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CHAPITRE |

Contexte général

1. Contamination métallique du milieu marin
1.1. Bref état des connaissances

La zone littorale du plateau continental correspond a un espace
d’interactions entre les écosystemes marins et terrestres regroupant I’essentiel des
ressources marines (Castro et al., 1999 ; Usero et al., 2005). Cette zone littorale
correspond également a un espace d’intenses activités économiques (activités
domestiques, industrielles, agricoles, etc.) et constitue de ce fait le réceptacle de
quantités considérables de substances, d’origine naturelle ou de synthese, dont un
nombre important posséde des propriétés toxiques. Ainsi, la zone littorale présente
a la fois une grande importance au niveau écologique et une grande fragilité vis-a-
vis des xénobiotiques ; la pollution de cette zone peut porter atteinte a la structure

des biocénoses et a la productivité des ecosystemes (Roméo et al., 1995).

La pollution du milieu marin par les métaux suscite un grand intérét au
sein de la communauté scientifique (Shulkin et al., 2003). En effet, les métaux,
qui sont des constituants normaux de I’environnement a I’état de traces (Bryan,
1971, 1984), contrairement a de nombreux contaminants (e.g. pesticides), sont
tous toxiques au dessus d’un certain seuil (Kucuksezgin et al., 2006). Ainsi, les
éléments traces métalliques dits essentiels (role important dans les processus
biologiques ; e.g. le cuivre, le fer et le zinc) peuvent produire des effets toxiques
au méme titre que ceux dits non essentiels (aucun role dans les processus
biologiques ; e.g. le mercure, le plomb et le cadmium) lorsque leur concentration
dépasse un certain seuil d’acceptabilité (Chiffoleau et al., 2001 ; Miquel, 2001 ;
Turkmen et al., 2005 ; mais voir aussi Lane et al., 2005 pour le cadmium). Dans

le milieu marin, les éléments traces métalliques peuvent rester en solution, étres
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adsorbés sur des particules sédimentaires ou précipiter sur le fond, ou étre ingérés par
des organismes et s’accumuler dans leurs tissus jusqu’a atteindre des concentrations
pouvant étre toxiques (Jefferies & Freestone, 1984 ; Glven et al., 1999 ; Matta et al.,
1999 ; Turkmen et al., 2005). Du fait de leur potentielle toxicité, de leur persistance,
et de leur aptitude & s’accumuler dans le biota, les éléments traces métalliques sont
considérées comme de sérieux contaminants de I’environnement aquatique
(Schidrmann & Market, 1998 ; Islam & Tanaka, 2004 ; Ikem & Egiebor, 2005). Leur
présence dans le milieu marin est due aux rejets industriels, agricoles, a la structure
géochimique et a I’exploitation miniére (Lee & Stuebing, 1990 ; GUmgim et al.,
1994 ; Unlii et al., 1996 ; Yimaz & Yumaz, 2007) et se fait directement ou via les
fleuves, les précipitations ou les dépbts atmosphériques (Zoller & Hushan, 2000 ;
Usero et al., 2005 ; Zoller, 2006).

1.2. Les éléments en traces métalliques

On appelle en général « métaux lourds » les éléments métalliques naturels,
métaux ou dans certains cas métalloides caractérisés par une masse volumique élevée,
supérieure & 5 g.cm™ (Holleman & Wiberg, 1985). La classification en métaux lourds
est souvent discutée car certains métaux ne sont pas particulierement « lourds » (cas
du zinc) et certains éléments ne sont pas tous des métaux (cas de I'arsenic). Pour ces
différentes raisons, la plupart des scientifiques préféerent a l'appellation « métaux
lourds », l'appellation « éléments en traces métalliques » (ETM) ou par extension

« eléments traces » ou « metaux traces » (Chiffoleau et al., 2001).

1.2.1. Utilisations et sources (naturelles et anthropiques) de quelques ETM

et de leurs dérivés
Les utilisations des ETM sont multiples et trés diversifiées (Tableau 1.1).

Les phases d’élaboration, d’utilisation et/ou de recyclage de certains produits
s’accompagnent de rejets, en quantité parfois non négligeable, d’ETM dans les eaux
continentales ou marines et dans I’atmosphere. Ainsi, ces éléments se retrouvent dans
le milieu marin a la fois de fagon naturelle (sources naturelles) mais aussi du fait de

rejets d’origine humaine (sources anthropiques ; Tableau 1.1).



Tableau 1.1 : Utilisations et sources (naturelles et anthropiques) de quelques ETM et de leurs dérivés (Ag : argent ; As : arsenic ; Cd : cadmium ; Co : cobalt ;
Cr: chrome ; Cu : cuivre ; Hg : mercure ; Ni : nickel ; Pb : plomb ; Zn : zinc).

ETM Utilisations Sources Références bibliographiques
Ag - Orfévrerie Composant de la crodte terrestre Martin et al., 1988 ; Safiudo-
- Photographie Activités industrielles (photographie, etc...) Wilhelmy & Flegal, 1992 ; Slawson
- Galvanoplastie Activités domestiques (eaux usées urbaines) etal., 1994 ; Wood et al., 1996 ;
- Meédecine Activités agricoles Rozan & Hunter, 2001 ; Bianchini
Activités miniéres et al., 2005
As - Agriculture (produits chimiques) Composant de la crodte terrestre Michel, 1993 ; Weis et al., 1993 ;
- Protection et conservation du bois Activité volcanique et feux de foréts Meharg et al., 1994 ; Klumpp et al.,
- Industrie du verre (agent décolorant) Activités industrielles 1996 ; Camelo et al., 1997 ; Taylor,
- Alliages (dans les batteries électriques, etc.) Combustion produits fossiles 1997 ; Langer & Gunther, 2001 ;
- Agents de conservation et anti-foulings Activités agricoles Mirlean et al., 2002 ; Maity et al.,
- Divers : semi-conducteurs, pigments, Exploitations miniéres 2005 ; INERIS, 2006a ; Mirlean &
fabrication de plombs de chasse, etc. Roisenberg, 2006
Cd - Meétallurgie (revétements anticorrosion) Composant de la crodte terrestre Hem, 1972 ; Nriagu, 1980 ; Krishna
- Industrie chimique (pigments, etc.) Activité volcanique Murti et al., 1987 ; Cossa & Lassus,
- Industrie électrique (e.g. « pile alcaline ») Combustion produits fossiles 1989 ; Ramade, 1992 ; Rutherford
- Divers : Alliages, industrie nucléaire, chimie, Incinération ordures ménagéres etal., 1994 ; Mc Laughlin & Singh,
électronique, etc. Activités agricoles (engrais, fertilisants...) 1999 ; INERIS, 2005z ;
Rejets industriels, miniers et ménagers Krishnamurti et al., 2005
Co - Industries électrique, aéronautique et Composant de la crodte terrestre INERIS, 2006b
automobile (alliages) Activité volcanique et feux de foréts
- Industrie chimique : pigments, peintures, etc. Fumées (centrales thermiques et incinérateurs)
- Agriculture (fertilisants) Echappements des véhicules a moteur thermique
- Industrie pharmaceutique Activités industrielles
Cr - Métallurgie : alliages ferreux et non ferreux Composant important de la croQte terrestre Chiffoleau, 1994 ; Nriagu &

- Industrie chimique : chromage, tannage des
cuirs, conservation du bois, peintures, bandes
magnétiques, industrie photographique, etc.

Industrie chimique et autres industries
Combustion de gaz naturel, d’huile et de charbon
Industrie de tannage du cuir

Nieboer, 1988 ; O’Driscoll, 1999 ;
Papp, 2001 ; Kowalski, 2002 ;
INERIS, 2005b ;




- Industrie de réfraction (briques réfractaires)

Industrie textile

Sankararamakrishnan et al., 2006

Cu - Métallurgie (fabrication d’alliages) Elément ubiquitaire dans I’environnement Turnlund, 1998 ; Goyer & Clarkson,
- Industries électrique et automobile Activité volcaniques et feux de foréts 2001 ; INERIS, 2005c
- Plomberie Décompositions végétales et aérosols marins
- Equipements industriels Industrie du cuivre et des métaux en général
- Industrie chimique (peintures « anti-fouling », Industrie du bois
pigments, encres, etc.) Incinération des ordures ménageres
- Agriculture (fongicide, insecticide, etc.) Combustion de charbon, d’huile et d’essence
- Divers: conservation du bois, raffinage de Activités agricoles (fertilisants, fongicides, etc.)
métaux, industrie pétroliére, tannage du cuir, etc. Rejets d’eaux usées
Hg - Agriculture (pesticides, engrais, etc.) Dégazage de I’écorce terrestre (importante Lindgvist & Rhode, 1985 ;
- Industrie du papier volatilité de Hg - minerais de cinabre) Schroeder et al., 1989 ; Cossa et al.,
- Industrie chimique (peintures, etc.) Activité volcanique 1990 ; Fitzgerald & Clarkson, 1991
- Exploitations miniéres (traitement des minerais Combustion des hydrocarbures fossiles ; Lindgvist, 1991 ; Mason et al.,
d’or et d’argent) Incinération d’ordures ménagéres et hospitaliéres 1994 ; Hintelmann & Wilken, 1995
- Industrie électrique (batteries, piles, etc.) Activités industrielles ; Sinha et al., 1996 ; Cossa & Ficht,
- Divers: Amalgames dentaires, thermomeétres, Sources diffuses (tubes fluorescents, piles, 1999 ; Mason et al., 1999 ;
industrie catalytique et électrolyse, explosifs, thermometres, peintures, etc.) Tomiyasu et al., 2000 ; Miquel,
lampes, etc. Rejets industriels et miniers 2001 ; Azizian et al., 2003 ;
INERIS, 2006¢
Ni - Production d’aciers Composant de la crodte terrestre Mc Illveen & Negusanti, 1994 ;
- Electro-placage au nickel Combustion de charbon ou de fuel INERIS, 2006d ; Lock et al., 2007 ;
- Fabrication de batteries alcalines Incinération des déchets Zaidi et al., 2006
- Production d’alliages non ferreux (fabrication de Epandage des boues d’épuration
piéces de monnaie, etc.) Activités industrielles
- Divers: pigments, colorants, catalyseur en
chimie, etc.
Pb - Accumulateurs (plaque, poudre, etc.) Composant de la crodte terrestre Zakrzewski, 1991 ; Cossa et al.,

Industrie chimique (e.g. « anti-foulings »)
Industrie électrique (batteries, cables, etc.)
Alliages (soudure, imprimerie, antifriction)

Activité volcanique
Industries de 1%® et 2°™ fusion du plomb
Rejets des véhicules a moteur

1993 ; Miquel, 2001 ;
INERIS, 2003 ; Sharma & Dubey,
2005




- Technologies modernes
- Divers : fabrication de produits semi-finis
(tuyaux, fils, etc.), industrie cosmétique, etc.

Industrie sidérurgique
Activités d’extraction de minerai de plomb
Déchets industriels

Zn

Revétements de protection contre la corrosion
- Composant de divers alliages
Equipements pour automobiles et chemins de fer
Industrie chimique : agent réducteur et réactif en
chimie, pigments, peintures anti salissures, etc.
- Agriculture (fertilisants et pesticides)
- Divers: fonderie, soudure, industrie cosmétique
et pharmaceutique, industrie du caoutchouc, du
papier, des textiles, production de fongicides, etc.

Composant de I’écorce terrestre
Eruptions volcaniques et feux de foréts
Emission d’aérosols marins

Activités minieres

Activités industrielles

Epandages agricoles

Incinération des ordures

INERIS, 2005d
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1.2.2. Propriétés biologiques et toxicité des ETM

L’argent est un élément trace non essentiel (Slawson et al., 1994)
considéré généralement comme faiblement toxique (Hollinger, 1996).
Contrairement au mercure et au cadmium, I’argent n’a pas été a I’origine de
graves problemes environnementaux. De ce fait, bien que les émissions
anthropogéniques d’argent aient augmentées ces derniéres années, le
comportement de cet élément au niveau environnemental est peu étudié
(Calabrese et al., 1977 ; Fisher & Hook, 1997 ; Webb & Wood, 1998 ; Wood et
al., 1999 ; Saeki et al., 2001).

L’arsenic est un élément chimique présentant des risques importants pour
I’environnement ; aussi une grande attention lui est accordée dans les études
écologiques (Schlatter, 1994 ; Madhal & Suzuki, 2002). La toxicité de I’arsenic
dépend de la forme chimique sous laquelle il est présent, I’arsenite As(l11) est la
forme la plus toxique (Ferguson & Gavis, 1972 ; Squibb & Fowler, 1983 ;
Yamamuchi & Fowler, 1994). Dans I’environnement, c’est la forme arsenate
As(V) qui predomine (Pepper et al., 1987). Les étres vivants sont exposés a une
intoxication par I’arsenic via I’air, le sol, I’eau et la nourriture (Sanders et al.,
1994 ; Strusk et al., 1996 ; NRC, 2001 ; Zakharova et al., 2002 ; Alam et al., 2003
; Bundschun et al., 2004 ; IARC, 2004 ; Mirlean & Roisenberg, 2006). L’arsenic

est un puissant cancérogene (Vahter et al., 2007).

Le cadmium fait partie des éléments en traces métalliques dits non
essentiels (Chiffoleau et al., 2001 ; Miquel, 2001 ; Tirkmen et al., 2005 mais voir
aussi Lane et al., 2005). Du fait de sa forte toxicité, de sa capacité a étre bio-
accumulé (Jin et al., 1998 ; Lehoczky et al., 1998 ; Kabata-Pendias, 2000 ;
Adriano, 2001 ; Jurado et al., 2007) et de ses nombreuses utilisations, il est a
I’origine de grandes préoccupations environnementales (Erk et al., 2005 ; Yu et
al., 2006). Il provoque des disfonctionnements du systeme rénal, hépatique,
gastro-intestinal, immunitaire et reproductif des étres vivants (Chaney et al., 1999
; Satarug et al., 2000 ; Goyer & Clarkson, 2001 ; Hsu & Guo, 2002 ; Kim, 2004).



CHAPITRE | Centeate genéral

Chez I’homme, sa toxicité est connue depuis 1950 avec la maladie d’Itai-Itai qui
est apparue au Japon chez des personnes ayant consomme du riz récolté sur un sol
apparemment fortement contaminé en cadmium par une mine d’extraction de zinc
et de plomb (Kjellstrom, 1986 ; Ogawa et al., 2004 ; Mahara et al., 2006 ; Wang
et al., 2006).

Le cobalt est un élément trace dit essentiel. Il joue un réle important en
tant que micronutriment pour le phytoplancton marin (Morel et al., 1994), en
particulier pour les organismes photosynthétiques du genre Cyanobacteria (Sunda
& Huntsman, 1995 ; Saito & Moffett, 2002). Les données disponibles sur les
concentrations en cobalt dans le milieu marin sont trés faibles et les facteurs
contrélant la distribution du cobalt dans I’eau de mer sont peu connus. Ainsi,
I’impact de fortes concentrations en cobalt sur les écosystémes marins est inconnu
(Saito & Moffett, 2002).

Le chrome est un elément trace dit essentiel. Il peut néanmoins étre
toxique selon I’état physico-chimique dans lequel il se trouve (Zhang & Li, 1987 ;
Smith et al., 1989 ; Katz & Salem, 1994 ; Elbetieha & Al-Hamood, 1997 ; Ucun
et al., 2002 ; Goyal et al., 2003 ; Kowalski et al., 2007). Sous la forme Cr(V1),
forme apparaissant la plus toxique, il est considéré comme un danger réel pour
I’environnement (Suzuki et al., 1992 ; Wang & Shen, 1995) puisqu’il peut
entrainer des effets mutagenes et carcinogénes sur les étres vivants (Kaim &
Schwederski, 1994 ; McLean & Beveridge, 2001).

Le cuivre est indispensable au métabolisme des étres vivants (Clemens,
2001 ; Mufioz-Olivas & Camara, 2001 ; Gaetke & Chow, 2003 ; Elisabetta &
Gioacchino, 2004). Cependant, en exces, il peut interférer avec de nombreux
processus physiologiques et devenir alors toxique (De Vos et al., 1991 ;
Fernandes & Henriques, 1991 ; Ouzounidou et al., 1992 ; Chang & Sibley, 1993).
Chez I’homme, une forte exposition au cuivre entraine des cirrhoses du foie, des

épisodes d’hémolyse et dommages au niveau des reins, du cerveau et d’autres
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organes (Winge & Mehra, 1990 ; Goyer & Clarkson, 2001). La toxicité vis a vis
des organismes marins dépend de la forme chimique du cuivre et de son état
d’oxydation. En outre, le cuivre complexé est moins toxique que le cuivre a I’état
ionique (Bae & Freeman, 2007). En Méditerranée, du fait de I'importance du
ruissellement et de I'érosion, cet élément trace, entrant dans la composition de
nombreux produits phytosanitaires, se retrouve rapidement dans le milieu marin et

est a I’origine de perturbations au niveau des especes (Bae & Freeman, 2007).

Le mercure n’a pas de role biologique connu (Suszeynsky & Shann,
1995). Sa toxicite élevée provient essentiellement du fait que, contrairement a la
plupart des autres éléments en traces métalliques, il forme des liaisons tres stables
avec le carbone et donne naissance a des composés difficilement dégradables dont
le méthyl-mercure, composé trés toxique entrant facilement dans les systémes
biologiques et étant biomagnifié le long des chaines trophiques (Wood et al.,
1968 ; Greenwood, 1985 ; Cossa et al., 1990 ; Lindqvist, 1991 ; Palheta & Taylor,
1995 ; Kinjo et al., 1996 ; US Environmental Protection Agency, 1997 ; Porto et
al., 2005 ; Pacyna et al., 2006). Le mercure est devenu, ces dernieres années, un
probléme environnemental majeur (GESAMP, 1997 ; Schroeder & Munthe, 1998
; Boening, 2002) et est a I’origine de nombreuses préoccupations en terme de
santé publique (Roméo, 1991 ; WHO, 1991). Les empoisonnements au mercure
des mineurs d’Almadén en Espagne au XVI°™ siécle (Menendez-Navarro, 1996) ;
plus récemment, ceux des pécheurs et de leur famille de la Baie de Minamata au
Japon en 1953 (Fujiki & Tajima, 1992 ; Osame & Takizawa, 2001) et ceux des
populations en Iraq en 1970 (Bakir et al., 1973) ont révélé le potentiel l1étal du

mercure (De Marco et al., 2006 ; Israr et al., 2006).

Le nickel est classé parmi les éléments traces dits essentiels (Marschner,
1995 ; Mufioz-Olivas & Camara, 2001). En exces, il peut néanmoins inhiber
certains processus biochimiques au niveau des systémes biologiques (Bhuiya &
Cornfield, 1972 ; Cornfield, 1977 ; Juma & Tabatabai, 1977 ; Liang & Tabatabai,
1978 ; Al-Khafaji & Tabatabai, 1979). Chez I’homme, il peut causer des allergies
de contact et étre a I’origine d’eczéma des mains (Vahter et al., 2007).
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Le plomb fait partie des ETM non essentiels (Miquel, 2001 ; Tirkmen et
al., 2005) les plus abondants et les plus largement répandus (Mishra et al., 2006).
De méme que le mercure, il peut étre bio-amplifié dans les systémes biologiques
devenant un potentiel contaminant pour les différents maillons trophiques (Jurado
et al., 2007). La toxicité du plomb s’exerce aussi bien sur les vegétaux que sur les
animaux et les étres humains (Body et al., 1991 ; Singh et al., 1997 ; Begonia et
al., 1998 ; Barman et al., 2000 ; Reddy et al., 2005 ; Sharma & Dubey, 2005 ;
Wang et al., 2006). Une exposition chronique au plomb provoque des effets
nocifs sur la santé humaine en affectant le systeme nerveux, immunitaire, rénal,
gastro-intestinal, cardio-vasculaire et reproductif (WHO, 1995 ; Johnson, 1998 ;
Goyer & Clarkson, 2001 ; Hsu & Guo, 2002 ; Kim, 2004).

Le zinc est un métal dit essentiel, il est impliqué dans de nombreux
processus physiologiques et est donc indispensable a la vie d’un grand nombre
d’organismes (Rengel, 1999). Néanmoins, a de fortes concentrations, il devient
toxique pour les végétaux et les animaux et constitue de ce fait un contaminant
majeur pour le milieu terrestre et aquatique (Barak & Helmke, 1993 ; Hemalatha
et al., 2006).

1.2.3. ETM et réglementation

Face a la généralisation de la contamination de la biosphére par des
quantités toujours croissantes de polluants d’origines diverses, les pouvoirs
publics, tant au niveau national qu’international, ont décidé d’ceuvrer a la mise en

place de mesures et réglementations (Tableau 1.2).

Tableau 1.2 : ETM inscrits dans la Directive Cadre Eau (DCE ; Decision N°
2455/2001/EC ; EC, 2001), le programme 33/50 de I’United States Environmental Protection
Agency (US EPA ; US Environmental Protection Agency, 1999) et la Convention OSPAR
(OSPAR ; Commission OSPAR, 2006).

Ag As Cd Co Cr Cu Hg Ni Pb Zn
DCE X X X X
US EPA X X X X X
OSPAR X X X

~10 ~
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2. Evaluation de la contamination métallique dans le milieu marin

Jusqu’au debut des années 1970, la surveillance de la contamination
métallique du milieu marin reposait uniquement sur I’analyse chimique de I’eau.
Cette méthode a atteint tres rapidement ses limites du fait: (i) de la forte
variabilité spatio-temporelle des masses d’eaux (Ostapczuk et al., 1997a) ; (ii) de
la dilution des contaminants dans I’eau a I’origine de valeurs de concentrations se
situant souvent prés ou au-dessous des seuils de détection des instruments
d’analyse et (iii) de I’importante fluctuation des concentrations selon les courants
marins et I’irrégularité des rejets (Boudouresque, 1993 ; Rainbow, 1995). En
outre, cette technique analytique ne fournit pas d’informations sur la
biodisponibilité des éléments en traces métalliques pour les organismes et ne
permet pas d’évaluer, ni méme de prévoir, I’impact de ces substances sur les
organismes ou, a fortiori, sur I’écosystéme dans son ensemble (Lagadic et al.,
1998 ; Morillo et al., 2005). C’est dans ce contexte que Goldberg (1975) propose
I’utilisation d’organismes pour évaluer la qualité du milieu et que nait le concept

d’indicateur biologique.

