perkins 1997; Carlsogt al. 2004). The complement system of teleost isla
powerful defence system since it is involved in artpnt immune functions that are pivotal to
the recognition and clearance of microbes (Boshral.e2006). Moreover, the haemolytic
activity of the alternative complement pathway basn shown to be a suitable biomarker of
PAH contamination in teleost fish (Bado-Nilles &t 2009a). On this basis, the alternative
complement pathway was chosen since its functior@ulation by exposure to petroleum
compounds could reveal an alteration in fish health

In our study no significant difference was foundtveen the control condition and
contaminant exposures, even though the haemolgticity seemed to be lower following
CD exposure. Bado-Nilles et al. (2009a) found d$igant differences between contaminated
and control fish, for a sum of PAH concentrationattwas lower than in our study, but for
longer exposure times, suggesting that modulatiohaemolytic activity could have been

observed after more than 48 h of exposure.
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5. Conclusion

Based on fixed wavelength fluorescence analysltsligiry PAH metabolites, the results from
this study show higher exposure for dispersed caildgCD and MD) than for other types of
contaminant exposure. Also, the total glutathionatent, described as a first line cellular
defence against contaminants, was significantliuced under dispersed oil exposures.
Antioxidant enzymes did not show any responsesdacbntamination. EROD activity, lipid
peroxidation and the haemolytic activity of the gdement system also did not respond when
fish were exposed to contaminants.

These results demonstrate a significant responseoafarkers to chemically dispersed oil,
when compared to a non-dispersed olil slick (wabdukse fraction of oil), suggesting that oil
slicks must not be dispersed when containment acalvery can be conducted at the oil spill
site (low mixing energy of seawater). This findisgn accordance with an important body of
literature: many studies show an increase of PAKkcity to fish following dispersant
application (Perkingt al. 1973; Cohen & Nugegoda 2000; Ramachanelrah 2004a; Liret

al. 2009). On the other hand, no significant défere in the response of biomarkers was
observed between chemically and mechanically dsggeoil. This finding suggests that when
containment and recovery cannot be conducted (Imgking energy of seawater) the
application of dispersant in nearshore areas ismooe toxic than the natural dispersion
(wave, current, swell).

To conclude, the results of this study are of ed¢ewmith regards establishing a framework for
dispersant use and policies in nearshore area® shey are part of a current project:
DISCOBIOL project (DISpersant and response techesqior COastal areas: BIOLogical
assessement and contributions to the regulatiort)ally, this project intends to assess the
toxicity of chemically dispersed oil to several sigs living in nearshore areaSréssostera
gigas, Mytilus edulis, Scophtalmus maximus, Di@ntius labraxandLiza auratg. For this
reason, organisms were exposed to oil in the wadleimn. However, since dispersed crude
oil can interact with other components of nearstayea habitats, such as mudflats, further
studies must be conducted in order to better etaltlde net environmental benefits of

dispersant application in nearshore areas.
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Toxicity of dispersant application: antioxidant regonse in gills of

juvenile golden grey mullet Liza aurata)

Thomas Milinkovitch, Joachim Godefroy, Héléne Thertzuyon

Abstract

Dispersant use in nearshore areas is likely tceas® the exposure of aquatic organisms to
petroleum. To measure the toxicity of this contrsisd response technique, golden grey
mullets (iza auratg were exposed to mechanically dispersed oil, cbaltyi dispersed oil,
dispersant alone in seawater, water-soluble fractb oil and to seawater as a control
treatment. Several biomarkers were assessed igillse(enzymatic antioxidant activities,
glutathione content, lipid peroxidation) and in thgallbladder (polycylic aromatic
hydrocarbons metabolites). The significant diffees between chemically dispersed oil and
water soluble fraction of oil highlight the envimental risk to disperse an oil slick when
containment and recovery can be conducted. Thedasignificance between chemically and
mechanically dispersed oil suggests that disperapptication is no more toxic than the
natural dispersion of the oil slick. The resultshig study are of interest in order to establish

dispersant use policies in nearshore areas.

Keywords: dispersed crude oil; oxidative stress; glutathioR&H biliary metabolites;

gills; Liza aurata
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1. Introduction

Dispersant application is an oil spill responsehiegue that permits the transfer of the oil
slick from the surface to the water column. Whempligd on an oil slick, the chemical
formulation of the dispersant (surface active agerduces the formation of oil-surfactant
micelles. In offshore areas, dispersion shows madyantages since it accelerates the
bacterial degradation of petroleum (Tiehm, 1994uiChill et al. 1995), reduces the chance of
drifting of the oil slick to the shoreline and alswits the risk of contamination to the surface
occupying organisms (e.g. seabirds, marine mammta¢syever, when the oil spill site is in a
nearshore area or if an oil slick reaches the c@essbbserved recently in the Deep Water
Horizon oil spill), slick dispersion is prohibitg€hapman et al. 2007). This environmental
precautionary principle is based (i) on the lowtidn potential of the oil slick in the shallow
waters of nearshore areas and (ii) on the ecolbgassitivity of nearshore areas since they
are nurseries for many fish species (Martinho e@07). On the other hand, a field study
conducted by Baca et al. (2006), but only applieabl nearshore mangroves, seagrass and
coral ecosystems, revealed a positive net envirateh®&enefit of dispersant application in
nearshore areas. Thus, with regards to the preceaumi principle and the recent results of
field studies, dispersant application in nearstarmeas seems to be a controversial response
technique. In this context, in order to contribtdedispersant use policies in nearshore areas,
an on-going project is being conducted: the DISCQQIBproject (DISpersant and response
techniques for COastal areas; BlOLogical assessiaethtcontributions to the regulation).
This study is part of this project and intendedssess the toxicity of a chemically dispersed
oil. For this purpose, most studies have evalutedoxicity of dispersant alone in seawater
(Adams et al. 1999; George-Ares & Clark 2000) ar thspersed oil water-accommodated
fraction (Cohen & Nugegoda 2000; Mitchell & Holdw&@00; Ramachandran et al. 2004;
Perkins et al. 2005; Jung et al. 2009), not takmg account the presence of oil droplets in
the water column. However, many field observatibage shown the presence of oil droplets
in the water column. Their formation can be induedgthin 2 hours (Cormack 1977) or
during a period of more than 1 week, as observenhglithe Braer oil spill (Lunel 1995). In
this context, our experimental approach was comduict order to evaluate the actual toxicity
of a chemically dispersed oil treatment containmit droplets. Toxicity was measured

through the assessment of biomarkers in a targainoof a pelagic fish species.
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Oxidative stress and antioxidant defences wereiderexd as suitable biomarkers since they
have been shown in many studies to respond tolpetrocontamination and especially to the
PAH (polycyclic aromatic hydrocarbons) containegetroleum (Avci et al. 2005 ; Almroth
et al. 2008; Oliveira et al. 2008; Jung et al. 20B8pecka Pylarczyk & Correia 2009;
Narghang et al. 2009). Moreover, both, oxidativess and antioxidant defences could give
information on the health of the contaminated oig/as: (i) oxidative stress, since it is
considered as a cause of tissue injury (HalliwE99) and (ii) antioxidant defences, since
authors linked modulation of this biological pardaemeto fish health indicators such as
progression of diseases and/or cellular mortafieq & Moore 2004).

In our study, oxidative stress and antioxidantedeés were assessed by evaluating lipid
peroxidation (a marker of lipid degradation due axidative stress) and evaluating the
response of antioxidant enzymatic activities (e@) superoxide dismutase and glutathione
peroxidase), respectively.

Additionally, total glutathione was measured takimjo account the importance of the
cellular status of this molecule for the defencehef organism against xenobiotics (Maracine
& Segner 1998). Indeed, glutathione is implied iany cellular defence mechanisms such as
(i) antioxidant defences, by its conjugation tocteee oxygen species (Amiard-Triquet &
Amiard 2008); (ii) heavy metals (such as Vanadiumd &lickel present in petroleum, Salar
Amoli et al. 2006) chelation, as described in Si899; and (iii) detoxification processes, by
its conjugation to xenobiotics such as PAH (van @est et al. 2003). In our study, we
evaluated the glutathione status through the meamnt of the total glutathione content
which is the sum of the oxidized and the reducedhfof this molecule.

These biomarkers were assessed in fish gills, gakito account their target organ status:
several studies have shown an effect of petroleampounds on gills (McKeown 1981;
Oliveira et al. 2008; Mendonca Duarte et al. 201®)parallel, PAH biliary metabolites were
measured in order to evaluate the level of expasuRAH following dispersant application.
The choice of the golden grey mullétifa auratg as a biological model was based on the
fact that (i) it represents a relevant biomasseaarshore ecosystems; (i) it is a commercially
important species especially in Europe and Egy@iu(@r & Hussenot 2005) and (iii) this
species is present in nearshore areas during ritg léda stages (Gautier & Hussenot 2005)
being consequently a target organism for anthropiogellutants (Bruslé 1981).
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2. Materials and methods

2.1. Experimental design

2.1.1. Experimental animals

Fifty juvenile golden grey mulletsLiza auratg, fished in Venice (Italy) lagoons and
provided by Commercio Pesca Novellame Srl (Chiaghaly), were used to conduct this
study.

For 4 weeks, fish were acclimatized in 300-L fldwetugh tanks prior to the exposure studies
(dissolved oxygen: 94 + 2%; salinity: 35 £ 0%; teergiure: 14.9 = 0.5 °C, with a 12 h
light:12 h dark photoperiod in seawater free ofaté and nitrite). During acclimation, they
were fed daily with fish food (Neosupra AL3, frone IGouessant aquaculture) which does
not contain additives (also called synthetics)adatiants authorised by the European Union
(butyl-hydroxy-anisol, butyl-hydroxy-toluene, ethauin, propyl gallate and octyl gallate).
Fish were starved for 48 h prior to bioassays &mnoughout the exposure period, in order to
avoid bile evacuation from the gallbladder. Prmbtoassay, their average length was 136.6 +

0.1 mm (mean * standard error of the mean) and élverage weight was 32.33 + 0.87 g.

2.1.2. Chemicals

A dispersant formulation (Total Fluides) was sedddbased on its efficiency. The efficiency
was preliminary determined in the CEDRE (CEntre Racumentation de Recherche et
d'Expérimentations sur les pollutions accidenteltes eaux, France) using the method
NF.T.90-345. The dispersant was non-toxic at thacenotration recommended by the
manufacturer (preliminary determined using standaxitity test: method NF.T.90-349) and

biodegradable.

A Brut Arabian Light (BAL) crude oil was selectedrfthis study. The oil is composed of

54% saturated hydrocarbons, 10% polar compound8&¥tdaromatic hydrocarbons.

To simulate the natural behaviour of the oil afteis released at sea (evaporation of light
compounds and natural photodegradation, respegtivible oil was evaporated under

atmospheric conditions and natural UV-sunlight,oprio fish exposure. The resulting
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chemical composition of the oil was 54% saturatgdrdicarbons, 12% polar compounds and
34% aromatic hydrocarbons. Among aromatic hydramasb concentration of 21 PAH was
measured (the 16 PAH listed by the USEPA as pyigrdllutants and five supplementary
PAH: benzob]thiophene, biphenyl, dibenzothiophene, berjmjrene, perylene). The sum of
the 21 PAH represents 16.4 mg/g of petroleum (%6df the petroleum). More information
concerning the composition of the petroleum usdtlisistudy is available in (Milinkovitch et
al. 2011b).

2.1.3. Experimental systent{gure 27)

The experimental system comprised

five 300-L seawater tanks. Each one

contains a funnela at the surface)
linked to a Johnson L450 water pump
(b, at the bottom of the tank). After 24

h homogenization, this system was set

up to maintain a mixture of oil and

dispersant as a homogenous solution

Figure 27. The experimental system constituted ¢ despite the hydrophobic character of

funnel (a) linked to a water pump (b) in a 308=a tan} ; P
— indicates the direction of seawater and/or contanti the oil (preliminary tests not shown).

through the experimental system. The temperature in this static water
system was controlled using two heaters (RENA CAD)3so that the exposure temperature
was 15.3 + 0.3 °C (mean * standard error mean)erQthysico-chemical parameters were
also measured: seawater was free of nitrate aritenpgH (7.99 + 0.03) and dissolved oxygen

(98 + 5%) remained constant throughout the study.
2.1.4. Experimental treatments

Each experimental tank contained 300 L seawatevigeed by Oceanopolis (France). The
control treatment (C) was made up using 300 L seaw&he chemically dispersed (CD) oll
treatment was made by pouring 20 g of petroleumlagf dispersant into the funnel of the
experimental system. The mechanically dispersed)(®iDtreatment was made by pouring
20 g of petroleum into this funnel. The dispersaone (D) treatment, as an internal control

of CD, was made by pouring 1 g of dispersant ih®funnel. For the water-soluble fraction
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of oil (WSF), a 20 g oil slick was contained usm@lastic cylinder (21 cm diameter) placed
on the surface of the seawater (in addition toftimmel and the pump, which were kept to
maintain the same level of agitation of the seawasefor other treatments). Readers must
take into account that the spreading of the odkslvas not prevented by the plastic cylinder
since the oil slick was smaller than the diametérthe plastic cylinder. Thereby the
experimental approach simulates the actual sprgadainaviour of oil at sea. During the
entire exposure period, the oil slick remainedhat $urface without mixing. No droplet was
observed in the water column (visual observatisanggesting that the fish were only exposed
to the soluble fraction of the oil.

While the solutions remained homogenous (less & difference between three TPH
concentration measurements sampled at three diteedepths in the experimental tanks), no
fish were exposed for 24 hours after making upsthletions. Then, groups of 10 fish were
randomly distributed in the five experimental tan&ach tank containing an exposure media
(described above). The fish were exposed for 480m(T=0 h to T=48 h).

At the end of the exposure period, the fish in etk (each treatment) were euthanized
using eugenol (99 %, Sigma Aldricht chemicals, EednThe gallbladder was removed from
each fish and stored at —80 °C prior to analysiés @ere rinsed off by dipping them in PBS
(Phosphate Buffered Sodium 0.01 M, pH=7.4, Sigmaprder to remove blood. Then, the
gills were homogenized in another PBS solution. The homogenatere centrifuged at
10,000 g, 4 °C, for 15 min to obtain the post-ntimedrial supernatant. Total protein
concentrations in supernatants were determinedyusi@ method of Bradford (1976) with
bovine serum albumin (Sigma-Aldrich Chemicals, EgnThen, supernatants were stored at

—80 °C prior to biochemical analysis.