2.1. Définition du terme « indicateur biologique » ou « bio-indicateur »

Blandin (1986) definit un indicateur biologique (ou bio-indicateur) comme
« ... Un organisme ou un ensemble d’organismes qui - par référence a des
variables  biochimiques, cytologiques, physiologiques, éthologiques ou
écologiques - permet, de facon pratique et slre, de caractériser I’état d’un
écosystéme ou d’un écocomplexe et de mettre en évidence aussi précocement que
possible leurs modifications, naturelles ou provoquées ». Ainsi, l'intérét des bio-
indicateurs réside essentiellement dans le fait que, en intégrant I’ensemble des
parameétres environnementau, ils mettent en évidence les conditions moyennes et
non fugaces du milieu (diagnostic de la santé du milieu) et permettent ainsi de
révéler la présence d'un déséquilibre au sein de I’écosysteme (Glémarec et al.,
1980 ; Bellan, 1993 ; Ramade, 1993). Aussi les espéces choisies, pour réaliser ce
type de surveillance, doivent satisfaire a un certain nombre de critéres : la

sédentarité, une durée de vie compatible avec les variations temporelles que I’on

~11~
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souhaite mesurer, une large répartition géographique, un pouvoir d'accumulation
vis a vis de la substance considérée et qui soit corrélé aux teneurs de cette derniere
dans l'eau, et une facilité de préléevement (Goldberg, 1975 ; Phillips, 1977 ;
Goldberg et al., 1978 ; Phillips, 1980 ; Molfetas & Blandin, 1980 ; Blandin, 1986
; Phillips & Segar, 1986 ; Phillips, 1990 ; Arnoux, 1993 ; Phillips, 1994 ; Phillips
& Rainbow, 1993 ; Soltan, 1994 ; Rainbow, 1995). En outre, la physiologie de
I'espéce doit étre suffisamment connue pour expliquer les variations saisonnieres
ou la fixation sélective d'une substance en fonction de la taille, de I'dge ou du
tropisme tissulaire de I’organisme considéré (Rainbow, 1995).

2.2. Les bio-indicateurs en milieu marin
Ces bio-indicateurs ont fait I’objet d’un grand nombre de travaux.

La majorité des travaux visant a I’étude des contaminants chimiques dans
les écosystemes marins ont considéré des mollusques bivalves (voir synthese in
Rainbow et al., 2000 ; Nakhlé et al., 2006). Les moules du genre Mytilus ont été
trés tot utilisees en Europe pour la détection de contaminants (e.g. en Italie ;
Majori & Petronio, 1973) mais c'est surtout aux U.S.A. que des projets ambitieux
d'utilisation de ces organismes dans le cadre de réseaux de surveillance ont
initialement vu le jour. En 1975, Goldberg introduit le concept de Mussel Watch.
L’idée est d’utiliser les moules pour surveiller la pollution marine a une grande
échelle, grace a la trés large répartition géographique de ces animaux et a leur

capacité a accumuler de nombreux contaminants (Goldberg et al., 1978).

Depuis, dans le cadre du concept du Mussel Watch, plusieurs espéces de moules
sont utilisées dans le monde entier pour évaluer la contamination métallique des
eaux littorales (e.g. Goldberg et al., 1983 ; Lauenstein et al., 1990 ; Rodriguez et
al., 1995 ; Sellali et al., 1995 ; Ostapczuk et al., 19973, b ; Beliaeff et al., 1998 ;
Rainbow et al., 2000 ; Claisse et al., 2001 ; Andral et al., 2004b).

Outre les moules, plusieurs bivalves ont été utilisés, ou tout au moins testes,
comme bio-indicateurs ; en particulier des huitres (e.g. Catsiki & Florou, 1984 ;

Claisse et al., 2001 ; Olivier et al., 2002) mais aussi d’autres bivalves (e.g. Catsiki

~12 ~
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& Florou, 1984 ; Roméo et al., 1993 ; voir synthese in Rainbow, 1995 ; Roméo &
Gnassia-Barelli, 1995 ; Castro et al., 1996 ; Usero et al., 2005).

D’autres groupes sont a I’origine de travaux sur I’utilisation d’organismes dans un
objectif d’évaluation de la contamination métallique du milieu marin. C’est le cas
de différentes especes d’échinodermes (e.g. Phillips, 1990 ; Warnau et al., 1995 ;
Flammang et al., 1997 ; Warnau et al., 1998 ; Bielmyer et al., 2005) ; de crustacés
(e.g. voir synthese in Rainbow & Phillips, 1993 ; Guhathakurta & Kaviraj, 2000 ;
Kargin et al., 2001 ; Hashmia et al., 2002 ; Pourang et al., 2004 ; Yumaz &
Yiumaz, 2007) ; de poissons (e.g. Roméo et al., 1994 ; Burgeot et al., 1996 ;
Guhathakurta & Kaviraj, 2000) et de cétacés (plus particulierement de
Delphinidés ; e.g. Honda et al., 1983 ; Marcovecchio et al., 1990, 1994 ; Frodello
et al., 2000 ; Zhou et al., 2001 ; Monteiro-Neto et al., 2003).

On note, depuis quelques années, un intérét croissant pour I’utilisation des
végétaux marins dans les études d’évaluation de la contamination du milieu (voir
synthese in Phillips, 1994 ; Pergent-Martini & Pergent, 2000 ; Ferrat et al.,
2003b). Sessiles, sensibles aux modifications de leur environnement (tant au
niveau de la colonne d’eau que du sédiment), ils réagissent a la présence de
contaminants de fagon plus rapide (en tant que premiers échelons de la chaine
alimentaire) que les organismes occupant des niveaux plus élevés (Lovett-Doust
etal., 1994).

Les Chlorobiontes, Rhodobiontes et Chromobiontes ont fait I’objet de nombreux
travaux quant a leur potentielle utilisation en tant que bio-indicateurs de la
contamination métallique (voir synthése in Phillips, 1994). La plupart des études
s’intéressent aux especes du genre Enteromorpha, Fucus et Ulva (voir synthese in
Rainbow & Phillips, 1993 ; Favero et al., 1996 ; Amado Filho et al., 1997 ; Leal
et al., 1997 ; Ostapczuk et al., 1997a; Giusti, 2001 ; Villares et al., 2001 ;
Barreiro et al. 2002 ; Caliceti et al., 2002 ; Tabudravu et al., 2002 ; Coelho et al.,
2005). Quelques études s’intéressent a d’autres genres : e.g. Padina (Karez et al.,
1994 ; Amado Filho et al., 1999 ; Campanella et al. 2001) ; Sargassum (Amado
Filho et al., 1997, 1999) ; Hypnea (Amado Filho et al., 1997) ; Spyridia (Amado

~ 13 ~
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Filho et al., 1997) ; Caulerpa (Gnassia-Barelli et al., 1995 ; Warnau et al., 1996 ;
Sanchiz et al., 1999, 2001).

Depuis quelques années, I’utilisation de plusieurs espéces de magnoliophytes
marines dans une optique de surveillance et de gestion des écosystemes littoraux
est envisagée (Brix et al., 1983 ; Augier, 1985; Ward, 1987 ; Maserti et al.,
1988 ; Pergent, 1991 ; Phillips, 1994 ; Abal & Dennison, 1996 ; Fourqurean et al.,
1997). Du fait de leur large répartition géographique (Hartog, 1970), de leur
longévité, de la permanence de leur population au cours des saisons, de leur
facilité de prélevement, de leur abondance, et de leur capacité a concentrer une
vaste gamme de xénobiotiques (Mc Roy & Helferich, 1980 ; Ward, 1989), les
magnoliophytes marines apparaissent comme des organismes tres intéressants
dans le cadre d’une surveillance du milieu (Boudouresque, 2006). S’il existe de
nombreuses études considérant les magnoliophytes, elles intéressent surtout les
especes Posidonia oceanica et Zostera marina (voir syntheses in Pergent-Martini
& Pergent, 2000 ; Ferrat et al., 2003b ; Boudouresque, 2006). Quelques études
prennent toutefois en compte d’autres especes de magnoliophytes: e.g.
Amphibolis antarctica (Labill.) Sonder et Aschers. ex Aschers (Harris et al.,
1979) ; Cymodocea nodosa (Ucria) Ascherson (Catsiki & Florou, 1984 ; Catsiki
& Panayotidis, 1993 ; Malea, 1993 ; Malea & Haritonidis, 1995 ; Sanchiz et al.,
1999, 2001) ; Cymodocea rotundata Enreb. & Hempr. ex. Aschers. et Cymodocea
serrulata (R.Br.) Asch. & Magnus (Nienhuis, 1986) ; Enhalus acoroides (L.)
Royle (Nienhuis, 1986); Halodule uninervis (Forssk.) Asch. et Halodule
pinifolia (Miki) Hartog (Nienhuis, 1986) ; Halodule wrightii Aschers. (Amado
Filho et al., 2004); Halophila ovalis (R. Br.) Hook. f. (Nienhuis, 1986) ;
Halophila stipulacea (Forsk.) Ascherson (Malea & Haritonidis, 1989b ; Malea,
1994a, b ; Malea & Haritonidis, 1996) ; Heterozostera tasmanica (Martins ex.
Aschers) den Hartog (Harris et al., 1979 ; Fabris et al., 1982); Posidonia
australis Hooker (Ward, 1987), Syringodium isoetifolium (Aschers.) Dandy
(Nienhuis, 1986); Thalassia hemprichii (Ehrenb.) Asch. (Nienhuis, 1986) ;
Thalassodendron ciliatum (Forssk.) den Hartog (Nienhuis, 1986); Zostera
muelleri Irmisch ex. Aschers. (Harris et al., 1979 ; Carter & Eriksen, 1992) ;
Zostera noltii Hornem. (Sanchiz et al., 1999).

~ 14 ~
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3. Posidonia oceanica L. Delile
3.1. Bio-indicateur?

En Méditerranée, I’herbier a Posidonia oceanica constitue un puissant
intégrateur de la qualité globale des eaux marines (Augier, 1985 ; Pergent, 1991 ;
Pergent et al., 1995 ; Pergent-Martini et al., 2005b). Trés largement distribué sur
tout le littoral, particulierement « réceptif » a la pollution (Augier et al., 1984 ;
Bourcier, 1989) et aux agressions liées aux activités humaines (Meinesz &
Laurent, 1978 ; Boudouresque & Meinesz, 1982 ; Ardizzone & Pelusi, 1984 ;
Tunesi & Boudouresque, 2006), solidaire du fond, il rend compte, par sa présence
et sa vitalité (ou sa régression matérialisée par des « mattes mortes »), de la
qualité des eaux qui dérivent au-dessus de lui. L’empreinte de la qualité des eaux
sur les herbiers a Posidonia oceanica est permanente ; elle ne dépend pas du sens
du vent ou des courants au moment de I’observation. Ainsi, de nombreux
parameétres sont a méme d’étre enregistrés par I’herbier : (i) Turbidité moyenne
des eaux (matérialisée par la position de sa limite inférieure et par la densité des
faisceaux), (ii) Courants et hydrodynamisme (matérialisés par les structures
érosives qui affectent la « matte »), (iii) Taux de sédimentation (matérialisé par la
vitesse de croissance des rhizomes et, en cas de déficit, par leur déchaussement),
(iv) Polluants stables (concentration et mémorization des teneurs au cours du
temps), (v) Dessalure au débouché de fleuves cdtiers ou de nappes phréatiques
(matérialisée par la disparition de I’herbier), (vi) Stress (matérialisé en particulier
par la teneur de la plante en acides phenoliques et enzymes de détoxication), (vii)
Matiére organique et nutriments (matérialisés par les épiphytes des feuilles et la
composition chimique de la plante ; Pergent, 2006). Toutefois, si plusieurs de ces
descripteurs sont a ce jour bien appréhendés (normalisation des mesures, grilles de
qualité) et fournissent des informations fiables et reproductibles, pour d’autres, en

revanche, le décryptage se poursuit (Pergent et al., 1995).

Un autre descripteur particuliérement intéressant a prendre en compte,

méme si sa standardisation est encore en cours, est la concentration en
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contaminants (Pergent-Martini & Pergent, 2000). En effet, comme de nombreuses
magnoliophytes, Posidonia oceanica présente a la fois (i) Un fort pouvoir de
concentration en éléments traces, proportionnel aux teneurs présentes dans le
milieu (Augier, 1985 ; Capiomont et al., 2000 ; Pergent-Martini & Pergent, 2000 ;
Baroli et al., 2001), et (ii) Une bonne résistance a la contamination métallique
(I’espece persiste au voisinage de sources importantes). De plus, sa capacité a étre
maintenue en aquarium pour des expeériences de contamination artificielle de
courte durée (Ferrat et al., 2002) et surtout sa capacité a mémoriser, au sein de ses
tissus, les teneurs anciennes, alliée aux possibilités de datation offerte par la
Iépidochronologie, ouvrent des perspectives uniques dans le suivi au cours du
temps de la pollution (Calmet et al., 1988, 1991 ; Carlotti et al., 1992 ; Pergent-
Martini, 1998 ; Pergent & Pergent-Martini, 1999) et permettent de disposer de
véritables archives biologiques a méme de nous renseigner sur I’évolution
temporelle d’une pollution. Aussi, Posidonia oceanica est souvent considérée
comme un bio-indicateur de contamination métallique depuis de nombreuses
années (Maserti et al., 1988 ; Malea & Haritonidis, 1989a ; Sanchiz et al., 1990 ;
Costantini et al., 1991 ; Gnassia-Barelli et al., 1991 ; Catsiki & Bei, 1992 ; Catsiki
& Panayotidis, 1993 ; Malea, 1993 ; Catsiki et al., 1994 ; Malea et al., 1994 ;
Roméo et al.,, 1995; Warnau et al.,, 1995, 1996 ; Pergent-Martini, 1998 ;
Schlacher-Hoenlinger & Schlacher, 1998 ; Capiomont et al., 2000 ; voir synthese
in Pergent-Martini & Pergent, 2000 ; Campanella et al., 2001 ; Ferrat et al.,
2003a).

3.2. Les herbiers a Posidonia oceanica

Les Magnoliophytes® (Plantae) continentales sont retournées dans le milieu
marin il y a 120 a 100 millions d’années (Ma), au Cretacé. Leurs lointains
ancétres avaient quitté ce méme milieu marin pour partir a la conquéte des
continents il y a environ 475 Ma, a I’Ordovicien (Boudouresque & Meinesz,
1982 ; Wellman et al., 2003 ; Boudouresque, 2006).

! Les Magnoliophytes correspondent a ce que I’on nommait autrefois Phanérogames.
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Les Magnoliophytes marines représentent 12 genres (Amphibolis,
Cymodocea, Enhalus, Halodule, Halophila, Heterozostera, Phyllospadix,
Posidonia, Syringodium, Thalassia, Thalassodendron et Zostera) et 60 especes
(Kuo & Hartog, 2001). Toutefois, si les Magnoliophytes marines sont peu
nombreuses, leur poids écologique est considérable dans les milieux littoraux : un
grand nombre d’entre elles sont des ingénieurs d’écosystémes? ou au moins des
espéces-clé®. Les écosystémes qu’elles édifient, ou dont elles sont des acteurs
majeurs, jouent un role considérable dans de nombreuses régions du monde dont

la Méditerranée (Boudouresque, 2006).

En Meéditerranée, on recense 5 especes de Magnoliophytes marines :
Cymodocea nodosa, Halophila stipulacea®, Posidonia oceanica, Zostera marina
(Linnaeus) et Zostera noltii (Hornemann) ; I’espéce la plus répandue étant
Posidonia oceanica (Hartog, 1970 ; Por, 1978 ; Kuo & Hartog, 2001 ; Short et al.,
1989).

3.2.1. Reépartition géographique

Posidonia oceanica (Figure 1.1) est une espece endémique de la
Méditerranée ; elle est présente dans presque tout le bassin méditerranéen
(Boudouresque, 2006). A I’ouest, elle disparait un peu avant le détroit de Gibraltar
(Conde Poyales, 1989). A I’est, elle est absente des cotes d’Egypte (a I’Est du
delta du Nil), de Palestine, d’Israél, du Liban (Por, 1978) et de la Syrie. Elle ne
pénetre pas en mer Noire. Enfin, elle est rare ou absente dans I’extréme nord de
I’ Adriatique (Zalokar, 1942 ; Gamulin-Brida et al., 1973 ; Gamulin-Brida, 1974)
et le long des cotes languedociennes (Boudouresque & Meinesz, 1982).

2 Un ingénieur d’écosystéme (ecosystem engineer ou engeneering species) est un organisme qui,
directement ou indirectement, module la disponibilité des ressources (autres que la ressource qu’il
peut constituer lui-méme), pour les autres espéces, en provoquant des changements physiques dans
le matériel biotique ou abiotique (Lawton, 1994).

¥ Une espéce-clé (key species) est une espéce dont I’impact sur le fonctionnement de I’écosystéme
auquel elle participe est plus important que ce que I’on pourrait déduire de son abondance (Bond,
2001).

* Espéce de mer Rouge entrée en Méditerranée par le canal de Suez.

~17 ~



CHAPITRE |- Carteate gencral

Figure 1.1 : Aspect de I’herbier & Posidonia oceanica (Rondinara — Corse du Sud).

3.2.2. Biologie

Posidonia oceanica est constituée par des tiges rampantes ou dressées,
généralement enfouies dans le sédiment, que I’on nomme rhizomes. Les rhizomes
rampants sont dits plagiotropes et les rhizomes dressés sont dits orthotropes. Les
rhizomes se terminent par des groupes de 4 a 8 feuilles (faisceaux), larges de 8-11
mm et longues de 20-80 cm. Les rhizomes portent également des racines qui
peuvent descendre jusqu’a 70 cm dans le sediment (Figure 1.2 et Figure 1.3;
Giraud, 1979 ; Caye, 1980 ; Boudouresque & Meinesz, 1982).

_ Rhizomes plagiotropes
e RDizOMes orthotropes

Matte

Figure 1.2 : Arrangement caractéristique des rhizomes de Posidonia oceanica (D’apres
Boudouresque & Meinesz, 1982).
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Figure 1.3 : Rhizome plagiotrope de Posidonia oceanica dont partent vers le haut une demi-
douzaine de rhizomes orthotropes et vers le bas des racines. Chaque rhizome porte un faisceau de
feuilles. La barre d’échelle mesure 2 cm (D’aprés Boudouresque & Meinesz, 1982).

De nouvelles feuilles se forment toute I’année. Elles vivent entre cing et
huit mois, plus rarement jusqu’a 13 mois. La zone de croissance des feuilles est
située a leur base. On nomme feuilles juvéniles les feuilles de moins de cing
centimetres de longueur et feuilles intermédiaires les feuilles de plus de cing
centimetres sans gaine basale (= pétiole) ; lorsque la croissance est terminée, une
gaine basale se met en place : la feuille est alors dite adulte (Figure 1.4 ; Giraud,
1979 ; Ott, 1980 ; Thélin & Boudouresque, 1983).

Ui Feuilles Adultes

Feuilles
Intermédiaires

Faisceau
foliaire

Feuilles
Juvéniles

Ecailles j
Ehizome : £

4

Figure 1.4 : Morphologie de Posidonia oceanica (D’aprés Boudouresque & Meinesz, 1982).
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A leur mort, les feuilles ne se détachent pas en totalité : seul le limbe® est
caduc, tandis que la gaine basale (pétiole), de quelques centimétres de longueur,
reste fixée au rhizome. On lui donne alors le nom d’ « écaille » (Figure 1.4). La
chute des feuilles, comme leur formation, se produit tout au long de I’année
(Pergent & Pergent-Martini, 1991). Les écailles (comme les rhizomes) sont peu
putrescibles et se conservent donc pendant plusieurs siecles ou millénaires. Toute
une série de parametres des écailles (longueur, épaisseur, anatomie) varie de facon
cyclique le long d’un cycle annuel (Figure 1.5). On désigne sous le nom de
Iépidochronologie I’analyse de ces cycles annuels (Crouzet, 1981 ; Crouzet et al.,
1983 ; Pergent et al., 1983 ; Pergent, 1990a).

m M m
Rhizome
Epaisseur / .
(um) v fs. M 4
A /|
1000 | M M M
- =|
S00 :
[ m
: m
0 'l I A 210 L '} 'l L llI5 L 1 'l 'l 1.0 'l L L '} % 'l 'l L L > Rang
f Année -1 f Année en
cours

Figure 1.5 : La lépidochronologie. En haut : disposition des écailles le long d’un rhizome de
Posidonia oceanica. En bas : épaisseur des écailles (en pm). M : maximum d’épaisseur. m :
minimum d’épaisseur. f.s. : restes d’un pédoncule floral. P : prophylle (= préfeuille) accompagnant
le pédoncule floral. L1 : feuille vivante la plus dgée (D’apres Pergent et al., 1989b).

> Une feuille comporte un pétiole (base ou gaine), par lequel elle est fixée & la tige ou au rhizome,
et un limbe, partie ou s’effectue la photosynthese.
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La Iépidochronologie constitue un outil puissant pour mesurer la vitesse de
croissance des rhizomes, le nombre de feuilles formées chaque année, la
dynamique d’édification des herbiers, la production primaire passée, les teneurs
anciennes en contaminants, etc. (Pergent, 1990b ; Pergent & Pergent-Martini,
1990, 1991 ; Pergent et al., 1992 ; Pergent-Martini & Pergent, 1994 ; Pergent-
Martini, 1998).

La floraison de Posidonia oceanica se produit en automne. Les fleurs sont
hermaphrodites et sont regroupées (4 a 10 fleurs) en une inflorescence portée par
un pédoncule de 10-30 cm de longueur (Figure 1.6). La floraison ne se produit pas
tous les ans, surtout dans les eaux relativement froides du nord de la Méditerranée
Occidentale. Certaines années (e.g. 1971, 1982, 1993, 1997 et 2003) ont été
marquées par une floraison particulierement intense & I’échelle de I’ensemble de
la Méditerranée (Giraud, 1977b ; Boudouresque & Meinesz, 1982 ; Mazzella et
al., 1983, 1984 ; Caye & Meinesz, 1984 ; Pergent, 1985 ; Pergent et al., 1989a ;
Acunto et al., 1996 ; Piazzi et al., 1999 ; Gobert et al., 2005). La floraison semble
induite par des températures printaniéres et/ou estivales élevées et par une
température avoisinant 20°C en octobre (Caye & Meinesz, 1984 ; Pergent et al.,
1989a ; Stoppelli & Peirano, 1996).

Figure 1.6 : A gauche : une inflorescence de Posidonia oceanica. A droite : deux fleurs ; les
étamines (e) sont situées a I’extérieur ; on apercoit le sommet de I’ovaire doté de denticulations
susceptibles d’accrocher le pollen filamenteux (0). D’apres Hartog (1970).

La fécondation donne naissance a des fruits (Figure 1.7) qui se détachent de la

plante a maturité, au printemps (6 a 9 mois de maturation). Ces fruits ont la forme
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et la dimension d’une olive ; leur couleur est vert foncé puis brun foncé a noir
(Figure 1.7). lls contiennent une seule graine. Ces fruits flottent un certain temps.
Selon I’orientation des courants ils s’échouent sur la plage ou s’ouvrent libérant la
graine qui coulera vers le fond, ou elle germera, sans période de dormance, si les
conditions du substrat sont favorables (Hartog, 1970 ; Boudouresque & Meinesz,
1982 ; Caye & Meinesz, 1984 ; Cinelli et al., 1995). Bien que le potentiel de
germination des graines soit élevé (Balestri et al., 1998) et que de jeunes plants
issus de graines aient déja été observeés in situ (Acunto et al., 1996 ; Piazzi et al.,
1996 ; Balestri et al., 1998 ; Gambi & Guidetti, 1998 ; Piazzi et al., 1999), la
reproduction sexuée n’aboutit que rarement a I’installation de nouveaux individus
en milieu naturel, de telle sorte que la reproduction asexuée (végétative) par
bouturage constitue le mode de reproduction privilégié de I’espéce (Molinier &
Picard, 1952 ; Meinesz et al., 1992 ; Procaccini & Mazzella, 1996).

Figure 1.7 : Fruits de Posidonia oceanica (« olives de mer »). A gauche : Début de fructification
(Photo de G. Pergent). Au centre : Fruits mdrs (couleur brun-rouge ; Photo internet France 3). A
droite : Fruits a la surface de I’eau (Photo de G. Pergent).

3.2.3. Ecologie

Comme I’ensemble des magnoliophytes, Posidonia oceanica est tres
sensible a la disponibilité en lumiere et ne peut survivre en dessous de 10 a 16%
de I’irradiance de surface (Alcoverro et al., 2001 ; Ruiz & Romero, 2001). La
lumiere constitue I’'un des facteurs les plus importants pour la répartition et la

densité des herbiers a Posidonia oceanica (Elkalay et al., 2003).
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Posidonia oceanica est une espece sténohaline, ne pouvant survivre en
dessous de 33%o (Ben Alaya, 1972) ; ce qui explique son absence au niveau des
étangs saumatres de la cote languedocienne et au voisinage de I’embouchure des
fleuves cotiers. Elle semble mieux résister aux salinités élevées, bien que Ben
Alaya (1972) ait indiqué que 41%o constituait sa limite supérieure de tolérance,
puisqu’elle a été observée dans des lagunes hypersalines en Tunisie et Lybie
(Pergent & Zaouali, 1992 ; Pergent et al., 2002).

Posidonia oceanica est présente pour des températures situées entre 10.5
et 30.0°C ; sa croissance est optimale entre 17.0 et 20.0 °C (Hartog, 1970 ; Ben
Alaya, 1972 ; Augier et al., 1980). Les tempeératures extrémes mesurées dans un
herbier sont 9.0 et 29.2 °C (récif-barriere de la baie de Port-Cros, Var, France ;
Augier et al., 1980 ; Robert, 1988). Celebi et al. (2006) indiqgue comme limite
maximale de température pour la croissance de Posidonia oceanica la valeur de
28.4 °C.

Posidonia oceanica craint un hydrodynamisme trop intense. Les tempétes
arrachent des faisceaux de feuilles, dont certains constitueront des boutures.
Elles peuvent éroder la « matte® », soit directement, soit en la vidant de son

sédiment, ce qui la fragilise (Boudouresque, 2006).

3.2.4. Réles

Les herbiers a Posidonia oceanica jouent un role écologique fondamental :
e.g. puits de carbone atmosphérique, stabilisation des sédiments, atténuation de

I’hydrodynamisme et protection des c6tes, maintien de la biodiversité et de la

® On nomme « matte » I’ensemble constitué par les rhizomes, les écailles, les racines et par le
sédiment qui remplit les interstices. Les rhizomes, les écailles et les racines sont peu putrescibles
et se conservent donc a I'intérieur de la « matte » pendant plusieurs siécles ou millénaires
(Boudouresque et al., 1980 ; Boudouresque & Jeudy de Grissac, 1983).
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productivité des zones cotieres, base des réseaux trophiques, frayeres, nurseries et
habitats pour nombre d’organismes, oxygénation des sédiments et de la canopée,
participation a la clarification des eaux (synthése in Boudouresque, 2006). De ce
fait, ils jouent également un réle économique majeur (synthése in Boudouresque,
2006). La prise de conscience de I’importance des herbiers & Posidonia oceanica
au niveau écologique et économique s’est traduite par la mise en ceuvre de
dispositions nationales, de directives communautaires (Union Européenne ; e.g.
Directive Habitats 92/43/CEE) et de conventions internationales pour la
protection de ces formations végétales (e.g. Convention de Berne et Convention

de Barcelone ; synthese in Pergent-Martini et al., 2006).

Depuis quelques années, plusieurs études s’intéressent également a
I’utilisation de Posidonia oceanica en tant que bio-indicateur de la qualité des

eaux (voir 2.2. Les bio-indicateurs en milieu marin).

4. Cadre de I’étude et objectifs

4.1. Cadre de I’étude

Cette these de doctorat s’inscrit dans le cadre de recherches menées au sein
de I’équipe « Ecosystemes Littoraux » de I’Université de Corse et plus
particulierement dans le cadre du Groupement de Recherches (GdR) « Gestion
des écosystémes littoraux méditerranéens » réalisé en collaboration avec le centre
Ifremer Provence-Azur-Corse, la Station de Recherche Sous Marines et
Oceéanographiques (STARESO), située a Calvi, et le Groupement d’Intérét
Scientifique Posidonie (GIS Posidonie). Ce GdR visait notamment a tester les
potentialités de deux organismes bioindicateurs (Mytilus galloprovincialis
Lamarck, 1819 et Posidonia oceanica) dans I’optique d’une surveillance de la
contamination métalliqgue du milieu marin. Une partie de ce travail de these
s’inscrit également dans le cadre du programme communautaire INTERREG (N°
MCD I11A-03/08) associant la Province sarde de Sassari, la région Corse et la
région Toscane. Ce programme a été mis en place en renforcement du GdR dans

une optique de surveillance des écosystéemes aquatiques cOtiers et a concerné la
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protection et la mise en valeur de I’environnement marin méditerranéen et la mise
en ceuvre d’un « Monitorage de la Qualité de I’eau et de I’environnement marin »
(MoniQua). Des résultats, issus d’autres programmes de recherches, menés par
I’équipe « Ecosystemes littoraux » ou le GIS Posidonie — Centre de Corse (e.g.
INTERREG IHHA «Porime », INTERREG IlIB « Posidonia ») sont également

utilisés dans le cadre de cette these.

4.2. Objectifs

L’objectif de ce travail est d’évaluer les potentialités de la magnoliophyte
marine Posidonia oceanica dans I’étude de la contamination métallique des
écosystemes littoraux. Ce theme, bien qu’ayant donné lieu a plusieurs études
récentes (Pergent-Martini, 1998 ; Schlacher-Hoenlinger & Schlacher, 1998 ;
Capiomont et al., 2000 ; Campanella et al., 2001 ; Ferrat et al., 2003a), pose
encore un certain nombre d’interrogations auxquelles nous allons tenter de

répondre :

Plusieurs études (voir synthése in Pergent-Martini & Pergent, 2000)
soulignent la présence de variations saisonnieres importantes des
concentrations métalliques mesurées dans les tissus de Posidonia oceanica. Il
semble donc nécessaire de quantifier et rechercher I’origine de telles
variations. Dans le cadre de ce travail, nous étudierons donc I’évolution
temporelle des concentrations de plusieurs métaux traces dans les tissus
foliaires de Posidonia oceanica dans deux sites présentant des niveaux

d’anthropisation différents.

Du fait de sa situation géographique et d’une pression humaine réduite, la
Corse est généralement considérée comme peu soumise aux apports
métalliques d’origine anthropique. Toutefois, la plupart des études réalisées
dans cette région ne concernent qu’un petit nombre de sites (souvent le site de
Calvi) et/ou se focalisent uniquement sur I’accumulation du mercure (Maserti
et al., 1988 ; Warnau et al., 1995, 1996 ; Pergent-Martini, 1998 ; Capiomont
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et al., 2000 ; Claisse et al., 2001 ; Ferrat et al., 2003a). La question qui se
pose alors est la suivante : Est-il correct de considérer I’ensemble du littoral
de la Corse comme une zone de référence en termes de contamination
métallique ? Afin de mieux évaluer les niveaux de contamination métallique
de ce secteur, nous nous emploierons donc a déterminer les concentrations en

métaux (six considéres) de plusieurs herbiers (16) du littoral insulaire.

Posidonia oceanica est souvent considérée comme un bio-indicateur fiable de
la contamination métallique des écosystéemes littoraux. Dans le cadre de ce
travail, il a semblé intéressant de vérifier cette hypothese en comparant ses
potentialités de bio-indicateur a celles d’outils de surveillance utilisés dans le
cadre de réseau reconnus (O’Connor, 1996 ; Goldberg & Bertine, 2000 ;
Andral et al., 2004b ; Morillo et al., 2005 ; Usero et al., 2005). A cet effet
nous comparerons les concentrations metalliques mesurées dans les tissus de
Posidonia oceanica a celles mesurées dans I’eau, le sédiment, et le bio-
indicateur Mytilus galloprovincialis, au niveau de trois sites du bassin

méditerranéen.

La mise en place d’une gestion durable de la biodiversité requiert aujourd’hui
de disposer d’outils @ méme de caractériser la qualité des masses d’eau et
d’en suivre I’évolution. C’est dans ce contexte, que plusieurs démarches
internationales ont été initiées (e.g. Directive Cadre Eau, Directive Stratégie
Marine, Stratégie Méditerranéenne de Développement Durable, Stratégie
Horizon 2020). Aussi, dans le cadre de ce travail, nous proposerons des
grilles visant a évaluer et a comparer les niveaux de contamination métallique
d’herbiers a Posidonia oceanica, a partir de mesures réalisées dans une

quarantaine de sites du bassin nord-occidental méditerranéen.

Roméo et al. (1995) et Pergent-Martini (1998) ont émis I’hypothése selon
laquelle Posidonia oceanica était en mesure de « mémoriser » les teneurs
anciennes en contaminants métalliques, et plus particulierement en mercure.

Nous chercherons donc a verifier si cette espece peut effectivement étre
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utilisee comme “traceur” de la contamination mercurielle passée. Pour ce
faire, nous tenterons de reconstituer les teneurs en mercure qui avaient
prévalu dans les limbes foliaires, formés il y a plusieurs années, a partir de
celles mesurées dans les écailles correspondantes conservées au sein de la

matte.
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CHAPITRE ||
Temporal evolution of metal concentrations

in Posidonia oceanica’

Abstract

Ten trace metals (Ag, As, Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn) have been
measured in foliar tissues of Posidonia oceanica in four sites (Calvi, Canari,
Marseilles and Toulon) which have different levels of human impact. The metal
concentration, in a given tissue, was followed over time by successive samplings.
The results show that most of the metals' concentration increase over time
(/ageing of the tissues). They equally show that the temporal evolution is more
pronounced in the site of Toulon, which is the most contaminated site. A
phenomenon of biological dilution of metal accumulation by Posidonia oceanica
is hypothesized and quantified. This study shows the necessity of considering the
age of the tissues and the biological dilution, in order to compare data from
literature and to set up biomonitoring networks based on this bio-integrator of

metal contamination.

Keywords : metal contamination, temporal evolution, Posidonia oceanica, tissue

age, biological dilution, Mediterranean Sea

’ Pergent, G., Lafabrie, C., Kantin, R., Pergent-Martini, C., submitted (Aquatic Toxicology).
Temporal evolution of metal concentration in Posidonia oceanica.
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1. Introduction

Several marine organisms are able to accumulate in their tissues a wide
range of pollutants (Phillips, 1977 ; Goldberg et al., 1978 ; Franke et al., 1994).
Among these organisms, mussels of the genus Mytilus are proposed as good metal
bio-indicators and have been extensively used in “Mussel Watch” programs in the
US and Europe (Goldberg et al., 1978 ; Zatta et al., 1992 ; Ostapczuk et al., 1997a
; Beliaeff et al., 1998 ; Claisse et al., 2001 ; Andral et al., 2004b). However, many
biological and environmental factors influence the metal accumulation, such as
body size (Wang & Fisher, 1997), sex and reproductive status (Lobel et al., 1991),
salinity, season and organic matter (De Kock & Kramer, 1994 ; Fisher et al.,
1996) and tidal height (Phillips, 1976 ; Lobel & Wright, 1982). Thus, some
studies aimed at developing protocols which take into account biological and
ecological parameters in the determination of metal contamination levels (Lobel et
al., 1991).

Seagrass are also able to accumulate trace metals (Pergent-Martini &
Pergent, 2000 ; Ferrat et al., 2003b) ; however, as for mussels, seasonal changes
can modify theses values (Pergent-Martini & Pergent, 2000). In the case of
Posidonia oceanica L. Delile, an endemic species of the Mediterranean Sea,
seasonal variations in metal contamination levels could be explained by a dilution
of contaminants due to the biomass increase and/or to the type and age of the
tissue taken into account (Capiomont et al., 2000). This highlights the necessity of
an improved knowledge on the origin of these variations in order to develop the
use of seagrass as metal bio-indicator.

Therefore, the aim of this study is, firstly to understand the temporal
evolution of metal concentrations in a given tissue of Posidonia oceanica
according to its age, and secondly to quantify the effect of biological dilution

involved in metal accumulation.
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2. Material and methods

Samples were collected in four locations of the French Mediterranean

coast : Calvi, Canari, Marseille and Toulon (Figure 11.1).

4

FRANCE

i
Toulon

Mediterranean Sea

100 km

Figure I1.1 : Sampling locations (Calvi, Canari, Cortiou and Toulon).

In Corsica, Calvi is situated in a zone considered to be pristine or with a low
human impact (Pergent-Martini, 1998) whereas Canari is situated in proximity of
a previous asbestos mine. On the French Riviera, Cortiou is situated in proximity
of the outlet of the depuration plant of the town of Marseilles whereas Toulon is

subject to its industrial and commercial harbour.

Posidonia oceanica shoots were collected at 10 + 1 m depth by scuba divers
between March and July 2003, in three sites (Calvi, Canari and Toulon ; Table
I1.1) ; in April (t0) and July (t8) 2004, in four sites (Calvi, Canari, Cortiou and

Toulon) and between April and December 2004 in Calvi.
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Table I1.1 : Sampling dates of Posidonia oceanica shoots collected in 2003.

t0 tl t2 t3 T4 t5 t6 t7 t8

Calvi 5 18 30 14 27 11 26 10 19
April | April | April May May June June July July
Canari 3 - - - - - - 17
April July
Toulon 26 23 29 14 27 11 24 07 -
March | April | April May May June June July

Leaves were sorted according to the protocol of Giraud (1979) and
lepidochronology was performed on rhizomes and dead sheath (Pergent &
Pergent-Martini, 1990). The leaf renewal cycle, which takes into account the
rhythm of leaf formation, of leaf fall and leaf longevity, was then determined
(Pergent & Pergent-Martini, 1990). Epiphytes and sediments were removed from
the leaves using a glass strip. Samples were rinsed (ultrapure water), frozen,

lyophilized and reduced to a powder.

In this study, the metals analysed were : arsenic (As), cadmium (Cd),
cobalt (Co), copper (Cu), chromium (Cr), mercury (Hg), nickel (Ni), lead (Pb),
silver (Ag) and zinc (Zn). Hg concentrations were determined using a cold vapour
atomic absorption spectrometer (CV-AAS ; see method used in Capiomont et al.,
2000). Other trace metals analyses were run by atomic absorption spectrometry
with quality assurance procedures at the Laboratory of Rouen / ETSA (France).
The accuracy of the method was evaluated by calibration vs. an international
standard (CRM 60 : Lagarosiphon major, Community Bureau of Reference —
BCR, Brussels).

3. Results

Determination of the age of leaf tissues

The lepidochronological method, associated to phenological data, gives the
opportunity to determine precisely the leaf renewal cycle ; that is to say the

rhythm of leaf formation, leaf longevity and rhythm of leaf fall (Pergent &
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Pergent-Martini, 1990). It is then possible to follow, over time, the composition of
the shoot (number and type of leaves) and the evolution of the rank of a given
tissue (Figure 11.2). For instance, in the site of Calvi, the youngest adult leaf in tO
(Rank Al), became Rank A2 in t3, Rank A3 in t6 and finally Rank A4 in t8
(Figure 11.2).
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Figure 11.2 : Mean evolution of shoots, over time (10 to t8), in the site of Calvi. A = Adult leaves, |
= Intermediate leaves, DL = Dead leaf.

Temporal evolution of mercury concentrations

The analysis of mercury contamination over time is based on the position

of a given tissue according to the sampling period (Table 11.2).

Table 11.2 : Rank of analyzed tissues according to the date of sampling in the site of Calvi.

Sampling date t0 tl 12 T3 T4 t5 T6 t7 T8
Adult tissues Al Al | A1+A2 | A2 A2 | A2+A3 | A3 | A3+tA4 | A4
Intermediate tissues 11 11 11 11 11 11 11 11 Al
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The contamination of tissues increases regularly over time (Figure 11.3 and

Figure 11.4) ; this temporal evolution is more pronounced in the site of Toulon,

which shows a higher contamination level than the other sites.
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Figure 11.3 : Evolution of Mercury concentrations in the blades of adult
leaves over time (mean and SE in ug.g™ dry wt.).
‘- ©- - Calvi —=— Toulon ‘
0.090
0.080 1
0.070 1
0.060 1
o
2 0.050
£
= 0.040 -
L R . .
0.030 -
0.020 1
0.010 1
0.000
t0 t1 2 t3 t4 t5 t6 t7 8

Figure 11.4 : Evolution of Mercury concentrations in intermediate leaves over time
(mean and SE in pg.g™ dry wt.).
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For instance, the contamination ranges in adult blades from 0.029 + 0.002
to 0.044 + 0.002 pg.g™* dry wt. for Calvi and 0.054 + 0.004 to 0.137 + 0.005 pg.g°
! dry wt. for Toulon. In intermediate leaves it ranges from 0.024 + 0.002 to 0.037
+ 0.000 pg.g™ dry wt. for Calvi and 0.045 + 0.003 to 0.079 + 0.007 pg.g™ dry wt.

for Toulon.

The temporal evolution observed between April and December 2004 in
Calvi, from young intermediate leaves to old adult blades, exhibits the same
pattern, with an increase of Mercury contamination according to the age of tissues
(Figure 11.5). Moreover, the evolution between 2003 (t1, t3, t5 and t7) and 2004
(April to July), for intermediate leaves, is similar with an interval of one month
(r=0.91 with k=1).
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Figure 11.5 : Evolution of Mercury concentrations in the foliar tissues according to their age (mean
and SE in pg.g™ dry wt.).

Temporal evolution of the concentrations of the others metals

The evolution of metal concentration in a given tissue (blade of adult

leaves) between April and July 2004 is determined (Table 11.3).
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Table 11.3 : Metal concentrations measured in the four studied sites in April and July 2004 (mean £
S.E.:inpg.g™ dry wt. ; the location presenting the maximum value for a given metal is in bold).

CALVI CANARI
April July April July
Ag 0.47 +0.03 0.15+0.04 0.70+0.00 0.40 £ 0.00
As 1.03 £0.03 1.33£0.09 1.20+0.10 1.63+0.22
Cd 497+0.11 2.18+£0.23 5.56 £0.15 5.38+£0.14
Co 3.03+0.09 2.33+0.22 8.30+0.36 12.07 £0.52
Cr 0.13+0.03 0.33+£0.03 0.70 £ 0.06 1.27+0.23
Cu 12.73+1.06 9.40 £ 0.06 24.37+0.49 18.43 £0.98
Hg 0.020 + 0.003 0.067 + 0.004 0.059 + 0.005 0.073 £ 0.001
Ni 26.43+1.34 17.50 + 1.06 55.33+£0.99 60.30 £ 3.67
Pb 2.20+0.31 2.67 +0.82 0.97 +0.03 1.47 +0.03
Zn 130.67 +1.20 111.97+9.84 136.33 £ 2.96 167.67 + 8.82
CORTIOU TOULON
April July April July
Ag 1.07£0.03 0.60+0.10 0.47 +0.03 0.40+0.00
As 1.13+0.03 1.23+0.03 1.40£0.06 2.20+£0.15
Cd 3.14 +0.07 2.14+0.11 2.27 +0.03 1.81+0.14
Co 2.20+0.12 2.10+0.06 2.13+0.09 4.67 +1.27
Cr 0.27 +0.03 0.30 + 0.06 0.13+0.03 0.50+0.10
Cu 21.37+2.02 9.97£0.22 27.27+£0.92 15.73+£0.69
Hg 0.092 + 0.004 0.069 + 0.002 0.099 £ 0.002 0.118 £0.009
Ni 18.87 +1.42 20.67 = 0.56 1450 £ 0.10 20.00 +£0.81
Pb 2.53+0.27 3.23+0.32 3.40+0.28 5.57+0.30
Zn 103.67 + 0.88 83.60+1.35 154.33 £ 4.84 174.67+12.14

The site of Canari shows the highest Cd, Co, Cr and Ni values, the site of
Cortiou the highest Ag values and the site of Toulon the highest As, Cu, Hg, Pb
and Zn values (ANOVA, P < 0.05 ; Table 11.3). The site of Calvi, on the other
hand, generally shows the lowest values for all contaminants.

Most of the contaminants (As, Co, Cr, Hg and Pb) significantly (P > 0.05)
increase over time (/ageing tissues) or remain stable (Ni and Zn ; Table I11.3).
However, the concentrations of Ag, Cd and Cu decrease significantly over time
(ANOVA, P < 0.05).
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Biological dilution

The foliar biomass, estimated from the length of the leaves, allows to
consider and investigate the potential phenomenon of biological dilution. Thus, a
corrective coefficient, which corresponds to the ratio between the actual length of
the blade at a given time and the mean length of blades, is applied (Table 11.4).