2.2. Total petroleum hydrocarbon (TPH) seawater concaians

The TPH concentration, which is the sum of thealissd hydrocarbon concentrations plus
the amount of oil droplets, was measured for eltiments at the beginning (T=0 h) and at the
end of fish exposure (T=48 h), using the mean kdetlieplicated measurements for each time
point. The samples were extracted with 10 mL ohldimomethane (Carlo Erba Reactifs,
SDS). After separation of the organic and aquedases, water was extracted two additional
times with the same volume of dichloromethane (POxmL). The combined extracts were
dried on anhydrous sulphate and then analysed usitd)y spectrophotometer (UV-Vis
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spectrophometer, Unicam, France) at 390 nm, asideddy Fusey & Oudot (1976). Assays
were conducted in collaboration with Cedre (Cerdee Documentation de Recherche et
d’Expérimentations sur les Pollutions Accidenteltlss Eaux), a laboratory with agreement
ISO 9001 and ISO 14001. In accordance with Cedraylts are not reliable under 1mg/L.

2.3. Biochemical analysis

2.3.1. Fixed wavelength fluorescence analysis of bile

Bile samples were diluted (1:1000) in absolute mthgVWR International, France) and
assessments were conducted for three fixed wawbléogrescence (FF). FF 290:335 mainly
detects naphthalene-derived metabolites, FF 341:883dnly detects pyrene-derived
metabolites and FF 380:430 mainly detects baajpgiene-derived metabolites (Aas et al.
2000). Measurements were performed in quartz cesef{Sigma Aldricht, USA) on a
spectrofluorimeter (SAFAS FlIx-Xenius, Monaco). THEe values were expressed as arbitrary

units of fluorescence and the signal level of pttenol was subtracted.

2.3.2. Total glutathione (GSH)

Total (reduced plus oxidized) glutathione was deteed spectrophotometrically in gills,
according to the procedure of Akerboom & Sies (3984d using a glutathione assay kit
(SIGMA CS0260, Sigma Aldricht, USA). The samplesrevérst deproteinized with 5% 5-
sulfosalicylic acid solution. The glutathione camtef the sample was then assayed using a
kinetic assay in which amounts of glutathione causentinuous reduction of 3;8ithiobis-
(2-nitrobenzoic) acid (DTNB) to TNB. The oxidizedutathione formed was recycled by
glutathione reductase and NADPH. The product, TWBs assayed colorimetrically at 412
nm in UV microplates (Greiner Bio One), using adpgphotometer (SAFAS FIx-Xenius,
Monaco). The results are presented in pmol of G®ffgotein.

2.3.3. Glutathione peroxidase activity (GPx)

GPx activity was determined according to the metbibBaglia & Valentine (1967), using a
glutathione peroxidase assay kit (RS504/RS 505, BANM, France).
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Glutathione peroxidase (GPx) catalyses the oxidatb reduced glutathione by cumene
hydroperoxide. In the presence of glutathione rethecand NADPH the oxidized glutathione
(GSSG) is immediately converted to the reduced faith concomitant oxidation of NADPH
to NADP". The decrease in absorbance at 340 nm was medaudd microplates (Greiner
Bio One, Germany), using a spectrophotometer (SAFASXenius, Monaco). The results
are presented in units of GPx/g of protein.

2.3.4. Superoxide dismutase activity (SOD)

SOD activity was determined according to the metbb@/ooliams et al. (1983) and using a
superoxide dismutase assay kit (SD125, RANDOX, é&an

This method employs xanthine and xanthine oxidasgenerate superoxide radicals which
react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-plyéietrazolium chloride (INT) to form a
red formazan dye, assessed at 505 nm in polystyreiceoplates (Greiner Bio One,
Germany), using a spectrophotometer (SAFAS FIx-¥&niMonaco). The superoxide
dismutase activity was then measured by the degradhibition of this reaction. One unit of
SOD was that which causes a 50% inhibition of &te of reduction of INT. The results are
presented in units of SOD/mg of protein.

2.3.5. Catalase activity (CAT)

CAT activity was determined according to the metlobdeisseroth & Dounce (1970) and

using a catalase assay kit (CAT 100, Sigma Aldyidi8A).

Samples were mixed (v:v) with hydrogen peroxidee Thinetics of hydrogen peroxide

degradation were assessed at 280 nm in UV micespl(&reiner Bio One, Germany), using a

(SAFAS Flx-Xenius, Monaco). The results are exprdsa units of CAT/mg of protein.

2.3.6. Lipid peroxidation (LPO)

Lipid peroxidation levels were assessed via makddhyde (MDA) contents determined
using a commercially available MDA assay kit (MDAsay kit, Oxis International, USA).

The method was based on the reaction of a chronmgeagent, N-methyl-2-phenylindole,

with MDA at 45 °C. The blue product was quantified measuring absorbance at 586 nm
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(Gérard-Monnier et al. 1998) in polystyrene cuwgttesing a spectrophotometer (SAFAS
FIx-Xenius). The results are presented in nmol &AV of tissue.

2.4. Statistical analysis

The statistical analysis was carried out using ALK007 software. The assumptions of
normality and homoscedasticity were verified usihg Kolmogorov-Smirnov and Cochran
tests, respectively. When homoscedasticity and aliynwere not respected, a Kruskal
Wallis test was conducted to highlight significatifferences between treatments. When
homoscedasticity and normality were respected,ctoffial analysis of variance (one-way
ANOVA) was performed in order to assess the effedftdhe different treatments. This
statistical analysis was followed by the Tukey gust test to detect significant differences
between groups. Correlations between fixed wavéerfigiorescence intensity and other
variables (GSH, GPx, SOD, CAT and LPO) were corgllicising the Spearman test. The
significance of the results was ascertained=4.05. The results are expressed as means *

s.e.m. (standard error of the mean) correspondimggdups of 10 fish (n=10).

3. Results

No fish died during the acclimation and exposureigoge TPH were not detected in the
Control (C) and Dispersant (D) treatments. Moreomer oil slick was observed in the
Chemically Dispersed oil (CD) and the Mechanic&igpersed oil (MD) treatments. In the
Water Soluble Fraction of oil (WSF) treatment, tb@ slick remained at the surface
throughout the exposure period and no droplets wbserved (visual observations) in the

water column.

3.1. Total petroleum hydrocarbons (TPH)

The concentration of TPH @ble 12 was slightly higher in the CD than in the MD treant
at T=0 h and at T=48 h. A 68% decrease was obsénbe CD treatment (from 46.4 to 14.9
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mg/L) and a 73% decrease was observed in the M&intent (from 39.4 to 10.7 mg/L)
during the 48 h exposure period. No TPH were detett the WSF treatment, probably due

to the detection limit of the method.

Table 12. TPH and dispersant nominal concentration in the #xposure

media at the beginning (T=0 h) and at the end ®fetkposure (T=48 h) to C
(Control), CD (Chemically Dispersed oil), MD (Mectieally Dispersed oil),

WSF (Water Soluble Fraction of oil) and D (Dispet$a Values are

expressed as mean + standard error mean of bo#riegntal replicates.
n.d. = not detected.

[TPH]r=0n [TPH]r=48n [Dispersant]om.
(mg/L) (mg/L) (mg/L)

C n.d. n.d. n.d.
CD 46.4 14.9 3.33
MD 39.2 10.7 n.d.
WSF n.d. n.d. n.d.

D n.d. n.d. 3.33

3.2. Fixed wavelength fluorescence analysis of bile

Whatever the fixed wavelength employddgire 28), no significant difference was found
between the fluorescence intensity of the WSF, ®@nreatments.

Whatever the fixed wavelength employed, the fluceese intensity was significantly higher
in the CD treatment than in the C, D and WSF treats

At FF 380:430 and FF 343:383, the fluorescencensgitg was higher in the MD treatment
than in the C, D and WSF treatments whereas ndfisgm difference was found at FF
290:335.

At FF 290:335 and FF 343:383, the fluorescencensitg was lower in the MD treatment

than in the CD treatment whereas no significarfetéhce was observed at FF 380:430.
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Figure 28. Concentration of biliary PAH metabolites measurgdixed wavelength fluorescence (FF)
levels after 48 h exposure to Control solution (Chemically Dispersed oil solution (CD),
Mechanically Dispersed oil solution (MD), Water &lole Fraction (WSF) solution and Dispersant
solution (D) : (a) FF 290:335 (naphthalene typeweer metabolites); (b) FF 343:383 (pyrene derived
type of metabolites); (c) FF 380:430 (benzo[a]pgréype of metabolites). Levels are expressed as
fluorescence intensity. Values represent mean idata error (n=10 per treatment). Different letters
above bars indicate a significant difference, where0.05.

3.3. Total glutathione (GSH)

Gill GSH content Figure 29) was significantly lower in the CD than in the B@,and WSF
treatments, whereas no significant difference whseoved between the CD and MD
treatments. No significant difference was obseivetiveen MD and the other treatments (C,
D and WSF).

Significant correlations were found between therfscence intensities FF 343:383 and FF
380:430 with GSH content (P= 0.001 and P=0.002 eisely) whereas there was no
correlation between the fluorescence intensity98t 235 with GSH content (P>0.05).
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40 Figure 28. Total glutathione (GSH)
content in gills ofLiza aurataafter
48 h exposure to Control solution
(C), Chemically Dispersed oil
solution (CD), Mechanically
Dispersed oil solution (MD), Water
Soluble Fraction (WSF) solution and
b G Dispersant solution (D). Values
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Significant correlations were found between therfscence intensities FF 343:383 and FF
380:430 with GSH content (P= 0.001 and P=0.002 etsgely) whereas there was no
correlation between the fluorescence intensity98t 235 with GSH content (P>0.05).

3.4. Antioxidant enzymatic activity

No significant difference was found between theefitreatments (P>0.05), in terms of
antioxidant enzymatic (SOD, CAT, GPx) activitieBigure 30). With regards to SOD

activity, the lack of significance could be duethe high intragroup variability. With regards
to GPx, the enzymatic activity seemed to be highethe CD treatment than in the other
treatments. No correlation was found between tlayraatic activities and fixed wavelength

fluorescence intensity (P>0.05).
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Figure 30. a) Catalase (CAT) activity, b) Superoxide DismutéS®D) activity and c) Glutathione
Peroxidase (GPx) activity in gills of Liza auratétea 48 h exposure to Control solution (C),
Chemically Dispersed oil solution (CD), MechanigaDispersed oil solution (MD), Water Soluble
Fraction (WSF) solution and Dispersant solution. (Zalues represent mean * standard error (n=10
per treatment). Different letters above bars indi@asignificant difference, where P < 0.05.
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3.5. Lipid peroxidation (LPO)

There was no significant difference in LPEIqure 31) between the five treatments (P>0.05)

and no correlation was found between LPO and ttexlfivavelength fluorescence intensities

(P>0.05).

Figure 31.Lipid peroxidation in gills

of Liza aurata after 48 h exposure to
I T Control solution (C), Chemically
Dispersed oil solution (CD),
60 Lo Mechanically Dispersed oil solution
(MD), Water Soluble Fraction (WSF)
solution and Dispersant solution (D).
Values represent mean +* standard
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20 error (n=10 per treatment). Different
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0 significant difference, where P <
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4. Discussion

By conducting an experimental approach simulatingpetsant application, our study
evaluated the toxicity of five exposure treatmefi)sa control treatment with only seawater,
(i) a chemically dispersed oil treatment simulgtidispersant application on an oil slick
under mixing processes, (iii) dispersant aloneeiamgater as an internal control of CD, (iv) a
mechanically dispersed oil simulating only the efffef mixing processes on the oil slick and
(v) a water-soluble fraction of oil simulating canination due to an undispersed oil slick.
Given observations at oil spill sites (such as mythe Braer oil spill, Lunel 1995) and the
natural mixing processes in nearshore areas (@agesy, the presence of oil droplets in the
water column seems to be relevant when evalualiagadxicity of dispersant application in
nearshore areas. Thus, the experimental systendewased to maintain oil droplets in the

water column throughout the course of exposure.

4.1. Total petroleum hydrocarbons (TPH)

TPH concentrations vary from 46.4 to 14.9 mg/L @D treatment and from 39.4 to 10.7
mg/L for MD treatment. The concentrations obseraed = 0 h are inferior to the nominal
concentrations (66.6 mg/L). This is probably due tb@ petroleum adherence to the
experimental system during the 24 h period of hognggation (prior to the bioassays,
described ir2.1.5). The concentrations of TPH, measured in this expmtal approach, are
consistent with those observed at oil spill sitedeed, Spooner (1970) observed 50 mg/L of
TPH after an oil spill in Tarut Bay (Saudi Arabid)e to a pipeline fracture. This observed
concentration was due to the natural dispersiol&000 t of light Arabian crude oil in
nearshore areas (less than 2 km from the shorelmé¢f)e same way, Lunel (1995) observed
concentrations varying between 1 and 100 mg/L dutime wreck of the Braer on the
Scotland coast. The cargo released 86 000 t offakslicrude oil which were naturally
dispersed due to severe wind conditions (Forcel®}o

Braer oil spill shows that, in nearshore areas,eorelogical conditions could induce
dispersion of the oil slick during a period of mahan one week. However, at most oil spill
sites in offshore areas, a decrease in concentratiobserved over a 2 to 5 h period (Lessard

and Demarco, 2000). Situated between these twoasoen our experimental approach
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showed a decrease in TPH concentration over a @g&ibd. Our observations suggest that
this decrease is mainly due to petroleum adherdncéhe experimental system. This
phenomenon of adherence to the experimental sysiteriates the adherence to the substrate
observed in field studies (Baca et al. 2006). lis #tudy, adhered petroleum represents
approximately the nominal concentration of the gletrm minus the concentration of
petroleum assessed in the water column. Even iéradhpetroleum represents a relevant
proportion of the petroleum (in particular at T & W), fish were not directly exposed to this
fraction of the petroleum since (i) pelagic fiskesies, such as golden grey mullets, should
only be exposed to petroleum present in the watkrnan; (ii) in our study, most of the
adhered petroleum was present in the funnel, foclwtish do not have access.