Table 11.4 : Evolution over time of blade length (BI. L., in mm), in Calvi and in Toulon, and
determination of the corrective coefficient (Coef.).

Calvi t0 t1 t2 t3 t4 t5 6 t7 18 Mean
BI. L. 5445 | 473.6 | 553.4 | 605.7 | 703.4 | 650.9 | 753.6 | 786.7 | 835.0 | 656.3
Coef. 0.83 | 0.72 0.84 0.92 1.07 0.99 1.15 1.20 1.27

Toulon t0 tl t2 t3 t4 t5 t6 t7 t8 Mean
BI. L. - 344.0 | 430.9 | 504.9 | 518.7 | 606.2 | 691.5 | 705.4 - 543.1
Coef. - 0.63 0.79 0.93 0.96 1.12 1.27 1.30 -

The application of this corrective coefficient to the mercury concentrations
measured in the blades of the adult leaves allows to obtain a corrected
concentration, which will be independent of the tissue biomass (Figure 11.6). The
temporal evolution of metal concentrations obtained with the corrected values is
similar to that obtained with the measured values, however it leads to an increase
in the coefficient of determination (R?) ; it ranges from 0.34 to 0.66 for the site of
Calvi, and from 0.86 to 0.98 for the site of Toulon.
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Figure 11.6 : Evolution of Mercury concentration in the blades of adult leaves according to time, in
Calvi and Toulon (measured and corrected values, in pg.g™ dry wt.).
The same approach is applied to the others metals in sites for which we have
a temporal evolution of contamination that allows the definition of the corrective
coefficient (Calvi and Toulon ; Table 11.5).

Table I1.5 : Metal concentrations (corrected values) in Calvi and Toulon in April and
July 2004 (mean + S.E. ; in pg.g™ dry wt.).

CALVI TOULON
April July April July
Ag 0.39+ 0.03 0.19+ 0.06 0.29 +0.02 0.52 +0.00
As 0.86 £ 0.03 1.69+0.11 0.88 £ 0.04 2.86 £ 0.20
Cd 4.13 £0.09 2.77x0.29 1.43+0.02 2.35+0.18
Co 2.52 £ 0.07 2.96 £ 0.28 1.34 £ 0.06 6.07 +1.65
Cr 0.11+£0.03 0.42 £ 0.04 0.08 £ 0.023 0.65+0.13
Cu 10.57 £ 0.88 11.94 + 0.07 17.18 £ 0.58 20.45+0.90
Hg 0.016 + 0.002 0.086 + 0.005 0.062 + 0.001 0.153 +0.012
Ni 21.94+£1.12 22.23+1.34 9.14 £ 0.06 26.00 +1.05
Pb 1.830 £ 0.25 3.39+£1.04 2.14 £0.13 7.24 £0.39
Zn 108.45 + 1.00 142.20 £ 12.50 97.23 = 3.05 227.07 £15.79

These results confirm the temporal evolution of metal concentrations in
relation to the age of the tissue. Thus, using the corrected values of metal

concentration ; in Toulon, all the considered trace metals increase (Mann-Whitney
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test, P < 0.05 ; Table I1.5) ; and in Calvi, where the contamination is lower, six

metals out of ten (As, Co, Cr, Hg, Pb and Zn) equally increase significantly.

4. Discussion

The lepidochronology technique, which gives information on the age of
the foliar tissues whatever the period of the year, allows to determine precisely the
temporal evolution of metal concentrations. This temporal evolution appears to be
synchronous from year to year, especially when considering the small gaps which
can occur naturally in the vegetative cycle of the plant according to the
meteorological conditions. Indeed, the higher temperatures recorded during the
spring 2003 (in comparison to 2004) induced an earlier and faster growth of the

foliar shoot during the spring period (Table I1.6).

Table 11.6 : Mean water temperature (T° in °C ; STARESO, unpublished data) and foliar surface
(FS ; in cm?) of Posidonia oceanica in Calvi.

April May June July

2003 | T° 14.2 18.2 29.9 255
FS 322 51.7 52.2 59.6

2004 | T° 135 15.7 19.6 23.0
FS 23.1 37.7 52.3 41.0

Variations in metal concentration in Posidonia oceanica tissues have been
observed : according to the period of sampling, metal concentrations vary from
3% (Cd in Canari) to 73% (Cu in Toulon ; Table 11.3). Several hypotheses can be
proposed to explain this phenomenon : the effect of the age of the tissue, the
biological dilution and/or mechanisms of detoxification (see synthesis in Pergent-
Martini & Pergent, 2000 and in Ferrat et al., 2003a).

v Several authors highlight the importance of the age of tissues in metal
accumulation (Drifmeyer et al., 1980 ; Brix et al., 1983 ; Brix & Lyngby,
1984 ; Ward, 1987 ; Lyngby & Brix, 1989 ; Malea, 1994a ; Capiomont et
al., 2000). Indeed, they observed an increase in metal concentrations
related to the increasing age of tissues in several seagrass species
(Drifmeyer et al., 1980 ; Brix et al., 1983 ; Brix & Lyngby, 1984 ; Ward,
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1987 ; Lyngby & Brix, 1989 ; Malea, 1994a ; Capiomont et al., 2000). In
the same way, Warnau et al. (1996) showed, in controlled laboratory
experiments, that, in Posidonia oceanica, Zn and Cd were linearly
accumulated over time. Moreover, in the same sites and during the same
period as our study, a similar pattern of metal accumulation in relation to
age is observed in Posidonia oceanica and in the mussel Mytilus

galloprovincialis Lamarck, 1819 (see Kantin & Pergent, 2007 ; Figure

11.7).
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Figure I1.7 : Temporal evolutions of mercury concentrations by Posidonia oceanica (P.0.)
and Mytilus galloprovincialis (M.g.) in Calvi and Toulon (from Kantin & Pergent, 2007).

v' On the other hand, the biological dilution phenomenon is also able to
induce variations in metal concentration (Table 11.4). Indeed, several
authors have highlighted the importance of this phenomenon in seagrass
(Lyngby & Brix, 1982 ; Ward, 1987 ; Capiomont et al., 2000 ; Ferrat et al.,
2003a). The effect of this biological dilution could be more important in
young tissues, as they have a high foliar growth, especially in spring (Zupo
et al., 1997). Moreover a distinct decline in metal concentration at the
beginning of the growth season has been reported for several seagrasses
(Lyngby & Brix, 1982 ; Brix et al., 1983 ; Brix & Lyngby, 1984 ; Ward,
1987 ; Malea & Haritonidis, 1989a ; Malea, 1994a ; Malea & Haritonidis,
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1995 ; Capiomont et al., 2000 ; Ferrat et al., 2003a) and has been explained
by several authors (Lyngby & Brix, 1982 ; Ward, 1987) as the dilution of
the metals per unit mass of the tissues considered. Indeed, the months
considered in this study correspond to the period in which the foliar
biomass and the rhythm of growth of new leaves increase (Pergent &
Pergent-Martini, 1990) and could induce a biological dilution of the metal

content.

Finally, detoxification mechanisms could interfere with the apparent metal
concentration in foliar tissues of Posidonia oceanica (Ferrat et al., 2003a).
Indeed, non-protein thiol compounds, which play a key role in the
detoxification from trace metals, can be found in seagrasses (Cobbett,
2000). In this way, Ferrat et al. (2003a, b) and Ranvier et al. (2000) showed
an increase in activity of glutathione S-transferase and of non-protein thiol
contents in response to an exposure to strong concentrations of mercury in
Posidonia oceanica. Thus, Posidonia oceanica could be able to eliminate,
at least in part, the xenobiotics accumulated during its development. The
level of contamination measured corresponds in fact to the result of both
accumulation and detoxification mechanisms, as the accumulation of a
xenobiotic compound is achieved through mechanisms of absorption,
desorption and translocation from one plant compartment to the next
(Roméo, 1991).

The understanding of the temporal evolution of metal concentrations in

foliar tissues of Posidonia oceanica allows thus the optimization of biomonitoring

metal contamination in the coastal environment using this seagrass, and

consequently in the set up of such a monitoring network (tissues to take into

consideration, dates of sampling).
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CHAPITRE |11
Metal contamination of Posidonia oceanica
meadows along the Corsican coastline

(Mediterranean)®

Abstract

The aim of this study is to determine metal (Cd, Co, Cr, Hg, Ni, Pb)
concentrations in Posidonia oceanica tissues along the Corsican coastline. The
results show that except for Cr, all the metals are preferentially accumulated in the
blades ; this is particularly interesting as it means that future metal analyses may
be carried out only on the blades avoiding thus the removal of the shoots.
Moreover, they show that metal concentrations may reflect the “background
noise” of the Mediterranean Sea. Station 15 (Canari) can however be
distinguished from the others due to its high Co, Cr and Ni concentrations. This
result may be related to the presence of a previous asbestos mine, located near this
station. Therefore, this study reinforces the usefulness and the relevance of
Posidonia oceanica as a tracer of spatial metal contamination and as an interesting

tool for water quality evaluation.

Capsule : The seagrass Posidonia oceanica is a relevant tracer of spatial metal

contamination and an interesting tool for water quality evaluation.

Keywords : Trace metals, seagrass, Corsica, Posidonia oceanica, asbestos mine,

Mediterranean

® Lafabrie, C., Pergent-Martini, C., Pergent, G., in press. Metal contamination of Posidonia
oceanica meadows along the Corsican coastline (Mediterranean). Environmental Pollution.
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1. Introduction

The major sources of pollution of surface waters include effluent
discharges by industries, atmospheric depositions of pollutants and occasional
accidental spills of toxic chemicals (Ilkem & Egiebor, 2005). Trace metals are
regarded as serious pollutants of the aquatic environment because of their toxicity,
their persistence, their difficult biodegradability and their tendency to concentrate
in aquatic organisms (Schudrmann & Market, 1998 ; Ikem & Egiebor, 2005).
They enter the marine environment through atmospheric and land-based effluent
sources (Islam & Tanaka, 2004).

There is currently a great interest in the use of living organisms as
pollution biomonitors in aquatic ecosystems (Goldberg, 1986 ; Andersen et al.,
1996 ; Pergent-Martini & Pergent, 2000 ; Morillo et al., 2005 ; Usero et al., 2005 ;
Demirezen & Aksoy, 2006), given that the method used previously — chemical
analysis of water — does not provide sufficient information on the bioavailability
of metals present in the environment (Morillo et al., 2005). In the Mediterranean
Sea, the endemic seagrass Posidonia oceanica (L.) Delile has been used as a
metal bioindicator for several decades (Maserti et al., 1988 ; Sanchiz et al., 1990 ;
Costantini et al., 1991 ; Catsiki & Panayotidis, 1993 ; Malea et al., 1994 ; Warnau
et al., 1995, 1996 ; Pergent-Martini, 1998 ; Schlacher-Hoenlinger & Schlacher,
1998 ; Capiomont et al., 2000 ; Campanella et al., 2001).

The Corsican island is subject to few sources of contaminants that are of
anthropic origin (low population density on its coasts : < 60 inhabitants/km? ;
IFEN, 2000 ; and, low industrialization rate ; INSEE, 1999) and it is therefore
usually considered a pristine region with healthy widespread Posidonia oceanica
meadows (Pasqualini et al., 1998). However, only little quantitative data is
available on the general pollution of the area, that would allow to compare
different stations (Roméo et al., 1995 ; Benlahcen et al., 1997 ; Pergent-Martini,
1998 ; Baumard et al., 1999 ; Michel et al., 2001 ; Andral et al., 2004a, b). Most
studies are relative to a single, punctual station (Warnau et al., 1995, 1996) and/or
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are focused only on mercury accumulation (Maserti et al., 1988 ; Pergent-Martini,

1998 ; Capiomont et al., 2000 ; Claisse et al., 2001 ; Ferrat et al., 2003a).

Thus, the aim of this study is to evaluate the state of metal contamination

of the Corsican coastline using Posidonia oceanica as a bioindicator.

2. Materials and methods

2.1. Sampling and sample preparation

Shoots of Posidonia oceanica were collected during the summer 2003, at

10+1m depth and in 16 stations located along the Corsican coastline (France ;

Figure 111.1).
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Figure I11.1 : Study area and sampling stations. 1 : Macinaggio ; 2 : Sisco ; 3 : Bastia ; 4 :
Campoloro ; 5: Diane ; 6 : Solenzara ; 7 : Sant’Amanza ; 8 : Bonifacio ; 9 : Propriano ; 10 :
Ajaccio ; 11 : Porto ; 12 : Calvi ; 13 : Lumio ; 14 : Saint Florent ; 15 : Canari ; 16 : Centuri.
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For each station, shoots were divided randomly into three replicates and
only the blades and sheaths of the adult leaves were then analysed (Giraud, 1979).
Epiphytes and sediment were removed using a glass strip. Samples were rinsed
(ultrapure water), frozen (-20° C), lyophilized (> 72 h in Heto® FD4-85 freeze
dryer, HetoHolten A/S) and then manually reduced to a coarse powder.

2.2. Trace metals analysis

Mercury (Hg) : 50 mg of each sample was weighed in a Teflon digestion
vessel CEM® ACV of 100 ml (CEM Corporation, USA). 5 ml of 69% HNO3
(Normapur 20 428 .297 Prolabo®) and 1 ml of H,0, 30% (Normapur 23 619 .297
Prolabo®) were added. The vessels were sealed and placed into the CEM® MARS
5 chamber (20 minutes at 200°C and 20 minutes of cooling). The content of each
vessel was poured into 25 ml volumetric flasks and diluted to volume with
ultrapure water and then transferred to 60 ml polypropylene flasks. Mineralized
samples were analysed with a cold vapour atomic absorption spectrometer (CV-
AAS - Perkin Elmer®) equipped with a flow injection system (FIMS 100) and an
autosampler (AS-90). A carrier solution of 5% (v/v) nitric acid and a reducing
solution of 1.1% (p/v) tin chloride (23 742.260 Prolabo®) and 0.5% (p/v)
hydroxylammonium chloride (24 708.235 Prolabo®) in 3% (v/v) hydrochloric acid
(20 253.293 Prolabo®) were used. The standard addition method was applied for
calibration. Calibration standards were prepared from a mercury standard solution
1 000 mg.L™* (30 130.263 Prolabo®).

Cadmium (Cd), Chromium (Cr), Cobalt (Co), Lead (Pb) and Nickel (Ni) :
The analyses of these metals were run with quality assurance procedures at the
Laboratory of Rouen / ETSA (Rouen, France). They were realised using a
graphite furnace atomic absorption spectrometer (GF-AAS) with a detection limit
of 0.1 pug.L™ for Cd, 0.3 ug.L™ for Cr, 0.2 pg.L™ for Co, 0.3 pg.L™ for Pb and 0.7
ng.L™? for Ni. The standard addition method was applied for calibrations and
calibration standards were prepared from standard solutions of 1 000 mg.L™
(Merck).
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The analytic procedure was verified using certified reference material
(Lagarosiphon major, CRM 60 ; Community Bureau of Reference -

Commission of the European Communities ; Table I11.1).

Table I11.1 : Analysis of trace metals in the certified reference material Lagarosiphon major.
Results are expressed in pg.g™ dry wt. (mean value + 95% confidence interval).

Cd Co Cr Hg Ni Pb
Certified 2.20+0.10 0.34+0.04 63.80+3.20
values
Uncertified 4.00 26.00 40.00
values

Our values  2.03+0.01  3.70+0.20  24.00+1.00 0.35+0.01 37.00+1.00 62.40+0.40

To compare the total metal content at the different stations, the metal
pollution index (MPI) defined by Usero et al. (2005) was used. It is obtained with
the following equation : MPI = (Cf, x Cf;, ... Cf,)""; where Cf, = concentration of

the metal n in the sample.

2.3. Statistical analysis

Significant differences between tissues and between stations were
determined by a two-way analysis of variance (ANOVA). Where a difference was
found, Tukey's HSD post-hoc comparison was used to determine which stations
were different. Correlations between metals were performed by analysis of
Pearson’s correlations. For these statistical analyses, the values below the
detection limit have been considered as half the value of the detection limit, as in
the study of Sanchiz et al. (2001).

3. Results

3.1. Comparison of the tissues

The data concerning metal concentrations in the blades and in the sheaths
of adult leaves are reported respectively in Table 111.2 and Table 111.3. The mean
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concentrations of Cd, Co, Hg, Ni and Pb are significantly higher in blades than in

sheaths (P < 0.05) whereas Cr has accumulated more in the sheaths (P < 0.05).

Table 111.2 : Metal concentrations (ug.g™ dry wt.), mean values and metal pollution index (MPI) in

the blades of adult leaves of Posidonia oceanica (St. : station ; M : Mean ; mean + E.S. ; the
maximum values are in bold and the minimum values are in italic).

)]
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Cd

Co

Cr
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Ni

Pb

MPI
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2.88 +0.75
3.80+0.14
1.47 +£0.06
2.26 +0.06
2.18+0.03
2.58+0.11
152 +0.08
2.14 £0.08
217 +0.15
3.53+0.18
3.57+0.18
3.58 £ 0.07
2.13+0.13
3.37+£0.20
3.97+0.03
2.78 £0.08
2.75+0.15

3.13+0.15
4.03+0.28
3.20+0.12
5.30+0.20
4.80+0.15
3.87+0.18
197+0.18
1.83+0.07
257+0.24
3.03+0.15
2.87+£0.35
2.68 £0.12
413+0.13
4.93+0.49
7.73+£0.24
413+0.28
3.76 +0.21

0.37 +0.03
0.30+0.10
0.33+0.03
0.33+0.03
0.27 £0.03
0.23+0.03
0.27 £0.03
0.23+£0.03
0.15+0.05
0.17 +0.03
0.20+£0.00
0.23+£0.02
0.33+£0.03
0.47 £0.03
1.07 £ 0.07
0.20 £0.00
0.32+0.04

0.03+0.01
0.06 +0.00
0.07 £ 0.00
0.06 +0.00
0.05+0.00
0.07 +0.00
0.07 £ 0.00
0.04 £0.00
0.07 +0.00
0.04 +0.00
0.05+0.01
0.02 +£0.00
0.06 £ 0.00
0.05+0.00
0.04 £0.00
0.05+0.01
0.05+0.00

27.67+1.23
24.67 +£0.38
19.57 +0.22
21.13+0.43
14.60 £ 0.46
17.80 £ 0.61
17.30 £ 0.61
22.27 £0.62
17.87 +1.46
23.40 £ 0.50
15.93+1.87
2197 +1.17
28.80£2.72
4143 +£1.15
48.73 +1.13
27.73£0.99
2443 +£0.97

1.73+0.07
2.63+0.35
2.53+0.09
1.97+0.03
2.93+0.20
2.20+£0.35
1.27 +0.03
1.70£0.15
1.40+0.10
3.37+£0.29
2.87+0.13
2.43+0.26
1.30+0.12
2.43 £0.58
2.10£0.29
1.67 £0.09
2.16 £0.20

1.30
1.62
1.31
1.45
1.36
1.35
1.03
1.07
1.07
1.35
1.30
1.12
1.36
1.84
2.24
131

Table 111.3 : Metal concentrations (ug.g™ dry wt.), mean values and metal pollution index (MPI) in
the sheaths of adult leaves of Posidonia oceanica (St. : station ; M : Mean ; mean £ E.S. ; the
maximum values are in bold and the minimum values are in italic ; - : value below detectable

limits).

St. Cd Co Cr Hg Ni Pb MPI
1 091+0.06 - 0.15+0.05 0.04+0.00 310%+030 0.27+0.07 0.34
2 108001 - 0.33+0.19 0.04+0.00 320+0.15 0.15+0.05 0.37
3 069+0.03 - 0.35+0.25 0.05+0.00 350+0.36 0.43+0.07 0.44
4 0.77+006 020+000 023+0.03 0.04+0.00 353%042 - 0.35
5 0.88+002 013+0.03 030+0.00 0.03+0.00 210%+0.12 0.20+0.00 0.28
6 0.85+0.06 - - 0.05+0.00 363+0.29 0.27+0.09 0.44
7 058+0.01 - - 0.04+0.00 177009 - 0.35
8 082+0.08 - - 0.03+0.00 397+037 - 0.46
9 1.07+0.03 0.27+0.03 - 0.04+0.01 557091 0.20+£0.06 0.42
10 1.00+0.06 - 0.15+0.05 0.03+0.00 183+0.23 0.30+0.06 0.30
11 097+0.03 0.20+0.06 - 0.03+0.01 3.63x054 050+0.12 0.40
12 164+0.01 - - 0.01+0.00 6.65+0.25 0.28+0.02 0.39
13 1.02+0.06 - - 0.05+0.00 4.47+029 0.17+0.03 044
14 110+012 0.17+0.03 3.75+1.15 0.05+0.00 10.07+0.75 0.25+0.05 0.66
15 167+0.07 020+0.00 2.03+0.42 0.02+0.00 8.37+0.26 0.17+0.03 0.54
16 1.18+0.10 0.10+0.00 0.23+0.03 0.02+0.00 293+0.33 - 0.28
M 1.01+£0.05 0.18+0.02 0.84+0.24 0.04+0.00 4.27+0.35 0.26+0.05

~ 49 ~



CHAPITRE W1: Metal contamination of Sesidernia acearica meadeows alony the Corsicarn caastline
(Meditevvarnear )

3.2. Comparison of the stations

The concentrations of most of the metals vary considerably depending on
the location of the sampling stations. The Cd concentrations in stations 2, 10, 11,
12, 14, 15 are significantly higher than in stations 3, 4, 5, 7, 8, 9 (P < 0.05 ; Table
I11.2 and Table 111.3). The highest Co, Cr and Ni concentrations are recorded in
stations 14 and 15. Co concentration in station 15 and Cr and Ni concentrations in
stations 14 and 15 are significantly higher than in all the other stations (P < 0.05 ;
Table 111.2 and Table 111.3). The lowest Hg concentration is recorded in station 12
(P < 0.05), while the Hg concentration in the other stations reach levels similar to
each other (Table I11.2 and Table 111.3). The Pb concentration in station 10 records
the highest value ; it is significantly higher than in stations 1, 4, 7, 8, 9, 13 and 15
(P <0.05; Table 111.2 and Table 111.3).

The MPI (metal pollution index) reaches the maximal value for station 15
in the blades (MPI = 2.24 ; Table 111.2) and for station 14 in the sheaths (MPI =
0.66 ; Table 111.3). The minimum MPI value is recorded for station 7 in the blades
(MPI = 1.03 ; Table 111.2) and for stations 5 and 16 in the sheaths (MPI = 0.28 ;
Table 111.3). The maximum MPI values found for stations 14 and 15 can be
explained by the fact that the highest concentrations of three metals out of the six

considered (Co, Cr and Ni) are recorded in these stations.

3.3 Metals correlation

Since data on metal concentrations suggested that some relation between
trace metals may exist, they were tested for Pearson’s correlations. Highly
significant positive correlations in blades were found between Co and Cr, Co and
Ni, Cr and Ni ; and significant ones were found between Cd and Ni, Cd and Pb
(Table 111.4). One negative correlation was found between Cd and Hg in blades
(Table I11.4). Highly significant positive correlations in sheaths were found
between Cd and Ni, Cr and Ni, as well as a negative one between Cd and Hg
(Table 111.4).
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Table I11.4 ; Matrix correlation of Pearson in the blades and in the sheaths (* : correlation
significant at P < 0.05 ; ** : correlation significant at P < 0.01).

Blades Cd Co Cr Hg Ni Pb
Cd 1.000

Co 0.377 1.000

Cr 0.353 0.799 ** 1.000

Hg -0.573 * -0.045 -0.193 1.000

Ni 0.505 * 0.687 ** 0.827 ** -0.331 1.000

Pb 0.501 * 0.135 -0.050 -0.260 -0.094 1.000
Sheaths Cd Co Cr Hg Ni Pb
Cd 1.000

Co 0.223 1.000

Cr 0.335 0.346 1.000

Hg -0.658 **  -0.078 0.135 1.000

Ni 0.641 ** 0.434 0.801 ** -0.060 1.000

Pb 0.050 0.037 0.030 0.114 0.086 1.000

3.4 Metal accumulation

Since all the metals considered except Cr are preferentially accumulated in
the blades (Table I11.2 and Table 111.3), the metal accumulation is regarded in
relation to this tissue. In the same way, since for this tissue the station 7 appears as
the less contaminated (MPI = 1, 03 ; Table 111.2), it will be used to observe the
order of metal accumulation. Thus, the metal concentrations decrease in the
following order : Ni > Co > Cd > Pb > Cr > Hg ([Ni] = 17.30 + 0.61 pg.g™* dry wt.
:[Co] =1.97 £ 0.18 pg.g™* dry wt. ; [Cd] = 1.52 + 0.08 ug.g™* dry wt. ; [Pb] = 1.27
+0.03 pg.g™ dry wt. ; [Cr] = 0.27 + 0.03 ug.g™ dry wt. ; [Hg] = 0.07 + 0.00 pg.g™
dry wt.).

4. Discussion and conclusion

The repartition of the trace metals analysed, between the two tissues of
Posidonia oceanica considered (blades and sheaths), shows that, except for Cr,
the trace metals are preferentially accumulated in blades. This finding is in
agreement with previous studies : Warnau et al. (1996) and Campanella et al. for
Cd ; Maserti et al. (1988), Sanchiz et al. (1990) and Capiomont et al. (2000) for
Hg ; Sanchiz et al. (1990) and Campanella et al. (2001) for Pb. This therefore
leads to the hypothesis of a preferential uptake of Cd, Co, Hg, Ni and Pb from the
water column to the photosynthetic tissue. Furthermore the different behaviour of
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Cr suggests another uptake and distribution route for this element. These results
are particularly interesting as they point out that, except for Cr, future analyses of
metal concentrations will be able to be realized only on the blades. This would be
a very important factor and improvement considering the necessity to preserve
Posidonia oceanica meadows (e.g. legal status ; Pergent-Martini et al., 2006), in
the sense that it would allow to collect the samples (the blades) without removing

the entire Posidonia oceanica shoot.

The results on Posidonia oceanica metal accumulation show that the
concentrations decrease according to the order : Ni > Co > Cd > Pb > Cr > Hg.
This is the sequence commonly observed with sometimes an occasional inversion
between Cd and Pb (Sanchiz et al., 1990 ; Costantini et al., 1991 ; Catsiki &
Panayotidis, 1993 ; Malea et al., 1994 ; Warnau et al., 1995 ; Schlacher-
Hoenlinger & Schlacher, 1998 ; Sanchiz et al., 1999 ; Campanella et al., 2001).
Furthermore, our study shows, in the same way as Costantini et al. (1991), a
positive correlation between Cd and Pb concentrations. Nevertheless, considering
the little data available on trace metals correlations, it seems difficult to interpret
our results and to define the impact that a metal may have on the behaviour of

another one and inversely.

Considering the metal contents at the scale of the Mediterranean Sea, the
contamination levels reported in this study generally fall in the range of the lowest
values available in literature (Table I11.5). All of our values are much lower than
those found for the impacted site of Antikyra Gulf in Greece (Malea et al., 1994 ;
Table I11.5). In detail, in the case of Cr and Pb our values are below those
previously reported, with the exception of those of Campanella et al. (2001)
which are quite similar (Table I11.5). Concerning Cd, Hg and Ni our values are
quite similar to those reported in literature, with the exception of the value found
in the impacted site of Antikyra Gulf in Greece for Cd (Malea et al., 1994) and
those found in the impacted site of Rosignano in Italy for Hg (Maserti et al., 1988
; Ferrara et al., 1989 ; Capiomont et al., 2000 ; Ferrat et al., 2003a ; Table 111.5)
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which are higher. Therefore, our results may reflect the natural background noise

of metals in the Mediterranean.
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Table 111.5 : Means and ranges (in brackets) of concentrations (ug.g™ dry wt.) in Posidonia
oceanica leaves reported in various studies (values with grey background correspond to stations

considered as impacted by authors).

Cd Cr Hg Ni Pb Station Reference
0.05- .
- - 013 - - Port-Cros (France) Augier et al., 1980
- - 0.02°¢ - - Corsica (France) .
- - 0.16° - - Rosignano (ltaly) Maserti et al., 1988
- - 0.38° - - Rosignano (Italy) Ferraraet al., 1989
3.97° 0.07 ° 4.15° Costantini et al
(1.95- - (0.02- - (1.85- Italian coast 1991 B
8.57)° 0.19) 2 9.55) 2
ég; ) i ) i Tyrrhenian coast  Taramelli et al.,
3 ‘87) (Italy) 1991
Cyclades Islands
1.99 2.89 - 21.22 - (Aegean Sea, Catsiki & Bei, 1992
Greece)
S &S Aegean Sea Catsiki &
- (1.75- - (19.05- - G dis. 1993
5.73) 30.72) (Greece) Panayotidis, 1
2.94
; @224- - ; : '(-éﬁsgse')s'a”d Catsiki et al., 1994
3.88)
20.8 39.5 .
@.7- - - - (105- AntkyraGulf =\ s etal, 1994
44.0) 13)  (Creece)
41 24 002 - sg  Calvi(Corsicd  peent Martini,
France) 1994
4.1 3.8 0.09 - 24 Marseille (France)
2.4 1.53 - - 7.76 Marseille (France)
2.1 1.67 - - 8.35 Ischl_a (Italy_) Warnau et al., 1995
23 0.96 i ) 596 Calvi (Corsica,
' ' ' France)
. Schlacher-Hoenlinger
1.0 - - - 34 Ischia Island (Italy & Schlacher, 1998
0.51
- - (0.39- - - Rosignano (Italy)
0.63) Capiomont et al.,
) ) (882 ) i Tonnara (Corsica, 2000
0 '07) France)
(iig (822 i ) (83(1) Favignana Island Campanella et al.,
2.'78) O.'74) 1.l18) (Sicily, Italy) 2001
) ) 0.07°¢ ) i Tonnara (Corsica,
' France)
- - 0.07° - . Lérins (France) Ferrat et al., 2003a
- - 0,26° - - Rosignano (Italy)
235"  036° 005" 19.79°  171° Corsican coast
(1.29- (0.12- (0.01- (11.73-  (0.99- (France) This work
3.44)° 129" 0.06)" 39.45)°  2.66)°"

#: estimated from the mean value of the fresh/dry weight ratio reported by the authors
b calculated from concentrations and biomass of blades and sheaths
¢: calculated from concentrations in blades and sheaths (June 2000 for Ferrat et al., 2003a ; possible seasonal variations)
and biomass measured in this study
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At the scale of the Corsican coastline, we observe for Cd a repartition in
two parts, with the highest values found in the part above the north-east south-
west diagonal (Figure 111.2). Considering the classification of Pergent-Martini et
al. (2005a), 2 stations exhibit a basic level of Cd contamination, 6 stations a low
one and 8 stations a moderate one (Figure 111.2). High values of Cd in the north-
western part of Corsica have already been revealed by the RINBIO biointegrator
network based on mussels (Andral et al., 2004b). This result may be linked to a

difference in the physico-chemical characteristics between the water masses of the
Ligurian Sea and of the Tyrrhenian Sea. We can also suppose the presence of a
potential source of Cd in the south-west of the island, which may contaminate the

north-western part through currents of coastal drift that go from the Bouches de
Bonifacio to the Cap Corse (Figure 111.2).

N
ﬁ Cap Corse

— Bouches de Bonifacio
10 km

Figure I11.2 : Map showing the marine currents (currents of cyclonic coastal drift in continuous

arrows and currents of anticyclonic coastal drift in dotted arrows ; from Pluquet, 2006) and the Cd

contamination levels of Posidonia oceanica meadows (a big star for a basic contamination level, a

medium star for a low one and a small star for a moderate one ; from the classification of Pergent-
Martini et al., 2005a).
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At the scale of the Corsican coastline, the highest Co, Cr and Ni
concentrations are recorded in stations 14 and 15, which is in agreement with the
results found in the RINBIO biointegrator network (Andral et al., 2004b). This
result is particularly meaningful as station 15 is situated just below the previous
asbestos mine of Canari which discharged 11 million tons of rubble into the sea
between 1948 and 1965 (Bernier et al., 1997). Andral et al. (2004a) mentioned
high Co, Cr and Ni concentrations in the fine sediments off the asbestos mine
([Co] = 70 pg.g™, [Cr] = 1600 pg.g™, [Ni] = 950 pg.g™) and in the sand situated
on the coast near the mine ([Co] = 110 pg.g™, [Cr] = 1100, [Ni] = 2200 pg.g™Y).
Bernier et al. (1997) reported that the west coast of Cap Corse is formed of
ophiolitic rocks (pillow-lavas and prasinites, gabbros, serpentinites and
peridotites) and that the mineral characteristics of the rubble sand belongs to the
serpentine, olivine, pyroxene and amphibole groups. The general formula of
serpentine is Mgs {Si,O4} (OH) 4 and substitution of Mg by Fe (1), Fe (Il1), Cr,
Al, Ni and Mn may occur (Mével, 2003). In the same way, several authors
reported large amounts of magnesium and/or iron, disproportionate richness in Ni,
Cr and Co and poorness in Ca in the serpentinite (Kruckeberg, 1984 ; Brooks,
1987 ; Kruckeberg et al., 1999 ; Adriano, 2001 ; Freitas et al., 2004 ; Lee et al.,
2004 ; Pal et al., 2006). Furthermore, Azais et al. (1960) showed that the
serpentinite of Cap Corse is relatively rich in Ni. Therefore, in the light of these
remarks, the high Co, Cr and Ni concentrations recorded in this study may be

related to the presence of the asbestos mine of Canari.

At the scale of the Corsican coastline, Hg concentration is similar in all the
stations considered, this is in agreement with what was expected since there are no
known anthropogenic sources of Hg contamination on the island. From the
classification of Pergent-Martini et al. (2005a), all the stations studied present an
Hg contamination level between basic and low, which is particularly interesting,
as it allows to consider the Corsican coast as a reference zone for Hg

contamination.
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At the scale of the Corsican coast, it appears that station 10 records the
highest Pb concentration. This result may be related to the presence of the largest

town of the island (Ajaccio) in the vicinity of this station 10.

Therefore, this study confirms the relevance of the use of Posidonia
oceanica as a biological indicator of metal contamination in coastal ecosystems.
Being able to differentiate stations presenting low levels of metal contamination,
it demonstrates once again its high sensitivity. Thus the usefulness of Posidonia
oceanica as a tracer of spatial metal contamination and as a good tool for water

quality evaluation is reinforced.
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CHAPITRE IV

Trace metals assessment in water, sediment, mussel
and seagrass species - Validation of the use of

Posidonia oceanica as a metal biomonitor®

Abstract

The accumulation of trace metals (Cd, Co, Cr, Hg, Ni and Pb) was measured in
water, sediment, the mussel Mytilus galloprovincialis and the seagrass Posidonia
oceanica. Samples were collected in three locations of the north-western
Mediterranean (Canari, Livorno and Porto-Torres) which present different levels
and sources of human impact. Analyses in the different compartments (water,
sediment, Mytilus galloprovincialis and Posidonia oceanica) have allowed to
identify Canari as the most Cd, Co, Cr and Ni contaminated site ; Livorno as the
most Hg contaminated and Porto-Torres as the most Pb contaminated.
Furthermore, for the first time metal concentrations found in Posidonia oceanica
have been compared with those found in the water column, in the sediment and in
the recognized metal bio-indicator species Mytilus galloprovincialis and the
results obtained have led to the same conclusions. Thus, this study allows to

validate the use of Posidonia oceanica as metal biomonitor of coastal waters.

Keywords : metal contamination, biomonitoring, seawater, sediment, marine

organisms, Mediterranean Sea

° Lafabrie, C., Pergent, G., Kantin, R., Pergent-Martini, C., Gonzalez, J.-L., 2007. Trace metals
assessment in water, sediment, mussel and seagrass species — Validation of the use of Posidonia
oceanica as a metal biomonitor. Chemosphere 68(11), 2033-2039.
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1. Introduction

The continental shelf constitutes the most important zone of the marine
environment as far as human activities are concerned, as it contains the main
source of living marine resources (Castro et al., 1999 ; Usero et al., 2005) and as
it is the area that is most concerned by human-induced changes (Zoller, 2006).
The coastal part of this continental shelf is the most sensitive, as it receives large
amounts of contaminants introduced by domestic, industrial and agricultural
activities, directly or via rivers or through atmospheric deposition (Zoller &
Hushan, 2000 ; Usero et al., 2005). In most cases, the impact and synergistic
effects of contaminants on marine ecosystem are poorly known (Zoller, 2006).
The early identification of inorganic contaminants such as trace metals, which are
all toxic above a specific threshold of bioavailable level (Kucuksezgin et al.,

2006), is essential to avoid damage to marine biocenoses (Girotti et al., 2006).

The comparison of metal contamination in different aquatic environments
is possible by analysis of water (Davison & Zhang, 1994 ; Manfra & Accornero,
2005 ; Stark et al., 2006), sediment (Calmano et al., 1996 ; Acevedo-Figueroa et
al., 2005 ; Tankere-Muller et al., 2006) and indigenous biota (Rainbow &
Phillips, 1993 ; Goldberg & Bertine, 2000 ; Pergent-Martini & Pergent, 2000 ;
Ferrat et al., 2003b). Bioaccumulation studies led to the adoption of the bio-
indicator concept (Langston & Spence, 1995). Monitoring networks, mostly based
on bivalves (O’Connor, 1996 ; Goldberg & Bertine, 2000 ; Andral et al., 2004b ;
Morillo et al., 2005 ; Usero et al., 2005), have been developed in order to evaluate
the marine environment quality. Seagrasses are increasingly used as indicators of
chemical contaminations of coastal regions (see synthesis in Ferrat et al., 2003b).
In the Mediterranean Sea, the endemic species Posidonia oceanica (L.) Delile is
often considered a useful metal bio-indicator (Capiomont et al.,, 2000 ; see
synthesis in Pergent-Martini & Pergent, 2000 ; Campanella et al., 2001 ; Ferrat et
al., 2003a).

The aim of this study is three fold : (i) first, to determine trace metals

concentrations in water, sediment, the mussel Mytilus galloprovincialis (L)
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Lamarck, 1819 and the seagrass Posidonia oceanica in three Mediterranean
locations ; (ii) second, to compare, for the first time, the metal concentrations in
these different compartments (water, sediment, Mytilus galloprovincialis,
Posidonia oceanica) ; and (iii) third, to evaluate the relevance of Posidonia

oceanica as a metal bio-indicator.

2. Materials and methods

2.1. Sampling locations

Samples were collected in three stations, selected randomly, in three north-
western Mediterranean locations (Canari, Livorno and Porto-Torres ; Figure 1V.1)

situated in proximity of different human-induced impact activities.

100 kem

Figure 1V.1 : Sampling locations in the north-western Mediterranean. 1 : Canari (Corsica, France)
—2: Livorno (Toscana, Italy) — 3 : Porto-Torres (Sardinia, Italy).
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Canari (Corsica-France), on the west coast of the Cap Corse, is located
next to a previous asbestos mine which discharged, between 1948 and 1965, more
than 11 million tons of serpentinite rubble directly into the sea (Bernier et al.,
1997). Livorno (Toscana-Italy) is situated in proximity of the chemical plant of
Rosignano Solvay which discharged, until the last decade, about 8000 m*.h™ of
industrial waste into the sea (Petrilli et al., 1979 ; Balestri et al., 2004). Porto-
Torres (Sardinia-ltaly) is situated close to the Porto-Torres industrial harbour
which is one of the most important in Sardinia in terms of hydrocarbons and
petrochemical products traffic (De Luca et al.,, 2004). In January 2004, a
hazardous materials accident occurred in this harbour (tanker unloading benzene,
loss of ship ; CEDRE, 2004 ; Ronza et al., 2006). Samples were collected in

summer 2004 in Canari and Porto-Torres, and in summer 2005 in Livorno.

2.2. Sampling method, sample preparation and trace metals analyses
(cadmium : Cd ; cobalt : Co ; chromium : Cr ; mercury : Hg ; nickel :
Ni and lead : Pb)

Diffusive gradients in thin films (DGT) sampling technique, based on
diffusion of metals through a diffusive layer until a binding phase where they are
concentrated (Davison & Zhang, 1994 ; Zhang & Davison, 2000), was used to
determine seawater metal concentrations. DGT units consist of polyacrylamide
hydrogel diffusion layers (0.76 mm thick), Chelex 100 impregnated binding
phases (0.40 mm thick) and nylon DGT holders (DGT Research Ltd. UK). They
were assembled with 0.45 um pore-size cellulose acetate filters, used as covering
membranes. DGT units were positioned at approximately 2 m above the bottom of
the water column and were deployed for about 24h. Elution of metals, from the
Chelex 100 binding phase, was carried out by immersion in 1.0 M HNO;
(Suprapure). Metal analysis was carried out by inductively coupled plasma mass
spectrometry (ICP-MS).

Superficial sediment (80 to 500 g dry wt.) was collected in PVC cores by

scuba divers, in the vicinity of the Posidonia oceanica meadow. The fraction of

the sediment inferior to 2 mm was frozen, lyophilised and analysed by atomic
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absorption spectrometry, with quality assurance procedures, at the Laboratory of
Rouen / ETSA (France).

Transplanted mussels were stored in conchylicultural pouches and
immersed 6 m below the surface, above Posidonia oceanica meadow. Immersion
period lasted three months and occurred during the mussel sexual dormancy
period in order to improve immersion conditions and to minimize tissue-growth
variations (Andral et al., 2004b). Mussels were opened raw, the flesh scraped out
of the shells, which were then frozen, lyophilised, reduced to powder and
analysed by atomic absorption spectrometry with quality assurance procedures at
the Laboratory of Rouen / ETSA (France).

Posidonia oceanica shoots were collected at 10 + 1 m depth by scuba
divers. Only the blades (Giraud, 1979) were analysed, as it has been previously
reported that most trace metals accumulate preferentially in blades (Lafabrie et
al., in press). Epiphytes and sediment were removed from the blades using a glass
strip. Samples were rinsed (ultrapure water), frozen, lyophilised and reduced to
powder. For Hg analyses, 50 mg of each sample was weighed in a Teflon
digestion vessel CEM® ACV of 100 ml (CEM Corporation, USA). 5 ml of 69%
HNO;3; (Normapur) and 1 ml of H,O, 30% (Normapur) were added. The vessels
were sealed and placed into the CEM® MARS 5 chamber (20 minutes at 200°C
and 20 minutes of cooling). The content of each vessel was poured into 25 ml
volumetric flasks and diluted to volume with ultrapure water and then transferred
to 60 ml polypropylene flasks. Mineralized samples were analysed with a cold
vapour atomic absorption spectrometer (CV-AAS - Perkin Elmer®). The standard
addition method was applied for calibration. Calibration standards were prepared
from a mercury standard solution 1 000 mg.L™. Cd, Co, Cr, Ni and Pb were
analysed by atomic absorption spectrometry with quality assurance procedures at
the Laboratory of Rouen / ETSA (France).

Limit of detection was defined as three times the standard deviation from

the mean blank (US Environmental Protection Agency, 2000). The
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instrumentation limits of detection were between 0.3 and 2 pg.L™. The standard
addition method was applied for calibrations and calibration standards were
prepared from standard solutions of 1 000 mg.L™ (Merck). The analytic procedure
was verified using certified reference material (Lagarosiphon major, CRM 60 ;
Community Bureau of Reference - Commission of the European Communities ;
Table 1V.1).

Table 1.1 : Analysis of trace metals in the certified reference material Lagarosiphon major.
Results are expressed in pg.g™ dry wt. (mean value + 95% confidence interval).

Cd Co Cr Hg Ni Pb
Certified 2.20+0.10 0.34+0.04 63.80+3.20
values
Uncertified 4.00 26.00 40.00
values

Our values 2.03+0.01  3.70+0.20 24.00+1.00 0.35+0.01 37.00+1.00 62.40+0.40

2.3. Statistical analysis

For metal concentrations in sediment, differences between locations were
evaluated by Kruskal-Wallis test. For metal concentrations in Mytilus
galloprovincialis and Posidonia oceanica, differences between organisms and
between locations were determined by a two-way analysis of variance (ANOVA)
followed by the post-hoc test of Tukey. Correlations between metal
concentrations in Posidonia oceanica and sediment were performed by analysis of

Pearson’s correlations.

3. Results

3.1. DGT units (DGTSs)

The highest Cd, Co and Ni concentrations are recorded in Canari whereas
the highest Cr concentration found in Livorno and the highest Pb concentration in
Porto-Torres (Table 1V.2).
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Table IV.2 : Metal concentrations in seawater (in ng.L™ ; the location presenting the
maximum value is in bold).

Cd Co Cr Ni Pb
Canari 16 17 152 1380 48
Livorno 6 8 616 197 38
Porto-Torres 9 16 282 378 75

3.2. Sediment

The highest Co, Cr and Ni concentrations are recorded in Canari (P <
0.05) whereas the highest Cd, Hg and Pb concentrations are recorded in Livorno
(P <0.05; Table I1V.3).