4.2. PAH biliary metabolites

The relative concentration of PAH biliary metabadit(evaluated through fixed wavelength
fluorescence analysis) has often been used aspms@re biomarker (Camus et al. 1998; Aas
et al. 2000; Jung et al. 2009). PAH are well stddimce they are considered to be the most
toxic compounds of petroleum. In our study we mesasuhe biliary-derived metabolites
corresponding to PAH (alkylated and parents) oéehdifferent weights (naphthalene: 128.2
g.mol*, pyrene: 202.3 g.md] benzog]pyrene: 252.3 g.md). The results showed a
significant increase in the three PAH metabolitdiving the CD treatment, when compared
to WSF. This result is in accordance with many issidPerkins et al. 1973; Cohen &
Nugegoda 2000; Ramachandran et al. 2004; Lin et2@09) since it shows that the
application of dispersant on an undispersed aiksincreases PAH exposure. The same is
true of the MD treatment, when compared to WSF:haeical dispersion increased pyrene
and benzdj]pyrene exposure (however no significant differenaas observed for
naphthalene-derived metabolites). This increasé’AiH exposure, due to the dispersion
(chemical or mechanical), suggests an increasexidity for tested organisms. Indeed, PAH
are considered as carcinogenic and mutagenic (EiS®7). Moreover, studies revealed that
PAH induce histopathological effects (Stentiforda&t 2003 ; Ortiz-Delgado et al. 2007),
inflammatory responses (Stentiford et al. 2003)dative stress (Sun et al. 2006 ; Oliveira et
al. 2008) and alterations of DNA integrity (Olivaiet al. 2007 ; Maria et al. 2002) in teleost
fish.
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With regards to the MD and CD treatment, our rassiitow that the differences in the relative
concentration of the metabolites seem to be linkd@AH toxicity: the more toxic a PAH, the

lower the difference, in metabolite concentratidogtween the two treatments. Indeed,
naphthalene-derived metabolites (described as toucity PAH in Petry et al. 1996 and

Bosveld et al. 2002) showed a 40% increase with t@@tment (when compared to MD

treatment). Pyrene-derived metabolites showed aih8%ase. No significant difference was
observed for benza]pyrene-derived metabolites, which is considered aarcinogenic PAH

and induces reactive oxygen species (Lemaire-Gohgaire 1993).

4.3. Total glutathione content (GSH)

When compared to the WSF treatment, the CD tredtmeinced a significant decrease in
total glutathione content in the gills. Several biyeses may explain the decrease in GSH
content, such as the conjugation of glutathioneAsl through the increase in GST activity as
observed in Yin et al. (2007) or the decrease itHG$nthesis due to contaminant exposure
as described in Canesi et al. (1999). WhatevepHhysiological mechanism implicated, this
study shows that dispersant application induceegetion of glutathione, which is the first
line cellular defence involved in many detoxificatiprocesses (Maracine & Segner 1998).
Thereby, the chemical dispersion of an oil slickréases the potential of fish to cope with
contaminated environments.

On the contrary, when compared to the MD treatmira, CD treatment did not induce a
significant decrease in the total glutathione conie the gills, suggesting that, even when the
oil slick is mechanically dispersed (e.g. due tdeumlogical conditions), the application of
dispersant does not significantly decrease thengiateof the organism to cope with its
environment.

Benzop]pyrene- and pyrene-derived metabolite conceninativere correlated with the total
glutathione content in the gills. However no catiein was found between naphthalene-
derived metabolites and total glutathione cont@aken together, these results suggest that
glutathione depletion arises due to exposure teyn€&AH whereas light PAH would not be
involved in the observed decrease in glutathione.

In Milinkovitch et al. (2011a), a similar experimahapproach was conducted with the same
exposure treatments as described in this study@;,MD, WSF, D). The total glutathione
content in fish liver was evaluated and appearedoliow the same pattern as the total
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glutathione content in gills (exposed in this sudgD treatment induced a significant
decrease of total glutathione when compared to ragbriteatment; and no significant
difference was observed between CD and MD treatsnéfdawever, no significant difference
was observed concerning the liver total glutathiooetent between WSF and CD exposure
whereas, in the present study, when studying thle gills, a significant difference was
observed between these both conditions. This fqdhows that, evaluating dispersant
application toxicity, gill seems to be a more sBwsitarget organ than liver. This relevant
sensitivity of gills could be due to the fact tlggits are target organs immediately in contact
with the external environment and thereby immediate contact with pollutants presents in

the water column.

4.4. Oxidative stress

PAH, when incorporated by the organism, are bownd tellular aryl hydrocarbon receptor
(AhR). This binding induces the formation of a cdexp the aryl hydrocarbon receptor
nuclear translocator (ARNT), which is delocalizedhe nucleus of the cell and bound to the
xenobiotic regulatory element (XRE). This phenomeimzreases the transcription rate of the
P4501A cytochrome genes (CYP1A) and by the wayesmes the synthesie novoof the
cytochrome P450 enzymes and the catalytic actofithese enzymes (Stegeman 1987). This
increasing activity enhances the cellular produrctid reactive oxygen species (Livingstone
2001), which is counteracted by the antioxidanipoese (especially through enzymatic
antioxidant activities). When the production of RO%rwhelms the antioxidant response,
free reactive oxygen species can interact deletsiyowith cellular components. Lipid
peroxidation is a marker of this impairment.

Our results showed no modulation of lipid peroxiolat suggesting a lack of free radical
attack due to PAH exposure. Moreover, no antioXidesponse was observed. The absence
of oxidative stress could be due to the compositibthe fish food. Indeed, even if fish were
fed during four weeks with a fish food free of adais (also called synthetics) antioxidants,
natural antioxidants (such as vitamins A, C anai€)presents in the food composition. This
consummation of antioxidants could have prevenwddgainst oxidative stress.

Another explanation concerning this lack of sigrafice could also be due to the fact that the
exposure period was too short to induce ROS praztucindeed, although some studies have
shown some effects of PAH following a short expesperiod € 48 h, Sun et al. 2006;
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Oliveira et al. 2008), many studies investigatezlaffects of contaminants on oxidative stress
by exposing animals to longer periods (KopeckarBzligk & Correia 2009; Jung et al. 2009;
Narghang et al. 2009; Hannam et al. 2010).

5. Conclusion

With regards to gill glutathione content and thdatiree concentration of PAH biliary
metabolites, the results of this study firstly destoate that WSF exposure would be less
toxic than CD exposure. These results are in aecmel with an important body of literature
(Perkins et al. 1973; Cohen & Nugegoda 2000; Raaradian et al. 2004; Lin et al. 2009).
Extrapolated to field operations, these resultsmibat containment and recovery, rather than
chemical dispersion of the oil slick, must be cartdd. However, depending on technical
facilities and meteorological conditions, it is ratvays possible to contain the oil slick. In
some oil spill situations (e.g. rough sea and lascasity petroleum), dispersant is the only
appropriated response technique.

Since a minimum sea energy is required before pediant functions effectively (Merlin
2005) and since nearshore areas are consideredttwldulent zones (due to waves, wind and
swell) it seemed important, in this study, to ea#duthe toxicity of dispersant application
under a mixing process. Comparison of MD and CDwstb a significant difference
concerning low toxicity PAH-derived metabolites ght¢halene and pyrene); however, no
significant difference was found for benafjyrene-derived metabolites, which are
considered to be carcinogenic and to induce reactkygen species. Moreover no significant
difference was found between the glutathione cdrfdlowing the CD and MD treatments,
again suggesting no impairment of the gills duealigpersant application. Taken together
these results show that, when an oil slick is radiydispersed, the application of dispersant
seems to not increase its environmental toxicitgese results are in accordance with a
similar previous study (Milinkovitch et al. 2011a).

However, several limits of this experimental agmto compel us to be cautious in our
conclusions. Indeed, the experimental approackagadle only for a given turbulent mixing
energy (the energy induced by the experimentalesyst Moreover, this experimental
approach only takes into account the toxicity ttage teleost fish while other components of

the ecosystem are also likely to be impaired byetsant application. An experimental
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approach considering the environmental conditiom$ ether components of an ecosystem
(benthic and demersal species) would provide sopgieary information. In this context,

further studies as part of the DISCOBIOL projecll evaluate the impact of dispersed oil on
burrowing organisms, demersal organisms (such ate®y and pelagic species (such as

golden grey mullet) within an enclosed ecosysters@aosm).
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Synthese du Chapitre 3

Ce chapitre expose, au travers de I'utilisatiorbaemarqueurs, les effets biologiques d’'une
nappe de pétrole dispersée sur deux organes diésesontaminants : le foie et les branchies.
En effet,le foie en tant qu’organe de détoxication majeur est tende bioconcentration des
contaminants ; (ii)les branchies organes externes sont directement en contact legec

contaminants présents dans le milieu.

Au niveau hépatique les principaux résultats de cette étude ne moinpas de réponse de
I'organisme au stress oxydan{aucune modulation d’activité des enzymes antiaryels)ni

de dommages associéqlipoperoxydation). Cependant les résultats mantreine
augmentation des métabolites biliaires de type pyne et benzof]pyréne concomitante
d’'une déplétion du glutathion total lorsque la nappe de pétrole est dispersée chimigoiem
ou mécaniquement. La diminution du glutathion tasi interprétée comme une réduction
d’'une des premieres lignes de défense contre l@aminants, cette molécule étant utilisé par
I'organisme dans une multitude de processus dexidéton (chélation des métaux lourds,
biotransformation des contaminants organiques)siAtette déplétion du glutathion suggére
gue, suite a I'exposition a une nappe de pétrapatsée (chimiguement ou mécaniquement),
la capacité de l'animal a faire face a un environeet contaminé sera diminuée. En
revanche, l'absence de difféerence constatée emteedispersion mécanique et chimique
montre que I'application de dispersant ne dimintigas la capacité de I'animal a faire face a
un environnement contaminé, lorsque les conditioéorologiques entrainent déja une

dispersion naturelle de la nappe de pétrole.

Au niveau branchial, comme au niveau hépatiquajcune réponse au stress oxydant ni
aucune lipoperoxydationn’a été constatée. Concernant les taux de glomthés résultats
obtenus montrent, comme précédemment, quéa(iflispersion chimique entraine une
diminution du glutathion, suggérant qu’'une nappe de pétrole dispersée qirment
diminue la capacité de l'animal a faire face a umvi®nnement contaminé. Cependant,
contrairement aux résultats obtenus au niveau ig@eat(ii) les taux de glutathion obtenus

apres la dispersion mécanique semblent se situemaveau intermédiaire entre ceux obtenus
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lors de I'exposition a une nappe de pétrole noitétrat une nappe de pétrole dispersé

chimiquement.

Afin de statuer sur la comparaison, en termes Heité, d’'une nappe de pétrole dispersée
chimiquement, mécaniquement ou non dispersée, disitassion devra prendre en compte la
toxicité au niveau de ces 2 organes. Une mesuta tiicité au niveau d’'un autre organe
cible, le cceur, pourra également étre évoquée.

De plus, ces résultats montrent wue nappe de pétrole dispersé (chimiquement ou
mécaniquement) entraine une diminution de I'animala faire face, par la suite, a un
environnement contaminé Or suite a une dispersion de la nappe de pé&rolilieu cbtier,
une partie des hydrocarbures peut étre incorparésédiments. Il semble donc important de
développer une approche permettant de détermirgeretiets biologique de cette voie
d’exposition. Dans ce but, une approche menée aoecoéme a été développée au sein de
cette these. Une publication scientifique situéeaenexe (Richard et al. soumis) expose et
valide cette approche qui permet I'expositionLilea aurataa des sédiments contaminés par

une nappe de pétrole dispersée.
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Discussion générale et Conclusion

L’application de dispersant sur une nappe de pEtmEsente de nombreux avantages
environnementaux. Cependant, en milieu cotier, ecadchnique de lutte augmente
transitoirement I'exposition des organismes aquascaux hydrocarbures. Afin de déterminer
le risque environnemental consécutif a I'applicatio de dispersant dans la frange la plus
proche du littoral, et par la de contribuer a sa réglementation, rlgep DISCOBIOL
(DISpersant et techniques de luttes en milieu GOtieeffets BIOLogique et apports a la
réglementation) a été élaboré. Différentes espeoeseté utilisées afin de déterminer la
toxicité d’une nappe de pétrole dispersée: 2 espaedivalves, I'huitre creus€rassostrea
gigas et la moule communeMytilus edulid ; 3 especes pélagiques de poissons téléostéens,
le bar Dicentrarchus labraxet deux especes de muldigzé ramadaet Liza auratg

Ces deux derniéres especes, regroupees sous léuingemre_iza sp, ont constitué lenodele
biologique de ce travail de thése. L'approche expérimentafoste dans ce manuscrit a
considéré la dispersion d'une nappe de pétrole emant compte des phénoménes de
turbulences inhérents aux milieux cétiers. La t&ic’'une nappe de pétrole dispersée a été
évaluée en fonction dgghénomeénes de bioaccumulatioet detoxicité Iétale (Chapitre 1)
pour ensuite étre mesurée, au travers d’approch®étalesau niveau de I'organismeetau
niveau de l'organe (respectivement Chapitres 2 et 3). Au sein de étgles, la
concentration en hydrocarburesdans la colonne d’ead’incorporation des HAP par
I'organisme et les effets biologiques ont été é¥allLa synthese et la discussion des résultats

de ce travail de thése sont présentées ci-dessous.
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1. Synthese des résultats

1.1. Effets de [lapplication de dispersants sur la caric&tion en
hydrocarbures au sein de la colonne d’eau et inoosiion de ces composés

par I'organisme

L’application de dispersant sur une nappe de pEsw@ffectuen situ lorsque les conditions
météorologiques le permettent ; c'est-a-dire laedguturbulence du milieu entraine déja une
dispersion naturelle, partielle ou totale, de lpp®a(Lewis & Dailing 2001). Dans le cas
d’'une dispersion partielle de la nappe, I'applicatde dispersant va permettre de transférer
dans la colonne d'eau, la totalité de la nappe deole sous forme de gouttelettes
d’hydrocarbures en empéchant leur «recoalescencPans notre premiere étude
expérimentale (Chapitre 1), cette caractéristiqualidpersant a été observeée : la dispersion
mécanique ne permet pas de transférer la totailé dappe de pétrole dans la colonne d’eau
alors que l'application de dispersant (dispersibimique) a permis une homogénéisation
totale de la nappe de pétrole sous forme de getidel d’hydrocarbures (vérifiée par une
mesure des concentrations en hydrocarbures totams ¢h colonne d'eau). Ainsi les
caractéristiques d’'un dispersant observéesn situ sont conservéeglans cette approche
expérimentale permettant par la de simuler les cotements d’'une nappe de pétrole
dispersée.

De plus, dans le deuxiéme et le troisieme chapirecette thése, notre étude reflétait la
volonté dese rapprocher des conditions de contaminations ohs€esin situ, lors de
catastrophes pétroliere. En accord avec de nomgsedtades menées situ (Spooner 1970;
Cormack 1977; Lunel 1995), les concentrations edrdgarbures totaux dans notre étude
montraient des valeurs comprises entre 10 et 5Q rogs d'une dispersion chimique et
mécanique. Lors de ces expérimentations, la péddalgosition, située entre 2 et 5 heures
lors d’'une dispersion de la nappe en milieu haetufLessard & DeMarco 2000), a été
étendue a une période de 48 heures afin de simuokerdispersion de la nappe en milieu
cétier. En effet, dans les eaux peu profondes dieatage littorale, la dilution d’'une nappe de
pétrole dispersée est ralentie par la faible prddéoin de la colonne d'eau : par voie de
conséguence, la période d’exposition est augmeht¥s.de cette période d’exposition, une
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décroissance des concentrations a été observésashment pour la dispersion mécanique
d’'une nappe de pétrole. Cette décroissance comdsgpo phénoméne d’adhérence du pétrole
au dispositif expérimental. Cette adhérence aiéténdée lors de I'application de dispersant.
Cette observation est en accord avec celle fait®aea et al. (2005) qui constaie situ, une
diminution de l'adhérence au substrat (sédimentioee épigée) lors de I'application de
dispersant.

La comparaison entre une nappe de pétrole nonrdé&pet une nappe de pétrole dispersée
(chimiquement ou mécaniquement) montre qudotaation de gouttelettes de pétrole
entraine une augmentation des HAP dissou&hapitre 1 et chapitre 2), avec une fraction
dominante de naphtaléne (en accord avec Fucik 1@®4)ésultat peut s’expliquer par le fait
que la transformation d’'une nappe en gouttelettésmi@e une élévation du ratio surface sur
volume du pétrole, augmentant de fait la surfacécltinge et donc la diffusion des
hydrocarbures au sein de la colonne d’eau.

Notre premiere étude (Chapitre 1) montre, au tsader la comparaison entre une nappe de
pétrole dispersée mécaniquement et une nappe delepélispersée chimiqguement, que

I'application de dispersant entraine une augmennaties HAP dissous. Ce phénomeéne peut
s’expliquer par le transfert, sous forme de goettes d’hydrocarbures, de la totalité de la
nappe de pétrole lors de I'application de dispdrdam effet, lors de la dispersion mécanique,

les phénomeénes de turbulence induit par le sysexpérimental ne suffisent pas a disperser
totalement le pétrole au sein de la colonne d'dapa formation d’'une nappe de pétrole en

surface aux dépens de gouttelettes d’hydrocarbame th colonne d’eau. En revanche, lors
d’'une dispersion chimique, I'ensemble de la nappeoétrole est dispersée sous forme de
gouttelettes dans la colonne d’emugmentant le ratio surface sur volume du pétriole gue

les processus de diffusion.

Dans le deuxieme et le troisieme chapitre de dbise, du fait des faibles quantités de
pétrole employées, la dispersion de la nappe delp&ous forme de gouttelettes est totale,
guelle que soit la méthode de dispersion emplogiieique ou mécanique. Contrairement a
I'étude précédente, la comparaison entre la digperaécanique et chimique ne montre pas
d’augmentation de la concentration en HAP diss@es résultats suggerent que, dans les
deux conditions d’exposition, la dispersion totdéela nappe a augmenté le ratio surface sur

volume du pétrole et les processus de diffusion &®. Cependant, bien gu’aucune
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différence significative n’ait été observée, la cemration en HAP a 0 et 48 heures était
inférieure pour la dispersion mécanique (compar@edispersion chimique). Cette différence
pourrait s’expliquer (i) par le processus d’adhéesmles gouttelettes au dispositif et la
diminution de concentration en hydrocarbures tot@ssociée, mais aussi (ii) par le fait que,
lors d’'une dispersion mécanique, la taille des wgbeites est supérieure a celle observée lors
d’'une dispersion chimique (Singer et al. 2000) reahut ainsi le ratio surface sur volume du

pétrole et par la les processus de diffusion deBHA

La comparaison des deux expérimentations, exp@aéebapitre 1 et au chapitre 2, montre
que, (i) lorsque les seuls phénoménes de turbulence (disgers mécanique) n’'ont pas
entrainé la dispersion totale de la nappe de péte(chapitre 1), I'application de dispersant,
en provoquant le transfert de la totalité¢ du pétrdans la colonne d’eau a entrainé une
augmentation de la concentration en HAR (ii) a l'inverse lorsque les seuls phénoménes
de turbulence ont permis la dispersion totale de lamappe (chapitre 2)/'application de
dispersant n'a pas entrainé d’augmentation de concgration en HAP dans la colonne
d’eau.

Ces résultats révelent donc que, lors d'une cajaiser pétroliere en milieu cétier,
'application de dispersant sur une nappe de métrplartiellement dispersée par les
phénomenes de turbulence, augmenterait I'exposttesorganismes aux HAP ; a l'inverse
I'exposition aux HAP ne serait pas augmentée pgwplication de dispersant, lorsque les
conditions de turbulence entrainent déja une dispertotale de la nappe de pétrole.

Dans le cas d’une dispersion totale de la nappe p&s phénomenes de turbulence, il est
important de noter que 'application de dispersantpermet la formation de gouttelettes
d’hydrocarbure d’'un diamétre plus faible que ne lepermettent les seuls phénomenes de
turbulence (Singer et al, 2001). De ce fait, 'apfation de dispersant confere un bénéfice
environnemental en empéchant la recoalescence de h@appe et en augmentant la
dégradation bactérienne du pétrole. Il 'y a donc une véritable « utilité
environnementale » a I'application de dispersant mée lorsque la nappe de pétrole peut

étre dispersée totalement par les phénomenes de lbutence.
Les HAP étant considérés comme un déterminant megetoxicité (Anderson et al. 1974) et

leur processus de diffusion ayant montré une autatien lors de I'application de dispersant,

les phénomenes d’incorporation dans les organisiaegs contaminants ont été mesures.
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1.2. Incorporation des HAP au sein de I'organisme

L’incorporation des HAP a été étudiée dans le peeriapitre au travers d’'une mesure de la
bioconcentration dans les muscles des organisméans le deuxiéme et troisieme chapitre,
les phénomeénes d’incorporation des HAP ont étéuésaén mesurant Eoncentration des
métabolites biliaires de ces composé€ette méthode, bien qu’indirecte, est considpheg

sensible pour des concentrations faibles en hydoooes (Beyer et al. 2010).

Les trois chapitres de cette these montrentauggmentation de I'incorporation des HAP
lorsque la nappe de pétrole est dispersée chimiquem ou mécaniquement(au travers
d’'une mesure des meétabolites biliaires du beajpgféne dans les chapitres 2 et 3). Ces
résultats sont en accord avec les résultats déxritsl. puisque la dispersion mécanique ou
chimique d’'une nappe de pétrole montrait une auggtien de la concentration en HAP dans

la colonne d’eau suggérant une augmentation debledrsponibilité.

Dans le premier chapitre de cette these, la corgmarantre une dispersion mécanique et une
dispersion chimique met en évidence une augmentai®s bioconcentrations en HAP
consécutive a I'application de dispersant. Cesltasupeuvent étre interprétés comme une
conséquence des processus de solubilisation (déwrit.1). En effet, les différences
observées, en termes de bioconcentration en HABtaef les difféerences observées en
termes de concentration en HAP solubilisés damslianne d’eauCependant il semble que,
lors d’'une dispersion chimique, cette augmentatiensolubilisation ne soit pas le seul
phénomene mis en jeu dans l'incorporation des HAPeffet, une augmentation du facteur
de bioaccumulation (ratio de la concentration enPHAans la colonne deau sur la
concentration en HAP dans les muscles) est miswielence lors d’'une dispersion chimique
(comparée a une nappe de pétrole non dispersédfe @egmentation du facteur de
bioaccumulation indique une augmentation de difflusles HAP a l'interface eau-organisme.
Plusieurs hypothéses peuvent expliquer cette auguimmde la diffusion :

(i) Ce phénomene pourrait étre dd a une altérationpho-fonctionnelle branchiale induite
par les surfactants contenus dans les disperdaet®e altération, déja décrite dans (Rosety-
Rodriguez et al. 2002), est susceptible d’entraimer diminution de la perméabilité sélective

des branchies et par la une entrée massive de ldA®ldrganisme.
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(ii) Cette augmentation de la diffusion des HAP npail €galement étre due a la présence de
microgouttelettes de pétrole a la surface des biaagRamachandran et al. 2004b). Ces
microgouttelettes de pétrole accéléreraient laugifin des HAP a travers I'épithelium

branchial jusque dans le milieu interne de I'orgare.

Dans les deuxiéme et troisieme chapitres de céiset la concentration relative des
métabolites de 3 HAP (naphtaléne, pyréne, beiggiene) a été dosée dans la bile des
poissons afin de mettre en évidence des différeandsrmes d’incorporation des HAP. Les
concentrations observées en métabolites de typeofadmyrene sont en accord avec les
concentrations en HAP mesurées dans la colonnei da) puisque aucune différence
significative n'a été mise en évidence entre ungpelision chimique et une dispersion
meécanique. Le benzapyréne étant considéré comme un des HAP les pkigues (Eisler
1987) du a ses effets carcinogéniqgues et mutagésiduest possible de penser que cette
absence de différence de concentration en métaboéfiete une similitude dans les toxicités
attribuées aux deux méthodes de dispersion. Cepentlapparait que la concentration en
métabolites biliaires de type pyréne est signifiganhent plus élevée lors d’une exposition a

une dispersion chimique que lors d’'une expositiomé dispersion mécanique.

L’ensemble des résultats (résumé gure 32) montre quelincorporation des HAP
semble dépendre majoritairement des processus deldoilisation de ces composeés. La
comparaison entre une nappe de pétrole non digpetséne nappe de pétrole dispersée
(chimiquement ou mécaniquement) montre dmeormation de gouttelettes de pétrole
entraine une augmentation des HAP dissougdécrite enl.1). Ce phénomene a pour
conséquenceine augmentation des HAP incorporés dans les mussleles organismes
Lorsque les seuls phénomeénes de turbulendgdispersion mécaniquaje permettent pas
une dispersion totale de la nappdChapitre 1),I'application de dispersant entraine un
transfert de toute la nappe sous forme de gouttslete pétrole dans la colonne d’eau
(dispersion chimique). Ce phénomeaegmente le transfert des HAP dans la colonne
d’eau et par la leur incorporation dans les organisies A l'inverse lorsque les seuls
phénomeénes de turbulence permettent dispersion totale de la nappe, I'application de
dispersant n’entraine pas d’augmentation de la digdution des HAP dans la colonne
d’eau. Par voie de conséquencesicune difference d’incorporation n'a été mesurée au

niveau du benze]pyréne, considéré comme le HAP le plus toxiqueuredans cette étude.
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Figure 32. Schéma synthétique des résultats obtenus daestioese illustrant les processus de solublllsatlon
et d’'incorporation des HAP consécutif & une disparsmécanique de la nappe de pétrole et a I'apgmicale
dispersant.

Cependant, bien qu’une incorporation des contansnapparaisse, elle ne va pas se traduire
obligatoirement par un effet néfaste pour I'orgares En effet, la réponse de I'organisme en
termes de mécanismes de défense peut empécheénebiotiques d'interférer avec les
macromolécules cellulaires (enzymes, ADN, lipidesmhranaires etc.) et ainsi empécher les
dommages observés au niveau de la cellule, deaf@g@u au niveau de I'organisme.

Dans cette these, des dommages potentiels oné@iérchés au niveau de I'organisme et de
'organe. Notre approche expérimentale a permisxpieer Liza sp & I'ensemble des
composes présents dans le pétrole (décrits erdinttion). Cependant, les effets biologiques
observés pourront étre discutés en fonction dexmité des HAP puisque ces composés ont
montré (i) une augmentation de leur incorporatms He I'application de dispersant (résultats
précédemment discutés) et (i) une toxicité dansambreuses études chez des poissons
téléostéens (Sun et al. 2006; Oliveira et al. 20G8)rgang et al. 2009).
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1.3. Effets biologiques de I'application de dispersants

» Toxicité létale d’'une nappe de pétrole dispersée

Au cours du premier chapitre de cette these letsefffiologiques ont été évalués en termes de
mortalité sur un groupe d’individus, permettanditermination d’une Gy (Concentration
Létale pour 50% du groupe d’individus testés). Laxidité évaluée d'aprés ces
expérimentations est qualifiée texicité aigué: des concentrations létales et une période
courte (24h) d’exposition ont été utilisées. La panaison entre une nappe de pétrole traitée
au dispersant et une nappe de pétrole non dispemsé@é&re que ladispersion chimique
augmente la toxicité du pétrole De méme, la comparaison entre une nappe de @étrol
mécaniquement dispersée et une nappe de pétrotagciement dispersée montre, qu’en
milieu turbulent, la toxicité aigué est égalemengraentée par I'application de dispersant.
Ces résultats sont en accord avec de nombreusdssé@nenées sur des poissons téléostéens
pélagiques qui montrent une augmentation de la alt@rtconsécutive a l'application de
dispersant (Adamst al. 1999; Cohen & Nugegoda 2000; Einal. 2009). Cependant, au sein
de notre étude, les conditions de turbulences @mtés au milieu cotier ont été prises en
compte. Ces mesures de la mortalité sur un grolipdiddus pourraient étre interprétées
comme prédictives d’'un impact au niveau popula@nihes résultats, décrits ci-dessus,
suggéreraient donc I'existence d’'un impact enviesnental de I'application des dispersants
en zone cbtiere. Cependant, le caractére expérndmicette étude, la prise en compte d’'une
seule espece de poisson téléostéen pélagique etolesentrations employées -tres
supérieures a celles observéassit- nous imposent la plus grande prudence quant a
I'interprétation de nos résultats.