Table IV.3 : Metal concentrations in sediment (mean + S.E. in ug.g™* dry wt. with S.E. : Standard
Error ; Standard Error = Standard Deviation / Vn ; n = 3 replicates — PT : Porto-Torres - the
location presenting the maximum value is in bold).

Cd Co Cr Hg Ni Pb
Canari 0.03+0.00 55.33+14.19 1194+282 0.02+0.01 1325+5 4.67+0.67
Livorno 0.40+0.10 7.00+1.00 85+17 056+0.14 40+6 44.50%4.50
PT 0.07+0.03 2.50+£0.00 9+4 0.07+0.04 4+1 18.67%219

3.3. Organisms

Metal concentrations in Mytilus galloprovincialis and Posidonia oceanica

in the different locations are shown in Table 1V 4.

Table IV.4 : Metal concentrations in Mytilus galloprovincialis (M.g.) and Posidonia oceanica
(P.o. ; mean + S.E. in pug.g™ dry wt. ; n = 3 replicates — PT : Porto-Torres - the location presenting
the maximum value is in bold).

Cd Co Cr Hg Ni Pb

M.g.

Canari 182+005 143+009 3.00+067 0.09+0.00 367+0.86 1.17+0.09
Livorno 1.13+0.05 0.06 0.47+0.07 0.12+0.01 1.10+£0.10 1.07+0.09
PT 1.77+£0.12 0.83%0.13 043%+009 010+0.01 137+0.12 1.43+0.19
P.o.

Canari 538+0.14 12.07+052 1.27+0.23 0.05+0.00 60.30+3.67 1.47+0.03
Livorno 3.39+0.12 5.73+0.03 0.27+0.07 0.13+0.00 28.90+0.65 1.40+0.25
PT 210+0.10 170+0.06 0.20+0.06 0.06+0.00 27.47+1.10 1.80+0.00
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Cd, Co, Ni and Pb concentrations are significantly higher (P < 0.05) in
Posidonia oceanica than in Mytilus galloprovincialis whereas Cr and Hg
concentrations are significantly higher (P < 0.05) in Mytilus galloprovincialis than

in Posidonia oceanica (Table IV.4).

Canari presents the highest Cd, Co, Cr and Ni concentrations (P < 0.05)
whereas Livorno shows the highest Hg concentration (P < 0.05) and Porto-Torres
the highest Pb concentration (P < 0.05 ; Table 1V.4).

3.4. Metal bioconcentrations

To evaluate the efficiency of metal bioaccumulation by Posidonia
oceanica, the biosediment factor (BSAF), defined as the ratio between the metal
concentration in the organism and that in the sediment (Lau et al., 1998 ; Szefer et
al., 1999), has been calculated for both species (Figure 1V.2). Cd is the metal
which presents the highest BSAF mean and Cr is the metal with the lowest one
(Figure 1V.2). Posidonia oceanica has the highest BSAF mean for all metals

except Hg (Figure 1V.2).

1000
‘ 0 M. galloprovincialis m P. oceanica
84.9
100
33.9
10
23 2.5
1.3
1 1 0.6
0 ‘ ‘ el
Cd Co Cr Hg Ni Pb

Figure IV.2 : Mean bio-sediment accumulation factor values (BSAF) in Mytilus galloprovincialis
and Posidonia oceanica.
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3.5. Relationship between metals in Posidonia oceanica and in

sediment

There are significant positive relations for Co, Cr, Hg and Ni
concentrations in Posidonia oceanica relative to their concentrations in sediment
(rco =081 ; P<0.05-rc =093 ryg =0.95; ryi =0.98 ; P <0.01). Non

significant relations are found in the case of Cd (rcq = -0.22) and Pb (rpp = -0.20).

Linear regression between concentrations in Posidonia oceanica (y values)
and those in sediment (x values) is calculated for metals with positive significant
correlations. Trace metals can be ordered as follows in terms of the value of their
slope a : Hg (ang = 0.136) > Co (aco = 0.134) >Ni (an;i = 0.025) > Cr (ac, = 0.001).

4. Discussion

Canari is identified as the most Cd, Co, Cr and Ni contaminated location
by all the compartments investigated, except sediment analysis of Cd and DGTs
analysis of Cr which reveal a maximum value for Livorno (as a reminder : there
are no replicates for DGTs). Concerning Cd, high values of Cd in the north-west
of Corsica have already been revealed (Roméo et al., 1995 ; Andral et al., 2004b)
and may be explained by a potential source of Cd contamination in the south-west
of Corsica (Lafabrie et al., in press) or by a natural phenomenon such as the
upwelling of deep waters rich in Cd (Roméo et al., 1995). The fact that no
correlation has been found between Cd concentrations in Posidonia oceanica and
in sediment could indicate that Cd in Posidonia oceanica tissues reflect the Cd in
water column. This hypothesis seems plausible as Lyngby & Brix (1982) reported
that Cd concentrations in the eelgrass Zostera marina L. would reflect Cd
concentrations in the ambient water. The fact that, in sediment, the maximum
value of Cd is found in Livorno may be related to the presence of a high amount
of calcium carbonate grains in the sediment (Petrilli et al., 1979 ; Ferrara et al.,
1989 ; Balestri et al., 2004) as, in terrestrial environment, it has been suggested
that the addition of calcium carbonate to soil may reduce the uptake of some trace
metals by plants (Kabata-Pendias & Pendias, 1984 ; Sanchiz et al., 2001).
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Concerning Co, Cr and Ni, our results are consistent with literature as previous
studies mentioned the presence of high levels of these metals near Canari (Andral
et al., 2004b) and demonstrated the link with the asbestos mine (see in Lafabrie et
al., in press). Furthermore, the fact that positive correlations have been found
between Co, Cr and Ni concentrations in Posidonia oceanica and in sediment
would suggest that Co, Cr and Ni in Posidonia oceanica tissues reflect Co, Cr and

Ni in sediment.

Livorno is identified as the most Hg contaminated location by all the
compartments investigated. This result may be related to the chemical plant of
Rosignano. Indeed, previous studies revealed the presence of a high level of Hg
and of high levels of suspended particulate matter (200-300 mg/l) in the effluents
of this plant (Petrilli et al., 1979 ; Ferrara et al., 1989 ; Balestri et al., 2004), and it
has been reported that Hg would be mainly associated to particulate matter
(Maserti & Ferrara, 1991 ; Cossa et al., 1997). Moreover, several studies qualified
Livorno as an Hg contaminated site (Maserti et al., 1988 ; Ferrara et al., 1989 ;
Capiomont et al., 2000 ; Ferrat et al., 2003a). Furthermore, the fact that a positive
correlation has been found between Hg concentrations in Posidonia oceanica and
in sediment, as in the studies of Ferrara et al. (1989) and Sanchiz et al. (1999,
2001), would suggest that Hg in Posidonia oceanica tissues reflects Hg in

sediment.

Porto-Torres is identified as the most Pb contaminated location by all the
compartments investigated, except sediment which shows a maximum Pb value
for Livorno. This result may indicate an influence of the Porto-Torres industrial
harbour on Pb contamination as, moreover, recent studies (Baumard et al., 1998,
1999 ; Escartin & Porte, 1999 ; De Luca et al., 2004) revealed a general chemical
contamination of the Porto-Torres coast. The fact that, as in the study of Malea et
al. (1994) and Sanchiz et al. (1999, 2001), no correlation has been found between
Pb concentrations in Posidonia oceanica and in the sediment, would indicate that
Pb in Posidonia oceanica tissues reflects Pb in the water column. This hypothesis

is reinforced when considering laboratory studies which showed that aquatic
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plants can remove Pb from the surrounding water (Bond et al., 1988 ; Axtell et
al., 2003). As for Cd, the Pb maximum value in sediment, found in Livorno, may
be related to the presence of high amounts of calcium carbonate grains in the
effluents of the Rosignano plant (Petrilli et al., 1979 ; Ferrara et al., 1989 ;
Balestri et al., 2004) which would reduce the uptake of Pb by Posidonia oceanica
(Kabata-Pendias & Pendias, 1984 ; Sanchiz et al., 2001).

The DGT technique is considered a useful tool for the evaluation of the
marine environment quality (Zhang & Davison, 2001 ; Manfra & Accornero,
2005 ; Larner et al., 2006 ; Stark et al., 2006). Therefore, even if caution must be
used in the interpretation of DGTs results (no replicate), it is worth noting that
Posidonia oceanica results globally lead to the same conclusions as DGT ones. In
the same way, sediment is considered a sensitive human-induced impact indicator
(Calmano et al., 1996 ; Acevedo-Figueroa et al., 2005 ; Tankere-Muller et al.,
2006) and it is thus interesting to notice that Posidonia oceanica results equally
lead to the same overall conclusions as sediment results. Finally, Mytilus
galloprovincialis, considered a good indicator of trace metals level in the
environment (Ostapczuk et al., 1997a, b ; Goldberg & Bertine, 2000 ; Claisse et
al., 2001 ; Webb & Keough, 2002 ; Andral et al., 2004b ; Chiffoleau et al., 2005 ;
Funes et al., 2006), presents the same trends as Posidonia oceanica. Therefore,
the endemic Mediterranean seagrass Posidonia oceanica, leading to the same
conclusions than the water column, the sediment and the recognized biological
indicator Mytilus galloprovincialis in terms of metal contamination, can be

described as accurate and reliable indicator.

5. Conclusions

Posidonia oceanica is often considered as a useful metal bio-indicator (see
Capiomont et al., 2000 ; Pergent-Martini & Pergent, 2000 ; Campanella et al.,
2001 ; Ferrat et al., 2003a). This assessment is validated in this study by
comparing for the first time metal concentrations found in Posidonia oceanica

with those found in the water column, in the sediment and in the recognized metal
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bio-indicator species Mytilus galloprovincialis. Furthermore, this study shows that
Posidonia oceanica may have a greater bioaccumulation capacity than Mytilus
galloprovincialis for all the metals considered except Hg and may reflect both
contaminations in the water column and in sediment. Several studies suggest
employing seagrasses as bio-indicators of coastal waters metal contamination (see
synthesis in Ferrat et al., 2003b). Therefore, in future, seagrasses, which are
widely distributed in the entire biosphere, could be integrated in the setting-up of
a general monitoring network as initiated by the European Commission in the
Water Framework Directive (2000/60/EC ; EC, 2000).
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CHAPITRE V
Evaluation of the metal contamination in the North

occidental Mediterranean from the bio-indicator

Posidonia oceanica®

Abstract

The aim of this study is to evaluate the possibility of using Posidonia oceanica as
an indicator of coastal water contamination according to the WFD objectives. Cd,
Co, Cr, Hg, Ni and Pb concentrations are determined in the foliar tissues of 38
sites of the north occidental basin of the Mediterranean Sea. Trace metal
contaminations recorded along the Corsican coastline generally exhibit minimum
values except in the vicinity of Centuri (outfall of a previous Asbestos mine),
where Co, Cr and Ni are very high. Conversely, the site of Rosignano (Tuscany)
corresponds to maximum value of Hg (0.126 + 0.003 pg.g™* dry wt.) and Toulon
(Provence-Alpes-Cote d’Azur), the maximum value of Pb (5.57 + 0.30 pg.g™ dry
wt.). Preliminary quality scales are established using the quantile method and the
regular interval method. The limit values of these scales are discussed according
the metal taken into account, and compared to previous studies.

Key words : Posidonia oceanica, metal contamination, quality scale, north-

western Mediterranean.
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1. Introduction

The Mediterranean basin occupies the 7th place out of the 35 in the list of
the most threatened seas (UNEP, 1996) and represents, at present, one of the
regions of the world with the most serious environmental problems (Ramade,
1993). Highly populated, the Mediterranean basin is subject to important human-
induced pressures. Of the different Mediterranean ecosystems, those that belong
to the coastal area are the ones that suffer the heaviest consequences from
anthropogenic activities (Ramade, 1990), while presenting most of the
biodiversity present in the area. The Mediterranean Sea has become a container of
great quantities of industrial waste, of oil and of domestic wastewater (70 % of
which are not treated ; UNEP, 1996).

In this frame, a number of programmes have been set up, at international
level, aiming at the improvement of the environmental quality, such as the EU
Water Framework Directive (WFD), the draft EU Marine Strategy and several
programmes and protocols of the Barcelona Convention. Indeed, the aim of the
WEFD is to protect and enhance the quality of surface and ground waters, through
their assessment and monitoring using biological quality elements in priority and
physico-chemical quality elements secondarily (Directive 2000/60/EC ; EC,
2000). The evaluation of the physico-chemical quality of the coastal environment
consists of a number of different elements, in which can be included nutrients,
synthetic pollutants, as well as non-synthetic pollutants such as metals. In this
aspect, article 16 of the WFD, specifies that Environmental Quality Standards
should be set for pollutants in water, sediment and biota, and thereafter should not
be exceeded (Directive 2000/60/EC ; EC, 2000). Metals, as other pollutants, will
therefore require that their environmental quality standards be set. At present, four
metals (cadmium, mercury, lead, and nickel) can be found in the list of priority
substances established by the European Community (Decision N° 2455/2001/EC ;
EC, 2001).

As many seagrass species, Posidonia oceanica (L.) Delile is highly
sensitive to environmental changes (Augier, 1985 ; Maserti et al., 1988 ; Grauby
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et al., 1991 ; Pergent, 1991). Because of its wide distribution in the Mediterranean
basin, its longevity, its permanent presence whatever the season, its easy
sampling, this species is particularly suitable for environmental studies (Pergent-
Martini, 1998). The ability of Posidonia oceanica to concentrate trace metals
(Augier et al., 1977 ; Maserti et al., 1988 ; Malea & Haritodinis, 1989a ; Gnassia-
Barelli et al.,, 1991 ; Lafabrie et al., in press) has been clearly established.
Posidonia oceanica has been often considered a reliable metal bioindicator
(Augier, 1985 ; Pergent, 1991 ; Pergent-Martini & Pergent, 2000), which has also
been demonstrated by a comparative study (Lafabrie et al., in press) with the well
established bio-indicator Mytilus galloprovincialis (Goldberg & Bertine, 2000 ;
Claisse et al., 2001 ; Webb & Keough, 2002).

Therefore, the aim of this study is to evaluate the possibility of using
Posidonia oceanica as an indicator of coastal water contamination, following
the direction suggested also by the WFD. In this way a general study has been
carried out in the north-western part of the Mediterranean basin in order to (i)
establish the level of metal contamination in this area and to (ii) propose quality

scales for the main metals taken into account.

2. Materials and methods

Posidonia oceanica shoots were collected between 10 and 16m depth by
SCUBA diving, in spring-summer 2003, 2004, 2005 and 2006 in 38 sites (Figure
V.1).
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Figure V.1 : Sampling sites (1 : Mont Roig — 2 : Matar6 — 3 : Marseille —4 : Toulon -5
Macinaggio — 6 : Sisco — 7 : Bastia— 8 : Campoloro — 9 : Diane — 10 : Solenzara—11:
Sant’Amanza — 12 : Bonifacio — 13 : Propriano — 14 : Ajaccio — 15 : Porto — 16 : Punta Bianca —
17 : Calvi—18: Calvi Cages — 19 : Lumio — 20 : St Florent — 21 : Canari 1 — 22 : Canari 2 - 23 :
Canari 3—24 : Canari 4 — 25 : Canari 5 — 26 : Centuri — 27 : Porto-Torres 1 — 28 : Porto-Torres 2 —
29 : Porto-Torres 3 — 30 : Porto-Torres 4 — 31 : Livorno 1 — 32 : Livorno 2 — 33 : Livorno 3-34:
Livorno 4 — 35 : Rosignano — 36 : Piombino — 37 : Lacco Ameno — 38 : Scarrupata).

Leaves were sorted according to the protocol of Giraud (1979). Epiphytes
and sediments were removed from the leaves using a glass strip. Samples were
rinsed (ultrapure water), frozen, lyophilized and reduced to a powder. Metal

analyses were performed on the blades of the adult leaves.

Metals analysed are : arsenic (As), cadmium (Cd), cobalt (Co), copper
(Cu), chromium (Cr), mercury (Hg), nickel (Ni), lead (Pb), silver (Ag) and zinc
(Zn). Hg concentrations were determined using a cold vapour atomic absorption
spectrometer (CV-AAS ; see method used in Lafabrie et al., in press). Other trace
metals analyses were run by atomic absorption spectrometry with quality
assurance procedures at the Laboratory of Rouen / ETSA (France). The accuracy
of the method was evaluated by calibration vs. an international standard (CRM 60

: Lagarosiphon major, Community Bureau of Reference — BCR, Brussels).
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3. Results

Six metals (Cd, Co, Cr, Hg, Ni and Pb) are analyzed in the 38 sites (Table
V.1).

Table V.1 : Metal concentrations in Posidonia oceanica blades (mean # standard error ; in pug.g™

dry wt. ; MD : missing data ; Calvi C. : Calvi Cages ; SM : Sant’Amanza ; P. Bianca : Punta
Bianca ; PT : Porto-Torres ; L. Ameno : Lacco Ameno).

Cd Co Cr Hg Ni Pb

Mont Roig | 2.98+0.07 MD MD 0.080 19.93+1.68 | 4.43+0.58
Matard 4.17+0.22 MD MD 0.055+0.005 | 25.13+1.28 | 2.43+0.34
Marseille 2.14+0.11 | 2.10+£0.06 | 0.30+0.06 | 0.068+0.002 | 20.67+£0.56 | 3.23+0.32
Toulon 1.81+0.14 | 4.67+1.27 | 0.50+0.10 | 0.117+0.009 | 20.00+0.81 | 5.57+0.30
Macinaggio | 2.88+0.75 | 3.13#0.15 | 0.3740.03 | 0.038+0.010 | 27.67+1.23 | 1.73+0.07
Sisco 3.89+0.14 | 4.03+0.28 | 0.30+0.10 | 0.060+0.006 | 24.67+0.38 | 2.63+0.35
Bastia 1.47+£0.06 | 3.20+0.12 | 0.33+0.03 | 0.071+0.000 | 19.57+0.22 | 2.53+0.09
Campoloro | 2.26+0.06 | 5.30+0.20 | 0.33+0.03 | 0.057+£0.003 | 21.13+0.43 | 1.97+0.03
Diane 2.18+0.03 | 4.80+0.15 | 0.27+0.03 | 0.050+0.002 | 14.60+0.46 | 2.93+0.20
Solenzara 2.58+0.11 | 3.87+0.18 | 0.23+0.03 | 0.067+£0.003 | 17.80+0.61 | 2.20+0.35
SM 1.52+0.08 | 1.97+0.18 | 0.27+0.03 | 0.067+£0.007 | 17.30+0.61 | 1.27+0.03
Bonifacio 2.14+0.08 | 1.83+0.07 | 0.23+0.03 | 0.043+£0.003 | 22.27+0.62 | 1.70+0.15
Propriano 2.17+£0.15 | 2.57+0.24 | 0.15+0.05 | 0.071+0.003 | 17.87+1.46 | 1.40+0.10
Ajaccio 3.53+0.18 | 3.03+0.15 | 0.17+0.03 | 0.048+0.004 | 23.40+0.50 | 3.37+0.29
Porto 3.5740.18 | 2.87+£0.35 | 0.20+0.00 | 0.041+0.004 | 15.93+1.87 | 2.87+0.13
P. Bianca 4.52+0.36 MD MD 0.03 44.63+6.59 | 3.77+0.54
Calvi 2.18+0.23 | 2.33+0.22 | 0.33+0.03 | 0.015+0.002 | 17.50+1.06 | 2.67+0.82
Calvi C. 4.62+0.19 MD MD 0.02 36.17+£1.14 | 2.40+0.06
Lumio 2.13+0.13 | 4.13+0.13 | 0.33+0.03 | 0.059+0.004 | 28.80+2.72 | 1.30+0.12
St Florent | 3.37+£0.20 | 4.93+0.49 | 0.47+0.03 | 0.047£0.007 | 41.43+1.15 | 2.43+0.58
Canari 1 3.374£0.20 | 4.93+£0.49 | 0.47+0.03 | 0.057+0.006 | 41.43+1.15 | 2.43+0.58
Canari 2 3.67+0.15 | 14.37+1.44 | 1.20+0.10 | 0.055+0.006 | 128.33+£13.93 | 1.60+0.17
Canari 3 3.974£0.03 | 7.73+£0.24 | 1.07+£0.07 | 0.048+0.005 | 48.73+1.13 | 2.10+0.29
Canari 4 3.79 5.20 0.30 0.071+0.006 76.80 1.10

Canari 5 2.90+0.10 | 3.90+0.26 | 0.33+0.03 | 0.067+0.009 | 28.10+0.62 | 1.80+0.06
Centuri 2.78+0.08 | 4.13+0.28 | 0.20+0.00 | 0.049+0.001 | 27.73+0.99 | 1.67+0.09
PT1 2.83+0.14 | 2.37+0.18 | 0.23+0.03 | 0.081+0.015 | 23.17+0.15 | 2.37+0.12
PT 2 2.68+0.12 | 2.10+0.10 | 0.20+0.00 | 0.100+0.010 | 20.47+0.60 | 2.73+0.33
PT3 2.10+£0.10 | 1.70+0.06 | 0.25+0.05 | 0.058+0.002 | 27.47+1.10 | 1.80+0.00
PT4 1.96+0.20 | 1.47+0.03 | 0.23+0.07 | 0.052+0.003 | 22.00+0.71 | 2.00+0.06
Livorno 1 2.49+0.03 | 5.70+0.17 | 0.47+0.09 | 0.072+0.007 | 33.73+5.59 | 1.20+0.06
Livorno 2 2.38+£0.07 | 4.80+0.15 | 0.33+0.03 | 0.067+0.004 | 38.87+5.67 | 1.43%0.22
Livorno3 | 3.39+0.12 | 5.73+0.03 | 0.2740.07 | 0.077+0.012 | 28.90+0.65 | 1.40+0.25
Livorno4 | 3.63+0.11 | 5.404+0.32 | 0.37£0.03 | 0.085+0.010 | 36.43+2.05 | 1.13+0.22
Rosignano | 3.40+0.09 | 6.60+0.20 | 0.374£0.03 | 0.126+0.003 | 34.97+1.27 | 1.27+0.13
Piombino 2.82+0.03 MD MD 0.0874£0.009 | 35.07+2.13 | 1.97+0.35
L. Ameno | 1.77+0.08 MD MD 0.040 34.67£0.95 | 3.00+0.10
Scarrupata | 2.95+0.03 MD MD 0.030 38.80+1.51 | 1.83+0.03

Calvi cages (Corsica) presents the maximum value of Cd (4.62 + 0.19

ng.g™ dry wt.) ; Canari C2 (Corsica) the maximum value of Co, Cr and Ni (14.37
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+1.44, 1.20 + 0.10 and 128.33 + 13.93 pg.g™ dry wt. respectively) ; Rosignano
(Tuscany) the maximum value of Hg (0.126 + 0.003 pg.g™ dry wt.) and Toulon
(Provence-Alpes-Cote d’Azur, PACA) the maximum value of Pb (5.57 + 0.30
ug.g™ dry wt. ; Table V.1). On the other hand, the Corsican coastline presents the
minimum value of Cd (1.47 + 0.06 pg.g™ dry wt. in Bastia), Cr (0.15 + 0.05 pg.g™
dry wt. in Propriano), Hg (0.015 + 0.002 pg.g™ dry wt. in Calvi), Ni (14.60 + 0.46
ng.g™t dry wt. in Diane) and Pb (1.10 pg.g™* dry wt. in Canari 4) while the
minimum value of Co (1.47 + 0.03 pg.g™ dry wt.) is recorded in Porto-Torres 4
(Sardinia ; Table V.1).