Dans ce premier chapitre, les mesures de concentides HAP dans I'eau (décrites B12)
montrent, comme la mesure de mortalité, des valggrsficativement plus importantes lors
d’une dispersion chimique que lors d’'une exposiiaume nappe de pétrole non dispersée ou
a une dispersion mécanique. Ceci suggere que laitéoxétale serait la conséquence de
I'exposition a ces composés. Cependant, il sembedgans notre étude, la concentration en
HAP dissous ne soit pas suffisante pour induirentatalité des organismes. En effet, une
étude menée par Maria et al. (2002) cheguilla anguilla ne montre aucune mortalité apres
une exposition de 216 heures a des concentrat®B8@ Lg/L en benza]pyrene. Dans cette
expérimentation, la durée d’exposition est 9 fdisspélevée que dans notre étude et les
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concentrations en benadpyrene -classifié comme le plus toxique des 21 HBRler 1987)

- 2 fois plus élevées que la valeur maximale deolame des 21 HAP dosés. Il apparaitrait
donc, dans notre approche expérimentale, lggeHAP dissous dans la colonne d’eau ne
soient pas les seuls déterminants de la toxicitégaié d’une nappe de pétrole dispersée
D’autres facteurs, par exemple la présence de gletids d’hydrocarbures au niveau
branchial (Ramachandran et al. 2004b) mais augsiékence de métaux lourds (vanadium et
nickel), pourraient étre responsable de cette nitgrta

Les expérimentations des chapitres 2 et 3, ont danhconduites en considérant la totalité des
composés présents lors de la dispersion chimiqueedhappe de pétrole. Bien gu’inscrits
dans le cadre d’'une démarche expérimentale, ces d®pitres reflétent la volonté de se
rapprocher des conditions observées lors de l'egiphn de dispersant en situation de
catastrophe pétroliere. Les organismes ont aindi eXposés a des concentrations en
hydrocarbures totaux retrouvém situ (concentrations sublétales). L'utilisation de
biomarqueurs au niveau de l'organisme et dans dganes cibles a permis d’évaluer la

toxicité de la nappe de pétrole disperse.

» Effets sublétaux d’une nappe de pétrole dispenséla £apacité métabolique aérobie
et les performances de nage

Au sein de notre étude, les effets biologiquesajmplication de dispersant ont été mesurés au
travers des performances de nage et de la capaéitbolique aérobie des organismes.

Les performances de nagent été évaluées par une mesure de la vitessaggeanitique. En
effet, la vitesse de nage critique, correspondalat @itesse maximale qu'un poisson peut
atteindre lorsqu’il pratique une nage de type prgéo (période de nage entre 15 secondes et
quelques heures), est considérée comme un indicddsyperformances de l'activité natatoire
chez le poisson (Brett 1964). Les performancesatge nouent un réle fondamental dans le
cycle de vie d’'un poisson, et notamment pour lesgssus d’acquisition d’énergie, tel que la
recherche de nourriture.

La capacité métabolique aérobieest mesurée par la différence entre le taux mbtaieo
aérobie maximal et son taux métaboliqgue de mainmnaCette mesure, plus intégrative que
la performance de nage, donne une estimation gmiiksance énergétique dont I'animal
dispose, en premier lieu pour ses activités digeraaires telles que les processus de
digestion et en second lieu pour la croissance squeaet gonadique. Ainsi Lefebvre et al.

(2001) montrent, cheBicentrarchus labrax une corrélation entre capacité métabolique et
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taux de croissance somatique. La croissance samatignt considérée comme un corrélat de
la fitness, Claireaux et Lefrancois (2007) exposeien entre capacité métabolique et fithess
de I'animal.

Ainsi l'altération de ces deux variables biologiquetraduirait donc des altérations au niveau
de I'organisme susceptibles d’affecteffitaess

De plus, des études ont montré une diminution deaf@acité métabolique aérobie et des
performances de nage liée aux contraintes envirnantales abiotiques du milieu, tel que
I'hypoxie et la diminution de température (Clairea& Lagardere 1999; Lefrancois &
Claireaux 2003), mais aussi tel que la présenasodereux polluants : métaux lourds (Pane
et al. 2004) ou hydrocarbures (Kennedy & FarreD&0Davoodi & Claireaux 2007). Ces
deux variables biologiques peuvent donc étre céndebs comme delsiomarqueurs en
ecotoxicologie

Considérant (i) le lien qui existe entre ces deariables biologiques et la fitness de I'animal
ainsi que (ii) leur validation comme bioindicateers écotoxicologie, la mesure de la capacité
métabolique aérobie et des performances de nageles@®artinente au sein de notre étude :
elles permettraient de mettre en évidence, suilgxposition a une nappe de pétrole
dispersée, des altérations au niveau de I'organsreeeptibles d’affecter la population.
Cependant, dans notre étudmrjcune modification de la capacité métabolique eted
performances de nage n’a été observget ce, pour toutes les conditions de contaminatio
établies. Ces résultats donnent a penser qu’aualt@éeation observable au niveau de
I'organisme n’est susceptible d’affecter la fitnesspoisson.

Une étude de Kerambrun et al. (2009) a été men¥y, Ricentrarchus labrax dans les
mémes conditions expérimentales qu’au deuxiéme itthage cette these. Apres 48 h
d’exposition aux conditions de contamination, ueeque de 28 jours de récupération a été
conduite suite a laquelle les taux de croissarm@maliers (en taille) ont été évalugsgure

33). Bien que cette étude ait été menée chez uneesfigze de poisson téléostéen pélagiques
et a un stade de développement plus précoce querddre étude (juvéniles de premiere
annee), il est envisageable de comparer les résoldenus dans cette étude aux résultats de
ce deuxieme chapitre de thése. Kerambrun et aD9j2éhontrent une diminution de la
croissance des individus apres une exposition adisgersion chimique et mécanique. La
croissance étant classiquement considérée en éeaomme un indicateur de fitness, cette
étude montre que la dispersion de la nappe (méoarog chimique) affecte la fithess de
'animal. Ainsi, ces résultats semblent contrast®ec ceux obtenus dans ce deuxiéme

chapitre de these.
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Figure 33: Comparaison des taux de
croissance en taille (mm.jts aprés
exposition de  juvéniles de  bar,
Dicentrarchus labraxLa mesure du taux de
croissance s'est effectuée sur une période de
28 jours. Ces expérimentations ont été
menées dans le cadre du méme programme
de recherche (DISCOBIOL), les conditions
d’expositions ont été réalisées en suivant le
méme protocole qu’au deuxiéme chapitre de
cette thése, a I'exception de la condition
WSF (« nappe de pétrole non dispersée »)
qui n'a pas été envisagée. Les histogrammes
représentent la moyenne des valeurs
C DC DM D obtenues pour une condition et les barres
d'erreurs représentent leur écart type.
Modifié d’aprés Kerambrun et al. (2009).
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Il est important de noter que les résultats obtgrarsKerambrun et al. (2009) ont considéré
cette mesure intégrative qu’est la croissance ser échelle de temps différente de notre
étude. En effet, la croissance a été mesurée syou28 post contamination alors que la
capacité métabolique est une mesure instantanés d4prh de contamination. Ceci pourrait
expliquer la divergence des résultats obtenus ees8& études.

En effet, au sein de notre étude, il est possiblpahser que des mécanismes physiologiques
compensatoires peu couteux en énergie ont étémpsaee, dissimulant par la les effets des
contaminants sur la capacité métabolique : la p#neegrité fonctionnelle, au niveau d’un
organe impliqué dans le métabolisme de l'organigstesusceptible d’affecter la capacité
métaboliqgue mais elle aurait été compensée palakigté d’'un autre organe. La mise en
place de ces mécanismes compensatoires et le oetgétique faible qu’ils engendrent
n'auraient pas pu étre détecté au travers de apjpeoche. En revanche sur une échelle de
temps plus longue, donc plus intégrative, ce co@ergetique aurait pu étre ressenti d’ou la
diminution de la croissance observée sur 28 joardgrambrun et al. (2009).

Cette hypothése évoquant des mécanismes physioExg@mpmpensatoires s’appuie sur le fait
gue dans le cadre de cette thése, une perte ditgtégnctionnelle au niveau du cceur, organe
impliqué dans les processus de transport de I'axygionc dans le métabolisme aérobie du
poisson, a été observée (Milinkovitch et Imbertsuitats non publiés). En effet, une
expérimentation sur coeur isolé de mulet doré aniée dans le programme DISCOBIOL
en utilisant le méme protocole d’exposition desaaigmes qu’'au deuxieéme chapitre de cette
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thése. L'objectif était d’évaluer les performancasdiaques telles que la force de contraction
et la sensibilité adrénergique. Dans ces conditiiagpérience, une mesure de la tension
isométrique d’'une bande de muscle cardiaque affétitieée en présence d’adrénaliné® 10

et 10° M. La tension isométrique donne une estimationad®ice de contraction du muscle
cardiaque (Satchell 1991); les concentrations rdizaline 160 M et 10° M reflétent
respectivement la concentration d’adrénaline plaisjua chez un poisson a son métabolisme
standard (de repos) et la concentration d’adréagiasmatique maximum chez un poisson
lors d’'une phase d’activité intense (cl@acorhynchus mykisShiels & Farrell 1997). Ainsi,

la comparaison de la tension isométrique aNIGet & 10°M donne une estimation de la force
de contraction cardiaque que le poisson peut dppelolorsqu’il passe du repos a une phase
d’activité intense. Une partie des résultats deenétude, représentée Eigure 34, montre
qu’en présence d’adrénaline @M, I'exposition & une dispersion chimique, mécarig a
une nappe de pétrole non dispersée n’entrainerd’@agmentation de la tension isométrique
alors qu’'une augmentation de la tension isométrigteconstatée pour la condition contréle
et I'exposition au dispersant seul. Ces résultagga&rent donc une incapacité des poissons
exposes aux hydrocarbures (dispersion chimique,am@ge et nappe de pétrole non

dispersée) a augmenter leur force de contractichazpue lors d’activité intense.

[ Adrenaline (10-9 M)
1.2 Adrenaline (10-6 M)
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Figure 34: Tension isométrique obtenue sur une bande de emgactliaque a 0,2 Hz
aprés application d'adrénaline ®l® ou 10° M. Les poissons L{za auratd ont
préalablement été exposés a 5 conditions (C : @entrDC : Dispersion Chimique ;
DM : Dispersion Mécanique ; WSF : Water Solubleckica ; D : Dispersant seul). *:
différence significative (P<0,08ntre la tension isométrique a°I et & 16° M pour
une méme condition d’exposition. Les histogrammegrésentent la moyenne des
valeurs obtenues pour une condition et les barfemedrs représentent I'erreur
standard & cette moyenne. Le test statistique edpdst une ANOVA a mesures
répétées.
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L’ensemble des résultats exposés dans le deuxibagite de cette thése ne monpas
d’altération des performances de nage ni d’altératin de la capacité métabolique aérobie
chez les organismes exposés aux conditions de morgaon de cette étude. Ces deux
variables étant considérées comme des valeurscpuedi de la fitness de I'animal, il est
possible de penser que cette derniére n'a pasmtaciée. Cependant une étude menée en
parallele de la nbtre chez une autre espéece degmiléostéenDicentrarchus labrax
semble prédire, au travers d’'une mesure de craiesam impact sur la fitness de I'animal
lorsque celui-ci est exposé a une dispersion chieng mécanique de la nappe de pétrole. De
plus, des effets biologiques apparaissent notam@etds niveaux d’intégration biologique
inférieurs, au niveau de I'organe. Ainsi au seirtrdisiéme chapitre de cette these, nous nous
sommes intéresseés a la toxicité d'une nappe delpé&ur deux organes cibles, le foie et les
branchies. Les résultats obtenus au niveau camiggqan exposés dans le corps de ce

manuscrit) seront également discutés ci-dessous.

» Effets sublétaux d’une nappe de pétrole dispeisédiés au travers d’'une approche

multimarqueur au niveau de I'organe.

Au sein de ce troisieme chapitre de théseefists biologiquesd’'une nappe de pétrole
dispersée ont ét@&valués au niveau de l'organe(foie, branchies, cceur). Les effets
biologiques ont particulierement été observes avets deprocessus de détoxicationde la
réponse antioxydanteet dustress oxydant(mesure de lipoperoxydation). De pluagctivité

du complémenta été mesurée au niveau plasmatique afin de nettévidence la présence
de processus inflammatoires, déja observés patifdtdn(2003) au niveau des organes cibles
des HAP.