Four other metals (Ag, As, Cu and Zn) are analyzed in 11 sites (Table
V.2). Piombino (Tuscany) presents the maximum value of Ag and Cu (0.93 *
0.03ug.g™” dry wt. and 25.87 + 1.74 pg.g™ dry wt. respectively) ; and, Toulon
(PACA) the maximum value of As and Zn (2.20 + 0.15 pg.g™ dry wt. and 174.67
+ 12.14 pg.g™ dry wt. respectively ; Table V.2). On the other hand, the Corsican
coastline presents the minimum value of Ag (0.13 + 0.03 ug.g™ dry wt.) and Cu
(9.07 + 0.43 pg.g™* dry wt.) in the Bay of Calvi, while the minimum value of As
(0.30 + 0.00 pg.g™* dry wt.) is recorded in Scarrupata (Ischia island ; Table V.2).

Table V.2 : Metal concentrations in Posidonia oceanica blades (mean + standard error ; in pg.g™
dry wt. ; MD : missing data).

Ag As Cu Zn
Mont Roig 0.83+0.03 | 0.50+0.06 | 12.80+0.42 MD
Mataro 0.77+0.07 | 0.83+0.13 | 15.27+0.59 MD
Marseille 0.50+0.10 | 1.23+0.03 | 9.97+0.22 83.60+1.35
Toulon 0.40+0.00 | 2.20+0.15 | 15.73+0.69 | 174.67+12.14
Calvi 0.13+0.03 | 1.33+0.09 | 9.40+0.06 | 111.97+9.84
Punta Bianca 0.57+0.03 | 0.73+0.07 | 14.97+2.63 MD
Calvi Cages 0.37+0.03 | 0.33+0.03 | 9.07+0.43 MD
Canari 3 0.40+0.00 | 1.63+0.22 | 18.43+0.98 | 167.67+8.82
Piombino 0.93+0.03 | 0.47+0.03 | 25.87x1.74 MD
Lacco Ameno 0.67+0.07 | 0.57+0.03 | 17.23+1.09 MD
Scarrupata 0.83+0.03 | 0.30+0.00 | 12.70+0.12 MD
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4. Discussion and conclusion

Among the sites considered in this work, some are known to be pristine
(most of the corsican sites : Bonifacio, Calvi, Campoloro, Diane, Lumio,
Macinaggio, Porto, Propriano, Sant’Amanza, Sisco, Solenzara ; Lafabrie et al., in
press) whereas others are known to be highly human impacted (Canari : Andral et
al., 2004b ; Lafabrie et al., in press — Marseilles : Pergent-Martini, 1994 ; Andral
et al., 2004b — Rosignano : Ferrara et al., 1989 ; Capiomont et al., 2000 ; -
Toulon : Andral et al., 2004b ; Pergent et al., submitted). Thus these 38 sites
present different levels of metal contamination, ranging from pristine sites to

highly impacted sites.

The range of level of impact and metal contamination available, allow
therefore the establishment of quality scales. Two methods are proposed here to
define preliminary quality scales. These will be used only on Cd, Hg, Ni and Pb as
they have the maximum data available and as they are part of the list of priority
substances established by the European Community (Decision N° 2455/2001/EC ;
EC, 2001). More analyses will be necessary in order to establish quality scales for
the others metals.

The first method is based on the calculation of the mean value of each quantile as
class limit. Thus, for example, for Cd, the value of the median is 2.83 ; so the
limits of the five classes are 1.92, 2.52, 3.16 and 3.98 pg.g™* dry wt. (Table V.3).

Table V.3 : Preliminary quality scale established using the quantile method.

Very low | Low Moderate High Very high
contamination | contamination | contamination | contamination | contamination
level level level level level

Cd <1.92 1.92-2.52 2.52-3.16 3.16 - 3.98 > 3.98

Hg <0.035 0.035-0.053 | 0.053-0.067 | 0.067 —0.092 > 0.092

Ni <18.10 18.10-23.32 | 23.32-31.58 | 31.58-55.05 > 55.05

Pb <131 1.31-1.83 1.83-2.42 2.42 —3.54 > 3.54

The second method is based on the differences recorded between the mean of the
3 minimal values and that of the 3 maximal concentrations. The interval between
the two has been calculated and divided into five regular classes. Thus, for

example, for Cd, the mean of the minimal values is 1.59 pg.g™* dry wt. and that of
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the maximal ones is 4.44 pg.g™ dry wt., the interval is consequently 2.85 pg.g™
dry wt. and the limits of the five classes are 2.16 (1.59+(0.2 x 2.85), 2.73, 3.30
and 3.87 pg.g™ dry wt.) (Table V.4).

Table V.4 : Preliminary quality scale established using the regular interval method.

Very low
contamination
level

Low
contamination
level

Moderate
contamination
level

High
contamination
level

Very high
contamination
level

Cd <2.16 2.16-2.73 2.73-3.30 3.30-3.87 >3.87
Hg <0.040 0.040-0.059 | 0.059-0.077 | 0.077-0.096 > 0.096
Ni <29.68 29.68-43.41 | 43.41-57.15 | 57.15-70.88 >70.88
Pb <1.83 1.83-2.52 252-321 3.21-3.90 >3.90

On the basis of these preliminary quality scales (Table V.3 and V.4) it is then
possible to evaluate the level of metal contamination of the studied sites.

Thus, for Cd, according to the quantile method, 4 sites are considered as having a
high level of quality, 11 a good level, 9 a moderate level, 11 a poor level and 3 a
bad level. According to the regular interval method, 9 sites are considered as
having a high level of quality, 8 a good level, 7 a moderate level, 9 a poor level
and 5 a bad level (Figure V.2). Differences are equally observed for Hg (Figure
V.3), Ni (Figure V.4) and Pb (Figure V.5).
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Figure V.2 : Cd concentrations in the 38 sites studied (in pg.g™ dry wt.). The limit between significant (Very High and High contamination levels) and
non-significant levels (Moderate, Low and Very Low contamination levels) of contamination is ShOWN (e s e e

. limit established using the regular interval method).
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Figure V.3 : Hg concentrations in the 38 sites studied (in ug.g™ dry wt.). The limit between significant (Very High and High contamination levels) and
non-significant levels (Moderate, Low and Very Low contamination levels) of contamination is shown (=== === : limit established using the quantile method ;
«=sxsxass ; limit established using the regular interval method).
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Figure V.4 : Ni concentrations in the 38 sites studied (in pug.g™ dry wt.). The limit between significant (Very High and High contamination levels) and
non-significant levels (Moderate, Low and Very Low contamination levels) of contamination is shown (=== == : limit established using the quantile method ;
«=sxsass ; [iMit established using the regular interval method).
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Figure V.5 : Pb concentrations in the 38 sites studied (in pg.g™ dry wt.). The limit between significant (Very High and High contamination levels) and
non-significant levels (Moderate, Low and Very Low contamination levels) of contamination is Shown (=== == : limit established using the quantile method ;
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The preliminary quality scales proposed in this study show globally
different values for the class limits, compared to those proposed in others works
available in literature (Pasqualini et al., 1999 ; Pergent-Martini et al., 2005a ;
Table V.5).

Table V.5 : Classification of Posidonia oceanica seagrass beds as function of trace metal
contamination levels in pg.g™ dry wt. (from Pergent-Martini et al., 2005a).

Cd Hg Interpretation
<181 <0.048 High
1.81-3.62 0.048 — 0.096 Good
3.63-5.43 0.097 - 0.144 Moderate
544-724 0.145-0.192 Poor
>7.24 >0.193 Bad

These differences can be explained by the fact that these previous scales are based
on data from literature which integrate old measures carried out with methods that
were less reliable (e.g. absence of reference samples, analyses techniques not as
highly-performant as today) and which have not always specified the nature of the
tissue taken into account (see in Pergent-Martini et al., 1999). The interest of our
approach resides in the homogeneity of our results, in the standardization of our
sampling protocol and in the fact that the analyses have been carried out in the
same laboratory (Laboratoire Municipal de Rouen, NF EN ISO/CEI 17025) with
the use of reference samples. Concerning mercury analyses carried out at the
University of Corsica, intercalibrations have been done with the Laboratoire
Municipal de Rouen and with a laboratory specialized in the analyses of trace
metals, the laboratory “Biogéochimie des contaminants métalliques” (IFREMER,

Centre de Nantes).

Nevertheless the method to use so as to establish quality scales must be
clearly defined. Indeed, if limits of classes are relatively close to each other for
metals which have a regular repartition of contamination levels (Cd and Hg ;
Figure V.2 and Figure V.3), on the other hand, for contaminants with high values
in a small number of sites (Pb and Ni), differences observed are important (Figure
V.4 and Figure V.5).
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The integration of measures from others regions of the north-occidental basin
(Catalonia, Sicily) could reduce, at least in part, the differences observed and

would allow the definition of more reliable thresholds.
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CHAPITRE VI

Posidonia oceanica : a tracer of past mercury

contamination®!

Abstract

The aim of this study is to assess the relevance and the potential of Posidonia
oceanica as a tracer of past mercury contamination. Shoots were collected on two
sites, an impacted site - Rosignano (Tuscany, Italy) and a pristine site - Tonnara
(Corsica, France). Lepidochronology was used to measure mercury concentrations
in living sheaths and in the corresponding dead sheaths. The results show that
there is an overestimation of mercury concentrations in dead sheaths (because of
the degradation of this tissue due to its ageing), overestimation which stabilizes
itself from the third lepidochronological year onwards (trend significant only for
Rosignano). Thus, it is possible to estimate previous mercury concentrations and
to date a contamination, by measuring mercury concentration in the dead sheaths
of a given lepidochronological year and by taking into account the degradation of
the sheaths. Therefore, Posidonia oceanica can be used to reconstruct the

evolution of the past mercury contamination.
Capsule : Posidonia oceanica sheaths allow to reconstruct the evolution of the
past mercury contamination.

Keywords : Posidonia oceanica, past contamination, mercury, dead sheaths,

lepidochronology, Mediterranean.

1 afabrie, C., Pergent, G., Pergent-Martini, C., Capiomont, A., in press. Posidonia oceanica: a
tracer of past mercury contamination. Environmental Pollution.
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1. Introduction

Mercury contamination has long been recognized as a serious marine
environmental concern. Indeed, mercury is probably one of the most investigated
elements because of its high toxicity due to its accumulative and persistent
character in the environment and biota (Clarkson, 1998). It is widely recognized
that human activities have increased mercury loads in the atmosphere on a local,
regional and even hemispheric scale, leading to a contamination of the
environment (Slemr & Langer, 1992 ; Thompson et al., 1992). It has been
estimated that 80% of the total mercury in the atmosphere is derived from
anthropogenic activities (Mason et al., 1994). The enhanced atmospheric
deposition of mercury is often the dominant source of mercury in aquatic systems
(Hakanson et al., 1988 ; Rolfhus & Fitzgerald, 1995 ; Voegborlo & Akagi, 2007).

Posidonia oceanica (L.) Delile, an endemic seagrass of the Mediterranean,
is of crucial ecological relevance for the coastal ecosystem (Pergent, 2006). It
forms vast meadows from the surface down to depths of 40 m. This species has
been extensively used as a bio-indicator of mercury (Maserti et al., 1988 ;
Pergent-Martini, 1998 ; Capiomont et al., 2000) and some authors (Roméo et al.,
1995 ; Pergent-Martini, 1998) suggested that several trace metals could be
memorized through its belowground tissues (dead sheaths and rhizomes).

The aim of this study is to compare mercury concentrations measured in
sheaths taken from Posidonia oceanica shoots collected at different times in order
to assess the relevance and the potential of this seagrass as a tracer of past

mercury contamination.

2. Materials and methods

2.1. Study area and sampling plan

The two study sites are located in the North-Western Mediterranean : in

Rosignano (Tuscany-Italy) and in Tonnara (Corsica-France ; Figure VI.1). The
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Rosignano site, located at 1 km from the coast, in front of the outlet of the
chemical plant of Solvay, is subject to the input of industrial waste, rich in
mercury, since 1920. In 1973, the waste treatment initiated and since then the
quantities of mercury introduced into the sea have significantly decreased (Ferrara
et al., 1989). The Tonnara site, located in the south of Corsica, is characterized by

a very low level of urbanization and human impact.

N

+ FRANCE

MEDITERRANEAN SEA

%
2

Figure V1.1 : Study area showing the location of the sites.

At each site, orthotropic shoots of Posidonia oceanica were collected by
SCUBA diving, at 10 m depth, (i) monthly between October 1995 and October
1996, (ii) in September 1997 and (iii) in November 2003.

2.2. Sampling preparation

For the shoots collected between October 1995 and October 1996, the
foliar part was sorted according to the protocol described by Giraud (1977a) in
order to separate the living sheaths. For the shoots collected in October 1995, in
October 1996, in September 1997 and in November 2003, the dead sheaths were
detached from the rhizome respecting the distich insertion and ordered
sequentially from the oldest (the one situated the farthest from the foliar part) to

the most recent (the one situated the nearest to the foliar part) according to
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lepidochronology (technique similar to terrestrial dendrochronology based on
chronological variations of the thickness of dead sheaths, see Pergent, 1990). The
dead sheaths were then grouped by annual cycle (between two minima of

thickness).

Epiphytes and sediments were removed from the living sheaths and the
dead sheaths using a glass strip, these tissues were then rinsed with ultrapure
water. Analyses were performed on :

- The living sheaths for the shoots collected monthly between October 1995 and
October 1996 ;

- The dead sheaths of the lepidochronological years 1994, 1995, and 1996 for the
shoots collected in September 1997 and in November 2003 ;

- The dead sheath showing the maximum thickness for the lepidochronological
year 1994 for the shoots collected in October 1995, in October 1996, in
September 1997 and in November 2003. The biomass of these dead sheaths was

measured using an electronic scale (Mettler Toledo ; + 1jg).

The samples were randomly separated into five replicates in order to have
sufficient weight for the analyses. They were then frozen (-20° C) and lyophilized
(> 72 h in Heto® FD4-85 freeze dryer, HetoHolten A/S, Denmark).

2.3. Mercury analysis

50 mg of each sample were placed in a Teflon digestion vessel CEM®
ACYV of 100 ml (CEM Corporation, USA). 5 ml of 69% HNO3 (Normapur 20 428
297 Prolabo®) and 1 ml of H,0, 30% (Normapur 23 619 .297 Prolabo®) were
added. The vessels were sealed and placed into the CEM® MARS 5 chamber.
Following the acid digestion, the content of each vessel was poured into 25 ml
volumetric flasks and diluted to volume with ultrapure water and then transferred

to 60 ml polypropylene flasks.

Mineralized samples were analysed using a cold vapour atomic absorption

spectrometer (CV-AAS) equipped with a flow injection system (FIMS 100) and
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an autosampler (AS-90), all from Perkin Elmer®. A carrier solution of 5% (v/v)
nitric acid and a reducing solution of 1.1% (p/v) tin chloride (23 742.260
Prolabo®) and 0.5% (p/v) hydroxylammonium chloride (24 708.235 Prolabo®) in
3% (v/v) hydrochloric acid (20 253.293 Prolabo®) were used. The standard
addition method was applied for calibration. Calibration standards were prepared,
just before use, by appropriately dilutions of a mercury standard solution 1000
mg.I" (30 130.263 Prolabo®).

The analytic procedure was verified using certified reference material
(Lagarosiphon major, CRM 60) provided by the Community Bureau of Reference
(Commission of the European Communities) whose certified value (mean value
+95% confidence interval) is 0.34+0.04 pg Hg.g™ dry weight (dw). Our values
were 0.34+0.02 ug Hg.g™* dw.

2.5. Statistical analysis

The normality has been tested with a Kolmogorov Smirnov test and the
homoscedasticity with a Bartlett test. Differences between mercury concentrations
were evaluated by a Mann-Whitney U test or by an ANOVA, followed by a post
hoc test of Tukey HSD. Correlations of mercury concentrations between sites

were tested by linear Pearson’s correlations.

3. Results

The mean mercury concentration in living sheaths was given by the
concentrations measured each month in the living sheaths of the shoots collected
between October 1995 and October 1996. The concentrations are of 54.7 + 1.3
ng.g™ dry wt. for Tonnara and of 289.3 + 11.4 ng.g™* dry wt. for Rosignano (Table
VI.1). For both sites, the result is similar to the concentrations recorded in the
dead sheaths of the shoots collected in September 1997, which correspond to the
same period (dead sheaths of the lepidochronological year 1996) (p > 0.05 ; Table
VI.1). On the other hand, when considering the dead sheaths of the
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lepidochronological year 1996, the mercury concentration for that year in the
shoots collected in 1997 is significantly lower than the concentrations found for
the same year in the shoots collected in November 2003. This trend is observed

for both Tonnara (p < 0.05) and Rosignano (p < 0.10 ; Table VI.1).

Table V1.1 : Mercury concentrations (ng.g™* dry wt.) recorded in living and dead sheaths of
Posidonia oceanica shoots (mean + S.E. ; 5 replicates ; statistical significance of the value of the
mercury concentration relative to this of the previous box ; ** p < 0.05 ; ** p < 0.10).

Sampling date ~ October 1995 to 1996 September 1997 November 2003
Tissue Living sheaths Dead sheaths (1996) Dead sheaths (1996)
Tonnara 547+1.3 47.0+£35 70.8 £2.9 *
Rosignano 2893114 306.7 £ 6.2 407.5+17.6 %

Whereas the mercury concentration, recorded in the dead sheaths of the
lepidochronological year 1994, in the shoots collected in September 1997 is
similar to the concentration measured in the shoots collected in November 2003,
for Tonnara as well as for Rosignano (Table V1.2 ; p > 0.05). The same trend is
observed for the mercury concentration recorded in the dead sheaths of the
lepidochronological year 1995 (Table V1.2 ; p > 0.05).

Table V1.2 : Mercury concentrations (ng.g™* dry wt.) recorded in the dead sheaths of the
lepidochronological years 1994 and 1995 of Posidonia oceanica shoots (mean + S.E. ; 5

replicates).
Site Sampling date 1994 1995
Tonnara September 1997 625+ 3.4 57627
November 2003 54.3+1.0 73.4+5.8
Rosignano September 1997 380.4+15.0 375.4£21.7
November 2003 382.7+13.6 377.3+£22.4

The mercury concentration recorded in the dead sheath showing the
maximum thickness for the lepidochronological year 1994, for shoots collected in
October 1995, in October 1996, in September 1997 and in November 2003 are
shown in Table VI.3. In the site of Tonnara, the mercury concentration is similar

for all the sampling dates considered (p > 0.05) whereas in the site of Rosignano
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some differences are observed. Indeed, in Rosignano, the concentration increases

as the sampling dates are more recent, but from October 1996 this increase is no

longer significant (p > 0.05).

Table V1.3 : Mercury concentrations (ng.g™ dry wt.) recorded in the dead sheath showing the
maximal thickness for the lepidochronological year 1994 (mean + S.E. ; 5 replicates ; statistical
significance of the value of the mercury concentration relative to this of the previous box, * p <

0.05).
Site Sampling date
October 1995 October 1996 September 1997 November 2003
Tonnara 48.3+3.9 46.7£4.9 55.3+1.9 495124
Rosignano 208.4 £ 4.5 2304 +12.6* 297.3+17.7 324.6 £ 45.5

The biomass of the dead sheath showing the maximum thickness for the
lepidochronological year 1994 is significantly higher in Tonnara than in
Rosignano (p < 0.05). This biomass decreases as the sampling date is more recent,
but this decrease is no longer significant from the October 1996 sampling, for

Tonnara as well as for Rosignano (Table V1.4 ; p > 0.05).

Table V1.4 : Biomass (g dry wt. by shoot) of the dead sheath showing the maximal thickness for
the lepidochronological year 1994 (mean £ S.E. ; 5 replicates ; statistical significance of the value
of the biomass relative to this of the previous box, * p < 0.05).

Site Sampling date

October 1995 October 1996 September 1997 November 2003
Tonnara 0.061 + 0.002 0.045 + 0.003 * 0.036 + 0.001 0.028 + 0.002
Rosignano 0.046 + 0.003 0.034 + 0.003 * 0.024 + 0.002 0.020 + 0.005

4. Discussion

The evolution of mercury concentration according to the ageing of the
sheaths can be thus summarized as follow :

(i) The mercury concentration in the living sheaths of the year n remains
stable in the year n+1 following the death of the sheaths, in both sites : [Hg], =
[Hg]n+1 (Table VI.1) ;
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(if) The mercury concentration in the dead sheaths of the year n+1 remains
stable in the years n+2 and n+3 in Tonnara : [Hg]n+1 = [HQ]n+2 = [HQ]n+3 Whereas
it increases in Rosignano : [Hg]n+1 < [Hg]n+2 < [HY]n+3 (Table VI.3);

(iii) The mercury concentration in the dead sheaths of the year n+3
remains stable until at least the year n+9, in both sites : [Hg]n+3 = [HQ]n+4 — n+o
(Table V1.2 and Table VI.3).