Les processus de détoxication et les systemes densdds antioxydantes sont des
biomarqueurs de défenses précoces des effets dusoataminants. La modulation de ces
biomarqueurs peut étre considérée comme prédidavitat de santé des individus. En effet,
Ferrari et al. (2007) montrent que la diminution tdux de glutathion hépatique, substrat
essentiel dans les processus de détoxicationssgstige a 'augmentation de mortalité chez
Onchorynchus mykissxposée a des pesticides. De méme Allen et M@®@4) montrent le
lien entre I'activation de 'enzyme antioxydantg@seroxyde dismutase SOD et la progression
des maladies chedytilus edulis

Le stress oxydant, au travers de la mesure de dipagdation, est un biomarqueur de

dommages traduisant I'inefficacité des systemee@ydants a enrayer une agression toxique
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méme lorsque les activités antioxydantes sont antfres. Par la, le stress oxydant est témoin
d’un niveau supérieur d’agression di au xénobietqu

Au sein de notre étude aucune modification d’'atgidiu complément n’a été observée. En
revanche unealiminution des taux de glutathion total a été constatée: (i) au niveau
hépatique, pour la dispersion mécanique et laedéspn chimique; (ii) au niveau branchial,
pour la dispersion chimigue —une diminution nomgigative ayant été observée pour la
dispersion mécanique-. Ces résultats sont en acaeed l'incorporation des HAP (et
notamment du benzalpyréne). Au niveau hépatique cette diminution detaghion ne
semble pas étre due aux processus de détoxicatimgque I'activité de la glutathion-S-
transférase (GST) -enzyme catalysant la conjugalsagiutathion aux xénobiotiques dans les
processus de détoxication- n'a pas été augmentdte Giminution du glutathion serait due,
soit a une inhibition de sa synthése par les HARme le suggerent Zhang et al. (2004), soit
a une chélation des métaux lourds contenus dapgttele, phénoméne déja observé par
Maracine & Segner (1998). Quoiqu’il en soit, cettaminution des taux de glutathion lors des
conditions de dispersion mécanique et chimique é&wggneréduction de la premiere ligne

de défense contre les xénobiotiquede glutathion étant impliqgué dans de nombreux
processus de détoxication. Ainsijite a I'exposition a une nappe de pétrole dispe¥e
(chimiguement ou mécaniquement), la capacité de Pamal a faire face a un
environnement contaminé sera diminuéeles résultats obtenus au niveau hépatique et
branchial sont en accord avec les résultats nohigsufMilinkovitch & Imbert) obtenus au

niveau cardiaque chez des mulets dorés ayant ptsés aux mémes conditiomdgure 35).
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Figure 35 Contenu en glutathion total dans les coeurs despos I(iza

aurata) préalablement exposés a 5 conditions (C : cattéDC :

Dispersion Chimique ; DM : Dispersion Mécanique ;SW: Water
Soluble Fraction ; D : Dispersant seul). Des lettiéférentes (a, b, c)
indiguent des différences significatives entredesditions (P<0,05). Les
histogrammes représentent la moyenne des valetienuds pour une
condition et les barres d’erreurs représentent &mart type. Le test
statistique employé est une ANOVA.
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Cependant, bien que les taux de glutathion au nivaadiaque soient les plus bas pour les
conditions CD et MD, des différences significatived également été mises en évidence lors
d’'une exposition a une nappe de pétrole non diép@MsSF) et a un dispersant seul (D)

suggérant une toxicité au niveau cardiaque de @es cbnditions d’exposition.

Bien gu’une incorporation des HAP, considérés cormeminducteurs de radicaux libres ait
été constatée (décrite dn2), aucune modification du stress oxydant ni detiVéé des
enzymes antioxydantes n’a été observée, et cesi bign au niveau branchial qu’hépatique.
Ce résultat ne semble pas étre di a une périoge dnarte d’exposition puisque de
nombreuses études montrent une induction de ligetantioxydante et un stress oxydant
pour des périodes d’exposition aux contaminantiefires a 48h (Ahmaet al. 2004; Suet

al. 2006; Oliveiraet al. 2008; Modesto & Martinez 2010). Il est dgussible de penser que
ce résultat serait le fait (i) de concentrationexgosition trop faibles, mais le manque de
littérature sur cette thématique ne permet pasodgparaison avec notre étude ou (ii) d’'une
importante variabilité qui pourrait notamment é&tee a un impact de I'anesthésique utilisé
(eugenol) sur les paramétres biologiques (stresfpense antioxydante) mesurés (Velisek et
al. 2011). Cette absence d’'activité antioxydantenaeau hépatique et branchial contraste
avec les résultats obtenus au niveau cardiaquéniddilitch & Imbert, résultats non publiés)
qui montrent une induction de l'activité antioxytargigure 36) lorsque les poissons sont
exposeés a une nappe de pétrole non dispersée cuiigsiune dispersion mécanique et
chimique -une augmentation des activités antioxietamlus faible, de la catalase (CAT) et
de la superoxyde dismutase (SOD) est égalementrvélesdors d’'une exposition a un
dispersant seul-. Ces résultats sont en accordleseésultats exposés Eigure 34 montrant
une incapacité des poissons exposes aux hydroearldispersion chimique, mécanique et
nappe de pétrole non dispersée) a augmenter lmg de contraction cardiaque lors d’activité
intense. Il est possible d’émettre I'hypothese gette induction de I'activité des enzymes
antioxydantes est en relation avec la diminutios glerformances cardiaques de 'organisme,

comme le suggérent Thomaz et al. (2009).

L’ensemble des résultats exposés dans ce trois@rapitre de thése montre que K@)
capacité de I'animal a faire face a un environnemdncontaminé sera diminuée apres
exposition a une nappe de pétrole disperséEhimiquement ou meécaniquement) ; (ii)
I'activité antioxydante, considéré comme un biomarqueur de défense prérymet une

valeur prédictive de I'état de santé de l'indiviche semble pas étre modulée au niveau
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hépatique et branchial; cependant (iii) unénduction des enzymes antioxydantes a été
observée au niveau cardiaquen particulier pour les conditions de dispersibimique et
meécanique de la nappe ainsi que pour une expositiore nappe de pétrole non disperseée.
La synthése générale de ce travail de thése, ségration dans le projet DISCOBIOL en vue

d’'un apport a la réglementation ainsi que les patHpes qui se dégagent de cette étude sont

ﬂ

WSF D

présentées ci-dessous.
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Figure 36: Activités de trois enzymes antioxydantes (CAcatalase, SOD : superoxyde dismutase,
GPx : glutathion peroxydase) dans les cceurs desgussliza auratg préalablement exposés a 5
conditions (C : contréle ; DC : Dispersion Chimiqu®M : Dispersion Mécanique ; WSF : Water
Soluble Fraction ; D :Dispersant seul). Des letaid&rentes (a, b, c, d) indiquent des différences
significatives entre les conditions (P<0,05). Léstdgrammes représentent la moyenne des valeurs
obtenues pour une condition et les barres d’ermeym&sentent leur écart type.

2. Conclusion et perspectives

Ce travail de these a envisagé trois scenarii plessiors d’'une catastrophe pétroliere en
milieu coétier. Ainsi, au sein de notre approche éskpentale, trois conditions de
contaminations ont été établies : (i) uemndition de dispersion mécaniquea permis de

simuler la présence d’'une nappe de pétrole sonukince des phénomeénes de turbulence
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inhérents au milieu cétier (e.g. vagues) ; (i) woadition de dispersion chimiquereflete
'application de dispersant sur une nappe de métren considérant également ces
phénomenes de turbulence puisqu’ils sont nécessaitemploi de cette stratégie de lutte;
enfin (iii) une nappe de pétrole non disperséa permis de simuler le confinement de la
nappe de pétrole avant sa récupération, stratégikitte employée lorsque lintensité de
turbulence est faible. Dans ce cadre expérimetdalphénoméenes de solubilisation des
HAP dans la colonne d’eau,idtorporation de ces composés au sein des organisiiesa (
sp), ainsi queles effets biologiquesinduits par ces trois conditions d’exposition @té

évalués.

Nos résultats montrent que déspersion d'une nappe de pétrole (chimique ou mécanique)
entraine unewugmentation de la solubilisation des HAP dans laotonne d’eauet par la
une augmentation de leur incorporation au sein de I'organisme. Parallélement, dtsts
biologiques prédictifs de toxicitéont été observés pour ses conditions de dispersioin
niveau de l'organe, la dispersion chimique ou migand’'une nappe de pétrole induit une
déplétion hépatique, branchiale et cardiaque des @tks de glutathion Ces résultats
suggerent que, suite a la dispersion d’'une nappgettele,les capacités de I'animal a faire
face a un environnement contaminé seront diminuées

Lorsque les phénoménes de turbulence entraineatuthé dispersion de la nappe de pétrole,
deux cas de figurese dégagent :

(i) lorsque la nappe de pétrole n'est que partigdlet dispersée par les phénomenes de
turbulence, I'application de dispersant va provaoquee dispersion compléte de la nappe de
pétrole dans la colonne d’eau (chapitre 1), et €onstate une augmentation des phénomenes
de solubilisation des HAP et de leur incorporatiGette augmentation des phénomeénes de
solubilisation et d’incorporation des HAP est camid@nte avec l'augmentation de la
mortalité.

A l'inverse, (ii) lorsque la nappe de pétrole edtitement dispersée par les phénoménes de
turbulence, I'application de dispersant ne va pavqmuer d’augmentation des phénomenes
de solubilisation et d’incorporation des HAP (pautierement du benzalpyréne). Cette
absence de différence entre ces deux conditiordispersion est également observable au
travers des effets biologiques. En effet, aucurféérdnce entre les deux conditions de
dispersion n'a été observée par la mesure desdawdutathion hépatiques, branchiaux et
cardiaques. De méme, aucune augmentation de ligcties enzymes antioxydantes ni des

performances musculaires, au niveau cardiaquestd’abservée entre ces deux conditions de
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dispersion. Ces résultats suggerent que, lorsguehénomenes de turbulence entrainent déja
une dispersion de la nappe, I'application de digrelrn’augmente pas la toxicité du pétrole.
Par la ces résultats sont en accord avec les atsubtenus par Kerambrun et al. (non
publiés) qui, en utilisant une mesure plus intégeagju’est la croissance, ne montrent aucune
différence entre une dispersion chimique et méeamifia comparaison de ces deux cas de
figure (i et ii) montrent qud’application de dispersant sur une nappe de pétrel
partiellement dispersée par la turbulence du milieuaugmente les phénomenes de
toxicité ; a linverse lorsque la nappe de pétroleest totalement dispersée par les
phénomenes de turbulence, I'application de dispers& n‘augmente pas la toxicité du
pétrole.

Le but du projet DISCOBIOL était d’évaluer la toxicité de I'application despersant dans
la frange la plus proche du littoral dans le butr@glementer cette technique de lutteAu
sein de cette thématique, les résultats obtenusrembrdans un premier temps que la toxicité
d’'une nappe de pétrole dispersée est supérieueetaxicité d’une nappe de pétrole non
dispersée. Ainsi, aux vues de nos résultatspnfinement de la nappe de pétrolen vue de
sa récupération devrait étre envisagé commestiatégie de lutte prioritaire lors de
catastrophes pétroliéres en milieu cétier. Cependatte stratégie de lutte n’est pas toujours
opérable : par exemple lorsque I'état de la mersaperieur a 2 Beaufort, une dispersion
partielle de la nappe se produit et empéche sorfinemnent. Dans ces conditions
météorologiques, I'application de dispersant esisagée. Nos résultats suggerent que cette
stratégie de lutte devrait prendre en considératienque nous appellerons le «taux de
dispersion naturelle de la nappe », c'est-a-dirgguantité de pétrole dispersée par les
phénomenes de turbulence sur la quantité de péutake. En effetlors d’'une dispersion
partielle de la nappepar les phénomenes de turbulence -taux de dispensiturelle de la
nappe faible-J'application de dispersant augmentera la toxicitédu pétrole ; a l'inverse
lors d’'une dispersion totale de la nappe taux de dispersion naturelle de la nappe édal a
notre étude montre que I'application de dispers&migmente pas la toxicité du pétrole. Dans
cette derniere situation, la dispersion chimiquemiderait conférer un bénéfice
environnemental positif si 'on considere (i)ttaicité faible induite par cette technique de
lutte (évaluée dans cette étude), et (ii) Bgsmntages environnementaux importants
conférés par l'application de dispersants, telle gal la formation de gouttelette d’un
diametre faibles empéchant la «recoalescence » da nappe et permettant la

dégradation bactérienne
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Cependant, plusieursmarques imposent digmites a nos conclusions :

() Au cours de cette étude seiita sp,poisson pélagique téléostéen a été considéré comme
modele biologique. Au sein du projet DISCOBIOL, agspéces bivalve€(assostrea gigas

et Mytilus edulig ont également été étudiées. Ces espéeces somn@@es comme sentinelles
du fait de leur capacité a accumuler les xénohiesq(notamment par filtration) a des
niveaux tres supérieurs a ceux du milieu et ainsiedter sur un déséquilibre du milieu
dommageable pour I'écosysteme. L’'évaluation dexité d’'une nappe de pétrole dispersée
devraintégrer les effets biologiques observés sur cegpeses sentinelles

(ii) De plus, dans cette étude, seule la contananatia la colonne d’eau a été considérée.
Cependant, aprés dispersion de la nappe, les haes, notamment les HAP,
s'accumulent dans les sédiments (Page et al. 2D22).spde part son comportement de
broutage sur la surface sédimentaire se trouve @mneontact direct avec ces hydrocarbures.
En vue d'observer les effets biologiques de cetttaenination, unapproche expérimentale

en mésocosme été développée. L'article scientifigue en ann@iehard et al. soumis)
présente et valide cette approche. En considérasit différents compartiments d’un
ecosysteme de type vasiere, notamment les comeatsnbenthiques, épigé et endogé, cette
approche en meésocosme constitue un préliminairea adduxieme phase du projet
DISCOBIOL « Transposition a I'environnement ».

(iif) Au sein de notre approche expérimentale,denportement des organismes faisant face a
une contamination n'‘a pas été considéré. Cependi@gtide du comportement semble
intéressante afin de comprendre les modalités deolsamination. Par exemple, le
comportement d’évitement des hydrocarbures eseptibte d’influencer sur la toxicité aigué
d’'une nappe de pétrole dispersée. De méme, I'oaservdu comportement de recherche
alimentaire en zone contaminée permettrait d’obteles informations essentielles sur la
toxicité a long terme consécutive a I'applicati@ndispersant en zone cotiere.

(iv) La survie des organismes étant liée a leuraca@ a faire face aux changements
environnementaux, il aurait été intéressant d'esticette capacité, notamment au travers
d’expérimentations de « challenge ». thrallengeimmunologique, consistant en l'infection
expérimentale (par un virus) d'organismes préatablg contaminés par une nappe de pétrole
dispersée, pourrait étre envisagé. De méme, uteolgal pourrait étre mené en considérant la
capacité des organismes a faire face a la variates paramétres abiotiques tels que la
température et 'oxygene.

(v) Enfin, dans le but de se rapprocher au miee cbnditions d’exposition situ une

étude de terrain aurait pu étre menée. Dans unigréemps, I'impact d’une nappe de pétrole
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dispersée au sein de la colonne d'eau pourrait édterminé, en utilisant des cellules
flottantes qui permettent d’isoler une colonne d'éaut en préservant les parameétres
abiotiqgues (houle, vent et température de I'ealgnDun deuxieme temps, I'impact de
sédiments contaminés par une nappe de pétrolersiégppourrait étre étudié en considérant

une étude de terrain semblable a celle menée paa B& al. (2006), c'est-a-dire en

contaminant une colonne sédimentaire isolée.
L’ensemble des perspectives evoquées ci-dessuefien d’approfondir nos connaissances

sur le risque environnemental que représentssitu I'application de dispersant lors de

catastrophe pétroliére en zone cotiere.
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Annexe - Exposition a des sédiments contaminésupar nappe de pétrole dispersée :
validation d’une approche expérimentale

Exposure of golden grey mullets to mudflats contamiated with

dispersed oil using intertidal mesocosms

Marion Richard, Thomas Milinkovitch, Michel Pringdtanny Caupos, Joachim Godefroy,
Héléne Thomas-Guyon

Abstract

The study objectives were to (i) significantly caminate sediment with dispersed oil and (ii)
to expose mullets to contaminated mudflats in otdestudy the production speed of biliary
metabolites. Thus, a 2 x 3 factorial experiment wasied out using two types of innovative
devices (2.4 m?), equipped with a tidal cycle systBactors were (i) the presence or absence
of dispersed oil and (ii) exposure time to the natdfof 5, 7 and 10 days. Ten fish were
randomly caught per mesocosm and per date to antilgsPAH-derived metabolites in bile.
In accordance with video observations, and analgsifiliary metabolites, mullets were
quickly contaminated by the sediment through tgeazing activity. These contamination and
exposure mesocosms are adequate tools to stu@yfdoe of contaminant spills on sediments

and on the health of a large density of organismmgart of single or multi-species tests.
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1. Introduction

Numerous accidental oil spills have occurred duthmglast 40 years near coastal zones (e.g.
Torrey Canyon, UK, 1967; Amoco Cadiz, France, 19F8&ka, France, 1999; Prestige,
France, 2002; Tasman Spirit, 2003; Mian et al. 20@¢hereas the use of dispersants could
be an advantageous oil spill remediation techniquaffshore areas (Canevari 1978; Page
al. 1999; Lessard & DeMarco 2000) it is controvarsn nearshore areas (Chapman et al.
2007). Indeed, dispersants could increase the \@dability of polycyclic aromatic
hydrocarbons (PAH) to fish in the water (Jung et 2009). While most studies have
investigated the effects of dispersed oil in theéewaolumn (Perkingt al. 1973; Coheat al.
2001; Ramachandraet al. 2004; Jungt al. 2009; Milinkovitchet al. 2011), no experiments
have been done investigating the effects of dihensediment. However, it must be taken into
account that, after being poured into water, orgacompounds such as petroleum
hydrocarbons are known to bind to particulates acclmulate in sediments (Fowler et al.
1993; Sauer et al. 1993; Hinkle-Conn et al. 1998jus, in shallow water, sediments are
considered as repositories and potential sourcesantiiropogenic contaminants. Since
contaminants may better penetrate into the sedim&mroplets than in oil form, the use of
dispersants at the coast could increase PAH bidadiéy in the sediment, and raise the risk
of contamination for aquatic organisms, especiadgthic species.

Thus, the aim of the DISCOBIOL (Investigation ofspersant use in Coastal and Estuarine
Waters) programme is to test the influence of coittated sediments with dispersed and
non-dispersed oil on the health of several bergpicies associated with intertidal mudflats
(e.g. microphytobenthos, fish, bivalves and endwdguAs part of this programme, this study
focussed on the golden grey mullétiz@ auratg. This species is a common European
mugilide, widely distributed in Atlantic coastal tees (Gautier & Hussenot 2005; Olivera

al. 2007). Grey mullets are grazing fish, observedhtertidal mudflats (Degré et al. 2006).
Grazing mud, mullets eat microphytobenthos (thenary resource of intertidal mudflats;
Degré et al. 2006), organic detritus, bacteria ameiofauna (Bruslé 1981; Crosetti &
Cataudella 1994). A significant impact of contammitsa on this species could have
repercussions on the ecosystem, i.e. via modifinatto the food web and particulate organic
matter transport between saltmarsh and marine aloaaters (Laffaille et al. 1998; Laffaille
et al. 2002).
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When fish are exposed to contaminants, the latter teansformed by oxidation and
conjugation reactions by the organism in orderatolitate their excretion (Barra et al. 2001).
Metabolites are thereby temporarily concentrated atored in the gallbladder. Biliary
metabolites have been used in many ecotoxicologgies (Aaset al 2000; Shailajeet al.
2006; Insaustet al. 2009; Kopecka-Pilarczyk & Correia 2009) sirthey are considered as
sensitive biomarkers of polycyclic aromatic hydmbboan (PAH) exposure (Camus et al.
1998).

An increase in PAH metabolites in the fish gallliledhas often been observed wiithsitu
methods, by direct collecting (Krahn et al. 1993sAet al. 2001; Johnson-Restrepo et al.
2008; Insausti et al. 2009; Kreitsberg et al. 20Q0va et al. 2010) or by caging in polluted
sites (Beyeet al. 1988; Escartin & Porte 1999; Baetaal. 2001). Manyn vivo studies have
been carried out by exposing animals to contamihatawater, giving insights into the
effects of direct contamination through water (Caretial. 1998; Sundt et al. 2006; Jung et
al. 2009; Milinkovitch et al. 2011). However, fewuthors have carried ouin vivo
experiments with contaminated sediments to explmgect pathways of contamination, i.e.
via the sediment, which could be the main pathwlgomtamination for benthic fish and
especially for benthic grazers.

To this aim, different methods have been used tdaeninate the sediment. Sediment could
be (i) collected fromn situ polluted sites (Eggens et al. 1996; French et1296; Inzunza et
al. 2006), (ii) directly mixed with oil (Varanasi &mur 1981; Hellowet al. 1994; Hinkle-
Connet al. 1998) or (iii) continuously exposed to a timed discharge of contaminants in
seawater (Bakke et al. 1988). Homogenised mixingilo&nd sediment is probably not the
best method to mimic the situ effect of an oil spill on the coastal sedimentsiit does not
take into consideration the high situ spatial variability of contaminants in sediments
(Broman et al. 1988). Moreover, note that no expents have been carried out with
sediments contaminated with dispersed oil. In @mttto Bakke et al. (1988), sediment should
be contaminated before fish are exposed to theitedlisediment in order to distinguish the
different pathways of contamination and highligie tndirect contamination pathway.

In the literature, the size of exposure deviceseheanged from small aquariums (17 L:
Varanasi & Gmur 1981; 60 L: Inzunza al. 2006) to larger tanks, with surfaces whialieh
varied from 0.16 m2 (40 x 40 cm: Eggens et al. }38GImost 1.2 m? (1.13 cm?2: 5 sediment
units of 47.5 x 47.5 cm: Bakke et al. 1988; 1.17 @2 cm @&: French et al. 1996). In contrast
to small devices, larger devices have the advantadeniting stress linked to spatial and

trophic competition related to a great density ojamisms, especially on mobile macro-
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organisms, such as fish. Thus, the use of a mesocosild permit the evaluation of the
effects of contaminants in a better way at differ&vels from the individual to the
population, up to the ecosystem level (Cappello &ivhov 2010). Moreover, taking into
consideration the effects of tide on (i) sedimemitamination, in terms of penetration and
release, and (ii) the feeding behaviour of mullatan intertidal mudflat (Almeida 2003) is
important, and devices investigating contaminatesmd exposure should mimic the tidal
cycle.

The aim of this study was (i) to contaminate a rfatdfith dispersed oil using large devices
(2.4 m?) equipped with a tidal cycle system, anjl t6 expose golden grey mullets to
contaminated and non-contaminated mudflats intgelanesocosms, in order to study the
production speed of several biliary metaboliteschsuas naphthalene, pyrene and
benzo[a]pyrene-derived metabolites in responsendiract contamination of mullets to oll
and, more specifically, PAH. The results of thigdst could validate (i) the efficiency of the
contamination and exposure devices and (ii) detegraitime-exposure framework for further
experiments to compare the effects of contaminadiments with dispersed and non-

dispersed oil on the immune and physiological raspe of mullets.

2. Materials and methods

2.1. Experimental devices

2.1.1. Experimental mudflats

Mud was collected at low tide at the mudflats oh&sdes (Charente Maritime, France). Mud
was collected up to the first centimetres of thé& dayer with a spade. Thus, twenty 20L-
buckets of mud were transferred to the experimefdalliies of IFREMER/CNRS in
L’'Houmeau (France). The mud of each bucket wad fiixed with a stick. It was next
progressively transferred into twenty plastic tré§8 x 40 x 5 cm) to obtain a homogenised
mud among trays. The mean mud weight per tray vimwvea 12 kg. Two experimental
mudflats were thus created by the assemblage o6 (5 x 2) on a 2.4 m? array. Note that
() a cross of twenty holes (7 mm &) was made enlibttom of each tray, and (ii) a meshed
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tissue was deployed on the tray bottom beforertmester of mud, to permit irrigation of the

sediment during low tide, without mud loss.

2.1.2. Pollution device equipped with tidal cycles

Mud trays were transferred into two large deviaemted under a greenhouse to facilitate the
development of microphytobenthos. The two deviceseweomposed of a long principal tank
(300 x 80 x 25 cm) and an adjacent water tank ¢80 x 65 cm;Figure 37). They were
equipped with a system of tidal cycles using a dled pump (Eheim compact 1000
with a mechanical timer (IDK PMTF 16A). This pummsvliocated in the adjacent tank that
was filled with 400 L of water (Figure 1). In th®hH” mode, the pump filled the principal
tank via a long hose (16 mm @). The circulatiorwater was created through a hole (7 mm
@) located at the opposite end of the water arrigatl on the bottom of the principal tank
(Figure 37). The water level was regulated in the long taplab evacuation tube (16 mm @)
15 cm in heightKFigure 37). This mimicked high tide. In “OFF” mode, the pripal tank was
emptied by gravity through the bottom evacuatiofeh@his mimicked low tide. The tide
cycle was composed of 6 hours of low tide and 6rd@f high tide with two tides per day.
Low tides were scheduled from 9 am to 3 pm, anchffopm to 3 am. In contrast, high tides

were scheduled from 3 pm to 9 pm and from 3 amdm9

Water circulation
3mx80cm

10 mud trays

X 2 systems
(60 x40 x 5cm) y

(Cvs. P)

Water tank
Pump
ON: High tide
OFF: Low tide

Figure 37.Scheme of the contamination device, equipped witychc intertidal system.
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After two days of microphytobenthos production, IP6f Arabian light crude oil, topped at

110°C (Milinkovitch et al. 2011b) and 5% of dispars (5.3 g) were mixed into the same
bottle. This was added at ebb tide at the wateflaserof the large tank of one of the two
production devices. The duration of contaminaticasw8 h, corresponding to the average

reaction time of antipollution procedures.

MESOCOSM (4 m x 1 m) x 2 systems (C vs. P)

Water tank

Elevator i | temperature
v regulator
\4 ‘-

Fish Pool Mud C;Jmpartment Pump
ON: high tide
OFF: Low tide
Figure 38. Scheme of the exposure device, i.e. the mesocogomipped with a cyclic

intertidal system.

2.1.3. Exposure devices: Mesocosms

After the first 48 h period of production and 4&mhcontamination in the first devices, mud
trays were transferred into the two mesocosms. @rteem contained polluted mud trays
whereas the other contained non-contaminated nayd.tMesocosm dimensions were 400 x
220 x 100 cm. The device was composed of (i) a owndpartment (300 x 80 cm) where the
mud trays were deployed, and (i) a 100 x 100 xch® pool the surface level of which
corresponded to the level of the mud traygre 38). Three windows were installed along
the mud compartment to permit visual observatidi® mesocosm was linked to an adjacent
tank (160 x 100 x 80 cm) via a long 25 mm @ hodge Tesocosm was equipped with a
system of tidal cycles via a controlled pump (Ehé&i®62, 34001.H) with a mechanical timer.
When the pump was in function, the water passec ftbe adjacent tank to the mud
compartment via the pool to finish in the adjadank through an evacuation hole, located at
a height of 20 cmKjgure 38). Another evacuation hole was located at the sarfavel of the
pool, i.e. at the level of the tray bottom. Thidehpermitted emptying of the mesocosm when
the pump was turned off to mimic low tide. Durirgst period, fish were considered to take
refuge in the pool. The schedule of the tidal cyebes the same in the mesocosm as in the
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production device. The pool was aerated with twem0diffusers throughout the experiment.
Before the use of the mesocosm, the pool and adjdeek were filled with 1780 L of
seawater. Water temperature was regulated to 1$eCTiR 60 TECOKigure 39).

2.2. Experimental design

2.2.1. Sediment

Six sediment samples were collected per (i) treatnidR (TR: C: control, P: polluted
mudflat) and (ii) TIME with O (corresponding to 48of mud contamination), 5 and 10 days
of exposure in the both mesocosms, as levels. TBBissamples were collected for this

experiment.

2.2.2. Mullets

TREATMENT (TR) Figure 39. Experimental design composed of

Control (C) Polluted (P) two factors (i) pollution treatment (TR; C:
control and P: exposed fish) and (ii) TIME (5,
7, 10 days), with 10 replicates.

TIME (days)

X 10’mullets

A 2 x 3 factorial experiment was carried out in the® mesocosms. The first factor was TR,
with non-exposed (C) and mullets exposed to théuteal mudflat (P) as levels. The second
factor was TIME with 5, 7 and 10 days of exposwréhe mudflats (referred to as 5, 7, 10) as
levels (Figure 3). Ten fish (mean weight 40 g) wenedomly caught per mesocosm and per

date. Thus, 60 fish (30 per mesocosm) were usetthioexperiment.

197



Annexe - Exposition a des sédiments contaminésupar nappe de pétrole dispersée :
validation d’une approche expérimentale

2.3. Field sampling

2.3.1. Sediment collecting

Sediment was collected using a cut off 60 ml digpts syringe to determine the total
petroleum hydrocarbon concentration in the top loéreediments. Samples were stored in a
petri-box, covered with aluminium foil and stored80°C. Samples were lyophilised at 55°C

for 48 h before analysis.

2.3.2. Mullets: Video and gallbladder collecting

A camera (Panasonic NV-GS400 EG) was installedidmitboth mesocosms, between the
pool and the mud compartment, at the level of th@insent surface and behind the first
window. The recording was carried out without humagsence for 90 minutes.