First and foremost, it seems important to point out that, contrarily to
Rosignano, for Tonnara, the mercury concentrations in the sheaths remains stable
independently of their age. This may be related to the very low level of mercury
contamination found for this site which does not allow to detect differences in
mercury concentrations measured. Rosignano, which is known to be mercury
contaminated (Ferrara et al., 1989 ; Capiomont et al., 2000), presents a clear trend
of the evolution of mercury concentration according to the ageing of the sheaths.
The arguments discussed below will therefore be based on results obtained for

Rosignano.

As the mercury concentration in the living sheaths remains stable
throughout the year following the death of the sheaths, it shows that no
appreciable mercury flux (absorption or desorption) occurs in this tissue after the
blade shedding. This finding matches those of Pergent-Martini (1998) who
noticed that the mercury concentration of the rank one living sheath and those of
the rank one to eleven dead sheaths of one annual cycle showed no significant
differences. Indeed, dead sheaths are dead tissues, which do not have any
exchanges with the living parts of the plant. Mercury seems therefore to be stored
in the living sheaths throughout the life of the adult leaves and subsequently

remains stored in the sheaths after blade shedding.

Thus these results show that the dead sheaths, through the use of the
lepidochronology technique, allow to trace the evolution of the past mercury
contamination of a given site. However, these results also highlight the limit of

this method, as they show that the value of the mercury concentration recorded in
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the dead sheaths of a given lepidochronological year is overestimated for shoots
collected from 3 to at least 9 years after the blade shedding, but it is important to
point out that this overestimation is stabilized from the third year after the blade
shedding. In order to explain this phenomenon it appears interesting to take into
consideration what Romero et al. (1992) and Pergent et al. (1994) reported. These
authors described a decrease in the biomass of dead sheaths as the
lepidochronological years grew further from the living date, that is to say that the
biomass decreases with the ageing of the shoots, and to model this decrease they
proposed a simple negative exponential model with a decay rate k (k : exponent of
the model). In the same way, our results show a decrease of the biomass of the

dead sheaths relatively to the age of this tissue.

Therefore to summarise, when going back in lepidochronological years, on
one hand there may be an apparent increase of mercury concentration in the dead
sheaths and on the other hand a loss of the biomass of these dead sheaths. Thus,
the total quantity of mercury present in the dead sheaths may remain stable or may
decrease, although in smaller proportion than the decrease in biomass. In this way,
mercury would be distributed in a non homogeneous way in the dead sheath tissue
and would be preferentially located in the part of the dead sheath less affected by
degradation, due to ageing of the shoots (shoots grow in the sediment and are
affected by various environmental factors). The degradation occurs mainly at the
tip of the dead sheaths. Following our argument, mercury would therefore be
preferentially located in the basal part of the dead sheath. Crouzet (1984) showed
that this tissue has an anatomical evolution from the base towards the tip, which
interests mainly the support tissues that were very developed in proximity of the
insertion zone and were reduced at the tip. He also observed thickness differences
along the dead sheath which could be due to a decrease in the number of layers of
the parenchyma cells and to a "flattening™ of these cells towards the tip, whereas
epidermic cells, sclerotic cells and conductive tissues remain intact. Thus, the
retention of mercury in dead sheaths would be due to its binding mainly in
parenchyma cells. This hypothesis is reinforced when taking into consideration

what several studies reported about the sequestration of metal ions in cells.
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Indeed, Gong et al. (2003) showed that cysteine-rich polypeptides called
phytochelatins (with a general structure of (y-Glu-Cys),-Gly, with n = 2 to 11) are
preferentially accumulated in specific cell types such as vascular parenchyma
cells. Moreover several studies (Gong et al., 2003 ; Carginale et al., 2004 ; Ederli
et al., 2004) demonstrated that phytochelatins chelate trace metals in the cytosol
and transport them into the vacuoles via transport across the tonoplast.
Phytochelatins therefore generate the main metal-binding activity in the plant cells
via thiolate coordination and play an essential role in trace metals detoxification
(Grill et al., 1985 ; Loeffler et al., 1989 ; Zenk, 1996 ; Gupta & Chandra, 1998 ;
but see Leopold et al., 1999).

In the light of the previous remarks, it appears necessary, when
determining past mercury concentrations, to take into consideration the effects of
tissue degradation due to the ageing of dead sheaths, in order to better understand
the evolution of the mercury contamination of a given site. Thus, using the data
presented here, the past mercury concentrations of a contaminated site can be
determined by applying the following relationships :

(i) For the living sheaths of a year n : [Hg] , "= [Hg], """

(ii) For the dead sheaths of a lepidochronological year n-1 : [Hg],. & =
[Hg]n, ™

(iii) For the dead sheaths of a lepidochronological year n-2 : [Hg]n. " =
a [Hgln2 ™" (o = 208.4 / 230.4 = 90% ; Table V1.3)

(iv) For the dead sheaths of lepidochronological years n-3 to n-9 : [Hg]n-3-
no "= B [HG]n-3m-0 ™% (B = 289.3/ 407.5 = 71% ; Table VI.1).

5. Conclusions

This study shows that Posidonia oceanica can be used to reconstruct the
evolution of the past mercury contamination of coastal sites. Indeed, it shows that
it is now possible to estimate previous mercury concentrations and to date a
contamination, by measuring mercury concentrations in the dead sheaths of a

given lepidochronological year and by taking into account the degradation of the
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sheaths. In this way, this seagrass constitutes a suitable bioindicator of past
mercury contamination which can be of great interest in the framework of long-

term monitoring programs.
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CHAPITRE VI - Careclusion generale et perspectives

L’evaluation des potentialitées de Posidonia oceanica dans I’étude de la
contamination métallique des écosystemes littoraux apparait comme un élément
fondamental dans une optique de gestion de la qualité des eaux cotieres
méditerranéennes. L’étude des concentrations métalliques chez Posidonia
oceanica a fait I’objet de plusieurs travaux proposant I’utilisation de cette espéce
en tant que bio-indicateur de la contamination métallique (Pergent-Martini, 1998 ;
Schlacher-Hoenlinger & Schlacher, 1998 ; Capiomont et al., 2000 ; Campanella et
al., 2001 ; Ferrat et al., 2003a). Toutefois, un certain nombre d’axes d’étude
restait encore a explorer afin de valider définitivement les potentialités de cette

espece comme bio-indicateur de la contamination métallique.

Les résultats de ce travail permettent tout d’abord, au travers des chapitres
I, I et 1V, de valider I’utilisation de Posidonia oceanica en tant qu’outil fiable

pour la déetermination des concentrations metalliques du milieu marin.

Le travail portant sur I’évolution temporelle des concentrations métalliques
(chapitre 1) a permis une meilleure compréhension des processus
d’accumulation des métaux par Posidonia oceanica. Les résultats de ce travail
montrent, d’une part, que la plupart des concentrations métalliques augmentent
avec le temps (/vieillissement des tissus) et, d’autre part, qu’un phénomene de
dilution biologique des contaminants métalliques se produit dans les tissus lors de
leur croissance. La prise en compte de I’age des tissus et des phénomeénes de
dilution biologique apparait indispensable dans la détermination des
concentrations meétalliques afin de pouvoir disposer de données qui soient
comparables (quelle que soit la saison) et dans I’optique de développer des

réseaux de surveillance basés sur ce bio-intégrateur.

Les résultats présentés au chapitre Il confirment la grande sensibilite de
Posidonia oceanica comme traceur de la contamination meétallique des
écosystemes littoraux. Il a été en effet possible d’identifier les apports métalliques
associes a la présence de I’ancienne mine d’amiante de Canari (essentiellement
Co, Cr et Ni) et de se rendre compte de I’étendue de I’impact de cette ancienne
exploitation. Posidonia oceanica permet ainsi d’associer une contamination

métallique spécifique a un impact anthropique particulier.
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Les resultats présentés au chapitre 1V confirment, quant a eux, la fiabilité de
Posidonia oceanica comme bio-indicateur de contamination métallique. En
effet, dans 3 sites subissant des impacts humains différents, les concentrations
métalliques mesurées dans les tissus de Posidonia oceanica présentent les mémes
tendances que celles obtenues a partir du bio-indicateur Mytilus galloprovincialis.
Les analyses de I’eau (DGT) et du sédiment, tout en étant moins précises,

confirment également ces résultats.

La magnoliophyte marine Posidonia oceanica apparait, par conséquent,
comme un outil intéressant dans le cadre de la mise en ceuvre de réseaux de
surveillance a I’échelle de la Méditerranée. Cette espece présente de hombreux
avantages : elle est largement répartie tout autour de la Méditerranée (espéce
indigéne), elle est longévive, son prélevement est facile a réaliser et peu colteux.
En outre, la technique proposée au chapitre 111, qui consiste a prélever uniquement
les limbes des feuilles adultes (fort pouvoir accumulateur), permettrait de réaliser
des analyses de métaux traces sans entrainer la mortalité de la plante (espéce
protégée dans de nombreux pays méditerranéens) et tout en conservant son
intégrité. Dans cette optique, des grilles préliminaires d’interprétation de la
contamination métallique du milieu, établies a partir de mesures réalisées dans
les limbes, ont été proposées pour le Cd, le Hg, le Ni et le Pb (métaux appartenant
a la liste des substances prioritaire établie par la Communauté Européenne ;
Decision N° 2455/2001/EC ; EC, 2001 ; chapitre V). L’intégration d’un nombre

plus important de données permettrait d’affiner ces grilles.

Enfin, les résultats présentés au chapitre VI confirment qu’il est possible
d’utiliser Posidonia oceanica en tant que «traceur » de la contamination
mercurielle passée. Grace a la technique de la Iépidochronologie, les
concentrations en mercure qui avaient prévalu dans les tissus foliaires formées il y
a plusieurs années, peuvent étre retrouvées a partir de celles mesurées dans les
écailles correspondantes conservées au sein de la matte. Cette capacité de

mémorisation des concentrations mercurielles rend ainsi possible la reconstitution

~ 100 ~



CHAPITRE VI - Careclusion generale et perspectives

de I’historique de la contamination en mercure d’un site a partir d’un prélévement

ponctuel.
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Si, a I’issue de ce travail, I’intérét de Posidonia oceanica en tant que bio-
indicateur de la contamination metallique est clairement démontré, plusieurs voies
de recherche restent encore a explorer afin d’élargir I’utilisation de cette espéce a

I’ensemble du bassin méditerranéen.

Il serait en effet intéressant d’étendre cette étude a I’ensemble du bassin
méditerranéen puisque les résultats présentés dans ce travail concernent
uniquement le bassin nord-occidental méditerranéen. Un réseau de surveillance
basé sur I’utilisation de Posidonia oceanica en tant que bio-indicateur de la
contamination métallique pourrait ainsi étre établi a I’échelle de la Mediterranée.
Concernant les quelques régions ou Posidonia oceanica est absente, I’utilisation
d’une autre magnoliophyte, par exemple Cymodocea nodosa, pourrait étre

envisagée.

Au-dela du simple constat des niveaux de contamination des sites étudiés,
la recherche de I’origine de la contamination et la mise en ceuvre de moyens pour
réduire cette contamination (dans la mesure du possible) apparait indispensable.
En effet, si pour plusieurs sites I’origine de la contamination est relativement
simple a identifier (e.g. mine de Canari, complexe industrialo-portuaire de
Toulon, émissaire de la ville de Marseille), en revanche, pour d’autres sites et/ou
contaminants, cette identification reste beaucoup plus difficile. Ainsi le Cd
présente une répartition particuliére au niveau du littoral de la Corse et I’origine
de cette répartition n’est pas identifiée (chapitre I1I). La partie du littoral insulaire
située au dessus d’une diagonale nord-est sud-ouest apparait comme plus
contaminée en Cd que la partie du littoral située au dessous de cette diagonale
(Figure 111.2), mais aussi que d’autres stations du littoral méditerranéen soumises
a un impact humain important. Ces fortes valeurs en Cd ont par ailleurs été
confirmées par le réseau intégrateur biologique (RINBIO), basé sur I’utilisation de
moules (Andral et al., 2004b), et par des travaux antérieurs portant sur Posidonia
oceanica (Pergent-Martini, 1992 ; Roméo et al., 1995). Le Cd étant le seul
élément métallique présentant cette répartition dans notre étude, il semble

important de déterminer I’origine de celle ci. Plusieurs hypotheses peuvent étre
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émises : (i) le socle géologique de la Corse pourrait expliquer cette répartition,
toutefois la Corse est divisée géologiquement en deux unités qui ne correspondent
pas a la répartition observée ; (ii) le relief particulier de la Corse (escarpé et abrupt
sur la cOte occidentale — « doux » sur la cOte orientale) pourrait expliquer une
érosion et un lessivage plus importants sur la cote ouest conduisant a un apport
plus importants de particules sur cette partie de I’7le, toutefois, si c’était le cas, on
retrouverait la méme répartition pour d’autres éléments métalliques ; (iii) la
présence de phénoménes d’upwellings, au niveau de la cote orientale de I’7le,
véhiculant des eaux riches en Cd pourrait expliquer cette répartition ; (iv) la
présence d’une potentielle source de contamination en Cd (naturelle ou
anthropique) dans le sud-ouest de I’Tle pourrait contaminer la partie nord-ouest de
I’Tle via I’important courant de dérive littorale allant des Bouches de Bonifacio
jusqu’au Cap Corse a I’ouest (Pluquet, 2006) ; (v) une différence au niveau des
caractéristiques physico-chimiques des masses d’eau de la mer Ligure et de la mer
Tyrrhénienne pourrait également expliquer cette répartition. D’autres études sont

nécessaires afin d’éclaircir ce point resté flou.

Enfin, les voies d’absorption des meétaux traces par Posidonia oceanica
restent toujours a déterminer. En effet, I’étude sur la répartition des métaux traces
entre les limbes et les bases des feuilles adultes (chapitre 11I) montre, qu’a
I’exception du Cr, tous les métaux sont préférentiellement accumulés au niveau
des limbes. En outre, I’étude comparant les concentrations metalliqgues mesurées
dans la colonne d’eau, le sédiment, Mytilus galloprovincialis et Posidonia
oceanica (chapitre IV), montre des corrélations positives entre les teneurs
mesurées dans le sédiment et Posidonia oceanica pour Co, Cr, Ni et Hg. Ces
résultats ne sont pas suffisants pour identifier les voies d’absorption des metaux
traces par Posidonia oceanica ; d’autres études sont également nécessaires pour

élucider ce point.
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Annexes

Annexe 1 : Protocoles utilisés pour I’analyse des métaux traces

Les échantillons de Posidonia oceanica sont rinces, congelés (-20 °C),
lyophilisés (>72 h, lyophilisateur Heto® FD4-85, HetoHolten A/S, Danemark) puis
broyés jusqu’a obtention d’une poudre homogéne. Le laboratoire EqEL de
I’Université de Corse réalise I’analyse d’Hg. Les autres éléments métalliques (Ag,
As, Cd, Co, Cr, Cu, Ni, Pb et Zn) sont analyses par le Laboratoire municipal de
Rouen/ETSA.

Analyse d’Hg (laboratoire EQEL de I’Université de Corse) : 50 mg de
poudre sont prélevés et placés dans un réacteur en Teflon ACV CEM® de 100 mL
(CEM Corp., USA). 5 mL d’HNO3 69% (Normapur, 20 428.297 Prolabo®) et 1 ml
d’H,0, 30% (Normapur 23 619.297 Prolabo®) sont ajoutés. Les réacteurs sont
fermés et placés dans le four MARS 5 CEM® (20 minutes & 200 °C et 20 minutes
de refroidissement). Apres I’attaque acide a chaud, le contenu de chaque réacteur
est versé dans une fiole jaugée et est dilué avec de I’eau ultra-pure jusqu’a obtention
d’une solution de 25 ml. Cette solution est transférée dans un flacon en
polypropyléne de 60 ml. Les échantillons minéralisés sont analyseés avec un
spectrométre d’absorption atomique en vapeur froide (CV-AAS, Perkin Elmer®),
équipé d’un systéme d’injection de I’échantillon (FIMS 100, Perkin Elmer®) et d’un
passeur automatique (AS-90, Perkin Elmer®). Une solution “carrier” d’HNO; & 5%
et une solution réductrice de SnCl, sont utilisées. La méthode des ajouts-dosés est
appliquée pour la calibration. Les standards de calibration sont préparés a partir
d’une solution standard d’Hg de 1000 mg.L™ (30 130.263 Prolabo®).

Analyses d’Ag, As, Cd, Cr, Co, Cu, Ni, Pb, Ni et Zn (Laboratoire Municipal
de Rouen) : 750 mg de poudre sont nécessaires pour I’analyse de ces éléments. Les
échantillons sont minéralisés par une attaque acide a chaud puis analyses par
spectrométrie d’absorption atomique a four graphite (GF-AAS) ou par
spectrométrie de masse couplée a un plasma inductif (ICP-MS) en fonction de

I’élément métallique analysé.
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Annexe 2 : Performances (contr6le et assurance de qualité)

Les procédures analytiques sont vérifiées en utilisant un matériel de
référence certifié (Lagarosiphon major, CRM 60; Community Bureau of

Reference — Commission of the European Communities).

Le laboratoire EQEL de I’Université de Corse réalise des inter-calibrations

avec le Laboratoire de Rouen et le laboratoire IFREMER de Nantes.

Le Laboratoire de Rouen est accrédité COFRAC sur la base du reférentiel
NF EN ISO/CEI 17025. Il réalise des inter-calibrations avec le laboratoire EQEL
de I’Université de Corse et le Laboratoire IFREMER de Nantes et participe aux

inter-calibrations inter-laboratoires organisées par AGLAE et QUASIMEME.
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Use of Posidonia oceanica (L.) Delile as bio-indicator of metal
contamination

Abstract

The coastal zone of the continental shelf contains a high ecological richness.
However, this zone is very fragile towards xenobiotics ; the pollution of this
environment can be damaging to the structure of the biocenoses and to the
productivity of the ecosystems. Metals, contrarily to numerous contaminants, are
normal constituents of the environment at a trace level, but are all toxic above a
certain threshold. At the end of the 1970s, several researchers proposed the use of
organisms to evaluate the quality of the marine environment ; it is in this context
that the bio-indicator concept arises. The seagrass Posidonia oceanica (L.)
Delile, endemic of the Mediterranean Sea, has been the subject of several works
proposing to use this species to determine the metal concentrations of the
environment. However, most studies carried out explorative research in order to
qualify this species as bio-indicator. The results of this work validate the use of
Posidonia oceanica as a reliable tool for the evaluation of metal contamination of
coastal ecosystems. Indeed, this work allowed : (i) to better understand the trace
metals accumulation processes by Posidonia oceanica (influence of age and
growth of foliar tissues in the metal accumulation) ; (ii) to confirm the high
sensitivity of this species as a tracer of metal contamination (identification of
metal inputs associated to the previous asbestos mine of Canari and evaluation of
the extent of the impact of this previous exploitation); (iii) to confirm its
reliability as bio-indicator of metal contamination (same trends observed for this
species and the bio-indicator Mytilus galloprovincialis Lamark, 1819). Therefore,
Posidonia oceanica appears as an interesting tool in the frame of setting up
biomonitoring networks at the scale of the Mediterranean Sea. A technique,
which consists in collecting only the blades of the adult leaves is proposed
insofar as it will allow to carry out trace metals analyses without inducing the
mortality of the plant (protected species in numerous Mediterranean countries)
and conserving its integrity. Preliminary scales to interpret the level of metal
contamination in the environment have equally been proposed for cadmium,
mercury, nickel and lead (priority substances ; Decision N° 2455/2001/EC ; EC,
2001). Finally, this work shows equally the possible use of Posidonia oceanica
as a « tracer » of the past mercurial contamination thanks to the lepidochronology
technique.

Key words: Posidonia oceanica, bio-indicator, trace metals, metal
contamination, human impacts, Mediterranean Sea




Utilisation de Posidonia oceanica (L.) Delile comme bio-indicateur
de la contamination métallique

Résumé

La zone littorale du plateau continental renferme une grande richesse écologique.
Or, cette zone présente une grande fragilité vis-a-vis des xénobiotiques ; la
pollution de ce milieu peut porter atteinte a la structure des biocénoses et a la
productivité des écosystemes. Les métaux sont des constituants normaux de
I’environnement a I’état de traces, contrairement a de nombreux contaminants, et
sont tous toxiques au dessus d’un certain seuil. A la fin des années 1970, plusieurs
chercheurs proposent I’utilisation d’organismes pour évaluer la qualité du milieu
marin; c’est dans ce contexte que nait le concept de bio-indicateur. La
magnoliophyte marine Posidonia oceanica (L.) Delile, endémique de
Méditerranée, a fait I’objet de plusieurs travaux proposant d’utiliser cette espece
pour déterminer les concentrations métalliques du milieu. Toutefois, un certain
nombre d’axes d’étude restait encore a explorer afin de qualifier cette espece de
bio-indicateur. Les résultats de ce travail valident I’utilisation de cette espéce en
tant qu’outil fiable pour I’évaluation de la contamination métallique des
écosystemes littoraux. En effet, ce travail a permis : (i) de mieux comprendre les
processus d’accumulation des métaux traces par Posidonia oceanica (influence de
I’4ge et de la croissance des tissus foliaires dans I’accumulation métallique) ; (ii)
de confirmer la grande sensibilit¢ de cette espece comme traceur de la
contamination meétallique (identification des apports meétalliques associés a
I’ancienne mine d’amiante de Canari et évaluation de I’étendue de I’impact de
cette ancienne exploitation) ; (iii) de confirmer sa fiabilit¢ comme bio-indicateur
de contamination métallique (mémes tendances observées chez cette espece et le
bio-indicateur Mytilus galloprovincialis Lamark, 1819). Posidonia oceanica
apparait, par conséquent, comme un outil intéressant dans le cadre de la mise en
ceuvre de réseaux de surveillance a I’échelle de la Méditerranée. Une technique,
consistant a prélever uniquement les limbes des feuilles adultes, est proposée dans
la mesure ou elle permettra de réaliser des analyses de métaux traces sans
entrainer la mortalité de la plante (espece protégée dans de nombreux pays
méditerranéens) et tout en conservant son intégrité. Des grilles préliminaires
d’interprétation de la contamination métallique du milieu ont également été
proposées pour le cadmium, le mercure, le nickel et le plomb (substances
prioritaires ; Decision N° 2455/2001/EC ; EC, 2001). Enfin, ce travail montre
également I’utilisation possible de Posidonia oceanica comme « traceur » de la
contamination mercurielle passée gréce a la technique de la Iépidochronologie.

Mots clés : Posidonia oceanica, bio-indicateur, métaux traces, contamination
métallique, impacts anthropiques, Méditerranée