On each sampling date, fish were caught with netthé pool using the elevator in each
mesocosm. They were next transferred into a 40éhk equipped with an Eheim 2075 Pro 3
filter and air diffusers for 48 h without feed. Figvere euthanised using eugenol (4-allyl-2-
methoxyphenol, 1 mL per 5 L of seawater) and tHiblgalder was removed from each fish

and stored in an Eppendorf tube (1 mL) at —80 i@rpo analysis.

2.4. Sample processing

2.4.1. Total Petroleum Hydrocarbons

Lyophilised sediments were crushed and homogengougkd with a pestle. A subsample of
2.5 g was put in a beaker with 10mL of dichloronait pestipur quality (DCM; Carlo Erba
Reactif, SDS) to extract Total Petroleum HydrocasIrPH), which is the sum of dissolved
hydrocarbons plus oil droplets. The duration ofr&stion was 10 minutes in an Ultrasonic
cuvette (Ney).The solution was dried with anhydreulphate. The solution was next filtered
through paper in a funnel. Optical density (OD)tlo¢ sample was measured using a UV
spectrophotometer (UV-Vis spectrophometer, Unicatr390 nm as described by Fusey and
Oudot (1976). A standard curve was established rdoup to the optical density of ten

different concentrations of TPH extracted in 10D@M. The equation of the linear relation
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was OD = 0.122 x mgHC/10 thiand the regression coefficient was 0.99. Extra@fed was
reported to the dry weight of the sub-sample sediraed was expressed in mgHCkgf
sediment dry weight. The mean concentration obseirvéhe control sediment (C), issued to

Chla interferences, was subtracted from the conceatrstobserved in the polluted mudflat

(P).
2.4.2. Mullets: video acquisition and biliary PAH metalies

Acquisition of video was carried out by a ROI-USBdaGrabBee software. Static images
were recorded using a screen capture and pasgrigiige into a Microsoft Word file.

Bile samples were diluted 1:250 in absolute eth@d@/R International). Fixed wavelength

fluorescence (FF) was then measured at the exgitathission wavelength pairs 290:335,
341:383 and 380:430 nm. Mainly naphthalene, pyremel benzo[a]pyrene derived

metabolites are detected by FF290:335, FF341:3&38%:430 respectively (Aas et al.,

2000). Measurements were performed in a quartztmues a spectrofluorimeter (SAFAS

FIx-Xenius). The FF values were expressed as arpitinits of fluorescence and the signal

levels of pure ethanol were subtracted.

2.5. Statistical analysis

The assumptions of normality and homoscedastiditAMOVA were evaluated using the
Shapiro-Wilk (Shapiro & Wilk 1965) and Brown-Forkgt (Brown & Forsythe 1974) tests,
respectively. When required, data was transfornoedatisfy the assumptions of ANOVA.
ANOVA were performed to test the effects of (i) lpgbn treatment (TR: C, P) and (ii) time
(TIME: O, 5 and 10 days or 5, 7, 10 days) and theferactions on Total Petroleum
Hydrocarbons for sediment and FF for mullets. Tuké&{SD (honestly significant difference)
pairwise multiple comparison tests were used tatiflethe differences when a source of

variation was significant (P < 0.05).
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3. Results

3.1. Total Petroleum Hydrocarbons (TPH)

ANOVAs showed that TPH varied significantly accorglito treatment (TR: p = 0.0003) but
not according to TIME (p = 0.28). Mean TPH was leighn polluted mud (P) than in control
mud (C). Regardless of the time (0, 5 or 10 day®an TPH content (£SD) was 220 + 173
mg.DWKg" in the first centimetre of contaminated mud. Thaximal value was 533
mg.DWKg™.

3.2. Mullet

Video observations showed that the mullets movetdobuhe pool during high tide. They
moved in groups into the mud compartment and grézeanud in both mesocosms, starting
at the first minutes of recordingigure 40). During the ebb tide, mullets stayed until thet la
moment in contact with the mud before moving irte pool. They were observed in the mud

compartment with only 5 cm of water depth.

Figure 40.Capture of video image representing a group of etsihat grazed the mud in the
polluted mesocosm.
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The log of the mean fixed wavelength fluorescertéi€) (did not vary according to TIME
(FF380-430: p = 0.59, FF343-383: p= 0.99, FF290-335 0.85) whatever the TR (C and/or
P). In contrast, log mean FF varied significanttgading to TR (p < 0.0001), whatever the
TIME (5, 7 or 10). According to the HSD tests, thean relative concentration of metabolites
was significantly higher in the gallbladder of natdl that were exposed to the contaminated
mudflats (P) since the 5th dayigure 41), with a factor of two for benzo[a] pyrene (FF380-
430), naphthalene (FF290-335) and three for py({ER841-383).

2.5 1
s x
N *
Q
S
= 1.5 1
<
sy
c
[}
o 1
>
©
=
2
< 0.5 -
LL

*
0 — ,
380-430 343-383 290-335
Benzo[a]pyrene Pyrene Naphtalene

Figure 41. Mean fixed wavelength fluorescence (FF) (z SE) snead according to

the pollution treatment (TR: exposed and non exghdsh: P vs. C). Stars indicate
significant differences between treatments witlia éxcitation:emission wavelength
(nm), i.e. the PAH-derived metabolites (benzo[aéoy, pyrene, naphthalene).
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4. Discussion

The first objective of this study was to signifitigncontaminate mud with dispersed oil via
the water column, using large devices equipped wittidal cycle system. After 48 h of
contamination, total petroleum hydrocarbon wasiSantly observed in the first centimetre
of contaminated mud. The concentration of totalrbgdrbons was quite uneven and ranged
from 0 to 533 mg.Kg (ppm) with a mean of 220 ppm. This type of range apatial
variability of sediment oil content has often beaeported in coastal zones where the total
hydrocarbon content in sediment has been foundrtge from (i) 10 to 520 mg.Kepfter the
North Cape oil spill (Michel et al. 1997), (ii) 106 300 mg.Kd after the Tasman Spirit oil
spill (Alrai & Rizvi 2003), or from (iii) 62 to1400ng.kg'after the 1991 Gulf War (Fowler et
al. 1993). Thus, the use of large structures eceuipwith tidal cycles, and an indirect
contamination via water, appears to be a good rdethhanimic the effects of dispersant use
during a black tide on mudflats.

The second objective of this study was to exposkeisuo contaminated mudflats, in order
to study the production speed of several biliaryabelites, such as naphthalene, pyrene and
benzo[a]pyrene derived metabolites in responsedioact contamination of mullets to oil.

As expected, mullets moved without stress in bo#saoosms. At low tide, they took refuge
in the pool, and moved out into the mud compartmanhigh tide. Video observations
confirmed that mullets grazed the mud in groupsnda¥/the mud was contaminated.

In accordance with the video observations, PAHw#el metabolites were significantly
increased in the gallbladder of exposed fish frdma fifth day, revealing a rapid and
significant exposure of mullets to PAH from the taoninated sediment. Aas et al. (2000)
obtained similar results in a time—response expartmvhere PAH biliary metabolites of cod
exposed to oil increased rapidly during the firsee days of the experiment. Nevertheless, in
contrast to the results of this study, Aas et2000) showed that PAH metabolites continued
to increase during the rest of the 30 day expopereod. A similar temporal pattern was
observed by (i) Brit\vd et al. (1993), who exposed carp to both crudedaeskl! oil dissolved

in water for 18 days and French et al. (1996), wRposed English sole to a gradient of
contaminated sediment for 15 days. 10 days of exposiay be too short to observe this
exposure time-dependent effect, which revealed rarease in the biotransformation
efficiency of PAH (Aas et al. 2000).
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The aqueous solubility of PAH is known to increagth a decrease in the molecular weight
of PAH. Thus, naphthalene is a lighter compounch thgrogenic PAH, such as pyrene and
benzo[a]pyrene, which are respectively composedwaf, four and five aromatic rings.
Medium and higher molecular weight PAH, such asspgrand benzo[a]pyrene, are highly
hydrophobic and readily adsorb to suspended orgaminorganic particulates that settle to
the sea floor (Hinkle-Conn et al. 1998).

In this study, these three types of PAH-derivedatelites significantly increased in the bile
of exposed mullets. Mullet were expected to be sgfddo a) light PAH (naphthalene) via the
release of pore-water favoured by sediment ressgspercaused by the locomotion and
feeding activities of the fish, and to b) heavy PA#jrene, benzo[a]pyrene) via the ingestion
of PAH adsorbed to sediment and organic particlesd their grazing activities.

To distinguish these two pathways of indirect conteation, it would have been interesting to
measure the PAH content in water and sedimentlbatta determine the release of PAH by
the sediment using (i) sophisticated benthic chambequipped with fluorescence probes
(Chen et al. 1997) or (ii) simple chambers and wsaenpling within the incubation time, as
has been previously shown (Richard et al. 2007eh&d et al. 2007b) in determining benthic
nutrient fluxes.

Moreover, as other authors have done (Atal. 2005; Jungt al. 2009; Kopecka-Pilarczyk
& Correia 2009; Xuet al. 2009; Olivaet al. 2010; Milinkovitchet al 2011), it will be
relevant, in future studies, to also evaluate theation of other biomarkers of defence
(ethoxyresorufin-O-deethlylase, catalase, supesoxdismutase, glutathione peroxidase;
Amiard-Triquet & Amiard 2008) and damage (malondédyde concentration; van der Oost
et al. 2003) in different organs, such as theayilll liver. These organs have been selected on
the basis of functional criteria which make thereferential targets, i.e., xenobiotic uptake
(gill) and xenobiotic metabolism, (liver), as expked by Oliveira et al. (2008).

In conclusion, this study highlights that this kiofdinnovative mesocosm is an excellent tool
to study the effect of contaminated mudflats on hikalth of a large density of organisms,
especially on mobile organisms such as fish. Thalte confirmed that biliary metabolites are
good biomarkers of exposure and that sedimensigraficant pathway of contamination for
grazing fish. This should be taken into consideratas a part of the development of a
contamination model for benthic fish. This studgcatlemonstrated that grey mullets are a
good bioindicator for monitoring sediment contantima by PAH, as has been previously

shown in water contamination (Pacheco et al. 2@&eira et al. 2007).
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As part of the DISCOBIOL Programme, the efficienafy these experimental tools will
permit, in further experiments, to compare the affef contaminated sediments with
dispersed and non-dispersed oil on sediments arileowital functions of mullets. Whereas
the response of contaminants was rapid for the @tipo biomarker, it could be prolonged
for defense and damage biomarkers, thus the tinexmdsure will be maintained at 10 days
and collection throughout the exposure period wido be scheduled. Future results will
highlight the effect of the presumably higher biaiability of dispersed PAH than non-
dispersed PAH, which has been reported in wateRdyachadran et al. (2004), Jung et al.
(2009) and Milinkovitch et al. (2011). These resudill be essential for the recommendation
and implementation of dispersants at the coast.

Finally, such innovative devices could also be uledsingle or multi-species tests with a
large panel of species using different types of tammants such as herbicides or

pharmaceutical residuals.
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Résumé

Lors de catastrophes pétrolieres, deux principstiegégies de luttes sont envisagées : (i) le
confinement de la nappe de pétrole en vue de sipééation et (ii) I'utilisation de dispersant.
Cette derniére technique permet le transfert dealape de pétrole de la surface vers la
colonne deau, sous forme de gouttelettes d’hydbasa. En milieu hauturier, cette
dispersion de la nappe de pétrole présente unerigqironnemental faible puisque les
hydrocarbures sont rapidement disséminés danddare d’eau. De plus cette technique de
lutte présente de nombreux avantages environnementdamment en évitant le mazoutage
des oiseaux et mammiferes marins et en accélémntégradation bactérienne des
hydrocarbures. En milieu cétier, la dispersion denkhppe de pétrole est une mesure
controversée. En effet, dans les eaux superfisigjlee représentent les zones littorales, le
potentiel de dissémination des gouttelettes d’hgaioure est réduit par la profondeur de la
colonne d'eau. L'exposition aux hydrocarbures dessiécologiquement sensibles suggére
donc un risque environnemental.

Afin dévaluer la toxicité de Il'application de diesgsant en zone cétiere une approche
expérimentale a été menée chéza sp Trois conditions de contaminations ont été établi
simulant trois scenarii possibles: (i) une conditde dispersion mécanique reflete la toxicité
d’'une nappe de pétrole sous l'influence des phéneméle turbulence inhérents au milieu
cOtier ; (i) une condition de dispersion chimigaepermis de simuler I'application de
dispersant sur une nappe de pétrole ; enfin ({i® nappe de pétrole non dispersée représente
le confinement de la nappe avant sa récupération.

La toxicité de chacune de ces conditions de comiation a été évaluée au travers d’'une
mesure de la mortalité sur un groupe d’individu, lstimation des performances de nage et
de la capacité métabolique au niveau de I'organignpar une approche multimarqueurs au
niveau de I'organe.

La comparaison entre une nappe de pétrole nonrdépet une nappe de pétrole dispersée
chimiquement montre que l'application de dispersantraine une augmentation des
phénomeénes de mortalité et une diminution, au nivegpatique et branchial, des capacités de
défense contre les xénobiotiques. Ces résultatgesegt que, lorsque lintensité de
turbulence en milieu cétier est faible et, de d& faermet la récupération de la nappe de
pétrole, cette derniere stratégie de lutte devra €bnsidérée comme prioritaire sur
I'utilisation de dispersant.

La comparaison entre une nappe de pétrole disperééaniquement et une nappe de pétrole
dispersée chimiquement montre, qu’en milieu cdtiebulent, I'application de dispersant ne
semble pas potentialiser la toxicité du pétrole.nshi aux vues des avantages
environnementaux conférés par I'application deelisant cette stratégie de lutte pourra donc
étre considérée sous restriction de conditions on@liggique appropriées.

Le caractére expérimental de ce travail de thegmws$e cependant une certaine prudence
quant a l'interprétation de nos résultats. Cesidesrseront donc intégrés au sein du projet
DISCOBIOL (Dispersant et techniques de lutte enemitotier : effets biologiques et apport
a la réglementation) afin de statuer sur le risgpp@dronnemental consécutif a I'utilisation de
dispersants en milieu cotiers.



